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ABSTRACT

All guide RNAs (gRNAs) identified to date have defined
5’ anchor sequences, guiding sequences and a non-
encoded 3 ' uridylate tail. The 5 ' anchor is required for
in vitro editing and is thought to be responsible for
selection and binding to the pre-edited mRNA. Little is
known, however, about how the gRNAs are used to
direct RNA editing. Utilizing the photo-reactive cross-
linking agent, azidophenacyl (APA), attached tothe 5 '-
or 3'-terminus of the gRNA, we have begun to map the
structural relationships between the different defined
regions of the gRNA with the pre-edited mRNA.
Analyses of crosslinked conjugates produced with a
5'-terminal APA group confirm that the anchor of the
ogRNA is correctly positioning the interacting molecules.

3' Crosslinks (X-linker placed atthe 3 '-end of a U 1¢ tail)
have also been mapped for three different gRNA/
MRNA pairs. In all cases, analyses indicate that the
U-tail can interact with a range of nucleotides located
upstream of the first edited site. It appears that the
U-tail prefers purine-rich sites, close to the first few
editing sites. These results suggest that the U-tail may
act in concert with the anchor to melt out secondary
structure in the mRNA in the immediate editing
domain, possibly increasing the accessibility of the
editing complex to the proper editing sites.

INTRODUCTION

and deletion of U residues. Finally, at theeBd of the gRNA is

a non-encoded U-tail6]. The function of the U-tail remains
unclear, however, several roles have been suggested by various
models of editing&-3).

In vitro kinetic analyses of products and possible intermediates
of RNA editing supports the enzyme cascade model of editing
first proposed by Blumet al (3,6). The detection of both &and
3' cleavage products and the observation that inserted U residues
are derived from free UTP has ruled out two previous mechanistic
models involving chimeric gRNA/MRNA intermediatés9(10).

The chimeric intermediate models suggested that the gRNA
oligo(V) tail served as the U donor or acceptor during the editing
process 1,8,11). The elimination of chimeras as editing inter-
mediates throws the role of the U-tail into question. In the original
cleavage—ligation model, it was suggested that the U-tail functions
by binding to purine-rich regions upstream of the editing sites,
thereby strengthening the interaction of the gRNA and pre-mRNA
(6). Inin vitro editing studies, removal of the gRNA U-tail does
not diminish gRNA-directed mRNA cleavads.(Formation of

the edited product, however, was severely diminished, suggesting
that it may play a role in holding on to therBRNA cleavage
product during the editing reaction.

To provide insight into the role(s) the gRNA U-tail may play in
the editing process, we mapped the interaction of the U-tail of three
different gRNAs with their pre-mRNAs. This was accomplished
using the photo-reactive crosslinking agent, azidophenacyl
(APA), specifically attached to the’-8nd of the gRNA. In
addition, we mapped the interaction of the gRNArkchor with
its cognate pre-mRNA by placing the photoagent at'tead of
the gRNA. We report here our results, confirming the role of the

RNA editing in Trypanosoma bruceis a post-transcriptional anchor in correctly positioning the gRNA and providing evidence

process that inserts and deletes uridylate residues (U) fraimat suggests that the U-tail does bind purine-rich sequences
mitochondrial pre-mRNA moleculed,@). This phenomenon upstream of editing sites. Interestingly, the U-tail interacted with
produces mature mRNAs by creating open reading framegurine-rich sequences near (5-28 bases) the first editing site, even
correcting encoded frameshifts and creating signals for tranghen the more stable predicted interaction would involve more
lational initiation and termination. The precise placement of Wipstream regions. This crosslinking information was used to
residues is guided by a small RNA molecule, the guide (g)RNAyenerate computer-predicted secondary structure models for the
which is complementary to portions of the mature mRRA ( gRNA/pre-mRNA interactions. For all three gRNA/mMRNA pairs,
Analyses of gRNAs reveal that they appear to be made up of thitee predicted secondary structures are similar. In all cases, the
functional elements. Contained within tHeebd of gRNAs is a anchor duplex region is correctly paired and secondary structure
short sequence known as the gRNA anchor. The anchor can basthe mRNA editing region is likely eliminated. In addition, the
pair with the mRNA just'3f the region to be edited, positioning gRNA guiding region forms a potential stem—loop positioned
the gRNA for the editing proces$%). The second element (the across from the first few editing sites. These results suggest that
guiding region) provides the information for the specific insertiorthe U-tail may act not only to increase the stability of the RNA
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interactions, but may also work to ‘iron out' any secondanCrosslinking of gRNAs and pre-mRNAs
structure in the mRNA in the immediate editing domain, possibly
increasing the accessibility of the editing complex to the propdreactions contained 90 pmol of gRNA in the presence of 45 pmol
editing sites. of pre-mRNA. Mitochondrial extract was fractionated via
glycerol gradientsy,18). Each 0.5 ml fraction was then tested for
activity using the deletion assa$,19). Hybridizations were
MATERIALS AND METHODS carried out under RNA editing conditions).( Reactions were
heated to 60C for 2 min and cooled to 2T at a rate of 2C/min.
If the reaction was to contain proteingl7of active fraction was
added at this point. Reactions were then incubated a further
Plasmid DNA 5CYbUT and 3A6UT have been previously 20 min at 27C. Reactions were transferred to J20GeNunc
described2,13). SND7UMT was prepared by PCR amplification modules and irradiated using a Stratalinker (Stratagene) with
of maxicircle DNA using ND7BEdc and MODHRS oligodeoxy- 312 nm bulbs for 20 min while on ice. Reactions were kept 5 cm
nucleotides and cloning into pBluescriptll-SKStratagene). from the bulbs and shielded by a polystyrene Petri dish during
Plasmids for gND7-506 and gA6-14 were gifts from Dr Ulrichirradiation (blocks wavelengths <300 nm). Crosslinked RNAs
Goringer (4). The template for gCYb-5581%) was created were resolved on 6% polyacrylamide—7 M urea gels, cut out and
using overlapping oligodeoxynucleotides (T7, gCYb-558-1 aneluted overnight at room temperature (0.3 M NaOAc, 0.2% w/v
gCYb-1lend). SDS). RNAs were ethanol precipitated and resuspended.in 15
of H>0.

Nucleic acids

PCR productsmRNA templates foin vitro transcription were

amplified using the T7 and BIG SK oligodeoxynucleotides.

gRNA templates were PCR amplified using the T7 oligodeoxyPrimer extension analysis

nucleotide and '3primers complementary to thééhds of the

gRNAs. Amplification of gCYb-558 involved either gCYb-1end An aliquot of 5ul of crosslinked RNA or 2-5 ng of control RNA
or gCYB-558endU5. PCR reactions were performed as per theas mixed with 532P-labeled BIG SK (50 000 c.p.m.) and

manufacturer’s instructions (Promega). heated to 90C for 2 min in 50 mM KCI, 20 mM Tris—HCl,

) ) pH 8.5, 0.5 mM NgEDTA and 8 mM MgQd). Reactions were
Oligodeoxynucleotides: cooled at 2C/min to 45-50C and primer extension (33 mM
L 5-AATTTAATACGACTCACTATAG-3' 22nt  KCI, 13 mM Tris, pH 8.5, 0.33 mM EDTA, 5 mM Mg&£ 11 mM
BIG SK 5-GGCCGCTCTAGAACTAGTGG-3 20nt  DTT) carried out for 30 min using AMV reverse transcriptase
ND7SNEdc  B-CGGGTACCATGACTACATGATAAGTAC-3 27nt  (Seikagaku). Sequencing reactions were carried out using
TbHR3 8-CTTTTATATTCACATACTTTTCTGTACC-3 27nt 0.4 mM of each dNTP and 0.2 mM of each ddNTP. Reactions

MODHR3 5-CCGGATCCATGGACGAACTACAAACACGATGCAAAT-3 36 nt were resolved on 8% (le) denaturing po|yacry|amide ge|s_
gND7-506end ~ 5AAAAAAAAAATTCACTATATACAC-3 ' 24 nt

gCYb-558-1 5CCTAGAAATTCACATTGTC AATCCCTATAGTGAGTCG-3 41 nt

gCYb-lend 5AAAAAAAAAATTCCCTTTATCACCTAGAAATTCAC-3 * st RNase H analysis

gCYb-558endU5 SAAAAATTCCCTTTATCACCTAGAAATTCAC-3' 30 nt

gA6-14end 5AAAAAAAAAATAATTATCATATC-3 23nt  The reaction conditions of Konfortit al (20) were followed:
C-gA6-14 B-CAGGAATTCCGATAACGAATCAGATTTTGAC-3 stnt - 50 mM Tris—HCI (pH 8.3), 10 mM DTT, 60 mM NacCl and
ABH-1 5-CCTAACCTTTCCTGC-3 1isnt 0.1 pmol of primer A6H-1. Digestion was performed using 2.5 U
T7leadercomp ~ SGGTACCCAATTCGCC-3 1isnt  of RNase H (Epicentre) for 30 min at°®7. Reactions were run

out on 8% (w/v) denaturing polyacrylamide gels and blotted onto
Nytran for 30 min at 0.5 mA/cfusing a TE77 SemiPhor
electroblotter. Cleavage products were identified using northern

T7 RNA polymerase (200 U vitro transcription reactions hybridization with mRNA- and gRNA-specific probes as indicated

(40 mM Tris—HCI, pH 8.0, 19 mM Mg&l5 mM DTT, 2 mm N Figure4.
spermidine, 0.01% w/v Triton X-100, 16 U RNAsin, 1 U yeast

pyrophosphatase, 4 mM each ribonucleotide) were carried out
6 h at 37C. Radioactively labeled transcripts were produce

. : 2 : P . .
using S0uCi of [a-*PJATP, 800 Ci/mmol (NEN). For'®nd e ences were analyzed using programs in the GCG software

APA madification, transcription was carried out in the presenc§ .
R ; ackage. MFOLD was used to predict RNA secondary structures
of 7 mM guanosine "phosphorothioate (GMPS) prepared g piotfold was used to generate connect filés Currently,

foIIO\(/)vmg Burgin and Pacel(). Transcripts were gel purified on " 6ram is available that can fold two separate molecules.
an 8% polyacrylamide (w/v)~7 M urea gel. Therefore, the gRNA and mRNA were joined using a linker of 10
non-base pairing N residues. No changes were observed using
Attachment of photoaffinity agents linkers of increasing size. Connect files were imported into
RNAdraw @2) to graphically display the predictions. Based on
Following Burgin and Pacé §), azidophenacyl bromide (Sigma) the location of crosslinks mapped, thar®st uridylate was base
was incubated with gND7-506 and gCYb-558 to label temB  paired to the appropriate base in the pre-mRNA using the force
of the transcripts with azidophenacyl-Photoagent-labeled option of MFOLD. The temperature parameter was setdt 27
gRNAs were produced using the protocol of Oh and Page ( the optimal growth temperature of insect-stage trypanosomes.

In vitro transcription

I?recondaw structure predictions
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A, FAGUT + gA6-14
5‘gggcgasung guaceGGAATUGECTTUGCCARACUUTIAGARAGARAG
AGCAGGARAGGUUAGCEEEAGGAGAGAAGAARCGGAAASUIGUSAUTUUGEGASUUAUACAMIAAGATICOgatce

............................................... ST
3 HUUUU U AT AAUAGUATAGUG ACAGUUTTIAGACUA AGCARUAGC CUCARU AUCAUAUAGUUARGCGGES ¢

acuaguucudgageggeed’

B. 'NDTUMT + gND7-506

5'gggegaauuggguaccCAlGACTAC AUGAUARGTACALAG AGEAGACAGACGACAGUGUCC ACAGCACC CGUULCAGT
ACACUUGGAGGAGAGCCEGAUAAGATUUAUTUGAUGAAAUUUG UGAUUUGC AUCGUGU UUGUAGUUCGUCCAUGGAUCCGE

___________________________________________ EENnannne
3 ! UUUUUUUUUY ARGUGAUAUAUGUGAUUGAUAUGAUGUCT AAUARAUGUAGCAYAARUAUUAAGCGEGS /

auccacuaguucuagagoggecl ’

C. 5’CYbUT + gCYh-558
5 ‘gggcgaaunggouaccGUUAAGRAUAR

UEGUUAUARATTUTATAUARARGCGEAGARARAAGARAGSGUCUUTT AAUGUCAGG UG AUATAGARTATTAUGS

---------------------------------------- FEEETTTENT- T
3 UUUUUUUTUU AAGGGAAAUAGUGGAUCUUUAAGUGUAAC AGAARATUAGGSS /

auccacuagquucuagagoggccd

Figure 1.Sequence and alignment of the gRNA/mRNA substrate pairs. The sequence of the unedited mRNA transcript (shaded graihithetgihAsequence
(underlined) aligned beneath the editing domain. The complementarity between the gRNA and mRNA in the anchor duplexoggioniils sindicating G:U
base pairing antifor Watson—Crick base pairing. Vector sequence located at-thacdb3-ends of the mRNA are shown in lower cage. §A6UT + gA6-14;
(B) 5ND7UMT + gND7-506; €C) 5CYbUT + gCYb-558.

RESULTS the upstream'8JTR is much less so (59% purines). Editing of
CYb is developmentally regulated, occurring only during the
procyclic and stumpy bloodstream stage§46). The gRNAs

gRNA and mRNA substrates utilized used in this study (gA6-14, gND7-506 and gCYb-558) are the
To investigate the contribution of thesBichor and‘3J-tail to the initiating gRNAs that start the editing cascade of their respective
gRNA/MRNA interaction, crosslinking experiments were carriedomains {5,23,24).

out using three different gRNA/MRNA pairs (Fig.

gA6-14 and 26UT The ATPase 6 (A6) pre-mRNA is edited gRNA/mMRNA anchor duplex interactions

throughout the lifecycle of the trypanosome and is the substrate used

for in vitro editing assay<5(9,10,19,23). 3A6UT, covers 99 nt of The interaction of the gRNA anchor sequence with its cognate
the 3-end of A6. Within 3A6UT there are 34 editing sites, mRNA sequence was examined using a crosslinker localized at
representing 10 deletions and 81 insertions. The MRNA sequenpe 3-end of the gRNAs. The gRNA anchor sequence has been
upstream of the anchor duplex is 74% purine, making it an ideshown to be required foin vitro editing 6), however, its
substrate for interaction with the gRNAUE-tail, as predicted by interaction with mRNA has not been shown directly. Furthermore,
the cleavage-ligation model. this enabled us to confirm that the anchor duplex of the

gND7-506 and BID7UMT. Editing of NADH dehydrogenase gRNA/MRNA pairs used in this study formed correctly, despite

. . : 2 - the presence of vector sequence in the mRNAs.
subunit 7 (ND7) pre-mRNA is unusual in that editing occurs in
two distinct domains (5and 3) and that editing within the To label the 5end of the anchors of gND7-506 and gCYb-558,

domains is differentially regulate@d4). 5SND7UMT contains the the gRNAs were synthesized in the presence of GMB2q).

, : o 6 o . he resulting thiophosphate group at theeEminus of the gRNA
5' domain which is modified by the addition of 71 uridylates anJ .
the deletion of 13 uridylates, at 39 sites. Like A6, the editin as then coupled to an APA group. The gCYb-558 anchor begins

domain and B3UTR are purine biased (61.5%). However, the t the approximate! &nd of the synthesized gRNA, making it an

, ; propriate substrate for this modification (Fig). However,
Sy'\rlilr)nYidisr? gsw(algi(g:]elll_%s) frequently punctuated by short stretchest e anchors of both gND7-506 and gA6-14 do not begin precisely

at the 5end of the synthesized gRNA, precluding the use of
gCYb-558 and '®YbUT Cytochrome b (CYb) pre-mRNA is GMPS to label the anchor region. In order to examine an
only edited at its 'send resulting in the insertion of 34 uridylates additional gRNA/mMRNA anchor interaction, the sequence of the
at 13 sites. ®YbUT contains 88 nt of the-8nd of CYb £5). ND7 mRNA was modified (BID7UMT) so as to extend the
The short (19 nt) editing domain is purine-rich (95%), howevegRNA/mRNA anchor duplex to the-8nd of the synthesized
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were also observed corresponding to the first and second bases of

the mRNA anchor. Reverse transcription of crosslinked
A C 5CYbUT and 5 modified gCYb-558 mapped a primary
- 4 crosslink to two bases 8f the expected anchor duplex (FAG).
Again, two other strong termination products were observed,
flanking the primary crosslink, one and three basesf 3he
anchor duplex. In the presence of lysate, changes in the position
of crosslinking were not observed for either gRNA (data not
shown). In both cases, the major crosslink is jusbf3the
predicted anchor duplex and not at the exaenf of the anchor
duplex. This may be explained by the fact that the APA group
randomly interacts with C-H and N-H bonds in the immediate
proximity, not necessarily with the base it is paired across from.
Taking this possibility into consideration, the crosslink data
indicate that both gRNA/mMRNA anchor duplexes correctly form.

LA N B

L8

o, ¥

TR . o

prE ‘1 (]

Figure 2. Identification and mapping of’ Smodified gRNA/mMRNA inter- gRNA U-tail interactions

molecular crosslinked specied.)(Radiolabeled BPA-gND7-506 (g) cross- ; 4ail ; P
linked with trace labeled’SD7UMT (m). Lane 1, gND7-506 alone; lane 2, To examine the gRNA U tail interaction with its mRNA, APA

gRNA + mMRNA; lane 3, gRNA + mMRNA + lysate; lane 4, gRNA + mRNA + 9roups were placed at thé-ehds of gA6-14, gND7-506 and
lysate. UV + indicates RNAs irradiated at b Large solid arrowhead ~ gCYb-558 synthesized withjgtails using the protocol of Oh and
indicates the major gRNA/mMRNA intermolecular crosslinked conjugate. Pace {7). In vivo, gRNAs have U-tails which average 15 U

* indicates gRNA intramolecular crosslinkB)( Mapping of 5APA  ragjdues in lengttB(7). A Uqg tail length was chosen for this study
gND7-506/3ND7UMT crosslinks by primer extensio@)Mapping of 5APA

gCYb-558/3CYbUT crosslinks. AMV reverse transcriptase aféPaend-labeled as we felt t.hat a4 tail would interact in a similar fashion as ihe
primer complementary to thé tag sequence of the mRNAs (BIG SK) were  VIVO Uss tail and because the;bJCOHStrUCt gave us less problem_s
used for primer extension as described in Materials and Methods. Lane Jwith T7 polymerase stuttering and tail length heterogeneity.
primer extension of gRNA-crosslinked mRNAs. CON, control RT of Crosslinks between the gRNAs and their pre-edited mRNAs were
non-crosslinked mRNAs. G, U, A and C denote lanes containing RNA yhirinad as described above. The sites of crosslinking were
sequencing reactions. In (C), RNA sequencing reactions were photographe . . L . g
from a longer exposure of the same gel. Main termination products resultin etermined by primer gxtensmn us'ng reverse transcrlptase.(RT).
from the crosslinked gRNAs are indicated by solid arrowheads. The stippledn most cases, comparison of extension products from crosslinked
boxes outline the position of the anchor duplexes. RNA with reaction products from non-crosslinked RNA and
sequencing reactions can identify the individual crosslinked
nucleotides. In our case, generation of a crosslink physically links
gRNA (Fig. 1B). This sequence modification resulted in anthe gRNA to the mRNA. Therefore, termination products that
increase of the anchor duplex region from 12 to 26 bp. may be due to secondary structure interactions between the
gRNAs and mRNAs were allowed to hybridize under editinggRNA and mRNA cannot be mimicked in our control non-cross-
conditions §) and irradiated for 20 min on ice. gRNA/mRNA linked RNAs. Hence, interpretation of the RT data must be
conjugates were identified on a 6% (w/v) denaturing polyacrylamidearefully done.
gel and isolated. Crosslinks were not obtained in the absence of . . . .
APA modification or if the modified gRNA was paired with an gA%-14/ §A6UT 'lnteralg:\'l% Irrad_lfz;tlon of |3 ?%d'f'ed .9A6;jl4
incorrect pre-mRNA (data not shown). produced a single m -specific crosslinked species (data not

shown). Reverse transcription of gRNA/mMRNA conjugates
Single crosslink species were obtained for both gND7-506 amfoduced a series of termination products along the mRNA3JFig.
gCYb-558 For both 5 modified gND7-506 and gCYb-558, A minor termination product was observed within the anchor
irradiation at 312 nm resulted in a single major crosslinkeduplex region located 5 nt from theeénd of the anchor duplex
species when the gRNAs were paired with the correct pre-editéthRNA orientation). Minor termination products were also
MRNA (Fig. 2A and data not shown). A second crosslink, nobbserved corresponding to stops at residues 3-8 upstream of the
dependent on the presence of mMRNA, was also visible. Véachor duplex. Major termination products were observed at
assume that this species is a gRNA intramolecular crosslink, nasidues 9—-14. However, this region of the mRNA contains a
it was not characterized. Some minor crosslinks that were ntiiple A, triple G sequence which induces a strong premature
reproducible between experiments were detected occasionatigrmination during control reverse transcription of pre-edited A6
Only mRNA-dependent crosslinked species that were formedRNA alone. Minor termination products were also observed
consistently were analyzed. The positions of the generatéaither upstream, however, again, these stops mostly correlate
crosslinks were mapped along the mRNA using a primer specifigith stops observed in the control lanes. Because of the strong
for vector sequence located at theld of the mRNA (BIG SK) stops in the control RT reactions, it is difficult to interpret this data.
and reverse transcriptase which stalls approximately one badewever, the ladder of termination products found from 2 to 12 nt
before (3 of) the crosslink 16,28). Therefore, the crosslink upstream of the anchor duplex is clearly not present in the control
positions discussed will refer to the base immediatetyf Bhe lanes and we interpret these stops as being due to the presence o
reverse transcription termination product. a gRNA crosslink. Of these, the strongest crosslinks are at
5 modified gND7-506 produced a primary crosslink (strongegpositions 9—12 upstream of the anchor. Strong stops are also
termination product) that mapped to one bas# the predicted observed at positions 13 and 14, but because of the stops found
anchor duplex (Fig2B). Two additional termination products in the control extensions, we cannot determine if these are due to
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A AT ' B + + = O + + 4+ + + pAG-l14
+ 4+ + + + + + o+ + + + + + + + FASUT
" + + ¥ + Lysaie
+ + + + + + + + + 4+ X-linked
+ + o+ + + + + RNaseH
1 2 345 12 34506 12 34567
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Figure 3. Mapping of 3APA-gA6-14/mRNA intermolecular crosslinks by AGH-1
primer extension. CON, control lane, primer extension of non-crosslinked
3'A6UT. Strong termination products are observed in the purine-rich region
located 13-35 nt upstream of the first editing site (ES1). Lane 1, primer
extension of A6GUT crosslinked to 'APA-gA6-14. Unique termination

products are observed at nucleotides located 1-12 nt upstream of the firs N B
editing site (ES1). RNA sequencing reactions are designated G, U, Aand C. Th ?(naélérr;zg grﬁleﬁ?:rf I?gtetﬁ eﬁg?%‘%’gg nc.)thTwee ﬂr]‘r:eReNFXOEt{))e?ylzea(éz?comp
intensities of the termination products are indicated as black (strongest), gray_ . Y f ’ ARAA
(intermediate) or white (weakest) boxes. Adjacent to the sequence, the blac complementary to_the “Serminus of the mRNA, andC] C-gA6-14,

N L - P - omplementary to the gRNA. (A and B) Lane 1, control undigested mRNA;
line highlights the purines found within the mRNA sequence. The stippled box Ianeg 2 and Srycontrol Sndiges(ted cross)linked RNAs generat(gd in the absence
indicates the position of the anchor duplex. y

(lane 2) or presence (lane 3) of mt lysate. The full-length crosslinks found near
the top of the gel are not shown. Non-crosslinked mMRNA can be detected in
these lanes despite gel purification of the crosslinked species. Lane 4, control
mRNA treated with RNase H and A6H-1; lanes 5 and 6, RNase H +

the presence of a crosslinked nucleotide. The primer extensi r']"élégr%?tﬁ?t ?;22?2”'2?:3’ 2’\:9:”%@2?;%t‘ige'”gglif?\i%”fﬁ]gzngxag{ presence
stops observed within the anchor duple>§ region were located Juéﬁditional lane (lane 2 untreated gA6-14) was included as a control. On the
downstream of a'85GAG-3 sequence in the mMRNA anchor. right hand side are drawings representing the different RNA species. The single,
While these stops are not found in the control RT reactions, theyiple and double lines represent thecRavage fragment, the Bleavage
may be due toanchorduple formation between he Inked RNAGEE I o 0 e e e
as this region of the duplex .Cont"?"”s three G:C base pairs. %herefore, light bands corresponding to the mRNA fragments can%e observed
To provide additional confirmation that a gRNA crosslink was poth in (B) (3 fragmentin lanes 4 and 5 and crosslinked fragment in lane 5) and
responsible for the pattern of termination stops observed, the (C) (3 and 5 fragments in lanes 5-7).
crosslinked RNA was subjected to oligodeoxynucleotide
(A6H-1)-directed RNase H digestion (Ff). A6H-1 hybridizes
[BO nt upstream of the anchor duplex region. Digestion withyqies was further confirmed by probing with an oligodeoxy-
RNase H in the presence of this oligodeoxynucleotide would cleay cleotide specific for gA6-14 (FigC).
the mRNA into two fragmentsr6 and 49 nt in length (FigA and
B, lanes 4), corresponding to theaBd 5 halves of the mRNA, gND7-506/SND7UMT interaction Crosslinking of modified
respectively. Presence of the crosslinked gRNA to either halfND7-506 in the presence of ND7UMT resulted in two
would cause it to run with an abnormal electrophoretic mobilityconjugate bands of different electrophoretic mobilities (data not
Despite gel purification of the crosslinked species, nonshown). Reverse transcription analyses of both species indicated
crosslinked mRNA can be detected in the crosslinked RNA landisat the gRNA was crosslinked to the mRNA in approximately
(Fig.4A and B, lane 2, and C, lane 3). In Figdre we can see the same position (data not shown). Reverse transcription
the 3 mRNA fragment in the +RNase H lanes in both controgenerated a ladder of termination products very similar to that
(non-crosslinked, lane 4) and crosslinked (lanes 5 and 6) samplebserved for gA6-14 +'86UT (Fig. 5). Termination products
However, in the crosslinked RNA reactions less of tfim8ment  not present in the control RT reactions were observed beginning
is observed at the predictei6 nt size range compared with the just 3 of the anchor duplex and extending 28 nt further upstream.
control. Instead a large smear of RNA of slower mobility isTwo populations of dominant termination products, separated by
observed, indicating that migration of thehalf is retarded as a single base, were observed, corresponding to crosslinks 26—-28
would be expected if it were crosslinked to gRNA. Probing of aand 21-24 nt upstream of the anchor. Distinct termination
identical blot with an oligodeoxynucleotide probe specific for theoroducts were also observed at nt 8-11, 13-15 and 17-19.
5' fragment (Fig4B) indicates that the fragment migrates atthe Termination products were again observed upstream of nt 28,
predicted size. The presence of gRNA in the slower migratingowever, corresponding stops are also observed in the control RT

Figure 4. RNase H analysis of Bnodified gA6-14 and'26UT conjugates.
fter RNase H digestion using A6H-1, products were resolved on an 8%
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Figure 5. Mapping of 3APA-gND7-506/3ND7UMT intermolecular crosslinks

by primer extension. G, U, A and C are RNA sequencing lanes used to map the
position of the crosslinked gRNA. A primer extension reaction using
non-crosslinked"8ID7UMT is shown in the control (CON) lane. The sequence
and control lanes were photographed from a longer exposure of the same gel.
Lane 1 contains the primer extension products DFUMT crosslinked to
3'APA-modified gND7-506. Strength of the termination products, positions of
purine nucleotides in the mRNA and the anchor sequence are indicated as in
Figure 3. ES1 marks the position of the first editing site.

-
L

L]

reactions. In addition, a strong stop was observed at the start of
the anchor duplex [(BmRNA orientation). These stops differed
from those observed when analyzing the(dnchor duplex)
crosslinked reactions, in that the stops correlate with the first 3 nt
of the anchor duplex with the strongest stop at the third
nucleotide. These termination products may be due to the enzyme
having trouble reading through the 26 nt anchor duplex forme
between the gRNA and the mRNA.

gCYb-558/8CYDbUT interaction For the last pair of RNAs
analyzed, gCYb-558 and®YbUT, we utilized gRNAs with two
different U-tail lengths; Wpand . In RNA interactions utilizing
the 3-end modified Yo gCYb, a single major and two minor
mRNA-depend_en_t qOSS“nked S.peCIeS Wer? identified @lg' crosslinked species (lanes 4 and B).Nlapping of 3APA-gCYb-558/mRNA
Uig). These individual crosslinked species are designate 1 intermolecular crosslinks by primer extension. G, U, A and C are RNA

numerically beginning with the species migrating most slowly insequencing lanes. CON, control lane containing primer extension products of
the gel (B1, B2 and B3). Crosslinked species of similar mobilitiegion-crosslinked '£YbUT; lanes 1 and 2, primer extension termination

e

%igure 6.ldentification and analysis of 8PA-modified gCYb-558 crosslinked

to SCYbUT. (A) Identification of intermolecular crosslinks using either
gCYb-558; or gCYb-5584. No crosslinks were obtained in the absence of
UV treatment (lanes 1 and 6) or in the absence of mRNA (lane 5). Three
crosslinked species (B1, B2 and B3) were obtained with gRNAs with lpth U
and Uyptails. The presence or absence of editing active lysate did not affect the
ratio of crosslinks obtained (lanes 2, 3, 7 and 8). Proteinase K treatment after
crosslinking in the presence of lysate did not affect the mobility of the

were also observed when the reactions utilizezh@ modified products obtained when the mRNA is crosslinked to gCYb-g58bes 3 and
gCYb with U tails. However, in reactions withsldCYb, the B2
and B3 crosslinked species were more pronouncedfidys).

4, termination products obtained when the mRNA is crosslinked to
gCYb-558Uq; lanes 2 and 4, extension products of crosslinks obtained in the
presence of editing-active lysate. Position of the anchor duplex, purine

Analysis of the most abundant crosslinked species (B1) generatedkcleotides in the mRNA and intensity of termination products are indicated as
with U19gCYb again produced a ladder of termination productgn Figure 4. ES1 indicates the position of the first editing site. A decrease in the
beadinnina iust 5of the anchor duplex and extendiﬁ@? nt U-tail length from 10 to 5 uridylates shifts the positions of the dominant

9 9] . P arosslinks to nucleotides just& the first editing site.
upstream (Fig6B, lanes 3 and 4). The strongest stops observe
were 14-16 nt upstream of the anchor duplex. Closer to the
anchor (3-13 bases) are minor crosslinks followed by three
stronger termination products corresponding to the last base of the
anchor and the two bases just & the anchor (MRNA at the 3 boundary (mMRNA orientation) of the anchor duplex.
orientation). In addition, termination products were also observethese termination products were not consistent in their appearance,
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however, and varied from being quite pronounced (BR). gRNA guiding region potentially forms a stem—loop structure
lanes 3 and 4) to being almost non-existent. positioned across from the first editing site.

Analyses of the same mobility conjugate (B1) generated with
the U gCYb showed a series of termination products thablSCUSSION
spanned the same nucleotides as those observed with U . .
(Fig. 6B, lanes 1 and 2). However, the dominant products haguide RNAs are an essential component of the editing process,
shifted so that the two strongest stops correlate to crosslinks witHPPIYing the information for the multitude of uridylate insertions
the nucleotides that flank the first editing site. Similar inconsistergnd deletions that must occur. Little is known, however, about
primer extension stops were also observed at'theidary of oW the gRNAs are used to direct RNA editing. To approach this
the anchor duplex region (MRNA orientation) for thedTYb question, we have begun to analy_ze the interactions b_et\(veen
crosslinks. While in FiguréB the intensity of the termination 9RNAS and mRNAs using comparative photoaffinity crosslinking
products in this anchor region were much more pronounced fé§chniques. Placement of the APA group at thendl of the
the Ui gRNA substrates, in other experiments, no differenc@RNA allowed us to analyze duplex formation between the
between the tland U substrates was observed. Analyses of thdRNA anchor and the mRNA. For both gND7-506 and
faster mobility conjugates (B2 and B3) indicate that in thes8CYb-558, the two gRNAs for which anchor duplex interactions
species, the gCYb U-tails were crossiinked to very differerteré analyzed, the crosslink data suggests that the predicted
regions (data not shown). For bothand UogCYb, the B2 band anc_hor dupllex.es correctly form. RT mapping Ofc_:EossImk
generated a single dominant termination product that correlatg@njugates indicated that the crosslinks were restricted to 2-3 nt
with a crosslink located within th&-BTR which is not edited in  Surrounding the anchor duplex @RNA orientation) border.
the mature message. The B3 conjugates also mapped to the safg may be explained by the fact that the APA group is localized
position for the g and U tails with the crosslink located within On the S>most gRNA nucleotide and can interact with C-H and

the B vector sequence ofGYbUT. N-H bonds in its immediate proximity.
In contrast to the '5crosslinks, analyses of gRNA/mMRNA

conjugates formed when the APA group was placed ori-#ed3

of the gRNA U-tail showed a distinctly different crosslinking
pattern. RT mapping of thé 8rosslinked conjugates indicated
that the terminal U of the U-tail could interact with a large range
The RT analyses indicate that for all three gRNA/MRNAof nucleotides located upstream of the first editing site. For all
substrate pairs, the gRNAgpltail interacts with the mRNA in a three gRNA/mRNA pairs analyzed, a series of primary crosslinks
region just upstream of the anchor duplex (FjgFor gA6-14 along with a range of minor crosslinks were detected. In
and gCYb-558, crosslinking of the terminal uridylate occurredomparing the different gRNA/mRNA interactions, it is interesting
relatively close to the anchor duplex with the preferred sitehat the gRNA U-tails interact in the same relative position, just
located from 10-12 and 13-16 nt & the anchor duplex, upstream of the anchotABUT is extensively edited throughout
respectively (FigrB and F). The terminal uridylate of gND7-506 most of the message. In the substrate we used, almost no
crosslinked farther from the anchor duplex with the preferred sit@grimidine residues are found between 10 and 60 nt upstream of
at 21-28 nt upstream (FigD). These crosslinking data were the anchor duplex. However, within the first 10 nt of the anchor,
incorporated into the computer-predicted secondary structufige of the residues are uridylates. Although these five uridylates
models by instructing the program to pair thg klicleotide with  presumably would not base pair with the gRN4y tail, strong

the strongest crosslink site. When this was done, the modgbsslink sites were mapped at nt 10-12. This suggests that an
secondary structures generated were all very similar and differederaction of the U-tail does not require the entire tail to base pair
substantially from the initial computer predictions (Fjgln all  to the mRNA. For this substrate pair, the strong RT termination
cases, the anchor duplex region is correctly paired and asignals found in control reactions makes it difficult to determine
secondary structure in the immediate editing domain is eliminatéfstronger crosslinking nucleotides do in fact occur upstream of
(compare Fig.7A and B for 3A6U, Fig. 7C and D for nt12.However, we can say that a sizable proportion of the gRNA
5'ND7UMT and Fig7E, F and G for £YbUT). In addition, the molecules are crosslinked at nt 10-12 indicating that the U-tail

Incorporation of crosslinking data into secondary structure
models suggests that all three gRNA/mRNA pairs interact
to form similar structures

Figure 7. (Opposite) Comparison of the secondary structure predictions for the interactions of four gRNA/MRNA substrate pairs. StiQcinct E represent the initial
secondary structure predictions generated with no constraints. Structures B, D, F and G were made with a forced base gagr ¢ieilve Yo nucleotide (| for G) and

its most dominant crosslink site. The gRNA sequence is shaded gray. The two molecules were linked using a 10 ‘N’ (namgbéskepdirepresented as X). The anchor
duplex regions (underlined, Anchor) and the first editing site (ES1) are indicataddB) Predicted structures of the gA6-1ABUT interaction. 3A6UT has a strong
purine-rich region upstream of the first editing site (ES1). The most stable interaction in the initial prediction invblygtathiateracting with a purine-rich region located
from 16 to 25 nt upstream of ES1 (A). The predicted structure after input of the crosslinking data is very similar & fitedigtion with the last four uridylates of thegU

tail interacting with purines located 7—10 nt upstream of ES1CBn¢D) Predicted structures of the gND7-50BIB7UMT interaction. In the initial prediction, the guiding
region of the gRNA is predicted to interact with the mRNA well upstream from the region whose editing it directs and ihadiftae paired (C). In the predicted structure
modified by input of U-tail crosslinking data, the secondary structure in the immediate editing domain is eliminated a@tidghegian of the gRNA forms a stem—loop
positioned across from the first few editing sites (B)a(dF) Predicted structures of gCYb-558Y5'CYbUT interaction. In the initial prediction, the CYb message forms
a very stable stem—loop structure, excluding the gRNA (E). After inputgaBl crosslinking data, the U-tail is predicted to interact with a purine-rich region located 6-15 1
upstream of ES1Q) Computer-predicted gCYb-5583'CYbUT interaction modified by input of U-tail crosslinking data. The gRNA stem—loop structure has shiftel
incorporating three of the uridylates in the U-tail into this stem—loop.
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interaction may involve more constraints than simple purine tdecreased the amount of stuttering by T7 polymerase. This
U-tail base pairing. indicates that the heterogeneity in the gRNA population is not the
The BCYDbUT pre-edited substrate differs frordBUT inthat  cause of the ladder of crosslinks observed. Instead, it appears that
the editing domain is quite short, spanning only 19 nt. This regiagithough the U-tail shows a preference for a particular region, it
is extremely purine biased with a single pyrimidine found in thés capable of binding to a larger range of upstream sequences. This
22 nt directly 5 of the anchor duplex region. Using gCYb-558range is constrained, however, in that we did not find crosslinks
with a Uy tail produced dominant crosslinks at nt 13-16, just &to the entire range of purine biased sequences available for
of the center of this purine-rich region. Distinct crosslinks argnteraction with the U-tail.
again found 3(closer to the anchor), but not farther upstream. The initial computer structure predictions did not reveal any
Shortening the U-tail to just five U residues shifted the dominafecondary structures that were common between the interacting
crosslinks to within 1-2 nt of the anchor duplex. It is interestingRNAs (Fig.7A, C and E). However, when theddosslinking data
to note that the crosslinks did not move just five bases, but insteggs incorporated into the computer-predicted structures, the
shifted 10 bases closer to the anchor. Incorporation of thigryctures generated were all very similar (7#). D, F and G).
crosslink data into the computer-predicted secondary structurgs a|| cases, the anchor duplex region is correctly paired and
suggests a shift in the gRNA stem-loop, with three of thgecondary structure in the mRNA editing domain is eliminated
uridylates in the U-tail incorporated into the stem—loop structurgompare Fig7C with D and FigZE with F and G). In addition,
(Fig. 7D). This again indicates that the entire U-tail does no&e gRNA guiding region forms a stem-loop positioned across
necessarily base pair with the mRNA (due to the presence of thgn the first few editing sites. These predicted guiding region
anchor duplex) and that the position of the U-tail along the mRNgyem_joop structures are of particular interest as they show
is most likely not driven solely by base pairing interactions with;mjjarities to the Bstem—loop structures identified in gRNAS by
the purine-rich mRNA. It should be noted, however, thaky,ctyre probing experiments4). Schmidet al (14) determined
shortening the U-tail did alter the populations of gRNA/MRNA, ¢ secondary structures of four different gRNAs fibbrucei
conjugates obtained. In the presence of ;3 til, & single ,qing 5 combination of temperature-dependent UV spectroscopy

dominant conjugate (B1) was always observed, with two minQt, 4 chemical and enzymatic probing techniques. Alone, gRNA
conjugates (B2 and B3) consistently appearing. The drop in t olecules fold into two hairpin elements separated by a

Itﬁngég to g;;gmeq thetd|str|but|on of trges% potp$lrz]a.t|ons SO ttha ingle-stranded region of variable length. Therils of the four
thg droari|n tail Ic(:aonnjttlnggeifavgi(lai;idm t?]ree r?wog? cgrr:wr.nor:scia?ogrﬁsa; As investigated were all found to be in a single-stranded
P g nformation followed by a small hairpin that contains the anchor

(detectable by our crosslinking technique). e ;
) X . .. sequence. The second hairpin element (stem—loop Il) involves the
5'ND7UMT differs from the other two substrates in that it {,Jiding region of the gRNA and is the more stable of the two

contains only one stretch of 13 purines located from 24 to 37 irpin elements. For all four gRNAS, the oligo(U) tail was found
upstream of the anchor duplex. While the strongest crosslinks arpir . : 9 . 9 .
{0 be in a single-stranded conformation. The structure predicted

found within this purine-rich region, a significant number o

; the gA6-14/A6 mRNA interaction shows two hairpins in the
;rfggilénnkmiﬂeiglggg ?)F))/Fr)ier‘r?ic;?nu: h closer to the anchor dUple%?lrjiding region of the gRNA. Thé-gnost stem—loop is identical

Indeed, for all three RNA pairs, minor crosslinks are observe the 3 stem—loop observed for gAG-14 aI.one. The predlc_:ted
3 of the major crosslinks at almost all nucleotides down to thatructure for gND7-506/BID7UMT also contains a stem-loop in
anchor duplex. This ‘ladder’ pattern of crosslinks is clearly® 9RNA thatcontains many of the same bases as observed in the
distinct from that observed in thecosslinking studies. It cannot StéM—loop formed by the gRNA alone. Neither of the predicted
be explained by reverse transcription read-through nor is it likef/© Stem-loops in gCYb-558 are identical to the identified 3
that the terminal uridylate bound to a single base while the APR€M-loop in gCYb-558. This may be due to the fact that the
group inserted into a range of neighboring bases. Instead there 3feYP-558 sequence we generated differs slightly from that
two reasonable explanations.I¢i)vitro transcription of a gRNA  Utilized by Schmidet al (14) in their structure probing
with a Uy tail results in a population of gRNAs with U-tails of €Xperiments. )
varying lengths. Gel purification improved the homogeneity of AS suggested by Schméd al (14), the gRNA 5most weak
the gRNAs, however, the populations used did contain U-taiffem—loop involving the anchor region would have to melt out in
ranging in size from sj to U15 (data not Shown)_ This order fOI’ it to form the gRNA/mRNA anchor dUpIeX that |n|t|ates.
sub-population could be at least partially responsible for thée editing events. If the second stem—loop (stem—loop lI) is
ladder of minor crosslinks. (i) The interaction of the U-tail withmaintained during the initial interaction, the U-tail interaction
the pre-mRNA may be flexible. The U-tail appears to bindvith the mRNA might be constrained, so that it would tend to
preferentially to a specific region, however, the ability to slide ugteract with relatively close upstream regions. This may be what
and down the pre-mRNA sequence could result in the range i6f limiting the ability of the U-tail to interact with mRNA
minor crosslinks observed. Our data suggests that the heterogeneggiiience farther upstream. The positioning of the U-tail near the
populations of gRNAs is unlikely to be the major contributinganchor duplex may also explain the generation of chimeric
factor to the minor crosslinks observed. The population of gRNAGRNA/MRNA molecules. Most of the chimeras generatetdro
showed a Gaussian distribution with respect to the size of tlaead characterizeth vivo have gRNAs with very short or no
U-tail (data not shown). However, we did not observe &J-tails covalently linked to the first few editing sit€s4(12,29).
corresponding distribution in the crosslinks. Furthermorelf the predicted gRNA stem—loop is maintained during the initial
gCYb-558 with a | tail also gave a ladder of termination editing events, gRNAs missing a U-tail would have thearils
products which corresponded with those observed with the Upositioned very near the active editing sites possibly allowing the
gRNA. The reduction in the number of U residues significantlyigation of the gRNA 3end to the 3cleavage product.
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We were surprised that the presence of editing-active lysate gihsmids and critical comments on the manuscript. This work was
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