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ABSTRACT. The crystal structure of ribonuclease P protein aRpp29 from the sulfate-reducing hyperther-
mophile Archaeoglobus fulgidusvas determined at 1.7 A resolution using X-ray diffraction methods.

The central feature of this archaeal protein is a sheet of six antipgfadtehnds twisted around a conserved
hydrophobic core. Residues near the N- and C-termini form helical structures that are oriented in an
antiparallel manner. A comparison of conserved amino acids indicates that archaeal aRpp29 is homologous
to human ribonuclease P protein Rpp29. The aRpp29 protein is structurally similar to bacterial transcription
factors Hfg and NusG, as well as the Sm and Sm-like RNA-associated proteins from eukarya. The crystal
structure ofA. fulgidusaRpp29 differs from the previously reported solution structure, where NMR data

did not detect the helices and indicated that0% of the residues are relatively flexible or disordered.
Circular dichroism data indicate that the protein has less helical content than the amount observed in the
crystal, suggesting that in solution the helical regions are unfolded or in equilibrium between folded and
unfolded forms; this hypothesis is consistent with amide proton exchange rate data. Surface residues that
are conserved from archaea to humans and are likely to interact with the ribonuclease P RNA or other
protein subunits are identified in the structure. The model of the aRpp29 protein defined by this work
provides an essential step toward eventually understanding the overall architecture of ribonuclease P.

The precursors of transfer RNAs (pre-tRNAs) require alength of 227400 nucleotides, depending on species, and
extensive modification prior to maturation. These post- at least four protein subunits ranging in size from 11 to 23
transcriptional alterations consist of the removal of the 5 kDa (10). Archaeal RNase P therefore appears to be
leader sequence, intron splicing in archaea and eukarya,jntermediate in complexity between that of bacteria and
addition of the 3CCA nucleotides, and base modifications. eukarya.

Ribonuclease P (RNase P) is the ribonucleoprotein enzyme Comparisons of amino acid sequences indicate that the
responsible for removal of the leader sequence atte@®  four known archaeal RNase P proteins are similar to human
of pre-tRNA (1). RNase P is present in bacteria, archaea, proteins Rpp29 (Pop4 in yeast), hPop5 (Pop5 in yeast),
eukarya, and organelles that perform translati@n 3). Rpp21 (Rpr2 in yeast), and Rpp30 (Rppl in yeasd) (1).
Bacterial RNase P is a relatively simple form of the enzyme No such homology appears to exist between the bacterial
and the best characterized example. It consists of an RNARNaSe P protein and the RNase P proteins of archaea or
component 356400 nucleotides in length and a single 14 eykarya. Phylogenetic analyses have been used to classify
kDa protein subunit 4). The bacterial RNA alone can  archaeal RNase P as either type A, which has an RNA core
catalyze the cleavage of pre-tRNA in the absence of the component that is similar to that found in bacteria, or type
protein subunit under conditions of high ionic strength, \ which appears to be missing two substrate recognition
although the protein is necessary for the enzyme to function elements 12). In the absence of the protein subunits, the
efficiently under physiological conditiond{6); the protein  type A RNase P RNA from some species of archaea has

subunit also facilitates substrate recognition and relégse (  peen induced to cleave pre-tRNA under extreme ionic
In contrast to the bacterial enzyme, eukaryotic RNase P is conditions 6).

significantly larger and more complex. The human and yeast
forms of RNase P each contain a single RNA subunit
approximately 400 nucleotides in length, and at least nine
protein subunits ranging in size from 14 to 100 k3a9).

The archaeal RNase P contains a single RNA subunit with

Since the discovery of RNase P as one of the first
examples of a ribozymes), there continues to be a very
strong interest in this ancient and well-conserved ribo-
nucleoprotien particle (reviewed in ref8 and14). Signifi-
cantly, however, RNase P differs from a number of other
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Foundation. detailed structural information available for the full particle,

¥ Protein Data Bank entries 1TS9 and 1TSF. as well as many of the components. For example, in the past
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leadzyme 20), and the ribosome 2(, 22), while our Previous NMR studies oA. fulgidusaRpp29 show that
understanding of the RNase P structure remains relativelythe central structural feature of this 102-residue protein is a
sparse. A thorough understanding of the mechanism andsheet of six antiparallgd-strands, wrapped around a core of
function of RNase P will certainly require that detailed conserved hydrophobic amino acid8). In contrast to the
structural information be available, like that which can be relatively rigid and well-define@-sheet, approximately 40%
provided by X-ray crystallography or NMR methods. of the protein was poorly defined in solution; this includes
Bacterial RNase P is significantly better characterized than the first 16 residues, located before the start of the first
the eukaryotic or archaeal forms of the enzyme. Although S-strand, and the last 24 residues, located past the end of
the structure of the complete bacterial RNase P has not yetthe lastS-strand. The apparent flexibility of the N- and
been determined, there is substantial information regarding C-terminal regions of aRpp29 might have indicated that it
the structures of some of the individual components and theis a poor candidate for crystallization; however, the protein
overall architecture. The structure of the 154-nucleotide was found to crystallize quite well, and diffract X-rays to
specificity domain of theBacillus subtilisRNase P RNA high resolution. Here we describe the crystal structurA.of
was recently determined using crystallographic metha8s (  fulgidusaRpp29 and, in addition, reconcile and interpret the
and three-dimensional models of tEscherichia coliand differences between the crystal and solution structures of the
B. subtilisRNA have been constructed using comparative protein.
phylogenetic analysis2é). The structure of the bacterial
protein subunit fronB. subtilishas been determined using EXPERIMENTAL PROCEDURES
NMR?! (25), and the structures of the protein subunit from o ) ) ) .
Streptomyces auretand Thermotoga maritiméiave been Crystallization and X-ray DiffractionThe 102-am|nq acid
determined by X-ray crystallographg@, 27). Although no archaeal homologue of the human RNase P protein Rpp29
structures of any of the eukaryotic RNase P components hav@RPP29) was cloned from. fulgidusgenomic DNA and
been directly determined, the structures of archaeal RNase€*Pressed as a fusion with maltose binding protein. Following
P proteins that are homologues of two human and yeast¢l€avage of the fusion with tobacco etch virus (TEV)
proteins are now known. The solution structures of the Protease, the protein was purified to homogeneity as previ-
Archaeoglobus fulgidusand Methanothermobacter ther- ~ Ously described28). The protein was crystallized using the
moautotrophicugproteins that are similar to human RNase Nanging drop vapor diffusion method with samples at
P protein Rpp29 were recently determined using NMR concentrations pf 15 mg/mL. Native crystals were grown in
methods 28, 29), and the crystal structures of tRgrococcus ~ 0-1 M sodium citrate (pH 5.5) and 2.2 M ammonium sulfate
horikoshiiproteins that are the similar to human Rpp30 and &t room temperature, with crystal formation occurring after
Rpp29 were recently determined by X-ray diffracti®0y 2 months_. Protein-containing selenomethlonlr)g was produced
31). as descnb_ed by VgnDuyrEt al. (34), and purified .exgctly
TheA. fulgidus RNase P protein aRpp2@imilar to the as the native protein. Crystals of the selenomethionine form

human protein Rpp29 and the yeast protein Pop4) is the°f 2RPP29 ;verg grown from a soI:cution (?fho'l M I":CEPES
subject of the structural and biophysical studies described (pH 7.5) an 1'ﬂ M ammonium sulfate, with crysta Orm?’
here. This protein is significant for several reasons. Interac- 10N Ooccurring after 45 days at room temperature. Crystals

tion maps derived from two- and three-hybrid assays indicate were tr_ansf_erred to a_25% glycerol cryoprotectant solution
that the yeast and human homologues of aRpp29 directlyfor 1 min prior to freezing, removed from the cryoprotectant

contact the RNA component of RNase P, and are involved YSing @ nylon loop (Hampton Research), and frozen in the
in a relatively large number of proteirprotein interactions ~ Mtrogen stream at 100 K. X-ray diffraction data at 1.54 A

(9, 32), although the specific sites of interaction are unknown. ‘L’J";:\Z (a:lor"oet;?ndg fgg;ggr r;":‘]tci)\éee insalesﬂggitg&?;&% lert rr?z
aRpp29 is the only RNase P protein with homologues :

identified in all eukarya and archaea with available genome MAR3450 detector (MAR-USA, In(_:.)._ Synchrotron data
sequences1@), and it has recently been reported that a were collected for the selenomethionine form at the PX
eukaryotic Rpp29 protein and ti& coli RNase P RNA by beamline at the Center for Advanced Microstructures and

themselves form a complex with catalytic activigg|, Taken ~ Devices (CAMD) in Baton Rouge, LA, equipped with a
together, these observations provide evidence for the im-MAR CCD detector (MAR-USA, Inc.); data were collected

portance of aRpp29 and its homologues in RNase P structure"",t 0.97945 A,.corresponding to the peak sgleniu_m anomalous
and function. signal according to a fluorescence scan. Diffraction data were
integrated and scaled using DENZO and SCALEPAGS) (

A. fulgidusis a hyperthermophilic sulfate-reducing organ- t0 a resolution of 1.7 A.

ism with an optimal growth temperature of 8. TheA.
fulgidusRNase P has several characteristics that make it an Crystal Structure Determination and Refinemefihe
excellent candidate for structural studies. It has a relatively crystal structure of the selenomethionine form of aRpp29
small, type M, RNA component containing only 229 nucle- was determined using the single-wavelength anomalous
otides. TheA. fulgidusgenome has been sequenced, facilitat- dispersion (SAD) method. The locations of the five selenium
ing the identification of components that interact with RNase atoms and initial phases were calculated at 3.5 A using
P. In addition A. fulgiduscan be cultured in the laboratory, SHARP @6). After solvent flattening was carried out using
which may prove important in future studies of RNase P. ARP/warp @7), a model of the structure was built into the
electron density using XtalView3g). After positional
! Abbreviations: aRpp29, archaeal RNase P protein 29: NMR, refinement, density modification was repeated at 1.8 A to

nuclear magnetic resonance; NOE, nuclear Overhauser effect; SeMetiMprove the phases, followed by multiple cycles of rebuilding
selenomethionine. (using omit maps) and positional refinement using the
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Table 1: Structure Determination and Refinement Statistics
native (Cu K) SeMet (Cu K) SeMet (CAMD)
space group P212,2; P2:2,2 P2:2,2
cell constants a=39.6A a=35.9A a=38.1A
b=438A b=718A b=73.0A
c=49.2A c=324A c=325A
o, 5,y =90.00 o, 5,y =90.00 o, 5,y =90.00
no. of crystals 1 1 1
wavelength (A) 1.542 1.542 0.97954
Dumin (A) 1.7 1.7 2.3
Rsym (%) 4.3 (45.6) 4.0 (24.8) 8.0 (24.8)
completeness (%) 90.1 (98.5) 99.1(88.1) 99.1 (93.1)
llo 25.6 (3.0) 138.7 (21.9) 23.2(5.3)
phasing power 1.52
no. of observed reflections 34081 124791
no. of unique reflections 8955 10241
average redundancy 3.8 12.2
residues in the structural model —86 5-102
overall figure of merit 0.81 0.87
resolution range for refinement (A) 150.7 15.0-1.7
Ruork (%6) 25.0 20.3
Riree (%) 28.4 23.9
averageB factor (A% 18.9 22.2
no. of protein atoms 650 781
no. of water molecules 99 144
rmsd for bond lengths (A) 0.0050 0.0045
rmsd for bond angles (deg 1.36 1.35
rmsd for bonded factors (&) 1.38 1.30
residues in most favored regions (%) 95.7 91.7
residues in additional allowed regions (%) 4.3 8.3
residues in generously allowed regions (%) 0.0 0.0
residues in disallowed regions (%) 0.0 0.0

a All X-ray data were collected at 100 K. The values in parentheses correspond to the highest-resolution shell of the X-ray data. Synchrotron data
were collected at the PX beamline at the Center for Advanced Microstructures and Devices (CAMD) in Baton Rouge, LA.

1.54 A diffraction data to a resolution of 1.7 A. Atomic protein exchange with protons from the solvent were
B-factors were refined using CNS version 139) The measured using a saturation-transfer method, essentially as
structure of the native form of aRpp29 (which crystallized described by Lillemoert al. (46). Uniformly *N-labeled
in a different space group) was determined by the molecular samples of aRpp29 were equilibrated with buffers of 10 mM
replacement method using CNS, with the structure of the K;HPOy/KH,PO, and 100 mM NacCl at pH 5.8, 6.8, 7.8, and
selenomethionine form of the protein as a search model. After8.8. A pair of 'H—*N correlated 2D NMR spectra was
multiple cycles of rebuilding using omit maps, and positional obtained at each pH. In all cases, a selective excitation
andB-factor refinement, the structure of the native form of method was used for water suppression. For one spectrum
the protein was completed using data to a resolution of 1.7 of each pair, the water resonance was presaturated for 3 s,
A. Water molecules were added to each structure where theresulting in attenuation of the backbone amileesonances
difference electron density was greater tham éhd the due to saturation transfer from the solvent, which depends
density in the %, — |FJ map was greater thanol on the proton exchange rate, as well as a nuclear Overhauser
Summaries of the crystallographic and refinement statistics effect (NOE). The NOE was assumed to be constant at each
for the native and selenomethionine forms of the aRpp29 pH, while the proton exchange rate was assumed to increase
protein are given in Table 1. The quality and stereochemistry 10-fold with each unit increase in pH7). Via comparison
of the final structures were evaluated using PROCHECK of the spectra obtained with and without presaturation at each
(40). DALI (41) and VAST @2) were used to search the pH, the effects of solvent exchange and NOE could be
RCSB database for proteins that are structurally similar to determined46). Amide proton exchange rates were normal-
aRpp29. Ribbon and stick diagrams were generated usingized to pH 7 for comparison. Peak heights were measured
Pymol @3). for each assigned residue and fit to the equaljRu.fl, =
NMR SpectroscopNMR data were collected usinga 500 (1 — N)/((10PH'T,;k + 1), wherek is the amide proton
MHz Varian Inova spectrometer. Spectra were collected at exchange ratdyesai@andl, are the peak heights in thel—
30°C unless stated otherwise. Thd, °N, and'*C chemical 15N correlated spectra with and without water presaturation,
shifts for the nuclei ofA. fulgidusaRpp29 were previously  respectively, andN represents the NOE contribution. The
assigned using two- and three-dimensional NMR spectra aslongitudinal relaxation timel; was estimated to be 0.7 s
described previously2g). Two-dimensional (2D}H—15N using an inversion recovery experiment.
correlated spectra for this work were collected using sweep Alternatively, solvent exchange rates for relatively slowly
widths of 8000 and 5000 Hz in thél and**N dimensions, exchanging amide protons were determined simply by
respectively. Data were processed using nmrP#g énd transferring the protein to deuterated solvent and monitoring
analyzed using Sparky¥). the disappearance of resonances in'2D-'5N correlated
Amide Proton Exchange Rate Measuremeiitse rates spectra, adH is replaced witt?H. A solution of uniformly
with which the backbone amide protons of the aRpp29 '*N-labeled Rpp29 was passed through a column of Sephadex
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A 102 Analytical Ultracentrifugation.Sedimentation data were
collected for théA. fulgidusaRpp29 protein, for the purpose
of determining its aggregation state in solution. Data were
collected using a Beckman Coulter Optima XL-1 analytical
centrifuge, operated at 2Z0C with a sample concentration
of 156uM. A total of 60 UV absorbance scans were obtained
at a rotor speed of 42 000 rpm, with an interval of 10 min
between scans. The experiment was performed in triplicate,
and data were analyzed using Ultrascdf)(The aRpp29
protein was found to have a sedimentation coefficient of 1.25
+ 0.06 S at 20°C in the same buffer that was used for the
NMR experiments [100 mM NaCl and 10 mM,KPQOy/
KH,PQ, (pH 5.8)]; for comparison, hen egg white lysozyme,
with 129 amino acids, was found to have a sedimentation
coefficient that is slightly greater (1.60 0.04 S) under these
same conditions. These sedimentation data are most consis-
tent with aRpp29 being a monomer in solution.

RESULTS

Crystal Structure of A. fulgidus aRpp2@rystals of the
A. fulgidusaRpp29 protein were grown from a solution of
sodium citrate with ammonium sulfate as the precipitant; the
crystals formed in space grol2;2,2; and diffract X-rays
to 1.7 A resolution. A derivative of aRpp29 containing
selenomethionine (SeMet) in place of methionine was
prepared as a tool for solving the phase problem by
anomalous scattering methods. Interestingly, the SeMet-
containing aRpp29 did not crystallize under the same
conditions as the native form of the protein. However,
crystals with a slightly larger unit cell diffracting to 1.7 A
were obtained in space grolg2;2,2 from a solution of
FiGure 1. (A) Ribbon diagram showing two orthogonal views of HEPES and ammonium sulfate. Obtaining two different

the SeMet form ofA. fulgidusaRpp29, color ramped from the ; ; ; ;
N-terminus (blue) to the C-terminus (red). The model was generated crystal forms of aRpp29 was fortuitous in that it provided

using the backbone atoms of residuesl®2. (B) Surface residues [0 fwo independent views of the protein structure. Several
that are conserved in a wide range of species and considered likelyof the methionine residues were found to be located on the
to interact with the RNase P RNA or other protein subunits are intermolecular contacts within the crystal, thus providing an

shown in red; these conserved residues are clustered into a relati"e%xplanation for the change in molecular packing upon
small region of the protein surface. Only residues86 were P S P

observed in the crystal structure of the native form of the protein. substituting Selenomethlonlne for methionine.

This figure was created using PyMet1). The electron density maps for each crystal form of aRpp29

were of excellent quality. For the SeMet form of the protein,

G-25 beads (Sigma-Aldrich) that had been pre-equilibrated residues 5102 were built into the maps and refined; amino
in buffer [10 mM K;HPOy/KH PO, (pH 5.8) and 100 mM acids -4 were disordered and could not be confidently built
NaCl] in 99.9% DO overnight. The protein was immediately into the structure. For the native protein, only residue8®
placed in the NMR spectrometer, and 2B0-°N correlated were clearly observed in the electron density maps; inspection
spectra were collected at time intervaf®d over a total of of the molecular packing suggests that the C-terminal
24 h, and after 48, 72, and 144 h. All spectra were processedresidues were absent in the native form of the protein,
identically using nmrPipe 44), and peak heights were presumably due to degradation prior to crystallization. This
measured using Spark¥g). The decrease in the peak height observation is consistent with the significant difference in
over time was fit to a first-order exponential decay equation. crystallization time for the two crystal forms. The SeMet
Solvent exchange rates were measured for 58 backboneprotein crystallizes in several days, while the native protein
amide protons; overlapping or partially overlapping peaks requires 2 months to form crystals. The native and SeMet
were not included in the analysis. structures were refined to 1.7 A wiRyoring Values of 25.0

Circular Dichroism Measurement<Circular dichroism and 20.3% anRye. values of 28.4 and 23.9%, respectively.
data were collected for the aRpp29 protein using an AVIV The solvent contents of 31.7 and 30.2% (v/v) for the native
model 62DS circular dichroism spectrometer. The concentra-and SeMet crystal forms, respectively, are at the lower end
tion of the protein sample was 14u&/ in 10 mM potassium of the range typical for protein crystals; this is consistent
phosphate (pH 7.0) and 100 mM NaF. Data were collected with relatively tight packing of the protein molecules and
at 25°C using a cell with a path length of 1 mm. Nine scans excellent diffraction. The two structures can be superimposed
were averaged to achieve a high signal-to-noise ratio. Thewith an rmsd of 0.8 A for the Catoms, with most of the
parameters of each scan were as follows: wavelength rangevariation coming from the last few residues at the C-terminus.
of 260—-185 nm, bandwidth of 0.5 nm, and scan time of 2.0 Both structures have been deposited to the Protein Data Bank
s. The data were analyzed using Selcon3 (48). (entries 1TS9 and 1TSF).
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Helix 1 Beta 1 Beta 2 Beta 3
[~
S |
A. fulgidus 1 MREGRLQGV ESPNHSEVEI KEEVMDERESEIT IAE TE---- 50
M. thermcautoth 1 MITFPFEN, REVHEDIQET S(eip UAUDISRE S I TINEE MDD - - - 48
M. jannachii 1 MITFHN F EKED- - - 48
T. acidophilum 1 TG--~-- 4z
F. acidarmanus 1 MNANE T NG =-=--- 46
P. furiocsus 34 HRGRVNEKEN GE---- a1
P. abyasi 34 HEGEVTEKRHN| G- ===--=- 82
H. sapiens 121 TQPQOQMIQA FRdITEE--- 171
M. musculus 122 TQPFQMIQA KPdITRE--- 172
D. melanocogaster 107 ARYDEFSER K| GED--- 157
§. cerevisae 164 FNGSLALL TEKESENETLIEILQEITVSIWHERArIAIII VEGNII 217
C. elegans 84 FESTEIEKT LAENPTQI[T S[clT LA LISRag:R=0T a0 TQE--- 134
N. crassa 121 TGGEGAAS RBGCVSESER VL Kle}T LUsd Kivg- 33T g F TRR=-=-=- 171
A. thaliana 208 TGEKIQLSLT] ECKEIASFTEVOENERIRIRERATIJGPYI TRED- - - 258
EBeta 4 Beta &
A. fulgidus 51 KGLEKV RGRT WYK-GK------ - --- o e mmm e mm e mme oo IMR 76
M. thermcautoth 49 GEREITQAPRSGIAV BT PQ3E~- - -~~~ - s s = m s e s m r e e e m = == —-= - LVE| 75
M. jannachii 49 GEREVVESFRSD I AV P A« e I I R R KV T4
T. acidophilum 43 RKRIMPEF4HLEK HNGQ------------------=-------------- F| 64
F. acidarmanus 47 BEKICE EGTI EFNEQGA-~-- === - - =- s e ce s s e e s e e == === HYD 73
P. furiocsus 84 NEVWELIFRAD V C I ETWDGT--------=--------------oo--- KIK 110
P. abyssai 83 DEVWEUIFIADVCI ETEDGA------~-~--=-=-=--===-=--=======~ KI 109
H. sapiens 172 DELEVESFRSLNCV ETD-QF === -=c= s - sceece s e e se e === IBT 187
M. musculus 173 DHLEVESPRALNCV EID-DF--------------------------- I5Y 198
D. melanocgaster 158 HRLRTPAFJ4SECYV K VE-HM~- - -~~~ - s s e s r s e e m e e === - EFT 1813
8. cerevisae 218 DEIEKCESPRAEGTV EIFPISDDDDE -=--=-=-=-=-=---==-=-==-==-=--- ALERYS 250
C. elegans 135 DRFVVESPEAK G SV ILG-DR--------------------=---"---- LF& 160
N. crassa 172 NQRELRKUFESEG TV EVFLATGTATVEEGQEDVNEQQQQQTEAEQPKEMIFE 225
A. thaliana 259 DEFRVREIFESKL S ViRT LDCWE-----------------------o---- IT 284
Helix 2
O —0000000000000 ——
A. fulgidus 77 NFEAFEDEATI K- GLMMLERAKGVWI 102
M. thermecautoth 76 VARAFEEJAT Kjd- KFREP 93
M. jannachii 75 AL K- KIKILYPY S5
T. acidophilum 65 MM EDEALE|- YERILRERDLER &7
F. acidarmanus 74 AFEDIAT K- KREIYKKLRGYESR 100
P. furiocsus 111 GUAPEMEAL Fj4- RWRE 127
P. abyssi 110 I4- RWREW 127
H. sapiens 198 I4- KFEAKGTIDL 220
M. mugculus 199 AlS- EFEAKGSIDL 221
D. melanocgaster 184 I4- KIKNFVEKEPFM 206
B. cerevisae 251 EYERE VDERA G- EFKEERRCDDMLYYIQN 279
C. elegans 161 KIAFRIKRELLPTFIRGTLQTVETVSE 1295
N. crassa 226 QFERS ADESA NIS- EKFREHFSKIL 248
A. thaliana 285 2986

Ficure 2: Amino acid sequence alignment Af fulgidusaRpp29 and RNase P proteins from other archaea and eukarya. Sequences from
seven archaeal species are shownchaeoglobus fulgidus Methanococcus thermoautotrophiMethanococcus jannaschithermoplasma
acidophilum Ferroplasma acidarmanuy$yrococcus furiosysandPyrococcus abyssiThe eukaryotic sequences are frbtamo sapiens

Mus musculusDrosophila melanogasteSaccharomyces cerisae Caenorhabditis elegandleurospora crassandArabidopsis thaliana

Archaeal aRpp29 is homologous to the C-terminal half of eukaryotic Rpp29. The N-terminal region of Rpp29 is not well conserved among
eukarya. The most conserved hydrophobic residues, which form the hydrophobic core of aRpp29, are boxed in green. The conservation of
these residues suggests that the fold is conserved across the wide range of species shown. Conserved surface residues that are most likely
to be involved in mediating protetrRNA or protein-protein interactions within RNase P are boxed in red.

The central feature of the aRpp29 protein is a sheet of six of the -sheet; residues at these positions are hydrophobic
antiparalle|3-strands formed by residues-175; this-sheet in aRpp29 from most species, suggesting that the N-terminal
is significantly twisted and wrapped around a core of helix is a conserved feature of the protein structure. The
conserved hydrophobic amino acids [Val20, Val22, Val37, C-terminal region of the SeMet form of the protein contains
Val38, Leudb5, lle47, Val56, Phe63, Val65, and lle74 (Figure a four-turna-helix formed by residues 8396, followed by
1)]. The high degree of conservation of these hydrophobic an irregular loop to residue Trpl01. In the native form of
residues in the archaeal aRpp29, yeast Pop4, and humaithe protein, only a single turn of this helix is observed in
Rpp29 indicates that each of these proteins contains a similaithe electron density map. The N- and C-terminal helices are

f-sheet structure (Figure 2). Within tifesheet, strangl aligned antiparallel to each other, which may be a stabilizing
is connected t@2 by a seven-residue loop containing one feature since it provides for a favorable alignment of the
turn of helix centered at residue 28, and strgf@l is helix dipoles. In the SeMet form of the protein, the N- and

connected t@3 by a short loop, as |83 to f4. Strand34 is C-terminal helices make intermolecular contacts near a 2-fold

connected t@5, located at the opposite side of the protein, axis within the crystal. The selenomethionine residues are
by a five-residue loop that spans the open part of the twistedall exposed on the protein surface, with SeMet19, -48, and

pB-sheet. Strangh5 is connected t@6 by a compact turn,  -92 being directly involved in forming crystal contacts. In
followed by a seven-residue loop containing one turn of helix contrast, the packing of the native protein is mediated by
centered at residue 76. the N-terminal helix and the C-terminal region from Asp77

The N-terminal region of the aRpp29 protein contains a to Arg86 packing against the surface of fhsheet formed
two-turn a-helix (residues 612), followed by a short loop by strand$31, 52, 5, andf6.
leading to the firspp-strand. Side chains of residues Leul0,  Consered Surface Residues of aRpp2®ino acids are
llell, and Trpl15 are oriented toward the hydrophobic face generally conserved among homologous proteins from a
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Comparison of the Crystal and Solution Structures of
aRpp29The solution structures of aRpp29 from two species
of archaeaA. fulgidusand M. thermoautotrophicyshave
recently been determined using NMR metho2 @9). The
crystal and NMR structures are similar in that each method
describes essentially the same six-stranded antiparallel
twisted8-sheet (Figure 4), and the large majority of NMR-
derived interproton distances are consistent with the crystal
structure. Indeed, the NMR structure Af fulgidusaRpp29
(28) identified exactly the same set of hydrogen bonds
connecting the antiparallel strands that is observed here in
the crystal. On the other hand, there are immediately obvious
differences between the crystal and solution structures (Figure
4). Most notably, the well-ordered helices at the N- and
R C-termini of the protein in the crystal are not observed in
FiGure 3: Region of 2F,| — |F¢| electron density map from the solution, even upon re-examination of the NMR dat_a N view
aRpp29 crystal structure showing the internal salt bridge formed Of the crystallography results. NMR chemical shift index

by the triad of Glu40, Lys58, and Arg86. These residues are nearly values for the residues of the C-terminal helix provided a
completely inaccessible to the solvent. The distances from Glu40 hint of helical structure in solution; however, tAE—1H

O L3 s Ot o Ao e 10 2034 NOE cress pes ypial of el s were o
invglved inymediating the interaction between Lys58 and Arg86; observed for either the N-terminal or C-termlnal_ helpg
the oxygen of this water molecule is 3.10 A from Lys58 &nd The rmsd between the backbone atoms of residues/&8
2.94 A from Arg86 Ny. The map is contoured at 5This figure of the crystal and NMR structures of tiée fulgidusprotein
was created with PyMol4(1). exceeds 3 A, which is larger than the likely uncertainty in
the structures, suggesting that there likely are some real
diverse set of species when they are important for purposesdifferences in the overall twist of th@-sheet. Several
of structure, function, or intermolecular interactions. In the observed NOE cross-peaks involving loop residues (particu-
case of aRpp29 and its homologues (Figure 2), conservediarly Ser25) are inconsistent with distances in the crystal
hydrophobic residues in the protein core are likely to be structure, indicating there are some differences in the loop
essential for stabilizing the overall protein fold. The con- structures of the solution and crystalline forms of the protein.
served residues on the protein surface are the most likely tojn addition, the internal three-way salt bridge among residues
be important for intermolecular interactions, such as contact- Glu40, Lys58, and Arg86 in the crystal (Figure 3) was not
ing the RNase P RNA or other protein components. The mostobserved in the solution structures of either archaeal protein,
conserved residues on the surface of aRpp29 are spreadithough the salt bridge between two residues of this triad
throughout the primary sequence of the protein, but are (Glu40-Lys58) was detected in thé. thermoautotrophicus
spatially clustered into a single region of the protein surface solution structure 29).
(Figure 1B). Six surface residues (Aspl4, Thr4l, GInd42, The apparent differences between the crystal and NMR
Asn43, Arg82, and Arg88) that are well-conserved in structures suggest that the crystallization process may lead
archaeal aRpp29, as well as the RNase P proteins Rpp29o a “freezing-out” of a single ordered form of the molecule,
and Pop4 in eukarya, are located either within or near the and that in solution the helices at the N- and C-termini of
loop connecting strands2 and 3, and the beginning of  the protein may be in equilibrium between folded and
helix o2 (Figures 1 and 2). Each of these six conserved ynfolded forms. The biophysical tools of NMR and circular
surface residues may act as either a hydrogen bond donogichroism provide additional means of testing this hypothesis,
or acceptor, and is potentially a site of interaction with the and reconcile the apparent differences between the crystal
RNase P RNA, the substrate pre-tRNA, or both. Another and solution structures of aRpp29. Understanding these
interesting feature of the protein is a salt bridge formed by differences is important since a simple static model of the
the triad of residues Glu40, Lys58, and Arg86 (Figure 3). structure may not provide an accurate description of the
These hydrophilic amino acid types are most commonly protein surface; a detailed understanding of the protein
found on the surface of proteins; however, in aRpp29, the surface may be required to identify which residues make the
charged ends of these residues are buried so that the salgssential intersubunit and enzymsubstrate interactions
bridge spans an interior region of the protein. This triad of \yjthin RNase P.
residues is conserved from aRpp2Anfulgidusto Rpp29 Reconciling Differences between the Crystal and Solution
in humans and Pop4 in yeast. Structures of aRpp29The large majority of the helical
The alignment of the aRpp29 sequence with sequences ofcontent within the crystal structure of aRpp29 resides in the
homologous proteins (Figure 2) indicates that one of the mostN- and C-terminal helices; the helical content of the crystal

conserved residues is a glycine (Gly35AinfulgidusaRpp29)
located at a bend near the center of strBAdA Ramachan-
dran plot for aRpp29 shows that Gly35 hasndy angles

structure is approximately 28%. Circular dichroism (CD)
measurements provide information from which the helical
content of aRpp29 can be estimated in solution. CD data

that would be unfavorable for any other amino acid type from A. fulgidusaRpp29 collected at 25C were analyzed

(163 and —169, respectively). This glycine therefore
appears to be essential to the fold of the protein, in that
allows the structure to form its strongly bent open barrel

using Selcon349), indicating a helical content of 7.4% in
it solution; other methods of CD data analysis indicated a
. helical content of 512%. The CD data therefore indicate
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Ficure 4: Stereodiagram showing two orthogonal views of AhdulgidusaRpp29 NMR structure superimposed onto the crystal structure.
The backbone atoms of the NMR model (yellow), consisting of residue¥Z7were superimposed on the backbone atoms of the crystal
structure (pink) with an rmsd of 3.7 A. The main difference between the crystal and NMR structures is in the orientation oB$ti3Rds
andf5 of the-sheet, which appears to be slightly rotated when the structures are compared. This figure was created usinglPyMol (

that the helical content of aRpp29 in solution is ap- aRpp29 were found to range over several orders of magni-
proximately one-third of that in the crystal. The CD data tude. Amide protons within the central regions of the
are consistent with either (1) approximately two-thirds of antiparallels-sheet were found to have exchange rates of
the helical structure of aRpp29 being unfolded in solution less than 10* s at pH 7, consistent with being in a stable
or (2) the helices of aRpp29 existing in equilibrium between hydrogen-bonded structure that opens infrequently. In con-
folded and unfolded states, with the equilibrium slightly trast, the exchange rates for amide protons of the residues
favoring the unfolded form. of the N- and C-terminal helices are several orders of

While circular dichroism measurements provide informa- Magnitide more rapid. For example, solvent exchange rates
tion regarding the average helical content of aRpp29 in ©f amide protons of Lys88 and Gly90, located in the middle
solution, measurements of the rates at which backbone amide?f C-terminal helixa2 in the crystal structure, are ap-
protons exchange with the solvent can provide insight into Proximately 1.0 s, indicating that these hydrogen bonds
how frequently the helices unfold. Amide protons along the ©Pen much more frequently than those in fheheet. For
protein backbone are only competent to exchange with thethe residues of N-terminal helial, the backbone amide
solvent when they are not involved in stable hydrogen bonds. Protons exchanged with the solvent too rapidly for measure-
Thus, the frequency with which a proton exchanges with Ment by the saturation tr_ansfer method, or were altogether
solvent sets an upper limit on how frequently a hydrogen unobservable due to rapid exchange.
bond opens. The solvent exchange rates for the backbone In summary, CD and NMR data support a model in which
amide protons of aRpp29 were measured using NMR the N- and C-terminal helices that are clearly observed in
methods. Slowly exchanging amide protons were monitored the crystal structure dk. fulgidusaRpp29 either are unfolded
by simply observing the decay &fl NMR signals after the  in solution or are in rapid equilibrium between folded and
protein is transferred to deuterated solvent, while rates of unfolded states. These observations are consistent with our
rapidly exchanging protons were measured using a saturatiorpreviously reported measurements'efl NMR relaxation
transfer method (Figure 5). Amide proton exchange rates inrates (an alternative method of identifying flexible regions
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114l No Saturation - pH 7.8 With Saturation - pH 7.8 ;Zr-tt_ermmal hellc_:es are S|_mply interesting crystalllzafuon
ifacts, and biologically irrelevant. Several observations
o] B e [) ™ B B argue for the significance of the helices. An extremely well-
£ 0 0O 0o 0 0 0 o7 conserved hydrophobic amino acid is located at the center
g 118 O v NG of_ the_: N-t_ermmal_ helix (Le_ulo_m thA. fulgldussquence),
— L45 Las ) with its side chain extending into the hydrophobic core of
i My M19 the twisted S-sheet; this interaction appears to fix and
L. 05, Py stabilize the contact between the N-terminal helix and the
V38 O & V38 w0 © core of the protein. If the N-terminal helix was unnecessary
124 ves §) @@W;‘* O 0 _0. or absent, there would not be any reason for the conservation
LCZA © A vl of Leul0. The hydrophobic nature of LeulO is conserved
92 90 88 86 84 92 90 88 86 84

y ; over a wide range of species, from archaea to humans (Figure
H (ppm) H (ppm) 2), suggesting that the ability of the N-terminal residues to

FIGURE 5: Analysis of rates of saturation transfer between solvent form a helical structure is retained, and is perhaps quite

water and amide protons can be used to gain insight into the mOtionSimportant. The side chain of Trp15 is oriented toward the

within the Rpp29 protein. (A) A section of tH&N—H correlated - - .
NMR spectrum of Rpp29 obtained using a selective excitation core of the protein and conserved as hydrophobic over a wide

method for solvent suppression. (B) A spectrum obtained under fange of species, suggesting that the structure of the loop
the same conditions, but in this case saturating the solvent waterconnecting the N-terminal helix with stranfll is also

resonance. NMR signals from amide protons involved in stable conserved. The presence of an essentially identical N-
hydrogen bonds are relatively uninfluenced by saturating the So"’entterminal helix in the two different crystal forms (native and

resonance. In contrast, signals from amide protons that exchang o -
with protons from the solvent during the saturation period are >€Met) of aRpp29 also suggests that it is more than simply

significantly reduced in intensity; examples are Thr41 and Asp77, @ crystallization artifact. There do not appear to be any well-
which are partially attenuated, and Arg73, at the bottom right, which conserved hydrophobic contacts stabilizing the C-terminal
is completely attenuated when the water resonance is saturatedhelix (Figure 2); the full length of this helix is only observed

The influence of the nuclear Overhauser effect is separated fromin the crystal structure of the SeMet form of the protein.
that of amide exchange by performing the experiment at several . .
different pH values. The crystal structure of th®. horikoshii homologue of

aRpp29 was very recently reporte8l), and found to be

within a protein structure), which indicated that the residues Similar to the crystal structure oA. fulgidus aRpp29
of the B-sheet forA. fulgidusaRpp29 are significantly less ~ described here, with the N- and C-terminal helices being

mobile in solution than those of the termirgg). present. Interestingly, the large ribosomal subunit provides
several examples of proteins with termini that are flexible

DISCUSSION in solution yet form extended and ordered RNA contacts in
the crystal 22). Whether the termini of aRpp29 are helical

Of the four known archaeal RNase P protei§)( two or extended when the protein is in the context of the complete

now have had their three-dimensional structures deter-and intact RNase P remains an open question.

mined: A. fulgidusaRpp29 (homologous to yeast Pop4 and A particularly interesting feature of the aRpp29 structure
human Rpp29) described in this work and RNase P proteinjs the internal salt bridge involving the triad of residues
Ph1887p fromPyrococcus horikoshii(29), which is a  GJu40, Lys58, and Arg86 and two buried water molecules
homologue of eukaryotic RNase P proteins Rpp30 in yeast (Figure 3). A study of salt bridges within protein structures
and Rppl in humans. Amino acid sequence comparisonsindicates that such a three-way internal structure is rather
support the view that there is a structural (and presumably ynusual §1), and the degree to which the identity of each
evolutionary) relationship between the proteins of the ar- of these residues is conserved is also quite striking (Figure
chaeal and eukaryotic RNase P. Neither of the archaeal?). It seems to be reasonable to speculate that the residues
RNase P proteins with known structure shows any similarity of the salt bridge are conserved for a reason. One possibility
to the bacterial RNase P protein, which has been characters that the salt bridge is required simply for protein stability.
ized by both crystallographic and NMR metho@$+<27). However, this study provides evidence that the N- and
Interestingly, when RNA components are compared, the C-terminal helices are far from rigidly stable, suggesting that
archaeal RNase P appears to be more similar to that ofthe salt bridge is often not as buried as it appears to be in
bacteria than that of eukarya, (6, 50). At this point, the crystal. Also, the observation that these residues are
structural results as well as sequence comparisons seem teonserved not just in thermophilic archaea but also in higher
indicate that the archaeal RNase P contains a mixture ofeukarya raises the possibility that they may have important
bacterial and eukaryotic features. roles in the context of the RNase P ribonucleoprotein
The results of this work show that there are clear complex.
differences between the crystal and solution structures of The results of this work show that aRpp29 is structurally
fulgidus RNase P protein aRpp29, with the most obvious similar to the Sm and Sm-like (Lsm) proteins. The Sm fold
differences being the existence of the ordered N- and is defined by an N-terminal helix followed by a five-stranded
C-terminal helices in the crystal; studies by us and others antiparallel 5-sheet that forms an open barré0f. The
indicate that the residues that form these helices are relativelystructure of aRpp29 is therefore a variation of this fold, as
mobile in solution 28, 29). The crystallographi®-factors it contains the N-terminal helix and fiye-strands §1—/35)
for backbone atoms of the N- and C-terminal helices are 24 exhibiting the same connectivity, with straiiitb and the
and 15 &, respectively, consistent with well-ordered struc- C-terminal helix being extra elements. The Sm-like proteins
tures. This raises the question of whether the N- and occur in all three domains of life (bacteria, archaea, and
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S
Human snRNP Sm D1

Bacterial Hig Archaeal Sm2

Ficure 6: Cartoon representations of proteins that are similar in
structure to aRpp29 and exhibit the Sm fold, demonstrating its
conservation across all three domains of life. The diagrams are color
ramped from blue at the N-terminus to red at the C-terminus. The
proteins shown are Host-factor q (Hfq) frobh coli (PDB entry
1HK9), an RNA-binding protein involved in regulating translation;
Sm-2 fromA. fulgidus(PDB entry 1LJO); and Sm-D1 frorl.
sapiengPDB entry 1B34), which forms a dimer with Sm-D2 and
interacts with the 3terminal U-tract of U6 snRNA. The rmsds
between the backbone atomsAffulgidusaRpp29 (residues 7

77) and Hfg, Sm2, and Sm-D1 are 2.2, 2.1, and 3.5 A, respectively.
This figure was created using PyMatl).

eukarya), and are known to associate with U-rich RNA
sequences. Sm and Sm-like proteins are known to be
involved in a variety of RNA processing events, including
pre-mRNA splicing $3) and the biogenesis of the small
nuclear ribonucleoprotein particles (snRNPs), as well as
interaction with pre-RNase P RNA4; reviewed in ref5).

The structural similarity between th&sheet regions of
aRpp29 and the Sm-like protein and bacterial transcription
factor Hfq 66) was noted in our previous NMR stud28);

Sidoteet al.

homologue of aRpp29, Numagd al. (31) propose a concave
surface near thg2—/3 connecting loop as a possible site
of interaction with RNA. ThéA. fulgidusaRpp29 as a whole

is a basic protein, and conserved basic residues such as Arg82
and Arg89 on the protein surface (Figure 2B) are likely
candidates for RNA contacts; however, an electrostatic
surface plot based on this crystallographic work does not
indicate any single surface that is overwhelmingly positive
in charge. It appears to be clear that structural results for an
aRpp29 proteirRNA complex will be required before the
details of the proteirRNA interaction are understood.

Although the details of the interactions between aRpp29
and the other RNase P components remain unknown, it seems
likely that aRpp29 is central to the overall structure. Pieces
of evidence that support this speculation include interaction
maps derived from two- and three-hybrid assays that indicate
the yeast and human homologues of aRpp29 contact other
RNase P proteins as well as the eukaryotic RNase P RNA
(9, 32, and the recent observation that the eukaryotic
homologue of the Rpp29 protein and tke coli RNase P
RNA by themselves form a complex with catalytic activity
(33). The high-resolution model of the aRpp29 protein
provided by this work, and the identification of a well-
conserved protein surface likely to participate in intersubunit
interactions, are essential steps toward improving our un-
derstanding of the overall architecture of RNase P.
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however, the similarity between these proteins becomes even

more apparent now that the crystal structure of aRpp29 is
known, since Hfg contains a helix that corresponds to the
N-terminal helix of aRpp29. In addition to their structural
similarity, there is a slight but detectable amino acid sequence
similarity between aRpp29 and Hfg. The bacterial Hfq
protein contains the glycine at the bend in the central region
of strandfB2 (corresponding to the well-conserved Gly35 in
A. fulgidusaRpp29) that appears to be essential for forming
the characteristically berfi-sheet. The similarity between
aRpp29 and other Sm family members is not always
noticeable at the level of primary sequence, although the
structural similarity is fairly obvious. Unlike the apparently
monomeric aRpp29, many of the Sm-like proteins form
hexameric or heptameric complexés2,(56, 57, reviewed
in ref 58). The structural similarity to aRpp29 can be seen
in the ribbon diagrams of the monomer units of Sm and Sm-
like proteins Hfg, Sm2, and human snRNP D1 shown in
Figure 6.

The structure of a complex of Hfq with a single-stranded
oligoribonucleotide $6) shows that the RNA binds in a basic
cleft; however, the residues of Hfqg that contact the RNA do

not correspond to conserved residues in aRpp29, suggesting

that the RNA binding modes of these proteins are different.
An NMR chemical shift perturbation study of thil.
thermoautotrophicusomologue of aRpp29 by Boomershine
et al. (29) suggested that a broad surface involving a number
of the 3-sheet residues may contact the RNA, which differs
from the conserved surface that we suggest in Figure 1B. In
the recently published crystal structure of fehorikoshii
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