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Abstract  22 

Endonucleolytic removal of 5’-leader sequences from tRNA precursor transcripts (pre-tRNAs) 23 

by RNase P is essential for protein synthesis. Beyond RNA-based RNase P enzymes, 24 

protein-only versions of the enzyme exert this function in various Eukarya (there termed 25 

PRORPs) and in some bacteria (Aquifex aeolicus and close relatives); both enzyme types 26 

belong to distinct subgroups of the PIN domain metallonuclease superfamily. Homologs of 27 

Aquifex RNase P (HARPs) are also expressed in some other bacteria and many archaea, 28 

where they coexist with RNA-based RNase P and do not represent the main RNase P 29 

activity. Here we solved the structure of the bacterial HARP from Halorhodospira halophila by 30 

cryo-EM revealing a novel screw-like dodecameric assembly. Biochemical experiments 31 

demonstrate that oligomerization is required for RNase P activity of HARPs. We propose that 32 

the tRNA substrate binds to an extended spike-helix (SH) domain that protrudes from the 33 

screw-like assembly to position the 5’-end in close proximity to the active site of the 34 

neighboring dimer. The structure suggests that eukaryotic PRORPs and prokaryotic HARPs 35 

recognize the same structural elements of pre-tRNAs (tRNA elbow region and cleavage site). 36 

Our analysis thus delivers the structural and mechanistic basis for pre-tRNA processing by 37 

the prokaryotic HARP system.   38 



 3 

Introduction 39 

Ribonuclease P (RNase P) is the essential endonuclease that catalyzes the 5’-end 40 

maturation of tRNAs (Klemm et al. 2016; Schencking, Rossmanith, and Hartmann 2020; 41 

Guerrier-Takada et al. 1983). The enzyme is present in all forms of life yet shows a 42 

remarkable variation in the molecular architecture. There are two basic types of RNase P, 43 

RNA-based and protein-only variants. The former consist of a structurally conserved, 44 

catalytic RNA molecule that associates with a varying number of protein cofactors (one in 45 

Bacteria, 5 in Archaea, 9-10 in Eukarya (Klemm et al. 2016; Jarrous and Gopalan 2010). 46 

Protein-only enzymes arose independently twice in evolution. In Eukarya, a protein-only 47 

RNase P (termed PRORP) apparently originated at the root of eukaryotic evolution and is 48 

present in four of the five eukaryotic supergroups (Lechner et al. 2015). There, this type of 49 

enzyme replaced the RNA-based enzyme in one compartment or even in all compartments 50 

with protein synthesis machineries, such as land plants harboring PRORP enzymes in the 51 

nucleus, mitochondria and chloroplasts (Gobert et al. 2010). In metazoan mitochondria, 52 

PRORP requires two additional protein cofactors for efficient function (Holzmann et al. 2008).  53 

More recently, a bacterial protein-only RNase P, associated with a single polypeptide 54 

as small as ~23 kDa, was discovered in the hyperthermophilic bacterium Aquifex aeolicus 55 

that lost the genes for the RNA and protein subunits (rnpB and rnpA) of the classical and 56 

ancient bacterial RNase P (Nickel et al. 2017). This prokaryotic type of minimal RNase P 57 

system was named HARP (for: Homolog of Aquifex RNase P) and identified in 5 other of the 58 

36 bacterial phyla beyond Aquificae (Nickel et al. 2017). Among HARP-encoding bacteria, 59 

only some lack the genes for RNA-based RNase P (i.e., Aquificae, Nitrospirae), while others 60 

harbor rnpA and rnpB genes as well (Daniels et al. 2019; Nickel et al. 2017). Overall, HARP 61 

genes are more abundant in archaea than bacteria. However, all of these HARP-positive 62 

archaea also encode the RNA and protein subunits of the RNA-based RNase P (Nickel et al. 63 

2017; Daniels et al. 2019). Remarkably, HARP gene knockouts in two Euryarchaeota, 64 

Haloferax volcanii and Methanosarcina mazei, showed no growth phenotypes under 65 

standard conditions, temperature and salt stress (H. volcanii) or nitrogen deficiency (M. 66 

mazei) (Schwarz et al. 2019). In contrast, it was impossible to entirely erase the RNase P 67 

RNA gene from the polyploid genome of H. volcanii (~18 genome copies per cell in 68 

exponential growth phase; (Breuert et al. 2006)). Even a knockdown to ~20% of the wild-type 69 

RNase P RNA level in H. volcanii was detrimental to tRNA processing and resulted in 70 

retarded cell growth (Stachler and Marchfelder 2016). The findings suggest that HARP is 71 

neither essential nor represents the housekeeping RNase P function in Archaea, explaining 72 

its sporadic loss in archaea. HARPs are evolutionarily linked to toxin-antitoxin systems 73 

(Daniels et al. 2019; Schwarz et al. 2019; Gobert, Bruggeman, and Giegé 2019). Frequently, 74 

the toxin proteins are endoribonucleases that cleave mRNA, rRNA, tmRNA or tRNA to inhibit 75 
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protein biosynthesis in response to certain stresses (Masuda and Inouye 2017). Conceivably, 76 

the progenitor of A. aeolicus and related Aquificaceae might have acquired such a toxin-like 77 

tRNA endonuclease via horizontal gene transfer and established it as the main RNase P 78 

activity with relatively little reprogramming.  79 

 HARPs belong to the PIN domain-like superfamily of metallonucleases. They were 80 

assigned to the PIN_5 cluster, VapC structural group, whereas eukaryal PRORPs belong to 81 

a different subgroup of this superfamily (Matelska, Steczkiewicz, and Ginalski 2017; Gobert, 82 

Bruggeman, and Giegé 2019). HARPs oligomerize and Aq880 was originally observed to 83 

elute as a large homo-oligomeric complex of ~420-kDa in gel filtration experiments (Nickel et 84 

al. 2017). However, its specific mode of substrate recognition and the underlying structural 85 

basis is lacking to date. Here, we present the homo-dodecameric structure of the HARP from 86 

the -bacterium Halorhodospira halophila SL1 (Hhal2243) solved by cryo-EM at 3.37 Å 87 

resolution. Furthermore, we employed mass photometry to investigate the oligomerization 88 

behavior of HARP and correlated the oligomeric state with enzyme activity. Our structure 89 

reveals that HARPs form stable dimers via a two-helix domain inserted into the 90 

metallonuclease domain. These dimers further assemble into a screw-like assembly resulting 91 

in an asymmetric and thus imperfect novel type of homo-dodecamer. Our biochemical 92 

analysis suggests that pre-tRNA processing involves the neighboring dimers and thus 93 

requires formation of a higher-order HARP oligomer. In conclusion, we here present the 94 

structural basis for the RNase P-like pre-tRNA processing activity of prokaryotic HARPs.   95 

  96 
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Results 97 

 98 

Dodecameric structure of the HARP from Halorhodospira halophila  99 

Structural information on A. aeolicus RNase P (Aq880) and HARPs is lacking and a 100 

mechanistic understanding of pre-tRNA processing by HARPs has remained unknown so far. 101 

As previously observed by size exclusion chromatography (SEC), Aq880 forms large 102 

oligomers of ~420 kDa (Nickel et al. 2017). Our attempts to resolve its structure by X-ray 103 

crystallography or NMR were unsuccessful. We also purified other HARPs to increase the 104 

chances of successful structure determination. Among those was the HARP of 105 

Halorhodospira halophila (Hhal2243) that was purified to homogeneity using a two-step 106 

protocol consisting of Ni2+-affinity chromatography and anion-exchange chromatography 107 

(Figure 1-figure supplement 1; see Materials and Methods). Hhal2243 formed an assembly 108 

of similar size as Aq880 (Figure 1-figure supplement 2A) but adopted a more uniform 109 

oligomeric state than Aq880 (see below). Like Aq880 (Marszalkowski, Willkomm, and 110 

Hartmann 2008), Hhal2243 showed pre-tRNA processing activity in the presence of Mg2+ and 111 

Mn2+ (Figure 1-figure supplement 2B, C).  112 

We succeeded in solving the structure of Hhal2243 by cryo-electron microscopy 113 

(cryo-EM) to 3.37 Å resolution (Figs. 1, Figure 1-figure supplement 3, supplementary file 114 

1a). Hhal2243 assembles into a dodecamer in a left-handed screw-like manner, with each 115 

molecule being rotated by approximately 58°, except for the interface between dimers 1/1* 116 

and 6/6*. Upon completion of the single screw turn, the first and last dimers (1/1* and 6/6*) 117 

encounter each other at a slightly larger angle of 70° (Fig. 1A, top view, left) and laterally 118 

displaced (Fig. 1A, side view, right); they cannot form the same inter-dimer contacts as 119 

dimers can form within the screw turn; the steric clash between dimers 1/1* and 6/6* 120 

terminates oligomerization. Hypothetic geometric scenarios that would allow a continuation of 121 

oligomerization beyond a dodecamer are illustrated in Figure 1-figure supplement 4. 122 

Hhal2243 consists of a PIN-like metallonuclease domain into which two helices are inserted 123 

that we termed the “spike helix” (SH) domain (Fig. 1B). The PIN-like domain is formed by six 124 

-helices (1-4, 7, 8) and four -strands (1-4) that fold into a // domain with a 125 

central, four-stranded parallel -sheet (Fig. 1C). Two Hhal2243 monomers align head-to-126 

head with their SH domains consisting of helices 5 and 6 to form a dimer, while two SH 127 

domains form a four-helix bundle resulting in six spikes that protrude from the dodecameric 128 

assembly (Fig. 1C). The dimer interface covers a buried surface area of 1300 Å2 and is 129 

mainly of hydrophobic nature with two clamping salt bridges formed by R141 and E91 from 130 

either monomer, respectively (Fig. 1D, E).  131 

 132 
Oligomerization and its influence on pre-tRNA processing activity 133 
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Our findings and the conservation of HARPs suggested that the dodecameric superstructure 134 

represents a conserved feature of HARPs and might therefore be required for their RNase P-135 

like activity. To scrutinize this idea, we took a closer look at the interactions between two 136 

dimers. The covered interface between neighboring dimers extends over 900 Å2 and involves 137 

the long 4-5 loop of one monomer and the 7-8 loop as well as helix 8 of the respective 138 

other monomer (Fig. 2A). The interactions between interdimer residues are mainly of polar 139 

nature.  140 

To investigate the oligomerization behavior we employed mass photometry, a method 141 

allowing for the rapid and reliable determination of the dynamic oligomeric distribution of 142 

macromolecules in solution (Sonn-Segev et al. 2020; Soltermann et al. 2020). Application of 143 

this method to Hhal2243 revealed a stable dodecameric assembly of 295 kDa that included 144 

98 % of all molecules in the sample (Fig. 2B, top left panel). To compare this oligomerization 145 

behavior with that of Aq880, we purified Aq880 by Ni-ion affinity chromatography and size 146 

exclusion chromatography (Figure 2-figure supplement 1, 2). Interestingly, despite their 147 

similar behavior on SEC, mass photometry of Aq880 unveiled a major species at 277 kDa 148 

that, however, included only 47 % of all molecules, while several subspecies with lower 149 

molecular weights became visible (Fig. 2B, top right panel; supplementary file 1b). This 150 

polydispersity of Aq880, not detectable in SEC profiles, is probably the reason why all 151 

structural approaches failed so far in the case of Aq880.  152 

To investigate whether oligomerization of Aq880 might impact its pre-tRNA 153 

processing activity, we analyzed the oligomer interface of the Hhal2243 structure in more 154 

detail. As outlined above, the interdimer interaction involves 4-5 loop of one monomer 155 

(e.g. monomer 1) and the 7-8 loop as well as the C-terminal helix 8 of the other 156 

monomer (e.g. monomer 2) provided by the neighboring dimer (Fig. 2A). This implied that 157 

that C-terminal protein truncations affecting the integrity of helix 8 will impede oligomer 158 

formation. We thus evaluated the ability of C-terminally truncated Aq880 variants to 159 

oligomerize by mass photometry and their activity in pre-tRNA processing experiments. Five 160 

truncated variants of Aq880 were purified to homogeneity and analyzed by SEC (Figure 2-161 

figure supplement 2). Notably, SEC calibration suggested molecular masses of 55 to 68 162 

kDa for all truncated Aq880 variants (Figure 2-figure supplement 2). Mass photometry of 163 

protein variant Aq880184-191 still showed a considerable subfraction (~18 %; see 164 

supplementary file 1b) of higher-order oligomers (≥ 133 kDa), whereas Aq880181-191 formed 165 

only 4% hexamer (peak at 134 kDa), 41% tetramer (peak at 81 kDa) beyond the dimer 166 

subfraction at 42 kDa (Fig. 2B, middle panels; supplementary file 1b). Further truncation of 167 

Aq880 had an impact on protein stability, as judged by lower purification yields, and mass 168 

photometry revealed that variants Aq880179-191 and Aq880177-191 form only dimeric species 169 

(Fig. 2B, lower panels). Processing assays revealed that deletion of residues 184-191 170 
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resulted in a protein that still had substantial activity, while all the other truncations showed 171 

almost no activity or were entirely inactive (Tab. 1, Fig. 2C). Thus, our experiments show 172 

that the activity of the enzyme in pre-tRNA processing assays depends on its ability to form 173 

higher-order oligomers. 174 

 175 
The active site is conserved among HARPs and PRORPs  176 

Phylogenetic analyses indicate that the two protein-only RNase P systems found in bacteria 177 

and eukarya evolved independently (Lechner et al. 2015; Nickel et al. 2017). This is 178 

consistent with the different structural basis of the two types of enzymes acting on tRNAs. 179 

PRORPs are composed of a PPR domain important for substrate recognition, a central zinc 180 

finger domain and a flexible hinge connecting it to the metallonuclease domain (Howard et al. 181 

2012; Teramoto et al. 2020). In contrast, HARPs solely consist of a metallonuclease domain 182 

(Fig. 3A). The active sites of both molecules superpose well with a root mean square 183 

deviation (r.m.s.d) of 0.445 over 30 Catoms. More precisely, the -strands 5, 6 and 8 and 184 

the -helices 16 and 20 within the metallonuclease domain of Arabidopsis thaliana PRORP1 185 

(AtPRORP1) were used for the structural superposition with 1, 4, 1 and 6 of Hhal2243, 186 

as the overall scaffold of the two metallonuclease domains is related but shows large 187 

structural deviations. In earlier studies we could already show that the catalytic aspartates 188 

D7, D138, D142 and D161 are indispensable for Aq880 activity (Nickel et al. 2017; Schwarz 189 

et al., 2019). Our Hhal2243 structure supports the prediction that these residues constitute 190 

the active site of the protein (Fig. 3B), including an almost perfect superposition with three of 191 

the four active site aspartates of AtPRORP1 (D399, D475 and D493; Howard et al. 2012) 192 

(Fig. 3B). We conclude that the mechanism of catalysis is conserved among the two distinct 193 

protein families with RNase P activity.  194 

 195 
The SH domain is critical for RNase P activity  196 

In a next step, we sought to identify those amino acid residues that are required for the 197 

interaction of the enzyme with its pre-tRNA substrate. Helices 5 and 6 of the SH domain 198 

expose several conserved arginines and lysines that might be critical for pre-tRNA binding. 199 

Notably, several of the residues lie within the distal part of the SH domain that was not 200 

resolved in our cryo-EM structure, likely due to a high degree of conformational flexibility. As 201 

secondary structure predictions indicated a continuation of the helical arrangement in this 202 

region, we generated a homology model of Aq880 based on the Hhal2243 structure and the 203 

secondary structure prediction (Figure 4-figure supplement 1A). The resulting Aq880 204 

model was further verified by rigid body docking into the electron density map of our 205 

Hhal2243 structure (Figure 4-figure supplement 1B).  206 

 All residues that were varied to alanines are within the distal part of helix 6 of the SH 207 

domain (Fig. 4A). Variation of the entire positive arginine/lysine stretch resulted in the 208 
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inability of the mutant protein to cleave off the 5’-leader sequence (Fig. 4B). To narrow down 209 

the critical residues, we generated the R125A/R129A double mutant and protein variants 210 

with single mutations of R125 or R129. While both R129A and the double mutant 211 

R125A/R129A were inactive, R125A retained residual activity (Fig. 4C, Tab. 1). Notably, 212 

variation of positively charged residues to alanines in the SH-domain did not significantly 213 

change the oligomerization behavior of Aq880 as judged by mass photometry (Fig. 4D). Our 214 

data suggest that the cluster of positively charged side chains in the SH domain is required 215 

for pre-tRNA binding. Although this part is less ordered in our cryo-EM structure it might 216 

become more rigid upon tRNA substrate binding.  217 

 218 

Discussion 219 

Here, we present the cryo-EM structure of Hhal2243, a member of the recently described 220 

HARP family of bacterial and archaeal proteins with RNase P activity (Nickel et al. 2017). 221 

Our combined structural and biochemical analysis sheds light on this prokaryotic minimal 222 

protein-only RNase P system. 223 

The Hhal2243 HARP structure assembles into a homo-dodecameric ultrastructure. 224 

The dodecamer consists of six dimers that oligomerize in a screw-like fashion (Fig. 1). The 225 

monomeric subunits of the dimers interact via their SH domains. There are many examples 226 

of proteins forming symmetric homo-dodecameric assemblies (e.g. glutamine synthase (Van 227 

Rooyen et al. 2011); helicases (Bazin et al. 2015) or bacterial DNA-binding proteins 228 

expressed in the stationary phase (DPS) (Roy et al. 2008)) and recent studies have 229 

discussed the theoretical types of possible quaternary structures (Laniado and Yeates 2020; 230 

Ahnert et al. 2015). However, the screw-like assembly of HARPs leads to an asymmetric and 231 

thus imperfect novel type of oligomer. This way, HARPs form a defined quaternary structure 232 

that is not entirely symmetric, while the screw-like assembly terminates incorporation of new 233 

subunits at the stage of a dodecamer. By stepwise truncation of the C-terminus of Aq880, 234 

oligomerization could be reduced or abolished, which correlated with functional losses (Fig. 235 

2C). Our results thus clearly show that only oligomeric species of HARP are able to cleave 236 

the 5’-leader sequence of pre-tRNAs. 237 

HARPs belong to the PIN domain-like superfamily of metallonucleases and share this 238 

classification with the eukaryotic PRORPs although the two systems belong to distinct 239 

subgroups (Matelska, Steczkiewicz, and Ginalski 2017). We compared our structure to the 240 

PIN domain of PRORPs and could demonstrate that the active site residues superpose well 241 

(Fig. 3B), suggesting that the catalytic mechanism is basically conserved. Notably, the two 242 

proteins had to be superposed over a small range of Catoms to obtain a good r.m.s.d. 243 

(Fig. 3A) owing to the large overall differences of the two PIN domains.  244 
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With the knowledge of the structural conservation of the active site, we examined the 245 

pre-tRNA substrate recognition and binding by the two protein-only RNase P systems: The 246 

crystal structure of the PPR domain of AtPRORP1 in complex with a tRNA unveiled how 247 

PRORPs recognize the pre-tRNA via its PPR RNA-binding domain (Teramoto et al. 2020). 248 

The characteristic feature of classical pentatricopeptide repeats (PPR) is that each PPR 249 

repeat recognizes a specific nucleotide, allowing high RNA target specificity (Yan et al. 250 

2019). Interestingly, the PPR domain of PRORP recognizes conserved structural elements of 251 

tRNAs rather than single nucleotides in a binding mode reminiscent to that of the RNA-based 252 

RNase P holoenzyme (Teramoto et al. 2020). More precisely, the elbow region, where D- 253 

and T-loop interact, is the main tRNA-protein interaction interface (Teramoto et al. 2020), a 254 

feature that became already evident in previous biochemical and biophysical investigations 255 

(Pinker et al. 2013; Gobert et al. 2013; Brillante et al. 2016; Pinker et al. 2017). The same 256 

region, representing the most conserved structural element of tRNAs, is also recognized by 257 

RNA-based RNase P enzymes (reviewed in: (Schencking, Rossmanith, and Hartmann 258 

2020)). We thus considered it likely that pre-tRNA recognition by HARPs involves the tRNA 259 

elbow region in a similar manner as for all other RNase P types, although we were puzzled 260 

by the absence of any evident RNA binding motifs in HARPs. We then focused on exposed 261 

positively charged residues and were indeed able to identify a stretch of conserved arginine 262 

and lysine residues within the SH domain of the protein. Variation of this positive stretch to 263 

alanines rendered the protein inactive (Fig. 4). 264 

 Combining our knowledge on the active site, on the residues critical for pre-tRNA 265 

binding and the correlation of an oligomeric assembly with enzymatic activity, we set out to 266 

propose a model for pre-tRNA binding by HARP proteins. Assuming that the outer SH 267 

domain, harboring the stretch of positively charged amino acid side chains, interacts with the 268 

tRNA elbow, then the distance of approximately 45 Å between the outer SH domain of one 269 

dimer and the active site of the neighboring dimer perfectly positions one pre-tRNA molecule 270 

for cleavage (Fig. 5A). To test this, we used the yeast tRNA from the PRORP structure as 271 

model (Teramoto et al. 2020) and could perfectly dock it onto our HARP structure (Fig. 5B). 272 

Notably, in this scenario the D-loop is near helix 3 (Fig. 5B). We thus also consider it likely 273 

that residues within 3 are involved in coordination of the D-loop. Our proposed tRNA 274 

binding mode considers that oligomerization is strictly required for HARP activity. This 275 

framework enables the cooperation of two adjacent dimers, where one monomer of each 276 

dimer binds the tRNA elbow in such a manner that the pre-tRNA cleavage site, at a distance 277 

of ~45 Å, directly reaches into the active site of the monomer from the neighboring dimer 278 

(Fig. 5B).  279 

According to this scenario and as exemplarily illustrated in Fig. 5B, the SH domain of 280 

monomer 6* would bind the tRNA elbow region, while the tRNA 5’-end is docked into the 281 
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active site of monomer 5*. This way, five pre-tRNAs can potentially be docked onto the upper 282 

or lower layer of the dodecameric, distorted double donut structure (Fig. 5C). This raises the 283 

question how likely the simultaneous occupancy of all ten potential tRNA binding sites is. So 284 

far, we have been unable to obtain stable HARP:tRNA complexes at submicromolar 285 

concentrations, e.g. on size exclusion columns. However, considering that tRNA 286 

concentration within an Escherichia coli cell was estimated to be 0.5 mM (Goodsell 1991), 287 

conditions might be conceivable (e.g. after shutdown of protein synthesis) at which all ten 288 

tRNA binding sites could be saturated. Another possibility is cooperative tRNA binding, such 289 

that binding of one tRNA allosterically facilitates binding of the next one. Such a model could 290 

also explain the observed requirement of a higher order oligomer structure for RNase P 291 

activity. However, we found no evidence for cooperativity in in pre-tRNA cleavage kinetics 292 

catalyzed by Aq880 under multiple turnover conditions (Nickel et al. 2017).  293 

Although the model is hypothetical at present, other pre-tRNA binding modes seem 294 

unlikely based on the spatial constraints imposed by the dodecameric HARP structure and 295 

the uniformity and rigidity of prokaryotic tRNAs. Our data furthermore suggest that in the 296 

higher oligomeric assemblies the dimers mutually stabilize by each other for productive pre-297 

tRNA processing. Variant Aq880181-191 still forms tetramers and a low number of hexamers 298 

but is only 10 % active (Fig. 2B, C). In contrast, Aq880184-191 also assembles into octamers, 299 

decamers and a small subset of even dodecamers but retains over 90 % activity (Fig. 2B, C, 300 

Tab. 1). We thus consider it likely that higher oligomers form a more rigid scaffold, while a 301 

tetramer alone is too flexible for efficient binding and cleavage of precursor tRNAs. HARPs 302 

thus represent an impressive example of how a more complex biological task can be 303 

accomplished by a small protein that assembles into a large homo-oligomeric ultrastructure, 304 

and where different monomers contribute distinct partial functions.   305 

Taken together, we here present the molecular framework for pre-tRNA processing 306 

by HARPs and show that this enzyme system, although it evolved independently of 307 

PRORPs, shares conserved features with eukaryotic PRORPs concerning pre-tRNA 308 

recognition and nuclease activity.  309 

 310 



 11 

Material & Methods 311 

Key Resources Table 

Reagent 
type 
(species) 
or resource 

Designation Source or reference Identifiers 
Additional 
information 

Gene 
(Aquifex 
aeolicus) 

Aq_880 GenBank AAC07003.1 
  

Gene 
(Halorhodos
pira 
halophila) 

Hhal_2243 GenBank ABM63007.
1 

 

strain, strain 
background 
(Escherichia 
coli) 

Rosetta 
(DE3) 

Merck Novagen 70954-3 

  

strain, strain 
background 
(Escherichia 
coli) 

Lemo21 
(DE3) 

NEB Biolabs HC2528J 

  

antibody 
6×His Tag 
HRP (mouse 
monoclonal)  

Thermo Fisher 
Scientific Invitrogen 

Catalog 
#MA1-
21315-HRP 

Dilution 
1:5000 

commercial 
assay or kit 

Gel Filtration 
Markers Kit 
for Protein 
Molecular 
Weights 12-
200 kDa 

Merck Sigma-
Aldrich 

MWGF200   

commercial 
compound, 
drug 

Apoferritin  
Merck Sigma-
Aldrich 

A3660  

Software 
algorithm 

Adobe 
Illustrator 
CC 

Adobe  
 

Version 25.0 

Software 
algorithm 

Adobe 
Photoshop 
CC 

Adobe   
Version 
22.0.0 

Software 
algorithm 

CryoSparc 
doi: 
10.1038/nmeth.416
9 

 v3.1 
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Software 
algorithm 

CTFfind4 
doi: 10.1016/j.jsb.2
015.08.008 

 
Version 
4.1.14 

Software 
algorithm 

Topaz 
doi: 10.1038/s4159
2-019-0575-8 

  

Software 
algorithm 

COOT 
https://www2.mrc-
lmb.cam.ac.uk/pers
onal/pemsley/coot/ 

 
Version 
0.9.3 

Software 
algorithm 

Phenix 
http://www.phenix-
online.org 

 Version 1.18 

Software 
algorithm 

UCSF 
ChimeraX 

https://www.cgl.ucsf
.edu/chimerax/ 

 
Version 
1.2.5 

Software 
algorithm 

Molprobity  
Duke Biochemistry,  
http://molprobity.bio
chem.duke.edu/ 

  

Software 
algorithm 

PyMol 2 https://pymol.org/2/  
Version 
2.0.6 

Software 
algorithm 

AcquireMP 
Refeyn 
(https://www.refeyn.
com) 

 v.2.3 

 312 

Molecular Cloning and plasmid generation. In order to overexpress the Aq880cHis protein a 313 
pET-28a(+)_Aq880cHis plasmid was constructed. For this purpose, the genomic DNA of 314 
A.  aeolicus strain was isolated and used as template for amplification of the aq_880 gene 315 
with the primer pair listed in supplementary file 1c as described by (1). The PCR product was 316 
inserted into the pET-28a(+) vector via XhoI and NcoI restriction sites. For all the Aq880cHis 317 
variants site-directed mutagenesis was done to gain either the C-terminal truncated proteins 318 
or the arginine and lysine-to-alanine mutants. The PCR was performed using the Platinum 319 
SuperFi PCR Master Mix (Invitrogen) and the primers listed in supplementary File 1c. For the 320 
pET-28a(+)_Hhal2243nHis construct isolated chromosomal DNA of H. halophila was used as 321 
template and the PCR amplified product (primers listed below) was inserted via the 322 
restriction sites NheI and Bpu1102I into the pET-28a(+) vector (2). For Primer and plasmid 323 
constructions, see the Supplementary File 1c. 324 
 325 

Expression and purification of recombinant proteins 326 

 327 

Preparation of Hhal2243. For recombinant overexpression of the HARP from Halorhodospira 328 

halophila SL1 (Hhal2243) with N-terminal His tag, a pET28(+) Hhal2243nHis plasmid was 329 

introduced into Lemo21 (DE3) competent E. coli cells as well as into the Rosetta (DE3) 330 

strain. For protein expression in the Lemo21 strain, an LB broth culture supplemented with 331 
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50 µg/mL kanamycin and 34 µg/mL chloramphenicol was incubated for 6 h at 37°C. A main 332 

culture was inoculated 1:50 with this pre-culture supplemented with 500 µM rhamnose. After 333 

2 h at 37°C, overexpression of the Hhal2243nHis protein was induced upon addition of IPTG 334 

(0.4 mM) and cells were incubated for another 16 h. Protein expression in the Rosetta strain 335 

was done as described below for Aq880 and mutants thereof. Cells obtained in both 336 

expression systems were harvested by centrifugation at 2,000 x g for 30 min at 4°C and 337 

combined. The combined cell pellets were resuspended in NPI-20 buffer (50 mM 338 

NaH2PO4/NaOH, pH 8.0, 300 mM NaCl, 20 mM imidazole) and disrupted by sonification 339 

(output control: 50%, duty cycle: 50%, output: 20%) in 3 cycles for 2 min on ice. After 340 

centrifugation (4°C, 1 h, 10,500 g) the lysate was filtered and loaded onto a 1 mL HisTrap 341 

column. Elution was performed with NPI-500 buffer (as NPI-20, but containing 500 mM 342 

imidazole) applying a linear gradient over 30 column volumes (Figure 1-figure supplement 343 

1A), and HARP-containing fractions were dialyzed against thrombin cleavage buffer (10 mM 344 

Tris-HCl, pH 8.0, 100 mM KCl, 0.1 mM EDTA, 2 mM CaCl2, 10% (v/v) glycerol). The N-345 

terminal His6-tag was then removed by digestion with thrombin (≈ 1 U/mg; GE Healthcare) at 346 

4°C overnight. For removal of thrombin and further purification, the protein fractions were 347 

subjected to MonoQ anion exchange chromatography (Figure 1-figure supplement 1A). 348 

The tag-free HARP was eluted with thrombin cleavage buffer containing 1 M KCl and 349 

dialyzed against “crystallization buffer” (10 mM Tris-HCl pH 8.0, 100 mM KCl, 0.1 mM 350 

EDTA). Protein purity was analyzed by 15% SDS-PAGE (Figure 1-figure supplement 1B), 351 

and successful removal of the His6-tag by thrombin digestion was verified using an α-6His-352 

HRP antibody (Figure 1-figure supplement 1C). The protein was frozen in liquid nitrogen 353 

and stored at -80°C. All protein concentrations were determined via Bradford assay. All 354 

protein preparations were nucleic acid-free based on absorption ratios > 1 for 280/260 nm. 355 

 356 

Preparation of Aq880 and mutants. Aq880 with C-terminal His6 tag (Aq880cHis) and mutants 357 

thereof were overexpressed in Rosetta (DE3) cells in LB autoinduction medium (0.2% (w/v) 358 

lactose, 0.05 % (w/v) glucose) supplemented with 50 µg/mL kanamycin and 34 µg/mL 359 

chloramphenicol. Cells grown at 37 °C for 18 to 22 h were harvested by centrifugation at 360 

2,000 x g for 30 min at 4 °C. After resuspension in NPI-20 buffer (see above), cells were 361 

lysed via sonification (output control: 50%, duty cycle: 50%, output: 20%) in 5 cycles (each 2 362 

min) and with cooling on ice between the cycles. After centrifugation (10,500 x g for 4 °C, 363 

1 h), the lysate was filtered and loaded onto a 1 mL HisTrap column. Elution was performed 364 

with NPI-500 buffer applying a step gradient in 20% steps over 20 column volumes. Protein 365 

purity was analyzed using 12% stain-free TGX gels detected via the ChemiDoc MP Imaging 366 

System (BioRad). The protein was dialyzed against “storage buffer” (10 mM Tris-HCl pH 8.0, 367 

100 mM KCl, 10 mM MgCl2, 0.1 mM EDTA, 3 mM DTT immediately added before use, 50% 368 
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(v/v) glycerol) and stored at -20 °C. For analyzing the protein's oligomerization state, 369 

analytical size exclusion chromatography was performed. Beforehand, Aq880cHis was 370 

purified over a MonoQ column and eluting protein fractions were dialyzed against 371 

“crystallization buffer” (10 mM Tris-HCl pH 8.0, 100 mM KCl, 0.1 mM EDTA). Then 250 µL 372 

protein (0.2 - 2.3 mg) were loaded onto the Superose 6 10/300 GL column. To obtain a 373 

calibration curve for molecular mass estimation, protein standards (Merck Sigma-Aldrich) 374 

specified in Figure 2-figure supplement 2 were separated on the same column.  375 

 376 

Cryo-EM grid preparation and data collection. To prepare cryo-EM grids, 3 µL of Hhal2243 at 377 

100 µM concentration were applied to CF 1.2/1.3 grids (Protochips) that were glow-378 

discharged 20 s immediately before use. The sample was incubated 30 s at 100% humidity 379 

and 10°C before blotting for 11 s with blotforce -2 and then plunge-frozen into a liquid ethane 380 

cooled by liquid nitrogen using a Vitrobot Mark IV (FEI). Data were acquired on a Titan Krios 381 

electron microscope (Thermo Fisher Scientific, FEI) operated at 300 kV, equipped with a K3 382 

direct electron detector (Gatan). Movies were recorded in counting mode at a pixel size of 383 

0.833 Å per pixel using a cumulative dose of 40 e−/Å2 and 40 frames. Data acquisition was 384 

performed using EPU 2 with two exposures per hole with a target defocus range of 1.5 to 385 

2.4 μm. 386 

 387 

Cryo-EM data processing. The Hhal2243 dataset was processed in CryoSparc v3.1 (Punjani 388 

et al. 2017). Dose-fractionated movies were gain-normalized, aligned, and dose-weighted 389 

using Patch Motion correction. The contrast transfer function (CTF) was determined using 390 

CTFfind4 (Rohou and Grigorieff 2015). A total of 52,710 particles was picked using the blob 391 

picking algorithm and used to train a model that was subsequently used to pick the entire 392 

dataset using TOPAZ (Bepler et al. 2019). A total of 2,749,587 candidate particles were 393 

extracted and cleaned using iterative-rounds of reference-free 2D classification. The 394 

2,665,011 particles after 2D classification were used for ab initio model reconstruction. The 395 

particles were further iteratively classified in 3D using heterogenous refinement. The 396 

1,736,597 particles belonging to the best-aligning particles were subsequently subjected to 397 

homogenous 3D refinement, yielding 3.37 Å global resolution and a B-factor of −181.8 Å2.  398 

 399 

Model building. The reconstructed density was interpreted using COOT (Emsley and Cowtan 400 

2004); a model was built manually into the electron density of the best resolved molecule and 401 

superposed to reconstruct the symmetry mates. Model building was iteratively interrupted by 402 

real-space refinements using Phenix (Liebschner et al. 2019). Statistics assessing the quality 403 

of the final model were generated using Molprobity (Chen et al. 2010). Images of the 404 
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calculated density and the built model were prepared using UCSF Chimera (Pettersen et al. 405 

2004), UCSF ChimeraX (Goddard et al. 2018), and PyMOL.  406 

 407 

Mass photometry (MP). Mass photometry experiments were performed using a OneMP mass 408 

photometer (Refeyn Ltd, Oxford, UK). Data acquisition was performed using AcquireMP 409 

(Refeyn Ltd. v2.3). Mass photometry movies were recorded at 1 kHz, with exposure times 410 

varying between 0.6 and 0.9 ms, adjusted to maximize camera counts while avoiding 411 

saturation. Microscope slides (70 x 26 mm) were cleaned for 5 min in 50% (v/v) isopropanol 412 

(HPLC grade in Milli-Q H2O) and pure Milli-Q H2O, followed by drying with a pressurized air 413 

stream. Silicon gaskets to hold the sample drops were cleaned in the same manner and fixed 414 

to clean glass slides immediately prior to measurement. The instrument was calibrated using 415 

the NativeMark Protein Standard (Thermo Fisher Scientific) immediately prior to 416 

measurements. The concentration during measurement of Aq880, Aq880 mutants or 417 

Hhal2243 during measurements was typically 100 nM. Each protein was measured in a new 418 

gasket well (i.e., each well was used once). To find focus, 18 µL of fresh buffer (10 mM Tris 419 

pH 8.0, 100 mM KCl, 0.1 mM EDTA) adjusted to room temperature was pipetted into a well, 420 

the focal position was identified and locked using the autofocus function of the instrument. 421 

For each acquisition, 2 µL of diluted protein was added to the well and thoroughly mixed. For 422 

each sample, three individual measurements were performed. The data were analyzed using 423 

the DiscoverMP software. 424 

 425 

Pre-tRNA processing assays. Activity of recombinant HARPs was analyzed essentially as 426 

described (Nickel et al. 2017). Processing assays were carried out in buffer F (50 mM Tris-427 

HCl, pH 7.0, 20 mM NaCl, 5 mM DTT added immediately before use) supplemented with 4.5 428 

mM divalent metal ions (usually 4.5 mM MgCl2). Cleavage assays were performed with 50 or 429 

500 nM HARP and ~5 nM 5'-32P-labeled pre-tRNAGly. Enzyme and substrate were 430 

preincubated separately (enzyme: 5 min at 37 °C; substrate 5 min at 55°C/5 min at 37°C). To 431 

start the reaction, 4 µL of substrate mix were added to 16 µL enzyme mix. At different time 432 

points, 4 µL aliquots were withdrawn, mixed with 2 × denaturing loading buffer (0.02% (w/v) 433 

bromophenol blue, 0.02% (w/v) xylene cyanol blue, 2.6 M urea, 66% (v/v) formamide, 2 × 434 

TBE) on ice and subjected to electrophoresis on 20% denaturing polyacrylamide gels. 5'-32P-435 

labeled pre-tRNAGly substrate and the cleaved off 5'-leader product were visualized using a 436 

Bio-Imaging Analyzer FLA3000-2R (Fujifilm) and quantified with the AIDA software (Raytest). 437 

First-order rate constants of cleavage (kobs) were calculated with Grafit 5.0.13 (Erithacus 438 

Software) by nonlinear regression analysis. HARP working solutions, obtained by dilution 439 

from stock solutions, were prepared in EDB buffer (10 mM Tris-HCl pH 7.8, 30 mM NaCl, 0.3 440 

mM EDTA, 1 mM DTT added immediately before use) and kept on ice before use; ~ 1 µL 441 
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enzyme working solution was added to the aforementioned enzyme mix ( 16 µL). All 442 

experiments were at least performed in triplicates.  443 

  444 
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Figure Legends 608 
 609 
Figure 1. Dodecameric structure of Hhal2243. A. Cryo-EM electron density map of 610 

Hhal2243 shown from a top (left) and a side view (right). The monomers are colored in blue 611 

and olive, respectively. The angles between dimers are indicated in the top view. The sketch 612 

in the upper left corner of the view on the right indicates how the dimers assemble to form 613 

the screw-like arrangement of the dodecamer. B. Domain architecture of Hhal2243. C. Model 614 

of the Hhal2243 dimer. The protein consists of a PIN 5 domain with an inserted spike-helix 615 

(SH) domain forming the dimer interface. The numbers indicate the amino acid boundaries of 616 

the SH domain. D. and E. Detailed view of the dimer interface. The clamping salt bridges are 617 

shown as sticks and indicated with dashed yellow lines. The hydrophobic core between the 618 

two monomers is marked by the gray sphere in D.  619 

 620 

Figure 1-figure supplement 1. Purification of Hhal2243. A. Chromatograms of the Ni-ion-621 
affinity chromatography (HisTrap 1mL column, left) and ion-exchange chromatography 622 
(MonoQ column, right). B. SDS-PAGEs of fractions from the HisTrap (left) and MonoQ 623 
column (right). C. Western Blot analysis of fractions from the MonoQ column to verify 624 
successful removal of the His6-tag by thrombin digestion using an α-6His-HRP antibody 625 
(Thermo Fisher Scientific Invitrogen) diluted 1:5000 in 1 % Casein Blocker (Thermo Fisher 626 
Scientific). Source data of the SDS-PAGEs and the western blot are available in Figure 1-627 
figure supplement 1-source data 1 628 
 629 
Figure 1-figure supplement 2. A. Chromatographic analysis of Hhal2243. The sample was 630 
analyzed on a Superose 6 3.2/300 column using an ÄKTA PURE (GE Healthcare) FPLC 631 
system operated at room temperature. B. Secondary structure of precursor tRNAGly (pre-632 
tRNAGly) of the thermophilic bacterium Thermus thermophilus carrying a 5'-leader of 14 633 
nucleotides; the curved arrow indicates the canonical (c0) RNase P cleavage site C. RNase P 634 
processing of 5'-32P-labeled T. thermophilus pre-tRNAGly by recombinant HARPs from the 635 
hyperthermophilic bacterium A. aeolicus (Aq880) and the -proteobacterium Halorhodospira 636 
halophila (Hhal2243) in the presence of either 4.5 mM Mg2+, Mn2+, Sr2+ or Ca2+ in buffer F for 637 
2 h at 37 °C. Enzyme and substrate concentrations were 500 nM and ~5 nM, respectively. 638 
Samples were separated by 20 % denaturing PAGE and analyzed by phosphorimaging (for 639 
details, see Materials and Methods of the main text). C, control, substrate alone incubated for 640 
2 h at 37 °C in enzyme dilution buffer (30 mM Tris-HCl pH 7.8, 30 mM NaCl, 0.3 mM EDTA, 641 
1 mM DTT). Source data of phosphorimages are available in Figure 1-figure supplement 2-642 
source data 1.  643 
.  644 
 645 
Figure 1-figure supplement 3. Cryo-EM data collection and analysis. A. Representative 646 
cryo-EM micrograph collected with a Thermo Fisher Scientific Titan Krios microscope, 647 
operated at 300 kV and equipped with a K3 direct electron detector. Representative 648 
reference-free 2D class averages are shown on the right side of the micrograph. B. FSC 649 
analysis of the dataset with the blue line representing the estimated global FSC of 3.4 Å. C. 650 
The 2,749,587 particles from the dataset were 3D classified into three classes using a 651 
reference ab initio model generated in Cryosparc v3.1. The class consisting of the best 652 
aligning particles was selected for 3D homogenous refinement in Cryosparc resulting in a 653 
final map at 3.37 Å resolution. D. Local resolution estimation of the final map colored from 654 
blue (3 Å) to red (5 Å). E.  Representative images of the Hhal2243 model and surrounding 655 
electron density. Maps are displayed as mesh and contoured at 3.  656 
 657 
Figure 1-figure supplement 4. A. Geometry of the HARP dodecamer. B and C. Hypothetic 658 
geometric scenarios that would allow a continuation of oligomerization beyond a dodecamer 659 
In B., the screw diameter would be expanded, while in C. a helical pitch would be increased 660 
to such an extent that any steric interference between the first and last dimer is avoided. 661 
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 662 

Figure 2. Oligomerization is required for HARP activity. A. Oligomer interface between 663 

two monomers (colored in blue and olive) of interacting dimers. The C-terminus starting at 664 

residue 177 is colored in red to highlight the region deleted in the “shortest” Aq880 variant 665 

(177-191). Salt bridges are indicated with yellow dashed lines. B. Mass photometry of 666 

Hhal2243, Aq880 wt, Aq880184-191, Aq880181-191, Aq880179-191and Aq880177-191. Molecular 667 

masses corresponding to the respective gaussian fits are shown in kDa above the fits. C. 668 

Processing of pre-tRNAGly by Aq880 wt and derived mutant variants. Aliquots were withdrawn 669 

at different time points (1, 3, 10 or 25 min) of incubation at 37 °C; 0, substrate without 670 

addition of enzyme. Aq880 wt in comparison with the C-terminal deletion variants 177-191, 671 

179-191, 181-191 and 184-191, all at 500 nM enzyme. For more details, see Materials 672 

and Methods. Source data of phosphor images are available in Figure 2-source data 1. 673 

 674 
Figure 2-figure supplement 1. Purification of Aq880. A. Chromatogram of the Ni-ion-675 
affinity chromatography (HisTrap 5 mL column). B. 12 % TGX-gel of fractions from the 676 
HisTrap. Source data of the SDS-PAGEs are available in Figure 2-figure supplement 1-677 
source data 1. 678 
 679 
Figure 2-figure supplement 2. Chromatographic analysis of Aq880 WT and C-terminal 680 

deletion mutants. Samples were analyzed on a Superose 6 10/300 GL column using an 681 

ÄKTA Purifier (GE Healthcare) FPLC system operated at room temperature. The running 682 

buffer contained 20 mM Tris-HCl pH 8.0, 100 mM KCl, 0.1 mM EDTA and 3 mM DTT. The 683 

flow rate was 0.5 mL/min. A. Overlay of two column runs with three marker proteins each, 684 

termed Standard Mix 1 and 2 (Gel Filtration Markers Kit for Protein Molecular Weights 12-685 

200 kDa and Apoferritin, Merck Sigma-Aldrich). Identities of individual proteins and elution 686 

volumes of the respective peak fractions are indicated; ADH, alcohol dehydrogenase; BSA, 687 

bovine serum albumin. B. Elution profile of Aq880 wt. C. Elution profiles of C-terminal 688 

deletion variants of Aq880 lacking the indicated amino acids of the native protein. The elution 689 

profiles in panel A suggests an approximate mass of 430 kDa for Aq880 wt. The elution 690 

volumes of the C-terminal deletions mutants suggest molecular masses between ~55 and 691 

68 kDa.  692 

 693 

Figure 3. Comparison between HARP and PRORP systems. A. Superposition of 694 

AtPRORP1 (PDB: 4G24) and Hhal2243 shows that the metallonuclease domain superposes 695 

well, while the PPR domain is absent in HARPs. The red rectangle shows the closeup in B.  696 

B. Orientation of active site residues is conserved among PRORPs and HARPs; the active 697 

site residues are positioned similarly in both enzyme types. AtPRORP1 is colored in grey and 698 

Hhal2243 in blue. 699 

 700 

Figure 4. The SH domain is essential for RNase P activity. A. Homology model of Aq880 701 

with residues critical for pre-tRNA processing activity in the SH domain displayed as sticks. 702 

Processing of pre-tRNAGly by Aq880 wt and derived mutant variants. Aliquots were withdrawn 703 

at different time points (1, 3, 10 or 25 min) of incubation at 37 °C; 0, substrate without 704 

addition of enzyme. B. Aq880 wt and the quintuple mutant 705 

K119A/R123A/R125A/K127A/R129A at 50 nM (left) or 500 nM (right) enzyme; C. Aq880 wt, 706 

the single mutants R125A and R129A, and the double mutant R125A/R129A, assayed at 707 

50 nM (left) or 500 nM (right) enzyme. Source data of phosphor images are available in 708 

Figure 3-source data 1. D. Mass photometry of Aq880R125A, Aq880R129A and 709 

Aq880K119A/R123A/R125A/K127A/R129A. Molecular masses corresponding to the respective gaussian 710 
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fits are shown in kDa above the fits. Source data of phosphor images are available in Figure 711 

4-source data 1. 712 

 713 

Figure 4-figure supplement 1. A. Sequence alignment of Hhal2243 and Aq880. Secondary 714 
structure elements are drawn as observed in the Cryo-EM structure of Hhal2243. The 715 
secondary structure prediction has been generated using PSIPRED (3) and is shown below 716 
the sequence alignment. The alignment colors are according to the physico-chemical 717 
properties of the respective amino acids. B. Electron density map contoured at level 0.12 718 
with the docked Aq880 model shown in yellow.  719 
 720 

Figure 5. Model for tRNA recognition and processing by HARPs. A. Surface of two 721 

adjacent Aq880 dimers colored according to the calculated electrostatic potential. The 722 

proposed recognition site for the tRNA elbow and the active site are indicated by curved 723 

dashed green lines; the distance between the two regions is approximately 45 Å. The almost 724 

vertical straight and dashed line marks the interdimer axis. The distance between the two 725 

regions is approximately 45 Å. The remaining subunits of the dodecamer are shown as 726 

cartoon in the background. B. Closeup of the Aq880 surface colored in blue and olive. The 727 

tRNAPhe, taken from the PRORP PPR domain co-structure (PDB: 6LVR), was docked onto 728 

our structure. The model predicts how the tRNA is coordinated via positive residues within 729 

the SH domain (of monomer 6* in this example) to position the 5’-end in close proximity to 730 

the active site of the neighboring dimer (of monomer 5* in this example). C. Left: sketch of 731 

the Hhal2243 homo-dodecamer with docked tRNAs as side view. The view is rotated by 75 ° 732 

compared to the view in figure 1A indicated by a sketch in the upper left corner. Right: 733 

Sketch of tRNA recognition and cleavage by HARPs shown from the top. Numbers indicate 734 

monomers. 735 

 736 

Table 1: Processing activities of Aq880 variants 737 

Aq880 variant kobs (min-1) 

(± SD) 

substrate cleaved  

after 25 min (in %) 

wt 50 nM 

wt 500 nM 

0.62 ± 0.15 

2.06 ± 0.42 

95  

98 

∆184-191 50 nM  

∆184-191 500 nM 

0.22 ± 0.08 

 1.41 ± 0.07 

46 

97  

∆181-191 500 nM 

∆179-191 500 nM 

(4 ± 1) x 10-3  

(7 ± 3) x 10-3  

9  

15  

∆177-191 500 nM -- n.d. 

R125A 50 nM 

R125A 500 nM 

(15 ± 3) x 10-4 

(16.1 ± 0.3) x 10-2 

2  

26  

R129A 500 nM -- n.d. 
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R125A/R129A 500 nM -- n.d. 

K119A/R123A/ 
R125A/K127A/R129A 500 nM 

-- n.d. 

n.d., no cleavage detectable  738 

 739 

 740 
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