RNA (1997), 3:498-513. Cambridge University Press. Printed in the USA.
Copyright © 1997 RNA Society.

Visualizing nuclear export of different classes of
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ABSTRACT

Export of RNA from the cell nucleus to the cytoplasm occurs through nuclear pore complexes (NPCs). To examine
nuclear export of RNA, we have gold-labeled different types of RNA (i.e., mMRNA, tRNA, U snRNAs), and followed their
export by electron microscopy (EM) after their microinjection into Xenopus oocyte nuclei. By changing the polarity of
the negatively charged colloidal gold, complexes with mRNA, tRNA, and U1 snRNA can be formed efficiently, and
gold-tagged RNAs are exported to the cytoplasm with kinetics and specific saturation behavior similar to that of
unlabeled RNAs. U6 snRNA conjugates, in contrast, remain in the nucleus, as does naked U6 snRNA. During export,
RNA-gold was found distributed along the central axis of the NPC, within the nuclear basket, or accumulated at the
nuclear and cytoplasmic periphery of the central gated channel, but not associated with the cytoplasmic fibrils. In an
attempt to identify the initial NPC docking site(s) for RNA, we have explored various conditions that either yield
docking of import ligands to the NPC or inhibit the export of nuclear RNAs. Surprisingly, we failed to observe docking
of RNA destined for export at the nuclear periphery of the NPC under any of these conditions. Instead, each condition
in which export of any of the RNA-gold conjugates was inhibited caused accumulation of gold particles scattered
uniformly throughout the nucleoplasm. These results point to the existence of steps in export involving mobilization
of the export substrate from the nucleoplasm to the NPC.

Keywords: colloidal gold; gold-tagged RNAs; nuclear pore complex; Xenopus oocyte microinjection

INTRODUCTION Melchior & Gerace, 1995; Gorlich & Mattaj, 1996; Panté
& Aebi, 1996b). The complex of transport ligand and
cellular factors is then targeted to the NPC, and it is
translocated actively through the central gated chan-
nel of the NPC (also called central plug or transport-
er). Import of the majority of nuclear proteins involves

Bidirectional molecular trafficking between the cyto-
plasm and the cell nucleus occurs through the nuclear
pore complexes (NPCs), ~125-MDa supramolecular as-
semblies embedded in the double-membraned nuclear
envelope (reviewed by DaV}s, 19,95; P ante ,& Aebi, recognition of short stretches of basic amino acids called
1996a). The NPC allows passive diffusion of tons and 1 clear localization sequences (NLSs; reviewed by
smau mol'ecules through aqueous Fhannel;; with a Dingwall & Laskey, 1991; Garcia-Bustos et al., 1991;
physical diameter (_)f ~9nm, and med%ates active trans-  p,likas, 1993), whereas incompletely defined signals
port of both proteins and RNAs as ribonucleoprotein 1, gjate nuclear import of snRNPs (reviewed in Lithr-
(,RNP) particles. The active transport is highly.selec— mann et al., 1990; Izaurralde & Mattaj, 1992) and of
tive, energy- and temperature-dependent, and 1S ME 5ome nuclear glycoproteins (Duverger et al., 1995). In
diated by several cellular factors. The transport ligands .+ o NLS of the hete rogeneous nuclear RNP
are recognized by saturable receptors (reviewed by (hnRNPl) Al protein comprises a 38-amino acid region
termed M9, which is also found in a few closely re-

Kepint s el Fore M. Ml sttt s ated hniRNP proteins (Michael et al, 1995 Siomi &
Zggg’Ba:el, Switze’rlaﬂd; e—ntz;ilz pante@,ubac(lgu.unilgaslch. ’ Dreyfuss, 1995; Weighardt et al'.r 1995)' Nuclear export

3Present address: Institute of Molecular Biology and Biotechnol- of RNAs is also a signal-medlated process. Because
ogy, Department of Biopolymer Biochemistry, Miedzychodzka 5, most RN As are associated with proteins in the nucleus
60371 Poznan, Poland. and are transported through the NPC as RNP particles

4Present address: University of Geneva, Department of Molecular ) ’ :
Biology, Quai Ernest Ansermet 30, 1211 Geneva 4, Switzerland. (Mehhn et al., 1995; reviewed by Izaurralde & Matta],
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1995), it was initially unclear whether the nuclear ex-
port signal resided on the RNA, on the RNA-binding
proteins, or on both. The first nuclear export signals,
called NESs, have now been identified on various pro-
teins, including the HIV-1 Rev protein (Fischer et al.,
1995), the heat-stable protein kinase inhibitor (PKI; Wen
et al., 1995), the RNA polymerase III transcription fac-
tor TFIIIA (Fridell et al., 1996), and the hnRNP A1l
protein (Michael et al., 1995). The first three NESs are
short leucine-rich stretches of amino acids, and a con-
sensus sequence for this class of NESs has been de-
fined (Bogerd et al., 1996). The NES of hnRNP A1 is
apparently identical to, or at least overlaps with, the
M9 NLS signal (Michael et al., 1995).

The finding that such different signals are capable of
directing active export from the nucleus suggests the
existence of distinct export pathways. Moreover, com-
petition studies between different classes of RNAs have
demonstrated that each type of RNA can competi-
tively inhibit export of RNAs from the same class with-
out affecting the export of the other types of RNA
(Jarmolowski et al., 1994; Pokrywka & Goldfarb, 1995).
Thus, the export of each class of RNA from the nucleus
is probably, at least in part, mediated by distinct fac-
tors. Consistent with this, saturation of the Rev NES
pathway prevents the export of U snRNAs and 5S
rRNA, whereas saturating amounts of hnRNP A1 spe-
cifically inhibit mRNA export (Fischer et al., 1995; Izaur-
ralde et al., 1997). Recently, proteins involved in nuclear
export of two different exported RNAs have been iden-
tified. First, the HIV-1 Rev protein was shown to affect
the export of pre-mRNAs directly or other RNAs con-
taining its binding site, the Rev Response Element
(Malim & Cullen, 1993; Fischer et al., 1994, 1995). Sec-
ond, a nuclear cap-binding protein complex (CBC) that
mediates export of U snRNAs was identified. U sn-
RNA primary transcripts carry monomethylated cap
structures that have a role in their nuclear export
(Hamm & Mattaj, 1990; Izaurralde et al., 1992). More
recently, a CBC composed of two cap-binding pro-
teins, CBP20 and CBP80, was purified (Izaurralde
et al,, 1994) and shown to mediate the export of U
snRNAs (Izaurralde et al., 1995). CBC has also been
found associated with Balbiani Ring (BR) messenger
RNP particles during their nuclear export (Visa et al.,
1996b).

The cellular factors mediating the different export
pathways are not yet defined, although it is probable
that some of the same cellular factors involved in nu-
clear import of NLS proteins, particularly the small
GTPase Ran/TC4, might also be involved in at least
some of the nuclear export pathways (reviewed by
Izaurralde & Mattaj, 1995; Koepp & Silver, 1996). Can-
didate mediators of the M9 pathway (Pollard et al.,
1996) and the Rev-NES pathway (Bogerd et al., 1995;
Fritz et al., 1995; Stutz et al., 1995) have also been
identified. The candidate factors in the case of Rev,
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human RIP/Rab and yeast RIP, were identified in yeast
two-hybrid screens by their interaction with the Rev
activation domain, a region of the protein that plays an
essential role in Rev-mediated export (Bogerd et al.,
1995; Fritz et al., 1995; Stutz et al., 1995). These pro-
teins resemble nucleoporins, and indeed several nucle-
oporins, more specifically repeat regions from these
proteins, also show positive interaction with either hu-
man RIP/Rab or yeast Rip in the two-hybrid assay
(Stutz et al., 1995, 1996; Fritz & Green, 1996). Injection
of these repeats into the nucleus of Xenopus oocytes,
like the injection of saturating amounts of NES pep-
tide conjugates, causes specific inhibition of export of
certain RNAs (Fischer et al., 1995; Stutz et al., 1996).
In contrast to the progress toward characterizing sol-
uble transport factors, little is known about the struc-
tural events of nuclear export. Because the NPC is a
highly organized assembly with a distinct 3D architec-
ture (Hinshaw et al., 1992; Akey & Radermacher, 1993),
understanding the mechanism of nuclear export will
require not only the identification of cellular factors
mediating the different export pathways, but identifi-
cation of steps followed by the export ligand during its
transport through the NPC. For nuclear import of NLS
proteins, which is the best characterized nuclear trans-
port process, three different transport intermediates
arrested at the NPC have been visualized by electron
microscopy (EM). One is at the distal part of the cyto-
plasmic fibrils of the NPC, which is visualized when
import is inhibited by the lectin wheat germ aggluti-
nin (WGA), or when import ligands are injected close
to the nuclear envelope (Newmeyer & Forbes, 1988;
Richardson et al., 1988; Panté & Aebi, 1996c). WGA
binds to nucleoporins that contain O-linked N-acetyl-
glucosamine residues (Snow et al., 1987) and appears
to “plug” the cytoplasmic opening of the central pore
so that the import ligand is arrested at the initial dock-
ing site at the cytoplasmic fibrils (Panté & Aebi, 1996c¢).
The second import intermediate is observed at the cy-
toplasmic entry to the central gated channel when nu-
clear import is attenuated by chilling (Panté & Aebi,
1996¢). Finally, a third import-arrested intermediate
has been visualized at the nuclear side of the NPC,
probably associated with the NPC nuclear fibrils (i.e.,
the nuclear basket) when a mutant importin 8 (the
large subunit of the nuclear protein import receptor)
deficient in Ran binding was used (Gérlich et al., 1996¢).
By analogy with NLS protein import, RNAs des-
tined for export might first bind to the nuclear baskets.
From this initial docking site, the export ligand might
then be delivered to the nuclear entry to the central
gated channel and subsequently translocated to the
cytoplasm. Studies of the nuclear export of the giant
BR RNP particles of Chironomus tentans support this
view (Mehlin et al., 1992, 1995; Kiseleva et al., 1996). To
visualize these hypothetical steps of nuclear export for
smaller RNA export ligands, we have developed a pro-
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tocol to conjugate RNAs to colloidal gold. The gold-
tagged RNAs were then microinjected into the nuclei
of Xenopus oocytes and the fate of the RNA-gold par-
ticles during their nuclear export was followed by EM.
Similar experiments conducted previously led to the
conclusion that gold conjugates carrying either tRNA,
55 rRNA, or poly A were all exported similarly
(Dworetzky & Feldherr, 1988). This was not expected
because tRNA and 55 rRNA show a difference of
roughly 50-fold in export rate when not conjugated to
gold (Zasloff, 1983; Guddat et al., 1990; Jarmolowski
et al., 1994). In addition, in these earlier studies, only
about 5% of the RNA conjugates were ever exported,
indicating that either the conjugates were unstable, or
the RNA ligand was not accessible to export factors on
the surface of the gold particles. The new methodol-
ogy developed here allows relatively efficient nuclear
export of the RNA-gold conjugates (70% or more) and
the conjugates are exported with characteristics simi-
lar to the naked RNAs. We have used this method to
study steps in the export of various classes of micro-
injected RNA export ligands.

RESULTS

Direct conjugation of recombinant RNAs
to colloidal gold

In order to visualize nuclear export of various types of
RNA by EM, we first developed an efficient procedure
to conjugate RNAs directly to colloidal gold. Colloidal
gold is usually formed by reduction of gold chloride
into negatively charged particles that can be coupled
directly to proteins such as lectins, protein A, and anti-
bodies by noncovalent electrostatic adsorption. This
standard procedure has been used extensively in im-
munoelectron microscopy (see e.g., Verkleij & Leunis-
sen, 1990). However, this method did not yield gold
complexes reproducibly with nucleic acids in our hands,
perhaps not surprisingly given the high overall nega-
tive charge of these macromolecules. By changing the
charge of the gold colloids with Th(NO;)s, we have,
however, been able to successfully conjugate several in
vitro-synthesized RNAs including tRNA, U1 ASmRNA,
U6 AssRNA, and the mRNA coding for dihydrofolate
reductase (DHFR-mRNA) to colloidal gold with high
yield of conjugates. To confirm that the RNA-gold com-
plexes made by this method contained RNA, two dif-
ferent approaches were taken: (1) coupling [*’P][RNAs
to positively charged gold colloids; and (2) releasing
the RNA from the RNA-gold complex by freezing and
thawing. With the first approach, we always obtained
radiolabeled RNA-gold complexes, whereas, by the
second approach, the RNA was released into solution
as revealed by ethidium bromide staining. These re-
sults indicated that the RNAs were indeed coupled to
positively charged colloidal gold.
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Nuclear export of gold-labeled RNAs

Next we wanted to find out whether the RNA-gold
complexes prepared by our procedure are exported
from the nucleus. For this purpose, **P-labeled DHFR-
mRNA, tRNA, and Ul ASmRNA were coupled with
positively charged colloidal gold using the same pro-
cedure as for cold RNAs. The resulting [**P]-labeled
RNA-gold complexes were then microinjected into Xen-
opus oocyte nuclei, and the appearance of radioactivity
in the cytoplasm was monitored after incubation at
room temperature for different time periods. As doc-
umented in Table 1, immediately after their nuclear
injection, the great majority of all three gold-labeled
[**P]RNAs tested were found in the nuclear fraction.
After further incubation, the cytoplasmic fraction con-
tained progressively more radioactivity up to a certain
time point, and the appearance of radioactivity in the
cytoplasm plateaued at different times for the various
conjugates. In experiments where the same RNAs were
microinjected in the nonconjugated form [data not
shown, but see Jarmolowski et al. (1994), who reported
identical results], export of DHFR-mRNA or Ul
ASmRNA followed similar kinetics, with a lag phase of
roughly 20 min followed by export of roughly half the
injected RNA over a period of the next 30-40 min and
of most of the rest of the RNA over the next hour,
whereas tRNA was exported more rapidly, with a half-
time of roughly 10 min. Microinjected RNA-gold com-
plexes were exported to the cytoplasm with roughly
similar kinetics (Table 1). However, even after 6 h of
incubation at room temperature, we always detected
radioactivity in the nuclear fraction for all three
[**PIRNA-gold complexes tested. Thus, the nuclear
export of RNA-gold was incomplete. However, in con-
trast to a similar previous study, where only approxi-
mately 5% of injected RNA conjugates were exported
(Dworetzky & Feldherr, 1988), under the conditions
used here roughly 70% of the RNA-gold was exported

TABLE 1. Export rate of RNA-gold conjugates.”

Time after injection

(min) tRNA U1 ASmRNA mRNA
0 17 15 12
15 38 NDP ND
30 70 ND ND
60 74 45 35
240 ND 66 72
360 ND 68 78
60°¢ 12 ND ND
240°¢ ND 11 9

aValues are the % of the 32P cpm in the cytoplasmic fraction of
dissected oocytes. For each time point, 10 oocytes were micro-
injected and dissected. Data presented are average from two exper-
iments.

PND, not determined.

¢Qocytes kept at 4 °C after microinjection.
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to the cytoplasm (Table 1). Export of all three RNA-
gold conjugates was energy dependent, because it was
prevented by cooling the oocytes (Table 1).

Visualization of the route of nuclear export

To visualize the export of RNA through NPCs, we
then microinjected Xenopus oocyte nuclei with RNA-
gold complexes and prepared the injected oocytes for
embedding and thin-section EM at different times af-
ter microinjection. Again, DHFR-mRNA, tRNA, and
Ul ASmRNA were used. In Figure 1, typical results of
the nuclear export of these RNA-gold conjugates are
shown. Times of embedding were chosen so as to al-
low observation of the conjugates associated with NPCs,
but should not be mistaken for time courses of export
of the conjugates. Thus, for example, for DHFR-mRNA,
where export plateaued roughly 3-4 h after microinjec-
tion, the samples were processed for embedding and
thin-section EM 0 min, 45 min, 1.5 h, and 2.5 h after
microinjection. For all samples, single gold particles as
well as aggregates of two, three, and more gold par-
ticles were found in the nucleoplasm at all time points
(Fig. 1). Because uncoupled positively charged gold
colloids appeared as single particles in the EM, the
number of gold particles per RNA molecule in the
RNA-gold complexes was variable, with about 64%
and 20% RNA molecule coupled with one and two
gold particles, respectively (independent of the type of
RNA). RNA-gold complexes with only one gold par-
ticle per RNA molecule could have been purified (e.g.,
by gradient centrifugation), but this would have re-
quired prohibitively large quantities of recombinant
RNA. Thus, we performed the export experiments with
the heterogeneous RNA-gold complexes containing
variable numbers of gold particles per RNA. Upon
microinjection into Xenopus oocyte nuclei, only RNA
complexed with one or two gold particles was ever
found associated with NPCs or exported to the cyto-
plasm, whereas bigger gold aggregates remained in
the nucleoplasm (see Fig. 1). This is a likely explana-
tion of the result obtained with [*?PJRNA-gold (see
above and Table 1), which indicated that only about
70% of the RNA-gold was exported to the cytoplasm.

Immediately after injection into the nucleus, the RN A-
gold particles were distributed randomly throughout
the nucleoplasm (Fig. 1, arrows in all three parts). After
varying times of incubation at room temperature, de-
pendent on the identity of the coupled RNA, RNA-
gold complexes containing one or two gold particles
were found associated with NPCs (Fig. 1B, arrowheads
in all three parts), and progressively also in the cyto-
plasm (Fig. 1C,D, small arrows in all three parts). In
contrast, when gold-conjugated U6 AssRNA —an RNA
that is not exported to the cytoplasm (Vankan et al.,
1990) —was microinjected into Xenopus oocyte nuclei,
the U6 AssRNA-gold particles were distributed evenly
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throughout the nucleoplasm even after 6 h of incuba-
tion at room temperature (Fig. 2). Thus, the specificity
and kinetics of export of the different gold-RNA con-
jugates resembled those of unconjugated RNAs.

Export of RNA—gold conjugates
is specifically competed

Previous work has shown that export of mRNA, U
snRNA, or tRNA from the nucleus is a saturable pro-
cess that is inhibited by an excess of an RNA of the
same class, but not by other types of RNA (Jarmolowski
etal., 1994). This provided an additional test of whether
the RNA-gold conjugates behaved like nonconjugated
RNAs. When a saturating amount of unconjugated
mRNA was microinjected into Xenopus oocyte nuclei
before microinjection of mRNA-gold, the gold parti-
cles remained randomly distributed throughout the
nucleoplasm, and hence did not associate with NPCs
and were not exported (Fig. 3B, arrows; see also
Table 2), even 4 h after microinjection. In contrast, when
a similar amount of unlabeled tRNA or Ul ASmRNA
was microinjected before mRNA-gold, the mRNA-
gold particles were targeted to the NPC and exported
to the cytoplasm (Fig. 3C,D). As documented in
Table 2, quantitation of NPCs with associated gold
particles revealed that, 45 min after microinjection,
about 40% of the NPCs contain mRNA-gold particles
for both the control experiment, where mRNA-gold
was microinjected alone, and the competition experi-
ments, where unlabeled tRNA or Ul ASmRNA were
pre-injected before mRNA-gold. Thus, we have con-
firmed by direct visualization using EM that tRNA or
Ul ASmRNA have little or no effect in the nuclear
export of mRNA-gold.

Analogous results were obtained when the compe-
tition studies were performed using tRNA-gold or Ul
ASmRNA-gold instead of mMRNA-gold, confirming the
results of Jarmolowski et al. (1994), that each type of
RNA competitively inhibited its own export, but not
the export of other types of RNAs. Moreover, as illus-
trated for the inhibition of mRNA-gold by unlabeled
mRNA (Fig. 3B), the RNA-gold particles of all three
types remained in the nucleoplasm when export was

TABLE 2. Percentage of NPCs decorated with mRNA-gold parti-
cles in competition studies between mRNA-gold and unlabeled
RNAs?

NPCs decorated with gold

mRNA-gold 41.2%
mRNA + mRNA-gold 0%

tRNA + mRNA-gold 39.6%
Ul ASmRNA + mRNA-gold 42.2%

*Competition experiments were done as described in Figure 3.
Eighty NPCs were evaluated for each condition.



saturated and did not associate detectably with the
nucleoplasmic face of the NPC (data not shown). We
conclude that the limiting factors for export of each
RNA class must reside in the nucleoplasm and not at
the NPC.

RNA moves through the center of NPCs

By quantitation of the position and distribution of gold
particles coupled to the Xenopus nuclear protein nu-
cleoplasmin during nuclear import, two distinct cyto-
plasmic NPC binding regions for import ligands have
been identified (Panté & Aebi, 1996c). Similarly, we
have evaluated the position and distribution of mRNA-
gold particles associated with NPCs in cross-sectioned

N. Panté et al.

FIGURE 1. Visualization of nuclear export of tRNA-gold, Ul
ASmRNA-gold, and DHFR mRNA-gold through the NPC. The three
RNAs coupled with positively charged colloidal gold particles (8-nm
diameter) were microinjected into the nucleus of Xenopus oocytes,
and the samples were processed for embedding and thin-section EM
after: Part I (A) 0 min, (B) 15 min, (C) 30 min, and (D) 45 min of
incubation for tRNA; Part II (A) 0 min, (B) 30 min, (C) 1 h, and (D)
1.5 h for Ul ASmRNA; and Part III (A) 0 min, (B) 45 min, (C) 1.5h,
and (D) 2.5 h for mRNA gold. Shown are views along cross-sectioned
Xenopus oocyte nuclear envelopes. Arrows in the A panels point to
gold particles in the nucleus immediately after microinjection. Ar-
rowheads in the B, C, and D panels mark gold particles associated
with NPCs, whereas the small arrows in the C and D panels point
to gold particles that have been exported to the cytoplasm. ¢, cyto-
plasmic side of the NE; n, nuclear side of the NE. Scale bar, 200 nm.
(Figure continues on facing page.)

nuclear envelope. This type of analysis should reveal
the position of rate-limiting events in RNA nuclear
export. As shown in Figure 4, at each time point, the
gold particles were found associated with both the
nuclear and cytoplasmic side of the NPC and predom-
inantly distributed along the central axis of the NPC.
The amount of RNA-gold particles on the nuclear side
was initially high and decreased with time, whereas
the number of RNA-gold particles on the cytoplasmic
side increased with time. This is a consequence of the
reduction in number of transportable RNA-gold con-
jugates remaining in the nucleus at increasing times
after microinjection. On the nuclear side of the NPC,
gold particles were found at variable vertical distances
(i.e., the distance perpendicular to the central plane of
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FIGURE 1. Continued.

the NE) of up to ~50 nm. As illustrated in Figure 54,
this position corresponds to RNA-gold particles asso-
ciated with the nuclear basket of the NPC. Very strik-
ingly, gold particles were not found at vertical distances
between —10 nm and +10 nm. Instead, RNA-gold
conjugates appear to accumulate at the nuclear and
cytoplasmic periphery of the central gated channel of
the NPC (Fig. 5B,C). Taken together, the results of the
quantitative analysis indicate that once the export li-
gand reaches the cytoplasmic face of the NPC, it is
released into the cytoplasm without binding to the
short kinky fibrils emanating from the cytoplasmic pe-
riphery of the NPC, and that translocation of the ex-

port ligand complex across the central gated channel
occurs very quickly.

Export ligands do not accumulate at the NPC
at low temperature or in the presence of WGA

The import of nuclear proteins can be divided into two
steps. An energy-independent event, where the nu-
clear protein-import receptor complex docks to the
NPC, and the energy-requiring translocation through
the NPC. Accumulation of import ligand at the NPC
cytoplasmic fibrils and at the cytoplasmic periphery of
the NPC central gated channel have been observed by
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EM when nuclear import is inhibited by the presence
of WGA and at 4 °C, respectively (Newmeyer & Forbes,
1988; Richardson et al., 1988; Panté & Aebi, 1996c). We
have used the same conditions in an attempt to iden-
tify the initial NPC docking site(s) for the various RNA
export ligands. As has been shown previously by
Dworetzky and Feldherr (1988), when oocytes were
kept at 4°C after nuclear microinjection of mRNA-
gold, both NPC association and export of mRNA-gold
was clearly inhibited (Fig. 6). The mRNA-gold parti-
cles were distributed randomly throughout the nucleo-
plasm and not associated with NPCs even after 6 h of
incubation at 4 °C (Fig. 6B,C, arrows). Similar results
were obtained with the other tRNA-gold and Ul
ASmRNA-gold conjugates (data not shown).

Our results suggested that chilling the oocytes inhib-
ited early steps of the RNA export pathway that occur
in the nucleoplasm. Injection experiments using WGA
to inhibit U snRNA or tRNA export showed similar re-
sults (data not shown). To address this question fur-
ther, we explored the inhibition of WGA by using WGA
conjugated with colloidal gold. As has been shown pre-
viously (Panté & Aebi, 1996c¢), cytoplasmic microinjec-
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FIGURE 2. U6 AssRNA-gold conjugates are not
exported to the cytoplasm. U6 AssRNA-gold
complexes were microinjected into the nucleus
of Xenopus oocytes, and the samples were pro-
cessed for embedding and thin-section EM after
(A) 2 h, and (B) 6 h of incubation at room tem-
perature. The U6 AssRNA-gold particles re-
mained randomly distributed throughout the
nucleoplasm at both time points (arrow-
heads). ¢, cytoplasmic side of the NE; n, nuclear
side of the NE. Scale bar, 200 nm.

tion of WGA-gold “plugs” the cytoplasmic entry to the
central pore channel (Fig. 7A, arrowheads). However,
when microinjected into the nucleus, WGA-gold accu-
mulated at the nuclear periphery of the NPC to vari-
able distances of up to ~60 nm from the NPC central
plane (Fig. 7B, arrowheads). Thus, WGA not only ap-
pears to “plug” the nuclear entry of the central pore
channel, but it also accumulates within the nuclear bas-
kets. Similar to the inhibition of export of U1 ASmRNA-
gold by cytoplasmic or nuclear microinjection of
unlabeled WGA, when 14-nm WGA-gold was micro-
injected into the cytoplasm or into the nucleus of Xen-
opus oocytes 1 h prior to nuclear microinjection of 8-nm
Ul ASmRNA-gold, the 8-nm gold particles remained
dispersed within the nucleoplasm and did not associ-
ate with the nuclear periphery of NPCs (Fig. 7C,D, ar-
rows). Because the WGA was pre-injected, it is possible
that sites on the nuclear face of the NPC are saturated
by endogenous RNPs whose export is blocked before
we introduce the RNA-gold conjugates. However, we
note that docked import substrates were observable
even after WGA pre-injection into the cytoplasm in the
studies of protein import.
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FIGURE 3. Competition experiments between mRNA-gold and unlabeled RNAs. DHFR mRNA-gold conjugates were
injected either alone (A) or 1 h after nuclear injection of saturating amounts of unlabeled mRNA (B), tRNA (C), or U1l
ASmRNA (D) into the nucleus of Xenopus oocytes. Gold particles were found associated with NPCs and in the cytoplasm
for oocytes microinjected without competitor (A) with unlabeled tRNA (C), and unlabeled Ul ASmRNA (D), some of which
are marked with arrowheads. In contrast, when the oocytes were pre-injected with unlabeled mRNA in their nucleus, the
gold particles remained in the nucleoplasm (B, arrows). Samples were processed for embedding and thin-section EM
45 min after injection of mMRNA-gold. Incubation was at room temperature. c, cytoplasmic side of the NE; n, nuclear side

of the NE. Scale bar, 200 nm.

Effect of the importin 8 binding (IBB) domain
of importin @ and hnRNP A1 on nuclear
export of RNAs

Because saturation of each RNA export pathway, chill-
ing, or the presence of WGA all had the same effect on
the distribution of nuclear RNA-gold conjugates mi-
croinjected into the nucleus, we decided to examine
the effects of two known inhibitors of RNA export that
are specific for particular types of RNA. The IBB domain
of importin a competitively inhibits NLS-mediated

nuclear protein import and also specifically blocks U
snRNA export (Gorlich et al., 1996a, 1996b; Weis et al.,
1996), whereas saturating amounts of hnRNP A1 pro-
tein prevents mRNA export without affecting other
RNAs (Izaurralde et al., 1997).

An IBB domain-protein A fusion protein was there-
fore microinjected into the cytoplasm of Xenopus oocytes
1 h before nuclear microinjection of U1 ASmRNA- or
DHFR mRNA-gold conjugates. As illustrated in Fig-
ure 8A and B, the Ul ASmRNA-gold particles re-
mained dispersed within the nucleoplasm and did not
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associate with NPCs in the presence of the IBB fusion
protein, whereas mRNA-gold was exported normally.
Thus, IBB domain injection inhibited an early step(s)
of the export pathway of Ul ASmRNA.

When hnRNP Al was pre-injected into Xenopus oo-
cyte nuclei before nuclear microinjection of mRNA-
gold conjugates, it inhibited their export efficiently and
retained them in the nucleoplasm without association
with the nuclear periphery of the NPCs (Fig. 8D, ar-
rows). In contrast, hnRNP Al had no effect on Ul
ASmRNA-gold export (Fig. 8C, arrowheads). Again,
this inhibition led to the accumulation of mRNA-gold
conjugates in the nucleoplasm, and not at the NPC.

DISCUSSION

Previous work had shown that, upon microinjection of
tRNA, 5SRNA, or homopolymeric RNA conjugated to
colloidal gold particles into Xenopus oocyte nuclei, the
RNA-gold particles are translocated to the cytoplasm
through the NPCs (Dworetzky & Feldherr, 1988). More
recently, several biochemical studies have provided fur-
ther insight into RNA export (reviewed by Izaurralde
& Mattaj, 1995; Fischer et al., 1996; Gorlich & Mattaj,
1996). Thus, for example, the kinetics of nuclear export
of different types of RNA is now better characterized
(e.g., Jarmolowski et al., 1994; Pokrywka & Goldfarb,
1995). Several conditions and inhibitors that influence
nuclear export have been defined (e.g., Featherstone
et al., 1988; Neuman de Vegvar & Dahlberg, 1990; Jar-
molowski et al., 1994; Gérlich et al., 1996b; Izaurralde
et al., 1997), and nuclear localization signals (NESs)
and cellular factors mediating nuclear export have been
identified (reviewed by Gerace, 1995; Fischer et al.,
1996; Gorlich & Mattaj, 1996). However, the molecular
details of the mechanisms underlying RNA export re-
main largely unknown. In this study, we have ex-
tended the work of Dworetzky and Feldherr (1988) to
visualize nuclear export of different classes of colloidal
gold-RNA conjugates and to dissect nuclear export
into distinct steps. In addition, we have demonstrated

FIGURE 4. Analysis of the position and distribution of mRNA-
gold associated with NPCs. The position of gold particles, which is
defined by horizontal distance (i.e., the distance from the central
axis of the NPC perpendicular to the nuclear envelope) and vertical
distance (i.e., the distance perpendicular to the central plane of the
nuclear envelope) was measured in cross-sectioned nuclear enve-
lopes (as in Fig. 1) and plotted in a single dot graphic. Due to the
lack of resolution, each dot may represent several gold particles.
Histograms for the distribution of gold particles for horizontal and
vertical distances are shown on adjacent panels. Samples prepared
for EM (A) 45 min, (B) 1.5 h, and (C) 2.5 h after microinjecting the
oocyte nuclei with 8-nm mRNA-gold were analyzed. Distribution
for the vertical distances was variable with time, whereas distribu-
tion for the horizontal distance always yielded a single major peak
corresponding to the center of the NPC. Cross-sectioned nuclear
envelopes from four different experiments were analyzed, which
yielded 100, 83, and 98 particles for A, B, and C, respectively.
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FIGURE 5. Gallery of selected examples of NPC cross-sections re-
vealing mRNA-gold particles associated with the NPC. At the nu-
clear side of the NPC, mRNA-gold particles were found up to a
vertical distance of 50 nm from the NPC central plane, which cor-
responds to the position of the nuclear basket (A). As revealed by
the quantitative analysis (Fig. 4), RNA-gold particles accumulated
at vertical distance of —15 nm and +15 nm, which represent RNA-
gold associated with the nuclear (B) and cytoplasmic (C) periphery
of the NPC central gated channel. ¢, cytoplasmic side of the NE; n,
nuclear side of the NE. Scale bar, 100 nm.

that these gold conjugates behave similarly to naked
RNA with respect to nuclear export and explored con-
ditions known to block RNA export in order to yield
transport intermediates arrested at the NPC.

Because in vitro-produced RNAs could not be cou-
pled to negatively charged colloidal gold particles by
standard procedures, we first developed a method to
change the charge of the gold colloids. Several recom-
binant RNAs, including mRNA, tRNA, and U snRNAs,
were coupled successfully to positively charged col-
loidal gold particles, and the resulting RNA-gold com-
plexes were exported to the cytoplasm after their
microinjection into Xenopus oocyte nuclei.

In order to visualize export intermediates arrested
at stages of nuclear export, we have employed con-
ditions known to inhibit export of most RNAs (i.e.,
low temperature, inhibition by injection of WGA, com-
petition with saturable amounts of RNA). Very strik-
ingly, none of these conditions caused the export
ligands to accumulate at or near the NPC. By quan-
titation of RNA-gold particles associated with NPCs
during their nuclear export, we have, however, ob-
served RNA-gold particles within the nuclear bas-
ket, and associated with both the nuclear and
cytoplasmic periphery of the central gated channel.
From our data, we cannot distinguish whether the
export ligand sequentially associates first to the nu-
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clear baskets and then to the nuclear periphery of
the central gated channel. Because the distribution of
RNA-gold particles at about —50 nm from the NPC
central plane was always smaller than that at
—15 nm, we speculate that, if RNA-gold binds se-
quentially to these two NPC regions, the delivery of
the export ligand from the nuclear baskets to the
central gated channel occurs very fast. Similarly, be-
cause gold particles were not observed within the
central gated channel (i.e., for vertical distances be-
tween —10 and 10 nm), we conclude that the trans-
location of the export ligand through the NPC central
gated channel occurs very quickly. These studies are
in agreement with those of Daneholt and colleagues,
who have performed detailed examination of the ex-
port of the giant BR RNPs from the nuclei of C.
tentans salivary gland cells (Mehlin et al., 1992, 1995;
Kiseleva et al.,, 1996; Visa et al.,, 1996a, 1996b). In
these studies, BR RNDPs are often seen docked at the
nuclear basket structures, but are seen only rarely
during the actual translocation step. Our studies with
RNA conjugates containing much smaller RNAs (BR
mRNAs are > 30 kb in length) suggest that the “un-
packaging” of BR RNPs that is required for their
export does not introduce a new rate-limiting step in
export, but rather that all substrates will pause at
the basket structures and on the nuclear entry to the
central gated channel before translocation occurs. This
does not, of course, mean that a very large RNP like
the BR RNP might not require a considerably longer
time to pass this step. For example, if removal of
nuclear proteins is part of this step, this may require
longer time if the RNP is larger.

The binding of the RNA-gold particles to these three
NPC regions might involve interactions of the export li-
gand with NPC proteins (nucleoporins). That nucle-
oporins have a role in nuclear export has been suggested
by inhibition of nuclear export by (1) antinucleoporin
antibodies, and (2) the lectin WGA (Featherstone et al.,
1988; Bataillé et al., 1990; Neuman de Vegvar & Dahl-
berg, 1990; Terns & Dahlberg, 1994), which binds to
nucleoporins containing O-linked N-acetylglucosamine
residues (Snow et al., 1987). Also, several yeast nucle-
oporin mutants, which exhibit defects in the nuclear ex-
port of polyadenylated RNA, have been identified
(reviewed by Rout & Wente, 1994; Davis, 1995; Doye &
Hurt, 1995; Panté & Aebi, 1996a). Moreover, at least three
yeast nucleoporins (Nup100, Nup116, and Nup145) con-
tain an RNA-binding motif (Fabre et al., 1994; Wente &
Blobel, 1994) that binds homopolymeric RNA in vitro
(Fabre et al., 1994). Blocking export of all types of RNA-
gold conjugate studied here by chilling, or inhibition of
U1l ASmRNA export by WGA injection, however, did not
result in association of the RNA-gold with the nuclear
periphery of NPCs.

In previous work it was shown that, in competition
experiments between the various classes of RNA stud-
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ied here, each type of RNA specifically inhibits its own
export without affecting the export of the other types
of RNA. We confirmed these results by performing
competition experiments with RNA-gold complexes
and subsequently analyzing the samples by EM. Again,
we did not observe targeting of RNA to the NPC in
these experiments, but instead, the RNA-gold, even
in the presence of a quantity of naked RNA sufficient
to saturate limiting export factors, remained dispersed
throughout the nucleoplasm. These findings are con-
sistent with the notion that specific factors for each
RNA pathway act to mobilize the particular RNA des-
tined for export in the nucleoplasm before associa-
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FIGURE 6. Inhibition of nuclear export of DHFR
mRNA-gold at low temperature. Shown are cross-
sectioned nuclear envelopes from Xenopus oocytes
that have been microinjected into their nuclei with
mRNA-gold and kept at (A) room temperature for
45 min, (B) 4°C for 45 min, and (C) 4°C for 6 h
after microinjection. Arrowheads in A point to gold
particles associated with NPCs, whereas the ar-
rows in B and C point to gold particles that re-
mained in the nucleoplasm when the microinjected
oocytes are kept at 4 °C. ¢, cytoplasmic side of the
NE; n, nuclear side of the NE. Scale bar, 200 nm.

tion of the export ligand complex with the nuclear
periphery of the NPCs. This early step(s) is also pre-
vented by chilling or blocked by the presence of WGA.
Cellular factors mediating nuclear import of NLS pro-
teins have been identified recently and characterized
molecularly (reviewed by Melchior & Gerace, 1995;
Gorlich & Mattaj, 1996; Panté & Aebi, 1996b). One of
these factors, importin &, is known to shuttle between
the cytoplasm and the nucleus. The NH,-terminal IBB
domain of importin @, which is imported similarly to
importin @ in an importin 8-mediated way, acts as a
specific inhibitor of importin a-mediated import (Gor-
lich et al., 1996a; Weis et al., 1996) and of U snRNA
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FIGURE 7. Inhibition of nuclear export of Ul ASmRNA-gold by cytoplasmic or nuclear microinjection of WGA. Shown
are cross-sectioned Xenopus oocyte nuclear envelopes from oocytes that have been microinjected with 14-nm WGA-gold
into their cytoplasm (A) or their nucleus (B). At the cytoplasmic side of the NPC, WGA-gold particles were associated with
the cytoplasmic periphery of the NPC (A, arrowheads), whereas at the nuclear side of the NPC, WGA-gold particles were
found up to a vertical distance of 60 nm from the NPC central plane (B, arrowheads). When 8-nm Ul ASmRNA-gold
complexes were microinjected into the nucleus of oocytes 1 h after the microinjection of 14-nm WGA-gold into their (C)
cytoplasm or (D) nucleus, the 8-nm gold particles remained in the nucleus (C and D, arrows). ¢, cytoplasmic side of the

NE; n, nuclear side of the NE. Scale bar, 200 nm.

export (Gorlich et al., 1996b). By microinjecting this
IBB domain into the cytoplasm of Xenopus oocytes and
analyzing the export of Ul ASmRNA-gold, we have
shown that importin « specifically inhibited export of
this RNA conjugate and caused accumulation in the
nucleoplasm rather than at the NPC. Similarly, hnRNP
Al, which has been proposed to have a role in the
export of mRNA (Pifiol-Roma & Dreyfuss, 1992; Mi-
chael et al., 1995), was used to saturate the mRNA
export pathway specifically (Izaurralde et al., 1997),
and again the nonexported mRNA-gold conjugates
accumulated throughout the nucleoplasm.

It has been demonstrated previously that low-
capacity, nonspecific, RNA binding sites exist within
Xenopus oocyte nuclei, and that saturation of these
sites is required in order to obtain maximal export
rates (Pokrywka & Goldfarb, 1995). Because we see
no obvious change in the intranuclear distribution of
the various types of RNA-gold in the presence of
saturating amounts of either specific or nonspecific
competitor RNAs, these low-capacity sites cannot be
responsible for retaining the RNA-gold complexes
in the nucleoplasm in our experiments. The question
remains of whether the RNA-gold complexes are
freely diffusing within the nucleoplasm, but unable
to bind to the NPCs because they lack a specific tar-

geting factor, or are bound to something in the nu-
cleoplasm from which they must be detached before
NPC association and export can occur. The rapid dis-
persal of the RNA-gold particles after their injection
seen here and by Dworetzky and Feldherr (1988) is
more compatible with the first of these two possible
explanations, but does not definitively rule out the
second.

In summary, by quantitative EM, we have visualized
export intermediates bound to the NPC, at the nuclear
basket, and the nuclear and cytoplasmic periphery of
the central gated channel. Our attempts to establish ex-
perimental conditions yielding accumulation of RNA
destined for export at any one of these NPC binding ar-
eas have been unsuccessful. These findings indicate that,
although nuclear export of RNA and nuclear import of
proteins are conceptually similar in that both are tar-
geted vectorial processes mediated by cellular factors
and by the NPC, intranuclear steps in RNA export are
more significant than intracytoplasmic steps in protein
import. Unlike protein import into the nucleus, where
stable intermediates accumulate at distinct peripheral
NPC sites that are visualized readily by EM (Newm-
eyer & Forbes, 1988; Richardson et al., 1988; Panté &
Aebi, 1996¢), no such stable intermediates accumulate
at distinct NPC sites during RNA export.
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FIGURE 8. Inhibition of the export of Ul ASmRNA by the IBB domain and of mRNA by hnRNP A1l. Inhibition of nuclear
export of Ul ASmRNA-gold by cytoplasmic pre-injection of the NHy-terminal domain of importin « (the IBB domain;
Gorlich et al., 1996a; Weis et al., 1996). Shown in A and B are cross-sectioned nuclear envelopes from Xenopus oocytes that
have been microinjected into the cytoplasm with an IBB domain fusion protein 1 h before nuclear microinjection of either
(A) mRNA-gold or (B) U1 ASmRNA-gold. The Ul ASmRNA-gold particles remained in the nucleoplasm (B, arrows) even
after incubation at room temperature for 3 h, whereas mRNA-gold was exported normally. The effect of inhibition of
nuclear export of mRNA-gold by nuclear pre-injection of hnRNP Al are shown in C and D. Cross-sectioned nuclear
envelopes from Xenopus oocytes that have been microinjected into the nucleus with hanRNP Al 1 h before nuclear
microinjection of either (C) Ul ASmRNA-gold or (D) mRNA-gold. The mRNA-gold particles remained in the nucleo-
plasm (D, arrows) even after incubation at room temperature for 3 h, whereas the Ul ASmRNA-gold was exported
normally. ¢, cytoplasmic side of the NE; n, nuclear side of the NE. Scale bar, 200 nm.

MATERIAL AND METHODS

Preparation of RNAs

32p-labeled RNAs were prepared as described previously
(Jarmolowski et al., 1994). Large-scale nonradioactive amounts
of RNA were prepared using 30 ug of linearized plasmid
template and 150 units of T7 RNA polymerase (Promega)
according to the instructions of the manufacturer. Trace
amounts of [@*P]GTP (20,000-30,000 cpm) were added to
enable determination of the concentration of the synthesized
RNA. Synthesis of DHFR mRNA and Ul ASmRNA was
primed with m’GpppG; synthesis of U6 AssRNA, with
ymGTP. The concentration of these nucleotides in the tran-
scription reaction was 2.5 mM. Both nucleotides were kindly
provide by Edward Darzynkiewicz. Transcription reactions
were terminated after 3 h incubation at 37 °C, by addition of
100 units of RNase-free DNase I (Boehringer-Mannheim, Ger-
many). Samples were incubated for an additional hour and
then extracted with phenol/chloroform. Unincorporated
NTPs were eliminated by a Sephadex G-50 spin column.
Ethanol-precipitated RNA was resuspended in water, checked
on an 8% denaturing polyacrylamide-7 M urea gel. The con-

centration was determined using incorporation of [e**P]GTP
into RNA. Conjugation to colloidal gold was performed as
described below.

Preparation of positive gold colloids

Colloidal gold particles, ~8 nm in diameter, were prepared
by reduction of tetrachloroauric acid with sodium citrate in
the presence of tannic acid (Slot & Geuze, 1985). These col-
loidal gold particles are charged negatively. To conjugate
them to RNAs, their charge state was reversed by adding
Th(NO3)4. The amount of Th(NO3), required to reverse the
charge of the gold colloids was determined for each batch
of colloidal gold particles used by mixing 100-uL aliquots of
gold colloids with 10 uL of decreasing concentrations of
Th(NO;), starting at 0.1 M. In this test, the solution changes
from red to blue at higher concentrations of Th(NOs),.
At lower concentrations of Th(NO3)4, the solution turns
lilac and then red, corresponding to stable, positively
charged colloidal gold particles. At even lower concentra-
tions of Th(NOj3),, the solution turns blue again. Although
the amount of Th(NOs), required to reverse the charge of
colloidal gold particles changed from batch to batch, we
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found that about 5 uL of 2 M Th(NOj3); was necessary per
milliliter of 8-nm diameter gold colloids.

Direct conjugation of WGA and RNAs
with colloidal gold

WGA (Sigma, St. Louis, Missouri) was conjugated to 14-nm
diameter colloidal gold particles as described previously
(Panté et al., 1994). To conjugate RNA to 8-nm positively
charged colloidal gold particles, first the minimal concentra-
tion of each RNA required to stabilize the positive colloidal
gold particles was determined as follows: 50 uL of positive
gold colloids were mixed with 10 uL of various concentra-
tions of RNA, and then the color change of the solution from
red to blue was visualized upon addition of 50 uL of 20%
ammonium sulfate. The slightest change of color indicated
the instability of the RNA-gold complex. The minimal amount
of RNA required to stabilize the colloidal gold particles was
the minimal concentration at which the solution did not
change color. The amount of RNA per milliliter of 8-nm
diameter positively charged colloidal gold was: 5-10 ug for
DHFR-mRNA, 2-8 ug for tRNA, and 1-4 ug for U1 ASmRNA.
RNA-gold complexes were then formed by mixing the RNA
and positively charged colloidal gold particles for 10 min
at room temperature. The complexes were centrifuged at
45,000 X g for 15 min, the pellet was resuspended in low-salt
buffer (LSB) containing 1 mM KCl, 0.5 mM MgCl,, 10 mM
Hepes, pH 7.5, and used immediately for microinjection. For
some experiments, [**P][RNAs were conjugated to 8-nm col-
loidal gold by the same method.

To confirm that the RNA was conjugated to colloidal gold
particles, the RNA-gold complex was destabilized by freez-
ing in liquid nitrogen. This procedure dissociated the gold
particles from the RNA. After thawing, the sample was then
centrifuged in an Eppendorf centrifuge, and the supernatant
was checked for the presence of RNA with ethidium bro-
mide under a UV source.

Oocyte microinjection

Mature (stage six) oocytes were surgically removed from
female Xenopus laevis as described previously (Reichelt
et al, 1990; Jarnik & Aebi, 1991), and stored in modified
Barth’s saline (MBS) containing 88 mM NaCl, 1 mM KCl,
0.82 mM MgSO4, 0.33 mM Ca(NOs),, 0.41 mM CaCl,,
10 mM Hepes, pH 7.5. Oocytes were defolliculated by treat-
ment with 5 mg/mL collagenase (Sigma, St. Louis, Mis-
souri) in calcium-free MBS for 3 h. Oocytes were then
washed with MBS and used for microinjection within the
next two days. To visualize the oocyte nuclei for nuclear
injections, the oocytes were centrifuged at 2,000 X g for
10 min at 4°C, as described previously (Hamm & Mattaj,
1990). About 20 nL of RNA (gold-conjugated or 32P-labeled,
see below) was microinjected into the nucleus of each oo-
cyte. The injected oocytes were incubated in MBS buffer at
room temperature for the indicated times and analyzed by
EM as described below.

For inhibition of nuclear export by chilling, oocytes were
cooled to 4°C 30 min before microinjection of gold-labeled
RNAs, and were then kept at this temperature for 6 h after
injection. For WGA inhibition, 50 nL of WGA at 20 mg/mL
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was microinjected into the oocyte cytoplasm (or 20 nL at 5
mg/mL for nuclear injections), and the oocytes were incu-
bated at room temperature for 1 h before the nuclear injec-
tion of gold-labeled RNAs. As indicated, in some experiments,
14-nm diameter gold-conjugated WGA was used.

For competition experiments, unlabeled RNAs were mi-
croinjected into the nuclei of Xenopus oocytes 1 h before the
nuclear microinjection of RNA-gold complexes at concen-
trations sufficient to cause saturation (Jarmolowski et al.,
1994), and samples were incubated at room temperature for
the indicated times. The recombinant IBB domain (amino
acids 1-55 of Xenopus importin a fused to the IgG binding z
domain of protein A; Gorlich et al., 1996b) at 10 mg/mL or
hnRNP A1l at 4 mg/mL were injected into the cytoplasm or
nucleus, respectively, 1 h before nuclear injection of the RNA-
gold conjugates.

Quantitation of nuclear export

To quantify the export of gold-labeled RNAs, oocytes were
microinjected with gold-conjugated [**P]RNAs. After incu-
bation at 19 °C for various times, nuclei were manually dis-
sected and the radioactivity in the nuclear and cytoplasmic
fractions was determined by counting in a scintillation
counter.

Preparation of samples for electron
microscopy

For EM, oocyte nuclei were microinjected with gold-
conjugated RNAs. After incubation at room temperature for
the indicated times, injected oocytes were fixed overnight at
4°C in MBS (see above) containing 2% glutaraldehyde. The
oocytes were then washed three times with MBS, and the
nuclei (with the remaining surrounding cytoplasm) were dis-
sected and fixed again with 2% glutaraldehyde in LSB (see
above) for 1 h at 4 °C. Samples were washed three times with
LSB, and post-fixed for 1 h with 1% OsO, in LSB. Next, the
chemically fixed samples were dehydrated and embedded
in Epon 812 resin by conventional procedures (Jarnik & Aebi,
1991). Thin sections were cut on a Reichert Ultracut ultra-
microtome (Reichert-Jung Optische Werke, Vienna, Austria)
using a diamond knife. The sections were collected on carbon/
colloidon-coated EM grids, stained with 6% uranyl acetate
for 45 min, and post-stained with lead citrate for 1 min (Mil-
loning, 1961). Micrographs were recorded with a Hitachi
H-8000 transmission electron microscope (Hitachi Ltd., To-
kyo, Japan) operated at an acceleration voltage of 75 kV.
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