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ABSTRACT

Trypanosome RNA editing is massive post-transcriptional U-insertion and U-deletion, which generates mature mRNA coding
regions through cycles of endonuclease, terminal U transferase (TUTase) or 3’-U-exo, and ligase action. Both types of editing are
thought to be catalyzed by distinct sets of proteins of a multiprotein complex, and no enzymatic activity of wild-type editing
complex had been shown to function in both forms of editing. By examining the individual steps of the U-deletion cycle using
purified editing complex, traditional mitochondrial extract, and rapidly prepared cell lysate, we here demonstrate that ToMP57
TUTase of U-insertion can act efficiently within a U-deletion cycle. When physiological UTP levels are provided, it adds U’s to
the upstream cleavage fragment after U-deletional endonuclease and 3’-U-exo action, but before rejoining by the U-deletional
ligase, generating partial U-deletion products. TUTase activity in U-deletion was not previously appreciated since its detection
requires UTP, which is not normally added to in vitro U-deletion reactions. Fractionation and RNAi analyses show this U-
addition in U-deletion requires ToMP57 TUTase be present and competent for U-insertion; such U-addition does not occur with
another mitochondrial TUTase that is separate from the basic editing complex. Efficient ToMP57 action in both U-insertion and
U-deletion suggests these two editing forms may be less separate than generally envisioned. Should such promiscuous TUTase
action also occur in vivo, it could explain why editing utilizes substantially fewer U-deletional than U-insertional events and why
partial editing appears preferential in U-deletion.
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INTRODUCTION occur sequentially across the pre-mRNA, always abutting
an “anchor duplex” that forms between the already mature
sequence in the pre-mRNA and the gRNA (see left and right
columns of Fig. 1A; Blum et al. 1990). Each U-deletion or
U-insertion cycle involves endonuclease cleavage of the
mRNA at the upstream end of the anchor duplex, then U
removal by a 3’ U exonuclease (3’-U-exo0) or U-addition by
a terminal U transferase (TUTase) on the upstream cleavage
product, and finally religation of the mRNA (see left and
right columns of Fig. 1A; Blum et al. 1990; Cruz-Reyes and
Sollner-Webb 1996; Kable et al. 1996; Seiwert et al. 1996).
These steps together form the complete editing cycle and
can be assayed individually using partial editing reactions
(e.g., Cruz-Reyes et al. 1998b, 2002; Igo et al. 2000, 2002a,b;
Huang et al. 2001).

Trypanosome RNA editing is a bizarre form of RNA pro-
cessing in which uridylates (Us) are inserted into and, less
frequently, deleted from the coding regions of mitochon-
drial transcripts, creating up to 80% of the codons of ma-
ture mRNAs (for reviews, see Gott and Emeson 2000;
Madison-Antenucci et al. 2002; Stuart and Panigrahi 2002;
Simpson et al. 2003). The editing is directed by short,
trans-acting mitochondrial transcripts, called guide RNAs
(gRNAs), that are complementary to segments of the
mature mRNA and thus mismatch the pre-mRNA at each
insertion and deletion site. The actual editing reactions

Present addresses: 'Department of Biochemistry and Biophysics, Texas
A & M University, College Station, TX 77843, USA; *Department of
Embryology, Carnegie Institute, Baltimore, MD 21210, USA.

Reprint requests to: Barbara Sollner-Webb, Department of Biological
Chemistry, Johns Hopkins University School of Medicine, 725 N. Wolfe
Street, Baltimore, MD 21205, USA; e-mail: bsw@jhmi.edu; fax: (410) 955-
0192.

Article and publication are at http://www.rnajournal.org/cgi/doi/
10.1261/1na.2243206.

Editing reactions are catalyzed in vitro using tradi-
tional mitochondrial extract or its 20S fractions (Pollard
et al. 1992; Seiwert and Stuart 1994; Kable et al. 1996;
Seiwert et al. 1996), purified editing complex (Rusche et
al. 1997; Cruz-Reyes et al. 1998¢, 2001, 2002; Panigrahi et
al. 2003b), and rapidly prepared trypanosome lysate (see
Materials and Methods; Huang et al. 2002; O’Hearn et al.
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FIGURE 1. The reactions and proteins of the editing complex. (A)
RNA editing mechanism. The left- and right-hand pathways depict the
traditional view of editing cycles, U-deletion (without UTP) and U-
insertion (with UTP), as discussed in the text. The central pathway
illustrates the conclusions from this study, that in the presence of
UTP, U-addition can occur within a U-deletion cycle, generating
partial U-deletion. The dotted arrow indicates its re-editing (Cruz-
Reyes and Sollner-Webb 1996). Since partial U-deletions do not pre-
cisely base pair with the gRNA (shown by the connecting line of x’s),
their ligation is assuredly by the U-deletional TbMP52/b-IV (band
IV), which has relaxed pairing requirements, while TbMP48/b-V
(band V) ligates U-insertional product with a precisely base-paired
bridge (the dotted connecting lines) (Cruz-Reyes et al. 2002; Igo et al.
2000, 2002a). (B) Multiple nomenclatures for the proteins of the basic
editing complex. (a) Rusche et al. 1997; (b) Panigrahi et al. 2001b,
2003b; (c) Stuart et al. 2005; (d) IRER indicates U-Insertional RNA
Editing Recognition; Law et al. 2005; (e) Ernst et al. 2003; (f) Apha-
sizhev et al. 2003b; (g) DREL indicates RNA Editing Ligase required
for U-Deletion; IREL indicates RNA Editing Ligase specific for U-
Insertion; Cruz-Reyes et al. 2002; (h) Schnaufer et al. 2001; (i) Huang
et al. 2001. Below the dotted line is shown another mitochondrial
TUTase that is separate from the basic editing complex.

2003; Law et al. 2005). The first preparation of purified edit-
ing complex has seven major staining proteins (Rusche et
al. 1997; Sollner-Webb et al. 2001) and catalyzes full cy-
cle U-deletion and U-insertion with apparently the high-
est efficiency yet reported (Cruz-Reyes et al. 1998¢, 2001,
2002). (The editing proteins have generated several alter-
nate nomenclatures [Fig. 1B] and will be identified here
using a combined format.) A related purification yields 13—
15 major proteins and catalyzes U-insertion (Madison-

Antenucci et al. 1998; McManus et al. 2000). Two other prep-
arations contain about 20 major staining proteins (Pani-
grahi et al. 2001a, 2003a,b; Aphasizhev et al. 2003a,b;
Schnaufer et al. 2003), including the earlier-reported seven
(Fig. 1B). These preparations catalyze the full U-deletion
cycle (Panigrahi et al. 2001a, 2003b) and actively catalyze
“precleaved editing”, which bypasses the cleavage step (Igo et
al. 2000, 2002a; Panigrahi et al. 2001b, 2003a). A TbMP57
TUTase that adds the U’s in U-insertion (Aphasizhev et al.
2003b; see also Ernst et al. 2003) appears as one of the major
proteins in those latter preparations (Panigrahi et al. 2003b)
but appears substantially substochiometric in the prepara-
tion exhibiting seven major proteins (Rusche et al. 1997).

Theoretically, the comparable steps of U-deletion and U-
insertion could have used the same enzymes (Hajduk 1997;
Stuart et al. 1997). However, the initial cleavages in U-
deletion and U-insertion exhibit different responses to
ADP (and related nucleotides; Cruz-Reyes et al. 1998b)
and to gRNA features (Cruz-Reyes et al. 2001), raising the
possibility of different endonucleases. Similarly, in the sec-
ond step, the 3’-U-exo is not the reverse reaction of the
TUTase, since the latter consumes UTP and generates py-
rophosphate (PPi), while the former generates UMP and
does not consume PPi (Cruz-Reyes and Sollner-Webb
1996; Rusche et al. 1997). At the third reaction step, the
two ligases of the editing complex are also utilized dif-
ferently: TbMP52/b-1V is required for U-deletion, while
TbMP48/b-V is specific for U-insertion (Huang et al.
2001; Cruz-Reyes et al. 2002; Gao and Simpson 2003; Sch-
naufer et al. 2003). Thus U-deletion and U-insertion were
hypothesized to use distinct sets of enzymes, comprising
different regions of the editing complex (Cruz-Reyes et al.
1998b,¢, 2002; Huang et al. 2001).

Several additional lines of data indicate that U-deletion
and U-insertion utilize different proteins within the editing
complex. First, the TbMP52/b-IV ligase is held in the edit-
ing complex by binding TbMP63/b-III (Panigrahi et al.
2001b; Huang et al. 2002; Schnaufer et al. 2003), whereas
the TbMP48/b-V ligase is held by binding TbMP81/b-II
(Cruz-Reyes et al. 2002; O’Hearn et al. 2003; Schnaufer
et al. 2003). Second, TbMP81/b-II is essential for specific
protein and/or substrate recognition at every step of the U-
insertion cycle but is not similarly important for any step of
the U-deletion cycle (Law et al. 2005). Furthermore, over-
production of tagged ligases enables isolation of a subcom-
plex containing TbMP52/b-IV, TbMP63/b-11I, TbMP99/
b-I, and some TbMP18/b-VII that supports the 3’-U-exo
and ligation steps of U-deletion or a subcomplex containing
TbMP48/b-V, TbMP81/b-1I, TbMP57, and possibly some
TbMP18/b-VII that supports the TUTase and ligation steps
of U-insertion (Schnaufer et al. 2003). This implies that the
editing complex contains separate regions for U-deletion
and U-insertion (Schnaufer et al. 2003), at least the last two
steps. These aggregate data suggest the editing complex may
be streamlined, with substrate RNAs acted upon by either
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the U-deletional or U-insertional enzymatic activities, but
not by both, potentially preventing TUTase and 3’-U-exo
from interfering in U-deletion and U-insertion cycles, re-
spectively. Conversely, finding appreciable levels of such
cross-cycle activity would imply the editing cycles are not
so streamlined.

Curiously, U-deletion reactions performed in the pres-
ence of UTP appear to yield more partially edited prod-
ucts, and less completely edited product, than standard in
vitro U-deletion reactions that lack UTP (Cruz-Reyes and
Sollner-Webb 1996). Here we analyze the basis of this “UTP
effect” using a variety of experimental approaches and find
that the TbMP57 TUTase, an enzyme thought to act ex-
clusively in U-insertion, can also function within the U-
deletion cycle, after cleavage and 3’-U-exo but before U-
deletional ligation (Fig. 1A, middle column). These data
indicate that the U-deletion and U-insertion editing reac-
tions are less segregated than previously suggested.

RESULTS

UTP affects the U-deletion reaction

UTP is not normally added to in vitro U-deletion reactions,
although it is essential in vivo and for in vitro U-insertion
reactions. Intriguingly, in vitro U-deletion reactions cata-
lyzed by UTP-supplemented mitochondrial extract produce
more RNAs that migrate as if they are one or a few nucleo-
tides longer than the complete U-deletion abundantly
generated in the absence of UTP (Cruz-Reyes and Sollner-
Webb 1996). We will refer to this as the “UTP effect” and
have now examined whether it is due to the U-insertional
TUTase acting within a U-deletion cycle or other possible
scenarios. Figure 2A shows that UTP markedly alters the
profile of U-deletion products catalyzed by our purified
editing complex (the — and + UTP lanes), not only by
cell extracts (Cruz-Reyes and Sollner-Webb 1996; also see
ahead to Figs. 4C, 6C,D), suggesting the effect is caused by
a component that purifies with that complex. The UTP
effect occurs using natural (Fig. 2B) or enhanced gRNAs
(Fig. 2A) and over a range of UTP concentrations (Fig. 2B),
including and below those generally used for in vitro U-
insertion reactions (0.1-0.4 mM; Igo et al. 2000; Cruz-Reyes
et al. 2002; Aphasizhev et al. 2003b). In all cases, UTP
reduces the amount of the complete (—3) U-deletion prod-
uct and greatly increases products that are one or a few
nucleotides longer. Additionally, the effect appears UTP
specific, as it is not similarly directed by ATP, GTP, or
UMP (Fig. 2A; Cruz-Reyes and Sollner-Webb 1996). The
latter result also suggests that the UTP effect does not arise
from the extract generating UMP that causes end-product
inhibition of the 3’-U-exo reaction (Rusche et al. 1997).
Furthermore, assessment of full round U-deletion reactions
using reverse transcriptase in poison primer extension
analysis demonstrates that UTP causes products with an
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FIGURE 2. Effect of UTP on full round U-deletion. Full-round re-
actions using A6 pre-mRNA (72 nt) and gRNA D32a, catalyzed by
purified editing complex (see Materials and Methods; Rusche et al.
1997) and supplemented with no or 0.15 mM of the indicated nucleo-
tide. The complete (—3) and partial (—2, —1) U-deletion products are
indicated. The numbers below these and subsequent gels represent the
UTP effect on U-deletion (effect; calculated as described in Materials
and Methods and averaged over multiple experiments) and the stan-
dard deviation of this value (std. dev.). (A) U-deletion cycles with
UTP. Input (in) pre-mRNA was 3’-end-labeled. (UMP, the end
product of the 3’-U-exo reaction [Rusche et al. 1997], was also exam-
ined because it could be generated from UTP by phosphotransfer to
the 3 mM AMP-CP that is added to facilitate U-deletional cleavage
[Cruz-Reyes et al. 1998b).] (B) Effect of UTP concentration. Full
round U-deletion reactions were as in A except with varying amounts
of UTP and using the natural A6 gRNA ¢[2,1], which is ~30-fold less
efficient than D32a gRNA (Cruz-Reyes et al. 2001). A duplicate
experiment using D32a showed these same results, plus some UTP
effect down to 1.5 wM UTP. (C) Analysis at the editing site. Reactions
were as in A, except using nonradioactive input RNA and were assayed
by poison primer extension (Seiwert and Stuart 1994), with synthesis
extending just across the editing site. Assays of duplicate editing
reactions are shown. The radiolabeled primer (pr; 25 nt) and exten-
sion products from input pre-mRNA (—0/in) and RNA with complete
(—3) or partial (—2, —1) U-deletion at the editing site are indicated.
The marker (M) is extension products from a partial hydroxide digest
of the input RNA. (Preferential terminal U-addition to the 3" end of
mRNAs undergoing U-deletion could indeed be favored: Those 3
ends are 28 nt from a U-deletion site bound to an editing complex,
so its TUTase is tethered within ~12 nm of that 3’ end, making an
effective concentration of ~200 wM relative to the TUTase, while the
3’ ends of unbound mRNAs are at 1.5 nM.)

increased number of residues at the actual U-deletion site
(Fig. 2C). This result shows that UTP causes partial U-
deletions and rules out the alternative possibility that the
effect seen in Figure 2A,B could have reflected a “nonspe-
cific” U-addition by TUTase (Bakalara et al. 1989) at the 3’
end of edited RNA molecules (see legend to Fig. 2C), which
in the standard assay using labeled substrate RNA would be
indistinguishable from a partial U-deletion. Since the UTP
effect occurs at the actual U-deletion site and is specific for
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UTP, it likely reflects either fewer U’s being removed or extra
U’s being added at the U-deletion site, in the presence of UTP.

Analyses in partial editing reactions

To start addressing at which step UTP affects U-dele-
tion, we used 5" and 3’ end-labeled substrates to visualize
the upstream and downstream cleavage fragments, respec-
tively, and PPi to inhibit ligation (Huang et al. 2001, 2002;
Cruz-Reyes et al. 2002). In reactions with UTP, the size of
the downstream mRNA fragment was not affected, but
nearly half the upstream mRNA fragment became one or
a few residues longer than in reactions without UTP, where
the three terminal U’s are efficiently removed by the 3’-U-
exo (Fig. 3A; data not shown). Thus, UTP appears to act
not by altering the position of the initial endonuclease
cleavage but by altering the size acquired by the upstream
cleavage fragment. Furthermore, UTP exerting its effect in
the absence of ligation (Fig. 3A) shows that this nucleotide
does not cause partial U-deletions by favoring ligation
before the 3’-U-exo has completed the U removal. It
could have been that ATP (which is here added at 3 pM
but decreases during the in vitro reaction) normally reaches
levels that slow ligation and provide extra time for complete
U removal, while an added 150 wM UTP could support
phosphotransferase action to maintain the ~1 pM ATP
concentration needed for maximal ligation (Cruz-Reyes et
al. 2002). However, the result of Figure 3A eliminates the
possibility that the UTP effect arises at the ligation step.
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FIGURE 3. The UTP effect scored without ligation and on cleaved
RNA. (A) Assessing U-deletion after cleavage and before ligation. U-
deletion reactions with purified editing complex were as in Figure 2A
except using 5-end-labeled A6 pre-mRNA (to examine the upstream
RNA fragment) and were supplemented with 1.5 mM PPi. The
upstream fragment following cleavage (del cut; 28 nt) and those
upon subsequent removal of one, two, or all three of the 3" U residues
(=1, =2, —3) are indicated. Markers are the input mRNA treated with
RNase T1 (T1; cleaves after G) or hydroxide (OH; cleaves after any
nucleotide); they end in a 2’-3" cyclic-P and therefore migrate slightly
ahead of the experimental fragments, which end in 3’-OH (Cruz-Reyes
et al. 1998a). (B) Analysis with precleaved U-deletion substrate. Reac-
tions were as in A except using precleaved substrate and were incu-
bated for 3 min. The input upstream oligoribonucleotide (5" in; 16 nt)
was 5’-end labeled; molecules that have lost one, two, or all three of
the 3’-terminal U’s are indicated. The lane marked (in) contains input
oligoribonucleotides without editing complex.

The effect of UTP on the upstream fragment can also be
observed without the cleavage step, using an efficient U-
deletional precleaved substrate (Law et al. 2005) in PPi-
containing reactions. (Precleaved substrates mimic an edit-
ing site following endonuclease cleavage and consist of three
annealed oligoribonucleotides  corresponding to the
upstream and downstream cleavage products plus the
gRNA; Igo et al. 2000, 2002a,b.) The 5'-labeled upstream
oligoribonucleotide ends in three unpaired U residues that
are efficiently removed by the 3’-U-exo in the absence of
UTP (Fig. 3B, second lane), but with added UTP, its product
is one or a few nucleotides longer (right lane). This experi-
ment affirms that UTP affects the upstream fragment pre-
ceding ligation also with a precleaved U-deletion substrate.
Thus the UTP effect results from either inhibition of the 3’-
U-exo or stimulation of TUTase action at a U-deletion site.

The UTP effect results from TUTase action

Since UTP affects U-deletion without the ligation step, we can
now add this nucleotide after a delay, to assess whether it
causes 3’-U-exo inhibition or TUTase stimulation. The 3’-U-
exo in the editing complex acts very quickly (Fig. 4A), so
precleaved U-deletion substrate (as used in Fig. 3B) was first
incubated for a short time with purified editing complex and
PPi but no UTP (to support the 3’-U-exo but not activate
TUTase or ligase), during which time >90% of the upstream
oligoribonucleotide lost all three terminal U’s (Fig. 4B, second
lane). In parallel reactions conducted identically up to this
time point, UTP was then added for a few minutes of incuba-
tion (Fig. 4B, final two lanes). Notably, most of the shortened
molecules then increased in size, first by an average of ~1 nt
and later by ~2 nt. Thus, UTP can exert its effect after the 3’-
U-exo of the editing complex has already acted. This demon-
strates that its effect is not from inhibition of U removal but
rather from stimulation of U-addition. Since the only acti-
vity of the basic editing complex known to add U’s is the
TbMP57 TUTase (Aphasizhev at al. 2003b; O’Hearn et al.
2003; Schnaufer et al. 2003), this U-insertional TUTase ap-
pears to act also in U-deletion following the 3’-U-exo.

One could consider whether the lengthy protocol to purify
the seven major protein complex might damage it in some
manner that induces the TUTase to act within the U-deletion
cycle. However, when we used very rapidly prepared try-
panosomes lysate (Law et al. 2005), UTP causes lengthening
of the upstream fragment following 3’-U-exo action and
generates less of the complete U-deletion product (Fig. 4C)
in reactions like those of Figure 4B. Thus, TUTase appears to
act similarly in U-deletion whether catalyzed using purified
complex or rapidly prepared extract.

Because precleaved substrate might behave somewhat dif-
ferently than substrate that goes through the cleavage step of
the U-deletion cycle, we also examined the delayed UTP
addition using uncleaved mRNA. U-deletion reactions
using intact substrate RNA were first incubated for 30 min
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FIGURE 4. UTP-mediated nucleotide addition following U removal by
the 3’-U-exo. PPi-containing reactions used purified editing complex and
were much as in Figure 3 except the UTP was added after a delay, as
indicated by the time points on the right, next to the “UTP”. Asterisks
indicate the time that the reactions were terminated. (A) 3’-U-exo reac-
tion. Precleaved U-deletion reaction containing no UTP was incubated for
only 10 sec. (B—D) UTP addition after a delay. (B) Precleaved U-deletion
reactions. (C) Precleaved U-deletion reactions instead using rapidly pre-
pared cell lysate (0.15 pg; see Materials and Methods) and 0.5 mM PPi.
(D) Reactions using intact substrate, with the initial incubation without
UTP for 30 min to allow endonuclease as well as 3’-U-exo action; after
such an incubation, the TUTase activity is somewhat decreased.

with PPi and no UTP (to allow mRNA cleavage and 3’-U-
exo action but not TUTase or ligase activity, as was done in
Fig. 3A), but in this experiment, parallel reactions were
supplemented with UTP only after the 30-min incubation
without this nucleotide (Fig. 4D). After the initial incuba-
tion, where the 5’-end-labeled mRNA becomes cleaved (“del
cut”) and the upstream fragments lose virtually all terminal
U’s (first full lane), the short additional incubations with
UTP caused an increasing fraction of these upstream frag-
ments to became longer by one or a few residues (final two
lanes). Thus, UTP stimulates TUTase to act at a U-deletion
site after its cleavage and 3’ U removal.

The TUTase of U-insertion is responsible for the
UTP effect on U-deletion

Figures 2-4 demonstrated that a TUTase adds U’s in U-
deletion. Since the TbMP57 TUTase (Ernst et al. 2003),
which adds the U’s in U-insertion (Aphasizhev at al.
2003b), is the only TUTase present in the purified editing
complex, where the UTP effect is observed, this TUTase
appears responsible for the U-addition in U-deletion. How-

480 RNA, Vol. 12, No. 3

ever, there is one potential caveat. In purified editing com-
plex with seven major polypeptides, TbMP57 does not
appear as a similarly major band, either by silver staining
(Fig. 5A; see also Rusche et al. 1997) or by amido black
staining (Fig. 5B) of SDS-PAGE gels. This raises the possi-
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FIGURE 5. TbMP57 TUTase in the editing complex. (A) Proteins
from the final purification step of the editing complex. A silver-stained
10% SDS-PAGE gel from the final DNA cellulose column in the
purification of Rusche et al. (1997), showing a marker (M), the
column load (L), fractions 3 and 1215 representing the flow-through,
and fractions 21-33 from the 30-350 mM KCl gradient elution. The
editing complex peaks in fraction 25 (~100 mM KCI), and no other
regions in this elution exhibited detectable protein signal. The separate
lane at the right was loaded with more of fraction 25 and similarly
stained. (The TbMP48/b-V protein stains brown rather than black and
is considerably darker than appears in the photograph.) The posi-
tions of TbMP99/b-1 (I) to TbMP18/b-VII (VII) are indicated, as is
the region of TbMP57 (p57), identified by Western blotting.(B)
Amido black staining. The SDS-PAGE gel of editing complex
sent for sequence analysis (by Edman degradation; TbMP48/b-V and
TbMP42/b-VI comigrated, presumably due to a slightly greater gel
porosity; Rusche et al. 2001). (C) Western blot analysis of TbMP57.
This TUTase (p57) is scored relative to TbMP63/b-1II (b-III) using the
indicated amounts of rapidly prepared cell lysate (lysate), mitochon-
drial extract (mito), and purified editing complex (pure). (D) Western
blot analysis of TbTUT108. This TUTase (p108) is scored relative to
TbMP63/b-1II (b-III) using the indicated amounts of purified editing
complex (pure) and rapid cell lysate (lysate).
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bility that the U-insertional TUTase might be preferentially
lost during our purification protocol (even though the
resultant preparation catalyzes the U-insertion cycle rela-
tively efficiently; Cruz-Reyes et al. 2002). To address this
possibility, we examined rapidly prepared trypanosome
lysate and purified editing complex as well as mitochon-
drial extract by Western blotting using antibodies against
TbMP57 and TbMP63/b-III. TbMP63/b-IIT is used as a
standard since it has been shown to remain at constant
abundance relative to other members of the seven major
protein editing complex throughout its purification
(Huang et al. 2002; see also Brecht et al. 2005). Notably,
the ratio of TbMP57 to TbMP63/b-111 is approximately the
same in all examined preparations (Fig. 5C). We thus infer
that our purified editing complex contains TbMP57 at its
natural abundance relative to the seven major proteins, so
this TUTase represents a viable candidate for the activity
that adds the U’s in U-deletion.

Several lines of evidence support that the U’s are added
in the U-deletion cycle by the TbMP57 TUTase of the
editing complex that functions in U-insertion (Aphasizhev
at al. 2003b) and not by the other trypanosome mitochon-
drial TUTase, TbTUT108, that adds the 3" oligo-U tail to
gRNAs and is separate from the basic editing complex
(Aphasizhev at al. 2002, 2003b; Ernst et al. 2003). Indeed,
our purification enriches by several hundred-fold the
examined editing proteins (Rusche et al. 1997; O’Hearn
et al. 2003), including TbMP57 (Fig. 5C), while removing
>99% of unrelated proteins (see also Sollner-Webb et al.
2001), including TbTUT108, which becomes undetectable
(Fig. 5D). Yet, as shown above, the UTP effect occurs at
least as efficiently with this purified editing complex (Figs.
2—4) as with trypanosome lysate (Fig. 4C) or whole mito-
chondrial extract (Cruz-Reyes and Sollner-Webb 1996),
implying that the enzyme responsible for the U-addition
is purified with the editing complex. This suggests that
TbMP57 and not TbTUT108 mediates the UTP effect in
purified complex.

Additional evidence that the TbMP57 TUTase catalyzes
the UTP effect in U-deletion derives from cells induced to
silence TbMP57 by RNAi. As previously reported (Apha-
sizhev at al. 2003b), RNAI of this TUTase markedly depletes
its mRNA (Fig. 6A) and is lethal. In our cultures, growth
stops ~48 h post-induction, and Western blotting shows
TbMP57 protein is reduced (Fig. 6B). Importantly,
TbMP57 RNAI cell extract also exhibits a reduced UTP
effect, as shown in the full-cycle U-deletion reaction of
Figure 6C. Quantitation of the Western blots, normalized
for a loading control, demonstrates that 40%-50% of
TbMP57 protein remains, relative to control cells (Fig.
6B), and quantitation of the full round U-deletion reactions
reveals a similar fraction of the UTP effect remains in
TbMP57 RNAI cell extract, relative to parallel control cell
extract (Fig. 6C). This suggests that TbMP57 TUTase is
critical in adding U’s during U-deletion.
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FIGURE 6. RNAI analysis suggesting the UTP effect involves TbMP57.
(A—C) RNAi to TbMP57. (A) Northern blot showing TbMP57 mRNA
(mRNA) and TbMP57 double-stranded RNA (dsRNA) from TbMP57
RNAI (p57i) and control (Co; 29.13) cells at 24 h post-induction. (B)
Western blot showing TbMP57 protein (p57) and a loading control
protein (load) in various amounts of rapid cell lysate prepared from
TbMP57 RNAI (p57i) and control (Co; 29.13) cells at 48 h post-induc-
tion. The numbers superimposed on the gel, under each lane, indicate
the band intensity, relative to that of the control cells in the first lane.
Below the gel is shown the fraction of TbMP57 protein remaining
(remains) relative to the loading control protein for each lane. (C)
UTP effect on the full round U-deletion reaction. Reactions were as in
Figure 2A, except using the rapid cell lysates of B. Below the final lane is
shown the fraction of the UTP effect remaining in the TbMP57 RNAi
(p571i) extract (remains) relative to that of the control (Co) extract. (D)
UTP effect on full round U-deletion using TbTUT108 RNAi cells.
Reactions were as in C, except using mitochondrial extract from cells
in which TbTUT108 was depleted by RNAi (p108i).

Conversely, the UTP effect is actively observed in extract
from cells expressing RNAi to the TbTUT108. Figure 6D
shows this in the full round U-deletion reaction, using
extract where the TbTUT108 TUTase was depleted to a
similar extent (not shown) as was the TbMP57 TUTase in
Figure 6A—C. While Figure 6D reports what is effectively a
negative result, and thus cannot be used to provide proof, it
certainly is consistent with the above conclusion that
TbTUT108 is unimportant for the UTP effect.

To examine whether a UTP effect on U-deletion could be
generated by TbTUT108 when it is present in the reaction
(even though this TUTase is not essential for the UTP effect
with purified editing complex), we utilized a mitochondrial
extract of control cells that had been resolved by velocity
centrifugation. As expected, TbTUT108 sediments at ~5—
10S (Aphasizhev at al. 2003b; O’Hearn et al. 2003; Fig. 7A,
upper panel), and the ~20S basic editing complex exhibits
3’-U-exo activity (Rusche et al. 1997; Fig. 7A, lower panel).
However, there is also substantial 3’-U-exo activity in upper
fractions of the gradient, including in those that contain
the TbTUT108 (Fig. 7A, lower and upper panels). When
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FIGURE 7. The UTP effect does not result from TbTUT108. Glycerol
gradient fractionation of mitochondrial extract from control cells. (A)
(Upper panel) The fractions were assessed by Western blotting for
TbTUT108 protein (p108) (see O’Hearn et al. 2003). (Lower panel)
The same fractions were assayed for nonspecific 3’-U-exo activity. The
substrate ends in a 3’ oligo-U tail, and the last nucleotide removed to
generate each band is shown at the right. (B) UTP effect assayed as in
Figure 3B, except using the ~8S glycerol gradient fraction from A (the
fraction 3 from the top) and 0.5 mM PPi. (As is traditional in the
editing field, sedimentation coefficients are inferred relative to thyro-
globulin [19S] and catalase [11S] in editing reaction buffer.) The
specific assay of the 3-U-exo appears less robust when this activity is
separate from the ~19S editing complex.

assayed using precleaved U-deletion substrate, these ~5—
10S fractions exhibit editing-specific 3’-U-exo activity (Fig.
7B, first lane), but the product is not perceptibly affected by
addition of UTP (Fig. 7B, second lane). This result occurs
despite these fractions being enriched in TbTUT108 (Fig.
7A, upper panel), and contrasts with the substantial UTP
effect exhibited by complex containing TbMP57 but not
TbTUT108 (see Figs. 3B, 4B). The lack of a UTP effect from
TbTUT108 suggests that this TUTase may not act on
products generated by the 3’-U-exo, unlike the TbMP57
TUTase of the editing complex.

TbMP57 TUTase acts in an editing-specific manner
in U-deletion

Does TbMP57 action in U-deletion involve its editing-spe-
cific recognition, as is needed in the U-insertion cycle, or
only editing-independent end addition? To discern this, we
have utilized cells in which TbMP81/b-1I is silenced by
RNAi (O’Hearn et al. 2003), since that protein is needed
for specific recognition at each step of U-insertion (Law et
al. 2005), including the TUTase step (Fig. 8A), but is un-
important for editing-independent end addition by this
TUTase (Fig. 8B, as scored in its original assay; Bakalara
et al. 1989). TbMP81/b-1I is also unimportant for the nor-
mal U-deletion cycle (Law et al. 2005). Interestingly, in
TbMP81/b-II RNAIi extract, there is no discernable UTP
effect on U-deletion (Fig. 8C). Thus the action of the U-
insertional TUTase in U-deletion appears dependent on an
editing-specific recognition, rather than merely editing-
independent addition by this TUTase.

Reinforcing the conclusion that the UTP effect derives
from U-addition by TbMP57 and not TbTUT108,
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TbMP81/b-II RNAi extract retains the TbTUT108
(O’Hearn et al. 2003) and 3’-U-exo activity (Law et al.
2005) but did not show a UTP effect (Fig. 8C). Therefore,
the aggregate data indicate that UTP-induced partial U-
deletions are due to U-addition by the functional TbMP57
TUTase of the editing complex, and not TbTUT108, acting
within the U-deletion cycle.

TUTase exhibits similar efficiency in both forms
of editing

We wanted to compare this cross-editing activity of the
TbMP57 TUTase to its action in normal U-insertion reac-
tions. Figure 9 shows that TUTase acts on U-insertional
substrates following their cleavage (panel A) only slightly
more efficiently than it acts on U-deletional substrates
following their cleavage and 3’-U-exo action (panel B).
Furthermore, we showed above that U’s appear to be
added at least as quickly in U-deletion (Fig. 4B,D) as in U
insertion (Igo et al. 2000; data not shown). Thus, in vitro
analysis demonstrates that the TUTase of the editing com-
plex can act nearly as robustly at U-deletion sites as at U-
insertion sites.

DISCUSSION

We show that the majority of in vitro U-deletion cycles
conducted on the standard ATPase 6 editing substrate in
the presence of UTP includes a U-addition step that is
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FIGURE 8. The UTP effect involves specific action of the TbMP57
TUTase. (A-C) RNAi to TbMP81/b-II. (A) Assay of the specific
TUTase step in U-insertion, using precleaved U-insertion substrate
(Igo et al. 2000) and 0.25 mM PPi, catalyzed by rapid cell lysates of
TbMP81/b-1I RNAI cells (b-IIi; Law et al. 2005) and control cells (Co;
29.13). The (5’-end-labeled) upstream input oligoribonucleotide (5
in; 18 nt) and the guided +1 and +2 U-additions are indicated. (B)
Assay of nonspecific U-addition activity of the TboMP57 TUTase in the
lysates of A (see Law et al. 2005). In this experiment, the unlabeled
input RNA is a mixture of two size classes, and the two indicated
bands both represent molecules that acquired one U from the added
radioactive [a->*P]JUTP (Law et al. 2005), while nonspecific U-addi-
tion activity of the TbTUT108 should instead generate a ladder of
longer fragments (Aphasizhev et al. 2002, 2003b; Ernst et al. 2003). (C)
UTP effect assayed in precleaved U-deletion reactions as in Figure 3B,
except using the same lysates as in A and B, with 0.25 mM PPi.
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FIGURE 9. Comparison of TUTase efficiency. (A) TUTase activity in
U-insertion. PPi-containing reactions using intact U-insertional sub-
strate were as in Figure 3A, except using gRNA 147G and no AMP-CP
(see Materials and Methods). The positions of the 5’-end-labeled
mRNA after cleavage at the U-insertion site (ins cut; 32 nt) and
when extended by one or two U nucleotides (+1, +2) are indicated.
(B) TUTase activity in U-deletion. PPi-containing reactions using
intact U-deletional substrate, reproduced from Figure 3A.

catalyzed by the TbMP57 TUTase of the editing complex.
Until now this enzyme has been thought to function only in
U insertion (Fig. 1A). However, during U-deletion, we
show that the TUTase acts following cleavage and 3’-U-
exo action, but before the ligation step (Fig. 4), to create
partial U-deletion products. Observing this effect over the
UTP concentration range reported to be physiological in
other systems (~0.1-0.5 mM; Traut 1994; Moore et al.
1997; Casey et al. 1999) and commonly used for in vitro
U-insertion reactions (0.1-0.4 mM; Igo et al. 2000; Cruz-
Reyes et al. 2002; Aphasizhev et al. 2003b), as well as at
lower UTP concentrations (Fig. 2B), implies the phenom-
enon does not arise from abnormal levels of UTP. Further-
more, the UTP effect appears not to be from one peculiar
cell line or unusual ionic conditions, as it is observed using
extracts from multiple trypanosome lines (including
TREU667 cells [Fig. 2A] and derivatives of 427 cells [Fig.
6C,D]) and using reaction buffers with salt concentrations
(10 mM or 60 mM KClI, plus 10 mM MgCl,; Fig. 2A; Cruz-
Reyes and Sollner-Webb 1996) that span the range com-
monly used in editing reactions (Seiwert and Stuart 1994;
Kable et al. 1996; Cruz-Reyes et al. 2002; Aphasizhev et al.
2003a,b; Schnaufer et al. 2003). The UTP effect also does
not arise from aberrant guiding, as it occurs with natural
(Fig. 2B) and enhanced (Fig. 2A) gRNAs, as well as with
precleaved substrate (Figs. 3B, 4B,C). Importantly, UTP
similarly affects U-deletion when catalyzed by purified
complex (Fig. 2A) or rapidly prepared lysate (Figs. 4C,
6C), suggesting the effect is due to activities of the editing
complex, not to extraneous components and not to com-
plexes that might have been damaged during lengthy pu-
rification. We therefore conclude that the UTP effect is an
inherent property of the TUTase present in the basic editing
complex. The reason that this TUTase action in U-deletion
is observed here, but not in most studies, is that normal in
vitro U-deletion reactions contain no UTP, which is needed
for TUTase activity.

Might TUTase be able to function within U-deletion
cycles also in vivo? While trypanosomes do require accu-

rately edited transcripts, >90% of Trypanosoma brucei
steady-state pan-edited mRNAs are misedited (Decker and
Sollner-Webb 1990), indicating that in vivo editing experi-
ences complications. Assuredly U-deletion cycles are faster
in vivo than in vitro, leaving less time between the 3’-U-exo
and ligation steps for possible TUTase action, and in vivo
editing conditions could impose additional restrictions, so
one might expect TUTase to less commonly generate partial
U-deletions in vivo than in vitro. In addition, experiments
have shown that partial U-deletions induce rounds of re-
editing until the complete U-deletion is achieved (Cruz-
Reyes and Sollner-Webb 1996). Thus, if TUTase generates
some partial U-deletions also in vivo, it should not prevent
the trypanosome from ultimately achieving correctly edited
RNA. Nonetheless, the requisite re-editing could well slow
the U-deletion process (Cruz-Reyes and Sollner-Webb
1996). In agreement, based on an extensive study of Leish-
mania tarentolae mRNAs that had been partially edited in
vivo, it has been deduced that correct editing of a U-dele-
tion site takes longer than that of a U-insertion site in vivo
(Sturm and Simpson 1990). Furthermore, blocks of aber-
rant editing that exist in vivo often begin at natural U-
deletion sites where extra U’s have been inserted (Sturm
and Simpson 1990), and these were almost assuredly added
by a TUTase acting at what should have been U-deletion
sites. These extra U’s could then favor binding of a gRNA
that will direct a block of aberrant editing (Sturm et al.
1992; Kable et al. 1996). Finally, ~90% of editing sites being
U insertional and only ~10% U-deletional (Feagin et al.
1988; Blum et al. 1990) likely reflects a selection, suggesting
that U-deletions present some difficulty in vivo. We spec-
ulate that this in vivo selection against U-deletions is from a
difficulty in achieving complete U-deletion due to such
TUTase-mediated partial editing. Thus, TUTase may act
within some U-deletion cycles also in the trypanosome.
The studies reported in this communication pursued the
initial observation that UTP-supplemented U-deletion
reactions generate longer products (Cruz-Reyes and Soll-
ner-Webb 1996), asking whether it reflects inhibition of 3’-
U-exo, activation of TUTase, or other viable possibilities.
We find that the UTP effect occurs at the actual U-deletion
site (Fig. 2C), is not due to end-product inhibition of the
3’-U-exo (Fig. 2A), affects editing after the cleavage step
and before the ligation step (Fig. 3), and yields upstream
cleavage fragments with only partial U removal (Fig. 3).
This enabled supplementing U-deletion reactions with UTP
after a delay, when the 3’-U-exo has already acted (Fig. 4),
and thereby demonstrating that the UTP effect arises from
addition by a TUTase, not from slowing the 3’-U-exo.
These conclusions were reinforced by the absence of a
UTP effect in various preparations that maintain the U-
deletional activity of the 3’-U-exo (Figs. 7B, 8C). The UTP
effect was then shown to involve the TbMP57 TUTase of
the editing complex (Fig. 5C), and not the other mitochon-
drial TUTase (TbTUTI108), by separately depleting these
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two enzymes using biochemical fractionation (Figs. 2A,
5C,D, 7B) and RNAi (Fig. 6C,D) approaches. Indeed, the
UTP effect appears diminished in proportion to TbMP57
(quantitation in Fig. 6B,C). Interestingly, the lack of UTP
effect in TbMP81/b-II RNAi extract (Fig. 8C), which has
previously been characterized (Drozdz et al. 2002; O’Hearn
et al. 2003; Law et al. 2005), implies that TUTase action in
U-deletion is a property of functional U-insertional
machinery and is not merely due to nonspecific U-addition
by TbMP57. (The TbMP81/b-II RNAi analysis is based on
our recent demonstration that this extract is fully functional
for U-deletion and retains the TbMP57 protein and its
nonspecific end addition activity but not its specific recog-
nition of the editing substrate; Law et al. 2005.) It is also
notable that the U-insertional TUTase functions within a
large fraction of in vitro U-deletion cycles (Fig. 2A, 3A, 4D,
9B), nearly as efficiently as in U-insertion cycles (Fig. 9A),
both assessed on their standard ATPase 6 editing substrates.
Thus, the observed effect of UTP on U-deletion arises from
the majority of active editing complexes, rather than from a
small minority of possibly aberrant complexes. We con-
clude that TbMP57 TUTase adds U’s not only in U inser-
tion but also within the U-deletion pathway, at least in vitro
and potentially also in vivo.

Although TbMP57 in our purified editing complex stains
much less intensely than the other seven major proteins,
both with silver (Fig. 5A; Rusche et al. 1997, 2001) and with
amido black (Fig. 5B), we here show that TbMP57 TUTase
is as abundant, relative to the seven major proteins, in the
purified editing complex as in a rapid T. brucei extract (Fig.
5C). Although this suggestion that the TbMP57 TUTase is
not selectively lost during our purification of the basic
editing complex remains to be resolved with the reported
similar intensity silver staining of TbMP57 and TbMP48/b-
V in the editing complex preparation with ~20 proteins
(Panigrahi et al. 2003b), there is general agreement that this
TUTase is a key component of the editing complex.

Earlier studies on editing have indicated that U-dele-
tional and U-insertional cycles use distinct activities, within
distinct domains of the editing complex (as summarized in
the Introduction), suggesting that progression through the
two forms of editing may be streamlined to avoid poten-
tially conflicting TUTase and 3’-U-exo activities. However,
the data in the present study suggest a revised view of
selectivity within the editing complex, where the U-inser-
tional TUTase can also act efficiently within the U-dele-
tional cycle (Figs. 1A, 4-8). This implies that the U-
deletional and U-insertional subcomplexes (Schnaufer et
al. 2003) do not fully segregate the RNA editing substrate.
Rather, U-deletional and U-insertional activities may com-
pete for the RNA based on kinetics and/or binding affinity.
While this is the first demonstration that an activity of the
intact editing complex can function in both forms of edit-
ing, other activities might also function in that manner. For
instance, TbMP52/b-1V, the ligase that seals U deletion, also
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seals U insertion when the U-insertion-specific ligase,
TbMP48/b-V, is depleted by RNAi (Drozdz et al. 2002;
Gao and Simpson 2003; O’Hearn et al. 2003); in fact,
TbMP52/b-1V also fulfills this role when TbMP48/b-V is
present but inactive (A. Zhelonkina and J. Cruz-Reyes,
unpubl. observations). Further, it has been proposed that
the 3’-U-exo might also act in U insertion, to remove extra
U residues that may be added by the TUTase (Byrne et al.
1996; Alfonzo et al. 1997; McManus et al. 2000; Igo et al.
2002b). Thus, the editing pathway might turn out to be
more complex than currently envisioned, with several
enzymes functioning in both types of editing.

MATERIALS AND METHODS

Cells and extract preparation

We used T. brucei procyclic cells strain TREU-667 for experiments
not involving RNAi and 29.13 cells (Wirtz et al. 1999) derived
from strain 427 for RNAi experiments. 29.13 cells express T7 RNA
polymerase and tetracycline (tet) repressor and were stably trans-
fected with pZJM-based plasmids (Wang et al. 2000), which carry
an insert flanked by T7 promoters and tet operators. The inserts
were from the genes encoding TbMP81/b-II (O’Hearn et al. 2003;
712 bp), TbMP57 (509 bp), or TbTUT108 (886 bp), the latter two
subcloned analogously to the former, using fragments PCR ampli-
fied with the following oligonucleotides:

TbMP57 (5”) Xhol: 5'-GATCTCGAGGTTGATGCATACCGCGC
CATG-3,

TbMP57 (3") HindIIIl: 5-GAAAGCTTGCCTCCTCTTCGCTAAG
TGGCG-3,

TbTUT108 (5") HindIIL: 5-CCCAAGCTTTTTGTACAGCTCCTC
CCGCTCTG-3’, and

TbTUT108 (3”) Xhol: 5-TCGCTCGAGCCGCTGGCATGATAAA
GCACG-3".

PZIM also directs phleomycin resistance and rDNA integration
(Wang et al. 2000), enabling selection for ectopically integrated
plasmid and then cloning lines from single cells by extreme dilu-
tion, as described (O’Hearn et al. 2003). Expression of the double-
stranded RNA is induced by addition of tet (1 wg/mL) to the
Cunningham’s culture media as described (Wang et al. 2000;
Huang et al. 2002). Traditional mitochondrial extracts (Harris et
al. 1990; Sabatini et al. 1998; ~2.5 X 10'° cell equivalents/mL),
which contain bands I-VII as ~1/500 of total protein (Rusche et
al. 1997; O’Hearn et al. 2003), and rapid cell lysates (Huang et al.
2002), which also catalyze the steps of editing (Law et al. 2005),
were prepared. Editing complex with the seven major silver-stain-
ing proteins was purified from TREU-667 cells (Rusche et al. 1997;
Sollner-Webb et al. 2001). Mitochondrial extract was also fraction-
ated by glycerol gradient centrifugation (Rusche et al. 1997; Huang
et al. 2001).

Characterization of editing complex

To evaluate protein constituents of the editing complex, samples
were resolved on 10% SDS-PAGE gels and proteins detected by



TUTase action in U-deletion

Western blotting (Huang et al. 2002) or staining, using silver (Rusche
et al. 1997) or amido black (Bio-Rad) following the manufacturers’
instructions. TbMP63/b-I1I provides a loading control, as it has been
shown to remain constant, relative to the unaffected editing pro-
teins (and the mitochondrial protein lipoamide dehydrogenase)
in parental cells (Huang et al. 2002), in TbMP81/b-II RNAI cells
(O’Hearn et al. 2003), and in TbMP57 RNAI cells (Aphasizhev et
al. 2003b). Polyclonal antibodies (Covance) were prepared using
recombinant editing proteins expressed from cloned genes (as in
Huang et al. 2002; O’Hearn et al. 2003), and antibody to lipoamide
dehydrogenase was a gift from R.L. Krauth-Siegel (Heidelberg
University Biochemistry Center, Germany). Northern blots were
preformed as in O’Hearn et al. (2003), and nonspecific 3’-U-exo
activity was assayed as in Huang et al. (2002) and Law et al. (2005).

Preparation of editing substrates

A6 pre-mRNA m[0,4] and gRNAs for U deletion (D32a and
g[2,1]; Cruz-Reyes et al. 2001) and U insertion (147G; Huang et
al. 2001) were synthesized from PCR-generated templates, as
described (Cruz-Reyes et al. 2001). The m[0,4] RNA was 3’-end
labeled for direct analysis of full-round U deletion or 5’-end
labeled for reactions with PPi (Cruz-Reyes and Sollner-Webb
1996; Cruz-Reyes et al. 1998b). The mRNA (~30 fmol) and
gRNA (1.25 pmol) were pre-annealed for each reaction, as
described (Cruz-Reyes et al. 1998b,c). With m[0,4], gRNAs D32a
and g[2,1] direct deletion of three U’s at editing site 1 (Seiwert and
Stuart 1994; Cruz-Reyes et al. 2001) while gRNA 147G directs
insertion of two U’s at editing site 2 (Huang et al. 2001). The
substrates for precleaved U deletion and precleaved U insertion
were prepared and pre-annealed as described (Law et al. 2005 and
Igo et al. 2000, respectively), using ~50 fmol of the (5’-end-
labeled) oligoribonucleotide representing the upstream mRNA
fragment, 1 pmol of oligoribonucleotide representing the down-
stream mRNA fragment, and 0.25 or 0.5 pmol of the complemen-
tary gRNA oligoribonucleotide. The oligoribonucleotides for
precleaved U deletion comprise 16 nt upstream and 15 (or 18)
nt downstream from the cleavage position in editing site 1 of
m[0,4], plus gRNA D33’, and they direct deletion of three U’s
(Law et al. 2005). The oligoribonucleotides for precleaved U inser-
tion (Igo et al. 2000) utilize the A6 anchor sequence and an ap-
parently novel duplexed tether sequence, and they direct insertion
of two U’.

Full round U-deletion reactions and primer
extension analyses

Full round U-deletion reactions (Cruz-Reyes et al. 1998b,¢; 20 L)
were in 10 mM KCI-MRB buffer (Cruz-Reyes et al. 2002) supple-
mented with 3 mM AMP-CP plus 3 puM ATP, and, where indi-
cated, also 0.15 mM UTP (or UMP). These reactions were
catalyzed using ~15 ng of purified editing complex plus 0.05 g/
L hexokinase (Rusche et al. 1997) or ~1.5 pg of mitochondrial
extract protein plus 20 U RNase inhibitor (Promega) and 10 mM
DTT, and were incubated at 28°C for ~1 h. The product RNAs
were analyzed on a 1-m-long, 9% polyacrylamide/7.5 M urea gel in
TBE. For poison primer extension analysis, U-deletion reactions
used unlabeled m[0,4] pre-mRNA, and the product RNAs were
annealed to 0.08 pmol of 5-end-labeled A6-RT primer (Seiwert

and Stuart 1994; 10 min at 70°C). After 1 h incubation at 48°C
with 200 U of SuperScript II RNase H™ reverse transcriptase
(Invitrogen) in the manufacturer’s buffer supplemented with 10
mM DTT, 0.4 mM dATP and dCTP, plus 0.1 mM dideoxy-TTP
(ddTTP, to stop synthesis just beyond the editing site), the prod-
uct was resolved on a 20% polyacrylamide/7.5 M urea gel in TBE,
as described (Seiwert and Stuart 1994).

Reactions without ligation

To inhibit ligation, U-deletion reactions were as above, except they
lacked ATP and instead contained PPi, as specified in the figure
legends and were for 30—45 mins. Reactions using precleaved U-
deletion or U-insertion substrate or intact U-insertion substrate
also lacked AMP-CP (Cruz-Reyes et al. 1998b,c, 2002; Huang et al.
2001; Law et al. 2005). Where indicated, catalysis instead used
rapid cell lysates (1.2 wg protein) plus 20 U RNase inhibitor and
10 mM DTT. Recovered RNAs were resolved on 40-cm-long 15%
(for precleaved assay) or 9% (for assays with cleavage) polyacryl-
amide/7.5 M urea gels in TBE. Markers were prepared from the
labeled substrate, cleaved either with one U of RNase T1 (Ambion)
following the manufacturer’s protocol or with NaOH as described
(Cruz-Reyes et al. 1998a).

Data analysis

Autoradiograms of electrophoretically resolved RNA were scanned
using a FluorChem 8000 Advanced Fluorescence, Chemilumines-
cence and Visible Light Imaging System with AlphaEaseFC soft-
ware and analyzed within the linear range. The UTP effect, or
increase of partial U-removal products when reactions contain
UTP, is calculated as [(P/B), — (P/B)_]/[1 — (P/B)_] where the
+ and — subscripts indicate parallel reactions with and without
UTP, and P and B represent the summed discrete band intensities
from Partial U-removal products and from Both partial and com-
plete U-removal products. This value can range from 0 to 1, mean-
ing UTP caused none or all of the products to become partial U
deletions. Shown below the gel lanes is the UTP effect, averag-
ed over multiple replicated experiments and their standard
deviation.
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