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Ribonuclease (RNase) P is a site-specific endoribonuclease
found in all kingdoms of life. Typical RNase P consists of a
catalytic RNA component and a protein moiety. In the
eukaryotes, the RNase P lineage has split into two, giving
rise to a closely related enzyme, RNase MRP, which has
similar components but has evolved to have different
specificities. The eukaryotic RNases P/MRP have acquired
an essential helix-loop-helix protein-binding RNA domain
P3 that has an important function in eukaryotic enzymes
and distinguishes them from bacterial and archaeal
RNases P. Here, we present a crystal structure of the P3
RNA domain from Saccharomyces cerevisiae RNase MRP in
a complex with RNase P/MRP proteins Pop6 and Pop?
solved to 2.7 A. The structure suggests similar structural
organization of the P3 RNA domains in RNases P/MRP and
possible functions of the P3 domains and proteins bound
to them in the stabilization of the holoenzymes’ structures
as well as in interactions with substrates. It provides
the first insight into the structural organization of the
eukaryotic enzymes of the RNase P/MRP family.
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Introduction

Ribonuclease (RNase) P is a site-specific endoribonuclease
involved in the metabolism of various RNA molecules in-
cluding tRNA and rRNA (Guerrier-Takada et al, 1983; Altman
and Kirsebom, 1999; Kazantsev and Pace, 2006; Kirsebom,
2007; Coughlin et al, 2008) and in transcription (Reiner et al,
2006, 2008). RNase P is a universal enzyme found in all three
kingdoms of life. With a few exceptions (Walker and Engelke,
2008), RNase P is an RNA-based enzyme consisting of a
phylogenetically conserved catalytic RNA component and a
protein moiety. The RNA component is capable of performing
catalysis in vitro by itself, albeit with reduced efficiency; the
level of activity of the RNA component alone is dramatically

*Corresponding author. Department of Biochemistry and Molecular
Biology, Pennsylvania State University, 106 Althouse Laboratory,
University Park, PA 16802, USA. Tel.: + 1 814 865 5050;

Fax: +1 814 863 7024; E-mail: askll @psu.edu

Received: 29 September 2009; accepted: 8 December 2009; published
online: 14 January 2010

©2010 European Molecular Biology Organization

lower for the eukaryotic RNase P than that for the bacterial
RNase P (Guerrier-Takada et al, 1983; Gopalan, 2007;
Kikovska et al, 2007). The protein moiety is required for
the activity of RNase P in vivo (Kirsebom et al, 1988;
Chamberlain et al, 1998; Gossringer et al, 2006 and references
therein).

Compared with bacterial RNase P, the number of protein
components grows significantly in eukaryotic RNase P:
whereas the bacterial RNase P has a single protein compo-
nent, Saccharomyces cerevisiae RNase P has nine (Walker and
Engelke, 2006). Accordingly, the protein content of RNase P
holoenzyme is only about 10% by mass in bacteria, but about
75% or more in eukaryotes.

RNase P is evolutionarily related to another RNA-based
enzyme, RNase MRP (Chang and Clayton, 1987; Karwan
et al, 1991). RNase MRP is an endoribonuclease found in
practically all eukaryotes analysed (Piccinelli et al, 2005).
RNase MRP closely resembles eukaryotic RNase P, but has
evolved to have different specificity. RNase MRP mostly
resides in the nucleolus (Kiss and Filipowicz, 1992) where
it is involved in the maturation of rRNA (Schmitt and
Clayton, 1993; Henry et al, 1994; Lygerou et al, 1996;
Lindahl et al, 2009). RNase MRP was also implicated in the
degradation of mRNA involved in the regulation of the cell
cycle in yeast (Gill et al, 2004). Similar to RNase P, RNase
MRP is essential for the survival of the cell. Mutations in the
RNA component of human RNase MRP cause the severe
autosomal multisystemic disorder cartilage hair hypoplasia
(Ridanpaa et al, 2001).

The RNA components of RNase MRP and RNase P have
multiple common secondary structure features (Figure 1A
and B) and share most of their protein components: eight of
the nine S. cerevisiae RNase P proteins are also found in
RNase MRP (Chamberlain et al, 1998). All protein compo-
nents of RNases P/MRP are essential for the survival of the
cell (Schmitt and Clayton, 1994; Chamberlain et al, 1998;
Salinas et al, 2005).

The transition from the RNA-rich bacterial to the more
complex protein-rich eukaryotic enzymes of the RNase
P/MRP family was accompanied by the appearance of a
new essential and highly conserved RNA element: a helix-
loop-helix P3 RNA domain (Lindahl et al, 2000; Ziehler et al,
2001; Li et al, 2002). The P3 RNA domain is a universal
characteristic feature of eukaryotic RNases P/MRP (Piccinelli
et al, 2005). P3 RNA domains of RNase P and RNase MRP
from the same organism closely resemble each other, share
sequence elements and are shown to be interchangeable
(Lindahl et al, 2000; Ziehler et al, 2001). P3 is a protein-
binding domain, which is crucial for the assembly and
maturation of the enzymes; it is suggested to act as a
potential nucleation center for the assembly of the multi-
component protein moiety (Ziehler et al, 2001). The P3
domain is responsible for intracellular localization
(Jacobson et al, 1995). The P3 RNA domain is involved in
direct specific interactions with the RNase P/MRP protein
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Figure 1 The RNA components of eukaryotic RNase P and RNase MRP have multiple common structural features including the P3 domain.
(A) Secondary structure diagram of the RNA component of S. cerevisiae RNase P. (B) Secondary structure diagram of the RNA component of
S. cerevisiae RNase MRP. (C) The modified P3 domain of RNase MRP used in crystallization (the mutated and artificially introduced nucleotides
are italicized). The diagrams and the nomenclature of the structural elements are based on Frank et al (2000); Li et al (2002); Walker and Avis

(2004) and Esakova et al (2008).

components Pop6 and Pop?7 (Pluk et al, 1999; Perederina
et al, 2007; Welting et al, 2007) and, possibly, with the protein
component Popl (Ziehler et al, 2001). Certain mutations in
the P3 RNA domain affect the assembly of the protein moiety
and are detrimental or lethal in yeast (Shadel et al, 2000;
Ziehler et al, 2001; Li et al, 2004; Perederina et al, 2007).
Mutations found in the P3 RNA domain of human RNase
MRP result in cartilage hair hypoplasia (Welting et al, 2008).
Human Pop7 (also known as Rpp20 (Jarrous et al, 1998;
Aravind et al, 2003)) is reported to have ATPase activity
(Li and Altman, 2001).

Here, we describe the crystal structure of the P3 RNA
domain from S. cerevisiae RNase MRP in a complex with
common RNase P/MRP protein components Pop6 and Pop7
at 2.7 A resolution. This structure suggests roles for the P3
domain in the structure and function of RNase P/MRP and
provides the first insight into the structural organization of
the eukaryotic enzymes of the RNase P/RNase MRP family.

Results

Overview of the structure

The crystallization construct contained proteins Pop6
(18.2kDa), Pop7 (15.8kDa) and a modified P3 domain of
the RNA component of RNase MRP (46 nucleotides,
Figure 1C). The modification changed only distal parts of the
helical stems in the P3 RNA domain and did not affect the
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regions involved in interaction with Pop6/Pop7. The final
model included all P3 RNA nucleotides and all protein residues
except for 1-3, 122-128 in Pop6 and 1-13, 105-124 in PopZ,
and also included 50 water molecules and 3 zinc ions.

The crystallized RNA-protein complex contains one copy
of the P3 RNA domain and one copy of the Pop6/Pop7 protein
heterodimer, consistent with the stoichiometry that was pre-
viously observed biochemically (Perederina et al, 2007).

The proteins Pop6 and Pop7 form a compact globule,
which is involved in extensive interactions with the well-
structured P3 RNA domain (Figure 2), consistent with the
results of footprinting analysis (Esakova et al, 2008). The
formation of the Pop6/Pop7 heterodimer buries 1760 A% of
the proteins’ solvent accessible area, whereas the interaction
of the heterodimer with the P3 RNA domain buries 900 A2
and 1830 A2 in Pop6 and Pop7, respectively.

Despite having divergent sequences, Pop6 and Pop7 have
similar BaBapopp folds (Figures 2, 3A and B) that differ from
the folds of known bacterial or archaeal RNase P proteins
(Stams et al, 1998; Boomershine et al, 2003; Kazantsev et al,
2003; Takagi et al, 2004; Wilson et al, 2006; Honda et al,
2008).

RNA structure and RNA-protein interactions

The P3 RNA domain is folded into two nearly coaxial helical
stems separated by an internal single-stranded RNA loop
comprised of nucleotides 35-44 and 65-72 (Figures 2 and
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Figure 2 (A, B) Stereoscopic views of the P3 RNase MRP RNA
domain in complex with the RNase MRP/RNase P protein compo-
nents Pop6 and Pop7. The RNA nucleotides 29-50 are shown in red;
nucleotides 59-78 are shown in green; the protein component Pop6
is shown in blue; the protein component Pop7 is shown in yellow;
HO, H1, H2-a-helices; EO, E1, E2, E3, E4-B-strands; the positions of
the N- and C-terminal ends of the proteins are marked correspond-
ingly. The disordered loops in Pop6 (residues 122-128) and Pop?7
(residues 105-124) are symbolized by blue and yellow dots, respec-
tively; the artificially introduced GAAA tetraloop linker connecting
the nucleotides 29 and 78 in the crystallization construct is not
shown.

4A). The structure of the non-helical part of the P3 RNA
domain is stabilized mostly by RNA-protein interactions and
the stacking of RNA nucleobases: the internal loop of the P3
RNA domain contains no canonical or non-canonical base
pairs. The single-stranded RNA section containing nucleo-
tides 35-44 is divided into two distinct segments: because of
the stacking of nucleotides G45, A41, AG65 and A39
(Figure 4A), the nucleotides A42, U43 and G44 loop out
and form a network of interactions with the protein compo-
nent Pop6; the remaining part of this section is almost
exclusively involved in interactions with Pop7 (with the
nucleotide A42 being sandwiched between Pop6 and Pop7).

Pop6 and Pop7 are basic proteins (pI 9.28 and 9.34,
respectively). The crystal structure reveals that positively
charged residues are concentrated mainly in the regions
directly involved in interactions with the P3 domain RNA
(Figure 5).

The positively charged part of the protein component Pop6
enters the major groove of the distal (left in Figures 1, 2 and
4A) helical stem of the P3 RNA domain in the immediate
vicinity of the internal loop. The specificity of the Pop6-RNA
interaction comes mostly from the recognition of the looped-
out RNA nucleotides A42 and G44 (Figure 4A) as well as from
hydrogen bonding between the Hoogsteen edge of nucleotide
A39 and the side chain of GIn89 (Figure 4B).

The interaction of the protein component Pop?7 with the P3
RNA domain is more extensive than that of Pop6 and
involves mostly nucleotides from the single-stranded loop
(Figures 2 and 4A). Several nucleotides appear to be of
special importance because of the formation of sequence-
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Figure 3 The folds of the RNase P/RNase MRP components Pop6
and Pop7 resemble those found in proteins of the Alba family. HO,
H1, H2-a-helices; EO, E1, E2, E3, E4-B-sheets. (A) Pop6. (B) Pop7.
(C) Sulfolobus solfataricus Alba protein Ssol0b (PDB code 1h0x), a
typical Alba protein (Wardleworth et al, 2002). (D) A structure-
guided sequence alignment for Pop6 (lines 2-10) and Pop7 (lines
11-19) versus Alba protein Sso10b (lines 20-21). The alignments are
shown for S. cerevisiae (Sc, lines 5 and 14), Zygosaccharomyces
rouxii (Zr, lines 6 and 15), Candida glabrata (Cg, lines 7 and 16),
Kluyveromyces lactis (KI, lines 8 and 17), Xenopus laevis (XI, lines 9
and 18) and human (Hs, lines 10 and 19) proteins. Line 1: secondary
structure elements; lines 2, 11 and 20: secondary structures of Pop6,
Pop7 and Alba SsolOb (PDB 1h0x), respectively. The residues
conserved in Pop6 (lines 5-10), Pop7 (lines 14-19) and Alba
proteins (line 21) are highlighted as follows: non-polar aliphatic
(GAPVLIM, yellow), aromatic (FYW, dark blue), polar uncharged
(STCNQ, green), positively charged (KHR, light blue), negatively
charged (DE, brown). The absolutely conserved glycine is high-
lighted in red. The shown conservation pattern for Alba is based on
the alignment of Alba proteins with known structures (PDB ID
1h0x, 1y9x, 1nfj, 1nh9, 2h9u, 2z7c, 2bky, the alignment is not
shown). Residues involved in interactions with the P3 domain RNA
are marked with asterisks in lines 3 and 12; residues involved in the
formation of the Pop6/Pop7 heterodimer are marked with asterisks
in lines 4 and 13. For the complete sequence alignment see
Supplementary Figure S2.

specific hydrogen bonds with nucleobases: A37 (with Ser20
and Gly67), C38 (with Argl29 and His18), A42 (with Thr96
and Ser132) and U72 (Asn49 and Lys86). The interaction of
the nucleotide A37 with Pop7 is especially extensive: A37
actually fills a cavity in the protein (Figure 4C). In addition to
their functions in the specificity of RNA-protein interaction,
the nucleotides A37, C38 and A39 are an integral part of the
Pop7 fold: they are sandwiched between a part of the
N-terminal strand of Pop7 (residues 17-24) and the rest of
Pop7, thus ordering the N-terminal region of Pop7
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Figure 4 Interactions in the P3 domain. (A) RNA-protein interac-
tions. Pop6 residues are highlighted in blue; Pop7 residues are
highlighted in orange. P3 domain nucleobases are shown as
boxes; P3 loop nucleobases exposed to the solvent are highlighted
in green. Van der Waals interactions and hydrogen bonding are
shown by arrows; the lines parallel to the nucleobase boxes show
stacking interactions. (B) Sequence-specific interaction between
A39 and GIn89 in Pop6. (C) A37 is involved in extensive interac-
tions with Pop7. (D) Absolutely conserved Gly69 in Pop7 allows for
a sharp turn. (E) A stack of hydrophobic residues (Ile33 (B-strand
E1), Val65 (B-strand E2), Val92 (B-strand E3) and Leul36 (fB-strand
E4)) helps stabilize the B-sheet in Pop7.

(Figure 2A). These three nucleotides are conserved in a wide
range of eukaryotes as an ACR triad (Supplementary Figure
S1), suggesting a conserved structural organization of this
part of the complex. At the same time, in some cases (such as
Schizosaccharomyces pombe, Supplementary Figure S1) the
ACR triad is absent in P3 RNA domains of RNases P/MRP,
possibly indicating an alternative structural organization.

Proteins in the complex

The RNase P/MRP protein component Pop7 (Chamberlain
et al, 1998) is well conserved in eukaryotes from yeast to
vertebrates (Figure 3D; Supplementary Figures S2 and S3).
A bioinformatics analysis of Pop7 suggests that Pop?7 origi-
nates from the Alba family of proteins (Aravind et al, 2003).
Alba proteins are archaeal and eukaryotic DNA- or RNA-
binding proteins involved in RNA metabolism and have the
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Figure 5 The electrostatic potential of the surface of the Pop6/Pop?
protein heterodimer. The positive charges are located predomi-
nantly in the P3 RNA-binding region. Positively charged areas are
shown in blue, neutral are shown in white and negatively charged
are shown in red. The P3 RNA domain nucleotides 29-50 are shown
in red; nucleotides 59-78 are shown in green.

function of a chromosomal protein in some archaea (Aravind
et al, 2003). Alba proteins form a characteristic Bafafp fold
reminiscent of the folds of DNase I and the C-terminal
domain of the translation initiation factor IF; (Wardleworth
et al, 2002) (Figure 3C). Consistent with the results of the
bioinformatics analysis, the structure reveals that the core of
the Pop7 (a-helices H1, H2 and B-strands E1-E4) folds in a
manner resembling the Alba fold (Figure 3B). The positioning
of the additional N-terminal B-strand EO and o-helix HO is
stabilized through their interactions with the P3 domain RNA
nucleotides A37, C38 and A39 (Figure 2A).

The pattern of phylogenetic conservation of the Pop7
residues reflects both the general sequence requirements of
the Alba fold and the unique requirements imposed by RNA-
protein interactions in the Pop7-P3 RNA domain complex
(Figure 3D; Supplementary Figures S2 and S3). The most
striking example of a feature conserved in all Alba proteins is
a glycine residue positioned in the junction between the B-
strand E2 and the o-helix H2 (Gly69 in Pop?7, Figure 3D). The
Alba fold requires a sharp (nearly 180°) turn at this short
junction and, apparently, the presence of this absolutely
conserved glycine allows for the necessary structural flex-
ibility (Figure 4D). Another example of a structural feature
found in Pop7 and conserved in Alba is a stack of
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hydrophobic residues Ile33, Val65, Leul36 and Val92
(Figure 4E) that helps stabilize the four-stranded parallel/
antiparallel B-sheet (Figure 3B).

Two zinc-binding sites were found to be associated with
Pop7 in the crystal structure. One zinc ion is coordinated by
two symmetry-related histidines 18 in Pop7. Although having
a function in crystal formation, this zinc ion is unlikely to be
of physiological relevance. The second, highly anisotropic
zinc-binding site (modelled as two partially occupied zinc
sites) is formed due to the close positioning of His26 and
His30 in Pop?7. The two histidines belong to the short a-helix
HO (Figure 3B); the pair is not well conserved phylogeneti-
cally (Supplementary Figure S2), and the importance and
physiological relevance of this zinc-binding site are not clear.

The protein component of RNase P/MRP Pop6
(Chamberlain et al, 1998) is phylogenetically conserved in
eukaryotes, although the conservation is weaker than that
found for Pop7 (Figure 3D and Supplementary Figure S2; the
apparent human counterpart of Pop6 is Rpp25 (Guerrier-
Takada et al, 2002; Perederina et al, 2007; Welting et al,
2007)). The weaker phylogenetic conservation of Pop6 is
consistent with its role in the P3 domain structure: while
Pop?7 is involved in extensive specific interactions with the P3
RNA, Pop6 interacts mostly non-specifically with the major
groove of a helical part of the P3 RNA domain.

The sequence of the S. cerevisiae protein Pop6 is very
divergent from the sequences of Pop7 or Alba (Figure 3D;
Supplementary Figure S2). Despite this dissimilarity, the
overall fold of Pop6 is found to be similar to the fold of
Pop7 and Alba (Figure 3A-C). The similarity of the Pop6 and
Alba folds is consistent with the results of the bioinformatics
analysis, which suggest that human protein Rpp25, an ap-
parent homologue of yeast Pop6, might be evolutionarily
related to the Alba family, originating from a paralogue that
diverged from the genuine Alba proteins very early in eukar-
yotic evolution (Aravind et al, 2003).

The sequence similarities between Pop6 and Pop7 are
concentrated in the area of the B-strand E2 and o-helix H2
and include the presence of the absolutely conserved glycine
in the B-strand/a-helix junction (Figure 3D). Overall, con-
sidering the degree of the sequence divergence between Pop6
and Pop7, the structural similarity between the two proteins
is striking (Figure 3A and B).

Despite the similar structural organization of Pop6 and
Pop7, the two proteins interact with their RNA substrates
in different manners, and their divergent sequences
apparently reflect this difference. Typical Alba proteins
have a well-defined positively charged area, likely to be
involved in interactions with their nucleic acid substrates
(Supplementary Figure S4A); the location of this area is
approximately the same in all Alba proteins with known
structures (data not shown). The location of this positively
charged area in Pop7 matches the location expected for an
Alba protein, although the surface of the strongly charged
area is considerably larger in Pop7, reflecting the extensity of
the protein’s interactions with RNA (Supplementary Figure
S4B). At the same time, the surface charge distribution in
Pop6 is very different (Supplementary Figure S4C), marking a
different mode of interaction with RNA. The requirement for
a different surface charge distribution apparently results
in the divergent sequences, whereas the overall structural
organization of the proteins remains remarkably similar.
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The formation of the Pop6/Pop7 heterodimer is essential
for the interaction with RNA in yeast (Perederina et al, 2007);
similar results have been obtained for the human proteins
(Welting et al, 2007). The residues involved in the formation
of the heterodimer tend to be phylogenetically conserved
(Figure 3D; Supplementary Figure S2), suggesting that Pop6
and Pop7 form a similar heterodimer in RNases P/MRP
throughout eukarya. It should be noted that Alba proteins
have a propensity to form dimers with a particular juxtaposi-
tion of the proteins, and the mutual orientation of Pop6 and
Pop?7 in the heterodimer resembles that found in Alba dimers
(data not shown).

Discussion

Comparison of the P3 domains in RNase P and RNase
MRP

The P3 RNA domains from RNases P and MRP have clear
similarities in their sequences (Figure 1A and B;
Supplementary Figure S1), interact with the same proteins
(Perederina et al, 2007; Welting et al, 2007) and are inter-
changeable (Lindahl et al, 2000). This suggests a very similar
structural organization of this part in the two enzymes. The
structure of the P3 domain from RNase MRP supports this
hypothesis by showing how sequence differences in the P3
RNA domain of RNases P and MRP can be accommodated
without causing substantial changes in the structural organi-
zation of the domains.

The RNase MRP nucleotides involved in sequence-specific
interactions with Pop6/Pop7 appear to be preserved in RNase
P (Figure 1A and B; Supplementary Figure S5): the A37, C38,
A39 triad (A40, C41, A42 in RNase P), A42 (A45 in RNase P)
and U72 (U80 in RNase P). RNase MRP nucleotides U67, A68
and A69 are replaced with A74, U75, A76 and U77 in RNase
P; the nucleotides U35 and U36 are replaced with U37, U38
and U39 in RNase P, whereas U43 is missing in RNase P
(Supplementary Figure S5). All these deletions and additions
are in bulged out segments of the P3 loop (Figures 2A and
4A) and thus might be accommodated without causing signi-
ficant changes in the RNA fold or RNA-protein interactions,
consistent with available results of mutational studies
(Ziehler et al, 2001).

RNase P has a small internal loop located in the distal (left,
Figure 1A) helical stem of the P3 RNA domain (U67, UGS8),
which is not phylogenetically conserved and is not found in
RNase MRP (Supplementary Figure S1). Assuming that the
position of the loop corresponds to the position of nucleotides
A61 and C62 in RNase MRP (Figure 1A and B), this loop is in
the immediate vicinity of Ser19 and Thr20 in Pop6 and may
serve to strengthen RNA-protein interactions in S. cerevisiae
RNase P. This hypothesis is consistent with the results of
RNase P holoenzyme footprinting, which suggests the invol-
vement of this small internal loop in interactions with
proteins (Esakova et al, 2008).

P3 domain in RNase P/MRP holoenzymes

Footprinting studies performed on RNase P and RNase MRP
holoenzymes show that the P3 RNA domain is involved in
extensive interactions with the protein moiety (Esakova et al,
2008). The results of the holoenzyme footprinting are overall
remarkably consistent with the P3 RNA domain-Pop6,/Pop?
structure, suggesting that any other holoenzyme components
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interacting with the P3 RNA domain will be involved in only
very limited interactions with the P3 RNA domain (with the
possible exception of the proximal (right in Figure 1A and B)
helical stems).

In the non-helical part of the P3 RNA domain (the P3
domain loop), RNA-Pop6/Pop7 interactions are extensive,
protecting most of the non-helical part of the P3 RNA domain
and leaving only a few nucleotides, mostly from the upper
part of the P3 domain loop, exposed to the solvent: U43, G66,
U67 and A69 (Figures 2A and 4A). Similarly, holoenzyme
footprinting (Esakova et al, 2008) showed complete protec-
tion of this region except for U43 (which had its phosphate
backbone exposed, but the nitrogen N3 protected in the
presence of proteins), A65 (phosphate backbone exposed,
N1 protected), G66 (completely exposed), U67 (N3 exposed,
but protected from RNase A), A68 and A69 (phosphate
backbones protected, but N1 exposed).

Interaction of the Pop6/Pop7 heterodimer allows us to
account for the protection observed in the context of the
holoenzyme for all nucleotides in the P3 domain loop except
for the protection of the nucleobase in U43. Therefore, in this
area, substantial involvement of any other proteins is not
required to explain the results of the holoenzyme footprint-
ing. On the other hand, this does not exclude interactions of
some additional protein component(s) with the P3 domain
loop: as most of the nucleotides in the P3 domain loop are not
completely buried in the Pop6/Pop7 heterodimer, some of
them might have being sandwiched between Pop6/Pop7 and
additional protein(s) in the holoenzyme. On the basis of the
crystal structure, however, any additional protein interacting
with the P3 domain loop would also be expected to be
involved in interactions with Pop6/Pop7 and its interaction
with the P3 domain loop would not be expected to be
extensive.

The results of yeast three-hybrid studies suggest the in-
volvement of Popl, the largest RNase P/MRP protein compo-
nent, in specific interactions with the P3 RNA domain
(Ziehler et al, 2001). Yeast two-hybrid studies suggest inter-
actions between Pop1 and both Pop6 and Pop7 (Houser-Scott
et al, 2002). Combined, this makes Pop1 a good candidate for
the function of an additional protein interacting with the P3
domain loop (likely with the upper part of the P3 domain
loop, which is less involved in interactions with Pop6/Pop7).
This putative interaction, however, is not expected to be
extensive and is likely to be at least partly mediated by the
Pop6/Pop7 heterodimer.

According to footprinting studies (Esakova et al, 2008), the
proximal (right in Figure 1A and B) helical stem of the P3
RNA domain is completely protected in the holoenzyme.
Considering the extent of the protected area, it is not likely
that this protection is solely due to the protein-stabilized
tertiary RNA structure in the holoenzyme, and thus the
involvement of the protein moiety is required to explain the
holoenzyme footprinting data. The crystal structure shows
that the interactions with the Pop6/Pop7 heterodimer cannot
account for the observed protection in this part of the P3 RNA
domain, thus implying that additional protein(s) (potentially
Popl) must be interacting with this helical stem in a non-
specific manner.

The crystal structure shows that Pop6 interacts with sev-
eral nucleotides of the distal (left in Figures 1, 2 and 4A)
helical stem of the P3 RNA domain (nucleotides 45, 59,
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61-64, Figure 4A); however, these interactions do not provide
substantial protection of ribose in nucleotides 59, 61-64
(Figure 2A). This is consistent with the results of the Fe-
EDTA holoenzyme footprinting, which do not show notice-
able protection of ribose in these nucleotides in the presence
of proteins (Esakova et al, 2008). In addition, the holoenzyme
footprinting shows a protection of the riboses in nucleotides
G45 and A46 (Esakova et al, 2008). Although the protection
of nucleotide G45 is consistent with the crystal structure, the
protection of nucleotide A46 in the holoenzyme cannot be
explained by the observed interactions with the Pop6/Pop?
heterodimer. This discrepancy, as well as the protection of the
nucleobase in U43 (above), may indicate an interaction with
additional component(s) in the context of the holoenzyme.

Functions for the P3 domain in eukaryotic RNase P/MRP
The results of crosslinking the RNA component of eukaryotic
RNase P and its substrate tRNA show that the P3 RNA
domain is located in close proximity to the ends of the
bound tRNA (Marquez et al, 2006). Specifically, S. pombe
nucleotide C54 (corresponding to approximately G73 in
S. cerevisiae RNase P or G66 in RNase MRP) is found to
crosslink both 5 and 3’ ends of mature tRNA. It should be
noted that in the crystal structure of the P3 domain, RNase
MRP nucleotide G66 is completely bulged out into the solvent
(Figure 2A). The results of holoenzyme footprinting show
that this nucleotide is exposed to the solvent and not affected
by the protein moiety, thus indicating that the bulged config-
uration of G66 and, by inference, of G73 in RNase P, is
maintained in the context of the holoenzyme as well.
Combined with substrate crosslinking data (Marquez et al,
2006), this suggests that this nucleotide is available for direct
(not protein mediated) interaction with the substrate in the
RNase P holoenzyme.

Crosslinking of the substrate to the protein-free S. pombe
RNase P RNA (Marquez et al, 2006) also reveals the proxi-
mity of the ends of the substrate tRNA to the area of the lower
part of the P3 domain loop, which corresponds to approxi-
mately nucleotides 36-39 in S. cerevisiae RNase MRP. On the
basis of the crystal structure, this area is the location of the
protein component Pop7, which suggests that Pop7 is posi-
tioned in the immediate vicinity of the substrate cleavage site,
potentially participating in the substrate binding, at least in
RNase P.

The functions of the multiple protein components in the
eukaryotic RNase P/MRP are not clear. The increased com-
plexity of the protein moiety in the eukaryotic (versus bacter-
ial) enzymes of this family is paralleled by the loss of some
RNA elements involved in tertiary interactions serving to
stabilize the three-dimensional structures of the enzymes
(Krasilnikov et al, 2003, 2004; Kazantsev et al, 2005;
Torres-Larios et al, 2005). Taking this into account, it is
reasonable to suggest that one of the functions of the proteins
in eukaryotic enzymes is to help to stabilize the tertiary fold
of the catalytic RNA component by taking the place of the
missing RNA elements. Modelling the P3 RNA domain into
the available structures of bacterial RNase P RNA (Kazantsev
et al, 2005; Torres-Larios et al, 2005), positions the P3 RNA
domain and the Pop6/Pop7 heterodimer in the vicinity of the
RNA structural elements that serve to stabilize the tertiary
structure in bacterial RNases P, but were lost in eukaryotic
enzymes (P18, L15/P16/P17 in Thermotoga maritima
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Figure 6 Modelling S. cerevisiae RNase MRP P3 RNA domain into
the crystal structure of B. stearothermophilus RNase P (PDB ID
2A64). The P3 RNA domain and proteins bound to it are positioned
in the vicinity of RNA structural elements that serve to stabilize the
tertiary fold in bacterial RNase P (Torres-Larios et al, 2006), but are
missing in eukaryotic enzymes. (A) A surface representation of B.
stearothermophilus RNase P; helical stem P3 is shown in green;
stems P15.1 and P15.2 (which stabilize the tertiary structure of
bacterial RNase P, but are missing in eukaryotic enzymes) are
shown in red. (B) A chimerical model built of B. stearothermophilus
RNase P with stems P15.1, P15.2 removed, and S. cerevisiae RNase
MRP P3 domain replacing the bacterial P3 stem. Bacterial RNase P
is shown in grey; S. cerevisiae P3 domain RNA (inserted by super-
position of the proximal helical stem of the eukaryotic P3 RNA
domain and the bacterial helical stem P3) is shown in green; Pop6 is
shown in blue and Pop7 is shown in yellow.

(Torres-Larios et al, 2005) and P15.1, P15.2 in Bacilius
stearothermophilus (Kazantsev et al, 2005); Figure 6). This
would put the P3 domain and directly or indirectly bound
proteins, including Pop6 and Pop?7, in a position to replace
the lost bacterial RNA elements with protein ones, thus laying
the foundation for the evolutionary transition to protein-rich
eukaryotic enzymes.

Materials and methods

Crystallization

The Pop6/Pop7 heterodimer was overexpressed in Escherichia coli
strain BL-21. Cloning, expression and purification of the Pop6/Pop7
heterodimer were described earlier (Perederina et al, 2007).
Co-expression of Pop6 and Pop7 was required for the solubility of
Pop7 (Perederina et al, 2007). The modified RNase MRP P3 RNA
domain was produced by run-off transcription with T7 RNA
polymerase (Milligan et al, 1987), followed by purification on
15% denaturing (8 M urea) polyacrylamide gels as described earlier
(Perederina et al, 2007). The P3 RNA domain-Pop6/Pop7 com-
plexes were produced by incubating the Pop6/Pop7 heterodimer
with refolded RNA domain in a 1:1 molar ratio as described by
Perederina et al (2007). The crystallization was performed in a
sitting drop at 19°C under the following conditions: 2 M (NH,),SO,,
200mM KCl, 5mM MgCl,, 2mM ZnCl,, 5% w/v p-trehalose, 2%
v/v PEG 400, 100 mM HEPES-Na pH 7.8. The crystals reached their
final size of up to 0.65 x 0.65 x 0.65 mm? in 1 week. After 1 week,
the crystals were transferred into a cryoprotectant solution contain-
ing 40% w/v Xylitol, 2M (NH,),SO4, 200mM KCI, 5mM MgCl,,
2mM ZnCl,, 5% w/v p-trehalose, 2% v/v PEG 400, 100 mM HEPES-
Na pH 7.8, then flash cooled and stored in liquid nitrogen. Technical
details of the crystallization will be published elsewhere.

Data collection and structure determination

Diffraction data collection was performed at NSLS beamlines X25
and X29A. Both native and initial (wild type) selenomethionine
derivative crystals diffracted to about 3. 25A resolution. Three-
wavelength (0. 97104, 0.9787 A and 0.9792 A) multiple anomalous
dispersion data sets for wild-type selenomethionine crystals (space
group P4,22, unit cell a=126.5A, b=126.5A, c=76.8A,
a=B=v=90") were collected. The data sets were integrated and
scaled to 3.25 A resolution using HKL2000 (Otwinowski and Minor,
1997). Initial positions of anomalous scatterers were determined
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Table I Data collection and refinement statistics®

Data collection

Space group P4,22
Cell dimensions

a, b, c (A), 126.514, 126.514, 76.766
Resolution (A) 30-2.70 (2.76-2.70)°
Runerge 0.057 (0.374)
I/ocl 38.4 (2.0)
Combpleteness (%) 92.9 (93.3)
Redundancy 5.0 (2.7)

Phasing and refinement
Resolution (A) 30-2.70 (2.77-2.70)
No. of reflections 16346 (970)
SAD phasing power, acentric 1.15
SAD R-Cullis, acentric 0.768
Ryork/Riree (%) 25.0/26.5 (35.5/33.3)

Number of atoms

RNA 985
Protein 2049
Ions (Zn) 3
Water 50
B-factors (A?)
RNA 98.6
Protein 86.1
Ions (Zn) 81.9
Water 78.0
Overall FOM (Refmac) 0.784
r.m.s. deviations from ideal
Bond lengths (A) 0.006
Bond angles (deg) 1.14
Coordinate error (A), cross-validated 0.68

Luzzati plot

?The structure was solved by the single wavelength anomalous
dispersion (SAD) approach using a crystal of a selenomethionine
derivative; a low-resolution model was used in the first step of
solvent flattening as described in Materials and methods.

"Values in parentheses are for highest-resolution shell.

using SOLVE (Brunger et al, 1998). The final heavy atom model was
refined using SHARP (Fortelle and Bricogne, 1997) and contained 3
Zn ions and 3 Se atoms. The initial phasing information was
produced using solvent flattening with Solomon as implemented in
SHARP (Fortelle and Bricogne, 1997).

The initial crude model of the complex was built using 3.25 A-
resolution electron density maps obtained for the wild-type
selenomethionine derivative crystals. The asymmetric unit con-
tained one molecule of the complex. The initial model contained all
RNA nucleotides and most of the amino-acid residues; however,
because of the low resolution of the initial electron density maps,
the reliable assignment of residues was not possible for some parts
of the proteins; the residues that could not be reliably assigned were
modelled as alanines, and the initial crude model was not refined
further.

To provide additional reference points for the assignment of
residues, nine mutants containing one additional methionine in
each were produced: Pop6 mutants L115M, T140M and L141M;
Pop7 mutants L24M, L52M, L78M, C80M, L100M and L136M.
Pop6/Pop7 heterodimers containing these mutants were over-
expressed with selenomethionine substituting for methionine,
purified and tested for binding to the P3 RNA domain; all of them
were found to bind the P3 RNA domain similarly to the wild-type
complexes (data not shown). During subsequent crystallization
trials, the complexes containing the Pop6 mutant T140M, Pop7
mutants L78M and C80M failed to crystallize in conditions similar
to the original crystallization conditions. The remaining six mutants
(Pop6 L115M and L141M; Pop7 L24M, L52M, L100M and L136M)
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crystallized under conditions practically identical to the original.
The crystals were harvested using a procedure identical to the one
used for the wild-type crystals, and used for data collection at a
single wavelength of 0.9791 A. Surprisingly, although five of the
mutants produced crystals that diffracted comparably to the original
wild-type crystals, one of the mutants, Pop6 L141M, produced
crystals that were consistently better diffracting (2.7 A resolution);
all mutants produced crystals in the same spacegroup as the wild
type, and with very similar cell parameters.

The final model was built using data obtained with the better-
diffracting (2.7 A) selenomethionine derivative of the Pop6 L141M
mutant using single wavelength anomalous dispersion (SAD)
phasing. An additional anomalous scatterer was added to the
original (low resolution, wild type) heavy atom model; the final
heavy atom model contained 4 Se atoms and 3 Zn ions and was
refined using SHARP (Fortelle and Bricogne, 1997). To help resolve
the phase ambiguity of the SAD phasing, the initial low-resolution
crude model of the complex was used in the first step of the solvent
flattening as implemented in SHARP. The resulting electron density
maps (Supplementary Figure S6), combined with the anomalous
signal from the four ordered selenomethionines allowed reliable
tracing and assignment of all RNA nucleotides and all residues
except for the residues 1-3, 122-128 in Pop6, and 1-13, 105-124 in
Pop7. The positions of the residue 115 in Pop6, and residues 24, 52,
100, 136 in Pop7 that were obtained using the anomalous signal
from the remaining five mutants, were consistent with the final
model, thus providing further verification of the assigned register.
A comparison of the final model with the initial low-resolution (wild
type) model and electron density maps did not reveal noticeable
differences between the Pop6 L141M mutant and the wild-type
protein. It is likely that the improved diffraction of the Pop6 L141M
mutant is caused by a more uniform crystal packing: the Pop6
residue 141 is located in a hydrophobic core of the protein in the
vicinity of one of the crystal-forming intermolecular contact points.

The final model was built using COOT (Emsley and Cowtan,
2004). The refinement was performed using Refmac5 (Murshudov
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