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Abstract 29 

 30 

In most bacterial type A RNase P RNAs (P RNAs), two major loop-helix tertiary contacts 31 

(L8-P4 and L18-P8) help to orient the two independently folding S- and C-domains for 32 

concerted recognition of precursor tRNA substrates. Here, we analyze the effects of 33 

mutations in these tertiary contacts in P RNAs from three different species: (i) the 34 

psychrophilic bacterium Pseudoalteromonas translucida (Ptr), (ii) the mesophilic 35 

radiation-resistant bacterium Deinococcus radiodurans (Dra), and (iii) the thermophilic 36 

bacterium Thermus thermophilus (Tth). We show by UV melting experiments that 37 

simultaneous disruption of these two interdomain contacts has a stabilizing effect on all 38 

three P RNAs. This can be inferred from reduced RNA unfolding at lower temperatures 39 

and a more concerted unfolding at higher temperatures. Thus, when the two domains 40 

tightly interact via the tertiary contacts, one domain facilitates structural transitions in the 41 

other. P RNA mutants with disrupted interdomain contacts showed severe kinetic defects 42 

that were most pronounced upon simultaneous disruption of the L8-P4 and L18-P8 43 

contacts. At 37°C, the mildest effects were observed for the thermostable Tth RNA. A 44 

third interdomain contact, L9-P1, makes only a minor contribution to P RNA tertiary 45 

folding. Furthermore, D. radiodurans RNase P RNA forms an additional pseudoknot 46 

structure between the P9 and P12 of its S-domain. This interaction was found to be 47 

particularly crucial for RNase P holoenzyme activity at near-physiological Mg2+ 48 

concentrations (2 mM). We further analyzed an exceptionally stable folding trap of the 49 

G,C-rich Tth P RNA.  50 
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INTRODUCTION 51 

 52 

Transfer RNAs (tRNAs) are essential adaptor molecules of cellular protein synthesis 53 

machineries. They are synthesized as non-functional precursor transcripts (pre-tRNAs) with 54 

flanking sequences at their 5‘- and 3‘-ends. Ribonuclease P (RNase P) is an essential 55 

enzyme that catalyzes the 5'-end maturation of pre-tRNAs (Guerrier-Takada et al., 1983; 56 

Waugh and Pace, 1990; Gößringer et al., 2006; Hartmann et al., 2009; Klemm et al., 2016). 57 

In the majority of Bacteria, RNase P consists of a catalytically active RNA subunit (P RNA, ~ 58 

340 to 400 nts) and a small protein subunit (P protein, ~13 kDa) that interacts with 59 

nucleotides in the pre-tRNA 5‘-leader (Hartmann et al., 2009; Klemm et al., 2016).  60 

 Bacterial P RNA is a highly structured molecule, with approx. two-thirds of its 61 

nucleotides participating in base-pairing interactions. The basic RNA secondary structure, 62 

including structural variations, and major tertiary interactions were inferred from 63 

phylogenetic/comparative sequence analyses (Brown et al., 1996; Massire et al., 1997 & 64 

1998). Deletion studies revealed that only a subset of helices is strictly essential for catalytic 65 

function. These helices form the core structure of all bacterial P RNA, while several 66 

peripheral helices that are attached to the conserved core structure display a variable 67 

occurrence and can be individually deleted with only moderate effects on catalytic function 68 

(Waugh et al., 1989; Darr et al., 1992; Haas et al., 1994; Siegel et al., 1996; Schlegl et al., 69 

1994). Based on the different peripheral structural elements, bacterial P RNAs can be 70 

classified into two major architectures termed type A (ancestral, e.g. Escherichia coli) and 71 

type B (Bacillus-like) (Haas et al., 1996; Haas and Brown, 1998; Brown, 1999). 72 

 RNase P RNA is formed from two independently folding units (Loria & Pan, 1996), the 73 

specificity (S-) domain and the catalytic (C-) domain. In bacterial P RNAs of type A 74 

architecture, the two functional domains are oriented towards each other with the help of two 75 

to three interdomain loop-helix contacts (L18-P8, L8-P4, L9-P1; Fig. 1A-C). Type A RNAs 76 

adopt a rather stretched, slightly concave or open umbrella-like overall shape, formed by two 77 

layers of helices lying on top of each other. The bound tRNA occupies the position of the 78 
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umbrella shaft (Reiter et al., 2010; illustrated in Fig. S1). The smaller helical layer consists of 79 

the peripheral helices P18 and P13/14 that stabilize the stretched P RNA conformation via 80 

their tertiary contacts. The P8/P9 stack is at the interface between the C-domain and the 81 

more distal parts of the S-domain (P13/P14 and P7/P10/P11/P12). Structurally, the L8-P4 82 

and L1-P9 contacts support the side-by-side arrangement of the P1/P4/P5 and P8/P9 helical 83 

stacks (for review, see Gößringer et al., 2021). Among those interdomain contacts, L8-P4 is 84 

common and ubiquitous to bacterial P RNAs of type A and B (Massire et al. 1997, 1998). In 85 

Archaea, the RNA subunit forms a holoenzyme with five protein subunits (Jarrous and 86 

Gopalan, 2010), and folding of the P RNA into its active three-dimensional conformation is 87 

more dependent on RNA-protein and protein-protein interactions. This led, for example, to 88 

the loss of the L8-P4 interdomain contact in archaeal P RNAs of type M present in 89 

Methanococcales. Also, the L9-P1 contact, although basically able to form in type M RNAs 90 

(Lai et al., 2017), appears to require structural support from interaction of P1/P9 with protein 91 

subunits Rpp21/Rpp29 (Wan et al., 2019). 92 

The long-range interactions in P RNAs of type A, originally inferred from phylogenetic 93 

covariation analyses, were later confirmed in type A P RNA crystal structures as well as in 94 

the holoenzyme crystal structure of Thermotoga maritima RNase P (Torres-Larios et al., 95 

2005; Reiter et al., 2010). Yet, our knowledge on the individual contributions of these long-96 

range interactions to P RNA function and how they mutually affect folding of the two domains 97 

is still incomplete. To address these questions, we have disrupted the L9-P1, L8-P4 and/or 98 

L18-P8 interaction by mutation in three model type A P RNAs: the thermostable, G,C-rich P 99 

RNA of the thermophile Thermus thermophilus (Tth), the one from the psychrophilic 100 

bacterium Pseudoalteromonas translucida (Ptr) and the P RNA of Deinococcus radiodurans 101 

(Dra), a mesophilic, radiation-resistant bacterium phylogenetically related to T. thermophilus. 102 

These three type A P RNAs were chosen because of the following outstanding features. Tth 103 

P RNA is among the most thermostable P RNAs known. Thermostability of its S-domain was 104 

inferred to be achieved by conversion of strategic base pairs to G-C, by decreasing surface 105 

accessibility of the native fold and by increasing the amount of structure formation in the 106 
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native folding transition (Baird et al., 2006). In addition, its two domains form a reinforced L9-107 

P1 contact that contributes to thermostability (Marszalkowski et al., 2008). Dra P RNA 108 

deviates substantially form canonical type A structures owing to a P9 stem extension, in 109 

which L9 has become an internal loop and where the P9 extension forms a pseudoknot (P9c) 110 

with L12, likely to reinforce the S-domain structure (Fig. 1B). The P RNA of the psychrophilic 111 

bacterium P. translucida TAC125 (originally named Pseudoalteromonas haloplanktis 112 

TAC125; Medigue et al., 2005) may provide hints as to whether adaptation of its host to 113 

growth at low temperatures has left traces in the evolution of its P RNA structure. P. 114 

translucida grows at temperatures between 4 and 30°C (Corsaro et al., 2004), D. 115 

radiodurans has an optimal growth temperature of ~ 30°C (Airo et al., 2004; Appukuttan et 116 

al., 2006) and T. thermophilus grows between 47 and 85°C, optimally thriving at 65 to 72°C 117 

(Oshima and Imahori, 1974).  118 

To shed light on the role of individual interdomain contacts on P RNA folding and 119 

function, we analyzed mutated P RNAs with disrupted interdomain contacts using (i) UV 120 

melting to study the effect of the tertiary contacts on RNA folding, (ii) pre-tRNA processing to 121 

determine their role for activity and (iii) complementation of a conditionally lethal E. coli (Eco) 122 

P RNA (rnpB) mutant strain to assess their in vivo function in a mesophilic host. We further 123 

investigated an exceptionally severe trap in the folding pathway of the thermostable Tth P 124 

RNA. The RNA was shown to be unable to function in the mesophilic Eco host and strictly 125 

requires a Mg2+-dependent preincubation step at ~55°C for folding in vitro into its active 126 

structure (Marszalkowski et al., 2008). We thus analyzed this folding trap in more depth via 127 

folding kinetics and RNA structure probing. 128 

 129 

RESULTS  130 

 131 

Mutant construction 132 

The L18-P8 tertiary contact was disrupted in the three P RNAs (Tth, Dra and Ptr) by mutating 133 

the GNRA tetraloop of L18 to an UNCG loop (Fig. 1). Both loops maintain an interaction 134 
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between positions 1 and 4 of the tetraloop (Pomeranz Krummel and Altman, 1999) to 135 

preserve the hairpin-stabilizing ability. The L8-P4 interdomain contact was disrupted by 136 

changing the L8 sequence from 5’-AAC to 5’-CGU in the three RNAs (Fig. 1). The UNCG 137 

tetraloop mutation was further introduced into L9 of Tth (Marszalkowski et al., 2008) and Ptr 138 

P RNAs to disrupt the L9-P1 contact (Fig. 1A, C). In Dra P RNA, the contact between the 139 

internal L9 loop and P1 was abolished by changing the bulged A on the 3’-side of L9 to U 140 

and by converting the two flanking GA pairs into G-C pairs (Fig. 1B). For Dra P RNA, we 141 

also disrupted the idiosyncratic pseudoknot P9c formed between the apical regions of P12 142 

and the extended P9 element by mutation of the involved L12 nucleotides (Fig. 1B). 143 

Disruption of this intra-S-domain interaction enabled us to assess to which extent this 144 

interaction contributes to RNA folding and function. 145 

 146 

UV melting studies 147 

Folding of P RNA proceeds from an unfolded (U) state, traverses a counterion-dependent 148 

intermediate state (I) to reach the final Mg2+-dependent native (N) state. In the I state, the 149 

majority of base-pairing and stacking interactions have formed. The transition of the P RNA 150 

structure from the I to the U state (and vice versa) can be measured by UV spectroscopy. 151 

However, near-UV circular dichroism (CD) is required to study the second transition (I to N) 152 

that mainly changes the molecular compactness and helicity parameters (Pan and Sosnick, 153 

1997). Mg2+ ions not only contribute to charge shielding, but also occupy specific Mg2+ 154 

binding sites. In addition, Mg2+ ions can stabilize kinetic folding traps. As this complicates UV 155 

melting profiles, we performed melting experiments in the presence of 100 mM Na+ and 156 

absence of Mg2+ to confine the effects of counterions to electrostatic shielding. We also 157 

noticed that folding in the presence of Na+ was always more reproducible than with Mg2+, 158 

associated with the additional advantage that the RNA could be subjected to repeated 159 

heating and annealing cycles while avoiding the risk of metal ion-induced P RNA degradation 160 

at high temperatures.  161 
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The first derivative dA260/dT curves of the three wildtype (WT) P RNAs (green curves 162 

in Fig. 2, profiles on the right) revealed major melting transitions at ~60°C for Ptr P RNA, at 163 

~57°C and ~74°C for Dra P RNA and at ~75°C for Tth P RNA (Figs. 2A-C). A substantial 164 

contribution to the 74°C transition of the Dra P RNA may originate from the long G,C-rich 165 

P8/P9/P9b/P9c stack (Fig. 1B). 166 

The effects of mL8 and mL18 mutations (disrupting the L8-P4 and L18-P8 167 

interdomain contacts, respectively) on UV melting profiles depended on the type of P RNA. 168 

Both mutations individually had a destabilizing effect on Ptr P RNA, where they caused some 169 

partial structures to melt at lower temperatures (approx. between 20 to 40°C) than in the WT 170 

P RNA. The melting profile of Tth P RNA was only marginally affected by either the mL8 or 171 

mL18 mutation, while both mutations individually stabilized the Dra P RNA, as inferred from 172 

the observed reduced unfolding between 50 to 57°C (Fig. 2B, profiles on the right). 173 

Particularly the mL18 mutation changed the Dra P RNA melting profile to a major peak at 174 

~64°C in the first derivative curve. However, simultaneous disruption of both interdomain 175 

contacts, L18-P8 and L8-P4, stabilized all three P RNAs, in the sense that more structure 176 

unfolded concertedly at higher temperatures (Fig. 2, profiles on the right). For Ptr P RNA, this 177 

went along with an upshift of the major peak to ~62°C (mL8/L18) and markedly decreased 178 

hyperchromicity at lower temperatures (Fig. 2A). For Dra and Tth P RNA, the double 179 

mutation decreased melting of structures in the temperature range of ~40°C (Dra) or ~30°C 180 

(Tth) to almost 60°C (Figs. 2B, C). Overall, the stabilizing effect upon disrupting the L18-P8 181 

and L8-P4 interdomain contact was most pronounced for Ptr P RNA, the most A, U-rich of 182 

the three compared RNAs.  183 

Measurements with the isolated Ptr S-domain revealed that the major unfolding 184 

transition of the WT Ptr P RNA (~59°C) is split into two peaks at 62°C and 72°C, respectively 185 

(Fig. 3B). Thus, the Ptr S-domain is more stable than the full-length WT P RNA, and its major 186 

transition at 62°C coincides with that of the full-length P RNA carrying the mL8/L18 double 187 

mutation (Fig. 3B, right panel). The effects of long-range interactions on the UV melting 188 

profile are not confined to interdomain contacts. Disruption of the intra-S-domain L12-L9c 189 
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pseudoknot in the P9c mutant had a similar effect as the mL18 mutation in the context of the 190 

full-length Dra P RNA, resulting in a more concerted and upshifted melting transition at 62°C 191 

(Fig. 4, 2B, right panels). Restoring pseudoknot formation by introducing compensatory 192 

mutations into the P9c mutant again reduced the prevalence of the transition at ~62°C similar 193 

to the WT Dra P RNA (Fig. 4).    194 

 195 

A folding trap of T. thermophilus RNase P RNA 196 

 197 

In vitro transcripts of T. thermophilus P RNA require a preincubation step at temperatures 198 

higher than 37°C (e.g. at 55°C) for activation (Hartmann and Erdmann, 1991; Marszalkowski 199 

et al., 2008). This suggested that the native folding transition has an extraordinarily high 200 

activation energy barrier so far unprecedented among bacterial P RNAs. Here we analyzed 201 

the nature of this temperature-dependent folding transition in more detail. The requirement 202 

for a 55°C preincubation step was seen at Mg2+ concentrations between 10 to 100 mM Mg2+ 203 

(Supplemental Fig. S2A). In contrast, preincubation of Eco P RNA at 55°C versus 37°C had 204 

no or at most a twofold effect, depending on the Mg2+ concentration (Supplemental Fig. 205 

S2B). Folding kinetics of Tth P RNA were further investigated at 20 nM P RNA and 200 nM 206 

pre-tRNA in the RNA-alone reaction in the presence of 20 mM Mg2+. Preincubation of T. 207 

thermophilus P RNA for 15 min at 37°C instead of 55°C resulted in slow substrate turnover 208 

and sigmoidal kinetics (Fig. 5, curve a versus b). When the RNA was preincubated for 5 h at 209 

37°C before pre-tRNA addition, the rate of substrate cleavage increased, but still did not 210 

reach that obtained after preincubation for 15 min at 55°C (Fig. 6, curve c versus b). We also 211 

analyzed if the presence of the substrate may assist (or inhibit [Pan and Sosnick, 1997]) T. 212 

thermophilus P RNA folding into an active conformation. After P RNA preincubation for 15 213 

min at 37°, addition of substrate and incubation for 285 min (without withdrawal of aliquots), 214 

fresh ptRNA substrate (200 nM) was added and the reaction monitored for another 285 min 215 

by withdrawal of aliquots and analysis by 20% denaturing PAGE. The resulting curve d (Fig. 216 

6) was almost identical to curve c (P RNA preincubated for 5 h min at 37°C), suggesting that 217 
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the presence of substrate had little effect on the slow refolding kinetics at 37°C and 20 mM 218 

Mg2+. The sigmoidal curve "a" could be fitted to equation 1 (see below), with kobs describing 219 

the pseudo-first order rate constant when essentially all P RNAs are folded (as assumed to 220 

be accomplished by preincubation for 15 min at 55°C), k1 the first order rate constant for the 221 

slow folding step at 37°C, c the concentration of substrate at any time point, and c0 the 222 

concentration of substrate at the start of the reaction. 223 

 224 

Equation 1: 225 

  226 

 227 

If the rate of cleavage after preincubation at 55°C (Fig. 5, curve b, kobs = 0.083 min-1) is 228 

taken as kobs in equation 1, a k1 value of 0.0016 min-1 for the folding step at 37°C is 229 

calculated. The overall folding rate of Eco P RNA was determined as 0.54 min-1 (Kent et al., 230 

2000), thus being more than 300-fold faster under similar conditions (25 mM Mg2+, 120 mM 231 

KCl, pH 7.0, 37°C). We further measured the rate of folding to the native state via processing 232 

activity assay as a function of Tth P RNA preincubation time at 55°C. The folding rate was 233 

determined as 0.13 min-1 (Supplemental Fig. S3A). When P RNA preincubation was 234 

performed at 3 M urea, a folding rate enhancement of up to fourfold was observed 235 

(Supplemental Fig. S3B), indicating the presence of one or more kinetic traps along the 236 

folding pathway (Pan and Sosnick, 1997). 237 

 A preincubation step at 55°C for P RNA activation was also required in the 238 

holoenzyme reaction and efficient P RNA folding depended on the presence of Mg2+ (4.5 239 

mM) during this step (Supplemental Fig. S4A,B). We also analyzed the effect of the 240 

preincubation step performed at 37°C versus 55°C on RNA alone activity for the Tth mL8, 241 

mL9, mL18 and mL8/L18 mutant P RNAs (Supplemental Fig. S4C). As for the WT Tth P 242 

RNA, substantial activity was only obtained upon P RNA preincubation at 55°C. 243 
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 244 

Analysis of T. thermophilus P RNA folding by RNase T1 probing  245 

 246 

The structure of Tth P RNA was probed by RNase T1 digestion under non-denaturing 247 

conditions (Fig. 6). RNase T1 cleaves 3' of exposed G residues in flexible regions, and it was 248 

already shown for the Tth S-domain that accessibility of G residues largely decreases from 249 

the I to the N state (Baird et al., 2006). For RNase T1 probing, 5’- or 3’-endlabeled P RNA 250 

was preincubated at 37°C or 55°C, followed by probing at 37°C. The following regions 251 

became protected from RNase T1 cleavage upon preincubation of 5’-endlabeled Tth P RNA 252 

at 55°C versus 37°C (Fig. 6A, gray vertical lines on the right): P11 (3'-strand), L13 (G192), 253 

J11/12, P10, P9, P6-8, P4, J3/4, and the 3’-side of P3. 3’-endlabeled Tth P RNA provided 254 

partially overlapping information, such as protection at G226/7 or signal enhancement (filled 255 

dots) at G252/3 upon preincubation at 55°C; signal intensities were also increased for 256 

cleavages in the 3'-part of L15 and in J17/16 (Fig. 6C).  257 

 We also analyzed the Tth mL9 mutant RNA (Fig. 1C) by RNase T1 probing as a 258 

function of preincubation temperature. The pattern of protection from RNase T1 hydrolysis 259 

upon preincubation at 55°C was very similar to that obtained with the WT RNA (Fig. 6B vs. 260 

A). The protection of J3/4 upon preincubation at 55°C was less pronounced than for the Tth 261 

WT P RNA, suggesting that formation of the L9-P1 contact buries more tightly those residues 262 

in the catalytic core. This minor difference compared with the WT P RNA is consistent with 263 

the moderate activity decrease of the mL9 variant in the RNA-alone reaction at high 264 

temperatures (55°C) and at low Mg2+ concentrations in the holoenzyme reaction 265 

(Marszalkowski et al., 2008).    266 

 In summary, RNase T1 probing revealed substantial structural compaction and 267 

surface burial in the S-domain upon preincubation at 55°C, particularly in P6-9, P11 and 268 

J11/12. Similar protections from RNase T1 cleavage were observed with the isolated Tth S-269 

domain upon increasing the Mg2+ concentration from 0.05 to 1.6 mM, conditions that were 270 

considered to represent the intermediate (I) and native (N) fold of the S-domain, respectively 271 
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(Baird et al., 2006). The overlap between these previous results and our findings suggests 272 

that the folding state of the S-domain within the full-length RNA and before preincubation at 273 

55°C resembles the I state of the isolated S-domain in the study by Baird et al. (2006).    274 

In the C-domain, major compaction occurred in the P6 region (Fig. 6A), suggesting 275 

that this structural element forms during the 55°C temperature step. Another area of 276 

compaction is the 3’-side of P3, J3/4 and helix P4 near its U bulge in the catalytic core. In 277 

addition, RNase T1 accessibility in the P15-17 region changed from the I to the N state. 278 

 279 

Enzyme kinetic effects upon disruption of L8-P4 and/or L18-P8 interdomain contacts 280 

 281 
The functional role of interdomain contacts in Ptr, Tth and Dra P RNAs was analyzed in 282 

single turnover kinetic RNA-alone reactions at 37°C (Table 1). Disruption of the L8-P4 283 

contact had little effect on Tth P RNA (1.4-fold decrease in kreact/Km(sto) relative to the WT 284 

RNA) but affected Ptr and Dra P RNAs more severely (37- and 92-fold decrease in 285 

kreact/Km(sto); Table 1). A similar trend was observed for P RNA variants with a disrupted L18-286 

P8 interaction (approx. 6-, 37- and 28-fold decrease in kreact/Km(sto) for Tth, Ptr and Dra P RNA, 287 

respectively; Table 1). For Tth P RNA, the kinetic defect upon disruption of the L18-P8 288 

interaction was more pronounced in cleavage assays performed at 55°C (under otherwise 289 

similar conditions; Schlegl et al., 1994) instead of the 37°C uniformly applied in the present 290 

study. 291 

Simultaneous disruption of the L8-P4 and L18-P8 contacts (variants mL8/L18) 292 

impaired activity more severely. Catalytic efficiency (kreact/Km(sto)) for the Tth mL8/L18 variant 293 

was now ~22-fold decreased and ~430-fold and ~3000-fold for the Ptr and Dra mL8/L18 294 

variants, respectively (Table 1). Surprisingly, simultaneous disruption of the two interdomain 295 

contacts was most detrimental to Dra P RNA function. This may be related to the extension 296 

of the P8-P9 stem that is further constrained by the P9c pseudoknot in Dra P RNA. In the 297 

absence of the L8-P4 and L18-P8 tertiary contacts, the extended and rigidified P8-P9 stem 298 

may be difficult to keep in a productive orientation toward the C-domain or may even lead to 299 

steric clashes with the substrate. As a general trend, the thermostable Tth P RNA structure 300 
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turned out to be more robust than P RNAs from Ptr and Dra, as inferred from the lower 301 

sensitivity of the former RNA toward loss of individual interdomain contacts under the 302 

conditions tested, in line with previous findings (Marszalkowski et al., 2008). Overall, these 303 

findings are consistent with a basic assumption of our model presented in Fig. 7, namely that 304 

one functional interdomain contact, L8-P4 or L18-P8, can principally maintain domain 305 

orientation, while the absence of both contacts severely depletes the fraction of P RNA 306 

molecules with a productive domain arrangement.   307 

 308 

Analysis of the L9-P1 interaction in Ptr and Dra P RNAs 309 

 310 

We extended our studies to the L9-P1 contact in Ptr P RNA. P9 of this RNA harbors a 5'-311 

GCGA-3' tetraloop that is predicted to dock onto the second and third bp in P1. For cloning 312 

and expression purposes we changed the second P1 bp of Ptr P RNA from A:U to G:C (Fig. 313 

1A). We considered it unlikely that this bp exchange would substantially weaken the L9-P1 314 

interaction (see Fig. S6 and its discussion in the Supplement). For the Ptr mL9 mutant RNA, 315 

we neither saw a defect in the RNA-alone reaction at 37°C (Table 1) nor in the holoenzyme 316 

reaction with the heterologous E. coli or B. subtilis P protein (Table 2). This suggested that 317 

the P1-L9 interaction does not make a substantial contribution to the overall stabilization of 318 

Ptr P RNA at 37°C, in line with the corresponding findings for Eco P RNA (Pomeranz 319 

Krummel and Altman, 1999; Marszalkowski et al., 2008). A possible explanation is that the 320 

L9-P1 contact forms only concomitantly (opportunistically) when the L8-P4 and L18-P8 321 

contacts are in place, but in this native context disruption of the L9-P1 contact remains 322 

phenotypically silent. To clarify whether the L9-P1 contact can yet form independently, we 323 

compared the kinetic performance of Ptr mL8/L18 double and Ptr mL8/L18/L9 triple mutants. 324 

In both mutants, we also restored the native A2:U360 bp in P1 to entirely exclude any effect 325 

of the G2:C360 bp exchange on the L9-P1 interaction. Single turnover RNA-alone kinetics 326 

under our standard conditions (see Table 1) revealed no significant difference between the 327 

Ptr mL8/L18 P RNA used in Table 1 (with bp G2:C360) relative to the Ptr mL8/L18 P RNA 328 
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with the native A2:U360 bp. However, the Ptr mL8/L18/L9 P RNA triple mutant (with bp 329 

A2:U360) showed a twofold increase in Km(sto) and a twofold decrease in kreact (based on 11 330 

individual kinetic experiments conducted in parallel for each of the three P RNAs). These 331 

findings indicate that the L9-P1 contact can form independently in Ptr P RNA, but its 332 

contribution to stabilizing the active fold at 37°C is minor.  333 

 We further analyzed activity of the Dra mL9 and mP9c mutant P RNAs. The Dra mL9 334 

mutant P RNA showed a minor (1.4-fold) reduction of catalytic efficiency in RNA-alone 335 

assays performed at 37°C (Table 1). Likewise, holoenzymes assembled from the Dra mL9 P 336 

RNA showed essentially no difference compared with holoenzymes containing the WT P 337 

RNA when assayed at 4.5 mM Mg2+, and only moderately reduced cleavage rates at 2 mM 338 

Mg2+ (1.5-fold with E. coli RnpA and 6.4-fold with B. subtilis RnpA; Table 2). This suggests 339 

that the L9-P1 contact forms in this P RNA but makes only a minor contribution to 340 

interdomain orientation, as observed for Ptr P RNA. In contrast, much more severe defects 341 

were observed for the Dra mP9c mutant RNA particularly in holoenzyme reactions performed 342 

at 2 or 4.5 mM Mg2+ (activity losses of 3 to 4 orders of magnitude; Table 2).  343 

 344 

 In vivo complementation analysis  345 

 346 

The WT and mutant P RNAs were tested for their capacity to rescue the lethal phenotype of 347 

the Eco P RNA (rnpB) mutant strain BW (Wegscheid and Hartmann, 2006). Among the 348 

heterologous rnpB genes, only that of Ptr was able to rescue growth of the mutant strain 349 

when provided on a low copy plasmid (Table 2). The failure of Tth rnpB genes 350 

(Marszalkowski et al., 2008) to functionally replace Eco rnpB can be explained by the fact 351 

that this RNA of thermophilic origin requires temperatures >> 37°C (e.g. 55°C) for efficient 352 

folding (see above), suggesting insufficient folding in the E. coli host cultivated at 37° or 353 

43°C. For Dra P RNA, the failure may be related to its unique architecture in the P9 and P12 354 

regions (Fig. 1), possibly entailing idiosyncratic requirements for the folding process in vivo. 355 

This might also be related to expression of a non-canonical P protein in D. radiodurans that 356 
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is predicted to carry a C-terminal extension according to genome annotations. Hence, we 357 

could only test the Ptr mutant P RNAs for complementation in strain BW. Whereas the mL8 358 

and mL8/L18 variants were non-functional, a partial rescue of the growth phenotype was 359 

seen for the mL18 variant (Table 2). This suggests that, in vivo, the L8-P4 contact is more 360 

crucial for P RNA function than the L18-P8 interaction, which is consistent with its presence 361 

in both types A and B P RNAs and the observation that the P18 element has been lost in P 362 

RNAs of some bacterial clades, such as in the Aquificales and the genus Chlorobium 363 

(Marszalkowski et al., 2006; Haas et al. 1994). 364 

 Full rescue of growth of E. coli strain BW under non-permissive conditions was 365 

observed upon expression of the Ptr mL9 mutant P RNA (Table 3). Remarkably, 366 

complementation in E. coli was also successful at 43°C, thus substantially above the 367 

maximum growth temperature (30°C) of P. translucida. The finding supports the notion that 368 

the L9-P1 interaction is of low relevance for function of Ptr RNase P if the L8-P4 and L18-P8 369 

interactions are in place.  370 

 371 

DISCUSSION 372 

 373 

The present UV melting analyses have revealed that formation of the L8-P4 and L18-P8 374 

contacts affect structural transitions in one or both P RNA folding domains. Disabling one of 375 

the two tertiary contacts has a destabilizing effect in the context of Ptr P RNA, a stabilizing 376 

effect on Dra P RNA and a marginal effect on Tth P RNA. Such differential effects on melting 377 

profiles of Ptr versus Dra P RNA may be related to some A,U-rich, low stability structural 378 

elements in the Ptr P RNA (such as P8 or P18; Fig 1A) that are stabilized in the native fold. 379 

Yet, these partly opposing effects occurred in a context where one of the major interdomain 380 

struts (L8-P4 or L18-P8) is assumed to keep a substantial fraction of molecules in the 381 

functional interdomain orientation (see below). However, upon simultaneous disruption of 382 

both interdomain contacts (mL8/L18 double mutant), interactions between the C- and S-383 

domains are largely lost. The L9-P1 contact is too weak to compensate for the combined 384 
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disruption of the L18-P8 and L8-P4 contacts. As a result, a uniform overall effect was 385 

observed for all three P RNAs: C- and/or S-domains were stabilized such that melting 386 

occurred more concertedly with less unfolding at lower temperatures. The net stabilizing 387 

effects seen in the melting profiles of the double mutants may have masked minor 388 

destabilizing effects, such as those seen for Ptr P RNA upon disruption of the L18-P8 or L8-389 

P4 contact. Since the folding processes are reversible in denaturation and renaturation UV 390 

spectroscopy experiments (Fig. S6), we conclude that one domain acts as an unfolding 391 

chaperone of the other. When the two domains tightly interact, each domain lowers the 392 

inherent stability of the other domain (see model in Fig. 7). This may be due to exchange of 393 

interactions from intra- to inter-domain contacts, especially, but not solely, at the interaction 394 

interface (L18-P8 and L8-P4). More indirect effects are conceivable as well, for example that 395 

the tertiary interactions induce deviations in coaxial stackings between helices that are part 396 

of helical stacks in P RNA.  397 

In line with the UV melting results, the mL8/L18 double mutation showed the most 398 

severe catalytic defect for all three P RNAs, supporting the above assumption that the 399 

fraction of P RNA molecules that adopt a productive interdomain orientation is largely 400 

decreased in the absence of the L8-P4 and L18-P8 contacts. This depletes the pool of 401 

catalytic RNA molecules that are able to position the pre-tRNA substrate for concerted 402 

recognition of the tRNA D/T loop by the S-domain and docking of the cleavage site to the 403 

active site in the C-domain. The single mL8 and mL18 mutations caused less severe 404 

catalytic defects, in line with smaller changes in the UV melting profiles relative to the 405 

mL8/L18-double mutant. This supports the notion that maintaining one of the two tertiary 406 

contacts still allows a substantial fraction of P RNAs to adopt a productive interdomain 407 

orientation. The thermostable Tth P RNA showed the lowest activity decreases upon 408 

disruption of the L8-P4, L18-P8 or both contacts. One reason could be its strengthened L9-409 

P1 contact (see below) combined with its reduced conformational flexibility at 37°C, which is 410 

well below the growth temperature range of T. thermophilus (~50 and 85°C). This may have 411 

increased the fraction of mutant P RNAs that adopt an active fold relative to P RNAs of 412 
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mesophilic or psychropilic origin. 413 

While we stressed the role of the L18-P8 contact for domain orientation, some 414 

previously reported functional and structural consequences of its disruption are noteworthy. 415 

For Eco P RNA, deletion of P18 caused a substrate binding (Km) defect in vitro at 25 mM 416 

Mg2+ and 1 M NH4
+. This defect could be rescued by increasing the NH4

+ concentration to 3 417 

M (Haas et al., 1994). Likewise, enzyme activity of Eco P RNA with a mutated L18 loop (5'-418 

UUCG) could be largely rescued by elevating the Mg2+ concentration to 190 mM at 100 mM 419 

NH4
+ (Pomeranz Krummel and Altman, 1999). This suggested electrostatic repulsion effects 420 

between enzyme and substrate RNAs upon disruption of the L18-P8 contact. Kirsebom and 421 

coworkers probed Eco WT and mL18 (5'-CUUG) P RNA with Pb2+ ions and RNase T1 (Mao 422 

et al., 2018). They observed structural changes in P11 and at the junction between P14 and 423 

P11 in the S-domain of the mL18 mutant RNA with disrupted L18-P8 interaction. In addition, 424 

there was a change in RNase T1 susceptibility at helix P5 in the C-domain, close to the 425 

active site. Generally, higher Pb2+ concentrations were required for the mL18 versus WT P 426 

RNA to induce backbone hydrolysis at high affinity metal ion binding sites (Mao et al., 2018). 427 

This can be explained by a more flexible structure of the mutant RNA, resulting in affinity 428 

losses at Mg2+ binding sites. Even charge distribution at the substrate cleavage site was 429 

found to be affected by disruption of the L18-P8 interaction. This was analyzed with a 430 

substrate carrying a protonable 2'-NH2 group at nt -1 near the canonical cleavage site. The 431 

mL18 mutation caused changes in the fraction of substrate that was cleaved at the canonical 432 

cleavage (-1/+1) site at different pH values (Mao et al., 2018). The authors proposed that the 433 

L18-P8 interaction acts as structural mediator between the substrate (T stem-loop) binding 434 

region in the S-domain and the active center of the C-domain. The contact supports the 435 

binding of structurally and catalytically relevant Mg2+ ions, supports native P RNA folding 436 

particularly in the S-domain and optimizes positioning of chemical groups and catalytic Mg2+ 437 

ion during catalysis. Noteworthy, Eco WT and mL18 P RNA were also analyzed by UV 438 

melting in a buffer containing 0.4 M NH4
+ and 1 mM Mg2+ (Pomeranz Krummel and Altman, 439 
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1999). The mL18 mutation had a destabilizing effect on Eco P RNA, as we observed for Ptr 440 

P RNA (Fig. 2A), underscoring the resemblance of the two bacterial type A RNAs. 441 

 Certain thermophilic bacteria, such as T. thermophilus, have a 5'-GYAA L9 tetraloop 442 

and a P1 receptor site consisting of a G-C bp tandem (Massire et al., 1997, Marszalkowski et 443 

al., 2006). Such tandem type I/II G-C:A nucleoside triples, where the consecutive A residues 444 

interact with the entire (type I) or half (type II) minor groove of the respective G-C bp, 445 

represent the most stable combination for this kind of tertiary contact (Doherty et al., 2001). 446 

The L9-P1 interdomain contact was shown to contribute to activity of Tth P RNA at elevated 447 

temperatures and physiological Mg2+ concentrations. Its disruption by L9 loop mutation 448 

prevented formation of a compact conformer observed in native PAA gels (Marszalkowski et 449 

al., 2008). In contrast, L9 mutations in Eco P RNA, where two A residues are predicted to 450 

interact with a G-U and A-U bp (Massire et al., 1997), had no or little effect on function in 451 

vitro and in vivo (Pomeranz Krummel and Altman, 1999; Marszalkowski et al., 2008). 452 

Likewise, we demonstrated here that a loss of the L9-P1 contact in Ptr P RNA does not 453 

abrogate the ability to replace the native Eco P RNA in vivo. Consistent with this finding, the 454 

Dra mL9 P RNA showed only a minor reduction in catalytic efficiency in vitro. By testing the 455 

mL9 mutation in Ptr P RNA in the context of disrupted L18-P8 and L8-P4 contacts, we were 456 

able to carve out that the L9-P1 contact can form independently. However, its functional 457 

contribution was found to be minor. This supports the notion that contacts L8-P4 and L18-P8 458 

are most important for maintaining the functional interdomain orientation in bacterial P RNAs 459 

of type A. The enhanced functional role of the L9-P1 contact in thermostable P RNAs with a 460 

5'-GYAA L9 and a tandem G-C bp receptor in P1 may also include contributions from the 461 

more rigid structural context of the contact. This includes the G-C bp tandem in P1 and the 462 

general stabilization of helices, including P1 and P9, by helix extension and/or deletion of 463 

nucleotide bulges (Marszalkowski, et al., 2006; Baird et al., 2006). This implies that the L9-464 

P1 contact might form more stably in Ptr P RNA at physiological temperatures of its host 465 

bacterium (4 to 30°C) owing to reduced conformational dynamics of the RNA relative to 466 

37°C.       467 
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The disruption of the idiosyncratic P9c pseudoknot contact in Dra P RNA moderately 468 

affected catalytic performance (~7-fold) in the RNA-alone reaction at high Mg2+ 469 

concentration (100 mM; Table 1). However, the mP9c mutation drastically reduced 470 

holoenzyme activity at low Mg2+ (~103 –fold at 4.5 mM Mg2+, Table 2). Reducing the Mg2+ 471 

concentration from 4.5 to 2 mM further reduced holoenzyme activity (≤ 104 –fold), indicating 472 

that P9c pseudoknot formation is particularly crucial in the holoenzyme context at 473 

physiological Mg2+ concentrations. 474 

 Although the psychrophilic bacterium P. translucida grows in the range of 4 to 30°C, 475 

its P RNA can functionally replace Eco P RNA in vivo at temperatures above this 476 

temperature range (37° or 43°C, Table 2); likewise, the Ptr P protein was fully functional in B. 477 

subtilis at 37°C (Gößringer and Hartmann, 2007), showing that Ptr RNase P components are 478 

stable at temperatures above the growth temperature limit of the bacterium (30°C). This may 479 

suggest that bacterial P RNA ribozymes require a certain minimum overall stability, i.e. a 480 

minimum number of G-C base pairs, to fold into their functional architecture without the help 481 

of protein cofactors. Examples of more A/U-rich P RNAs are only found in eukaryotic 482 

organelles, where these RNAs depend on multiple protein cofactors for folding and activity 483 

(Schencking et al., 2020). Nevertheless, the Ptr P RNA has a reduced G,C content (~54%) 484 

relative to the mesophilic Eco P RNA (~62%), suggesting increased structural flexibility of the 485 

P RNA as an adaptation to psychrophilic growth, in line with the pronounced changes in UV 486 

spectra upon introducing the mL8 and/or mL18 mutation(s) (Fig. 2A). Indeed, several helical 487 

elements in Ptr P RNA show hallmarks of reduced stability/increased flexibility (increases in 488 

A-U and non-Watson-Crick base pairs, additional bulges; see P1, P3, P8, P18, P11, P12, 489 

P17 in Fig. 1A). In this context, we compared the pre-tRNA processing kinetics at assay 490 

temperatures of 37°C versus 15°C (Supplemental Tables 1 and 2). The cleavage rate 491 

constant kreact at 15°C was indeed the highest for Ptr P RNA (compared with Eco, Dra and 492 

Tth P RNAs) in the RNA-alone reaction (Supplemental Table 1), possible reflecting an 493 

adaptation to activity at low temperatures. However, this should be interpreted with caution, 494 

because we only measured the processing reaction itself at 15°C, while RNA folding and 495 
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holoenzyme assembly were conducted at 55/37°C. Thus, these experiments did not address 496 

effects of low temperature on P RNA and tRNA folding as well as holoenzyme assembly; 497 

furthermore, the assembly of the Ptr holoenzyme was performed with the Eco P protein 498 

(Supplemental Table 2).   499 

While D. radiodurans R1 optimally grows at ~30°C, its P RNA has characteristics of a 500 

thermostable RNA: its G+C content is ~69% (71.4% in Tth P RNA) and its processing activity 501 

peaks at ~50°C (that of Tth P RNA at ~60°C; measured at 25 mM MgCl2 and 1 M NH4Cl). 502 

This might contribute to the versatile resistance of the bacterium to stresses including 503 

gamma and UV radiation (Aira et al., 2004; Battista, 1997; Setlow and Boling, 1965), as 504 

backbone breaks in thermostable RNAs are less detrimental to RNA function than in 505 

mesophilic RNAs. For example, in vitro activity losses of the thermostable Tth P RNA upon 506 

Pb2+-induced fragmentation were less pronounced than for Eco P RNA (Ciesiolka et al., 507 

1994).  508 

 The group I self-splicing intron is an example of an RNA that first and rapidly folds 509 

into a nucleating core structure (the P4/P6 domain), which then serves as a scaffold for 510 

folding of its second domain (Doherty and Doudna, 1997). In contrast, the two domains of 511 

bacterial P RNAs (S- and C-domain) fold in parallel and complete folding of both domains is 512 

kinetically indistinguishable (Pan et al., 1999; Kent et al., 2000). RNAs can be classified as 513 

slow and fast folding, strongly depending on temperature and ionic conditions. The nature of 514 

the rate-limiting step (from the I to the N state) for the slow-folding class can be assigned to 515 

disruption of non-native or prematurely formed native structures (folding traps). By contrast, 516 

the fast-folding class is thought to solely involve small-scale conformational changes, for 517 

example the rearrangement of prebound metal ions (Fang et al., 2002; Sosnick and Pan, 518 

2004, and refs. therein). It was shown for the mesophilic B. subtilis P RNA that the full-length 519 

RNA belongs to the class of slow folding RNAs (~0.2 min-1; measured at 20 mM Tris, pH 8.1, 520 

10 to 20 mM Mg2+ and 37°C; Pan and Sosnick, 1997), whereas its isolated C-domain is a 521 

member of the fast-folding class (390 min-1; measured at 37.5°C, 20 mM Tris, pH 8.1, 10 mM 522 

Mg2+; Fang et al., 1999). The B. subtilis S-domain folds at a rate of 4.5 min-1 (Sosnick and 523 
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Pan, 2004), suggesting that slow folding of the full-length P RNA involves searches for intra- 524 

and interdomain contacts during transition to the native structure. Baird et al. (2006) studied 525 

the I-to-N transition of the isolated Tth P RNA S-domain by CD spectroscopy relative to the 526 

S-domain of Eco P RNA. The Tth S-domain folded at a lower Mg2+ concentration with 527 

increased Mg2+ cooperativity and increased denaturant-sensitive surface burial relative to the 528 

mesophilic S-domain. Increased surface burial is in line with stronger protection of the Tth S-529 

domain from RNase T1 cleavage when changing from the I to the N state compared with the 530 

Eco S-domain (Baird et al., 2006). Folding equilibria for the two S-domains were analyzed at 531 

37°C in the study by Baird et al. (2006) but using an extended time window for the Tth S-532 

domain (up to 70 min) relative to the mesophilic counterpart (up to 9 min). This indicates that 533 

already the Tth S-domain folds at a slower rate than the Eco S-domain at 37°C, but its 534 

activation energy barrier for the I-to-N transition is clearly lower than for the Tth full-length P 535 

RNA that requires a temperature >> 37°C for efficient folding (Fig. 5). The high temperature 536 

requirement for Tth P RNA folding and the ~fourfold acceleration of the folding rate by the 537 

presence of 3 M urea (Supplemental Fig. S3) indicate that the major activation barrier along 538 

the RNA folding pathway is caused by formation of non-native structures. 539 

 These findings are in line with results from previous folding studies of E. coli and B. 540 

subtilis P RNAs, showing that formation of P6 and P7 is among the late events in the folding 541 

pathway (Zarrinkar et al., 1996; Kent et al., 2000). Backbone discontinuity between P5 and 542 

P7 in a circularly permuted B. subtilis P RNA (with the natural 5'- and 3'-ends connected by a 543 

loop; termed cp240 RNA) enhanced folding 15-fold at 37°C, supporting the idea of a folding 544 

trap involving the P7 region  (Zarrinkar et al., 1996; Pan et al., 1999). Tth P RNA in silico 545 

folding with RNAfold (default parameters; Lorenz et al., 2011) predicts most secondary 546 

structural elements (including P5 at the domain interface) except for the pseudoknots P4 and 547 

P6. However, an alternative structure in the S-domain close to the domain interface, 548 

involving pairings between 5'-P6/3'-P7 and 5'-P7/3'-P10/P11, is predicted as well 549 

(Supplemental Fig. S5). Such a misfold would be consistent with the reported findings cited 550 

above.  551 
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 Our probing experiments showed compactions in several regions of the Tth S-domain 552 

upon preincubation at 55°C, prominently in 5'-P6 and 5'-P7 at the junction between the two 553 

domains, but also in the C-domain in P3, J3/4 and helix P4 near its U bulge in the catalytic 554 

core as inferred from changes in RNase T1 accessibility (Fig. 6). Formation of the L8-P4 555 

contact might be a major factor contributing to this structural adjustment of the catalytic core. 556 

We further noticed some changes in RNase T1 accessibility in the P15-17 subdomain (~ nt  557 

250-295; Figs. 6A, C). This may be interpreted as suggesting that this subdomain is 558 

reoriented upon formation of P6. In summary, the Tth P RNA belongs to a small group of 559 

natural thermostable RNAs with very high G,C content, resulting in enhanced stability of its 560 

secondary and tertiary structure. The RNA is assumed to fold into its active structure without 561 

assistance of protein cofactors. The high G,C content and structural stability of the RNA is 562 

associated with higher activation barriers that need to be surmounted for proceeding from 563 

intermediate folding states to the native fold or to resolve off-pathway folding traps. Here we 564 

showed that an intermediate, likely involving non-native interactions of sequences at the 565 

junction of C- and S-domain, can only be resolved at temperatures as high as 55°C. Folding 566 

from the intermediate to the native fold resulted in substantial structural compaction and loss 567 

of surface accessibilty, in line with the results of the previous study on the isolated Tth S-568 

domain (see above; Baird et al., 2006).    569 

 570 

MATERIALS & METHODS 571 

 572 

UV melting 573 

UV melting profiles were recorded on a Uvikon XL UV/Vis spectrophotometer coupled to a 574 

Peltier thermosystem (Biotek) and an automated cell changer for 10 cells and 2 references. 575 

The temperature controller was ramped at a rate of 0.5°C / min from 10°C to 90°C, and data 576 

points were collected every 0.4°C as determined by a temperature probe inserted into a 577 

cuvette containing the final buffer. Samples were measured in 10 mM sodium cacodylate 578 

buffer pH 7, 0.5 mM EDTA and 100 mM NaCl at an RNA concentration of 25 nM. For data 579 
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analysis, a script was written to convert concatenated Uvikon report text files into separate 580 

denaturation and annealing segments for each position. These were subsequently subjected 581 

to piece-wise linear interpolation and smoothed over a 5°C window. From this data, the first 582 

derivative of absorbance curves (dA260/dT versus T) were calculated and plotted as a 583 

function of temperature, using either Kaleidagraph 4.0 (Synergy Software), or Xmgrace. 584 

Xmgrace was also used to fit Gaussian normal distributions to derivative melting profiles. 585 

Initial constraints were the number of distributions and the starting Tm, which were iteratively 586 

adapted until convergence was obtained. 587 

 588 

Construction of plasmids encoding mutant P RNAs used as transcription templates 589 

Transcription templates for mutant P RNAs (pUC19 derivatives) were constructed using 590 

standard PCR techniques as described in Li et al. (2009) or using the Stratagene 591 

Quikchange site-directed mutagenesis protocol; DNA sequences were verified by dideoxy 592 

sequencing (e.g. custom service by Eurofins Genomics). 593 

 594 

In vitro transcription and labeling of RNA 5’ or 3’ ends 595 

RNAs were produced by run-off transcription with T7 RNA polymerase and subsequent gel 596 

purification as described in Busch et al. (2000). The substrate, Tth pre-tRNAGly, was 597 

transcribed from plasmid pSBpt3’HH linearized with BamHI (Busch et al. 2000), Eco P RNA 598 

from plasmid pJA2’ (Vioque et al., 1988) linearized with FokI; Tth, Dra and Ptr WT and 599 

mutant P RNAs were transcribed from the respective pUC19 derivative plasmids linearized 600 

with EheI, BbsI and FokI, respectively. 5’-endlabeling of pre-tRNAGly and 5’ as well as 3’-601 

endlabeling of P RNAs were performed as detailed in Heide et al. (1999). 602 

 603 

Probing experiments 604 

Partial hydrolysis of T. thermophilus P RNA by RNase T1 605 

Limited digestion by RNase T1 was performed by incubation of 3’- or 5’-endlabeled T. 606 

thermophilus P RNA (20,000 Cherenkov cpm, also containing 60 ng/µl A. aeolicus 6S RNA 607 
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as carrier) for 10 min at 37°C or 55°C in buffer A (20 mM sodium citrate/HCl, 0.2 mM EDTA, 608 

7 M urea, pH 5.0) for denaturing conditions or buffer B (50 mM Hepes pH 7.0, 4.5 mM 609 

Mg(OAc)2, 0.1 M NH4OAc, pH 7.5 at 37°C) for native conditions. Hydrolysis was started by 610 

addition of RNase T1 (Thermo Fisher Scientific) to a final concentration of 0.16 U/µl followed 611 

by 10 min incubation at 37°C and ethanol precipitation to stop the reaction. 612 

 613 

Iodine-induced hydrolysis of phosphorothioate analogue-modified P RNA 614 

For generation of U or A ladders, modified T. thermophilus P RNA was used. Incorporation of 615 

ATP-S or UTP-S nucleotides (to around 5% modification) was achieved by run-off 616 

transcription (Busch et al., 2000; Heide et al., 2001) using the T7 Y639F mutant RNA 617 

polymerase (Sousa et al. 1995). Iodine hydrolysis was performed in the presence of 10 mM 618 

Tris-HCl pH 7.5, 60 ng/µl of A. aeolicus 6S RNA as carrier RNA and 0.1 mg/ml I2 for 20 min 619 

at 37°C. 620 

 621 

Probing gels 622 

All probing samples were loaded onto 12% PAA/8 M urea gels (thickness: 0.4 mm; width: 16 623 

cm; length: 40 cm); gels were run at 6-10 mA until xylene cyanol had migrated ~ 36 cm from 624 

the slot. 625 

 626 

Complementation analyses in the E. coli rnpB complementation strain BW 627 

In vivo complementation assays were performed in the E. coli rnpB mutant strain BW with 628 

derivatives of plasmid pACYC177 as previously described (Wegscheid and Hartmann, 2006); 629 

plasmid-borne P RNA coding sequences to be tested were embedded between the native E. 630 

coli rnpB promoter and 3'-precursor/terminator region using standard PCR techniques.  631 

 632 

Preparation of recombinant RNase P proteins 633 

E. coli and B. subtilis RNase P proteins carrying an N-terminal His-tag (His-tagged peptide 634 

leader: MRGSHHHHHHGS, encoded in plasmid pQE-30 in E. coli JM109) were expressed 635 
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and purified essentially as described (Rivera-Leon et al., 1995). 636 

 637 

Enzyme kinetics 638 

For single-turnover RNA-alone reactions (Table 1), trace amounts (≤ 1 nM) of 5’-32P-639 

endlabeled T. thermophilus pre-tRNAGly substrate were preincubated in reaction buffer C 640 

(100 mM Mg[OAc]2, 100 mM NH4OAc, 0.1 mM EDTA, 50 mM MES, pH 6.0 at 37°C) for 5 641 

min at 55°C and 25 min at 37°C. P RNAs (varied in the range of 0.1 to 15 µM) were 642 

preincubated in the same buffer for 5 min at 55°C and 55 min at 37°C. Processing reactions 643 

were started by combining enzyme and substrate solutions and assayed at 37°C. 644 

 Multiple turnover reactions catalyzed by Tth P RNA were performed in buffer D (20 645 

mM Mg[OAc]2, 100 mM NH4OAc, 50 mM Hepes, pH 7.0), using 20 nM P RNA and 200 mM 646 

pre-tRNAGly, if not stated otherwise, with P RNA preincubation conditions specified in the 647 

figure legend. For reaction conditions in Supplemental Figs. S2 and S3, see the respective 648 

figure legends.  649 

 For cleavage assays with reconstituted RNase P holoenzymes, buffer KN (20 mM 650 

Hepes-NaOH, 2 mM or 4.5 mM Mg[OAc]2, 150 mM NH4OAc, 2 mM spermidine, 0.05 mM 651 

spermine, and 4 mM -mercaptoethanol, pH 7.4) (Dinos et al. 2004) was used to closely 652 

mimic physiological conditions. In vitro reconstitution of RNase P holoenzymes was 653 

performed as follows: P RNAs were incubated in buffer KN for 5 min at 55°C and 50 min at 654 

37°C, after which RNase P protein was added, followed by another 5 min at 37°C before 655 

addition of substrate. Cleavage assays were performed at 37°C. Aliquots of the cleavage 656 

reactions were withdrawn at various time points and analyzed by electrophoresis on 20% 657 

polyacrylamide/8 M urea gels. Data analysis and calculations were performed essentially as 658 

previously described (Busch et al. 2000). Briefly, gels were subjected to phosphorimaging 659 

and radioactive bands representing substrate and 5’-cleavage product were quantified with 660 

the AIDA (raytest) image analysis software. First-order rate constants of cleavage (kobs) were 661 

calculated by fitting the data to the equation for a single exponential: fcleaved = fendpoint × (1 − 662 
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e−(kobs) × t), where fcleaved = fraction of substrate cleaved, t = time, fendpoint = maximum 663 

cleavable substrate (Grafit version 5.0.13, Erithacus Software). For determination of single 664 

turnover Vmax (kreact) and KM (KM(sto)) values, kobs values measured at 5 different enzyme 665 

concentrations (based on at least 3 replicate experiments each) were plotted against the 666 

enzyme concentration; kreact and KM(sto) were obtained by fitting the data to a “Michaelis-667 

Menten-like” enzyme kinetics model: kobs = kreact × [P RNA]/(KM(sto) + [P RNA]). For 668 

experimental conditions in Supplemental Fig. S4, see figure legend. 669 
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TABLES 842 

 843 

Table 1: Summary of kinetic data of RNA-alone activity assays at 37°C. 844 

 Km(sto)  

[µM] 

kreact  

[min-1] 

kreact/Km(sto)  

[min-1 µM-1] 

kreact/Km (WT) / 

kreact/Km (mut) 

Eco WT 0.65 (±0.02)  14.2 (±0.1) ~22 - 

Eco mL9 0.33 (±0.08)  11.1 (±0.8) ~34 ~0.65 

Tth WT 0.5 (±0.1) 5.3 (±0.3) ~11 - 

Tth mL8  0.4 (±0.1) 3.1 (±0.1) ~8 ~1.4 

Tth mL18  1.8 (±0.4) 3.6 (±0.4) ~2 ~5.5 

Tth mL8/L18  1.9 (±0.1) 1.0 (±0.0) ~0.5 ~22 

Tth mL9  0.9 (±0.2) 6.2 (±0.5) ~7 ~1.6 

Ptr WT 0.4 (±0.1) 10.5 (±0.8) ~26 - 

Ptr mL8 34 (±4) x 10-2   23 (±1) x 10-2   ~0.7 ~37 

Ptr mL18 29 (±2) x 10-2 21 (±1) x 10-2 ~0.7 ~37 

Ptr mL8/L18 0.4 (±0.1)  2.2 (±0.2) x 10-2  ~0.06 ~430 

Ptr mL9 46 (±6) x 10-2 11.0 (±0.5) ~24 ~1.1 

Dra WT 0.8 (±0.1) 4.4 (±0.3) ~5.5 - 

Dra mP9c 0.9 (±0.2) 0.7 (±0.1) ~0.8 ~6.9 

Dra mL8  7.0 (±1.7) 0.4 (±0.1) ~0.06 ~92 

Dra mL9  

Dra mL18 

1.1 (±0.2) 

2.0 (±0.5) 

4.4 (±0.3) 

0.4 (±0.0) 

~4 

~0.2 

~1.4 

~28 

Dra mL8/L18  16.3 (±5.2) 2.8 (±0.5) x 10-2 ~2 x 10-3 ~3000 

WT: wild type; Km(sto): single turnover Km; kreact: single turnover Vmax. All quantifications are 845 

based on at least three independent experiments; errors are standard errors of the curve fit; 846 

assay conditions: 100 mM Mg(OAc)2, 100 mM NH4OAc, 0.1 mM EDTA, 50 mM MES, pH 847 

6.0, trace amounts (< 1 nM) of T. thermophilus ptRNAGly, excess amounts of P RNA (E>>S); 848 

preincubations: P RNA, 5 min at 55°C and 55 min at 37°C; substrate: 5 min at 55°C and 25 849 

min at 37°C. Data for Eco P RNA shown for comparison are taken from Marszalkowski et al. 850 

(2008). 851 

 852 

 853 

 854 

  855 
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Table 2: Holoenzyme kinetics for P. translucida, T. thermophilus and D. radiodurans P 856 

RNAs and mL9 variants there of reconstituted with the E. coli or B. subtilis P protein. 857 

P (RNA)  kobs(min–1) 

E. coli P protein 

kobs(min–1) 

B. subtilis P protein 

Eco WT 2 mM Mg2+ 3.8 (± 0.4) 3.0 (± 0.3) 

Eco WT 4.5 mM Mg2+ 3.8 (± 0.4) 4.0 (± 0.3) 

Ptr WT 2 mM Mg2+  3.2 (± 0.1) 4.2 (± 0.04) 

Ptr WT 4.5 mM Mg2+  3.1 (± 0.2) 3.0 (± 0.2) 

Ptr mL9 2 mM Mg2+  3.6 (± 0.5) 4.7 (± 0.1) 

Ptr mL9 4.5 mM Mg2+ 3.8 (± 0.5) 3.8 (± 0.1) 

kobs WT/ kobs mL9  ~0.9 (2 mM Mg2+) 

~0.8 (4.5 mM Mg2+) 

~0.9 (2 mM Mg2+) 

~0.8 (4.5 mM Mg2+) 

Tth WT 2 mM Mg2+  1.3 (± 0.2) 1.1 (± 0.1) 

Tth WT 4.5 mM Mg2+  4.0 (± 0. 4) 3.5 (± 0.4) 

Tth mL9 2 mM Mg2+  5.4 (± 0.8) x 10-2   0.28 (±  0.03) 

Tth mL9 4.5 mM Mg2+  0.2 (± 0.02) 0.55 (± 0.02) 

kobs WT/ kobs mL9  24.1 (2 mM Mg2+) 

20 (4.5 mM Mg2+) 

3.9 (2 mM Mg2+) 

6.4 (4.5 mM Mg2+) 

Dra WT 2 mM Mg2+  1.8 (± 0.6) 4.0 (± 1.2) 

Dra WT 4.5 mM Mg2+  8.7 (± 2.3) 6.7 (± 2.9) 

Dra mL9 2 mM Mg2+  1.2 (±0.1) 0.6 (± 0.2) 

Dra mL9 4.5 mM Mg2+  7.4 (± 3.1) 7.0 (± 1.9) 

Dra mP9c 2 mM Mg2+  ≤ 10-4 min-1  ≤ 5 x 10-4 min-1  

Dra mP9c 4.5 mM Mg2+  ( 1.7 ± 0.3 ) x 10-3 min-1  ≤ 4 x 10-3 min-1  

   

kobs WT / kobs mL9  1.5 ( for 2 mM Mg2+) 

1.2 (for 4.5 mM Mg2+) 

6.4 ( for 2 mM Mg2+) 

~1 (for 4.5 mM Mg2+) 

 

kobs WT / kobs mP9c  ≥ 17600 (for 2 mM Mg2+) 

5135 (for 4.5 mM Mg2+) 

≥7900 ( for 2 mM Mg2+) 

1680 (for 4.5 mM Mg2+) 

Reactions were performed as multiple turnover kinetics with recombinant P protein at 37°C in 858 

buffer KN containing 20 mM Hepes, 150 mM NH4OAc, 2 mM spermidine, 0.05 mM spermine, 859 

4 mM -mercaptoethanol, pH 7.4 at 37°C, and 2 or 4.5 mM Mg(OAc)2 as indicated, at 860 

concentrations of 10 nM P RNA, 100 nM substrate and 40 nM P protein; kobs is given as 861 
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nmoles substrate converted per nmole of RNase P RNA per min. The data for Eco and Tth P 862 

RNA shown for comparison are taken from Marszalkowski et al. (2008). 863 

 864 

 865 

 866 

 867 

 868 

Table 3: In vivo complementation screen in E. coli rnpB mutant strain BW 869 

rnpB 37°C 43°C 

Eco WT  ++ ++ 

Eco mL9 ++ ++ 

Ptr WT ++ ++ 

Ptr mL8 - - 

Ptr mL18 + + 

Ptr mL8/L18 - - 

Ptr mL9 ++ ++ 

Tth WT - - 

Dra WT - - 

Growth of cells was monitored in the presence of 0.5% (w/v) glucose (without arabinose), 870 

conditions under which the chromosomal rnpB gene of the E. coli mutant strain BW is not 871 

expressed (at 37° as well as 43°C); cells were transformed with derivatives of the low copy 872 

plasmid pACYC177 that contained rnpB genes coding for P RNAs and mutants thereof under 873 

control of the native rnpB promoter; - : no cell growth; ++ : growth with equal numbers of 874 

colonies on arabinose and glucose plates; + : somewhat decreased complementation 875 

efficiency according to number and size of colonies; WT, wild type.  876 
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FIGURE LEGENDS 877 

 878 

Fig. 1: Secondary structure presentation of (A) P. translucida (strain TAC125), (B) D. 879 

radiodurans (strain R1 dM1) and (C) T. thermophilus (strain HB8) P RNAs according to 880 

Massire et al. (1998), with the three interdomain tetraloop-helix contacts L18-P8, L8-P4 and 881 

L9-P1 indicated by dashed blue lines and the involved structural elements in color. 882 

Nucleotide exchanges in L8, L9 and L18 (mL8, mL9 and mL18) that disrupt these tertiary 883 

interactions are highlighted in red. In the Dra P RNA, the mP9c and 'P9c_restored' mutations 884 

are illustrated in the boxes. In the P. translucida P RNA (panel A), the second bp in P1 is 885 

shown in small letters to indicate that the bp was mutated from A:U to G:C (for details, see 886 

text). Numbering in panel C is according to Schlegl et al. (1994); numberings in panels A and 887 

B are based on the rnpB genes annotated in the P. translucida strain TAC125 chromosome I 888 

(GenBank CR954246.1) and the D. radiodurans strain R1 dM1 chromosome I (GenBank 889 

CP031500.1), respectively.  890 

 891 

Fig. 2: UV absorbance (left) and derivative (right) melting profiles for Ptr (A), Dra (B), Tth (C) 892 

P RNAs and mutants thereof, measured in 10 mM sodium cacodylate pH 7.0, 0.5 mM EDTA, 893 

and 100 mM NaCl (RNA concentration 25 nM, averages of 3 to 4 curves each). Changes in 894 

the melting transitions between wild type (WT) and corresponding mutant P RNAs are 895 

indicated by vertical arrows in the first derivative plots on the right. 896 

 897 

Fig. 3: UV absorbance (left) and derivative (right) melting profiles of the Ptr P RNA S-domain 898 

(brown) compared to the full-length WT (green) and mL8/L18 mutant Ptr P RNA (blue). 899 

Assay conditions were the same as in Fig. 2. 900 

 901 

Fig. 4: UV absorbance (left) and derivative (right) melting profiles of Dra WT P RNA, the 902 

mP9c and the 'P9c_restored' variant thereof (Fig. 1). For assay conditions, see legend to Fig. 903 

2. 904 

 905 

Fig. 5: Multiple turnover kinetics of ptRNAGly (200 nM) cleavage by T. thermophilus P RNA 906 

(20 nM) at 20 mM Mg(OAc)2, 100 mM NH4OAc, 50 mM Hepes, pH 7.0 were conducted at 907 

37°C, but using different preincubation procedures. Curve a: preincubation of P RNA for 15 908 

min at 37°C before substrate addition. Curve b: preincubation of P RNA for 15 min at 55°C 909 

before substrate addition. Curve c: preincubation of P RNA for 5 h at 37°C before substrate 910 

addition. Curve d: preincubation of P RNA for 15 min at 37°C; after addition of substrate, the 911 

reaction was further preincubated for 285 min (4.75 h; without withdrawal of aliquots), 912 
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whereupon fresh substrate (200 nM) was added (final pre-tRNA plus mature tRNA 913 

concentration: 400 nM) and the processing reaction monitored for another period of 285 min.  914 

 915 

Fig. 6: RNase T1 probing of 5’-endlabeled T. thermophilus wild-type (wt) (A) and mL9 916 

mutant P RNA (B), and 3’-endlabeled wt P RNA (C). Lanes A and U: AMPS- or UMPS-917 

substituted T. thermophilus wt P RNA used to generate A- and U-specific ladders by iodine 918 

hydrolysis; lanes “Native 37°C” and “Native 55°C”: P RNA preincubated for 10 min at 37°C or 919 

55°C in the non-denaturing buffer B before addition of RNase T1 and limited hydrolysis for 10 920 

min at 37°C; lanes “Denat. 37°C” and “Denat. 55°C”: P RNA preincubated for 10 min at 37°C 921 

or 55°C in the denaturing buffer A before addition of RNase T1 and limited hydrolysis for 10 922 

min at 37°C; lanes “Con. native” and “Con. denat.”: P RNA preincubated for 10 min at 55°C 923 

in buffer B  or buffer A, respectively, followed by incubation 10 min at 37°C without RNase 924 

T1. Cleavage fragments generated by iodine hydrolysis (lanes A and U) are assigned at the 925 

left (panel A) and right (panel C) margins according to the T. thermophilus P RNA numbering 926 

system shown in Fig. 1; note that shorter fragments of A and U ladders in panel C show 927 

double bands, which we attribute to end heterogeneity of the 3’-enlabeled P RNA. In panels 928 

A and C, regions of T. thermophilus P RNA that showed reduced or enhanced RNase T1 929 

accessibility after preincubation at 55°C versus 37°C are marked by gray lettering as well as 930 

open and filled circles, respectively, or gray vertical lines; in panel C, structural elements are 931 

given in parentheses on the left below the indicated G residues; J17/16: junction between 932 

P17 and P16. Differences in the RNase T1 protection pattern between T. thermophilus wt 933 

and mL9 P RNA are marked by vertical gray-dotted lines in panel B. The following regions 934 

became protected from RNase T1 cleavage upon preincubation of 5’-endlabeled Tth P RNA 935 

at 55°C versus 37°C (panel A): P11 (3'-strand, G226/227), L13 (G192), J11/12 936 

(G127/129//132/134), P10 (114/5, weakly), P9 (G101-104), P6-8 (G74-76; G79-81; 937 

G87/88/G93), P4 (G60), J3/4 (G55/56), and the 3’-side of P3 (G49/50/51/53). 3’-endlabeled 938 

Tth P RNA (panel C) provided partially overlapping information, such as protection at G226/7 939 

or signal enhancement (filled dots) at G252/3 upon preincubation at 55°C; signal intensities 940 

were also increased for cleavages in the 3'-part of  L15 (G291-3) and in J17/16 (G281/3). 941 

 942 

Fig. 7: Schematic model to explain the changes in the P RNA melting profiles (example Tth 943 

P RNA) upon elimination of the L18-P8 and L8-P4 tertiary contacts relative to the wild-type 944 

(WT) P RNA.  945 
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