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Extended homopyrimidine or pyrimidine-rich sequences are 
present in functional regions of the 5’-leaders and the 3’- 
untranslated regions (3’-UTRs) of mRNA molecules and 
within introns of pre-mRNAs. These polypyrimidine (pPy) 
tracts are now emerging as important motifs in a variety of 
aspects of RNA metabolism, including regulation of trans- 
lation of specific mRNA species, pre-mRNA splicing, cyto- 
plasmic degradation and polyadenylation of mRNA, and 
transcriptional termination. In some of these instances, 
proteins interacting with these pPy tracts have been identified, 
and their roles in regulation of gene expression are beginning 
to be understood. The purpose of this Perspective is to review 
the Occurrence of pPy tracts in various RNA species and to 
discuss the roles of these sequences and their binding proteins 
in posttranscriptional processes. 

Translational Control of Ribosomal Protein Synthesis 

The synthesis of ribosomal proteins (r-proteins) has been 
shown to be under translational control [reviewed in Kaspar 
et al. (1993)l in a variety of eukaryotic cells (DePhilip et al., 
1980; Geyeret al., 1982; Tushinski & Warner, 1982; Meyuhas 
et al., 1987; Agrawal & Bowman, 1987; Amaldi et al., 1989; 
Kaspar et al., 1990, 1992). In each case regulation involves 
movement of r-protein mRNAs between untranslated sub- 
ribosomal particles and active polysomes. Regulation of this 
process is characterized by a distinct bimodal distribution of 
r-protein mRNA in thecytosol, i.e., the mRNA is either located 
in mRNP particles or fully loaded with ribosomes, indicating 
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that once an r-protein mRNA enters a translatable pool, 
ribosomal initiation is quite efficient. Because translational 
control of the synthesis of the r-proteins is coordinate (Kaspar 
et al., 1993), it seems likely that there is a common mechanism 
of regulation for the roughly 70 different species of r-protein 
mRNAs. 

The 5’-transcript leaders (5’-TLs) of several r-protein 
mRNAs have been found to confer translational regulation 
on an unregulated reporter mRNA (Mariottini & Amaldi, 
1990; Levy et al., 1991; Hammond et al., 1991). Wagner and 
Perry (1 985) first noted the existence of pPy tracts that spanned 
the site of transcriptional initiation of r-protein genes; 
sequences of 8-14 consecutive pyrimidine residues have been 
found invariably in the 5’-TLs of all cloned vertebrate r-protein 
mRNAs [see Kaspar et al. (1993)l. Deletion of the pPy region 
(Kaspar et al., 1992) or substituting purines for pyrimidines 
(Levy et al., 1991; our unpublished results) destroyed the 
ability of the altered mRNAs to be sequestered into mRNP 
particles and rendered their translation independent of growth 
state. It is interesting to note that a number of translationally 
regulated mRNAs, not encoding r-proteins, have been found 
to share the common feature of pPy tracts in their Y-TLs 
(Pinsky et al., 1985; Chitpatima et al., 1988; Makrides et al., 
1988; Kerfelec et al., 1990). Although functional roles for 
the pPy sequences in these mRNAs have not yet been 
demonstrated, by analogy to the role of pPy tracts in r-protein 
messages, one suspects that these sequences may be a 
commonly used element for translational regulation in ver- 
tebrate cells. 

A 56-kDa protein ( ~ 5 6 ~ ~ ~ )  was cross-linked specifically in 
vitro to RNA containing the r-protein L32 pPy element 
(Kaspar et al., 1992) and did not bind to RNA in which the 
pPy tract had been deleted (Kaspar et al., 1992) or mutated 
(our unpublished results). The binding activity of ~ 5 6 ~ ~ ~  did 
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not seem to be dependent on the growth state of the cells from 
which it was extracted (Kaspar et al., 1992), suggesting that 
interaction of ~ 5 6 ~ ~ ~  with RNA is not the regulated step in 
translational repression in this system. Although an intact 
pPy tract is clearly necessary for ~ 5 6 ~ ~ ~  binding, competition 
experiments suggest that other regions of the 5’-TL may be 
important as well (our unpublished results). The minimal 
nucleotide sequences necessary for ~ 5 6 ~ ) ~  binding are not 
known, and it also remains to be determined whether ~ 5 6 ~ ~ ~  
will interact with r-protein mRNAs other than that encoding 
L32. Although ~ 5 6 ~ ) ~  shows some similarities to two pPy 
binding proteins (pPyBPs) thought to be involved in splicing, 
evidence to date suggests that they are distinct proteins (see 
below). 

Processing of mRNA Precursors 
Removal of introns from pre-mRNA molecules proceeds 

through formation of an intermediate complex known as the 
spliceosome (Grabowski & Sharp, 1986). This structure 
contains the 5’ and 3’ splice sites of the pre-mRNA bound to 
snRNPs and other components of the active splicing complex. 
The recognition processes underlying assembly of this structure 
are complex [for reviews, see Padgett et al. (1986), Sharp 
(1987), and Krainer and Maniatis (1988)l but involve, in 
part, a pPy sequence located between the branch site and the 
3’ splice site in introns of higher eukaryotes (Frendewey & 
Keller, 1985; Ruskin &Green, 1985; Reed & Maniatis, 1985) 
and yeast (Patterson & Guthrie, 1991). The composition 
and position of the pPy tract, as well as the sequence of the 
branchpoint, determine the strength of selection of a particular 
3’ splice site (Freyer et al., 1989; Reed, 1989; Smith et al., 
1989; Dominski & Kole, 1992). The pPy tract seems to be 
involved at an early step in assembly of an active splicing 
complex and is required for formation of the intermediate 
lariat structure (Frendeway & Keller, 1985; Reed & Maniatis, 
1985; Ruskin & Green, 1985; Binderelf & Green, 1987; Freyer 
et al., 1989; Reed, 1989). 

Interactions at the pPy site may be of regulatory significance 
in the choice of alternative 3’ (Mullen et al., 1991; Patterson 
& Guthrie, 1991; Dominski & Kole, 1992) and 5’ (Fu et al., 
1988) splice sites. For example, the “default” modeof splicing 
the mutually exclusive exons 2 and 3 of the a-tropomyosin 
transcript is determined by the lengths and pyrimidine contents 
of the pPy tracts of the competing 3’ splice sites (Mullen et 
al., 1991). The product of the sex-lethal gene in Drosophila 
binds to the pPy region at the 3’ splice site of several pre- 
mRNAs and may thereby regulate alternative splicing (Inoue 
et al., 1990), perhaps by competition with splicing factor U2AF 
[discussed in Frankel et al. (1991)l. Also in Drosophila, the 
pPy tract of the female-specific 3’ splice site of the doublesex 
gene contains intervening purine residues and mutation of the 
purines to pyrimidines causes constitutive utilization of the 
female-specific site (Hoshijima et al., 1991). The products 
of the transformer and transformer-2 genes activate splicing 
at the wild-type female site of doublesex through interaction 
with an exon sequence, perhaps by promoting assembly of a 
nucleoprotein complex at the adjacent weak 3’splice site (Tian 
& Maniatis, 1992). 

Several groups have identified proteins that interact with 
pPy sequences at 5’ splice sites. A 62-kDa pPyBP (pPTB) 
in nuclear extracts was cross-linked to radioactive intron 
sequences by irradiation with UV light (Garcia-Blanc0 et al., 
1989; Wang & Pederson, 1990). Using a different approach, 
Zamore and Green (1989) identified a factor of 65 kDa, U2AF, 
that complemented the splicing reaction in vitro. Binding of 
U2AF to the pPy tract is required for assembly of an active 
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spliceosomal complex. Although the apparent molecular 
weights of pPTB and U2AF are similar, and both bind to pPy 
sequences, the two proteins seem quite different, based on 
purification properties, on the inability of pPTB to replace 
U2AF in splicing reactions (Zamore & Green, 1991), and on 
comparison of cDNA clones (see below). It should be noted 
that, although the ability of U2AF to complement in vitro 
splicing reactions has been clearly demonstrated, no physi- 
ological function of pPTB has yet been established. It is 
interesting, however, that an isoform of pPTB has been shown 
to be associated with hnRNP particles and to be identical to 
hnRNP I (Ghetti et al., 1992). 

A UZAF cDNA encodes a protein of 53 kDa that contains 
sequences predicted from microsequencing of material purified 
from cell extracts (Zamore et al., 1992). The calculated 
molecular mass contrasts with the apparent molecular mass 
of 63 kDa determined by SDS gel electrophoresis. The protein 
encoded by the cDNA clone contained two motifs found 
frequently in splicing factors: a region rich in arginine and 
serine (RS) and three copies of the ribonucleoprotein consensus 
sequence (RNP-CS). The RS domain in U2AF is essential 
for activity, but deletion of this sequence did not interfere 
with RNA-binding activity (Zamore et al., 1992). Mutation 
studies demonstrated that all three RNP-CS domains were 
necessary for high-affinity binding to RNAs containing pPy 
tracts, as well as for splicing activity (Zamore et al., 1992). 
A reasonable model is that the RNP-CS domains of U2AF 
are responsible for sequence-specific binding to the branch 
points of introns and that the RS domain is involved in other 
interactions governing spliceosome assembly and/or splicing. 

Clones encoding pPTB have been isolated from human (Gil 
et al., 1991; Patton et al., 1991), rat (Brunel et al., 1991), and 
mouse (Bothwell et al., 1991) cDNA libraries. All encode 
proteins of approximately 57 kDa in size. The RNA-binding 
domain has been localized to the carboxy-terminal195 amino 
acidsofmurinepPTB (Bothwellet al., 1991). AlthoughpPTB 
shows some similarity to other RNA-binding proteins along 
its length, there is no strong homology to the RNP-CS domains 
that have been found to be responsible for binding of U2AF 
and other proteins to RNA (Gil et al., 1991; Patton et al., 
1991; Bothwell et al., 1991). Interestingly, multiple cDNAs 
of human origin have been isolated that probably arose from 
alternatively spliced transcripts and seem to have the potential 
of producing isoforms of pPTB (Gil et al., 1991). These 
alternative amino acid sequences occur to the immediate 
amino-terminal side of the RNA-binding region defined by 
Bothwell et al. (1991). It is interesting that pPTB and U2AF, 
which bind to similar sequences at 3’ splice sites, seem to have 
quite different structural determinants in their RNA-binding 
domains. 

Although a systematic comparison of the three proteins has 
not been carried out, U2AF, pPTB, and r-protein regulatory 
factor ~ 5 6 ~ ) ~  seem to share many properties in common. The 
three proteins have apparent molecular sizes in the range 56- 
65 kDa. The binding sites for these proteins all contain pPy 
tracts, with no apparent consensus sequence or secondary 
structure. pPTB and ~ 5 6 ~ ) ~  both bind single-stranded DNA 
with the same specificity as RNA (Wang & Pederson, 1990; 
Bothwell et al., 1991; our unpublished results). This latter 
activity accounts for the fact that pPTB has been isolated and 
cloned using binding to oligodeoxynucleotide probes as an 
assay (Brunel et al., 1992; Jansen-Durr et al., 1992). Similar 
to U2AF (Zamore & Green, 1989), ~ 5 6 ~ ) ~  does not require 
ATP for optimal binding to RNA (unpublished results). 
Despite their similarities, these three pPyBPs seem to be 
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distinct molecules. U2AFand pPTB are both nuclear proteins, 
whereas ~ 5 6 ~ ~ ~  is cytosolic, with about half of its cellular 
activity associated with the ribosomal fraction. In unpublished 
experiments, using purified ~ 5 6 ~ ~ ~  and pPTB (from A. Gil 
and P. Sharp), the electrophoretic mobilities of the native 
complexes with the same RNA probe seem to be different, as 
do the mobilities of the UV-cross-linked proteins under 
denaturing conditions. Additionally, antiserum raised against 
pPTB (from A. Gil and P. Sharp) did not cross-react with 
~ 5 6 ~ ~ ~ .  Therefore, these three activities, with very similar 
RNA-binding specificities, seem to reside in different protein 
molecules, although definitive proof of this awaits cloning of 
~ 5 6 ~ ~ ~ .  

Internal Translational Initiation on Viral R N A  Molecules 

The genomes of the picornavirus family are encoded in 
single-stranded RNA molecules of positive polarity. The 
genomic RNA of poliovirus, a well-studied member of this 
family, is approximately 7.5 kilobases in size and contains a 
single large open reading frame, which encodes the viral 
polyprotein. The open reading frame is preceded by a complex 
leader of approximately 740 nucleotides. Upon infection, 
poliovirus subjugates the translational apparatus of the host 
cell through proteolytic cleavage of the p220 component of 
initiation factor eIF-4F (Sonenberg, 1988; Rhoads, 1988). 
This initiation factor is responsible in uninfected cells for 
recognition of the 5’ cap structure of mRNAs; inactivation 
of this factor after virus infection results in blockade of cap- 
dependent initiation on host mRNAs. The synthesis of 
picornavirus proteins is resistant to destruction of eIF-4F. 
This resistance is due to the use of a mode of translational 
initiation that does not depend on cap recognition, in which 
ribosomes bind to the 5’ leaders of the viral RNAs at internal 
sites. The site of internal ribosome entry in poliovirus RNA 
seems to be a complex structure encompassing several hundred 
nucleotides [reviewed in Sonenberg (1 990)], and mutational 
analysis has revealed that various parts of this structure interact 
to modulate initiation activity. In those picornavirus RNAs 
where the region defining internal ribosome entry has been 
delimited, a pPy tract has been invariably found toward the 
3’ boundary. The pPy tract has been shown to be strongly 
required for entry of ribosomes onto the RNAs of foot-and- 
mouth disease virus, encephalomyocarditis virus, and poliovirus 
(Kuhn et al., 1990; Jang & Wimmer, 1990; Meerovitch et al., 
1991; Nicholson et al., 1991). 

Internal initiation on picornavirus RNAs requires factors 
preexisting in the host cell, and different cell types seem to 
vary in their levels of these factors. For example, poliovirus 
RNA is translated inefficiently in reticulocyte lysates, and 
supplementation of these reactions with extracts of HeLa or 
other cells promotes efficient initiation at the correct site 
(Brown & Ehrenfeld, 1979; Dorner et al., 1984). The factor 
or factors required for internal initiation in reticulocyte lysates 
have been partially purified from Krebs-2 cells (Svitkin et al., 
1988). The existence of factors in uninfected cells that are 
required for internal entry of ribosomes on picornavirus 
messages implies that mRNAs may exist in uninfected cells 
that use a cap-independent mechanism of initiation. Trans- 
lation of the mRNA encoding a chaparonin, glucose-regulated 
protein 78 (GRP78)/immunoglobulin heavy-chain binding 
protein (BiP), is resistant to poliovirus infection (Sarnow, 
1989), and its 5’ leader has been shown to contain a site of 
internal ribosome entry (Macejak & Sarnow, 199 1). Although 
the sequences in the GRP78/BiP mRNA that are necessary 
for internal initiation have not yet been defined, it is interesting 
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to note that no tract of consecutive pyrimidines longer than 
six nucleotides in length can be identified in its 5’ leader (Ting 
& Lee, 1988). 

Proteins have been identified in extracts from uninfected 
cells that cross-link to the region of internal initiation in 
picornavirus mRNAs (Meerovitch et al., 1989; Jang & 
Wimmer, 1990; Luz & Beck, 1991; Gebhard & Ehrenfeld, 
1992). Meerovitch et al. (1989) reported a 52-kDa protein, 
present in the postribosomal supernatant of HeLa cells, that 
bound in a sequence-specific manner to a fragment of the 5’ 
leader of poliovirus RNA. Although this fragment contained 
the pPy tract, p52 also recognizes nucleotides adjacent to the 
pPy sequence (Meerovitch et al., 1989; Pestova et al., 1991; 
N. Sonenberg, personal communication). A second protein 
of 57-kDa molecular size is located in the ribosome salt-wash 
of a number of cell types and has been found to bind in the 
5’ leader of several picornaviruses (Jang & Wimmer, 1990; 
Pestovaet al., 1991;Luz & Beck, 1991). p57 has beenshown 
to bind to two sites in foot-and-mouth disease virus, and one 
of these sites seems to be the pPy tract (Luz & Beck, 1991). 
However, it does not bind to the pPy tract of the encepha- 
lomyocarditis virus (Pestova et al., 1991). It is intriguing to 
note that p57 is similar in molecular size, subcellular 
localization, and RNA-binding properties to ~ 5 6 ~ ~ ~ .  These 
may be different proteins or, alternatively, the picornaviruses 
may have turned ~ 5 6 ~ ~ ~  (or another cellular pPyBP) to their 
own purposes in promoting internal translational initiation. 
If p57 is identical to one of the known cellular pPyBPs, that 
protein may also be involved in translation of those cellular 
mRNAs that use internal initiation. However, it should be 
reemphasized that the leader of GRP78/BiP mRNA does not 
contain a pPy tract longer than six nucleotides and the possible 
interaction of cellular pPyBPs with this RNA molecule needs 
to be tested. 

Polyuridine and “AU-Rich” Elements 

“AU-rich” sequences occur frequently in the 3’-UTRs of 
eukaryotic mRNAs, and the predominant nucleotide base in 
these regions is uridine. The predominance of polyuridine 
sequences is significant, since, in most of the instances discussed 
below, mutation of uridine residues appears to be much less 
tolerated than changes in adenosine residues. In the following 
sections we have reviewed the involvement of polyuridine 
elements in mRNA degradation, cytoplasmic polyadenylation, 
and transcriptional termination, restricting our discussion to 
those examples where binding proteins have been identified. 
By definition, polyuridine tracts are pPy elements; however, 
these elements lack cytosine residues, and substitution of 
cytosine for uridine is inhibitory in at least one case (Gillis 
& Malter, 1991). Although it is too early to draw definitive 
conclusions, these observations suggest that proteins interacting 
with these polyuridine tracts could have different binding 
requirements than those acting in conjunction with the pPy 
elements described above. 

R N A  Degradation. The stability of individual cellular 
mRNA species is highly variable with some mRNAs having 
half-lives of hours to days and others turning over in a matter 
of minutes [see Atwater et al. (1 990) for a recent review]. The 
features of mRNA structure that determine constitutive and 
regulated degradation rate are beginning to be understood. 
Shaw and Kamen (1986) first demonstrated that the intro- 
duction of a sequence from the 3’-UTR of the GM-CSF 
mRNA into the &globin 3’-UTR was sufficient to confer 
instability on the otherwise stable ,%globin mRNA. The 
critical region of the GM-CSF 3’-UTR is uridine-rich and 
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contains the sequence AUUUA. This so-called AU-rich 
element (ARE) is present in the 3’-UTR of a number of 
cytokine and oncogene mRNAs (Shaw & Kamen, 1986; Caput 
et al., 1986) and is largely responsible for their rapid 
intracellular turnover. An early step in mRNA degradation 
seems to be assembly of a >20S complex that is dependent 
on the presence of the ARE (Savant-Bhonsale & Cleveland, 
1992). Most ARES contain multiple copies of the AUUUA 
sequence (Shaw & Kamen, 1986; Caput et al., 1986), and a 
single AUUUA sequence does not appear to be sufficient to 
impart instability, unless it is flanked by polyuridine regions 
(Vakalopoulou et al., 1991). The importance of the uridine 
content of ARES is further illustrated by the observation that 
replacement of uridine residues with adenosine eliminated 
thedestabilizing influenceoftheseelements (Shyuet al., 1991). 

Recently, several groups have identified proteins that 
interact specifically with ARES (Malter, 1989; Gillis & Malter, 
1991; Vakalopoulou et al., 1991; Bohjanen et al., 1991; You 
et al., 1992). Malter (1989) observed that a complex formed 
between cytoplasmic extracts from lymphocytes and a labeled 
RNA containing four copies of the AUUUA sequence. The 
protein factor (or factors) was found to complex with AREs 
from GM-CSF, IL-3, interferon, c-fos, and c-myc (Gillis & 
Malter, 1991) but would not bind RNA containing a single 
AUUUA element or the sequence AUGUA reiterated four 
times. An extended polyuridine tract flanked by adenosine 
residues (AUUUUUUUA) showed high binding activity 
(Gillis & Malter, 1991); however, poly(U) was reported not 
tocompete for binding (Malter, 1989; Gillis & Malter, 1991). 
Similar proteins have been identified in Hela and erythro- 
leukemia cells, which bind the GM-CSF and c-myc AREs, 
respectively, although they also bind poly(U) (Brewer, 1991; 
Vakalopoulou et al., 1991). Despite conflicting results with 
poly(U), these data are generally consistent with the obser- 
vations that the polyuridine content of AREs is critical for 
proper activity in vivo. 

Although the stability of individual ARE-containing 
mRNAs can be regulated discoordinately in vivo (Lindsten 
et al., 1989; Schuler & Cole, 1988), the ARE-binding proteins 
described above appear to bind all ARES with roughly equal 
affinity. Recently, Bohjanen et al. (1991) reported a new 
RNA-binding protein present only in extracts of mitogen- 
activated lymphocytes. This protein specifically bound to the 
ARES of GM-CSF, IL-2, and TNF-a mRNAs but not to the 
AU-rich sequences contained in the 3’-UTR of c-myc. These 
same workers found a constitutive ARE-binding activity in 
both unstimulated and activated lymphocytes, which was 
different from the inducible factor. This constitutive factor 
appeared to be similar to the ARE-binding proteins described 
previously (Malter, 1989; Gillis & Malter, 199 1; Vakalopoulou 
et al., 1991). Thus, T-lymphocytes seem to contain at least 
two distinct ARE-binding proteins: a constitutive factor that 
may participate in general destabilization of ARE-containing 
mRNAs and an inducible factor that is thought to specifically 
stabilize cytokine mRNAs in activated cells. 

Cytoplasmic Polyadenylation. Polyadenylation of mRNA 
molecules occurs in the cytoplasm by a mechanism different 
from the constitutive reaction that occurs during nuclear pre- 
mRNA processing (Swimmer & Shenk, 1985). In immature 
animal oocytes, newly transcribed mRNAs are polyadenylated 
by the nuclear pathway; however, a fraction of these mRNAs 
is then rapidly deadenylated after transport to the cytoplasm 
(Huarte et al. 1992). These deadenylated mRNAs areunable 
to enter polysomes and appear to represent stored maternal 
mRNA species (Rosenthal et al., 1983). During specific stages 
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of development [for a review, see Davidson (1986)], stored 
mRNA molecules are polyadenylated, triggering initiation of 
translation and entry into polysomes. The processes of 
cytoplasmic deadenylation (Huarte et al., 1992) and poly- 
adenylation (Foxet al., 1989; Paris & Richter, 1990; McGrew 
& Richter, 1990) both appear to require the same polyuridine 
element, which is found at variable positions within the 3’- 
UTR (McGrew and Richter, 1990). Cytoplasmic polyade- 
nylation additionally requires the conserved AAUAAA 
sequence, which is also necessary for nuclear polyadenylation. 
A comparison of mammalian and Xenopus cytoplasmic 
polyadenylation elements (CPEs) has revealed a highly 
conserved polyuridine element with a consensus sequence of 
UUUUUUAU [see Bachvarova (1 992) for a recent review]. 
Studies have demonstrated that substitution ofjust two uridine 
residues in the CPE ofXenopus G10 mRNA strongly inhibits, 
if not abolishes, cytoplasmic polyadenylation in mature oocytes, 
while mutation of the conserved AU dinucleotide is only 
partially inhibitory (McGrew et al., 1989; McGrew & Richter, 
1990). These data indicate that uridine content is a key feature 
of the conserved CPE sequence (McGrew & Richter, 1990). 

Binding activities have been identified that interact with 
the CPEs of two different translationally regulated mRNAs 
fromxenopus, G10 (McGrew et al., 1989) and B4 (Paris & 
Richter, 1990). An 82-kDa protein binds to the G10 CPE 
and has been identified in extracts from mature oocytes but 
not from immatureoocytes (McGrew & Richter, 1990). This 
protein will not bind to RNAs containing a mutant CPE or 
just the AAUAAA sequence. The CPEof mRNA B4 interacts 
with a 58-kDa protein. This protein was present in extracts 
from immature oocytes and seemed to be modified in mature 
oocytes, perhaps by phosphorylation controlled by cyclin (Paris 
et aI., 1991). The nature of these two proteins, their roles in 
cytoplasmic polyadenylation, their binding specificities, and 
the mechanisms of their regulation have yet to be defined. 

Termination of Transcription. Polyuridine regions serve 
as termination signals for a variety of DNA-directed RNA 
polymerases. The trans-acting factors recognizing these motifs 
are not known in most cases, and specific consensus nucleotide 
sequences have been difficult to define [for recent reviews, see 
Platt (1986) and Kerppola and Kane (1991)l. There are, 
however, two clear examples of polyuridine elements serving 
as termination signals. Termination by eukaryotic RNA 
polymerase I11 requires a conserved polyuridine element 
followed by a short G/C-rich region (Bogenhagen & Brown, 
1981) and results in RNA transcripts containing a uridylate 
tail of three to five residues (Gottlieb & Steitz, 1989a). A 
50-kDa protein (Francoeur & Mathews, 1982), identified as 
the autoantigen La (Gottlieb & Steitz, 1989a), was found to 
be associated with polymerase I11 transcripts (Hendrick et 
al., 1981; Rinke & Steitz, 1982). La-antigen specifically 
interacts with oligouridine and was proposed to bind the 
transcribed polyuridine element (van Eekelen et al., 1982; 
Mathews & Francoeur, 1984). Depletion of La-antigen from 
Hela cell extracts (Gottlieb & Stietz, 1989a,b) strongly 
inhibited in vitro transcription by polymerase 111, and RNA 
molecules synthesized under these conditions did not contain 
a full polyuridine tail (Gottlieb & Stietz, 1989a). Thesedata 
suggest that once the polyuridine site is incorporated into 
nascent RNA, La antigen binds, destabilizing the transcription 
complex and releasing the newly transcribed RNA. 

Transcriptional termination by vaccinia RNA polymerase 
is similar to that of RNA polymerase 111, in that required 
signals are contained in the nascent RNA transcript (Rohr- 
mann et al., 1986; Yeun & Moss, 1987; Shuman & Moss, 
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1988). The required RNA sequence, UUUUUNU, is located 
approximately 50 nucleotides from the 3’ end of the vaccinia 
transcripts. A virally encoded product, the heterodimeric 
protein termed VTF, has been shown to be required for both 
termination and production of the 5’ cap structure (Schuman 
et al., 1987), although capping is not a prerequisite for 
termination (Schuman & Moss, 1988;Luoetal., 1991;Hagler 
& Shuman, 1992). It remains to beestablished whether VTF, 
by itself, can directly bind the polyuridine termination signal 
or whether this element is recognized by another molecule. 

It should be noted that earlier work on rho-dependent 
transcriptional termination in prokaryotes had indicated that 
termination occurred following regions of high CU content in 
the mRNA [reviewed in Richardson (1 990)], suggesting that 
rho-protein was a pPyBP. Recent studies, however, have 
demonstrated that cytidine and not uridine residues arecritical 
for termination promoted by rho (Rivellini et al., 1991; 
Zalatain & Platt, 1992). It has been suggested that rho- 
protein does not recognize pPy tracts but binds cytidine tracts 
within the context of either uridine or adenosine, but not 
guanosine (Rivellini et al., 1991). This hypothesis for rho 
recognition is presently controversial (Zalatan & Platt, 1992). 
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subtle distinctions between the binding of pPyBPs exist should 
be revealed upon detailed analysis of binding specificities. 
Such subtle differences between binding sites could explain 
in part how pPyBPs might discriminate between different 
pPy elements. 
As discussed above, the pPyBPs all show very similar binding 

characteristics, preferring pPy tracts, with no sequence 
specificity that has yet been detected. The similar binding 
properties of the pPyBPs may be an example of convergent 
evolution, or, alternatively, these proteins may be the products 
of a family, or limited number of families, of related genes 
with similar RNA-binding domains. Our structural knowl- 
edge of protein-RNA interactions is rapidly expanding but 
at this point remains rudimentary. One of the better 
understood structures is that of protein A of the U1 snRNP, 
which has RNA-binding domains consisting of a four-stranded 
@-sheet, two a-helices, and a cluster of basic amino acids 
(Nagai et al., 1990). This structure, the RNP-CS, has now 
been identified by analysis of the amino acid sequence of a 
number of RNA-binding proteins [discussed in Bandziulis et 
al. (1989) and Frankel et al. (1991)], including the pPyBP, 
U2AF (Zamore et al., 1992). Other modes of RNA binding 
are now appearing as additional protein structures are 
analyzed. One extreme is the example of glutaminyl-tRNA 
synthase, where the contacts of this protein with its RNA 
substrate broadly extend over several domains (Rould et al., 
1989). Another interesting example is an arginine-rich 
sequence that has been identified in a variety of RNA-binding 
proteins (Lazinski et al., 1989), including the HIV-1 Tat and 
Rev proteins (Calnanet al., 1991; Kjemset al., 1992). In this 
case, the arginine residues of the binding proteins have been 
suggested to interact with specific conformations of the sugar- 
phosphate backbones of their target RNA molecules (Calnan 
et al., 1991; Kjems et al., 1992). The interferon-induced 
dsRNA-activated protein kinase (Katze, 1992) possesses yet 
another RNA-binding domain (McCormick et al., 1992), the 
detailed structure of which has not yet been defined. To date, 
the amino acid sequences of only two of the pPyBPs are known. 
As noted above, U2AF contains three RNP-CS domains, 
which seem to be involved in RNA binding (Zamore et al., 
1992). The proteins encoded by the pPTB cDNA clones that 
havebeenisolated (Gilet al., 1991;Pattonet al., 1991; Brunel 
et al., 1991; Bothwell et al., 1991) have little similarity to 
U2AF and show a loosely defined pattern of hydrophobic 
amino acids found within several nucleic acid binding proteins, 
including Drosophila elav proteins, poly(A) binding protein, 
nucleolin, Drosophila sex-lethal, and U1 70K protein, but no 
homology to other known features of RNA-binding domains. 
Thus, at this point we have insufficient information to do 
more than to raise this point of possible evolutionary rela- 
tionship between at least some of the pPyBPs. 

The specificity of interaction of the pPyBPs presents 
somewhat of an enigma. These proteins participate in a 
spectrum of posttranscriptional activities within cells, and yet, 
as far as we know, their specificity of RNA binding is dictated 
only by interaction with pPy tracts with no sequence specificity. 
How is biological and biochemical specificity generated in 
these interactions? A clue may reside in the fact that assembly 
of complex structures seems to be a common element in the 
diverse actions of many of the pPyBPs. For example, the 
particles containing the untranslated r-protein mRNAs must 
have many components, since they sediment at 35-45s. 
Spliceosomal structures are equally complex, being comprised 
of multiple snRNPs and ancillary splicing factors. Although 
the detailed structures of the internal ribosome entry regions 

Conclusions 

It seems clear that pPy tracts and pyrimidine-rich sequences 
are emerging as highly significant functional motifs in RNA 
metabolism. The existence of these motifs raises several 
questions, since there seem to be a number of proteins that 
bind to these elements in a manner that appears not to require 
a specific sequence. Do all pPyBPs bind to pPy tracts without 
sequence specificity? Are there common structures among 
the pPyBPs that determine their binding specificities and define 
a family or families of proteins? Given similar RNA-binding 
specificities, what directs the individual pPyBPs to their 
appropriate sites of action? An ancillary question is how one 
can establish with certainty the biological role of a particular 
pPyBP, given the similar binding specificity among these 
proteins. 

Examination of proposed pPyBP binding sites have revealed 
neither consensus sequences, other than pPy or polyuridine 
tracts, nor obvious secondary structures. Does this imply that 
pPyBPs have loose requirements for binding, with little 
sequence specificity, or are there structural features other 
than classic stem-loops or pseudoknots that could specify 
pPyBP binding to RNA? In general, there are few instances 
where structural requirements for binding to RNA of 
eukaryotic proteins have been defined [for reviews, see Frankel 
etal. (1991) andKeeneandQuery(1991)l. Thismayreflect 
both an inability to measure subtle differences in binding 
specificity using experimental approaches such as UV cross- 
linking and difficulties in recognizing and predicting RNA 
secondary structure (Frankel et al., 1991). One of the best 
studied RNA-binding proteins is Escherichia coli transcrip- 
tional termination factor rho. Binding of rho to RNA shows 
many similarities to the pPyBPs, although cytidine and not 
uridine seems to be the preferred nucleotide in its binding 
sites (Richardson et al., 1990). Likeeukaryotic pPyBP binding 
sites, binding sites for rho show no obvious sequence conser- 
vation or stem-loop structures. However, recent work has 
shown that not all cytidine residues within rho binding sites 
are equal, suggesting that specific residues, or patterns of 
residues, within primary or secondary structure are important 
for efficient interaction of rho and resulting termination 
(Zalatan & Platt, 1992). Thus, there is clearly a component 
of rho interaction that is not understood. Whether similar 



2936 

have not been rigorously defined, the site in the poliovirus 
message seems to be of considerable complexity, involving 
several hundred nucleotides with extensive potential secondary 
structure (Sonenberg, 1990). From these considerations, one 
suspects that the pPyBPs may not act in isolation but probably 
make multiple intermolecular contacts in forming multicom- 
ponent molecular assemblies. In such an assembly, the pPyBPs 
probably interact not only with the pPy tract of the involved 
RNA molecules but also with other components of the 
complexes, including both proteins and RNA. Thus, spec- 
ificity in the binding of a particular pPyBP would be dictated 
by the aggregate of its interactions, not only with the pPy 
tract but with the other components as well. A multiple domain 
structure has been proposed previously for RNA-binding 
proteins (Bandziulis et al., 1989). It has been suggested that 
the RS domain of U2AF is involved in other interactions in 
spliceosome assembly besides binding to the pPy tract (Zamore 
et al., 1991). It is not unusual to find multiple RNA-binding 
domains in theRNP-CS-type proteins (Bandziuliset al., 1989). 
There is evidence that p57 (Luz & Beck, 1991) and ~ 5 6 ~ ~ ~  
(unpublished) both interact with additional regions of their 
RNA targets besides the pPy tracts. We envision that 
specificity could be generated through these multiple inter- 
actions with both proteins and RNA and that the complex of 
a pPyBP with its pPy tract may provide a nucleation site for 
formation of more complex ribonucleoprotein assemblies. 

The lack of unique binding specificities creates a problem 
in attempting to assign biological roles to pPyBPs. For 
example, functions for ~ 5 6 ~ ~ ~  and pPTB in translational control 
and splicing have been inferred from their binding to pPy 
tracts and from their cytosolic and nuclear locations, respec- 
tively. However, functional assays, either in vitro or in vivo, 
will be required before definite assignments of biological roles 
can be made. Indeed, on the basis of studies in vitro of 
spliceosome assembly, it appears that pPTB may not be 
involved in this process (Jamison et al., 1992). In the case 
of U2AF, the ability to complement an invitro splicing reaction 
facilitated identification of the function of this pPyBP. A 
similar demonstration of biological function is required for 
p56L32, pPTB, and others of the pPyBPs. 

In closing, one should note the implications of these 
considerations on regulation of the elaborate biochemical 
processes in which the pPyBPs participate. Given the multiple 
molecular interactions involved, formation of the multicom- 
ponent complexes discussed above need not necessarily be 
regulated solely by the affinity of a pPyBP for its pPy tract. 
It seems equally likely that formation of these complexes could 
be controlled at  later steps of assembly, perhaps by post- 
translational modifications such as phosphorylation/dephos- 
phorylation. Indeed, binding of ~ 5 6 ~ ~ ~  to r-protein L32 
mRNA seems not to be regulated by cell growth, whereas 
sequestration of the mRNA into mRNP particles clearly is 
(Kaspar et al., 1992), consistent with regulation at  a step 
beyond initial interaction with the pPy tract. 
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