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FIG. 4. Single-U addition activity copurifies with RNA ligase and exonuclease. (A) RNA ligase and multiple-U addition activities are chromatographically distinct
on heparin-Sepharose. A 1-pmol sample of 5'-labeled poly(A) RNA (designated pA,,) was incubated with 1 pl of each fraction in the presence of 1 mM UTP. RNA
ligase in each of the corresponding fractions was adenylated and is shown at the bottom. (B) Single-U addition activity cofractionates with U exonuclease (U-ex0)
activity. Fractions 9 to 11 from the heparin-Sepharose column (A) were pooled and further purified on Q-Sepharose. A 1-pmol sample of 3'-labeled A6-[14] was
incubated with 1 pl of each fraction in the presence of 1 mM UTP. RNA ligase in each of the fractions was adenylated and is shown at the bottom. For the exonuclease
assay, 1 pmol of 5'-end-labeled poly(U) RNA (designated pU,s) was incubated with 1 pl of each fraction. For the TUTase assays, single-U addition is shown by an
arrow. S, F, and W, respectively, indicate starting material, flowthrough, and wash. (C) Silver staining of proteins present in the glycerol gradient purification step.
Fractions 4 and 5 from the Q-Sepharose column (B) were pooled, and the complexes were separated on a 10-to-30% glycerol gradient. Following adenylation, protein
was isolated and analyzed by SDS-10% PAGE. Size markers are shown at the left, and sizes are given in kilodaltons. Gradient fractions are indicated above. An asterisk
indicates the 57-kDa radioactively labeled ligase. (D) Single-U addition products coincide with a stable 19S complex. A 1-pmol sample of 5'-labeled poly(A) RNA was
incubated with 1 ul of each glycerol gradient fraction in the presence of 1 mM UTP. RNAs were recovered and analyzed by 8% urea-PAGE. Adenylated ligase that
corresponds to these fractions is shown at the bottom.

cular gRNAs have any physiological relevance or whether they The efficiency of these reactions is comparable to that of the
are simply in vitro artifacts is unknown. Circularization of the in vitro editing reactions (16, 25), with only a small percentage
gRNAs could certainly interfere with poly(U) tail formation, being converted to poly(U)-tailed gRNA. Phosphorimager
since the 3" OH would be unavailable for poly(U) addition. analysis quantitated a 2.5-fold increase in poly(U)-tailed
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TABLE 1. Purification of single-U addition activity

n+1 U" Ligase©
Fraction” Total protein
raction (ng) Total activity Sp act Purification Total activity Sp act Purification

(counts)? (counts/pg) (fold) (counts) (counts/pg) (fold)
Mitochondria 90,644 213,742 2.36 NA° 1,054,606 11.63 NA
Heparin-Sepharose 9,743 171,139 17.56 7.45 3,400,831 349.04 30.0
Q-Sepharose 960 209,049 217.67 92.31 3,509,089 3,653.82 314.05
Glycerol gradient 140 374,897 2,677.84 1,135.62 1,502,781 10,734.15 922.61

“ The mitochondrial fraction is the clarified (20,000 X g for 15 min) supernatant of the 0.5% Triton X-100-solubilized mitochondrial lysate described in Materials
and Methods. The heparin-Sepharose, Q-Sepharose, and glycerol gradient fractions correspond to the pooled peaks of single-U addition and ligase activities from each

chromatography step.

®n+1 U refers to single-U addition, as assayed by single-U extension on a poly(A),, RNA substrate.

¢ ligase refers to the quantitation of adenylated 57-kDa ligase.

4 Counts are arbitrary units quantitated from an Applied Biosystems phosphorimager with the background subtracted.

¢ NA, not applicable.

gRNA in reaction mixtures that contained cognate pre-edited
mRNA compared to control reaction mixtures that contained
noncognate pre-mRNA. There was no significant increase in
poly(U) tailing between the reaction mixtures with no added
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FIG. 5. Addition of cognate mRNA promotes addition of a stable poly(U)
tail to gRNA. (A) Samples (200 nmol) of synthetic gRNAs with (+) or without
(=) 1 pmol of cognate mRNA per assay (A6U2). Cognate mRNA or 1 pmol of
nonspecific control RNA (CybA5" mRNA) was added with the gRNA prior to
the addition of buffer, nucleotides, and extract. The contents of each reaction
mixture are indicated above the respective lane. The starting substrate gRNA
A6-[14] is labeled at the left, and gRNA gA6-[14] with a poly(U) tail is shown by
the bracket at the right [poly(U) tail]. (B) Lower exposure of the autoradiogram
in panel A. The circle and bracket depict circular gRNA products, and the arrow
depicts single-U addition. Products of the reactions were resolved by denaturing
8% PAGE and visualized by autoradiography.

mRNA and control reaction mixtures with added noncognate
pre-mRNA.

Polypurine-rich region of the pre-mRNA stabilizes the
gRNA poly(U) tail. In our initial studies with crude editing
complexes, we found that poly(A) ribohomopolymer is a sub-
strate for the addition of multiple U residues (Fig. 3B). One
possible mechanism by which the poly(A) substrate can receive
a strong 10- to 15-nucleotide U tail is by snap-back hybridiza-
tion between the newly synthesized poly(U) tail and the
poly(A) substrate sequence. In this model, approximately 10 to
15 U residues would be added by the TUTase, which would
then fold back to hybridize with the poly(A) sequence. The
added U residues would be base paired with the poly(A) sub-
strate and thus be inaccessible to both TUTase and 3’ U-
specific exonuclease. In a similar manner, the gRNA poly(U)
tail might interact with purine residues in the pre-mRNA and
thus protect newly added U residues on the gRNA from U-
specific exoribonucleolytic trimming. To test this idea, we cre-
ated a mutant RNA (RAY) in which the purine-rich region of
the pre-edited site was modified so that it contained predom-
inately pyrimidine residues. This mutation should abolish base-
pairing interactions between the gRNA poly(U) tail and the
mRNA.

In the absence of cognate wild-type mRNA, the poly(U) tail
of the gRNA was trimmed back to the native gRNA sequence
by the U-specific exonuclease present in purified 19S complex
(Fig. 6A, no-mRNA lanes). Within 1 min, the gRNA poly(U)
tail was completely cleaved back to the native gRNA sequence
(Fig. 6A, gA6-[14] no U-tail). Addition of cognate wild-type
sequence A6U2 mRNA essentially prevented trimming, and
most of the poly(U) tail remained intact even at the later time
points (Fig. 6A, +WT A6U2 lanes). However, the purine-to-
pyrimidine substitution mutant pre-mRNA could not repro-
duce this protection (Fig. 6A, +RAY lanes), and at the 5-min
time point, most of the U tail was effectively removed. Thus,
the presence of a polypurine region upstream of the editing
site protects the poly(U) tail from degradation, possibly by A -
U and G - U base pairing. The pre-edited region of the A6U2
mRNA contains a purine-rich region approximately 35 nucle-
otides long, and can base pair with the poly(U) tail, making the
3’ nucleotide inaccessible to exoribonucleolytic trimming. The
mutant RAY pre-mRNA, having no purine-rich region to base
pair with the poly(U) tail, is not able to protect from U-specific
3’ trimming (Fig. 6B).

DISCUSSION

The results presented here provide several new insights into
the TUTase activity present in 7. brucei mitochondria. We
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FIG. 6. Polypurine-rich region of the pre-edited mRNA stabilizes the gRNA
poly(U) tail. (A) The starting RNA substrate is gA6-[14] with a 17-nucleotide
poly(U) tail (gA6-[14]pU,,). The substrate RNA and 19S complex from the
Q-Sepharose pool was incubated in the absence of mRNA (no mRNA), in the
presence of cognate wild-type AGU2 mRNA (+WT A6U2), or in the presence of
cognate purine-rich region substitution mutant mRNA (+RAY A6U2). Products
of U-specific 3’ exoribonucleolytic trimming are indicated at the left (gA6-[14] no
U-tail). Incubation times are given above the lanes. The arrow labeled uridine
tail trimming indicates the direction of product formation. (B) Cartoon depicting
reactions shown in panel A. In the absence of cognate wild-type mRNA, the
gRNA poly(U) tail is subject to U-specific 3" exoribonucleolytic trimming. In the
presence of cognate wild-type mRNA, the poly(U) tail can hybridize to the
polypurine-rich region on the mRNA and thus hinder U trimming. In the poly-
pyrimidine-rich mutant, the U tail cannot base pair with the mRNA and thus is
susceptible to U trimming.

found that the 19S editing complex stably added a single U to
RNAs. This is likely due to competing activities between the
complex-associated U-specific 3’ exonuclease and TUTase.
However, gRNAs received multiple U residues in the presence
of cognate mRNA, suggesting that complex II contains a pool
of gRNAs with stable poly(U) tails. We also show that the
polypurine-rich regions within the pre-edited mRNA confer
stability on the gRNA poly(U) tail.

Glycerol gradient sedimentation of crude mitochondrial ex-
tracts revealed that TUTase activity associates with both 19S
complex I and 35S-to-40S complex II (Fig. 1). By using an
assay, we found that both complexes contained single- and
multiple-U addition activities when poly(A) RNA was used as
a substrate. However, we found that both of these complexes
added predominately a single U to gRNA substrates (Fig. 3A
and data not shown). TUTase activity may be present in the
upper gradient fractions that correspond to ~10S (fractions 13
to 15), but nucleases within these same fractions would mask
such activity (Fig. 1).

When isolated mitochondria are incubated in the presence
of [a-**PJUTP, editing complexes are labeled (18-20). This
labeling is the result of TUTase activity and not mitochondrial
transcription (13). We found that two major RNP complexes
became labeled during [a->*P]JUTP incubation (Fig. 2). Based
on prior studies, it is likely that these two UTP-labeled com-
plexes represent editing complexes I and II (20). Those studies
suggested that complex I functions as a gRNA maturation
complex that mediates the formation of the poly(U) tail. This
proposal was based on the colocalization of TUTase and
gRNAs, but not mRNAs, within complex I. However, the abil-
ity of complex I to polyuridylate gRNAs was not examined. In
our initial studies, we found that the TUTase present in com-
plex I could add only a single U to three different gRNAs.

It has been shown that [a->*P]JUTP incorporates into both
mRNA and gRNA in isolated mitochondria (13, 18). In the
experiments described here, we evaluated the lengths of the
labeled gRNAs. We found evidence that complex II gRNAs
are able to receive approximately 15 U residues, the average
length of a gRNA poly(U) tail. Pulse-chase analysis of complex
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IT gRNAs showed that the U tails were added rapidly (within
5 min) and appeared to be stable throughout the experiment.
In contrast, gRNAs associated with complex I did not increase
significantly in size during the time course. These experiments
suggested that the addition of a 3’ poly(U) tail to gRNAs
occurs within complex II.

Complex I TUTase from the glycerol gradient seems to have
very stringent nucleotide specificity for U. This result rein-
forced the evidence that we were studying a TUTase and not a
poly(A) polymerase or another contaminating polymerase. An
interesting product in these assays was ligated RNA, which
became readily detectable when ATP was added. Self-ligated
circular gRNAs were the prominent ligation product (Fig. 1),
since the 5" and 3’ ends are in close proximity to each other in
the secondary structure of the gRNA (24). Circular gRNAs
were formed when we used 5'-end-labeled gRNA, due to the
presence of a 5" monophosphate on this RNA. Neither uni-
formly labeled gRNA from T7 runoff transcriptions (which
contains a 5’ triphosphate) nor 3'-labeled gRNA [which con-
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FIG. 7. Proposed model of gRNA maturation. (A) gA6-[14] gRNA with and
without a poly(U) tail shown hybridized to the cognate pre-mRNA substrate
A6U2. The brackets represent gRNA anchor sequences. (B) Model of complex
assembly and gRNA maturation. gRNA is thought to associate with complex I,
where one U may be added at the 3" end. The cognate mRNA may then associate
via the gRNA anchor sequence, disrupting the secondary structure of the gRNA.
U residues are then added to the gRNA, which form base pairs with the purine-
rich region of the pre-edited region. The pre-edited region of the mRNA is
represented as a box.
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tains a 5’ OH from poly(A) polymerase addition] would pro-
duce these circles (data not shown).

A gRNA substrate that a priori contains a single 3" U nu-
cleotide is not a substrate for the addition of a second U (Fig.
3C). This result eliminated the possibility that the single U
addition was the result of limiting amounts of a distributive
TUTase. It is possible that the 19S TUTase prefers to add a
single U to an RNA that does not already contain a 3" U. A
TUTase that prefers to add a single U has been described,
although the activity on an RNA that a priori contains a single
3’ U nucleotide was not examined (29). Alternatively, what
appears to be a single U addition may be the result of com-
peting multiple-U-adding TUTase and 3" U-specific exonucle-
ase activities. In this scenario, an RNA that contains a single U
would be a poor substrate for the exonuclease. Recently, it was
found that RNase E from E. coli would trim back 3’ poly(U)
tails to leave a single nucleotide uridylate remnant (14).

On glycerol gradients, we found that the single-U addition
activity cosedimented with the purified 19S complex. This find-
ing suggests that this TUTase activity is part of complex I (Fig.
1 to 4). However, we have not analyzed whether our purified
complex contained either gRNAs or mRNAs, and it is possible
that other factors were stripped away during the purification.
Multiple-U extension activity appears to dissociate from the
19S complex, and treatment of the purified 19S complex with
a high salt concentration increases the amount of multiple-U
addition products (data not shown). At this stage, however, we
cannot exclude the possibility that the multiple-U addition
TUTase activity is a different TUTase also present in the 19S
fraction which is masked by the U-specific exonuclease during
purification. Clearly, these results warrant further investiga-
tions into how TUTase assembles into 19S editing complexes.

In an effort to reconstitute gRNA polyuridylation, we sought
conditions that would shift the gRNA n+1 product to gRNAs
containing a poly(U) tail. The addition of ATP along with UTP
did not promote gRNA elongation, nor did the presence of a
nonhydrolyzable ATP analogue (AMP-CPP) inhibit gRNA
n+1 TUTase activity. Since gRNAs interact with mRNAs and
our mitochondrial metabolic labeling results showed gRNA
poly(U) extension to occur in complex II, where mRNA is
present, we examined whether gRNAs could be polyuridylated
when complexed with cognate pre-mRNA (Fig. 5). Cognate
pre-mRNA, but not noncognate pre-mRNA, was sufficient to
promote multiple-U tail formation. Presumably, the 5" anchor
of the gRNA would act to specify the interaction with its
cognate mRNA. However, we have not excluded the possibility
that the purine-rich regions of other noncognate pre-mRNAs
can stimulate gRNA poly(U) tail addition. One might expect
that higher concentrations of noncognate mRNA are required
to produce the same effect, although we have not tested this
possibility.

Previous studies suggested that the poly(U) tail of the gRNA
interacts with the pre-edited region of the mRNA (6, 17). Our
data suggest that interaction of the newly synthesized poly(U)
tail of the gRNA with the purine-rich region of the mRNA
protects the gRNA 3’ tail from editing complex-associated 3’
U-specific exonuclease activity. Alternatively, it is possible that
the purine-rich region is required for association of the gRNA
with the editing complex and that the association of gRNA
with the editing complex, and not pre-mRNA, protects the
poly(U) tail from riboexonucleolytic trimming. It would be
very interesting if polypurine-rich RNAs were preferred RNAs
for association with editing complexes, since the polypurine-
rich regions are common at editing sites. However, the exact
RNA preferences (if there are any) that govern association
with either the 19S or 35S-t0-40S editing complex are not
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known. By changing the purine-rich region to a pyrimidine-rich
region, we abolished its ability to base pair with the poly(U)
tail. Interactions between the gRNA 5" anchor and the mRNA
do not seem to be critical for protection of the poly(U) tail,
since both RAY and wild-type mRNAs contain the same 5’
anchor. It is more likely that the 3’ U-specific exonuclease
prefers a non-base-paired nucleotide and that duplexing of the
poly(U) tail protects from exoribonucleolytic trimming.

How does the single-U addition activity present in the 19S
complex relate to mRNA editing? One possibility is that edit-
ing occurs through multiple rounds of single-U addition and
deletion, even at sites where many U residues must be added
or deleted (4). We have found that the purified 19S complex is
capable of performing U addition editing and that predomi-
nately a single U is added to exogenously supplied mRNA 5’
cleavage fragments (data not shown). A second possibility is
that U addition to mRNA 5’ cleavage fragments is similar to
the mRNA-dependent gRNA U addition described in this
report. In this possibility, multiple U residues would be added,
which would then base pair with the guiding nucleotides of the
gRNA. Base-pairing interactions would then protect the newly
added U residues from U-specific exonuclease.

These results support a model in which gRNA maturation
occurs in complex II (Fig. 7). gRNAs that are associated with
complex I are subject to both U addition and riboexonucleo-
Iytic trimming. These gRNAs would contain a stable 3" U
residue. Upon assembly of complex II and prior to editing,
these gRNAs would receive multiple added U residues which
would be stabilized by the purine-rich regions of the pre-
mRNA.
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