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Delineation of mRNA Export
Pathways by the Use of
Cell-Permeable Peptides

Imed-Eddine Gallouzi* and Joan A. Steitz}

The transport of messenger RNAs (mRNAs) from the nucleus to the cytoplasm
involves adapter proteins that bind the mRNA as well as receptor proteins that
interact with the nuclear pore complex. We demonstrate the utility of cell-
permeable peptides designed to interfere with interactions between potential
adapter and receptor proteins to define the pathways accessed by particular
mRNAs. We show that HuR, a protein implicated in the stabilization of short-
lived mRNAs containing AU-rich elements (AREs), serves as an adapter for c-fos
mRNA export through two pathways. One involves the HuR shuttling domain,
HNS, which exhibits a heat shock-sensitive interaction with transportin 2
{Trn2); the other involves two protein ligands of HuR—pp32 and APRIL—which
contain leucine-rich nuclear export signals (NES) recognized by the export
receptor CRM1. Heterokaryon and in situ hybridization experiments reveal that
the peptides selectively block the nucleocytoplasmic shuttling of their respec-
tive adapter proteins without perturbing the overall cellular distribution of

polyadenylated mRNAs.

Transport from the nucleus to the cytoplasm
of both proteins and RNAs occurs through
the nuclear pore complex (NPC) (/-5). The
process is mediated by saturable export re-
ceptor proteins that recognize signals on car-
go molecules, that interact directly with NPC
components, and that shuttle continuously
between the nucleus and the cytoplasm. For
mRNA, maturation and transport are tightly
coupled, such that splicing, polyadenylation,
and capping all affect export. These process-
ing events are believed to be accompanied by
the deposition of adapter proteins on nascent
transcripts (6-9) to form export-competent
ribonucleoproteins. The adapters in turn in-
teract with export receptors, enabling mRNA
transit through the pore.

Currently, the best characterized mamma-
lian export receptor is CRM1 (chromosome
maintenance region 1), which associates with
its cargo by recognizing a leucine-rich nucle-
ar export signal (NES) of only about 10
amino acids (/0-12). CRM1 is known to
regulate the export of unspliced human im-
munodefiency virus-1 (HIV-1) RNA, U
snRNAs, and the yeast 60S ribosomal subunit
through the NES-containing adapter proteins,
HIV-1 Rev, PHAX, and Nmd3p, respectively
(13-15).
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Receptors and adapters for the export of
cellular mRNAs have remained less well de-
fined. HnRNP Al is a putative adapter pro-
tein (/6), whose nucleocytoplasmic shuttling
is conferred by a 38—amino acid domain
named M9 located in its COOH-terminus
(17, 18). The M9 motif interacts with the
receptor transportin 1 (Trnl), a member of
the importin (3 family that functions in both
the nuclear import and export of hnRNP Al
(19, 20). HnRNP Al has been implicated in
the nuclear export of the dihydrofolate reduc-
tase (DHFR) mRNA in Xenopus oocyte ex-
periments (27). Other shuttling, RNA-bind-
ing proteins that are considered potential
adapters are hnRNP K, SRP20, 9G8, and
ASF/SF2 (22-25). The TAP receptor, which
uses the Aly/REF proteins as adapters, is
known to play a major role in the export of
cellular mRNAs (8, 9, 26—30). However, be-
cause many potential adapters bind to each
mammalian mRNA, it has not been possible
to identify the adapter-receptor pair(s) re-
sponsible for orchestrating the export of in-
dividual mRNAs.

The mRNAs of early response genes
(ERGs) encode key growth-regulatory pro-
teins such as cytokines, lymphokines, and
protooncogenes and are typically short-lived,
allowing rapid shut-off as well as induction
of their expression (37, 32). They contain
AU-rich elements (ARESs) in their 3’ untrans-
lated regions (UTRs) (33, 34) that interact
with numerous proteins to regulate their cel-
lular half-lives (33-36). One such protein is
HuR, a ubiquitously expressed member of the
embryonic lethal abnormal vision (ELAV)
family of RNA-binding proteins (37). Its
overexpression in transiently transfected

mammalian cells leads to the stabilization of
reporter mRNAs carrying AREs (38, 39).
Like other members of the ELAV family,
HuR contains three RNA recognition motifs
(RRM). Although HuR appears nuclear, it
continuously shuttles between the nucleus
and cytoplasm directed by a sequence desig-
nated HNS (HuR Nucleocytoplasmic Shut-
tling) located in the 52—amino acid hinge
region between RRM2 and RRM3 (38). Sys-
tematic deletion analyses demonstrated that
HNS comprises 33 amino acids, which do not
appear to correspond to any previously de-
scribed class of shuttling motifs (40). We
recently showed that HuR associates with
abundant nuclear phosphoprotein ligands
called pp32 and APRIL (41, 42), which like-
wise shuttle, but through leucine-rich NES
domains (43). Inhibition of the CRM1 nucle-
ar export pathway with the inhibitor leptomy-
cin B (LMB) (/0) blocks the shuttling of
pp32 and APRIL but does not appear to affect
HuR cellular movement (43). Yet, after treat-
ment with LMB, ultraviolet (UV) cross link-
ing of HuR to polyadenylated [poly(A)*]
RNA is detected in both the nucleus and the
cytoplasm, whereas this association [HuR
with poly(A)™ RNA] occurs exclusively in
the cytoplasm under normal conditions (43,
44), and c-fos mRNA, an HuR-bound ERG
message (37, 45—47), becomes restricted to
the nucleus (43). These observations sug-
gested that HuR might access two alterna-
tive pathways for nuclear export, one
CRM1-dependent (involving its ligands
pp32 and APRIL) and the other CRMI-
independent (using its endogenous HNS
shuttling sequence).

To investigate the possibility that HuR
serves as an export adapter protein for ERG
mRNAs and to characterize molecular inter-
actions underlying its nucleocytoplasmic
transport, we sought a way to interfere selec-
tively with individual nuclear export path-
ways in living cells. Previously, NES pep-
tides coupled to various carrier proteins have
been microinjected into Xenopus oocytes (48,
49) to study the nuclear export of mRNAs
and other classes of cellular RNAs. The dif-
ficulty with applying similar approaches to
intact mammalian cells has been how to de-
liver such inhibitors with high efficiency.
Here, we optimized the use of cell-permeable
peptides (50—54) designed to inhibit interac-
tions between particular receptor and adapter
protein pairs. Effects are seen in close to
100% of mammalian cells in culture. By
examining endogenous mRNAs, we have
begun to identify the pathways that are
dominant in the export of specific messages
to the cytoplasm.

Selective inhibition of mRNA export
and protein shuttling by peptide inhibi-
tors. We synthesized peptides correspond-
ing to known export or shuttling domains of
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candidate adapter proteins (the NES, M9,
and HNS sequences) as COOH-terminal
fusions to a portion of the homeodomain of
Antennapedia, a Drosophila transcription
factor (Fig. 1A). This 16—amino acid se-
quence (here designated AP) facilitates the
homogeneous uptake of peptides into cul-
tured mammalian cells through a nonendo-
cytic, nondegradative pathway with 100%
efficiency (57-53). Control peptides (Fig.
1A) were of the same length and amino
acid composition but were scrambled in

sequence (scHNS and scM9) or, in the case -

of NES, contained Leu — Ala mutations at
two sites known to be essential for NES
function (55, 56). The effect of these pep-
tides on cell viability was assessed by in-
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cubating them at 25 pM with cultured
HeLa cells. The cells grew normally with
the AP-mNES, AP-scM9, or AP-scHNS
peptide for at least 72 hours, whereas 50%
of the cells died after 36 hours with AP-
NES, AP-M9, or AP-HNS. Nonetheless,
cell growth and viability appeared un-
changed for the first 24 hours (57); if the
inhibitory peptide was removed after 12
hours, the cells were able to recover. We
examined cellular uptake using rhodamine-
labeled AP peptides and observed that all
peptides tested appeared in both the cyto-
plasm and nucleus in less than 15 min (57).

We first validated use of the peptides for
studying mRNA export by probing the in-
teraction of the HIV-1 Rev protein (con-

taining an NES) with its receptor CRM1.
The Rev protein functions as an export
adapter by recognizing the Rev responsive
element (RRE) within a target RNA (/3).
We expressed in HeLa cells an RRE-con-
taining reporter (RRE) with or without
HIV-1 Rev (58-60). As expected, in situ
hybridization (6/) with a digoxigenin-
labeled complementary oligonucleotide
(Fig. 1B) showed that after 24 hours, RRE
was confined to the nucleus (panel 1) but
became detectable in the cytoplasm as well
when coexpressed with the HIV-1 Rev pro-
tein (panel 2). Treating the cells in panel 2
with different peptides for 4 hours before
analysis confirmed that AP-NES (panel 3)
but not AP-mNES (panel 4) blocked the
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Fig. 1. Validation of the
use of cell-permeable
peptides to  study
mRNA nuclear export
and protein shuttling.
(A) Each peptide (77)
contained at its NH,-
terminus the antenna-
pedia internalization el-
ement (AP = RQIKIW-
FQNRRMKWKK) (78)
followed by HNS (ami-
no acids 205 to 237 of
HuR) (40), NES (amino
acids 73 to 84 of Rev)
(10, 48, 49, 79), M9
(amino acids 268 to 305
of hnRNP A1) (78), a
scrambled (sc) HNS or
M9 sequence, or a mu-
tant (m) NES with
leucines 78 and 81 re-
placed by alanines (un-
derlined residues) (55,
56). Amino acids con-
served in M9 domains
(66) that are also com-
mon to HNS are shown
in bold (40). (B) AP-NES
inhibits the export of an
RRE-containing reporter
RNA. Hela cells were grown on cover slips (80), transfected either with
pDM128 containing the HIV-1 RRE inserted into CAT cDNA (59, 60) (panel
1) or with both pDM128 and pRSV-Rev (59, 60) (panels 2 to 6) plasmids
for 24 hours. After 4 hours with an AP peptide (25 j1M), RRE was localized
by in situ hybridization (67). The dotted lines indicating nuclear boundaries
were constructed from the phase images of the same cells, which also
revealed that cell shape and integrity were maintained. (C) Inhibition of
hnRNP A1 and pp32 nucleocytoplasmic shuttling by AP-M9 and AP-NES,
respectively. Heterokaryons of Hela and mouse L929 cells were formed as
described (78, 40) with some modifications (63) because of exposure to the
indicated AP peptides. Fixed cells were stained with either monoclonal
antibody to Flag (M2) (for pp32) or monoclonal antibody to Myc (9E10)
(for hnRNP A1) (Sigma-Aldrich). Cells were also stained with Hoechst
33258 (Sigma-Aldrich) to distinguish the human and mouse nuclei. The
(speckled) mouse nucleus in each field is indicated by an arrow. The
heterokaryons are outlined with dashed lines in the phase images. The
results in (B) and (C) were repeated five times, with greater than 95% of
cells appearing like those presented.

B RRE RRE+Rev

AP-mNES
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export of RRE from the HeLa nucleus to the
cytoplasm. Neither AP-M9 nor AP-HNS
inhibited the cytoplasmic appearance of
RRE (panels 5 and 6), demonstrating that
only the peptide designed to compete with
the NES-CRMI1 interaction interferes with
RRE export.

We next asked whether peptides would
similarly block the well-characterized nu-
cleocytoplasmic shuttling of the putative
export adapter protein hnRNP Al (17), as
well as that of the HuR ligand pp32 (43).
Using the transient transfection interspecies
heterokaryon assay previously described
(38), we added peptides for 4 hours, start-
ing 1 hour before initiating cell fusion. We
observed that the migration of hnRNP Al-
Myc from the human nucleus (uniform
staining by Hoechst; Fig. 1C, panels 2 and
5) to the mouse nucleus (spotted staining,
indicated by arrows) was inhibited by AP-
M9, but not by AP-scM9 (panels 3 and 6).

Hoechst Monoclonal «:Flag

AP-HNS AP-mNES AP-NES AP-scHNS AP-HNS
+
AP-NES

AP-scHNS
+
AP-mNES

Fig. 2. The AP-HNS and AP-NES peptides to-
gether inhibit HuR nucleacytoplasmic shuttling.
Treatment with the indicated AP peptide(s) and
the heterokaryon assay were performed as de-
scribed in Fig. 1C, after transfection of Hela
cells with the Flag-HuR plasmid (40). Panels 1
and 2 show a heterokaryon not treated with
peptide.
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This confirms that the M9 domain (/8) is
essential for hnRNP A1 shuttling in vivo.
Shuttling of pp32 had previously been
shown to be sensitive to LMB (43), which
prevents the association of the required
cofactor Ran—guanosine triphosphate (Ran-
GTP) with CRM1 (11, 62). Accordingly,
AP-NES completely blocked pp32 shut-
tling (Fig. 1C, panel 9). In contrast, AP-
mNES (panel 12), which is altered in only
two amino acids (Fig. 1A), had no effect,
nor did AP-HNS (Fig. 1C, panel 15) or
AP-M9 (57), further confirming the speci-
ficity of the peptides. This experiment also
indicates the utility of AP-NES as a substi-
tute for LMB in functional assays of the
CRMLI receptor.

HNS and NES peptides block HuR shut-
tling and alter HuR interaction with
poly(A)* RNA. To explore the in vivo path-
way(s) responsible for HuR nucleocytoplas-
mic shuttling, we used AP peptides in the
heterokaryon assay (63) with HeLa cells ex-
pressing HuR-Flag (38). Simultaneous expo-
sure to AP-HNS and AP-NES completely
blocked HuR movement (Fig. 2, panel 12).
Individually, these peptides showed only a
very weak (AP-HNS, panel 4) or no effect
(AP-NES, panel 8) on HuR appearance in the
mouse nucleus. In control experiments, we
observed HuR shuttling without any treat-
ment (panel 2) or in the presence of AP-
scHNS (panel 6), AP-mNES (panel 10), or a
combination of these two peptides (panel
14). These observations suggest the existence
of two and only two pathways for HuR nu-
clear export under the conditions assayed.

To determine the involvement of these
two pathways in the potential function of
HuR as an adapter protein for the export of
ARE-containing mRNAs, we first per-
formed in vivo UV cross linking on HeLa
cells (64) in the presence or absence of AP
peptides (Fig. 3). The covalent attachment
of HuR and hnRNP Al to poly(A)* RNA
isolated from the nuclear and cytoplasmic
fractions was demonstrated by probing im-
munoblots with monoclonal antibodies to

Fig. 3. The AP-HNS and
AP-NES peptides to-
gether shift HuR inter-
actions with poly(A)*
RNA from the cyto-
plasm to the nucleus.
Hela cells were incu-
bated in the absence
(lanes 2 to 5) or the
presence of the indicat-
ed AP peptides (lanes 6
to 19) and exposed
(lanes 4 to 19) or not
(lanes 2 and 3) to UV
light, and proteins cross

uv

hnRNP A1 ==

HR % - =

HuR (44) and hnRNP Al (/7). In the ab-
sence of peptides, HuR cross linked to
poly(A)* RNA only in the cytoplasmic
compartment (Fig. 3, compare lanes 4 and
5), as observed previously (44). Together,
the AP-HNS and the AP-NES peptides led
to a complete shift of HuR interactions to
nuclear poly(A)* RNA (lanes 14 and 15),
whereas individually these two peptides in-
duced only a partial shift from the cyto-
plasm to the nucleus (lanes 6 and 7 and 10
and 11). Neither the AP-scHNS, AP-
mNES, nor AP-M9 peptide, alone or in
combination, affected HuR cross linking
(lanes 8 and 9, 12 and 13, 16 and 17, and 18
and 19). These peptide inhibitors had no
effect on hnRNP Al association with
poly(A)* RNA, which remained complete-
ly nuclear (lanes 4 to 19). These results are
compatible with the idea that HuR normally
binds its target mRNAs just before exit
from the nucleus (44); if its export is
blocked by peptides, HuR is seen cross
linked to nuclear poly(A)*™ RNA. Thus,
HuR could be an adapter protein escorting
at least some ARE-containing mRNAs
from the nucleus to the cytoplasm using
both the NES-dependent and HNS-depen-
dent pathways.

Selective peptide inhibition of c-fos and
DHFR mRNA export. The c-fos ERG mRNA
is an ARE-containing message that binds
HuR (37, 39, 45-47). HeLa cells were serum
stimulated to increase their c-fos production
to detectable levels (65) and treated with AP
peptides. Visualization of c-fos mRNA by in
situ hybridization (Fig. 4) revealed that the
same two peptides that inhibit HuR shuttling
and shift its binding to only nuclear poly(A)™
RNA lead to complete sequestration of c-fos
mRNA in the nucleus (panel 5). AP-HNS
alone had only a slight effect on c-fos cellular
distribution (panel 1), whereas AP-NES in-
duced substantial, but not complete retention
of ¢-fos mRNA in the nucleus (panel 3). The
AP-scHNS, AP-mNES, AP-M9, and AP-
scM9 peptides served as negative controls
(panels 2, 4, and 6 to 8). This inhibition

AP-HNS
AP-scHNS
AP-NES
AP-mNES

12 3 4 5 67 89 10111213 14 15 16 17 18 19

linked to poly(A)* RNA in the cytoplasmic (C) and nuclear (N) fractions (77, 64) were detected by
Western blot (44). Lanes labeled (—) were treated with neither UV light nor AP peptide. TE (lane 1)
shows total extract from 1/100 the number of cells analyzed in the C + N lanes.
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provides evidence that both the HNS- and
NES-dependent pathways are involved in c-
fos mRNA nuclear export, with a preference
for the NES-dependent route.

In contrast to c-fos mRNA, the nuclear
retention of DHFR mRNA requires only a
single AP peptide. Complete blockage of
DHFR mRNA export with AP-M9. (Fig. 4,
panel 11) confirms for mammalian cells ear-
lier experiments in Xenopus oocytes showing
the involvement of hnRNP A1 (21). The con-
trol AP-HNS, AP-NES, and AP-scM9 pep-
tides had no effect on DHFR mRNA cellular
localization ( panels 9, 10, and 12).

Because the peptides appeared so selec-
tive in their inhibition of the export of par-
ticular mRNAs, we also assessed the distri-
bution of total poly(A)* RNA using an oli-
go(dT) probe (Fig. 4, panels 13 to 20). Pre-
viously, blocking the CRM1 pathway with
LMB was observed to have no effect on
poly(A)* RNA cellular distribution (43). The
observation that no single peptide or even
combinations of two peptides (panels 17 and
18) substantially lowered the cytoplasmic
signal argues that multiple pathways contrib-
ute to the nuclear export of mammalian
mRNAs.

The HNS domain of HuR exhibits a
heat-sensitive interaction with transpor-
tin 2. Because the nuclear export of HuR
and at least one ARE-containing mRNA is
inhibited by a cell-permeable peptide corre-
sponding to the HNS domain, it was of great
interest to identify the export receptor that
recognizes this shuttling motif (40). When
characterizing transportin 1 (Tml), Siomi et
al. identified transportin 2 (Tm?2), which is
84% identical to Trnl but does not interact
with hnRNP Al (20), suggesting that it may
be a receptor for an as yet unidentified adapt-
er protein. Although HNS is not strikingly
homologous to the M9 domain of hnRNP Al,
they share several amino acids that have been
identified as conserved in M9 motifs across
species (Fig. 1A, bold residues) (40, 66). We
therefore suspected that Trn2, which is relat-
ed to the M9 receptor Trnl (20), might rec-
ognize HNS.

We first performed far-Western blotting
experiments by transferring glutathione S-
tranferase (GST)-tagged HuR, Tml, Tm2,
and pp32 proteins (67) to a nitrocellulose
membrane and probing with either 33S-Met—
labeled HuR (**S-HuR) or HNS (3°S-HNS)
(Fig. 5A). We observed that 33S-HuR inter-
acted specifically with GST-Trn2, but not
with GST-Trnl (compare lanes 3 and 4), as
did the 33-amino acid 33S-HNS (lanes 8 and
9). 33S-HuR also interacted with its protein
ligand, GST-pp32 (lane 5), whereas 3°S-HNS
bound only weakly (lane 10), as reported
previously (43). In contrast, 3*S-hnRNP Al
interacted with GST-Tm1, but not with GST-
Trn2 (lanes 13 and 14), as expected (20). The
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same GST-tagged proteins were purified on
glutathione Sepharose, packed into a column,
and exposed either to 3*S-HuR or 3°S-HNS
(lanes 17 to 21) or to ribonuclease A (RNase
A)-treated HeLa whole-cell extract (43) fol-
lowed by immunoblotting (lanes 23 to 27).
These affinity experiments (Fig. 5A, lanes 16
to 27) confirmed those described above, re-
vealing the specific interaction of Trn2 with
HuR through its HNS domain.

To ask whether HuR-Tm2 interactions
could also be demonstrated in cell extracts,
we performed immunoprecipitation experi-
ments on RNase A—treated total HeLa cell
extract using either polyclonal antibody to
Tm2 (68) or monoclonal antibody to HuR
(44). HuR was specifically coimmunopre-
cipitated by the antibody to Tm2 (Fig. 5B,
lane 6), and, conversely, the antibody to HuR
immunoprecipitated Trn2 (lane 3). Moreover,
a monoclonal antibody to HuR did not im-
munoprecipitate Trl (Fig. 5C, lane 3),
whereas a monoclonal antibody to Trnl [D45
(20)] precipitated Trnl with high efficiency
(lane 5).

Identification of T2 as the receptor for
HNS also allowed us to confirm that the
AP-HNS peptide specifically blocks the in-
teraction between an adapter (HuR) and re-

AP-scHNS

AP-HNS

AP-scHNS

c-fos +
AP-mNES

AP-NES

AP-HNS  AP-scHNS

Poly A+
¥ AP-mNES

AP-NES

AP-M9

ceptor protein (Tm2) in vivo. We treated
HeLa cells for 4 hours with various AP pep-
tides, prepared RNase-treated total extracts,
and performed immunoprecipitation using
polyclonal antibodies to Tm2, pp32, and
APRIL (Fig. SD). Western blotting of the
precipitates with the monoclonal antibody to
HuR showed that only the AP-HNS peptide
abolished HuR association with Tm2 (Fig.
SD, compare lane 1 with lanes 2 to 12).
Moreover, when the same blot was probed
with a polyclonal antibody to CRM1 (1), we
observed that the AP-NES peptide disrupted
CRM1-pp32 and CRM1-APRIL associations
(57) without affecting the HuR-Trm2 com-
plex. Together, these observations argue that
HuR through its HNS motif interacts with
Trn2 in vivo.

Alternative export routes for an mRNA
adapter protein might facilitate cellular ad-
justment to changing conditions. We previ-
ously observed that upon heat shock, HuR
shuttling between the nucleus and the cyto-
plasm switches exclusively to the CRMI
pathway, apparently involving HuR ligands
pp32 and APRIL (69). This observation sug-
gested that HuR’s interaction with Trn2 may
be heat sensitive, resulting in the loss of this
export pathway. We therefore performed im-

AP-mNES Fig. 4. Selective inhibi-
tion of c-fos and DHFR
mRNA export by AP pep-
tides. Hela cells were in-
duced for c-fos expres-
sion {87) (panels 1 to 8)
or not (panels 9 to 20),
treated with the indicat-
ed AP peptide or a mix-
ture of two peptides for 4
hours as described in Fig.
1B, fixed, and subject-
ed to in situ hybridiza-
tion {67) with antisense
probes for c-fos, DHFR,
or oligo(dT),, (82). A
mixture of NES, HNS,
and M9 peptides pro-
duced the same poly(A)™
pattern as in panel 19
(M9 alone) (57).

AP-mNES

AP-scM9
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munoprecipiation experiments on RNase-
treated extract from HeLa cells exposed to
45°C for 1 hour (44, 69) using the antibody to
Tm2 for precipitation and the monoclonal
antibody to HuR for Western blotting. Figure
6A (lanes 2 and 3) shows that HuR-Tm2
association is indeed completely abolished
after heat shock. Lack of interaction could be
explained if heat shock perturbed the cellular
localization of either of the two proteins such

RESEARCH ARTICLE

that they no longer coexist in the nuclear
compartment. Thus, we assessed Trn2 cellu-
lar distribution before and after heat shock by
immunofluorescence using the polyclonal an-
tibody to Trn2 (Fig. 6B, panels 1 and 2). Both
sets of cells exhibited the same primarily
nuclear localization for Trn2. Because 85%
of HuR also remains nuclear after heat shock
(44), the lack of interaction between HuR and

its export receptor T2 (Fig. 6A) probably
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Fig. 5. HuR interacts with transportin 2 through its HNS domain. (A) In vitro binding of transportin
2 (Trn2) to HuR is mediated by HNS. Purified recombinant GST, GST-HuR (43), GST-transportin 1
(GST-Trn1) (19), GST-transportin 2 (GST-Trn2) (20), and GST-pp32 (43, 67) were transferred to
nitrocellulose after 10% SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and probed with in
vitro translated 35S-labeled full-length HuR, HNS (HuR amino acids to 205 to 237), or hnRNP A1
(83). For the two bottom panels (lanes 16 to 27), 10 g each of the above GST or GST fusion
groteins were bound to glutathione-Sepharose beads (Pharmacia) (84), incubated with either

5S-HuR or 35S-HNS as above or RNase-treated Hela cell extract (from 107 cells), and analyzed as
described (43). Lanes 16 and 22 contain 10% of the total labeled protein and 10% of the total
extract used, respectively. (B and C) HuR interacts with Trn2, but not with Trn1 in cell extracts. TE
lanes show 10% of the total extract {from 107 cells) used in adjacent lanes. Immunoprecipitations
were performed and analyzed (43) with the antibodies described (68). Ig HC stands for immuno-
globulin heavy chain. P, pellet; S, supernatant. (D) HuR interaction with Tm2 in vivo is abolished
only by AP-HNS. 107 Hela cells were treated for 4 hours with AP-HNS, AP-scHNS, AP-NES, or
AP-mNES, and cell extracts were prepared, immunoprecipitated, and analyzed as described (43).
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results from some as yet uncharacterized
modification (including heat-induced confor-
mational change) of one or both proteins.

Two pathways for HuR nucleocyto-
plasmic movement. We provide evidence
that Trn2, a previously an unassigned trans-
port receptor, specifically interacts with the
HNS shuttling domain of HuR. The results of
our far-Western experiments make this likely
to be a direct contact rather than one mediat-
ed by other cellular proteins. We do not yet
know whether Tm?2 is also active in the nu-
clear import of HuR and whether shuttling is
Ran-dependent, but by analogy to Trnl (9,
20), we expect so. Certainly, HNS exhibits
the same bidirectional movement and sensi-
tivity to transcription inhibitors (40) as M9
8).

Yet, the inhibition pattern with cell-per-
meable peptides (Fig. 2) shows that HNS-
Tm2 is not the only adapter-receptor pair
active in the export of HuR to the cytoplasm.
Through association with its protein ligands,
pp32 and APRIL, HuR accesses the CRM1
pathway (69). Our previous analysis of the
sequences required for HuR interaction with
its ligands revealed that both RRM3 and the
HNS domain of HuR are essential for effi-
cient ligand binding (43). Therefore, it is

A Pellet Sup
TE 3r° 45° 37° 45°

——

HuR e o

1 2 3 4 5
IP/oTrn2

37°C

45°C

B
Trn2

; ..

Fig. 6. Heat shock abolishes HuR-transportin 2
association in vivo without altering Trn2 nucle-
ar localization. (A) RNase A-treated total ex-
tract from 2 X 107 Hela cells grown at 37°C or
exposed to 45°C for 1 hour was prepared,
immunoprecipitated (68), and analyzed as de-
scribed (43). TE (lane 1) shows 10% of the
extract used in the remaining lanes. (B) Hela
cells grown on glass cover slips (80) were fixed
and permeabilized before (panels 1 and 3) or
after exposure to 45°C for 1 hour ( panels 2 and
4) as described (38) and probed (69) with
oTrn2 (1:300 dilution) (panels 1 and 2) and
DAPI (4, 6'-diamidino, 2-phenylindole) (panels
3 and 4).
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likely that interaction with Trn2 and a ligand
are mutually exclusive, meaning that a single
HuR molecule (depending on its liganded
state) can use only one export pathway.

Our results further argue that HuR, previ-
ously assigned a role in the stabilization of
ERG mRNAs through its binding to AREs in
their 3" UTRs (38, 39), also serves as the
dominant export adapter for this important
class of mRNAs. Formally, it is possible that
the export of HNS- and NES-containing
adapter proteins other than HuR and its li-
gands is being inhibited by the AP-HNS and
AP-NES peptides to yield nuclear retention
of the c-fos mRNA (Fig. 4). An alternative
possibility is that the AP peptides inhibit
some upstream process such as splicing or
polyadenylation, which are required for
transport; this is unlikely because Northern
blotting revealed that the c-fos (and DHFR)
mRNA in peptide-treated cells is identical in
size and level to that in untreated cells (57).
Thus, the simplest hypothesis to explain why
HuR protein shuttling and c-fos mRNA ex-
port respond identically to inhibitory peptides
is that HuR is the critical export adapter
protein. We have also observed that the ex-
port of two other ARE-containing mRNAs
encoding the E6 and E7 proteins of human
papilloma virus 18 (70, 71) (which are en-
dogenous in HeLa cells) is sensitive to inhi-
bition of the CRM1 pathway with LMB (57).
Perhaps access to two distinct mRNA export
pathways enhances the rapid expression of
ERG proteins, thereby providing a prompt
cellular response to a variety of external stim-
uli (31, 32, 69, 72, 73).

Another class of mRNAs for which HuR
may be the export adapter is heat shock
mRNAs. The binding of HuR to one of these,
hsp70 mRNA, has been documented (69).
Among 18 stress-induced mRNAs surveyed,
15 exhibit discernable AREs in their 3’ UTRs
(57). Our observation that the interaction of
Trn2 with HuR is heat sensitive (Fig. 6)
explains why HuR shuttling shifts to the
CRMI1 pathway after heat shock. As expected
if HuR and its ligands serve as adapter, the
export of hsp70 mRNA is inhibited not only
by LMB (69) but also by the AP-NES peptide
(57). We do not yet know whether HuR
export switches to the CRM1 pathway upon
exposure to other stress conditions; the sub-
cellular distribution of hnRNP Al has been
observed to respond differentially to different
types of stress (74).

An important advantage of using cell-per-
meable peptides to study mRNA export is
that endogenous mRNAs are examined in
living cells. We were surprised that the over-
all distribution of total poly(A)™ RNA was
not detectably perturbed by the presence of a
single inhibitory peptide [or even a combina-
tion of two (Fig. 4) or three peptides (57)].
This observation demonstrates that the Ran-
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GTP gradient, which is essential for the nor-
mal export of many cellular RNAs and RNPs
(1, 75), is not being substantially disrupted by
peptide treatment. We therefore conclude that
the HNS-Trn2, NES-CRM1, and M9-Trl
pathways are the principle export routes for
only small groups of cellular mRNAs, where-
as many others appear to be governed by the
TAP export receptor (26—30). Because the
M9 motif is conserved among many different
hnRNP proteins (20, 66), AP-M9 may target
several pathways dependent on related
hnRNP adapter proteins. The mechanism of
action of the peptide inhibitors is most likely
competition with adapter-receptor interac-
tions, but they could act by abolishing an
essential posttranslational modification of the
corresponding adapter protein (e.g., phospho-
rylation). Use of peptides should allow the
facile identification of the adapter-receptor
pairs [e.g., Aly/REF-TAP (8, 26, 27, 30)] that
are dominant in the export of other mRNAs.
It will be particularly interesting to learn how
many mRNAs access alternative pathways
and whether the route used varies in response
to environmental conditions.
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Photoinduced Conversion of

Silver Nanospheres to

Nanoprisms

Rongchao Jin," YunWei Cao,” Chad A. Mirkin,'* K. L. Kelly,’
George C. Schatz,’* }. G. Zheng?

A photoinduced method for converting large quantities of silver nanospheres
into triangular nanoprisms is reported. The photo-process has been character-
ized by time-dependent ultraviolet-visible spectroscopy and transmission elec-
tron microscopy, allowing for the observation of several key intermediates in
and characteristics of the conversion process. This light-driven process results
in a colloid with distinctive optical properties that directly relate to the nano-
prism shape of the particles. Theoretical calculations coupled with experimental
observations allow for the assignment of the nanoprism plasmon bands and for
the first identification of two distinct quadrupole plasmon resonances for a
nanoparticle. Unlike the spherical particles they are derived from that Rayleigh
light-scatter in the blue, these nanoprisms exhibit scattering in the red, which
could be useful in developing multicolor diagnostic labels on the basis not only
of nanoparticle composition and size but also of shape.

Size provides important control over many of
the physical and chemical properties of
nanoscale materials, including luminescence,
conductivity, and catalytic activity (I, 2). Col-
loid chemists have gained excellent control
over particle size for several spherical metal and
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semiconductor compositions, which has led to
the discovery of quantum confinement in col-
loidal nanocrystals and to the use of such struc-
tures as probes for biological diagnostic appli-
cations, LED materials, lasers, and Raman
spectroscopy—enhancing materials  (3—10).
However, the challenge of synthetically con-
trolling particle shape has been met with limited
success. Nevertheless, some physical and solid-
state chemical deposition methods have been
developed for making semiconductor and metal
nanowires, nanobelts, and nanodots (17-13).
Now, there are also a vaniety of methods for
making rods with somewhat controllable aspect

ratios using seeding approaches (/4, 15) and
electrochemical (16, 17) and membrane-tem-
plated syntheses (/8). Less is known about bulk
solution synthetic methods for nonspherical
particles, although methods do exist for making
colloidal samples of Pt cubes and pyramids (/9)
and PbSe, CdS, and Ni triangles (20—22). Trace
quantities of Au and Ag nanoprisms have been
observed as by-products of methods that pre-
dominately produce spheres (23, 24). Promis-
ing recent work has resulted in methods for
synthesizing BaCrO,, CdSe, and Co nanorods
and distributions of arrow-, teardrop-, and tet-
rapod-shaped CdSe nanocrystals (25-28).

All of these solution methods are based on
thermal processes, and, in most cases with the
exception of rods, they yield relatively small
quantities of the desired particle shape. Thus, the
development of bulk solution synthetic methods
that offer shape control is of paramount impor-
tance if the full potential of these materials is to
be realized. Herein, we report a photoinduced
method for synthesizing large quantities of sil-
ver nanoprisms in high yield in the form of a
colloidal suspension. This photo-mediated route
has led to a colloid with distinctive optical prop-
erties that directly relate to the shape control.

In a typical experiment, spherical silver par-
ticles were prepared by injection of NaBH,
solution (50 mM, 1 ml) to an aqueous solution
of AgNO, (0.1 mM, 100 ml) in the presence of
trisodium citrate (0.3 mM). Bis(p-sulfonatophe-
nyl) phenylphosphine dihydrate dipotassium
salt solution (BSPP) (5 mM, 2 ml) was subse-
quently added by drop-wise addition to the so-
lution as a particle stabilizing agent. The system
is then irradiated with a conventional 40-W
fluorescent light (General Electric, Cleveland,
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