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ABSTRACT

Ribonuclease P (RNase P) is a ribonucleoprotein enzyme that contains a universally conserved, catalytically active RNA
component. RNase P RNA requires divalent metal ions for folding, substrate binding, and catalysis. Despite recent advances in
understanding the structure of RNase P RNA, no comprehensive analysis of metal-binding sites has been reported, in part due to
the poor crystallization properties of this large RNA. We have developed an abbreviated yet still catalytic construct, Bst P7D
RNA, which contains the catalytic domain of the bacterial RNase P RNA and has improved crystallization properties. We use
this mutant RNA as well as the native RNA to map metal-binding sites in the catalytic core of the bacterial RNase P RNA, by
anomalous scattering in diffraction analysis. The results provide insight into the interplay between RNA structure and
focalization of metal ions, and a structural basis for some previous biochemical observations with RNase P. We use electrostatic
calculations to extract the potential functional significance of these metal-binding sites with respect to binding Mg2+. The results
suggest that with at least one important exception of specific binding, these sites mainly map areas of diffuse association of
magnesium ions.
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INTRODUCTION

Ribonuclease P (RNase P) is a ubiquitous enzyme required
for maturation of tRNA. RNase P catalyzes the endonu-
cleolytic hydrolysis of a phosphodiester bond in the sub-
strate RNA to generate the mature, phosphorylated 59-end,
with release of the 59-leader sequence (for recent reviews,
see Evans et al. 2006; Kazantsev and Pace 2006; Torres-
Larios et al. 2006; Walker and Engelke 2006). RNase P is a
ribonucleoprotein in vivo, but the substrate-binding and
catalytic activities are conducted by the RNase P RNA
(Guerrier-Takada et al. 1983; Pannucci et al. 1999; Kikovska
et al. 2007). All RNase P RNAs are homologs of common
ancestry, and they share a highly conserved structure
that contains the active site of the ribozyme (Siegel et al.
1996).

RNase P RNA is a metalloenzyme, dependent for its
function on divalent metal ions, naturally Mg2+. Mecha-

nistic studies indicate that RNase P RNA catalyzes an SN2-
like trans-esterification reaction, with two or three divalent
metal ions bound to the transition state (Smith and Pace
1993; Beebe and Fierke 1994; Persson et al. 2003), a
mechanism common to all large ribozymes as well as many
protein-based phosphoryl transfer enzymes (Steitz and
Steitz 1993; Brautigam and Steitz 1998; Nowotny et al.
2005; Stahley and Strobel 2005; Stoddard 2005). Like other
functional RNAs, RNase P RNA adopts a complex fold
in order to achieve its biological functions of substrate
recognition and catalysis. RNA is highly negatively charged,
with one negative charge per inter-nucleotide phosphate.
Consequently, electrostatic repulsion has considerable im-
pact on RNA structure and function. Electrostatic stabili-
zation of RNA structure is achieved by binding of cations,
and both folding and substrate recognition by RNase P
have been linked to the binding of metal ions (Pan 1995;
Beebe et al. 1996; Fang et al. 1999; Kent et al. 2000). Thus,
sites of metal associations are important elements of under-
standing the structure and function of this ribozyme.

Prior to the development of crystal structures of RNase P
RNA, characterization of potential metal-binding sites in
the RNase P RNA was limited to indirect methods such as
metal ion-induced hydrolysis (Kazakov and Altman 1991;
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Zito et al. 1993; Ciesiolka et al. 1994; Kufel and Kirsebom
1996b; Brannvall et al. 2001; Kaye et al. 2002), nucleotide
analog interference mapping (Harris and Pace 1995;
Kazantsev and Pace 1998; Crary et al. 2002), or NMR
experiments involving small RNA fragments (Schmitz and
Tinoco 2000; Getz et al. 2006). Recent crystal structures
(Krasilnikov et al. 2003, 2004) revealed a number of metal-
binding sites, identified by anomalous scattering of Ba2+,
Pb2+ ions, in the S-domain of RNase P RNA, a highly
conserved, independently folding domain of the ribozyme
that contributes to substrate recognition (Loria and Pan
1996). Some Os(III) hexamine binding sites also have been
observed in the catalytic domain of the RNA, in the low-
resolution structures of full-size RNase P RNAs (Kazantsev
et al. 2005; Torres-Larios et al. 2005). However, no more
comprehensive analysis of metal-binding sites in the
catalytic core of RNase P RNA has been reported.

Full-size RNase P RNA has proven to be a poor target for
crystallographic analysis of metal-binding sites because of
the slow rate of crystal growth and, generally, a low success
rate in crystallization experiments. To circumvent this
problem, we developed a new crystallization target, Bst
P7D RNA, which is comprised of the independently folding
catalytic domain of the Bacillus stearothermophilus RNase P
RNA. This truncated RNA readily crystallizes under low
ionic strength conditions suitable for soaking experiments
with several metals. We identify, by anomalous scattering,
many novel metal-binding sites in the catalytic core of
RNase P RNA and evaluate their potential functional
significance in the context of the RNase P RNA structure
and association with Mg2+, the physiological divalent
cation.

RESULTS

Design and crystallographic studies of an abbreviated
RNase P RNA

To design an RNA molecule with improved crystallization
properties, we deleted, by means of molecular cloning, the
regions of the RNA that are disordered in the crystal
structure of the full-length B. stearothermophilus RNase P
RNA. Several variants of such mutant RNAs were tested for
their crystallization properties (Supplemental Fig. 1). One
construct, Bst P7D, shown in Figure 1, is comprised of only
the catalytic domain; all of the S-domain was deleted, and
helix P7 was capped with a stabilizing GAAA tetraloop (see
Fig. 1 legend for nomenclature of RNA structure). This
construct is catalytically active (kcat/Km = 2 3104 min�1/
M�1 at optimal ionic strength 3.0 M potassium acetate, 200
mM magnesium chloride, 0.15 mM spermine tetrachloride,
10 mM Tris, 20 mM HEPES at pH 7.4, 37°C; kcat/Km of
native RNAs is, typically, 6 3 107 min�1/M�1 at 1 M
monovalent and 25 mM divalent cation at 50°C) and
responds to activation by RNase P protein at low ionic

strength. The Bst P7D RNA readily crystallized from a
variety of low and high ionic strength conditions, and
crystals diffracted to 3.6 Å resolution.

The structure of the Bst P7D construct was solved
by standard crystallographic techniques from an Os(III)
hexamine derivative as described in Materials and Methods
and summarized in Supplemental Table 1. As shown in
Figure 2, the refined structure of Bst P7D RNA is nearly
identical to that of the catalytic domain of the full-size
RNase P RNA (RMSD for all superimposable atoms is 2.7
Å; for conserved core atoms, 0.75 Å), with the main
differences attributed to poorly ordered regions of periph-
eral helices P1, P3, and P19. An example of the model fit
to the electron density map is shown in Supplemental
Figure 2.

Mg2+, the physiological divalent cation with RNase P,
cannot be seen at the relatively low diffraction limit of the
available crystals of RNase P RNA and its derivatives.
Consequently, we scanned a variety of di- and trivalent
metal ions for their ability to generate anomalously
scattering derivatives that could be used to identify
metal-binding sites in the Bst P7D structure. These
included Mn2+, Co2+, Ni2+, Cu2+, Au3+, Pb2+, and the
lanthanides (La3+, Pr3+, Sm3+, Gd3+, Dy3+, Yb3+, Lu3+), in
addition to Os(III) hexamine used in structure determina-
tion. These ions, different in size, charge, and polarizability,
are not specific proxies for Mg2+. They can bind to RNA
differently than does Mg2+, for instance, through formation
of different coordination complexes with RNAs that are
formed by Mg2+. Nonetheless, identification of binding
sites for these ions can serve to indicate sites in the RNA
that attract metals, including potentially Mg2+.

With some of the ions tested, we failed to find cryopro-
tecting and soaking conditions that would result in a useful
derivative. Typical outcomes included loss of diffraction
properties as a result of a soaking experiment, or absence of
anomalous signal. Overall, five metals, Pb2+, Sm3+, Gd3+,
Yb3+, and Os(III) hexamine, produced anomalously dif-
fracting derivatives (Table 1). Metal-binding sites were
identified as peaks in anomalous difference maps. We omit
from discussion sites involved in crystalline lattice contacts
or sites not well defined by anomalous signals.

Overall distribution of metal-binding sites

As illustrated in Figure 3, anomalous scattering by cations
is localized primarily at the major grooves of helices and at
sites where the RNA backbone adopts unusually tightly
packed conformations, as occur particularly in the core of
the catalytic domain. Despite differences in crystallization
and soaking conditions, there is good correlation in the
structural distribution of scattering by Os(III) hexamine
between the full-size and Bst P7D RNA: 12 out of the 15
strongest peaks found in the Bst P7D derivative overlap
with 12 out of 26 peaks found in the derivative of the
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full-size RNA. Scattering by lanthanides, analyzed only with
the Bst P7D construct, does not overlap with the scattering
by Os(III) hexamine, although all three ions (Sm3+, Gd3+,
and Yb3+) tend to occupy the same sites. This might reflect
differences in the coordination chemistry between the
lanthanides and Os(III) hexamine, for instance the inability
of the Os(III) hexamine to engage in inner-sphere coordi-
nation with RNA ligands. Overall, based on the anomalous
scattering analysis with the two RNAs, we identify 13 well-
resolved metal-binding sites in the catalytic core of the
RNase P RNA, shown in Figure 4A (structural details are
available in Supplemental Table 2). In the following
sections, we describe some of these metal-binding sites
that have particular relevance to RNase P RNA structure
and function, and biochemical correlations.

Conserved structural center of RNase P RNA
(M3–M7, M9, M13)

Helix P4 is formed by long-range pairing of two of the most
highly conserved sequences in RNase P RNA and serves as a
structural organizing center for the catalytic domain of the
RNA. Because of its unusually high conservation among

RNase P RNAs, helix P4 and its flanking regions (J3/4 and
J19/4) have long been considered a part of the catalytic
center of the ribozyme. In the crystal structures, the major
groove of P4 is oriented toward the substrate-binding face
of the ribozyme, and the flanking sequences are involved in
a set of complicated interactions that structurally organize
the catalytic center (Kazantsev et al. 2005). Helix P4 is
essentially a canonical A-form helix with a bulged U residue
(U52) that opens the major groove of the helix to host
several metal-binding sites. Metal population of this part of
the RNA is seen with osmium hexamine and Pb2+ in the
native RNA, and osmium hexamine and the lanthanides in
the abbreviated RNA.

Sites in common between the native and mutant RNAs
have the same metal coordination features, but the full-
length RNA apparently binds metals more avidly than does
the mutant RNA. This is seen, for example, with metal-
binding sites M3 and M4, which are located adjacent to one
another in the major groove of helix P4 (Fig. 4B,C). Site
M3, formed primarily by the Hoogsteen faces of bases A55,
G57, and G254, is populated by Os(III) hexamine and
Pb2+-ions in crystals of the full-size RNA. In contrast,
anomalous signal from either ion falls below the threshold

FIGURE 1. Secondary structure of the Bst P7 D construct compared with the structure of the full-size RNA. Paired regions are labeled P1, P2,
etc., in order of their appearance from the 59-end in the full-size RNA. Inter-helical joining regions are named according to the names of the
paired regions that they connect; e.g., J3/4 stands for nucleotides joining P3 and P4. Loops are labeled according to the names of the helices that
they cap; e.g., L8 caps helix P8.
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of noise in the crystals of Bst P7D RNA; the cations bind
less tightly, if at all, to that site in the mutant RNA. On the
other hand, the adjacent metal-binding
site M4 is populated by Os(III) hexamine
in both RNAs. Another example of pref-
erential metal binding by the full-length
RNA in this locale of the tertiary struc-
ture is site M5, located just outside of
the major groove of P4, sandwiched by
phosphates of U393 and G394 in helix
P4 and by phosphates of G47 and A49,
adjacent to helix P4 (J3/4, Fig. 4B). This
site is occupied by Os(III) hexamine
only in crystals of full-sized RNA. The
structural reason for these apparently
different metal-binding capacities of
the native and abbreviated RNAs may
lie in the tertiary structure (below).

Particularly close backbone packing
occurs at the interface between P4 and
J19/4, where phosphate atoms of three
universally conserved nucleotides (A50,
A389, and A390) are brought together
within 4.7–4.0 Å of each other. This
creates a strongly electronegative center,
and we identify a corresponding, com-
pact metal-binding site, M6. As illus-
trated in Figure 4C, this site is occupied
by lanthanide ions (Sm3+, Gd3+, Yb3+)
in crystals of the Bst P7D RNA. The
site is formed primarily by the pro-Rp

and pro-Sp nonbridging phosphate oxy-
gens of A50 and A390, as well as by
the pro-Sp oxygen of A389 (Supplemen-
tal Table 2). This finding provides a
structural context and corroboration
for previous phosphorothioate modifi-

cation-interference results that showed
the importance of A50 and A390 phos-
phates in RNase P function (Harris and
Pace 1995; Christian et al. 2002; Crary
et al. 2002). Those earlier results were
interpreted to indicate that these phos-
phates might participate in catalysis.
However, the M6 metal-binding site is
some distance (12 Å) from the expected
center of chemical catalysis, as collec-
tively painted by numerous photoaffin-
ity cross-linking studies (Burgin and
Pace 1990; Kufel and Kirsebom
1996a; Christian et al. 1998; Pomeranz
Krummel and Altman 1999; Zahler
et al. 2003; Kazantsev et al. 2005), and
it is hard to imagine its direct involve-
ment in the chemistry of the reaction

without invoking a rather major conformational rearrange-
ment of the enzyme. Nonetheless, site M6 is positioned on

TABLE 1. Metal-binding sites in the catalytic core of the bacterial RNase P RNA: Strength
of anomalous signal and electrostatic calculations

Site Model Ion Anopeak

Soaking conditions
Mg2+ in high
ionic strength

DHbind

(kJ/mol)
Site f

(kT/e)
DHbind

(kJ/mol)
Site f

(kT/e)

M1 Wt OsHex 11.8 �195 �23.8 150 �13.5
M2 Wt OsHex 9.0 �152 �11.8 69 �4.1
M3 Wt OsHex 7.0 �83 �12.2 16 �2.8

Wt Pb2+ 16.4 �9 �13.4 62 �4.0
Bst P7D OsHexa n/a �54 �3.5 — —

M4 Wt OsHex 15.2 �192 �28.5 84 �4.1
Bst P7D OsHex 42.4 �130 �5.7 66 �5.1

M5 Wt OsHex 9.9 �261 �26.2 54 �6.6
Bst P7D OsHexa n/a �174 �7.0 — —

M6 Bst P7D Sm3+ 12.3 �484 �104.0 �227 �100.5
Bst P7D Gd3+ 4.6 �255 �44.0 �85 �40.0
Bst P7D Yb3+ 7.2 �198 �57.0 �76 �54.5

M7 Wt OsHex 7.8 �509 �31.0 69 �22.0
M8 Bst P7D Sm3+ 25.4 �162 �8.0 �42 �6.4

Bst P7D Gd3+ 9.7 �60 �6.2 10 �4.9
Bst P7D Yb3+ 9.7 �130 �10.5 �43 �8.9

M9 Wt OsHex 8.9 �62 �6.8 70 �2.7
M10 Bst P7D Pb2+ 17.4 96 �26.3 273 �13.7
M11 Wt OsHex 12.2 �269 �33.3 107 �9.1
M12 Wt OsHex 14.3 �155 �21.4 84 �3.8

Bst P7D OsHex 5.0 �99 �4.3 53 �3.8
M13 Wt OsHex 5.2 �237 �20.6 36 �5.4

Values of the electrostatic potential at the center of each site and enthalpy of binding to the
site are calculated for the anomalously scattering ions under crystal-soaking conditions (see
Materials and Methods for details) and for a Mg2+ ion under the ionic conditions that favor
high ribozyme activity (50 mM monovalent buffer, 1 M KCl, 25 mM MgCl2 in water at
298°K).
aOsmium(III) hexamine binding is not detected at sites M3 and M5 in the Bst DP7 construct.
The values of the site electrostatic potential (f) and DHbind were calculated to illustrate the
influence of the long-range docking by L8 into the minor groove of P4 onto the metal-
binding properties of the major groove of P4.

FIGURE 2. Crystal structure of the Bst P7D construct (PDB ID 3DHS, right) compared with
the structure of the full-size RNA (PDB ID 2a64, left). The elements of the secondary structure
are labeled and colored accordingly between two different structures. The panel in the middle
shows backbone traces of the superimposed structures of the Bst P7D RNA and corresponding
portion of the full-size RNA.
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the surface of the substrate-binding face of the ribozyme,
and is one of the most highly conserved and structurally
conspicuous features in the RNase P RNA (see Discussion).

The details of other metal-binding sites in this central
portion of the RNase P RNA, some associated with highly
conserved structural elements and thereby potentially
important sites for the function of the ribozyme, are
provided in Supplemental Table 2.

Metal binding promoted by long-range
tertiary structure

The loop of Helix P8 (L8) docks into the minor groove of
Helix P4 and serves to correctly position the S-domain of
RNase P RNA with respect to the catalytic domain (Loria
and Pan 1996). This structure is conserved with some
variation in all RNase P RNAs (Massire et al. 1998). The
fold of loop L8 in the B. stearothermophilus structure, which
docks into helix P4, is dominated by two cross-strand
purine stacks that position four adenine nucleotides in the
loop (A99, A100, A106, A107) for interaction with the
minor groove of helix P4. Four consecutive A-minor

interactions (Nissen et al. 2001) engage the interacting
backbones in consecutive ribose zippers (Tamura and
Holbrook 2002). The resulting conformation of loop L8
creates a very narrow major groove, with distances between
phosphorous atoms across the groove reduced to 8.6–10 Å,
from z18.2 Å typical of the canonical A-form helix. This
proximity of the phosphates is expected to create a strongly

FIGURE 3. Overall distribution of the anomalous scattering. Back-
bone traces for the models of the full-size RNA and the Bst P7D
construct are shown as gray wire; two orientations for each construct
are shown. (Orange mesh) Anomalous scattering by Os(III) hexam-
ine, (purple mesh) scattering by Pb2+, (yellow mesh) scattering by
Sm3+, (blue mesh) scattering by Gd3+, (green mesh) scattering by
Yb3+. The RNA-phased anomalous scattering difference maps are
contoured at 4.5s for both derivatives of the full-size RNA and at 4s
for the derivatives of Bst P7D, except for the Pb2+-derivative of the Bst
P7D RNA that is contoured at 5s.

FIGURE 4. Metal-binding sites in the catalytic core of the RNase P
RNA. (A) Stereo view of the distribution of the core metal-binding
sites in the context of the RNase P RNA structure. Highly conserved
elements of the structure are highlighted: P4 (blue), J3/4 (orange), J5/
15 (yellow), J15/15.1 (teal), CR IV (purple), and J19/4 (green). (B)
Stereo view of cation binding at the major groove of helix P4 in the
full-size RNase P RNA structure. Anomalous scattering by Pb2+

(contoured at 7s, blue mesh) and Os(III) hexamine (5s, red mesh)
are shown. Highly conserved elements of the structure: (light blue) P4,
(orange) J3/4, (light purple) CR IV, (light green) J19/4. (C) Stereo
view of cation binding at the major groove of helix P4 in the Bst P7D
structure. Anomalous scattering by Pb2+ (contoured at 8 s, blue
mesh) and Os(III) hexamine (7s, red mesh), Sm3+ (8s, teal), Gd3+

(4s, purple), and Yb3+ (5s, yellow) are shown. Conserved RNA
structure elements are colored as above.
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electronegative center; consistent with this expectation, we
identify metal-binding sites M1 and M2 in this region, both
occupied by Os(III) hexamine ions and only in the full-
length RNA (Supplemental Fig. 3). The abbreviated Bst
P7D RNA lacks helix P8 and so does not form the tertiary
structure that creates these metal-binding sites. Site M1 is
formed primarily by the nonbridging phosphates of
nucleotides C97 and U105, and by the Hoogsteen face of
nucleotide G98. Site M2 is more compact, with the closest
ion-binding partners being the nonbridging phosphates of
nucleotides A99, A100 (pro-Rp oxygen), and A104; the
Hoogsteen face of A104; and the ribose of C102 (see
Supplemental Table 2 for a detailed list of all potential
contacts for each of the metal-binding sites).

The docking of loop L8 into helix P4 contributes not
only to the structural organization of the RNA, but also is
expected to deliver electronegative potential to that portion
of the RNA, enhancing the metal-binding capacity. This
electronegative potential is expected to propagate into the
major groove of helix P4 and possibly explains the appar-
ently greater affinity of the P4 major groove of the full-
length RNA for metals than is seen with the abbreviated
mutant RNA. These suggested differences in the electro-
static properties of the full-length and mutant RNAs that
may be manifest in metal-binding capacity also are consis-
tent with electrostatic calculations (below).

The catalytic center of RNase P (M10–M12)

The loop of Helix P15 binds the 39-terminal CCA of tRNA
substrates and helps position the substrate phosphate, in
the opposite strand of the substrate helix, at the catalytic
site. Helix P15 is connected to the catalytic core of the
ribozyme by two highly conserved trinucleotide linkers, J5/
15 and J15/15.1, which interact with other conserved
elements to organize the proposed catalytic center of the
ribozyme. Sharp kinks in these linkers and other bonds,
and the close packing in this portion of the molecule, bring
several phosphate groups into close apposition to result in
metal-binding sites. For instance, a sharp backbone kink
between nucleotides A257 and C258 in the J15/15.1 linker
accommodates metal-binding site M8, occupied by lantha-
nide ions (Sm3+, Gd3+, and Yb3+) in crystals of the Bst P7D

RNA (Fig. 4B). This site is formed by nonbridging
phosphate oxygens of these adjacent nucleotides, packed
within 2.6 Å of each other.

Metal-binding site M10 is of particular interest because it
is located at the center of the area identified as the
chemically active site of the ribozyme by a variety of
biochemical methods (Burgin and Pace 1990; Kufel and
Kirsebom 1996a; Christian et al. 1998; Pomeranz Krummel
and Altman 1999; Zahler et al. 2003). Site M10 is formed
where a backbone kink between nucleotides A255 and A256
in the J5/15 linker brings the phosphate group of A256
within 6.1 Å from the phosphate of C391. This is a

structural junction of some of the most conserved elements
in RNase P RNAs, including CR IV, J19/4, J5/15, and J15/
15.2 (Fig. 4C). Site M10 exhibits anomalous scattering by
Pb2+ in crystals of the Bst P7D RNA. The Pb2+-binding site
is formed by pro-Rp nonbridging phosphate oxygens of
nucleotides A255 and A256, along with exocyclic O6 of
highly conserved G275, the Hoogsteen face of A332, and both
exocyclic carbonyls of U333 of CR IV (Supplemental Table
2). Close by, and partially overlapping with site M10, are
sites M11, identified in the native RNA by occupancy with
osmium hexamine, and M12, seen in both the native and
mutant RNAs with osmium hexamine. This locale of the
RNA evidently has a high affinity for metals, even in the ab-
sence of a docked substrate molecule. Occlusion by a substrate
would be expected to increase substantially the local electro-
negative potential and consequently the affinity for metals.

Electrostatic calculations

We do not take these metals that we can see by anomalous
scattering as specific proxies for Mg2+, the natural divalent
cation for RNase P. Indeed, most Mg2+ associates with
RNA diffusely and usually is not seen crystallographically.
Instead, we interpret these binding sites to indicate local-
ities in the RNA with a particular capacity to attract metals
in general, including potentially Mg2+.

Metal ion affinity of RNA structure is expected to
distribute with the electrostatic properties of the solvent-
accessible surface. Consequently, to assess if the observed
metal-binding sites indeed map areas that are electrostat-
ically favorable for cation binding, we performed electro-
static calculations by numerically solving a nonlinear
Poisson–Boltzmann equation for each of the RNA mole-
cules (see Materials and Methods). We initially correlated
the distribution of electrostatic potential on the molecular
surface and the occurrence of the peaks of anomalous
scattering. As illustrated in Figure 5, the metal-binding sites

FIGURE 5. Cation binding follows the distribution of electrostatic
potential on the molecular surface of RNase P RNA. (A) Cation
binding to the catalytic core of the full-size RNase P RNA (substrate-
binding face). (Gray) Os(III) hexamine peaks, (green) Pb2+ peak. (B)
Cation binding to the core of Bst P7D RNA. Same orientation as
above. (Teal) Sm3+ peaks, (purple) Gd3+ peaks, (yellow) Yb3+ peaks.
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indeed are found in crevices in the RNA surface, where the
electrostatic potential is calculated to assume unusually
high negative values. As summarized in Supplemental
Table 2, peak values of the calculated electrostatic potential
on the surface of the metal-binding sites M1–M13 range
from �29 to �62 kT/e under the solvent conditions used in
the soaking experiments, with most values distributed
between �30 and �50 kT/e. This correlates with the
negative values of the electrostatic potentials at the center
of the metal-binding site (compiled in Table 1).

We next estimated the electrostatic contribution to the
free energy of cation binding under the soaking conditions
by calculating, for each bound cation, the difference
between the total electrostatic energy of the RNA–cation
complex and the unbound states of RNA and the ion. Such
calculations are limited by the inability to accurately
account for potential competition of different cationic
species for the same binding site and for energetically
unfavorable entropy changes upon ion binding (Misra et al.
2003) that may be significant. These results are summarized
in Table 1. With the single exception of site M10, binding
of the anomalously scattering ions to their respective sites is
found to be highly electrostatically favorable. This result
validates to some extent our use of anomalous scattering
ions to map the electrostatic surface for potential binding
sites for metals in general. The correspondence between
observed binding sites and calculated electrostatic fields
also encourages confidence in the application of the
electrostatic theory to such a complex system as a large
folded RNA in a multicomponent solution.

We next asked whether any of these metal-binding sites
are favorable for binding of Mg2+ ions, which differ in
charge, size, desolvation energy, and polarizability from the
anomalously scattering ions used in this study. Most of the
metal-binding sites identified in the catalytic face of RNase
P RNA appear to be energetically unfavorable (positive
DHbind) for specific binding of magnesium under ionic
conditions that favor high catalytic activity of the ribozyme
(Table 1). Any association with Mg2+ is predicted to be
diffuse. The exceptions are the two metal-binding sites M6
and M8, identified by the anomalous scattering of lantha-
nide ions. Site M6, implicated in RNase P RNA function by
phosphorothioate interference studies (above), shows sig-
nificant enthalpy gain upon binding of magnesium ion
(Table 1, up to �227 kJ/mol), consistent with the potential
for specific binding of Mg2+ as indicated by modification-
interference studies (see Discussion). Site M8, also in the
substrate-binding face of the RNA, is only marginally
favorable for specific binding (Table 1, up to �43 kJ/mol).

DISCUSSION

Rational design of RNA constructs for crystallization
usually involves identification of independently folding
domains (Cate et al. 1996; Correll et al. 1998; Kieft et al.

2002) or introduction of crystallization modules at the
periphery of RNA to promote lattice contacts (Ferré-
D’Amaré et al. 1998). In the case of RNase P RNA,
biochemical characterization of the domain structure con-
tributed to crystallization and structure determination of
two phylogenetically distinct variants of the S-domain
(Krasilnikov et al. 2003, 2004). Here, we sought to derive
an RNase P RNA with an intact catalytic domain, but with
improved crystallization properties compared with the
native RNA. This was approached by excising the native
RNA substructures that are poorly ordered in crystals of the
full-size RNA.

The winning construct, Bst P7D RNA, indeed has
improved crystallization properties compared with the
full-size RNA, including a relative ease of nucleation, much
faster growth rate (a few weeks compared with several
months for the full-size RNA), and the ability to crystallize
from low ionic strength conditions, while retaining essen-
tially the same structure as the catalytic domain of the full-
size RNA. The diffraction limit of the crystals of the best of
the designed constructs, Bst P7D, did not exceed that of the
original crystallization target, full-size RNase P RNA from
B. stearothermophilus. However, the faster growth rates of
the Bst P7D crystals and the higher success rate of the
crystallization trials made it a good target for study of metal
binding to the catalytic domain of RNase P RNA. Almost
all crystallization drops yield diffraction-quality crystals of
the Bst P7D RNA under optimal conditions, while only
z5% of drops yielded crystals of the full-size RNA.
Diffraction analysis of the anomalously scattering lantha-
nide derivatives of Bst P7D RNA, unavailable in the case of
the full-size RNA, identified many metal-binding sites in
the catalytic core of the RNA that had not previously been
observed.

Overall, we identified 13 unambiguous metal-binding
sites in the catalytic core of B. stearothermophilus RNase P
RNA. Eleven of these sites are formed by phylogenetically
highly conserved structural elements of the RNase P RNA
(summarized in Supplemental Table 2), and therefore are
expected to be populated by cations to some extent in any
bacterial RNase P RNA. This prediction is supported by
crystallographic studies of the T. maritima RNase P RNA
(Torres-Larios et al. 2005), where the structural homolog of
metal-binding site M3, in the major groove of helix P4 (the
only one that could be modeled due to low resolution of
data), was found to host an osmium hexamine ion. Of
course, we acknowledge that magnesium may not occupy
the sites of anomalous scattering, and we cannot observe
magnesium at the current resolution. Consequently, we
asked which of the 13 metal-binding sites that we observe
in the core are thermodynamically favorable for binding of
the Mg2+ ions that are known to be required for the
catalytic activity of RNase P.

A thermodynamic framework for cation interaction with
RNA has been well developed by Draper and colleagues
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(Draper 2004; Draper et al. 2005). Binding of metal ions
with closed-shell electron structure, such as Na+, K+, and
Mg2+, is primarily influenced by electrostatic interactions
with RNA, water, and other ions in the solution. While
providing a structurally oversimplified description, two
binding modes suffice in adequately modeling the thermo-
dynamics of RNA interaction with these ions: diffuse and
specific. In this simple model, diffusely associated ions
retain their hydration shell and are loosely associated with
the nucleic acid, forming an ionic sheath around the
biopolymer. The distribution of diffusely associated ions
follows the value of the electrostatic potential around the
RNA, with local concentrations of the cation increasing in
areas of more negative surface potential.

Specific site binding, in turn, is accompanied by (partial)
desolvation of the cation, which allows for compact
packing of opposite charges upon binding to RNA, and
thus can be electrostatically more favorable than diffuse
association. In the case of Mg2+, however, the desolvation
cost is very high, due to its small size and consequent high
surface charge density. The most common mode of Mg2+

interaction with RNA is diffuse, and site binding can occur
only in foci where the electrostatic potential reaches
unusually high negative values (z�60 kT/e or more)
(Misra and Draper 2000, 2001; Soto et al. 2007). Despite
its loose nature, however, diffuse association of cations with
RNA is thermodynamically significant: thermodynamic
stabilization of tRNA structure by Mg2+ ions can be
adequately modeled by invoking only diffuse association
(Misra and Draper 2000).

Despite limitations arising from the complexity of the
structures, our calculations suggest that binding of the
Os(III) hexamine, Pb2+, and lanthanides in the catalytic
core of the bacterial RNase P RNA is mainly electrostati-
cally consistent with true site binding. The only exception
to this is the Pb2+ found at site M10. However, Mg2+

association at most of the identified sites is estimated to be
diffuse, since the values of the electronegative potential at
these sites is insufficient to overcome the large energetic
cost of Mg2+ desolvation and release of diffusely bound
ions. Thus, these metal-binding sites, although formed by
highly conserved structural elements, are expected to
represent areas of locally increased concentration of Mg2+

that are structurally important for electrostatic stabilization
of the folded catalytic core of the RNA.

Metal-binding site M6 (Fig. 6) stands out in our analysis.
This is the only site where specific Mg2+-binding is
calculated to be clearly favorable. The site is formed by
absolutely conserved elements of the RNase P RNA
structure (helix P4 and the inter-helical joining region
J19/4) and is accessible from the substrate-binding face of
the ribozyme. A number of independent biochemical
studies (Harris and Pace 1995; Christian et al. 2002; Crary
et al. 2002) have implicated major constituents of this site,
pro-Sp oxygen of A50 and pro-Rp oxygen of A390, in direct,

inner-sphere coordination of a Mg2+ ion important for the
ribozyme activity. Although direct involvement of this
metal ion in the chemical step was suggested, structural
interpretation of photoaffinity cross-linking experiments
(Burgin and Pace 1990; Kufel and Kirsebom 1996a;
Christian et al. 1998; Pomeranz Krummel and Altman
1999; Zahler et al. 2003; Kazantsev et al. 2005) suggests
that the chemically active site in RNase P may be located
z12 Å distant from site M6. Aside from hypothetical
involvement in the chemistry of the reaction, the specific
role of Mg2+ binding at metal-binding site M6 appears to
be purely structural, to relieve electrostatic stress associated
with the tight packing of the phosphate groups of highly
conserved nucleotides A50, A389, and A390, which other-
wise may interfere with the tight folding of the catalytic
core.

Where in the RNase P structure are the binding sites for
the catalytic magnesium ions? The best candidates at this
time are in the vicinity of sites M10 and M11, located at the
center of the proposed active site of the ribozyme according
to the results of cross-linking experiments. Although in this
study these sites are calculated to associate with Mg2+ only
diffusely, this is in the absence of the substrate. Packing of
the negatively charged substrate into the active site is likely
to alter significantly the local electrostatic structure and
potentially promote specific coordination of Mg2+ ions
required for the catalytic step.

MATERIALS AND METHODS

RNA preparation and annealing

The transcription templates were derived from pBstHH2 (Kazantsev
et al. 2005) by standard molecular cloning techniques, includ-
ing PCR and enzymatic ligations. All resulting constructs bear

FIGURE 6. Metal-binding site M6. Lanthanide ions are shown as
spheres: Sm3+ (teal), Gd3+ (purple), and Yb3+ (yellow). Nonbridging
phosphate oxygen atoms involved in coordination of the lanthanide
ions are also shown as spheres colored according to the encompassing
structural elements; (highlighted red) atoms identified in phosphor-
othioate modification-interference experiments as directly coordinat-
ing Mg2+ ions.
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cis-cleaving hammerhead ribozyme sequences at the 59 and 39

termini in order to reduce size heterogeneity of the target RNA
upon transcription. All DNA constructs were verified by sequenc-
ing. RNA was transcribed in vitro as described elsewhere (Ke and
Doudna 2004), purified by electrophoresis in a 4% denaturing
polyacrylamide gel, and further purified by gradient ion exchange
chromatography on HiTrap Q Sepharose (Amersham-GE). Eluted
RNA was concentrated and desalted into 0.2 mM Na-EDTA with
Centricon 50 (Millipore), filtered through a 0.2-mm Ultrafree-MC
microcentrifuge filter (Millipore), and stored frozen at �20°C.
RNA concentration was determined spectrophotometrically. Prior
to crystallization, RNA species were annealed at 3–6 mg/mL (28–
65 mM) in 10 mM MgCl2 for 2 min at 65°C followed by slow (35–
40 min) cooling to 30°C. Crystallization leads were identified by a
sparse matrix screen (Scott et al. 1995) and further improved by
systematic variation of the crystallization conditions.

Optimized crystallization of Bst P7D RNA
and heavy-atom soaks

The Bst P7D RNA was annealed at 2.6 mg/mL (28 mM) in 10 mM
MgCl2 for 2 min at 65°C followed by slow (35–40 min) cooling to
30°C. To the annealed RNA sample, a 1:50 volume of melted 0.5%
agarose in 0.2 mM EDTA, pH 8.0, (pre-equilibrated at 37°C) was
added, and the sample was immediately mixed by vigorous
vortexing. The annealed RNA sample (20 mL) was mixed with
20 mL of the reservoir (50 mM Na-cacodylate at pH 6.5, 100 mM
KCl, 0.7–1.0 mM spermine tetrachloride, 21%–23% 1,6-hexanediol)
and equilibrated by vapor diffusion against 1 mL of reservoir in
the sealed Cryschem Plates (Hampton Research) at 23°C. Dif-
fraction-quality RNA crystals grew in these conditions within a
few weeks. Crystals were harvested by transfer to 4 mL of 50 mM
Na-cacodylate at pH 6.5, 100 mM KCl, 20 mM MgCl2, 1 mM
spermine tetrachloride, 23% 1,6-hexanediol and were cryopro-
tected by gradually increasing the concentration of 1,6-hexanediol
to 31%. Lanthanide derivatives were prepared by soaking the
cryoprotected crystals of Bst P7D RNA in the cryoprotectant
solution containing 0.25 mM SmCl3, GdCl3, or YbCl3 for 6–8 h at
23°C. Pb2+-derivative was prepared as above, except the concen-
tration of the heavy atom compound ½Pb(II) acetate� was 10 mM
and the concentration of MgCl2 was reduced to 10 mM. The
Os(III) hexamine derivative was prepared by transferring the
cryoprotected crystals of Bst P7D RNA into a solution containing
50 mM Na-N-(2-acetamido)iminodiacetate at pH 6.5, 100 mM
KCl, 20 mM MgCl2, 0.30 mM Os(III) hexamine triflate, 1 mM
spermine tetrachloride, and 31% 1,6-hexanediol and soaking for
3 d at 23°C. Derivatized crystals were flash-cooled by immersion
in liquid nitrogen and stored in liquid nitrogen until data
collection.

Data collection, processing, and model refinement

Data collection statistics for the full-size RNA crystals have
been reported elsewhere (Kazantsev et al. 2005). Diffraction data
from the Bst P7D RNA crystals were collected at 100 K at ALS
beamlines 8.2.1 and 8.2.2, and SSRL beamline 9.2. Inverse beam
strategy was employed to collect anomalous data for all deriva-
tives. All data sets were processed with d*TREK 9 (Pflugrath
1999). Data processing statistics are presented in Supplemental
Table 1.

Initial crystallographic phases were solved to 3.6 Å by molecular
replacement with CNS (Brunger et al. 1998) using the data
collected from the Os(III) hexamine derivative. The search model
was generated from the model of the full-size RNA (PDB ID
2A64) by removing excess nucleotides. To lower model bias, an
alternative phase solution was generated by a SAD experiment on
the same data set. The two sets of phases were combined and the
result was further improved by density modification by solvent
flipping. Model analysis and rebuilding was performed with the
program O (Jones et al. 1991). A typical round of model
refinement included restrained simulated annealing by torsion
dynamics, crystallographic conjugate gradient minimization, and
grouped B-factor refinement. In the last rounds of refinement, the
model was scrutinized against a composite annealed omit map
(Hodel et al. 1992). After a final round of refinement, the model
was deposited with PDB ID 3DHS. The final model statistics are
outlined in Supplemental Table 1.

Electrostatic calculations

Electrostatic calculations were performed by solving a nonlinear
Poisson–Boltzmann equation with APBS (Baker et al. 2001).
Calculations employed a fixed multilevel grid procedure with grid
spacing of #0.365 Å. The grid dimensions were 109.036 Å 3

106.876 Å 3 128.479 Å for both RNA models. This placed each
RNA molecule inside a box that exceeded the RNA dimensions by
at least 20 Å (estimated Debye length under conditions used for
modeling did not exceed 8 Å). RNA was treated as a low dielectric
medium (e = 2; Misra and Draper 2001) within a volume enclosed
by its water-accessible surface (probe radius 1.4 Å). Hydrogen
atoms were added to crystallographic models, and the atomic radii
and charges were assigned with pdb2pqr functionality of APBS
(Dolinsky et al. 2004) according to AMBER force field parameters.
To reduce the sensitivity of computations to the grid setup, cubic
B-spline discretization was applied in mapping the RNA charges
onto the grid points, and nine-point harmonic averaging was
applied to the surface-based dielectric and ion-accessibility coef-
ficients as implemented in APBS. Control calculations with a grid
origin shifted by one-third grid spacing in any direction resulted
in differences in free energy values by no more than 6%. The sur-
rounding solvent was treated as a high dielectric continuum (e =
78.5 for water-based solutions and e = 65 for the solutions
containing 30%–31% organic cryoprotectant). Diffusely associ-
ated electrolytes were distributed according to a Boltzmann
weighted average of mean electrostatic potential, with the follow-
ing ion-exclusion radii: acetate ion, 3.6 Å; Mg2+ ion, 2.0 Å; K+ ion,
2.2 Å; Cl� ion, 2.0 Å. Dirichlet boundary conditions were set using
multiple Debye–Huckel functionality of APBS. The site-bound
ions were treated using a Born model with the following radii:
Mg2+, 1.45 Å (Misra and Draper 2001); Pb2+, 2.17 Å; Os(III)
hexamine, 3.40 Å; Sm3+, 1.93 Å; Gd3+, 1.90 Å; Yb3+, 1.84 Å. The
Born radii for lanthanide ions were estimated by adding an
empirical value of 0.85 Å to the respective ionic radii (Latimer
et al. 1939; Rashin and Honig 1985). The binding enthalpy was
calculated as a difference in total electrostatic energy between a
complex (RNA plus ion) and free RNA and free ion states, placed
at the same respective locations on the grid.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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