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ABSTRACT

RNA editing in African trypanosomes is character-
ized by a uridylate-specific insertion and/or deletion
reaction that generates functional mitochondrial
transcripts. The process is catalyzed by a multi-
enzyme complex, the editosome, which consists of
approximately 20 proteins. While for some of the
polypeptides a contribution to the editing reaction
can be deduced from their domain structure, the
involvement of other proteins remains elusive.
TbMP42, is a component of the editosome that is
characterized by two C,H,-type zinc-finger domains
and a putative oligosaccharide/oligonucleotide-
binding fold. Recombinant TbMP42 has been
shown to possess endo/exoribonuclease activity
in vitro; however, the protein lacks canonical
nuclease motifs. Using a set of synthetic gRNA/
pre-mRNA substrate RNAs, we demonstrate that
TbMP42 acts as a topology-dependent ribonuclease
that is sensitive to base stacking. We further show
that the chelation of Zn?* cations is inhibitory to the
enzyme activity and that the chemical modification
of amino acids known to coordinate Zn?* inactivates
rTbMP42. Together, the data are suggestive of a
Zn%*-dependent metal ion catalysis mechanism for
the ribonucleolytic activity of rTbMP42.

INTRODUCTION

The insertion/deletion-type RNA editing in kinetoplast
protozoa such as African trypanosomes is a unique
posttranscriptional modification reaction. The process is
characterized by the site-specific insertion and/or deletion
of exclusively U nucleotides into otherwise incomplete
mitochondrial pre-messenger RNA (pre-mRNA). RNA
editing relies on small, noncoding RNAs, termed guide
RNAs (gRNAs), which act as templates in the process.
The reaction is catalyzed by a high molecular mass

enzyme complex, the editosome, which represents a
reaction platform for the individual steps of the processing
cycle (1-3). An editing cycle starts with the annealing of a
pre-edited mRNA to a cognate gRNA molecule. The
hybridization is facilitated by matchmaking-type RNA/
RNA annealing factors (4-8) that generate a short inter-
molecular gRNA /pre-mRNA duplex located proximal to
an editing site. The pre-mRNA is then endoribonucleoly-
tically cleaved at the first unpaired nucleotide (9-11) and
in insertion editing, a 3’ terminal uridylyl transferase
(TUTase) adds U nucleotides to the 3’ end of the 5 pre-
mRNA cleavage fragment (12,13). In deletion editing, Us
are exonucleolytically (exoUase) removed from the 5 clea-
vage fragment with a 3’-5 directionality (14,15). Lastly,
the two pre-mRNA fragments are re-sealed by an RNA
ligase activity (16—18).

Over the past years our knowledge of the protein inven-
tory of the editosome has significantly increased.
Depending on the enrichment protocol, active RNA edit-
ing complexes contain as little as 7 (19), 13 (20) or up to 20
polypeptides (21). Protein candidates for every step of the
minimal reaction cycle have been identified, thereby con-
firming the general features of the above-described
enzyme-driven reaction mechanism. However, many of
the enzyme activities are present in pairs or in even
higher numbers of protein candidates (22). This redun-
dancy is not understood but has been used to suggest
that insertion and deletion editing are executed by sepa-
rate subcomplexes (23). Within this context, several can-
didate proteins have been suggested to account for the
different ribonucleolytic activities of the editosome.
TbMP90, TbMP67, TbMP61, TbMP46 and TbMP44
all contain RNase III consensus motives and TbMP100
and TbMP99 possess endo—exo-phosphatase (EEP)
domains (24). TbMP90 seems to play a role in deletion
editing (25), while TbMP61 was suggested to contribute to
insertion editing as demonstrated by gene knockout stu-
dies (26). However, none of the candidate proteins has
been shown to execute nuclease activity in vitro.
TbMP100 and TbMP99 were shown to possess a U
nucleotide-specific exoribonuclease activity in vitro, but
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gene knockout or RNA interference (RNAi)-mediated
knockdown studies remained elusive (27,28).

TbMP42 is a component of the editosome that does not
contain any typical nuclease motif (29). The protein has
two C,H,-Zn-finger domains at its N-terminus and a
putative oligonucleotide/oligosaccharide binding (OB)-
fold at its C-terminus. Recombinant (r) TbMP42 has
been shown to execute both, endo- and exo-ribonuclease
activity in vitro. Gene ablation of ThM P42 using RNAI is
lethal to the parasite and mitochondrial extracts lacking
the protein have reduced endo/exoribonuclease and
diminished RNA editing activity. Adding back recombi-
nant TbMP42 can restore these activities (30). Here, we
provide experimental evidence that rTbMP42 acts as
a structure-sensitive ribonuclease. Chelation of Zn*"
cations inhibits the ribonucleolytic activities of the
protein as does the chemical modification of amino acids
known to coordinate Zn>*. The results are suggestive of
a Zn’"-dependent, metal ion catalysis mechanism for
TbMP42.

MATERIAL AND METHODS
rTbMP42 preparation

Recombinant TbMP42 was prepared at denaturing condi-
tions as described (30). Protein preparations were dialyzed
against 20mM HEPES pH 7.5, 30mM KCI, 10mM
Mg(OAc),, SmM CaCl,, 0.1 mM ZnSO, and 2M urea,
except for modification reactions when urea was omitted.
The Leishmania orthologue of TbMP42 (LC-7b) was pur-
ified as a C-terminal maltose-binding peptide (MBP)
fusion protein expressed in Escherichia coli DH5a, contain-
ing plasmid pMalc2x_Lt7b. Cells were lysed in 20 mM
Tris/HCl pH 7.4, 0.2M NaCl, I mM EDTA and 10mM
B-mercaptoethanol using repetitive freeze/thaw cycles
and sonication. The lysate was incubated with 0.5 ml amy-
lose resin for 2 h at 4°C. The resin was washed with 12 ml
buffer and the recombinant protein was eluted with the
same buffer containing 10 mM maltose. Eluted LC-7b/
MBP was dialyzed to assay conditions.

Protein modification

To modify aspartic acid and glutamic acid residues, rena-
tured rTbMP42 was incubated for 1 h at 27°C in the above
described buffer adjusted to pH 6.2. 1-Ethyl-(3,3-dimethyl-
aminopropyl)-carbodiimide (EDC) and glycine ethyl-ester
were added up to a 275-fold molar excess. Histidine
residues were derivatized in the same buffer at pH?7.5
with a 50-fold molar excess of diethylpyrocarbonate
(DEPC) for 1h at 27°C. Arginines were modified with
phenylglyoxal in a 50-fold molar excess and cysteines
with N-ethylmaleimide in a 80-fold molar excess.
Following incubation, S0mM solutions of the different
amino acids were added to stop the reactions. Finally,
modified rTbMP42 was dialyzed to assay conditions.

Endo/exoribonuclease assay

RNA and DNA substrates were synthesized using solid
phase phosphoramidite chemistry. The following sequences

were synthesized: pre-mRNAs—US5-ds13: GGGAAAGU
UGUGAUUUUUGCGAGUUAUAGCC, U5-ds10: GG
GAAUGUGA-UUUUUGCGAGUAGCC, U3-ds10:
GGGAAUGUGAUUUGCGAGUAGCC, Ul-ds10: GG
GAAUGUGAUGCGAGUAGCC. Us5-ds7: GGGGUG
AUUUUUGCGA-GCC, T5-ds10: d(GGGAATGTGAT
TTTTGCGAGTAGCC), dUS5-ds10: GGG-AAUGUG
AdUdUdUdUdUGCGAGUAGCC. gRNA sequences—
gU5-ds13: GGC-UAUAACUCGCUCACAACUUUCC,
g(U5,dU5,U3) and gUI1-ds10: GGCUACU-CGCUCAC
AUUCCC, gU5-ds7: GGCUCGCUCACCCC, gT5-ds10:
GGCTA-CTCGCTCACATTCCC. Oligonucleotide con-
centrations were determined by UV absorbency measure-
ments at 260 nm using extinction coefficients (g2, 1 mol ™!
cm ™) calculated from the sum of the nucleotide absorptiv-
ity as affected by adjacent bases (31). RNAs were radio-
actively labeled, purified and annealed as in ref. (30).
Annealed RNAs (50 fmol, specific activity 0.3 pCi/pmol)
were incubated with 50-80 pmol of rTbMP42 or 10
pmoles of rLC-7b/MBP in 30 ul 20mM HEPES pH 7.5,
30mM KCI, 10mM Mg(OAc),, SmM CaCl,, 0.1 mM
ZnSOy4, 0.2mM DTT, 0.5mM ATP, 0.04mM UTP and
IM urea for up to 3h at 27°C. Competition binding
assays were performed for 2h at 27°C in a 30 pl reaction
volume. Samples contained 50 pmol refolded rTbMP42,
0.5 pmoles radiolabeled U5-ds10 and increasing amounts
(30 fmol to 7pmol) of nonradioactive U5-ds10 or Ul-
ds10. Reaction products were analyzed as above.

Structure probing and RNA modeling

Radioactively labeled U5-ds10 was subjected to RNase A
(0.03 ng/ul) or RNase P (2 mU/ul) treatment for up to
30min. Reaction products were separated in denaturing
polyacrylamide gels (18% w/v, 8M urea) and analyzed
by phosphorimaging. RNA modeling was performed
using JUMNA—junction minimization of nucleic acids
(32). Images were rendered using PyMOL (http://www.

pymol.org).

RESULTS

The size of the pre-mRNA “‘U-loop’ is a determinant for
cleavage activity

U insertion and deletion RNA editing can be reproduced
in vitro using short, synthetic RNA molecules that mimic
the essential structural features of gRNA/pre-mRNA
hybrid molecules (10,33,34). rTbMP42 has been shown
to bind and cleave synthetic gRNA /pre-mRNA pairs (30)
and as an initial step to characterize the ribonucleolytic
mechanism of TbMP42, we aimed at determining the sub-
strate recognition specificity of the protein. For that, we
generated a set of synthetic gRNA/pre-mRNA hybrid
molecules. The RNAs differ in the number of single
stranded (ss) Us (1U, 3Us, 5Us) within the editing
domain of the pre-mRNA sequence, while the two flanking
double-stranded (ds) domains were kept constant at 10 bp.
The RNAs were termed U5-ds10; U3-ds10 and Ul-dsl10
(Figure 1A). Radioactive preparations of the three mole-
cules (radiolabeled at the 3’ end of the pre-mRNA) were
incubated with rTbMP42 and the generated hydrolysis
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Figure 1. Loop size is critical for cleavage efficiency. (A) Reaction kinetic of t

he rTbMP42-mediated cleavage of gRNA/pre-mRNA hybrids U5-ds10,

U3-ds10 and Ul-dsl0. Cartoons of the three RNAs are shown below the autoradiograms: top strand—pre-mRNA; bottom strand—gRNA.
Radiolabeled RNA preparations (at the 3’ end of the pre-mRNA as shown by the *) were incubated with rTbMP42 for up to 180 min and reaction
products were resolved electrophoretically. Cleavage positions and efficiencies are marked by arrows: filled arrow—most efficient cleavage site;
open arrow—medium efficiency cleavage site; arrow head—Ileast efficient cleavage site). ‘Input’ represents an untreated RNA sample and ‘mock’
a sample that was incubated in the absence of rTbMP42. ‘“T1’ represents an RNase T1 hydrolysis ladder and ‘OH’ an alkaline hydrolysis ladder.

(B) Plot of the percentage of cleavage over time (circles: U5-ds10, squares:

U3-ds10, triangles: Ul-ds10). Data points are fitted to the Langmuir

isotherm f(x) = (a*xx)/(1 + b*x). Error bars represent SDs derived from at least five individual experiments.

fragments were separated by gel electrophoresis. Figure 1A
shows a representative time course experiment. After an
incubation period of 15min endonucleolytic cleavage of
U5-ds10 and U3-dsl0 can be detected. Ul-dsl0 RNA
was not cleaved even after 3h of incubation. Of the six
internucleotide bonds that connect the U5 sequence
in U5-ds10 only three are cleaved: U;,/U;3, U;3/U 4 and
U,4/U;s. The same holds true for the four phosphodiester
bonds in the U3 sequence of U3-dsl0. Cleavage only
occurred at Uyo/U;y, Uy;/U;, and U;,/Uqz. All other phos-
phodiester linkages were never cleaved even after pro-
longed incubation times. Cleavage at the described
nucleotides increased over time in the order Ujz/
U14>U]2/U13>U|4/U15 in U5-ds10 and in the order U]l/
U»>U;o/U;;>U»/U 53 in U3-dsl0. Figure 1B shows a
plot of the percentage of cleavage over time for all three
gRNA /pre-mRNA pairs. Cleavage of U5-ds10 follows a
saturation function and the reaction is >90% complete
after 3h. Half-maximal cleavage is achieved after
~60min. For U3-ds10, a value of 40% is reached after 3 h.

Lastly, we determined that the three hybrid RNAs bind
to rTbMP42 with similar affinity. This was done by bind-
ing competition experiments and confirmed that the
observed cleavage preference of rTbMP42 for the three
gRNA /pre-mRNA hybrids is a reflection of the structural
characteristics of the RNAs and not a consequence of
different binding affinities (data not shown).

The helix length of the gRNA /pre-mRNA hybrid affects
the cleavage rate

Based on the described results, we generated a second, com-
plementary set of gRNA/pre-mRNA hybrid molecules.

The three RNAs are characterized by five ss U nucleotides
within the pre-mRNA sequence and are flanked by short-
stem structures (13, 10, 7 bp) typical for gRNA /pre-mRNA
hybrid molecules in vivo. The molecules were termed
US5-ds13, US-ds10 and US-ds7 (Figure 2A). In order to
analyze the initial endoribonucleolytic cleavage and the
subsequent exoribonucleolytic trimming reaction of
rTbMP42 simultaneously, the pre-mRNA sequence of the
hybrid RNAs was 5 radioactively labeled. For U5-ds13
RNA, initial cleavage was observed at position Ujg/U; 7.
U5-ds10 and U5-ds7 were cleaved at the same phospho-
diester bond, which in these two RNAs corresponds
to positions U;3/U4 (U5-ds10) and U;o/U;; (US-ds7)
(Figure 2A). Following endoribonucleolytic cleavage, the
ss 3' U overhangs of all three RNAs become degraded in a
3’ to 5 direction and the reaction stops at the adjacent
double strand irrespective of its length (13, 10 or 7 bp).
None of the three RNAs was cleaved to completion
within 3 h of incubation. However, the cleavage rates are
different for the three RNAs. For U5-ds13, 50% cleavage
was achieved after 75 min. For U5-ds10 half-maximal clea-
vage was reached at 120min, for US5-ds7at 150 min
(Figure 2B).

Cleavage requires a 2’-OH group

To further analyze the structural and chemical require-
ments of gRNA/pre-mRNA hybrid molecules for a
rTbMP42-driven cleavage reaction, two derivatives
of U5-dsl0 RNA were synthesized: T5-ds10 and dUS5-
ds10 (Figure 3B). While T5-dsl10 represents a DNA
molecule, dU5-ds10 consists of mainly ribose-moieties
except within the ‘U-loop’, which was synthesized
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Figure 2. Stem size influences the cleavage rate. (A) rTbMP42-mediated cleavage of gRNA/pre-mRNA hybrids U5-ds13, US-ds10 and US5-ds7.
Cartoons of the three RNAs are shown below the autoradiograms: top strand—pre-mRNA; bottom strand—gRNA. Radiolabeled RNA prepara-
tions (at the 5" end of the pre-mRNA as shown by the *) were incubated with rTbMP42 and reaction products were resolved electrophoretically.
Cleavage positions are marked by arrows: filled arrows—cleavage site at the ss/ds RNA junction; open arrows—cleavage sites within the U5-loop
sequence. Numbers indicate pre-mRNA nucleotide positions. ‘Input’ represents an untreated RNA sample and ‘mock’ a sample that was incubated in
the absence of rTbMP42. “T1” represents an RNase T1 hydrolysis ladder and ‘OH’ an alkaline hydrolysis ladder. (B) Plot of the percentage of
cleavage over time (circles: U5-ds13, squares: U5-dsl10, triangles: US-ds7). Data points are fitted to the Langmuir isotherm f{x) = (axx)/(1 + bx*x).

Error bars represent SDs derived from at least five individual experiments.

from dU-phosphoramidites. As shown in Figure 3A,
rTbMP42 was not able to cleave T5-ds10 even after 3h
of incubation. In contrast, dU5-ds10 was cleaved, how-
ever, at an ‘unusual’ position. Cleavage occurred predo-
minately at the 5 junction of the dU5-loop to the first
ribonucleotide within the stem sequence (position Ajg/
dUy;). With the exception of a very weak cleavage site
at dU;;/dU,, no dU nucleotide within the ‘U-loop’ was
cleaved. This suggests a requirement for a 2’ hydroxyl
group, likely within a defined distance and sterical orien-
tation 5’ to the cleavage site.

Structure probing demonstrates a defined ‘US-loop’ topology

In order to rationalize the selective cleavage patterns of
the different synthetic gRNA/pre-mRNA hybrid mole-
cules by rTbMP42, we analyzed the 3D folding of the
‘U-loop’ sequence by enzymatic structure probing. For
that we used the two ribonucleases RNase A and RNase
P in conjunction with U5-ds10 as the RNA substrate.
While both enzymes are single strand-specific (35,36),
RNase P has been shown to be unable to cleave
stacked nucleotides (37). In contrast, RNase A is known
to resolve solvent-exposed as well as stacked nucleotides
(38). Figure 4A shows a representative result of the
probing data. RNase A cleaves all possible U-loop
pOSitiOl’lS (U11/12, U12/13, U13/14 and U14/15) with equal
intensity (Figure 4B). RNase P, however, cleaves
U5S-dsl0 at only three positions and with different

intensities: U13/U14>U12/U13>U14/U15 (Figure 4B) This
indicates that the US-sequence is indeed ss but two of the
Us (U4 and Ujs) display base stacking characteristics
(Figure 5A). rTbMP42 has the same cleavage specificity
as RNase P and thus is able to distinguish between sol-
vent-exposed and stacked nucleotides. Figure 5B shows an
energy minimized 3D model of U5-dsl0 (32) that inte-
grates the enzyme probing data. The five-membered
‘U-loop’ is folded back on itself and creates a topology
that exposes three of the nucleotides to the solvent. The
remaining two Us are stacked between the two helical
elements of the gRNA/pre-mRNA hybrid thereby
minimizing entropic costs. Thus, the main scissile
phosphodiester bond is mapped to a conformation that
resembles a ss/ds-junction rather than a ss, looped-out
organization. rTbMP42, similar to RNase P, is unable
to resolve stacked nucleotides and cleaves the first
unstacked U position within the U-loop of gRNA/pre-
mRNA hybrid.

Zn*" chelation and chemical modification
of Zn> " -coordinating amino acids

TbMP42 contains no canonical nuclease motif and is only
related to three other RNA editing proteins of unknown
function (TbMP81, TbMP24 and TbMPI18) (29). How-
ever, TbMP42 is highly homologous to a protein known
as LC-7b in Leishmania. The two polypeptides share 51%
identity on the amino acid level and based on that,
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in denaturing polyacrylamide gels. ‘-* represent mock treated samples.
(B) Graphical representations of T5-dsl10, dUS-ds10 and U5-dsl0 (top
to bottom). Cleavage positions/efficiencies are marked by arrows (filled
arrows—most efficient cleavage site; open arrow—cleavage site of
medium efficiency; arrow heads—Ileast efficient cleavage site). T5-ds10,
the ‘all DNA” molecule, shows an increased electrophoretic mobility.

we analyzed whether recombinant LC-7b has ribonucleo-
lytic activity. The protein was expressed in E. coli as a
MBP fusion protein and was purified to near homogene-
ity. Although the affinity tag could not be cleaved off
after purification, rLC-7b/MBP showed an identical
nucleolytic activity and cleavage specificity as rTbMP42
(Figure 6A).

For rTbMP42, it was shown that Zn*" is required for
folding and RNA ligand binding (30). Metal ions can
serve as catalysts in active sites of nucleases such as in
the large superfamily of nucleotidyl transferases including
RNase H, transposase, retroviral integrase and Holliday-
junction resolvase (39-41). In these examples, acidic
amino acids and histidines coordinate one or two metal
jons, mostly Zn*", that activate a hydroxyl ion and posi-
tion the phosphate backbone in close proximity to facil-
itate the inline attack of the nucleophile. DNA polymerase
and alkaline phosphatase have been suggested to follow a
two metal ion catalysis mechanism (42,43) and metal ions
have also been proposed to be involved in the nucleolytic
activity of catalytic RNAs (44).

In order to analyze whether Zn”>" cations play a role in
the cleavage reaction of rTbMP42, we tested whether the
Zn? " -specific chelator 1,10 phenanthroline is able to inhi-
bit the activity. Figure 6B shows a representative result.
The enzyme activity is inhibited in a concentration-
dependent fashion with a half-maximal inhibitory concen-
tration (ICsp) of 0.12mM. At concentrations >2mM 1,10
phenanthroline completely blocks the cleavage reaction.
This indicates a role for Zn>' jons in the catalytic
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caused by digestion of the 3'-terminal phosphate group.

mechanism and further suggests that the blockage of
amino acids known to coordinate Zn>"* ions (glutamic
acid, aspartic acid and histidine) should impact the clea-
vage reaction as well. To test this hypothesis, we cova-
lently modified Asp and Glu residues in rTbMP42
through a carbodiimide-mediated amide bond formation
to glycine ethyl esters (45,46). Histidines were modified by
carbethoxylation with DEPC (47) and as controls, we
modified arginines and cysteines with phenylglyoxal and
N-ethylmaleimide (48-50). The results are summarized in
Figure 6C and D. As expected, the modification of argi-
nines and cysteines had no effect on the cleavage activity
and specificity of rTbMP42. In contrast, the modification
of Asp/Glu and of His blocked the cleavage activity of
rTbMP42 in a concentration dependent fashion. At a
100-fold molar excess of modification reagent complete
inhibition (>95%) was achieved.

DISCUSSION

TbMP42 is a component of the editosome that was char-
acterized as an endo/exoribonuclease in vitro (30). The
protein contains two zinc fingers and a putative OB-fold,
but lacks typical nuclease motives. Here, we aimed at pro-
viding a first picture of the putative reaction mechanism of
TbMP42 by studying the RNA recognition and cleavage
modality of recombinant TbMP42 using synthetic
RNA editing model substrates. The ss extra-helical Us
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were identified as determinants for an efficient cleavage
reaction, while unpaired, stacked U nucleotides escape
the cleavage reaction. Furthermore, Zn>" ions play a cri-
tical role. Zn*" chelation blocks enzyme function and
chemical modification of metal ion-coordinating amino
acids abolishes the activity. Thus, we propose that

TbMP42 acts as a structure-sensitive ribonuclease that
involves Zn>" ions in its reaction pathway.

Although rTbMP42 has been shown to bind to short
ssDNA and dsDNA molecules (30), the ‘all DNA’ sub-
strate (T5-ds10) was not cleaved by the protein. This indi-
cates a general nucleic acid binding capacity for rTbMP42,



which likely is mediated by its C-terminal OB-fold.
OB-folds are characterized by a barrel-shaped
3D structure of five B-sheets, which provide a nonsequence
specific interaction platform for nucleic acids (51).
However, the cleavage activity of rTbMP42 is RNA-
specific. This was confirmed by utilizing a partial RNA/
DNA hybrid molecule (dU5-ds10). With the exception of
a very weak cleavage site at dU;;/dU,,, none of the dU
nucleotides within dU5-ds10 was cleaved upon incubation
with rTbMP42. Instead, cleavage was directed towards the
first phosphodiester linkage that involves a ribose moiety
at the 5 RNA/DNA junction. This suggests a general
requirement for a 2’ hydroxyl group in the cleavage
reaction. It further indicates a defined directionality in
positioning the OH-group, since the corresponding 3’
DNA/RNA junction was never cleaved. The data also
point towards a defined structural flexibility within the
catalytic pocket. The cleavage site in the RNA/DNA
hybrid is some distance away from the cleavage position
in the ‘all RNA’ U5-dsl0 molecule. Lastly, we cannot
exclude that the effect involves a kinetic difference. The
‘preferred’ cleavage positions could be processed much
more rapidly than the cleavage sites at the base of the
stem. Only in the absence of the fast processing sites
(as in dUS5-ds10) can the ‘slowly’ hydrolyzed positions
be identified.

In vivo, TbOMP42 must recognize and cleave a wide array
of different gRNA /pre-mRNA substrate molecules. They
are characterized by varying numbers of looped-out
U-nucleotides and based on the described results we pro-
pose that rTbMP42 indiscriminately interacts with these
RNAs. However, the protein cleaves only solvent-exposed
Us located proximal to an RNA helix. Stacked Us on top
of helical elements are not cleaved. The 3D model of
U5-ds10 illustrates these characteristics. RNase structure
probing established that the U-loop in US5-dsl0 has
defined conformational characteristics: three U nucleo-
tides are extra-helical and solvent-exposed, while two Us
adopt an intra-helical, stacked conformation. This is an
expected result since bulge regions have been shown to
form well-defined structures. The precise topology
depends on the chemical nature of the bulged residue(s),
the identity of the nucleotides flanking the bulge, and the
length of the helical elements (52-55). Some proteins have
been shown to bind and stabilize defined conformers out
of an ensemble of different RNA foldings (56-58).
However, from the presented data, we cannot conclude
whether that applies to rTbMP42 as well. Furthermore,
due to the fact that the length of the adjacent stem regions
contributes to the cleavage rate of the reaction, we also
cannot exclude that subtle structural differences induced
by the accommodation of unpaired Us into the stems pro-
pagate through the entire RNA and represent a recogni-
tion signal for the protein (52). Importantly, rTbMP42 is
not able to resolve stacked positions and thus, the two Us
in U5-ds10 remain uncleaved. In vivo, they likely will be
‘re-edited’ during a subsequent reaction cycle, provided
they are in a solvent-exposed, i.e. extrahelical conforma-
tion. Possibly, this type of structural limitation contributes
to the frequent occurrence of re- and mis-editing events
that have been observed in vivo (59,60). Although Ul-ds10
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RNA was not cleaved in our assay, depending on the
sequence context it is energetically possible that single
nucleotides adopt an extra-helical conformation as
shown for single-base bulges as part of short model
A-form RNAs (54). In that case, we would predict that
even a single nucleotide bulge will be cleaved by rTbMP42.

Due to the absence of an archetypical nuclease motif in
TbMP42, the catalytic reaction center is difficult to trace.
However, the absence of primary sequence homology does
not preclude proteins from sharing 3D structural elements
and as a consequence from functional homology (61).
Exoribonuclease superfamilies in general show very lim-
ited sequence homology (62). For enzymes that rely on
metal ion-driven catalysis mechanisms (63), a large
number of structural arrangements of acidic amino acids
or electron donating groups can be combined to accom-
modate the complexation of bivalent cation(s). For
TbMP42, we identified Zn>" ions as being crucial for
the activity of the protein. Chelation of Zn>" completely
abolished nuclease activity. If one or multiple Zn*" ions
are held in place within the catalytic pocket of TbMP42,
only certain amino acids are candidates for coordinating
the metal ion(s). This includes D and E residues or amino
acids capable of donating a free electron pair (H, N, Q).
Glutamate and aspartate are the most obvious choices for
a direct involvement. Indeed, a conserved Asp residue in
conjunction with the scissile phosphate has been identified
in all polymerases and nucleases to date to jointly coordi-
nate two metal ions (63). Asp seems to be preferred for the
coordination of metal ions, probably because it has fewer
rotamer conformations than Glu and as a consequence is
more rigid. Covalently modifying D and E residues in
rTbMP42 resulted in a complete loss of the nuclease activ-
ity supporting the above-described scenario. The modifi-
cation of histidines abolished function as well. This could
be due to a direct involvement of histidines in the metal
ion coordination as shown in the RNase H family (39,64)
or because of a proton shuttle function of a His residue
(65). Since the modification of cysteines did not affect
the activity of rTbMP42, this confirms that functional
Zn-finger motifs are not required for the activity of the
protein as previously suggested by Brecht et al. (30).
Similarly, the modification of arginines did not affect the
activity of rTbMP42. This excludes a contribution of
the positive side chain of arginines in compensating the
polyanionic properties of the bound gRNA/pre-mRNA
ligand (6). Figure 7 shows a model of the putative catalytic
pocket of rTbMP42 integrating the above-described
experimental data. Although we cannot exclude that
the modification reactions induced long-range effects
within TbMP42, our model finds remarkable support
in the recently determined 3D structure of RNase J
from Thermus thermophilus. RNase J is an endo/
exoribonuclease and the dual activity has been shown to
be carried out by a single active site. The catalytic pocket
of RNase J contains two zinc ions, that are coordinated by
Asp and His residues (66). The C-terminal domain of
TbMP42, which holds the ribonuceolytic activities of
the protein (30) contains 19 D and E residues and
seven histidines. Site-directed mutagenesis experiments
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Figure 7. The putative metal ion reaction center. Model of the hypothe-
tical catalytic pocket of ThBMP42 (r42) with two Zn>" ions coordinated
(dashed lines) by D, E and H residues in concert with a non-bridging
oxygen of the scissile phosphate (adopted from ref. 44). (OH™) repre-
sents a nucleophilic hydroxyl anion derived from a deprotonated water
molecule.

should be able to identify the crucial residues within the
catalytic pocket of the protein.

Taken together, the described data provide a first
understanding on how rTbMP42 catalyzes the cleavage
of gRNA /pre-mRNA hybrid molecules. The protein inter-
acts with dsRNA domains and recognizes unpaired,
looped-out uridylate residues. rTbMP42 acts as a struc-
ture-sensitive, U-specific endo/exoribonuclease likely fol-
lowing a Zn>" jon-dependent catalysis mechanism. Acidic
amino acids and histidines play a role in the formation of
the putative catalytic pocket.
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