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Abstract. The terminal RNA uridylyltransferases (TU-
Tases) catalyze transfer of UMP residues to the 3’ hy-
droxyl group of RNA. These activities are widespread
among eukaryotes and appear to be involved in a variety
of RNA-processing pathways. Recent studies of RNA
editing in trypanosomatids have provided the first in-
sights into the biological functions of RNA uridylyltrans-
ferases, which had eluded biochemical identification de-
spite 30-year-old evidence of such activities in mammals
and plants. Comparative sequence analysis of trypanoso-
mal TUTases and their homologs revealed by large-scale

genomic projects demonstrates a significant level of bio-
chemical and structural diversity between putative uridy-
lyltransferases. The conserved catalytic domain has ac-
quired additional protein modules and appears to have
adapted to perform functionally distinct tasks of guided
U-insertion into mRNA and constrained addition of an
oligo[U] tail to guide RNAs. Here I discuss the current
knowledge of this novel enzyme family and possible roles
of RNA uridylylation in the regulation of gene expres-
sion.
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cytoplasmic poly(A) polymerase.

Introduction

Just as with another homopolyribonucleotide transferase,
poly(A) polymerase, the activity that adds UMP residues
to RNA was discovered long before its biological func-
tions could be envisaged. The first reports of template-in-
dependent poly(U) polymerase activity in rat liver date
back more that 30 years [1, 2]. Subsequent work identified
UTP-specific transferase activity associated with cyto-
plasmic ribosomes [3]. In cowpea (Vigna unguiculata),
the terminal RNA uridylyltransferase (TUTase) has been
characterized as an ~50-kDa polypeptide that catalyzes
transfer of single UMP residues to polyribonucleotide
substrate [4]. Renewed interest in poly(U) polymerase was
sparked by the hypothesis that a terminal uridylyltrans-
ferase can participate in initiation of minus-strand synthe-
sis by poliovirus replicase, thus serving as a host factor re-
quired for replication of poliovirus [5]. This activity, orig-
inally detected in initiation factor 2 (elF2) preparations

from rabbit reticulocyte ribosomal salt wash, appears to be
similar to one reported by Milchev and Hadjiolov [3]. Fur-
ther studies established that in HeLa cells, partially solu-
ble and partially ribosome-associated ~68-kDa factor re-
quires an RNA primer and possesses a template-indepen-
dent poly(U) polymerase activity [6, 7]. The current model
of picornaviral genome replication does not involve TU-
Tase [for a review see ref. 8] and the gene for the host fac-
tor has not been identified. The observations that several
small cellular RNAs in human cells contain non-encoded
uridylyl residues [reviewed in ref. [9] prompted re-exami-
nation of possible TUTase functions in HeLa cells and re-
sulted in separation of at least two distinct TUTases.

Post-transcriptional mRNA editing and TUTases

Most current knowledge on TUTases comes from stud-
ies of parasitic protists from the order Kinetoplastida,
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whose mitochondria post-transcriptionally edit their
mRNAs, specifically trypanosomes (type sp. Trypano-
soma brucei) and Leishmania (type sp. Leishmania tar-
entolae). These organisms possess a single tubular mito-
chondrion, which contains arguably the most unusually
organized genome, the kinetoplastid DNA (kDNA) [10].
The single network of catenated minicircles and maxi-
circles is positioned within the mitochondrial matrix ad-
jacent to the basal body of the flagellum. Maxicircles are
the informational carriers and contain 18 clustered pro-
tein-coding genes and two rRNA genes. The transcripts
of 12 genes undergo post-transcriptional editing by the
insertion and deletion of uridine (U) residues, thereby
correcting frame-shifts, creating start or stop codons
and, occasionally, contributing more than half of the
mRNA coding sequence. The minicircles encode guide
RNAs (gRNAs), which are complementary to mature
edited sequences [11]. The gRNAs have 3’ non-encoded
oligo(U) tails [12]. The editing process is accomplished
by concerted action of endonucleases, uridylyltrans-
ferase or 3'-5' U-specific exonuclease and RNA ligase or-
ganized in a multi-protein complex of ~1.6 MDa, the ed-
itosome. Site specificity and number of added or deleted
uridylyl residues are directed by gRNA, likely with par-
ticipation of additional factors [for reviews see refs. 13,
14].

Trypanosomal TUTase activity, which, similar to that in ¥/
unguiculata [4], adds a single UMP residue to ribosomal
RNAs, was first found by White and Borst in total cellular
extracts of 7" brucei [15]. This finding attracted particular
interest due to the discovery of U-insertion editing in try-
panosomal mitochondria just a year earlier [16]. In an at-
tempt to trace putative enzymatic activities that may be
responsible for the incorporation of uridilylates into mito-
chondrial messenger RNAs during the editing reaction,
Bakalara et al. [17] demonstrated the presence of TUTase
in highly purified mitochondria of L. tarentolae. However,
in mitochondrial extract, TUTase activity added multiple
Us to endogenous RNAs suggesting that the mitochondr-
ial and cytoplasmic TUTases in L. tarentolae may be dis-
tinct enzymes. This work started a quest for trypanosomal
mitochondrial TUTase that lasted well over a decade.
From the studies on trypanosomal [18] and Leishmania
[19, 20] systems, it soon became clear that TUTase activ-
ity is associated with heterogeneous high-molecular-
weight RNA-protein complexes in both organisms, rang-
ing from 10 to 458, as determined by velocity sedimenta-
tion in glycerol gradients. Development of internal uridine
incorporation [21] and full-round in vitro editing assays
[22, 23] in the mid-1990s indicated that an ~20S complex
was the particle with the highest specific U-insertion/
deletion RNA-editing activity. This concept was further
strengthened by co-purification of in vitro editing activity
with an ~20S particle through conventional chromatogra-
phy columns and glycerol gradients [24].
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Trypanosomal TUTases: a new theme
in template-independent transferases

The general chemical mechanism of nucleotide transfer
onto the 3’ end of a nucleic acid chain is conserved
throughout evolution yet is catalyzed by several distinct
enzyme superfamilies. During RNA or DNA polymeriza-
tion reactions, acidic and/or polar residues in the active
site co-ordinate two divalent metal ions, most commonly
Mg?*, so as to position the triphosphate moiety of the a-
phosphate of the incoming 5' nucleoside triphosphate for
the in-line nucleophilic attack by the 3" hydroxyl of the
growing polynucleotide chain. This results in the forma-
tion of a phosphodiester bond and a pyrophosphate leav-
ing group [25]. Although sharing basic catalytic chem-
istry, the catalytic modules of template-dependant RNA
polymerases have been divided into at least five evolu-
tionarily unrelated folds based on sequence and structural
comparisons [26]. In contrast, all template-independent
RNA polymerases possess a highly conserved catalytic
domain and belong to the superfamily of nucleotidyl-
transferases exemplified by eukaryotic DNA polymerase
B (Pol B) [27, 28]. The sequence-based classification dis-
tinguishes nine groups within the Pol § superfamily that
are involved in a variety of biological processes including
mRNA polyadenylation, tRNA processing, antibiotic
resistance, signal transduction and many others [27].
The homoribonucleotide polymerases, which are specific
for only one species of nucleoside triphosphate, are repre-
sented by eukaryotic [29], bacterial [30] and viral
poly(A) polymerases [31]. Poly(A) polymerases from dif-
ferent kingdoms belong to distinguishable groups sharing
only the most conserved features characteristic of the en-
tire Pol 8 superfamily. RNA uridylyltransferase activities
appear to be restricted to eukaryotic organisms.

Identification of the first gene for a TUTase was achieved
by chromatographic enrichment of the major UMP-in-
corporating activity from purified mitochondria of L. tar-
entolae [32]. The nearly homogenous preparation con-
tained a polypeptide of ~140 kDa, which was used for
gene cloning by reverse genetics methods. The single-
copy gene encoded a 1120-amino-acid protein that, upon
expression in Escherichia coli, displayed enzymatic ac-
tivity virtually identical to that of the highly purified mi-
tochondrial enzyme. This protein has been termed RNA-
editing TUTase 1 (RET1). Unlike eukaryotic poly(A) po-
lymerases, recombinant RET1 does not require additional
protein factors for robust UMP polymerization activity:
in the presence of Mg?* ions, processive polymerization
of several-hundred-nucleotide-long products is observed.
Substitution of Mg?" with Mn?* relaxes TUTase nucleo-
tide specificity, similar to the extensively documented
properties of poly(A) polymerases [33]. Size-fractiona-
tion and chemical cross-linking experiments suggested a
homotetrameric organization of the enzyme, which is
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Figure 1. Partial multiple-sequence alignment of RNA-editing TUTases and nuclear poly(A) polymerases. Metal-co-ordinating aspartate
residues are indicated by asterisks. Identical residues are red on yellow background; blocks of similar residues are black on blue back-

ground.

rather unusual among nucleotidyltransferases. Sequence
comparisons revealed a signature motif closely matching
the hG[G/S](x9-13)DxD[D/E]h (x stands for any amino
acid, h hydrophobic) consensus for the Pol B superfamily
signature sequence. Iterative Blast-PSI searches of se-
quence databases and phylogenetic comparison of the
RET1 group with eukaryotic poly(A) polymerases, 2"-5'
oligoadenylate synthetases (OASs), TRF4/5 poly(A)
polymerases and archaeal CCA-adding enzymes showed
that the RET1 group is an apparently monophyletic as-
semblage characterized by a set of highly conserved se-
quence motifs and frequent fusion to a putative nuclease
domain [34], albeit nuclease activity has not been de-
tected in RET1 preparations [32]. Alanine-scanning mu-
tagenesis of RET1 TUTase at positions conserved be-
tween RET1 and eukaryotic poly(A) polymerases [29]
identified three carboxylate residues as crucial for activ-
ity: two aspartates of the signature sequence and the third
aspartate located 202 amino acids toward the C terminus
[35] (fig. 1). In eukaryotic poly(A) polymerases with
known three-dimensional structure, the third residue is
separated from the signature sequence by ~50 amino
acids [29], but all three carboxylates lie in close proxim-
ity in three-dimensional space, permitting co-ordination
of divalent metal ions [36—38]. The linker sequence forms
a loop that contains a cluster of highly conserved amino
acids, which has been proposed to bind the 3’ end of the
RNA substrate [39]. In RET1, the extra 150-amino-acid
insertion (fig. 2) appears to constitute a helix-rich domain
essential for function: deletion of this region abolished
enzymatic activity of the recombinant protein [35]. The
delineation of the catalytic and central domain in RET1
(fig. 2) is based on homology with known structures of
eukaryotic poly(A) polymerases [36, 37]. No relationship
could be detected between the poly(A) polymerase RNA-
binding domain and RET1. The poly(A) polymerase-as-
sociated domain, as defined in the PFAM database

(http://pfam.wustl.edu), is typically found in many pro-
teins that also contain a catalytic nucleotidyltransferase
domain. Overlapping oligomerization and RNA-binding
regions in RET1 have been mapped, albeit with low reso-
lution, by sequential C terminus deletions [35]. These re-
gions have no recognizable motifs or similarities with any
other proteins beyond kinetoplastid RET1 species, sug-
gesting the presence of a divergent, possibly function-
specific, structural fold.

In addition to the processive RET1 enzyme, another TU-
Tase activity has been reported, which has a distributive
character: it adds one UMP residue to a single-stranded
RNA substrate per RNA-binding event [40]. The first re-
port of editosome purification by conventional chromato-
graphic techniques indicated that a TUTase activity was
present in the complex but did not detect the candidate
uridylyltransferase among seven major polypeptides
[24]. Application of immunoaffinity purification meth-
ods and mass spectrometry for analysis of the core RNA-
editing complex, the editosome, identified a candidate
enzyme in 7. brucei [41] and L. tarentolae [42]. This sec-
ond TUTase was dubbed RET2. Leishmania RET2
shared similarity with RET1 in the catalytic and central

T )

PPCD nuclease RNA binding

Figure 2. Schematic representation of putative domains in RET1
TUTase. The oligomerization and RNA-binding domains were de-
termined by deletion analysis [35]. The PBCD nuclease region of
OAS is indicated according to Rogozin et al. [34]. The catalytic and
central domain reflect partial homology to respective regions of eu-
karyotic poly(A) polymerases [36, 37]. The 150-amino-acid inser-
tion is shown by the arrow. The C2H2 zinc finger and poly(A)-poly-
merase-associated domains are shown as predicted by searching the
Pfam protein families database at http://pfam.wustl.edu/.
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domains [42] but, remarkably, was half the size and
lacked the zinc finger domain, which is essential for
RET1 activity [35]. Thus, mitochondrial terminal uridy-
lyltransferases display significant diversity in structure
and function.

Based on the structure of bovine poly(A) polymeraze co-
crystallized with ATP in the presence of manganese ions
[37], several residues in the catalytic domain have been
proposed to form contacts with the adenine base. All
these positions are conserved among TUTases and
poly(A) polymerases making them unlikely nucleotide
selection determinants (fig. 1). A recent high-resolution
structure of bovine poly(A) polymerase suggests that nu-
cleotide specificity may be determined by contacts be-
tween the middle domain and incoming ATP [38]. The
conservation of the catalytic mechanism among nu-
cleotidyltransferases apparently imposes rigid constraints
on the evolution of the catalytic domain, whereas nu-
cleotide substrate specificity likely resides in the more di-
vergent central domain.

TUTase functions in mitochondria of trypanosomes

Immunochemical and RNA cross-linking studies of
RET1 interactions in mitochondrial extract indicated that
nearly one-third of the total amount of gRNA is bound to
RET1 or RET1-containing complexes [32]. Sub-stoichio-
metric amounts of RET1 could be detected in an affinity-
purified complex of gRNA-binding proteins, MRP1/
MRP2 [43], but also in the ~20S core editing complex
[42]. Association of RET1 with MRP1/MRP2 and the
208 editosome depends on RNA, although the nature of
the RNA component remains unknown. Glycerol gradi-
ent fractionation of mitochondrial extract followed by na-
tive gel analysis allowed detection of at least five RET1-
containing complexes ranging between 500—1600 kDa, of
which one (~650 kDa) was stable enough to withstand
partial chromatographic purification [32]. Clearly, RET1
is part of heterogeneous complexes, which may reflect in-
teractions with distinct binding partners involved in facil-
itating RET1 enzymatic functions. Alternatively, due to
high intrinsic affinity for poly(U) RNA, RET1 may re-
main bound to its substrates, uridylylated RNA mole-
cules, as they enter different functional complexes, e.g.
the editosome. These protein-protein and RNA-protein
contacts await further investigation. The down-regulation
of RET1 expression in 7. brucei by RNA interference re-
sulted in inhibition of cell growth and mitochondrial in-
sertion/deletion RNA editing [32]. The deleterious effect
on mitochondrial translation and thus assembly of respi-
ratory chain complexes is the most likely cause of the
RNAi-induced growth phenotype [44]. The steady-state
abundance of edited mRNAs decreased dramatically for
all transcripts examined, except cytochrome oxidase sub-
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unit Il mRNA (COII). This transcript is edited by the cis-
acting RNA sequence located in the 3’ untranslated region
[for references see ref. 45] and apparently lacks the post-
transcriptionally added oligo(U) tail — a hallmark feature
of trans-acting gRNAs [12].

RET2 has been identified as an integral editosome com-
ponent in 7. brucei [46] and L. tarentoale [47]. Analy-
sis of RET?2 interactions within the editing complex re-
vealed contacts with the zinc-finger-containing protein,
TbMP81, which also interacts with RNA-editing ligase 2
(REL2) forming a U-insertion sub-complex [48]. Func-
tions of RET1 and RET2 have been resolved by evaluat-
ing in vivo mRNA editing in the respective 7. brucei
RNA:I cell lines [47]. RNAi down-regulation of both TU-
Tases had a similar inhibitory effect on in vivo editing of
all examined transcripts with the exception of COII
mRNA, where the RET2 RNAI consequences were much
more profound. Depletion of RET2 also led to a decrease
in relative abundance of editosomal proteins TbMP81
and REL2 RNA ligase, although the overall integrity of
the 20S editosome was not affected. This is consistent
with the notion that components of the U-insertion sub-
complex are involved in extensive interactions essential
for their successful assembly into the editosome. In any
event, the assembly of the U-insertion sub-complex, but
not the entire 20S editosome, appears to be dependent on
the presence of both TbMP81 [49] and RET2 [47] pro-
teins but not REL2 [50].

The pre-cleaved editing assays that bypass the require-
ment for initial endonucleolytic cleavage proved instru-
mental for dissection of individual enzymatic reactions
[51]. The 20S editosome partially purified from RET2-
depleted mitochondria was virtually inactive in the pre-
cleaved U-insertion assay, whereas depletion of RET1
had a minimal effect [47]. The in vitro U-deletion editing
activity of the 20S editosome was unaffected in both
cases, in agreement with the suggestion that U-deletion
and U-insertion pathways are functionally segregated
within the editing complex [48, 52, 53]. The most plausi-
ble explanation for RNA editing inhibition by RETI
RNAIi comes from one set of data demonstrating shorten-
ing of the gRNA oligo(U) tail in RET1-depeleted 7. bru-
cei cells [47]. This may explain the differential inhibitory
effect of RET1 and RET2 RNAi on U-insertion into COII
mRNA, the only site edited by a guiding sequence lack-
ing an oligo(U) tail. These findings for the first time sug-
gested an essential role for a post-transcriptionally added
oligo(U) tail in gRNA function. Stabilization of a hybrid
between gRNA and purine-rich pre-mRNA may be im-
portant for the initiation of editing [12], particularly for
gRNAs with short anchor sequences. Indeed, a study of
cytochrome b mRNA interacting with cognate gRNA
demonstrated the possibility of such contacts occurring in
vitro [54]. Alternatively, the oligo(U) tail may serve as a
‘3" tether’ following endonucleolytic cleavage maintain-
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ing pre-mRNA fragments in close proximity required for
efficient U-insertion/deletion and ligation. The oligo(U)
tail was not required for full-round in vitro editing [22,
23, 55] but the modification of the 3’ terminal ribose led
to inhibition of U-insertion [56]. Stabilization of the
mRNA 5 cleavage fragment-gRNA interaction by ex-
tending Watson-Crick base-pairing significantly en-
hanced in vitro editing assays [51, 57-59]. The exact role
of the oligo(U) tail still remains a mystery. It is entirely
possible that initial gRNA-mRNA hybrid formation and
stabilization of cleavage products both require an
oligo(U) tail. In addition, a potential role as binding site
for protein factors should not be neglected as several
polypeptides from mitochondrial extracts have been
shown to bind specifically to poly(U) RNA in vitro [60,
61]. Guide RNAs are primary transcripts with homoge-
nous 5’ ends that can be readily labeled with guanylyl-
transferase in the presence of [a-32P]GTP [11, 62, 63] in-
dicating that they have a 5' diphosphate or triphosphate.
The 3" ends of gRNAs are also remarkably uniform in se-
quence [64]. It is not clear whether precise termination of
transcription or 3'-end-processing events are responsible
for generation of pre-gRNA substrates for RET1 TUTase.

Th RET1 Tb RET2

RNA Uridylyltransferases

The average oligo(U) tail length has been put at ~15 nu-
cleotides [12] and is strikingly different from the exten-
sion profiles of highly purified or recombinant RET1: in
vitro this enzyme adds several hundred nucleotides to a
single-stranded RNA primer [32]. It appears that RET1
processivity is tightly regulated in vivo in the editing
complex by a yet unknown mechanism, which may be co-
ordinated with the exonucleolytic 3’ end processing. In-
deed, a candidate processing activity, the U-specific 3"-5'
exonuclease, has been partially purified from Leishmania
mitochondria [65]. Unlike RNA editing exonuclease 1
(REX1), which is stably associated with the 20S edito-
some [66], this exonuclease has been chromatographi-
cally separated from RNA ligase and RET1 TUTase and
characterized as a ~75-kDa protein [65]. The gene for this
protein, however, has not been identified, leaving a re-
mote possibility that the observed activity was an indica-
tion of REX1 dissociating from the 20S editosome.

Considering the presence of uridylate residues within the
poly(A) tails of mitochondrial mRNAs [67, 68] and
uridylylation of ribosomal RNAs [69], involvement of
RET]1 in mitochondrial processes other than RNA editing
appears to be plausible. For example, Read’s laboratory
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Figure 3. Domain organization and processivity of trypanosomal TUTases. Purified recombinant enzymes were incubated with synthetic
5'-labeled RNA primer in the presence of ribonucleotide triphosphates. Products were separated on a 15% polyacrylamide/urea gel. PAP,
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Figure 4. Partial sequence alignment of RNA-editing (RET1, RET2) and putative trypanosomal (TUT3-7) TUTases with cytoplasmic
poly(A) polymerase. xGld-2, Gld-2 and hGld2 are cytoplasmic poly(A) polymerases from Xenopus laevis, Caenorhabditis elegans and
humans. The signature sequence of the Pol B superfamily is underlined. Residues are color-coded as in figure 1.

recently demonstrated that UTP polymerization by RET1
is required for UTP-dependent mRNA degradation in 7.
brucei mitochondria [70]. The role of RET1 in this phe-
nomenon is still unknown. When considering possible
RET]1 targets in mRNA degradation, one may also take
into account a robust RNA primer-independent UTP
polymerization activity of RET1 [35].

The accuracy and efficiency of RET2-catalyzed U-inser-
tion into mRNA are crucial for the overall fidelity of
RNA editing. A study by Igo et al. [58] showed that base-
pairing of an extended 5’ cleavage fragment with guiding
nucleotides and the thermodynamic stability of the dou-
ble-stranded region immediately surrounding the editing
site contribute to the efficacy of U-insertion editing. The
insertion of Us is dictated by the intrinsic selectivity of
RET2 for UTP and not by the nature of guiding nu-
cleotides. The base-pairing of newly added Us with the
gRNA, however, enhances the insertion of subsequent
bases, perhaps by restoring the optimal structure of the
RET2 substrate. Ultimately, ligation of correctly ex-
tended 5’ cleavage fragment to the 3’ fragment of mRNA
is also stimulated by base-pairing with guiding nucleo-
tides [71].

Non-editing TUTases of trypanosomes

U-insertion/deletion RNA editing is a unique process en-
abling expression of pseudogenes in the mitochondrial
genome [72]. This phenomenon is known only in kineto-
plastids and provides little clue to the biological roles of
UTP-specific transferases in other species. Sequence
comparisons and phylogenetic analyses, however, identi-
fied TUTase homologs that are predicted to share the

UTP specificity to RET1 and RET2. The closest homolog
of RET1 and RET?2 in the trypanosomal databases is the
TUTS3 protein from 7. brucei [73] and L. major (fig. 3).
This highly processive enzyme is not targeted to the mi-
tochondria and its extension pattern resembles that of
RET1. A C2H2 zinc finger which is essential for activity
in RET1 is also found in TUT3 (fig. 3). The nucleotide
specificity and biological functions of RET1/RET2 ho-
mologs in trypanosomatids (figs. 3, 4) remain to be in-
vestigated. Remarkably, the closest non-trypanosomal
matches represent a recently discovered family of cyto-
plasmic poly(A) polymerases (fig. 4). The growing list of
functions for members of this family includes involve-
ment in germline development in Caenorhabditis elegans
[74], the S-M checkpoint [75] and adenylation of specific
mRNAC(s) [76] in Schizosaccharomyces pombe and cyto-
plasmic polyadenylation in Xenopus laevis [77]. The
common feature of cytoplasmic poly(A) polymerases ap-
pears to be lack of a C-terminal RNA-binding domain
characteristic for nuclear poly(A) polymerases [74]. Be-
cause of low affinity for RNA substrates, members of the
Gld-2 family require an RNA-binding factor(s) to bind
the specific mRNA(s) and yield robust polyadenylation
in the cytoplasm [78]. Similarities between TUTases and
cytoplasmic poly(A) polymerases do not end at the se-
quence homology level: the recombinant CID1 from S.
pombe is both a poly(A) and poly(U) polymerase in vitro
[75]. Given that intracellular ATP and UTP concentra-
tions [79] are both at least ten times higher than their re-
spective apparent Kms for TUTases [35, 73], the avail-
ability of substrate is unlikely to dictate the nature of
polymerization product in vivo. Considering the virtual
absence of transcriptional control in trypanosomes [80],
extension of the poly(A) tail, which in other organisms
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often promotes translation and mRNA stability [81], may
be one of the mechanism for post-transcriptional regula-
tion of gene expression.

As we learn more about non-editing TUTases, questions
arise whether kinetoplastid TUTases and their homologs
in other Metazoa have conserved or divergent mecha-
nisms of UTP recognition. A search for TUTase in-
hibitors aimed at the UTP binding site may produce com-
pounds that will block not only RNA editing but also
other pathways in trypanosomes, making TUTases at-
tractive drug targets. The crucial question for the
prospects of TUTase-based trypanocides comes down to
whether human and trypanosomal TUTases can be dif-
ferentiated at the level of medicinal chemistry. This un-
derlines the importance of identifying and establishing
biochemical functions and atomic structures of human
TUTases discussed below.

Human uridylyltransferases

The observations that several small cellular RNAs in hu-
man cells contain non-encoded uridylyl residues [re-
viewed in ref. [9] prompted re-examination of possible
TUTase functions in HeLa cells and resulted in separa-
tion of at least two distinct TUTases [82]. The involve-
ment of RET2 TUTase in guided transfer of genetic in-
formation appears to be an exception among uridylyl-
transferases. Typically, TUTases are involved in the 3’
end processing of RNAs. Several laboratories have de-
monstrated that incubation of HeLa cell extracts with
[a-*PJUTP leads to 3’ end labeling of many short RNAs,
including the 5S RNA and U6 snRNA [83—85]. Lund and
Dahlberg [83] showed that in approximately 90% of total
U6 snRNA, the post-transcriptionally added 3'-terminal
uridylyl residue has a 2,3’ cyclic phosphate. The remain-
der of the U6 population carries stretches of up to 20 Us
[83, 86]. Although human TUTases remain elusive, Be-
necke’s laboratory has characterized two putative activi-
ties with different RNA substrate requirements: the non-
specific and U6-snRNA-specific TUTases [82]. The lat-
ter enzyme catalyzes the regeneration of the 3’ end to
restore that of a newly synthesized U6 snRNA transcript:
a total of four UMP residues are added. [87]. Such an ac-
tivity is unlikely to be responsible for addition of the non-
coded oligo(U) tails found on a sub-population of U6
snRNAs, but rather may be charged with rebuilding tran-
scriptionally encoded uridines removed by a nuclease
specific for the 3’ end of U6 snRNA [88]. The authors
note that tight control of U6-specific TUTase activity
comes largely from specificity for RNA structure and not
template-dependent reactions [87]. The four encoded
uridines at the 3’ end are likely to be important for the for-
mation of a stem-loop element required for structural re-
arrangements of U6 snRNA [89]. The 3’ end structure of

RNA Uridylyltransferases

newly synthesized or restored U6 snRNA is a binding site
for La protein, which in turn is essential for U6 RNA sta-
bility and assembly of the U6 snRNP particle [90, 91].
The U6 snRNA lacks a binding site for SM proteins. In-
stead, formation of the U6 snRNP involves binding of
seven Sm-like proteins to the stretch of non-coded uridy-
Iyl residues at the 3’ end [92]. The many peculiarities of
U6 biogenesis are beyond the scope of this review [see
ref. 93] but the presence of a sophisticated system that
controls the state of the 3’ end by uridylylation/deuridy-
lylation, thus probably affecting U6 snRNP nuclear re-
tention, assembly and functions, is apparent. Not clear yet
is how many TUTases exist in mammalian cells. Work in
the author’s laboratory identified three non-mitochondr-
ial and thus not involved in RNA editing, UTP-specific
enzymes in trypanosomes [R. Aphasizheva et al., unpub-
lished data]. Interestingly, the highest-scoring homolog
of editing and non-editing trypanosomal TUTases in the
human genome are the recently identified cytoplasmic
poly(A) polymerases, including hGld-2 [78] (fig. 4).
Therefore, the possibility still remains that human and
trypanosomal TUTases are not homologous proteins.
Identification of TUTases in higher eukaryotes and accu-
mulation of knowledge about trypanosomal non-editing
TUTases will ultimately answer questions on the evolu-
tionary conservation of UTP specificity and TUTase
functions. The intriguing relationship between TUTases
and cytoplasmic poly(A) polymerase also remains to be
resolved.
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