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ABSTRACT

An RNA editing reaction that is both essential and specific to the trypanosomatid parasites is an attractive target for new drug
development. Although high-throughput screening of chemical libraries is a powerful strategy often used to identify new drugs,
the available in vitro editing assays do not have the necessary sensitivity and format for this approach to be feasible. A
ruthenium labeled reporter RNA is described here that overcomes these limitations as it can both detect edited product in the
low femtomole range and is ideal for high-throughput format. The reporter RNA consists of an RNA editing substrate linked to a
streptavidin-binding aptamer that is initially held within an inactive conformation. An in vitro selection strategy optimized the
linkage so that the streptavidin-binding aptamer is only activated by an editing-induced conformational change. An electro-
chemiluminescent signal results from the ruthenium label when the reporter is bound to the bottom of a streptavidin-coated
microtiter plate where it can be stimulated by a carbon electrode. Chemical probing, mutagenesis, and binding affinity
measurements were used to characterize the reporter. The highly sensitive assay could be adapted to a broad range of RNA

processing reactions.
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INTRODUCTION

Several members of the trypanosomatid family of protozoa
are causative agents of human diseases including leishman-
iasis and African sleeping sickness (for review, see Stuart
et al. 2008). Most of the trypanosomatid mitochondrial
mRNAs are edited through uridylate (U) insertions and
deletions (Benne et al. 1986). These reactions are catalyzed
by three distinct complexes that share a common subset of
proteins (Panigrahi et al. 2006; Carnes et al. 2008). Guide
RNAs that are complementary to correctly edited mRNA
sequence direct the location of editing and the number of
deletions and insertions (Blum et al. 1990; Kable et al. 1996;
Seiwert et al. 1996). Since the reactions are both essential
and unique to the parasites, the editing complexes are
attractive targets for novel drug development (Schnaufer
et al. 2001).

There are currently not any drugs available that specif-
ically inhibit the trypanosomatid editing reactions. An in
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silico screening strategy was previously used to identify
novel drug-like compounds that can be docked to the
known crystal structure of KRELI, one of the RNA ligases
of the editing complexes (Amaro et al. 2008). Although this
approach is highly promising, it could be limited by
differences in structure or drug accessibility that result
from the study of individual proteins outside the context of
the intact multi-protein complexes. The approach also does
not fully exploit the large drug-binding landscape that
would potentially be presented by the intact complexes.
High-throughput screening of chemical libraries is an
alternative strategy to identify novel drugs inhibiting the
editing reaction, but it also has limitations. These are
primarily related to the in vitro editing assays not having
the sensitivity and format necessary for high-throughput
screening to be practical and economically feasible (Byrne
et al. 1996; Kable et al. 1996; Seiwert et al. 1996; Wang et al.
2002; Pai et al. 2003). A novel assay is described here that
can detect edited product in the low femtomole range and
is ideal for high-throughput format. The assay exploits a
reaction that generates electrochemiluminescence (ECL) as
a result of an editing-responsive conformational change
within an RNA reporter. The conformational change
induced by the editing is analogous to the conformational
changes induced by small ligand binding to aptamers that
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have been exploited as in vitro sensors (for review, see
Rajendran and Ellington 2002). The described assay could
be adapted to a broad range of RNA processing reactions.

RESULTS AND DISCUSSION

Development of the assay

The editing assay outlined in Figure 1 was designed to
maximize detection sensitivity and also to be compatible
with high-throughput format. The assay is performed
within streptavidin-coated microtiter plates that have
carbon electrodes running through the bottom of the wells
(Best et al. 2005). The reporter RNA for the editing reaction
is labeled with a ruthenium complex that can generate ECL
only when held in proximity to these electrodes. Edit-
ing causes a conformational change in the reporter that
activates a streptavidin-binding aptamer. This results in the
immobilization of the RNA at the bottom of the microtiter
well and the generation of ECL after electrode stimulation.
In the absence of editing, the reporter RNA is in a
conformation that inhibits streptavidin binding, and as a
result pre-edited RNA does not generate appreciable ECL.

The major challenge in developing the assay was to
obtain a reporter RNA with the appropriate properties. For
a significant fraction of the edited RNA to become bound
to the streptavidin-coated plate, the edited RNA is required
to have a relatively good affinity for streptavidin (Kg = 1 X
1077 M). At the same time, the RNA in its pre-edited state
is required to have minimal affinity since any binding will
lead to a high background signal and the deterioration of
assay sensitivity. The reporter is further required to be an
efficient substrate for the editing reaction. Satisfying all
three criteria presents a potential complication because
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FIGURE 1. Development of a high-throughput assay for an editing
reaction. In response to the insertion of three U’s (red) by the in vitro
editing reaction, the reporter RNA undergoes a conformational
change that activates the streptavidin-binding aptamer (blue). The
reporter RNA is labeled with a ruthenium complex. Upon immobi-
lization of the RNA at the bottom of a streptavidin-coated microtiter
plate and electrical stimulation, the ruthenium complex will generate
an ECL signal. Nonimmobilized RNAs do not generate a signal.
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sequence that significantly influences editing efficiency can
have conflicting constraints related to streptavidin binding
and the switching mechanism.

An in vitro selection strategy was used to obtain a
reporter RNA with the desired properties (Fig. 2; Table 1;
Ellington and Szostak 1990; Tuerk and Gold 1990). The
starting RNA contained elements of the previously described
S1 streptavidin-binding aptamer (Srisawat and Engelke
2001), and this was linked to part of an aptamer that had
been selected to be an efficient substrate for insertional
editing (Pai et al. 2003). The editing aptamer was previously
demonstrated to have many of the attributes associated with
natural mRNA substrates; these include a dependence on
guiding nucleotides, similar sequence and secondary struc-
tural constraints, and the copurification of the editing
activities. Twenty-one positions within the starting RNA
were randomized for the selection of the switching function
(Fig. 2A). PCR mutagenesis also introduced variation so
that additional sites could be optimized during the selection.

Several different types of selection pressure were applied
to the starting pool to enrich for the reporter (Table 1).
First, positive binding selections were performed on the
RNA in its edited state for those that bind to streptavidin
with high affinity. Second, negative binding selections were
performed on the RNA in its pre-edited state to remove
those RNAs that are capable of binding streptavidin in the
absence of editing. Interconversion of the RNA population
between the pre-edited and edited states was accomplished
using appropriate primers for the RT-PCR amplification
that overlapped the editing site. Third, selection pressure
was applied to ensure that the RNA population was a good
substrate for the editing reaction. The final cycles of
selection also required that both in vitro editing and
streptavidin binding occur together within streptavidin-
coated microtiter wells. Selection pressure was also applied
to ensure that the switching function would be compatible
with the ECL detection requirements.

The in vitro selection

The RNA population was monitored throughout the in
vitro selection for the properties of the reporter required in
the proposed assay (Fig. 2B). Radiolabeled pre-edited RNAs
from different cycles of selection were treated within
streptavidin-coated microtiter wells with a fractionated
mitochondrial extract either in the presence or absence of
ATP and UTP, which are essential cofactors for the editing
reaction. After treatment with the extract, the microtiter
wells were washed, and the bound RNA was eluted and
analyzed on a denaturing gel. Only a small background
binding of pre-edited RNA was detected at the start of the
selection, but intense higher mobility bands are clearly
visible by the later cycles (Fig. 2B). The predominant edited
band is consistent with three U insertions being guided by
the three A’s depicted in Figure 2A, and is dependent on
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RNA C  (2): GGAAAGAAUCUUCCAGAG=UUA=GUUACAGAUuacgaccuGgaaUCAUGUAAGUccgUAAGAUAGUcggeuggCGGGAUUUGUAAUUUAAGCUUU
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RNA E  (1): GGAAAGAAUCUUCCAGAG=UCU=GUUACAAAUuacgaccuGgaaUCAUGUAAGUccgUAAGAUAGUCcggcuggCGGGAUUUGUAAUUUAAGCUUY
RNA F (1): GGAAAGAAUCUUCCAGAG=UUA=GUUACGAAUuacgaccuGgaalCAUGUAAGUccgUAAGAUAGUcggcuggCGGGAUUUGUAAUUUAAGCUUU
RNA G (1): GGAAAGAAUCUUCCAGAG=UUA=GUUGCGAAUuacgaccuGgaaUUAUAUAAGUccgUAAGAUAGUCggcuggCGGGAUUUGUAAUUUAAGCUUY
RNA H  (1): GGAAAGAAUCUUCCAGAG=UUA=GUUACUAAUuacgaccuGgaaUCAUGUAAGUccgUAAGAUAGUCggcuggCGGGAUUUGUAAUUUAAGCUUY
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FIGURE 2. In vitro selection of the reporter RNA. (A) The predicted secondary structure of
the parental molecule used for the in vitro selection. Part of a streptavidin-binding aptamer
(blue) is linked to part of an aptamer selected to be a good editing substrate (underlined). The
21 positions that were randomized for the selection are in lowercase, and the three U’s that are
guided into the editing site are indicated in red. (B) Progression of the in vitro selection.
Radiolabeled pre-edited RNAs from the indicated cycles of selection were treated in a
streptavidin-coated microtiter plate with mitochondrial extract in the presence or absence of
the indicated nucleotide cofactors. After washing the plate, eluted RNA was analyzed on a
denaturing gel. The size corresponding to the three U insertions expected from accurate
editing is indicated. (C) The sequence of the RNAs obtained from the selection. The number of
identical clones is indicated in parentheses. The maroon bases represent positions that differ
from the starting parental sequence, and the nucleotides that had been deleted during the
selection are indicated by a maroon dash. Other colors are as described above. Nucleotides are
numbered relative to the pre-edited sequence of RNA A.

tional pressure on it related to streptavi-
din binding and the switching function,
and it is possible that these constraints
may have necessitated some loss in fidel-
ity. This, however, does not invalidate
the selected RNAs as reporters for the
editing reaction since the overall inser-
tional reaction is still being detected.

After the last cycle of selection, the
RNA pool was amplified by RT-PCR for
cloning and sequence analysis. Thirty-
seven clones were sequenced, and all are
very closely related but contain several
changes relative to the parental sequence
(Fig. 2C). The RT-PCR primers over-
lapped nucleotides 1-17 and 72-90, and
as a result, variation at these sites would
not be evident from the sequence analy-
sis, nor could it have been selected. The
two most abundant selected sequences
(RNAs A and B) only differ from each
other by a single C48U change that is
present within the large loop of the
streptavidin-binding aptamer in RNA
A. This change is also present in all but
two of the other sequenced clones.

Assessment of the selected RNAs
as reporters for the assay

Both the edited and pre-edited forms of
RNAs A and B were labeled with a
ruthenium complex so that their poten-
tial as reporters in the ECL-based assay
could be evaluated (Fig. 3A). To label

the inclusion of the nucleotide cofactors that are essential
for editing. The 3’ end of the RNA substrate had been
blocked prior to the assay through ligation to the 5" end by
treatment with RNA ligase. This circular substrate RNA
ensured that the higher-mobility product did not result
from the addition of U’s to the 3’ end by a terminal uridyyl
transferase (TUTase) activity that is present within the
editing extract (Brown et al. 1999; Pai et al. 2003).

A minor but significant fraction of the selected RNAs have
an incorrect number of U insertions during the reaction (Fig.
2B). This is not an intrinsic deficiency of the editing extract as
other RNAs are accurately edited by the same in vitro
reaction (Pai et al. 2003). Rather, it is most likely a reflection
of the sequence that was selected upstream of the editing site,
which was previously shown to significantly influence editing
fidelity (Igo et al. 2002; Pai et al. 2003). There was not an
explicit requirement during the selection to have completely
accurate editing provided that any U insertions still triggered
a conformational change that activated streptavidin binding.
The upstream sequence would have had significant addi-

the RNAs, a short T7 RNA polymerase transcript with
incorporated 5-(3-aminoallyl)-uridylates was ligated to the
3’ end of the selected RNAs (Moore and Sharp 1992). The
ligated RNA with aliphatic amine groups was then reacted
with an activated ester of the ruthenium complex. Coupling
conditions were chosen so that approximately two ruthe-
nium complexes were incorporated per RNA. Although not
essential for the ECL-based assay, the ligation of the
aminoallyl-derivatized RNA also has the effect of inhibiting
TUTase activity at the 3’ end (data not shown).

The indicated quantities of the ruthenium-labeled RNAs
were incubated within a streptavidin-coated microtiter
plate containing the carbon electrodes for generating ECL
(Fig. 3B; Best et al. 2005). The plate binding and washing
conditions had to be extensively optimized in order to
minimize nonspecific RNA binding. As suggested by the
ECL signal from the randomer used for the selection,
nonspecific binding makes up a major component of the
small ECL signals arising from the pre-edited RNAs. The
scanner used to detect the ECL also generates a background
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TABLE 1. In vitro selection of the reporter

Selection®
Cycle Positive binding Negative binding Editing
1 P-1
2 P-1 N-1
3 P-2 N-2
4 P-2 E-1
5 E-1
6 E-1
7 p-2b N-1 E-1
8 P-2 N-2 E-1
9 p-3¢ N-1 E-2
10 P-4 N-2°
11 E-3P

“The individual selection steps within each cycle were performed
in the indicated order from left to right. The details of each type of
selection are described within the Materials and Methods; larger
numbers are indicative of increased selection stringency.

PRNA used for the assay in Figure 2B.

“PCR mutagenesis was performed at this step.

of 20-40 ECL units in the absence of any RNA (data not
shown). This can make up a significant fraction of the ECL
signals arising from the pre-edited RNAs and randomer,
and it accounts for much of the nonlinearity of these plots.
However, the ECL signals arising from the corresponding
edited RNAs can be up to 100-fold stronger, and as a result
the nonspecific components, as assessed by the randomer
binding, make only a minor contribution to the assay
signal. The ECL signals from the edited and pre-edited
forms of RNA A are higher than those from the corre-
sponding forms of RNA B, and these ECL differences are
consistent with the apparent Ky values for streptavidin
binding (Table 2).

The pre-edited forms of RNAs A and B were also tested
in the complete ECL assay outlined in Figure 1. The signal-
to-background ratio for the assay was determined by per-
forming the editing reaction both in the presence and ab-
sence of the essential nucleotide cofactors (Fig. 3C). This
ratio was determined to be 8 = 2 (n = 6) for RNA A and
17 = 2 (n = 8) for RNA B. The ECL from the minus ATP/
UTP reactions (Fig. 3C) is higher than the ECL from the
pre-edited RNAs without editing extract (Fig. 3B). This
suggests that the extract increases background binding,
which was confirmed using radiolabeled RNA (data not
shown). The effect of the extract on the nonspecific binding
is higher with RNA A (minus ATP/UTP in Fig. 3C), which
also has the lower apparent Ky for steptavidin binding
(Table 2). Although the signal-to-background ratios are
strongly suggestive that either RNA could be used as a
reporter in high-throughput screens, the result emphasizes
the fine balance that had to be achieved during the selection
between the optimization of binding affinity of the edited
RNA and the minimization of the background.
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A mechanism for the function of the aptamer switch

The edited and pre-edited forms of the selected RNAs are
predicted to fold into different conformations (Jaeger et al.
1989; Zuker 2003), and this is illustrated for RNA B (Fig.
4). The conformation that is predicted to form with the
edited RNA is similar to the parental sequence and is in
overall agreement with the previously characterized strep-
tavidin aptamer (cf. edited conformation in Fig. 2A and
Fig. 4). In fact, several features of the streptavidin aptamer
were reselected including parts of the key helices and even
the loop nucleotides G-40, A-41, and A-42 that were within
the fixed primer sequence of the initial streptavidin
aptamer selection (Srisawat and Engelke 2001). In the
absence of editing, the streptavidin-binding conformation
would be destabilized by ~3 kcal/mol resulting from the
loss of the three internal A-U base pairs formed between
the inserted U’s and guiding A’s (Fig. 4). A further 3.5-kcal/
mol destabilization is predicted to result from the internal
bulged loop arising from the unpaired guiding A’s (Jaeger
et al. 1989). As a result, alternative conformations would
become more favorable in the absence of editing. One
possible alternative conformation could simply result from
one strand of the helix sliding so that U-30 becomes paired
with A-80 in the pre-edited RNA rather than with A-76
when the RNA is edited (Fig. 4, cf. edited and major pre-
edited conformations). This change is also predicted to
disrupt the large loop of the streptavidin-binding aptamer.

For the RNA to be able to function as a substrate for the
editing reaction, the major pre-edited conformation must
be able to interconvert to a less stable minor conformation
that places the guiding nucleotides, A-27 to A-29, opposite
the editing site between A-76 and G-77 (Fig. 4). It is
possible that the editing complex may directly facilitate the
interconversion, or alternatively the editing complex may
recognize and act on a small quantity of the minor con-
formation that is in pre-existing equilibrium with the
major conformation.

Chemical probing of the switch

The outlined switching mechanism proposes that the major
pre-edited and edited conformations have discrete differ-
ences in their secondary structures (Fig. 4). Both the pre-
edited and edited forms of RNA B were probed with the
nucleic-acid-modifying reagents dimethyl sulfate (DMS)
and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-
p-toluene sulfonate (CMCT) to test whether these struc-
tural differences were present (Krol and Carbon 1989).
DMS modifies the N1 position of A’s and the N3 position
of C’s not involved in secondary or tertiary interactions,
and CMCT modifies the unprotected N1 position of G’s
and the N3 position of U’s. Sites of modifications were
detected by reverse transcriptase primer extension, and a
representative set of reactions is indicated for both the
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predicted to be base paired in the edited
RNA but are bulged in the major pre-
edited conformation, and this is consis-
tent with the observed increased reac-
tivity at these sites within the pre-edited
RNA. The reactivity of A-21 within the
pre-edited RNA is also higher, suggest-
ing that it is more accessible to modi-
fication within the predicted 6-nt loop
as opposed to the single nucleotide loop
of the edited RNA. A-27 is more reac-
tive in the pre-edited RNA even though
it could potentially pair with U-83, but
fraying of this base pair at the end of the
predicted helix could also account for
the increased reactivity. The observed
decrease in reactivity of A-32 in the pre-
edited RNA is consistent with it being
in the proposed base pair with U-78 and
not paired within the edited structure.
The different reactivity of U-52 is con-
I sistent with a structural change within

the large loop of the streptavidin-bind-

ing aptamer in response to editing.

Finally, the increased reactivity of A-76

in the pre-edited RNA is highly consis-
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FIGURE 3. Characterization of the ECL assay. (A) Labeling the selected RNAs with the
ruthenium complex. An RNA containing 5-(3-aminoallyl)-uridylates (NH,) was ligated to the
3’-end of the selected RNAs using DNA ligase and the appropriate DNA splint (Moore and
Sharp 1992). The RNA was subsequently reacted with an N-hydroxysuccinimide ester of the
ruthenium complex. (B) The indicated quantities of edited RNA A (@), edited RNA B (A),
pre-edited RNA A (O),pre-edited RNA B (A) and the starting randomer (X) were incubated
with the streptavidin-coated microtiter plates, and after washing and scanning, the ECL was
detected (n = 4). (C) The signal-to-background ratio of the complete ECL editing reaction was
determined for reporters A (n = 6) and B (n = 8) by treating the pre-edited RNAs with editing
extract both in the presence (gray) and absence (white) of the essential nucleotide cofactors.
The indicated ECL units were detected after washing and scanning of the plate.

edited and pre-edited RNAs (Fig. 5). The intensity of the
bands resulting from reverse transcriptase termination at
chemically modified nucleotides was corrected for modifi-
cation-independent termination, and the ratio of the
corrected intensity obtained under native conditions to
that obtained under denaturing conditions was determined
for each position. Mean and standard deviations were
calculated from three independent sets of reactions and
are plotted in Figure 6. A difference in chemical reactivity
between two corresponding nucleotides within the edited
and pre-edited RNAs was defined as significant only if it
was at least twice the standard deviation.

Editing of RNA B significantly altered the chemical
reactivity of only 10 nucleotides (nt) (Figs. 5, 6), and these
changes are highly consistent with the proposed switching
mechanism (Fig. 4). G-22, U-23, U-24, A-25, and C-26 are

L[]

10
RNA (fmol) RNA A

tent with both the internal loop pro-
posed for the pre-edited structure and
the proposed base pair within the edited
RNA.

The proposed switching mechanism
predicted changes in DMS or CMCT
reactivity at several sites that were not
detected. These include nucleotides
G-34, C-37, U-38, G-39, and G-70.
The base modification reactions, how-
ever, can be inhibited by noncanonical
base pairs and tertiary interactions that
are not considered by the proposed
secondary structures (Fig. 4). In addition, changes in
chemical reactivity could not be evaluated at sites of intense
modification-independent RT termination and at sites in
close proximity to the 3" primer used for the RT extensions.
These include A-15, G-16, C-44, G-74, G-75, G-77, and
nucleotides 82-90. Although additional changes are most
likely occurring outside the sensitivity and resolution of the
chemical probing, all of the changes that were detected are
highly supportive of the proposed switching mechanism
(Fig. 4).

RNAB

Mutations testing the proposed mechanism

The binding affinity of edited RNA B for immobilized
streptavidin approximates that of the parental streptavidin
aptamer (Table 2). This suggests that the selected differences
1933
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with the parental sequence (Fig. 4; Table

TABLE 2. Characterization of the selected RNAs .
2, mutations U31A, A32C).

Apparent Ky (M) for streptavidin binding® Editing Relative to the parental sequence, all
efficiency b
t two of the selected RNAs h
RNA Edited Pre-edited (%)P ut two ot the selecte $ have an

extra nucleotide within the streptavidin-

A (5.6 = 0.7) X 10~ j (43 = 0.1) X 20’6 44 £ 5 binding aptamer, G-39, as well as the
B (1.0 = 0.1) X 107 © =2 x107° 4y L2 U-38, C-68, and U-69 substitutions
B, 18+C, 21+A (1.0 = 0.1) X 10~ (1.0 = 0.1) X 10 11 =1 (Fig. 2C). The four changes were always
B, U31A, A32C 82 = 09) X 10° 8 (1.0 + 0.2)X10°° 5+ 2 & 2 &S Y
B, U38A, AG39 2 X 10 5)¢ 2 X 10°° 35 + 5 selected together, suggesting that the
B, C68G, U69G 2.6 = 03)x 1077 6 = 1) x10°° 56.0 = 0.3  nucleotides could covary and possibly
B, U38A, AG39, @ = 1)x10° (1.8 £ 02) X 10°° 25 £ 2 interact. Changing U-38 and G-39 or

C68G, U69G e . C-68 and U-69 back to the parental
B, G71¢ CRE >2 % 10 >8 = 3 sequence inhibited streptavidin bindin
B, C53G, G67C (1.1 % 03)x 10° >2 X 107° 57.0 * 0.3 4 P 8

with the edited RNA (Table 2, mutations
“The apparent Ky for the parental S1 streptavidin aptamer under the same conditions was U38A, AG39, mutations C68G, U69G).

determined to be (1.1 = 0.1) X 1077 M, which is comparable to the previously quoted .
value of 7 X 10~ M (Srisawat and Engelke 2001). However, the simultaneous change of all

PThe ratio of edited over total RNA after the reaction (n =2). four positions to the parental sequence
“The detection limit of the measurements is ~2 X 107> M. The randomer used at the start of restored binding affinity of the edited
the selection also has an apparent Ky that exceeds this limit.

RNA, consistent with some type of inter-
action among these nucleotides (Table
2, mutations U38A, AG39, C68G, U69G).
between these two RNAs resulted primarily from pressure ~ The four simultaneous changes also had the effect of
on the switching function rather than the improvement of  increasing binding affinity of the pre-edited RNA. This is
binding affinity. As a result, some of the selected sequence  consistent with the proposed switching mechanism because
differences should provide insight into the switching  the selected U-38 and G-39 nucleotides are predicted to
mechanism. This is illustrated by the

selected deletions centered near nucleo-

tide 20 that are predicted to destabilize Ah G0 ah G, @

the helix proposed for the minor pre- u u u u

edited and edited conformations, as () C_°-g"= ve" ‘ ?G c_°'gg'“ ve' .
compared to the corresponding paren- Gc afeu SQQCGGGA_GUMUUU%GCUU?/s editing GC ’ CSQQCGGGAUUUGuAAU U’}chu?’
tal sequence (FlgS ZA, 4, cf. AC and UA ccagcauUAAAé;\l:ll'Jé UU{.;AG.S o - li ccaééaﬁﬁﬂﬂﬁéf\ﬁﬂlé L]t}éf\éé o5
AA). In the absence of editing, the helix CUaagt i c.6 Cuaag?’ e
destabilization is predicted to favor the _ ® i o @-3” “é ® _ _ @ﬁ: :é
major Prff'?dlt[ed confor.m'atIOIll fmd (n;lc;(i:frepfr:r 21:;?)121?:?;:2;)?:;:2;) " (activ:ig?ilfg;tfg\zgf:ﬂginnding)
thereby minimize streptavidin binding.

To test this possibility, the deleted

nucleotides were added back to RNA

B, and this resulted in the predicted T

effect of significantly increasing binding ahe,®

affinity of the pre-edited RNA (Table 2, w o

mutations 18+C, 214+A). The same ?G U";ﬂc B 5

mutation did not have a significant ¢ “udecacs”auatuuuaccuut

effect on the binding affinity of the ‘u, oyt ég;”“ 9“"%’“? EUG?G:;_S’S'

edited RNA, and this was expected since @_cﬂ N

the U’s added by editing provide addi- a0 pre-edited conformation Ua 4G

tional helix stability. The selected U-31 (inactive for streptavidin-binding)

and A-32 changes are also predicted to

favor the major pre-edited conforma- FIGURE 4. A mechanism for the aptamer switch. The pre-edited RNA is proposed to exist in

. . . . equilibrium between a major conformation that is inactive for streptavidin binding and a

tion by forming base pairs with A-79 minor conformation in which the streptavidin-binding aptamer is fully functional. The

and U-78, respectively (Fig. 4). Restor- insertion of three U’s by the editing reaction stabilizes the streptavidin-binding conformation.

ing the parental sequence at these posi- Base Pairs within the edited and major pre-edited cgnfqrmations that are supported. by

tions increased binding affinity of the chemical Probmg apd/or the selection phylogeny are 1nd1cat?d (®). The minor pre—ec_h?ed
. > . conformation was inferred from the known structural requirements of the RNA editing

pre-edited RNA, consistent with the yesction. Colors are as described for Figure 2. The three U’s that are inserted by editing are not

major conformation being less stable numbered.
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FIGURE 5. A representative set of chemical probing reactions. (A,B)
The edited and (C,D) pre-edited forms of RNA B were probed with
DMS and CMCT under native and denaturing conditions. Sites of
modification result in RT terminations. A RT primer complementary
to the 3’ extension illustrated in Figure 3A was used to detect
modifications of nucleotides #36—#81 and an internal primer used
for nucleotides 3-36. Sites of modification migrate one nucleotide
faster than the corresponding position within the RT dideoxy
sequencing ladder. The 10 nucleotides that have significantly different
chemical reactivity within the edited and pre-edited RNAs are
indicated. The three U’s that are inserted by editing are not numbered.

stabilize the major pre-edited conformation through pair-
ing with G-73 and C-72, respectively (Fig. 4). Likewise, the
selected C-68 and U-69 nucleotides could destabilize the
minor conformation by disrupting the base-pairing
between the parental G-68 and G-69 nucleotides with
U-52 and C-37.

The ability of the four simultaneous mutations to rescue
binding is suggestive of complex interactions within the
streptavidin-binding aptamer. It is also suggestive that some
of the changes selected to optimize the switching mecha-
nism may have necessitated additional changes to compen-
sate for what could otherwise be detrimental alterations of
the streptavidin-binding aptamer. Mutation of G-71 and
the C-53—-G-67 base pair within RNA B to the correspond-
ing parental sequences significantly inhibited streptavidin
binding (Table 2), and are possibly indicative of this effect.

Some of the selected sequences were also clearly under
pressure to optimize in vitro editing. In addition to decreas-
ing background binding, the deletions centered on nucleo-
tide 20 also increased editing efficiency as mutations that
restored these nucleotides inhibited editing (Table 2, muta-
tions 18+C, 21+A). The disruption of the helix by the
selected deletions possibly makes the editing site more
accessible to the editing complex. The sequence and struc-
ture upstream of the editing site have previously been shown
to influence editing efficiency (Igo et al. 2002; Pai et al. 2003),
and as a result it is not surprising that the mutations of U-31
and A-32 also have major effects on editing. All of the other
mutations within the streptavidin-binding aptamer had
some type of minor effect on editing efficiency, suggesting
that alterations in overall tertiary structure could influence
the reaction (Table 2). This was previously observed for
other in vitro editing substrates (Oppegard et al. 2003).

Conclusion

An assay exploiting a conformational change linked to ECL
detection was described that is sensitive to low femtomole
quantities of edited products. The assay has a good signal-
to-background ratio that is considered to be well suited for
high-throughput drug screens, and it can be performed in a
12-pL volume, within 384-well microtiter plates, which
minimizes reagents and makes large-scale screens practical.
Drugs identified from these screens not only will have
potential therapeutic value, but will also be important
biochemical probes for the characterization of the editing
reaction. Similar assay strategies could be adapted to a wide
range of other RNA processing reactions.

MATERIALS AND METHODS

Preparation of the editing extract and the in vitro
editing reactions

A 25 L culture of the Leishmania tarentolae UC strain was grown
to a density of ~1.5 X 10® cells/mL, and the cells were lysed as
previously described (Oppegard et al. 2000). A mitochondrial
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FIGURE 6. Alterations of chemical reactivity in response to editing.
The chemical reactivity values and standard deviations are plotted for
each nucleotide within both the pre-edited (black) and edited (red)
RNAs (n = 3). Those positions that have a chemical reactivity altered by
at least two standard deviations in response to editing are indicated.
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fraction was enriched through differential centrifugation, and
taken up in 200 mL of resuspension buffer (0.5 mM dithiothreitol,
1 mM EDTA, 10% glycerol, 25 mM HEPES at pH 7.5, 10 pug/mL
leupeptin, 10 mM MgCl,, and 1 mg/mL Pefabloc). The material
that was soluble in 1.0% TX-100 was loaded onto a 15-mL SP-
Sepharose column. After the column was washed with 10 volumes
of resuspension buffer containing 100 mM KCl, the editing
activity was eluted with 200 mM KCl in resuspension buffer.
The fractions containing editing activity were pooled, and the KCl
concentration was reduced to 150 mM by dilution with resus-
pension buffer. The extract was loaded onto a 2 mL Q-Sepharose
column and after washing with 10 column volumes of resuspen-
sion buffer containing 150 mM KCI, the column was eluted with
225 mM KCl in resuspension buffer. Approximately 100,000
units of editing activity are obtained from the fractionation,
where 1 unit of editing activity is defined as the quantity of
extract resulting in 1 fmol of correctly edited product within 1 h
under previously defined conditions (Pai et al. 2003). Although
the editing activity would be enriched further by other puri-
fication strategies (Rusche et al. 1997; Madison-Antenucci et al.
1998; Panigrahi et al. 2001; Aphasizhev et al. 2003), this stream-
lined fractionation is relatively free of RNases and other compli-
cating activities, results in relatively high yields, and can be readily
scaled to produce sufficient material for high-throughput screens.

For a 50 L in vitro editing reaction, 1 pmol of pre-edited RNA
was denatured for 5 min at 65°C in 10 wL of denaturing buffer
containing 0.2 mM EDTA and 25 mM Tris (pH 8.0, 27°C). The
RNA was then mixed with 25 pL of a 2X editing buffer (2 mM
ATP, 2 mM UTP, 2 mM dithiothreitol, 10 pwg/mL leupeptin, 12
mM MgCl,, and 1 mg/mL Pefabloc SC) and incubated for 10 min
at room temperature. The editing reaction was initiated by the
addition of 700 units of editing activity in a 15 pL volume and
incubated for 1 h at 27°C.

The in vitro selection

The starting 94-nt RNA used for the in vitro selection contained
21 randomized positions and key elements of the streptavidin-
binding (Srisawat and Engelke 2001) and editing substrate (Pai
et al. 2003) aptamers (Fig. 2A). The five positions immediately
upstream of the editing site were kept fixed to facilitate the
annealing of primers that overlapped the editing site. This
permitted the RNA pool to be interconverted between the edited
and pre-edited forms by using either an edited reverse primer
(5'-AAAGCTTAAATTACAAATCCCG-3") or a pre-edited reverse
primer (5'-AAAGCTTAAATTACTCCCG-3') during the RT-
PCR. The same forward primer (5'-TAATACGACTCACTATAGG
AAAGAATCTTCCAGA-3") was used for both reactions. The
initial cycle of selection contained 300 pmol of the randomized
RNA pool that was synthesized by T7 RNA polymerase from the
corresponding DNA template. Assuming no other biases, this
would have resulted in a 99% probability of having representation
of any combination of 21 nt (Ciesiolka et al. 1996). PCR
mutagenesis was performed during the ninth cycle of selection
using GenMorph II random mutagenesis (Stratagene).

For the positive binding selections (Table 1), the edited RNA
pool was denatured for 5 min at 65°C in the denaturing buffer.
The solution was then adjusted to a final concentration of 1 mM
DTT, 0.2 mM EDTA, 50 mM KCl, 4 mM MgCl,, and 5 mM Tris
(pH 8.0, 27°C). The RNA was allowed to refold for 10 min at
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room temperature and then incubated with a streptavidin matrix
for 1 h at 27°C with mixing. The matrix was washed four times
over a period of 1 h with 100 pL of binding buffer (4 mM MgCl,
and 5 mM Tris at pH 8.0) containing 50 mM KCI. The stringency
of washing was increased for the last three cycles by raising the
KCI concentration of the binding buffer to 150 mM. Bound RNAs
were removed from the matrix by treatment with elution buffer
(3 mM EDTA, 0.3 M sodium acetate at pH 5.2, and 7 M urea) for
30 min. The stringency of the positive binding selections was also
progressively increased by decreasing the amount of RNA and
streptavidin as follows: P-1 selections contained 300 pmol of RNA
in a 100 pL volume that was mixed with 20 pL of settled
streptavidin-agarose (~35 pmol/wL immobilized streptavidin;
Thermo Scientific). P-2 selections contained 2 pmol of RNA in
a 50 pL volume that was incubated in 384-well streptavidin-
coated plates (~15 pmol of streptavidin/well; Thermo Scientific).
The P-3 selection contained 1 pmol of RNA in a 50 pL volume
that was incubated in streptavidin-coated 96-well ECL plates
(~100 fmol of streptavidin/well; Meso Scale Discovery). The
P-4 selection contained 1 pmol of RNA in a 50 pL volume that
was incubated in the streptavidin-coated high-capacity 384-well
ECL plate (~30 fmol of streptavidin/well; Meso Scale Discovery).
The microtiter plates were pre-blocked with Super Block buffer
(Thermo Scientific) to limit nonspecific binding and washed three
times prior to use with 0.05% Tween 20 in 50 mM NaCl and
25 mM Tris (pH 8.0, 27°C).

For the negative binding selections, the RNA pool in the pre-
edited form was denatured and allowed to refold as for the
positive binding selections. N-1 selections (Table 1) contained 10—
200 pmol of RNA in a 100 nL volume that was incubated with
streptavidin-agarose as for the P-1 positive selections. The non-
bound RNA was collected and ethanol-precipitated. N-2 negative
selections involved treating the resuspended nonbound RNA a
second time with fresh streptavidin-agarose.

The E-1 editing selections consisted of the treatment of 1 pmol
of the pre-edited RNA pool in a 50 p.L volume as described for the
in vitro editing reactions. After the reaction, the edited RNA was
resolved from the nonreacted RNA on a 6% polyacrylamide 8 M
urea gel. Slower migrating RNA, consistent with 2-5 U insertions,
was excised and eluted for subsequent enrichment. The pre-edited
RNA used for the E-1 editing selections was circularized prior to
the assay by treatment with RNA ligase (Brown et al. 1999). This
functioned to block the 3'-end from being a substrate for a
TUTase activity that is within the editing extract. Such activity
would have resulted in a deterioration of the selection efficiency,
as nonedited RNA with 3’ U additions would have comigrated
with the edited product. For the E-2 selection, the editing and
positive binding selection pressures were coupled by performing
the editing reaction within streptavidin-coated 96-well ECL plates
for 2 h at 27°C. The wells were washed four times over 1 h with
150 mM KCl in binding buffer and then eluted as for the positive
binding selections. For the E-3 selection, the pre-edited RNA pool
was labeled with the ruthenium complex to increase the likelihood
that the selected RNA would be compatible with the ECL
detection requirements. The reaction was the same as described
for E-2 with the exception that one additional wash was done with
Read Buffer T (Meso Scale Discovery), which is required for ECL
generation. An editing-specific primer (5'-AAAGCTTAAATTAC
AAA-3") was used for the RT-PCR of the RNAs enriched from the
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editing selections. This provided an additional means of limiting
the amplification of contaminating nonedited RNAs.

The ECL assay of the editing reaction

The short aminoallyl derivatized RNA indicated in Figure 3A was
transcribed by T7 RNA polymerase from the corresponding
single-stranded oligodeoxynucleotide template as previously
described (Milligan and Uhlenbeck 1989). The two 5’-most
nucleotides of the template were modified with 2’-methoxyl
groups to limit template-independent additions to the 3’ end
(Kao et al. 1999). The transcription reactions contained 4 mM
ATP, 4 mM CTP, 5 mM GMP, 1 mM GTP, 4 mM 5-(3-
aminoallyl) UTP, 5 mM dithiothreitol, 22 mM MgCl,, 2 mM
spermidine, 40 mM Tris (pH 8.2, 20°C), 0.01% Triton X-100, and
0.5 units/pL of T7 RNA polymerase (Invitrogen). The DNA
templates for the in vitro transcription of the reporter RNAs were
synthesized with the PCR primers already indicated for the in
vitro selections with the exception that the reverse PCR primers
also had the 2'-methoxyl modifications. The transcription of the
reporter RNAs was done without modified nucleotides and GMP.
After gel purification, the aminoallyl-derivitized RNA was ligated
to the 3’ end of the reporter RNA using DNA ligase and the
appropriate DNA splints (Moore and Sharp 1992). The ligated
RNA was purified by gel electrophoresis, and 200 pmol were then
reacted with 50 nmol of the N-hydroxysuccinimide ester of the
ruthenium complex (Sulfo-Tag NHS-Ester; Meso Scale Discovery)
in a 40 pL volume containing 45 mM NaHCO; (pH 9.0). After
incubating for 1 h at room temperature with mixing, the
ruthenium-labeled RNA was purified from the nonreacted ruthe-
nium by ethanol precipitation, followed by two successive washes
in 75% ethanol. The RNA was resuspended in dH,0O, and the
quantity of incorporated ruthenium was estimated by measuring
the absorbance at 455 nm (E;s5 = 15,400 M~! cm™!).

The ECL assays were performed in streptavidin-coated, stan-
dard-capacity 384-well ECL plates (~6 fmol of streptavidin/well;
Meso Scale Discovery) that had been pre-blocked and washed as
described for the positive selections. The minimal volume that
could be used in these plates was determined to be 12 pL, and this
was limited by the ability to efficiently mix different components
rather than by the sensitivity of the assay. For the ECL assay of the
editing reaction, 240 fmol of the ruthenium-labeled pre-edited
RNA were treated with 160 units of the editing extract within a
12 pL volume under the conditions described for the editing
reactions. After incubation for 2 h at 27°C with mixing, the
microtiter plate was washed four times over a 1-h period with
binding buffer containing 150 mM KCIl. Read Buffer T was then
added to the wells, and the ECL signals were recorded using a
SECTOR Imager 6000 Reader (Meso Scale Discovery). The
quantity of RNA in the assay can be reduced to 100 fmol and
the amount of editing extract to 80 units with no significant
deterioration in the assay signal (data not shown). Binding curves
of the randomer and the pre-edited and edited RNAs were
generated similarly but in the absence of editing extract.

Affinity determination

The apparent Ky values for the interaction of the RNAs with
streptavidin were determined by performing 8-10 binding reac-
tions with different concentrations of radiolabeled RNA (Fig. 7).
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FIGURE 7. Representative binding curves used for the determination
of apparent Ky values for the interaction of streptavidin with edited
RNA B (A), pre-edited RNA B (A), and the starting randomer (X).
The RNA concentration points were all performed in duplicate, but
because there is little variance, many of the duplicates are not
resolved.

Reactions were performed in a 50 wL volume within 384-well
streptavidin coated plates (~15 pmol of streptavidin/well). The
plate blocking and binding reactions were as described for the
positive binding selections except that the washing of the bound
RNA involved only two very brief rinses with binding buffer
containing 50 mM KCl. The bound RNA was removed from the
wells with elution buffer and quantified by scintillation counting.
Apparent K4 values were determined by plotting the bound RNA
concentration (B) as a function of the total RNA concentration
(R) and fitting to the equation (Lebruska and Maher 1999):

1
B = E(R+P+Kd - \/(R+P+Kd)2— 4RP),

where P is the total effective streptavidin concentration on the
plate, but it is not necessary to accurately know this value for the
curve fitting, which was performed with Kaleidagraph software.
Representative binding curves are indicated in Figure 7, and the
standard deviations of the measured values from the fitted curves
are indicated in Table 2. Because there are potential complications
related to the immobilization of the streptavidin and the binding
and washing conditions, the affinity measurements are referred to
as apparent Ky values. The apparent Ky measured for the parental
streptavidin aptamer is close to the previously published Ky value
determined by a gel-shift assay (Table 2; Srisawat and Engelke
2001), which is suggestive that the potential complications are not
having a major effect on the higher-affinity interactions. However,
the lower-affinity interactions would be more vulnerable to small
complicating effects.
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