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Abstract

In nucleated cells, proteins designed for nuclear import form complexes with soluble nuclear transport receptors prior to translo-
cation across the nuclear envelope. The directionality of transport is due to the asymmetric distribution of the protein Ran, which
dissociates import cargo complexes only in its nuclear RanGTP form. Using fluorescence correlation spectroscopy, we have stud
ied the stability of cargo complexes in solution in the presence and in the absence of RanGTP. We find that RanGTP has a highe
affinity for the major import receptor, the importid3 heterodimer, when importin does not carry a cargo, suggesting that some
nuclear transport targets might be preferentially releaBedite thisarticle: C. Fradin et al., C. R. Biologies 328 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Dissociation du complexe importina/importin 3 par la protéine Ran : une étude par corrélation de fluorescenceles
protéines destinées a étre importées dans le noyau cellulaire forment avec plusieurs récepteurs solubles un complexe qui est enst
acheminé a travers la membrane nucléaire. Dans le noyau, le complexe est dissocié par la forme nucléaire de la protéine Ra
RanGTP. La distribution asymétrique de cette protéine dans la cellule assure la directionnalité du transport. Nous avons étudié pe
des techniques de corrélation de fluorescence la dissociation du complexe formé autour du cargo en solution. Nous montrons gt
I'affinité de RanGTP pour ce complexe est dépendante de la présence du cargo. Ceci suggere que certains cargos sont relachés
priorité. Pour citer cet article: C. Fradin et al., C. R. Biologies 328 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction Cargo .
Importin B
Il?B
H . . Y
Nucleocytopla_smlc transportis avital process fornu- | _~ ﬁ
cleated cells, which need to regulate the flow of macro- Importin «

molecules transiting between the cytoplasm and the nu-
cleus[1-4]. Molecules larger than 50 kDa are usually
transported across the nuclear envelope via an active

process able to pump macromolecules against a concen RanGTP d RanGDP
tration gradient. Both nuclear import and export take @ '
place through the large nuclear pore complexes span-

ning the nuclear membrane. However, a different set ﬁ Q‘

of soluble receptors is required in each case. In ani-
mal cells, the main import pathway involves the two Fig. 1. Schematic representation of various soluble factors involved
soluble receptors importimc and importin B. These in nucle_ar impprt: impor_t cargo cgrrying_ a puclear Io_calization_ signal
bind to import cargoes carrying short amino acid se- (NL_S), importin o« with its importin $ binding domain (IE_’>B),_ im-
T . portin 3, RanGTP and RanGDP. Panedg, (b), (c) and @) highlight
quences known as nuclear localization signals (NLSS), the possible interactions among these proteins.
forming a heterotrimer called the cargo complex. This
complex is subsequently able to find its way to the nu-
clear envelope and through a nuclear pore complex. The

translocation is facilitated by the interaction of importin

B with protein components of the nuclear pore contain- 171 'pyring mitosis, the importind/ complex inhibits
ing phenylalanine—glycine repeats. o spindle assembly factors by binding to them, while
Once in the nucleus, the cargo complex is disso- RanGTP, by releasing these factors from @ com-
ciated by the GTP-binding protein Ran, which in its ey nromotes spindle assemt8;9]. It has also been
nuclear Ran-GTP form binds importifi with high proposed that RanGTP, which is expected to remain
affinity [5]. After cargo release, the Ran/importih associated with chromatin during interphase, may con-
complex is transported back to the cytoplasm, where the | gther chromatin related processes, for example, the
cytoplasmic protein RanBP1 catalyzes the hydrolysis of 55sembly of the nuclear membrane around the chro-
RanGTP into RanGDP. This causes Ran to change con-matin as well as assembly of the nuclear pore complexes
formation, leading to the release ofimporfinnthe cy- 110,11} In addition, recent evidence links Ran and im-
toplasm. Importinx is also actively re-exported backto  nortin 8 to the control of the duplication of the mi-
the cytoplasm, after forming a complex with the soluble crotubule organizing centét2]. Finally, RanGTP and
export factor CAS and RanGTP. The transported cargo, importin  seem to have a connection to gene transcrip-
on the other hand, remains in the nucleus, free to carry tjon, since the former is found associated with transcrip-
out its nuclear function but unable to traverse the nu- tionally inactive and the latter with transcriptionally ac-
clear pore in the other direction. The cycle is completed tive genes on the chromatji3]. A common theme in
with RanGDP being returned to the nucleus via associ- many of these cellular processes could be the capacity
ation with the soluble import factor NTF2, and there is  of RanGTP to act as a molecular switch by turning on
an undergoing nucleotide exchange for GTP supported or off the interactions between the importiip het-
by the chromatin associated protein RCC1. This per- erodimer and different key targets.
mits the restoration of the nuclear pool of RanGTP. This molecular switch capacity is enabled by the
Indeed, the different interactions of Ran with the numer- clever pattern of interactions existing between nuclear
ous Ran-binding proteins present in the cytoplasm and |ocalization signals, importirx, importin 3 and Ran.
in the nucleus result in a primarily nuclear localization These interactions (summarized fig. 1) have been
of the protein during interphase, as well as in an asym- understood through a series of structural and biochem-
metric distribution of the two different forms of Ran: ical studieg14—18] The recognition of a NLS by im-
the predominant form of Ran in the nucleus is RanGTP, portin « occurs only in presence of importis. This
while the predominant form of Ran in the cytoplasm is is because importinx itself carries at its N terminus
RanGDH[6]. This RanGTP to RanGDP gradient across an auto-inhibitory NLS-like domain rich in basic amino
the nuclear membrane thus ultimately drives vectorial acids, which competes with the binding of other NLSs
nuclear transport. to the protein Fig. 1a) [16]. This auto-inhibitory do-

Interestingly, the same set of soluble factors that are
involved in nuclear import have been shown to inter-
vene in a number of other different cellular processes
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main is also the importis binding (IBB) motif of im-
portin «. As a result, when importif§ binds importinx,

it sequesters the auto-inhibitory domain, exposing the
NLS binding groove and allowing NLS-carrying pro-
teins to interact with importirx (Fig. 1b). On the other
hand, the binding of RanGTP to importh competes
with the binding of importinf with importin «, since

on importin 3 the binding domains for importirx and
RanGTP partially overlap. So the effect of RanGTP is
to release the cargo from the importiri3 complex. Its
binding to importin3 releases the auto-inhibitory do-
main of importin &, which in turn detaches from the
NLS carrying protein cargd{g. 1c). Most importantly,
only RanGTP, and not RanGDP, can bind to impofin
This is because the importip binding domain of Ran

is only accessible when Ran is bound to GHry( 1d).

In this article, we report our efforts to apply fluo-
rescence correlation spectroscopy (FES)-22]to the
study of the formation and dissociation of transport car-
goes. These experiments were carriedioutitro with
purified proteins and fluorescently labeled peptides car-

1075

sized in the lab of Dr. Mati Fridkin, and purified by
preparative thin-layer chromatography. MALDI-TOF
mass spectrometry showed that the purified peptides had
the expected 1.18-kDa molecular weight. They were
subsequently linked to an Alexa dye (Alexa Fluor 546
Cs maleimide, Molecular Probes) through maleimide
chemistry. Briefly, 0.6 mM of peptide was allowed to
react with a 1.3-fold excess of Alexa dye in a phosphate
buffer (NaHPQy, 50 mM, pH= 7.1, adjusted with
NaOH) for 2 h at room temperature and then overnight
at 4°C, while rotating the solution end-to-end continu-
ously. The crude reaction mixture was purified in a size
exclusion column (P-2 Bio-Gel, from Bio-Rad) with an
exclusion limit of 1.8 kDa. The reaction mixture was
eluted with ammonium hydrogen carbonate (0.1 M) at
4°C. The collected fractions were analyzed by thin-
layer chromatography. The product was lyophilized and
re-dissolved in water twice to remove salt. Analysis by
mass-spectrometry confirmed that the product had the
expected 2.2-kDa molecular weight.

rying an NLS sequence. The advantage of using FCS 2.2. Purified proteins
over other techniques, for example, plate-based biosen-

sors, is that the actual solution interactions of the pro-
teins are probed. Our study confirms that NLS carrying
peptides and importix can bind, but only in the pres-
ence of importin, and only when the peptide carries

the correct NLS sequence. It also confirms that RanGTP,
but not RanGDP, is able to dissociate the cargo complex.

In addition, we show that RanGTP binds preferentially
to importin «/importin 3 complexes that do not carry a

transport cargo. This finding raises the interesting ques-

tion of whether importin3 complexes may be dissoci-
ated preferentially by RanGTP according to their target.

2. Materials and methods

2.1. Fluorescent peptides

The sequences of the two peptides used in this study

were CTPPKKKRKY and CTPVKRKKKP. The first
peptide, referred to as NLS peptide in the following,
contains the nuclear localization signal correspond-
ing to residues 126-132 on the SV40 large T-antigen,
PKKKRKYV. This NLS is connected to a C-terminal

Purified human importinx and human importir
were a kind gift of Dr. Dirk Gérlich. Purified RanQ69L
was a kind gift of Dr. Renat Nevo. RanQ69L is a
mutant of human Ran, which inhibits GTP hydroly-
sis [23]. RanQ69L-GTP is very unlikely to hydrolyze
into RanQ69L-GDP. The method used for loading the
protein with either GDP or GTP is described in de-
tail in [24]. The purity of all proteins was checked by
SDS—-PAGE, and the concentrations of the stock solu-
tions were measured by absorption at 280 nm. All the
titrations presented here were carried out in PBS buffer
(pH = 7.4) containing 0.1% digitonin and 5 gt oval-
bumin (both purchased from Sigma). The ovalbumin
was added in order to prevent adsorption on the mi-
croscope coverslips used for the FCS experiments (cf.
§ Resulty.

2.3. Fluorescence correlation spectroscopy
A home-built apparatus, described elsewhgg],

was used to perform FCS experiments. Briefly, fluores-
cence was excited by a 543.5-nm He—Ne laser focused

cysteine by a linker sequence, TP. The second peptide,in the sample by an oil objective (Zeiss, Achrostigmat,

referred to as bNLS peptide in the following, is similar

100x /1.25). The intensity of the laser beam was con-

to the first one, except for the fact that the NLS sequence trolled by a pair of polarizers, resulting in a radiant
has been inverted. As a result, both peptides have theexposure at the focus on the order of 10 yWEnFlu-

same overall electrostatic properties, but only the first orescence emission was collected through the same ob-
one contains the proper amino acid sequence for identi- jective, focused through a 50-um pinhole, and detected
fication as an import cargo. Both peptides were synthe- by a photon counting head (H7421, Hamamatsu). The
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signal obtained was autocorrelated on-line by a hard-  Eq. (1) was also used to account for the autocorrela-
ware correlator (Flex 99R-12D, correlator.com). The tion curves obtained from the diffusion of the peptides
sample chamber was constructed from a standard glassn the absence of the soluble transport factors impeortin
microscope slide, covered by parafilm gently heated to and importin 3. On the contrary, the autocorrelation
adhere. On this parafilm layer, which was introduced curves obtained from the diffusion of the peptides in
to prevent protein adsorption on the glass slide two presence of the transport factors were analyzed assum-
parafilm bands were placed about 2 mm apart, and cov-ing a two-component model accounting for the presence
ered by a microscope coverslip of thickness 0.17 mm. of cargo complexef28]:

The chamber was then gently heated again to allow for 1
the different parts to adhere. The solution was intro- G(t) = m[
duced from the side of the chamber, after which the

1-y

(A+t/m1)y/1+1/S%m1

sample was sealed with wax. The volume of the solu- I y ]

tions in the samples was 5 pl. To avoid optical aber- (1+1/.2)y/1+1/8%p 2

rations due to index mismatch between the oil and the T

aqueous sample, measurements were taken only 10 pm x (1+ me_‘/”> (2)

away from the coverslip. All measurements were made
at room temperature. All titrations were repeated at least The first term in this expression relates to the diffusion
twice, and for each titration, each point is the average of Of the unbound peptide, wherg 1 is the average resi-
at least two FCS measurements. All curves were ana-dence time of the free peptides, while the second term
lyzed using Kaleidagraph. relates to the diffusion o_f the peptides Wh_en part.of a
Before each experiment, the detection volume was Cargo complex, where, 7 is the average residence time
first calibrated using the diffusion of Rnodamine 610, ©f the complexes in the detection volume. The parame-
purchased from Exciton. The autocorrelation curves ob- ter y is related to the fractiory of peptides that are

tained from diffusion of the dye were analyzed using the Part of a cargo complex, as well as to the molecular
expressior26]: brightness of the free peptides;, and the molecular

brightness of the peptides in the cargo compiex,

1 1
G(t) = — n
(N) 1+ 1/0)v/1+1/5%m y= I 3)
. A= FIng+ fn;
x <1 + me"/”) 1) The apparent average number of fluorophores in the de-

tection volume,(P), is related to the actual average
which takes into account the diffusion of the molecules number of fluorophores in the detection voluns,),
through the detection volume and the existence of a py:
non-fluorescent triplet state. The residence tirpeis 2
the average time spent by the fluorescent particles in (P) = (N [ — fm + fn2l (4)
the detection volume. The/& radius of the detection (L— Fng+ fn3

Volume, wo, can be Calculated Using the relationship An apparent mo|ecu|ar brightneascan be defined as
w§ = /4D, where D is the diffusion coefficient of  the ratio of the average fluorescence intensity by the ap-
the dye. In the case of Rhodamine 6%= 280 un? s1 parent number of fluorophore®):

[27]. Since Rhodamine 610 has the same molecular 5 5

weight as Rhodamine 6G, 479 gmb] we assumed — w (5)

that it also had the same diffusion coefficient. The as- Q= fHm+ fn2

pect ratioS characterizes the geometry of the detection In the special case where both species have the same
volume S = zo/wo, wherez is the J/€? half-height of molecular brightness, then =n1 =12, y = f and

the revolution ellipsoid. The total volume of the detec- (P) = (N). When analyzing the curves recorded for
tion volume can be estimated from this calibration and the peptides, the aspect ratfowas fixed to the value
was found in our case to be 0.5 fl. Knowing this volume, obtained from the analysis of the curves recorded im-
absolute concentration of dye molecules can be calcu- mediately before for the diffusion of Rhodamine 610
lated from (N), the number of dye molecules present (typically S ~5). Also, mostly, when using E@2), the

on average in the detection volunieis the fraction of values ofrp 1 andtp 2 were fixed. The value afp 1 was

the dye found in the triplet state, amflis the associated  determined by analyzing the autocorrelation data ob-
relaxation time. tained for a solution of peptide in the absence of soluble
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import factors with a one-component model (Ef)). Because when we write this reaction we disregard the
The value ofrp > was determined by analyzing the actual state of the complex (i.e. whether it is bound or
autocorrelation data obtained for the NLS peptide in notto a NLS), we assume that binding of Ran to the Ran
presence of a large excess of importinand 3, us- binding domain of importin3 does not depend on the
ing a two-component model (EqR)) with tp 1 fixed. conformation of the latter. The fraction of cargo com-
The diffusion coefficients of the different species were plex not yet dissociated by Rarfxg = [C]/([CR] +
obtained by comparing their residence times to that of [C]), then obeys an equation similar to E):

Rhodamine 610.

Fap =1 Kp +cap +cr
p=1— DB TR
2.4. Kinetic analysis 2¢ap
1 degp cr ()
For titration curves involving the association of a re- NV Ko+ Cap + CR)Z

ceptor (typically the importin/3 heterodimer, noted . ) _ .
AB) with a ligand (typically the NLS peptide, noted P), wherecr is the total concentration of Ran in solution.

the reaction was described by a simple equilibrium: However, if there are two different types of com-
plexes in solution (in our case importin/f het-

PLAB Ko bAB _erodimers on their own and actual cargo complexe_zs, ie.
importin «/3 heterodimers bound to a NLS peptide),
characterized by the dissociation const&pt The con- noted Gy and Gys«p, We should consider the possi-

centration of each of the three reagents can be calculatedility that Ran binds with different affinities to the two
by solving the system of three equations constituted by complexes. If this is the case we have two coupled reac-
the equilibrium equationkp = [P][AB]/[PAB], and tion equations:

the two conservation of matter equatiofg]:+ [PAB] = Ko

cp and[AB] + [PAB] = c4p. The fraction of peptides ~ Cuap + R <= CupR

part of a cargo complext = [PAB]/([P] + [PAB)), is NS

then easﬂy expressed as a function of the total peptide Cnisap +R PN ChLsapR

concentratiorcp and the total heterodimer concentra-

tion cop: If [Cnisapl < [Cupl, then Eq.(8) still describes
the dissociation of the importia/p heterodimer, be-
Kp+cp+cap depeap cause the perturbation due to the presence of the sec-
f —ch (Ko + cp + cap)? ond species is negligible. On the other hand, to find

an expression for the fraction of cargo complexes
(6) that have not been dissociatefhLsxp = [CnLsapl/
In addition, we observed that in some cases a small frac- ([Cnis«g] + [ChLsxpR]), We need to consider both
tion fo of the NLS peptides (ligand) did not seem to be equilibriums: Kp = [C«p][R]/[CapRIl and KNS =
able to bind to thex/p heterodimer (receptor), no mat-  [Cnis«p1[R]/[ChLs«pR]. Combining these equations,
ter how high the receptor concentration. To account for we find that:
that effect, we used a modified form of E{.) when

analyzing our binding curves: [ChisapRI/[ChLsap ]
Kp+cp+cap = (Kp/KB"®) x [CupRI/[Cap]
f=A-fo—— — (Ko/KNS) x (L= fup)/fup
Acpeap which leads to:
x(1— [1— > @) fop
(Kp+cp+cap) NLsap = 9)

NLS

When studying the dissociation of the cargo complex R

(noted C) by Ran (either RanGTP or RanGDP, noted R), 3. Results

the titration curves were analyzed considering that the

relevant reaction was the equilibrium binding between  Qur earliest attempts at titrating solutions of peptides

the complex and the protein causing its dissociation:  with different purified proteins showed that, as the to-
%o tal protein concentration in the solution was increased,

C+R<«— CR and although the amount of peptide per sample was kept
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12 T T — T
constant, the concentration of peptides detected in solu- ‘

tion increased. The increase in soluble peptide concen- tr § co |
tration was indicated both by an increase in the total av- 08 | [ ]
erage intensity and by an increase in the average number A P
. . 06 | ° ° ) . B
(N) of fluorophores detected in the detection volume. vV [ ______ P I ;
We found that this effect was due to a strong adsorption 04 - ! .
of the peptides on the samples glass surfaces. The two 02 !
peptides used contained a majority of positively charged :
basic groups (lysine and arginine) and one hydrophobic 0001 001 01 1 10 10
group (valine), which explains the very strong affinity 12 . . -

of the molecules for the negatively charged glass sur- :
faces of the sample. As the total protein concentration .
in the sample is increased to a few puM, the proteins
compete with the peptides for surface adsorption, and
more peptide can be found in the solution. The adsorp- os | | |
tion of the peptides on the glass was also evidenced by | \
a time-dependent decrease of the peptide concentration 7 b § Y
detected by FCS just after the peptide solution was in- :
troduced in the experimental chamber.

To avoid as much as possible the loss of proteins and
peptides to glass and polymer surfaces while handling Fig. 2. @ Average number of fluorescent Alexa-NLS peptides in the
the solutions and taking the measurements, we thendetection volume andj normalized diffusion coefficient of the pep-
supplemented the solution with ovalbumin. We tested tide,'as a function of ovalbumin cpncentration. AII data have been
. . . _ obtained for a constant concentration of the peptide5 nM intro-
!ncreasmg Concentrat_'ons “F_’ to 50 él(_cgrreSpond' duced in the sample. Dashed lines are guide for the eyes. The vertical
ing to about 1 mM), in solutions containing 5 NM of  gotted lines indicate the concentration of ovalbumin chosen for sub-
the Alexa-NLS peptide. Autocorrelation functions were sequent experiments.
recorded for each of these samples, and using a sim-
ple diffusion model (Eq(1)), the average number of of peptide detected in solution. As well, we added a
peptide molecules in the detection volume and their small quantity (0.1%) of digitonin, which also slightly
diffusion coefficient were extractedrig. 2). The av- improved the solubility of the peptide. The experiments
erage fluorescence intensity detected from the sampleshown inFig. 2, however, were carried out in samples
increased sharply as the protein concentration reachedwhich were not coated with parafilm, and in the absence
about 1 gt?, and reached a plateau around 10| of digitonin.

The FCS measurements show that this is due to an in- We first measured the binding of the importi3
crease in the concentration of the peptides in solution heterodimer to the Alexa-NLS peptide. Th#3 com-
(Fig. 2a) as opposed to an increase in the apparent mole-plex was allowed to form in an equimolar 20 pM solu-
cular brightness of the fluorophores, which was inde- tion of importin o« and importinf3. Different volumes
pendent of the ovalbumin concentration up to 50%gl  of this solution were then mixed with a second so-
(data not shown). Looking at the diffusion coefficient of lution containing the peptide. The final concentration
the peptide Kig. 2b), one can see that below 5| of peptides in these mixed solutions wgs= 50 nM,

the ovalbumin has no detectable effect on the mobil- as measured by FCS. Typical autocorrelation curves,
ity of the peptide. But above 5 gi, the diffusion of recorded at different concentration of thé3 complex,
the peptide starts to be slowed down. Consequently, weare shown inFig. 3, as well as the corresponding fits
chose to work at a 5-gft concentration of ovalbumin,  using Eq.(2). The peptide alone was found to have a
in order to reduce as much as possible the adsorptiondiffusion coefficientD; = 1404 20 pn?s~1, while for

of the peptide on the glass surfaces while maintaining the complexD; = 424+ 10 pun?s~1. As more proteins
the viscosity of a simple aqueous solution. In addition, were added in solution, the fraction of peptides that
as explained in 8Jaterials and methodswe coated were part of a cargo complex progressively increased,
all the glass surfaces of the sample with parafilm, ex- showing that binding of the NLS-peptide and thé&3
cept for a very small window allowing the laser beam heterodimer indeed occurredrig. 4a). The apparent
to enter the sample and the fluorescence emission tomolecular brightness (E¢4)) was calculatedRig. 4b),

be collected. This increased further the concentration and found to be independent of importin concentration.

<N

09 | : N

D/D

s \ , \ ,
0001  0.01 0.1 1 10 100
Ovalbumin concentration (g/l)
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Table 1
Peptide Ligand Dissociation
constantKp
Alexa-NLS o/p heterodimer 123 nM
= Alexa-bNLS o/ heterodimer >100 nM
Q Alexa-NLS Importine >1uM
g Alexa-NLS o/B heterodimer, 2+10nM
RanGDP present
Alexa-NLS o/ heterodimer, >1uM
RanGTP present
o/ heterodimer RanGTP <0.2nM
o - | Alexa-NLS/d/B RanGTP 18t 16 nM
0.001 0.01 0.1 1 10 100 heterodimer

Time (ms)

Fig. 3. Example of three autocorrelation curves measured for the flu- Th_e blndlhg _Curve InFig. 4a_WaS analyzed us_lng
orescent NLS peptide in the absence (black dots) or in the presenceth€ simple binding model leading to EZ). The fit
of an equimolar concentratios, g of importin o and importin, of the data presented iRig. 4a with this model gave
\;vith eith)er;ﬁg an-: 2:2/' ]Sistzr;y gz?gﬁz)ez?gﬁe?; S;Zl‘ (ergp;y Kp =12+ 3 nM andc¢p = 7004 100 nM. The frac-
quares). ; ues = o4 tion of peptide unable to bind to the importid het-
7T =61s7p.1 = 96 s andp,z = 326 s have been fixed. erodimer was in this casg = 10%. This fraction was
! ' ‘ ' found to depend a lot on the peptide sample used for
a [} & . . .
VIS SRLEEE ¢ B S assay, perhaps reflecting different purities.
08 - e ¢ 1 To validate the result of this experiment, several dif-
of ferent titrations were performed as controls. First we
06 | ¥ ] checked that thex/3 complex was binding specifi-
' cally to the NLS sequence of the Alexa-NLS peptide,
04| g | by repeating the same titration using the Alexa-bNLS
K peptide. Although some evidence of binding at high
g importin concentration was detected, the dissociation
; constantkp associated with this reaction is at least one
$ order of magnitude larger for the bNLS peptide than for
' ' the NLS peptide. We also verified that no binding oc-
curred in the absence of importf in which case we

Fraction of bound peptide
[l
]

(=}

o

¥ oal . ' N ] could detect only marginal binding of the peptide to im-
5 7 “".': """" ML A portin o, with a dissociation constap that from our
o 0 . .
22 4} ] experiment could be estimated to be at least two orders
=5 2/ b . of magnitude larger than that in the presence of im-
S 9 : w . portin 3. The different dissociation constants obtained

Il
0.5 1 1.5 2

Importin concentration (M) are summarized ifiable 1

We next studied the dissociation of the cargo com-

Fig. 4. @) Titration curve showing the fraction of peptide bound to  plex by RanGTP. For this, we titrated solutions con-
the complex formed by importie and importins and ) appar- taining a concentration, = 50 nM of the fluorescent
ent fluqrescence per molec'ule calculated as explained in the Fext, aspeptide (as measured by FCS) and 2 UM of both im-
a function of the concentratiany g of the complex. The dashed line . . . L. .
in (a) represents a fit to a simple binding model (E4)), which gave portin « and importin 3 with increasing amounts of
Kp =12+ 3nM, ¢p = 700+ 100 M and/p = 10%. either RanGDP or RanGTP, up to a concentratigr=

4 yM. The concentrations of importis and 3 were
This indicates that the Alexa dye is not quenched when chosen to be in large excess compared to the peptide
the peptide becomes part of a cargo complex and alsoconcentration in order for all the NLS peptides to be
that the quantity shown inFig. 4a is the actual fraction ~ part of a cargo complex in the absence of Ran. In this
of peptides that are part of a cargo complexFlg. 4, case, the total concentration of cargo complex in the ab-
the concentration g of the importina/3 heterodimer sence of Ran is heneg s« p = cp =~ 50 NM. The result
was calculated assuming no protein was lost during the of the titration is shown iifrig. 5. It is clear from the ex-
dilutions or because of adsorption on the glass. periment that, while RanGDP has no visible effect on
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with greater affinity, so that no dissociation of the cargo
complexes containing the NLS peptide can be detected.
For cr > 3 UM, after most of thex/p heterodimers
have been dissociated, we begin to observe dissociation
of cargo complexes containing the NLS peptide. With
this model, the dissociation constants extracted from the
analysis indicate that the affinity of RanGTP for the free
importin «/f3 heterodimer is significantly greater than
for the o/ B/NLS cargo complex. In the first case the as-
sociated dissociation constantd$ < 0.2 nM, while it

is KNS = 184 16 nM in the second case. No affinity
of RanGDP for the cargo complex could be detected.

0.8 -

0.4

Fraction of bound peptide

O RanGDP
02 !
— = -RanGTP \

Chgd

5

0 I I
0 1 2

Ran concentration (uM)
Fig. 5. Titration curves showing the fraction of Alexa-NLS bound 4. Discussion
to a cargo complex as a function of the introduced concentration of
RanGTP (filled squares) or RanGDP (empty circles). The lines rep-
resent fits of the RanGTP titration curve using either @By (dotted

line) or Eq.(9) (dashed line). This second fit givég = 0+ 0.1 nM

and k'S =21+ 20 nM.

Fluorescence correlation spectroscopy is a powerful
method that allows detection of binding of fluorescent
ligands to receptors directly in solution. The diffusion
coefficient of the receptor just needs to be 1.6 times
larger than that of the liganf27]. Since FCS is very
the stability of the cargo complex, RanGTP is able to well suited for working with nanomolar concentrations
dissociate it. Most notably, the titration curve we obtain of reactants, it should be an ideal method to measure in-
cannot be explained by a simple model where RanGTP teractions between biomolecules, for which binding is
binds without distinction the importin/3 heterodimer often very tight, with dissociation constants in the nM
and theo/3/NLS cargo complexes. If this were the case, range. However, when trying to determine equilibrium
we would expect the fraction of free peptide (i.e. of constants for reactions involving soluble components,
peptide not bound to a cargo complex) to follow the surface adsorption is a critical problem. It can severely
trend captured in Eq(8), but this model (dotted line  reduce the concentration of the reactants in solution,
in Fig. 5 does not account properly for the experimen- introducing several unknown variables. In particular,
tal result. Instead, we must allow for RanGTP to have the negative charge density of glass surfaces, acquired
a lower affinity for cargo complexes associated with a through the dissociation of silanol groups, is an issue for
NLS peptide than for simple importi/3 heterodimers ~ the study of small concentration of positively charged
in order to explain our observations. To do so, we as- or hydrophobic peptides. We were able to alleviate this
sume that the concentration of dissociated cargo com- problem by using ovalbumin to crowd the solution. For
plexes is always much smaller than the concentration the highly positively charged peptides we studied, an
of dissociated importind/p heterodimers. Thisis area- ovalbumin concentration of at least 1¢lwas required
sonable assumption since the total initial importifp to begin to displace the peptides from the glass surfaces.
heterodimer concentrationg g ~ 2 UM, is an order of At 5 gl~1, the ovalbumin was able to compete effi-
magnitude larger than the total initial cargo complex ciently against the peptide for surface adsorption, and
concentrationen s ~ 50 NM. In that case, as ex- above 10 gt? all the peptides were displaced from the
plained in the §Vaterials and methodghe fraction of surfaces. On the other hand, above a 5igdoncentra-
importin o/ heterodimers that have not yet been dis- tion of ovalbumin, we began to see an influence of the
sociated by Ranf,p, obeys Eq(8), while the fraction ovalbumin on the peptide diffusion, with a diffusion co-
of cargo complexes which has not been dissociated by efficient reduced by more than 10% at 10°4.IThis is

Ran, faLsxp, obeys Eq.(9). In the particular experi-
ment shown irFig. 5, the totality of the NLS peptides
was initially bound to thex/3 heterodimer, so there was
no need to account for an unbound fraction. As can be
seen inFig. 5, this model (dashed line ifig. 5 ac-
counts very well for our observations. Up unti ~

3 uM, the effect of RanGTP is to dissociate the free
o/f3 heterodimers, to which RanGTP presumably binds

probably due to an increase in the effective viscosity of
the solution, though it is also possible that at these high
concentrations the peptide starts to interact with the pro-
tein, or that inhomogeneities form in the solution due
to depletion interactions. For this reason, we chose not
to use ovalbumin concentration above 5 §IThe fact
that the molecular brightness of the fluorophore did not
change when increasing the ovalbumin concentration



C. Fradin et al. / C. R. Biologies 328 (2005) 1073-1082 1081

showed that up to 50 gt the optical index mismatch ~ once they reach the nucleus. Our titration shows that
created by the addition of protein is not large enough to indeed RanGTP is able to dissociate cargo complexes
cause strong optical aberrations. and to release the NLS carrying cargo, while RanGDP
Because of adsorption on the sample chamber sur-has no noticeable effect on the cargo complexes. More-
faces, the precision with which we could evaluate the over, we show that RanGTP has a different affinity for
concentration of the reactants, and consequently extractimportin B when it is part of ax/ heterodimer than
binding constants, proved to be limited. Relative mea- when it is part of a NLSk/f cargo complex. It has
surements, on the other hand, should not be strongly been assumed previously that the affinity of RanGTP
affected by such uncertainties. While the peptide con- for a complete cargo complex might be reduced about
centration in solution could be monitored through the five times compared to its affinity for the/ het-
FCS measurement, the concentration of the purified erodimer alond30]. Our measurements validate this
proteins (importine, importin 3, and Ran) had to be  hypothesis. Although the binding constants we mea-
estimated. The fit to the data iRigs. 4a and jive sured should be taken as estimates rather than exact
sensible results only if the protein concentrations are values, it emerges from the data presentedig. 5
allowed to float. This emphasizes the usefulness of that the affinity of RanGTP for importifs when part
cross-correlation spectroscopy, where the absolute con-of an «/3 heterodimer is at least 10 times larger than
centration of both receptor and ligand can be monitored, for importin 3 when it is part of a complete NL&/(3
and where there is no need for one reactant to be muchcargo complex. The effect we observe may be due to
larger in size than the other. Measurement of dissocia- a much tighter binding between importin and im-
tion constants larger than 1 uM was problematic, as the portin 3 in presence of a NLS carrying cargo, making
concentration of ligand required in order to achieve full it more difficult for RanGTP to take advantage of tran-
binding is higher than what could be obtained. In those sient conformational changes of the complex to bind to
cases, the values measured have a large uncertainty asmportin 3. Indeed, the rate constant for dissociation of
sociated with them. the o/ heterodimer has been measured to be as high
Our titration experiments are all in good agreement as 0.02 s [30], indicating that this complex might un-
with the equilibrium constants measurements deter- dergo structural fluctuations leading to conformational
mined by other techniqud45,16,29] For the interac- changes partially exposing the Ran binding domain of
tion of the SV40 large T-antigen NLS with the importin  importin 3. There is no information available about the
o/B heterodimer, we measure a dissociation constant dissociation rate of importifs from importin o when
Kp =12+ 8 nM. This is comparable to that measured the latter is bound to a NLS. Our experiments could sug-
by fluorescence depolarization for the same NLS fused gest that this rate constant is at least 10 times smaller
to GFP interacting with a mutant importi® lacking than in the absence of the NLS sequence.
the self-inhibitory domainkKp = 9 + 4 nM, or with The fact that the dissociation of cargo complexes de-
the importin o/ complex, Kp = 33 nM [16]. It is pends on whether or not they are actually loaded with
also very close to the value of the dissociation constant a cargo might have interesting consequences in nucleo-
measured by biosensor analysis for the interaction be- cytoplasmic transport. It could mean that different car-
tween a NLS peptide similar to the one used in this goes, which bind to importix with different affinities
study with either a mutant importia lacking the self- [29], will be dissociated by RanGTP in a different order.
inhibitory domain,Kp = 15 nM or with the importin If the rate-limiting step for the import of a specific cargo
ol complex, Kp = 35 nM [15]. Similarly, the disso- is the dissociation of the cargo complex by RanGTP,
ciation constant we estimate for the peptide containing then the kinetics of import might be very dependent
the reversed sequence of the SV40 large T-antigen NLS, on the type of NLS carried by the cargo. In the larger
Kp ~ 100 nM, is within the range of dissociation con- context of the role of the soluble nuclear import recep-
stants measured for mutant SV40 large T-antigen NLS tors as control proteins in various mitotic processes, the
sequences tested by Hodel et al., found to vary from possibility of a preferential release of imporfinwhen
16 nM to about 10 uM (although none of the sequences it binds to different targets is also quite interesting. It
tested in that study was similar to oufgp]. could explain how the very different molecular switch
Overall, our experiments with RanGTP and RanGDP functions of the importin3/RanGTP pair may be or-
are also in agreement with the accepted model of nu- chestrated by the cell. It has been proposed that this
clear transport, which is based on the notion that the gra- difficult coordination could be achieved by the presence
dient of RanGTP across the nuclear membrane drivesof other (still remaining to be identified) regulators of
vectorial transport by dissociating cargo complexes importin 3, in addition to RanGTH7]. However, both
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importin p and RanGTP are very abundant, and it is [13] J.M. Casolari, C.R. Brown, S. Komili, J. West, H. Hieronymus,
unlikely that a new regulator of importif, if it is dis- P.A. Silver, Genome-wide localization of the nuclear transport
covered. could be as dominant as Ran. Our results sug- machinery couples transcriptional status and nuclear organiza-

; . . tion, Cell 117 (2004) 427-439.
gest a different explanation, namely that RanGTP itself, [14] E. Conti, E. |zaurralde, Nucleocytoplasmic transport enters the

through its preferential affinity for importi3 when atomic age, Curr. Opin. Cell Biol. 13 (2001) 310-319.
bound to specific cargoes, is able to regulate which tar- [15] B. Catimel, T. Teh, M.R. Fontes, I.G. Jennings, D.A. Jans,
gets of the importinx/3 heterodimer it will release. G.J. Howlett, E.C. Nice, B. Kobe, Biophysical characterization
of interactions involving importin-alpha during nuclear import,
Acknowledgements J. Biol. Chem. 276 (2001) 34189-34198.
[16] P. Fanara, M. Hodel, A. Corbett, A. Hodel, Quantitative analy-
We thank Dr. D. Gérlich and Dr. R. Nevo for pro- sis of nuclear localization signal (NLS)-importin alpha inter-
. . ip . action through fluorescence depolarization. Evidence for auto-
VIdIng us with pu”f'ed proteins, and Dr. M. Peretz for inhibitory regulation of NLS binding, J. Biol. Chem. 275 (2000)

expert technical assistance. This work was supported in ~ 21218-21223.

part by a grant from the Israel Science Foundation — [17] D. Gorlich, S. Kostka, R. Kraft, C. Dingwall, R.A. Laskey,

The Charles H. Revson Foundation, and by the Gerhardt E. Hartmann, S. Prehn, Two different subunits of importin co-

M.J. Schmidt Minerva Center for Supramolecular Ar- operate to recognize nuclear localization signals and bind them
hitect CE ted " pb Marie-Curi to the nuclear envelope, Curr. Biol. 5 (1995) 383-392.

Chitecture. C.F. W?‘S supported partly by a a“ef urie [18] N. Imamoto, T. Tachibana, M. Matsubae, Y. Yoneda, A kary-

research fellowship, and partly by the Natural Sciences ophilic protein forms a stable complex with cytoplasmic compo-

and Engineering Research Council of Canada through nents prior to nuclear pore binding, J. Biol. Chem. 270 (1995)

its CRC program. 8559-8565.
[19] W. Webb, Fluorescence correlation spectroscopy: inception, bio-
References physical experimentations, and prospectus, Appl. Opt. 40 (2001)
3969-3983.

[1] L.F. Pemberton, G. Blobel, J.S. Rosenblum, Transport routes [20] M-A. Medina, P. Schwille, Fluorescence correlation spec-
through the nuclear pore complex, Curr. Opin. Cell Biol. 10 troscopy for the detection and study of single molecules in bi-

(1998) 392-399. ology, Bioessays 24 (2002) 758-764.

[2] D. Gorlich, U. Kutay, Transport between the cell nucleus and the  [21] R. Rigler, U. Mets, J. Widengren, P. Kask, Fluorescence corre-
cytoplasm, Annu. Rev. Cell Dev. Biol. 15 (1999) 607—660. lation spectroscopy with h_igh count rate _and low background:

[3] S.A. Adam, Transport pathways of macromolecules between the analysis of translational diffusion, Eur. Biophys. J. 22 (1993)
nucleus and the cytoplasm, Curr. Opin. Cell Biol. 11 (1999) 402— 169-175.

406. [22] J. Widengren, R. Rigler, Fluorescence correlation spectroscopy

[4] R. Bayliss, A.H. Corbett, M. Stewart, The molecular mechanism as a tool to investigate chemical reactions in solutions and on
of transport of macromolecules through nuclear pore complexes, cell surfaces, Cell Mol. Biol. (Noisy-le-Grand) 44 (1998) 857—
Traffic 1 (2000) 448—-456. 879.

[5] M. Kunzler, E. Hurt, Targeting of Ran: variation on a common  [23] C. Klebe, F.R. Bischoff, H. Ponstingl, A. Wittinghofer, Interac-
theme?, J. Cell Sci. 114 (2001) 3233-3241. tion of the nuclear GTP-binding protein Ran with its regulatory

[6] P. Kalab, K. Weis, R. Heald, Visualization of a Ran-GTP gradi- proteins RCC1 and RanGAP1, Biochemistry 34 (1995) 639-647.
ent in interphase and mitotic Xenopus egg extracts, Science 295 [24] R. Nevo, C. Stroh, F. Kienberger, D. Kaftan, V. Brumfeld, M. EI-
(2002) 2452-2456. baum, Z. Reich, P. Hinterdorfer, A molecular switch between

[7] A. Harel, D.J. Forbes, Importin beta: conducting a much larger alternative conformational states in the complex of Ran and
cellular symphony, Mol. Cell 16 (2004) 319-330. importin betal, Nat. Struct. Biol. 10 (2003) 553-557.

[8] M.V. Nachury, T.J. Maresca, W.C. Salmon, C.M. Waterman- [25] C. Fradin, A. Abu-Arish, R. Granek, M. Elbaum, Fluores-
Storer, R. Heald, K. Weis, Importifi is a mitotic target of the cence correlation spectroscopy close to a fluctuating membrane,
small GTPase Ran in spindle assembly, Cell 104 (2001) 95-106. Biophys. J. 84 (2003) 2005-2020.

[9] O.J. Gruss, C.A. Carazo-Salas, C.A. Schatz, G. Guargaglini, [26] J. Widengren, U. Mets, R. Rigler, Fluorescence correlation
J. Kast, M. Wilm, N. Le Bot, I. Vernos, E. Karsenti, |.W. Mattaj, spectroscopy of triplet states in solution: a theoretical and
Ran induces spindle assembly by reversing the inhibitory effect experimental study, J. Phys. Chem. 99 (1995) 13368-13379.
of importin & on TPX2 activity, Cell 104 (2001) 89-93. [27] D. Magde, E.L. Elson, W.W. Webb, Fluorescence correlation

[10] C. Zhang, P.R. Clarke, Chromatin-independent nuclear envelope spectroscopy. Il. An experimental realization, Biopolymers 13
assembly induced by Ran GTPase in Xenopus egg extracts, Sci- (1974) 29-61.
ence 288 (2000) 1429-1432. [28] R. Brock, T. Jovin, Fluorescence correlation microscopy: Fluo-
[11] C. Zhang, M.W. Goldberg, W.J. Moore, T.D. Allen, P.R. Clarke, rescence correlation spectroscopy in cell biology, in: R. Rigler,
Concentration of Ran on chromatin induces decondensation, nu- E. Elson (Eds.), Fluorescence Correlation Spectroscopy, Theory
clear envelope formation and nuclear pore complex assembly, and Application, Springer, 2001, pp. 132-161.
Eur. J. Cell Biol. 81 (2002) 623-633. [29] M. Hodel, A. Corbett, A. Hodel, Dissection of a nuclear
[12] B. Di Fiore, M. Ciciarello, R. Mangiacasale, A. Palena, A.M. localization signal, J. Biol. Chem. 276 (2001) 1317-1325.
Tassin, E. Cundari, P. Lavia, Mammalian RanBP1 regulates cen- [30] G. Riddick, I.G. Macara, A systems analysis of imporaf
trosome cohesion during mitosis, J. Cell Sci. 116 (2003) 3399— mediated nuclear protein import, J. Cell Biol. 168 (2005)

3411. 1027-1038.



	Dissociation of nuclear import cargo complexes by the protein Ran: a fluorescence correlation spectroscopy study
	Introduction
	Materials and methods
	Fluorescent peptides
	Purified proteins
	Fluorescence correlation spectroscopy
	Kinetic analysis

	Results
	Discussion
	Acknowledgements
	References


