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The RNA binding domain within the nucleoporin Nup153
associates preferentially with single-stranded RNA

JENNIFER R. BALL, CHRISTIAN DIMAANO, and KATHARINE S. ULLMAN
Department of Oncological Sciences, Huntsman Cancer Institute, The University of Utah, Salt Lake City, Utah 84112, USA

ABSTRACT

The nuclear pore protein Nup153 is important for the transport of protein and RNA between the nucleus and cytoplasm.
Recently, a novel RNA binding domain (RBD) was mapped within the N-terminal region of Nup153; however, the determinants
of RNA association were not characterized. Here we have tested a range of RNAs with different general features to better
understand targets recognized by this domain. We have found that the RBD associates with single-stranded RNA with little
sequence preference. These results provide new information about a novel RNA binding domain and suggest new models to
consider for the contribution of Nup153 to nucleocytoplasmic transport.
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INTRODUCTION

Eukaryotic cells are distinguished by the presence of mul-

tiple organelles that separate cellular functions. Such sub-

cellular division requires biochemical pathways that direct

communication between individual cellular compartments.

Partitioning of the two main compartments of the cell, the

nucleus and cytoplasm, is achieved by a double membrane

bilayer termed the nuclear envelope (NE). Although this

separation facilitates formation of an environment special-

ized to maintain and regulate genomic content, it also ne-

cessitates that proteins and RNA be transported in a selec-

tive manner across the NE. These trafficking events occur

through openings in the NE, each formed by a large mac-

romolecular structure, the nuclear pore complex (NPC; for

review, see Fahrenkrog and Aebi 2002; Suntharalingam and

Wente 2003; Weis 2003).

Characterization of the 30 or so individual components

of the NPC provides an important groundwork for under-

standing NPC function. To this end, we have focused our

efforts on the pore protein Nup153. Various experimental

strategies have revealed that this nucleoporin plays multi-

functional roles in nucleocytoplasmic transport. A role for

Nup153 in RNA export was first suggested when overex-

pression of its C-terminal FG-rich region resulted in

nuclear accumulation of poly(A)+ RNA (Bastos et al. 1996).

Further studies, involving domain-specific Nup153 anti-

bodies injected into Xenopus oocyte nuclei, suggested a role

for Nup153 in the export of several classes of RNA (Ullman

et al. 1999). This pore protein has also been implicated in

nuclear import, with different regions of Nup153 behaving

as dominant inhibitors of distinct import pathways (Shah

and Forbes 1998). These functional approaches have been

complemented by in vitro binding assays to identify inter-

actions between distinct regions of Nup153 and various

transport receptors, such as Crm1, TAP, Transportin-1, and

Importin � and � (Moroianu et al. 1995; Nakielny et al.

1996; Moroianu et al. 1997; Shah and Forbes 1998; Shah et

al. 1998; Bachi et al. 2000; Ben-Efraim and Gerace 2001). In

addition, a novel RNA binding domain has also been iden-

tified in Nup153 (Dimaano et al. 2001).

Although mapping these domains has provided useful

information about potential interfaces between Nup153 and

transport cargo, more information is clearly needed. One

gap in our knowledge is that of whether the RNA binding

domain in Nup153 confers a general affinity for RNA or

potentially discriminates between different classes of RNA.

This information is not readily predictable for two reasons.

First, the RNA binding region of Nup153 was originally

identified and mapped using homoribopolymers as a tool

(Dimaano et al. 2001). Although this provided an unbiased

way of detecting such an interaction, it did not provide

information on physiological targets. Secondly, because the

RNA binding domain in Nup153 shares no apparent ho-

mology to known RNA recognition motifs, the sequence of

this domain does not yield clues about the nature of the
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RNA target. Thus, to better understand the recognition

properties of this novel RNA binding region and to gather

information about the interactions in which Nup153 can

participate, we have sought to define features of RNA that

allow association with Nup153. We have found that the

RNA binding domain of Nup153 can selectively recognize

single-stranded RNA, independent of orientation. This

preferential recognition provides new information about

the novel RNA binding domain found in Nup153 and is

consistent with a role for this region at the interface be-

tween Nup153 and mRNA export cargo.

RESULTS AND DISCUSSION

Nup153 does not bind structured RNA

Nup153 was previously shown to stably associate with RNA

in vitro (Ullman et al. 1999; Dimaano et al. 2001). Using

homoribopolymer (G) as the RNA ligand, a novel domain

(amino acids 250–400 in human Nup153) was mapped and

found to interact with RNA directly. The ability of this

region to associate with RNA is conserved between Dro-
sophila, Xenopus, and human, indicating that this property

plays an important functional role in vivo. A Nup153 frag-

ment from this region (referred to throughout as the RBD)

was also shown to bind RNA isolated in batch from tissue

culture cells; however, the characteristics of the cellular

RNAs that bound in this assay were not investigated (Di-

maano et al. 2001). To gain insight into how RNA binding

contributes to the role of Nup153, we wished to determine

whether this novel RNA binding domain has preferred tar-

gets and, if so, which population of cellular RNA has the

potential to interact with this pore protein.

The observation that poly(G) RNA can adopt structured

conformations in solution (Saenger 1984) suggested that

Nup153 may interact with RNA targets possessing a distinct

conformation. Several classes of structured RNA cargos are

transported between the nucleus and cytoplasm during the

natural course of their biogenesis. We therefore surveyed a

panel of such RNA cargo for their ability to bind the RBD

of Nup153. U1�Sm and U6 snRNAs are small structured

RNA components of the spliceosome. Whereas U6 snRNA

is stably sequestered in the nucleus, U1 must initially be

exported and then, following specific maturation events,

imported to the nucleus to function in splicing. The

U1�Sm construct contains a short (6-nt) deletion in a re-

gion between stem–loops C and E that is essential for rec-

ognition by the import machinery, but it retains its overall

structured conformation (Hamm et al. 1987) and is recog-

nized for export. 5S rRNA is a ribosomal RNA and, in

oocytes, it is transported as part of an RNP storage particle.

Y4 scRNA is a small cytoplasmic RNA normally transcribed

by RNA polymerase III and exported to the cytoplasm.

Y scRNAs consist of relatively simple stem–loop structures

and are thought to be cargos of Exportin-5 (Gwizdek et al.

2001; Rutjes et al. 2001; Gwizdek et al. 2003). These RNAs

are surmised to adopt structured conformations when pro-

duced by in vitro transcription, based on previous work in

the literature (Hamm et al. 1987; Gwizdek et al. 2003).

To test binding, recombinant RBD and a fusion of two

tandem GFP proteins (referred to throughout the text sim-

ply as GFP) were immobilized on anti-T7-agarose beads

followed by incubation with a panel of RNAs labeled during

in vitro transcription. To reduce nonspecific interactions,

binding was performed in the presence of heparin sulfate

and the pellet was extensively washed. Following binding

and washing, the agarose beads were divided and subjected

to protein and RNA analysis. Protein was eluted from one-

half of the beads with SDS loading buffer and was analyzed

by Western blot with an antibody directed against the T7

epitope tag on the RBD and GFP. RNA was extracted from

the other half of the beads after 32P-labeled tRNA was added

as a tracer for RNA recovery. RNA purified from this frac-

tion was then analyzed on a denaturing gel. Unbound RNA

was similarly isolated from the supernatant to assure that it

was not subject to degradation during the assay.

Analysis of the RNA in the supernatant (Fig. 1A, lanes

1,2, upper panel) revealed that all RNAs in the input (Fig.

1A, lane 5, upper panel) were indeed intact throughout the

binding procedure. However, only the recovery control

(tracer) RNA was detected in the pellet (Fig. 1A, lanes 3,4,

middle panel) suggesting that under these conditions,

which were previously used to demonstrate that cellular

RNA could bind the RBD (Dimaano et al. 2001), the RBD

does not associate with the structured RNA cargos tested.

Western analysis confirmed recovery of both the RBD and

GFP (Fig. 1A, lanes 3,4, lower panel).

The RNA binding domain of Nup153 associates with
single-stranded but not double-stranded RNA

An alternative possibility that we considered was whether

Nup153 might recognize an extended double-stranded

stretch of RNA, another structure that poly(G) can mimic

and one which is found in cellular RNAs as well (Morse et

al. 2002). Because the RNA cargos tested above are not

predicted to have extended helical structures, we specifically

generated and tested such an RNA target. Chloramphenicol

acetyl transferase mRNA (CAT) was transcribed in both the

sense and antisense orientation and the two strands were

then annealed to produce dsRNA. The single- and double-

stranded populations of CAT RNA are readily resolved by

native polyacrylamide gel electrophoresis (PAGE) because

the more compact double-stranded RNA exhibits faster

mobility than its single-stranded counterpart.

To determine if dsRNA associates with Nup153, the RBD

and GFP were each immobilized on anti-T7-agarose beads

and either single-stranded RNA or double-stranded RNA

was incubated with the immobilized proteins in the pres-

ence of heparin sulfate. Analysis was performed as described
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above except that the isolated RNA was subjected to native

PAGE. Unexpectedly, whereas dsRNA did not associate ap-

preciably with the RBD (Fig. 1B, lane 3, upper panel),

single-stranded RNA bound relatively robustly (Fig. 1C,

lane 3, upper panel). In both cases, the unbound RNA

isolated from the supernatant was comparable between

samples (Fig. 1B, lanes 1,2, and Fig. 1C, lanes 1,2), indicat-

ing that degradation and/or double-stranded to single-

stranded conversion did not occur. Under these conditions,

the amount of RNA bound to recombinant protein does

not deplete the input material. Protein recovery was con-

firmed to be equivalent between various samples (Fig. 1B,

lanes 3,4, and Fig. 1C, lanes 3,4, lower panels). Together,

these results suggest that the RBD distinguishes between

different types of RNA and that single-stranded RNA is the

preferred ligand.

The Nup153 RNA binding domain has a generic
preference for single-stranded RNA

Having discovered that the Nup153 RBD binds single-

stranded RNA, we next addressed whether the recognition

is based on the single-stranded nature of RNA or whether

there is a cryptic motif in CAT RNA that mimics a specific

recognition element. Full-length Nup153 was produced and

purified from bacteria, immobilized on anti-T7-agarose

beads, and, as before, incubated with a mix of 32P-labeled

RNAs in the presence of heparin sulfate. In addition to

CAT mRNA, two other RNAs, DHFR (encoding di-

hydrofolate reductase) and Ad�i (an intronless version of

mRNA derived from adenovirus major late transcript), were

included. These are routinely used to represent mRNA ex-

port cargo in transport studies and are not predicted to

adopt a stable secondary conformation. Structured RNA

cargos were included in the same panel for direct compari-

son. After binding, the pellet was extensively washed and

split as before to assess protein and RNA recovery. Full-

length Nup153 was detected by immunoblotting with an

antibody reactive with the carboxy-terminal region of

Nup153 (Fig. 2A, lane 1, lower panel).

Full-length Nup153 exhibited the same preference as the

isolated RBD, binding CAT mRNA over structured RNAs

(Fig. 2A, lane 1). In addition, DHFR mRNA bound equally

well as CAT mRNA to Nup153. Ad�i was not efficiently

FIGURE 1. The RNA binding domain of Nup153 preferentially associates with single-stranded RNA. (A) Recombinant T7-tagged RBD and GFP
were immobilized on anti-T7-agarose beads followed by incubation with a panel of structured 32P-labeled RNAs (lane 5). RNA was isolated from
the supernatant (S; lanes 1,2) and the pellet (P; lanes 3,4) of each reaction. tRNA (tracer) was added to the RNA pellet fractions following the
washes to monitor RNA recovery (lanes 3–5, middle panel). Protein recovery was determined by Western blotting with an anti-T7 antibody (lanes
3,4, lower panel). The size markers on the left represent 52, 34, and 28 kD, respectively. The asterisk represents a degradation product of the GFP
fusion protein. (B) A binding assay was performed as above with 32P-labeled double-stranded CAT RNA (input, lane 5). Unbound RNA (S) was
compared to bound RNA (P; cf. lanes 1,2 and 3,4). Protein recovery was confirmed by T7 Western blot (lower panel). In B and C, the size markers
on the left represent 48, 34, 28, and 21 kD. (C) A binding assay was performed as above with 32P-labeled single-stranded CAT mRNA (input, lane
5). Unbound RNA (S) was compared to bound RNA (P; cf. lanes 1,2 and 3,4). Protein recovery was confirmed by T7 Western blot (lower panel).
In all experiments, 50% of bound RNA, 4% of unbound RNA, and 2% of the input was loaded on each gel.

RNA binding domain of Nup153 recognizes mRNA
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recovered in association with Nup153 (Fig. 2A, lane 1),

raising the issue of whether the interaction between Nup153

and mRNA is influenced by the length of the RNA target

(respective lengths are listed in Materials and Methods).

Although its association clearly appeared less efficient than

that of longer mRNAs, Ad�i could be seen on longer

exposures of pull-downs of full-

length Nup153 (data not shown),

Nup153�N100 (e.g., Fig. 3A, lane 1)

and on shorter exposures in the case of

the RBD pull-downs (Fig. 2B, lane 1),

where there was an overall increase in

RNA recovery compared to full length.

GFP, which serves as a negative control,

does not bind to any RNA tested (Fig.

2B, lane 2).

Together, these results indicate that

the RBD of Nup153 recognizes general

features of unstructured RNA. To test

this hypothesis further, we surveyed sev-

eral other RNAs, including mRNAs that

encode �-galactosidase, apobec-1 and

apobec-1 complementation factor (tem-

plates were kind gifts of Dr. V. Blanc,

Washington University). In each case,

we found that, despite their overall het-

erogeneity, all of these RNAs bound the

Nup153 RBD with efficiency similar to

that of DHFR and CAT mRNA (data

not shown). It is unlikely that there is a

cryptic recognition element in each of

these independent mRNAs. However, it

is possible that the Nup153 RBD inter-

acts preferentially with a sequence en-

riched in a particular base composition.

This possibility is consistent with the in-

fluence of length on binding because in-

creased length would correspond to a

greater probability of containing such a

region. It is also consistent with our ob-

servation that short, single-stranded

RNAs associate with Nup153 RBD sig-

nificantly better than structured RNAs

in the same size range, but display more

heterogeneity in their binding ability

than longer single-stranded substrates

(Fig. 3B). A base composition bias

would also be consistent with the previ-

ous observation that Nup153 preferen-

tially associates with poly(G) compared

to other homoribolymers (Ullman et al.

1999). Interestingly, a size constraint has

also been observed for mRNA export in

the case where splicing has not taken

place (Luo and Reed 1999; Rodrigues et

al. 2001). Ad�i, in fact, is an example of

a small mRNA that exhibits little to no

export when injected into oocytes, indi-

FIGURE 2. The Nup153 RNA binding domain, whether in isolation or in its full-length
context, recognizes features common to mRNAs. (A) Recombinant T7-tagged full-length
Nup153 and truncated version containing a deletion of either the first 100 and 400 amino acids
(Nup153�N100 and Nup153�N400) were immobilized on anti-T7 agarose beads followed by
incubation with 32P-labeled RNA cargo (lane 4). RNA remaining in the final pellet (P) is shown
for each recombinant protein (lanes 1–3, upper panel). For A and B, RNA was loaded as
described in Figure 1. Immobilized protein was detected using mAb414 (lanes 1–3, lower
panel). The size indicators to the left represent 203, 115, and 93 kD. (B) Recombinant T7-
tagged RBD and GFP were immobilized on anti-T7-agarose followed by incubation with
32P-labeled RNA cargo (lane 3). RNA remaining in the final pellet (P) is shown in the upper
panel (lanes 1,2). Immobilized protein was detected with an anti-T7 antibody (lanes 1,2, lower
panel). The size indicators to the left represent 48, 34, 28, and 21 kD. (C) Shown is a schematic
depicting full-length Nup153, N-terminal deletion constructs in relation to the RNA binding
domain (white box labeled RBD), the zinc finger region (dark gray shading), and FG-rich
region (white box with black hatch marks). The poly(G) binding and mRNA binding for these
constructs is summarized at the right.
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cating that the mRNA export machinery does not recognize

it efficiently (Luo and Reed 1999).

Full-length Nup153 associates with single-stranded
RNA in a RBD-dependent manner

To determine whether the RBD accounts for the direct RNA

binding ability of full-length Nup153, we took advantage of

a series of N-terminal truncations. When this series was

used previously, deletion of 100, 200, or 300 amino acids

from the N terminus of Nup153 did not dramatically affect

poly(G) binding, whereas deletion of 400 amino acids im-

paired recovery of Nup153 with the homoribopolymer ma-

trix (Dimaano et al. 2001). In this case, key constructs were

produced as recombinant proteins and the binding of

physiological RNA was monitored. Deleting the first 100

residues of Nup153 did not affect the pattern of RNA as-

sociation (Fig. 2A, lane 2), but deleting an additional 300

residues, which removes the previously defined RBD, elimi-

nated the ability of Nup153 to bind these particular RNAs

(Fig. 2A, lane 3). These results demonstrate that full-length

Nup153 can preferentially associate with single-stranded

RNA via contacts with the RNA binding domain in the

N-terminal region of Nup153 (amino acids 250–400; Fig.

2C). We have also tested whether recombinant Nup153

RBD can associate with double-stranded DNA and have

found no significant interaction (data not shown). In con-

trast, preliminary analysis suggests that Nup153 has affinity

for single-stranded DNA (data not shown). Although we

have not yet characterized this interaction or quantitatively

compared binding of single-stranded RNA and DNA, this

general property, which is shared by other RNA binding

proteins (Pinol-Roma et al. 1988), raises interesting possi-

bilities for future investigation.

Lack of secondary structure, and not length alone, is
important for recognition by the Nup153 RNA
binding domain

In the aforementioned RNA mixes, the structured RNAs

(with the exception of dsRNA) were shorter than the

mRNAs (approximately 90–150 versus 250–800 nt, respec-

tively). Although this trend is generally true for RNA export

cargo, it left open the possibility that total length of the

RNA is the main determinant for Nup153 association. To

address this, the binding of U3 snRNA, a structured RNA

(Marmier-Gourrier et al. 2003) that is longer than Ad�i,

was tested. Recombinant Nup153�N100, Nup153�N400,

RBD, and GFP were immobilized and RNAs were tested for

association.

The Nup153�N100 and RBD fragment bound to all un-

structured mRNAs tested but did not bind to the structured

U3 snRNA or other structured RNAs in the panel (Fig. 3A,

lanes 1,4,6). As expected, the �N400 fragment of Nup153,

which is missing the RNA binding domain, and GFP fusion

FIGURE 3. The Nup153 RNA binding domain preferentially binds
unstructured RNA. Recombinant T7-tagged Nup153�N100,
Nup153�N400, Nup153 RBD, and GFP were immobilized on anti-T7
agarose. (A) 32P-labeled RNAs, including a broad size range of single-
stranded RNAs and structured RNAs (lane 8) were incubated with
immobilized protein. Following washes, bound RNA (P) was isolated
from the pellet (lanes 1,2,4–7). RNA samples were loaded as described
in Figure 1. Two exposures of the pull-down of RNA with
Nup153�N100 and Nup153�N400 are shown in lanes 1–3 (8-h ex-
posure at room temperature labeled longer exposure) and lanes 4–8
(30 min exposure at −80°C labeled shorter exposure). (B) 32P-labeled
RNAs, including a narrow size range of single-stranded mRNAs and
the structured U3 RNA were incubated with immobilized protein.
Following washes, the bound RNA was isolated from the pellet (lanes
1,2,4–7). RNA samples were loaded as described in Figure 1. Two
exposures of the pull-down of RNA with Nup153�N100 and
Nup153�N400 are shown in lanes 1–3 (22-min exposure at −80°C
labeled longer exposure) and 4–8 (15-min exposure at −80°C labeled
shorter exposure).
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protein did not bind RNA (Fig. 3A, lanes 2,5,7). Note that

lanes 1–3 in Figure 3A are a longer exposure of lanes 4, 5,

and 8. The smaller mRNA, Ad�i, and not the larger struc-

tured RNA, U3, associated with both the RBD and �N100

fragment, albeit more weakly in the latter case. We further

probed the binding ability of RNAs in this smaller size range

by including two additional single-stranded RNAs, one

smaller (plasmid derived, designated

pBS-200) and one larger (�-actin) than

U3 snRNA. Both single-stranded RNAs

clearly associate with Nup153 RBD to a

far greater degree than does U3 (Fig. 3B,

lane 6). The same binding profile is seen

with �N100, but not �N400 (Fig. 3B,

lanes 1,2, longer exposure, and lanes

4,5, shorter exposure). This observation

reinforces the notion that Nup153 dis-

criminates between types of RNA based

on the single-stranded nature of the

RNA rather than fortuitous length of

the ligand. At the same time, as men-

tioned above, the varying degree to

which shorter, single-stranded RNAs

bind indicates that total length and/or a

sequence composition bias is a contrib-

uting factor to the efficiency of RNA

recognition by Nup153.

mRNA export and the association
between the RBD of Nup153 and
mRNA are orientation-independent

Recent work by Mattaj and colleagues

has functionally defined features of

mRNA that allow it to be recognized by

the nuclear export machinery. Using

U1-mRNA hybrid transcripts, it was de-

termined that mRNA inserted into U1

was able to direct the U1 hybrid into a

Crm1-independent mRNA export path-

way. The general defining feature of

mRNA that directs this switch was

found to be an unstructured stretch of

RNA of sufficient length, independent

of RNA orientation (Ohno et al. 2002;

Ullman 2002). We predicted that if fac-

tors directing mRNA export do not dis-

tinguish between sense and antisense,

then mRNA in either orientation should

be exported from the nucleus with the

same efficiency. Moreover, if RNA

binding by Nup153 is part of the cargo

recognition process for mRNA export,

this binding should be orientation inde-

pendent as well.

To first test whether mRNA export is, in fact, indepen-

dent of orientation, 32P-labeled sense and antisense CAT

(Fig. 4A) and DHFR mRNA (Fig. 4B) were injected into

Xenopus oocyte nuclei and the extent of export determined

after 4 h by microdissection of nuclear and cytoplasmic

populations. U3 snRNA, which serves as a control for

nuclear injections and dissections, was included in the RNA

FIGURE 4. RNA recognition, like export, is independent of mRNA orientation. (A) Xenopus
oocyte nuclei were injected with 10 nL of either sense or antisense CAT mRNA mix containing
U3, U1�Sm, and tRNA as controls (lanes 1,4). Oocytes were dissected 4 h postinjection. RNAs
remaining in the nucleus (lanes 2,5) or exported to the cytoplasm are shown (lanes 3,6). (B)
Xenopus oocyte nuclei were injected as above except that DHFR-sense or DHFR-antisense
mRNA was added to the RNA mix. Nuclear RNAs (lanes 2,5) and RNAs exported to the
cytoplasm (lanes 3,6) are shown. (C) Nup153 RBD and GFP were immobilized on anti-T7-
agarose. A mix of RNAs, including either 32P-labeled CAT-sense with DHFR-antisense mRNA
(lane 3) or CAT-antisense with DHFR-sense mRNA (lane 6), were incubated with immobilized
protein. After washing, the bound RNA was isolated from the pellet (P; cf. lanes 1,2 and 4,5,
upper panels). RNA samples were loaded as described in Figure 1. RNA from the pellet was
exposed to film for 2 h (lanes 1,2,4,5) whereas the input RNA was exposed to film for 4 h (lanes
3,6). Protein recovery was determined by Western blotting with an anti-T7 antibody (lanes
1,2,4,5, lower panel). The size markers at the left represent 90, 52, 34, and 28 kD. The asterisk
on the right represents a breakdown product of the GFP fusion.
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mix. U1�Sm and tRNA were also included in the mix as

positive controls for export. Both the sense and antisense

transcripts of CAT and DHFR mRNA were exported from

the nucleus at comparable efficiency (Fig. 4A, cf. lanes 3 and

6; Fig. 4B, cf. lanes 3 and 6). This demonstrates that, for the

purpose of packaging and exporting an mRNP, the molecu-

lar machinery involved does not discriminate between the

sense and antisense orientation.

To address whether Nup153 can associate with mRNA

independent of orientation, the Nup153 RBD and GFP were

immobilized on anti-T7-agarose beads and incubated with
32P-labeled sense and antisense CAT and DHFR mRNA as

described earlier. The RBD was found to bind similarly to

CAT sense and antisense mRNA, and DHFR-sense and anti-

sense mRNA (Fig. 4C, cf. lanes 1 and 4). The GFP negative

control did not associate with either mRNA population

(Fig. 4C, lanes 2,5).

CONCLUSIONS

Together, this new data demonstrates that Nup153 contains

a bona fide RNA binding domain. More specifically, this

region within Nup153 mediates preferential binding to

single-stranded RNA that is independent of orientation and

influenced by the length of the RNA. With this information

in hand, it will be important to assess the specific contri-

bution of this binding ability to the function of Nup153.

Interestingly, these parameters of RNA recognition by

Nup153 mirror the functional definition of mRNA with

respect to export. This is also particularly intriguing in light

of the recent observation that inhibition of RNA polymer-

ase II interferes with Nup153 mobility (E. Griffis, B. Craige,

C. Dimaano, K.S. Ullman, and M. Powers, in prep.). In

addition to probing the functional contribution of RNA

binding, further studies will be needed to address how RNA

binding is integrated with the other interactions involving

Nup153. Finally, given the lack of homology to known RNA

binding domains, the underlying structural basis for this

RNA recognition property will be of interest.

MATERIALS AND METHODS

Cloning and purification of recombinant proteins

Constructs encoding Nup153, Nup153�100, and Nup153�400

(Dimaano et al. 2001) were expressed in BL21(RIL) cells (Strata-

gene). Overnight cultures were diluted (1:20) and grown until the

O.D.600 was 0.8–1.0. Expression of protein was induced by 1 mM

isopropyl-1-thio-�-D-galactopyranoside for 3 h at 37°C. Bacterial

pellets were resuspended in lysis buffer (0.5 M NaCl, 20 mM Tris

at pH 8, 5 mM imidazole, 1 mg/mL lysozyme) and sonicated 4×

for 30 sec at 4°C. After overnight incubation (4°C) with lysate,

nickel-NTA beads (Qiagen) were washed twice with buffer (0.5 M

NaCl, 20 mM Tris at pH 8) containing 20 mM imidazole. Protein

was eluted from the beads with 5 mL of buffer containing 250 mM

imidazole for 20 min at room temperature.

The construct encoding a fragment overlapping the Nup153

RBD was previously described (Dimaano et al. 2001). This con-

struct encodes Xenopus Nup153 residues 249–375. Although the

minimal RBD was mapped to residues 260–410 of Nup153, the

RBD fragment used in these studies was shown previously to retain

substantial RNA binding activity. The construct encoding GFP was

made by cloning two copies of the GFP gene into the pET28

vector. To simplify the text, this double GFP fusion is referred to

as GFP. The RBD and GFP proteins were produced and purified as

previously described (Dimaano et al. 2001).

Transcription templates and in vitro transcription

To clone the gene encoding Y4 RNA, two 122-mer oligonucleo-

tides corresponding to the sense and antisense strands of Y4

(GenBank accession number X57566) and sites required for clon-

ing and transcription were synthesized: (Y4 sense oligo is 5�-cgc
ggatccttt-[Y4 gene]-tttaaaggatcccg-3� and Y4-antisense oligo is

5�-cgcggatccttt-[Y4 antisense]-tatagtgagtcgtattagaattccgg-3�. Full-

length oligos were gel purified and denatured for 5 min at 95°C

before annealing overnight in 1× Klenow Buffer at room tempera-

ture. The annealed oligos were cut with EcoRI and BamHI, gel

purified, and ligated into pUC19. A tRNA template was con-

structed by PCR amplifying the human tRNAmet gene (with oligos

5�-TAATACGACTCACTATAGGGAGCCAGAGTGGCGCAGC, 5�-
GGAAGCTTAGCAGAGGATGGTT; template a kind gift of Dr. Mi-

chael Zasloff, Georgetown University), TA cloning an intermediate

in pCR2.1, and then moving the gene into the HindIII to XbaI sites

of pUC19. A transcription template for U6 was constructed fol-

lowing a similar strategy for the Xenopus tropicalis U6 gene (oligos

5�-TAATACGACTCACTATAGGTGCTTGCTTCGGC, 5�-GGTT

TAAAAATATGGAACGCTTCAC; template a gift of Dr. Elsebet

Lund, University of Wisconsin). The Xenopus laevis U3 snRNA

gene was amplified with primers and template kindly provided by

Dr. Elsebet Lund. An MscI site was introduced downstream from

the U3 gene by a second round of PCR using a different 3� primer

(5�-TGGCCACTCAGCTTGTGTTC). This new product was TA

cloned into pCR2.1 (Invitrogen). The templates for CAT sense and

antisense were kind gifts of Dr. Brenda Bass, University of Utah.

The template encoding Ad�i was a kind gift of Dr. Robin Reed,

Harvard University. Templates for 5S and DHFR were as previ-

ously described (Ullman et al. 1999). The template for DHFR

antisense was cloned as described for the sense construct (Ullman

et al. 1999). Each template was linearized with the appropriate

enzyme before using in in vitro transcription reactions (CAT sense

and antisense with BamHI, DHFR sense and antisense with XbaI,
tRNA with HindIII, Ad�i with BamHI, U6, Y4, and 5S with DraI,
and U3 with MscI). A transcription template for pBS-200 was PCR

amplified from pBluescript (Stratagene; oligos 5�-CGCCAG

GGTTTTCCCAGTCAC-3� and 5�-GACACACTTTAACAATAG

GC-3�). The p-TRI-actin-mouse (Ambion) template was used to

generate single-stranded �-actin in the antisense orientation. The

respective sizes of the RNAs used in these experiments were as

follows: CAT, ∼ 800 nt; DHFR, 564 nt; �-actin, 276 nt; U3, 219 nt;

pBS-200, 200 nt; Ad�i, 195 nt; U1�Sm, 160 nt; 5S, 115 nt; U6, 107

nt; Y4, 96 nt; and tRNA, 75 nt.

Radiolabeled RNAs were generated by using the MaxiScript in

vitro transcription kit (Ambion) in the presence of 32P-UTP. In

the case of U1 snRNA, U3 snRNA, and mRNAs, the m7CAP ana-

log was also included. SP6 was used to generate CAT-sense, CAT-
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antisense, U1�Sm, U6, and U3, and T7 was used to generate

DHFR-sense, DHFR-antisense, pBS-200, Ad�i, 5S, Y4, and tRNA.

T3 polymerase (Promega) was used to generate �-actin. Unincor-

porated 32P-GTP was removed from the transcription reaction by

either ethanol precipitation or by centrifugation through G50 spin

columns (Pharmacia).

RNA binding assay

Anti-T7 agarose beads (Novagen) were equilibrated in binding

buffer (100 mM KCl, 25 mM HEPES at pH 7.6, 0.5% Triton

X-100) and blocked with 10 mg/mL bovine serum albumin (BSA

Fraction V, Sigma) for 1 h at room temperature. T7-tagged re-

combinant proteins were then incubated with the beads for 1 h at

4°C. In the case of RBD and GFP, 250 ng of protein were used per

reaction. In the case of full-length and truncated Nup153, recom-

binant protein was normalized to Xenopus egg extract by mAb414

reactivity on Western blot and the amount equivalent to 20 µg of

egg extract was used in each reaction. Immobilized protein on the

beads was washed twice with Binding Buffer and 32P-labeled RNA

was then added in the presence of Binding Buffer, 3 mg/mL hepa-

rin sulfate (Calbiochem) and 40 units RNasin (Promega). After

incubation for 1 h at 4°C, the beads were washed 3× with 200 mM

KCl, 25 mM HEPES (pH 7.6), 0.5% Triton X-100. During the last

wash, the beads were divided equally.

For RNA isolation, 200 µL NTS buffer (300 mM NaCl, 100 mM

Tris at pH 8, 2% SDS) were added to the beads and to the un-

bound fraction. As a control for RNA recovery, 32P-labeled tRNA

was included in the NTS that was added to the beads. The samples

were extracted at 37°C with phenol-chloroform-isoamyl alcohol

(pH 4.5) and then ethanol precipitated. RNA was resuspended in

10 M Urea/1× TBE and resolved on a denaturing 6% acrylamide

gel. When binding of double-stranded and single-stranded RNAs

were being compared, the RNA was resuspended in 1× TBE native

RNA loading buffer (0.6 M Sucrose, 0.1× TBE, 0.5% SDS) and

resolved on a native 4% acrylamide gel. Fifty percent of the bound

RNA, 4% of the unbound RNA, and 2% of the RNA input was

loaded on each gel.

To determine protein recovery in the bound fraction, 2× SDS

loading buffer was added to the other half of the beads. The RBD

and GFP samples were resolved on a 12% SDS-PAGE gel and

detected with an anti-T7 antibody (Novagen). Full-length and

truncated forms of Nup153 were resolved on 6% SDS-PAGE gels

and detected with mAb414 (Covance).

Oocyte injection and analysis of export

Oocytes were isolated and injected following standard procedures

(Duricka and Ullman 2001). Rhodamine dextran (3–5 mg/mL;

Molecular Probes) was included with the radiolabeled RNA export

substrates to visualize injected nuclei during dissection. Injected

oocytes were incubated for 4 h at 18°C and then transferred to

mineral oil for manual dissection. Nuclear and cytoplasmic frac-

tions in RNA harvest buffer (100 mM Tris at pH 7.6, 10 mM

EDTA at pH 8, 500 mM NaCl, 2% SDS) were extracted with acid

phenol-chloroform. RNA was precipitated with ethanol in the

presence of seeDNA (Amersham) as a carrier. Pellets were resus-

pended in 80% formamide, 10 mM EDTA (pH 8) and heated to

70°C for 10 min. The amount equivalent to approximately one

oocyte nucleus or cytoplasm was loaded into each lane of a 6%

denaturing acrylamide gel. Following electrophoresis, gels were

fixed, dried, and analyzed by autoradiography.
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