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ABSTRACT

RNA editing in protozoan parasites is a mitochondrial
RNA processing reaction in which exclusively uridy-
late residues are inserted into, and less frequently
deleted from, pre-mRNAs. Molecules central to the
process are so-called guide RNAs (gRNAs) which
function as templates in the reaction. For a detailed
molecular understanding of the mechanism of the
editing process knowledge of structural features of
gRNAs will be essential. Here we report on a computer-
assisted molecular modelling approach to construct
the first three-dimensional gRNA model for gND7-5086,
a ND7-specific gRNA from  Trypanosoma brucei. The
modelling process relied on chemical modification and
enzymatic probing data and was validated by  in vitro
mutagenesis experiments. The model predicts a
reasonably compact structure, where two stem/loop
secondary structure elements are brought into close
proximity by a triple A tertiary interaction, forming a
core element within the centre of the molecule. The
model further suggests that the surface of the gRNA is
primarily made up of the sugar—phoshate backbone.
On the basis of the model, footprinting experiments of
gND7-506 in a complex with the gRNA binding protein
gBP21 could successfully be interpreted and provide
a first picture for the assembly of gRNAs within a
ribonucleoprotein complex.

INTRODUCTION

pre-edited mRNAs in a base pairing interaction. The process is
likely catalysed by a series of enzymatic reactions, presumably
acting within a large ribonucleoprotein (RNP) compléy.

gRNAs have an average length of 50—70 nt with a strong A/U
nucleotide bias. On average 15 uridines are post-transcriptionally
added to their'3ends. Our current understanding of the reaction
steps of an editing cycle allows the assignment of three basic
functions for gRNAs. First, by base pairing to the pre-edited
MRNASs proximal to an editing site, they define the endonucleoly-
tic cleavage sites within the mMRNA moleculés Second, as
mentioned above, they function as templates for U insertion and
deletion. Third, they potentially prevent the diffusion and loss of
the upstream mRNA portion by base pairing of tledigo(U) tail
following endonucleolytic cleavagg)(

The guiding capacity of gRNAs is determined by the overall
length of the molecules and, as a consequence, multiple gRNAs
are generally required for complete editing of a specific
pre-mRNA {7,8). These gRNAs, though differing in primary
sequence, function in the same biochemical reaction and are
assembled into an identical RNP compl&x5( reviewed ird).

As a working hypothesis we propose that, due to the lack of
similarity within the primary structure of gRNAs, it is higher
order folding rather than a common sequence motif that is
essential for recruiting gRNAs into the editing apparatus. This
notion is supported on two accounts. First, different gRNAs have
been shown to become cross-linked to the same set of mitochon-
drial proteins, which indicated common binding sites for the
polypeptides 10-12). Second, a detailed structure probing
analysis of fouifrypanosoma brucejRNA molecules demon-
strated that these RNAs have similar secondary structures despite
their variable primary sequencés), The foldings are character-

Guide RNAs (gRNAs) are small, metabolically stable RNAzed by two imperfect stem/loop elements with both tharkd
molecules only identified within the mitochondria of kinetoplas3'-ends in a single-stranded conformation. Aside from these data,

tid protozoan parasitesl)( The molecules aréransacting

no other structural information exists for gRNAs, although >200

molecular components and play a central role during thaotential gRNA sequences from eight different kinetoplastid
maturation of mitochondrial pre-mRNAs, a process known asrganisms have been publishéd)(

kinetoplastid (K)RNA editing (reviewed i#). During kRNA

Here we describe the computer-assisted molecular modelling

editing, uridine nucleotides are site-specifically inserted andf the three-dimensional architecture of gRNA gND7-506 from
deleted into otherwise non-translatable mRNA molecules. Thebrucei As primary input data we used published information
primary sequences of gRNAs contain the information for thtfom accessibility probing experiments where base-specific
processing reaction and this information is transferred to theodification reagents and structure-specific enzymatic probes
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were used i(3). The reliability of the model was verified by labelled using T4 RNA ligase and@P]pCp according to standard
examining two gND7-506 mutant RNAs where base interactioqgocedures. All radiolabelled nucleic acids were purified by
predicted from the model were either disrupted or altered. Tlenaturing polyacrylamide gel electrophoresis.
proposed three-dimensional model is supported by footprinting
data of gND7-506 in a complex with gBP21, a gRNA bindindRNA structure probing and primer extension analysis
protein fromT.brucei(15). The model is intended as a basis for . I . .
further work on the structure/function correlation of gRNAsChemical modification reactions were performed as described by
during the editing reaction. Christianseret a! (20) using DMS and DEPC as modifying
reagents. Reactions were performed with ig2gRNA and

0.8ug bulk yeast tRNA as a carrier in a volume of 0
MATERIALS AND METHODS Incubation was for 5 and 10 min for DEPC modifications or 2 and
General modelling procedures 5 min for reactions with DMS at 2, which is the optimal

) o ) growth temperature of insect stage trypanosomes.
Graphical model building was performed using the SYBYL™ Reverse transcription reactions were performed using the
molecular modelling software package (Tripos, St Louis, MO) 0gjigodeoxyribonucleotide primer AAAATTCACTATATA, com-
a Silicon Graphics Indy workstation. Geometries of Sta”darﬂementary to positions 47—65 of gND7-506. Modified gRNAs
A-form ribonucleotides were taken from the monomer libraryq 3 pmol) and Send-labelled primer (1.0 pmak0 000 c.p.m.)
implemented in SYBYL, which uses the coordinates from Arnotlere annealed in 10 mM Tris—HCI, pH 6.9, 40 mM KCI, 5 mM
and Hukins {6). Bond geometries in graphically constructedyg,EDTA at 75C for 30 s, followed by incubation at room
models were corrected by local minimization under the AMBERemperature for 30 min. Extension reactions were performed at
forcefield (L7), ignoring electrostatic contributions but taking 37°C for 30 min with 1 U AMV reverse transcriptase peplO
into account hydrogen bonding. Coordinates of the model can R&;ction. Complementary DNA products were separated on

obtained from the authors upon request. denaturing 10% (w/v) polyacrylamide gels.

Biochemicals gND7-506/gBP21 complex formation and footprinting

Diethylpyrocarbonate (DEPC) was purchased from Serva afgPeriments

dimethylsulfate (DMS) from Merck. Ribonucleases T1 and T2, TRecombinant () gBP21 protein5) was mixed with 5 or
polynucleotide kinase and T4 RNA ligase were from Gibco BRL3'-end-labelled gND7-506 RNA in §0 6 mM HEPES, pH 7.5,
Cobra venom RNase V1 was purchased from USB and AMYp mMm KClI, 2.6 mM MgC4, 0.1 mM NaEDTA, 0.5 mM DTT,
reverse transcriptase from Stratagef@]pCp (3000 Ci/mmol), 69 (v/v) glycerol. To ensure complete binding of the gRNA, the
[a-32P]ATP (3000 Ci/mmol) andy{3PJATP (5000 Ci/mmol) protein was used in at least a 10-fold molar excess over RNA.
were purchased from NEN or Amersham. Oligodeoxynucleotidegssociation of the two molecules was achieved aC2for
were synthesized by solid support chemistry uslagyano- 30 min. Complexes were digested with RNase T1 (1255)U/

ethyl-N,N-diisopropylphosphoramidites. RNase T2 (100 m) and RNase V1 from cobra venom
(25 muUful) at 27°C for 7.5 min in the presence of yeast tRNA
RNA synthesis and construction of mutant gND7-506 (0.25pg/ul) as a carrier. Control samples did not contain any

gRNAs were transcribed from linearized plasmid DNA template : . ”
. ; . experiment. Reactions were stopped by the addition of KOAc, pH
with T7 polymerase following standard procedures. Transcrip (final concentration 270 mM), followed by extraction with

were purified from non-incorporated NTPs by size exclusio s 0
chromatography, recovered by ethanol precipitation and digg@g%';g?neiégagglgrggLﬂ'{ﬁ'ﬁg angWirl’eeghaElips)zﬂr?]gr%tos A’V\%Vrg')

EOGIV;?\A":\AS%EWJ 1p ﬁ:ﬁsi\'lurgg.ﬁo‘.mgtghlp:s ?/\'/i’relfgnrgttﬂr eKdC erformed with three different r-gBP21 isolates that had been
: g~b U 2 i tested for their binding activity in nitrocellulose filter binding

after purification (98C, 2 min, followed by cooling the samples assays15,21)

to 25°C at a rate of 1C/min). RNA concentrations were YSA92)-

determined by UV absorbency measurements at 260 nm us

extinction coefficientsepgg l/mol/cm) calculated from tabulated

values for the di- and mononucleotid&s)( CD spectra were measured af@7n 6 mM HEPES, pH 7.5,
Synthetic genes for two mutated gND7-506 RNAs [single sits0 mM KCI, 2.6 mM MgG4, 0.1 mM NaEDTA, 0.5 mM DTT,

mutations at either position 43 from A to G¢8) or at position 6% (v/v) glycerol. Spectra were recorded from 300 to 195 nm

14 from A to U (A4U)] were constructed by self-assembly ofwith data acquisition every 0.1 nm. Scans were repeated 10 times

overlapping 5phosphorylated oligodeoxynucleotides accordingand averaged. Mean molar residue ellipticiti€g,) (were

to Reyes and Abelson ). The annealed DNA fragments were calculated per mole of nucleotide monomer.

cloned into plasmid pBS- (Stratagene) and transformed into

competentEscherichia coliSURE cells (Stratagene). Positive Temperature-dependent UV spectroscopy

clones were identified by restriction enzyme digestion of isolated

plasmid DNA and sequenced to verify the desired base Chandlepsorbance versus temperature profilgs (melting curves) were
recorded at 260 nm in 50 mM potassium cacodylate, pH 7.5,

50 mM KCI, 2.6 mM MgQ), 0.1 mM NaEDTA, 6% (v/v)
glycerol using a thermoelectrically controlled Perkin Elmer
Oligodeoxynucleotides and gRNAs wereehd-labelled using lambda 16 spectrophotometer. The temperature was scanned at :
T4 polynucleotide kinase ang-§2PJATP. gRNAs were 'end-  heating rate of 1 or°Z/min at temperatures between 10 and

§zyme but were otherwise treated identically throughout the

i . .
8ﬁcular dichroism measurements

Radioactive end-labelling
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95°C. Ty, values were determined from derivative plots of A
absorbance versus temperature ad\8.&0

® DMS

W DEPC % 2
RESULTS AND DISCUSSION T % &

Vi ouU U
gRNA gND7-506 i | G S

. ou=A

Trypanosomarucei gRNA gND7-506 directs the editing of a H A=U
sequence domain near tHeed of the mRNA for subunit 7 of %ﬂ A o B
NADH dehydrogenase (ND7p) Within that sequence stretch S o A A
15 uridylate residues are inserted and six U nucleotides are = A=U g;ﬁ
deleted. gND7-506 has been identified in total RNA preparations 10, 2 U=A Su=G

from both procyclic and bloodform stage trypanosorfisA SMNGAULSA  aene Ux Ao

secondary structure model for gND7-506 was derived from - n

surface probing experiments with base-specific modification

reagents and structure-specific RNases in combination with B

temperature-dependent UV spectroscopy deta Figure 1A - o p—

outlines the proposed structure, which consists of two hairpin
elements, termed stem/loop | and stem/loop Il, separated by seven
single-stranded nucleotides. Both terminal ends of the molecule
are likely in a single-stranded conformation, with evidence for a
partly helical arrangement of thedigo(U) tail (1L3). FigurelB

shows a representative autoradiogram of a RNase accessibility
experiment which emphazises the various domains of the
gND7-506 RNA.

Stem-loop 1

Construction of the three-dimensional model

%

Starting from the secondary structure, construction of the S denp TE
three-dimensional model was performed in a stepwise fashion,
beginning with independent modelling of the two helices. As \
initial building blocks we used coordinates from sequence-ident-
ical domains of either known RNA crystal structures or
NMR-derived RNA solution structures stored in the PDB |
database. For stem |, coordinates from the PDB files 4TRA
(tRNAPhe from E.coli; 22), 1SCL (sarcin/ricin loop of rat 28S
rRNA; 23) and 1RNA [synthetic poly(UA) heli24] were used. ligodl) sl
Stem Il was constructed from sub-structures of PDB files 1ELH N F s |

%— &7

S prahBERLG
I
2

s RRRLES

(helix I of E.coli5S rRNA;25) and 1RNK (synthetic pseudoknot;
26), in addition to the aforementioned files 1SCL, 1RNA and 2
4TRA. Coordinates for the three G/U base pairs within
gND7-506 (W1/Gss, Gzo/Us4, U33a/Gs3) were derived by super-
imposition of several G/U pairs obtained from four crystal
structures of tRNR® (PDB files 2TRA, 3TRA, 4TRA and Figure 1. (A) Secondary structure model forucei gRNA gND7-508,
5TRA) (22) and from G/U base pairs in 1ELH and 1RNK. The summarizing the chemical modification and enzyme accessibility data used as
ithi it input in the modelling procedure (13). DMS, dimethylsulfate; DEPC,
AIA bg!ge within §t§|m I (pOfS I.tlor;]sﬁ anq 752) W?S mog%”gdf.l diethylpyrocarbonate; CMCT, 1-cyclohexyl-3(2-morpholinoethyl)carbodiim-
accor '”9 t(,) a simi a,r m'Of[I In the sarqn ricin loop ( g ,'e ide; T1, RNase T1 (G-specific); T2, RNase T2 (single strand-specific); S1,
1SCL). Linking of the individual base pairs was done taking intthuclease S1 (single strand-specific); CV, cobra venom nuclease V1 (specific for
account standard A-form double strand RNA geometry, resultindouble strands and stacked bases). The two stem/loop elements are marked as
in a base stacking pattern in line with the experimental CV and Il. Bases near thé-énd which are involved in initial base pairing to the

. .. e . pre-mRNAs (‘anchor interaction’) are given as outline lettB)sRépresenta-
problng data13). For an additional verification, we performed jve autoradiogram of an enzyme accessibility experiment with cobra venom

circular dichroism (CD) measurements and confirmed all typicahciease v1 (Cv), RNases T1 and T2 #Ri3-end-labelled gND7-506 RNA
A-form featuresZ7) for gND7-506: a large negative elipticity at as described (13). The double-stranded (ds) domains of the RNA are shown as

210 nm, a moderate negative elipticity at 240 nm and a positividack rectangles, single-stranded (ss) regions are given as black bars and the 3
band around 265 nm (data not shown). oligo(V) tail as a grey rectangle. OH refers to an alkaline hydrolysis ladder.
The bases of several single-stranded nucleotides immediately

flanking stem | were modelled under the assumption of optimal

stacking, again, as indicated by the CV probing d&aG g, the Restraining Gg as described reduced the possible conforma-
first loop nucleotide of stem/loop | was built to stack on top ofional space for modelling of the 3 nt loop of stem | (bases
base G7and bases#, Axsand Wgwere arranged to staple onto G1g-A1g-Uog). The final structure of the loop was assessed using
Aoz, thus extending the A-type conformation of helix . the following data: Ag was strongly modified by DMS and
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pointing outward from the loop. In contrasggWas only weakly

reactive towards 1-cyclohexyl-3(2-morpholinoethyl)carbodiimide

(CMCT) and, as a consequence, was arranged to point to the P

inside of the loop. Y,
For the relative orientation of the two helices to each other we F N L

examined the experimental probing data for inaccessible base | fovy S 7

positions and identified several adenosine residues which, based 7 AT4 g S

on the secondary structure model, showed unexpected reacti- Al

vities: Aq14 at the 5base of stem/loop | was unreactive towards ‘ 4

-

DEPC and thus was arranged to be fully solvent accessible by \
o N

DEPC and any of the single strand- and double strand-specific

enzymatic probes. It reacted only very weakly with DMS. e

Similarly, A43 within the loop on top of stem Il was unreactive A2 pda

towards DMS and DEPC, but reactive towards the single » {?‘1

strand-specific RNase T2. Finally, the two adenosines at positions _

24 and 25 were DMS and DEPC reactive but also displayed a A

sensitivity towards the double strand-specific cobra venom

enzyme. An inspection of the possible orientations of stem | and

stem Il to accor.and.ate th.e mOdlf.Icat.lon da.lta m and.AB Figure 2. Ribbon model of the helix arrangement of the gND7-506 gRNA.

revealed a possible triple A interaction involving in additioh A stems 1 and I1 are in green, loop regions are in orange and the oligo(U) tail is

atthe 3-end of stem |. Precedence for tertiary interactions of thre blue. The bases, A4 and A3 are annotated in red. Basesyand Ao,

adeny|ate residues has been reported for @'P\K/RS) and thus which form_ a bulge wit_hin helix Il, are in green. Stems | and || are paraIIe_I

we further investigated this possibility in more detail. Due to thei@"‘c"ed facing their major grooves. The 7 nt loop on top of stem Il is folded in
. " etween the helical grooves, forming a triple A tertiary interaction with the basis

proxmlty to stem |, the po_smons Of}ﬁ\andA_M WEre mMore Or .t gtem 1. The geometry of the triple A interaction of baspAd4/A4s is

less fixed and the resulting A/A interaction caused a slighthown as an insert (bottom, right). The drawing was made on a Silicon Graphics

widening of the helix, probably explaining the observed frayingndy workstation using SYBYL 6.1 (Tripos, St Louis).

effectin the chemical and enzymatic probing studigs For the

docking of A3 to A14/A24 at the base of stem |, two mutually . . .
exclusive orientations were conceivable. While the two possigroPing experiments with kethoxal, DEPC, CMCT and DMS. To

lities lead to a different packing of stems | and II, considering tHa W for a quantitative comparison of the model with the probing
given length of the single-stranded region between the two stefgsults, we calculated theoretical accessibilities for relevant base
only one orientation remained as a realistic alternative. ExpeflOMS using the GEPOL algorithe) and the atomic radii of
mental evidence for the existence of the triple A interaction iR0Seet al (30). The values were normalized with accessibilities
gND7-506 will be shown below. After fixing the orientations ofof cor'respondmg atoms in isolated, unpaired model nucleotides
stems | and I1, the best arrangement of the stems was obtaineﬂﬂ finally scaled to match the 0-4 scale that was used for
a manual docking procedure which continuously monitored tHgassification of the experimental daizS) Figure3 depicts a
distances of the RNA fragment termini that had to be connectgﬁaph'cal representation of these results, showing the differences

by single-stranded regions (Distance Monitoring option, SYBYI! base accessibilities (model data minus experimental data) for
sgftwagre). ¢ ( gop the four chemical probes. From the 25 nt that had been identified

Lastly, the single-stranded but very likely stackedligo(U) O e reactive to the different probes, the model predicted the
extension was modelled from the poly(U) half of a poly(a/ujaccessibility of 20 base positions correctly (80%). For 3 nt (12%)
RNA helix and further optimized by forcefield minimization e model was in line with the modification for one probe but
vacuo(17). The tail was joined with stem/loop Il and the resultinggev""‘tefj for a second modification reagent. Only for two
final model is outlined in Figur2 It is characterized by a tight nucleotides (s and Gs) did the calculated accessibilities
parallel packing of the two stem structures whose major groovB8tably underestimate the experimental values (8%).
face each other. Thé 8ligo(V) tail is dangling from that core .
structure, showing a high degree of flexibility. The majority of théSite-directed mutagenesis

surface of the molecule is made up by the sugar—phosphae qjiect experimental evidence for the predicted triple A
backbone of the RNA, since almost all single-stranded bases gre. - tion of A4, Azqand Az within the core of the gND7-506
elth(_er pointing inwards f“’m the loop structures or are bl_‘”ed g{ructure, two sir’lgle site mutant gRNAs were constructed. A base
the interface of the two helices. Bases protruding freely into tr@]ange at position 43 from A to C (mutant®) was predicted
solvent are exceptions, such as,Avhich was strongly modified disrupt the interaction (FigA), whereas an A U transver-

in the chemical probing experiments. The insert in Figure ion at i :
) . position 14 (mutant14U) was thought to potentially
depicts the exact geometry and hydrogen bonding pattern of §i8pjize the tertiary interaction (FigiB), similar to the

¢ oligo(l) Ald

triple A interaction. Ag/A,5/U1, triple in E.coli tRNAPhe(29).

The two mutant gRNAs were transcriiadvitro from DNA
Comparison of the base accessibilities in the model with templates which had been verified for the presence of the desired
experimental probing data base changes. As an initial test of their structures we examined the

UV melting profiles of the two mutant RNAs. Wild-type
As outlined above, construction of the model relied in part ogND7-506 RNA, as published previoush3), is characterized
experimental data of base accessibilities derived from chemidal a main melting transition withT, of 3%°C. This transition
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AT mutant RNA an enhanced accessibility predominantly at nucleo-
o tide positions at the base of stem | was found @#@). In
g 2- Eggxa' i contrast, the AU mutant RNA showed a small but significant
zg reduction in the accessibilites of bases in that region4Big.
2% - B s N iy These data can be interpreted in the first instance as a disruption
§ s F -D of the triple A interaction as a consequence of th€Anutation
2% and in the second case as an enhanced core interaction by the
2E 21 formation of a Y4/Ar4A 43 triple.
34
-4 5‘425’5 AV TSNS IR gRNA—protein interaction
Nucleotide Finally, support for the model was gained from footprinting

experiments of gND7-506 in a complex with gBP21, a gRNA

binding protein fronT.brucei(15). The arginine-rich polypeptide
e e s T enee o s Sopecanenes been shown to bin o gRNA molecuies wih an equlibrum
towardrs) DMS, DEFIJDC, k(gthoxal and CMCT (model minus experimental) areaISSOCIatlon C(.)nStarKe) n th.e nanomolar range. Protein motifs
shown using a relative reactivity scale ranging from 0 (not accessible) to 4 (verkNOWN to mediate RNA binding¥) are absent in gBP21. Based
accessible). Adenosines are listed as two values, accounting for modification @n the sensitivity of the gRNA/gBP21 complexes to elevated
the N7 position by DEPC or the N1 position by DMS. The values for guanosinegnonovalent cation concentrations, the current model for the
were averaged to account for modification of both the N1 and N2 nitrogens t.“(\nteraction of the two molecules involves, at least in part, ionic
kethoxal. Hydrolysis positions in untreated control samples are annotated wit - . ™
an x and were not considered in the calculation. Considering an error margiﬁontaCts' Th? association with ngz_l_ Stab"'zes the gRNA
of +1, the model is in line with 80% of the experimental data. structure as judged from hyperchromicity experiments of the

RNP complex in comparison with naked gRNA)(

The footprinting experiments were performed with the single
was interpreted to reflect primarily the melting of stem/loop Iktrand-specific RNases T1 and T2 and the double strand-specific
with the melting of stem/loop | superimposed on it. In additiongobra venom nuclease V1. Protected nucleotides were found
a small low temperature transition[@0°C and a minor high exclusively within and at the base of stem/loop Il (fAgand B).
temperature transition at 70 have been described. They wereNucleotide A7, loop nucleotide ¢, and the sequence stretch
assigned to either temperature-induced changes of the secondagy-Asg at the 3-end of helix Il were strongly protected. Several
structure or unidentified higher order transitions. Interestinglyther positions were shielded to a weaker or only to a very weak
both mutant gRNAs exhibited melting profiles indistinguishablextent (see colour code in Fig\). One nucleotide position @)
from wild-type gND7-506 RNA (data not shown). This was noexhibited an enhanced reactivity in the RNP complex when
too surprising, since a disruption of the predicted H bondingompared with naked gRNA4blis located in the apical loop of
pattern of the triple A interaction, which is certainly of lowhairpin IlI. Its sugar—phosphate residue is exposed on the surface
thermodynamic stability (see insert in RA)j.need not necessar- of the model and thus it is very accessible, even in free gRNA. A
ily create a distinct change in the melting profile. Therefore, wgraphical representation of these data on the three-dimensional
decided to rely on chemical modification experiments witimodel revealed a clustering of protected nucleotides on the
base-specific reagents (DMS and DEPC) to test the structuresofvent-accessible side of helix Il (FigB) across its minor
the two gND7-506 mutant RNAs. Figu#s and D summarize groove, which is indicative of a defined gRNA binding site for
the results of the chemical probing experiments. For th€ A gBP21.

AU
4 4
s ] 2 | imOEPC
2 > 5 O DMS
21 2] =
H 82 0] 1
= > =
3 0 8% 01 W=
§: Y] 8 4| & innlll
gz 83
dE 2] 22 21
34 -3
-4 -4
IA A A A A A IA A A IA A A TA TATA AAAAAIAIAIAIAIAIAIAIAIAIAIA
10'12'13'1416'17'19°23 2425 272820353730 1012131416'1719°23 2425 27 28 2935 37 39
Nucleotide Nucleotide

Figure 4. Evaluation of single site mutant gND7-506 gRNAs to test the presence of the triple A tertiary inteithatitime core of the gRNA structure (dotted line
connecting basesiA, Ax4and Ay3). (A) Secondary structure of gND7-506 emphasizing the-A (A43C) base change, which was predicted to disrupt the tertiary
interaction. B) Mutant A 4— U (A14U) was anticipated to stabilize stem | by the formation ofA3,4 base pair and not interfere with the tertiary interact©@mnd

D) Results of the chemical probing experiments for both gND7-506 mutant RNAs. The two graphs list the accessibility differences (mutant minus wild-type) of be
10-39 for DMS and DEPC. (C) mutarts®; (D) mutant A4U. The data are derived from densitometer scans of non-saturated autoradiograms scaling the accessibilit
values from 0 to 4 (see legend to Fig. 3). Positive values correspond to an increase in the accessibility and negative values convey a shielding effect when con
with the wild-type.
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Figure 5. Determination of the binding site BbruceigBP21 protein on gND7-506 RNAA) Representative autoradiogram of a nuclease footprint experiment with
32p 3-end-labelled gND7-506 (016M) digested with cobra venom nuclease V1 (CV, 25u)aihd RNase T1 (T1, 125 mu) in the presence (+) and absence (-)

of recombinant gBP21 (&M). Protected areas are marked with a vertical bar. OH refers to an alkaline hydrolysisBadg#ergfaph summarizing the relative
accessibility differences (+/— r-gBP21 protein) of nucleotide positions for cobra venom nuclease (CV, left panel), RNase T1 (right panel, black bars) and RNas
(right panel, grey bars) derived from three independent experiments. Nucleotide positions without a bar remained unchanged in their accessibility to the three en:
when in a complex with gBP21. Bars pointing to the left are equivalent to protection of the nucleotide position in the presence of the protein, whereas bars poi
to the right represent enhanced accessibility. The data stem from densitometer scans of non-saturated autoradiographs using a normalized scale of 2 to —4 (0 no,
2 medium, 3 strong and 4 very strong difference in the nucleotide accessibility; + and — designate enhancement and protection respectively).

CONCLUSION The model is supported by a very good fit with the experimental
probing data and was further strengthened by analysis of single
The computer-assisted modelling of RNA structures has provéfie mutant gND7-506 RNAs, created ibyvitro mutagenesis
a valuable tool in providing an understanding of the relationshfgchnigues. A base transversion, introduced to disrupt the triple
between structure and function of a variety of RN2&-§5). A tertiary interaction, was confirmed to lead to a more open
Although gRNAs have been identified as key components in tigRNA structure, with an increased accessibility of bases at the
mitochondrial RNA editing reaction, a molecular understandintjiterface of the two helices. Conversely, a mutation with the
of their precise function is still lacking. This deficit, at least irpotential to strengthen the tertiary interaction indeed resulted in
part, is a consequence of the scarcity of structural data for thésgRNA that showed characteristics of a more compact folding.
RNAs. Lastly, footprinting experiments on gND7-506 in a stable
In the present study we have used chemical and enzymatiemplex with the gRNA binding protein gBP21 were used to
probing data to model the three-dimensional architecture &fipport the model. Binding of the polypeptide resulted in the
gND7-506, an ND7-specific gRNA from.brucei The main  protection of a well-defined set of nucleotide positions, identifying
features and conclusions from the model are as follows. Tlaesubstantial part of stem/loop Il as the interaction site for the
folding of gND7-506 presents a remarkably compact structurprotein. Very likely, this binding domain can be defined more
Two hairpins, which are the basic secondary structure elemeprecisely if the footprinting experiments are performed with
of gND7-5086, are closely packed together and likely connectethemical modification reagents instead of the rather bulky
by a tertiary interaction of three adenosine residues. The tripleehzymatic probes. Interestingly, the gRNA structure remained
interaction is formed between two adenosines at the base of stengely unchanged when in a complex with gBP21. Only one
| and a third A residue which is part of the apical loop of hairpinucleotide (|4) became more accessible to RNase T2. This
Il. As a consequence, the two helices are lined up in an almaessult is in line with CD measurements of gND7-506 in the
parallel fashion, facing each other with their major grooves. presence and absence of gBP).(The data indicated no gross
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Figure 6. (A) Secondary structure arifl)(space filing model of gND7-506 annotating protected backbone positions upon gBP21 binding in red > orange > yellow.
Positions with no change in the accessibility pattern are shown in green, bases are given in blue. The sugar—phosphate backbonezaf whitbotileitited
enhanced reactivity in the RNP comple, is coloured light blue. The two orientations of the model diffet mtati®a around the vertical axis. The footprinting
pattern suggests binding of gBP21 protein to gND7-506 RNA at one side of stem II.

structural rearrangement of the RNA molecule upon protein Finally, we would like to emphasize that we view the model
binding. Since the functional groups of the bases in minor groovesly as an initial step towards a molecular understanding of the
are rather inaccessible and do not allow good discrimination sfructure of gRNAs. Hopefully it will stimulate further work on
different base pairs36), we feel that it is unlikely that the the structure/function correlation of gRNAs to ultimately gain a
interaction relies on some form of base specificity. The indignolecular understanding of the role of gRNAs in the RNA editing
criminate binding behaviour of gBP21 to different gRNAprocess.
molecules is further support for this assumptidn).( As
previously suggested3(), it is more likely that the RNA ACKNOWLEDGEMENTS
molecule adopts a three-dimensional folding that results in
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