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ABSTRACT

Bacterial ribonuclease P (RNase P), an endonuclease involved in tRNA maturation, is a ribonucleoprotein containing
a catalytic RNA. The secondary structure of this ribozyme is well-established, and a low-resolution model of the
three-dimensional structure of the ribozyme—substrate complex has been proposed based on site-specific crosslink-
ing and phylogenetic comparative data [Harris ME et al., 1994 EMBO J 13:3953—3963]. However, several substructures
of that model were poorly constrained by the available data. In the present analysis, additional constraints between
elements within the Escherichia coli RNase P RNA-pre-tRNA complex were determined by intra- and intermolecular
crosslinking experiments. Circularly permuted RNase P RNAs were used to position an azidophenacyl photoactive
crosslinking agent specifically at strategic sites within the ribozyme—substrate complex. Crosslink sites were mapped
by primer extension and confirmed by analysis of the mobility of the crosslinked RNA lariats on denaturing acryl-
amide gels relative to circular and linear RNA standards. Crosslinked species generally retained significant catalytic
activity, indicating that the results reflect the native ribozyme structure. The crosslinking results support the general
configuration of the structure model and predicate new positions and orientations for helices that were previously
poorly constrained by the data set. The expanded library of crosslinking constraints was used, together with sec-
ondary and tertiary structure identified by phylogenetic sequence comparisons, to refine significantly the model of
RNase P RNA with bound substrate pre-tRNA. The crosslinking results and data from chemical-modification and
mutational studies are discussed in the context of the current structural perspective on this ribozyme.
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INTRODUCTION & Pace in this issue). Thus, bacterial, archaeal, and
eucaryal RNase P RNAs are “homologous,” that is,
Ribonuclease P (RNase P) catalyzes the hydrolysis ofa  they share ancestry. In Bacteria, the RNase P holoen-
specific phosphodiester bond in pre-tRNA to generate  zyme is a heterodimer composed of single protein (ca.
the 5’ end of mature tRNA. RNase P enzymes are 120 amino acids) and RNA (ca. 400 nt) components.
found in members of all three phylogenetic domains, ~ Under in vitro reaction conditions of high ionic strength
and all of the cellular RNase P enzymes characterized  and in the presence of required divalent metal ions,
to date have essential RNA subunits (e.g., Guerrier-  bacterial RNase P RNAs retain the substrate-binding
Takada et al., 1983; Cherayil et al., 1987; LaGrandeur ~ and catalytic properties of the holoenzyme, and so
et al., 1993). A convincing alignment of the RNase P constitute one class of large ribozymes (Guerrier-Takada
RNA sequences from representatives of all three phy- et al., 1983; for recent comparison of large ribozymes,
logenetic domains has not yet been achieved, but se-  see Cech, 1993). The ubiquitous occurrence of RNase P
quence and structural similarities are clear (see Chen  as a ribonucleoprotein and the catalytic nature of the
bacterial RNA implies an ancient and important role
: for RNA in the function of this enzyme. Understand-
Reprint requests to: Norman R. Pace, Department of Plant and H i :
Microbial Biology, 111 Koshland Hall, University of California, Berke- mg the role that the RNA plays in the function of
ley, California 94720-3102, USA; e-mail: nrpace@nature berkeley.edu. RNase P requires knowledge of its structure.
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The secondary structure of the bacterial RNase P
RNA is now well-established by phylogenetic sequence
comparisons (James et al., 1988; Haas et al., 1997).
Sequence comparisons identify a subset of helices,
termed core helices, that are present in all bacterial
RNase P RNAs and so are likely to be important in the
function of the ribozyme. In addition, there are regions
of the core structure that, in different organisms, often
contain nonconserved structural elements. These ele-
ments also often are subject to substantial variation in
sequence-length, suggesting that they are located on
the periphery of the common, core tertiary structure.
Sequence comparisons also identify phylogenetically
conserved nucleotides, which, therefore, presumably
are particularly important for structure or function.
Nucleotides that are invariant among all known bac-
terial RNase P RNAs are distributed throughout the
core of the secondary structure model. It is imagined
that the active site of the ribozyme is composed of
multiple conserved functional groups that are located
in separate regions of the RNA chain and brought to-
gether in the three-dimensional structure.

Mutational (e.g., Shiraishi & Shimura, 1986; Baer
et al., 1988; Kirsebom & Svird, 1993; Schlegl et al.,
1994) and crosslinking (Burgin & Pace, 1990) studies
have indicated some regions of the RNA that probably
are involved in catalysis. Additionally, specific resi-
dues within the ribozyme that are important for cata-
lytic function have been identified (Harris & Pace, 1995),
however, the structural details of the active site remain
undetermined. A few sites of contact between the ri-
bozyme and its substrate were established recently
(Kirsebom & Svird, 1994; Oh & Pace, 1994; Pan et al.,
1995) and some long-range intramolecular interactions
that may act to stabilize the ribozyme’s structure
have been proposed (Brown et al., 1996). Nonetheless,
our perception of the three-dimensional structure of
the RNase P ribozyme-substrate complex has been
rudimentary.

The crystal structures of the hammerhead ribozyme
(Pley et al., 1994; Scott et al., 1995) and particularly the
P4-6 domain of GI introns (Cate et al., 1996) provide a
detailed view of the complexity of RNA folding. We
expect the general features of these models and many
of the specific structure motifs, as well, to be directly
applicable to RNase P structure. These include tight
packing of RNA helices, long-range tertiary inter-
actions and regions of non-Watson-Crick pairing at
complex helix junctions. At present, we have only very
limited insight into the kind and number of these in-
teractions in RNase P RNA. In addition to crystal struc-
tures of RNNAs described above, theoretical models,
such as those available for the 16S ribosomal subunit
(Brimacombe, 1995; Stern et al., 1988; Malhotra &
Harvey, 1994) and the catalytic core of the GI ribozyme
(Michel & Westhof, 1990), are useful tools for design-
ing experiments and interpreting structural data. Two
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recent efforts at modeling RNase P RN A structure have
been reported (Harris et al., 1994; Westhof et al., 1996).
Additional structural constraints are required to test
the usefulness of these structure models and improve
perspective on RNase P RNA conformation.

One experimental method for obtaining information
bearing on the tertiary structure of RNA chains is chem-
ical crosslinking to establish proximal regions within
or between molecules. We have used circularly per-
muted tRNAs and RNase P RNAs (cpRNAs) to attach
photoactivatable crosslinking agents at several strate-
gic sites in the ribozyme-substrate complex in order to
investigate its global architecture (Nolan et al., 1993;
Harris et al., 1994). cpRNAs retain the native RNA
sequence, but the native 5 and 3’ ends are joined by a
short oligonucleotide linker, and novel termini are lo-
cated elsewhere in the structure. Such constructs per-
mit the specific attachment of chemical reagents to
nucleotides that normally are on the interior of RNA
sequences with the specificity and efficiency of end
modification.

In the present analysis, our low-resolution structure
model (Harris et al., 1994) has been refined substan-
tially using results from additional site-specific photo-
affinity crosslinking experiments. Six novel photoagent
attachment sites were analyzed in order to gain per-
spective on the position and orientation of core helices
that were poorly constrained in the previous crosslink-
ing and modeling study. The crosslinked RNAs gen-
erally retained full catalytic activity, indicating that the
crosslinking results are relevant to the native structure
of the ribozyme. The expanded body of crosslinking
results, together with secondary and tertiary structure
identified by phylogenetic sequence comparisons, and
recent experimental data bearing on specific contacts
within the ribozyme-substrate complex, are used to
refine significantly the model of the structure of the
RNase P ribozyme-substrate complex.

RESULTS

Photoaffinity crosslinking using circularly
permuted RNase P RNAs

The secondary structure of Escherichia coli RNase P
RNA is shown in Figure 1. In the present analysis,
specific photoagent attachment sites were developed
to provide information bearing on regions of the struc-
ture that were poorly constrained by previously avail-
able data. The locations of the new endpoints in the
circularly permuted RNase P RNAs used in this anal-
ysis were selected primarily due to their strategic po-
sitions in the structure model; however, the use of phage
T7 RNA polymerase for in vitro transcription dictated
that the RN As initiate with a guanosine residue (Mil-
ligan & Uhlenbeck, 1989). Three of the sites chosen are
located within helices already constrained by the avail-
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able crosslinking data (Ec68 in P4, Ec244 in P5, and
Ec250 in P15; Fig. 1). It was expected that data from
these constructs would help anchor other elements of
structure. Additionally, four of the sites chosen are lo-
cated in helices that were poorly constrained in the
previous analysis: Ecl1 is located in P1; Ec95 and Ec101
are located in P8; and Ec316 is located in the loop of
P18. All of the attachment sites are in highly conserved
structural elements and thus were expected to provide
information on the functional core of the ribozyme.
Circularly permuted RNase P RNAs were constructed
as described previously (Harris et al., 1994). Briefly,
circularly permuted DNA templates for in vitro tran-
scription were generated by PCR amplification from
tandem RNase P RNA genes. cpRNAs are expected to
form the native structure, but contain a nick. Discon-
tinuities in the ribose-phosphate backbone generally
do not appear to alter the catalytic activity of RNase P
RNA significantly (Waugh & Pace, 1993; Harris et al.,
1994; Pan, 1995), indicating that the structure is main-
tained by secondary and tertiary interactions. Never-

theless, it was important to establish that the cpRNAs
studied here reflect the native RNA structure accu-
rately. This is indicated by their participation in the
RNase P reaction. As shown in Table 1, the kinetic
parameters k., and K,, for the cpRNAs used in this
study are approximately native at elevated ionic
strength. Most of the cpRNase P RNAs (Ec68, Ec95,
Ec101, Ec244, Ec316) displayed 2-3-fold higher K,, val-
ues than the native RNA at 1 M monovalent salt, but
exhibited near-native kinetic parameters at a higher salt
concentration (Table 1 and data not shown). Because the
rate of the RNase P RNA reaction in vitro is limited by
release of product (Reich et al., 1988; Tallsjo & Kirse-
bom, 1993), increases in K,, also result in elevated k.,
values. The reduced affinity for substrate (increase in K,,,)
exhibited by some of the cpRNase P RNAs likely re-
flects an increased flexibility in the RNase P RNA chain
due to interruption of the phosphodiester backbone. The
high ionic strength suppresses the effect of the nick, pre-
sumably by screening repulsive forces that work to dis-
tort the cpRNA from its native structure.
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TABLE 1. Catalytic activity of cpRNase P RNAs and analysis of crosslinked species.

Activity
Crosslinked ke K Crosslinked
species Efficiency? (min~1) (nM) nucleotides Constraint®
Native 0.199 = 0.096 55 *+ 14
3'-ethNative.1 1.3 + circle
3'-ethNative.2 1.2, + 112,114,118 A
Ec68¢ 0.03 = 0.011 189 = 30
5'-apa68.1 1.064 + 10, 11 B
5'-apa68.2 0.5 g 359, 360
5'-apa68.3 12.5 b 350-353
5'-apa68.4 0.8 /= 246, 247, 252, 253
5'-apa68.tl 1123 et/ n/d
3’-eth68.1 10.2¢ + 343-351, 359, 360
3’-eth68.2 4.3 Ay 328, 332, 333
3’-eth68.3 2.5 A 304, 300, 299
Ec95 0.512 = 0.057 d58==5(E5
5'-apa95.1 1.0 Tl circle
5’-apa95.2 1.0 + 315,316 C
Ec101 0.366 + 0.029 167 = 12
5’-apal01.1 34l i 68, 69 D
5'-apal01.2 0.6 Gty 356, 357 D
5'-apal01.3® 1:2 o 233
Ec244 0.186 + 0.07 163 = 33
5'-apa244.1 0.7 + circle
5'-apa244.2 5.6 ot 85-89 E
5.apa244.3 1.2 + 77-79 E
5'-apa244.4 >0.5 + 275, 276 E
Ec250 0.427 * 0.069 73 £ 30
5'-apa250.1 2.3 i circle
5'-apa250.2 1.6 S 51 F
5'-apa250.3 17 + 28, 29 F
5'-apa250.t1 1.5 + tRNA =5 to +1
5'-apa250.t2 1.6 o n/d
Ec316 0.348 = 0.088 115 = 41
5'-apa 225 s circle

*Efficiency indicates percent conversion to crosslinked species.

PSee Figure 6.
‘Requires 100 mM Mg.

dCircular forms likely contribute to the efficiency of these crosslinked species.

“Not present when pre-tRNA binds.

One cpRNase P RNA, Ec68, required elevated con-
centrations of divalent metal ions for optimal in vitro
activity. Even under optimal conditions, Ec68 still-dis-
played a 6-10-fold lower k., than the native ribozyme
(Table 1). Nucleotide 68 is located in helix P4, which is
conserved in both sequence and structure, and con-
tains phosphate oxygens flanking G68 that are impor-
tant for RNase P RNA-mediated catalysis (Harris &
Pace, 1995). Thus, it seems likely that the altered cat-
alytic properties of Ec68 are due to local disruption of
catalytically important structure rather than global mis-
folding. Consistent with this notion is the near-native
K, for this construct (Table 1) and the ability of Ec68 to
form intermolecular crosslinks to photoagent-modified
tRINA with the same efficiency as native RNase P RNA
(data not shown). Nonetheless, we exercised care in
interpreting crosslinking results obtained with this con-

struct (see below). The crosslinking studies outlined
below were performed under the optimal catalytic con-
ditions for each cpRNA.

For crosslinking, an azidophenacyl (APA) group was
attached to either the 5’ or 3’ end of individual cpRNAs.
For 5'-modification, the APA group was attached to
cpRNAs containing a 5'-phosphorothioate incorpo-
rated during transcription (Burgin & Pace, 1990).
Inclusion of guanosine monophosphorothioate in tran-
scription reactions results in its incorporation only at
the 5’ end, because nucleoside monophosphates can
initiate transcription, but are unable to be utilized for
elongation by T7 RNA polymerase. The phosphoro-
thioate sulfur provides a unique site in the RNA for
the attachment of the azidophenacyl group. For 3'-
modification, the photoagent was attached following
oxidation of the 3’ end of the cpRNase P RNA and



RNuase P RNA structure

reductive alkylation with ethylene diamine and attach-
ment of a primary amine-specific photoagent (Oh &
Pace, 1994). In either configuration, irradiation with
302-nm light converts the azido group to a highly re-
active nitrene, which is able to insert into a variety of
covalent bonds (Schuster & Platz, 1992).
Intramolecular crosslinking of 5'- or 3’-APA cpRNAs
results in the formation of lariats, which can be sepa-
rated from noncrosslinked RNA by PAGE. In order to
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characterize the crosslinking reactions, a number of
control experiments were performed with each of the
individual photoagent-modified cpRNAs. An exam-
ple of these reactions for 5’-APA Ec244 RNA is pre-
sented in Figure 2A. As in the previous analysis,
crosslinking of APA-modified cpRNase P RNAs was
rapid, occurring with a t,,, of less than 5 min, and
crosslinking occurred exclusively via the azidophena-
cyl moiety, because unconjugated RNA did not form

FIGURE 2. Identification of crosslinked species. A: Analysis of in-
tramolecular crosslinking of 5'-azidophenacyl Ec244 RNA. Radio-
labeled 5'-APA Ec332 cpRNase P RNA was crosslinked under in
vitro RNase P RNA reaction conditions: 40 mM Tris-HC], pH 8.0;
1 M ammonium acetate; 20 mM divalent metal ion as indicated; and
0.1% SDS. Crosslinked species and uncrosslinked RNA were re-
solved on denaturing acrylamide gels. The lane marked No UV was
not exposed to 302-nm light; lanes marked 5 min, 10 min, and
15 min were irradiated for those lengths of time. The concentration
of 5'-APA Ec332 RNA was 2 nM, except for the lane marked 1:100,
which contained 0.02 nM RNA. The lane marked Ca2* had Ca2*
replacing Mg?* as the divalent ion. The lane marked Ca2*/ pre-
tRNA contained nonradiolabeled pre-tRNA at 200 nM. The time of
irradiation of the Unconjugated sample was 15 min and it contains
Ec244 RNA, which was not modified with the APA photoagent. B:
Radiolabeled 5'-APA cpRNase P RNAs at 2 nM were irradiated with
302-nm light for 15 min in either the presence (+) or absence (—) of
100 nM pre-tRNA. The reaction conditions are those described in
Materials and Methods, except that CaCl, was substituted for MgCl,
(Smith et al., 1992). The presence of CaCl, slows the catalytic rate
without affecting pre-tRNA binding. The amount of pre-tRNA cleav-
age during the crosslinking reaction was less that 5%. Triangles to
the right of each pair of lanes indicate the major crosslinked species.
Open triangles indicate the position of pre-tRNA-specific cross-
linked species.
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crosslinks (Fig. 2A; data not shown). The formation of
intramolecular crosslinks was tested by assessing the
sensitivity of the crosslinking reaction to dilution (e.g.,
Fig. 2A, lane 1:100). The conversion of the analyzed
RNAs containing the photoagent into crosslinked spe-
cies was efficient, between 0.5% and 12% (Table 1).
Figure 2B shows the crosslinking results obtained with
all six 5'-APA cpRNase P RNAs and 3'-APA native
RNase P RNA, alone and in the presence of substrate
pre-tRNA. Some low-efficiency crosslinks that were
not reproducible between experiments were detected
occasionally. Only crosslinked species that were formed
consistently were chosen for detailed analysis. These
individual crosslinked species are designated numer-
ically beginning with the species migrating most slowly
in the gel (for example, crosslinked species detected
using Ec68 are denoted 68.1, 68.2, 63.3, and 68.4).

The presence of substrate resulted in only small
changes in the pattern of some crosslinked species
(Fig. 2B). For this analysis, Ca®>" was substituted for
Mg?* to suppress cleavage and allow crosslinking to
pre-tRNA. Substitution with Ca®>* had no detectable
effect on the intramolecular crosslinks detected in the
presence of Mg?" (Fig. 2A and data not shown). A
5-7-fold decrease in the efficiency of the 244.2 cross-
linked species was observed when the crosslinking re-
action was performed with substrate present. One
crosslinked species (101.3) was observed with 5'-APA
Ec101 alone, but was not generated when the cross-
linking reaction was performed in the presence of sub-
strate. Primer-extension mapping of 101.3 demonstrated
that the photoagent was crosslinked to nt A233 (see
below; Fig. 3A). A233 is protected from chemical mod-
ification in the presence of substrate (LaGrandeur
et al., 1994) and the homologous nucleotide in Bacillus
subtilis RNase P RNA has been shown to form a direct
contact with substrate involving a hydrogen bond with
a 2'-OH in the substrate pre-tRNA (Pan et al., 1995). It
is likely that occlusion of nt A233 by the bound sub-
strate accounts for the elimination of crosslinking be-
tween nt G101 and A233. No other substantive changes
in the intramolecular crosslinking patterns were ob-
served in the presence of substrate. However, three
new pre-tRNA-specific crosslinked species were ob-
served (68.t1, 250.t2, and 250.t3). Reactions containing
radiolabeled pre-tRNA and nonradiolabeled RNase P
RNA demonstrated that these species contain pre-
tRNA and thus are the result of intermolecular cross-
linking (Fig. 6; see below).

Analysis of crosslinked species

The particular nucleotides crosslinked to the modified
termini of the cpRNase P RNAs were determined by
primer extension. Individual crosslinked species were
gel-purified and used as templates for primer-extension
reactions with reverse transcriptase. Reverse transcrip-
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tase terminates one nucleotide 3’ to crosslink sites in
the RNA template (Burgin & Pace, 1990 and references
therein). Examples of this analysis for the crosslinked
species derived from Ecl, Ec101, and Ec250 are shown
in Figure 3A. Intermolecular crosslinks were mapped
by primer extension using pre-tRNA-specific oligonu-
cleotide primers. An example of the primer-extension
results for the 250.t1 conjugate is shown in Figure 3B.
Comparison of extension products from crosslinked
RNA with reaction products from noncrosslinked RNA
and sequencing reactions identifies the individual cross-
linked nucleotides. For two intermolecular crosslinked
conjugates (68.t1 and 250.t2), the crosslink sites were
apparently located near the 3’ end of pre-tRNA, within
the oligonucleotide primer binding site, and so could
not be mapped by primer extension. Unfortunately,
these crosslinks were not detected when pre-tRNA car-
rying additional sequences at its 3’ end, for use as an
additional primer binding site, was used. Intermolec-
ular cleavage of these conjugates is consistent with
their location in the mature tRNA sequences (see be-
low; Fig. 4B). Table 1 lists the sites of crosslinking in
the species analyzed in this study.

In some cases, weak, or nonspecific primer-extension
stops observed both in the noncrosslinked control and
crosslinked templates complicated the accurate assess-
ment of the crosslink sites. Similar issues in interpre-
tation of primer-extension results have been faced in
experiments involving analysis of ribosomal RNA struc-
ture (Denman et al., 1988; Lane et al., 1988; Mitchell
et al., 1993; Stade et al., 1994). These effects may be due
to structure in the RNA templates that varies to some
extent between different crosslinked species and even
between preparations of RNA or chemical decompo-
sition of crosslinks. We therefore sought results to cor-
roborate the primer-extension mapping results.

We noted previously that the locations of crosslink
sites in cpRNAs are reflected in the relative rates of
migration of the crosslinked species in polyacrylamide
gels (Harris et al., 1994). Crosslinking of a photoagent
located at one end of the RNA to sequences near the
other end results in circular species, which migrate
more slowly in the gel than conjugates resulting from
crosslinking to interior sequences (lariats). Figure 4A
shows an example of this for the major 3'-APA cross-
linked species derived from Ec68 (see also Table 1). A
plot of the electrophoretic mobilities of lariats, relative
to circular and linear RNA standards, against the nu-
cleotide distance of the crosslinked sites from the un-
modified terminus is shown in Figure 4B. The plot
includes data from this study, as well as the previous
analysis (Harris et al., 1994). Fitting a simple linear
equation to this data gives a line with a y intercept of
56, corroborating previous observations that crosslink-
ing within 50-60 nt of the unmodified RNA terminus
gives rise to lariats with electrophoretic mobilities in-
distinguishable from circular forms (Harris et al., 1994).
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FIGURE 3. Primer-extension mapping of crosslink sites. A: Analy-
sis of intramolecular crosslinks from 3'-APA Ec1, 5’-APA Ec101, and
5’-APA Ec250. Lanes marked G, A, C, U, and N denote lanes con-
taining G, A, C, and U sequencing reactions and a control primer
extension with noncrosslinked RNA, respectively. Numbered lanes
contain the products of primer-extension reactions using the cross-
linked species indicated above each gel. Arrows indicate the posi-
tions of terminations specific to the crosslinked RNA templates.
B: Primer extension mapping of intermolecular crosslinking be-
tween 5'-APA Ec250 and pre-tRNA. Lanes are marked as in A and
represent products from a pre-tRNA specific oligonucleotide primer.

However, for species crosslinked further toward the
interior of the RNA, a good correspondence between
lariat mobility and crosslink sites as mapped by primer
extension is observed (r? = 0.939). Thus, the electro-
phoretic properties of the different crosslinked species
offer confirmation of the primer-extension results.

Catalytic activity of inter- and intramolecular
crosslinked species

In order to assess the relevance of the crosslinking data
to the native (active) conformation of the ribozyme, in-
dividual gel-purified crosslinked species were assayed
for RNase P activity (Fig. 5A,B). Intramolecularly cross-
linked species were gel-purified and incubated under
optimal catalytic conditions together with radiolabeled
substrate pre-tRNA. Control reactions containing non-
crosslinked RNA isolated from the same crosslinking re-
action were also performed. Figure 5A exemplifies
results (summarized in Table 1) showing that, in gen-
eral, the intramolecularly crosslinked RNAs retain good
RNase P RNA activity relative to noncrosslinked con-
trols. In some cases (250.3, 244.3), the crosslinked spe-
cies migrated sufficiently close to noncrosslinked RNA
that contamination with noncrosslinked RNA made as-
sessment of activity difficult (indicated in Table 1). Al-
though intramolecularly crosslinked species generally
were highly active, one of the RNAs, 5'-APA Ec68, was
significantly less (5-10-fold) active in k., /K,, assess-
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-
T
(=
n

)

ments than control reactions using noncrosslinked RNA.
The photoagent attached at G68 crosslinked to other
highly conserved nucleotides (G350, C247), which are
expected to comprise, in part, the catalytic core of the
ribozyme. Thus, the relatively poor retention of cata-
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FIGURE 4. Correlation of crosslink site and mobility of crosslinked
RNAs in denaturing polyacrylamide gels. A: Example of primer-
extension results for the major crosslinked species detected using
3_APA Ec68 RNA. Lanes marked G, A, C, U, and N denote lanes
containing G, A, C, and U sequencing reactions and a control primer
extension with noncrosslinked RNA, respectively. Lanes marked 68.1,
68.2, and 68.3 contain the products of primer-extension reactions
using the crosslinked species indicated. Crosslink-specific termina-
tions are indicated by circles. B: Plot and fit of crosslinked lariat
mobility versus distance of crosslinked nucleotides from the un-
modified RNA terminus. Lariat mobility is expressed relative to
circular and linear RNA standards derived from 5'-APA Ec229 RNA

lytic activity by 5'-APA Ec68 crosslinked species prob-
ably is the result of local disruption of catalytically
important structure, and not global misfolding of the
RNA.

In order to analyze the catalytic activity of conju-
gates containing RNase P RNA and pre-tRNA, cross-
linking reactions were conducted using radiolabeled
pre-tRNA and nonradiolabeled photoagent-modified
RNase P RNA. In order to suppress the catalytic rate
without alteration of substrate-binding properties, cal-
cium was substituted for magnesium in the reaction
buffer (Smith et al., 1992). Identical suites of cross-
linked species are formed in the presence of mag-
nesium or calcium. Crosslinked species containing
radiolabeled pre-tRNA then were gel-purified and in-
cubated under standard in vitro RNase P RNA re-
action conditions containing magnesium, at dilute
concentrations of RNA (0.1 nM) and for short incuba-
tion times (5 min) to minimize cleavage of pre-tRNA
in trans. Under these conditions, almost no cleavage of
pre-tRNA occurs in control intermolecular RNase P
RNA cleavage reactions (Fig. 5B). Intramolecular cleav-

(Harris et al., 1994).

age of crosslinked pre-tRNA within the conjugate
should release a specific fragment, depending on the
location of the crosslink. For example, conjugates
formed by crosslinking between the photoagent and
nucleotides in the 5’ leader sequences should release
the mature tRNA fragment. Species generated by cross-
linking within the mature domain should release the
5' leader fragment. Figure 5B shows the results from
intermolecular crosslinks derived from Ec250 and Ec68,
as well as two intermolecular crosslinks, derived from
Ec292 and Ec332, which were described previously
(Harris et al., 1994).

Although all of the gel-purified intermolecular cross-
linked conjugates are contaminated (1-5%) by noncross-
linked or spontaneously decoupled (Burgin & Pace,
1990) pre-tRNA, each releases the predicted fragment
based on the location of the intermolecular crosslink,
after incubation under RNase P RNA assay conditions.
332.t1 and 250.t1 were generated by crosslinking within
the 5’ leader sequence and, upon cleavage, release the
mature tRNA fragment. In contrast, 292.t1, 250.t2, and
68.t1 result from crosslinking within the mature do-



RNase P RNA structure

&
=
e
=
2
o
°
=
c
<]
3]

cpRNA 244

244.1
cpRNA 250

cpRNA 68
68.1
68.2
68.3
68.4
244.2
2443
244.4
250.1
250.2
250.3

tRNA

" .

pre-tRNA

569

RNase P RNA 10nM
RNase P RNA 10nM
RNase P RNA 0.1nM
Ec250-t1

Ec332-t1
Ec292-t1
Control
Ec250-t2
Ec68-t1

°
=
c
[}
(&)

- e

Conjugates

& @ pre-tRNA

tRNA

5' leader

FIGURE 5. Analysis of the catalytic activity of crosslinked RNAs. A: Examples of RNase P assays using intermolecular
crosslinked species. Radiolabeled pre-tRNA was incubated under optimal catalytic conditions with the crosslinked, or
control noncrosslinked species as indicated. Positions of bands corresponding to pre-tRNA, mature tRNA, and the 5’
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shown.

main and release the 5’ leader fragment. Taken together,
the catalytic activities of inter- and intramolecularly
crosslinked species strongly support the interpretation
that the crosslinking results reflect the structure of the
native ribozyme.

DISCUSSION

These experiments extend significantly the library of
structural constraints that bear on the structure of the
E. coli RNase P ribozyme-substrate complex. The re-
sults support three new structural features that mod-
els of the RNase P ribozyme-substrate complex must
accommodate. The first feature involves an interaction

between L18 and P8 that was identified previously by
phylogenetic sequence comparisons and is now cor-
roborated by crosslinking between G95, in P8, and nu-
cleotides in L18. A second feature is the proximity of
P8 to the catalytic core of the ribozyme, which was
suggested in our previous model, but now gains direct
experimental support. The third new structural fea-
ture is the orientation of the P1-P2-P3 element, which
is now anchored at both ends by crosslinks between
P1 and P9, and between P15 and P3, consistent with
recent crosslinking results using B. subtilis RNase P
RNA (J.-L. Chen, M.E. Harris, & N.R. Pace, unpubl.).
Previously, we have described the use of crosslinking,
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comparative, and mutational results with molecular
mechanics analysis and steric considerations to derive
a working model of RNase P RNA (Harris et al., 1994).
New crosslinking results are summarized in Fig-
ure 6A, and the positions of helical elements in the
current model are shown in Figure 6C and D. Because
most of the nucleotides in this RNA (64% in the case of
the E. coli RNase P RNA) are associated with phylo-
genetically proven base pairs, which are expected to
adopt the A-form of double helix, much of the struc-
ture can be predicted at the atomic level with some
confidence. The structures of the helical elements, in
turn, tightly constrain the positions of the short inter-
helix sequences and limit their possible structures.
The structure model is composed of three multihelix
domains surrounding the universally conserved helix
P4 (Fig. 6C,D). The constraints from crosslinking are
denoted A-G (Table 1) and are shown on the second-
ary and tertiary structure (Fig. 6). Some crosslinks, in
particular those from Ec68, only confirmed secondary
structure or did not retain significant activity, and so
are not included in the representation shown in Fig-
ure 6. The three domains include P1-P3, which par-
ticipates in a conserved, but rather complex, four-way
helix junction with P4. The P1-P3 element is anchored
to the rest of the structure by a potential interaction
indicated by the crosslinking between P1 and P9 on
one end (see below), and crosslinking between P15
and P3 on the other end. The second domain indicated
by the model includes P15-P18, which is attached to
the remaining structure via J5-15 and J18-2, both of
which contain conserved sequences and are close to
the substrate phosphate in the ribozyme-substrate com-
plex (Burgin & Pace, 1990; Harris et al., 1994). The
CCA binding site is located in this domain in the P15-
P16 internal bulge. The distal ends of P15-P18 are vari-
able phylogenetically. In E. coli RNase P RNA, one end
of the P15-P18 element participates in the long-range
P6 pairing interaction. The other end is anchored via a
GNRA tetraloop interaction between P18 and P8 (Brown
et al., 1996; see also Fig. 7B). The third domain in-
cludes P7-P14 and corresponds to Domain I proposed
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by Pan (1995) based on chemical accessibility data. The
structure of this element is complex, and, in our model,
the positions of several helices (P12 and P13) are poorly
resolved and so are depicted by dashed lines in Fig-
ure 6 and 7. Several residues in this domain are pro-
tected from chemical modification in the presence of
substrate and so may constitute part of the substrate
binding pocket. Another notable feature of the model
is the central position of the highly conserved helix P4,
which is located immediately adjacent to the substrate
phosphate (Figs. 6C, 7A). This draws many conserved
nucleotides in RNase P RNA into the vicinity of the
acceptor stem of the tRNA, consistent with the expec-
tation that conserved sequences form the active site of
the ribozyme.

Novel structural relationships in RNase P RNA

Because of their proximity in the secondary structure,
helices P1, P2, and P3 were modeled previously as a
continuous, coaxial stack. The P1 and P3 helices vary
in length between RNase P RNAs from different or-
ganisms, whereas the length of P2 is conserved exactly
(Brown et al., 1994). This pattern of phylogenetic vari-
ation is consistent with a continuous P1-P2-P3 helical
array in which the ends can vary in length, while the
positions of the junctions between these helices and
the rest of RNase P RNA remain fixed. However, there
were no data bearing on the orientation of this array of
helices in the ribozyme-substrate complex. Now, cross-
linking constraints between P1 and L9 and between P3
and P15 (Labeled as A and F in Table 1 and Fig. 6C,D)
suggest a specific orientation of these helices relative
to the rest of the RNA (Fig. 7A). The phylogenetic
volatility of the lengths of P1 and P9 suggest that they
are both oriented toward the exterior of the structure,
yet there is some evidence to suggest that they partici-
pate in a specific interaction (see below). The sequence-
length of P3 also varies dramatically, however, P15 is
largely conserved. Thus, it is somewhat surprising to
observe crosslinking between these two structural el-
ements. Nonetheless, crosslinking between homolo-

FIGURE 6. Overview of crosslinking results and structural interpretation. A: Overview of structural information from this
study. Structural constraints from this study are indicated in blue by curved lines connecting crosslink attachment sites
(stars) and crosslink sites (brackets). Letters indicating crosslinking constraints correspond to the “Constraint” column of
Table 1. Lines connecting the paired halves of P4 and P6 are omitted for clarity (see Fig. 1). B: Secondary structure diagram
of tRNA indicating known intermolecular interactions. Nucleotide positions that can be deleted without significantly
altering recognition by RNase P RNA are shown as open circles. The RNase P cleavage site is indicated by an arrow.
Nucleotide positions where base-identity is important are indicated by the appropriate letter. The sites of two interactions
between the substrate and the ribozyme are indicated by green dotted lines and the corresponding nucleotide position in
RNase P RNA is indicated (Kirsebom & Svird, 1994; Pan et al., 1995). C,D: Structure model generated by manual computer
modeling with refinement. Part C shows the substrate binding face of the structure and D is rotated 180° about the y axis
relative to the structure depicted in C. Positions of helices in RNase P RNA are indicated by cylinders labeled according
to the secondary structure diagram; only the proximal portion of helix P3 is shown. The backbone of tRNA is indicated in
red by a ribbon; only the acceptor and TyC stems are shown for clarity. The position of the substrate phosphate is indicated
by a red sphere. Constraints are shown in blue and labeled with letters corresponding to the secondary structure diagram
it A and the “Constraint” column in Table 1. Helices P12-P15 are indicated by dotted lines because the available infor-
mation is not sufficient to suggest useful conformations of this portion of the molecule.
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FIGURE 7. Novel structural relationships in RNase P RNA. A: Substrate binding face of the structure model with the
phosphodiester backbone of helices P1-P4 indicated by a grey ribbon. Remaining helices are shown as cylinders. Pre-tRNA
is shown in red. The position of the substrate phosphate is indicated by a red sphere. The likely path of the 5’ leader
sequence is indicated by a dotted red line. The positions of phosphate oxygens in RNase P RNA where sulfur substitution
disrupts catalytic function (Harris & Pace, 1995) are indicated by yellow spheres. Intermolecular interactions are indicated
as in Figure 6. B: Network of GNRA tetraloop interactions. GNRA tetraloop interactions between L18 and P8, L14 and PS§,
and P9 and P1 are indicated by blue arrows. Structure elements involved in these interactions (P1, P8, P9, P14, and P18)
are shown as grey ribbons. Position and orientation of the remaining helices are indicated by cylinders proportional to
A-form helices of the appropriate length; only the proximal portion of helix P3 is shown.

gous residues in B. subtilis RNase P RNA lends support
to this key structural constraint (J.-L. Chen, M.E. Har-
ris, & N.R. Pace, unpubl.). In this regard, it is mean-
ingful that the crosslinks between P15 and P3 in the E.
coli RNA occur in P3 at nucleotides that have homo-
logues in all bacterial RNase P RNAs. The crosslinking
results do not, however, suggest any specific RNA-
RNA docking motifs between P1 and P3 and the rest
of the ribozyme.

We argued previously, based on phylogenetic con-
servation of helix-length, that the loop of P8 was ori-
ented toward the interior of the ribozyme-substrate
complex (Harris et al., 1994). Although the positions of
helices P7-P10 are reasonably well-constrained by the
available crosslinking data to a region near the TyC
loop of the tRNA acceptor stem (Nolan et al., 1993),
little information bearing on the specific orientation of
these helical elements was available. Because the length
of P8 varies only slightly (2-3 base pairs) between dif-
ferent bacterial RNase P RNAs, whereas P9 can in-
crease dramatically in length (to more than 20 base
pairs) (Brown et al., 1994), phylogenetic data are con-
sistent with an arrangement whereby P8 is oriented

toward the interior of the ribozyme and P9 toward the
exterior (Fig. 6B). In the present analysis, we observe
high-efficiency crosslinking between G101 and nucle-
otides in P4, a helix which constitutes, in part, the
catalytic core of the ribozyme (below). In fact, two
species corresponding to crosslinks involving G101 and
both strands of P4 were detected using the photoagent-
modified Ec101 construct. These findings strongly sup-
port the orientation of the terminal loop of P8 toward
the interior of RNase P RNA (labeled as D in Table 1
and Fig. 6D). Based on the relatively well-conserved
L8 sequence and length of P8, we speculate that L8
may form specific contacts with other conserved struc-
ture in the core, perhaps in P4 itself. Crosslinks be-
tween P8 and P4, and P8 and L18, together with the
base-triple interactions identified by phylogenetic se-
quence comparisons, solidly orient helix P8 in the
ribozyme-substrate complex (Fig. 7B).

Our model incorporates a network of three GNRA
tetraloop interactions in the vicinity of P8 (Fig. 7B).
This kind of RNA-RNA interaction was first postu-
lated for Group I and Group II introns (Michel &
Westhof, 1990; Costa & Michel, 1995), and so appears
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to be a common architectural motif in large RNAs.
Crosslinks between G95 and L18 (Labeled as C in
Table 1 and Fig. 6D) are in agreement with an inter-
action between L18 and P8 that involves docking of
the GNRA tetra-loop of P18 into the minor groove of
the P8 helix, as inferred previously from phylogenetic
comparative sequence analysis (Brown et al., 1996). In
the phylogenetic comparative analysis, consistent co-
variations between nucleotides corresponding to G316
and A94, and between A214 and G105 in E. coli RNase
P RNA were interpreted as resulting from minor groove
base-triple interactions between the GNRA tetra-loops
of L14 and of L18, and the P8 helix. Because mutation
of the putatively interacting nucleotides did not result
in a detectable change in RNase P RNA activity in
vitro (Brown et al., 1996), the crosslinks that we ob-
serve between P8 and L18 are the first experimental
support for one of the proposed base-triple inter-
actions. However, crosslinking between G95 and L14
was not detected, even though model structures of the
GNRA docking interactions in P8 (Fig. 7B) would place
L14 within the range of the photoagent attached to
G95. There are many possible reasons for our inability
to corroborate the phylogenetic conclusions by cross-
linking analysis. For instance, docking interactions may
be weak or dynamic, and consequently not detected
by the crosslinking approach; or the photoagent may
be fixed in some orientation unfavorable for a partic-
ular crosslink. We note that, in RNase P RNAs that
have five base pair P9 helices, L9 almost always has
the sequence GNRA. This raises the possibility that L9
could interact with P1 via the kind of GNRA docking
interaction found between L18 and P8, and between
L14 and P8 (as shown in Fig. 7B). The presence of a
GNRA tetraloop in L9 correlates well with the occur-
rence of a G-C base pair eight nucleotides from the
P1-P2 junction; however, there are only a few in-
stances of covariation beween the loop and helix se-
quences. A more detailed biochemical investigation of
this potential interaction is underway.

The active site of RNase P

Our current model for the arrangement of structural
elements in RNase P RNA draws many of the con-
served nucleotides into the proximity of the acceptor
stem of the tRNA, consistent with the expectation that
conserved nucleotides form the active site of the ribo-
zyme. Particularly noteworthy are the structural ele-
ments that correlate with the catalytic function of the
RNA. These include helix P4 and the adjacent J3/4
and J2/4, conserved nucleotides in J5/15 and J18/2,
and the internal loop connecting P15 and P16.

Helix P4 and the adjacent joining nucleotides are
seen to constitute the heart of the active site of RNase
P. This structural element includes the highest concen-
tration of conserved nucleotides in the RNA, and re-
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cent modification-interference results have identified
phosphate residues in and adjacent to P4 that are spe-
cifically important for RNase P-mediated catalysis (Har-
ris & Pace, 1995; see below). These critical phosphates,
probably involved in the binding of catalytic magne-
sium ions, abut closely in the structure model to the
substrate phosphodiester bond of pre-tRNA. Helix P4
and the adjacent nucleotides in both E. coli and B. sub-
tilis RNase P RNAs are generally resistant to struc-
ture-specific chemicals, such as alkylating agents
(LaGrandeur et al., 1994) and Fe-EDTA (Pan, 1995;
Westhof et al., 1996), consistent with their burial in the
interior of the ribozyme-substrate complex.

Mature tRNA modified to contain a photoagent at
its 5’ terminus, on the phosphate on which RNase P
acts, crosslinks with very high efficiency to conserved
nucleotides in J5/15 and J18/4. This indicates the close
proximity of these nucleotides to the substrate phos-
phate in the enzyme-substrate complex (Burgin & Pace,
1990). A specific nucleotide in J18/2 (G332) is pro-
tected from chemical modification by pre-tRNA, but
not by mature tRNA (LaGrandeur et al., 1994). The
masking of this nucleotides requires a bound substrate
with a 5’ leader sequence that is at least four nucleo-
tides in length. Furthermore, attachment of a photo-
agent to G332 results in intermolecular crosslinking to
nt —3 to —6 in the pre-tRNA 5’ leader. Attachment of
a photoagent to G332 detects nucleotide in and adja-
cent to P15. In the present analysis, we see crosslinking
between G250, in P15, and the 5’ leader sequence
(Table 1; Fig. 6). Such complementary information
establishes that J18/2 and P15 are adjacent to, and
possibly interact with, the 5’ leader in the ribozyme-
substrate complex.

Crosslinking, chemical protection, and mutational
studies identify the internal bulge between P15 and
P16 as the binding site for the conserved tRNA 3'-
terminal CCA sequence (Fig. 7A, Kirsebom & Svérd,
1994; LaGrandeur et al., 1994; Oh & Pace, 1994). 3'-
Photoagent-modified tRNA crosslinks to the P15-P16
internal bulge, and residues in this bulge are protected
from chemical modification by the 3' CCA sequence of
the bound tRNA. The orientation of the 3' CCA with
respect to its binding site was determined by compar-
ing crosslinking and chemical modification patterns
obtained with the native substrate to those from pre-
tRNA mutants lacking CCA. Results indicate that the
CCA sequence is parallel to nt 254-259 and antiparal-
lel to nt 290-295. Chemical and enzymatic susceptibil-
ity of residues in this internal bulge indicate that it
may form an irregular helix. One or more of the ter-
minal C residues likely interacts by direct Watson-
Crick base pairing (Kirsebom & Sviard, 1994), with
exposed functional groups in one groove of the irreg-
ular helix formed by the P15 and P16 connecting in-
ternal bulge. NMR analysis of this internal loop isolated
from the remaining structure failed to detect a unique
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conformation of this region in the absence of bound
CCA. Recently, a theoretical model of the P15-P16 in-
ternal bulge with CCA bound, based on the available
phylogenetic, mutational, and chemical crosslinking
data, was proposed (Easterwood & Harvey, 1997).
Crosslinking constraints between G250, in P15, and
nucleotides in P3, and between the pre-tRNA sub-
strate phosphate and J5/15, together with primary and
secondary structural constraints, were used to posi-
tion the CCA binding-site model relative to the rest of
the helical array (Fig. 6C). The structure formed by the
3'-CCA and its docking site in the ribozyme-substrate
complex also is evidently somehow important in the
reaction mechanism; mutants in the substrate CCA in-
fluence the rate of the chemical step of the RNase P
reaction (B.-K. Oh & N.R. Pace, in prep.).

Conclusion

The current structural perspective on RNase P RNA
summarized in Figures 6 and 7 is consistent with a
large body of experimental information, but it will shar-
pen with additional data; each new high-efficiency
crosslink is an anchoring constraint in the structure
model. Currently, only about 5% of the nucleotides in
the bacterial RNase P RNA have been tested for cross-
linking. Yet, already the core helices in the ribozyme
are oriented with good resolution (ca. 5 A) with re-
spect to one another and the substrate (Harris et al.
1994). Peripheral helices are less well-ordered, but none-
theless are placed fairly accurately. A considerable part
(ca. nt 130-230) of the RNase P RNA remains poorly
defined in the current model because insufficient struc-
tural information is available. The general approach of
phylogenetic-comparative analysis coupled with site-
specific crosslinking is an important avenue in the study
of large RNAs. The perspective is that results, even
though at less than atomic resolution, define structural
elements for finer attention, and global architectural
features important for function. Coupled with model-
ing based on crystallographic studies, comparative and
crosslinking data provide credibly detailed structural
hypotheses for experimental test.

MATERIALS AND METHODS

Preparation and analysis of circularly
permuted RNAs

Circularly permuted RNase P RNAs were generated essen-
tially as described in Harris et al. (1994). Briefly, template
DNAs for in vitro transcription were synthesized by PCR
from tandemly repeated RNase P RNA genes. The two prim-
ers define the endpoints of the PCR product and thus the 5’
and 3’ ends of the transcribed RNA. The upstream primer
contained the core promoter for phage T7 RNA polymerase.
PCR reactions contained 30 mM Tris-HCl, pH 83, 1 mM
dNTPs, 50 mM potassium chloride, 1.5 mM magnesium chlo-
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ride, 0.05% NP-40, 1-10 pg tandem RNase P RNA or tRNA
genes, and 100 pmol of the forward and reverse primers. The
following primers were used:

Ec68fwd-5'-TAATACGACTCACTATAGTCCGGGCTCCATA
GGGC-3';
Ec68rev-5'-TTTCCTCCCCTCCGCCCGTC-3’;
Ec95fwd-5'-TAATACGACTCACTATAGGTAACGCCTGGG
GGGGAA-3';
Ec95rev-5'-TGGCACCCTGCCCTATGGAG-3’;
Ec101fwd-5'-TAATACGACTCACTATAGCCTGGGGGGGA
AACCCACGA-3;
Ec101rev-5'-GTTACCTGGCACCCTGCCC-3';
Ec244fwd-5'-TAATACGACTCACTATAGAGCAAGGCCAAA
TAGGGG-3’;
Ec244rev-5'-CGGGTGGAGTTTACCGAG-3’;
Ec316fwd-5'-TAATACGACTCACTATAGATTGCTGGCCTAG
ATGA-3;
Ec316rev-5'-GCTACATGGCTCAAGCAG-3'.

Circularly permuted RNase P RNA genes were cloned in
a specially constructed vector, pSBE, which contained Bbs I
and Fok I restriction enzyme sites strategically positioned
downstream from a Sma I site. Cloning of these PCR DNAs
into the Sma I site allowed the use of the Fok I or Bbs I sites
to generate templates for in vitro transcription that were
linearized precisely at the insert-vector junction. pEc250 was
a generous gift from Dr. Dan Frank. The RNAs used in this
study were prepared by in vitro transcription using phage
T7 RNA polymerase as described (Harris et al., 1994).

cpRNase P RNAs were assayed for enzymatic activity in
10-uL reactions containing 1 nM RNase P RNA, 1 M or 3 M
ammonium acetate, 25 mM magnesium chloride, 40 mM
Tris-HCI, pH 8.0, 0.1% SDS, and 10 nM to 1 uM substrate
pre-tRNA. Reactions were incubated for a length of time that
effected no more that 20-30% cleavage of substrate (typically
5-10 min). Separation of substrate and cleaved products was
accomplished by electrophoresis though 8% polyacrylamide/
8 M urea gels. Gels were dried and conversion of pre-tRNA
to cleaved products was analyzed using a Molecular Dy-
namics Phosphorimaging system. The kinetic parameters k.,
and K, were extracted by plotting 1/velocity versus velocity/
[substrate] (Eadie/Hofstee).

Crosslinking

Crosslinking experiments were performed essentially as de-
scribed previously (Burgin & Pace, 1990; Oh & Pace, 1994).
Briefly, for 5'-modification, an azidophenacyl group was con-
jugated to the unique sulfur at the 5'-terminal phosphate of
5'-guanosine monophosphorothioate (GMPS) RNAs. 5'-GMPS
RNAs were generated by in vitro transcription in the pres-
ence of GMPS. 3'-Modification was accomplished by oxida-
tion of the cpRNase P RNA followed by alkylation with
ethylene diamine and attachment of a primary amine-specific
photoagent, p-azidobenzoate succinamide ester. For cross-

' linking, the conjugated RNA was incubated under in vitro

RNase P assay conditions (described above) at 65°C for
2 min, then 37 °C for 10 min, followed by exposure to 302-nm
light at 25°C. Analytical reactions contained 2-0.02 nM 5'-
APA cpRNase P RNA and were irradiated for 0.5-30 min.
Preparative reactions contained 400 nM 5’-APA cpRNase P
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RNA and were irradiated for 30 min. Pre-tRNA was in-
cluded in the reactions as described in the figure legends.
Calcium chloride replaced magnesium chloride in reactions
containing pre-tRNA in order to suppress cleavage of the
substrate (Smith et al., 1992). Gel-purified crosslinked con-
jugates were assayed for RNase P activity by incubation in
the presence of 50 nM radiolabeled pre-tRNA, for intramolec-
ular crosslinks, or alone, for intermolecular crosslinks, in 3 M
ammonium acetate, 25 mM magnesium chloride, 40 mM
Tris-HCl, pH 8.0, 0.1% SDS. Reactions were incubated at
37°C for 5-10 min, and the products were resolved on de-
naturing polyacrylamide gels.

For primer-extension mapping of crosslink sites, RNA was
recovered from crosslinking reactions by ethanol precipita-
tion and the crosslinked species were resolved by electro-
phoresis through 4% polyacrylamide/8 M urea gels. RNAs
were visualized by staining with ethidium bromide and ex-
cised from the gel. The various crosslinked species as well as
the uncrosslinked RNA were eluted as described above. Cross-
linked nucleotides were determined by primer extension of
the crosslinked RNA as described previously (Burgin & Pace,
1990).

Structure modeling

Model helices and structures were generated using MC-SYM
(Major et al., 1994). Manual positioning and structure refine-
ment were performed using Insight II (Biosym). Refinement
was performed by steepest-decent energy minimization using
the amber forcefield. Molecular graphics were generated using
RIBBONS (Carson, 1987). Coordinates are available by re-
quest from meh2@pop.cwru.edu.

NOTE ADDED IN PROOF

Additional evidence for a P1-P9 interaction from phylo-
genetic sequence comparisons is provided by Massire et al.
in this issue.
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