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NMR Structure of an Archaeal Homologue of Ribonuclease P Protein Rpp29
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ABSTRACT. A protein component of thé&rchaeoglobus fulgiduRNase P was expressedHscherichia

coli, purified, and structurally characterized using multidimensional NMR methods. The dominant structural
feature of this 11 kDa protein is a sheet of six antipardlstrands, wrapped around a core of conserved
hydrophobic amino acids. Amide proton exchange &hidrelaxation rate data provide evidence that the

first 16 residues of the protein, located before the start of the fistrand, and the last 24 residues,
located past the end of the lg&strand, are relatively flexible; this contrasts with the relatively rigid and
well-defined structure of thg-sheet. Amino acid sequence comparisons among a diverse set of species
indicate that theA. fulgidusprotein is homologous to the human RNase P protein Rpp29, yeast RNase P
protein Pop4, and a known archaeal RNase P protein fethanobacter thermoautotrophigumnserved
hydrophobic residues indicate that the homologous protein in each of these species contains a similar
pB-sheet structure. Conserved surface residues located in the loop connecting &2randg 3, the loop
connecting strand84 andp5, and in the flexible N- and C-terminal tails are most likely to have specific
interactions with the RNA and other proteins of RNase P. The structural model of an RNase P protein
component provided by the present work provides an essential step toward eventually understanding the
overall architecture of this complex enzyme and the mechanism by which it performs its functions.

Ribonuclease P (RNase!R$ an RNA—protein complex ses indicate that the RNA component of archaeal RNase P
that cleaves the'Sermini of precursor tRNAs to yield mature is structurally similar to that of the bacterial forrhlj.

tRNAs (for reviews see refsl—4). RNase P is both In terms of structure, bacterial RNase P is the best char-
ubiquitous and essential, having been identified in all acterized form of the enzyme. Although the structure of the
kingdoms of life. Bacteria, eukaryotes, and archaea COﬂtaincomp|ete bacterial RNase P has not yet been determined, a
distinctive forms of the enzyme, and RNase P activity has substantial amount of information is available regarding its
been identified in mitochondria and chloroplasts as well. gverall architecture. Models of the tertiary structure of the
Bacterial RNase P contains one RNA component [typically RNA component ofEscherichia coliand Bacillus subtilis
about 375 nucleotides (nt)], which is the catalytically active RNase P have been constructed on the basis of comparative
unit (5), and a single protein component (typically 14 kDa) phylogenetic analyses?). A crystal structure of the 154
that functions in substrate recognition and releap ( nucleotide specificity domain oB. subtilis RNase P has
Although the RNA component of RNase P in eukaryotes is recenﬂy been reported_3)1 and a 27 nt RNA hairpin from
similar in size to that of the bacterial form, the protein the P4 region oE. coli RNase P has been studied by NMR
component is significantly more complex. For example, methods {4). Structures of the protein subunits frobh
RNase P in humans and yeast each contain at least ningyptilis and Staphylococcus aureusave been determined
proteins ¥, 8), so that the total mass of the protein component py X-ray crystallography¥5) and NMR (16), respectively.
exceeds that of the RNA. Archaeal RNase P contains at least-ootprinting results have provided information regarding the
four protein components, each of which exhibits significant RNA—protein contact sites within the tertiary structure of
primary sequence homology to a protein of eukaryotic RNase the RNA componentl(?). In the absence of the protein com-

P (9). The eukaryotic and archaeal RNase P proteins are notponent, the RNA component of bacterial RNase P is a
significantly homologous to the bacterial protein. As is the monomer; however, small-angle X-ray scattering data have
case in bacteria, the RNA component of archaeal RNase Pprovided evidence of a dimeric form of the RNase P RNA

is by itself catalytically active at high ionic strengthdj, protein complex, containing two of the RNA and two of the
although the protein components are required for activity protein subunitsX7). Solutions of RNase P frof. subtilis
under physiological conditions. Comparative sequence analy-can contain both monomeric and dimeric forms, with the

relative amounts of each form being sensitive to ionic
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(19—22). The RNA components of RNase MRP and RNase EXPERIMENTAL PROCEDURES
P are similar in terms of their primary and secondary ) ] ) o
structure, and each RNase contains some of the same protein Protein Cloning, Expression, and Purificatiofibe aRpp29

componentsZ3, 24), although there is at least one protein 9€ne was obtained by PCR from the genomic DNAAof
component that is specific to eac?s( 26). fulgiduscells (American Type Culture Collection, clone hum-

: . ber 49558). PCR primers were designed to include unique

A thorou_gh und_erstandmg O.f the RNase P_mechan_lsm andEcd?l andlzﬁanHl rgstriction sites to allow the PCR product
func_tlon will require that de_ta|led structural_ information be to be cloned into a plasmid encoding maltose binding protein
available, such as t_hat which can be provided by NMR or (MBP) (pMAL-c2T, derived from pMAL-c2x; New England
X-ray crystallographic methods. Currertly, there are no NMR Biolabs) followed by a TEV protease site; this plasmid was
or X-ray structures available fo_r any of the RNA or protein  yanstormed into BL21(DE3) cells (Novagen) supplemented
components of either eukaryotic or archaeal RNase P. with ampicillin. The recombinant MBP-aRpp29 fusion

Archaeoglobus fulgidusvas selected as the preferred protein was produced by growing typicaht L of E. coli
species for our recently initiated biophysical studies of RNase cells in Luria broth at 37°C until the cells reached an
P. This strictly anaerobic sulfur-metabolizing organism is ODgy of 0.5. The cells were then induced with 0.6 mM
found in hydrothermal environments and has an optimum jsopropylj-p-thiogalactopyranoside (IPTG) and allowed to
growth temperature of 83C. TheA. fulgidusRNase P has  grow for an additional 6 h, harvested by centrifugation, and
several features that make it attractive for structural studies. stored at—80 °C. Thawed cells were lysed by sonication,
Its RNA component is relatively small, containing only 227 and the nucleic acids were precipitated by the addition of
nucleotides. TheA. fulgidusgenome has been sequenced 0.5% poly(ethylenimine) (v/v). The cell lysate was centri-
(27), which greatly simplifies the identification of the likely  fuged at 12006 for 20 min to remove cellular debris and
protein components of its RNase P. In addition, it has been nucleic acids. Cellular proteins were precipitated by addi-
noted that hyperthermophiles have an excellent record oftion of ammonium sulfate up to 70% saturation and sep-
being the source of materials for successful biophysical arated by centrifugation at 120§90The protein pellet was
studies. FinallyA. fulgiduscan be cultured in the laboratory, dissolved in 10 mM potassium phosphate buffer at pH 5.8,
which may ultimately be important if in the course of our loaded onto an SP-Sepharose column (Sigma), and eluted
studies it becomes necessary or desirable to isolate the naturalsing a 6-1 M NacCl gradient. The fractions containing the
form of the RNase P enzyme. MBP-aRpp29 fusion protein were identified using SBS

As a step toward furthering our understanding of RNase PAGE and pooled. The typical yield was 75 mg of fusion
P structure, we have recombinantly expressed, purified, andProtein/L of cell culture. The aRpp29 was cleaved from the
structurally characterized the protein from fulgidusthat ~ MBP fusion protein by incubation with TEV protease at room
is homologous to the human RNase P protein Rpp29 andtemperature for 24 h. The cleavage products were then _Ioaded
the yeast RNase P protein Pop4. Phdulgidushomologue 0 an SP-Sepharose column, and the aRpp29 protein was
of the Rpp29 protein (henceforth referred to as aRpp29) is éluted using a 81 M NaCl gradient. Fractions containing
a particularly attractive target for structural analysis for the aRpp29 protein were identified by SBBAGE, pooled,
several reasons: (1) Its primary sequence is not significantly @nd concentrated. The typical yield of purified aRpp29 was
homologous to any protein of known structure. (2) Its S M@/L of cell culture. N-Terminal sequencing and mass
sequence is homologous to known archaeal RNase P protein§pect_rometry were used to confirm the identity of the purified
from Methanobacter thermoautotrophic¢8) andP. hori- protein.
koshii (29), providing strong evidence that the fulgidus Samples of aRpp29 enriched #N and/or 3*C were
aRpp29 protein is actually an RNase P component. (3) Theprepared as above but with M9 minimal media containing
homology of archaeal aRpp29 with Rpp29 and Pop4 implies 0.5 g/L [**NJammonium chloride and/or 3 g/I*IC]glucose
that any structural information obtained will be relevant for (Cambridge Isotope Laboratories) as the source of nitrogen
these human and yeast RNase P proteins as well. (4)and/or carbon. A protein sample selectively labeled with
Interaction maps based on data from two- and three-hybrid [**N]lysine was prepared by growing the cells in M9 minimal
assays indicate that the yeast and human homologues ofnedia supplemented with 50 mg/N-labeled lysine and
aRpp29 directly contact the RNA component of RNase P 100 mg/L of the other 19 unlabeled amino acids. A protein
and are involved in a relatively large number of protein ~ sample selectively labeled witFPN]glycine, [*N]serine, and
protein interactionsg, 28), suggesting that aRpp29 and its [**N]tryptophan was prepared using M9 minimal media
homologues are central to, rather than a peripheral componensupplemented with 100 mg/t>N-labeled glycine and 100
of, the overall RNase P structure. (5) The human homologue mg/L each of 16 unlabeled amino acid types (all types except
of aRpp29 is present in both RNase P and RNase MRP ( glycine, serine, cysteine, and tryptophan). Samples that were
so that the structural results provided by the present studySimultaneously enriched witFPN (uniform) and [1%C]-
will be relevant to a protein component of RNase MRP as leucine (or [11*Clisoleucine or [1*C]phenylalanine or
well. (6) It has recently been demonstrated that a functional [1-"°C]valine) were prepared by growing the cells in M9
archaeal RNase P can be reconstituted from four recombinangninimal media containing 1 g/L"fNJammonium chloride
P. horikoshiiRNase P proteins and in vitro transcribed RNA and 100 mg/L 1¥C -labeled amino acid.

(29); one of these four proteins is the homologue Aof NMR SpectroscopWNMR spectra were recorded at 20 or
fulgidusaRpp29. 7) The yeast homologue of aRpp29, the 30°C using a 500 MHz Varian Inova spectrometer equipped
Pop4 protein, is encoded by a gene that is essential forwith a triple-resonance probe anéxis pulsed-field gradient.
viability (26), providing further evidence of the importance  NMR samples typically contained 8.0 mM aRpp29

of this conserved gene product. protein in 90% HO/10% B0 plus 100 mM NaCl and a
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buffer of either 10 m_M So_dium phosphate at pH 5.8 or 10 Table 1: Summary of Refinement and Structural Statistics for the
mM deuterated acetic acid at pH 3. Pulse sequences werex, fulgidusaRpp29 Protein (Residues 277y

obtained from Lewis Kay's group at the Toronto NMR center

o ) intraresidue NOEs 215
and were optimized before use on the local NMR instru-  sequential NOEs (residi¢oi + 1) 178
mentation. Backbone resonance assignments were obtainedmedium-range NOEs (residii¢oi + 2, 3, 4) 18
using three-dimensional HNCA, HNCACB, and HN(CO)-  long-range NOEs 143
CACB spectra30), HNCO spectral), and HACACBCO ~ Jihederal angle restraints 70
p , p ' hydrogen bond restraints 27
spectra 82); together, these spectra correlate the backbone total structural restraints 651
protons to the N, € C°, and @ signals of the same and  no. of unique starting structures for 10

adjacent amino acid residues. Side chain resonance assign- _Simulated annealing

t btained b Vzi th di . | no. of simulated annealing runs, differingin 200
ments were obtaine y analyzing ree-dimensiona initial trajectories

15N-edited HMQC-TOCSY and*C-edited HCCH-TOCSY rmsd for backbone atoms (residues—77) 0.87 A

(33) spectra and two-dimensional homonuclear 2QF- rmsd for side chain atoms (residues-77) 1.78 A
COSY and TOCSY spectra. NOE cross-peaks were de- 2V (”%-r‘;ftmgﬁr‘é')o'a“on? 0.2A 32+10
tgcted 'using two-dimensionalH—'H NOESY, three- av r'?o_ of NOE violations 0.5 A 0
dimensionaf*N—'H—'H HSQC-NOESY, and three-dimen- (per structure)

sional 3C—*H—'H HSQC-NOESY 84) spectra; the NOE residues in most favored regions of 71.2+£2.6%

mixing time was 60 ms for spectra used to derive distance _ the Ramachandran plot

constraints. AC-edited HSQC-NOESY spectrum (mixing re‘i'ﬁgEz'r?];fﬁ;r'%?ggypﬂowed regions of - 21.2:+ 4.6%

time 80 ms) was acquired in 90%@&/10% DO solvent so residues in generously allowed regions of 5.8+ 2.7%
that NOE cross-peaks between amide and side chain protons the Ramachandran plot

could be resolved by the chemical shift of tR€ nucleus residues in disallowed regions of 1.9+0.9%
coupled to the side chain proton. In several instances, rmtshdefsfggig‘;ﬂdggﬂdﬂm 0.00340.0001
chemical shift assignment ambiguities were removed with  rmsd for covalent angles 0.5%10.015
the help of the amino acid type-specifically labeled samples. rmsd for improper angles 0.584.0.016

For example, amide resonances of amino acids that follow = saistics are derived from a set of 12 low- energy structures that
isoleucine were identified in an HNCO spectrum of protein is representative of the range of structures that are consistent with the
that was uniformly enriched i#N and specifically enriched NMR-derived constraints. Intra-side chain NOEs with no meaningful
with [1-13C]isoleucine; an analogous procedure was used to structural |nformat|qn were not included in the NOE I_|st. The_ number

. S . . . of observed NOEs is fairly modest due to a substantial fraction of the
assign resonanpes Of_ amlno aC|d_s that follow Va"ne' Ieuc_'ne’structure being flexible; however, the final structural models are well
and phenylalanine. Similarly, assignments of glycine, serine, defined. Over 90% of the residues in the refined models occur in the
tryptophan, and lysine resonances were confirmed usingmost favored or additionally allowed regions of a Ramachandran plot.
HSQC spectra of protein samples selectively enriched with Two residues (S25 and E30) in the loop connecting stratidsndf2

o . : have ¢ andy angles that extend slightly into the disallowed Ram-
the specific amino acids types labeled withi. Data were achandran regions; however, this may not be significant since there is

processed using either NMR-Pip@5 or Felix (Hare  eyidence of flexibility in this loop, and the rmsd for the coordinates of
Research)tH, N, and**C chemical shifts were referenced the backbone atoms of these residues is approximately 1.3.

as recommended36), with proton chemical shifts ref-
erenced to internal 2,2-dimethyl-2-silapentane-5-sulfonate tifying the full range of structures that are consistent with
(DSS) at 0 ppm. The 0 ppiiC and™N reference frequencies  the distance and angle constraints derived from the NMR
were determined by multiplying the 0 ppf reference data while having reasonable molecular geometry, con-
frequency by 0.251449530 and 0.101329118, respectively.sistent with a minimum value of the CNS energy function.
Chemical shift assignments for the aRpp29 protein have beenDistance restraints were derived from the intensities of cross-
deposited in the BioMagResBank (accession number BMRB- peaks within NOE spectra obtained with relatively short
5805). mixing times of 60 ms (in the case of homonuclear 2-D and
N—1H heteronuclear NOE andN T; and T, relaxation 5N-resolved 3-D spectra) to 80 ms (in the case of the
times were measured using pulse sequences that featuré*C-resolved 3-D NOE spectrum) to minimize the effects of
gradient selection and sensitivity enhancement and pulsesspin diffusion. On the basis of the cross-peak intensity in
for minimizing saturation of the solvent wate87). The the homonuclear 60 ms NOE spectra, distance restraints were
5N—'H heteronuclear NOE was measured by comparing classified as strong<2.8 A), medium €3.2 A), weak 3.8
spectra acquired with eithe 5 sdelay between each free A), and very weak €4.2 A); these distance bounds were
induction decay pa 2 sdelay followed ly a 3 sseries of calibrated by using interproton distances in regions of regular
120 nonselectivéH pulses. Foil; relaxation measurements, secondary structure as internal distance standards. Additional
2-D spectra with relaxation delays of 10, 260, 510, 760, and cross-peaks were observed in the three-dimensiéNahnd
1010 ms were obtained; fdk relaxation measurements, 2-D  13C-resolved NOE spectra (60 and 80 ms mixing times,
spectra with relaxation delays of 29, 58, 87, 116, and 145 respectively) and were assigned to distance restraints as
ms were acquired; in each case the relaxation delay betweerstrong (<5.0 A), medium €5.5 A), weak 6.0 A), and
the acquisition of each free induction decay was B,&nd very weak 6.5 A). Due to the possibility of observing the
T, relaxation times were determined from the slope of plots effects of spin diffusion in long mixing time (200 ms)
of the logarithm of peak height versus relaxation delay.  experiments, NOE cross-peaks that were only observed in
Structure CalculationStructure calculations were per- these spectra were assigned to a distance restraint of 6.9 A.
formed using the restrained simulated annealing protocol in Pseudoatom corrections were applied to the distance con-
the program CNS version 1.B§), with the goal of iden- straints as follows: NOEs from valine or leucine methyl
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Ficure 1: ®N—1H correlated HSMQC spectrum() of the aRpp29 protein fror. fulgidusobtained at 30C and pH 5.8, using presaturation

for H,O suppression, so that the amide protons that exchange relatively rapidly with the solvent are attenuated. Assignments for the best

resolved cross-peaks are labeled in the figure. Additional cross-peaks are observéidtelt correlated spectra obtained without using
presaturation for solvent suppression; these are mostly located near the chemical shifts typical of random coil (nct-H8@nd5N
chemical shift assignments have been deposited in the BioMagResBank and assigned the accession number BMRB-5805.

groups that were not stereospecifically assigned were mea-ment. The selected structures were then used as starting
sured from the center of the two methyl groups, and 2.5 A points to generate 20 structures each, via restrained simulated
was added to the interproton distance. For NOEs involving annealing using different initial trajectories. A set of refined
other methyl protons, distances were measured from theconformers having the lowest energy was retained for final
center of the methyl group, and an additional 1.0 A was analysis and evaluation using Procheck-NMBO)( with
added to the interproton distance. For NOEs involving statistics reported in Table 1. These final structures are a
methylene protons with no stereospecific assignment, dis-fair representation of the full range of structures that are
tances were measured from the center of the methyleneconsistent with the experimental data, while having reason-
group, and 0.7 A was added to the interproton distance. Forable molecular geometry, and have no NOE-derived distance
NOEs involvingd ande protons on tyrosine rings, distances constraint violations greater than 0.5 A. Searches for similar
were measured from the center of the tdvgorotons (ore structures within the Protein Data Bank were carried out
protons), and 2.4 A was added to the interproton distance.using the Vector Alignment Search Tool (VAST), located
Backbone dihedral angle restraintsypf= 150 + 25° and at the National Center for Biotechnology Information (NCBI)
¢ = —120 + 25° were included for residues within the web site, and the DALI search tood@). The coordinates
regions of regulag-strand secondary structure, identified for aRpp29 have been deposited in the Protein Data Bank
by characteristic NOE cross-peaks and patterns of protectionand assigned PDB code 1PCO.
of the amide protons from exchange with the solvent.
Hydrogen bonds were defined using distance bounds forRESL‘”‘TS
amide protons that were clearly located within the regions  The purifiedA. fulgidusaRpp29 protein was found to be
of regulars-sheet structure. Experimental restraints used for soluble, stable, and suitable for structural analysis by NMR
the structure calculations and structural statistics are sum-methods. About 68 of 100 possible correlation peaks are
marized in Table 1. observed in @"N—H HSMQC spectrum41) obtained at

An initial set of 10 structures was generated from an pH 5.8 and 30C using presaturation for solvent suppression
extended peptide conformation using a simulated annealing(Figure 1); these peaks are well dispersed as is typical for a
protocol with dihedral angle restraints only. These structuresfolded protein. When a nonsaturating method of solvent
with low overall energies were selected for further refine- suppression is used, addition@N—H correlation peaks
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Ficure 2: Diagram of the six-strandgtisheet structure within the aRpp29 protein frémfulgidus.Pairs of protons for which unambiguous
NOEs are observed are connected by arrows, and interstrand hydrogen bonds are indicated by dotted lines. Amide protons that require 12
h or more to exchange with deuterated solvent are boxed.

corresponding to amide protons with relatively rapid solvent 4 andf5, which are on opposite sides of the sheet as it is
exchange rates are observed in or near the region of therepresented in two dimensions (Figure 2) resulting in strands
spectrum typical of random coil structure. These observations 85 andf6 being folded onto the first four strands to form a
provided an initial indication that about two-thirds of the sandwich-like structure (Figure 3). The sikstrands are
protein structure forms a folded and stable domain, while wrapped around a hydrophobic core containing residues L18,
the remaining one-third of the structure is significantly more V20, V22, 133, V37, L45, 147, V56, F63, V65, M72, and
flexible. Triple-resonance NMR methods were used to obtain 174. The hydrophobic nature of these residues is conserved
unambiguous spectrum assignments for nuclei of all residuesamong a wide range of species (Figure 4A), providing strong
except 47, 79-84, and 93. Mass spectrometry and N- evidence that the RNase P proteins homologous to aRpp29
terminal sequencing indicated that residues3lare absent in the archaea, Rpp29 in humans, and Pop4 in yeast all
from the structure of the purified protein, presumably due contain a similarly structured-sheet.
to proteolytic cleavage or degradation. The six strands of thg-sheet are the best defined region
Structural results derived from the NMR data show that of the protein structure, due to the relatively high density of
the dominant feature of the protein is an antiparallel sheetlong-range NOE-derived distance constraints. Within a
of six g-strands (Figure 2), formed by residues—1&b. family of structures that satisfies the NMR-derived restraints
Within the B-sheet, strandg1 and2 are connected by a equally well, the rmsd is less thal A for the backbone
short loop, as are stran@® and$3, while strand$33 and atoms within thes-strands (Figure 5). The loops that connect
4 are connected by a compact turn, as are strgbdsnd strands81—/2 andp2—/3 are the least well defined of the
6. An interesting feature of th@-sheet is a loop consisting  connecting structures; these loops are primarily defined by
of residues 5761, this five-residue loop connects strands sequential and intraresidue NOE-derived restraints.
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A B NOEs typical of a helix are not observed, suggesting that
the existence of this helix is only transient, if it exists at all.

The 3C chemical shifts may suggest a rapid equilibrium

between helical and unfolded structure in the C-terminal
region of the protein; a more stable helix may form in the

context of intact RNase P.

Triple-resonance anéN-resolved 3-D NOE and 3-D
TOCSY spectra were collected at reduced pH (3.0) and a
slightly reduced temperature (2@), in an effort to slow
the solvent-exchange rates of the amide protons within the
terminal regions of the protein and perhaps obtain additional
structural information for these flexible regions of the
molecule. However, only modest changes in the chemical
shifts were observed, and little significant additional NOE
information was obtained, indicating that the protein structure
Ficure 3: (A) Superposition of the backbones of 12 low-energy is not significantly changed at these alternate conditions.
structures of aRpp29 that are equally consistent with the NMR data  The substantial flexibility of the N- and C-terminal regions

and have the minimum value of the CNS energy function, color- ; ; T
ramped from red at the N-terminus to blue at the C-terminus of of the protein might suggest that the protein is a poor

the protein. The 12 models are a fair representation of the full range C@ndidate for crystallization. Surprisingly, however, it was
of structures that are consistent with the NMR-derived constraints found that the protein crystallizes readily, in orthorhombic
and reasonable molecular geometry. The superposition of the 12space grouj$2;2;2; with one molecule per asymmetric unit,

models was performed by minimizing the differences in the gnd diffracts X-rays to 1.6 A resolution on a local (copper

coordinates of the backbone heavy atoms of residues/I7the . S .
backbone is shown for residues-177 of the protein. The figure anode) source. A selenomethionine derivative of the protein

was created using the program VMB4j. (B) Ribbon diagram of has also been pr.epared and crystallized, _and the anal_ysi_s of
residues 1777 of the aRpp29 protein created using the program the structure using X-ray crystallographic methods is in
RIBBONS (5). progress.

Most of the hydrogen-bonded amide protons within the PISCUSSION

p-sheet remain unexchanged with deuterated solvent after Antiparallel8-sheet ang-barrel structures have previously
12 h or more, providing evidence that the sheet is a relatively peen identified in RNA-associated proteins with functions
stable and rigid structure. This conclusion is further supported yejated to tRNA and translation. For example, bacterial
by **N relaxation data. Th&: and T relaxation times for  transiation initiation factor-1 (IF-1)4@), ribosomal protein
the ,B-st_rand residues were found to pe strikingly uniform, g17 @4), and theB-barrel domain of ribosomal protein S1
averaging 515 and 125 ms, respectively, and ‘fie-'H (45) each contain five antiparallgl-strands and are repre-
heteronuclear NOE was found to be consistently positive with sentatives of the oligomer-binding (OB) protein fok].
an average value of 0.72. These data are consistent with sRNA-associated proteins containing structures of six anti-
well-ordered structure undergoing isotropic rotation with a parallel g-strands have also been identified; these include
correlation time of 6.7 ns; this rotational time is appropriate gomain Il of EFE-Tu @7) and domain VI within transla-
for a monomeric protein with a molecular mass of 11 kDa. tjon initiation factor IF2 ¢8, 49). However, in each case
The amide nitrogens of residues 30, 41, 58, and 69 (all the connectivity of theg-strands within the antiparallel
located in the turns or loops connecting fhstrands) have  g.sheet differs from that found in aRpp29, providing evi-
N relaxation times that deviate from these average values,gence against a close evolutionary or structural relationship
consistent with their having less restricted motion. Amide petween aRpp29 and these other proteins. The aRpp29 is
proton exchange rates are significantly faster for the 100p not structurally similar to the bacterial RNase P protein,
residues than for thé-strands, which is also consistent with  hich has been structurally characterized by both X-ray and
the loops having the greater flexibility. NMR methods {5, 16) and found to contain a mixed—_

In contrast to the relatively rigi-sheet structure, the  structure.
positions of the residues prior to 17 and past 78 are poorly The Structural Classification of Proteins (SCOP) database
defined, with the majority of the observable NOEs being of protein folds 60) contains a substantial number of small
between protons of the same or sequential residues. Theproteins which like aRpp29 consist of a six-stranded anti-
15N—1H heteronuclear NOE was found to be negative or parallels-sheet. However, none of these other six-stranded
near zero for the amide groups of residues 88, 90, 92, proteins are connected in such a way that their topology is
99, 101, and 102, consistent with their having short rota- the same as that of aRpp29. Searches carried out using the
tional correlation times and a relatively large amount of programs DALI 40) and VAST (available at the NCBI web
flexibility. *>N—!H heteronuclear NOE data were not obtain- site) did not identify any structures within the Protein Data
able for most other residues in the N- and C-terminal regions Bank that are significantly similar to aRpp29 in terms of
due to their rapid amide proton exchange rates, an observabackbone atom coordinates. Interestingly, the first five
tion which by itself is consistent with the N- and C-termini strands of aRpp29 are connected in the same way as is
of the structure being solvent exposed and relatively flexible. observed in the Sm family of RNA-associated proteins, a
Chemical shift index42) values for residues 898 hint at representative of which is the translational regulator 5. (
the presence of helical structure, with an average backbone When the amino acid sequence of aRpp29 is aligned with
carbonyl**C shift of 176.3 ppm. However, the proteproton that of homologous proteins from several species (Figure
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Ficure 4: (A) Alignment of the amino acid sequence of thefulgidusaRpp29 protein with homologous proteins from three other species

of archaea and four species of eukaryotes. Archaeal sequences are showh tfeermoautotrophicusThermoplasma acidophilunand

Haloarcula marismortui Representative species of eukaryotes shown are fflomo sapiensMus musculusDrosophila melanogaster
andSaccharomyces cerisiae The most conserved hydrophobic residues are boxed in green. Conserved residues that are accessible on the
protein surface and are likely candidates for directly interacting with the RNase P RNA or other conserved protein components are boxed
in red. Although only eight sequences are shown in the figure, a larger set of sequences was compared in making the decision as to which
residues are relatively well conserved. (B) Ribbon diagram of residue3 1 8f theA. fulgidusaRpp29 protein, created using RIBBONS

(55), with the relative positions of some of the most conserved surface residues indicated. Conserved residues E40, T41, Q42, and N43,
located in the loop connecting strane® andj3, are near conserved residue K58 located within the loop that connects githaddf5.

The other conserved surface residues indicated in panel A are located within the flexible tails in the N- and C-terminal regions of the
protein. It should be noted that the rmsd for the side chain coordinates of these residues is in the rar®yd oH&nce, the NMR data

do not define the precise conformation of each surface side chain but do serve to indicate the relative positions of the residues that are on
the protein surface.

4A) and this alignment is compared with the structural core of the protein that is enclosed by theSigtrands; these
results, it is possible to speculate as to the functional im- positions are likely to be critical for protein folding and
portance of each conserved amino acid. The majority of the stability. Several glycines located in turns are also well
conserved hydrophobic amino acids are located within the conserved. A few hydrophobic amino acids (at positions 10,
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Ficure 5: Plot of the root mean square deviation for the coordinates of the backbone heavy atoms for the aRpp29 protein, versus residue

number, calculated using 12 structures that satisfy the NMR-derived structural constraints and are a fair representation of the full range of

structures that are consistent with the NMR data. The rmsd values were calculated using a set of structures that were superimposed by
minimizing the differences in the coordinates of the backbone atoms of residu&§ 1The figure shows that thstrands are quite well

defined by the NMR data (rmsef1 A) and the loops connecting the strands are moderately well defined (r3d 1), while the

positions of the residues nearer to the N- and C-termini are not well determined $&nAJ.

15, 79, and 81) are located outside the well-ordé¢testheet within RNase P that are similar among members of these
structure and are also fairly well conserved; these residueskingdoms.
may become more ordered and protected from the solvent The presence of “tails” of flexible structure at the N- and
when in the context of the fully assembled RNase P ribo- C-termini of aRpp29 is reminiscent of several of the ribo-
nucleoprotein particle. somal proteins, such as L15, L21e, and L346),(which
Conserved hydrophilic amino acids on the surface of the contain tails of extended structure at the N- and/or C-terminus
protein are the most likely to be involved in essential inter- of an otherwise globular domain. Within the context of the
molecular contacts with the RNase P RNA, other RNase P structure of the complete ribosomal subunit, these tails were
protein components, or other RNase P interaction partners.found to penetrate to the interior of the ribosome and make
The protein contains several surface positions where positivespecific contacts with the ribosomal RNA. By analogy, it is
charges (K58, R82, and R86), negative charges (D14, E40,possible that the N- and C-terminal residues of aRpp29 may
and D85), and ability to serve as a hydrogen bond donor become structured and have specific interactions within
(T41, Q42, and N43) are conserved (Figure 4A). The the context of the complete and functional RNase P ribo-
conserved lysine and arginines are excellent candidates fomucleoprotein complex, perhaps penetrating into the interior
residues likely to make direct contact with the phosphate of the RNase P RNA. Lack of rigid structure in the N- and
backbone of the RNase P RNA, while the conserved negativeC-terminal residues of aRpp29 does therefore not imply that
charges and hydrogen bond donors have the potential tothey are functionally unimportant.
interact with specific RNA bases or other protein components  Given that the catalytic activity associated with RNase P
within RNase P. The eukaryotic homologues of aRpp29 is carried out by the RNA component, what are the likely
contain an additional-100 amino acids at their N-terminus; roles of the RNase P proteins? It can be speculated that one
however, these additional N-terminal residues are not function of the proteins may be to stabilize the RNA com-
particularly well conserved and are thus more likely to be ponentin a conformation that is optimal for catalytic activity.
involved in species-specific interactions. The observation that Studies of bacterial RNase P suggest that although the RNA
aRpp29 contains surface amino acids that are conserveds the catalytic unit, the protein component may have roles
among the eukaryotic as well as the archaeal homologuesin substrate recognitior6( 52, 53) and dimerization 17);
suggests that there are specific intermolecular interactionsthis suggests the possibility for more extensive functional
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roles for the archaeal and eukaryotic RNase P proteins as 21.

well. A more detailed description as to how the protein and
RNA components of RNase P work together in the function-
ing enzyme will likely be provided by additional structural
and biochemical studies.
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