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Interactions of MRNAs and gRNAs involved
in trypanosome mitochondrial RNA editing:
Structure probing of an mRNA bound

to its cognate gRNA
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ABSTRACT

Posttranscriptional editing of trypanosome mitochondrial messenger RNA is directed by small guide RNAs (QRNAS).
Using crosslinking techniques, we have previously shown that the gRNA base pairs to the mRNA via a 5 ' anchor,
whereas its 3 ' U-tail interacts with upstream purine-rich mRNA sequences. The incorporation of crosslinking data into
RNA folding programs produced similar structure predictions for all gRNA/mRNA pairs examined. This suggests that
gRNA/mMRNA pairs can form common secondary structure motifs that may be important for recognition by the editing
complex. In this study, the structure of CYb mRNA crosslinked to gCYb-558 was examined using solution-probing
techniques. The mRNA/gRNA crosslinked molecules are efficient substrates for gRNA-directed cleavage. In addition,
when the cleavage assay is performed in the presence or absence of additional UTP, the activities of both the
U-specific exonuclease and terminal uridylyl transferase (tutase) can be detected. These results indicate that a partial
editing complex can assemble and function on these substrates suggesting that the crosslink captured the molecules
in a biologically relevant interaction. The structure probing data directly show that the U-tail protects several mRNA
bases predicted to be involved in the U-tail-mRNA duplex. In combination with our previous studies, these new data
provide additional support for the predicted secondary structure of interacting gRNA/mRNA pairs.

Keywords: apocytochrome b; kinetoplasts; organelle gene expression; posttranscriptional processing; RNA-RNA
interactions; RNA structure

INTRODUCTION located just downstream of the preedited domain. In
addition to the anchor, gRNAs contain a guiding region
of approximately 30—40 nt and a nonencoded 3’ uri-
dine tail (U-tail; Blum & Simpson, 1990).

The current model for RNA editing invokes a cleavage-
ligation mechanism (for review, see Stuart et al., 1997;
Hajduk & Sabitini, 1998; Estevez & Simpson, 1999).
The minimum number of enzymatic activities include a
gRNA-directed endonuclease, terminal uridylyl trans-
ferase (tutase), 3’ U-specific exonuclease, and RNA
ligase. These enzymatic “core” activities are found as-
sociated with other proteins in a large RNP complex
termed the editosome (Pollard et al., 1992; Corell et al.,
1996; Rusché et al., 1997; Panigrahi et al., 2001). The
editosome must have the ability to assemble with hun-
dreds of different gRNA/mRNA pairs. However, gRNAs
and mRNAs do not contain common sequence ele-
ments that could be used for protein—RNA recognition.

Mitochondrial RNA editing in Trypanosoma brucei is a
unique phenomenon in which uridylates are precisely
inserted or, less frequently, deleted from mRNA (Stuart
et al., 1997; Hajduk & Sabitini, 1998; Estevez & Simp-
son, 1999). Over half of the mRNA transcript can be
generated by U insertions, creating mRNAs twice as
large as the gene that encodes them. Editing is essen-
tial, as this process is required to produce translatable
transcripts. Short RNAs (50-70 nt), termed guide RNAs
(gRNAS), contain the information for the sequence mod-
ifications. To direct these events, gRNAs must correctly
pair with their cognate mMRNAs. The annealing process
requires hybridization of the 5’ anchor sequence of the
gRNA to the complementary anchor binding site (ABS)

Reprint requests to: Donna J. Koslowsky, Department of Micro-

biology and Molecular Genetics, Giltner Hall, Michigan State Univer-
sity, East Lansing, Michigan 48824, USA; e-mail: koslowsk@msu.edu.

Instead, we hypothesize that interacting gRNAs and
mRNAs form similar structural features that can assem-
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ble with proteins into a core architecture essential to
their function (Leung & Koslowsky, 1999). Using photo-
affinity crosslinking, we have previously shown that three
different gRNA/mRNA pairs can form similar structural
elements. Each predicted fold contained three helices
that flank the first few editing sites; a gRNA/mRNA
anchor duplex, a U-tail/mRNA duplex, and a gRNA stem-
loop similar to the one previously observed in the guid-
ing region of gRNAs alone (Schmid et al., 1995).

We describe here additional support for these pre-
dicted structures, using chemical and enzymatic prob-
ing techniques. To overcome the technical difficulties
associated with the solution probing of two interacting
RNAs, we utilized a gRNA/mRNA pair that had been
photochemically crosslinked at the 3’-most end (MRNA
orientation) of their anchor duplex. A crosslink at this
site would insure that the anchor duplex would be main-
tained during probing. In addition, because this cross-
link is at the beginning of a known region of base-paired
RNA, we anticipated it to be a minor constraint, limiting
perturbation of the structure of the interacting RNAs.
These crosslinked molecules support accurate gRNA
directed endonuclease activity as well as tutase and
exonuclease activity, strongly suggesting that they are
recognized by the editosome. The structure probing
data obtained directly show that the U-tail protects
several MRNA bases predicted to be involved in the
U-tail mRNA duplex. In combination with our previous
crosslinking studies, these new data provide additional
support for the predicted secondary structure of inter-
acting gRNA/mRNA pairs (Leung & Koslowsky, 1999,
2001).

RESULTS AND DISCUSSION

Utilization of crosslinked RNAs
for solution structure probing

In the current study, we focused on the interaction of
5'CYbUT with its cognate gRNA, gCYb-558. 5'CYbUT
encompasses 88 nt of the 5’ end of preedited cyto-
chrome b. Editing in this mRNA is developmentally
regulated with edited message produced only in the
procyclic (insect) and stumpy bloodstream stages of
the trypanosome life cycle (Feagin et al., 1987, 1988).
gCYb-558 directs editing at the first seven editing sites,
resulting in the addition of 21 Us (Fig. 1A; Riley et al.,
1994). Earlier studies have established secondary struc-
ture models for the gRNA alone, the mRNA alone, and
the mRNA interacting with its cognate gRNA (Piller et al.,
1995; Schmid et al., 1995; Leung & Koslowsky, 1999,
2001). Schmid et al. (1995) elucidated the secondary
structure of several gRNAs including gCYb-558. These
molecules appear to fold into two consecutive hairpin
elements. The 5’ end of the gRNA is in a single-
stranded conformation followed by a small hairpin that
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contains the anchor sequence. The guiding region is
contained within the second, much larger stem loop
whereas the U-tail appears to have a single-stranded
conformation. The 5’ end of preedited cytochrome b is
predicted to form a highly ordered stem-loop structure
with the first three editing sites localized within the ter-
minal loop (Fig. 1B). Interestingly, the ABS is contained
within the closing stem duplexed to part of the purine-
rich sequence thought to be involved in U-tail inter-
actions (Leung & Koslowsky, 1999, 2001). The proposed
structure for the gRNA/mRNA interaction is based on
photoaffinity mapping of the 5" and 3’ ends of gCYb-
558 along 5'CYbUT (Leung & Koslowsky, 1999, 2001).
This predicted structure contains three elements: (1) a
gRNA/mMRNA anchor helix, (2) a U-tail/mRNA helix,
and (3) a gRNA stem-loop (Fig. 1C). To provide addi-
tional evidence for this proposed structure, 5’'CYbUT
was crosslinked to gRNA with (gCYb-558) and without
a U-tail (gCYb-558sU, sans U). These crosslinks were
then 5’-end labeled (MRNA) and structure probed in
parallel, allowing us to investigate the interactions of the
U-tail with its cognate message. Ribonucleases T1 and
T2 along with Mung Bean nuclease (MBN) were used
to identify single-stranded sequences, and methidium-
propyl-EDTA-iron(Il) (MPE-Fe(ll)) was used to probe
double-stranded regions.

To generate crosslinked substrates, gRNAs were tran-
scribed in the presence of guanosine 5’-monophos-
phorothioate (GMPS). The resulting thiol group at the
5" end was then coupled to azidophenacyl bromide
(APA) by nucleophilic displacement of bromine. APA-
modified-gRNAs and mMRNAs were annealed and ex-
posed to 312 nm light as previously described (Leung
& Koslowsky, 1999). UV treatment utilizing 5’-APA-
modified gRNAs produces one mRNA dependent cross-
link that has been mapped to the 3’ end (MRNA
orientation) of the gRNA/mRNA anchor duplex. There-
fore, these crosslinked RNAs maintain the anchor du-
plex, an element that readily forms and is required for
the process of editing. Crosslinks were gel purified and
the mRNAs in the crosslinks were 5’-end labeled using
T4 kinase.

Single-strand-specific nucleases

RNase T1 was used to identify unpaired Gs, as T1
specifically cleaves 3’ of single-stranded G residues
(Fig. 2; Ehresmann et al., 1987). T1 probing of mRNA
alone revealed three Gs (G66, G67, and G68) that were
very sensitive to cleavage (Fig. 2A). These Gs map to
the terminal loop of the predicted structure of 5’CYbUT
and flank the first two editing sites (see Fig. 1A,B). The
sensitivity of the loop to T1 was in agreement with
previous observations (Piller et al., 1995). The remain-
der of the cleavages in the mRNA were minor in com-
parison, suggesting that the stem-loop structure of
5'CYbUT is stable. Minor cleavages were observed in
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internal bulges and in short helices adjacent to internal
bulges where one might expect some breathing and
hence susceptibility to T1 cleavage. These included
cleavages at G50, G52-53, G55, G62, G78, and
G82-83.

Probing of gRNA-crosslinked RNA with T1 revealed
that the presence of gCYb-558 significantly reduced
the cleavage susceptibility of the three Gs previously
found in the terminal loop of 5'CYbUT alone (Fig. 2B,C).
Unexpectedly, the gRNAs presence did not appear
to greatly affect cleavage at any site other than G78
(located 2 nt 5’ of the crosslink). Furthermore, no sig-
nificant changes in sensitivity were observed in the
presence or absence of the U-tail (gCYb-558 and gCYb-
558sU, respectively). The U-tail is predicted to interact
with a purine-rich sequence that we term the upstream
U-tail stabilization element (UUtSE). This element cov-
ers bases G53 through G66 (Fig. 2B). We expected
protection of at least the two internal Gs within this

are shown (directed by gCYb-558), with the first four editing sites
(ES1-ES4) numbered for clarity. The 4 nt flanking ES1-ES3 are
shown in outline. Watson—Crick (]) and non-Watson—Crick (:) base
pairs between the gRNA and mRNA are indicated. B: Secondary
structure of 5'CYbUT alone as predicted using the mfold version 3.0
software (Mathews et al., 1999). The 5’ end of cytochrome b is
predicted to form a stable stem-loop structure with the first three
editing sites localized within the terminal loop. The 4 nt flanking
ES1-ES3 are shown in outline and numbered A65-G68. Editing
site one (ES1) is also indicated. Nucleotides are numbered from
the 5’ end of the synthesized substrate. ABS: anchor binding se-
guence. C: Secondary structure model of interacting gCYb-558 and
5'CYbUT. The mRNA sequence predicted to interact with gCYb-558
includes nt G53—C80. The 4 nt flanking the first three editing sites
are shown in outline and numbered. ES1 is predicted to be localized
to an internal bulge at the juncture of three helices, the anchor helix,
the U-tail helix and the gRNA stem-loop. ABS: anchor binding se-
quence. Large star: position of the crosslink covalently linking the
mRNA to the gRNA.

sequence in the presence of the U-tail/mRNA duplex.
However, no significant difference in the reactivity of
these Gs was observed using gCYb-558 or gCYb-
558sU. Cleavages at G53 and G55 may be attributed
to some flexibility in the U-tail interactions. Previous
crosslinking studies indicated that the 3’ end of the
U-tail could crosslink with a range of 4-5 nt (C51—
G55). This flexibility may make it difficult to detect cleav-
age differences between the +U-tail/—U-tail substrates
using RNase T1. Equal cleavage of G62 in the pres-
ence or absence of the U-tail is more difficult to under-
stand. Cleavage of G62 was also often observed in the
MRNA alone, even though it is predicted to be part of
the terminal loop closing stem (Fig. 2A). In other ex-
periments, however, some protection of this nucleotide
was observed in the mRNA alone as compared to
MRNA crosslinked to either gCYb-558 or gCYb-558sU
(data not shown). This suggests that the G62—-G66 nu-
cleotides may not stably interact with the U-tail.
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FIGURE 2. RNase T1 secondary structure analysis of 5'CYbUT (A)
as compared to 5'CYbUT crosslinked to gCYb-558 (B) and to gCYb-
558sU (no U-tail; C). Lanes 1-3: increasing amounts of T1 (0.025,
0.05, and 0.1 U). Lane 4: undigested RNA. T1: a T1 ladder generated
under denaturing conditions. The solid line and double line denote
the position of the anchor binding site (ABS) and predicted upstream
U-tail sequence element (UUtSE), respectively. Specific G residues
are indicated on the left. X and M indicate crosslink and mRNA,
respectively. Full-length mRNAs present in B and C are due to cross-
link breakage during handling. Cleavage products larger than full-
length mRNAin B and C are due to nuclease action downstream (3")
of the crosslink (5’ end of gRNA crosslinked to C80). These cleavage
products cannot be mapped, as the presence of the covalently linked
gRNA slows their mobility unpredictably.

In contrast to RNase T1, the absence of the gRNA
U,s-tail caused distinct differences in the pattern of
cleavages obtained with two other single-strand-specific
nucleases, RNase T2 and Mung Bean nuclease. RNase
T2 cleaves single-stranded RNA 3’ of all four ribonu-
cleotides with a strong preference for adenylic acid

S.S. Leung and D.J. Koslowsky
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FIGURE 3. RNase T2 secondary structure analysis of 5'CYbUT (A)
as compared to 5’CYbUT crosslinked to gCYb-558 (B) and to gCYb-
558sU (C). Lanes 1-3: increasing amounts of T2 (0.0002, 0.002, and
0.04 U). Untreated RNA is shown in lane 4. T1, solid line, and double
line are as described in Figure 2. Selected nucleotides of the ladder
are indicated on the left. A65 is delineated in each panel for align-
ment purposes.

bonds (Uchider & Egami, 1967). T2 also highlighted
the terminal loop of 5'CYbUT alone, showing a marked
preference for A64—-G67 (Fig. 3A). At high concentra-
tions of T2, weak cleavage of G68 and A63 could be
seen. The rest of 5'CYbUT was again remarkably re-
sistant to T2.

A sharp reduction in cleavage in the region contain-
ing the initial editing sites was once again observed in
the presence of crosslinked gRNA (Fig. 3B,C). Despite
this inhibition, T2 did cleave in this region with distinct
bands observed at A65 and G66. At higher T2 concen-
trations, weak cleavage of G67 was observed. How-
ever, the presence of a U-tail on the gRNA appeared to
protect the A54—A64 region (Fig. 3B). Crosslinks lack-
ing the U-tail showed increased T2 cleavage of the
UULSE region from A54 to A64. This indicated that the
U-tail did protect the uUtSE, supporting the predicted
structure.

The pattern of cleavage obtained with MBN was re-
markably similar to that observed with RNase T2.
Whereas this nuclease is described as having no nu-
cleotide specificity (Kowalski et al., 1976), in our hands
it also appeared to show a strong A bias. Within the
mRNA alone, the most sensitive sites were again lim-
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FIGURE 4. Mung Bean Nuclease secondary structure analysis of
5’CYbUT (A) as compared to 5'CYbUT crosslinked to gCYb-558 (B)
and to gCYb-558sU (C). Increasing amounts of MBN (0.5, 1.0 U)
were used (lanes 1-2). RNA not incubated with MBN is shown in
lane 3 and the T1 ladder is labeled T1. Selected nucleotides of the
ladder are shown on the left. Solid and double lines are as described
in Figure 2.

ited to the terminal loop with the most prominent cleav-
ages at A65 and G66, as previously observed (Piller
etal., 1995; Fig. 4A). Less prominent, but distinct cleav-
ages were also observed at A64 and G67. An increase
in MBN concentration increased the intensity of the
cleavages observed in this region, but did not other-
wise change the cleavage pattern. Alignment with the
T1 ladder is offset because MBN produces fragments
with a 3'OH group as opposed to the 2’3’ cyclic phos-
phate generated by RNase T1 (Cruz-Reyes et al., 1998).
In the presence of crosslinked gRNA, a distinct change
in the cleavage pattern was observed (Fig. 4B,C). At
the lowest concentration of MBN utilized, a single prom-
inent cleavage at A65 was observed when the mRNA
was crosslinked to gCYb-558 (+U-tail; Fig. 4B). Higher
concentrations of MBN increased the number of cleav-
ages observed with sensitive sites detected at A54,
A56-A61, and A63—-G67. In contrast, when crosslinked
to gCYb-558sU (no U-tail), even the lowest concentra-
tion of nuclease cleaved nucleotides in the A54-G67
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FIGURE 5. MPE-Fe (ll) was used to probe double-stranded regions
of 5'CYbUT alone (A), 5’'CYbUT+gCYb-558 (B), and 5'CYbUT+
gCYb-558sU (C). Aliquots were taken every 2 min (lanes 1-4 cor-
respond to 0-, 2-, 4-, and 6-min incubations). T1 represents the ladder.
Lines are as in Figure 2. Selected nucleotides of the ladder are
shown on the right. Each reaction (A, B, and C) was loaded and
electrophoresed into the gel before the next reaction, hence the
offset in the bands.

region (Fig. 4C). At the highest concentration utilized,
the intensity of cleavage in this region approached that
of A65 and G66, the most dominant cleavage sites.
This correlates well with protection of the A54-A63 re-
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FIGURE 6. Quantitation of MPE-Fe(ll) cleavage. A: Cleavage of 5'CYbUT alone was quantitated using a phosphorimager
(lane 4 of Fig. 5A). The regions that show the highest sensitivity to MPE-Fe(lIl) are highlighted in black and dark gray. These
regions correspond to two duplexes shown in the same colors in the predicted structure shown in the insert. Data from
shorter run gels suggest the region at the right (A46-A48) extends farther upstream; hence the top dark gray line (insert)
is longer than what is shown in the bar graph. B: Quantitation of 5'CYbUT+gCYb-558 cleavage (lane 4 of Fig. 5B). The
sequence bound by the gRNA anchor (open box) and the uUtSE (checkered box) both show increased cleavage by
MPE-Fe(ll). Star above C80 indicates position of crosslink with gCYb-558. C: The uUtSE shows consistently higher
MPE-Fe(ll) cleavage in the presence (square) versus the absence (triangle) of the U-tail. Cleavage was normalized against
the strongest cleavage observed in the anchor duplex. Data presented is the average of three experiments. (Figure

continues on facing page.)

gion by the U-tail. These data support the secondary
structure model, but indicate that the U-tail/mRNA du-
plex is not a stable interaction, allowing MBN to cleave
the mRNA some of the time. With all three nucleases,
no detectable differences in the cleavage patterns up-
stream of A54 were observed, indicating that the U-tail
did not interact with regions farther upstream.

MPE-Fe(ll)

Base-paired regions were examined using methidium-
propyl-EDTA-iron(ll), as RNase V1 is no longer com-
mercially available. In the presence of O, and DTT,
intercalated MPE-Fe(Il) produces hydroxyl radicals that
diffuse and cleave both strands of a helix (Hertzberg


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

Structure probing of an mRNA bound to a gRNA

8

1809

C

8

—— U-tail

—a— No U-
tail

Relative % to anchor/duplex

66 62

G A A A G_,A A A A A A G55 A 653

uUtSE

FIGURE 6. Continued.

& Dervan, 1984; Kean et al., 1985). Due to this diffu-
sion, MPE-Fe(ll) cleavage produces 3-5 cuts on both
strands. Intercalation sites are identified by a peak of
cuts (3—5 bases) on both strands, with helix geometry
causing these cuts to be offset in the 3’ direction (Schultz
& Dervan, 1983; Kean et al., 1985).

Probing of free 5'CYbUT with MPE-Fe(ll) did not pro-
duce discrete sets of cuts, as virtually all the nucleo-
tides examined were cleaved (Fig. 5A). However, it
was clear that particular regions were much more
sensitive to MPE-Fe(Il) than others. Using a phosphor-
imager for quantitation, regions of increased sensitivity
were mapped along 5'CYbUT alone, revealing that
these regions corresponded to predicted sites of base-
paired RNA. Figure 6A represents the quantitation of
lane 4 in Figure 5A (6 min incubation). In this figure, the
regions of increased sensitivity are paired (black and
dark gray), indicating cleavage on both strands of a
duplex (sites of MPE-Fe(ll) intercalation). Gels run for
a shorter time indicate that the region of sensitivity
continues upstream of A46—A48 (data not shown). The
MPE-Fe(ll) data support two double-stranded regions,
one just below the terminal loop (marked with a thick
black line in the inset of Fig. 6A) and the other in the
middle of the mRNA (dark gray line). The cleavages
just below the terminal loop appear to be the result of
a single intercalation site by MPE-Fe(ll), producing a
set of increased cleavages within a short region. The
cleavages of the middle duplex were not confined to a
short region, suggesting multiple intercalation sites, thus
producing the broad shoulder of increased cuts (Fig. 6A
and data not shown). The two regions of double-
stranded RNAs identified by MPE-Fe(ll) are in agree-
ment with the predicted structure of mRNA alone.

Crosslinked RNAs showed two areas of increase
MPE-Fe(ll) cleavage, suggesting two regions of double-
stranded RNA. In the presence of the gRNA, the anchor
duplex (maintained by the crosslink) was highlighted

by cleavage as expected (Fig. 5B,C). Figure 6B shows
the quantitation of lane 4 of Figure 5B (5'CYbUT +
gCYb-558). The nucleotides examined represent the
sequence of interest: the anchor binding region and the
UUtSE. Quantitation of cleavage 3’ of the crosslink (nt
80-95) was not possible, due to the presence of the
covalently linked gRNA. Bases just 5’ of the crosslink
(nucleotides 78-79; mRNA) did not produce a quanti-
fiable signal, suggesting that the aryl group of the link-
age might have sterically interfered with cleavage. The
region surrounding ES1 was much less reactive, again
emphasizing that the first few editing sites appear to be
single-stranded in nature. To compare MPE-Fe(Il) prob-
ing of the UUtSE in the presence or absence of the
U-tail, the intensities of cleavages were normalized
against the strongest cleavage site in the anchor/
duplex. We assumed that MPE-Fe(Il) reactivity within
the anchor/duplexes in the presence or absence of the
U-tail would be equal, as the sequences in this region
are identical and the duplex is stabilized by the cross-
link. The average of three experiments was used to
compare the crosslinks. In the presence of the U-tall,
cleavage within the uUtSE was strongest at A59, A60,
and A61, with a reactivity approaching 80% of that seen
in the anchor/duplex (Fig. 6C). Crosslinks produced
with gCYb-558sU (no U-tail) showed consistently
weaker cleavage in the uUtSE (Fig. 6C). These data
are consistent with base pairing of the uUtSE only in
the presence of the U-tail, as predicted.

Predicted structures

The data obtained from the nuclease and chemical prob-
ing experiments support the predicted structures for
both the mRNA alone as well as the mRNA paired with
its cognate gRNA (Table 1, Fig. 7A,B). 5'CYbUT alone
folds into a stem-loop, making the terminal loop, which
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TABLE 1. Summary of the chemical and enzyme accessibility data for 5’CYbUT.2

S'CYDUT [ CYDUT + 558 CYbUT + 558sU
T1 T2 MBN MPE | Ti1 MBNMN | MPE Ti T2 MBN | MPE

G’8 | O
u77 00 | 00
AT6 o | O
AT75 ; 00 00 L
w1 [ lee (23 o0
u7n3 | 26 & o9
v (1] #¢ K1)
un | &8 28 | 90
C70 00 | 00 | 0O
Ue9 0] 0O
Gs @@ | O [e] 0
GS7 99 00 00 00 0 00| O o)
G 90 00 00 00 | 00 | 00 00 | 00 | 0O
A65 ¢® &€ cO | 09 o0 | 09
A4 00 | 99 o] 00 | 00
A63 00 0 00 | 00
G62 | O 00 | O o] o]
A61 & o | 99 Q0 | 00
As0 { 1] o |99 00 | 00
AS9 [ 1] o |99 o0 | 00
A58 00 o | 9® 00 | 00
AS7 [¢) le] 00 | 00
A56 0 o] 00 | 00

[GSS | © o) o

| As4 0 o] o]

[GS3 | © o o

[Gs2 | O (o] o]

@Relative reactivities are shown with O, 00O, and @@ equivalent to marginally reactive to high reactivity. No
quantitation of reactivity between the different nucleases or MPE is implied.

contains ES1-3, particularly accessible to single-strand
specific nucleases. The stem of 5'CYbUT was partic-
ularly resistant to nuclease cleavage, suggesting that it
is quite stable, whereas MPE-Fe(ll) reactivity outlined
two helices consistent with the predicted structure
(Fig. 7A).

Crosslinking the gCYb-558 to 5'CYbUT clearly
changed the structure of the mRNA. The intense cleav-
age at ES1 through ES3 in the terminal loop of the free
mRNA was significantly reduced in the presence of
crosslinked gRNA. The major decrease in reactivity is
indicative of movement of these nucleotides from a
terminal loop to a junction region that may be less ac-
cessible due to helical stacking interactions. In addi-
tion, probing of crosslinked 5'CYbUT provided direct
evidence for the U-tail/mRNA duplex (Fig. 7B). En-
hanced cleavage in the uUtSE (A54, A56—-A61) by MBN
and T2 in the absence of the U-tail contrasted with very
weak cleavages in the presence of the U-tail (Table 1).
This indicated that the U-tail base pairs with the uUtSE,
providing protection to this sequence. The fact that cleav-
age is not completely abolished in the presence of

the U-tail does suggest that this interaction is not very
stable. However, the differential sensitivity to single-
strand nucleases was very reproducible, giving consis-
tent results upon multiple experimental runs. The
presence of the U-tail also correlated with increased
MPE-Fe(ll) cleavage in the uUtSE, indicative of MPE-
Fe(ll) intercalation. The only modification to the pre-
dicted structure of the gRNA/mRNA pair suggested by
the probing data involves the number of bulged nucle-
otides surrounding the first few editing sites. In our
initial proposed structure, A64-G66 were part of the
U-tail helix. It is clear from our analyses that these
nucleotides are single stranded in the presence of the
U-tail, suggesting that the bulged region at the juncture
of the three helices involves 3 or 4 nt and the first three
editing sites. In general however, the structure probing
data from this study correlated well with our predicted
secondary structure of gRNA/mRNA pairs. The biolog-
ical significance of the RNA structure found upstream
of the UUtSE is questionable as some vector sequence
is included. For that reason, we did not present struc-
ture data obtained for this region.
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FIGURE 7. Summary of enzymatic and chemical probing of
5’CYbUT RNA alone (A) and crosslinked to gCYb-558 (B). Cleav-
ages by T1 (black), T2 (red), MBN (green), and MPE-Fell (blue) are
shown on the structures. Size of arrows indicate relative strength of
cleavage observed.

Crosslinked substrates support
editosome assembly

To determine if the crosslinked molecules formed struc-
tures that were biologically relevant, we examined
whether they were substrates for the RNA editing ma-
chinery. Direct visualization of a full round of editing
was not possible due to the branched structure of the
crosslinked RNA. Therefore, we first looked to see if
they would support the initial enzymatic activity in edit-
ing, gRNA-directed cleavage. To facilitate our analysis,
four different 5’ crosslinks were examined, gCYb-558
with 5’CYbUT as well as gA6-14 with 3'A6UMT,
ABPES1IMT, and AGPES3MT. By utilizing multiple gRNA/
MRNA pairs, we could examine cleavages directed at
both U-insertion as well as U-deletion sites.

The CYb substrate, utilized in the structure probing,
was described earlier. All A6 substrates are based on
adenosine triphosphate synthase subunit 6 (91 nt of
the 3’ end). A6 mRNA s edited throughout the life cycle
and it is the paradigm system used for in vitro analysis
of the editing reaction. Editing at the first 12 sites is
guided by gA6-14 and includes both U insertions and
U deletions (Bhat et al., 1990). To generate crosslinks
using A6 substrates, the original A6 RNA was modified
(M) so as to form a gRNA/mMRNA duplex that included
the 5’-most nucleotide of gA6-14 (3'A6UMT). These
modified substrates efficiently produced crosslinked mol-
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ecules with the 5’ end of gA6—14 correctly linked to the
3’ end of the ABS (data not shown). Partially edited A6
substrates were generated by PCR mutagenesis using
3’A6UMT as a template. AGPESIMT and AGPES3MT
are identical to 3'ABUMT except that editing site 1 (ES1)
and the first three editing sites (ES3) are fully edited,
respectively (Fig. 8). Inclusion of the A6 substrates with
5'CYbUT gave us two substrates directed to cleave
at a U-insertion site (5'CYbUT and A6PES1IMT) and
two substrates directed to cleave at a U-deletion site
(3’A6UMT and A6PES3MT).

When incubated in editing active mitochondrial frac-
tions, all four crosslinks supported accurate gRNA-
directed endonuclease cleavage (Figs. 9 and 10).
Crosslinked 3’A6UMT vyielded a 5’ cleavage product
that is 95 nt in length as expected for cleavage at ES1
(where two Us are deleted). However, an additional
product, approximately 2 nt smaller, was also observed
(Fig. 9A). Cleavage at ES2 (A6PES1MT, U-insertion
site) produced only a single 5’ product of 92 nt, whereas
cleavage at ES4 (A6PES3MT, U-deletion site) again
produced a doublet of 5" products (Fig. 9B,C). For all
three A6 mRNAs, cleavage of the X-linked substrates
was as efficient as that observed for the free mRNA
controls (see Fig. 9A,B,C, lanes 4 and 5). Cleavage of
substrates whose immediate editing sites require de-
letion events resulted in the generation of two products
(3'ABUMT and A6PES3MT, Fig. 9A,C). Heterogeneous
5’ cleavage fragments have been previously observed
at sites of deletion and are attributed to U-specific exo-
nuclease activity (Cruz-Reyes & Sollner-Webb, 1996).
In contrast, cleavage of both AGPES1IMT and CYbUT
(cleavage directed at U-insertion sites) resulted in a
single cleavage product (Figs. 9B and 10A,B). We hy-
pothesized that a single product was observed due to
the lack of UTP required for the tutase activity. To test
this hypothesis, we assayed the cleavage of the CYbUT
crosslinked substrate in the presence of UTP (Fig. 10C).
When UTP was added, an additional 5’ fragment 1 nt
larger was observed for crosslinked 5'CYbUT. This
implied that a single U had been added to the 3’ end
of the 5’ fragment via tutase. Whereas the gRNA for
5’CYDbUT directs the insertion of two Us at the site in
question, the addition of only one U was observed. We
suspect that the addition of two Us preferentially tar-
gets this 5’ product for religation as previously re-
ported, making it difficult to detect (Kable et al., 1996;
Igo et al., 2000). This would also explain why the addi-
tion of UTP caused a decrease in the amount of 5’
cleavage product observed. Ligase activity was present
in our reactions as shown by the band above the free
MRNA (marked “L"; Figs. 9 and 10). Periodate treat-
ment of the mMRNA blocks formation of this slower mo-
bility product, suggesting that it is circularized mRNA
(data not shown).

Isolation and handling of crosslinks resulted in the
breakage of a fraction of the conjugate species, releas-
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A. CYbUT, Cleavage at ES1 - insertion of 2 Uridines, 67 nt 5’ cleavage product.

l

5' ..AUAUAAAAGCGGAGAAAAAAGAAAGGGUCUUUUAAUGUCAGGUUGUUUAUAUA..3 '

NERRRRRRARY

3" Lo, AAUAGUGGAUCUUUAAGUGUAACAGAAAAUUAGGGS !

gCYb-558

B. 3'A6UMT, Cleavage at ES1 - deletion of 2 Uridines, 95 nt 5' cleavage product.

!

5' ..GAAGAAAGGGAAAGUUGUGAUUUUGGAGUUAUAGUCCAACUUAcCcacuaguucuaga..3 "'

3T L. AGUUUUAGACUAAGCAAUAGCCUCAAUAUCGGGS' NgA6-14

C. A6PESIMT, Cleavage at ES2 - insertion of 2 Uridines, 92 nt 5' cleavage product.

l

5" ....GAAGAAAGGGAAAGUUGUGAUUGGAGUUAUAGUCCAACUUAccacuaguucuaga..3 "'

3" ... AGUUUUAGACUAAGCAAUAGCCUCAAUAUCGGGS!

NgA6-14

D. A6PES3MT, Cleavage at ES4 - deletion of 2 Uridines, 89 nt 5' cleavage product.

5 §

...GAAGAAAGGGAAAGUUGuuUGuuAUUGGAGUUAUAGUCCAACUUAccacuaguucuaga...3 !

SRR RN RR RN

3' ....AGUUUUAGACUAAGCAAUAGCCUCAAUAUCGGGS"

NgaA6-14

FIGURE 8. mRNA/gRNA crosslinked pairs used in the cleavage assays. A: 5’CYbUT + gCYb-558. B: 3'A6UMT + gA6-14.
C: AGBPES1IMT + gA6-14. D: A6PES3MT + gA6-14. Only the sequences of interest are shown. gRNAs are aligned under-
neath their respective mRNAs. The modified sequence of the A6 substrates is shown in bold. Shadowed Us are deleted
during editing, and arrows highlight the expected site of gRNA-directed endonuclease cleavage. Watson—Crick (|) and G:U

base pairing (:) are indicated.

ing the free mMRNA visible in our reactions (Wower et al.,
1989; Burgin & Pace, 1990). We were concerned that
the cleavage products observed could be generated
by cleavage of the released free mMRNA. Breakage of
the mMRNA/gRNA crosslinks would release the two RNAs
in equal molar amounts. In the in vitro cleavage assays
described to date, the generation of cleavage product
requires the addition of excess gRNA in order to drive
the reaction (Byrne et al., 1996; Kable et al., 1996;
Seiwert et al., 1996). gRNA-directed cleavage of free
mRNA utilizing a 1:1 mRNA:gRNA ratio is very ineffi-
cient (Fig. 9A,B,C, lanes 4, and Fig. 10A, lane 1). Effi-
cient cleavage is only observed when the gRNA is
supplied in excess (Fig. 9A,B,C, lanes 5, and Fig. 10A,
lanes 2 and 3). In contrast, crosslinked substrates sup-
port efficient cleavage in the absence of exogenous
gRNAs (Fig. 9A,B,C, lanes 1, and Fig. 10B, lane 2).
Furthermore, the addition of excess gRNA did not in-
crease cleavage of crosslinked mRNAs (Fig. 9A,B,C,
lane 2).

These data indicate that the crosslinked mRNA/
gRNA pairs are substrates that support accurate cleav-
age, terminal uridylyl transferase and exonuclease
activities. These activities are complexed together in
the editosome, suggesting that the crosslinked sub-
strates are recognized by the editosome and allow for
the assembly of an active complex. Thus, these cross-
linked substrates have been captured in a biologically
active state and they are appropriate substrates for
structure probing studies.

CONCLUSIONS

The process by which active editosomes assemble onto
gRNA/mMRNA complexes is still unknown. Both gRNAs
and mRNAs alone are able to support formation of
RNP complexes that may represent specific steps in
the assembly process (Goringer et al., 1994; Read et al.,
1994; Koslowsky et al., 1996). However, we know that
editing requires the interaction of both RNAs, arguing
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A. A6UMT

B. A6PES1
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C. A6PES3
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FIGURE 9. gRNA-directed cleavage of A6 substrates crosslinked to gA6-14. A: 3'A6UMT. B: 3’A6PES1MT. C: 3'A6PES3MT.
Lanes 1-3: crosslinked substrates. Lanes 4—6: free mRNA and gRNA. Free mRNA present in the X-link lanes is due to the
breakage of the linkage during handling. All lanes contained mt lysate except lanes 3 and 6. Lane 4: 1:1 gRNA:mRNA ratio.
Lanes, 2, 5, and 6: 10:1 gRNA:mRNA ratio. T1: RNase T1 digest of denatured 5’-end labeled 3'A6UMT. T1 lane was
scanned from a longer exposure of the same gel and duplicated for alignment purposes. The expected cleavage sites for
ES1, ES2, and ES4 are indicated by numbered arrows. The editing cleavage products migrate out of phase with the RNase
T1ladder as RNase T1 generates 2’3’ cyclic GMP ends. The gRNA-directed cleavage products are highlighted by asterisks.
The crosslink, free mRNA, and ligase-induced circular mMRNAs are indicated by X, M, and L, respectively.

that final editosome assembly requires specific aspects
of this interaction. Our previous crosslinking study
mapped the position of the 5" and 3’ ends of gRNAs
along their cognate mRNAs. These data led to a pre-
dicted common structure for interacting gRNA/mRNA
pairs involving a gRNA/mRNA anchor duplex, an up-
stream U-tail/mRNA duplex and a gRNA stem-loop.
This suggests that structural aspects of the gRNA/
mMRNA interaction could play a role in editosome as-
sembly and function. To provide additional evidence in
support of our predicted structures, we solution probed
5'CYbUT crosslinked to gCYb-558. We chose to cross-
link the two RNAs together, as probing of two interact-
ing free RNAs introduces several technical problems.

5’ crosslinked molecules are substrates for activities
connected with editing. Accurate cleavage of all cross-
linked substrates was observed at the appropriate
editing site, demonstrating that the RNAs supported
gRNA-directed endoribonuclease activity. Furthermore,
the UTP-dependent addition of a nucleotide to the 5’
cleavage product of crosslinked 5'CYbUT was indica-
tive of tutase activity, whereas at sites of U deletion,
U-specific exonuclease activity on 5’ cleavage prod-
ucts was observed. These enzymatic activities have
been shown to associate together in a complex using
glycerol gradient fractionation and chromatography (Pol-
lard et al., 1992; Corell et al., 1996; Rusché et al., 1997).

This argues that the editing complex interacts and as-
sembles correctly on the crosslinked RNAs and that
structures determined utilizing these molecules are
biologically relevant.

The additional evidence presented for the U-tail/
MRNA duplex supports the U-tail’s role as a tether to
hold the 5’ cleavage mRNA product during editing. The
fact that this interaction is not very stable is also in
agreement with experiments demonstrating that mod-
ified gRNA sequences with increased base pairing with
the UUtSE function as better tethers (Seiwert et al.,
1996; Burgess et al., 1999; Kapushoc & Simpson, 1999).
Despite being presented with the full range of available
upstream purines, the U-tail base pairs to mRNA se-
guences just upstream of the initial editing sites. The
formation of two helices that flank the first few initial
editing sites raises the possibility that these two helices
function in concert to correctly present the initial editing
sites to the editing complex. Alternatively, it may be that
multiple helices surrounding the editing site are impor-
tant for tertiary interactions that help stabilize the gRNA/
mRNA interactions.

The results of this study indicate that 5’ crosslinked
RNAs are ideal substrates to pursue the structural as-
pects of gRNA/mRNA interactions that could play a
role in full editosome assembly, stability, and editing
site presentation.
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FIGURE 10. Cleavage of 5'CYbUT. A: Free 5'CYbUT and gCYb-
558. Lanes 1-3: 1:1, 5:1, and 10:1 gRNA:mRNA ratio in the presence
of mt lysate. B: Crosslinked 5'CYbUT and gCYb-558. Lane 1: no
lysate control. Lane 2: crosslinked RNA in the presence of mt lysate.
C: Lanes 1-3: crosslinked RNA in the presence of mt lysate and
increasing concentrations of UTP (0, 0.1, and 0.25, respectively). The
two products observed in the presence of UTP are highlighted by the
double arrow. T1: T1-generated ladder. The expected cleavage site
at ES1 is marked. The crosslink and mRNA are indicated by X and
M, respectively. L indicates migration of circular mRNAs generated
by the presence of precharged ligase in the active fractions.

MATERIALS AND METHODS

Oligodeoxynucleotides

A6 MOD Anchor:  5'-GGCCGCTCTAGAACTAGTGGTAA

GTGGACTATAACTCC-3', 38 nt;

AG6PES1: 5'-CTTATTCTATAACTCCAATCACAAC
TTTCCCTTTC-3', 35 nt;

AGPES3: 5'-CTTATTCTATAACTCCAATAACAAA
CAACTTTCCCTTTC-3', 39 nt;

NgAG-14: 5'-AAAAAAAAAAAAAAATAAT TATCAT

ATCACTGTCAAAATCTGATTCGTT
ATCGGAGTTATAGCCCTATAGTGA
GTCGTATTAAATT-3', 86 nt.

Transcription templates

5'CYDbUT has been described before (Koslowsky et al., 1996).
The A6 partially edited mRNA substrates were created from
3’A6UT using PCR with oligonucleotides T7 and 3’A6PES1
or 3'A6PES3 followed by a second round of amplification
using T7 and A6 MOD Anchor (Koslowsky et al., 1996). mRNA

S.S. Leung and D.J. Koslowsky

templates were PCR amplified prior to use (Leung & Ko-
slowsky, 1999).

Transcription

To facilitate 5’-end labeling, mRNAs were transcribed in the
presence of 5 mM guanosine. The lack of phosphates in the
nucleoside limits guanosine incorporation to the 5’ end while
making it an efficient substrate for kinase end labeling. MRNA
transcription reactions also contained 200 U of T7 RNA poly-
merase, 40 mM Tris, pH 8.0, 25 mM MgCl,, 5 mM DTT, 2 mM
spermidine, 0.01% Triton X-100, 16 U RNAsin, 1 U yeast
pyrophosphatase, 1 mM GTP, and the remaining rNTPs at
2 mM. gRNAs were synthesized using the appropriate oligo-
deoxynucleotide (NgA6-14, NgCYb-558, and NgCYb-558sU)
and the T7 oligonucleotide via the Uhlenbeck single-stranded
T7 transcription method (Milligan et al., 1987). The T7 and
NgCYb-558sU oligonucleotides have been previously de-
scribed (Leung & Koslowsky, 2001). NgCYb-558 is identical
to the NgCYb-558sU oligonucleotide except for the presence
of 15 Aresidues on the 5’ end. Guanosine 5'-thiophosphate-
containing gRNAs were transcribed in the presence of 7 mM
GMPS and 1 mM rNTPs. mRNAs and gRNAs were gel pu-
rified on 6% and 8% denaturing polyacrylamide gels, respec-
tively. RNAs were passively eluted from gels in 10 mM Tris,
pH 7.8, 0.1% SDS, 2 mM EDTA, and 0.3 M NaOAc, pH 7.0,
and recovered by precipitation.

Crosslinking

Modifications to the gRNAs and crosslinking conditions have
been described previously (Leung & Koslowsky, 1999). RNAs
were annealed using 2 to 5 molar amounts of mMRNA to mod-
ified gRNA. Crosslinked RNAs were purified on 6% denatur-
ing gels and recovered as described above.

End labeling

Up to 5 pmol of free or crosslinked mRNA were 5'-end
labeled using 50 uCi of a®?P-ATP, 10 U of Kinase (New
England Biolabs) and 1x Kinase buffer for 1 h at 37 °C. Un-
incorporated a®?P-ATP was removed by gel purifying the RNAs
on a 6% denaturing gel.

Structure probing

Single-strand-specific probes

All reactions contained 30,000 cpm of 5'-end-labeled sub-
strate and 5 ug of yeast tRNA. Substrates were denatured at
60 °C for 2 min and cooled to 27 °C (optimal temperature for
procyclic trypanosome growth) at a rate of 2 °C per min. After
20 min at 27 °C, the enzymatic or chemical probe was added.
Reactions were incubated for 10 min at 27 °C and terminated
by phenol extraction. Products were separated on 8% dena-
turing polyacrylamide gels. The reaction conditions for the
individual probes are described below. RNase T1 (Roche)
digestions were carried out in 10 mM Tris, pH 7.5, 50 mM
KCI, and 1 mM MgCl,. Probing conditions for RNase T2
(Sigma) were as follows: 10 mM Tris, pH 7, 50 mM KCI, and
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1 mM MgCl,. Mung Bean Nuclease (NEB) reactions con-
tained 30 mM NaOAc, pH 7, 50 mM NacCl, 5% glycerol, and
0.1 mM MgCl,. ZnCl, (1 mM) was added with the nuclease.
Reducing the magnesium concentration from 1 mM MgCl, to
0.1 mM MgCl, only increased the intensities of cleavages
observed and did not change the overall pattern obtained
(data not shown). Only data from probing reactions that re-
sulted in significantly less than 50% cleavage of the input
RNAs were used for interpretation as suggested by Chris-
tiansen et al. (1990). Cleavage analyses were based on a
minimum of three different experimental runs for each nucle-
ase. RNase T1 ladders were generated by incubating heat-
denatured 5'-end-labeled mMRNAs (~240,000 cpm) in 20 mM
NaCitrate, 1 mM EDTA, and 2 U of RNase T1 for 10 min at
55°C.

Probing with MPE-Fe(ll)

MPE-Fe(ll) (80 uM) was freshly prepared for each reaction
from methidiumpropyl-EDTA (Sigma) and ferrous ammonium
sulfate (Sigma; Vary & Vournakis, 1984; Kean et al., 1985).
5’-end-labeled RNA (200,000 cpm) and 8 ug of yeast tRNA
were heated to 60°C for 2 min and cooled to 27 °C at 2°C/
min in 10 mM Tris, pH 7.5, 50 mM KCI, and 1 mM MgCl.
Before the addition of probe, a time zero aliquot was taken.
MPE-Fe(ll) was added to 20 M followed by DTT to 6.25 mM.
Aliquots were taken at 2-min intervals up to 6 min. Reactions
were stopped with 10 M urea, 20 mM EDTA, 100 ug tRNA,
0.1% bromophenol blue, and 0.1% xylene cyanol. Aliquots
were stored at —80°C until separated on 12% denaturing
polyacrylamide gels.

Structure prediction

Structures predictions were obtained using RNAstructure 3.5
and graphically displayed using RNAdraw version 1.1 as
previously described (Matzura & Wennborg, 1996; Leung &
Koslowsky, 1999; Mathews et al., 1999).

Cleavage reactions

Mitochondrial lysates were prepared from the procyclic stage
of Trypanosoma brucei brucei, EATRO 1.7 and fractionated
using glycerol gradients as previously described (Pollard et al.,
1992; Seiwert et al., 1996). RNAs were heated to 60 °C and
slowly cooled to 27 °C at a rate of 2°C per minute. Ten mi-
croliters of an active glycerol fraction were then added. Re-
actions were incubated at 27 °C for 20 min. Conditions of the
reactions were as follows: 20 mM HEPES, pH 7.9, 50 mM
KCI, 10 mM MgOAc, 0.05 mM DTT, 1 mM EDTA, and 5 mM
CacCl,. Each reaction contained 30 Kcpm of 5’-end-labeled
RNA (approximately 25 fmol). The amount of gRNA used in
each reaction is specified in the figure legends.
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