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Most pre-mRNAs require an intron for efficient processing in higher eukaryotes. To test the hypothesis that 
intron-independent gene expression involves positive, c/s-acting RNA sequence elements, we constructed 
chimeric genes in which various regions of the naturally intronless HSV-TK gene were inserted into an 
intronless variant of the highly intron-dependent human I~-globin gene. Using a transient transfection assay, 
we identified a 119-nucleotide sequence element contained within the transcribed region of the HSV-TK gene 
that enables efficient cytoplasmic accumulation of globin RNA in the absence of splicing. RNA 
UV-cross-linking assays indicated that a 68-kD protein present in nuclear extracts of HeLa and COS cells 
specifically binds to this HSV-TK sequence element. This 68-kD protein was found to cross-react with an 
antiserum specific to hnRNP L. Recombinant hnRNP L was shown to bind with high sequence specificity to 
this RNA sequence element. Analysis of substitution mutants in this element indicated that binding of 
hnRNP L correlates with accumulation of the RNA in the cytoplasm. Thus, we conclude that (1) hnRNP L 
binds in a sequence-specific manner to this RNA sequence element that enables intron-independent gene 
expression, and (2) intron-independent pre-mRNA processing and transport involves sequence-specific 
RNA-protein interactions between c/s-acting RNA sequence elements and proteins such as hnRNP L. This 
sequence element may be of general use for the efficient expression of cDNA versions of intron-dependent 
genes. 
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Formation of mature mRNAs in higher eukaryotes re- 
quires several processing steps in the nucleus prior to 
transport to the cytoplasm. For intron-containing tran- 
scripts, these steps include 5'-cap formation, methyl- 
ation, 3'-end cleavage and polyadenylation, and splicing. 
Intronless transcripts do not undergo splicing but, in 
most cases, still need to undergo these other steps in 
pre-mRNA processing. Much information has been ob- 
tained concerning the biochemistry and machinery in- 
volved in these nuclear processing events (for review, see 
Green 1991). Nevertheless, their relationship to nuclear 
export and cytoplasmic accumulation remains poorly 
understood. 

The first evidence linking splicing and the accumula- 
tion of mRNA in the cytoplasm came from studies with 
SV40 (Gruss et al. 1979). Cells transfected with SV40 
mutants lacking an excisable intron in the late region of 
the viral genome were found to synthesize SV40 late 
transcripts but not to accumulate SV40 late mRNAs in 
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the cytoplasm. The requirement of an intron for efficient 
cytoplasmic accumulation of mRNA (i.e., intron-depen- 
dent gene expression) has been subsequently demon- 
strated for many other genes as well, including those 
encoding ~-globin (Hamer and Leder 1979; Buchman and 
Berg 1988; Ryu 1989; Collis et al. 1990), ribosomal pro- 
tein L32 (Chung and Perry 1989), purine nucleoside 
phosphorylase (PNP)(Jonsson et al. 1992), immunoglob- 
ulin ~ (Neuberger and Williams 1988), mouse thymidy- 
late synthase (Deng et al. 1989), mouse dihydrofolate re- 
ductase (DHFR)(Gasser et al. 1982), plant alcohol dehy- 
drogenase-1 (Callis et al. 1987), and triosephosphate 
isomerase (TPI)(Nesic et al. 1993). It has been proposed 
that the presence of introns can protect pre-mRNAs 
from degradation in the nucleus (Hamer and Leder 1979; 
Buchman and Berg 1988; Ryu and Mertz 1989), facilitate 
polyadenylation (Collis et al. 1990; Huang and Gorman 
1990; Niwa et al. 1990; Pandey et al. 1990; Nesic et al. 
1993; W.-S. Ryu, G.W. Gelembiuk, X. Liu, and J.E. 
Mertz, in prep.), facilitate excision of an adjacent intron 
(Ryu 1989; Nesic and Maquat 1994), and target mRNAs 
for export to the cytoplasm (Hamer and Leder 1979; 
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Buchman and Berg 1988; Chang and Sharp 1989; Legrain 
and Rosbash 1989; Ryu and Mertz 1989). 

Nonetheless, the presence of introns in pre-mRNAs is 
not a universal requirement for proper mRNA biogene- 
sis. The genes encoding herpes simplex virus type 1 thy- 
midine kinase (HSV-TK)(McKnight 1980), histone pro- 
teins (Kedes 1979), s-interferon (Nagata et al. 1980}, 
~-adrenergic receptor (Koilka et al. 1987), and c-jun (Hat- 
tori et al. 1988) are among those genes discovered to be 
naturally intronless yet expressed at functional levels in 
higher eukaryotes. 

To begin to understand the mechanism of intron-in- 
dependent mRNA biogenesis, Greenspan and Weissman 
(1985), Buchman and Berg (1988), and Ryu (1989) con- 
structed plasmids in which an intron plus some adjacent 
exon sequence from an intron-requiring f~-globin gene 
were placed 3' of the intronless sequence that encodes 
HSV-TK. Greenspan and Weissman (1985) found that 
much of the resulting chimeric TK-globin RNA was 
polyadenylated and transported to the cytoplasm with- 
out intron excision. All three laboratories showed that 
the chimeric RNAs efficiently accumulated in mamma- 
lian cells regardless of whether an intron was present in 
the primary transcript. 

One hypothesis to explain these data is that tran- 
scripts synthesized from f~-globin and other intron-de- 
pendent genes contain negative, cis-acting RNA se- 
quence elements that prevent them from being properly 
processed and/or transported in the absence of introns; 
transcripts synthesized from intron-independent genes 
lack these negative elements and therefore do not re- 
quire introns for proper processing and transport. During 
the past decade, considerable data have accumulated in 
the literature to support this hypothesis. For example, 
Legrain and Rosbash (1989) found that mutations in 
splicing signals that converted an intron-containing gene 
into an intronless one led to efficient cytoplasmic accu- 
mulation of the intronless transcripts. Thus, they hy- 
pothesized that intronless transcripts are transported to 
the cytoplasm by default pathways. 

An alternative, nonmutually exclusive hypothesis is 
that transcripts synthesized from intron-independent 
genes contain positive, cis-acting RNA sequence ele- 
ments that enable them to be processed and transported 
regardless of whether or not introns are present. 
Greenspan and Weissman (1985) and Buchman and Berg 
(1988) found that various nonoverlapping regions of the 
HSV-TK gene accumulate in cells in the absence of in- 
tron excision. Thus, HSV-TK transcripts are processed 
and transported to the cytoplasm regardless of introns 
because they either (1) lack a negative cis-acting ele- 
ment, or (2) contain multiple, positive cis-acting ele- 
ments. 

To test whether transcripts of the HSV-TK gene actu- 
ally do contain positive cis-acting RNA sequence ele- 
ments that enable intron-independent pre-mRNA pro- 
cessing and transport in higher eukaryotes, we examined 
processing and transport in mammalian cells of tran- 
scripts synthesized from an intronless variant of the hu- 
man [3-globin gene containing insertions of various se- 

quences from the HSV-TK gene. We found that a 119- 
nucleotide sequence contained within the transcribed 
region of the HSV-TK gene can enable efficient cytoplas- 
mic accumulation of f~-globin transcripts in the absence 
of splicing. Furthermore, we also found that heteroge- 
neous nuclear ribonucleoprotein L (hnRNP L), an abun- 
dant 68-kD cellular protein of previously unknown func- 
tion, associates sequence specifically with this pre- 
mRNA processing enhancer {PPE) but not with a mutant  
variant of it defective in rescuing the cytoplasmic accu- 
mulation of intronless human ~-globin transcripts. 
Thus, intron-independent pre-mRNA processing and 
transport can involve sequence-specific RNA-protein in- 
teractions between PPEs and appropriate cellular factors 
such as hnRNP L. 

R e s u l t s  

Sequences contained within the transcribed region 
of the HSV-TK gene enable efficient processing 
of intronless human fl-globin transcripts 

To confirm and extend the preliminary findings of 
Greenspan and Weissman (1985), Buchman and Berg 
(1988), and Ryu (1989), we first constructed pTK~I- 
(-)2( - ) and pTKI31(+)2( + ), plasmids into which the 
HSV-TK nucleotide residues 59-1238 (relative to the 
transcription initiation site)(McKnight et al. 1981) were 
inserted in the sense orientation into a complete cDNA 
and genomic version, respectively, of the human 
~-globin gene (Fig. 1A). The genomic version of the hy- 
brid gene served as a control for message stability in the 
cytoplasm. Because the mature mRNAs generated from 
these plasmids are identical in primary structure, they 
should have identical half-lives in the cytoplasm unless 
processing via alternative pathways in the nucleus af- 
fects the location or association with ribonuclear pro- 
teins in the cytoplasm. Therefore, we assumed that the 
ratio of TK-globin chimeric RNA accumulated in the 
cytoplasm of cells transfected in parallel with the cDNA 
relative to the genomic version of a hybrid gene provides 
a reasonable indication as to the effectiveness of the 
HSV-TK sequence in allowing intron-independent gene 
expression. 

These plasmids were cotransfected in parallel into 
monkey cells along with pRSV-Tori, a plasmid encoding 
the SV40 large T antigen (Ryu 1989; Yu et al. 1991). The 
presence of the latter plasmid results in replication of the 
test plasmid to high copy number, making structural and 
quantitative analysis of the accumulated ~-globin-like 
RNAs easy to perform by quantitative S 1 nuclease map- 
ping techniques (Ryu 1989; Yu et al. 1991; Liu and Mertz 
1993). As negative and positive controls, we also trans- 
fected in parallel the plasmids p B I ( - ) 2 ( - )  and 
p~l( + )2( + ), which contain eDNA and genomic versions 
of the human ~-globin gene, respectively. The amounts 
of cytoplasmic and nuclear globin-like RNA accumu- 
lated in cells transfected with each plasmid were deter- 
mined relative to the amounts accumulated in 
p~l(+)2(+)-transfected cells (Fig. 1B; summarized in 
Fig. 1A). 
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Figure 1. Presence of HSV-TK sequences 
in cis can obviate the intron requirement 
for the processing of human 13-globin tran- 
scripts. (A) Structures of plasmids contain- 
ing an insertion of the transcribed region 
of the HSV-TK gene into the 5'-untrans- 
lated region of the human 13-globin gene, 
and a summary of the data obtained with 
them. Only the transcribed region of each 
gene is shown. The remainder of each plas- 
mid is identical in sequence and described 
in detail elsewhere (Ryu 1989; Yu et al. 
1991). {Shaded boxes) Human [3-globin 
exon sequences; (open boxes) human 
[3-globin intron sequences; (hatched boxes) 
sequences from the transcribed region of 
the HSV-TK gene. Numbers at the ends of 
the hatched boxes denote endpoints of the 
HSV-TK sequence inserted, in nucleotides 
relative to the HSV-TK gene's transcrip- 
tion initiation site. (B) BarnHI; (N) NcoI; 
(E) EcoRI. The first column on the nght 
indicates the amount of 13-globin-like 
RNA present in the nucleus of cells trans- 
fected with each plasmid, relative to the 
amount accumulated in cells transfected 
in parallel with pl31( +)2( + ). The second 
column indicates the amount of 13-globin- 
like RNA accumulated in the cytoplasm 
of these same cells relative to that accu- 
mulated in the p~l(+)2(+)-transfected 
cells. The last column on the right indi- 
cates the amount of [3-globin-like RNA 
present in the cytoplasm of cells trans- 
fected with the plasmid containing the cDNA version of the gene, relative to the amount accumulated in cells transfected in parallel 
with the plasmid containing the corresponding genomic version of this gene, with normalization to the relative amounts of ( 1 ) cellular 
[3-actin present in the same RNA samples, and (2} replicated [3-globin-encoding plasmid DNA present in the nuclear samples obtained 
from these cells (data not shown). These data are means --+S.E.M. from two experiments and were obtained from gels similar to the one 
shown in B. (B) Autoradiograph of quantitative S1 nuclease mapping analysis of the human B-globin-like RNAs accumulated in the 
nucleus and cytoplasm of cells transfected with the plasmids shown in A. Each of the globin-encoding plasmids was cotransfected into 
CV-1PD cells along with the SV40 large T antigen-encoding plasmid pRSV-Tori (Ryu 1989). The nuclear (N) and cytoplasmic (C) RNAs 
were harvested 48 hr later and analyzed by concurrent S 1 nuclease mapping with the 5'-end-labeled globin- and actin-specific probes 
shown in C and D, respectively. The DNA fragments resulting from protection with the globin and actin RNAs are indicated by the 
arrows. (M) Markers of MspI-cut pBR322 DNA. (C) Schematic diagram of the human f~-globin probe, described previously {Ryu 1989; 
Yu et al. 1991), used in the S1 nuclease mapping analysis shown in B. The sizes of the DNA fragments resulting from protection by 
hybridization with the corresponding RNAs are indicated. The human [3-globin probe was 5'-end-labeled at the BamHI site; the wavy 
line indicates the discontinuity between the probe and the globin RNA. Abbreviations are as described in A. (D) Schematic diagram 
of the cellular B-actin probe, described previously (Ryu 1989; Yu et al. 1991}, used as an internal control in the S l nuclease mapping 
experiment shown in B. The actin probe was 5'-end-labeled at the RsaI site. This probe has pBR322 sequences, indicated by wavy line, 
adjacent to the SalI site of the [3-actin gene. 

As expected, l i t t le  if any RNA synthes ized  from the 
cDNA vers ion of the gene was detectable  in the cyto- 
p lasm (Fig. 1B, lanes 2,3). On  the o ther  hand,  RNA syn- 
thesized f rom the  genomic  vers ion accumula ted  to h igh 
levels (Fig. 1B, lanes 4,5). Inser t ion  of sequences from the 
HSV-TK gene in to  the 5 ' -un t rans la ted  region of the hu- 
m a n  13-globin c D N A  also enabled high-level  accumula-  
t ion  of g lobin- l ike  RNA in the cytoplasm.  In sharp con- 
trast  to the  > 100-fold difference in cy top lasmic  accumu-  
la t ion  observed be tween  cells t ransfected w i th  
p[31( - )2( - ) versus p[31( + )2( + ), only  a two- to threefold 
difference was observed be tween  cells t ransfected w i th  

pTKI31(- )2( -}  vs. pTK[31(+)2(+)(Fig .  1B, lanes 6-9; 
summar ized  in Fig. 1A). Therefore,  sequences  con ta ined  
w i th in  the t ranscribed region of the HSV-TK gene can 
enable efficient processing and cy top lasmic  accumula-  
t ion  of in t ronless  ch imer ic  TK-g lob in  RNAs. 

Localization of an HSV-TK sequence dement  
mediating intron-independent gene expression 

To look for a positive,  cis-acting sequence e l e m e n t  in 
the HSV-TK gene tha t  m igh t  enable  in t ron- indepen-  
dent  expression of the  h u m a n  [3-globin gene, we made  a 
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series of TK-deleted variants of p T K ~ I ( - ) 2 ( - )  and 
pTK~I( + )2(+) (Table 1; Fig. 2A). Each of these plasmids 
contains a portion of the transcribed region of the HSV- 
TK gene inserted at the NcoI site in the 5'-untranslated 
region of either the eDNA or genomic version of the 
human ~-globin gene. The relative amounts of the TK- 
globin chimeric RNAs accumulated in cells transfected 
with each of these plasmids were determined as de- 
scribed above (Figs. 2B, C; summarized in Fig. 2A). Dif- 
ferent HSV-TK sequences were found to differ signifi- 
cantly in their ability to enable cytoplasmic accumula- 
tion of globin-like RNA in the absence of introns. For 
example, whereas the presence of HSV-TK nucleotides 
338-752 increased cytoplasmic accumulation of globin- 
like RNA from intronless transcripts at least 30-fold (Fig. 
2B, lane 5), the presence of HSV-TK nucleotides 442-752 
had little effect (Fig. 2B, lane 9). Thus, a sequence con- 
tained, at least in part, within HSV-TK nucleotides 338- 
442 can provide in cis an element necessary for efficient 
pre-mRNA processing. 

To delineate further the region of the HSV-TK gene 
that contains this element, we constructed additional 
plasmids containing insertions of smaller and smaller 
portions of the nucleotide 338-752 region of the HSV- 
TK gene (Fig. 2A). Analysis of the globin-like RNAs ac- 
cumulated in cells transfected with these plasmids indi- 
cated that the presence of HSV-TK nucleotides 361--479 
is sufficient to enable significant cytoplasmic accumu- 
lation of globin-like RNA (Fig. 2C, lanes 7-10). However, 
the presence of nucleotides 411--479 is not sufficient 
(Fig. 2C, lanes 11-14). Therefore, nucleotides 361--479 of 
the HSV-TK gene contain a positive, cis-acting sequence 
element that enables intron-independent processing of 
f~-globin transcripts, with at least part of this element 
being contained within nucleotides 361-410. We name 

Intton-dependent gene expression 

such sequence elements PPEs, for pre-mRNA processing 
enhancers, because they can substitute for introns in 
providing a function necessary for the efficient process- 
ing and transport of pre-mRNAs. 

HSV-TK PPE enables cytoplasmic accumulation 
of [3-globin RNA in the absence of splicing 

One trivial possibility is that the TK-globin chimeric 
RNA accumulated in the cytoplasm of cells transfected 
with pTK119131(- )2(- ) because the presence of cryptic 
splice sites enabled splicing to occur despite the absence 
of known introns. To test this hypothesis, we performed 
an additional structural analysis of the chimeric RNA 
accumulated in the cytoplasm using a reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) assay 
with primers corresponding to sequences near the 5' and 
3' ends of the RNA (Fig. 3). All of the TK-globin chi- 
meric RNAs accumulated in cells transfected with the 
intronless plasmid pTKl19131(-)2(-) were similar in 
size to the processed TK-globin chimeric RNAs accu- 
mulated in cells transfected with the intron-containing 
plasmid pTKl19131(+)2(+) (Fig. 3, lane 4 vs. 5 ). No 
bands corresponding to cryptically spliced products were 
detected. Neither were discontinuities in the RNA de- 
tected by S1 nuclease mapping with a probe homologous 
to pTK119~1( - )2( - ) (data not shown). S1 mapping with 
a 3'-end-labeled probe homologous to the 3' end of the 
13-globin gene indicated that PPE-containing transcripts 
were cleaved and polyadenylated utilizing the normal 
globin polyadenylation signal (data not shown). There- 
fore, we conclude that the PPE contained within nucle- 
otides 361--479 of the HSV-TK gene can mediate proper 
processing and transport of human B-globin-like tran- 
scripts in the absence of splicing. 

Table 1. Summary of structures of the TK-globin chimeric genes studied here 

Plasmid a HSV-TK nucleotide residues inserted (altered) into globin NcoI site 

p131( + )2( + )b - - ,  

p131{ - )2( - )c 
pTK131( - )2( - ] 
pTK583131{- )2(- ) 
pTK415131(- )2{- ) 
pTK311131(-)2(-) 
pTK142131{- )2(- ) 
pTK119131(- )2(- ) 
pTK69131(- )2{- ) 
pTK38131(- )2(- ) 
pTK119AS131(- )2{- ) 
pTK119X131(- )2(- ) 
p2XTK119131(- )2(- ) 
pTK119LS0131{- )2{ -)  
pTK119LS1131(- )2{ -)  
pTK119LS2131(- )2(- ) 

59-1238 
170--752 
338-752 
442-752 
338-479 
361-479 
411-479 
338-479 (delete 341-444) 
361-479 antisense 
361--479 (438 G ---* A; 433 C ~ G) 
361-479:361-479 (438 G ~ A; 433 C ~ G) 
361-479 (438 G ~ A; 433 C ~ G; 407-419 ATCTACACCACA ---* TAGTAGATCTAGA) a 
361--479 (438 G --~ A; 433 C ~ G; 416-421 ACACAA ~ AGATCT) a 
361-479 (438 G ~ A; 433 C ~ G; 422-427 CACCGC ~ AGATCT) a 

aOnly the eDNA version of each plasmid is shown; the genomic version of each variant, containing IVS 1 and IVS2, was made likewise. 
bp131(+)2(+) is the parental starting plasmid; it contains nucleotide residues -812 through +2156 of the human 13-globin gene, 
including IVS 1 and IVS2. 
Cp131{- )2(- ) is identical to p131( + )2(+) except for the precise deletion of IVS1 and IVS2. 
dA unique BgllI site (5'-AGATCT-3') was introduced into each plasmid during the mutagenesis. 
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Figure 2. Regions of the HSV-TK gene 
differ in their ability to enable intron-inde- 
pendent expression of the human B-globin 
gene. (A) Summary of the structures of the 
plasmids containing different portions of 
the HSV-TK gene inserted into the NcoI 
site of the human B-globin gene and the 
data obtained with them. The schematic 
diagrams indicate the regions of the HSV- 
TK gene inserted into the eDNA and geno- 
mic versions of the human [3-globin gene as 
described in Table 1. The symbols are the 
same as those described in the legend to 
Fig. 1. Only the TK part of the name of each 
plasmid is stated. The column at right in- 
dicates the amount of TK-globin chimeric 
RNA accumulated in the cytoplasm of 
cells transfected in parallel with the cDNA 
vs. corresponding genomic version of each 
pair of plasmids. These data were deter- 
mined as described in the legend to Fig. 1 
from two to four experiments similar to 
the ones shown in B and C. (B,C) Autora- 
diographs of quantitative S1 nuclease map- 
ping analyses of the TK-globin chimeric 
RNAs accumulated in cells transfected in 
parallel with the pairs of plasmids contain- 
ing the TK-globin hybrid genes shown 
in A. 

Also notewor thy  is the fact that  transcripts containing 
both HSV-TK PPE and the globin introns were also prop- 
erly processed, in this case with  efficient excision of the 
introns as well (e.g., Fig. 3, lane 5 vs. 4; Fig. 2C, lane 10). 
Thus, regardless of the presence of introns, primary tran- 
scripts containing this HSV-TK PPE are processed prop- 
erly as well as transported efficiently to the cytoplasm. 

Effect of duplication and orientation 
of the 119-nucleotide HSV-TK sequence element 

Although insertion of HSV-TK nucleotides 361--479 into 
the NcoI site of the human  B-globin gene leads to fairly 
efficient rescue of the defects in processing of intronless 
[3-globin-like transcripts, it enables cytoplasmic accu- 
mulat ion of globin RNA to a level only half of that ob- 
tained when nucleotides 59-1238 are inserted into the 
[3-globin gene (Figs. 1 and 2). One hypothesis to explain 
this finding is that  HSV-TK contains a second PPE that 
cooperates wi th  the one identified here to enable more 
efficient RNA processing. To partially test this hypoth- 
esis, we constructed the plasmids p2xTK119BI( -  )2(-  ) 
and p2xTK119131( + )2( + ), which contain two copies in 
tandem of HSV-TK nucleotides 361--479 inserted at the 
NcoI site of the h u m a n  [3-globin gene (Fig. 4A). Duplica- 
tion of this HSV-TK sequence element resulted in at 

least a twofold increase in cytoplasmic accumulat ion of 
globin-like RNA in the absence of introns (Fig. 4B, lanes 
10-13 vs. 6-9; summarized in Fig. 4A). Thus, two copies 
of this l l9-nucleotide HSV-TK sequence element  can 
function at least additively in permit t ing intron-inde- 
pendent gene expression. The HSV-TK gene probably 
contains a second PPE yet to be mapped (see Discussion). 

To determine whether  this novel sequence element  
functions in an orientation-dependent manner,  we con- 
structed the plasmids p T K l l 9 A S [ 3 1 ( - ) 2 ( - )  and 
pTK119ASBI(+)2(+)  in which HSV-TK nucleotides 
361--479 were inserted at the NcoI site of the h u m a n  
[3-globin gene, but in the antisense orientation (Fig. 4A). 
Whereas cells transfected with  pTK119131( - )2( - ) accu- 
mulated the chimeric RNA efficiently (Fig. 4B, lanes 
6-9), cells transfected with pTK119ASJ31{ - )2( - ) failed 
to do so (Fig. 4B, lanes 14--17; summarized in Fig. 4A). 
Thus, the orientation of this inserted HSV-TK sequence 
element is important,  consistent wi th  its functioning at 
the RNA level. 

Mutations in this PPE that affect its ability 
to mediate intron-independent gene expression 

To identify bases within this l l9-nucleotide HSV-TK 
sequence element required for intron-independent 
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Figure 3. Intronless TK-globin chimeric RNAs accumulate in 
the cytoplasm unspliced. Portions of the cytoplasmic RNA 
samples from the experiments shown in Fig. 1B, lanes 3 and 5, 
and Fig. 2C, lanes 8 and 10, were reverse-transcribed using an 
oligonucleotide primer complementary to a sequence near the 
polyadenylation signal of the human ~-globin gene; afterward, 
the resulting cDNAs were amplified by PCR (lanes 2-5). As 
controls, the plasmid DNAs used in the transfections were 
PCR-amplified in parallel (lanes 6-9). Shown here is a photo- 
graph of an ethidium bromide-stained, 1.5% agarose gel in 
which the PCR products were fractionated by electrophoresis. 
Lanes 1 and 10 contained 1-kb ladder DNA {BRL). 

gene expression, we constructed the plasmids 
pTK119LS0131{- )2{- ), pTK119LS1BI(- )2{-) ,  and 
pTK119LS2131{-)2[-) and their corresponding intron- 

containing versions. These plasmids are derivatives of 
pTK119B1[ - )2{ - ) and pTKl l9BI(  + 12(+ I, respectively, 
into which linker-scanning substi tut ion muta t ions  had 
been introduced into the nucleotide 399-432 region of 
the inserted HSV-TK sequence [Fig. 5A; Table 11. The 
muta t ions  introduced in pTK119LS0f~ 1( -)2(  - ) led to an 
order-of-magnitude reduction in the cytoplasmic accu- 
mulat ion of the chimeric RNA (Fig. 5B, lanes 10-13 vs. 
6-9; summarized in Fig. 5A). On the other hand, those 
mutat ions  introduced in p T K l l 9 L S l l 3 1 ( - ) 2 ( - )  and 
pTK119LS2f~ 1( - )2( - ) still enabled the RNA to accumu- 
late at one-third and two-thirds, respectively, of the lev- 
els obtained with  the unmuta ted  PPE (Fig. 5B, lanes 14-- 
21 vs. 6-9; summarized in Fig. 5A). Thus, we conclude 
that  specific bases wi thin  nucleotides 399-432 of this 
119-nucleotide HSV-TK sequence are important  for PPE 
function. 

A cellular 68-kD protein specifically binds to RNA 
containing this 119-nucleotide HSV-TK sequence 

Pre-mRNAs are usually associated in the nucleus wi th  
distinct sets of hnRNPs.  To look for nuclear factors that  
bind specifically to RNA corresponding to transcripts of 
the l l9-nucleotide HSV-TK sequence element  {i.e., 
rTK119j, we synthesized radiolabeled rTK119 using T7 
polymerase and the plasmid p T 7 / T K l l 9 .  The labeled 
transcripts were purified, incubated wi th  extract made 
from nuclei of HeLa or COS cells, and exposed to UV 
light to cross-link the bound protein to the radiolabeled 
RNA. After digestion of the unprotected RNA wi th  
RNase A, the RNA-pro te in  adducts were resolved by 

Figure 4. Effects of duplication and orientation of the HSV-TK PPE. (A) Summary of the structures of the plasmids containing an 
insertion into the 13-globin gene of HSV-TK nucleotides 361--479 in tandem copies or in the antisense orientation, and the data 
obtained with them. The arrows indicate the orientation of the HSV-TK sequences. {BH} BspHI. All other symbols are the same as 
those described in the legend to Fig. 1. The data summarized at right were obtained as described in the legend to Fig. 1, from two 
experiments similar to the one shown in B. {B) Autoradiographs of the $1 nuclease-protected DNA fragments resulting from an 
experiment performed as described in the legend to Fig. 1, with the plasmids shown in A. 
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Figure 5. Mutations in the HSV-TK PPE 
alter its ability to enable intron-indepen- 
dent expression of the human ~-globin 
gene. (A} Summary of the structures of the 
plasmids containing linker-scanning sub- 
stitution mutations in the inserted 119-nu- 
cleotide HSV-TK sequence element and 
the abilities of these variants to enable in- 
tron-independent gene expression. The 
schematic diagrams at left indicate the se- 
quence of the NruI-XhoI region of the 119- 
nucleotide HSV-TK sequence element 
present in each plasmid; the underlined, 
boldface letters highlight the altered nucle- 
otides. All other symbols are the same as 
those described in the legend to Fig. 1. The 
data summarized at right were obtained as 
described in the legend to Fig. 1, from two 
experiments similar to the one shown in B. 
{B} Autoradiograph of an $1 nuclease map- 
ping analysis of the globin-like RNAs ac- 
cumulated in cells transfected with each of 
the mutant plasmids shown in A. 

A .Exon I, 
...'l~IruIXhoI"., Exon II Exon III 

~w/11~ f - Cytoplasmic 
[ [ accumulation 

lIL~J~/~Wl ~ [ i (cDNA/genomic) 

399 432 
TKll9X 5'-TCGCGAACATCTACACCACACAACACCGCCTCGA-3' 0 .20 + 0.04 
TKll9LS0 5'-TCGCGAACTAGTAfiATCTAGAAACACCGCCTCGA-Y 0.027 +0.006 
TKII9LS1 5'-TCGCGAACATCTACACCAGATCTCACCGCCTCGA-3' 0.06 ---0.03 
TKll9LS2 5'-TCGCGAACATCTACACCACACAAAGATCTCTCGA-3' 0.13 -+0.04 

SDS-PAGE {Fig. 6A}. Several prote ins  were  found to 
cross- l ink w i t h  rTK119. However ,  on ly  the  b inding  of 
the  ~ 6 8 - k D  prote in  was competed  in a sequence-specif ic  
m a n n e r  (Fig. 6B}. The  i n t e n s i t y  of the o ther  abundan t ly  

cross- l inked factor, corresponding to a pro te in  ~ 3 4  kD in  
size, varied be tween  exper imen t s  (e.g., Fig. 6A, lane  2 vs. 
6B, lane 1} and cell extracts  (Fig. 6A, lane 2 vs. 3}. Qu i t e  
l ikely,  th is  la t ter  band corresponds to a pro teo ly t ic  prod- 

Figure 6. A cellular 68-kD protein specif- 
ically binds to rTK119. (A) Autoradiograph 
of SDS-PAGE analysis of the proteins that 
UV-cross-link with rTKllg.  Full-length, 
S2p-labeled rTK119 was prepared and incu- 
bated with 5--10 vLg of HeLa (lane 2) or 
COS (lane 3) cell nuclear extract and ex- 
posed to UV irradiation as described in 
Materials and methods. After digestion 
with RNase A, the proteins were dena- 
tured and fractionated by electrophoresis 
in an SDS-12% polyacrylamide gel. Lane 1 
contained 14C-labeled Rainbow markers 
{Amershaml. {B} Autoradiograph of com- 
petition UV-cross-linking experiment per- 
formed to determine the sequence speci- 
ficity of the protein-rTK119 binding reac- 
tions. HeLa cell nuclear extract was 
preincubated with the indicated relative 

A B Specific competitor Non-specific competitor 

rTKll9 p~19 

200 kDa---- 

92.5 kDa 
69 kDa 

46 kDa-- 

30 kDa--- 

21.5 kDa- -  i 

"--68 kDa__ 

1 2 3 4 1 2 3 4 5 6 7 8 9 10 

molar quantities of unlabeled, specific (rTK 119i lanes 1-5) or nonspecific (pa 191 lanes 6-10) competitor RNA prior to incubation with 
radiolabeled rTK119 and processing as described in A. The nonspecific competitor RNA, pod9, is a 58-nucleotide RNA synthesized 
with T7 RNA polymerase from the polylinker region of the cloning vector pT3/T7al9 (Gillis and Malter 19911 BRL}. 

1772 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on April 28, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Figure 7. Binding of the 68-kD protein correlates with PPE 
function. (A} Schematic diagram of the plasmids, with linker- 
scanning substitution mutations in the PPE, used to synthesize 
the radiolabeled rTK119, rTKll9LS0, rTKll9LS1, and 
rTK119LS2 RNAs and a summary of the UV-cross-linking data 
obtained with these RNAs. The sequence alterations present in 
these plasmids correspond to the ones shown in Fig. 5A. The 
second column indicates the binding of the 68-kD protein to 
each of these RNAs relative to its binding to rTK119 as deter- 
mined by quantitative analysis with a PhosphorImager of two 
independent experiments similar to the one shown in B. The 
last column is taken from the data in Fig. 5. (B) Autoradiograph 
of UV-cross-linking assays performed with the RNAs synthe- 
sized from the plasmids shown in A. {Lanes 1--4) Presence of 
nuclear extract from HeLa cells; {lanes 5-8) absence of nuclear 
extract. (C) Differential binding of the 68-kD protein to intron- 
less B-globin transcripts containing {lane I) or lacking {lane 2) 
HSV-TK nucleotides 361-479. Full-length, s2P-labeled rTK 119- 
globin, globin, and rTK119 RNAs were synthesized by in vitro 
transcription of plasmids pT7/TK119131(-)2(-), pT7/[31- 
(-)2(-), and pT7/TK119, respectively. Each RNA was incu- 
bated with 5 ~g of HeLa cell nuclear extract in the presence of 
400 ng of nonspecific competitor RNA pot 19. UV-cross-linking 
was performed as described in the legend to Fig. 6. 

uct of the 68-kD protein or a nonspecific cross-linking 
product. 

Binding of this 68-kD protein to rTK119 correlates 
with the ability of this PPE to enable cytoplasmic 
accumulation of m R N A  in vivo 

UV--cross-linking analysis performed with deleted vari- 
ants of rTKl l9  indicated that the region of this RNA 

Intron-dependent gene expression 

critical for efficient in vitro binding of the 68-kD protein 
is located around nucleotides 387-419 (Liu 1994). This 
same region is also essential for the functioning of this 
element in vivo (Fig. 2C, lanes 11,12,15,16; summarized 
in Fig. 2A). To further assess the biological importance of 
the binding of the 68-kD protein to rTK119, we exam- 
ined whether binding of this protein to RNAs containing 
alterations in this sequence (Fig. 7) correlated with the 
previously determined abilities of these sequences to 
enable intron-independent gene expression (Fig. 5). 
To assay for binding, we first constructed the plasmids 
pT7/TKllgLS0, pT7/TKllgLS1, and pT7/TKllgLS2 
(Fig. 7A). These plasmids are identical in sequence 
to pT7/TK119 except for the replacement of the NruI- 
XhoI region with the corresponding region from plas- 
mids pTK119LSOBI(- )2(- ), pTK119LS1 [31(- )2(- ), and 
pTK119LS2131(- )2(- ), respectively (Fig. 5A). These plas- 
mid DNAs were cleaved with NcoI and transcribed with 
T7 RNA polymerase in parallel reactions to make 
rTK119, rTK119LS0, rTK119LS1, and rTK119LS2 radio- 
labeled to similar specific activities. Identical amounts 
of each RNA were incubated with equal amounts of 
HeLa cell nuclear extract and processed as in the UV-  
cross-linking experiments described above. The relative 
abilities of these RNAs to bind the 68-kD protein were 
determined by quantitative analysis of the relative in- 
tensities of the RNA-protein adducts (Fig. 7B). These 
data (summarized in Fig. 7A) indicate that the efficien- 
ties with which these mutant  RNAs bind the 68-kD pro- 
tein correlate well with their abilities to enable cytoplas- 
mic accumulation of intronless globin-like RNA. 

If sequence-specific binding of the 68-kD protein to 
rTK119 is responsible for enabling proper processing and 
cytoplasmic accumulation of intronless TKll9-globin 
chimeric transcripts, this protein would be expected to 
bind transcripts synthesized from pTK119[31(-)2{- ) but 
not ones synthesized from p B l ( -  )2(- ). To test this hy- 
pothesis, radiolabeled RNAs corresponding to these tran- 
scripts were synthesized with T7 RNA polymerase, in- 
cubated with HeLa cell nuclear extract in the presence of 
the nonspecific competitor RNA p~19, and exposed to 
UV light as described above (Fig. 7C). Whereas tran- 
scripts containing this l lg-nucleotide HSV-TK se- 
quence specifically cross-linked with the 68-kD protein 
in vitro (Fig. 7C, lane 1), the intronless [3-globin tran- 
scripts did not (Fig. 7C, lane 2). These data indicate that 
the pre-mRNAs synthesized from p B l ( - ) 2 ( - )  and 
pTK 119[31 ( - )2( - ) are differentially bound by the 68-kD 
protein, with the presence of the 119-nucleotide HSV- 
TK sequence being responsible for this difference. Thus, 
we conclude that binding of this cellular 68-kD protein 
to this RNA sequence element probably plays an impor- 
tant role in the proper processing and transport of these 
intronless transcripts. 

hnRNP L is the 68-kD cellular protein that binds 
sequence specifically to this HSV-TK PPE 

hnRNP K and hnRNP L are two RNA-binding proteins 
- 6 8  kD in size (Pifiol-Roma et al. 1988; Matunis et al. 
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Figure 8. The cellular 68-kD protein that 
specifically binds the HSV-TK PPE is im- 
munologically related to hnRNP L. (A) Au- 
toradiograph of an 8 M urea/6% polyacryl- 
amide gel indicating the quality and rela- 
tive specific activities of the radiolabeled 
RNAs used in the UV-cross-linking exper- 
iment shown in B. (M) Markers of MspI-cut 
pBR322 DNA. rPsp72 is a 97-nucleotide 
RNA synthesized with T7 RNA polymer- 
ase from the polylinker region of the clon- 
ing vector Psp72 (Promega). (B) Autoradio- 
graph of an SDS-12% polyacrylamide gel 
of the UV-cross-linked proteins immuno- 
precipitated with mouse preimmune se- 
rum {lane 2) or antisera specific to hnRNP 
K (3C2 and 12 G4; lanes 3 and 4, respec- 
tively) or hnRNP L (4D11; lanes 5-9). UV- 
cross-linking and immunoprecipitation as- 
says were carried out as described in Mate- 
rials and methods. {Lane 1) Rainbow 
protein markers (Amersham). 

1992). To determine whether  the 68-kD cellular protein 
identified above might  be one of these proteins, we per- 
formed UV-cross- l inking assays followed by immuno-  
precipitation with  appropriate specific antisera (generous 
gifts from the laboratory of G. Dreyfuss, Universi ty of 
Pennsylvania School of Medicine, Philadelphia). The 68- 
kD protein that  cross-linked with  rTK119 was immuno-  
precipitated wi th  an ant i -hnRNP L-specific serum but 
not wi th  a p re immune  serum or two ant i -hnRNP K-spe- 
cific sera (Fig. 8B, lane 5 vs. 2-4). To confirm the speci- 
ficity of this binding reaction, we also performed U V -  
cross-linking immunoprecipi ta t ion assays with  the mu- 
tant  RNAs described above. As expected, the relative 
amounts  of radiolabeled 68-kD material  immunoprecip-  
itated with  the hnRNP L-specific ant iserum were similar 
to the relative amounts  detected above by cross-linking 
alone (Fig. 8B, lanes 5-8 vs. Fig. 7B, lanes 1-4). Thus, the 
68-kD cellular protein cross-linked to the rTK119 is im- 
munologically related to hnRNP L. 

To prove that  this 68-kD protein is hnRNP L, we re- 

peated the RNA UV-cross-l inking assays wi th  recombi- 
nant  hnRNP L synthesized in a reticulocyte lysate. As 
expected, in vitro-synthesized hnRNP L cross-linked 
with  r T K l l 9  (Fig. 9, lane 1). Furthermore, the relative 
efficiencies of cross-linking of this recombinant  protein 
with  the various mutan t  and control RNAs (data not 
shown) were found to be very similar to those observed 
with the 68-kD protein present in the nuclear extract 
(Fig. 7). 

To confirm the specificity of this interaction, we also 
performed competi t ion UV-cross-l inking assays wi th  ra- 
diolabeled rTK119 and various amounts  of unlabeled 
rTK119, rTK119LS0, rTKll9LS1,  rTKll9LS2,  rPsp72, 
and pox19. Once again, the data obtained from this exper- 
iment  (Fig. 9) were consistent wi th  the direct UV-cross-  
linking experiments described above (Figs. 7 and 8), and 
a good correlation was found between the ability of an 
RNA to compete for binding recombinant  hnRNP L and 
its ability to function as a PPE. Thus, we conclude that  
the sequence-specific binding of the cellular 68-kD pro- 

Figure 9. Relative abilities of mutants in the HSV-TK PPE to compete for binding recombinant hnRNP L. Shown here are autora- 
diographs of UV-cross-linking competition assays. Various amounts (4, 20, 100, 500 ng) of the indicated unlabeled RNAs as compet- 
itors were incubated with radiolabeled rTK119 in the presence of recombinant hnRNP L synthesized in a reticulocyte lysate and 
exposed to UV light prior to electrophoresis in SDS-10% polyacrylamide gels. 
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tein hnRNP L to the PPE contained within HSV-TK nu- 
cleotides 361-479 probably plays a role in the intron- 
independent processing and transport of the globin-like 
transcripts studied here. 

Discussion 

We have shown here that the transcribed region of the 
naturally intronless HSV-TK gene contains at least one 
positive, cis-acting sequence element that can enable the 
proper processing and transport of transcripts synthe- 
sized from an intronless variant of the highly intron- 
dependent human B-globin gene. We have (1) localized to 
a 119-bp region a sequence that can mediate this effect 
(Fig. 2), (2) shown that this novel sequence element truly 
enables cytoplasmic accumulation of mRNAs in the ab- 
sence of splicing (Fig. 3), (3) provided evidence that this 
sequence probably functions at the RNA level (Fig. 4), (4) 
demonstrated that it functions in an orientation-depen- 
dent manner (Fig. 4), and (5) shown that this element 
functions more efficiently when present in more than 
one copy (Fig. 4). We named sequence elements with this 
novel set of properties PPEs. We went on to show that 
hnRNP L, an abundant 68-kD cellular protein of previ- 
ously unknown function, binds in a sequence-specific 
manner to transcripts containing this HSV-TK PPE 
(Figs. 6-9), with binding of hnRNP L to this PPE corre- 
lating with the ability of this PPE to enable intron-inde- 
pendent cytoplasmic accumulation of mRNA (Figs. 5, 7, 
8, and 9). Therefore, we conclude that this specific pro- 
tein-RNA interaction can play an important role in me- 
diating proper processing and nuclear export of intron- 
less pre-mRNAs. 

A sequence element contained within the HSV-TK 
gen e can media te in tron-in depen den t gen e expression 

Insertion of most of the transcribed region of the HSV- 
TK gene can, in large part, relieve the requirement for an 
intron for efficient cytoplasmic accumulation of intron- 
less human B-globin transcripts (Fig. 1). Our deletion 
mapping data (Fig. 2) indicated that an element con- 
tained within nucleotides 361--479 (relative to the tran- 
scription initiation site) of the HSV-TK gene can par- 
tially provide this function. Greenspan and Weissman 
(1985) and Buchman and Berg (1988) had noted previ- 
ously that nonoverlapping sequences transcribed from 
the HSV-TK gene can accumulate in mammalian cells 
in the absence of intron excision. The simplest interpre- 
tation of their data was that intronless HSV-TK tran- 
scripts lack negative, cis-acting sequence elements that 
prevent nuclear export in the absence of splicing. In view 
of the findings presented here, we now reinterpret their 
data to indicate instead that the HSV-TK gene probably 
contains at least two functionally similar sequence ele- 
ments. Consistent with this conclusion are our observa- 
tions that (1) the HSV-TK sequence element mapped 
here functions with approximately one-half the effi- 
ciency that the full-length HSV-TK gene does (Fig. 1 vs. 

Fig. 2), and (2) insertion of two copies of this sequence 
element results in a twofold increase in the cytoplasmic 
accumulation of intronless transcripts (Fig. 4). Thus, we 
hypothesize that two or more copies of this element may 
act in a cooperative or additive manner to enhance the 
efficiency of processing and nuclear export of pre- 
mRNAs. 

Pre-mRNAs differ considerably in their requirement 
for an intron for efficient processing. Introns are abso- 
lutely required for expression of the human B-globin 
(Ryu 1989; Collis et al. 1990), rabbit ~-globin (Buchman 
and Berg 1988), human PNP (Jonsson et al. 1992), and 
human TPI (Nesic et al. 1993) genes. On the other hand, 
some naturally intron-containing genes [i.e., those en- 
coding polyoma middle T antigen (Treisman et al. 1981) 
and cellular thymidine kinase (Gross et al. 1987)] appear 
to be considerably less dependent on the presence of in- 
trons for processing of their transcripts. Possibly, pre- 
mRNAs differ in their efficiencies of processing in the 
absence of splicing because of differences in (1) the num- 
bers and relative effectiveness of their PPEs, and (2) the 
abundances and specific activities in the cell of the 
trans-acting factors that recognize these PPEs. 

Several families of viruses have been shown to contain 
cis-acting sequence elements that enable efficient cyto- 
plasmic accumulation of their own transcripts in the ab- 
sence of splicing. These viruses include human immu- 
nodeficiency virus (HIV) (Rosen et al. 1988; Hadzopou- 
lou-Cladaras et al. 1989; Malim et al. 1989), Mason- 
Pfizer monkey virus (Bray et al. 1994), and hepatitis B 
virus (Huang and Liang 1993; Huang and Yen 1994). In 
the case of HIV, the trans-acting factor, Rev, which rec- 
ognizes the cis-acting Rev response element (RRE), is 
vitally encoded (Cullen et al. 1988; Emerman et al. 1989; 
Felber et al. 1989; Hammarskjold et al. 1989; Malim et 
al. 1989). Interestingly, sequences contained within the 
transcribed region of the naturally intronless cellular 
gene c-jun can also enable intron-independent gene ex- 
pression (X. Liu and J.E. Mertz, unpubl.). Thus, cellular 
as well as viral genes contain sequence elements that 
enable processing and transport of mRNA in the absence 
of splicing. It will be of interest to determine whether 
these elements are functionally and/or biochemicaUy 
analogous to the HSV-TK PPE identified here. Quite 
likely, efficient processing and nuclear export of pre- 
mRNAs in the absence of splicing in higher eukaryotes 
require the presence of sequence elements functionally 
analogous to the one identified here. However, these dif- 
ferent sequence elements may well fall into classes rec- 
ognized by different trans-acting factors that direct tran- 
scripts containing them to different RNA processing 
pathways. 

Role of HSV-TK PPE in intron-independent gene 
expression 

Much evidence indicates that the requirement of introns 
for the efficient expression of intron-dependent genes is 
post-transcriptional in nature {Gruss et al. 1979; Hamer 
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and Leder 1979; Buchman and Berg 1988; Ryu and Mertz 
1989; Collis et al. 1990; Huang and Gorman 1990; Nesic 
et al. 1993). The HSV-TK PPE identified here probably 
also acts post-transcriptionally. First, the presence of 
this element in an intron-containing gene has little ef- 
fect on cytoplasmic accumulation of the resulting 
mRNA (e.g., Fig. 2C, lane 10 vs. 2). Second, the function- 
ing of this element is orientation dependent (Fig. 4). 
Third, transcripts containing this sequence specifically 
interact with a 68-kD protein present in nuclear extracts 
(Fig. 6). Fourth, a good correlation exists between the 
binding of this 68-kD protein, hnRNP L, to this RNA 
element and the latter's ability to function in vivo (Figs. 
5-91. 

Transcripts synthesized from intronless variants of in- 
tron-requiring genes are retained in the nucleus, where 
they are degraded (Fig. 1; Ryu and Mertz 1989; Collis et 
al. 1990; Huang and Gorman 1990, and references cited 
therein). One hypothesis to explain nuclear retention is 
that specific sequence elements present in transcripts 
prevent nucleocytoplasmic transport by binding proteins 
restricted to the nucleus. Splicing signals are obvious 
candidates for such elements. Another cis-acting se- 
quence element responsible for nuclear retention of pre- 
mRNAs has been identified in HW (Brighty and Rosen- 
berg 1994). Nuclear retention can then be overcome by 
the interactions of trans-acting factors that enable nu- 
clear export (e.g., the HIV-encoded protein Rev) with spe- 
cific cis-acting sequences present in these transcripts 
(e.g., RRE). Therefore, specific RNA sequence elements 
exist that can either positively or negatively regulate nu- 
clear export of mRNAs. 

One plausible hypothesis is that hnRNP L and the 
HSV-TK PPE identified here function analogously to 
Rev and RRE, respectively, possibly increasing the kinet- 
ics of nuclear export. If so, these factors might enable 
mRNAs to reach the cytoplasm still containing introns 
if these introns are excised slowly, but not if they are 
excised quickly. Thus, it is noteworthy that transcripts 
containing both the HSV=TK PPE identified here and 
globin IVS2, an intron that is excised quickly {Lang et al. 
1985), accumulate in the cytoplasm lacking both introns 
WS1 and IVS2 (Fig. 3, lane 5). On the other hand, a sig- 
nificant percentage of transcripts containing this same 
PPE and only globin IVS1, an intron that is excised 
slowly in the absence of IVS2 {Lang et al. 1985), arrives 
and accumulates in the cytoplasm still retaining this in- 
tron (Greenspan and Weissman 1985). Likewise, the re- 
tention of introns in retroviral transcripts may be a con- 
sequence of the kinetics of nuclear export being faster 
than the kinetics of excision of these weak introns when 
PPE-like elements are present. 

In the presence of the HSV-TK PPE identified here, 
intronless globin-like transcripts are both stabilized in 
the nucleus and exported to the cytoplasm (Fig. 1B}. 
However, stabilization of RNA in the nucleus need not 
imply nucleocytoplasmic transport. For example, un- 
spliced HIV transcripts are stabilized, yet restricted to 
the nuclei of COS cells in the absence of Rev (Cullen et 
al. 1988; Emerman et al. 1989; Felber et al. 1989; Ham- 
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marskjold et al. 1989; Malim et al. 1989). In human T 
cells, these same transcripts are degraded (Malim and 
Cullen 1993). The presence of Rev not only enables the 
nucleocytoplasmic transport of unspliced viral mRNAs 
but also acts to stabilize these mRNAs in T cell nuclei. 
The mechanism of nuclear stabilization remains un- 
clear. Lu et al. (1990) have shown that the presence of the 
Tat/Rev 5' splice site is essential for the nuclear stability 
of unspliced transcripts of HIV. We have noted that nu- 
cleotides 435-443 (AGGIGUGAGA) of the HSV-TK PPE 
share significant homology with the 5' splice site con- 
sensus sequence. However, (1) a nucleotide-438 
(GT-->AT) point mutation, predicted to inactivate this 
putative splice site-like sequence, does not affect its 
function (Fig. 2C, lanes 7 and 8 vs. Fig. 5B, lanes 6 and 7), 
and {2} transcripts synthesized from pTK69~l{-)2(-)  
contain this sequence yet fail to accumulate in the cy- 
toplasm (Fig. 2C, lanes 11,12). Therefore, this HSV-TK 
PPE functions independently of this putative 5' splice 
sequence. Thus, we conclude that interaction of this 
HSV-TK PPE sequence with hnRNP L is probably di- 
rectly or indirectly responsible for nuclear stabilization 
of the intronless TK-globin transcripts. 

One plausible hypothesis is that stabilization and nu- 
clear export are consequences of proper 3'-end forma- 
tion. The presence of introns has been shown to stimu- 
late cleavage and polyadenylation of many pre-mRNAs 
in vitro (Niwa et al. 1990; Niwa and Berget 1991) and in 
vivo (Collis et al. 1990; Pandey et al. 1990; Chiou et al. 
1991; Liu 1994; Nesic and Maquat 1994}. Transport of 
intronless histone transcripts is stimulated by proper 3'- 
end formation {Eckner et al. 1991). We find that the pres- 
ence of this HSV-TK PPE in intronless ~-globin tran- 
scripts leads to a significant increase in the accumula- 
tion of polyadenylated ~-globin-like RNA (X. Liu and J.E. 
Mertz, unpubl.). Thus, this HSV-TK PPE might function 
directly or indirectly to facilitate 3'-end formation. 

RNA-protein interactions in pre-mRNA processing 

Nascent transcripts rapidly associate with hnRNP pro- 
teins and small nuclear ribonucleoproteins (snRNPs) in a 
sequence-specific manner {Bennett et al. 1992; Dreyfuss 
et al. 1993; Matunis et al. 1993). The specific arrange- 
ment of hnRNPs on a transcript is likely an important 
determinant of the subsequent steps in mRNA biogene- 
sis and transport. For example, Swanson and Dreyfuss 
(1988) have shown that the major hnRNP proteins A1, C, 
and D bind specifically to the 3' ends of the introns of 
human ~-globin pre-mRNA; however, no specific, high- 
affinity binding sites for these proteins exist on intron- 
less globin RNAs. Using a UV-cross-linking assay, we 
observed only one significant difference in the pattern of 
proteins bound to the intronless ~-globin transcripts 
containing the 119-nucleotide HSV-TK sequence versus 
transcripts lacking it, that is, the presence of a band cor- 
responding to a protein 68 kD in size {Fig. 7C). Immu- 
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noprecipitation wi th  an ant i -hnRNP L-specific serum 
(Fig. 8} and direct UV-cross-l inking experiments wi th  
recombinant  hnRNP L (Fig. 9) indicated that the 68-kD 
protein is hnRNP L. Binding of hnRNP L to the tran- 
script was found to correlate wi th  efficient processing 
and transport of the RNA (Figs. 5, 8, and 9). Thus, we 
conclude that the binding of hnRNP L probably plays an 
important  role in the proper processing and transport of 
intronless h u m a n  B-globin m R N A  containing this HSV- 
TK PPE. 

Several hnRNP proteins have been shown to bind 
RNA in a sequence-specific manner.  For example, 
hnRNP A1 binds to 5' splice site-like sequences (Burd 
and Dreyfuss 1994), hnRNP I binds to polypyrimidine 
tract sequences (Garcia-Blanco et al. 1989; Patton et al. 
1991; Bennett et al. 1992; Ghett i  et al. 1992), and hnRNP 
K has a high affinity for poly(C)-rich sequences (Swanson 
and Dreyfuss 1988; Matunis  et al. 1992). Specific R N A -  
protein interactions often regulate important  steps in 
pre-mRNA processing. By mutat ional  analysis, we 
showed here that hnRNP L binds to RNA with  high se- 
quence specificity. HnRNP L is an abundant  nuclear pro- 
tein found in association wi th  some of the nascent tran- 
scripts observed in the giant loops of lampbrush chromo- 
somes of amphib ian  oocytes (Pifiol-Roma et al. 1989). At 
least some of the hnRNP L present in cells exists free 
from association wi th  previously defined hnRNP com- 
plexes (Pifiol-Roma et al. 1989). The precise function of 
hnRNP L is not yet known. One possibili ty is that 
hnRNP L functions to shutt le RNAs between the nu- 
cleus and cytoplasm, much  as hnRNP A1 has been 
shown to do (Pifiol-Roma and Dreyfuss 1992). A second 
possibili ty is that the binding of this protein helps to 
ensure the formation of ribonucleoprotein complexes on 
the nascent transcripts, thereby protecting the RNAs 
from degradation in the nucleus and, consequently, al- 
lowing the RNAs to be efficiently processed and ex- 
ported to the cytoplasm. A third and not mutua l ly  ex- 
clusive possibil i ty is that binding of hnRNP L may  facil- 
itate recrui tment  to the RNA of other hnRNP proteins 
that, subsequently, funct ion in other steps in pre-mRNA 
processing (e.g., polyadenylation) and transport to the cy- 
toplasm. 

Intron-dependent  vs. intron-independent  gene 
expression 

We have shown here that a specific sequence element  
present in the transcribed region of an intronless gene, 
the HSV-TK gene, can obviate the intron requirement  
for expression of a highly intron-dependent gene, the hu- 
man [3-globin gene. Prel iminary data indicate that this 
HSV-TK PPE can also enable expression of an intronless 
variant of another highly intron-dependent gene, the 
PNP gene (Liu 1994). Thus, this PPE enables intron-in- 
dependent processing of several, if not all, pre-mRNAs. 
In addition, pre l iminary data indicate that the intronless 
cellular gene c-jun probably also contains at least one 
sequence e lement  wi th  a comparable function (X. Liu 
and J.E. Mertz, unpubl.). Thus, we speculate that many, 

if not all, intronless cellular and viral genes contain func- 
t ionally comparable sequence elements.  

One problem encountered frequently in trying to effi- 
ciently express genes in m a m m a l i a n  cells in vitro or in 
vivo is very poor expression of the cDNA version of the 
gene of interest. Possibly, the inclusion in expression 
vectors of PPEs, such as the one identified here, may  
enable one to readily achieve efficient expression of in- 
tron-dependent genes in the absence of splicing for use in 
(1) gene therapy, {2) the manufacture  of proteins, and (3) 
basic and applied research. 

In summary,  we have identified a novel sequence ele- 
ment,  called a PPE, that enables cytoplasmic accumula- 
tion of mRNAs in the absence of splicing. The HSV-TK 
PPE mapped here interacts wi th  hnRNP L in a highly 
sequence-specific manner.  This  specific RNA-prote in  
interaction probably plays an important  role in the abil- 
ity of this PPE to enable intron-independent gene expres- 
sion. 

Mater ia l s  and m e t h o d s  

Cells, transfections, and nuclear extracts 

The African green monkey kidney cell line CV-1PD was grown 
in Dulbecco's modified Eagle medium (DMEM) supplemented 
with 5% fetal bovine serum as described previously {Good et al. 
1988). Cotransfections were performed by a modification of the 
DEAE-dextran/chloroquine procedure essentially as described 
previously {Liu and Mertz 1993). The relative transfection effi- 
ciencies were determined as described previously {Ryu and 
Mertz 1989), by Southern blot analysis of the replicated plasmid 
DNA present in each sample. HeLa and COS cell nuclear ex- 
tracts were prepared essentially as described previously (Dig- 
ham et al. 1983). 

Recom bin ant plasmids 

All plasmids were constructed by standard recombinant DNA 
techniques ISambrook et al. 1989). Plasmid p131{ +)2{ + ) con- 
tains a genomic version of the human f3-globin gene {Fig. 1). 
Plasmid pJ31{ - )2 ( -  ) is identical in sequence to p131{ + 12{ + ) ex- 
cept for the precise lack of the two J3-globin introns. These 
plasmids have been described in detail elsewhere iRyu 1989; Yu 
et al. 1991). Plasmids pTK~I{ - )2( - ) and pTK[31{ + )2(+) con- 
tain an insertion of nucleotides 59-1238 {relative to the tran- 
scription initiation site) of the HSV-TK gene into the NcoI site 
in the 5'-untranslated region of the plasmids pl31(- 12(-) and 
p[31{ +)2(+), respectively [Fig. 11. These plasmids were con- 
strutted by ligation after the HSV-TK sequence to be inserted 
was generated by PCR-based amplification as described previ- 
ously (Liu 1994). A series of TK-deleted, duplicated, and an- 
tisense variants of these TK-globin chimeric plasmids [Figs. 2 
and 4; Table 1) was generated in similar fashion (Liu 1994). The 
construction of pTK119X[31(- )2{ - } and pTK119X131( + )2{ + ) 
and the linker-scanning mutant derivatives of these plasmids 
[Fig. 5; Table 1) has also been described in detail elsewhere (Liu 
19941. 

Plasmid pT7/TKll9 {Fig. 7) was constructed by insertion 
of the BspHI- and NcoI-digested PCR fragment of 
pTK119[~1{- )2(- ) into NcoI-digested pGEM5Z{ + ) in the sense 
orientation. Plasmids pT7/TKll9LS0, pT7/TKll9LS1, and 
pT7/TKll9LS2 are identical to pT7/TK119 except that they 
contain the thymidine kinase sequence substitution mutations 
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from plasmids pTK119LS0[~I( - ) 2 ( -  ), pTK119LSllSI( - ) 2 ( -  ), 
and pTKll9LS2BI(-)2{ - ) ,  respectively (Table 1). The RNAs 
synthesized from these plasmids are designated by rTK, fol- 
lowed by the length of the RNA and, where appropriate, 
the mutat ion name. Plasmids pT7/TK119131{- )2(- ) and pT7/ 
151(- )2(- ), used to generate the RNAs employed in the exper- 
iment  shown in Figure 7C, were constructed by insertion of the 
HindIII- and XbaI-digested PCR fragments of pTK 119B 1( - )2( - ) 
and p B l ( -  )2(-  ), corresponding to the sequences from the tran- 
scription initiation site to 91 nucleotides 3' of the human 
15-globin polyadenylation signal, into HindIII- and XbaI-digested 
pGEM2 vector DNA (Promega). Plasmid pHCL3, containing a 
full-length eDNA encoding hnRNP L (Pifiol-Roma et al. 1989), 
was a generous gift from Dr. Maurice Swanson (University of 
Florida, Gainesville). 

Antisera and recombinant proteins 

Monoclonal antisera specific for hnRNP K (3C2 and 12G4) and 
hnRNP L {4D11} were prepared as described previously (Pifiol- 
Roma et al. 1988; Matunis et al. 1992) and were generous gifts 
from M. Michael (University of Pennsylvania School of Medi- 
cine, Philadelphia) and G. Dreyfuss. Recombinant hnRNP L was 
prepared by in vitro transcription/translation of plasmid pHCL3 
in a rabbit reticulocyte lysate according to the manufacturer's 
instructions (Promega). 

RNA purification and S1 nuclease mapping analysis 

Nuclear and cytoplasmic RNAs were purified from monkey 
cells 48 hr after transfection as described previously (Liu and 
Mertz 1993). The relative amounts  of globin-like RNA accumu- 
lated in the nucleus and cytoplasm were determined by quan- 
titative S 1 nuclease mapping techniques as described previously 
(Liu and Mertz 1993). The probes used in the S1 nuclease map- 
ping analyses are shown in the figures. Cellular [3-actin RNA, 
mapped concurrently, served as an internal control for recovery 
of the RNA samples and purity of the nuclear RNA (Yu et al. 
1991; Liu and Mertz 1993). Southern blot analysis of the relative 
amount  of DpnI-resistant, B-globin-encoding plasmid DNA 
present in each nuclear sample prior to t reatment with DNase 
I was performed as described elsewhere (Ryu 1989; Liu and 
Mertz 1993); this analysis was used to assay for both (1) nuclear 
contamination of cytoplasmic nucleic acid, and (2) differences 
in transfection efficiency (data not shown). The SI nuclease- 
protected DNA fragments were electrophoresed in 5% poly- 
acrylamide gels containing 8 M urea. Quantitations were per- 
formed by scanning with a PhosphorImager (Molecular Dynam- 
ics). 

RT-PCR and PCR 

Prior to reverse transcription, each RNA sample for RT-PCR 
analysis was treated with RNase-free, FPLC-pure DNase I (Phar- 
macia). Each reverse transcription reaction contained 2% of the 
cytoplasmic RNA harvested from a 100-mm dish of transfected 
cells, 25 units of AMV reverse transcriptase {Boehringer-Man- 
nheim), 25 ng of 3'-antisense primer (5'-TTAGGCAGAATCC 

AGATGCTCAAGGCC-3'),  1.25 mM of each of the four 
dNTPs, and 20 units of RNasin (Promega) in a total volume of 
20 ~1. After incubation at 42~ for 1.5 hr, the reaction mixture 
was incubated at 95~ for 10 min  and quickly chilled on ice to 
denature the heteroduplexes. Afterward, the PCR reaction was 
performed in a 50-lal volume containing 10 mM Tris-HCl (pH 
8.3), 1.5 mM MgCI2, 50 mM KC1, 1.25 mM of each of the four 
dNTPs, 2.5 units of Taq polymerase, 1 ~xM each of the 3'-an- 

tisense primer and the 5' primer (5'-ACATTTGCTTCTGACA- 
CAACTGTG-3'), and the 20 lal from the reverse transcription 
reaction. A Perkin-Elmer Cetus thermal cycler was used with 
denaturation at 94~ for 1 min, primer annealing at 55~ for 1 
min, and extension at 72~ for 2 min  for 35 cycles. 

UV-cross-linking assays 

The RNA substrates for the in vitro studies were synthesized 
using a commercial T7/SP6 in vitro transcription kit  (Promega). 
The DNAs used as templates for the RNA syntheses were de- 
rivatives of pGEMSZ(+) (Promega). One microgram of each 
template was linearized by digestion with NcoI and transcribed 
with T7 RNA polymerase at 37~ for 1 hr in the presence of 
either [et-32p]UTP or [et-a2P]CTP {3000 Ci /mmole ,  Amersham). 
Wild-type and mutant  RNA substrates were prepared in parallel 
to ensure that their specific activities were similar. After RNA 
synthesis, the DNA templates were degraded by incubation 
with RNase-free DNase I {Promega) for 15 min  at 30~ and the 
full-length, radiolabeled transcripts were purified by polyacryl- 
amide gel electrophoresis as described previously (Liu 1994). For 
UV-cross-linking assays, 5x104 cpm of 32p-labeled RNA was 
incubated, together with 5-10 lag of HeLa or COS cell nuclear 
extract or with 1 lal of rabbit reticulocyte lysate containing re- 
combinant hnRNP L, in 15 mM HEPES (pH 7.9), 10 mM KC1, 
10% glycerol, 0.2 mM dithiothreitol, and 2 lag of yeast tRNA 
(Boehringer Mannheim} in a total volume of 10 Izl at 30~ for 10 
min  (Gillis and Maker 1991). Afterward, the reaction mixture 
was irradiated in a UV-Stratalinker (Stratagene) for 10 min  on 
the automatic setting. RNase A was added to a final concentra- 
tion of 1 mg/ml,  and incubation was continued at 37~ for 15 
min. After addition of SDS-PAGE sample buffer, each sample 
was incubated at 100~ for 4 min  and electrophoresed in a 15% 
polyacrylamide gel containing 0.1% SDS. The gels were either 
dried and autoradiographed overnight at - 70~ or exposed to a 
Phosphorlmager screen and scanned in a Phosphorlmager (Mo- 
lecular Dynamics). Competi t ion UV-cross-linking assays were 
performed similarly, except for preincubation of the nuclear ex- 
tract or recombinant hnRNP L-containing reticulocyte lysate 
with unlabeled RNA prepared following the protocol of Gurev- 
ich et al. (1991). 

Immunoprecipitation assays 

Proteins bound to the radiolabeled RNAs were radiolabeled by 
cross-linking with UV light as described above. Afterward, im- 
munoprecipitations were performed by first prebinding 2 ~tl of 
monoclonal antibody or pre immune serum to 25 ~1 of protein 
A-agarose beads {Boehringer Mannheim) by incubation for 60 
rain at 4~ in 10 mM Tris-HC1 (pH 7.4), 100 mM NaC1, 2.5 mM 
MgCI2, 0.5% Triton X-100, 1 txg/ml of leupeptin, 1 txg/ml of 
pepstatin, and 0.5% aprotinin. Because the 4D11 monoclonal  
antibody does not bind to protein A-agarose directly {Pinol- 
Roma et al. 1989), it was preincubated with rabbit anti-mouse 
IgG antiserum before incubation with the protein A-agarose 
beads. The antibody-bound beads were washed three t imes with 
the incubation buffer and resuspended in 500 p.1 of this buffer 
prior to addition of the cross-linked proteins. After incubation 
for 10 min  at 4~ the beads were washed four t imes with in- 
cubation buffer to remove unbound proteins. The bound pro- 
teins were released from the beads by incubation at 95~ for 4 
min  in 2 x SDS loading buffer and analyzed by 10% SDS-PAGE. 
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