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ABSTRACT. Ribonuclease P (RNase P) is a catalytic ribonucleoprotein (RNP) essential for tRNA
biosynthesis. IrEscherichia colithis RNP complex is composed of a catalytic RNA subunit, M1 RNA,

and a protein cofactor, C5 protein. Using the sulfhydryl-specific reagent (1-oxyl-2,2,5,5-tetraméthyl-
pyrroline-3-methyl)methanethiosulfonate (MTSL), we have introduced a nitroxide spin label individually
at six genetically engineered cysteine residues (i.e., positions 16, 21, 44, 54, 66, and 106) and the native
cysteine residue (i.e., position 113) in C5 protein. The spin label covalently attached to any protein is
sensitive to structural changes in its microenvironment. Therefore, we expected that if the spin label
introduced at a particular position in C5 protein was present at the-Riétein interface, the electron
paramagnetic resonance (EPR) spectrum of the spin label would be altered upon binding of the spin-
labeled C5 protein to M1 RNA. The EPR spectra observed with the various MTSL-modified mutant
derivatives of C5 protein indicate that the spin label attached to the protein at positions 16, 44, 54, 66,
and 113 is immobilized to varying degrees upon addition of M1 RNA but not in the presence of a
catalytically inactive, deletion derivative of M1 RNA. In contrast, the spin label attached to position 21
displays an increased mobility upon binding to M1 RNA. The results from this EPR spectroscopy-based
approach together with those from earlier studies identify residues in C5 protein which are proximal to
M1 RNA in the RNase P holoenzyme complex.

Structure-function relationships of nucleic acigrotein catalyzed reactions in that it enhances the catalytic efficiency
complexes have been probed using footprinting, photochemi-and versatility of a catalytic RNA which acts in trans on
cal cross-linking, and spectroscopic approacHes9j. In numerous substrate$(—14).
this report, we describe an electron paramagnetic resonance Various biochemical and genetic studies have provided
(EPRY} spectroscopy-based approach to determine if specificinsights into structurefunction relationships of the two
residues in the protein subunit are proximal to the RNA subunits of RNase P froi. coli (15—23). Deletion analysis
subunit of RNase P, a ribonucleoprotein (RNP) complex. and cross-linking studies have been used to identify domains

RNase P is an essential and ubiquitous enzyme whichin M1 RNA which play a crucial role in catalysis. Biochemi-
catalyzes the maturation of thé termini of tRNAs and  cal characterization of various mutant derivatives of C5
functions as an RNP complex in vivad@, 17). In Escherichia  protein led us to conclude that certain conserved hydrophobic
coli, RNase P consists of a catalytic RNA subunit (M1 RNA, and basic residues in C5 protein are important for its function
377 nucleotides) and a small protein cofactor (C5 protein, both in vitro and in vivo 22, 23. Although high-resolution
119 amino acid residues). The role of C5 protein in RNase structural data on the RNase P holoenzyme are still lacking,
P catalysis is distinct from other protein-facilitated RNA- bjochemical data and comparative sequence analysis have
been used to generate computer-aided three-dimensional
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Table B
mutation(s) introduced sequence of oligonucleotide used for site-directed mutagenesis name of plasmid

1.C113s 5C GCG AGC CAG GCGEGA GTG GCG ACG CCATAATTT TTC C 3(C113S) pBSC5Sn18

2.S16C, C113S '55 CTG GAA AAC GAA AGT GAA CTG GCA CGG GGT CAG C 3(S16C) pBSC5Sn1819
3. E106C, C113S '82CC GCG AGC CAG GCRAGA GTG GCG ACG CCATAATTTACA CAACGC pBSC5Sn1820

TTC CGA GAG AGC ACG G 3(E106C)

4. K54C, C113S 5G GGC GCG TCG AAC ATTGCA CTT GGC GAC TGT AAG ACC 3(K54C) pBSC5Sn1829
5. K66C, C113S BCG GAA GCT TTC ACG CGT CAG CCG5CA AAT CCG ATT GCG 3 (K66C) pBSC5Sn1830
6. H44C, C1135 5' CTG AAT TCG CTG GGGTGT CCC CGT ATC GGT CTT ACA GTC GCC (H44C) 3 pBSC5Sn1834
7.V21C, C113S 5 GC ACG CTG CGG CTG CTG GAACA GAA GGT GAA CTG AGA CGG GGT pBSC5Sn1851

CAG CAG ACG C 3 (V21C)

a Since the single-stranded DNA used as the template for site-directed mutagenesis of the C5 gene contains the gene in the sense orientation, the
sequences of the oligonucleotides used correspond to the antisense orientation. Two mutations were introduced simultaneously either by using two
DNA oligonucleotides or by using single-stranded DNA derived from pBSC5Sn18 as the template DNA for mutagenesis. The boldface letters
indicate the codon that was altered. The underlined nucleotides represent changes in the wobble position of the respective codon (i.e ¢sésig)mutag
which facilitated rapid restriction analysis-based screening of mutasese Experimental Procedures for details of the PCR-based method used in
constructing this mutant. This mutant was prepared by using the QuikChange kit from Stratagene with pBSC5Sn18 serving as the template DNA.
The complement to the DNA oligonucleotide shown in this table was also used for mutagenesis according to the manufacturer’s instructions.

based strategy employed in this report facilitates mapping then purified after electrophoresis on a 4% nondenaturing
contact sites in nucleoprotein complexes such as RNase Ppolyacrylamide gel. This 100-bp fragment containing the
EcdRl and Hindlll overhangs was used to replace the
EXPERIMENTAL PROCEDURES corresponding 100-bEcaRI—Hindlll fragment of the plas-
Materials. (1-Oxyl-2,2,5,5-tetramethyA®-pyrroline-3- mid pBSC5Sn1830 (which encodes the mutant C5 K66C/

methyl)methanethiosulfonate was purchased from Toronto ©113S). The resulting plasmid, pBSC5Sn1834, contains both
Research Chemicals, Toronto, Canada. 7-Diethylamino-3- the H44C mutation introduced by the 100-bp PCR-generated
[(4'-iodoacetyl)aminophenyl]-4-methylcoumarin was pur- fragment and the C113S mutation that was already present
chased from Molecular Probes. The QuikChange site-directed® the pPBSC5Sn1830 plasmid. o _
mutagenesis kit was from Stratagene. Other reagents used The presence of the engineered mutation in all the plasmid
in this study were obtained from the indicated commercial DNAs was confirmed by DNA sequencing. Subsequently,
sources: restriction enzymes, T4 DNA polymerase, T4 DNA these plasmid DNAs were used to transfdsir?1(DES3) E.
ligase, and T4 polynucleotide kinase were from New England coli cells, and the respective mutant proteins were overex-
Biolabs; T7 RNA polymerase, RNasin, and M13K07 helper PressedZ0, 23.
phage were from Promega; nucleoside triphosphates, the Overexpression and Purification of Mutant Deatives
Mono S FPLC column, and C50 CM Sephadex were from of C5 Protein.The wild-type C5 protein was purified from
Pharmacia Biotech; Quick Spin G-50 Sephadex columns BL21(DE3)cells as described previouslgQ, 23. Overex-
were from Boehringer Mannheim; carbenicillin was from pression of the mutants was performedin21(DE3)pLysS
Gemini Bioproducts. cells. To overexpress and purify the various mutants, we
Site-Directed Mutagenesis of C5 Proteifihe various  transformedL21(DE3)pLysS$ells with plasmids encoding
mutant derivatives of C5 protein (except C5 V21C/C113S the single cysteine-substituted mutant derivatives of C5 pro-
and C5 H44C/C113S) were generated using the “oligonucle-tein under the control of a promoter for T7 RNA polymerase
otide-directed mutagenesis without phenotypic selection” transcription. Transformants bearing the various mutants
method 23, 29, 30. The sequences of the DNA oligonucle- Wwere then grown overnight at 3TC in LB media supple-
otides used for mutagenesis are listed in Table 1. DNA mented with chloramphenicol (35/mL) and carbenicillin
oligonucleotides were synthesized either by the Keck Bio- (100ug/mL). Cultures were re-inoculated the next morning
technology Resource Laboratory at Yale Medical School or in fresh LB media containing chloramphenicol plus carbeni-
by GIBCO BRL Life Technologies. cillin and grown at 37°C until the OQ was 0.4. The cul-
The mutant C5 V21C/C113S was constructed using the tures were then induced with 2 mM IPTG. After establishing
QuikChange mutagenesis kit from Stratagene. The plasmidin small-scale cultures that there was T7 promoter-driven
pBSC5Sn18, containing the C113S mutation, was used asoverexpression of the various proteins, large-scale (1 L)
the template for mutagenesis. The resulting plasmid, cultures were grown to isolate the respective proteins.
pBSC5Sn1851, contains both the V21C and C113S mutations The cell pellets from the large-scale cultures were soni-
in the gene coding for C5 protein. cated and then centrifuged at 8@0@r 10 min to obtain a
The mutant C5 H44C/C113S was constructed using a crude pellet (CP) and a crude extract (CE). The CE was
PCR-based procedure. The mutation was incorporated in thecentrifuged at 30009 for 30 min to obtain a P30 and an
sense primer for PCR (Table 1). The sense primer and anS30 fraction. The cysteine-substituted mutants were present
antisense primer complementary to theeBd of the coding  in the CP and also in the P30 (i.e., the pellet obtained after
region were used to amplify nearly two-thirds of the C5 gene the second centrifugation step). To maximize yield, we
encompassing thecaRl site (at nucleotide position 117, with  isolated the mutant proteins from both insoluble fractions
position 1 referring to the A of the ATG codon) and the (CP and P30) using the procedure described by Baer et al.
stop codon of the C5 gene (ending at position 360). This (1989).
PCR-generated 260-bp product was then digested&eitR | The mutant derivatives of C5 protein were purified using
andHindlIl to yield the desired 100-bp fragment, which was either Mono S (FPLC column) or gravity flow CM Sephadex
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C50 chromatography2(Q, 23, 32. Prior to the loading step, 0 A

10 mM DTT was included in the various buffers to keep ﬁ' B ' ﬁ‘ $=S-Protein

the protein in its reduced state. The reducing agent was N * HS-Protein === A\ +HS0:CH;
deliberately omitted from the buffer used for elution of the o o

protein from these columns in order to facilitate an accurate FIGURE 1. Site-directed spin labeling. Reaction of (1-oxyl-2,2,5,5-

St ; : _ tetramethylA3-pyrroline-3-methyl)methanethiosulfonate (MTSL)
determination of the concentration of the accessible sulfhy with a protein having an accessible cysteine residue enables covalent

dryl group in the final preparatior2@). Aliquots from the  gitachment of the nitroxide spin label to the cysteine residue.
various fractions eluted from CM Sephadex or Mono S FPLC

columns were electrophoresed on Shilyacrylamide gels  This approach ensured that the protein concentration re-
and stained with silver nitrate. Only those fractions which mained almost unchanged after addition of the desired RNA.
showed high purity £ 95%) were pooled, ar_wd the stocks were  EpR SpectroscopfRoom-temperature X-band EPR spec-
stored at—70 °C. The protein concentration of the various  roscopic measurements were performed on a Bruker EPR
preparations was estimated as described previoB8lyThe  gpectrometer equipped with a T cavity and interfaced
accessibility of the thiol group in the various single cysteine- 15 5 Macintosh lici computer. For each measurement
substituted mutant derivatives was assessed using a ﬂuoresapproximately 3L of sample was transferred to a glass
cence assay by reacting the various protein samples with acapillary and placed in a standard quartz EPR sample tube.
thiol-reactive coumarin derivative as described by Wilson  gpgr spectra were collected under the following condi-
and Noller 83). The masses of the various mutants were qnq. microwave frequency, 9.78 GHz; microwave power,
determined by electrospray mass spectrometry and will be 54 m\w: modulation amplitude, 2.5 G; scan time, 20 s:
described elsewhere (Gopalan et al., unpublished results)jngtrymental time constant, 200 ms. Power saturation mea-
There was agreement between the observed and expectedyrements were performed on both the free spin label and

values.(ldatg not shown). , , ) the MTSL-labeled C5 protein to demonstrate that the
Modification of C5 Protein or lts Single Cysteine- microwave powers used were nonsaturating (data not shown).
Substituted Deriatives with MTSL.A stock of 40 MM gjoper scan times and shorter time constants were sampled
MTSL was prepared in DMSO and stored asii0aliquots 4 jystify that the spectra collected under these conditions
at—20°C. A fresh tube was thawed and used immediately \yere not distorted. Details pertaining to data analysis are

for each modification of protein samples. Typically, the provided in the respective figure legends.
modification reaction was performed at’@ by adding an

equimolar amount of MTSL (in DMSO) to 24 uM
protein (in 50 mM sodium acetate, pH 7.2; 10 mM
magnesium acetgte7 M urea). The modification was Site-Directed Spin Labeling (SDSL) of Wild-Type C5
performed in two steps: (i) adding half the requisite amount Protein and Its Mutant Detiatives.SDSL involves geneti-
of MTSL, and (ii) subsequently shaking the sample in a cally engineering a cysteine residue in a protein, rendered
nutator at 4°C for 10 min. These two steps were repeated void of native cysteine residues by mutagenesis, and
once again. After the modification reaction was completed, subsequently modifying the engineered sulfhydryl with a
the samples were frozen at70 °C until further use. thiol-specific reagent containing a spin laba#(Figure 1).
Preparation of RNAsThe plasmid pGEM OTC encoding The room-temperature EPR spectrum of a spin label is
a fragment of the ornithine transcarbamylase (OTC) mRNA sensitive to its motional freedom and therefore varies as a
was linearized wittXhd while the plasmids pJA2and pJA2 function of its local environment. Indeed, the nitroxide spin
A1-54 encoding M1 RNA and\1-54 M1 RNA, respec- label used in this study has been employed successfully to
tively, were linearized withlFoki. These linearized plasmids  examine the structure and topography of membrane proteins
were transcribed by T7 RNA polymerase and the RNAs as well as protein folding 33—37). We designed the
subsequently isolated using a Quick Spin column procedurefollowing experiments based on the premise that if the
(16, 20. nitroxide spin label in C5 protein was present at the RNA
Prior to use in EPR experiments, the RNA samples protein interface, its EPR spectrum would be altered on
(prepared by in vitro transcription) were (i) suspended in 10 binding of the spin-labeled C5 protein to M1 RNA.
mM Hepes, pH 7.5, 10 mM magnesium acetate, 400 mM  To introduce the nitroxide spin label at specified sites, we
ammonium acetate, 5% (v/v) glycerol, 0.01% (v/v) NP-40; modified with MTSL the single cysteine residue at position
(if) denatured for 5 min at 65C; and (iii) renatured by 113 in the wild-type C5 protein (Figure 2A) and in the six
gradual cooling to room temperature. single cysteine-substituted mutants (S16C/C113S, V21C/
Reconstitution of RNase P for EPR StudiEse MTSL- C113S, H44C/C113S, K54C/C113S, K66C/C113S, and
modified protein samples were first dialyzed extensively E106C/C113S) in each of which a Cys was introduced at a
against 10 mM Hepes, pH 7.5, 10 mM magnesium acetate,defined position and the wild-type Cys113 had been mutated
5% glycerol, 0.01% (v/v) NP-40. The concentration of to Ser. The mutant C5 V21C/C113S was the only single
ammonium acetate in the dialysis buffer was either 0.1 or cysteine-substituted mutant that was designed based on the
0.4 M depending on the experiment for which the protein recently established tertiary structure of the protein subunit
sample was to be used. Denatured/renatured M1 RNA; of B. subtilisRNase P. All other cysteine replacements were
54 M1 RNA, or a fragment of the OTC mRNA was then carried out, prior to publication of the tertiary structure, at
added to the protein samples to generate a 1:1 complex ofsites proximal to highly conserved residues whose mutation
RNA-—protein. In general, the RNA stocks were kept at very resulted in moderate or severe loss of function of the protein
high concentrations>100 uM) so that only a very small  cofactor @2). For instance, Ser16 was mutated to Cys owing
volume would be added to the spin-labeled protein sample.to its proximity to Phel8, a highly conserved residue in the

RESULTS
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Ficure 2: (A) Alignment of the amino acid sequences of the protein subunits of RNase PHErawoli and B. subtilis The underlined

residues indicate sites of cysteine replacements and spin labeling in the protein suBumiblbRNase P. (B) The tertiary structure of the

protein subunit of RNase P from. subtilis (28). The a-carbon backbone of the protein structure is depicted as a ribbon. The various
secondary structural elements are identified. The positions where Cys residues were introduced and modified with MTSL are indicated in
blue; the numbering is based on the sequence of the protein subimitoli RNase P. This figure was generated by the program RASMOL
using coordinates that were kindly provided to us by Dr. David Christianson, University of Pennsylvania. The program Q@ANTA
Protein Design(Molecular Simulations Inc., San Diego) was used to generate the structure of the RNase P protein subunit in which the
native amino acid residues at the indicated positions imBtheibtilisprotein were replaced with a cysteine residue; the coordinates published

by Stams et al.48) served as the starting template. (C) Electrostatic potential mapped to the molecular surface of the protein depicted in
panel B; this figure was prepared using GRASR,(43. To reveal the putative RNA-binding cleft in panel C, the view in panel B was

rotated to the right by approximately 48Blue and red shading represents regions of the surface where positive and negative electrostatic
potential would map, respectively. To orient the reader while comparing panels B and C, selected residues are indicated in both panels.

b,

ay

amino acid sequences of the protein subunits of RNase Passays as described elsewh&®.(The results of the RNase
from bacteria 23). The observation that M1 RNA reconsti- P assays demonstrated that the modification with MTSL
tuted with the mutant C5 F18A results in a mutant holoen- resulted in modest effects and did not abolish protein function
zyme displaying altered substrate specificity (compared to (at 30°C) of the wild-type C5 protein or its single cysteine-
the wild-type holoenzyme) suggests that Phel8 might be substituted mutant derivatives (data not shown).
involved in binding to M1 RNA 23). Changes in EPR Spectra Due to Protein Foldivye

As a test of whether the modification procedure resulted examined the EPR spectra of wild-type C5 protein and its
in attachment of the spin label at the specified cysteine various mutant derivatives in the presende7oM urea
residues, we used mass spectrometry to determine thgFigure 3A). The EPR spectrum of the free spin label in
molecular masses of wild-type C5 protein (with a cysteine aqueous buffer is provided for comparison. A comparison
residue at position 113) and its various single cysteine- of the EPR spectra of free MTSL versus the various spin-
substituted mutant derivatives before and after treatment withlabeled protein samples in the same buffer confirmed the
MTSL. There was agreement between the observed andattachment of the nitroxide spin label to a large molecule
expected values for the masses of the various proteins beforesuch as C5 protein which restricts the mobility of the spin
and after modification with MTSL (data not shown). label (albeit slightly). An analysis of the line shapes of the

Prior to performing any EPR experiments, we determined EPR spectra reveals a decrease in the peak height of the high-
if the cysteine replacements introduced in C5 protein and field line in the EPR spectra of various protein samples. In
their subsequent modification with MTSL had any effect on contrast, the low-, center-, and high-field peak heights
the function of the respective protein. The spin-labeled observed in the spectrum of free MTSL are identical, as
samples of the wild-type C5 protein and its single cysteine- expected for a rapidly tumbling molecule with isotropic
substituted mutants were reconstituted with wild-type M1 motion (Figure 3A).
RNA, and the ability of these holoenzymes to cleave the The EPR spectra of the various folded, spin-labeled protein
precursor to tRNA" (ptRNA™") was examined using in vitro  samples should be distinctive if the spin label was introduced
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Ficure 3: Changes in EPR spectra due to protein folding. First-
derivative EPR spectra of spin-labeled wild-type C5 protein
(Cys113) or its single cysteine-substituted mutant derivatives in

the presencef& M urea (A) or in 10 mM Hepes, pH 7.5, 10 mM 34|60 3?80 3500 35120 34f60 34'30 35'00 35‘20
magnesium acetate, 2.4 M ammonium acetate, 5% (v/v) glycerol, Field (Gauss)

0.01% (v/v) NP-40 (B). Spectra of MTSL in buffer and glycerol
are provided as references for comparable label mobility at the top FicurRe 4: Effect of increasing salt concentration on the EPR spectra
of panels A and B, respectively. All spectra are scaled to the of Cys16-, Cys21-, Cys66-, and Cys113-MTSL. First-derivative
amplitude of the center-field peak to illustrate the changes in line EPR spectra of Cys16-MTSL (A), Cys21-MTSL (B), Cys66-MTSL
shape. (C), and Cys113-MTSL (D) in the presence of 10 mM Hepes, pH
7.5, 10 mM magnesium acetate, 5% (v/v) glycerol, 0.01% (v/v)
at positions in the protein which differ in their microenvi- NP-40, and the indicated concentration of ammonium acetate. All
ronment. Indeed, there are significant differences in the EPRS'OeCtra are scaled on the basis of sample concentration.
spectra of the various spin-labeled protein samples that we
examined under nondenaturing conditions in the presenceis expected to be part of the hydrophobic interface generated
of high salt (Figure 3B). The EPR spectrum of the free label by packing of helixal against the centrgl-sheet (Figure
in glycerol, which is expected to exhibit slower tumbling 2B). In contrast, Serl6 in helizl of C5 protein will be
than in aqueous solution, is provided for comparison (Figure exposed to the solvent (Figure 2B). Therefore, the salt-
3B). Comparison of the EPR spectra of a given spin-labeled induced changes in the EPR spectra of Cys16-MTSL and
sample in the presence and absence of urea (Figure 3A versu€ys21-MTSL are expected to be different. Indeed, the results
3B) reveals changes in the spectral profiles concomitant with confirm this postulate. As the salt concentration in the buffer
protein folding. In general, the sharp spectrum indicative of was increased from 0.1 to 2.4 M, we observed progressive
a mobile spin label in the denatured state of the protein is immobilization of the spin label at position 21 presumably
replaced by a broadened spectrum resulting from a partially due to increased hydrophobic interactions between loelix
immobilized spin label in the folded protein (Figure 3B). and the5-sheet (Figure 4B). When a similar experiment was
The extent of broadening is different for the various spin- performed to examine if a salt-induced broadening was
labeled proteins. This is to be expected since protein folding observed in the EPR spectrum of Cys16-MTSL, we observed
will lead to differences in the extent to which a side chain is modest changes in the EPR spectrum as a function of
buried or exposed. For instance, the spectrum of V21C- increasing salt concentration (Figure 4A).
MTSL is indicative of a side chain that is highly restricted,  Although Ser16 in helixxl is exposed to the solvent, it
perhaps due to a close packing of the tertiary structureis important to bear in mind that helizl is part of a
proximal to this residue (see results below). In contrast, the hydrophobic interface with the centrdisheet. This could
spectrum of K66C-MTSL reveals a spin label with higher account for the modest salt-induced broadening observed
mobility, consistent with the spin label located in a surface- with Cys16-MTSL. It is likely that tertiary-structure context
exposed position. influences the salt-induced effects on the EPR spectra of
It is well established that an increase in the ionic strength surface-exposed residues. In fact, such an expectation is
leads to strengthened hydrophobic interactions in proteinsborne out by the EPR spectra of the spin label attached to
(38). Therefore, we investigated the EPR spectra of some another surface-exposed residue (Lys66) in helx In-
of the spin-labeled mutant derivatives of C5 protein as a creasing ionic strength elicited negligible changes in the EPR
function of salt concentration (Figure 4). Recently, the tertiary spectrum of Cys66-MTSL (Figure 4C).
structure of the protein subunit of RNase P fr8msubtilis We recently postulated that Trpl09 is in an aromatic
was determined by X-ray crystallograph3g]. Since there cluster which is important for the structure and function of
is nearly 30% sequence identity between the protein subunitsC5 protein 23, 24. Based on the prediction that Trp109
of RNase P fronE. coli andB. subtilis it is reasonable to  and Cys113 are in an-helix in C5 protein and that both
expect that these two proteins will exhibit structural homol- these residues are buried, we investigated the EPR spectrum
ogy. Based on this premise, Val21 in hetdit of C5 protein of the spin label attached to Cys113 as a function of salt
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spectra of Cys113- and Cys66-MTSL (at micromolar con-

A B
2 -RNA ﬁ/\/\/\/ﬂ centrations) similar to that observed with M1 RNA. In fact,
W\M . Y st RA the same result was observed when another RNA, a 450-nt
"\”/\/\/\»—/ fragment derived from the'%nd of the coding region of
C_/\/\/_w ,N\/_w ornithine transcarbamylase (OTC) mRNA, was added to the
Cys113- and Cys66-MTSL protein samples (data not shown).
ah T These data indicate that an ill-defined, nonspecific interaction
m e ] occurs between any RNA and the spin-labeled protein at
— , - ; : : : micromolar concentrations in a buffer that contains 0.4 M
¢ - D - ammonium acetate.

While using a gel-retardation assay to measure dissociation
o \[ALSMIRNA) L——M\*A/”w constants for assembly of the RNase P holoenzyme, Talbot
and Altman R1) noted that at concentrations of C5 protein

c——/\/\/{ﬂﬂ —/\A/dﬂ higher than 40 nM, a nonspecific aggregate of protein and

RNA was observed in the wells of the gel. Since the

ab S concentration of protein used for the EPR experiments was
e A at least 12-24 uM, it is possible that the high concentrations
3460 3480 3500 3520 3460 3480 3500 3520 of RNA and protein might permit formation of nonspecific
Field (Gauss) complexes between C5 protein and nonspecific RNAs. By

Ficure 5: Specificity in RNase P complex formation. The EPR increasing the Concentr{:ltlon of salt to 2.4 M ammonium
spectra of Cys113-MTSL (A, B) and Cys66-MTSL (C, D) in the acetate, we sought to disrupt such nonspecific complexes.
absence and presence of M1 RNAAL—54 M1 RNA in 10 mM Under these conditions, the EPR spectra obtained with
Hepes, pH 7.5, 10 mM magnesium acetate, 5% (v/v) glycerol, Cys113-MTSL and Cys66-MTSL in the absence or presence
o o) Ao o e s O A1-54 M1 RNA reveal no changes (Figure 5.0).
of sample concentration. The differepnce spectra depicted in the However, with the specific ligand M1 RNA, changes in the
bottom of each panel are empirical measures of the line shapeEPR spectra of Cys113-MTSL and Cys66-MTSL do occur
changes. at the high concentration of ammonium acetate (Figure
5B,D). We therefore decided to perform the RNA binding
concentration. As the salt concentration in the buffer was experiments for our EPR study at 2.4 M ammonium acetate.
increased from 0.1 to 2.4 M, we observed progressive After analysis of the line shape of the EPR spectra of the
immobilization of the spin label at position 113 (Figure 4D). spin label attached to Cys16, Cys21, Cys44, Cys54, Cys66,
In the folded protein, the spin label attached to Cys113 is Cys106, and Cys113 in the absence and presence of a specific
significantly immobilized even at low ionic strength (i.e., or nonspecific RNA (Figures 5 and 6), the following
0.1 M ammonium acetate) compared to the protein in 7 M inferences can be drawn. First, M1 RNA, but nvi—54
urea (Figure 3A versus Figure 4D). Nevertheless, there isM1 RNA, causes a noticeable broadening of the spectra of
significant additional broadening of the spectrum as the salt the nitroxide spin label attached to Cys16, Cys44, Cys54,
concentration is increased from 0.1 to 2.4 M. However, the Cys66, and Cys113. These data suggest that there is an
extent of salt-induced broadening observed with Cys113- increased immobilization of the spin label attached to
MTSL is less than that observed with Cys21-MTSL. positions 16, 44, 54, 66, and 113 in C5 protein upon binding
Changes in EPR Spectra Due to RNA Bindifip to M1 RNA, but notA1—54 M1 RNA. Second, the nature
determine if the spin label attached to various positions in and extent of change in the EPR spectra induced by the RNA
C5 protein is present at the RNArotein interface, the EPR  ligand are variable as reflected in the various difference
spectra of the spin-labeled wild-type C5 protein and its single spectra (Figures 5 and 6). Third, there is a marked sharpening
cysteine-substituted mutant derivatives were examined in theof the EPR spectrum of Cys21-MTSL upon binding to M1
absence or presence of M1 RNA. To establish specificity of RNA, presumably due to an increase in the mobility of the
interaction in the EPR experiments, we chose to comparespin label upon formation of the RNase P holoenzyme
the results obtained with M1 RNA to those observed with (Figure 6B). Last, the spectrum of Cys106-MTSL is un-
A1-54 M1 RNA, a mutant derivative of M1 RNA in which  changed upon addition of M1 RNA ok1-54 M1 RNA
the first 54 nucleotides of M1 RNA have been deleted and (Figure 6E). It is important to appreciate that the low quality
which fails to display any activity in the absence or presence of the EPR spectrum of Cys106-MTSL might have obscured
of C5 protein (6, 21). modest changes that accompany RNP complex formation.
Using MTSL-labeled samples in the buffer used for RNase  Since the amplitudes of the peaks are altered as the peaks
P assays in vitro, we observed that the inactive deletion broaden, we calculated the ratio of the peak-to-peak ampli-
mutantA1—54 M1 RNA was capable of causing significant tudes observed for both the low-fieldhy(= —1) and center-
changes in the line shape of the EPR spectra of almost allfield (m = 0) peaks in the absence and presence of M1 RNA
the spin-labeled samples used in this study. The changesor A1-54 M1 RNA (Table 2). The low- and center-field
observed in the EPR spectra of Cys113- and Cys66-MTSL amplitude ratios confirm the broadening or sharpening of
upon addition of M1 RNA oA1—-54 M1 RNA are illustrated EPR spectra induced by M1 RNA (Table 2). The high-field
in Figure 5A,C. Although this deletion mutant is inactive peaks (n = 1) were broad and of low amplitude. Since the
and fails to form a functional complex with C5 protein (at determination of the amplitudes of such peaks is associated
subnanomolar concentrations used in the RNase P assay)with a high error, the values for the high-field peaks are not
its addition leads to a significant broadening of the EPR reported.
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A Table 2: Peak Height Ratios from EPR Spectra of Spin-Labeled
a -RNA Wild-Type C5 Protein or Its Single Cysteine-Substituted Mutant
Derivatives in the Presence of eith&l—54 M1 RNA or M1 RNA

L,/—/\/\?A@,Mﬂa
spin-labeled protein and low-field center-field
L-/——\/\/\*w RNA used to obtain EPR spectra  peakl/l, peakl/l,

1. C5S16C/C113S

o + A1-54 M1 RNA 0.89+£0.04  0.91+0.05

+ M1RNA 0.60+0.09  0.91+0.06
A A 2.C5V21C/C113S

5 < + A1-54 M1 RNA 0.85£0.05  1.02+0.11

. el ls - +M1RNA 1.60+0.27  1.86+0.32

3. C5 H44C/C113S
o~ N\carsemmully S\ sarsem + A1-54 M1 RNA 1.0240.07  0.99+ 0.02
+ ML RNA 0.78+£0.07  0.99+ 0.04

L_/\-\/\/\;MLR% \_,-,/\/\f\_“/"_lﬁfl 4. C5 K54C/C113S
+ A1-54 M1 RNA 1.00£0.09  0.98+ 0.04

T T + M1 RNA 0.62+£0.22  0.90+0.25

ARG 5. C5 K66C/C113S

N A e e + A1-54 M1 RNA 0.984+0.05  1.00+ 0.01
' - ' - — — + M1 RNA 0.75+ 0.06 0.94+ 0.09

D E 6. C5 E106C/C113S

: Rnat e + A1—-54 M1 RNA 0.90+0.03  1.13+0.33

+M1RNA 0.98+0.03  1.14£0.15
L/V\/\/W N A 7.C5 C113 (wild type)
-J‘“\/\/Jlﬂ S + A1-54 M1 RNA 1.03+0.09  1.01+0.06
+ M1 RNA 0.81+0.04  0.97+0.07

a2The l/l, values represent the ratio of the amplitudes observed in

a-b a-b

T i the presence and absence of the respective RNA for a given spin-labeled
NN T A sample. The ratios are provided both for the low-field € —1) and

for the center-field ify = 0) lines. The amplitudes were scaled for
differences in concentration or signal intensity; il values from

both approaches were comparable. The mean and standard deviation
FiIGurRe 6: Changes in EPR spectra upon RNA binding. The EPR values were calculated on the basis of data from three independent
spectra for Cys16-MTSL (A), Cys21-MTSL (B), Cys44-MTSL (C), experiments. Individual spectra were reproducible.

Cys54-MTSL (D), and Cys106-MTSL (E) in the absence and

presence of M1 RNA oA1—54 M1 RNA [in 10 mM Hepes, pH : : : :
7.5, 10 mM magnesium acetate, 5% (viv) glycerol, 0.01% (v/v) differences (Figure 3B). There are relatively sharp peaks in

NP-40, 2.4 M ammonium acetate] are provided. All spectra are the EPR spectra of Cys44- and Cys66-MTSL in contrast to
scaled on the basis of sample concentration. The difference spectrdhe more broadened spectra observed with Cys16-, Cys21-,
are shown in the bottom of each panel. Cysb54-, Cys106-, and Cys113-MTSL. The distinctive EPR
) ) spectra indicate differences in the local environment of the
The difference spectra (Figures 5 and 6) as well as the gy |apel at various positions in the folded protein. Based
ratio of the amplitudes of the peaks (Table 2) are empirical 4 these data, we conclude that the spin label attached to
measures of the line shape changes. They are providedne various positions is increasingly mobile in the following
merely to contrast the broadening of the line shape observed,,qgr- Cys21< Cys54 < C113 = Cysl106 < Cysl6 <
upon addition of M1 RNA, but noA1-54 M1 RNA, tothe  cys44< Cys66; this gradation in mobility is attributable to
various spin-labeled protein samples. differences in the local flexibility of the spin label. Recently,
the tertiary structure of the protein subunit of RNase P from
DISCUSSION B. subtiliswas determined28). Assuming that the high
Using a site-directed spin labeling procedure and EPR degree of sequence identity between the protein subunits of
spectroscopy, we have determined that certain residues inRNase P fronE. coli andB. subtiliswould translate into a
the protein subunit of RNase P are at or proximal to the structural homology, we can interpret the EPR spectra of
RNA—protein interface in RNase P frork. coli. The the spin label attached to positions 16, 21, 44, 54, 66, 106,
conclusions with regard to contact sites in the RNP complex and 113 in C5 protein. With the exception of Cys54, the
are based on identifying positions in the protein subunit gradation in mobility of the spin label (indicated above) is
where a covalently attached spin label displays a decreasedonsistent with the respective positions of the spin label in
mobility/flexibility in the presence of the cognate RNA the tertiary structure of the protein subunit of RNase P
ligand. (Figure 2B). Cysb4 is placed in the turn between strd8d
We first confirmed that a nitroxide spin label was and helixa2; the spin label attached to Cys54 is immobilized
introduced individually at defined positions in the protein to a degree greater than that expected for a residue positioned
subunit of RNase P (Figure 3). Subsequently, we verified in a turn (see discussion below). The residues Cys21, Cys106,
that this modification did not eliminate the activity of the and Cys113 either point inward toward the core or are
RNase P holoenzyme reconstituted in vitro with M1 RNA involved in hydrophobic interactions; hence, the structural
(the catalytic subunit of RNase P) and the MTSL-modified rigidity of the spin label attached to these positions is not
protein subunit (data not shown). unexpected. Cys44 and Cys66 are likely to be solvent-
The EPR spectra of the spin label attached to positions exposed, and, therefore, it is not surprising that the spin label
16, 21, 44, 54, 66, 106, and 113 in C5 protein exhibit marked attached to these positions displays the least immobilization.

- —
3460 3480 3500 3520 3460 3480 3500 3520
Field (Gauss)
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The observation that Cys16 is part of helid, which is recognition site for EcoRl) was investigated by EPR
involved in hydrophobic interactions with tifesheet, might spectroscopy to determine the conformational changes in the
account for the increased immobilization of the spin label DNA that occur upon binding t&coRI (39). The changes
attached to the solvent-exposed Cys16 compared to the spinn spectral line shapes were used to infer that a spin label
label attached to Cys44 and Cys66. positioned proximal to the GAATTC recognition site is
We identified conditions which enabled us to discriminate indeed influenced by the binding eve®9Y. In each of the
between the specific and nonspecific RNA binding displayed above-mentioned studies, the degree to which the EPR
by C5 protein as examined by EPR spectroscopy (Figure spectra changed upon formation of the respective nucleopro-
5). A1-54 M1 RNA, an inactive deletion derivative of M1  tein complex was different; however, the change always
RNA, was chosen as a negative control since this RNA was involved a broadening of the EPR spectra. These data were
not expected to bind C5 protein in a manner similar to M1 interpreted to reflect an increase in the ordering of the
RNA. Contrary to our expectation that this RNA would cause environment around the spin label in the nucleoprotein
negligible changes in the EPR spectra of the spin-labeled complex compared to the free, spin-labeled nucleic &&id (
protein samples, we observed significant broadening of the 9, 39.
EPR spectra of the spin-labeled samples in the presence of The immobilization of the spin label (in C5 protein) which
A1-54 M1 RNA (at low salt concentrations). This indicated occurs upon binding of C5 protein to M1 RNA could result
that there was an interaction between the spin-labeled proteinfrom either conformational changes in the protein, which
samples and\1—54 M1 RNA. It is important to consider impede the motion of the spin label, or local ordering in the
that the concentration of protein (324 uM) used in our protein induced by RNAprotein interactions in the RNP
EPR experiments was nearly 3 orders of magnitude highercomplex. The results from the EPR spectroscopy-based
than that used previously in a gel-retardation assay in which method fail to distinguish between these two possibilities.
a similar nonspecific interaction was observed between M1 However, we discuss below data from other studies, includ-
RNA and C5 protein41). By increasing the concentration ing the recent crystal structure of the RNase P protein
of ammonium acetate from 0.4 to 2.4 M in the buffer used subunit, which in conjunction with results from this EPR
in our EPR experiments, we were able to completely spectroscopy-based study offer some insights on the spin-
eliminate the interaction between micromolar concentrations labeled residues that are part of the RNgrotein interface
of A1-54 M1 RNA or OTC mRNA and C5 protein (Figure in RNase P.
5 and data not shown). We note, however, that the RNase P The structure of the protein subunit Bf subtilisRNase
holoenzyme loses activity at high ammonium acetate con- P reveals that most of the conserved residues are present in
centrations (such as 1.4 M) in in vitro assays performed with two regions: (i) helixa2 as well as the loop which precedes
nanomolar concentrations of C5 protein and M1 RNA (data it in the fa/ left-handed crossover motif; and (ii) the large
not shown). Nevertheless, we performed the RNA binding central cleft which is formed by packing of helixl against
experiments for our EPR study at 2.4 M ammonium acetate the 5-sheet (Figure 2B28). The binding of RNA to the
since our EPR data revealed that it was possible to dissociatesurface of g3-sheet is a common theme in the RNprotein
nonspecific complexes that can assemble from micromolar complex structures reported so far in the literatuh@).(In
concentrations of protein and RNA. the tertiary structure of the protein subunit Bf subtilis
Upon addition of M1 RNA, we observe broadening of the RNase P, a large cleft is formed by packing of hadik
EPR spectra of C5 Cysl6-, Cys44-, Cys54-, Cys66-, and against the centrdi-sheet. The surface electrostatic potential
Cys113-MTSL, but little or no broadening in the spectrum map of this protein reveals that the binding cleft is rich in
of Cys106-MTSL. The differential broadening of the EPR conserved, positively charged residues (Figure 2C). Con-
spectra indicates that the nitroxide label attached to C5 served aromatic residues reside in the helix at the base of
protein at positions 16, 44, 54, 66, and 113 is immobilized the cleft. Therefore, this large cleft with basic and aromatic
to varying degrees upon addition of M1 RNA but not with residues offers an ideal binding site for an RNA molecule.
A1-54 M1 RNA. In contrast, the EPR spectrum of Cys21- Indeed, mutagenesis of conserved residues such as Phel8,
MTSL is sharpened upon addition of M1 RNA and rdt— Phe22, Arg62, and Lys66 (which line the cleft in C5 protein)
54 M1 RNA; this reflects an increase in the mobility of the did result in an alteration dE. coli RNase P activity Z3).
spin label attached to position 21 in the RNase P complex Upon identifying the rare left-handed crossover inflog
compared to the spin label in the uncomplexed protein (seemotif of the protein subunit of RNase P, Stams et 28) (
discussion below). postulated that the unfavorable topology must have been
Results similar to those obtained in this study have been conserved through evolution to fulfill important functional
observed in earlier investigations wherein spin-labeled requirements. It is therefore reasonable to expect that
nucleic acid molecules were used to study the structure of conserved residues in tifers motif of C5 protein (such as
nucleoprotein complexe8,9, 39. While studying by EPR  Lys54 in the turn connectingg)3 to a2) might play an
spectroscopy the encapsidation of spin-labeled poly(A) by important role in the function of the RNase P protein subunit.
tobacco mosaic virus (TMV) protein to form viral-like Consistent with this expectation, the EPR spectra of Cys54-
particles, a pronounced broadening of the EPR spectra wadMTSL in the absence and presence of M1 RNA indicate
observed during in vitro assembly of the viral-like particle increased immobilization of Cys54-MTSL in the RNase P
(8). Another study examining the binding of bacteriophage holoenzyme. Also, the spin label attached to position 66 (in
fd gene 5 protein to spin-labeled polynucleotides revealed ahelix a2) displays a decreased mobility upon binding to M1
significant change in the EPR line shape upon formation of RNA. Taken together, we conclude that the basic residues
the DNA—protein complex9). Finally, a complex oEcaRl (lining the cleft) play an important role in RNA recognition
bound to spin-labeled DNA oligonucleotides (containing the (see Figure 2C). However, a detailed biochemical evaluation
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of the contribution of individual residues in the3 motif result needs to be viewed in context of what is known about
as well as the central cleft to RNase P catalysis is necessaryresidues surrounding position 21, as well as RNA binding-
The rnpA49 mutation (i.e., C5 R46H) results in a tem- induced conformational changes observed in other RNA-
perature-sensitive phenotypefin coli. It has been demon-  binding proteins 40, 417).
strated that assembly of the mutant RNase P holoenzyme is Phel8 and Phe22 are conserved and semiconserved
defective when C5 R46H is reconstituted with M1 RN3L). residues, respectively, in the amino acid sequences of the
Based on the rationale that Arg46 is important for assembly protein subunits of RNase P from bacterid3){ The
of the RNase P holoenzyme, we introduced a cysteine residueobservation that M1 RNA reconstituted with the mutant C5
and a spin label at position 44 to examine if this region of F18A or C5 F22A results in a mutant holoenzyme displaying
the C5 protein is involved in RNAprotein interactions.  altered substrate specificity (compared to the wild-type
There is a modest difference in the mobility of the spin label holoenzyme) suggests that these residues might be involved
upon binding of the spin-labeled protein (Cys44-MTSL) to in binding to M1 RNA and RNase P catalysi23.
M1 RNA. Consistent with this expectation, we have observed that the
In a recent footprinting study, we covalently tethered mutant C5 F18A also displayed weaker binding to M1 RNA
EDTA-Fe to Cysl16 in C5 protein and observed hydroxyl compared to the wild-type C5 protein (Gopalan et al.,
radical-mediated cleavages in the P3 helix of M1 RNA unpublished results). In the tertiary structure of the protein
(Gopalan et al., unpublished results); this result led us to subunit of RNase P frorB. subtilis there is a hydrophobic
conclude that in the RNase P holoenzyme complex, residueinterface between helbal and the S-sheet 28). The
16 in C5 protein must be proximal to the P3 helix of M1 corresponding hydrophobic interface in C5 protein, the
RNA. The EPR spectroscopic data reveal a broadening of protein subunit oE. coliRNase P, comprises Phel8, Val21,
the EPR spectra of Cys16-MTSL upon binding to M1 RNA Phe22, Leu36, and Val86. If the aromatic residues are
(Figure 6A). The results from the footprinting and EPR involved in RNA binding and in base stacking in the RNA
spectroscopic studies both indicate that Cys16 is at or protein complex, are these residues exposed to the solvent
proximal to the RNA-protein interface although Cys16 in the free, unbound protein? It is instructive to examine an
points away from the cleft lined with basic and aromatic analogous situation in the structure of the spliceosomal
residues (Figure 2B). protein ULA complexed with its RNA ligandiQ, 41).
According to the tertiary structure of the protein subunit A comparison of the high-resolution structures of the
of RNase P fronB. subtilis the Cys residues at positions human spliceosomal protein U1A in the absence and presence
16 and 44 would not be part of the central cleft (Figure of its RNA ligand (U1 RNA hairpin Il) revealed structural
2B,C). The observations that the EPR spectra of Cys16- andrearrangements concomitant with RNP complex formation.
Cys44-MTSL are slightly broadened in the presence of M1 Pertinent to this discussion is the position of the C-terminal
RNA suggest that RNA contacts may not be limited to the helix C in U1A in the free and bound structuret0( 47).
residues lining the central cleft. Helix C lies across the surface of tifiesheet involved in
When EDTA-Fe was covalently tethered to Cys106 or RNA binding and has been referred to as a lid on the RNA-
Cysl113 in C5 protein, we did not observe any hydroxyl binding surface. Such an interaction stabilizes the protein
radical-mediated cleavages in M1 RNA. Therefore, we by ensuring that the hydrophobic residues are not exposed
concluded that both Cys106 and Cys113 are distal to theto the solvent. However, upon binding to the RNA, the helix
RNA—protein interface (Gopalan et al., unpublished results). changes its orientation by 13%hereby facilitating interac-
This observation is consistent with the failure to see any tions between the hydrophobic residues in fhgheet and
changes in the EPR spectrum of Cys106-MTSL in the the RNA ligand. Drawing a parallel to the structural
presence and absence of M1 RNA (Figure 6E). However, rearrangements in U1A which occur upon RNA binding, we
there is a modest decrease in the mobility of the spin label envision that binding to M1 RNA induces conformational
attached to Cys113 upon binding to M1 RNA (Figure 5B). changes in the interface between halik and thes-sheet
An explanation consistent with results from these two of C5 protein. Such a change would be consistent with the
approaches would be that conformational changes occurM1 RNA binding-induced increase in the mobility of the
inside the core of the protein (at or proximal to Cys113) as spin label attached to position C21 in C5 protein.
a consequence of binding to M1 RNA and that Cys113 does The EPR spectroscopy-based approach described in this
not represent a contact site in the RNP complex. Although report could be used as a primary screen to identify cysteine
the results from the footprinting and EPR spectroscopy-basedresidues, engineered or otherwise, that are proximal to the
approaches suggest that residues 106 and 113 might not b&NA—protein interface in an RNP complex. Subsequently,
part of the RNA-protein interface, it is possible that other the residues of interest could be modified with photoacti-
proximal residues in the same helix3 (for example, vatable cross-linking reagents (such as azidophenazyl bro-
Arg111) might still contact the RNA subunit. mide) or footprinting reagents (such as EDTA-Fe) to obtain
In contrast to the M1 RNA-induced broadening observed more information regarding the regions in the RNA that are
with the spectra of Cysl16-, Cys44-, Cys54-, and Cys66- contacted by these residues. An extension of this study would
MTSL, there is a marked sharpening of the EPR spectrumbe to examine the EPR spectra of an RNP complex
of Cys21-MTSL upon binding to M1 RNA (Figure 6B). We reconstituted with RNA and protein subunits each having a
interpret this as indicative of an increase in the mobility of single nitroxide spin label attached to it at a defined position.
the spin label (attached to position 21) upon formation of If the spin labels in the two subunits were within 20 A of
the RNA—protein complex and as evidence of a conforma- each other, the resultant spigpin interactions could be used
tional change around Val2l in C5 protein which likely to calculate distances between defined positions in the RNA
weakens the interaction of helix1 and theS-sheet. This and protein subunits.
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