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Protein import into nuclei is mediated by the nuclear pore complex (NPC) and by cellular 
factors. To structurally characterize this process, nuclear import of gold-labeled nucleo- 
plasmin was followed by electron microscopy to identify NPC components interacting 
with the import ligand complex in vivo. Before translocation into the nucleus, nucleo- 
plasmin sequentially bound to two distinct regions: first to the distal part of the cyto- 30 mln 

plasmic filaments and then at the cytoplasmic entry to the central gated channel. -, 

Evidence that the delivery of the import ligand from the first to the second binding region 
occurred by bending of the cytoplasmic filaments is presented here. 
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Import of proteins into the nucleus occurs 
through the NPCs, which are -125-mega- 
dalton su~ramolecular assemblies embedded 
in the double-membraned nuclear envelope 
(NE) (I). This process is highly selective 
and energy- and temperature-dependent, 
and requires at least four cytosolic factors 
(2, 3). At the molecular level, nuclear im- 
port of proteins first involves the recogni- 
tion of specific sequences of the protein (4) 
by the cytosolic transport factor importin a 
(5, 6) in the cytoplasm. Next, this "target- 
ing complex" docks to the cytoplasmic pe- 
riphery of an NPC by association of impor- 
tin a with importin p (6, 7). At least two 
additional transport factors, the small 
guanosine triphosphatase (GTPase) Ran 
(B), which has to be in the guanosine 
diphosphate (GDP)-bound form (9) ,  and 
the nuclear transport factor 2 (NTF2) (1 0) 
are required in vitro after docking at the 
NPC. However, the site or sites on the 
NPC where these factors exert their func- 
tion and their mechanism of action remain 
to be established. Moreover, it is unclear 
how the Ran-GTPase cycle is coupled with 
the import of nuclear proteins. 

Repeated interactions between the im- 
port ligand complex and distinct NPC 
components are thought to be the driving 
force for translocation of nuclear proteins 
through the NPC (1 1, 12). Because the 
NPC is a highly organized macromolecular 
assembly with a distinct three-dimensional 
architecture (1, 13), any model for the mo- 
lecular mechanism underlying nuclear im- 
port of proteins must consider interactions 
between the import ligand complex and all 
of the components of the NPC in their 
native conformation. To identify distinct 
NPC binding regions for the import ligand 
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complex along the import pathway of nu- 
clear proteins, we followed by electron mi- 
croscopy (EM) the spatial and temporal fate 
of colloidal gold-labeled nucleoplasmin 
(NP-gold) during its import into Xenopus 
oocyte nuclei. NP-gold is readily imported 
into Xenopus oocyte nuclei (Fig. 1) (14, 15), 
and the kinetics of its import depend on the 
site of microinjection and the size of the 
colloidal gold bound to the import ligand. 
When NP-gold is microinjected close to the 
nucleus, its nuclear import occurs very rap- 
idly: Two minutes after microinjection most 
of the gold particles are in the process of 
being translocated, some have already been 
imported into the nucleus, and many NP- 
gold particles are associated with the NPC. 

To dissect the import process into dis- 
tinct stem. we examined the im~ort  of in- . , 
dividual import ligands through single 
NPCs by microinjecting Xmopus oocytes 
with small amounts of NP-gold far away 
from the nucleus. In this experimental set- 
up, NP-gold particles reached the NE with- 
in 10 min, and after this time they started to 
be translocated into the nucleus, with three 
or fewer gold particles being observed per 
NPC (Fig. 1). Quantitative analysis of the 
distribution of NP-gold associated with the 
NPC in cross-sectioned NEs (Fig. 2) re- . - .  
vealed the import ligand in two distinct 
regions on the cytoplasmic face of the NPC 
(i) at about 50 nm from the central plane of 
the NPC, representing NP-gold particles 
associated with the distal part of the cyto- 
plasmic filaments (Fig. 3A); and (ii) at 
about 13 nm from the central   lane of the 
NPC, representing gold particles residing at 
the cytoplasmic periphery of the central 
gated channel (Fig. 3B). Because the 
amount of NP-gold in the first region was 
initially high and decreased with time, 
whereas the number of NP-gold particles in 
the second region increased with time (Fig. 
2), we concluded that NP-gold sequentially 
bound first to the cytoplasmic filaments and 
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Fig. 1. Visualization of nuclear import of NP-gold 
through the NPC. Eight-nanometer NP-gold par- 
ticles (21) were microinjected into the cytoplasm 
of Xenopus oocytes (22). After incubation at room 
temperature for 10 min, 20 min, 30 min, 40 min, 
and 50 min, the injected oocytes were processed 
for embedding and thin-section EM by conven- 
tional procedures as described (16). Shown are 
views along cross-sectioned Xenopus oocyte 
NEs. c, cytoplasmic side of the NE; n, nuclear side 
of the NE. Scale bar. 100 nm. 

then at the cytoplasmic entry to the central 
gated channel. 

At the nuclear side of the NPC, NP-gold 
was predominantly found at 10 to 20 nm 
from the central plane of the NPC (that is, 
at the nuclear periphery of the gated chan- 
nel; see Fig. 1, 50 min), rather than being 
associated with the filamentous assembly 
called nuclear baskets (16). The two dis- 
tinct cytoplasmic NPC binding regions for 
NP-gold (presumably complexed with cyto- 
solic factors) involving the cytoplasmic fil- 
aments and the cvto~lasmic entrv to the , L 

gated channel were better resolved when 
nuclear import was inhibited by the lectin 
wheat germ agglutinin (WGA) or by low 
temperature. For this purpose, we microin- 
jected WGA conjugated to 8-nm colloidal 
gold particles 1 hour before microinjection 
of 14-nm NP-gold. WGA-gold, which 
binds to the NPC via its specific interaction 
with nucleoporins that contain O-linked 
N-acetylglucosamine residues (1 7), inhibit- 
ed the import of NP-gold by "plugging" the 
cytoplasmic opening of the central pore 
(Fig. 4A, middle panel). Like 8-nm NP-gold 
(see Figs. 1 and 3), 14-nm NP-gold sequen- 
tially associated with the two distinct cyto- 
plasmic NPC binding regions in the ab- 
sence of WGA (Fig. 4A, top panel). How- 
ever, when 8-nm WGA-gold was microin- 
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Fig. 2 Analysis of the position and distribution of NP-gold associated with 
NPCs reveals two distinct and sequential binding regions for NP-gold before 
translocation into the nucleus. In the four panels, the dots represent the posi- 
tions of gold particles, which are defined by horizontal distance (the distance 
from the central axis of the NPC perpendicular to the NE) and vertical distance 
(the distance perpendicular to the central plane of the NE). The positions of 
NP-gold associated with NPCs were measured from cross-sectionedXenows 
oocyte NEs (as in Fig. 1) for samples prepared for EM (A) 10 min, (B) 20 min: (C) 
30 min, and (D) 40 min after microiniection of the oocvtes with 8-nm NP-aold. 
Because of the lack of resolution, &ch dot may represent several gold hi- 
cles, and the actual distributions of gold particles for horizontal and vertical 
distances are shown on adjacent panels. Before translocation into the nucleus 
(that is, for vertical distances >O nm), the gold particles yielded a binomial 
distribution forthe vertical distances with major peaks at -50 nm and -1 3 nm, 
whereas the distribution for the horizontal distances was more or less similar for 
all time points with a major peak at the center. Cross-sectioned NEs from four 
diierent experiments were analyzed, which yielded 67, 102, 106, and 84 
particles for (A), (B), (C), and (D), respectively. 

HortmW dlstmw (nm) 

Fig. 3. Gallery of selected examples of NPC 
cross-sections revealing NP-gold particles asso- 
ciated with the distal part of the cytoplasmic fila- 
ments (A) and with the cytoplasmic entry to the 
gated channel (B). c, cytoplasmic side of the NE; 
n, nuclear side of the NE. Scale bar, 100 nm. $$ - 

Fig. 4. lnh~b~tion of nuclear import by WGA or low 
temperature also reveals two distinct NPC binding re- 
gions for NP-gold. (A) WGA inhibits translocation of 
NP-gold through the NPC but not ~ t s  initial binding to 
the cytoplasmic filaments. Shown is a gallery of select- 

jected before 14-nm NP-gold to block 
import, the NP-gold predominant- 
ly associated with the NPC at a distance of 
about 50 nm from the central plane of the 
NPC (Fig. 4A, bottom panel). This posi- 
tion, which was also observed without 
WGA inhibition (Fig. 3A), corresponded 
to the initial binding region for NP-gold at 
the distal part of the cytoplasmic filaments. 
Hence, plugging by WGA inhibited the 
delivery of NP-gold from the initial binding 
region to the second binding region at the 
cytoplasmic entry to the gated channel. 

At low temperature, nuclear proteins ac- 
cumulate at the cytoplasmic face of the NE 
(15, 18). By EM we found that NP-gold 
accumulated about the central axis at an 
average distance of 13 nm from its central 
plane when Xen0pu.s oocytes were kept at 
4°C after microinjection of NP-gold (Fig. 

ed cross-sect~oned NPCs revealing nuclear import of Vertical distance (nrn) 
14-nm NP-gold in the absence of WGA (top row), bind- 
ing of 8-nm WGA-gold (middle row), and accumulation of 14-nm NP-gold near the distal part of the 
cytoplasmic filaments in the presence of 8-nm WGA-gold (bottom row). (6) Cross-sectioned Xeno- 
pus oocyte NEs from oocytes that were microinjected with NP-gold and kept at 4°C to inhibit or 
attenuate nuclear import. (C) Distribution of NP-gold particles for the vertical distance (the distance 
perpendicular to the central plane of the NE). NP-gold particles were measured in cross-sectioned 
Xenopus oocytes NEs after inhibition of nuclear Import by WGA (light shading) or at 4°C (dark 
shading). Xenopus oocytes were microinjected with 14-nm NP-gold (27) as described in Fig. 1. For 
inhibition of nuclear import by WGA. 8-nm WGA-gold was microinjected into the cytoplasm of the 
oocytes 1 hour before microinjection of 14-nm NP-gold. For inhibition of nuclear import at 4"C, the 
oocytes were cooled to 4°C 30 min before microinjection and were kept at this temperature for 1 hour 
after microinjection of 8-nm NP-gold. c, cytoplasmic side of the NE; n, nuclear side of the NE. Scale 
bars in (A) and (B), 100 nm. 

4B). This position corresponded to the sec- depicted at room temperature (Fig. 3B). 
ond binding region (that is, the cytoplasmic Because the delivery of the import ligand 
entry to the gated channel) that was also complex from the initial docking region 
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involving the distal part of the cytoplasmic 
filaments to the gating area occurred at 4OC 
(Fig. 4B), we also investigated the effect of 
nucleotide depletion. Contrary to earlier 
findings (15), we did not observe binding of 
NP-gold to the NPC by pre-injection of 
saturating amounts of apyrase. This indi- 
cates that some initial stew of the imwort 

plasmic filaments and with the central pore 
(Fig. 5A). Moreover, in stereo pairs (Fig. 
5B), NP-gold-bearing cytoplasmic fila- 
ments could frequently be seen bending 

over to the second binding site (20). 
Taken together, our morphological 

analysis of nuclear protein import suggests 
that before the actual translocation of the 
import ligand complex through the gated 
channel. it seauentiallv associates with 

inward so as to reach down into the central 
pore, possibly "handing over" the NP-gold 
complex to the second binding region at 
the entrv to the gated channel. At this 

two disiinct re'gions a; the cytoplasmic 
face of the NPC. Hence, we suggest that 
after formation of the targeting complex 
by association of the nuclear protein with 
at least two cytosolic factors [importin a 
(5) and importin p (7) ] ,  this complex first 
binds to the distal part of a cytoplasmic 
filament. From this initial NPC docking 
site, the import ligand complex is then 
delivered to a second site near or at the 
cytoplasmic entry to the gated channel, 
which involves bending of the cytoplas- 
mic filament. Once in the vicinity of the 
central channel entry, the import ligand 
complex might increase its affinity for the 
second binding site through association 
with Ran-GDP and possibly NTFZ. Such a 
sequential binding model does not require 
multiple associations and dissociations of 
the import ligand complex to move from 
the initial docking site to the central gated 
channel ( 10). 

pathway before docking of the import li- 
gand complex to the NPC requires nucleo- 
tide triphosphate hydrolysis. This finding is 
in agreement with the recent discovery of a 
protein kinase that phosphorylates Srpl 
(19), the yeast homolog of importin a. 

The two distinct cvtowlasmic NPC bind- 

- 
stage, we cannot determine whether such 
bending of the cytoplasmic filaments was an 
artifact caused by sample preparation, or 
whether it is indeed involved in the deliv- 
ery of the import ligand complex to the 
gated channel. However, because this bend- 
ing of the cytoplasmic filaments is also de- 
picted when nuclei are embedded and thin- 
sectioned (Figs. 1 and 3A) (ZO), we favor 
the hypothesis that delivery of the import 
ligand complex from the first to the second 
binding region involves bending (conceiv- 
ably driven by Brownian motion) of the 
cytoplasmic filaments so as to bring the 
import ligand complex into the vicinity of 
the gated channel entry, where it is handed 

, s 

ing regions for NP-gold were also depicted 
when the Xenobus oocvte nuclei were iso- 
lated after microinjection, and their NEs 
were spread on an EM grid, then quick- 
frozen, freeze-dried, and rotary metal-shad- 
owed. By this EM preparation, which re- 
veals the cytoplasmic filaments of the NPC 
(16), NP-gold particles were found to be 
associated with the distal part of the cyto- 
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the distal part of the cytoplasmic filaments of NPCs. The two stereopairs display examples of cytoplasmic 
filaments with bound NP-gold that are in the process of delivering the import ligand complex to the 
second NPC binding region at the cytoplasmic entry to the gated channel. Xenopus oocytes were 
isolated and microinjected with 8-nm NP-gold as described in Fig. 1. After microinjection and subsequent 
incubation at room temperature for 10 min, nuclei were manually isolated and prepared for EM as 
described (7 6). The stereopairs were recorded by tilting the goniometer stage by 2 10". Scale bar, 50 nm. 
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