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Liu and Mertz (Genes Dev. 9:1766–1780, 1995) previously identified a 119-nt pre-mRNA processing en-
hancer (PPE) element within the herpes simplex virus type 1 thymidine kinase gene that enables intron-
independent gene expression in higher eukaryotes by binding heterogeneous nuclear ribonucleoprotein L
(hnRNP L). Here, we identify a 49-nt subelement within this PPE that enhanced stability, polyadenylation, and
cytoplasmic accumulation of transcripts synthesized in CV-1 cells from an intronless variant of the human
�-globin gene when present in two or more tandem copies. This 2�TK49 PPE also enhanced (i) the efficiency
of polyadenylation of intronless �-globin RNA in a cell-free polyadenylation system and (ii) the kinetics of
nucleocytoplasmic export of an intronless variant of adenovirus major late leader region RNA in Xenopus
oocytes. This 2�TK49 PPE bound only hnRNP L. Analysis of 2�TK49 PPE mutants showed a strong positive
correlation existed between binding hnRNP L and enhancement of intronless �-globin gene expression. hnRNP
L was found to associate with both the mRNA export factor TAP and the exon-exon junction complex protein
Aly/REF. Thus, we conclude that hnRNP L plays roles in enhancing stability, polyadenylation, and nucleocy-
toplasmic export; it does so, at least in part, by directly recruiting to intronless PPE-containing RNAs cofactors
normally recruited to intron-containing RNAs.

Heterogeneous nuclear ribonucleoproteins (hnRNPs) were
first described as proteins that bind to nascent transcripts syn-
thesized by RNA polymerase II, packaging these heteroge-
neous nuclear RNAs into hnRNP particles (9, 25). Many
hnRNPs are abundant nuclear proteins that shuttle between
the nucleus and cytoplasm (44). hnRNPs interact via protein-
protein contacts both with themselves and with other factors
(24, 25). They bind to specific sequences in RNA, thereby
influencing the utilization of specific 5� and 3� splice sites, the
efficiency of 3� end formation, nucleocytoplasmic transport,
localization within the cell, translation, and turnover of the
RNA (25).

hnRNP L was first identified as an abundant nuclear protein
present in lampbrush chromosomes (43). More recently, it has
been shown (i) to affect translation by binding the 3� border of
the internal ribosomal entry site of hepatitis C virus (14), (ii) to
affect stability by binding the 3� untranslated regions of human
vascular endothelial growth factor (48) and glucose transporter
1 (15) mRNAs, and (iii) to stimulate stability and splicing by
binding a CA repeat region in endothelial cell nitric oxide
synthase pre-mRNA (21, 22).

The pre-mRNA processing enhancer (PPE) is a 119-nt se-
quence element present within the transcribed region of the
naturally intronless herpes simplex virus type 1 thymidine ki-
nase (HSV-TK) gene that can enhance cytoplasmic accumula-
tion of intronless �-globin mRNA in the absence of splicing

(32). It can also enhance cytoplasmic accumulation without
splicing of an intron-containing mRNA, doing so through a
Crm1-independent pathway (17, 41). Liu and Mertz (32) also
reported that hnRNP L binds the TK119 PPE, with a positive
correlation existing between hnRNP L binding and enhance-
ment of intronless gene expression. However, other proteins
were also noted to bind this TK119 PPE. Thus, it remained
unclear whether hnRNP L binding to the PPE was sufficient to
recruit to the RNA all of the factors needed to enhance sta-
bilization, processing, and nucleocytoplasmic export. Also un-
known was the mechanism(s) by which hnRNP L enhances
these multiple steps in mRNA biogenesis.

We report here the identification of a smaller, 49-nt subele-
ment of the TK119 PPE that still enables intronless �-globin
gene expression when present in two or more tandem copies.
This 2�TK49 PPE is bound only by hnRNP L. Its presence
enhances both polyadenylation and nucleocytoplasmic export
of intronless RNAs. We also report that hnRNP L associates
with the mRNA export factor TAP and the exon-exon junction
complex protein Aly/REF. Thus, we conclude that the pres-
ence of this PPE facilitates processing of intronless transcripts
by binding hnRNP L which, in turn, functions as an adaptor
protein to enhance both polyadenylation and nucleocytoplas-
mic export by recruiting to the RNA cellular factors normally
recruited by exon-exon junction complexes during recognition
and excision of introns.

MATERIALS AND METHODS

Cells and transfections. The African green monkey kidney cell line CV-1PD
was grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
100 U penicillin and streptomycin per ml and 5% fetal bovine serum as described
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previously (11). Cotransfections were performed by the DEAE-dextran/chloro-
quine procedure as described previously with 3 �g DNA total per 100-mm-
diameter dish (30–32). 293T cells were grown in 100-mm-diameter dishes in
DMEM supplemented with 10% fetal bovine serum. They were transfected in
the presence of 300 �l whole medium containing 6 �g total plasmid DNA
premixed with 18 �l TransIT LT-1 reagent (Mirus Corp.), followed by incubation
for 48 h.

Recombinant plasmids. Plasmids p�-�1(�)2(�), p�-�1(�)2(�), p�-TK-
�1(�)2(�), and p�-1�TK119-�1(�)2(�) have been described previously (32,
33, 50). They contain the nt �812 to �2206 region of the human �-globin gene

relative to the transcription initiation site with (�) or without (�) �-globin’s two
introns in a pBR322-based cloning vector containing a simian virus 40 (SV40)
origin of DNA replication (Fig. 1B). Synthetic oligonucleotides named TK49,
TK49LS0, TK49LS0com, and TK49m (Fig. 2A) were annealed and inserted as
two or four head-to-tail tandemly repeated copies into the BamHI and BglII sites
of pSP72 (Promega) to generate plasmids pSP72/2�TK49 or pSP72/4�TK49,
respectively, and the TK49 mutant variants thereof. Plasmids p�-2�TK49wt-
�1(�)2(�), p�-2�TK49LS0-�1(�)2(�), p�-2�TK49LS0com-�1(�)2(�), p�-
2�TK49m-�1(�)2(�), and p�-4�TK49wt-�1(�)2(�) were constructed by PCR
amplification of the TK sequences in these pSP72/2�TK49 and pSP72/4�TK49

FIG. 1. A 49-nt sequence from the HSV-TK gene can enhance cytoplasmic accumulation of intronless �-globin-like transcripts when present
in two or more tandem copies. (A) Computer-predicted secondary structure of 1�TK119 PPE. Secondary structure was determined using the
mFOLD program (37, 52). The boxed region includes bases previously determined by cluster mutagenesis to be important for PPE function (32).
(B) Structures of plasmids containing HSV-TK’s full-length coding region, 1�TK119, and 1�TK49 inserted into the NcoI site in exon I of a cDNA
variant of the human �-globin gene. All numbers are given relative to the site of transcription initiation from each gene. Black rectangles indicate
exons. Open rectangles indicate introns. Gray rectangles indicate sequences 3� of the site of cleavage for polyadenylation. Rectangles are not drawn
to scale. N, NcoI; B, BamHI; E, EcoRI. (C) Structure of the human �-globin and human �-actin probes used for S1 nuclease mapping analysis.
Probes were amplified by PCR and end-labeled with 32P indicated by the * as described in Materials and Methods. The sizes of the DNA fragments
resulting from protection by hybridization with the corresponding RNAs are indicated. S, SspI. (D) Autoradiogram of quantitative S1 nuclease
mapping analysis of the human �-globin-like RNAs accumulated in the nucleus and cytoplasm of CV-1PD cells transfected with the indicated
plasmids. CV-1PD cells were cotransfected in parallel with 2 �g of each of the indicated plasmids together with 1 �g of the SV40 T antigen-
encoding plasmid pRSV-Tori. Nuclear (N) and cytoplasmic (C) RNAs were harvested 48 h later and analyzed by concurrent S1 nuclease mapping
with the 5�-end-labeled �-globin and �-actin probes shown in panel C. The amount of �-globin-like RNA accumulated in the cytoplasm was
internally normalized to the amount of cellular �-actin RNA present in the same sample. The data were calculated as percentages relative to the
amount of �-globin RNA accumulated in the cytoplasm of cells transfected in parallel with p�-�1(�)2(�) RNA after internal normalization as
well to the relative amounts of DpnI-resistant globin-encoding plasmid DNA present in these cells. The numbers below the lanes are means �
SEMs of data obtained from three independent experiments similar to the one shown here. (E) �-Globin-like RNAs accumulated in the cytoplasm
are unspliced. Portions of the cytoplasmic RNA samples from the experiment shown in panel A were reverse transcribed and then amplified by
PCR with the primers described in Materials and Methods (�RT, lanes 3, 6, 9, 12, 16, and 19). As controls, PCR amplification reactions were
performed on the RNA samples without prior reverse transcription (�RT, lanes 2, 5, 8, 11, 15, and 18) and on the plasmid DNAs used in the
transfections (DNA, lanes 4, 7, 10, 13, 17, and 20). Shown here is a photograph of an ethidium bromide-stained, 1% agarose gel in which the PCR
products were electrophoresed. Lanes 1 and 14 contain size markers.
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wild-type (wt) and mutant variant plasmids, cleavage with NcoI, and insertion at
the NcoI site in exon I of p�-�1(�)2(�) in the sense orientation (Fig. 1B).
Plasmids pGEM5z/TK119 and pGEM5z/TK119LS0 have been described previ-
ously (32). Plasmids pSP72/2�TK49wt/�(A) and pSP72/2�TK49LS0/�(A) were
constructed by insertion of part of the �-globin gene sequence, �100 to �416 nt
relative to the cleavage site for polyadenylation, into the XbaI site of plasmid
pSP72/2�TK49. Plasmid pRSV-Tori, encoding SV40 large T antigen transcribed
from the Rous sarcoma virus promoter, has been described previously (32).
Plasmid pAdML-�i, containing the first two exons of the adenovirus type 2 major
late leader region, has been described previously (35). Plasmid p�i-2�TK49 was
constructed by PCR amplification and insertion of 2�TK49wt into the KpnI site
of pAdML-�i.

Plasmid pHCL3, containing a full-length cDNA encoding hnRNP L expressed
from an SP6 promoter, has been described previously (32). A plasmid encoding
a glutathione S-transferase (GST)-hnRNP L fusion protein was made by PCR
amplification of the hnRNP L sequences of pHCL3 encoding amino acid resi-
dues 51 to 558 of hnRNP L and insertion between the BamHI and EcoRI sites
of pGEX-2T (Amersham Bioscience). Deletion variants of GST-hnRNP L were
constructed likewise. A plasmid expressing mouse Aly/REF2-II protein from a
T7 promoter was kindly provided by E. Izaurralde (49). Plasmids pFLAG-
hnRNP A1 (19), pFLAG-TAP (19), pFLAG-SRm160 (38), and pCS2/FLAG-Aly
(4) have been described previously.

RNA purification and S1 nuclease mapping analysis. Cells were harvested
48 h after transfection. Nuclei and cytoplasm were separated by treatment with
0.5% NP-40 as described previously (30–32). RNA was purified using TRIzol
reagent following the manufacturer’s suggestions (Gibco). The relative amounts
of globin-like RNA accumulated in the nuclear and cytoplasmic fractions were
determined by quantitative S1 nuclease mapping as described previously (32, 33)
and quantified with a PhosphorImager and ImageQuant software. Cellular �-ac-
tin RNA served as an internal control for recovery of the RNA samples (32, 33).
The probes used in the S1 nuclease mapping assays are shown in Fig. 1C and Fig.
3A. They were prepared by PCR amplification followed by 5�-end-labeling with
T4 DNA kinase or 3�-end-labeling with Klenow polymerase after cleavage with
EcoRI endonuclease. The templates used for synthesis of the 5�-end-labeled
�-globin and �-actin probes are indicated in Fig. 1C. The template for synthesis
of the 3�-end-labeled �-globin probe was prepared by subcloning into the EcoRV

site of pGEM5z(�) (Promega) an SspI fragment (460 bp) of p�-�1(�)2(�)
which contains part of intron II, exon III, and an additional 27 bp downstream of
the site of cleavage for polyadenylation. Southern blot analysis of the relative
amounts of DpnI-resistant, �-globin-encoding plasmid DNA present in the nu-
clear and cytoplasmic fractions prior to treatment with DNase I was performed
as described previously (31, 47) to assay both relative transfection efficiencies and
contamination of cytoplasmic RNA with nuclear nucleic acid. Contamination of
nuclear RNA by cytoplasmic RNA was determined by Northern blot analysis of
18S rRNA. The occasional sample with greater than 20% cross-contamination of
nuclear RNA with cytoplasmic RNA or vice versa was discarded.

RT-PCR analysis. Each RNA sample examined by reverse transcription (RT)-
PCR analysis was first pretreated with RNase-free DNase I (Ambion) to degrade
contaminating plasmid DNA. Each RT reaction contained 300 ng total RNA, 20
U avian myeloblastosis virus reverse transcriptase (Roche), and 15 pmol �-globin
reverse primer (5�-CCAGATGCTCAAGGCCC-3�), corresponding to the 3� end
of the �-globin gene, in a total volume of 20 �l. After incubation at 42°C for 1 h,
the reaction mixture was incubated at 99°C for 5 min. Afterwards, the PCR was
performed as described previously (32) with Taq DNA polymerase (Promega)
after addition of the �-globin forward primer (5�-ACATTTGCTTCTGACACA
ACTG), corresponding to the 5� end of �-globin mRNA. A thermal cycler

FIG. 2. Effects of mutations in 2�TK49 on enhancement of intron-
independent expression of human �-globin gene. (A) Sequences of
TK49 PPE and its cluster base substitution mutants. (B) Computer-
predicted secondary structure of 1�TK49. (C) Autoradiogram of
quantitative S1 nuclease mapping analysis of �-globin-like RNAs ac-
cumulated in the nucleus (N) and cytoplasm (C) by 48 h after cotrans-
fection of CV-1PD cells with the indicated plasmids and pRSV-Tori.
The S1 nuclease mapping probes were the 5�-end-labeled ones shown
in Fig. 1C. The samples were analyzed as described in the legend to
Fig. 1D. The numbers shown here are means � standard errors of the
mean (SEMs) of data obtained from three independent experiments
similar to the one shown here.

FIG. 3. PPEs also enhance 3� end processing of intronless �-globin-
like RNAs in situ. (A) Structure of �-globin 3� end probe used in S1
mapping analysis. Probes were amplified by PCR and 3�-end-labeled
with 32P. The sizes of the DNA fragments resulting from protection by
hybridization with the corresponding RNAs are indicated. (B and C)
Autoradiograms of quantitative S1 nuclease mapping analysis of the 3�
ends of the �-globin-like RNAs accumulated in the nucleus and cyto-
plasm of CV-1PD cells. Portions of the RNA samples from the exper-
iment shown in Fig. 1 and 2 were mapped with the 3�-end-labeled
probe shown in panel A. The numbers below the lanes are means �
SEMs of the cleaved RNA (N�C) divided by the cleaved plus un-
cleaved RNA (N�C) times 100% of data obtained from three inde-
pendent experiments similar to the one shown here.
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(Techne) was used, with denaturation at 94°C for 30 s, annealing at 50°C for 30 s,
and extension at 72°C for 2 min for 40 cycles (32).

Cell-free polyadenylation assay. Plasmids pSP72/2�TK49wt/�(A) and pSP72/
2�TK49LS0/�(A) were PCR amplified with primers 5�-TAATACGACTCACT
ATAGG-3� and 5�-TTTTTTTTTTTTTTTGCAATGAAAATAAATGTTTTTT
ATTAGG-3� to generate templates containing a T7 promoter, a 2�TK49 PPE,
the 3�-terminal 100 nt of �-globin’s exon III, and 15 (A:T) bp directly adjacent to
the cleavage site for polyadenylation (Fig. 4A). 32P-labeled, m7G-capped RNAs
were synthesized from these templates with a RiboProbe kit (Promega) in the
presence of [32P]UTP and the cap analogue m7G(5�)ppp(5�)G and gel purified.
HeLa cell nuclear extract was prepared with a modification of the Dignam
method (1, 6). Cell-free polyadenylation assays were performed essentially as
described previously (39, 40) with 48% nuclear extract (6 to 7 �g protein per �l
reaction volume) in 40 mM KCl, 1 mM ATP, 20 mM phosphocreatine, 0.2 mM
dithiothreitol, 0.35 mM EDTA, 1.5 mM MgCl2, 2.8% polyvinyl alcohol, and 10
U RNasin. Reactions were incubated at 30°C for the times indicated. The
resulting RNAs were purified by phenol extraction and ethanol precipitation and
separated by electrophoresis in 8 M urea–6% polyacrylamide gels.

Xenopus oocyte nucleocytoplasmic export assay. Plasmids pAdML-�i and p�i-
2�TK49 were linearized at their BamHI site (Fig. 5A). RNAs were synthesized
with a RiboProbe kit (Promega) in the presence of [32P]UTP and the cap
analogue m7G(5�)ppp(5�)G. The U3 and U1 RNAs were synthesized as de-
scribed previously (42). Coinjection of the 32P-labeled RNAs into the nuclei of
Xenopus oocytes was performed as described previously (42). After incubation at
18°C for the times indicated, the oocytes were manually dissected to separate the
nuclei from the cytoplasm. The RNAs were purified by phenol extraction and
ethanol precipitation and separated by electrophoresis in 8 M urea–6% poly-
acrylamide gels.

UV-cross-linking assay. All RNA substrates used for cell-free studies were
synthesized with a RiboProbe kit (Promega) in the presence of [32P]UTP and the
cap analogue m7G(5�)ppp(5�)G. Plasmids pGEM5z/TK119 and pGEM5z/
TK119LS0 were linearized at their NcoI site. Plasmids pSP72/1�TK49, pSP72/
2�TK49wt, pSP72/2�TK49LS0, pSP72/2�TK49LS0com, pSP72/2�TK49m,
and pSP72/4�TK49wt were linearized at their BamHI site. UV-cross-linking and
immunoprecipitation assays were performed essentially as described previously
(32). For UV-cross-linking assays, 105 cpm of 32P-labeled RNA was incubated
with 20 �g of HeLa cell nuclear extract at 30°C for 10 min. Afterward, the
reaction mixture was irradiated with a UV-Stratalinker (Stratagene) for 10 min
on the automatic setting. RNases A and T1 were added, and the mixtures were
further incubated at 37°C for 10 min. The proteins in each sample were separated
by electrophoresis in a sodium dodecyl sulfate (SDS)-12% polyacrylamide gel
and quantified with a PhosphorImager. Immunoprecipitation was performed
after RNase treatment by addition of the hnRNP L-specific monoclonal antibody
4D11 (generous gift of G. Dreyfuss) (43) and precipitation with protein G
plus/protein A agarose beads (Oncogene Research Products). After extensive
washing of the beads, the bound proteins were eluted by incubation with SDS
loading buffer and separated by SDS-12% PAGE.

GST pull-down assay. [35S]methionine-labeled proteins were synthesized with
a rabbit reticulocyte lysate-TNT system (Promega). Chimeric GST-hnRNP L
fusion proteins were expressed in Escherichia coli cells. Their synthesis was
induced by incubation at 27°C for 6 h with 0.4 mM IPTG (isopropyl-�-D-thio-
galactopyranoside). The bacteria were harvested and lysed by sonication in the
presence of 3% Sarkosyl. After pelleting of the debris, the supernatants were
collected, and Triton X-100 was added to 1%. GST fusion proteins were bound
to glutathione Sepharose-4B (Amersham Pharmacia). Pull-down analysis was
performed as described previously (19, 36). Where indicated, the TNT-synthe-
sized proteins were pretreated with RNase A (125 �g/ml) and RNase T1 (100
U/ml) at 21°C for 30 min before addition of the GST-hnRNP L proteins. The
bound proteins were separated by SDS-12% PAGE.

Coimmunoprecipitation assay. Cells were harvested 48 h after transfection
with the indicated expression plasmids essentially as described previously (19,
36). Coimmunoprecipitations were performed in the presence of 200 �g/ml of
RNase A with anti-FLAG M2 affinity gel (Sigma).

RESULTS

The 49-nt subelement of TK119 PPE enhances intron-inde-
pendent gene expression when present in two or more tandem
copies. Liu and Mertz (32) previously identified a 119-nt se-
quence element within the HSV-TK gene, called a PPE, that
(i) enhances cytoplasmic accumulation of intronless �-globin-

like mRNA when inserted into exon I of a cDNA version of the
human �-globin gene and (ii) binds hnRNP L. However, since
other proteins were also noted to bind this TK119 PPE (32), it
remained unclear whether hnRNP L binding to the PPE was

FIG. 4. Presence of 2�TK49 enhances polyadenylation in a cell-
free system. (A) Structures of the plasmids employed in synthesis of
the RNAs used in the cell-free polyadenylation assay. Plasmids pSP72/
2�TK49wt/�(A) and pSP72/2�TK49LS0/�(A) were PCR amplified to
generate double-stranded linear DNAs containing a T7 promoter,
wild-type or LS0 mutant 2�TK49 PPE sequence, the 3� half of �-glo-
bin’s exon III, and 15 thymidine nucleotides. Radiolabeled, 5�-m7G-
capped RNAs were synthesized from these linear DNA templates with
T7 RNA polymerase. The arrow indicates the site of transcription
initiation. The open rectangles indicate the TK sequences inserted
between the BglII and BamHI sites in pSP72. The black rectangle
indicates the �-globin exon III sequences relative to �-globin’s natural
cleavage site for polyadenylation. The gray rectangle indicates the
�-globin sequences downstream of its cleavage site for polyadenyla-
tion. (B) Autoradiogram showing enhancement of polyadenylation of
PPE-containing RNA. The 5�-m7G-capped, 32P-labeled RNA tem-
plates prepared as outlined in panel A were incubated in parallel with
HeLa cell nuclear extract prepared as described in Materials and
Methods in the presence of 1 mM ATP at 30°C for the indicated times.
The resulting RNAs were phenol extracted, ethanol precipitated, and
sized by electrophoresis in an 8 M urea–6% polyacrylamide gel.
(C) Data averaged from four experiments similar to the one shown
here indicating the means � SEMs of the percentage of polyadenyl-
ated RNA relative to total input RNA as a function of time incubated
at 30°C.
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sufficient to recruit to the RNA all of the factors needed to
enhance stabilization, 3� end processing, and nucleocytoplas-
mic export. A computer-generated secondary structure analy-
sis of this 119-nt PPE predicted the possible existence of two
stem-loops (Fig. 1A). The boxed region indicates bases previ-
ously shown by base substitution mutational analysis to include
ones important for this PPE both (i) to enhance intron-inde-
pendent gene expression (32) and (ii) to bind hnRNP L (30,
32). This region contains a CA repeat. CA repeat regions have
recently been shown by others to preferentially bind hnRNP L
(14, 15, 21, 22, 48). We speculated that the left stem-loop
together with the CA repeat region might be sufficient to
provide PPE function via binding hnRNP L.

One, two, and four copies of a 49-nt sequence encompassing

this subregion of TK119 PPE were inserted into exon I of the
cDNA variant of the human �-globin gene (Fig. 1B). Each of
these plasmids, along with controls, was transiently cotrans-
fected in parallel into CV-1PD cells together with pRSV-Tori,
a plasmid encoding the SV40 large T antigen. The presence of
the latter plasmid results in replication of the test plasmid to
high copy number. Therefore, the resulting �-globin-like
RNAs are synthesized at high levels and can be readily ana-
lyzed by quantitative S1 nuclease mapping with the probes
shown in Fig. 1C and 3A.

Precise deletion of the human �-globin gene’s two introns
does not significantly affect the gene’s rate of transcription as
determined by nuclear run-on assays (5, 46). Nevertheless,
transcripts synthesized from this cDNA variant are highly de-
fective in stabilization, cleavage for polyadenylation, and cyto-
plasmic accumulation compared to ones synthesized from the
wild-type parental gene (3, 5, 32, 46, 50) (Fig. 1D, lane 4 versus
lane 2; see also Fig. 3B, lanes 3 and 4 versus lanes 1 and 2).
Insertion of a nearly full-length copy of the coding region of
the HSV-TK gene, containing several PPEs (3, 41), enhances
approximately 30-fold cytoplasmic accumulation of �-globin-
like RNA synthesized from the intronless gene (32) (Fig. 1D,
lane 6 versus lane 4). Insertion of a single copy of TK119 PPE
enhances cytoplasmic accumulation sixfold (32) (Fig. 1D, lane
8 versus lane 4). However, insertion of a single copy of TK49
at the same site failed to enhance cytoplasmic accumulation of
RNA synthesized from the intronless gene (Fig. 1D, lane 10
versus lane 4).

A likely explanation for these findings is that efficient en-
hancement requires the presence of multiple PPE-like ele-
ments. Consistent with this hypothesis was the finding that
insertion of two copies of TK49 in tandem enhanced cytoplas-
mic accumulation of globin-like RNA approximately threefold
(Fig. 1D, lane 12). Insertion of four copies of TK49 in tandem
enhanced accumulation ever further, up to approximately 12-
fold (Fig. 1D, lane 14). Similar results were observed when
these plasmids were transfected into COS-M6 cells, a deriva-
tive of CV-1 cells transformed by SV40 large T antigen (data
not shown). Thus, this 49-nt subregion of the TK119 PPE can
indeed function fairly well to enhance expression of an intron-
less gene, but only when present in multiple copies. TK119
PPE also functions better when present in two copies rather
than one (32).

To rule out the possibility that the RNA had accumulated in
the cytoplasm due to cryptic splicing, we performed RT-PCR
analysis with primers corresponding to sequences located near
the very 5� and 3� ends of the �-globin mRNA. As expected,
the globin-like RNAs accumulated in the cytoplasm of cells
transfected with these chimeric constructs were similar in size
to their corresponding template DNAs (Fig. 1E). No smaller
bands corresponding to cryptically spliced products were
present at detectable levels. Primer extension analysis did not
indicate any utilization of alternative, upstream 5� ends (data
not shown). Cryptic polyadenylation followed by splicing to
sequences situated downstream of the natural cleavage site for
polyadenylation also could not have accounted for a significant
portion of the accumulated RNA, since the relative amounts of
globin-like RNA present in the cytoplasm as quantified with
this exon I/II 5�-end-labeled probe were similar to the relative
amounts as quantified with an exon III 3�-end-labeled probe

FIG. 5. 2�TK49 PPE enhances kinetics and efficiency of nucleocy-
toplasmic export of intronless RNA. (A) Structures of plasmids em-
ployed in synthesis of RNAs used in Xenopus oocyte export experi-
ment. The 2�TK49 PPE (open rectangles) was inserted into pAdML-
�i, a plasmid containing a cDNA version of the first two exons of the
adenovirus major late leader region (solid rectangles) present down-
stream of a T7 promoter. Template DNAs were linearized with
BamHI prior to transcription with T7 RNA polymerase in the presence
of [32P]UTP and the cap analogue m7G(5�)ppp(5�)G. (B) Autoradio-
gram of RNA present in the nuclei versus cytoplasm of Xenopus oo-
cytes at the indicated times after nuclear coinjection of a mixture of the
indicated 32P-labeled RNAs. The oocytes were manually dissected at
the indicated times postinjection as described previously (42). The
RNAs were purified and sized by electrophoresis in an 8 M urea–6%
polyacrylamide gel. (C) Summary of data (means � SEMs) obtained
from three pools of oocytes analyzed in parallel as described in panel
B. Percentage export was calculated as the amount of the indicated
RNA in the cytoplasm relative to the total amount of that RNA in the
nucleus plus cytoplasm at the indicated time.
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(Fig. 3). Thus, at most a small percentage of the cytoplasmic
RNA quantified in these experiments could have arisen as a
consequence of cryptic splicing.

Thus, we conclude that two copies of TK49 are sufficient to
enhance expression in mammalian cells of an intronless variant
of this highly intron-dependent gene.

2�TK49 PPE enhances stabilization of pre-mRNA. Inser-
tion of the PPE also enhanced nuclear accumulation of the
intronless �-globin pre-mRNA (Fig. 1D, lanes 7, 11, and 13
versus lane 3). Precise deletion of the �-globin gene’s two
introns does not significantly affect either the rate of transcrip-
tion of this gene (5, 46) or the half-life of the resulting mRNA
(17, 34). Thus, stabilization of the primary transcript is likely
one of several steps necessary for mRNA biogenesis that was
enhanced by the PPE’s presence. Consistent with this hypoth-
esis is the finding that the PPE functions well when located
near the 5� end of the primary transcript but poorly, if at all,
when inserted in �-globin’s exon III near the site of polyade-
nylation (13a, 32; D. Willard and J. E. Mertz, unpublished).

Regions of 2�TK49 PPE necessary for function. To identify
regions of this 2�TK49 PPE necessary to enhance intronless
gene expression, we constructed several cluster base substitu-
tion mutant variants of it (Fig. 2A). Figure 2B shows a com-
puter-predicted secondary structure of 1�TK49. TK119LS0 is
a previously described cluster base substitution mutant variant
of TK119 known to be defective in both in situ functioning and
hnRNP L binding (32). The base substitution mutations
present in TK119LS0 were placed into 2�TK49 to generate
2�TK49LS0. These mutations grossly perturbed the comput-
er-predicted structure (data not shown). We also constructed
2�TK49LS0com, a variant of 2�TK49LS0 containing four
additional base substitution mutations which, in theory, restore
the original stem-loop structure but retain the mutations in the
adjacent CA repeats. Last, 2�TK49m was constructed. This
variant of 2�TK49 contains three base substitution mutations
in the loop region while maintaining the stem-loop structure
and CA repeat region.

Each of these variants of 2�TK49 was inserted into plasmid
p�-�1(�)2(�) at the NcoI site in exon I. These plasmids were
cotransfected in parallel into CV-1PD cells together with
pRSV-Tori and analyzed as described above. The 2�TK49
variants containing the LS0 and LS0com mutations failed to
enhance cytoplasmic accumulation of �-globin RNA (Fig. 2C,
lanes 8 and 10). However, the 2�TK49m variant enhanced
intronless gene expression as well as the parental 2�TK49wt
did (Fig. 2C, lane 12 versus lane 4). Similar results were ob-
served when these plasmids were transfected into COS-M6
cells (data not shown). Thus, we conclude that specific se-
quences within 2�TK49, including the CA repeat region, and
not its secondary structure per se are important for enhancing
intronless gene expression.

2�TK49 PPE enhances proper 3� end formation. Previous
reports indicated that transcripts synthesized from intronless
variants of the �-globin gene are also defective in 3� end
processing (3, 5, 32, 46, 50). Insertion of TK119 PPE enhances
accumulation of intronless �-globin-like RNA in part by en-
hancing the efficiency of proper 3� end formation (17, 32).
Thus, 2�TK49 PPE probably also enhances proper 3� end
processing of intronless �-globin transcripts.

To test this prediction, we analyzed the �-globin-like RNAs

from the above experiment by quantitative S1 nuclease map-
ping with an exon III 3�-end-labeled probe (Fig. 3A). Most of
the �-globin RNA accumulated in cells transfected with p�-
�1(�)2(�), the intron-containing genomic version of the hu-
man �-globin gene, was properly processed at the �-globin
polyadenylation site (Fig. 3B, lanes 1 and 2). As expected, cells
transfected with p�-�1(�)2(�), the intronless cDNA variant,
contained as much uncleaved primary transcript as did cells
transfected with p�-�1(�)2(�) but little RNA that had been
cleaved at the �-globin polyadenylation site (Fig. 3B, lanes 3
and 4). Insertion of the full-length TK coding region,
1�TK119, 2�TK49, 2�TK49m, or 4�TK49 into exon I of
p�-�1(�)2(�) led to a dramatic increase in the accumulation
of �-globin-like RNA properly cleaved at the �-globin polyad-
enylation site (Fig. 3B, lanes 5 to 8 and 11 to 14, and C, lanes
7 and 8). On the other hand, cells transfected with p�-
1�TK49-�1(�)2(�) or either of the stem/CA repeat region
substitution mutants p�-2�TK49LS0-�1(�)2(�) and p�-
2�TK49LS0com-�1(�)2(�) failed to accumulate RNA prop-
erly cleaved for polyadenylation above the level observed in
cells transfected with the parental p�-�1(�)2(�) (Fig. 3B,
lanes 9 and 10, and C, lanes 3 to 6, versus Fig. 3B, lanes 3 and
4). The relative amounts of properly 3�-end-cleaved �-globin
RNA measured with this probe were similar to the relative
amounts of �-globin RNA measured with the 5�-end-labeled
probe (Fig. 1 and 2 versus Fig. 3). Thus, this 3�-end-specific
probe was not failing to detect significant quantities of �-glo-
bin-like RNA that, in theory, might have been cleaved else-
where for polyadenylation, e.g., within adjacent vector se-
quences, and then spliced. The small amounts of uncleaved
RNA observed in the cytoplasm here as well as by others (34)
were likely due to a combination of (i) cross-contamination of
cytoplasm with nuclear material, measured as described in
Materials and Methods, (ii) low levels of cryptic polyadenyla-
tion, and (iii) unprocessed RNA being inefficiently exported to
the cytoplasm.

Also noteworthy is the finding that the total amounts of
uncleaved RNA accumulated in the cells were similar for all of
the samples regardless of the presence of introns or PPE ele-
ments (Fig. 3). Thus, the apparent defect in cleavage efficiency
observed with the PPE-less, intronless transcripts could be due,
at least in part, to degradation of cleaved RNAs that failed to
be polyadenylated (see below) rather than to their not being
cleaved with normal efficiency. Regardless, we conclude that
insertion of two or four copies of the TK49 PPE can signifi-
cantly rescue in situ the defect in 3�end processing of intronless
�-globin transcripts.

2�TK49 PPE enhances polyadenylation. To examine di-
rectly whether the presence of the 2�TK49 PPE enhances
polyadenylation of intronless transcripts, we measured the ki-
netics of polyadenylation of 2�TK49 versus 2�TK49LS0-con-
taining RNA in a cell-free polyadenylation system. Plasmid
pSP72/2�TK49wt/�(A) contains an insertion of 2�TK49 be-
tween a T7 promoter and the 3� end of the human �-globin
gene including the site of cleavage for polyadenylation (Fig.
4A). Plasmid pSP72/2�TK49LS0/�(A) is a variant of it con-
taining the LS0 cluster base substitution mutations. These two
plasmid DNAs were used as templates to generate by PCR
amplification double-stranded linear DNAs containing the T7
promoter, the wild-type or LS0 2�TK49 PPE sequence, the 3�
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half of �-globin’s exon III, and 15 thymidine nucleotides di-
rectly adjacent to �-globin’s natural site for polyadenylation
(Fig. 4A). Radiolabeled, 5�-m7G-capped RNAs were synthe-
sized from the latter template DNAs with T7 RNA polymer-
ase. These RNAs were incubated in parallel with a HeLa cell
nuclear extract under conditions for addition of poly(A)n to
the 3� end of the RNA and sized by electrophoresis in a
denaturing polyacrylamide gel. Poly(A)n was added to the
2�TK49wt-containing RNA with approximately twofold-faster
kinetics and greater efficiency than it was to the 2�TK49LS0-
containing RNA (Fig. 4B and C). 2�TK49wt-containing tem-
plate RNA with a 3� end at �12 relative to the natural site of
polyadenylation rather than 15 adenosine nucleotides was also
polyadenylated with approximately twofold-faster kinetics and
greater efficiency than its corresponding 2�TK49LS0-contain-
ing RNA (data not shown) (13). Thus, the presence of
2�TK49 does indeed enhance the kinetics and efficiency of
addition of poly(A)n to the 3� end of intronless �-globin-like
RNAs.

2�TK49 PPE enhances nucleocytoplasmic export. To exam-
ine whether the presence of 2�TK49 can also enhance nucle-
ocytoplasmic export of an intronless mRNA, we inserted
2�TK49 near the 5� end of the transcribed region of pAdML-
�i. Plasmid pAdML-�i contains a cDNA version of the first
two exons of the adenovirus major late leader region adjacent
to a T7 promoter (35, 51). 5�-m7G-capped, 32P-labeled, intron-
less RNA was synthesized in vitro from BamHI-cleaved
pAdML-�i DNA and the PPE-containing variant p�i-2�TK49
(Fig. 5A). These RNAs were coinjected into the nuclei of
Xenopus oocytes along with U1sm� and U3 RNAs as positive
and negative controls for export, respectively (42). Nuclei and
cytoplasm were manually isolated after incubation at 18°C for
the indicated times. The RNAs were purified and separated by
electrophoresis in a denaturing polyacrylamide gel. As ex-
pected (42), the U1sm� RNA was efficiently exported to the
cytoplasm, while the U3 RNA was retained in the nucleus (Fig.
5B). Also as expected (35), the intronless adenovirus major
late leader region RNA was slowly and inefficiently exported to
the cytoplasm (Fig. 5B). The presence of the 2�TK49 PPE
enhanced approximately twofold both the kinetics and effi-
ciency of export of the intronless adenovirus RNA to the cy-
toplasm (Fig. 5B; summarized in Fig. 5C). Thus, we conclude
that the presence of a 2�TK49 PPE can also enhance nucle-
ocytoplasmic export of intronless RNA.

2�TK49 PPE specifically binds only hnRNP L. To deter-
mine what protein(s) binds the 2�TK49 PPE, we incubated
radiolabeled, 5�-m7G-capped 2�TK49 wild-type and mutant
variant RNAs along with 1�TK119 wild-type and mutant vari-
ant RNAs with a HeLa cell nuclear extract. Afterward, the
bound proteins were UV-cross-linked to the RNAs, and the
unprotected RNAs were degraded by digestion with RNases A
and T1. The RNA-protein complexes were sized by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). As previously
reported (32), several proteins were found bound to 1�TK119
RNA, including the 64-kDa protein shown by several criteria
to be hnRNP L (32) (Fig. 6B, lane 2). The PPE-defective
mutant 1�TK119LS0 failed to bind the 64-kDa protein, while
still binding the one other abundant protein, approximately
24-kDa in size, that bound 1�TK119 (Fig. 6B, lane 3 versus
lane 2). Thus, this 24-kDa protein likely does not contribute to

1�TK119’s functional activities. As expected, the 1�TK49,
2�TK49, 4�TK49, and 2�TK49m RNAs, but not the
2�TK49LS0 and 2�TK49LS0com mutant RNAs, also bound
the 64-kDa protein (Fig. 6B, lanes 4 to 9). Moreover, there
were no other proteins bound to the 2�TK49 and 4�TK49
RNAs at detectable levels (Fig. 6B, lanes 5 and 6). Immuno-
precipitation of the UV-cross-linked protein with the hnRNP
L-specific antibody 4D11 followed by SDS-PAGE confirmed
that the 64-kDa protein was, indeed, hnRNP L (32) (Fig. 6C).
Immunoprecipitation with an hnRNP K-specific antibody
failed to pull down this radiolabeled, 64-kDa band (32). Taken
together with the findings above, we conclude that binding of
hnRNP L is both necessary and sufficient to bring to PPE-
containing RNAs the cellular factors involved in PPE-medi-
ated enhancement of stability, proper 3� end formation, and
cytoplasmic accumulation of intronless transcripts.

FIG. 6. 2�TK49 is bound only by hnRNP L. (A) Structures of the
plasmids used to synthesize the RNA probes employed in UV-cross-
linking analysis. Symbols are the same as described in the legend to
Fig. 4A. (B) Autoradiogram of SDS-PAGE analysis of the proteins
that UV-cross-linked with the indicated variants of the HSV-TK PPE.
5�-m7G-capped, 32P-labeled RNAs were synthesized in parallel with T7
RNA polymerase, incubated with 20 �g of HeLa cell nuclear extract,
exposed to UV, and incubated with RNases A and T1. Afterward, the
proteins were sized by SDS-12% PAGE. Lane 1 contains 14C-labeled
Rainbow markers (Amersham Pharmacia). (C) Autoradiogram of the
UV-cross-linked proteins from panel B sized by SDS-12% PAGE after
digestion with RNases A and T1 and immunoprecipitation with the
hnRNP L-specific monoclonal antibody 4D11.
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hnRNP L binds TAP and Aly/REF in vitro. One hypothesis
is that hnRNP L facilitates the nucleocytoplasmic export of
PPE-containing RNAs via a novel pathway. Alternatively,
hnRNP L could act as an adaptor protein to recruit to intron-
less PPE-containing mRNAs export factors normally recruited
to intron-containing mRNAs during exon definition and intron
excision. If the latter hypothesis is valid, hnRNP L might as-
sociate with TAP or Aly/REF, cellular factors involved in
mRNA export that are recruited to mRNAs during splicing
(27, 28). To test this possibility, we performed GST pull-down
assays with these proteins and recombinant hnRNP L. GST-
hnRNP L fusion protein was synthesized in E. coli cells and
purified with glutathione Sepharose-4B beads (Fig. 7A). Ra-

diolabeled, full-length hnRNP L, TAP, and REF2-II were syn-
thesized with a rabbit reticulocyte lysate system in the presence
of [35S]methionine. Where indicated, the lysates were pre-
treated with RNases A and T1 before incubation with the
GST-hnRNP L fusion protein to exclude possible artifacts due
to these RNA-binding proteins simply binding the same RNA
molecules rather than each other.

hnRNP L was found to bind both itself and TAP fairly well
(Fig. 7B, lane 2), associations that were insensitive to treat-
ment with RNases A and T1 (Fig. 7B, lane 4). hnRNP L also
bound Aly/REF (Fig. 7B, lane 2). This association was slightly
reduced by pretreatment with RNases A and T1, but not down
to the level observed with the GST-only control (Fig. 7B, lane

FIG. 7. hnRNP L binds itself, TAP, and Aly/REF. (A) Coomassie brilliant blue staining of an SDS-PAGE analysis of GST and GST-hnRNP
L fusion protein expressed in E. coli and purified by glutathione Sepharose-4B. (B) Autoradiogram of GST pull-down analysis. [35S]methionine-
labeled, nearly full-length hnRNP L, TAP, REF2-II, and hnRNP A1 were synthesized with a rabbit reticulocyte lysate system. Lysates were
pretreated with RNases A and T1 (�) or not pretreated (�) before addition of the indicated GST fusion protein. The proteins that bound were
sized by SDS-12% PAGE and exposed to a PhosphorImager. (C and D) Domains of hnRNP L involved in binding TAP and itself. GST pull-down
assays were performed with equimolar amounts of each of the indicated deletion variants of hnRNP L synthesized in E. coli and 35S-labeled TAP
(C) or full-length hnRNP L (D). (E) Schematic showing known domains of hnRNP L. The numbers indicate positions of amino acid residues.
RRM, RNA recognition motif; Gly, glycine-rich region; Pro, proline-rich region. Below the schematic is indicated the tentative mapping of the
hnRNP L- and TAP-binding domains as determined from the data presented here. (F) FLAG-tagged proteins present in human 293T cells 48 h
after transient transfection with expression plasmids encoding the indicated FLAG-tagged proteins. Whole-cell extracts were electrophoresed in
an SDS-12% polyacrylamide gel and probed by immunoblotting with the anti-FLAG M2 antibody. (G) Immunoblot showing coimmunoprecipi-
tation of endogenous hnRNP L with FLAG-tagged TAP and Aly/REF. The whole-cell extracts from panel F were incubated with RNase A
followed by immunoprecipitation of the FLAG-tagged protein-containing complexes with anti-FLAG M2 affinity gel, electrophoresis in an
SDS-12% polyacrylamide gel, and immunoblotting with the anti-hnRNP L monoclonal antibody 4D11. The bottom panel represents 4% of the
amount of hnRNP L present in each whole-cell extract prior to immunoprecipitation.
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4 versus 2). On the other hand, the association between
hnRNP L and hnRNP A1, another RNA-binding protein, was
completely disrupted by a similar pretreatment with RNases A
and T1 (Fig. 7B, lane 4 versus 2). Thus, hnRNP L likely binds
TAP, Aly/REF, and itself but not hnRNP A1.

To begin to determine the specificity of these protein-pro-
tein interactions, a series of deletion variants of GST-hnRNP L
were constructed. These proteins were synthesized in E. coli
and used in pull-down assays as described above. The domains
of hnRNP L binding TAP localized to the amino acid 141-to-
291 region of hnRNP L (Fig. 7C, lanes 8 and 9). Importantly,
they were partially nonoverlapping with the domain that bound
hnRNP L, amino acid residues 231 to 291 (Fig. 7D and D�;
summarized in Fig. 7E). For example, the amino acid 141-to-
250 region of hnRNP L bound TAP well yet failed to bind
hnRNP L. Given this noncoincidence of binding to hnRNP L,
TAP was not simply binding a sticky region of hnRNP L.
Rather, these data indicate that either the TAP-binding do-
main is located within the amino acid 231-to-250 region of
hnRNP L or there exists more than one TAP-binding domain
on hnRNP L. Regardless, these findings confirm that hnRNP L
specifically binds TAP, suggesting a mechanism by which
hnRNP L’s binding to PPEs facilitates nucleocytoplasmic ex-
port of PPE-containing intronless RNAs. Thus, we conclude
that hnRNP L acts as an adaptor protein to recruit TAP and,
likely, Aly/REF to PPE-containing mRNAs, factors normally
involved in the export of intron-containing mRNAs.

hnRNP L coimmunoprecipitates with TAP and Aly/REF. To
begin to determine the physiological relevance of hnRNP L
binding TAP and Aly/REF, we examined whether hnRNP L
coimmunoprecipitates with these proteins from extracts of
mammalian cells. FLAG-tagged TAP and Aly/REF were tran-
siently expressed in human 293T cells. FLAG and FLAG-
tagged SRm160, another RNA-binding protein frequently
found in association with exon-exon junction complexes (26),
were also expressed in 293T cells as negative controls. Whole-
cell extracts were prepared (Fig. 7F). The FLAG-tagged pro-
tein-containing complexes were immunoprecipitated with anti-
FLAG antibodies in the presence of RNase A and separated
by SDS-PAGE. Immunoblot analysis with the anti-hnRNP L
monoclonal antibody 4D11 indicated that hnRNP L was
present at high levels in the TAP and Aly/REF immunopre-
cipitates (Fig. 7G, lanes 2 and 4, respectively) but not in the
FLAG and SRm160 immunoprecipitates (Fig. 7G, lanes 1 and
3, respectively). The approximately 2% of hnRNP L associated
with TAP and Aly/REF is quite significant, given that hnRNP
L is a highly abundant protein in cells (43). The fact that
hnRNP L bound REF but not SRm160 implies that hnRNP L
associated with only some specific subcomponents of exon-
exon junction complexes, not all of them. Thus, we conclude
that hnRNP L probably associates within mammalian cells with
TAP and Aly/REF but not SRm160.

DISCUSSION

We determined here mechanisms by which an HSV-TK PPE
enhances cytoplasmic accumulation of intronless RNAs. First,
we identified a 49-nt subelement of the previously reported
TK119 PPE that can function efficiently in stabilization, poly-
adenylation, and export of an intronless transcript when
present near the 5� end of the RNA in two or more copies (Fig.

1 and 3). This 2�TK49 PPE bound only hnRNP L (Fig. 6),
with a strong positive correlation existing between hnRNP L
binding (Fig. 6) and enhancement of proper 3� end formation
in situ (Fig. 3), polyadenylation in vitro (Fig. 4), and cytoplas-
mic accumulation of the RNA (Fig. 2, 3, and 5). Thus, binding
of hnRNP L was both necessary and sufficient to recruit all of
the posttranscriptional processing and export factors needed to
enable this PPE to perform all of its multiple functions in
intronless mRNA biogenesis. We further showed that hnRNP
L specifically bound the mRNA export factor TAP and the
exon-exon junction complex protein Aly/REF both in vitro and
in vivo (Fig. 7), with the presence of the 2�TK49 PPE increas-
ing the kinetics and efficiency of nucleocytoplasmic export of
an intronless RNA in Xenopus oocytes (Fig. 5). Thus, we con-
clude that this PPE enhances intron-independent gene expres-
sion via binding hnRNP L, with hnRNP L functioning, in part,
as an adaptor protein to recruit Aly/REF- and TAP/p15-con-
taining complexes to PPE-containing RNAs to mediate their
export.

PPE-like elements can substitute for introns. �-Globin pri-
mary transcripts lacking both of �-globin’s introns are defec-
tive in RNA stability, proper 3� end formation, and nucleocy-
toplasmic export (3, 5, 33, 46, 50) (Fig. 1). Insertion of PPEs
dramatically enhanced both cytoplasmic accumulation and 3�
end processing, doing so in the absence of intron excision (Fig.
1 and 3). Given that introns function in modulating pre-mRNA
stability, 3� end cleavage and polyadenylation, nucleocytoplas-
mic export, surveillance, and translation, we conclude that
PPE-like elements can substitute for introns to provide at least
some of these functions (Fig. 1 through 5).

Sequences necessary for PPE function. Previous deletional
and mutational analyses indicated that the central region of
TK119 PPE, including the CA repeat region, was important for
binding of hnRNP L (30, 32). Additional mutational analysis
presented here indicates that the 3� end of TK49 PPE, includ-
ing its CA repeat region, was crucial for 2�TK49 PPE to
function in transient transfection assays (Fig. 2). Regeneration
of the putative stem with complementary base substitution
mutations failed to restore PPE’s functional activities (Fig. 2
and 3). On the other hand, mutations in the loop region did not
disrupt 2�TK49 PPE’s ability to enhance intron-independent
gene expression (Fig. 2 and 3). Taken together with the find-
ings that hnRNP L binds CA repeat regions (14, 15, 21, 22, 48)
and 2�TK49 binds only hnRNP L (Fig. 6), these data indicate
that the CA repeat region is probably essential for PPE func-
tioning.

The 1�TK49 PPE bound hnRNP L efficiently (Fig. 6) yet
failed to enhance intron-independent gene expression (Fig. 1).
The most likely explanation for this finding is that the PPE
needs to be present in two or more copies to function. Con-
sistent with this conclusion are the findings that (i) 2�TK119
functions better than 1�TK119 (32) and (ii) 4�TK49 func-
tions even better than 2�TK49 (Fig. 1D, lanes 11 to 14). Quite
likely, the presence of multiple hnRNP L binding sites in the
RNA enables stable, synergistic protein-protein interactions
among multiple hnRNP L molecules, the proteins with which
hnRNP L interacts (Fig. 7 and 8), and in turn, their interacting
factors. Likewise, the constitutive transport element (2, 10),
posttranscriptional regulatory element (7, 8), and H2a element
(18) all need to be present in two or more copies to function.
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hnRNP L binding is sufficient for PPE’s multiple functions.
Previously, a correlation was shown to exist between hnRNP L
binding and PPE function (32). Here, we showed that hnRNP
L is the only protein that binds 2�TK49 PPE at a detectable
level (Fig. 6B) and that all mutants defective in hnRNP L
binding are also defective in all of PPE’s functions (Fig. 2, 3, 4,
and 6). Thus, hnRNP L binding is both necessary and sufficient
to bring in all of the posttranscriptional processing and export
factors for PPE-containing RNAs to be efficiently stabilized,
polyadenylated, and exported to the cytoplasm, i.e., hnRNP L
is performing multiple functions in biogenesis of this intronless
transcript. Consistent with this conclusion is hnRNP L’s al-
ready documented functions in regulation of splicing (22), sta-
bilization (15, 21, 48), and translation (14).

hnRNP L recruits TAP and Aly/REF. Here, we provide the
first evidence that hnRNP L enhances intronless mRNA bio-
genesis, in part, by recruiting TAP and Aly/REF (Fig. 7). TAP
is a general mRNA export factor in mammalian cells (23, 29,
45). It is usually recruited by Aly/REF to the exon-exon junc-
tion complexes bound to mRNAs following excision of introns
(27, 28). Some viral RNA elements, such as Mason-Pfizer
monkey virus constitutive transport element, bind TAP di-
rectly, exporting their mRNA without intron excision (12). The
mouse histone H2a element enhances mRNA export without
splicing via binding SR proteins, such as 9G8 and SRp20,
which function as adaptors for the binding of TAP (19, 20).
HSV-1’s ICP27 interacts both directly with TAP and indirectly
with the RNA export adaptor Aly/REF to mediate nucleocy-
toplasmic export of intronless HSV-1 RNAs (4). Here, we
show that hnRNP L binds both TAP and Aly/REF, enhancing
the nucleocytoplasmic export of PPE-containing intronless
mRNAs in the absence of introns and their excision. Given
that TAP binds Aly/REF, it remains unclear whether hnRNP L
directly binds both or only one of these proteins. Taking to-
gether all of these findings, we conclude that hnRNP L binding
to PPE-containing RNAs enhances their nucleocytoplasmic
export via functioning as an adaptor for binding TAP and
Aly/REF (Fig. 8). Remaining unknown is whether other CA
repeat-containing transcripts also load TAP by binding hnRNP L.

hnRNP L enhances polyadenylation. We also showed here
that the presence of the PPE enhances proper 3� end forma-

tion and polyadenylation (Fig. 3 and 4). We speculate that
hnRNP L likely recruits the polyadenylation machinery di-
rectly or indirectly to PPE-containing transcripts, thereby fa-
cilitating 3� end formation regardless of introns (Fig. 8). A
precedent for such a dual-functioning hnRNP is Nab2p, a
nuclear poly(A)-binding protein involved in both control of
poly(A) tail length and nuclear export of mRNA in yeast (16).
Recently, we identified an RNA element within the transcribed
region of the cellular intronless c-Jun gene, named CJE for
c-Jun enhancer, which also enhances both 3� end formation
and cytoplasmic accumulation of intronless transcripts (13a).
As yet unknown is the trans-acting factor(s) with which the
CJE interacts and the mechanisms by which it functions.
Likely, most, if not all, intronless pre-mRNAs contain se-
quence elements that bind hnRNPs, thereby recruiting cofac-
tors that facilitate stabilization, proper 3� end formation, and
nucleocytoplasmic export by mechanisms analogous or identi-
cal to the ones normally employed by intron-containing RNAs.

hnRNP L likely also enhances stabilization of the pre-
mRNA. cDNA variants of intron-requiring genes are defective
in stabilization of the primary transcript as well as polyadenyl-
ation and nucleocytoplasmic export (3, 5, 32, 46, 50) (Fig. 1).
We confirm here the previous report (24) that hnRNP L binds
itself (Fig. 7). We speculate that hnRNP L binding to itself and
other hnRNPs likely contributes to stabilization of the primary
transcript as well as synergistic recruitment to the RNA of
factors involved in processing and export. Consistent with this
hypothesis are the findings that (i) the PPE enhances nuclear
accumulation of pre-mRNA synthesized from the intronless
variant of the �-globin gene (Fig. 1 to 3) and (ii) the PPE
functions well near the 5� end of the primary transcript but
poorly, if at all, when located near the site of polyadenylation
(13a, 32; D. Willard and J. E. Mertz, unpublished). Hui et al.
(21) also found that hnRNP L stimulates stability by binding to
a CA repeat region in endothelial cell nitric oxide synthase
pre-mRNA. Moreover, the human vascular endothelial growth
factor mRNA contains a CA-rich element in the 3� untrans-
lated region that binds hnRNP L and mediates mRNA stability
under hypoxic growth conditions (48). Thus, these RNA sta-
bility effects are likely all due to recognition of CA-rich RNA
elements by hnRNP L. However, given coupling with other
steps in mRNA biogenesis, it would be very difficult to perform
a definitive and direct experiment to validate this hypothesis.

In summary, we conclude that the binding of hnRNP L is
both necessary and sufficient to recruit all of the cellular factors
needed to enable stabilization, 3� end cleavage/polyadenyla-
tion, nucleocytoplasmic export, and cytoplasmic accumulation
of PPE-containing intronless transcripts, doing so, in part, via
association with the mRNA export factor TAP and the exon-
exon junction complex protein Aly/REF. Importantly, these
findings indicate that many, if not most, intronless pre-mRNAs
are likely processed via pathways similar to the ones employed
in the processing of intron-containing ones, with factors such
as hnRNP L and 9G8 (19) substituting for exon-exon junction
complexes in recruiting the processing machineries to the pre-
mRNAs.
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