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RNA-dependent Folding and Stabilization of C5 Protein
During Assembly of the E. coli RNase P Holoenzyme
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The pre-tRNA processing enzyme ribonuclease P is a ribonucleoprotein. In
Escherichia coli assembly of the holoenzyme involves binding of the small
(119 amino acid residue) C5 protein to the much larger (377 nucleotide) P
RNA subunit. The RNA subunit makes the majority of contacts to the pre-
tRNA substrate and contains the active site; however, binding of C5
stabilizes P RNA folding and contributes to high affinity substrate binding.
Here, we show that RNase P ribonucleoprotein assembly also influences the
folding of C5 protein. Thermal melting studies demonstrate that the free
protein population is a mixture of folded and unfolded conformations
under conditions where it assembles quantitatively with the RNA subunit.
Changes in the intrinsic fluorescence of a unique tryptophan residue located
in the folded core of C5 provide further evidence for an RNA-dependent
conformational change during RNase P assembly. Comparisons of the CD
spectra of the free RNA and protein subunits with that of the holoenzyme
provide evidence for changes in P RNA structure in the presence of C5 as
indicated by previous studies. Importantly, monitoring the temperature
dependence of the CD signal in regions of the holoenzyme spectra that are
dominated by protein or RNA structure permitted analysis of the thermal
melting of the individual subunits within the ribonucleoprotein. These
analyses reveal a significantly higher Tm for C5 when bound to P RNA and
show that unfolding of the protein and RNA are coupled. These data
provide evidence for a general mechanism in which the favorable free
energy for formation of the RNA–protein complex offsets the unfavorable
free energy of structural rearrangements in the RNA and protein subunits.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Ribonucleoprotein assembly is nearly always
accompanied by changes in the conformation of
the interacting RNA or protein, or both.1–3 An
extreme example is assembly of the ribosome, which
involves the sequential binding of numerous pro-
teins via multiple pathways leading to large-scale
changes in the conformation of the associated RNA
and proteins.4–7 Structural studies of a growing
number of RNA-binding proteins and their cognate
RNAs reveal numerous modes of binding and a
wide range of conformational changes associated
with assembly.3 Comparison of the structures of the
ng author:
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free and bound states of RNA and protein provides
essential insights on the degree of molecular
rearrangement that occurs and also suggests likely
trajectories for large-scale molecular motion. Yet,
additional information is clearly necessary to define
the relationships between conformational changes
and essential aspects of biological function such as
affinity or specificity. Thus, defining the kinds of
structural changes that occur during the assembly of
functionally important cellular ribonucleoproteins
and understanding how they are linked to function
remain important goals.
The tRNA processing endonuclease RNase P is an

essential and ubiquitous ribonucleoprotein in which
functional collaboration between its RNA and
protein subunits is essential for its physiological
function,8–10 yet relatively little is known about how
the active holoenzyme is assembled. In Bacteria, the
d.
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composition of the complex is simple, consisting in
Escherichia coli of one 377 nucleotide RNA (P RNA)
and a single 119 amino acid residue protein subunit
(C5). The large P RNA encompasses the majority of
the binding interface for the pre-tRNA substrate
including the active site. P RNA alone can fold in the
presence of magnesium ions into a conformation
that can catalyze pre-tRNA cleavage, but binds the
substrate with low affinity. The C5 protein binds
within the catalytic domain of P RNA,11–13 and this
association results in important changes in the func-
tional properties of the enzyme9,14 (Figure 1(a)).
Biochemical and structure probing analyses show
that the protein contributes to pre-tRNA binding by
interacting directly with 5′ leader sequences adja-
cent to the cleavage site. Additionally, the protein
subunit enhances the binding affinity of metal ions
important for substrate cleavage.15–17
Evidence for changes in P RNA structure that may

be related to protein effects on function come from
chemical probing experiments that show a greater
degree of protection by the protein subunit than can
be accounted for by its relatively small size.20,21
Furthermore, enhancements to chemical modifica-
tion and interference observed in the presence of the
protein are also consistent with changes in RNA
structure.13 Recent physical studies of the RNA
subunit by Pace and colleagues demonstrate that
protein binding alters the structure of P RNA, which
appears to result in additional, or stronger RNA–
RNA interactions with tRNA.18 Consistent with this
model is the ability of C5 to suppress the effects of
some mutations in P RNA that disrupt tertiary
structure.19 Unfortunately, the interface between the
RNA and protein subunits remains poorly defined.
Additionally, although models can be built in which
the protein interacts with the catalytic domain, as
well as the leader sequence of a docked substrate,21
a high-resolution structure of the complex is lacking.
Thus, while functional and structural changes in the
RNA subunit brought about by protein binding may
explain in part why C5 is essential in vivo, the kinds
of changes in conformation that are induced by the
protein, as well as the manner in which RNA
conformations and function are linked at the
molecular level remain poorly understood.
Achieving a complete description of RNase P

assembly will necessarily involve understanding
not only conformational changes in P RNA, but
also the extent of conformational changes in the
protein subunit. The structures of the free protein
have been determined for three different bacteria re-
vealing a conserved alpha/beta sandwich fold22–24

(Figure 1(b)). Comparative sequence analysis iden-
tifies conserved basic residues, as well as hydro-
phobic residues in a cleft formed by α2 and β1-3 that
are important for RNA binding and function.23,25
However, as indicated above, the interface between
the RNA and protein subunits is not yet well
defined, and it is not known whether the structure
of the protein changes when the P RNA is bound.
Evidence that RNA binding may influence RNase P
protein folding is provided by recent physical
studies of the Bacillus subtilis RNase P protein by
Oas and colleagues demonstrating that protein
folding is linked to anion binding.26 These physical
analyses provide evidence for a mechanism involv-
ing binding of anions to the folded state of the
protein. Folding was induced best by polyvalent
phosphate ions, suggesting a role for the RNA
phosphodiester backbone in protein stabilization.
These observations raise important questions with
regard to RNase P assembly, in particular how RNA
binding influences the conformation and folding of
the protein subunit and how, or whether, changes in
conformation of the RNA and protein subunits are
linked.
Results

Stoichiometric assembly of E. coli RNase
P holoenzyme

To better understand the assembly of the E. coli
RNase P ribonucleoprotein we undertook a series of
equilibrium spectroscopic analyses to identify dif-
ferences in the conformation of the free and bound
protein subunit. Historically, an impediment to
physical and biochemical analyses of the E. coli
RNase P holoenzyme has been the low specific
activity of purified C5 protein, and it has been
commonly added in excess to insure efficient
holoenzyme assembly.25,27,28 For this study we
purified highly active C5 in quantities that are
sufficient for physical analyses of holoenzyme
assembly using a well-characterized system of
affinity purification that relies upon expression of
C5 as a fusion protein with a chitin-binding domain.
Removal of the affinity tag by intein cleavage yields
a protein with the precise C5 amino acid sequence
(see Materials and Methods). SDS-PAGE of protein
samples from over-expressing cells and fractions
from the purification are shown in Figure 2(a).
Induction of expression results in the accumulation
of a protein at the molecular mass expected for the
fusion protein (71.3 kDa). Affinity purification and
intein cleavage result in elution of highly purified
protein that migrates at the appropriate molecular
mass (13.8 kDa). Mass spectrometric analyses
confirm the identity of the protein as full-length C5
protein (data not shown). The protein alone shows
no activity in pre-tRNA processing in vitro, and
inspection of the UV and CD spectra reveals no
detectable contamination by nucleic acid, indicating
that the protein preparation is free of contaminating
P RNA (data not shown).
To determine the fraction of the purified protein

capable of forming functional complexes with P
RNA we titrated C5 into pre-tRNA processing
reactions containing a constant concentration
(25 nM) of the RNA subunit. RNase P assembly
and enzyme activity are highly sensitive to ionic
strength; these and subsequent experiments were
conducted under standard monovalent and divalent



Figure 1. Functional contributions and three-dimensional structure of bacterial RNase P protein. (a) Functional
contributions of the RNA and protein subunits of bacterial RNase P. The free RNA subunit is shown as a grey oval while
the free protein subunit is depicted as a white diamond. P RNA and C5 protein bound to form the RNase P holoenzyme
are shown as an oval with smooth contours for the substrate-binding site and a circle, respectively, to indicate the
conformational changes that occur upon assembly. The tRNAportion of the substrate is shown in backbone representation
and the 5′ leader sequence is represented by a dotted line. Protein binding leads to improvement in substrate binding
(Kd

pre-tRNA) in part due to interactions with the 5′ leader, but there is little effect on the substrate cleavage step (kc).
Additionally, the protein enhances interactionswith the tRNA (Kd

tRNA) that are linked to conformational changes in theRNA
subunit.27 (b) Structure of RNase P protein from B. subtilis23 (PDB 1A6f). The identities of conserved secondary structure
elements are indicated. The locations of conserved basic residues that are believed to play a role in interactions with the
RNase P RNA subunit are shown in dark blue. The homologous position ofW109 in the B. subtilis structure is shown in red.
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ion concentrations of 100 mM NaCl and 17 mM
MgCl2 unless indicated otherwise. Under these
conditions there is essentially no detectable pre-
tRNAASP processing activity observed with P RNA
alone, which is attributable to very low substrate
binding affinity. Increasing the concentration of C5



Figure 2. Purification of E. coli RNase P protein (C5)
and stoichiometric assembly of the holoenzyme. (a) SDS-
PAGE analysis of protein samples from over-expressing
cells and affinity column fractions. RNase P protein was
over-expressed as a fusion with chitin-binding domain as
described in Materials and Methods. Lanes 1 and 7,
Benchmark Protein ladder molecular weight standards
(Invitrogen) with sizes in kiloDaltons indicated to the left;
lanes 2, 3 and 4, whole cell lysate from an induced culture,
the soluble fraction of this lysate, and the insoluble fraction
of this lysate, respectively; lane 5, flow-through of chitin
column during loading of the clarified lysate; lanes 6 and
lane 8, 1 μg and 10 μg, respectively of the final purified C5
preparation. The amount of sample loaded in each of lanes
2–5 represents equivalent numbers of cells. (b) Stoichiom-
etry of RNase P holoenzyme assembly. Purified C5 protein
was titrated into reactions containing 250 nM radiolabeled
substrate and 25 nM P RNA (indicated by a broken line in
the graph) under standard reaction conditions (see
Materials and Methods). The graph shows the average
observed multiple turnover rate constant (kobs) from at
least three independent measurements as a function of C5
protein concentration. Error bars represent one standard
deviation.

Figure 3. Effect of C5 on substrate-binding affinity,
product-binding affinity and catalytic rate. (a) Equilibrium
binding analysis of the affinity of P RNA and the RNase P
holoenzyme for pre-tRNAASP and tRNAASP. Fractions of
bound substrate were determined by gel-filtration chro-
matography under conditions of 50 mM Mes (pH 5.75),
100 mM NaCl and 17.5 mM CaCl2 as described in
Materials and Methods. Representative binding data for
the interaction of pre-tRNA (circles) and tRNA (squares)
with the RNase P RNA subunit alone (open symbols) or
the reconstituted holoenzyme (filled symbols) are shown.
(b) Determination of the single turnover rate constants for
cleavage of pre-tRNAASP by the E. coli RNase P holoen-
zyme and P RNA alone. Single turnover reactions in
50 mMMes (pH 5.75), 100 mMNaCl, 17.5 mMMgCl2 with
saturating concentrations of enzyme were performed, and
the fraction of reacted substrate is plotted as a function of
time. Representative data for the RNase P RNA subunit
alone (open symbols) or the reconstituted holoenzyme
(filled symbols) are shown.
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results in a corresponding increase in the multiple
turnover rate. The rate reaches a maximum at ca 25–
30 nM C5 providing a conservative estimate that
>80% of the protein can bind productively to the
RNA subunit (Figure 2(b)). Increasing the C5
concentration beyond 30 nM results in a detectable
decrease in rate. Equilibrium binding studies using
radiolabeled RNA show that the protein subunit
alone will bind weakly (Kd,app ca 200 nM) to pre-
tRNA (data not shown) suggesting that inhibition
by excess protein is due to non-specific binding to
the substrate or enzyme RNAs.
Next, we characterized the effect of protein

binding on molecular recognition and catalysis by
comparing the substrate and product binding
affinities, as well as the single turnover rate constant
for pre-tRNA cleavage of both the holoenzyme and
the P RNA alone. As shown in Figure 3(a),
thermodynamic analyses demonstrate that binding
of C5 increases pre-tRNA affinity as expected based
on previous studies.9 Under the conditions of
100 mM NaCl and 17 mM MgCl2 used here, the
RNA alone has an apparent dissociation constant



Figure 4. Characterization of C5 protein folding and
thermal stability by CD spectroscopy. (a) CD spectrum of
1.5 μM C5 protein at 20 °C in 20 mM sodium cacodylate
buffer (pH 7.5) in the absence (1) and presence (2) of
100 mM NaCl and 17 mM MgCl2. (b) Thermal denatur-
ation spectra (from 10 °C–60 °C) monitored at 222 nm of
1.5 μM C5 protein in 20 mM sodium cacodylate buffer
(pH 7.5), 100 mM NaCl, 17 mM MgCl2.

194 Folding and Stabilization of C5 Protein
(Kd,app) for the model substrate, pre-tRNAASP, of
>500 nM, while the protein increases this affinity by
ca 500-fold (Kd,app=1.5(±0.4) nM). Additionally, we
observe a marked effect of the protein subunit on
tRNA binding affinity (70-fold) with an apparent
Kd,app of 560(±70) nM and 7.3(±1.5) nM for binding
of tRNAASP by the ribozyme and holoenzyme,
respectively, which is consistent with recent quanti-
tative studies of the contribution of the C5 protein.18
In contrast to binding affinity, kinetic analyses
reveal relatively little contribution of C5 to catalysis
for this substrate (Figure 3(b)). Under these standard
reaction conditions the single turnover cleavage rate
of the E. coli holoenzyme is sensitive to pH,
consistent with the cleavage step being rate-limiting
(data not shown). At saturating concentrations of
either RNA subunit alone or the holoenzyme the
observed single turnover rate is within threefold
(0.68(±0.08) min−1 versus 2.00(±0.3) min−1, for the
ribozyme and holoenzyme, respectively).
Thus, the population of purified C5 assembles

stoichiometrically with P RNA resulting in signifi-
cant increases in pre-tRNA and tRNA binding
affinity attributable to stabilization of the structure
of the RNA subunit.18 Together these results
demonstrate robust and quantitative incorporation
of purified RNA and protein subunits into function-
al RNase P holoenzyme over a wide range of RNA
and protein concentrations. Importantly, this system
provides a well-defined arena for physical studies of
RNase P holoenzyme assembly.

Spectroscopic evidence for conformational
changes in C5 protein during holoenzyme
assembly

To test for changes in protein structure associated
with ribonucleoprotein assembly, we first examined
the extent of secondary structure in the free protein
population by analyzing the circular dichroism (CD)
spectrum of C5. The CD spectra of C5 in buffer alone
and under standard holoenzyme assembly condi-
tions of 100 mMNaCl and 17mMMgCl2 at 20 °C are
shown in Figure 4(a). Importantly, the spectra are
significantly different with a much larger CD signal
in the presence of NaCl and MgCl2 consistent with
anion-induced folding as observed for the B. subtilis
protein.26 Titration experiments demonstrate that a
concentration of 100 mM NaCl alone was sufficient
to result in the complete change in the CD signal,
indicating that the reaction conditions used for
holoenzyme assembly include concentrations of
anions that are saturating for folding (data not
shown). A simple model would be that holoenzyme
assembly involves interaction of the RNA with a
population of C5 that is already folded by anion
binding. However, thermal melting studies suggest
that this mechanism may not necessarily apply
under all conditions. Characterization of the thermal
stability of the C5 population under standard
holoenzyme reaction conditions yielded the tem-
perature dependence of the CD signal at 222 nm
shown in Figure 4(b). Fitting of the data to a model
for a two-state folding equilibrium shows a Tm of ca
38 °C for the free C5 protein. Folding is reversible at
temperatures near the Tm (data not shown). Sur-
prisingly, the apparent Tm is remarkably lower than
that for the B. subtilis protein under similar condi-
tions (66 °C).26 These data indicate that the
population of C5 protein in the absence of P RNA
exists as a mixture of both folded and unfolded
states under reaction conditions in which stoichio-
metric holoenzyme assembly is achieved. Thus,
assembly of the functional E. coli RNase P holoen-
zyme under these conditions must necessarily
involve folding of a significant fraction of the protein
population.
To test the idea that the presence of P RNA results

in changes in the conformation of C5 we took



Figure 5. Effects of holoenzyme assembly on the
intrinsic fluorescence of W109. (a) Fluorescence emission
spectra resulting from excitation at 280 nm of 0.5 μM P
RNA alone (1), 0.5 μM C5 protein alone (2), and 0.5 μM
RNase P holoenzyme (3) in 20 mM sodium cacodylate
buffer (pH 7.5), 100 mM NaCl, 17 mM MgCl2 at 37 °C.
Intensities are reported as intrinsic fluorescence units (If).
Curve 4 shows the difference spectrum resulting from
subtracting the signal of the RNA alone from that of the
holoenzyme. (b) Effect of P RNA concentration on the
fluorescence intensity (If) of W109 at a fixed concentration
of C5 protein (0.45 μM). The broken line indicates the
concentration at which the concentrations of RNase P
RNA and protein are equal.
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advantage of the intrinsic fluorescence of a single
tryptophan residue (W109) located near the C
terminus of the protein (Figure 1(b)). Comparison
of the available structures of RNase P proteins
together with an alignment of available protein
sequences shows that W109 is located in an alpha
helix opposite the binding face for the 5′ leader
sequence.29,30 The identity of this position is not well
conserved and its role appears to be to interact with
other hydrophobic amino acids in the folded core.31
Mutation of a conserved phenylalanine (F72) located
in the hydrophobic core of C5 to alanine results in
changes in the emission spectrum of W109.31 In
contrast, mutation of the conserved F18 that is
located in the binding cleft of the 5′ leader sequence
does not affect W109 fluorescence. Thus, W109 is not
thought to form the primary binding site for the P
RNA, or to be involved in pre-tRNA binding. Hence,
changes in the intrinsic protein fluorescence are
likely to reflect the formation of, or changes in, the
structure of the folded C5 protein.
As shown in Figure 5(a), comparison of the

equilibrium spectra of the free and bound protein
demonstrates that W109 fluorescence is significantly
increased in the presence of the RNA subunit.
Excitation of free C5 protein at 280 nm yields a
broad emission peak with a maximum at 327 nm.
The emission spectrum as well as the excitation
spectrum of C5 monitored at 327 nm (data not
shown) is consistent with that of tryptophan32.
Importantly, addition of a stoichiometric amount
of P RNA results in a significant increase in the total
fluorescence intensity. The magnitude of the change
in fluorescence is quite large (ca 100%), indicating a
significant change in the environment of W109
consistent with desolvation and burying of W109
in the hydrophobic core of the protein. As shown in
Figure 5(b), the change in W109 fluorescence is
dependent on P RNA concentration. Notably, the
maximal increase in fluorescence is observed at
stoichiometric concentrations of the RNA and
protein, and addition of excess RNA does not result
in a further increase in fluorescence intensity. These
data also support the 1:1 stoichiometry of the
holoenzyme suggested by the activity assay in
Figure 2(b) and, importantly, are consistent with a
significant change in the conformation of the protein
population in the presence of P RNA.

Spectroscopic evidence for conformational
changes in E. coli RNase P RNA during
holoenzyme assembly

To better understand the structural changes in C5
protein, as well as P RNA, that accompany RNase P
holoenzyme assembly, we compared the CD spectra
of the free RNA and protein subunits with that of the
holoenzyme. Changes in RNA and protein structure
can result in changes in their CD signal; thus,
evaluation of difference spectra derived from sub-
tracting the signals of the free RNA and protein
subunits from that of the complex provides infor-
mation about how assembly affects their conforma-
tion. Due to the much larger size of P RNA and the
greater CD signal of nucleic acids, the spectrum of
the RNA subunit dominates that of the protein. As
shown in Figure 6(a) for both the free RNA (curve 1)
and bound RNA (curve 2), there is a strong
maximum at 265 nm, a small negative signal at
∼235 nm and a significant negative peak at
∼210 nm. These spectra are consistent with the
presence of a highly structured RNA with a
significant amount of A-form helix.33–36 Impor-
tantly, the difference spectrum (curve 4) derived



Figure 6. Effects of holoenzyme assembly on CD
spectra of P RNA and protein subunits. (a) CD spectra of
0.5 μM P RNA (curve 1, black), C5 protein (curve 3, red)
and the RNase P holoenzyme (curve 2, green) at 37 °C in
20 mM sodium cacodylate (pH 7.5), 100 mMNaCl, 17 mM
MgCl2. Curve 4 (blue) is the difference spectrum obtained
by subtracting the CD signal of the holoenzyme from the
sum of those of the free RNA and protein subunits. (b)
Effects of monovalent and divalent ions on protein-
dependent changes in the CD spectrum of P RNA. All
samples were obtained at 37 °C in 20 mM sodium
cacodylate (pH 7.5). Curve 1 (green), 0.5 μM P RNA,
17 mM MgCl2; curve 2 (red), 0.5 μM P RNA, 100 mM
NaCl; curve 3 (black), 0.5 μM P RNA, 0.5 μM C5 protein,
100 mM NaCl; curve 4 (light blue), 0.5 μM P RNA alone;
curve 5 (dark blue), 0.5 μM P RNA, 0.5 μM C5 protein, no
MgCl2 or NaCl; curve 6 (magenta), 0.5 μM P RNA, 0.5 μM
C5 protein, 17 mM MgCl2.
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from subtracting the signal of the ribonucleoprotein
(curve 2) from the combined spectra for free RNA
(curve 1) and protein (curve 3) reveals changes in the
CD signal at 260 nm attributable to complex
formation. Evaluation of the difference spectrum
shows a decrease in the CD signal at this wavelength
for the ribonucleoprotein, which is consistent with a
net decrease in base stacking in the P RNA
population due to binding of the C5 protein.33,35
Although the difference spectrum shows no signif-
icant change in the region of the spectrum associated
with protein secondary structure (<230 nm), a
complete interpretation is limited by the potential
for compensating changes in the CD signal of the
RNA subunit.
Loss of RNA base stacking due to complex

formation is somewhat surprising given the recent
observation that C5 binding stabilizes P RNA
folding18 as structure stabilization would be
expected to be associated with an increase in
structure content. However, in contrast to results
reported for B. subtilis P RNA35, CD does not
distinguish between formation of secondary and
tertiary structure in E. coli P RNA (N. Zahler and M.
E.H., unpublished results). Nonetheless, the protein-
dependent CD change could result from unfolding
of RNA that is not linked to holoenzyme formation,
or could be due to a net decrease in structure
detectable by CD that is associated with an
interaction between C5 and a folded, functional
form of P RNA. It is, however, possible to exploit the
divalent metal ion dependence of tertiary structure
formation to shed light on this question.
Previous studies of C5 protein show that Mg2+ is

not obligatory for its interaction with RNA27;
however, concentrations of divalent metal ions
greater than 1 mM are required for folding of P
RNA into its active conformation and formation of
the active holoenzyme.35,37–39 These studies reveal
that the presence of monovalent ions is sufficient for
formation of secondary structure. Thus, we asked
whether the protein-dependent changes in RNA
structure observed in the CD spectra depend on
prior formation of P RNA tertiary structure by
comparing the effect of the protein on the observed
RNA spectra obtained in the presence and absence
of Mg2+.
As shown in Figure 6(b) addition of 17 mM

MgCl2 to the free RNA in buffer alone results in a
significant increase in CD signal at 260 nm that is
attributed to an increase in base stacking that
accompanies RNA folding (curve 4 versus curve 1).
Similarly, addition of 100 mM NaCl (curve 2) also
results in an increase in the CD signal at 260 nm
consistent with increased RNA base stacking.
Importantly, the protein-dependent decrease in
the CD spectrum of the RNA is only observed in
the presence of MgCl2, as revealed by comparison
of the foregoing results with the spectra for the
combined RNA and protein in buffer alone (curve
5), in 100 mM NaCl (curve 3) and in 17 mM MgCl2
(curve 6). The results clearly show that the protein-
dependent decrease in CD at 260 nm is only
observed when the RNA is previously folded in
Mg2+. Since tertiary folding of the RNA into a
functional conformation requires Mg2+, these data
suggest that the change in CD signal observed
upon addition of protein results from interaction
between the C5 protein and a form of the RNA
subunit in which some extent of tertiary structure
has formed.



Figure 7. Thermal denaturation spectra of RNase P
holoenzyme. CD values of RNase P holoenzyme, P RNA
alone and C5 alone (all at 1.5 μM) in 20 mM sodium
cacodylate (pH 6.1), 100 mM NaCl, 1 mM MgCl2 were
monitored at a range of temperatures (10–75 °C). The
changes in signal at 222 nm (open symbols) and 265 nm
(filled symbols) are shown for the free RNA and protein
subunits (circles) and in the context of the RNase P
holoenzyme (squares). Thermal melting analyses for both
the holoenzyme and free subunits were performed in
1 mM MgCl2 to suppress metal ion-dependent degrada-
tion of P RNA.
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Changes in RNA structure indicated by the
changes in CD signal upon RNase P protein
binding are consistent with previous structure
probing and chemical protection experiments
showing changes in the chemical protection pattern
of the RNA subunit in the presence of the
protein.12,13,20 The changes in CD signal are likely
attributable to the changes in structure that
accompany holoenzyme formation. However, it is
essential to consider the ability of RNA to form
alternate energetically equivalent conformers and
to form stable mis-folded states that can be
separated from the native conformation by large
energetic barriers.40,41 Thus, the CD results may
reflect a large portion of the population that
undergoes relatively small changes in structure
upon protein binding. Alternatively, a small por-
tion of the population undergoes a large-scale
change in structure while the majority of the
population is static. Given the small size of the
protein and the high efficiency of formation of the
specific functional 1:1 holoenzyme complexes in
the presence of divalent metal ion, the latter
scenario seems less likely. Thus, the data presented
in Figure 6 provide further evidence for protein-
dependent changes in P RNA conformation that
result from interactions between C5 and the native,
folded form of the RNA subunit.

Binding to P RNA stabilizes the folding of C5
protein

Previous physical studies of B. subtilis RNase P
protein provide evidence that, under conditions
where the folded and unfolded protein are in
equilibrium, binding of anions is stronger to the
folded state and accordingly increasing concentra-
tions of anions shift the equilibrium towards
folding.26 An analogous mechanism in which the
RNA has a greater affinity for the folded form of the
protein is likely to explain the spectroscopic changes
associated with E. coli RNase P assembly observed
here. This model is essentially a classical induced-fit
bindingmechanism1,42 and should necessarily result
in increased stability for the bound protein relative to
the folded protein free in solution. To test this
hypothesis it is necessary to compare the thermal
melting of the free protein with that of the protein
bound to P RNA.
Typically, thermal melting profiles are obtained

from monitoring CD signals related to protein
structure as a function of temperature, as done for
the free C5 protein in Figure 4(b). A potentially
complicating factor for the RNase P holoenzyme is
that the large P RNA contributes significantly to the
CD signal of the holoenyme. However, the contri-
bution of RNA to the spectrum is least at 222 nm
(Figure 6(a), curve 1) where C5 protein shows an
obvious signal (Figure 4(a), curve 2; and Figure 6(a),
curve 3); consequently, evaluation of the CD signal
at this wavelength should provide information
about changes in protein folding. Thus, determina-
tion of the temperature dependence of the CD signal
at 222 nm and at 265 nm, a wavelength that is
dominated by the RNA signal, permits the thermal
melting of the C5 and P RNA subunits of the
holoenzyme to be monitored simultaneously.
The thermal melting profile for the holoenzyme

monitored at wavelengths specific for the RNA
and protein subunits is shown in Figure 7. The
data clearly show that the signal at 222 nm, which
monitors the protein subunit, reveals a transition
that occurs with a Tm of ca 57 °C. The fact that the
Tm for the C5 subunit in the holoenzyme is much
higher than that observed for the free C5 (34 °C)
provides strong support for stabilization of the
folded protein by RNA binding as hypothesized.
These data also clearly show a transition resulting
in a significant decrease in the CD signal at
265 nm, which monitors the RNA subunit, occurs
with a very similar Tm (ca 60 °C) to the transition
observed at 222 nm. The significant decrease in CD
indicates a large decrease in base stacking of the
RNA population consistent with thermal unfold-
ing. A decrease in CD at 265 nm is also observed
with P RNA alone that occurs with a Tm that is
similar (ca 66 °C) to that observed in the presence
of C5 protein. Nonetheless, the observation that C5
in the context of the RNase P holoenzyme under-
goes a thermal melting transition at essentially the
same Tm as that of P RNA provides compelling
evidence that unfolding of the two subunits is
coupled. The fact that the signal at 265 nm for P
RNA decreases with temperature supports cou-
pling of protein and RNA melting. If the protein
simply dissociated due to thermal melting without
the RNA unfolding, then the P RNA signal at
265 nm should increase based on the data
presented in Figure 6(a). Importantly, these data
provide strong evidence that the binding of the
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RNA subunit stabilized the folding of C5 protein
as predicted.
Figure 8. A generalized double two-state, induced-fit
model for formation of the RNase P holoenzyme. Two
states for both the RNA and protein components are
indicated as 1 and 2, respectively. The equilibrium
constants for the conformational changes between states
1 and 2 are identified as KP and KR for the uncomplexed
protein and RNA, respectively. The equilibrium dissocia-
tion constants for the different complexes are denoted by
the subscripted pair of numbers reflecting the conforma-
tional state of the RNA and protein, respectively. Bold
lines indicate the favorable interaction between the folded
RNA and protein states. Broken lines are used to indicate
the unfavorable interactions involving the RNA1 and Prot1
states with each other as well as with RNA2 and Prot2,
while dotted lines indicate the equilibria between the
resulting infrequently populated states. The native,
functional holoenzyme complex is boxed.
Discussion

The spectroscopic data presented above provide
strong evidence that formation of the active E. coli
holoenzyme involves conformational changes in
both the RNA and protein subunit, and that binding
of the RNA subunit stabilizes the folding of C5.
Recently, Pace and Buck have shown that binding of
C5 can alter the folding of P RNA, which is likely to
be related to the changes in RNA structure revealed
by changes in the CD spectrum, as well as
previously observed differences in patterns of
chemical protection for the holoenzyme and ribo-
zyme.18,20,21 By considering the assembly process as
a generalized double two-state, mutual induced-fit
model the linkage between RNA binding and
stabilization of C5 folding is made more clear. In
such a mechanism, the favorable free energy of
forming the active complex counterbalances the
unfavorable free energies associated with confor-
mational changes in the protein and RNA. In the
generalized scheme shown in Figure 8 there are two
states for both the RNA and protein components,
indicated as 1 and 2. In the case of C5, these states
correspond to the denatured protein and to the
folded/functional conformation that exists when
bound to P RNA, respectively. For P RNA the two
states correspond to those that precede and result
from the protein-induced conformational change
identified in the CD spectrum of the bases at 260 nm.
The unimolecular equilibrium constants for the
conformational changes between states 1 and 2 are
identified as KP and KR for the uncomplexed protein
and RNA, respectively. The equilibrium dissociation
constants for the different complexes are denoted by
the subscripted pair of numbers reflecting the
conformational state of the RNA and protein,
respectively (i.e. KD2,1

is the dissociation constant
for the active conformation of P RNA and the
unfolded conformation of C5). The other equilibri-
um constants for interconversion of the bound RNA
and protein conformations are necessarily deter-
mined by those presented. For example, as shown,
the equilibrium constant for the conversion of a
complex in which the functional form of the RNA is
bound by the unfolded protein (RNA2·Prot1) to the
active form of the ribonucleoprotein complex
(RNA2·Prot2) is given by KP(KD2,1

/KD2,2
).

For C5 the value of KP is unity at the Tm detected
in the melting curve, less than unity above this
temperature and greater than unity at lower
temperatures. For the P RNA it is presumed that
the value of KR is less than unity, since if it were
much greater than unity then it would not be
possible to detect a conformational change upon
formation of the RNA–protein complex. If it is
assumed that the affinity of the folded, active
conformations of C5 and P RNA is much greater
than when either or both of the components is in its
inactive conformation (i.e. KD2,2 << KD1,1, KD1,2 and
KD2,1), so that KP(KD2,1/KD2,2) and KR(KD1,2/KD2,2) are
both greater than or equal to unity, then only the
forms in bold and connected by the filled arrows
will be extensively populated at equilibrium. That is,
in this simple scheme the conformational changes
that result in formation of the active forms occur in
the free RNA and protein subunits.
Importantly, the overall equilibrium constant for

the limiting free, non-active conformation of
either the RNA or protein subunits to form the
functional ribonucleoprotein complex (Ka,app) is
given by:

½R2d P2�=½R1or P1�lim¼ Ka,app
¼ KPKRð½R2 or P2�ex=KD2,2Þ ð1Þ

where [R2 or P2]ex indicates the concentration of
the free binding partner present in excess and [R1
or P1]lim is the limiting concentration of the free
non-active conformation of the corresponding
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RNA or protein. By definition, for the observed
induced-fit mechanism to be operative this
equilibrium constant must be greater than or
equal to unity, while KP and KR are less than
unity. Converting the equilibrium constants to
free energies yields equation (2):

Ka,app ¼ expð�½DG-P þ DG-R � DGD2,2�=RTÞ ð2Þ
This relationship clearly shows how the favorable
free energy for formation of the active ribonucleo-
protein complex offsets the unfavorable free energies
associated with the necessary conformational
changes in the RNA and protein subunits. Thermo-
dynamically, this would bemanifested as an increase
in the observed Tm for the protein. During thermal
melting disruption of RNA structure that is con-
tacted by the protein is likely to weaken binding
affinity. As these RNA–protein interactions are lost
the protein will ultimately dissociate and unfold in a
transition that is coupled to changes in RNA
structure. Thus, this general scheme provides a
rationale for the observed increase in thermal
stability of C5 in the presence of P RNA and the
coupled unfolding of the RNA and protein subunits
of the holoenzyme complex. Additionally, it presents
a simple context within which to more fully explore
the coupling between RNA and protein structural
changes.
Because the present analysis of RNase P assembly

involved equilibrium measurements, the actual ki-
netic pathway to forming the active complex, RNA2·-
Prot2, is not specified and cannot yet be identified by
the available data. To distinguish whether complexes
that are minimally populated at equilibrium (e.g., a
complex of folded C5 with the more populated
conformation of P-RNA (RNA1·Prot2)) contribute to
the assembly pathway requires kinetic analysis of the
time-course of the association reaction. Importantly,
the identified spectroscopic changes that occur
during the conformational changes in C5 and P
RNAwill permit stopped-flow analyses to character-
ize the pathway of complex assembly.
Such coupled conformational changes during

RNA–protein interactions are not unique to RNase
P assembly. For example, RNA binding proteins that
contain the common RRM motif, as well as their
RNA targets, can undergo both large-scale and
small-scale dynamics associated with RNA binding.
Awell studied example is nucleolin, which has two
RRMs connected by a linker that is flexible in the free
protein but becomes ordered in the nucleolin–RNA
complex concomitant with similar disorder/order
transitions in the two RRM motifs.43,44 Both local
and global transitions are driven by interactions
with the RNA, which also undergoes conformation-
al changes upon binding.45 Molecular dynamics
simulations show that correlated motions involving
both the RRM and its RNA ligand could account in
part for the thermodynamic coupling observed for
complex formation.46,47 In an additional example,
thermal denaturation studies indicate that the free
ribosomal protein L5 is not fully structured and
association with 5 S rRNA increases its Tm. As
observed for P RNA during RNase P holoenzyme
assembly, L5 induces changes in the CD spectrum of
5 S rRNA upon binding. However, coupled confor-
mational changes are not an obligatory mechanism
for RNA–protein interactions. For example, the
structure of free M. jannaschii L7Ae ribosomal
protein is essentially identical to that of the RNA-
bound protein. However, CD experiments show
that the box C/D and C′/D′ RNAmotifs to which it
binds do undergo conformational changes when
L7Ae is present.36,48 Additionally, analysis of the
structures of the common double-stranded RNA
binding motif show little change in overall structure
between free and bound states.49 Similarly, CD and
NMR analyses of the complex between double-
stranded RNA and the N-terminal domain of the
NS1 protein from influenza A virus reveal that NS1
binds without significant conformational changes.50
Thus, recognition of the range of dynamics observed
underscores the point that achieving a complete
understanding of biologically important RNA–
protein interactions will require detailed compara-
tive analysis of multiple examples.
This range of dynamic behavior observed in

ribonucleoprotein assembly has resulted in terms
used in the literature that generally describe the
degree of pre-organization present in the free RNA
or protein population. Such descriptions range from
classical ‘‘induced-fit’’, in which the free conforma-
tion is assumed to have only a subset of it's structure
pre-organized for binding while the rest of the
structure is disordered or in an alternative confor-
mation, to ‘‘lock and key’’ describing the other
boundary condition, in which the structures of the
free and bound states are identical.1,2,51,52 Recogni-
tion of the potential for conformational heterogene-
ity of RNA and protein populations gives rise to the
idea of ‘‘conformational capture’’, or ‘‘kinetic trap-
ping’’, which describes situations in which the free
RNA or protein exists in an ensemble of states in
equilibrium, some of which are pre-organized for
binding. Binding occurs preferentially to the orga-
nized, or folded state, and as molecules equilibrate
and assume the correct conformation they are bound
and trapped.2 Aspects of these descriptions can be
recognized in the equilibrium spectroscopic data for
RNase P assembly presented here. The free C5
protein is clearly a mixture of folded and unfolded
forms in the absence of the RNA subunit, and its
binding to P RNA could be described as having
characteristics of conformational capture. The folded
form is assumed to be pre-organized for binding,
although itmust be recognized that these data do not
indicate whether further conformational changes
occur subsequent to binding. With respect to P RNA,
the spectroscopic data suggest that the free RNA
conformation(s) are stable and distinct from the
protein-bound conformation. The observations of
good catalytic activity and monophasic kinetics
support the assumption that the majority of the
RNAs are not significantly mis-folded. Interestingly,
the decrease in CD upon protein binding indicates
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loss of base stacking consistent with recent chemical
probing studies, which support conformational
changes in the catalytic core near the binding site
for the protein. A plausible model would be that the
free RNA adopts a stable conformation competent
for catalysis but is unable to form the full set of
contacts with the substrate. New interactions with
the protein would provide the driving force for
breaking interactions necessary for a conformational
change permitting new or optimal contacts with the
pre-tRNA substrate and stabilizing the folded RNA.
Thus, a relatively simple induced-fit mechanism in
which the RNA must rearrange to form the full
complement of stabilizing RNA–protein interactions
is suggested. Although an important first step,
equilibrium spectroscopic data alone do not provide
a complete description of the assembly pathway, or
the mechanisms by which conformational changes
are linked to function. An important future direction
will be to define the kinetic mechanism of RNase P
holoenzyme assembly including the presence and
structures of intermediates, as well as to understand
the thermodynamic forces driving formation of
functional ribonucleoprotein complexes.
Materials and Methods

Purification and characterization of C5 protein

E. coli RNase P protein C5 was purified using the
Impact (NEB) expression system. Briefly, the protein
was expressed as a fusion with chitin-binding domain
and purified by affinity chromatography with subse-
quent removal of the affinity tag by intein cleavage. The
E. coli RNase P protein gene (RNPA) was amplified by
PCR from the plasmid p930/C5, a generous gift from
the Pace laboratory, using the primers RNPANCOF, 5′-
TACGCATGCCATGGTTAAGCTCGCATTTCCC-3′ and
RNPASAPR, 5′-ATCGCTGGGCTCTTCCGCAGGACCC-
GCGAGCCAGGCGAC-3′, which generated restriction
sites flanking the gene. The gene was cloned into the
Impact (NEB) expression vector pTYB3 as a SapI/NcoI
DNA fragment using standard procedures to generate
the plasmid pMHRNPAP.
For expression and subsequent purification, E. coli

ER2566 (NEB) was transformed with pMHRNPAP. LB
broth (12 l) was inoculated and grown at 37 °C to an
A600nm of 0.5–0.8. Expression was then induced by
addition of IPTG to 0.3 mM, and incubation was
continued at ambient temperature (22–25 °C) for an
additional 6 h. The cells were harvested by centrifugation
at 5000g for 10 min, and the pellets were frozen at −80 °C.
To assist in lysis, cell pellets were subjected to three

freeze-thaw cycles (−80 °C to ambient). For each liter of
starting culture pellets were resuspended in 25 ml of
Buffer A (20 mM Tris-Cl (pH 8.0), 2 M NaCl, 0.1 mM
EDTA, 0.1% reduced Triton X-100 (Calbiochem)) in which
1 COMPLETE protease inhibitor tablet (Roche) was
dissolved. Cells were disrupted by sonication on ice, and
the sonicate was clarified by centrifugation at 20,000g for
1 h at 4 °C. The lysate was loaded onto a 40 ml bed of
Chitin beads (NEB) in a 20 cm×2.5 cm Kontes Flex column
using a Pharmacia FPLC system. The column was first
equilibrated with ten column volumes of Buffer A at 1 ml/
min. The lysate was loaded at 0.5 ml/min and washed
with 20 column volumes of Buffer A (1 ml/min) followed
by two volumes of Buffer B (20 mM Tris-HCl (pH 8),
500 mM NaCl, 0.1 mM EDTA, 0.01% reduced Triton X-
100). The column was flushed by gravity flow with three
volumes of Buffer B containing 50 mM fresh DTT. Flow
was stopped, and the column was incubated in this buffer
for 16 h at 4 °C. At this point C5 protein was eluted from
the column with five column volumes of Buffer B
containing 5 mM fresh DTT (0.5 ml/min). Fractions
were collected during this elution, and the peak of C5
protein identified by SDS-PAGE. Peak fractions were
pooled and dialyzed in membrane cassettes with a 7000
molecular weight cut-off (Slide-a-lyzer; Pierce) against 1
l of Buffer B containing 5 mM DTT for 2 h at room
temperature with one change of dialysis buffer. Dialysis
proceeded against 1 l of Buffer B containing 5 mM DTT
and 50% glycerol (Storage buffer) for 1 h at room
temperature and then overnight at 4 °C with fresh cold
buffer. The dialyzed protein in storage buffer was clarified
by centrifugation at 20,000g for 2 h at 4 °C. The recovered
supernatant was then centrifuged at 20,000g for an
additional 3 h. The final supernatant was aliquoted and
stored at −20 °C. C5 protein was quantified using the Non-
interfering protein assay (Genotech) according to the
supplier's instructions. The average yield was ca 2.3 mg of
purified protein from 1 l of cell culture with peak fractions
ranging from 100–244 μM. The protein remains soluble
under these conditions for up to 15 months as indicated by
re-quantification after centrifugation.

Kinetic and thermodynamic analyses

RNase P RNA and pre-tRNAASP substrate used in this
study were generated by in vitro transcription as
described.53 Equilibrium dissociation constants were
determined by gel filtration also as described.54 Briefly,
chromatography using G-100 Sephadex was used to
separate the substrate (pre-tRNAs and mature tRNAs)
bound to enzyme from free substrate. Experiments were
performed in 50 mM Mes (pH 5.75), 100 mM NaCl,
17.5 mM CaCl2. RNase P RNA, in a series of increasing
concentrations, and 5′-32P-end-labeled pre-tRNA or tRNA
at concentrations <0.2×Kd,app were renatured separately
in the presence of 100 mM NaCl, 50 mM Mes (pH 5.75)
(0.005% Triton X-100 for holoenzyme), by heating to 95 °C
for 3 min followed by incubation at 37 °C for 10min. CaCl2
was added to the desired concentration, and incubation at
37 °C was continued for an additional 10 min. For
holoenzyme reactions, C5 protein was added at this
point to the same concentrations as RNase P RNA, and the
reaction incubated an additional 10 min. Substrate and
enzyme were mixed and incubated for 10 min at 37 °C
before loading the reactions on spin columns containing
0.7 ml of packed G100 Sephadex equilibrated in 50 mM
Mes (pH 5.75), 100 mM NaCl, 17.5 mM CaCl2. Columns
were spun for 25 s at 1200g. Enzyme–substrate complexes
in the flow-through and free substrate in the column were
subsequently recovered, and the fraction of bound RNA
was determined by Cerenkov scintillation counting. The
fractions of bound substrate were fit to:

Fbound¼ cpmðflow throughÞ=ðcpmðflow throughÞþcpmðcolumnÞÞ
¼ Aþ B=ð1þ Kd=½E�Þ ð3Þ

where cpm(flow through) is the amount of radioactive
substrate detected in the column flow through and
cpm(column) is the amount of radioactive substrate remain-
ing in the column, A and B are variables which represent
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the background of Fbound at [E]=0 and the maximal
fraction bound at [E]= infinity, respectively, Kd is the
apparent dissociation constant and [E] is the enzyme
concentration.
Single turnover kinetic analyses were performed essen-

tially as described.55 Rates were measured in 50 mM Mes
(pH 5.75), 100 mM NaCl, 17.5 mM MgCl2. Substrate
concentrations were 4–6 nM, and enzyme concentrations
were greater than fivefold over the Kd,app for the ribozyme
and holoenzyme. RNase P RNA and 5′-32P-end-labeled
pre-tRNA mixtures were re-natured separately and
processed as described above except MgCl2 was used as
the divalent metal ion. Enzyme and substrate were mixed
together to start the reaction, and aliquots were removed
and quenched with EDTA at a concentration at least twice
that of Mg2+. The quenched reaction products were
resolved by denaturing gel electrophoresis (15%, w/v),
followed by quantification using a Molecular Dynamics
phosphorimager system and ImageQuant software, and
plotted using KaleidaGraph software. Data were fit to the
single exponential function:

Fc ¼ Aþ B e�kt ð4Þ
where Fc is the fraction of substrate cleaved, A is
background at t=0, B is the amplitude of the exponential,
k is the observed cleavage rate constant, and t is time. All
reported rates and equilibrium binding constants are the
average of at least four measurements with less than 30%
error in the curve fitting parameters.

Circular dichroism and fluorescence spectroscopy

CD spectra were collected on an Applied Photophysics
π*-180 (UK) or Jasco J-810 spectrometer at 37 °C or 20 °C in
20 mM sodium cacodylate (pH 7.5 or 6.1) in the presence
or absence of 100 mM NaCl and 17 mM MgCl2 or 1 mM
MgCl2 as indicated in the text and Figure legends. The
concentrations of C5 protein, P RNA and RNase P
holoenzyme (prepared by mixing equimolar C5 and P
RNA as described above) were 0.5–1.5 μM as indicated in
the Figure legends. Samples were equilibrated at 37 °C for
ca 30 min before measurement. Spectra were collected
from 200–320 nm for P RNA and 200–260 nm for C5
protein in a 5 mm quartz cuvette at 0.2 nm increments. The
sample size was set to 500 with an error of ±0.0001 and a
sample period of 25 μs. The entrance and exit slits were
1 nm. Thermal melts for the C5 protein alone were
monitored at 222 nm from 10–60 °C (±0.1 °C) while those
for the RNase P holoenzyme were monitored at both
222 nm and 265 nm from 10–75 °C (±0.1 °C) at 2–3 °C
increments. Thermal melting analyses for both the
holoenzyme and free RNA and protein subunits shown
in Figure 7 were performed in 1 mM MgCl2 to suppress
metal ion-dependent degradation of P RNA. The integrity
of the RNA subunit was monitored by inclusion of a small
amount of radiolabeled RNA, which was subsequently
analyzed by gel electrophoresis. An equilibration time of
15 min at each temperature was used throughout the melt.
The Tm for the CD transitions for the free protein and the
holoenzyme was determined by fitting the data to a
sigmoidal function:

mdeg ¼ Aþ ðB� AÞ=ð1þ expððT � TmÞ=dxÞÞ ð5Þ

where mdeg is the CD signal at a given temperature, A
and B are the minimal and maximal CD signals,
respectively, Tm is the temperature at the midpoint of
the transition, T is the temperature, and dx is the range of
CD signal over which 75% of the temperature-dependent
change occurs.
Fluorescence emission spectra were collected on a

Fluoromax-2 spectrometer (JoBin YVON-spex Instru-
ments S.A., Inc.) at 37 °C in a 1 cm quartz cuvette.
Concentrations of C5 protein and holoenzyme were
0.5 μM in 20 mM sodium cacodylate (pH 7.5), 100 mM
NaCl, 17 mM MgCl2. Excitation and emission slit widths
were set to 5 nm. The concentration dependence of
intrinsic C5 fluorescence was determined at 37 °C with
0.45 μM C5 and 0–1.5 μM P RNA (i.e. ratios of RNA:
protein from 0–3). Samples were equilibrated at 37 °C for
30 min prior to analysis.
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