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Abstract 
The ubiquitous endoribonuclease P, RNase P, is responsible for catalyzing the Mg2+ 
dependent 5’-end maturation of precursor tRNAs. RNase P is composed of one RNA 
and a varying number of protein subunits depending on the source. Irrespective of the 
source, the RNA is the catalytic subunit of RNase P and it can mediate cleavage at the 
correct position in the absence of protein. Efficient cleavage at the correct position 
depends on the coordinated recognition of several determinants. The TSL-/TBS, the 
RCCA-P15 loop and N-1-A248 represent different substrate-RNase P RNA interactions 
that are vital for promoting the cleavage. RNase P protein is important to enhance 
substrate binding affinity and increase metal ion affinity in the active site. 

On the basis of studies of bacterial RNase P RNA (M1 RNA) cleaving short model 
substrates (3-basepair stems and tetra-loop substrates), we decided to investigate if 
model substrates are also cleaved by archaeal Pyrococcus furiosus RNase P RNA (Pfu 
RPR). Here we demonstrate that Pfu RPR can cleave model substrates. The structure 
of TBS-region of Pfu RPR differs from M1 RNA and our data suggest that this 
influences cleavage site selection compared with M1 RNA.  

We also studied the role of RNase P proteins in substrate recognition and catalysis. 
The addition of Pfu RNase P proteins (Pfu RPPs), which act in pairs, either 
RPP21-RPP29 complex or POP5-RPP30 complex, as the minimal functional complex, 
enhances the cleavage of the model substrates by Pfu RPR. The experimental 
evidence also suggests that Pfu RPPs affect the cleavage site selection process and 
result in miscleavage of substrates that contain altered or missing T-loop structures 
and/or C+1/G+73 base pair at the cleavage site.  

Finally, we also discuss the interaction between the residue at the -1 position of the 
substrate and the conserved A248 (M1 RNA numbering) in archaeal RNase P RNA. 
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Introduction 
The tRNA genes are transcribed as precursors and these precursors are processed by 
various enzymes to generate matured and functional tRNA molecules. The maturation 
of the 5’-termini of all known tRNAs is the result of cleavage by RNase P. 
   RNase P is an endoribonuclease which is responsible for cleaving the phosphate 
backbone at the 5' leader sequence of precursor tRNAs and leaving matured tRNAs 
with phosphate at their 5’ ends (1). In bacteria, such as Escherichia coli, the RNase P 
holoenzyme consists of one RNA subunit, referred to as M1 RNA, and one protein 
subunit, C5. However, in archaea, the number of proteins is at least four and in 
eukaryotes, RNase P consists of nine to ten proteins (2, 3). 

The catalytic subunit of RNase P is the RNA molecule and it can cleave various 
precursors at the correct position (+1 position; Figure 1) in the absence of the protein 
subunit (4-6). But in vivo, both the RNA and protein subunits are necessary for 
function (7-10). 

Available data suggest that RNase P recognizes the L-shape structure of all 
precursor tRNAs. The interaction between the precursor tRNA and RNase P RNA has 
been demonstrated to include the interaction between the TSL-region (T-stem-loop 
region) of the precursor tRNA and its binding site (TSL binding site, TBS-region) in 
the specificity domain of RNase P RNA (11). The TBS-region is also a region that 
binds Mg2+ and the positioning of Mg2+ might be important for the establishment of a 
productive TSL-/TBS interaction (Figure 2). The other two interactions between the 
precursor tRNA and RNase P RNA are: the residue at the -1 position of precursor 
tRNA (residue immediately upstream of the RNase P cleavage site) interacting with 
the conserved A248 (M1 RNA numbering) in RNase P RNA (A248/N-1 interaction) (12) 
(Figure 2 and 3) and the RCCA-motif at the 3’ end of the precursor tRNA pairing with 
a conserved GGU-motif in the P15-loop region in RNase P RNA (RCCA-RNase P 
RNA interaction) (13) (Figure 2 and 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 The short model hairpin loop substrates used in the study (14). Marked 
nucleotides/regions in grey were replaced as indicated. The canonical RNase P cleavage sites 
between residues -1 and +1 are indicated with arrows. 
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Figure 2 An illustration of the interactions between Thermatoga maritima RNase P RNA and a 
tRNA precursor (a modeled 5′ fragment is in red) (2, 14). The double-headed broken-line arrows 
mark the interaction points between RNase P RNA and its substrate. The areas on RNase P RNA 
that have been suggested to interact with different regions of the substrate are indicated with 
broken lines except for the RCCA-RNase P RNA interaction, since the crystal structure of this 
region in T. maritima RNase P RNA is less well defined. 

Figure 3 An illustration of the interactions between RNase P RNA and its substrate, the 
RCCA-RNase P RNA and the A248/N−1 interactions (2, 14). The RCCA-RNase P RNA and 
A248/N-1 interactions where interacting residues are highlighted in grey. A, B and C in the grey 
shaded represent magnesium ions.  
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The cleavage analysis of RNase P RNA suggested strongly that its function is 
highly dependent on the divalent metal ions that bind to RNase P RNA, for example 
Mg2+ (14). Mg2+ plays vital roles in RNase P RNA structure and catalysis. Mg2+ is 
believed to generate the hydroxide nucleophile and the cleavage reaction mechanism 
is mediated by Mg2+ and involves an SN2 in-line attack on the scissile phosphate 
linkage in the precursor tRNA (15). Cleavage by bacterial RNase P RNA (RPR) alone 
requires higher concentration of divalent metal ions compared to cleavage in the 
presence of protein (7, 16), and for archaeal RNase P, available data suggests that a 
decrease in optimal Mg2+ concentration is linked to an increase in the protein 
complexity of the reconstituted Pyrococcus furiosus RNase P (5). For bacterial RNase 
P, the lowered Mg2+ requirement is attributed to that the protein enhances RNase P 
RNA cleavage by increasing: the substrate affinity, the rate of cleavage and the 
affinity for Mg2+ (7-10), accelerating product release (17) and preventing rebinding of 
the 5' matured tRNA cleavage product (7, 10). 

Beside precursor tRNAs, other RNAs have been shown to be RNase P substrates. 
For example, bacterial RNase P RNA can cleave short model hairpin loop substrates 
which were constructed and used to study the interaction between the TSL-region and 
the bacterial RNase P RNA (6, 14). Since the structure of the TBS-region of archaeal 
RNase P RNA is different from the region in bacterial RNase P RNA, we decided to 
investigate whether model hairpin loop substrates are also cleaved by archaeal RNase 
P RNA and if so use these to study cleavage site recognition. The model hairpin loop 
substrates we decided to use were derivatives of pATSer, pATSerGAAA and pMini3bp 
(Figure 1): in pATSer the T-loop is intact, in pATSerGAAA the T-loop had been 
replaced with a GAAA tetra-loop and in pMini3bp the stem had been reduced to three 
base-pairs and the T-loop replaced with a GAAA tetra-loop (14). Furthermore, due to 
the importance of the residue at the -1 position in RNase P-mediated cleavage and the 
A248/N-1 interaction (see above), we also introduced U or C at the -1 position in the 
different substrates to investigate the influence on cleavage-site selection (14). 

Here we used Pyrococcus furiosus RNase P as an archaeal model to investigate 
whether Pfu RNase P RNA (Pfu RPR) could cleave model hairpin loop substrates and 
compared the cleavage site recognition with M1 RNA. Moreover, since Pfu RNase P 
holoenzyme has been successfully reconstituted in vitro by using Pfu RPR and all four 
proteins, or two initiating RNPs, either RPR + RPP21-RPP29 or RPR + POP5-RPP30 
as the minimal functional complexes with the former being more active (5), we have 
also investigated the influence of Pfu RNase P proteins (Pfu RPPs) on cleavage 
percentage and cleavage site selection during processing of the model hairpin 
substrates by Pfu RPR. Furthermore, we also introduced different A248 point 
mutations (M1 RNA numbering, in Pfu RPR A228) to Pfu RPR and studied cleavage 
of various pMini3bp substrates with different nucleotides at the -1 position. 
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Results 
Pfu RPR can cleave model substrates in the absence of Pfu RPPs 
Cleavage of model substrates by M1 RNA has been studied extensively (6, 14, 18, 19). 
First of all, we were interested to determine whether Pfu RPR was able to cleave 
model substrates as well as they are cleaved by E. coli M1 RNA.  
  We first studied cleavage at 37°C under single turnover conditions at pH 6.1 in 
MES Buffer in the presence of 160 mM Mg2+. As shown in Figure 4 (lanes 7-9), Pfu 
RPR cleaved pATSerUG, pMini3bpCG and pATSerCGGAAA substrates mainly at the 
+1 position (the position between residues -1 and +1, see Figure 1). These data show 
that Pfu RPR cleaves model hairpin loop substrates as well as previously been 
demonstrated for bacterial RPR. Comparing the cleavage of pATSerCGGAAA by Pfu 
RPR and M1 RNA, there is a notable difference (Figure 4, lanes 6 and 9). While M1 
RNA cleaves pATSerCGGAAA mainly at the -1 position, Pfu RPR cleaves this substrate 
preferentially at the +1 position (14, 18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Cleavages of the pATSerUG, pATSerCGGAAA and pMini3bpCG substrates with M1 
RNA and Pfu RPR. The substrates were cleaved at 37°C under single turnover conditions at pH 
6.1 in MES Buffer in the presence of 160 mM Mg2+. The concentration of M1 RNA and Pfu RPR 
were 0.32 µM and 3.7 µM, respectively. Lane 1, 4, 7, cleavage of pATSerUG, lane 2, 5, 8, 
cleavage of pMini3bpCG and lane 3, 6, 9, cleavage of pATSerCGGAAA. 

RNase P RNA 

Precursor 
Substrate 

Lane 

Precursor 
Substrate 

5’ Fragment 

No enzyme M1 RNA Pfu RPR 

1 2 3 4 5 6 7 8 9 

+1 
-1 
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On the basis of the results above we also analyzed cleavage of pATSerUG, 
pATSerUGGAAA and pMini3bpUG that all carry a U instead of C at the -1 position 
(Figure 1). Because P. furiosus is a thermophile, a higher temperature, 55°C was 
chosen for Pfu RPR cleavage. Hence, the reactions were changed to 50 mM Tris·HCl, 
pH 7.5 and 800 mM NH4OAc at 55°C in the presence of 300 mM Mg2+. The higher 
Mg2+ and pH is justified by the fact that these reaction conditions were also used 
when we studied cleavage in the presence of the Pfu RPPs, see below. As shown in 
Figure 5 (lane 2) and Table 1, Pfu RPR cleaves pATSerUG, pATSerUGGAAA and 
pMini3bpUG model substrates at the +1 position, i.e. the canonical RNase P cleavage 
site. These cleavage patterns are similar to those observed for M1 RNA (14).  

Furthermore, Pfu RPR cleaves pATSerCG, pMini3bpCG and pATSerCGGAAA 
mainly at the +1 position also under these reaction conditions (compare data in Figure 
4: lanes 8 and 9; and Figure 6: lane 2; Table 2). 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Cleavages of different model hairpin loop substrates by Pfu RPR without and with two 
different binary Pfu RPP complexes, RPP21-RPP29 and POP5-RPP30, or all four proteins. The 
reaction was processed in the condition of 50 mM Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C 
in the presence of 30 mM or 300 mM Mg2+. The concentrations of Pfu RPR and RPPs were 
indicated in Materials and Methods. Lane 1, substrate alone; lane 2, Pfu RPR alone + substrate; 
lane 3 and 6, Pfu RPR + RPP21-RPP29 + substrate, lane 4 and 7, Pfu RPR + POP5-RPP30 + 
substrate, lane 5 and 8, Pfu RPR + all four proteins + substrate.  

5’ Fragment 

Precursor 
substrate 

Substrate 

[Mg2+] 

Lane 

pATSerUG 

300 300 30 

1 2 3 4 5 6 7 8 

+1 

pATSerUGGAAA 

300 300 30 

1 2 3 4 5 6 7 8 

+1 

pMini3bpUG 

300 300 30 

1 2 3 4 5 6 7 8 

+1 
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Table 1. Cleavage percentages of various substrates (UG substrates)  
by Pfu RPR alone or Pfu RPR with different combinations of Pfu RPPs 

Combination tested 
[Mg2+] 
(mM) 

Cleavage percentage (%) 
pATSerUG pATSerUGGAAA pMini3bpUG 
+1 -1 +1 -1 +1 -1 

RPR alone 
30 ND ND ND ND ND ND 
300 76 ND 89 ND 69 ND 

RPR + RPP21-RPP29 
30 65 ND 40 ND 5 ND 
300 73 ND 91 ND 75 ND 

RPR + POP5-RPP30 
30 85 ND 92 ND 80 ND 
300 80 ND 86 ND 81 ND 

RPR + All four proteins 
30 91 ND 91 ND 70 ND 
300 62 ND 28 ND 15 ND 

The cleavage percentages were determined as indicated in Materials and Methods. The reaction 
was processed in the condition of 50 mM Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C in the 
presence of 30 mM or 300 mM Mg2+. +1 refers to the cleavage between residues -1 and +1 in the 
5' fragment while −1 refers to the cleavage between residues −2 and −1. ND = not determined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Cleavages of different model hairpin loop substrates by Pfu RPR without and with two 
different binary Pfu RPP complexes, RPP21-RPP29 and POP5-RPP30, or all four proteins. The 
reaction was processed in the condition of 50 mM Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C 
in the presence of 30 mM or 300 mM Mg2+. The concentrations of Pfu RPR and RPPs were 
indicated in Materials and Methods. Lane 1,substrate alone; lane 2, Pfu RPR alone + substrate; lane 
3 and 6, Pfu RPR + RPP21-RPP29 + substrate, lane 4 and 7, Pfu RPR + POP5-RPP30 + substrate, 
lane 5 and 8, Pfu RPR + all four proteins + substrate.  

5’ Fragment 

Precursor 
substrate 

Substrate 

[Mg2+] 

Lane 

pATSerCG 

300 300 30 

1 2 3 4 5 6 7 8 

+1 
-1 

pATSerCGGAAA 

300 300 30 

1 2 3 4 5 6 7 8 

+1 
-1 

 pMini3bpCG 

300 300 30 

1 2 3 4 5 6 7 8 

+1 
-1 
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Table 2. Cleavage percentages of various substrates (CG substrates) 
by Pfu RPR alone or Pfu RPR with different combinations of Pfu RPPs 

Combination tested 
[Mg2+] 
(mM) 

Cleavage percentage (%) 
pATSerCG pATSerCGGAAA pMini3bpCG 
+1 -1 +1 -1 +1 -1 

RPR alone 
30 ND ND ND ND ND ND 
300 12 ND 29 0.7 15 3 

RPR + RPP21-RPP29 
30 19 0.7 1 3 ND ND 
300 9 0.2 25 ND 15 ND 

RPR + POP5-RPP30 
30 63 10 48 11 26 24 
300 7 0.1 88 9 71 21 

RPR + All four proteins 
30 77 9 13 30 5 4 
300 20 0.5 55 5 31 9 

The cleavage percentages were determined as indicated in Materials and Methods. The reaction 
was processed in the condition of 50 mM Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C in the 
presence of 30 mM or 300 mM Mg2+. +1 refers to the cleavage between residues -1 and +1 in the 
5' fragment while -1 refers to the cleavage between residues -2 and -1. ND = not determined. 

 
 
Pfu RPR can cleave model substrates in the presence of Pfu RPPs 
Pfu RNase P consists of one RPR and four RPPs, RPP21, RPP29, POP5 and RPP30. 
To investigate whether model substrates were also cleaved by Pfu RPR in the 
presence of the Pfu RPPs we generated different Pfu RPR protein complexes: Pfu 
RPR + 1) RPP21-RPP29, 2) POP5-RPP30 and 3) all four proteins (5). First we used 
pATSerUG, pATSerUGGAAA and pMini3bpUG model substrates and added different 
RPP complexes. The assays were performed in the presence of 30 or 300 mM Mg2+ at 
55°C. As shown in Figure 5 (lanes 3-8), all these three Pfu RNPs mediated cleavage 
of pATSerUG and pATSerUGGAAA model substrates at the +1 position. For 
pMini3bpUG, the cleavage was more apparent with RPR + POP5-RPP30 compared 
with RPR + RPP21-RPP29, in particular in the presence of 30 mM Mg2+ (Figure 5, 
lanes 3 and 4; Table 1). Furthermore, pATSerCG, pATSerCGGAAA and pMini3bpCG 
were also cleaved in the presence of the different Pfu RNPs (Figure 6: lanes 3-8; 
Table 2), but we could not detect any significant cleavage for pMini3bpCG with RPR 
+ RPP21-RPP29 irrespective of the concentration of Mg2+ (Figure 6: lanes 3 and 6). 
 
Pfu RPPs complexes influence on the cleavage percentage of model substrates 
To gain insights into the contribution of Pfu RPPs to Pfu RPR cleavage percentages, 
we made control experiments in the absence of Pfu RPPs with pATSerUG, 
pATSerCG, pATSerCGGAAA and pMini3bpCG using the same concentrations of Pfu 
RPR that were used in the Pfu RPPs assay. Comparing lanes 3, 4 and 5 of these four 
substrates in Figure 5 and 6 with lanes 4, 3 and 2 of Figure 7 (A), respectively, we 
could not detect any obvious cleavage products compared with the situation when Pfu 
RPPs were present for cleavage at 30 mM Mg2+. This is also consistent with the result 
that Pfu RPR cleaved these substrates much more efficiently in the presence of Pfu 
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RPPs at 300 mM Mg2+ (Figure 5 and 6: lanes 6, 7 and 8; Figure 7 (B): lanes 4, 3 and 
2). But for pMini3bpCG, there was no significant difference comparing the absence 
and the presence of RPP21-RPP29 at both 30 mM and 300 mM Mg2+ (Figure 6, lanes 
3 and Figure 7 (A), lane 4; Figure 6, lane 6 and Figure 7 (B), lane 4). This may be 
because there is no interaction between RPP21-RPP29 and the pMini3bp substrates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Cleavage of various model hairpin loop substrates with different concentrations of 
Pfu RPR in the absence o f Pfu RPPs. The reaction was processed in the condition of 50 mM 
Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C in the presence of 30 mM Mg2+ (A) or 300 
mM Mg2+ (B). Lane 1, without Pfu RPR; lane 2, 10 nM of Pfu RPR; lane 3, 50 nM of Pfu RPR, 
lane 4, 250 nM of Pfu RPR and lane 5, 500 nM of Pfu RPR. The concentrations of Pfu RPRs in 
different tested combinations are all identical with the Pfu RPPs present cleavages. 

+1 

pATSerUG 

1 2 3 4 5 

pATSerCG 

1 2 3 4 5 

pATSerCGGAAA 

1 2 3 4 5 

pMini3bpCG 

1 2 3 4 5 

Substrate 

Precursor 
Substrate 

Lane 

5’ Fragment 

Precursor 
Substrate 

A 

Substrate 

Precursor 
Substrate 

Lane 

5’ Fragment 

Precursor 
Substrate 

pATSerCGGAAA 

1 2 3 4 5 

pATSerCG 

1 2 3 4 5 

pATSerUG 

1 2 3 4 5 

pMini3bpCG 

1 2 3 4 5 

+1 

B 
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The influence of RPP21-RPP29 on cleavage site selection of model substrates 
The interaction between the TSL-region (T-stem-loop region) of the precursor tRNA 
and its binding site (TBS domain) in the specificity domain (S domain) of RNase P 
RNA (TSL-/TBS interaction) is suggested to play an important role for efficient 
cleavage in M1 RNA mediated cleavage (2, 11, 14). In the case of pATSerCGGAAA, 
the altered T-loop most likely influences the interaction between the TBS region and 
the T-loop. M1 RNA and Pfu RPR showed different properties in cleaving 
pATSerCGGAAA, Pfu RPR cleaved it at the +1 position while M1 RNA cleaved this 
substrate mainly at the -1 position (Figure 4, lane 6 and 9) (14). The miscleavage by 
M1 RNA is likely caused by the presence of GAAA tetra-loop. Furthermore, because 
footprinting studies with full-length RPRs suggested that RPP21-RPP29 interacts with 
the S domain of archaeal RPR (5, 20, 21), it was reasonable to postulate that 
RPP21-RPP29 might influence the TSL-/TBS interaction between RPR and substrate. 
Therefore, pATSerCGGAAA was chosen to study the influence of RPP21-RPP29 on 
cleavage site recognition.  

At 30 mM Mg2+, the cleavage pattern of pATSerCGGAAA showed that addition of 
RPP21-RPP29 resulted in more significant miscleavage at the -1 position while Pfu 
RPR alone cleaved pATSerCGGAAA mainly at the +1 position (Figure 6, lane 2 and 3; 
Table 3). In contrast, POP5-RPP30 did not induce any obvious change in cleavage 
pattern compared to the Pfu RPR alone reaction (Figure 6, lane 2 and 4; Table 3). For 
Pfu RPR cleavage with all four proteins in the presence of 30 mM Mg2+, cleavage 
also occurred preferentially at the -1 position (Figure 6, lane 5; Table 3). These data 
suggested that RPP21-RPP29 had a greater influence on the cleavage site selection 
than POP5-RPP30. In the case of adding RPP21-RPP29, comparing cleavage 
frequency at the -1 position at 30 mM Mg2+ with 300 mM Mg2+, raising the Mg2+ 
concentration to 300 mM resulted in a decrease in cleavage at the -1 position (Table 
3). 

  Table 3. Cleavage frequencies at the -1 position of various substrates (CG substrates) 
by Pfu RPR alone or Pfu RPR with different combinations of Pfu RPPs 

Combination tested 
[Mg2+] 
(mM) 

Cleavage frequency at the -1 position (%) 
pATSerCG pATSerCGGAAA pMini3bpCG 

RPR alone 
30 ND ND ND 
300 ND 3 14 

RPR + RPP21-RPP29 
30 4 68 ND 
300 3 ND ND 

RPR + POP5-RPP30 
30 14 19 48 
300 2 9 23 

RPR + All four proteins 
30 10 70 43 
300 3 8 22 

The cleavage frequencies were determined as indicated in Materials and Methods. The reaction 
was processed in the condition of 50 mM Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C in the 
presence of 30 mM or 300 mM Mg2+. +1 refers to the cleavage between residues -1 and +1 in the 
5' fragment while -1 refers to the cleavage between residues -2 and -1. ND = not determined. 
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In contrast, pATSerCG (with an intact T-loop) and pATSerUGGAAA (with U at the 
-1 position) were mainly cleaved at the +1 position by Pfu RPR both with and without 
different protein combinations (Figure 5 and 6). In conclusion, the presence of a 
GAAA tetra-loop and the residue at the -1 position (or the C-1/G+73 base pair) 
influenced the cleavage site selection. 
 
The influence of POP5-RPP30 on cleavage site selection of model substrates 
The pMini3bp substrates consist of only a three base-pairs long stem. On the basis of 
the structure of pMini3bp, these substrates most likely do not interact with the TBS- 
region in RPR (14). Hence, the interaction between pMini3bp substrate and RPR 
mainly depends on the A248/N-1 interaction (2, 12) and the RCCA-RNase P RNA 
interaction (2, 13). Footprinting studies with full-length RPRs also have indicated that 
POP5-RPP30 interacts with the catalytic domain (C domain) of archaeal RPR (5, 20, 
21). Consequently, it is possible that POP5-RPP30 might influence the A248/N-1 
interaction and RCCA- RNase P RNA interaction between RPR and substrate. 
Studying cleavage of pMini3bp substrates will therefore likely give information about 
the effect of Pfu RPPs on the interaction between Pfu RPR and the -1 residue and the 
3’end of the substrate.  
  As discussed above, pMini3bpCG was mainly cleaved at the +1 position by Pfu 
RPR irrespective of the Mg2+ concentration (Figure 6, lane 2; Figure 7). However, 
adding POP5-RPP30, the substrate was cleaved at both the +1 and the -1 position at 
30 mM Mg2+ with approximately the same cleavage frequency (Figure 6, lane 4; 
Table 3). Raising the Mg2+ concentration to 300 mM resulted in suppression of 
cleavage at the -1 position as a result of adding POP5-RPP30 (Figure 6, lane 7; Table 
3). In contrast, we could not observe any significant influence in cleavage of the 
pMini3bpCG substrate with RPP21-RPP29 compared to cleavage in its absence 
(Figure 6, lanes 2, 3 and 6).  

In the case of pMini3bpUG, Pfu RPR cleaved this substrate mainly at the +1 
position both with and without different protein combinations at both 30 mM and 300 
mM Mg2+ (Figure 5). Thus, the identity of the residue at the -1 position likely 
influences the cleavage site selection process. This is consistent with the findings that 
Pfu RPR cleaves pATSerCG and pATSerUGGAAA mainly at the +1 position both in the 
absence and in the presence of different protein combinations (Figure 5 and 6).  
 
A248 mutations of Pfu RPR influences the cleavage percentage of pMini3bp 
substrates by altering the A248/N-1 interaction 
The residue immediately 5’ of the scissile bond is suggested to interact with the 
residue A248 in bacterial RPR (12), which is universally conserved among bacterial 
and archaeal RPRs. The A248/N-1 interaction is believed to contribute to substrate 
binding and catalysis. To investigate the importance of this interaction in Pfu RPR 
cleavage, we introduced different A248 point mutations (M1 numbering, in Pfu RPR 
A228) at position 228 in Pfu RPR (Figure 8) and used these variants to study cleavage 
of various pMini3bp substrates which contain different nucleotides at the -1 position.  
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Figure 8. Secondary structures of Escherichia coli RNase P RNA (M1 RNA) and Pyrococcus furiosus RNase P RNA (Pfu RPR). The specificity domain (S 
domain) and catalytic domain (C domain) are indicated. The P10-11 regions are highlighted in grey. The GGU-motif in the P15-loop is indicated. The Pfu RPR 
228 variants are established by substituting A228 with C228, G228 and U228. 
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Specificity 
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The pMini3bp variants (pMini3bpUG, pMini3bpCG, pMini3bpAG and 
pMini3bpGG) were cleaved by wild type Pfu RPR and Pfu RPR 228 variants carrying 
C, G and U at the 228 position instead of A. Changing A228 influenced the cleavage 
percentages of pMini3bp substrates (Figure 9). Wild type Pfu RPR was most efficient 
to cleave pMini3bpUG at the canonical cleavage site followed by Pfu RPR G228 

mutant (Figure 9, lane 1 and 3; Figure 10). For pMini3bpGG, the rate of cleavage was 
reduced irrespective of the Pfu RPR and this substrate was cleaved with high 
frequency at the -1 position irrespective of Pfu RPR variant (Figure 9 and 10). In 
contrast, the other pMini3bp derivatives (pMini3bpUG, pMini3bpCG and 
pMini3bpAG) were cleaved mainly at the +1 position (Figure 9). On the basis of these 
findings it appears that the nature of the interaction between A228 and the -1 residue (if 
present in the case of Pfu RPR) is not a cis Watson-Crick / Watson-Crick interaction. 
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pMini3bpAG 

1 2 3 4 
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-1 
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Precursor 
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Figure 9. Cleavage of various pMini3bp model substrates by wild type Pfu RPR and Pfu RPR 
228 variants. The reaction was processed at 55°C under single turnover conditions at pH 6.1 in 
MES Buffer in the presence of 800 mM Mg2+. The concentration of Pfu RPR and Pfu RPR 228 
variants were 3.7 µM. Lane 1, cleavage by wild type Pfu RPR; lane 2, cleavage by Pfu RPR 
C228 mutant; lane 3, cleavage by Pfu RPR G228 mutant; lane 4, cleavage by Pfu RPR U228 
mutant. 
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Figure 10. Cleavage percentages at the +1 position of various pMini3bp model substrates 
by wild type Pfu RPR and Pfu RPR 228 variants carrying C, G and U at the 228 position 
instead of A. The cleavage percentages of pMini3bpUG are shown with blue bars; 
pMini3bpCG with red bars; pMini3bpAG with green bars and pMini3bpGG with purple 
bars.  
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Discussion 
Cleavage of model substrate by Pfu RPR 
M1 RNA and Pfu RPR exhibited differences in cleavage-site selection, especially for 
cleaving pATSerCGGAAA. While M1 RNA cleaved pATSerCGGAAA mainly at the -1 
position, cleavage by Pfu RPR occurred preferentially at the canonical cleavage site, 
+1 position (Figure 4, lanes 6 and 9). M1 RNA and Pfu RPR share universally 
conserved nucleotides and exhibit overall similarities in secondary structure (22, 23), 
but the structure of the T-stem loop-binding site (TBS) is different. In M1 RNA, there 
are two A-bulges while in Pfu RPR there is only one (Figure 8). The structure of the 
T-loop of pATSerCGGAAA was replaced with a GAAA tetra-loop, hence this substrate 
would most likely influence the interaction between the TBS-region of RNase P RNA 
and the loop of the substrate. Previous data showed that in cleavage of 
pATSerCGGAAA, the cleavage site recognition was influenced by introducing 
structural changes in the P10-11 region of M1 RNA, or by disrupting the TSL-/TBS 
interaction (14). Hence, one possible reason why Pfu RPR cleaved pATSerCGGAAA 
mainly at the canonical cleavage site is the GAAA tetra-loop might not have 
interacted with the TBS-region in the Pfu RPR alone reaction. 
 
The presence of GAAA-tetra and C-1/G+73 base pair influences the cleavage site 
selection process 
The pATSerCGGAAA model substrate showed substantial miscleavage of the 5’ 
fragment at the -1 position when it was processed by Pfu RPR in the presence of 
RPP21-RPP29 (Figure 6, lane 3). In contrast, pATSerCG with an intact T-loop was 
cleaved mainly at the +1 position (Figure 6). This finding therefore suggested that the 
miscleavage resulted from replacement of the T-loop with the GAAA tetra-loop.  
  Furthermore, studies of bacterial RPR suggested the presence of the C-1/G+73 base 
pair is linked to the miscleavage (18, 24, 25). To identify whether the miscleavage of 
Pfu RPR also depends on the identity of the C-1/G+73 base pair, pATSerUGGAAA was 
chosen to compare the cleavage with pATSerCGGAAA. The pATSerUGGAAA substrate 
was cleaved preferentially at the +1 position with and without the different 
combination of the Pfu RPRs at 30 mM and 300 mM Mg2+ (Figure 5). These findings 
are consistent with the result that the C-1/G+73 base pair influences the cleavage site 
selection process as the previously been observed to be the case for bacterial RPR 
(14).  
 
Pfu RPPs facilitate the cleavage of model substrates processed by Pfu RPR 
Results from recent kinetic and footprinting studies on Pfu RNase P, together with 
insights from the structures of bacterial RPRs, provided the functional coordination 
between various Pfu RPP complexes and Pfu RPR. The steady-state kinetics studies 
of ptRNATyr processing by Pfu RPR indicated that addition of all four RPPs increased 
the cleavage rate about 25 fold (5). The precursor tRNATyr cleavage by Pfu RPR in 
the presence of POP5-RPP30 is about 30 fold faster than that for the Pfu RPR alone 
reaction while RPP21-RPP29 resulted in only 1.6 fold faster (5). Our results also 
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showed similar findings when cleavages were in control and in the presence of Pfu 
RPPs. There were no obvious cleavage products found in the control experiments, but 
in contrast, when the reactions were processed under the same condition and the same 
concentrations of Pfu RPRs in control experiments, the addition of RPPs increased the 
cleavage rate (Figure 5, 6 and 7). This indicates that Pfu RPPs also have a function in 
facilitating efficient cleavage of model substrates.  
 
Pfu RPPs influence cleavage site selection through distinct mechanisms 
The footprinting studies with full-length RPRs suggested that RPP21-RPP29 interact 
with the S domain of archaeal RPR’s (5, 20, 21). Various Pfu RPPs complexes could 
lower the optimal concentrations of Pfu RPR, NH4

+ and Mg2+ required by the Pfu 
RPR in the process of cleaving precursor tRNA (5). But the addition of RPP21-RPP29 
to the S domain-deleted Pfu and Methanococcus jannaschii (Mja) RPR changed 
neither the cleavage rate nor the NH4

+/Mg2+ requirement, unlike its effects on the 
full-length archaeal RPRs (5, 26). This result is consistent with the finding that 
RPP21-RPP29 binds to the S domain of RPR and also indicates that it plays a vital 
role in increasing the affinity of RPR for the precursor tRNA. POP5-RPP30 interacts 
with the C domain of archaeal RPR (5, 20, 21) and it is solely responsible for the 
cleavage rate enhancement (26). This is also supported by the finding that the kobs for 
self-cleavage of precursor tRNATyr-Mja RPR is accelerated about 100 fold by Mja 
POP5-RPP30 but not by RPP21-RPP29 (21, 26). The two binary RPPs complexes 
indeed fulfill different roles by binding to distinct parts of the RPR and influence 
cleavage site selection by different mechanisms. 
 
Pfu RPP21-RPP29 binds to the S domain of Pfu RPR and influences the TSL-/TBS 
interaction 

The S domain of bacterial RPR recognizes the T-stem-loop region (TSL region) in the 
precursor tRNA. The TSL-S domain interaction is believed to lead to a conformation 
change that assists catalysis by positioning the chemical groups and the catalytically 
important Mg2+ near the cleavage site in the C domain (14, 27, 28). Based on the 
ability of RPP21-RPP29 to decrease the NH4

+/Mg2+ requirement (5), it is reasonable 
to postulate that Pfu RPP21-RPP29 binding to the S domain (5, 20, 21) of Pfu RPR is 
vital for promoting RPR intra- and/or inter-domain cooperation and mediating the 
recognition of the TSL region.  

Our studies of the cleavage of different model substrates support the postulation 
that RPP21-RPP29 indeed interacts with the TSL region in a precursor tRNA or the 
T-loop in pATSer substrates. If a correct TSL-/TBS interaction is present, for example, 
the pATSerUG substrate, the active site is organized to engender a high affinity for 
the chemical group and/or Mg2+ positioned in the vicinity of the cleavage site and to 
promote the cleavage at the +1 position. Therefore, addition of RPP21-RPP29 does 
not change the cleavage site selection (Figure 5, lane 3). It is also consistent with the 
result that RPP21-RPP29 had no effect on cleavage site selection for the pATSerCG 
substrate which contains intact T-loop, compared with the Pfu RPR alone reaction 
(Figure 6, lane 3). When only the TSL-/TBS interaction is absent or altered, for 
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example, pATSerUGGAAA, the cleavage was still favored at the +1 position both with 
and without RPP21-RPP29 (Figure 5, lanes 2, 3 and 6). This may be because other 
determinants, the A248/N-1 interaction and the RCCA-RNase P RNA interaction, are in 
place and effectethe cleavage site selection. However, in the presence of the altered 
A248/N-1 interaction and RCCA-RNase P RNA interaction together with the missing or 
altered TSL-/TBS interaction (pATSerCGGAAA), the cleavage was mainly at the -1 
position in the presence of RPP21-RPP29 at 30 mM Mg2+ compared with the Pfu RPR 
alone reaction (Figure 6, lane 2 and 3). The reason why the cleavage by Pfu RPR 
alone was mainly at the +1 position is the GAAA tetra-loop may not interact with the 
TBS-region during the cleavage site selection process in Pfu RPR alone reaction. The 
addition of RPP21-RPP29 binds to the S domain of RPR and influences the 
TSL-/TBS interaction and/or mediates directly (or indirectly via the RPR) recognition 
of the TSL region of the substrate, however, the replacement of the T-loop with the 
GAAA tetra-loop disrupts the TSL-/TBS interaction and then results in a change in 
the positioning of chemical group and/or Mg2+ that permit cleavage at the +1 position 
and/or inability to either disrupt the C-1/G+73 base pair in the substrate or promote 
formation of the A248/N-1 interaction, and finally induces the miscleavage at the -1 
position. However, the cleavage site selection of the pMini3bpCG substrate, which 
also contains all the altered determinants (TSL-/TBS interaction, A248/N-1 interaction 
and RCCA-RNase P RNA interaction), is not influenced by the addition of 
RPP21-RPP29. We argue that this is because the pMini3bpCG substrate consists of 
only three base pairs long stem and most likely does not interact with the TBS-region 
in Pfu RPR.  

Therefore, we can conclude that Pfu RPP21-RPP29 binds to the S domain of Pfu 
RPR, by influencing the interaction between Pfu RPR and TSL-region of the substrate 
and possibly facilitates positioning of chemical groups and/or Mg2+ near the cleavage 
site to ensure efficient and correct processing. Furthermore, increasing the 
concentration of Mg2+ to 300 mM, the cleavage of pATSerCGGAAA by Pfu RPR in the 
presence of RPP21-RPP29 at the -1 position is suppressed and the cleavage at the 
canonical position is increased. 
 
Pfu POP5-RPP30 binds to the C domain of Pfu RPR and influences the RCCA-RNase 
P RNA interaction 
 
In bacterial RPRs, the two G residues in the GGU-motif in the P15-loop base pair 
with the bases C74 and C75 in the substrate and form the RCCA-RNase P RNA 
interaction. This interaction is proposed to anchor the substrate on the RPR, expose 
the cleavage site and subsequently result in re-coordination of Mg2+ (2, 13). The metal 
ion is repositioned as a result of formation of the RCCA-RNase P RNA interaction 
and it is suggested to stabilize this interaction and would ensure correct and efficient 
cleavage (2). Pfu POP5-RPP30 is suspected to bind to the C domain (5, 20, 21) near 
the Mg2+-binding P15-loop of Pfu RPR and there is evidence of crosstalk between 
metal ions at and in the vicinity of the RCCA-RNase P RNA interaction (29). Pfu 
POP5-RPP30 would be expected to influence the positioning of catalytic Mg2+ ions.  
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  The studies on the cleavage of pMini3bp substrates show support for the 
postulation. The pMini3bp substrate was chosen to study the effect of POP5-RPP30 
on cleavage site selection because it does not interact with the TBS- region in RPR 
(14) and the cleavage mainly depends on the A248/N-1 interaction and RCCA-RNase P 
RNA interaction. The addition of POP5-RPP30 to Pfu RPR induced substantial 
miscleavage at the -1 position of pMini3bpCG substrate (Figure 6, lane 4). It is 
suggested that POP5-RPP30 might influence the architecture around the cleavage site 
possibly by influencing the RCCA-RNase P RNA interaction.  
 
RPP21-RPP29 has greater influence in the cleavage site selection process than 
POP5-RPP30 
According to the cleavage frequencies at the -1 position of pATSerCGGAAA (Table 3), 
Pfu RPR + RPP21-RPP29 cleaved it mainly at the -1 position while Pfu RPR + 
POP5-RPP3 cleaved largely at the +1 position. Moreover, addition of all four proteins 
resulted in cleavage preferentially at the -1 position (Figure 11). It is perhaps 
indicative of the greater effect of RPP21-RPP29 in the cleavage site selection process. 
We can also postulate that the TSL-/TBS interaction facilitated by RPP21-RPP29 has 
more influence in organizing chemical groups and/or Mg2+ near the cleavage site than 
RCCA-RNase P RNA interaction promoted by POP5-RPP30. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Cleavage frequencies at the -1 position of the pATSerCGGAAA substrate by Pfu 
RPR alone or Pfu RPR with different combinations of Pfu RPPs. The reaction was processed 
in the condition of 50 mM Tris·HCl, pH 7.5 and 800 mM NH4OAc at 55°C in the presence of 
30 mM or 300 mM Mg2+. The concentrations of Pfu RPR and RPPs are indicated in Materials 
and Methods. The blue bars and the red bars show the reaction at 30 mM Mg2+ and 300 mM 
Mg2+ respectively. 
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The insight of A248/N-1 interaction between Pfu RPR and substrate 
We have discussed the possibility that POP5-RPP30 influences the interactions 
between the 3’ RCCA motif of substrate and GGU-motif in the P15-loop of Pfu RPR. 
Upon RPR substrate complex formation the A248/N-1 interaction most likely operates 
in conjunction with the RCCA-RNase P RNA interaction (2), however, the 
interpretation of the interaction between the residue immediately 5’ of the scissile 
bond and the conserved residue A248 (A228 in Pfu RPR) of RPR is less clear. 
According to the experimental observations, mutations at A248 in bacterial RPR lead 
to defects in binding, catalysis and cleavage site selection (12). This is consistent with 
our studies of Pfu RPR cleavage that wild type Pfu RPR cleaved the pMini3bpUG 
model substrate, which carried the most common residue U at the -1 position, most 
efficiently while the Pfu RPR 228 variants decreased the cleavage rate of the substrate 
(Figure 9 and 10). One explanation is that the nucleotide U at the -1 position of the 
substrate can potentially establish a cis Watson-Crick / Watson-Crick base pair with 
A248 of bacterial RPR (12, 30). This conclusion is based on the result that when N-1 
and A248 are varied, all A-U, G-C and G-U combinations yield significant correct 
cleavage.  

However, according to our studies of varied Pfu RPRs and pMini3bp variants, the 
A-U combination was most efficient in wild type Pfu RPR cleaving pMini3bpUG but 
not in Pfu RPR U228 mutant cleaving pMini3bpAG (Figure 9 and 10). Moreover, the 
G-C combination yielded an obvious increase in cleavage when Pfu RPR G228 mutant 
cleaved pMini3bpCG but there was no cleavage product found in Pfu RPR C228 
mutant cleaving pMini3bpGG (Figure 9 and 10). In contrast, the Pfu RPR C228 and 
Pfu RPR G228 mutants promoted cleavage of pMini3bpCG and pMini3bpAG while 
wild type Pfu RPR and the Pfu RPR G228 mutant were efficient in cleavage of 
pMini3bpUG and pMini3bpGG. Therefore, in these cases the interaction between 
A228 of Pfu RPR and N-1 appears not to be a cis Watson-Crick / Watson-Crick base 
pair. Available cross-linking data with 4-thioU at -1 and NAIM studies suggest that 
several residues in bacterial RPR are positioned close to the -1 residue. These residues 
might constitute a binding pocket for the residue at the -1 position with A248 as a key 
residue and interact with specific groups on the -1 residue (31-34). It is a possible 
explanation of the A248/N-1 interaction between Pfu RPR and its substrate. Since the 
experiments discussed above are preliminary, we can only conclude the A248/N-1 
interaction seems not to be a cis Watson-Crick / Watson-Crick base pair. We also 
need to process the further experiments to study how the A248/N-1 interaction between 
Pfu RPR and its substrate is established.  
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Materials and Methods 
Preparation of substrates 
The various pATser and pMini3bp derivatives were purchased from Dharmacon, USA. 
These substrates were purified and labeled with 32P at the 5’ end with [γ-32P]ATP in 
the reaction condition of 100 pmol of the substrate, 10 µl of [γ-32P]ATP (14) (10 
µCi/µl), 3 µl of PNK (10 u/µl) and 3 µl of Buffer A in a 20 µl final reaction volume. 
The substrates were separated by electrophoresis through 15% polyacylamide gels (10 
mM Tris-borate, pH 7.5, 1 mM EDTA and 7 M Urea). The labeled substrates were 
detected under UV light, cut and crushed in micro-tube. 1 × TE was added into the 
tube and shaken at 4°C overnight. Finally the substrates were purified with 
Phenol/Chloroform.  
 
Preparation of M1 RNA, Pfu RPR and Pfu RPR 228 variants 
The plasmids pBT7-M1 RNA and pJA2-Pfu RPR were used as templates for 
polymerase chain reaction (20 µl of 5 × Phusion buffer, 1 µl of 20 mM dNTP mix, 10 
µl of 10 µM T7 promoter, 10 µl of 10 µM 3’ end primer, 5 ng of plasmid and 2 µl of 
Phusion DNA polymerase (2 u/μl) in a 100 µl final reaction volume). The PCR 
products were used as the template for T7 RNA polymerase - depended run-off 
transcription to generate M1 RNA and Pfu RPR (14). The reaction condition was 50 
µl of 4 × Transcription buffer (0.8 M Hepes, pH 7.5, 0.12 M MgCl2, 0.12 M DTT and 
0.008 M Spermidine), 64 µl of RNTPs (100 mM), 1 µl of RNase inhibitor (40 u/µl), 1 
µl of pyrophosphatase (2 u/µl), 2 ~ 4 µg of template and 4 µl of T7 Polymerase 
(20 u/μl) in a 200 µl final reaction volume. Then the reaction mixture was treated with 
20 µl of RQ1 DNase (1 u/µl) and purified by G50 column. Then the ribozymes were 
further purified by Phenol/Chloroform. The concentrations of M1 RNA, Pfu RPR and 
Pfu RPR 228 variants were determined by OD260 measurements.  
 
Assay conditions 
Site recognition experiment: The cleavage is processed in MES Buffer (50 mM MES, 
pH 6.1, 0.8 M NH4OAc) and 160 mM Mg(OAc)2 at 37°C (14). The concentrations of 
M1 RNA and Pfu RPR were 0.32 µM and 3.7 µM respectively. The substrate and 
RPR were pre-incubated at 37°C for 10 min. The reaction was initiated by adding 
substrate into RPR and incubated at 37°C. The reaction times are shown in Table 4.  

Table 4. Reaction time of M1 RNA/Pfu RPR cleaving different substrates 

 pATserUG PATserCGGAAA pMini3bpCG 
M1 RNA 20 sec 2 h 24 h 
Pfu RPR 5 h 24 h 24 h 

 
Pfu RPR cleavage in the absence and in the presence of various Pfu RPPs 
combinations (5): The reaction was processed in 50 mM Tris·HCl, pH 7.5, 800 mM 
NH4OAc and 30 mM (or 300 mM) MgCl2. The concentrations of Pfu RPR and Pfu 
RPPs are illustrated in Table 5. Pfu RPR was incubated for 50 min at 50°C, 10 min at 
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37°C, and then for 30 min at 37°C in assay buffer. Then the folded Pfu RPR was 
incubated with Pfu RPPs in assay buffer for 5 min at 37°C followed by 10 min at 
55°C. The reaction was initiated by adding substrate and incubated at 55°C for 3 h. 
The control experiments in the absence of Pfu RPPs were processed with the same 
procedure and used same concentration of Pfu RPRs.  
 

Table 5. Final concentration of Pfu RPR and Pfu RPP in different combination tested 

Combination tested [Pfu RPR] (nM) [RPP] (nM) 
RPR alone 500 - 

RPR + RPP21-RPP29 250 625 
RPR + POP5-RPP30 50 500 

RPR + All four proteins 10 100 
 
Cleavage of pMini3bp substrate by wild type Pfu RPR and Pfu RPR 228 variants: The 
cleavage was processed in MES Buffer (50 mM MES, pH 6.1, 0.8 M NH4OAc) and 
800 mM Mg(OAc)2 at 55°C (14). The concentration of Pfu RPR and Pfu RPR 228 
variants were 3.7 µM. The substrate and RPR were pre-incubated at 55°C for 10 min. 
The reaction was initiated by adding substrate into RPR and incubated at 55°C. The 
reaction time is 5 min, 15 min, 90 min and 120 min for pMini3bpUG, pMini3bpCG, 
pMini3bpAG and pMini3bpGG respectively.  
 
The reactions were quenched by adding two volumes of stop solution (8.4 M Urea, 
1.2 mM EDTA, 0.036% bromophenol blue, 0.036% xylene cynal). The cleavage 
products were separated by electrophoresis through 22% polyacylamide gels (10 mM 
Tris-borate, pH 7.5, 1 mM EDTA and 7 M Urea) and detected with Phosphoimager. 
The signals were quantitated using the software ImageQuant (14). The cleavage 
percentages were determined by using:  

Cleavage percentage =  
5’ fragment 

5’ fragment +  Precursor substrate
 

The cleavage frequencies at the -1 position were determined by using: 

 Cleavage frequency(−1 position)  

=  
5’ fragment (−1 position)

5’ fragment(+1 position) +  5’ fragment (−1 position)
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