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Ribonuclease P (RNase P) is a ribonucleoprotein complex essential for the processing of 5 leader
sequences of precursor tRNAs (pre-tRNA). PhoPop5 is an archaeal homolog of human RNase P protein
hPop5 involved in the activation of RNase P RNA (PhopRNA) in the hyperthermophilic archaeon Pyrococ-
cus horikoshii, probably by promoting RNA annealing (AN) and RNA strand displacement (SD). Although
PhoPop5 folds into the RNA recognition motif (RRM), it is distinct from the typical RRM in that it has an
insertion of a-helix (o2) between a1 and B2. Biochemical and structural data have shown that the dimer-
ization of PhoPop5 through the loop between a1 and o2 is required for the activation of PhopRNA. In
addition, PhoPop5 has additional helices (a4 and a5) at the C-terminus, which pack against one face of
the B-sheet. In this study, we examined the contribution of the C-terminal helices to the activation of
PhopRNA using mutation analyses. Reconstitution experiments and fluorescence resonance energy trans-
fer (FRET)-based assays indicated that deletion of the C-terminal helices o4 and o5 significantly influ-
enced on the pre-tRNA cleavage activity and abolished AN and SD activities, while that of a5 had little
effect on these activities. Moreover, the FRET assay showed that deletion of the loop between a1 and
o2 had no influence on the AN and SD activity. Further mutational analyses suggested that basic residues
at o4 are involved in interaction with PhopRNA, while hydrophobic residues at a4 participate in interac-
tion with hydrophobic residues at the B-sheet, thereby stabilizing an appropriate orientation of the helix
o4. Together, these results indicate that extra-structural elements in the RRM in PhoPop5 play a crucial
role in the activation of PhopRNA.
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1. Introduction

Ribonuclease P (RNase P) is a ribonucleoprotein (RNP) that cat-
alyzes the processing of 5’ leader sequences from tRNA precursors
(pre-tRNA) and other noncoding RNAs in all living cells [1,2].
Although the functionality of RNase P remains almost the same
from bacteria to humans, the chemical composition of this enzyme
differs in the three phylogenetic domains of life. Eubacterial RNase
P is composed of a catalytic RNA and a single protein subunit, and

Abbreviations: AN, RNA annealing; CD, circular dichroism; FRET, fluorescence
resonance energy transfer; PhopRNA, ribonuclease P RNA from P. horikoshii; RNase
P, ribonuclease P; pre-tRNA, precursor tRNA; SD, strand displacement.
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in the presence of a high concentration of Mg?*, the eubacterial
RNase P RNA itself can hydrolyze pre-tRNA in vitro [3]. In contrast,
archaeal and eukaryotic RNase Ps comprise a single RNA moiety
and multiple proteins: 4 or 5 for archaeal RNase Ps and as many
as 10 for eukaryotic RNase Ps [4]. Although the RNA components
in archaea and eukaryotes alone have little catalytic activity
in vitro [5,6], they function in cooperation with protein subunits
in substrate recognition and catalysis. Hence, archaeal and eukary-
otic RNase Ps may serve as a model RNP for studying how a func-
tional RNA can be activated by protein cofactors and how the RNP
enzymes catalyze biological processes.

We earlier found that RNase P RNA (PhopRNA) and five proteins
in the hyperthermophilic archaeon Pyrococcus horikoshii OT3
reconstituted RNase P activity that exhibits enzymatic properties
like those of the authentic enzyme [7,8]. The P. horikoshii RNase
P proteins were designated PhoPop5, PhoRpp38, PhoRpp21,
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PhoRpp29, and PhoRpp30, according to their sequence homology
with the human RNase P proteins hPop5, Rpp21, Rpp29, Rpp30,
and Rpp38, respectively [9]. Biochemical and structural studies re-
vealed that PhoPop5 and PhoRpp21 form a complex with PhoRpp30
and PhoRpp29, and the resulting complexes, PhoPop5-PhoRpp30
and PhoRpp21-PhoRpp29, are involved in activation of the C- and
S-domains, respectively [10-12]. Recently, fluorescence resonance
energy transfer (FRET)-based assays indicated that PhoPop5,
PhoRpp21, PhoRpp29, and PhoRpp30 can promote RNA annealing
(AN) and strand displacement (SD), while PhoRpp38 has no influ-
ence on FRET [13]. Hence, the four proteins may assist PhopRNA
in attaining a functionally active conformation by promoting AN
and SD.

PhoPop5 consists of a five-stranded antiparallel -sheet and five
helices, which fold in a way that is topologically similar to the RNA
recognition motif (RRM) [10]. PhoPop5 is, however, distinct from
the typical RRM in that it has an insertion of a-helix (a2) between
a1 and B2. In addition, it has additional helices (o4 and o5) at the
C-terminus, which pack against one face of the B-sheet and form an
electropositive patch suitable for RNA binding [10]. It was previ-
ously shown that Glu44 and Glu48 at the loop between o1 and
o2 are involved in the dimerization of PhoPop5, and that this
dimerization is required for the pre-tRNA cleavage activity [10].
In this study, to evaluate the involvement of the C-terminal exten-
sion in the functional activity of PhoPop5, we prepared two mu-
tants, A6C and A14C, in which the 6 and 14 C-terminal amino
acids were deleted, respectively, and characterized them with re-
spect to pre-tRNA cleavage activity and to the promoting activity
of AN and SD. Truncation of 14 residues significantly reduced the
pre-tRNA cleavage activity and abolished both AN and SD activi-
ties, while that of 6 residues had little effect on these activities.
Moreover, it was found that deletion of the loop between a1 and
o2 had no influence of FRET efficiency. Further mutational analyses
indicated that positively charged residues, Lys108 and Lys112, at
o4 are fully involved in interaction with PhopRNA, while hydro-
phobic residues, such as Phel113 and Leull4, are involved in
hydrophobic interaction with the B-sheet, thereby stabilizing an
appropriate orientation of the helix a4. The present study shows
that extra-structural elements in the RRM in PhoPop5 play a crucial
role in the activation of PhopRNA; that is, the C-terminal extension
in the dimerized PhoPop5 through the loop between a1 and a2 is
essential for the activation of PhopRNA by promoting AN and SD.

2. Materials and methods
2.1. Materials

Five RNase P proteins (PhoPop5, PhoRpp21, PhoRpp29,
PhoRpp30, and PhoRpp38), PhopRNA, and pre-tRNA™" in P. horiko-
shii were prepared as described previously [7,8]. The deletion mu-
tant AL43-48, in which the residues 43-48 including Glu44 and
Glu48 were deleted, was prepared as described previously [10].
Restriction enzymes were purchased from MBI Fermentas (Ontario,
Canada). Oligonucleotides were purchased from Sigma-Aldrich (St.
Louis, MO). Two fluorescence-labeled synthetic oligoribonucleo-
tides (Cy3-21R- and Cy5-21R+) were purchased from Operon Bio-
technologies (Tokyo, Japan). Ex Taq DNA polymerase and the DNA
ligation kit were purchased from Takara Bio (Shiga, Japan). All
other chemicals were of analytical grade for biochemical use.

2.2. Preparation of mutant proteins

Deleted mutations and site-directed mutagenesis were pro-
duced by oligonucleotide-based mutagenesis. Mutations were
identified by DNA sequence determination; the entire sequence

of each mutant gene was determined to rule out that any addi-
tional mutations had arisen during the mutagenesis reaction steps.
The resulting mutants were purified using the same protocol as
used for the wild-type PhoPop5 [10].

2.3. Far-ultraviolet circular dichroism (CD)

CD spectra in the far-ultraviolet range, 200-250 nm, were re-
corded at room temperature on a Jasco J-720 spectropolarimeter.
Proteins were dissolved to a final concentration of 100 pg/mL in
50 mM Tris-HCI, pH 7.5, containing 200 mM NacCl. Signal averaging
during the accumulation of four scans was done automatically.

2.4. Assay for pre-tRNA cleavage activity

The RNase P activity for the reconstituted particles containing
PhoPop5 or its mutants was analyzed, principally as described pre-
viously [14]. The reaction mixtures were incubated in the reconsti-
tution buffer, 50 mM Tris-HCI (pH 7.6) containing 50 mM MgCl,,
600 mM NH40Ac, 60 mM NH4Cl, PhopRNA or its mutants
(20 pmol), the five proteins (each 20pmol), and pre-tRNA™"
(2.5 ng), at 75 °C for specified periods. The reactions were stopped
by adding phenol, and the reaction products were separated on
10% polyacrylamide denaturing gels in TBE buffer (900 mM Tris—
borate containing 10 mM EDTA) at 150V for 1 h. After electropho-
resis, the reaction products were visualized by staining in a 0.1%
toluidine blue solution. The resulting image was used to obtain val-
ues for the pre-tRNA™" processing activity with various incubation
times. The cleavage efficiency was calculated as follows: the quan-
tity of (matured tRNA™" + leader fragment)/the quantity of (pre-
tRNA™" + matured tRNA™" + leader fragment), and the percentage
was plotted against the incubation times.

2.5. FRET-based assay

FRET assays were principally performed as described previously
[15], with some modifications [13]. Two fluorescence-labeled
RNAs, Cy3-21R- (Cy3 - 5 - ACUGCUAGAGAUUUUCCACAU-3')
and Cy5-21R+ (Cy5 - 5" - AUGUGGAAAAUCUCUAGCAGU-3'), were
obtained from Operon Biotechnologies (Tokyo). A nonfluorescence-
labeled competitor RNA (21R-) with a sequence identical to
Cy3-21R— was produced by in vitro transcription with T7 RNA
polymerase using a corresponding synthetic DNA oligonucleotide
as template. The resulting RNA was purified by ion-exchange
column chromatography on a HiTrap DEAE Sepharose FF column,
as described by Easton et al. [16]. We monitored FRET from the
donor Cy3 to the acceptor Cy5 in 50 mM Tris—HCl (pH 7.5) containing
3 mM MgCl, and 1 mM DTT at 30 °C by measuring the fluorescence
emission at 590 nm of Cy3 with excitation at 535 nm every 2s
using a fluorescence spectrophotometer (F-3010, Hitachi, Tokyo).
In the first reaction (phase I), Cy3-21R— and Cy5-21R+ were an-
nealed in a cell (1 mL). Annealing was started by mixing 300 pL
of 100 nM Cy3-21R- with an equal volume of 100 nM Cy5-21R+
in the absence or presence of 200 pL of the protein (1 pM). The
reaction was allowed to proceed for 1200 s. For the second reaction
(phase II), 200 pL of 100 nM 21R— was added, the mixture was agi-
tated vigorously, and measurements were continued for another
1200 s. The energy transfer efficiency (E) was calculated as follows:
E =1 - Fap/Fp, where Fp and Fap are fluorescence intensities of the
donor (Cy3-21R-) in the absence and presence of the acceptor
(Cy5-21R+), respectively [17]. Furthermore, the normalized energy
transfer efficiency (NE) was calculated as NE = E;/E1yq in phase I
and NE = (Et — E2400)/(E|200 - E2400), where E; is the E at each time,
and Eigo and Ejz00 are the values of E at 20 and 40 min,
respectively.
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3. Results
3.1. The pre-tRNA cleavage activity of the reconstituted particles

The crystal structure of PhoPop5 is shown in Fig. 1A. It folds in a
way that is topologically similar to the RNA recognition motif [10].
PhoPop5 is, however, distinct from the typical RRM in that it has an
insertion of o-helix (o2) between o1 and B2. Biochemical and
structural data have shown that the loop between a1 and o2 is in-
volved in dimerization of PhoPop5 (Fig. 1B), which is required for
pre-tRNA cleavage activity of the reconstituted particle [10].

In addition, PhoPop5 has additional helices, o4 and o5, at the C-
terminus (Fig. 1A and C), which pack against one face of the B-sheet
that is most commonly used to interact with single-stranded RNA
[18]. Furthermore, the electrostatic potential analysis indicates a
large electropositive surface on the C-terminal helices [10], sug-
gesting that the C-terminal helices are involved in the activation
of PhopRNA. To address this assumption, we prepared two mu-
tants, A6C and A14C, in which the 6 and 14 C-terminal residues
were deleted, respectively. The mutant proteins were purified in
the same manner as described for wild-type PhoPop5. The second-
ary structure of the two mutants was checked by examining the CD
spectrum in the 200-250 nm region, reflecting backbone polypep-
tide chain conformations. Although the CD spectra of mutants in
the short-wavelength region were slightly changed due to the
truncation of helices, they were essentially the same as that of
the wild-type PhoPop5 (Supplementary Fig. S1). Therefore, the
backbone conformation of the mutant proteins appeared to be
practically the same as that of PhoPop5.

We first carried out a time-course experiment (0-1 h) for the
pre-tRNA cleavage activities of the reconstituted particles contain-
ing either wild-type PhoPop5 or its mutants and assessed the con-
tribution of the C-terminal helices to the pre-tRNA cleavage
activity (Supplementary Fig. S2). On the basis of this result, the
pre-tRNA cleavage efficiency was calculated as described in
Section 2 (Fig. 2). The truncation of the 14 C-terminal residues
significantly reduced the pre-tRNA cleavage activity; the reconsti-
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Fig. 2. The pre-tRNA cleavage activity of the in vitro reconstituted RNase P
containing either PhoPop5 or its mutants. Pre-tRNA cleavage activities of the
reconstituted mixtures were assayed at 75 °C using P. horikoshii pre-tRNA™", as
described in Section 2. The reaction volume was 200 pl and a small aliquot (10 pl)
was withdrawn at the following time points: 10, 20, 30, 45, and 60 min. The
reactions were stopped using a phenol extract. The cleavage products were resolved
on 10% acrylamide/8 M urea/TBE gels and visualized by staining the gels in a 0.1%
toluidine blue N solution. The individual bands were quantified using Multi Gauge
V3.1 and the cleavage efficiency was calculated as (tRNA + 5'-leader fragment)/(pre-
tRNA + tRNA + 5'-leader fragment) x 100. The experiments were carried out in
triplicate, and the mean values are presented. The reconstituted particles with
PhoPop5 (M), A6C (O), A14C (@), AL43-48 (O), or without PhoPop5 ().

tuted particle containing the mutant protein A14C exhibited 25%
activity at 1 h compared with that containing wild-type PhoPop5.
In contrast, the removal of the 6 C-terminal residues had no influ-
ence on the enzymatic activity of the reconstituted particle, as
shown in Fig. 2. This result suggested that the C-terminal helix
a4 plays a crucial role in the activation of PhopRNA for the pre-
tRNA cleavage activity.

In this study, we re-examined the pre-tRNA cleavage activity
of the reconstituted particle containing AL43-48, in which
Leu43-Glu48 at the loop between a1 and o2 were deleted, because
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Fig. 1. The C-terminal helices of PhoPop5. (A) Three-dimensional structure of PhoPop5 (PDB accession code 2CZV) was drawn using Pymol (http://www.pymol.org). The
secondary structures are labeled, and N and C termini are indicated. Extra-structural elements in the RRM in PhoPop5 are highlighted in red. (B) A hydrogen bond network at
the interface for the PhoPop5 homodimer. The amino acid residues from Glu44 to Thr49 at the loop between a1 and 2 are involved in the interaction. (C) Sequence alignment
of the C-terminal helices of the Pop5 family proteins. The three amino acid sequences of the Pop5 family proteins from P. horikoshii (Pho), Methanococcus jannaschii mj0494p
(Mja), and Homo sapiens hPop5 (Hsa) were aligned. The C-terminal o-helices are indicated by bars. The amino acid residues highlighted in gray represent complete
conservation among the three proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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conditions for the pre-tRNA cleavage assay were slightly modified,
as described recently [14]. The reconstituted particle containing
AlL43-48, as reported previously [10], had virtually reduced pre-
tRNA cleavage activity, as shown in Fig. 2. Since the reconstituted
particles containing A14C or AL43-48 had the cleavage efficiencies
comparable to that without PhoPop5 (Fig. 2), these results indi-
cated that extra-structural elements, o2 and o4, in the RRM in Pho-
Pop5 play an essential role in the activation of PhopRNA.

3.2. FRET-based analysis

Our recent analysis by FRET using oligonucleotides indicates
that PhoPop5 is capable of promoting AN and SD [13], and it is thus
speculated that PhoPop5 assists PhopRNA in attaining a function-
ally active conformation, probably by accelerating AN and SD.
Next, we tested whether or not A6C, A14C, and AL43-48 retain
the ability to enhance AN and SD using FRET-based analysis, as de-
scribed in Section 2. In the presence of either AL43-48 or A6C,
their FRET efficiencies were strongly increased (Fig. 3). When unla-
beled RNA (21R-) was added, AL43-48 and A6C decreased the
FRET efficiency between Cy3 and Cy5 linked to the complementary
RNA strands (Fig. 3). This result indicated that AL43-48 and A6C
retain the ability to accelerate AN and SD. Interestingly, AL43-48
appeared to promote AN and SD more strongly than wild-type
PhoPop5. This finding suggests that the dimerization through the
loop between a1 and o2 may suppress the acceleration of AN
and SD. In contrast, A14C showed a FRET curve similar to those
of Cy3 and Cy5 linked to the complementary RNA strands in the
absence of protein, indicating that elimination of the 14 C-terminal
amino acids abolished the ability to enhance SD (Fig. 3). Collec-
tively, the present FRET-based assay indicated that the C-terminal
helix o4 is strongly involved in the acceleration of not only AN but
also SD.

3.3. Essential amino acids for the activation of PhopRNA

For further examination of the amino acids in o4 that are essen-
tial for the PhoPop5 activity, amino acids at positions 109-114
were individually replaced with Ala (Fig. 1C). The mutant proteins
were purified in the same manner as described for wild-type Pho-
Pop5 and characterized again by the reconstitution experiment.
The reconstituted particles containing mutants K107A, K112A,
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Fig. 3. FRET-based assay for RNA-binding properties of PhoPop5 or its mutants.
Fluorescence spectrophotometric analysis of two complementary RNAs (Cy5-21R+
and Cy3-21R-) in the absence or presence of the proteins. The energy transfer
efficiency (E) was calculated as follows. E = 1-Fpa/Fp, where Fj and Fap are relative
fluorescence intensities of the donor (Cy3-21R—) in the absence and presence of the
acceptor (Cy5-21R), respectively [16]. (a) Cy-21R+ and Cy-21R— with no protein;
(b) Cy5-21R+ and Cy3-21R— with PhoPop5; (c) Cy5-21R+ and Cy3-21R— with AG6C;
(d) Cy5-21R+ and Cy3-21R— with A14C; (e) Cy5-21R+ and Cy3-21R— with AL43-
48.

F113A, and L114A, in which Lys107, Lys112, Phe113, and Leu114
were individually replaced with Ala, respectively, exhibited mod-
erately reduced pre-tRNA cleavage activities (Fig. 4A), whereas
the other mutations had little influence on the activity. This result
suggested that basic amino acids, Lys107 and Lys112, and hydro-
phobic residues, Phe113 and Leul14, function cooperatively in
the activation of PhopRNA. Examination of the crystal structure re-
vealed that side chains of Lys107 and Lys112 extend toward the
protein’s surface, while those of Phe113 and Leu114 extend toward
the B-sheet (Fig. 4B). Hence, Lys107 and Lys112 are involved in
interaction with PhopRNA, and hydrophobic residues Phe113 and
Leu114 are responsible for stabilizing an appropriate orientation
of the helix a4 by hydrophobic interaction with the B-sheet.

4. Discussion

Rajkowitsch et al. described that RNA-binding proteins can be
grouped into four classes on the basis of their mode of action
[19]. The first group includes proteins that bind non-specifically
to RNA and resolve kinetically trapped, misfolded conformers:
these proteins are referred to as RNA chaperones. The second group
includes proteins that accelerate annealing of complementary
RNAs: these proteins are termed RNA annealers. The third and
fourth groups include RNA helicases and specific RNA-binding pro-
teins including the E. coli ribosomal protein L7/L12, respectively.
Recently, FRET-based assays indicated that PhoPop5, PhoRpp21,
PhoRpp29, and PhoRpp30 have the ability to promote AN and SD
[13]; that is, the four proteins are classified into RNA chaperones
and RNA annealers. This finding has led us to the speculation that
they assist PhopRNA in attaining a functionally active conforma-
tion by serving as RNA chaperones and RNA annealers. The FRET
analysis was, however, carried out using non-specific oligonucleo-
tides under binding conditions distinct from those used for pre-
tRNA cleavage assay. Therefore, we could not correlate the RNA
chaperone and annealer activities with the activation of PhopRNA
by the four proteins. However, the present analysis indicated that
the C-terminal truncation influenced not only the pre-tRNA cleav-
age activity but also the promoting activity of AN and SD. There-
fore, it is highly likely that the C-terminal helix o4 in PhoPop5
activates PhopRNA by serving as an RNA chaperone and RNA
annealer.

PhoPop5 folds into the RNA recognition motif (RRM), which is
by far the most abundant type of eukaryotic RNA-binding motif.
The RRM is approximately 90 amino acids long with a typical
Bla1B2p3a2B4 topology that forms a four-stranded B-sheet
packed against two o-helices [18]. Most commonly, the RRM spe-
cifically recognizes both single-stranded and highly structured
RNAs, and two highly conserved amino acid sequences (RNP1
and RNP2) have been identified as binding sites in the central
strands of an antiparallel B-sheet. Atypical features of PhoPop5
are the presence of an o-helix (o2) between a1 and B1; the absence
of the consensus RNP1 and RPN2 sequences on the B3 and 1
strands, respectively; and the C-terminal helices a4 and o5, which
pack against one face of the p-sheet [10]. Biochemical and struc-
tural data revealed that the loop between o1 and o2 is involved
in the dimerization of PhoPop5, which is required for the activation
of PhopRNA. Probably, the dimerization may help in achieving
higher affinity and specificity to PhopRNA for PhoPop5. The present
study indicates that the positively charged residues, Lys107 and
Lys112, on the C-terminal helix o4 are involved in the activation
of PhopRNA, and that hydrophobic residues Phe113 and Leul14
are involved in stabilizing an appropriate orientation of the helix
o4 by hydrophobic interaction with the B-sheet. Hence, extra-
structural elements, o2 and o4, in the RRM in PhoPop5 play a cru-
cial role in the activation of PhopRNA.
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Fig. 4. The pre-tRNA cleavage activity of the in vitro reconstituted RNase P containing either PhoPop5 or its Ala mutants. (A) The pre-tRNA cleavage activities of the
reconstituted mixtures containing PhoPop5 or its Ala mutants were assayed, as described in Fig. 2. The pre-tRNA cleavage efficiencies by the reconstituted particles containing
PhoPop5 or its Ala mutants at 10 min are expressed. The experiments were carried out in triplicate. (B) Side chains of amino acid residues located at o4. The side chains of
basic residues, Lys107 and Lys112, shown in blue extend toward the protein’s surface, while hydrophobic residues, Phe113 and Leu114, in red extend toward the p-sheet. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Similar findings have been reported for several RRM proteins
with non-canonical extensions, such as the Saccharomyces cerevisi-
ae pre-messenger splicing factor Prp24 [20], La proteins [21], and
the C-terminal domain of La family protein p65 [22]. Although bio-
chemical data have become available for RRM proteins exhibiting
AN- and SD-promoting activity, the molecular basis for RNA
chaperones and annealers has remained unclear. A structural study
of PhoPop5 in complex with PhopRNA will definitely provide a
molecular basis for understanding how RNA chaperones and
annealers can enhance the folding of their RNA targets.
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