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Solution Structure of Pyrococcus furiosus RPP21, a Component of the Archaeal
RNase P Holoenzyme, and Interactions with Its RPP29 Protein Partner’
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ABSTRACT: RNase P is the ubiquitous ribonucleoprotein metalloenzyme responsible for cleaving the 5’-
leader sequence of precursor tRNAs during their maturation. While the RNA subunit is catalytically active
on its own at high monovalent and divalent ion concentrations, four protein subunits are associated with
archaeal RNase P activity in vivo: RPP21, RPP29, RPP30, and POP5. These proteins have been shown
to function in pairs: RPP21—RPP29 and POP5—RPP30. We have determined the solution structure of
RPP21 from the hyperthermophilic archacon Pyrococcus furiosus (Pfut) using conventional and paramagnetic
NMR techniques. Pfu RPP21 in solution consists of an unstructured N-terminus, two a-helices, a zinc
binding motif, and an unstructured C-terminus. Moreover, we have used chemical shift perturbations to
characterize the interaction of RPP21 with RPP29. The data show that the primary contact with RPP29
is localized to the two helices of RPP21. This information represents a fundamental step toward
understanding structure—function relationships of the archaeal RNase P holoenzyme.

Ribonuclease P (RNase P) is a ribonucleoprotein enzyme
that is essential in all three domains of life for cleaving the
5’-leader sequence of precursor tRNA molecules (ptRNA)'
(I—3). In archaea, the catalytic RNA subunit (RPR) is
associated with four protein subunits (RPPs) homologous to
four eukaryotic nuclear RNase P proteins: RPP21, RPP29,
RPP30, and POP5 (4). For RNase P from the hyperthermo-
philic archaeon Pyrococcus furiosus (Pfu), robust ptRNA
cleavage activity can be reconstituted from in vitro assembly
of transcribed RPR and the four recombinantly expressed
and purified RPPs (5). These four proteins function in pairs
(5), as the RPP21—RPP29 and RPP30—POPS5 heterodimers
can activate the RNA subunit at relatively low salt concen-
trations, while addition of either RPP21 or RPP29 to the
RPP30—POP5 pair (or vice versa) does not significantly
increase activity. These reconstitution data, together with the
results from yeast two-hybrid experiments on archaeal and
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yeast homologues (6—38), suggest that RPP21 and RPP29
(as well as RPP30 and POPS) associate to promote RNase
P holoenzyme assembly. Furthermore, recombinantly ex-
pressed human RPP21 was found to bind ptRNA (9), and
RPP21 and RPP29 together were shown to functionally
reconstitute the activity of human RNase P RNA (10),
underscoring the evolutionary conservation of these important
protein—protein and protein—RNA interactions. To gain
insight into the structure and function of the RNase P
holoenzyme, we have been investigating the three-dimen-
sional structures of the individual subunits and report here
the solution structure of Pfu RPP21.

Pfu RPP21 is a 117-residue protein that is highly conserved
both within and between Archaea and Eukarya (Figure 1).
Sequence analysis suggested that the protein contains a zinc
ribbon motif (/) featuring four invariant cysteine residues.
Determination of the Pfu RPP21 structure is an important
step toward a structural model of the RNase P holoenzyme.
Previously, we determined the solution structure of Metha-
nothermobacter thermautotrophicus RPP29 by NMR (12)
and the structure of Pfu POPS by X-ray crystallography (/3).
The crystal structures of P. horikoshii (Pho) Pop5 and RPP30
(14, 15) and RPP21 (/6) have also been reported. While
determining the structures of the individual RPPs represents
a crucial step in understanding their roles within the
holoenzyme, establishing how they interact with each other
will provide greater insight into their role in RNA catalysis.

We determined the solution structure of Pfu RPP21 by
applying conventional and state-of-the-art paramagnetic
NMR spectroscopy (/7). Taking advantage of the metal
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FIGURE 1: Sequence alignment of RPP21 homologues from Archaea and Eukarya. The alignment was generated with CLUSTALW (47).
Red lettering indicates a global similarity score of 0.7, while red boxes indicate invariant residues. Secondary structural elements observed
in the NMR ensemble are indicated in cartoon format. The aligned sequences are from P. furiosus (NCBI entry NP_579342), M.

thermautotrophicus (NCBI entry NP_276730), P. horikoshii (NCBI entry NP_143456), Methanocaldococcus jannaschii (NCBI entry
NP_247957), Archaeoglobus fulgidus (NCBI entry NP_068950), Schizosaccharomyces pombe (NCBI entry NP_596472), Mus musculus
(NCBI entry NP_080584), and Homo sapiens (NCBI entry NP_079115). Pfu RPP21 belongs to pfam04032. This figure was generated with

ESPRIPT (48).
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FIGURE 2: Two-dimensional 'H—'SN NMR spectra of Pfu RPP21. Backbone amide assignments are as indicated: (a) zinc-reconstituted

RPP21 and (b) cobalt-reconstituted RPP21.

binding properties of Pfu RPP21, we replaced the diamag-
netic Zn>" with the paramagnetic Co?*, which provided a
unique set of restraints otherwise unavailable (/8). Further-
more, to provide insight into the interactions between RPP21
and RPP29, chemical shift perturbations (/9, 20) were
utilized to determine which residues in RPP21 are responsible
for interactions with RPP29. These data have allowed us to
identify residues within RPP21 that interact with RPP29 in
the absence of the RNA, facilitating interpretation of
functional defects obtained from alanine scanning mutagen-
esis (1/6). This work represents an important step toward a
model of the assembly and structure of the RNase P
holoenzyme from archaea and eukaryotes.

MATERIALS AND METHODS

Protein Expression and Purification. The gene encoding
Pfu RPP21 was amplified by PCR from genomic DNA as
the template and gene-specific DNA primers (forward, 5’-
GCT AAA TAC AAT GAG AAA AAA GAA AAA AAG
CGT ATT G; reverse, 5-C TAG CTC GAG gct gee geg

cgg cac cag acc acc ATA TTC CAT TTT TTC TTT TCT
TCT C; an Xhol restriction site is underlined, the C-terminal
Gly-Gly linker and thrombin cleavage site, Leu-Val-Pro-Arg-
Gly-Ser, are in lowercase letters, and nucleotides altered to
improve codon usage for Escherichia coli are in bold) and
then subcloned into the pET-33b vector (Novagen, Inc.). The
recombinant protein was overexpressed in E. coli Rosetta
(DE3) cells (Novagen, Inc.) grown at 37 °C in minimal M9
medium containing 1 g/L ["N]ammonium chloride and 2
g/L ["*Clglucose as the sole nitrogen and carbon sources,
respectively, and supplemented with 30 xg/L. kanamycin and
34 ug/L chloramphenicol. Production of RPP21 was induced
by addition of 1 mM isopropyl 3-D-thiogalactoside (IPTG)
and 50 uM zinc chloride when the cells reached an ODgg
of ~0.6, and the cells were harvested after 4 h by centrifuga-
tion. Cells were suspended in denaturing lysis buffer [SO mM
Tris (pH 7.4), 50 mM KCI, 5 mM imidazole, and 6 M
guanidine-HCI] and lysed by sonication. The protein was
purified using a three-step purification protocol. In the first
step, affinity chromatography was performed using a 5 mL
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FIGURE 3: Solution structure of Pfu RPP21. (a) Ensemble of 20
lowest-energy structures superimposed on the backbone heavy
atoms of residues 19—82 and 88—105. (b) Rotated view showing
the side chains of some conserved residues.

Table 1: NMR Structural Statistics for Pfu RPP21

no. of NMR constraints

NOE 1,352
intraresidue (i — j = 0) 515
sequential (i —j = 1) 381
short-range (1 <i —j <5) 154
long-range (i —j < 5) 302
ambiguous 399
hydrogen bonds® 68
dihedral angles 158

no. of pseudocontact shifts (PCS) 169
no. of violations

distance violations >0.5 A 34 £2.0

dihedral angle violations >5° 0+0

PCS violations 0£+0

deviation from idealized geometry

bonds (A) 0.003 £ 0.0003

angles (deg) 1.01 &£ 0.05

impropers (deg) 8.1 £0.3

Ramachandran statistics” (%)

favored region 96.6

disallowed region 0.0

precision (A) (rmsd from the mean structure)

backbone atoms 0.45

all heavy atoms 0.81

“ Hydrogen bond restraints were applied as upper bound restraints
between amide proton and oxygen atoms and between amide nitrogen
and oxygen atoms. ” Ramachandran analysis performed with MolProbity
(46).

HiTrap chelating column (GE Biosciences) charged with 100
mM nickel sulfate and equilibrated with denaturing loading
buffer [50 mM Tris (pH 7.4), 50 mM KCI, 5 mM imidazole,
and 8 M urea]. Second, fractions containing the protein were
combined and purified by C4 reversed-phase HPLC (Vydac
214TP1010, 90 mL linear gradient from 30 to 60% aceto-
nitrile). Then, the C-terminal (His)s tag was removed by
incubation at 37 °C with thrombin (10 units/mg of Pfu
RPP21) for 12 h, resulting in a 122-residue protein consisting
of 116 natively encoded residues, without the N-terminal
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FIGURE 4: Superposition of Pfu and Pho RPP21. Superposition of
the core structural elements of a representative member from the
NMR ensemble and the X-ray structure.

methionine, followed by six plasmid-encoded residues (Gly-
Gly-Leu-Val-Pro-Arg). After cleavage of the affinity tag, the
protein was purified form the peptide and protease by C4
reversed-phase HPLC chromatography, lyophilized, resus-
pended in denaturing buffer, and exchanged into NMR buffer
[10 mM d;;-Tris (pH 6.7) at 25 °C, 10 mM KCl, 0.3 mM
ZnCly, 0.02% sodium azide, and 10% D,0] using a PD-10
gel filtration column (GE Healthcare). The cobalt-substituted
RPP21 sample for measuring paramagnetic effects (below)
was obtained by the same purification protocol, except that
the pure lyophilized protein was refolded in buffer containing
CoCl, instead of ZnCl,. Protein purity and integrity were
assessed by Coomassie Blue staining (Pierce) on SDS—PAGE
gels and by electrospray mass spectrometry (Q-TOF II,
Micromass, Inc.).

For the production of Pfu RPP29, the Pfu RPP29/pET-
33b plasmid was transformed into E. coli Rosetta BL21(DE3)
cells (Novagen), recombinant protein production was induced
by addition of 1 mM IPTG when the cell density had reached
an ODgg of 20.6, and the cells were harvested after 4 h by
centrifugation. Cells were suspended in denaturing lysis
buffer [25 mM Tris (pH 7), 7 M urea, | mM EDTA, and 10
mM DTT] and lysed by sonication. The protein was purified
from the urea-solubilized lysate using a 5 mL HiTrap SP
column equilibrated with lysis buffer. The protein was
refolded on the column which was washed with 10 column
volumes of buffer A [25 mM Tris (pH 7), 25 mM NaCl,
and 1 mM DTT] and was eluted with a 60 mL linear gradient
from 0.5 to 1.5 M NaCl. The purified protein was then
dialyzed against Pfu RPP21 NMR buffer [10 mM Tris (pH
6.7), 10 mM KCI, 0.3 mM ZnCl,, 1 mM DTT, and 0.02%
NaNj3]. The protein concentration was estimated from the
predicted extinction coefficient of 14770 M~! cm™! at 280
nm in denaturing buffer [SO mM phosphate (pH 7.5), and 6
M guanidinium hydrochloride] (21).

Limited Proteolysis. We subjected purified Pfu P21 (~100
uM in NMR buffer) to limited proteolysis by adding 5%
trypsin (w/w) and incubating the mixture at 37 °C for 1 h,
and the reaction was quenched with 0.6 mM PMSF (Sigma).
Partially proteolyzed samples were then analyzed by elec-
trospray mass analysis (Q-TOF-II, Micromass).

NMR Spectroscopy and Resonance Assignments. Two-
dimensional "H—"°N correlated NMR spectra of Pfu RPP21
recorded at 25 °C revealed many broad signals in the random
coil chemical shift region of the spectrum (22), suggesting
that portions of the protein had aggregated and/or were
disordered at low temperatures. Nevertheless, NMR data
recorded at 50 °C showed high-quality spectra with well-
dispersed resonances. Thus, NMR data were collected at 50
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°C on 600 and 800 MHz Bruker Avance DMX and DRX
spectrometers equipped with triple-resonance triple-axis
pulsed-field gradient probes. NMR data were processed and
analyzed using NMRPipe (23), NMRView (24), CARA (25),
and in-house scripts. The approximate concentration for
RPP21 NMR samples was 1 mM, while concentrations of
Co?*-bound RPP21 and the RPP21—RPP29 complex were
0.5 mM.

Backbone resonance assignments for RPP21 free and in
complex with RPP29 were obtained using standard triple-
resonance spectra [HNCACB, HNCA, CBCA(CO)NH, and
HNCOY] (26) recorded at 600 MHz. Side chain resonance
assignments were obtained from spectra recorded via 'N-
edited TOCSY-HSQC (26) (t,, = 60 ms) at 800 MHz,
HBHA(CBCACO)NH, CCONH-TOCSY (7, = 12 ms),
three-dimensional (3D) HCCH-COSY (7, = 12 ms), and
HCCH-TOCSY (7, = 12 ms) at 600 MHz (26). Distance
restraints were obtained from 3D "N-edited NOESY-HSQC
(tm = 200 ms) and '3C-edited NOESY-HSQC (z,, = 200
ms) spectra recorded in samples dissolved in 5 and 100%
D,0, respectively. Backbone resonance assignments for
Co?>"-bound RPP21 were obtained using TROSY-based
triple-resonance spectra (TROSY-HNCA, TROSY-HNCO,
and TROSY-HNCACB) (27) recorded at 600 MHz and a
3D N-edited NOESY-TROSY spectrum (28) (t,, = 150
ms) recorded at 800 MHz.

Structure Determination. NOE-derived distance restraints
from NOESY cross-peak intensities were calculated by
assigning the median intensity an interproton distance of 2.7
A and scaling the remaining intensities assuming a scaling
of ~1/r°, where r is the interproton distance (24). Restraints
for methyl and non-stereo-assigned atoms were adjusted by
adding 0.5 A to the upper bound. Backbone torsion angle

I I .‘ “ ‘||I||‘|‘ I” ‘lll I. III . I|I|I Ldal.als il |Il|l.l|.l|l il
40 60 80 10i

0

Residue

FIGURE 5: Binding of Pfu RPP21 to Pfu RPP29 as detected by NMR. (a) Overlay of "N HSQC spectra of Pfu RPP21 free (black) and Pfu
RPP21 bound to Pfu RPP29 (red), illustrating the site-specific chemical shift perturbations that reveal the region of protein—protein interactions.
(b) Binding-induced chemical shift perturbations mapped onto the ribbon diagram of RPP21: cyan, less than the mean perturbation; magenta,
greater than mean. Residues for which the effect of RPP29 binding could not be determined are colored light gray. (c) Plot of weighted
average chemical shift perturbations induced by protein—protein contacts.

restraints were obtained from analysis of the HY, N, C%, and
CP chemical shifts with TALOS (29). Pseudocontact shifts
(PCS) were calculated by comparing the H%, N, C*, C#, and
C’ chemical shifts between paramagnetic and diamagnetic
spectra (18, 30).

Structure calculations for free Pfu RPP21 were performed
using simulated annealing protocols within the XPLOR-NIH
software suite (37), which includes a paramagnetism re-
straints module (32). An initial set of structures was generated
using a small set of unambiguous long-range NOE restraints
(~100), in addition to short-range NOE restraints and
dihedral angle restraints. Paramagnetism-derived PCS re-
straints were introduced after estimation of the tensor (32).
After each cycle, the structures obtained were used to
calculate a new PCS tensor and used for iterative assignment
of additional NOE cross-peaks. The zinc ion was linked to
the four cysteines, modified to remove the H”, through upper
distance restrains from C# (3.3 A) and S” (2.3 A) atoms and
used throughout the calculations. A final set of the 20 lowest-
energy structures were selected from a set of 100 solutions
and subsequently refined in explicit water (33) using
restrained molecular dynamics in XPLOR-NIH (37). Analy-
sis of structures was conducted using XPLOR-NIH (37),
MolProbity (46) and PROCHECK-NMR (34). Structures and
restraints have been deposited in the Protein Data Bank as
entry 2K3R.

Identifying the RPP29 Binding Site of RPP21. The RPP29
interaction site on RPP21 was identified by examining the
chemical shift differences between amide resonances of free
and RPP29-bound U-[’N]-RPP21 in two-dimensional
"H—"N correlated NMR spectra. Weighted average chemical
shift perturbations were calculated from
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AS= 1Al + ilAéNl

where a = 8 for Gly and a = 6 otherwise (/9, 35).

RESULTS

Pfu RPP21 Solution Structure. The N-edited HSQC
spectrum of Pfu RPP21 contains only 90 of the 115 expected
backbone amide proton resonances (excluding the seven
proline residues) (Figure 2a). This observation suggested that
the N- and C-termini do not adopt a stable structure,
consistent with sequence-based structural predictions (36, 37).
Limited trypsin proteolysis experiments analyzed by mass
spectrometry revealed two major proteolytic fragments with
masses of 8635 and 11517 Da, corresponding to the expected
masses of residues 37—108 (expected mass of 8632 Da) and
13—108 (expected mass of 11520 Da), respectively. The
absence of significant cleavage of the remaining nine Lys
or ten Arg residues suggested the presence of a well-
structured central core between residues 13 and 108, with
unstructured N- and C-termini beyond these bounds.

Backbone amide resonance assignments could be obtained
for most of the signals observed in N HSQC spectra,
corresponding to 83% of the protease-resistant core of the
protein (residues 13—108) and to 68% of all residues (Figure
2a). Residues that could not be assigned are 1—17, 56, 57,
60, 82—85, and 104—119, corresponding to regions located
mainly in the N-terminus, a loop, and the C-terminus. Side
chain assignments were determined for 81% of residues in
the core (residues 13—108) and 66% for all the protein.

The effect of the paramagnetic cobalt metal on the "N
HSQC spectrum is illustrated in Figure 2b. Due to the large
chemical shift changes induced by the paramagnetic ion,
backbone resonances for Co?>*-bound RPP21 had to be
assigned de novo. Because of the enhanced relaxation rates
of protein spins by the paramagnetic ion (38), the signals
from residues in the immediate vicinity of the metal binding
site were broadened beyond detection, and assignments could
be obtained for only 49 residues of Co>"-substituted RPP21.
From these assignments, a total of 169 (HN, N, C*, and Ch)
pseudocontact shifts (PCS) (38) could be obtained and were
included in the structure calculations.

The solution structure of Pfu RPP21 is well-defined for
the assigned residues (19—82 and 88—105), with mean root-
mean-square deviations (rmsds) of 0.4 and 0.8 A for
backbone and heavy atoms, respectively (Figure 3); inclusion
of the PCS restraints decreased the overall rmsds from 0.6
and 0.9 A for backbone and heavy atoms, respectively.
Although the PCS restraints had a modest effect on the
precision of the structure, the longer-range information
allowed for discrimination of alternative structures early
during refinement. Overall, the structural quality is good, with
97% of the 1 and y angles falling within the favored and
additionally allowed regions of the Ramachandran plot (Table
1). The N-terminus of the structured region of the protein
(residues 19—52) consists of two a-helices (o, residues
19—31, and oy, residues 35—50), while the C-terminus of
the protein (residues 57—105) adopts a zinc ribbon motif (1 7, 39)
and consists of two hairpins providing the scaffold for the
four invariant cysteine residues responsible for coordinating
the zinc ion (Figure 3). The two a-helices dock against the
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open side of the zinc binding site of the zinc ribbon,
protecting the metal from solvent.

Amino acid residues that are highly conserved across the
RPP21 family decorate both the helical and zinc ribbon
domains of the structure (Figure 1). The core is well-packed
with highly conserved hydrophobic residues (not shown),
with the three invariant hydrophobic residues (Leu21, Tyr39,
and Ala43) forming part of the primary hydrophobic pocket
keeping the helices together (Figure 3b). Of the three
invariant arginine residues (Argl7, Arg79, and Arg100), the
side chains of Arg79 and Argl00 are solvent-exposed (Figure
3b), while Argl7 is located in the disordered N-terminal
region that precedes helix ;. The pairings of several basic
and acidic residues on the surface of the two helices (Glul6-
Argl7, Glu26-Arg27, and Glu34-Arg38-Glu4l) reveal a
number of salt bridges that likely contribute to protein
stability.

A crystal structure has been reported for P. horikoshii
(Pho) RPP21 (16), which is 69% identical in sequence with
Pfu RPP21. Superposition of the core structural elements (Pfu
residues 17—103 and Pho residues 18—104) of a representa-
tive member from the NMR ensemble and the X-ray structure
yields a rmsd of 3.3 A. However, separate superposition of
the a-helices (residues 18—49) and the zinc binding motif
(residues 67—82 and 88—101) yields rmsds of 1.1 and 1.3
A, respectively. Most of the structural difference between
the Pho and Pfu structures lies in the linker (residue 51—62)
that connects the N- and C-terminal regions, changing the
relative orientation between the two a-helices and the zinc
ribbon; although there was no evidence of flexibility in the
NMR data, it seems likely that the precise geometry between
the domains could vary. In addition, the first 13 residues of
Pfu RPP21 were not seen to form a stable secondary structure
in solution (at 50 °C), while for the crystal structure of P.
horikoshii RPP21 (16), the N-terminal o-helix extended
through this region of the protein (Figure 4).

RPP21 Binds to RPP29. Unlabeled RPP29 was titrated
into solutions containing 'N-labeled RPP21 to identify
significant regions of interaction. NMR spectra of RPP21
partially saturated with RPP29 showed two sets of signals,
indicating tight binding with dissociation being slow on the
chemical shift time scale. Comparison of the N HSQC
spectra of Pfu RPP21 in the absence and presence of Pfu
RPP29 reveals many chemical shift perturbations confirming
the interactions suggested previously by yeast two-hybrid
experiments (Figure 5) (6, 7). The addition of RPP29 in
stoichiometric excess did not result in further changes in the
HSQC sectrum of RPP21, consistent with a high-affinity 1:1
stoichiometry. The improvement in the signal-to-noise ratio
and the reduction of overlap in the "N HSQC spectra of
RPP21 when bound to RPP29 suggest that the protein is
better folded when bound to its binary partner. Although
some backbone resonance assignments could be inferred by
comparing the "N HSQC spectra of the complex to those
of free RPP21, large shift perturbations required reassignment
of the backbone resonances of RPP21 it was when bound to
RPP29. We obtained resonance assignments for all but
residues 1—18, 56, 57, 60, 78—85, and 104—119. The largest
backbone amide chemical shift perturbations induced by
RPP29 are localized to the o-helices at the N-terminus of
RPP21 (Figure 5b,c). A majority of the residues experiencing
the largest amide shift perturbations are hydrophobic, in
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particular, I1e20, Leu21, Leu24, Ala25, Val28, Leu42, and
Val46. In addition to hydrophobic residues, several charged
(Arg27 and Arg38) and polar (Ser32) residues exhibited large
shift perturbations. These chemical shift perturbations iden-
tify the RPP21—RPP29 interface (/9).

DISCUSSION

While the exact functional role of each of the protein
subunits of archaeal and eukaryotic RNase P remains to be
determined, evidence suggests that at least some of the RNase
P proteins function in pairs (5, 7, 8, 40) and contact either
the RPR subunit (41, 42) or ptRNA substrate (9). An
important step toward revealing the roles of the protein pairs
is to understand their structure in solution and how they
interact with the other components. The solution structure
of Pfu RPP21 contains a structured central core (residues
15—105) and unstructured regions at both N- and C-termini.
Both tails are highly populated by conserved basic residues
that could help stabilize interactions with either the catalytic
P RNA subunit or the substrate ptRNA through favorable
electrostatic interactions.

The overall RPP21 protein fold is unique among family
members (MMDB entry 35869) (43). The zinc ribbon
domain that comprises residues ~60—104, however, is a
common domain among nucleic acid binding proteins (44).
As previously noted, this domain exhibits a high degree of
similarity to archaeal and eukaryotic polymerase subunits
exemplified by Rpb9 (/6). Superposition of the zinc ribbon
fold of RPP21 with that of Rpb9 from yeast RNA polymerase
II positions the domain near the nucleic acid binding funnel
(45), where its conserved arginine and lysine residues could
make analogous contacts with nucleic acid substrates.

Chemical shift perturbations (Figure 5) induced by RPP29
clearly indicate that Pfu RPP21 forms a tight complex with
Pfu RPP29 in the absence of the RPR. These perturbations
indicate that the interaction is localized to the two o-helices
of RPP21, which exhibit a number of exposed hydrophobic
residues (Figures 3 and 5). Although increased signal
dispersion was observed in the complex, no new resonances
were observed for RPP21 upon binding RPP29, suggesting
that no significant coupled folding of RPP21 occurs upon
binding and that the protein—protein interaction involves the
structured core RPP21. Such an interaction would leave the
highly basic N- and C-terminal tails free to interact with
either the RPR or the ptRNA.

Alanine scanning mutagenesis experiments directed at
conserved residues in Pho RPP21 identified residues impor-
tant for functional reconstitution (/6). Those studies, although
not quantitative, found that mutation to Ala of Argl7, Tyr39,
Arg65, Arg81, and Argl00 (Pfu numbering) significantly
impaired activity in the reconstituted enzyme, with the largest
defects being associated with the Arg65 to Ala and Argl100
to Ala mutants. Given the location of Argl7 and Tyr39 in
the NMR-identified interface with RPP29, we conclude that
mutation of those residues might have impaired formation
of the appropriate protein—protein contacts. On the other
hand, Arg65 and Argl100 are located on the zinc ribbon motif,
away from the RPP29 binding site. Yeast two-hybrid (6—38)
and biophysical experiments (unpublished results) indicate
little or no interaction between the RPP21—RPP29 and
POP5—RPP30 protein pairs. Consequently, functional defects
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due to these RPP21 mutations implicate them and their
associated molecular surfaces in binding either the RPR or
ptRNA substrate.

This work has identified the molecular surface of RPP21
involved in binding RPP29, thereby informing the design
of site-directed mutations aimed at probing interactions with
the RNA subunit. Further studies will ascertain the details
of how Pfu RPP2I interacts with RPP29 and how this
complex interacts with other components of RNase P. Such
studies should help reveal the function of the RPP21—RPP29
complex within the holoenzyme and allow further progress
toward understanding assembly and function of this com-
posite ribonucleoprotein enzyme.
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