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The 3′ End Formation in Small RNAs
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Department of Pharmacology, Baylor College of Medicine, Houston, TX 77030

Small RNAs are a major class of RNAs along with transfer RNAs, ribosomal RNAs, and messenger RNAs.
They vary in size from less than 100 nucleotides to several thousand nucleotides and have been identified and
characterized both in prokaryotes and eukaryotes. Small RNAs participate in a variety of cellular functions
including regulating RNA synthesis, RNA processing, guiding modifications in RNA, and in transport of pro-
teins. Small RNAs are generated by a series of posttranscriptional processing steps following transcription. While
RNA 5′ end structure, 5′ cap formation, and RNA processing mechanisms have been fairly well characterized,
the 3′ end processing is poorly understood. Recent data point to an emerging theme in small RNAs metabolism
in which the 3′ end processing is mediated by the exosome, a large multienzyme complex. In addition to removal
of nucleotides by the exosome, there is simultaneous rebuilding of the 3′ end of some small RNA by adenylation
and/or uridylation. This review presents a picture of both degradative and rebuilding reactions operative on the
3′ end of some small RNA molecules in prokaryotes and eukaryotes.

Small RNAs 3′ End formation 3′ Adenylation 3′ Uridylation

THE three major types of cellular RNAs directly in- mitochondrial RNA processing complex) and U8
snoRNA are found mostly in the nucleolus and arevolved in protein synthesis are: messenger RNA

(mRNA), ribosomal RNA (rRNA), and transfer required for the formation of ribosomal 5.8S RNA
from pre-rRNA (26,83,97). In addition, there areRNA (tRNA). In addition to these major RNAs,

many small RNAs exist that are not directly involved many other small RNAs that are believed to play
important roles in both eukaryotic and prokaryoticin protein synthesis but play important roles in di-

verse metabolic pathways, such as transcription, cells (5,18,67,107,108). Therefore, small RNAs rep-
resent a diverse and functionally important class oftranslation, mRNA and rRNA processing, protein se-

cretion, and protein stability. In human cells, there RNAs.
The synthesis, posttranscriptional processing, andare over 100 small RNAs that have been character-

ized thus far. Many small RNAs are known to partici- modifications in major cellular RNAs (i.e., transfer
RNAs, ribosomal RNAs, and messenger RNAs) havepate in important cellular functions. In eukaryotes,

U1, U2, U4, U5, and U6 small nuclear RNAs as a been extensively studied and reviewed (34,49,63,84,
86,111,112,116,124,125,139). This review focuses onpart of ribonucleoproteins (snRNPs) are required co-

factors for splicing of nuclear pre-mRNAs (116, the 3′ end formation in small RNAs from human cells
and draws a comparison of this 3′ end processing124,125,135). RNase P RNA, U7 RNA, and many

small nucleolar RNAs (snoRNAs) are necessary for with that of small RNAs from yeast and E. coli. Evo-
lutionarily distant organisms ranging from bacteriathe site-specific cleavage of pre-tRNA (123), histone

pre-mRNA (113), and site-specific methylation or and yeast to humans appear to be using common un-
derlying mechanisms for the formation and mainte-pseudouridine formation of pre-ribosomal RNAs

(18,67), respectively. Signal recognition particles nance of RNA 3′ ends. The most common processes
are exonuclease digestion of precursor RNAs with(SRPs) that contain SRP (7SL) RNA recognize the

signal peptide of the secretory and membrane pro- longer 3′ ends to generate the mature 3′ ends, and
addition of one or more nucleotides to rebuild and/orteins and participate in the translocation of these

proteins (140). MRP RNA (a component of the elongate the 3′ ends.
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THE 3′ END FORMATION IN generate the mature 5′ end of the short form of the
5.8S RNA is through the action of two homologousEUKARYOTIC SMALL RNAs
exonucleases, Rat1p and Xrn1p (52). In both yeast

Most eukaryotic RNAs undergo posttranscriptional and vertebrates, the mature 3′ end of 5.8S rRNA is
processing of their 3′ ends. These modifications in- formed by endonucleolytic cleavage(s) in ITS2 fol-
clude polyadenylation of eukaryotic mRNAs (36) lowed by action of 3′→5′ exonucleases. However, the
and –CCA addition/turnover on tRNAs (34). In most processing in the two organisms differs in the number
eukaryotic small RNAs, the 3′ end processing is usu- of 3′ endonucleolytic cleavages involved. In mam-
ally limited to the removal of 1–15 nucleotides from mals, two precursor intermediates to 5.8S rRNA have
their 3′ ends. Small RNAs in eukaryotic cells are syn- been identified, the 8S and 12S pre-5.8S rRNAs, in-
thesized by various RNA polymerases (Table 1). dicating that there are two endonucleolytic cleavages.
Some RNAs such as U3 snoRNA and telomerase In contrast, only one internal cleavage has been de-
RNA are synthesized by different RNA polymerases tected in yeast, corresponding to the accumulation of
in different species. While eukaryotic small RNAs a pre-5.8S rRNA processing intermediate, termed 7S
may be synthesized by different RNA polymerases, RNA. U8 snoRNA, present in both mammals and
conserved 3′ end processing steps are common to Xenopus, is required for accurate processing of the 5′
most of the small RNAs. The 3′→5′ exonucleases as and 3′ ends of 5.8S RNA (97). The yeast homolog of
part of the exosome complex appear to be the major the U8 snoRNA has not yet been identified.
components for this 3′ end processing (3,136). The exonucleolytic trimming of the 3′ end of 5.8S

rRNA is mediated by a complex package of 3′→5′
exoribonucleases and RNA helicases, termed the exo-
some (3,28,89,153). Human homologs of the exo-THE 3′ END FORMATION IN 5.8S
some components have been identified and are foundRIBOSOMAL RNA TRANSCRIBED BY RNA
to be part of the PM-Scl particle, the autoantigen inPOLYMERASE I (Pol I)
the polymyositis-scleroderma overlap syndrome (4,

The 5.8S ribosomal RNA is transcribed as part of 12). The 3′ processing of small RNAs, transcribed
a large polycistronic transcript by RNA polymerase by other RNA polymerases, is also by the exosome
I. The eukaryotic pre-rRNA transcript begins with the complex.
5′ external transcribed spacer (5′ ETS), after which is
the 18S rRNA, an internal transcribed spacer (ITS1),
the 5.8S rRNA, an ITS2, the 28S rRNA (25S in THE 3′ END FORMATION
yeast), and finally a 3′ ETS. This precursor RNA IN snRNAs TRANSCRIBED BY RNA
transcript is processed first by extensive nucleotide POLYMERASE II (Pol II)
modifications and then by nucleolytic processing into
the mature 18S, 5.8S, and 28S rRNAs (122). Nucleo- In human cells, the most abundant Pol II small

RNA transcripts are the spliceosomal snRNAs. Twolytic processing, to generate the mature 5′ and 3′
ends, is carried out primarily by three types of en- forms of spliceosomes are found in higher eukary-

otes. The major spliceosomes contain the U1, U2,zymes: specific endonucleases, 5′→3′ exonucleases,
and 3′→5′ exonucleases. U4, U5, and U6 snRNAs; the minor spliceosomes

contain the U11, U12, U4atac, U5, and U6atac snRNAs.The 5.8S rRNA processing is initiated by cleavage
at a specific site in the ITS1 by RNase MRP, an en- All the vertebrate spliceosomal snRNAs, except U6

and U6atac RNAs, are Pol II transcripts.doribonuclease. In yeast further 5′→3′ processing to

TABLE 1
SYNTHESIS OF SMALL RNAs BY DIFFERENT RNA POLYMERASES

Number of Nucleotides Removed
RNA Polymerase Examples by 3′ End Processing

Pol I Yease ribosomal 5.8S RNA 8–10 nucleotides

Pol II Human U1 snRNA 8–11 nucleotides
Mouse U14 snoRNA 8–9 nucleotides

Pol III Human SRP RNA 3 nucleotides

Mitochondrial Trypanosomal guide RNAs not known
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Biogenesis of these small RNAs involves many the 5′ cap of the RNA is monomethylated (i.e., newly
synthesized snRNA with m7G cap). However, whensteps at both the 5′ and the 3′ ends, and different

steps of this maturation occur in the cytoplasm or in the snRNA is imported into the nucleus after cap hy-
permethylation, the TPI cannot bind to the trimethy-the nucleus. The formation of the 3′ end of vertebrate

snRNAs requires transcription initiation from an lated cap, and the 3′ processing is thus completed
(149). Recent data show that 3′ exoribonucleases, assnRNA promoter (54,92). The snRNA precursors are

made with the m7G cap (same as in mRNAs) at their part of the exosome, are responsible for the accurate
3′ end formation of the U-series of small RNAs syn-5′ end and 9–15 extra nucleotides at their 3′ end (31).

The 3′ end formation of mature snRNAs also requires thesized by RNA polymerase II (136,138).
The sequence requirements for correct 3′ end for-a cis-acting sequence, known as the 3′ box, located

9–19 nucleotides downstream of the coding region of mation have been studied in U1 and U2 snRNAs. The
mature 3′ end of U1 snRNA is formed in at leastthese snRNA genes (2,25,53,92,150). Mutation of

this sequence causes the accumulation of transcripts two steps (Fig. 1). The 3′ box, a 13-nucleotide-long
sequence, located downstream from the U1 codingthat are not processed accurately and therefore they

are longer than the mature snRNAs. The U1, U2, U4, region is the only sequence required to direct the first
step in the formation of the 3′ end of U1 snRNA (53).and U5 snRNAs are transported as precursors into

the cytoplasm where binding of several Sm proteins Pre-U1 snRNAs with an m7G cap are first transported
to the cytoplasm, where they undergo cap hypermeth-precedes the hypermethylation of the m7G cap struc-

ture to the 2,2,7-trimethylguanosine cap (85) and the ylation and binding to the Sm proteins. The 3′ extra
nucleotides are trimmed in the cytoplasm, leavingtrimming of their 3′ trailer sequences (Fig. 1). Com-

plete processing to the mature 3′ end appears to occur only one or two extra nucleotides after the mature 3′
end. The final processing then occurs in the nucleusonly after the snRNA is transported back into the nu-

cleus. It is postulated that, in the nucleus, there is where the one and/or two extra nucleotides are re-
moved to generate the mature 3′ end.an activity called the 3′ terminal processing inhibitor

(TPI), which inhibits snRNA 3′ end processing when Most U2 snRNA precursors detected in HeLa cells
have 3′ extensions of 10–16 nucleotides (145) but,
recently, transcription of the U2 snRNA has been
shown to continue at least 250 nucleotides down-
stream of the 3′ box (30). Huang et al. (56) showed
that base pairing between nucleotides in the pre-U2
RNA 3′ extension and a sequence between the Sm
domain and the stem loop III of U2 snRNA are re-
sponsible for the correct 3′ end processing of pre-U2
snRNA. Accurate 3′ end processing is important for
transport of the snRNA from the cytoplasm back into
the nucleus. Human U2 snRNA with a mutant 3′ end,
that cannot be processed, was found to be defective
in import (57). Similar results have been obtained in
the Xenopus oocyte system, where U1 snRNAs with
longer 3′ ends were not transported into the nucleus,
showing that the 3′ end structure is critical for RNA
transport across the nuclear pore (93).

THE 3′ END FORMATION IN SMALL
NUCLEOLAR (sno) RNAs

Another important group of small RNAs transcribed
by Pol II are the small nucleolar RNAs. In eukary-
otes, there are two distinct classes of snoRNAs, namely
the fibrillarin-associated box C/D snoRNAs and theFigure 1. The 3′ end formation in human U1 snRNA. The se-

quence corresponding to the mature human U1 RNA (nucleotides Gar1p-associated box H/ACA snoRNAs. Many box
1–164) is shown in pink. The 3′ box (shown in brown) is 14 nucle-

C/D snoRNAs direct the site-specific 2′-O-riboseotides long and is 11 nucleotides downstream of the mature 3′ end.
The pacman represents the exosome complex. methylation and many box H/ACA snoRNAs guide
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the pseudouridylation of the ribosomal RNAs. Hu- further cleavage by exonucleases in the formation
of mature snoRNA (15,17,132,143,147). A similarman U85 possesses the box elements of both classes

of snoRNAs and associates with both fibrillarin and structural motif with the terminal stem structures and
the H/ACA boxes is required for the 3′ end formationGar1p; it is the first example of a snoRNA that func-

tions in both RNA pseudouridylation and 2′-O-meth- in the H/ACA box snoRNAs (11). Maturation of
some yeast snoRNAs by trimming of short 3′ trailerylation (60).

Some yeast snoRNAs and the more abundant ver- sequences specifically requires the 3′→5′ exo-
nuclease Rrp6p that is a nuclear component of thetebrate snoRNAs, such as U3, U8, and U13, are ex-

pressed from their own promoters (75,86). However, yeast exosome (3,4).
SnoRNAs in plants have two unique features thatmajority of the vertebrate and many yeast snoRNAs

are expressed as part of an intron of a pre-mRNA are in contrast to vertebrate snoRNAs. First, plants
have a unique organization of snoRNA genes where(17,66,86,130). Host genes for most of these intronic

snoRNAs code for nucleolar or ribosomal proteins. multiple snoRNA genes are tightly clustered around
a number of different loci (13,70). Both of the twoThis raises the possibility that intronic location of

these snoRNA genes is to facilitate coordinated regu- major classes of snoRNAs (box C/D and box H/
ACA) are transcribed as polycistronic pre-snoRNAlation of the ribosomal proteins and the ribosomal

RNA modifying snoRNAs. Some of the host genes transcripts from an upstream promoter (Fig. 3) and
are processed by a splicing-independent mechanismbelong to the 5′-terminal oligopyrimidine gene family

and do not encode a functional mRNA. An example that requires endonucleolytic cleavage in the spacer
regions (71,117). Yeast snoR190 and U14 (151) areis the vertebrate UHG gene in which the snoRNAs

U22 to U31 are all encoded within introns of a gene also transcribed as polycistronic transcripts. From
yeast polycistronic pre-snoRNA transcripts, thewhose final spliced product has no open reading

frame (133). It is likely that this gene only exists for Rnt1p endoribonuclease releases individual pre-
snoRNA fragments and exonucleolytic trimmingthe production of these 10 snoRNAs.

Intron-encoded snoRNAs can be matured via a ma- forms the correct 5′ and 3′ termini of the snoRNA
(21,105). Second, U3 snoRNA is transcribed by RNAjor splicing-dependent pathway and a secondary

splicing-independent pathway (Fig. 2). In the splic- polymerase III in plants and by RNA polymerase II
in animals (65). However, the precursor U3 snoRNAsing-dependent pathway, the snoRNA-containing

intron is spliced out as a lariat. Then the RNA lariat- in both plant and animal cells are processed by the
exosome to form the mature 3′ end.debranching enzyme debranches the lariat, facilitat-

ing the exonucleolytic digestion of the flanking se-
quences to produce the accurate 5′ and 3′ ends of
the snoRNA (17,66,96). In the splicing-independent
pathway, endonucleolytic cleavages are made within THE 3′ END FORMATION
the host intron followed by exonucleolytic trimming IN snRNAs TRANSCRIBED BY RNA
to produce the mature 5′ and 3′ ends (Fig. 2). The POLYMERASE III (Pol III)
gene for the L1 ribosomal protein of Xenopus and its
human homolog contain two snoRNAs, U16 and Most eukaryotic small RNAs transcribed by RNA

polymerase III, such as 5S, U6, SRP, MRP, RNaseP,U18, which are processed in this endonuclease-de-
pendent pathway (15). In snoRNAs transcribed from 7SK, and plant U3 RNAs, terminate with 4–uridylic

acid residues as their 3′ end sequence. Some pol IIIindependent promoters, initiation sites for exonucleo-
lytic trimming are often produced by the endonucle- transcripts such as Ro (Y) RNAs retain their 3′ ends

and are found in the cytoplasm with –UUUUOH orases like Rnt1p, an RNase III homolog in yeast (20).
Two 5′→3′ exonucleases, Xrn1p and Rat1p, in yeast –UUUUUOH. Most other Pol III transcripts are pro-

cessed at their 3′ ends and contain sequences slightlyare required for the 5′ processing of several
snoRNAs. These snoRNAs can be either synthesized different from their original transcripts (120). In

some instances, the 3′ end modifications are minor,from polycistronic pre-snoRNA transcripts or excised
from the introns of pre-mRNAs following intron lar- and in other cases they are significant. Accurate in

vitro systems are now available where the 3′ end pro-iat debranching (96,102).
Correct 3′ end processing of the box C/D snoRNAs cessing reactions on the SRP/Alu RNA and U6

snRNA are faithfully replicated. In addition to uridy-depends on conserved structural elements located in
their coding regions. Formation of the 5′, 3′-terminal lation and deuridylation of the 3′ U tail, a single ade-

nylic acid residue is added in many small RNAs instem structure and binding of protein factors to the
adjacent box C and D sequences are thought to block vitro and in vivo (23,100,120).
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Figure 2. The 3′ end formation of intronic snoRNAs in eukaryotes. Intron-encoded snoRNAs (pink box) are transcribed as a part of a pre-
mRNA. Green boxes indicate exons. The snoRNA is released from the rest of the intron by two possible ways. In the first pathway, the
intron lariat, formed by splicing, is linearized by a debranching activity. 5′ end processing is carried out by 5′→3′ exonucleases (green
pacman), while the 3′→5′ exonucleases organized in the exosome complex (orange pacman) trim the 3′ end trailer sequence to form the
mature 3′ end. In the alternate pathway, endonucleolytic cleavages (blue arrows) upstream and downstream of the snoRNA release the
snoRNA. The mature 5′ and 3′ ends are generated by exonucleases, similar to the first processing pathway.

POSTTRANSCRIPTIONAL cessed by exonucleases in vivo as well as in vitro.
The deuridylation process has been demonstrated inURIDYLATION OF U6 snRNA
vitro (48) and it appears that it is during this deuridy-

Among RNAs that are posttranscriptionally uridy-
lation process that the cyclic phosphate structure is

lated, the 3′ uridylation of U6 snRNA has been most
formed on the 3′ end of U6 snRNA (Fig. 4).

extensively studied. We and other investigators have
shown that when HeLa cell extracts are incubated in
the presence of [α-32P]UTP, many small RNAs

CYCLIC PHOSPHATE
including U6 and 5S RNAs get labeled on their 3′

ON THE 3′ END OF RNAs
ends (55,82,106,120,129). The specific activity of
[32P]phosphate in the 3′-terminal nucleotides of frog Lund and Dahlberg (82) showed that about 90% of

the U6 snRNA in human cells contains 2′, 3′-uridine5S rRNA (33) and human U6 snRNA (82) were
found to be several-fold higher compared with the cyclic phosphate (U>p) at its 3′ end. Brunel and his

coworkers concluded that this U>p formation is cou-internal phosphates, indicating that the 3′ end se-
quences undergo posttranscriptional turnover. Be- pled to its involvement in splicing of pre-mRNAs

(40,129). But in splicing-deficient extracts where es-necke’s lab has partially purified a terminal uridylic
acid transferase with specificity to the U6 snRNA sential spliceosomal snRNAs were specifically de-

graded, the cyclic phosphate formation still occurredfrom HeLa cells (131). In addition to the uridylation
on U6 snRNA and 5S rRNA, these RNAs are pro- on U6 snRNA. These data indicate that U>p forma-
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Figure 3. The 3′ end formation of polycistronic snoRNAs in eukaryotes. Polycistronic snoRNAs are transcribed by a common upstream
promoter. Individual snoRNAs (pink box) are released by the action of endonucleases upstream and downstream of the snoRNA sequence.
5′→3′ exonucleases and 3′→5′ exonucleases trim the 5′ leader and 3′ trailer sequences to generate the mature 5′ and 3′ ends of the snoRNA.

tion in U6 snRNA may not coupled to pre-mRNA
splicing (48). Moreover, the formation of >p is not
unique to U6 snRNA. In addition to U6 snRNA,
many other RNAs are known to contain 2′, 3′-cyclic
phosphate structures. The autolytic products of sev-
eral viral RNAs contain cyclic phosphates at their 3′
ends (14,41,58,81). The cleavage products of pre-
tRNA (38,46,98) and pre-rRNA (50) contain 2′, 3′-
cyclic phosphate structures. Shumyatsky et al. (119)
isolated and fractionated Ehrlich ascites carcinoma
(mouse) cell RNAs on sucrose density gradients and
analyzed poly(A)+ RNA isolated from light, interme-
diate, and heavy fractions. Cyclic phosphates (pC>p
and pU>p) were found in the poly(A)+ fraction ob-
tained from the intermediate fraction. The synthesis
of these cyclic phosphate-containing RNAs was in-
hibited by low concentrations of α-amanitin, indicat-
ing that cyclic phosphate may be present at the 3′ end
of some mRNAs. It appears that cyclic phosphate-
containing RNAs are intermediate products in the 3′
end metabolism of many small RNAs.

Because nascent U6 snRNA transcript contains a
3′ hydroxyl group, >p in U6 snRNA is formed post-
transcriptionally. In the 3′ end formation model pro-
posed by Gu et al. (48), the U>p appears to be an
intermediate after the removal of a nucleoside from Figure 4. A model for the trimming, 2′,3′-cyclic phosphate (>p)

formation, and addition of nucleotides to the 3′ end of U6 snRNA.RNAs containing a 3′-OH by an exonuclease (Fig.
The removal of nucleoside involves cleavage of ester bond be-

4). One possible candidate enzyme for the cyclic tween 3′-phosphate and 5′-hydroxyl group. The asterisks indicate
32P-labeled phosphate residues derived from [α-32P]UTP.phosphate formation is the human RNA 3′ cyclase
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enzyme that has been extensively characterized by RNA-specific S fragment and four SRP proteins.
This domain is responsible for targeting the ribo-Filipowicz’s group. The cyclase enzyme is a nuclear

enzyme that is consistent with the involvement of the some–nascent peptide chain complex to the surface
of rough endoplasmic reticulum by interacting withcyclase in the formation of >p on the 3′ end of U6

snRNA and possibly other small RNAs. Filipowicz’s the SRP receptor (141). Recently, Jacobson and Ped-
erson (59) showed that SRP RNA, when injected intolab has purified, characterized, and cloned a RNA 3′

cyclase enzyme from many species including E. coli, the nucleoplasm, first migrates to the nucleolus and
then to the cytoplasm. The minimal domain neces-yeast, plants, and human cells (9,39,42,44). In fact,

the substrate that was used to identify and purify the sary for migration from the nucleoplasm to the nucle-
olus is an 86-nucleotide-long domain consisting ofcyclase enzyme was RNA with 3′ phosphate (37). In

addition to the cyclase enzyme, there is also another the 5′ end, 3′ end, stem III, and stem IV in the Alu
portion of SRP RNA. The minimal domain necessaryenzyme that hydrolyzes 2′, 3′-cyclic phosphates on

nucleotides or RNAs (43). At present, the function(s) for 3′ end processing and adenylation is again the
same 87-nucleotide-long Alu motif (23). These dataof this highly conserved cyclase enzyme or the phos-

phodiesterase are not known. show that this tRNA-like domain of SRP RNA has
multiple functions in the biogenesis of SRP RNA,
including binding of the SRP 9/14 kDa protein heter-
odimer, 3′ end processing, 3′ adenylation, and trans-ADENYLATION OF SMALL RNAs
port to the nucleolus prior to exiting into the cyto-

We have characterized the 3′-terminal nucleotide plasm.
of several small RNA species and found that, in every The 3′ adenylated Alu RNA as well as the adenyl-
case examined, a fraction of the RNA contained a ated SRP RNA were bound to the SRP 9/14 kDa het-
posttranscriptionally added adenylic acid residue that erodimer and can be coimmunoprecipitated by spe-
is not present in the corresponding gene [(120); Table cific antibodies against SRP 9/14 proteins (23). The
2]. In the case of human SRP and 7SK RNAs, this mutant Alu RNA that fails to bind SRP 9/14 hetero-
posttranscriptional adenylation was found in 70% of dimer cannot be adenylated or processed at the 3′ end
the RNA molecules (24,120,134). These data indicate (121). These data are consistent with a model (Fig.
that in many human small RNA molecules, one or 5) where the nascent SRP and/or Alu RNAs first bind
more 3′ end nucleotides are removed and a single to SRP 9/14 protein heterodimer, followed by the re-
adenylic acid residue is added. Adenylation where moval of extra nucleotides on the 3′ end and then the
1–2 adenylic acid residues are posttranscriptionally addition of one adenylic acid residue in the nucleus,
added is known to occur in many RNAs, including before transport into the cytoplasm (23). The machin-
some stable small RNAs of E. coli (78). ery capable of accurately adenylating SRP RNA is

SRP RNA is the RNA component of the signal present both in the nucleus and in the cytoplasm
recognition particle, which plays an important role (100). This is similar to the mRNA adenylation and
in translocation of membrane proteins and secretory the tRNA aminoacylation machinery, which are pres-
proteins (126,140,141). SRP RNA is synthesized in ent and functional in the nucleus as well as in the cyto-
the nucleus by RNA polymerase III and translocates plasm. However, the model presented in Figure 5 does
to the nucleolus, enroute to the cytoplasm. SRP RNA not exclude the possibility that SRP RNA without the
in the nucleolus is already processed and adenylated, posttranscriptionally added adenylic acid is also trans-
indicating that 3′ end processing and adenylation are ported from nucleus to the cytoplasm. In fact, some cy-
early events in the biogenesis of the signal recogni- toplasmic RNAs like human and yeast ribosomal 5S
tion particle (23). The SRP consists of two distinct RNA and yeast SRP RNA contain a very low percent-
functional domains. The first one is the Alu domain age of posttranscriptional adenylation where adenyl-
consisting of the 5′ and the 3′ end portions of the ated RNAs account for 5% or less (95,100). Therefore,
SRP RNA associated with the SRP 9/14 protein het- it is likely that presence of a posttranscriptionally
erodimer (127). This domain has a tRNA-like struc- added adenylic acid is not a requirement for transport
ture and plays an important role in arresting elonga- across the nuclear membrane. This 3′ end adenylation
tion of the nascent polypeptide in the ribosome (146). of small RNAs is carried out by an adenylating ma-
The minimal domain necessary for binding with the chinery different from the mRNA polyadenylation ma-
SRP 9/14 protein heterodimer is an 86-nucleotide- chinery (121). The enzyme responsible for the single
long motif including the 5′ end, the 3′ end, and stems adenylic acid addition has been characterized and is
III and IV in the Alu portion of the SRP RNA (144). highly homologous to the poly(A) polymerase that po-
The second functional domain consists of the SRP lyadenylates mRNA (101).
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Figure 5. A model for the adenylation and turnover of posttranscriptionally added adenylic acid in SRP RNA. The secondary structure of
SRP and Alu RNAs has been studied by several investigators (141). SRP 9/14 protein heterodimer was shown to bind in this region of SRP
RNA (127,144). The relative size and sites of binding of SRP 9/14 protein heterodimer are shown only for the purpose of illustration.
Broken arrow represents a possible alternate pathway for the transport of SRP RNA without the 3′ end adenylation.

URIDYLATION AND ADENYLATION U6 snRNA molecules with posttranscriptionally added
adenylic acid residue on their 3′ ends were not uridy-ON THE 3′ ENDS OF SMALL RNAs

AS MECHANISMS TO MAINTAIN lated in vivo and in vitro, or when injected into Xeno-
pus oocytes (24). Similar results were obtained withTHE INTEGRITY OF 3′ ENDS
5S rRNA and 7SK RNA in vitro where 3′ AOH-con-
taining RNAs were not further uridylated (24). TheseU6 small nuclear RNA and ribosomal 5S RNA are

examples of small RNAs that are posttranscription- data demonstrate that the presence of a single post-
transcriptionally added adenylic acid residue on theally uridylated on their 3′ ends. However, a small

fraction of U6 snRNA and 5S rRNA molecules from 3′ end of U6 snRNA, 5S rRNA or 7SK RNA prevents
3′ uridylation. A model (Fig. 6) has been proposedhuman cells as well as Xenopus oocytes contain a

single posttranscriptionally added adenylic acid resi- where adenylation and uridylation are two competing
processes that add nucleotides on the 3′ end of somedue on their 3′ ends. While the U6 snRNA with uri-

dylic acid residue on its 3′ end was readily uridylated, small RNAs. One of the functions of the 3′ adenyla-
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Figure 6. A model depicting the 3′ end deletions/additions occurring on the 3′ end of human small RNAs. All available evidence is in
support of this model. The RNAs bind with appropriate proteins to form the ribonucleoprotein particles. The 3′ ends of RNAs are trimmed
where one or more nucleotides are removed. These RNAs can be rebuilt by uridylation; thus, this reaction is reversible. The RNAs are also
adenylated and deadenylated; this reaction also is reversible. The RNAs containing adenylic acid residues cannot be uridylated. This reaction
is not reversible. RNAs containing adenylic acid on the 3′ end have to be first deadenylated before further uridylation can take place.

tion could be to negatively regulate the 3′ uridylation ase (TUTase). Complex II is essentially complex I
with the mRNA to be edited (29,61,110,115).of small RNAs. We, as well as other investigators,

showed that the posttranscriptionally added 3′ ade- When isolated mitochondria were incubated with
[α-32P]UTP, both edited mRNA and gRNAs were la-nylic acid residues and 3′ uridylic acid residues con-

stantly turn over. In other words, the 3′ ends of these beled as a result of TUTase activity but not due to
mitochondrial transcription (51,99). This is reminis-RNAs are being constantly trimmed and rebuilt.

However, the 3′ adenylic acid residue turnover is cent of [α-32P]UTP labeling of U6 snRNA in higher
eukaryotes and in HeLa cell extracts as a result ofslow whereas uridylation has a faster turnover

(23,120). Thus, even a low percentage of 3′ adenyla- posttranscriptional uridylation at the 3′ end of U6
RNA (106,109). The U residues inserted during edit-tion may result in significant reduction of the uridyla-

tion of RNAs. It is possible that 3′ adenylation with a ing are derived from the cellular UTP pool and are
added to the 3′ terminus of a 5′ pre-mRNA cleavagelow turnover rate and uridylation with a high turnover

rate are two intimately related processes designed to product (61). U residues are also added posttranscrip-
tionally to the 3′ end of gRNAs to give a poly(U) tailrebuild and maintain the 3′ ends of RNAs intact.
of about 5–24 nucleotides (10).

A model in which the gRNA maturation occurs in
URIDYLATION OF GUIDE RNAs

complex II of the mRNA editing reaction has been
IN KINETOPLASTID MITOCHONDRIA

proposed by McManus et al. (87). The gRNAs that
are associated with complex I are subject to both 3′Guide RNAs that are involved in mRNA editing

are another group of RNAs that undergo 3′ end uridy- end uridylation by TUTase and trimming of the U tail
by the 3′ uridyl exonuclease. These gRNAs thereforelation. RNA editing is the posttranscriptional process

during which the nucleotide sequence of mRNAs is contain a stretch of 3′ U residues. When complex II
is assembled, these gRNAs pair with their cognatealtered by base modifications, substitutions, inser-

tions, or deletions of nucleotides to produce a new pre-mRNA at specific sites for editing. Subsequently,
the 3′ U tail of the gRNA is then stabilized by basecoding sequence (7,8). This mRNA editing is facili-

tated by trans-acting guide RNAs of 55–70 nucleo- pairing with the purine-rich regions flanking the edit-
ing site of the pre-mRNA. Using 3′ cross-linkingtides in length that act as templates for editing. The

enzymatic activities required for RNA editing are in studies, Leung and Koslowsky (73) have shown that
the U tail interacts with purine-rich mRNA sequencestwo RNP complexes (99,104) called complex I and

complex II. Complex I is made up of the gRNAs, an upstream to the editing site, thus strengthening the
gRNA/cognate pre-mRNA interactions. The 3′ U tailediting site-specific endonuclease, an RNA ligase, a

3′ uridyl exonuclease, and a terminal uridyl transfer- may also act together with the 5′ anchor domain of
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the gRNAs to reduce secondary structure in the 400 nt and a nonpolyadenylated form. Both the poly-
adenylated and the nonpolyadenylated B2 RNAs con-mRNA in the immediate editing domain, thus in-

creasing accessibility of the editing complex to the tain the methylphosphate cap structure at their 5′ ends
(119).immediate editing site. The U tail also acts as a tether

and stabilizes the 5′ pre-mRNA fragment after cleav-
age by the endonuclease. But as editing progresses,
the number of U residues that interact with the up- THE 3′ END FORMATION
stream sequences decreases and instead the U tail of IN YEAST SMALL RNAs
the gRNA can interact with its own guiding region
to maintain important secondary structures (74). The Yeast spliceosomal RNAs, transcribed by Pol II,

are processed at their 3′ ends in very similar but dis-poly(U) tail of the gRNAs would thus be inaccessible
for trimming by the 3′ terminal exonuclease. tinct pathways. The 3′ end formation in U1 yeast

snRNA is absolutely dependent on the 3′ terminal Sm
site (114). Any mutation at this site leads to accumu-
lation of two species: a minor polyadenylated and aTHE 3′ END FORMATION
major nonadenylated 64–78 nt 3′ extended form (Fig.IN TELOMERE RNA AND B2 RNA
7). At 80–81 nucleotides and 114–115 nucleotides

Some of the small RNAs are processed at their 3′ downstream of the mature 3′ end are a pair of cleav-
ends by the mRNA adenylation pathway. The two age sites for the endonuclease Rnt1p. Following
main examples are the telomere RNA and the rodent cleavage by Rnt1p, these precursor RNAs are further
B2 RNA. processed by the exosome to produce the mature 3′

end. But inactivation of the Rnt1p cleavage pathway
Telomere RNA still yields U1 snRNAs with mature 3′ ends. There-

fore, yeast U1 RNA has Rnt1p-dependent and Rnt1p-The integral RNA subunit of telomerase contains a
independent processing pathways, both of which re-template region that determines the sequence added
quire the functional Sm site. Yeast U5 snRNA existsto the chromosome ends. In yeast and mammals, telo-
as two forms: the longer U5L and the shorter U5S.mere RNA is a Pol II transcript, while in ciliates, it
U5 precursor RNA is cleaved by Rnt1p at sites lo-is a Pol III transcript. Human telomerase RNA has a
cated 26–27 (pre-U5S) and 90–91 (pre-U5L) nucleo-H/ACA domain that is essential in vivo for its accu-
tides downstream of the mature 3′ end (19). Thesemulation, 3′ end processing, as well as for telomerase
cleaved precursors are then trimmed by the exosomeactivity (88). This RNA is also known to be associ-
to the mature 3′ end (3). Exonucleases from theated with GAR protein that is common to H/ACA
RNase D family have also been implicated in thisbox-containing RNAs. At steady state, 5–10% of the
pathway (137).telomerase RNA in Saccharomyces cerevisiae and

Unlike yeast U1 and U5 snRNAs that have alter-Kluyveromyces lactis contains a poly(A) tail of about
nate 3′ processing pathways to bypass the Rnt1p pro-80 nucleotides. The telomere RNA has the mRNA
cessing, yeast U2 processing is Rnt1p dependent.polyadenylation signal at its 3′ end and its poly(A)
Preventing normal processing of U2 snRNA by Rnt1tail is added by the same machinery that polyadeny-
results in the accumulation of extended and polyade-lates mRNAs (22).
nylated U2 RNA, which are still functional in splic-
ing (1). The role of Rnt1 appears to be limited toB2 RNA
the production of site-specific cleavages to generate
processing intermediates, which are later trimmedB2 repeats are a group of short interspersed ele-

ments (SINEs) specific for the rodent genome. The to the mature ends, possibly by the exosome. Poly-
adenylated forms of U4 snRNA, 5S rRNA, andrepeats are about 180 bp long and are present at

nearly 105 copies per genome. The B2 RNA is tran- snoRNAs also accumulate in yeast, which are defi-
cient in essential exosome components (72,103,138).scribed from distinct B2 genes and terminate with 3′

UUUU-OH on its 3′ end. The B2 element has a Pol This dynamic balance, between the exosome to trim
the 3′ end and the polyadenylation machinery to elon-III promoter and B2 genes have a consensus Pol III

promoter and a 3′ polyadenylation signal (69). This gate the 3′ end, is also seen in the prokaryotes. Re-
cently, it has also been shown that the 3′ end of SRPpolyadenylation signal is the same as the mRNA po-

lyadenylation sequence (AAUAAA) and the B2 RNA RNA in yeast is also processed by the exosome; cells
lacking Dis3p (Rrp44p) accumulate aberrantly pro-is polyadenylated by the mRNA poly(A) polymerase.

Two populations of B2 RNA exist: a polyadenylated cessed RNA that is not transported out of the nucleus
(47). This demonstrates that integrity of the 3′ endform with poly(A) tail ranging in size from 200 to
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Figure 7. The 3′ end formation in yeast U1 snRNA. U1 snRNA in S. cerevisiae is made as a precursor with �120 extra nucleotides on the
3′ end. There are two alternate pathways for generating the mature 3′ end (114). One of the pathways is dependent on Rnt1p, an endonuclease
with homology to RNase III, while the second pathway is independent of Rnt1p. Both of these maturation pathways are dependent on the
3′-terminal Sm site and associated proteins. In the Rnt1p-dependent pathway, there are two prominent intermediates: a nonpolyadenylated
RNA, extending 64–78 nucleotides beyond the mature 3′ end, and the related polyadenylated RNA.

could be very essential to the function of some which three nucleotides are removed to yield mature
5S RNA by RNase T (Fig. 8A) (77,128). RNase M5RNAs.
cleaves the B. subtilis equivalent of 5S RNA precur-
sor in a double-stranded region to yield mature 5S
rRNA in one step (27). RNase P RNA (M1 RNA) isTHE 3′ END FORMATION
also processed in a similar manner (77). M1 RNAIN PROKARYOTIC SMALL RNAs
is generated as a primary transcript from a proximal
promoter or as part of a long precursor RNA like theIn addition to ribosomal 5S RNA and tRNAs, sta-

ble small RNAs in E. coli include many small regula- 5S RNA from a distal promoter.
The tmRNA, also known as the 10Sa RNA or thetory RNAs (142). Most of these RNAs are synthe-

sized as longer precursors and then processed at both SsrA RNA, functions uniquely both as tRNA and
mRNA when ribosomes pause at the 3′ end of a trun-the 5′ and 3′ ends to yield the mature RNA. Similar

to eukaryotic 3′ end processing, endonucleolytic cated mRNA lacking an in-frame stop codon. This
process, referred to as trans-translation, leads to thecleavage followed by exonucleolytic trimming of

RNAs are the two common processes involved in the addition of a short peptide tag (11 amino acids) to
the carboxy-terminus of the incomplete nascent poly-formation of the 3′ end of E. coli small RNAs. Differ-

ent combinations of these two processes are used peptide (62,68). The tagged polypeptide labels the
truncated protein as a target for carboxy-terminal-to generate the mature 3′ end. Formation of the 3′

end in two representative RNAs are discussed below specific proteases. The tmRNA is synthesized as a
457-nucleotide-long primary transcript from its own(Fig. 8).

Ribosomal 5S RNA is synthesized as part of a 30S promoter and has a rho-dependent termination signal.
Seven nucleotides from the 5′ end are removedprecursor that contains the other ribosomal RNAs.

RNase III releases the individual rRNAs from the pri- through an endonucleolytic cleavage by RNase P to
generate the mature 5′ end (Fig. 8B). The 3′ end ismary transcript by a series of endonucleolytic cleav-

ages. RNase E cleaves the E. coli 5S RNA precursor acted upon by an endonuclease, RNase III following
which the final mature 3′ end is generated by 3′→5′in a single-stranded region of four nucleotides, after
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Figure 8. The 3′ end formation in two bacterial RNAs: ribosomal 5S RNA and tmRNA. (A) 5S rRNA (purple box) is synthesized as part
of a polycistronic primary transcript that contains the other two ribosomal RNAs, 16S and the 18S rRNAs (green boxes). The endonuclease
RNase III cleaves the primary transcript to separate the individual rRNAs. Another endonuclease RNase E cleaves the 5S RNA precursor
at about three nucleotides away from the mature 3′ end (128). The exoribonuclease RNase T trims the final three nucleotides to generate
the mature 3′ end (77). (B) Pre-tmRNA is folded into a pre-tRNA-like structure in vivo such that it can be cleaved by RNase P to generate
the 5′ end of the mature tmRNA. The 3′ trailer sequence is acted upon by endoribonuclease RNase III. The final exonucleolytic trimming
by RNase T yields the mature 3′ end –CCA. It has also been shown that the final 3′ end could be obtained by endonucleolytic cleavage by
RNase E. (C) Sequence and structure near the 3′ end of 5S RNA and tmRNA (77). Nucleotides present in the mature RNA are shown in
black letters while the nucleotides that are removed by the final exonucleolytic trimming are shown in orange letters. Arrows indicate the
direction of trimming by RNase T.
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exonuclease, RNase T (77). RNase E has also been RNAs have been detected in exoribonuclease-defi-
cient cells (78,148). Most of the mature small RNAsshown to generate the mature 3′ end by a single endo-

nucleolytic cleavage (79). Regulatory RNAs like are not polyadenylated even in these cases, possibly
because their 3′ end is protected either by secondaryOxyS RNA, DsrA RNA, and MicF appear to require

no 3′ exoribonucleolytic trimming and are functional structures or buried inside a ribonucleoprotein com-
plex. There appears to be a dynamic balance betweenas primary transcripts.

The 3′ end processing appears to be dictated by trimming to generate the mature 3′ end and polyade-
nylation to mediate decay. The oligo(A) tails synthe-RNA secondary structure and the property of exori-

bonuclease(s). Most of the small RNAs have the 5′ sized by poly(A) polymerase might facilitate RNA
decay through the degradosome; a multiprotein com-and 3′ ends base paired with each other to form a

stable, double-stranded stem generally followed by plex containing an endoribonuclease (RNase E), an
exoribonuclease (polynucleotide phosphorylase), andseveral unpaired 3′ nucleotides (76,77) (Fig. 8C). The

3′ extra nucleotides in the RNA precursor extend the a DEAD box helicase (RhlB) has a central role in
mRNA degradation (16,94).3′ unpaired region further, and these unpaired nucleo-

tides are trimmed by various exoribonucleases in the
final maturation step. For most exoribonucleases, this

EXOSOME: ENZYME COMPLEXbarrier serves to stop the trimming reaction when the
RESPONSIBLE FOR THE 3′ ENDsingle-stranded tail is four nucleotides long. How-
FORMATION OF SMALL RNAsever, RNase T appears to differ from the other

RNases in that it can approach closer to the double- Many exonucleases have been extensively charac-
terized from bacteria and yeast, and the RNA pro-stranded stem. This property is the hallmark of

RNase T, which is the only exoribonuclease that can cessing and/or RNA degradation/turnover is affected
in yeast mutants defective in these exonucleases. Tol-trim the 3′ terminus of 5S RNA to yield the mature

3′ end with only one unpaired nucleotide. RNase T lervey’s lab made the exciting discovery that many
of these exonucleases are part of a large functionalis also the only enzyme that participates in the 3′ end

processing of the –CCA sequence of tRNA. This is complex designated “exosome” (90). The E. coli
counterpart of the exosome is referred to as the de-also consistent with the fact that RNase T is generally

the most active RNase for removing the extra resi- gradosome. The exosome is a multiprotein complex
consisting of several 3′→5′ exoribonucleases, heli-dues closest to the mature 3′ termini of the other sta-

ble RNAs. RNase T does not act on long 3′ trailer cases, and associated factors (Table 3). It has been
shown to be responsible for accurate 3′ end process-sequences or on single-stranded substrates (77).

Polyadenylated precursor species of many small ing and degradation of many different cellular RNAs

TABLE 3
COMPONENTS OF THE YEAST EXOSOME

Exosome Subunit Proposed In Vitro E. coli Mammalian
(Yeast) Activity Phenotype Homolog Homolog

Core subunits
Rrp4p 3′ exohydrolase essential S1 RNA BD hRrp4p
Rrp40p essential S1 RNA BD hRrp40p
Rrp41p/ski6p 3′ exophosphorolase essential RNase PH hRrp41p
Rrp42p essential RNase PH hRrp42p
Rrp43p essential RNase PH
Rrp44p/Dis3p 3′ exohydrolase essential RNase II hDis3p
Rrp45p 3′ exophosphorolase essential RNase PH PM-Scl75
Rrp46p essential RNase PH hRrp46p
Mtr3p essential RNase PH
Cs14p essential S1 RNA BD hCs14p

Nuclear subunit
Rrp6p 3′ exohydrolase ts lethal RNase D PM-Scl100

Associated factors
Mtr4p RNA helicase
Ski2p RNA helicase
Ski3p TPR domains
Ski8p WD domains

The various exonucleases in the yeast exosome are listed with their proposed activity in vitro and with the phenotype of the
corresponding yeast mutant (4,136). The E. coli and mammalian homologs are also listed wherever known.
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including mRNAs and small RNAs. The presence of Both types of exonucleases have been extensively
characterized from E. coli and yeast. While detailedmultiple exoribonucleases in an exosome complex is

analogous to the presence of multiple proteases in the characterization of human exonucleases has not been
reported, it is likely that similar mechanisms of actionproteasome (6,32,45). It is suggested that there might

be a fundamental advantage to the compartmentaliza- will be found for human exoribonucleases as in bac-
teria and yeast. Exonucleases, other than those pres-tion of degradative enzymes as large complexes

(136). Both exosomes and proteasomes require ATP ent as part of the exosome, have also been implicated
in 3′ end processing of small RNAs (137). These exo-for their functions. Similar to the proteasome, the ex-

osome is present in both nucleus and cytoplasm. This nucleases work in redundant pathways or sequentially
with the exosome in the same 3′ end processingconclusion is based on immunolocalization of core

exosome subunits as well as biochemical fraction- pathway.
ation (3,64,90,151). However, one of the known
exoribunucleases Rrp6p in yeast is confined to the
nucleus. In human cells, Rrp6p corresponds to the CONCLUSIONS AND PERSPECTIVES
PM-Scl 100 protein that is also restricted to the nu-
cleus (Table 3). Therefore, it appears that exosome The 3′ end formation is an important metabolic

step in small RNA biogenesis. Generation of the ma-does not have a uniform and homogeneous structure.
The nuclear and cytoplasmic forms have many com- ture 3′ end appears to be very critical because multi-

ple redundant pathways exist in a cell to ensure themon components and few different subunits (91,136).
It is also possible that different components can be process. Although the correct 3′ end formation has

been shown to be important in localization and func-recruited to the core exosome complex in order to
assist RNA-specific 3′ end processing. tion of many RNAs, like in nuclear import for the

snRNAs and in base pairing with cognate mRNA forAll the characterized exosome exonucleases act by
two well-defined mechanisms (35,80,118,136). The the gRNAs, the primary role is believed to be in the

maintenance of the integrity of the RNA. Stem–loopfirst category is made up of the 3′ exohydrolases,
which use water to hydrolyze the 3′ nucleotide releas- structures and long homopolymeric tails are hin-

drances to the 3′ exonucleolytic complexes. The 3′ing it as 5′ pN 3′OH, and leaving the RNA substrate
as RNA 3′OH: ends of RNAs could be protected by their inclusion

in ribonucleoproteins. Synthetic reactions like uridy-
lation and adenylation could serve as repair processesRNA 5′ NpNpNpN-o-p-o-NOH + H-O-H→

RNA-NpNpNpNOH + pNOH to regenerate the 3′ end. Because small RNAs are
essential components for many pathways inside the
cell, future challenges lie in understanding not onlyThe second class of exonucleases termed as phos-

phorolases use phosphate as the attacking nucleo- the 3′ end formation mechanisms but also the 3′ end
maintenance mechanisms in these RNAs.philic group instead of water. The orthophosphate

moiety (*Pi) is transferred to the 3′ nucleotide that is
being removed. The digestion products are nucleotide
5′ diphosphates and RNA with 3′ hydroxyl group: ACKNOWLEDGMENT
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