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ABSTRACT: The P10/11-P12 RNA domain of yeast RNase P contains several highly conserved nucleotides
within a conserved secondary structure. This RNA domain is essential for enzyme function in vivo,
where it has a demonstrated role in divalent cation utilization. To better understand the function of this
domain, its structure and alterations in response to magnesium have been investigated in vitro. A secondary
structure model of the P10/11-P12 RNA domain had been previously developed by phylogenetic analysis.
Computer modeling and energy minimization were applied to theSaccharomyces cereVisiaeP10/11-P12
domain to explore alternatives and additional interactions not predicted by the phylogenetic consensus.
The working secondary structure models were challenged with data obtained from1H NMR and in vitro
chemical and enzymatic probing experiments. The solution structure of the isolated domain was found
to conform to the phylogenetic prediction within the context of the holoenzyme. Structure probing data
also discriminated among additional base contacts predicted by energy minimization. The withdrawal of
magnesium does not appear to cause gross refolding or rearrangement of the RNA domain structure.
Instead, subtle changes occur in the solution accessibility of specific nucleotide positions. Most of the
conserved nucleotides reported to be involved in magnesium utilization in vivo also display magnesium-
dependent changes in vitro.

RNase P is a ribonucleoprotein metalloenzyme responsible
for processing the 5′ leader of tRNA primary transcripts (1-
4). The bacterial RNase P RNA has been shown to be
catalytically competent in vitro, categorizing it as a true
ribozyme (5). In contrast, eukaryotic nuclear RNase P RNA
is not catalytic itself, but is indispensable for functional
enzyme in vivo (6-11). Saccharomyces cereVisiaeRNase
P is composed of a 369 nucleotide transcript in the mature
holoenzyme (11), and a large but only partially characterized
protein contingent (12-15).
Yeast RNase P RNA has been characterized by compara-

tive phylogenetic sequence analysis. Alignment of yeast
covariations and comparison with the bacterial consensus
allowed the generation of a secondary structure model (16)
which was subsequently refined by biochemical structure
probing of the RNA within the RNase P holoenzyme (17).
A key feature of the yeast RNA secondary structure was the
P10/11-P12 region which contains several highly conserved
nucleotides. Minimization experiments with the yeast RNA

have demonstrated that helix P12 is dispensable for in vivo
function, but deletion of the loop region containing the
CAGAAA sequence is nonviable (18). This internal loop
structure originally appeared to be unique to yeast (Figure
1) (16), although more recent bacterial models now include
a similar domain (19, 20). The P10/11-P12 domain of the
yeast RNA contains the highly conserved internal loop
sequence CAGAAA (positions 206-211) at a position
comparable to the acAGaRA consensus in the bacterial
consensus (Escherichia colipositions 130-136; R represents
purine, lowercase indicates 80% conserved). Recently, the
P10/11-P12 domain and the conserved internal loop structure
have been proposed to be the “universal internal loop”,
comprising part of the conserved core structure of all RNase
P RNAs (21).
Structural investigation of theE. coliRNase P RNA, using

distance constraints obtained by photo-cross-linking, has
produced a tertiary model of the RNA that positions the P10/
11-P12 domain near the tRNA cleavage site (22-24). These
initial models did not predict any interactions between the
domain and the tRNA substrate (25, 26). However, more
recent experiments have identified cross-links between the
domain and the tRNA aminoacyl stem (J. Nolan, personal
communication). It is therefore quite plausible that this
domain has at least a transient interaction with the pre-tRNA
substrate.
Several reports have provided evidence that the P10/11-

P12 RNA domain is also likely to be involved in magnesium
utilization by RNase P. (Rp)-Phosphorothioate interference
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and manganese rescue studies showed that binding of
substrate toE. coli RNase P RNA requires divalent cation-
mediated interactions with the conserved loop (27). In
addition, magnesium at alkaline pH (28) and lead-induced
hydrolysis (29) both cleave the bacterial RNA at several
positions in the domain. Characterization of viable mutations
in the CAGAAA sequence of this domain in yeast also
suggested a function in magnesium utilization (20). Kinetic
analysis of the mildly defective holoenzymes showed that
mutations affected primarily catalytic rate (kcat), with little
change in apparent substrate binding (Km). It was also
observed that several holoenzymes with variant, but viable,
CAGAAA sequences had 2- to 6-fold increases in the
magnesium concentration required for half-maximal activity.
These observations implicate the P10/11-P12 domain in

an interaction with one or more magnesium ions and suggest
that the domain may be part of the active site. The present
study is intended to probe the structure of the domain and
the response of that structure to magnesium.

EXPERIMENTAL PROCEDURES

Computer Prediction of P10/11-P12 RNA Domain Sec-
ondary Structure.Alternate structures to the P10/11-P12

RNA domain phylogenetic consensus were generated using
Mfold (M. Zuker, http://www.ibc.wustl.edu/∼zuker/rna/
form1.cgi). The user defined parameter “percent subopti-
mality” was set from 5% to 50% (http://www.ibc.wustl.
edu:8000/∼zuker/rna/form1-doc.html#PERCENT), and the
“ window” was set from 1 to 5 (http://www.ibc.wustl.
edu:8000/∼zuker/rna/form1-doc.html#WINDOW) (50, 51).
Eight unique structures were obtained; however, only two

(Figure 3) were in approximate agreement with the phylo-
genetic data.
RNA Synthesis. The P10/11-P12 domain RNA and a P10/

11-P12-tRNA fusion transcript were generated as previously
described (30). Briefly, DNA encoding the P10/11-P12
domain was inserted between the T7 RNA polymerase
promoter and a tRNA gene (tRNAAsp, provided by C. Reich
and N. Pace, Indiana University). Template for in vitro
transcription was amplified by PCR. Transcription with T7
RNA polymerase results in a fusion transcript that can be
processed byE. coli RNase P RNA (M1 RNA) to produce
a discrete P10/11-P12 domain RNA with a 3′-OH and a
mature tRNA. The two products are purified by denaturing
acrylamide gel electrophoresis. The P10/11-P12 domain was
treated with bacterial alkaline phosphatase (Gibco BRL),

FIGURE 1: Secondary structure of yeast nuclear RNase P RNA. The P10/11-P12 domain, shown relative to the proposed secondary-
structure (17), is in bold.
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isolated, and labeled using T4 polynucleotide kinase (Boeh-
ringer Mannheim) and [γ-32P]ATP (NEN).
All RNA species were refolded after purification in glass-

distilled water with 10 mM Tris pH 7.5, except that the DMS
and KE reactions contained 50 mM HEPES pH 7.9. The
sample was heated to>90 °C for 2 min and rapidly cooled
in an ice bath. Potassium chloride and magnesium chloride
were then added. Native polyacrylamide gel electrophoresis
of intact and M1-processed fusion transcripts demonstrated
that each RNA migrated as a single band. Slow cooling and/
or the presence of mono- and/or divalent cations allowed

for dimerization of the RNAs due to extensive self-
complementarity of the P10/11-P12 domain.

1H NMR. Spectra were taken on a Bruker AMX 500 MHz
spectrometer. A Jump-Return followed by a Watergate
sequence was used for superior H2O suppression which keeps
the H2O resonance in+z. The samples used in these
experiments consisted of 200µM RNA in 50 mM deuterated
Tris buffer pH 7.0 with 8 mM MgCl2 and 100 mM KCl.
During the temperature study of this spectrum, an initial
spectrum of the sample equilibrated at 25°C was taken, and
the temperature was then raised in 5°C increments for each
subsequent spectrum. The sample was equilibrated for 30
min at each temperature.

Assignment spectra for this fragment were obtained at 20
°C on a Bruker AMX600 spectrometer equipped with an 8
mm Nalorac gradient probe. Assignments were obtained
from a combined analysis of NOESY spectra in H2O with
75, 200, and 400 ms NOE mixing times, a NOESY spectrum
in 2H2O with 100 ms mixing time, a TOCSY spectrum in
2H2O with 40 ms mixing time, and 1D spin-echo spectra
in 2H2O (31). Excellent and very stabile solvent suppression
was obtained by a Jump-Return Watergate sequence as NOE-
mixing time readout. NOESY and TOCSY spectra were
collected for 36 h each.

Chemical and Enzymatic Structure Probing. Structure
probing of the P10/11-P12 domain RNA and fusion RNA
was performed in final MgCl2 concentrations of 0, 20, 100,
and 500µM, and 1, 3, 6, 10, and 50 mM. An additional
reaction in 1 mM EDTA was used to probe structure in the
absence of contaminating divalent cations. The chemical
and enzyme reactions are based in part on methods described
elsewhere (32, 33).

FIGURE 2: P10/11-P12 domain nuclear RNAs from six yeast species. Absolutely conserved nucleotides (16) are indicated by filled circles,
and nucleotides withg80% conservation are indicated by open circles.

FIGURE 3: Computer-derived secondary structures of the P10/11-
P12 domain nuclear RNA fromS. cereVisiae. The structures
depicted are selected from eight candidates predicted by Mfold (M.
Zuker, http://www.ibc.wustl.edu/∼zuker/rna/form1.cgi) to contain
the phylogenetically conserved P10/11 and P12 helices in Figure
2. Variation in nucleotide base-pairing is constrained to be within
the internal loop region.
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Structure probing of the 5′ end-labeled P10/11-P12 domain
RNA was accomplished with the following reagents, with
cleavage or modification preferences indicated in parenthe-
ses: RNase V1 [double-stranded (ds) RNA], RNase T1
[single-stranded (ss) G], RNase A (ss C and U), RNase Phy
M (A and U), RNase CL3 (C predominantly), RNase I (ss),
PbCl2 (preferentially ss RNA phosphates, Otzen et al., ref
49), dimethyl sulfate (N-7-G), and diethyl pyrocarbonate (N-
7-A). RNase V1 was used only with 10 mM Mg2+, as its
activity is divalent cation-dependent. DMS and DEPC
modifications were reduced with NaBH4 and treated with
aniline as described (33). The reaction mixture for each
reagent contained 10 mM Tris pH 7.5, 100 mM KCl, and
10µM unlabeled RNA+ 5′-32P-labeled RNA. Samples were
incubated at room temperature for 30 min. Chemical or
nuclease dilution was added and allowed to react for 10 min.
Reactions were precipitated with ethanol and resuspended
in formamide, and the products were resolved on denaturing
polyacrylamide gel electrophoresis. Reagents were individu-
ally titrated to cleave or modify approximately 10% of the
total P10/11-P12 domain RNA substrate. Alkaline hydrolysis
and denaturing RNase T1 digests of32P-labeled P10/11-P12
domain RNA provided size markers (32), and RNA samples
minus reagent were used as cleavage/modification controls.
A P10/11-P12 domain RNA-tRNA fusion transcript was

probed with dimethyl sulfate (DMS, N-1 of adenosine and
N-3 of cytosine) and kethoxal (KE, N-1 and NH2-2 of
guanosine) to determine Watson-Crick position accessibili-
ties. Reactions contained 50 mM HEPES pH 7.9, 100 mM
KCl, variable MgCl2, and 10µM fusion RNA. After 30 min
at room temperature with MgCl2, DMS or KE was added
and allowed to incubate for 30 min. Reactions were stopped
by ethanol precipitation on dry ice. Primer extension
reactions were performed using the oligo 5′ CCC GCG ACC
TCC TGC GTG ACA GGC AGG CAT TCT AAC CAA C
3′, labeled with32P by T4 polynucleotide kinase (Boehringer
Mannheim), and Superscript II (Gibco BRL) reverse tran-
scriptase. Products were resolved on denaturing polyacryl-
amide sequencing gels alongside dideoxynucleotide sequenc-
ing reactions as markers. Primer extension on unmodified
RNA identified reagent-independent terminations.
Phosphorimager Analysis. Reaction products were visual-

ized using a phosphorimager (model 445 SI, Molecular
Dynamics) and quantitated using ImageQuant software
(Molecular Dynamics). Location of modifications and
cleavages was determined by comparison with the standard
reactions (i.e., base hydrolysis and denaturing RNase T1 for
5′ labeled RNA, dideoxynucleotide sequencing for primer
extension). Line scan profiles were examined to locate
magnesium-dependent intensity changes. Only changes
greater than 50% were considered magnesium-sensitive.
Changes from 50% to greater than 300% were observed
across the magnesium titrations for the reagents shown in
Figure 7.

RESULTS

Secondary Structure Modeling. Phylogenetic analysis of
the P10/11-P12 domain predicted a largely unpaired internal
loop in the functional form of the enzyme (Figure 2). To
help evaluate the folding of the isolated domain and the
degree to which divalent cations affect that structure, multiple

predicted structures were obtained from the Mfold energy
minimization folding algorithm (M. Zuker, http://www.ibc.
wustl.edu/∼zuker/rna/form1.cgi). Two structures, of a total
eight predictions, in agreement with the yeast consensus
prediction are shown in Figure 3. These models were
intended to predict alternative, less stable interactions that
might identify a unique secondary structure not suggested
by the genetic data. The Mfold structures also provide clues
for alternates to be evaluated by the biochemical data. The
internal loop in Figure 2 contains several highly conserved
nucleotides, and it is this portion of the domain that was
examined for potential structure using computer predictions
based on energy minimization. Several nucleotides within
the loop region have pairing potential, and such interactions
might exist in solution despite a lack of phylogenetic support.
Computer predictions provided two alternatives that are

consistent with phylogenetic predictions and near subsequent
experimental determination (Figure 3). The P10/11 and P12
helices are preserved, with differences occurring in the
internal loop. These structures provided hypotheses for
alternate interactions to be examined using NMR and
biochemical techniques.

1H NMR. The 1H NMR spectrum of the 60 base (G197
to G257) P10/11-P12 domain shows 15 resolved hydrogen-
bonded imino peaks in the spectral region between 9.5 and
15 ppm (Figure 4).
Assignments of imino protons from stable base-pairs at

20 °C are indicated in Figure 4. Very strong NOE cross-
peaks between imino protons in the spectral range 9.5-12.5
ppm identified U-G base-pair imino protons (31). One-
dimensional spin-echo spectra revealed the frequencies of
the adenosine H2 resonances, which then by very strong
NOEs to the uridine imino protons identified the latter. AU
base-pairs were further identified by considering the char-
acteristic relative paucity of imino-to-amino cross-peaks. The
remaining imino protons were assigned to GC base-pairs,
which were further characterized by identification of guanine
imino-cytosine H6/H5 spin diffusion cross-peaks. The latter
resonances were identified from the TOCSY data set. The
sequence-specific assignments were subsequently obtained

FIGURE 4: 600 MHz Imino proton NMR spectrum for the P10/
11-P12 RNA domain (20°C, pH 7.5) Assignments indicated were
obtained from NOESY, TOCSY, and spin echo data sets. The
horizontal lines identify the two imino protons belonging to the
UG wobble pairs.
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from tracing the (very) weak imino-imino proton NOEs.
Unambiguous and contiguously linked assignments were
obtained for the stem region U221/A236 to C226/G231. The
other indicated assignments were obtained as blocks of two
or three sequentially linked imino proton signals. The
placement in the sequence for these resonances is compatible
with the base-pairing schemes as drawn in Figures 3B and
7A-E. The assignment of these resonances would have
been ambiguous if not for later chemical and enzyme probing
data: the three base-pair stem U200/A253-G201/C252-U202/
G249 could also be placed at the location A215/U243-C214/
G244-U213/G245 (see Figures 2 and 3A). However, when
the data from Figure 6 is considered, it rules out the base-
pairing scheme of Figure 3a. The assignments in Figure 4
are therefore the most probable. It is also likely that this
helix is unstable, since between 35 and 45°C two peaks
corresponding to the hydrogen-bonded imino protons of
U200/A253 and G201/C252 in the short P10/11 helix
disappear from the spectrum. Resonances corresponding to
the P12 hairpin helix broaden and disappear at significantly
higher temperatures, between 55 and 70°C.
Biochemical Structural Analysis. Determination of ac-

cessibility to chemical and enzymatic reagents was used to
challenge working secondary structure models of the P10/
11-P12 domain RNA. Two P10/11-P12 domain RNA
species were used, a 5′ 32P-labeled domain RNA to detect
cleavage events, and a P10/11-P12 domain-tRNA fusion
that could be used to detect Watson-Crick position modi-
fications by primer extension. The results of probing
experiments will initially be described for RNA in the
presence of 100 mM KCl and 4 mM MgCl2. The next
section will discuss differences detected in the structure as
the concentration of Mg2+ is varied from 0 to 50 mM.

The 5′ 32P-labeled P10/11-P12 domain RNA was probed
with DMS, DEPC, Pb2+, RNases A, T1, I, Phy M, and CL3
for single-stranded nucleotides, and RNase V1 for double-
stranded regions. Each reagent was used in conjunction with
a titration of Mg2+ to identify modification/cleavage sites
sensitive to the concentration of the metal. Nucleic acid
structure is stabilized in many instances in the presence of
divalents (34). The exception was RNase V1, which was
used only in 10 mM Mg2+ because its activity is strongly
dependent on divalent cations.
Accessible Watson-Crick positions were probed using a

P10/11-P12-tRNA fusion RNA (Figure 6F), (30) with
dimethyl sulfate (DMS) and kethoxal (KE). Access to both
reagents was examined throughout a Mg2+ titration to locate
positions sensitive to divalent concentrations. The indepen-
dently folding tRNA provides a DNA oligomer binding site,
but does not significantly interfere with folding of the P10/
11-P12 domain. This is evidenced by the fact that DMS
and KE modifications, with two exceptions, match those in
the context of the holoenzyme (17). One of these exceptions
is A242, which is lightly modified in the holoenzyme, but
not modified in the P10/11-P12-tRNA fusion. Also, the
P10/11 helix can be penetrated by the modifying agents in
the fusion RNA, whereas this region is inaccessible in the
holoenzyme. It is possible that the unnatural 5′ end of the
P10/11 helix in the fusion RNA reduces structural constraints
present in the holoenzyme, thereby allowing the observed
modifications. Similarly, A242 might have an altered envi-
ronment in the fusion RNA.
Examples of cleavage products are shown in Figure 5A

for Pb2+, RNase T1, and RNase A. An example of
comparative phosphorimager quantitation of reaction prod-
ucts is shown in Figure 5B. Location and approximate

FIGURE 5: Examples of structure-probing experiments incorporating variable magnesium concentrations. (A) Phosphorimager scans of
denaturing polyacrylamide gels are shown. Pb2+, RNase T1, and RNase A are shown with 1 mM EDTA, and 0, 20, 100, and 1, 10, 50 mM
MgCl2. (B) Line scan from phosphorimager analysis of RNase A, the two traces compare the digestion profiles for 20µM (dashed line) and
10 mM (solid line) MgCl2.
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intensities of modification/cleavage sites for the 5′ 32P-labeled
P10/11-P12 domain RNA and the P10/11-P12-tRNA fusion
RNA (in the presence of>1 mM Mg2+) are shown in Figure
6. Most reagents hit within the internal loop region defined
by the phylogenetic structure. This portion of the RNA is
consistently more accessible and is likely to lack stable
Watson-Crick pairing. This does not discount the possibil-
ity of unconventional base-pairing interactions within the
loop, but any such pairings are unable to prevent nucleotide-
specific RNase recognition as well as modification of
Watson-Crick positions by DMS and KE. There are two
exceptions, A215 and A242, which are at the base of the P12
helix. Neither adenosine was cleaved by RNase Phy M or
modified by DMS, whereas all other nucleotides in the loop
were accessible to one or more of the nucleotide-specific
reagents. None of the base-specific nucleases was able to
hit all of its potential targets within the loop, possibly due
to steric constraints produced by portions of the P10/11-P12
domain’s structure. Conversely, the small molecules, DMS
and KE, hit all of their potential nucleotide targets within
the loop region, except A215 and A242. Thus, these bases
might be involved in hydrogen bonding in the loop structure.

RNase V1 cleaves at U221, U222, and G241, supporting the
existence of the P12 helix. The lack of cleavages in the
proposed P10/11 helix suggests that this structure might be
too short or unstable to be recognized by V1.

Reagents that are not nucleotide-specific, RNase I and
Pb2+, were used to probe for general secondary structure
characteristics. RNase I cleaves 3′ to single-stranded nucle-
otides, and its cleavage pattern in the internal loop and
terminal hairpin loop is consistent with the phylogenetic
model. It also cleaves after U200-U202, consistent with
instability of the P10/11 helix. It is curious that their
proposed base-pairing partners, G251-A253, are not cleaved
and that C249 and G250 are also not cleaved. Upon compari-
son with other reagents, the inaccessibility of C249-A253 is
likely due to a specific blockage of RNase I to these
nucleotides, since RNase A and RNase T1 are able to access
C249-A253. Therefore, it is more likely that the short P10/11
helix has at least transient single-strand character under the
conditions assayed, permitting penetration by some reagents.
This would be consistent with the observed thermal instability
of the short helix in the NMR.

Hydrolysis by Pb2+ occurs preferentially in single-stranded
regions (35) and should not have the same steric constraints
as RNase I, yet Pb2+ does not cleave after the loop
nucleotides C249-G251, or within the potentially weak P10/
11 helix. Phosphates within the P10/11 helix and following
C249-G251 appear to be inaccessible to cleavage by Pb2+,
suggesting that they are double-stranded or in a tertiary
structure that inhibits cleavage.

Strong cleavages by Pb2+ (filled circles, Figure 6E) are
compatible with the prediction in Figure 3A, providing the
only support for the alternate structure. It is possible that
Pb2+ might be inducing and/or stabilizing this alternate RNA
structure. However, the proposed pairing partners of nucle-
otides U203-U205 and the majority of the loop phosphates are
accessible to Pb2+. Thus, only a small population of alternate
structure RNAs exist, if at all. The Pb2+ cleavage pattern is
generally more indicative of the phylogenetic model than
the Figure 3A alternate.

The small organics, DMS and DEPC, were used to probe
the N-7 of guanosines and adenosines, respectively. There
is evidence of metal ion interactions with the N-7 of purines
in the hammerhead ribozyme crystal structure (36) and
nucleotide crystals (37). Several noncanonical base-pairing
interactions are also possible that involve the N-7 position
(38). However, Figure 6A shows that most purine N-7s in

FIGURE 6: Summary of chemical and enzyme accessibilities in the
presence of 1 mM MgCl2. (A) DMS and DEPC N-7 modifications,
(B) RNases A and T1, (C) RNases V1 and ONE, (D) RNases Phy
M and CL3, (E) Pb2+, (F) DMS and KE Watson-Crick modifica-
tions detected by primer extension using the P10/11-P12 domain
RNA fused to a tRNA; the DNA oligo primer is complementary
to the italicized nucleotides contained in the tRNA. Strong
modifications or cleavages are indicated by filled symbols and weak
ones are indicated by open symbols.
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the internal loop and P12 regions of the RNA are accessible
to these reagents. Two interesting exceptions are A204 and
A247. These two adenosines are candidates for hydrogen-
bonded interactions. Also, neither position is reactive toward
RNase A or RNase Phy M, which require nucleotide
recognition. There are several potential noncanonical pairing
partners in the loop for each adenosine, including the
possibility that they interact with each other. A second
option, that one or both of these adenosines is directly or
indirectly involved in Mg2+ coordination, is an intriguing
possibility.

There are a few instances of enzymes cleaving at
uncharacteristic nucleotides. RNase A weakly cleaves at
A248, and RNase Phy M cleaves at G208 and C227. They do
not appear to be breakdown products in the control RNA;
but their interpretation in the structure analysis is not clear.
It is possible that these uncharacteristic hits are a result of
increased accessibility and/or specific structure that makes
these nucleotides especially labile.

The P10/11-P12 domain RNA was also probed with
hydroxyl radicals using both hydrogen peroxide (39) and
molecular oxygen (40) protocols (data not shown). The
reactions contained the same magnesium titration used with
the chemical and enzyme reagents. Each method resulted
in a uniform cleavage pattern similar to that produced by
base hydrolysis. Line scan quantitation by phosphorimager
analysis confirmed there were no clearly favored or protected
regions of the RNA. It was concluded that the P10/11-P12
domain lacks strong tertiary structure that buries part of the
molecule in solution-inaccessible pockets.

Magnesium-Dependent Changes in Reagent Accessibility.
The experiments reported above for accessibility to cleavage
or modification were carried out at magnesium concentrations
appropriate for maximal activity of the RNase P holoenzyme.
To probe sensitivity of the domain structure to magnesium,
changes in accessibility were mapped while increasing
magnesium from 0µM (1 mM EDTA) to 50 mM (Figure
7). Only reproducible changes equal to or greater than 50%
are reported; the relative magnitude of each magnesium-
sensitive cleavage or modification is indicated in Figure 7.
Most of the conserved CAGAAA sequence, including a few
adjacent nucleotides, is relatively protected as the concentra-
tion of magnesium increases. This region displays the
strongest reductions, with hits between A209 and C214
decreased by 100-300%. The conserved CAGAAA se-
quence and neighboring nucleotides are, therefore, likely to
adopt an inaccessible structure induced by magnesium. The
N-7 positions of P12 helix guanosines in the 5′ side of the
helix also experience a reduction in accessibility. Again,
this reduction could be due to tighter structure forming in
the loop region stabilizing the beginning of the P12 helix or
altering the helical parameters such that the major groove
affords less access to DMS. In contrast, positions U203, U205,
C206, U228, A242, G245, and G246 become hypersensitive to
nucleases and modification at Watson-Crick positions as
the magnesium concentration increases, consistent with
increased accessibility to the solution.

Some nucleotides showed opposite changes in sensitivity
depending on the reagent employed. These are indicated
by half-filled circles in Figure 7. A207 is more accessible to

FIGURE 7: Nucleotides with magnesium-sensitive modifications or cleavages. Relative accessibilities are listed by reagent. Accessibility
changes were observed from 50 to 300%, and the relative extent of the change is indicated by (+) or (-) ) 50-100%, (++) or (--) )
100-200%, and (+++) or (---) ) 200-300% changes. Filled circles indicate nucleotides which are more accessible with increasing
magnesium, open circles indicate nucleotides that are less accessible with increasing magnesium. Half-filled circles are nucleotides which
displayed both effects, depending on the reagent employed.
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RNase CL3, though CL3 is reported to be specific for
cytosine. Aside from the CL3 cleavage, A207 decreases in
accessibility overall, and could be indicated by an open circle
in Figure 7. G208 also has an atypical cleavage by RNase
Phy M, and this sensitivity decreases in the presence of Mg2+.
RNase I cleavage of G208 also decreases, but RNase T1
cleavage and KE modification increase, which suggest the
Watson-Crick determinants are more available. Last, G244

is more accessible to RNase T1 and KE as the [Mg2+] is
increased, but its N-7 becomes less accessible to DMS,
indicating that the G208Watson-Crick determinants are more
available in the presence of magnesium but the major groove
is not.

DISCUSSION

The present analysis allowed confirmation of the phylo-
genetic structure of the yeast P10/11-P12 domain RNA. Least
energy predictions suggest the possibility of extended base-
pairing across the loop region of the RNA. Secondary
structure models were evaluated with data obtained from1H
NMR and biochemical structure probing. The NMR and
biochemical data revealed that the domain structure is
generally limited to the phylogenetic prediction. Last, the
RNA cleavage and modification reagents show significant
changes in response to increased Mg2+, especially in the loop
region. These include many of the conserved nucleotides
found to affect Mg2+ utilization by yeast RNase P in vivo
(i.e., C206-A211). The same nucleotides also demonstrate
reduced accessibility to the structure probing reagents in the
presence of Mg2+, while ones adjacent and across the loop
become more accessible.
The NMR data also show that the large P12 helix is formed

in solution. No evidence is found for extensive secondary
structure involving bases of the loop area. Indeed, the
observation of only 15 strong imino proton resonances for a
61 base-RNA fragment indicates a lack of stable secondary
structure for a very large part of the molecule. The NMR
temperature data indicate that the P12 helix is more stable
than the short P10/11 helix.
There are several potential roles for the P10/11-P12 RNA

domain. Previous data suggest that the domain is responsible
for interacting with one or more Mg2+ ions and directly or
indirectly affects the catalytic rate. The present study shows
that many of the conserved nucleotides become less acces-
sible with increasing Mg2+ concentration over the range
required for optimal RNase P activity. This might be an
indication of a metal “footprint”. For example, direct
interaction of the CAGAAA sequence with Mg2+ might
result in relative protection from the probing reagents. The
Pb2+ cleavage data also suggest that divalent metal binding
is localized in the loop region of the RNA, and, as the amount
of Mg2+ is reduced, Pb2+ gains more access to A211 and
several bases adjacent to the conserved CAGAAA sequence.
Alternatively, interaction of the divalent metal with the RNA
could cause structural changes that indirectly result in the
sensitivity changes. There does not appear to be direct base-
pairing across the loop region with the addition of Mg2+, as
suggested by the thermodynamically derived structures in
Figure 3, but it is clear that portions of the internal loop
change their accessibility to reagents.
The accessibility of all positions in the CAGAAA se-

quence is influenced by the amount of Mg2+ present,

suggesting a role in establishing a structure that interacts with
Mg2+. We have previously shown that mutations in this
sequence increase the magnesium requirement of the RNase
P holoenzyme, and that this effect is primarily onkcat. The
experiments in the present study show the domain structure
is sensitive to MgCl2 concentration within the same range
(1-10 mM).
Comparison of this domain in yeast and bacteria shows

that the P10/11 helices in both cases are relatively unstable.
The P10 and P11 helices of the bacterial RNA are very short
(2 nucleotides) and are separated by an asymmetric bulge.
This is consistent with the apparent instability of the yeast
P10/11 helix and suggests that the instability might serve a
purpose in the enzyme. Resulting flexibility might allow
the entire domain to move in relation to the rest of the RNase
P RNA and bound tRNA substrate. The P10/11-P12 domain
could thus make structural transitions with the substrate and/
or the RNase P active site architecture. It has been reported
that the bacterial RNA retains a very low remnant of catalytic
activity in vitro upon deletion of the highly conserved P10/
11-P12 domain (41), although this is true only in extreme
monovalent and divalent concentrations (2 M NH4OAc, 400
mM MgCl2, Y. Lee, personal communication). One pos-
sible function for this domain might be to efficiently present
metal ion(s) to the active site at physiological concentrations
of magnesium. To carry out such a function, considerable
movement of the domain might be required relative to the
immobilized substrate.
It is worth noting that a sequence similar to the RNase P

acAGaRA consensus also exists in the central domain of U6
small nuclear RNA in eukaryotes (42-45). The invariant
U6 ACAGAGA sequence is located in the catalytic heart of
the spliceosome and cross-links to the 5′ splice junction in
pre-mRNA (45). The mechanisms of RNase P cleavage and
pre-mRNA splicing use different nucleophiles; however, both
are proposed to involve SN2 attack by a hydroxyl group on
the scissile phosphodiester bond to generate 3′-hydroxyl
termini (5, 43, 46-48). In addition, both would be compat-
ible with a proposed two metal ion mechanism (48). The
structure of this isolated RNase P domain might therefore
provide insights into a motif that is used more broadly in
biological processes.
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