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ABSTRACT

RNase P is a ribonucleoprotein (RNP) that
catalyzes removal of the 5 leader from precursor
tRNAs in all domains of life. A recent cryo-EM study
of Methanocaldococcus jannaschii (Mja) RNase P
produced a model at 4.6-A resolution in a dimeric
configuration, with each holoenzyme monomer con-
taining one RNase P RNA (RPR) and one copy each of
five RNase P proteins (RPPs; POP5, RPP30, RPP21,
RPP29, L7Ae). Here, we used native mass spectrome-
try (MS), mass photometry (MP), and biochemical ex-
periments that (i) validate the oligomeric state of the
Mja RNase P holoenzyme in vitro, (ii) find a different
stoichiometry for each holoenzyme monomer with
up to two copies of L7Ae, and (iii) assess whether
both L7Ae copies are necessary for optimal cleav-
age activity. By mutating all kink-turns in the RPR,
we made the discovery that abolishing the canoni-
cal L7Ae-RPR interactions was not detrimental for
RNase P assembly and function due to the redun-
dancy provided by protein—protein interactions be-
tween L7Ae and other RPPs. Our results provide new
insights into the architecture and evolution of RNase
P, and highlight the utility of native MS and MP in in-
tegrated structural biology approaches that seek to
augment the information obtained from low/medium-
resolution cryo-EM models.

INTRODUCTION

The architecture, dynamics and function of ribonucleopro-
tein (RNP) complexes, which play a key role in control of
gene expression (e.g. splicing, translation), are regulated by
both RNA-protein and protein—protein interactions (1,2).
RNA-binding proteins in RNPs recognize their cognate
RNAs using a primary sequence, a structural motif, or a
post-transcriptional modification. Questions regarding the
genesis of large RNPs (e.g., ribosome, R Nase P) are inspired
in part by observations that the functions of these RNPs
depend on the exquisite cooperation between multiple sub-
units that were likely accrued over time. The evolutionary
trajectories of these RNPs, however, are not easily recon-
structed by molecular paleontology. Here, we report on ad-
ventitious findings on archaeal RNase P, an RNP that cat-
alyzes removal of 5 leader from precursor transfer RNAs
(pre-tRNAs) (3), to illustrate the idea that a protein could
be entrenched in an RNP through protein—protein interac-
tions and independent of its native RNA-binding proper-
ties.

The RNase P RNP includes a single catalytic RNA sub-
unit (RNase P RNA; RPR) and variable numbers of protein
subunits (RNase P Proteins; RPPs) (3-8). In bacteria, the
RNase P RNP comprises an RPR and an RPP. The bacte-
rial RPRs are classified as type A, type B and type C (5,9),
based on their secondary structure. In contrast to the sim-
ple make-up of the bacterial version, eukaryotic RNase P is
comprised of one RPR and up to ten RPPs (5,10-12). Ar-
chaeal RNase P is intermediate in complexity, comprising
one RPR and up to five RPPs, with the RPRs classified as
type A, type M, and type P (13-15). The archaeal type A
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RPR resembles the bacterial RPR and similarly can pro-
cess the pre-tRNA in vitro even without protein subunits
(16-18). The type M RPR, which lacks some of the struc-
tural elements in bacterial RPR and archaeal type A RPR,
requires the cooperation of protein cofactors to process the
pre-tRNA in trans (16,18,19). The type P RPR, despite be-
ing only two-thirds of the length of the type A/M RPRs,
is capable of pre-tRNA cleavage in vitro (15). Unlike the
~10-subunit eukaryotic RNase P that has been difficult to
reconstitute in vitro [see (20) for recent success with yeast
RNase PJ, the six-subunit archaeal relative has been assem-
bled from recombinant subunits (16,17,19,21-23). Thus, ar-
chaeal RNase P is a useful model to study protein-aided
RNA catalysis and to understand how structural alterations
in an RNP even within one domain of life may affect its sub-
unit composition, assembly, and function.

Previous biochemical studies have delineated the func-
tional contribution of each archaeal RPP. POPS5 forms
a heterotetramer with RPP30, where the POPS5 dimer is
flanked by two copies of RPP30 (24-26). The POP5-RPP30
pair enhances the RPR’s cleavage rate (16,17,19). Forma-
tion of the heterotetramer was shown to be important for
the function of an archaeal type A RNase P since mutations
that disrupt POPS dimerization lowered the activity of the
assembled holoenzyme (24). RPP21 forms a heterodimer
with RPP29 (RPP21-RPP29), and this binary complex im-
proves substrate binding by the catalytic RPR (16,17,19,27-
29). L7Ae, which binds kink-turns in archaeal RPRs (30—
32), raises the reaction’s T and brings the ke, /Ky close
to the value obtained with the native enzyme (21,23).

While NMR, crystallography, and mass spectrometry
(MS) studies provided insights into structures of individual
or binary RPPs, binding sites of RPPs in RPR, and stoi-
chiometry of RPPs in partial complexes (24,26-28,33,34),
the archaeal RNase P holoenzyme structure remained in-
tractable like other large RNPs that could not be crystal-
lized (35). This limitation has recently been overcome by ad-
vances in cryogenic-electron microscopy (cryo-EM) as evi-
dent from the many RNP structures (11,36-40), including
a few RNase P variants (10,11,41). The archacal RNase P
from Methanocaldococcus jannaschii (Mja) with and with-
out a tRNA was solved at resolutions of 4.6 and 4.3 A, re-
spectively (41). The Mja (type M) RNase P is a dimer with
a two-fold symmetry mediated by the Mja POPS5-RPP30
tetramer at the center, with each monomer comprising a
single copy of the RPR and five RPPs; the quaternary
structure in vivo is unknown. The RPPs form a continuous
surface linked by protein—protein interactions and are ar-
ranged neatly on one side of the RPR (Supplementary Fig-
ure S1A) (41), with the POPS-RPP30 heterodimer anchored
on the RPR’s catalytic domain (responsible for pre-tRINA
cleavage) and the RPP29-RPP21.L7Ae heterotrimer bound
to the RPR’s specificity domain (essential for substrate
recognition). The interactions between RPP29 and RPP30
string together the RPPs bound to the RPR’s catalytic and
specificity domains (Figure 1A). In the specificity domain,
RPP21 is flanked by L7Ae and RPP29. L7Ae, which binds
to kink-turns, promotes fold-back of P12 (P, paired region).
Kink-turns are characterized by a 3-nucleotide (nt) bulge
flanked by a 5’ canonical helix and a 3’ non-canonical helix
that contains tandem G-A and A-G trans Hoogsteen/sugar
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edge pairs (42). The kink-turn, which results in an included
angle of ~50° between the two helices, is stabilized by bind-
ing of L7Ae.

The cryo-EM model of Saccharomyces cerevisiae RNase
P (Figure 1B) (10) with and without a bound pre-tRNA
showed a similar placement of the five homologous RPPs
in archaeal/cukaryotic RNase P. The binding of yeast
RPP29.RPP21.POP3 heterotrimer to the RPR’s specificity
domain is remarkable given that the RPR does not have a
kink-turn. POP3 (the L7Ae paralog in yeast) barely con-
tacts the RPR and is held largely by hydrophobic and elec-
trostatic interactions with RPP21.

The above studies motivate some questions. First, the re-
tention of POP3 in yeast RNase P is surprising given that its
RNA recognition site is absent. What features then drive the
evolving architecture of large RNPs? Second, the dimeric
form of Mja RNase P has not been reported for any ar-
chaeal RNase P, and our previous native MS study (31)
showed two copies of L7Ae bound to the Mja RPR in con-
trast to the single copy reported in the cryo-EM structure
(41) . What are the technical /biological reasons for this ob-
served structural variability? Here, by combining native MS,
mass photometry, functional assays, and estimation of copy
number in vivo, we sought to better understand subunit stoi-
chiometry and oligomerization as well as the functional sig-
nificance of protein—protein interactions in Mja RNase P.
Our results provide new insights into the structure and evo-
lution of RNase P, and highlight the importance of com-
plementing cryo-EM with other structural methods such
as native MS and mass photometry to enhance the inter-
pretation of features found in a cryo-EM density map at
low/medium-resolution.

MATERIALS AND METHODS
Preparation of Mja RPR and RPPs

Details of in vitro synthesis of Mja RPR (wild-type and mu-
tant derivatives) as well as the overexpression and purifica-
tion of Mja RPPs are provided in the Supplementary Infor-
mation. Details of all the oligonucleotide primers used in
this study are listed in Supplementary Table S1.

Size-exclusion chromatography to analyze Mja RPR samples

One-hundred pl of an in vitro transcription (IVT) reaction
was set up without or with L7Ae (~17 pM final). After in-
cubation at 37°C for 10 h, 1 pl of DNase I (10 U/ul) was
added to the IVT and the reaction was incubated at 37°C
for 30 min. The IVT reaction was then centrifuged (22,000
x g, 20 min, 22°C) and the supernatant was loaded on to a
Superdex 200 increase 10/30 GL (GE Healthcare) column
using a 100-wl sample loop. The column was run at a flow
rate of 0.5 ml/min and with 50 mM HEPES-KOH (pH 7.5),
50 mM MgCl,, 200 mM NaCl, 500 mM KCl and 50 mM
potassium acetate (KOAc) as the running buffer (41).

Assembly of Mja RPR and Mja RPPs for native MS analyses

Mja RPR. To prepare the Mja RPR sample for native
MS studies, 100 wM Mja RPR in RNase-free water was in-
cubated at 50°C for 50 min and then at 37°C for 10 min.
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A Mja (archaeal) RNase P

S domain

B Yeast (eukaryotic) RNase P

POP3
POP4

Figure 1. Similarities and differences in the 3-D models of the specificity (S) domain of Mja and yeast RNase P (10,41). L7Ae (whose paralog is POP3 in
yeast), RPP21, and RPP29 (whose homolog is POP4 in yeast) form a heterotrimer when bound to the RPR’s S domain. The RPPs are depicted as surface
representations while the RPR is depicted as cartoon; the catalytic (C) and specificity (S) domains are colored in silver and gray, respectively. (A) L7Ae
in Mja RNase P is engaged in RNA—protein interactions as it binds a kink-turn in the P12 region of RPR and in protein—protein interactions by direct
contacts with RPP21. (B) Since the P12 region in yeast RPR does not possess a kink-turn, POP3 (paralog of L7Ae) is assembled into the holoenzyme
largely by taking advantage of protein—protein interactions with RPP21. Structural images were made with Pymol [4.6 A model, PDB 6KO0A (A) and 3.5

A model, PDB 6AH3 (B))].

Next, 5X assembly buffer [250 mM HEPES-KOH (pH 7.5),
250 mM MgCl,, 1 M NaCl, 2.5 M KCI, 250 mM KOAc] was
added to the sample for a final RPR concentration of 6 puM
and then further incubated at 37°C for 10 min. The sample
was centrifuged (20,000 x g, 10 min, 25°C) and 100 ul of
the supernatant was injected onto a Superdex 200 Increase
10/300 GL column (GE Healthcare) at a flow rate of 0.5
ml/min with the 800 mM ammonium acetate (NH4;OAc),
pH 7, 2 mM Mg(OAc), as the running buffer. Absygy was
used to monitor the elution, which was collected in 50-p.1
fractions. The Absyey of these fractions was measured us-
ing a Nanodrop spectrophotometer (Thermo Fisher Sci-
entific) and the fraction containing the highest amount of
RPR (~200 nM) was used for native MS analysis.

Mja RPR + L7Ae. To prepare the Mja RPR+L7Ae sam-
ple, the Mja RPR was refolded as described above and then
mixed with Mja L7Ae (6 pM RPR and 18 wM L7Ae). The
mixture was incubated at 37°C for 30 min, and then at 55°C
for another 30 min. The sample was centrifuged (20,000 x g,
10 min, 25°C) and 100 wl of the supernatant was injected
onto a Superdex 200 Increase 10/300 GL column using
the same conditions described above. The Absyg of each
collected fraction was measured using a Nanodrop spec-
trophotometer, even though we recognized that there will be
a contribution from L7Ae to Absygo. Three fractions having
the highest absorbance were collected and concentrated to
~200 nM using a Vivaspin 5000 Da-cutoff centrifugal con-
centrator (Sartorius).

Mja RPR + L7Ae + other RPPs. To prepare the as-
semblies with the RPP binary complexes, the concen-
trated Mja RPR + L7Ae sample was either mixed
with Mja RPP21.-RPP29, Mja POP5.RPP30 or both

Mja RPP21.RPP29 and Mja POP5.RPP30. First, Mja
RPP21-RPP29 and Mja POPS5-RPP30 stocks were indi-
vidually diluted to 16 pwM (dimer and tetramer, respec-
tively) in 800 mM NH4OAc and 2 mM Mg(OAc),. Then the
three different assembly mixtures were made to a final Mja
RPR + L7Ae concentration of 200 nM and binary complex
concentration(s) of 500 nM (2.5-fold excess). Each assembly
mixture was incubated at 55°C for 10 min. For the assembly
with both Mja RPP21-RPP29 and Mja RPP30-POPS, Mja
RPP21.RPP29 was added first and then incubated as above
prior to the addition of Mja POP5-RPP30. This order of
addition followed the method used to prepare the holoen-
zyme sample for the cryo-EM study (41).

For the studies with RPR k123, all the components were
dialyzed into 800 mM NH4OAc and 2 mM Mg(OAc),,
RPR k123 Was refolded as described above for the wild-
type. To prepare the RPRxm23+RPP assemblies, 1 pM
RPR,kT23 Was assembled with either 2 uM RPP21.RPP29
or with 2 wuM RPP21.RPP29 and 4 pM L7Ae. The assem-
blies were incubated for 10 min at 55°C before native MS
analysis.

Native MS analysis of the Mja RNase P assemblies

Samples (3—5 wl) that were prepared as described above
were directly loaded into in-house pulled nanoESI emit-
ters. The electrospray voltage was applied through a plat-
inum wire directly in contact with the sample solution and
the voltage was adjusted between 0.6 and 1 kV and then
held constant throughout each acquisition. Analyses were
carried out using a Q Exactive Ultra-High Mass Range
(UHMR) mass spectrometer (Thermo Fisher Scientific)
modified with a SID (surface-induced dissociation) device
that was set to transmission mode unless being used for
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activation. Instrument settings were the following: capil-
lary temperature 250°C, S-lens RF level 200, S-lens volt-
age 21V, injection Flatapole Offset 5 V (or 8 V only for the
RPR-mKT,; studies), Bent Flatapole 2 V (or 6 V only for
the RPR-mKT),; studies), ion transfer target high m/z (In-
jection Flatapole RF amplitude 698 V and frequency 538
kHz, Bent Flatapole RF amplitude 936 V and frequency
1077 kHz), Extended trapping 1, resolution 3125 or 6250
(at 400 m/z), and ultra-high vacuum 3-5 E~'* mbar. CID
(collision-induced dissociation) voltages for IST (in-source
trapping) and HCD (higher-energy collisional dissociation)
were used to obtain the best resolved spectra. Voltages in
the range of 60-120 V were applied to both IST and HCD.
The quadrupole was used for charge state isolation and
increased HCD voltages (150-240 V) were used for de-
adducting and dissociating complexes. Spectra with SID
voltages in the range of 95-115 V were also collected (see
Supplementary Information for additional details on data
analysis).

Mass spectra analysis

A combination of manual calculations and UniDec (43) was
used to identify charge states, to calculate masses, and to
annotate spectra. The individual components were decon-
volved with UniDec, and the mass of each RPP monomer
was verified to +1 Da. All RPP samples had some small
amounts of adducts like sodium and possible proteoforms.
For example, there was an identified POP5 proteoform that
was missing C-terminal residues. While mostly minor, these
forms of heterogeneity contribute to the complexity of spec-
tra collected for the different assemblies. Unlike the RPPs,
the RPR was poorly resolved even with CID. In UniDec, a
large Point Smooth Width (100) was used to account for the
broad RPR charge states. The determined mass was ~500
Da larger than the expected RPR mass with a mass error be-
tween charge states of ~300 Da and peak FWHM of ~700
Da. Thus, the RPR is likely the key contributor to the peak
broadening and accounts for most of the positive mass shift
in the assembly spectra.

Mja RNase P activity assays

The activity of Mja RNase P was measured in different
buffer conditions depending on the experiment. For
studying the activity of Mja RNase P under the con-
ditions used for native MS, we used 0.8 M NH4OAc,
2 mM Mg(OAc),; for comparison, we used HEPES
(N-2-hydroxyethylpiperazine- N-2'-ethanesulfonic  acid)-
containing buffer at pH 7 [S0 mM HEPES-KOH (pH
7), 0.8 M NH4OAc, 2 mM Mg(OAc),]. For studying the
activity of kink-turn mutants and Mg”*-dependent activity,
we used 50 mM HEPES-KOH (pH 8), 800 mM NH4OAc
and 2 mM Mg(OAc),. Typically, 10 nM refolded Mja RPR
was assembled sequentially with 100 nM Mja L7Ae (or the
specified concentrations in the case of Figure 5), 100 nM
Mja RPP21.-RPP29, and Mja RPP30-POPS at 55°C for
10 min. The cleavage reaction was initiated by adding 500
nM Escherichia coli pre-tRNAT', a trace amount of which
was labeled using 5'-y-[**P]-ATP (PerkinElmer, Shelton,
CT) and T4 PNK (New England Biolabs). At defined time
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points, 4 wl aliquots were withdrawn and quenched with
10 pl loading buffer [7 M urea, 20% (v/v) phenol, 0.2%
(w/v) SDS, 5 mM EDTA, 0.05% (w/v) bromophenol blue
and 0.05% (w/v) xylene cyanol]. Reaction products were
separated on a denaturing PAGE gel [10% (w/v) poly-
acrylamide, 7 M urea], and visualized using the Typhoon
Phosphorimager (GE Healthcare). The ImageQuant (GE
Healthcare) software was employed to quantify the extent
of the cleavage reaction, and the turnover number was
calculated in Excel. The final gel images were prepared with
Fiji (44).

Mass photometry analysis of Mja RNase P assembly

Mja RPR in RNase-free water was refolded by incubat-
ing at 55°C for 50 min and then at 37°C for 10 min. An
equal amount of 2x native MS solution [1.6 M NH4OAc, 4
mM Mg(OAc),] was subsequently added and the sample in-
cubated at 37°C for 30 min. One pM of refolded Mja RPR
was assembled with five Mja RPPs (4 puM L7Ae + 2 pM
RPP21-RPP29 + 2 uM RPP30-POP5 in this order), or with
two Mja RPPs (4 pM L7Ae + 2 wM RPP30-POP5 in this
order), or with one Mja RPP (2 uM RPP30-POPS). These
assemblies were incubated at 55°C for 10 min and then kept
at 22°C until mass photometry analysis. The concentration
of the final assemblies is labeled based on the concentration
of the RPR used in the reconstitution. The samples were di-
luted to different concentrations in 0.8 M NH4OAc and 2
mM Mg(OAc), (same conditions as those used for the na-
tive MS) before loading on the mass photometer.

The mass photometer (Refeyn OneMP) was calibrated
using proteins: lens epithelium-derived growth factor,
LEDGF (60.4 kDa); bovine serum albumin, BSA (68.5
kDa); HIV integrase (80.4 kDa, monomer; 160.8 kDa,
dimer); dihydroorotate dehydrogenase B (237 kDa); apofer-
ritin (480 kDa); thyroglobulin (670 kDa). Details on how
to set up and load the sample onto the instrument are de-
scribed elsewhere (45). The expected masses were calculated
using the OligoAnalyzer for the RPR and Protparam for
the RPPs (46). The data were binned into histograms and
the density plot was fitted with calculated average mass and
standard deviation using Refeyn DiscoverMP software. The
measurements were repeated three times, and the replicate
data revealed a similar trend.

RESULTS

Mja RPR obtained from in vitro transcriptions performed
with or without L7Ae adopts similar structural states

Our overarching objective was to firmly establish the make-
up of archaeal RNase P to parse the functional contribu-
tions of individual subunits and allow comparative stud-
ies with its eukaryotic cousin. In this regard, the cryo-EM
structure of Mja RNase P (41) provides an excellent foun-
dation. However, we first sought to understand the ba-
sis for some unexpected findings from this previous study.
To assemble the Mja RNase P holoenzyme for the cryo-
EM study, Wan et al. found by size-exclusion chromatogra-
phy (SEC) that in vitro transcribed and purified Mja RPR
formed soluble aggregates. They solved this problem by in-
cluding Mja L7Ae in the IVT reaction, a change motivated
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Figure 2. Analysis of Methanocaldococcus jannaschii (Mja) RPR by size-
exclusion chromatography. (A) Secondary structure of Mja RPR. P, con-
secutively numbered paired region; K-turn, kink-turn. The gray box in the
P12 helix shows the two kink-turns, KT2 and KT3, that are predicted to
be bound by Mja L7Ae (31). The gray box in the P1 stem shows the region
that is absent in the RPR used in the cryo-EM study (41). The 5'- and 3'-
terminal overhangs (colored) show nucleotides in the native Mja RPR that
were identified by RACE experiments reported here. These additional nu-
cleotides were not included in the RPRs used here or any previous study.
(B) Three samples corresponding to the purified Mja RPR with (orange
line, ) or without (blue line, —) the addition of Mja L7Ae during the
in vitro transcription reaction, or the purified Mja RPR assembled with
Mja L7Ae post-transcription (green line, ) were separately loaded onto
the Superdex 200 increase 10/30 GL column (GE Healthcare) at a flow
rate of 1 ml/min. Eluent was monitored for absorbance at 280 nm. Frac-
tions corresponding to the main peak were collected and concentrated for
native MS analysis.

by the expectation that the chaperone action of Mja L7Ae
would promote an Mja RPR fold suitable for further assem-
bly with the remaining four Mja RPPs (41). This payoff is
surprising since functional RNase P holoenzymes have been
reconstituted in vitro using the archaeal type A/M RPR
and only four RPPs (POP5.-RPP30 and RPP21-RPP29)
(16,17,19,21-23). Since L7Ae was shown previously to be
not obligatory for assembly of types A and M archaeal
RNase P, we decided to take a closer look at the need for
L7Ae to seed assembly.

When we compared the size-exclusion chromatographic
behavior of Mja RPR (Figure 2A) purified from in vitro
transcription reactions that were performed either with or
without Mja L7Ae (Figure 2B), we observed no differences
in the peak shapes of chromatograms obtained with these
two samples. Mja RPR purified post-IVT (in the absence
of L7Ae) showed a predominant bell-shaped peak at about
12 ml. Some unresolved minor peaks at ~9 and ~10.5 ml
likely reflect unfolded states of the Mja RPR. Mja RPR pu-
rified post-IVT (in the presence of L7Ae) also showed a bell-
shaped peak at about 11 ml, eluting slightly earlier than the
free Mja RPR as would be expected from binding of Mja
L7Ae to the RPR. Again, we noticed some unresolved mi-
nor peaks ~9 and ~10 ml. When we added Mja L7Ae to the
purified Mja RPR post-transcriptionally and assessed this
assembly, we obtained the same chromatogram as the Mja
RPR sample that was transcribed in the presence of Mja
L7Ae (Figure 2B).

The above observations suggest that (i) in vitro tran-
scribed and purified Mja RPR is monodisperse as judged
by SEC and (ii) Mja L7Ae can be assembled with Mja RPR
either co- or post-transcriptionally. While these findings dif-
fer from those reported by Wan et al., we emphasize that the
RPRs used in the two studies are different. While our Mja
RPR construct has a long P1 helix interrupted by a single-
nt bulge in the middle, the Mja RPR in Wan et al. (2019) is
missing the first and last seven nucleotides resulting in a P1
helix shortened by 7 bp (Figure 2A). Since the termini and
sequence of the native Mja RPR have not been mapped be-
fore, we sought to obtain this information using 5" and 3’
RACE (rapid amplification of cDNA ends) of total RNA
isolated from Mja cells. We confirmed that the native Mja
RPR has the longer P1 helix (our construct) and a few addi-
tional non-base paired nucleotides at the two termini (Fig-
ure 2A). It is conceivable that the Mja RPR with an abbrevi-
ated P1 [used by Wan et al. 2019, (41)] may differ from the
native RPR in its aggregation properties and dependency
on L7Ae.

Our previous biochemical studies (16,19) and those used
in the initial stages of this investigation used an Mja RPR
lacking the 2 and 4 nt at the 5’ and 3’ termini, respectively, in
the native version (Figure 2A). Therefore, to assess if either
RPR version is suitable for biochemical/structural charac-
terization, we sought to compare their respective RNase P
activity. The presence of the modest extensions at the two
termini had no effect on the pre-tRNA cleavage activity
(Supplementary Figure S2), mirroring a similar observation
made with another type M RPR (21). Since the turnover
numbers of the two Mja RPR versions are nearly identi-
cal (6.5 and 6.7 min~'; Supplementary Figure S2) and we
had already invested some effort with the variant lacking
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the terminal extensions, this study was conducted with a
“non-native” version lacking the termini but containing a
complete P1 helix [in contrast to Wan et al. (41)] (Figure
2A).

Native MS confirms the presence of the Mja RNase P dimer,
with up to two copies of L7Ae per monomer

The dimeric configuration found in the cryo-EM structure
of Mja (type M) RNase P has not been observed for any ar-
chaeal RNase P. When the stoichiometry of Pyrococcus fu-
riosus (Pfu; type A) RPR with Pfu POP5-RPP30 and/or Pfu
RPP21.RPP29 was previously investigated by native MS,
only a monomeric assembly was detected (47,48). While this
difference in the quaternary arrangement of type A versus
M archaeal RNase P suggests structural variability in an an-
cient enzyme, this dissimilarity may have resulted from com-
paring gas phase versus vitreous state studies or from other
technical reasons (e.g. different concentrations/buffer con-
ditions). We decided to investigate this question in depth.

Also, the cryo-EM structure of Mja RNase P showed a
1:1 stoichiometry for the RPR and five RPPs (41). The find-
ing of one L7Ae copy per RPR is inconsistent with our pre-
vious native MS study showing that two copies of L7Ae
bind to two kink-turns named KT2 and KT3 in the P12
region of the Mja RPR (Figure 2A) (31). The only L7Ae
copy in the cryo-EM structure is modeled at the KT3 po-
sition, leaving KT2 unbound. Due to the low resolution of
the structure at the periphery, which includes the P12 re-
gion and L7Ae, we examined the electron density map and
found that we could model a copy of L7Ae into the density
located at KT2, both in the absence or presence of substrate
(Supplementary Figure S1). This observation prompted us
to re-investigate L7Ae stoichiometry in the Mja RNase P
holoenzyme.

To examine the stoichiometries of the Mja RPR assem-
bled with the Mja RPPs en route to the holoenzyme, we
turned to native MS. First, each component required for
assembly was purified and then characterized by gel elec-
trophoresis and native MS (Supplementary Figure S3). In
native MS, we noticed that for the RPR individual peaks
within the charge state distribution were broad, even when
high collision-induced dissociation (CID) voltages were
used for de-adducting. The calculated mass even with CID
activation was ~500 Da larger than expected. However,
with the available resolution, it cannot be determined if this
mass shift is due either to formation of adducts with cations
or to non-templated addition of nucleotides to the 3’ end
(49,50). Magnesium adduction seems likely because Mg>*
is present in the IVT reaction and is required for folding
and activity of the RPR (48). For the Mja L7Ae sample, a
monomer was observed as expected (Supplementary Figure
S3). For the Mja RPP21-RPP29 sample, the expected het-
erodimer was observed, however, there was some heterote-
tramer containing two copies of each RPP, and free Mja
RPP21 (Supplementary Figure S3). The Mja POP5-RPP30
sample was observed to form the expected heterotetramer
containing two copies of each RPP (Supplementary Figure
S3).

Because solutions used for native MS require minimal
amounts of non-volatile components, the Mja RNase P as-
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semblies for native MS analysis were prepared in an ammo-
nium acetate solution that does not contain buffering com-
ponents like HEPES, which are typically used in the bio-
chemical assay to measure pre-tRNA cleavage activity. To
ensure that RNase P samples generated for native MS are
functional assemblies, we determined the activity of the re-
constituted Mja RPR + 5 RPPs in the absence and pres-
ence of HEPES with otherwise identical solutions contain-
ing 800 mM ammonium acetate and 2 mM Mg>*. We were
encouraged to find that the Mja RNase P holoenzyme is
functional in the native MS solution albeit ~2-fold weaker
than in the assay containing HEPES (Supplementary Fig-
ure S4), and thus proceeded to the MS studies.

Mja RPR+ L7Ae. First, we assembled the Mja RPR with
Mja L7Ae and purified the resultant complex by SEC. The
peak fractions were collected and concentrated to ~200 nM
for native MS analysis. The native mass spectrum of the
Mja RPR+L7Ae was not homogeneous, but rather con-
tained free L7Ae (not shown in mass spectrum range), free
RPR, RPR + L7Ae, and RPR + 2 L7Ae (Figure 3A). When
RPR + 2 L7Ae, the dominant species in the spectrum, was
quadrupole-isolated and subjected to surface-induced dis-
sociation (SID), we could validate its composition (Supple-
mentary Figure S5). The relative abundances of species in
the full mass spectrum that we obtained here for Mja RPR
+ L7Ae closely resemble the previously published Mja RPR
+ L7Ae spectra (31).

Mja RPR + L7A4e + RPP21-RPP29. Next, we assembled
the Mja RPR+L7Ae sample individually with the two dif-
ferent binary complexes for native MS analysis. In addition
to the species that we observed in the Mja RPR + L7Ae
spectrum, the addition of Mja RPP21-RPP29 led to new
complexes primarily RPR + 2 L7Ae + RPP21 + RPP29
and RPR + 2 L7Ae + RPP21 (Figure 3B, free L7Ae not
shown). This spectrum clearly showed that RPR + 2 L7Ae
was the RNP platform used to generate the new complexes
with RPP21-RPP29 (or RPP21). Additional validation of
the complex assignments was achieved with isolation and
fragmentation by CID in the HCD cell (Supplementary Fig-
ure S6).

Mja RPR + L7A4e + POPS5-RPP30. Addition of Mja
POP5-RPP30 to the Mja RPR + L7Ae sample followed
by native MS analysis revealed RPR + 2 L7Ae + 2 POP5
+ 2 RPP30 and RPR + 2 POP5 + 2 RPP30 in addition
to the species observed in the Mja RPR + L7Ae sample
(Figure 3C). Although we initiated the assembly with Mja
RPR + L7Ae, it is possible that the RPR + 2 POP5 +
2 RPP30 complex was generated from some residual free
RPR, which was present due to either incomplete SEC sep-
aration or dissociation of L7Ae. To support the assignment
of RPR + 2 POPS5 + 2 RPP30 (n complex), we quadrupole-
isolated a single-charge state and fragmented the species by
CID in the HCD cell. This approach was successful in pro-
ducing a very small amount of n-POPS complex (i.e., the
n-mer from which a single copy of POP5 was dissociated)
(Supplementary Figure S7).

Importantly, we observed signal in the 8500-11000 m/z
range of the full mass spectrum that contained broad peaks

220z 1sNBny 9| UO Jasn UOISIAIQ S|eUaS AQ 9161199/%G |8/t |/0S/Al0IME/1eU/WO0d"dNO"01WaPED.//:SA)Y WOy PAPEOjUMOd



8160 Nucleic Acids Research, 2022, Vol. 50, No. 14

A RPR+L7Ae
100 +18 O1RPR
V 1RPR + 1L7Ae
% A 1RPR + 2L7Ae
18]
A
5000 6000 7000 8000 9000 10000 11000 12000

C RPR+L7Ae+POP5°RPP30

B RPR+L7Ae+RPP21-RPP29

100 >>1RPR + 2L7Ae + 1RPP21
B 1RPR + 2L7Ae + 1RPP21 + 1RPP29
% +2
1glt!
5000 6000 7000 8000 9000 10000 11000 12000

D RPR+L7Ae+RPP21-RPP29+POP5-RPP30

100 +18 W 1RPR + 2POP5 + 2RPP30 100
o w4 @IRPR+2L7Ae + 2POP5 +2RPP30 s
. +18 +27 %
l +1 l
olt l5000 6000 7000 8000 9000 10000 11000 12000 L ASOOO 6000 7000 8000 9000 10000 11000 A12000
RPR+L7Ae+POP5-RPP30 RPR+L7Ae+RPP21-RPP29
V Isolation CID V +POP5+RPP30 Isolation CID

]ﬁ ].n Ix .

9000 10000 11000 12000 13000 14000 15000 16000
m/z (Th)
n-mer (n-L7Ae)-mer

[ 2RPR + 2POP5 + 2RPP30 + 4L7Ae [>2RPR + 2POP5 + 2RPP30 + 3L7Ae
A 2RPR + 2POP5 + 2RPP30 + 2L7Ae Y/ 2RPR + 2POP5 + 2RPP30 + 1L7Ae

@ 2RPR + 2POP5 + 2RPP30

100 +37%

AL \ oA ut) 1A
0 9000 10000 11000 12000 13000 14000 ; 15000 16000
m/z (Th)
n-mer (n-L7Ae)-mer
2RPR + 2POP5 + 2RPP30 T PREZROES +ZRRHO0
4L7Ae + 2RPP21 + 2RPP29 3L7Ae + 2RPP21 + 2RPP29
n-mer missing AZRPR + 2POP5 + 2RPP30
suspected overlap 3L7Ae + 2RPP21 + 1RPP29
2RPR + 2POP5 + 2RPP30 2RPR + 2POP5 + 2RPP30

> +4L7Ae + 2RPP21 +3L7Ae + 2RPP21

2RPR + 2POP5 + 2RPP30
+1L7Ae + 1RPP21

2RPR + 2POP5 + 2RPP30
@, 21 7A¢ + 1RPP21

Figure 3. Full native mass spectra of the different Mja RNase P assemblies.Mass spectra are annotated with colored shapes that mark each charge state
distribution and the charge state of the most abundant peak in each distribution. The oligomer assignments for each charge state distribution are displayed
next to the corresponding-colored shape, with the same labeling scheme for all four spectra. Mass spectra of (A) MjaRPR+L7Ae (SEC fraction), (B)
Mja RPR+L7Ae assembled with Mja RPP21.RPP29, (C) Mja RPR+L7Ae assembled POP5-RPP30 and (D) Mja RPR+L7Ae assembled with both
RPP21.RPP29 and POPS-RPP30. In (C, D), isolation and fragmentation spectra of the 850011000 m2/z region are also shown. The CID voltage is
~150-180 V by HCD. Oligomer assignments are displayed below the spectra with the corresponding-colored shapes used to annotate each charge state

distribution. The pink boxes represent the quadruple isolation ranges used for the fragmentation spectra.

with unresolved overlapping charge states. The whole 8500~
11000 m/z range was quadrupole isolated and subjected to
increased HCD voltage (>150 V) that resulted in better re-
solved charge states and produced fragments that are the
typical CID-type (n — 1)-mer fragments (Figure 3C). Al-
though the dissociated 1-mer itself was not detected, the dif-
ference in the n and (n — 1)-mer was determined to be con-
sistent with the dissociation of a single L7Ae copy. The re-
sulting assignments for the dominant n complexes with ac-
companying n-L7Ae dissociation products were 2 RPR + 2
POP5+2RPP30 +2L7Aeand 2 RPR + 2 POP5 + 2 RPP30
+ 4 L7Ae. Overall, these data support the formation of a
dimeric RPR complex mediated by the Mja POP5-RPP30
heterotetramer.

Mja RPR + L7Ae + POP5-RPP30 + RPP2I-RPP29.
Finally, we assembled the Mja RPR+L7Ae sample with
the sequential addition of Mja RPP21-RPP29 and Mja
POPS5-RPP30 for native MS analysis. The resulting spec-
trum showed a combination of the RPR-containing com-
plexes that were observed in the samples when Mja RPR +
L7Ae was assembled with either Mja RPP21-RPP29 or Mja
POPS-RPP30 (Figure 3D). Notably, there was no or almost
no signal for the RPR + 2 L7Ae + RPP21 + RPP29 and
RPR + 2 L7Ae + 2 POP5 + 2 RPP30 complexes suggest-
ing their potential conversion to the completely assembled
holoenzyme.

Similar to the spectrum from the Mja RPR + L7Ae +
POPS5-RPP30 sample, there was signal in the 8500-11 000
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Figure 4. Mass photometry (MP) analysis of Mja RNase P. (A) Mja RPR (1 nuM) was refolded and diluted in 800 mM NH4OAc and 2 mM Mg(OAc);
before being loaded onto the mass photometer (Refeyn). (B-D) Mja RPR (1 wM) was refolded and reconstituted with a 4-fold molar excess of Mja L7Ae
(4 pM), a two-fold molar excess of Mja RPP21-RPP29 (2 uM) and Mja POP5-RPP30 (2 nM) in 800 mM NH4OAc and 2 mM Mg(OAc),. The samples
were diluted before MP analysis. The expected masses for the holoenzyme monomer and dimer are based on the mass of [l RPR + 1 RPP21 + 1 RPP29 +
1 POP5 + 1 RPP30 + 2 L7Ae] and [2 RPR + 2 RPP21 + 2 RPP29 + 2 POPS5 + 2 RPP30 + 4 L7Ae] species, respectively. Although we obtained triplicate
measurements, the data from only a single measurement are shown here (see Supplementary Table S2 for the data from the other runs). (E, F) Mja RPR (1
M) was refolded and reconstituted with either a four-fold molar excess of Mja L7Ae (4 M) and a two-fold molar excess of Mja POP5-RPP30 (2 uM)
or only a 2-fold molar excess of Mja POP5-RPP30 (2 wM). The assemblies were in 800 mM NH4OAc and 2 mM Mg(OAc),. The expected masses for the
monomer and dimer are based on the mass of [| RPR + 1 POP5 + 1 RPP30 £ 2 L7Ae] and [2 RPR + 2 POPS + 2 RPP30 + 4 L7Ae] species, respectively.
In all cases, the observed masses for each population were calculated by the DiscoverMP software (Refeyn) and the % count for each population is shown
in parentheses.

m/z range. This m/z region was quadrupole isolated and
subjected to increased HCD voltage (=150 V). This in-
creased voltage HCD spectrum had better resolved charge
states and produced some (1 — 1)-mer fragments. This spec-
trum was still hard to assign because of overlap in the theo-
retical charge states. However, our best assignments for the
n complexes were 2 RPR + 2 POPS + 2RPP30 + 4 L7Ae + 2
RPP21 + 2 RPP29, 2 RPR + 2 POP5 + 2 RPP30 + 4 L7Ae

+ 2 RPP21, and 2 RPR + 2 POP5 + 2 RPP30 + 2 L7Ae +
1 RPP21.

When the sample was re-analyzed by native MS after
storage at 4°C for one week and the 8500-11 000 m1/z range
was isolated and subjected to increased HCD (Figure 3D),
the assigned n complexes with complement n-L7Ae frag-
ments were the same as those identified in the earlier spec-
trum. However, in this analysis, the two main assemblies
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in the isolated m/z range were better resolved and clearer
(n — 1)-mer distributions were observed. There was a clear
n-L7Ae fragment that is best matched to 2 RPR + 2 POP5
+ 2 RPP30 + 3 L7Ae + 2 RPP21+ 1 RPP29. However, the
unique charge states for the complete n complex (contain-
ing 4 L7Ae) were not easily identified. The theoretical mass
of this n complex has charge state overlap with the +35 and
+34 belonging to the 2 RPR + 2 POPS5 + 2RPP30 + 4 L7Ae
+2RPP21 + 2 RPP29 complex (red stars in Figure 3D). The
replicate analyses support the presence of these main com-
plexes but there may be other species given the presence of
peaks that could not be assigned. Despite the heterogenous
assembly intermediates, which are likely formed en route to
the final Mja RNase P holoenzyme and whose in vivo signif-
icance is unclear, the native MS data support the presence
of a dimeric RNase P holoenzyme with up to two copies of
L7Ae per monomer.

Dimerization of Mja RNase P is concentration dependent and
is mediated by POPS-RPP30

While native MS provided accurate information on the
composition of Mja RNase P, it is possible that the relative
abundance of the observed species may be biased by dif-
ferences in their ionization efficiency and ion transmission
efficiency. Therefore, to better understand the abundance
and possible concentration dependence of the Mja RNase
P dimer species in solution, we turned to mass photome-
try (MP; Figure 4 and Supplementary Table S2), which has
been used effectively to determine the oligomeric state of
proteins, either free or complexed to other macromolecular
species (45,48,51,52).

One pM Mja RPR was assembled with 4 uM L7Ae, 2
wM POPS5-RPP30, and 2 wM RPP21-RPP29, and the resul-
tant sample was diluted to 10, 100, 250 and 500 nM (based
on the initial RPR concentration) before analysis by MP.
We first examined Mja RPR alone and observed a mass
range of 87 £ 17 kDa, which agrees with the expected mass
of 88 kDa (Figure 4A). For Mja RPR assembled with five
Mja RPPs, the expected mass for the holoenzyme monomer
is 183 kDa (RPR + POP5 + RPP30 + RPP21 + RPP29 + 2
L7Ae) and dimer is 366 kDa (2 RPR + 2 POP5 + 2 RPP30
+ 2 RPP21 + 2 RPP29 + 4 L7A¢). At 10 nM, the holoen-
zyme sample showed two major species with mass ranges
of 82 4+ 22 kDa (36% of total counts) and 137 4+ 18 kDa
(43% of total counts), the latter likely representing partial
assemblies. We also observed a minor species around 400
kDa but could not quantitate the same (data not shown). As
the concentration was increased from 100 to 250 to 500 nM,
there was a noticeable decrease in the partial assemblies and
a concomitant increase in the fraction of dimer (31 to 46 to
74%) with mass ranges of 362 + 34, 348 + 35 and 404 + 87
kDa, respectively (Figure 4B-D). These MP data validate
the dimeric arrangement of the Mja RNase P holoenzyme
in solution and suggest that its formation is concentration
dependent.

We showed that Mja L7Ae is not required for produc-
ing monodisperse Mja RPR by IVT (Figure 2). However,
the Mja RNase P holoenzyme assembly was initiated by
forming a complex between Mja RPR with Mja L7Ae both
in the earlier cryo-EM study (41) and in our native MS

analysis. We detected in our native MS studies 2 RPR +
2 POP5-RPP30 (i.e., no L7Ae), an observation that sug-
gests the ability of Mja RPR to form complexes indepen-
dent of L7Ae. We tested this idea using MP (Figure 4E
and F). We compared the assembly between Mja RPR with
POPS5-RPP30 either in the absence or presence of L7Ae.
The Mja RPR+L7Ae+POP5-RPP30 sample exhibited a
predominant species with a mass range of 318 + 68 kDa
(89% of total counts) consistent the expected mass of the
dimer (2 RPR + 2POP5 + 2RPP30 + 4 L7Ae, 313 kDa).
The Mja RPR+POPS5-RPP30 sample showed a predom-
inant species with a mass range of 255 + 42 kDa (82%
of total counts) in agreement with the expected mass of
the dimer 2RPR + 2POPS5 + 2RPP30, 262 kDa). Thus,
Mja POPS5-RPP30 can assemble with Mja RPR to form a
dimer even in the absence of L7Ae. Our findings are consis-
tent with the earlier observation (41) based on SEC analy-
ses that addition of POP5-RPP30 to Mja RPR+L7Ae pro-
motes dimer formation.

Cellular concentration of Mja RPR

Results from our MP studies indicate that at 250 nM Mja
RNase P, the holoenzyme (RPR + 5 RPPs) exists as ~50%
dimer in vitro. Any extension of this finding to the in vivo
scenario requires an estimate of the cellular concentration
of Mja RNase P. Thus, we sought to determine the level
of expression of Mja RPR (a proxy for the holoenzyme).
Mja was grown under anaerobic conditions in mineral salt
media supplemented with H, + CO, and with sodium sul-
fide as the reductant (see Supplementary Information). The
cell density was determined using a Petroff-Hausser bacte-
ria counter, and the diameter range was determined by scal-
ing with respect to the edges of the counter grid (50 pm) of
the Petroff-Hausser counter.

We harvested Mja cells at mid-log phase, where we ex-
pected the RPR copy number to be maximal during growth
in culture. We isolated total RNA from these cells and de-
termined the RPR amount using a TagMan probe-based,
quantitative RT-PCR assay. In vitro transcribed Mja RPR
was used to generate the standard curve for calibration
(Supplementary Figure S8). The qRT-PCR experiments
were performed using two biological replicates (indepen-
dent Mja cultures) and with three different dilutions of each
cDNA batch that was generated. Since Mja cells are spher-
ical (53), we calculated the volume based on the experi-
mentally determined diameter values. Given the cell density,
the cellular volume (based on a diameter of 1.6 pm), and
the RPR amount experimentally determined, we calculated
Mja RPR to be 50-63 nM (~100-120 copies per cell; Sup-
plementary Table S3). If all these Mja RPR molecules in a
cell assemble with the RPPs to form the holoenzyme, then
Mja RNase P (~50 nM) is likely to exist predominantly as a
monomer (as judged by our MP data; Figure 4). However,
we emphasize that even a 2- to 4-fold change in this estimate
would imply that at least a fraction of cellular Mja RNase P
exists as a dimer. We consider a few technical and biological
reasons why such a possibility merits consideration.

First, it is possible that thus far unidentified post-
transcriptional RPR modifications may have decreased the
amount of cDNA product formed by the reverse transcrip-
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tase. Second, the RPR (and RPP) copy number may change
depending on growth or stress conditions. For example, the
E. coli RPR was found to vary from 80 to 1060 molecules
per cell at 0.4 and 2.7 doublings per hour, respectively; this
change under different growth conditions corresponds to
a shift from 250 to 680 nM (54). Finally, crowding in the
cellular milieu is likely to affect macromolecular equilibria
(55). Moreover, if Mja RNase P exists in a phase-separated
microenvironment under certain physiological conditions,
then our calculations based on the entire spherical volume
of the Mja cell will need revision.

One L7Ae copy suffices for the optimal cleavage activity of
the Mja RNase P holoenzyme

Although L7Ae is not needed to either help fold during
Mja RPR in vitro transcription or for assembly of the RPR
with other RPPs, we previously reported that Pfu (type
A) L7Ae decreased by 3-fold Kyieo+ (the Mg?* concentra-
tion required for 50% optimal activity) of the Pfu RNase P
holoenzyme (31). We first investigated if this attribute was
also shared by Mja (a type M) RNase P. Indeed, addition of
Mja L'7Ae to Mja RPR + 4 RPPs at 55°C decreased Kpigo+
from 9 to 1.7 mM, and increased the maximum turnover for
cleavage of pre-tRNA™" by 2.5-fold (Supplementary Figure
S9). The fold-increase in activity is as much as 20-fold at 1
or 2 mM Mg?" indicating the importance of L7Ae at near-
cellular [Mg>*]. Since L7Ae is distal from the cleavage site
and even the substrate-binding site in Mja RNase P (41), it
is unclear how L7Ae contributes to Mja RNase P cataly-
sis. A first step to unravel the mechanism of action of L7Ae
is to investigate how many copies are needed for its role in
RNase P catalysis.

We showed previously (21,31) that archaeal type M RPRs
have two kink-turns (KT2 and KT3) that comprise an un-
usual double kink-turn motif because the NC helix of KT2
also serves as the C helix of KT3; these are not two tandem
kink-turns (Figure 2). Since two copies of Mja L7Ae bind to
Mja RPR through KT2 and KT3, we set out to understand
how each KT-bound L7Ae copy affects the optimal cleav-
age activity of the holoenzyme in vitro. We leveraged Mja
RPRmKTz, Alja RPRmKT3, and Mja RPRmKT23, three mu-
tants in which the two sheared G-A pairs of KT2, KT3, and
both, respectively, are replaced with two Watson-Crick G-
C pairs (Supplementary Figure S10). Native MS was used
previously to demonstrate that these mutations disrupt the
ability of L7Ae to bind one kink-turn (mKT2, mKT3) or
both (mKT23) (31). We assembled 10 nM Mja RPR (WT
or mutants) with 100 nM of each Mja RPP21-RPP29, Mja
POP5-RPP30, and four different Mja L7Ae concentrations
(0, 100, 250 and 500 nM). The pre-tRNAT" cleavage activ-
ity of these assemblies was assayed under multiple-turnover
conditions at 2 mM Mg?*, which is the same concentration
used in our native MS and MP experiments. Some interest-
ing and unanticipated findings emerged from these assays.

As might be expected for mutations that impair bind-
ing of L7Ae and not the other four RPPs, RPR k>,
RPR k13 and RPRxm3 displayed near-wildtype activ-
ity when they were reconstituted with RPP21.RPP29 +
POP5-RPP30; in fact, there was a 2-fold increase in the case
of RPR k12, presumably from the stabilization afforded by
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Figure 5. Comparison of the activity of Mja RNase P reconstituted with
either RPR (WT) or its kink-turn mutant derivatives. Ten nM RPR (WT,
mKT2, mKT3, mKT23) was assembled with 100 nM RPP21-RPP29, 100
nM POPS5-RPP30, and varying amounts of L7Ae (0, 100, 250 or 500
nM). Cleavage assays were performed in 50 mM HEPES-KOH (pH 8),
800 mM (NHy4)OAc, 2 mM Mg(OAc),, using as substrate 500 nM E. coli
pre-tRNATY spiked with a trace amount of 5'-[*>P]-labeled E. coli pre-
tRNAT" Data from three independent measurements were used to deter-
mine the mean =+ standard deviation for the reported turnover numbers.

replacing G-A with G-C pairs (Figure 5). When 10 nM Mja
RPRwt was assembled with 4 RPPs (i.e. RPP21-RPP29 +
POP5-RPP30), addition of 100, 250, and 500 nM L7Ace¢ in-
creased the turnover number from 0.4 4 0.01 min~! to 3.5 +
0.8,4.7 4+ 0.9 and 5.9 £+ 0.2 min~!, respectively (Figure 5).
With RPR k17, which has the L7Ae binding site at KT3
but not KT2, addition of 100, 250 and 500 nM L7Ae in-
creased the turnover number from 0.9 + 0.04 min~! to 5.5
+0.2,6.440.3and 7.2 £0.5min"!, respectively, suggesting
that only one L7Ae copy bound to KT3 suffices for optimal
cleavage activity of the Mja RNase P holoenzyme (Figure
5). With RPR k13, which has the L7Ae binding site at KT2
but not KT3, addition of 100, 250 and 500 nM L7Ae in-
creased the turnover number from 0.5 + 0.03 min~! to 0.9
+0.2,4.4 £ 0.5 and 4.8 £ 0.4 min~', respectively (Figure
5). Thus, KT2-bound L7Ae also increases the activity of the
Mja RNase P holoenzyme to the optimal level, although
a higher L7Ae concentration is needed when compared to
KT3-bound L7Ae. With RPR ,,x 123, which lacks both KT2
and KT3, addition of 100, 250 and 500 nM L7Ae unexpect-
edly increased the turnover number from 0.5 4 0.02 min~!
t01.340.2,2.6+0.5and 2.9 4+ 0.4 min~!, respectively (Fig-
ure 5). While the activity observed with RPRx23 assem-
bled with five RPPs is less than that observed with RPRwr,
RPR kT2 and RPR kT3 under the same condition, the 6-
fold enhancement is quite remarkable considering the ab-
sence of kink turns in this mutant.

The unexpected effect of L7Ae observed in the RNase
P holoenzyme assembled with RPRkT1y3 suggests
that protein—protein interactions between L7Ae and
RPP21-RPP29 might help fasten L7Ae in the RNP even
in the absence of RNA-protein interactions. Consistent
with previous yeast two-hybrid studies (56), we could not
observe a stable interaction between RPP21.RPP29 and
L7Ae¢ in the absence of RPR (not shown). However, our
native MS studies showed that RPR k123 1s assembled to-
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Figure 6. Native mass spectra of partial RNase P assemblies consisting of RPR k23 with L7Ae, RPP21.-RPP29, or RPP21-RPP29 + L7Ae. Mass spectra
are annotated with colored shapes that mark each charge state distribution and the charge state of the most abundant peak in each distribution is labeled.
The oligomer assignments for each charge state distribution are displayed next to the corresponding-colored shape, with the same labeling scheme for all
four spectra. All reconstitutions were for 10 min at 55°C before native MS analysis. Mass spectra of (A) 1 uM RPRyxT23, (B) | oM RPR k123 + 1 pM
L7Ae, (C) I uM RPR k123 + 2 oM RPP21-RPP29 and (D) 1 pM RPR k23 + 2 wM RPP21-RPP29 + 1 M L7Ae (assembled in this order). In (D), we
do observe a small amount of the [RPR k123 + RPP21-RPP29 + L7Ae],, whose significance is unclear.

gether with L7Ae and RPP21-RPP29 (Figure 6), indicating
RPR-dependent protein—protein interactions.

The above surprising finding with RPR,x 123 motivated
us to comprehensively examine L7Ae stoichiometry with
the different RPR mutants in the absence and presence of
RPP21-RPP29. First, although we had data from our pre-
vious native MS studies with the Mja RPR kink-turn mu-
tants + L7Ae (31), we repeated these measurements under
our current conditions. Our new data confirm that L7Ae
stoichiometry (in the absence of other RPPs) is as expected:
two copies bound to RPRwr, one copy each to RPR k1>
or RPRykT3, and no copies to RPRykT23 (Supplemen-
tary Figures S11 and S12). Second, there are interesting
changes to this trend upon addition of RPP21.RPP29.
There are two L7Ae copies bound to RPRwrt, one copy
bound to RPR kT2, and surprisingly two copies bound to
RPR k13 (Supplementary Figures S11 and S12). Our find-
ing that RPR k13 is assembled with RPP21-RPP29 and
two copies of L7Ae is likely due to one L7Ae copy bound
to KT2 through RNA-protein interactions and another
anchored near KT3 due to protein—protein interactions
with RPP21-RPP29. This explanation is entirely consistent
with the stoichiometry that we observed with RPR k23
(Figure 6).

DISCUSSION

Here, we leveraged native MS and MP to gain insights into
the structure of Mja (archaeal) RNase P. Moreover, our bio-
chemical studies on Mja RNase P mutant derivatives led to
an unanticipated discovery that furthers our broad under-
standing of the structure and evolution of cellular RNPs.

Using native MS and mass photometry, we confirmed
the dimeric arrangement of the Mja RNase P holoenzyme,
which was first reported based on cryo-EM studies (41). By
analyzing different assemblies made of Mja RPR and Mja
RPPs, dimeric species were observed in the high m/z region
(8000-11000) of the mass spectrum when the reconstitu-
tions contained POP5-RPP30 (Figure 3 and Supplementary
Figure S13). Our MP studies also revealed that dimer for-
mation is mediated by Mja POP5-RPP30 and does not re-
quire L7Ae (Figure 4). Because the Mja POP5-RPP30 alone
exists as a heterotetramer, it appeared that this complex is
key to formation of the holoenzyme dimer (Supplementary
Figure S13). But this expectation contrasts with what we
previously observed with Pfu (type A) RNase P (47,48).
When Pfu RPR was assembled with Pfu POP5-RPP30 in
6 mM Mg”*, we observed a complex of only 1 RPR and
1 POPS + 1 RPP30, even though Pfu POPS5.-RPP30 alone
formed a heterotetramer (47). A minor signal correspond-
ing to a complex of 1 RPR + 2 POPS5 + 2 RPP30 could be
extracted from the background noise at 4 mM Mg>*. Here,
we did not observe | RPR + 1 POP5 + 1 RPP30 with Mja
RNase P at 2 mM Mg?* (Figure 3). Also, our MP stud-
ies of the Pfu RNase P holoenzyme revealed that it exists
as a monomer (48). Together, these data suggest different
higher-order structures of archaeal type A and M RNase P,
although the functional implications are obscure as noted
previously with some other RNPs that dimerize (57). Dis-
rupting formation of the Mja RNase P dimer modestly re-
duced the activity in vitro ((41); not quantitated, however).
The importance and proportion of the dimeric conforma-
tion in vivo require further study. In this regard, approaches
including ab initio cryo-EM reconstruction maps from par-
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tially purified native complexes that reflect the structure in
the cellular milieu (58) should be a high priority.

We showed previously that type M RPRs have two kink-
turns (KT2 and KT3) that comprise an unusual double
kink-turn motif, which is highly conserved in Methanococ-
cales (21). Moreover, we demonstrated that two copies of
Mja L7Ae bind to the Mja RPR in the absence of the other
four RPPs (31). Consistent with this earlier finding, results
from the native MS studies here reveal that Mja RNase P
holoenzyme contains up to two copies of L7A¢ per RPR.
However, our functional tests with the kink-turn mutants
yielded both expected and surprising results. For example,
addition of L7Ae to RPR kT2 (a mutant with intact KT3)
+ 4 RPPs predictably increased the turnover number, con-
sistent with the cryo-EM model which showed that L7Ae
in the RPP29-RPP21-L7Ae¢ heterotrimeric assembly was
bound to KT3. Thus, KT3 was expected to be less dispens-
able than KT2. Unexpectedly, we found the activity trend
for RPR k13 (lacking KT3) mirrored RPR x>, although
at slightly higher L7Ae concentrations. A clue to under-
standing this unexpected result came from our finding that
addition of L7Ae to RPR k123 (Which lacks both KTs) + 4
RPPs also boosted pre-tRNA cleavage, albeit not as much
as that observed with the WT (Figure 5). Thus, formation of
the RPP29-RPP21.-L7Ae heterotrimer appears to override
the necessity for KT3 in both RPR x5 and RPR ;x123. We
infer that L7Ae contributes to RNase P catalysis through
protein—protein interactions even when its binding site (K-
turn) is absent.

While the archaeal (type M) RNase P contains up to two
copies of L7Ae per RPR as expected based on the double
kink-turn, one copy suffices for optimal catalytic activity
and even that is not dependent on the presence of a kink-
turn (Figure 5). We cannot exclude the likelihood that the
binding of two copies of L7Ae might be necessary for spe-
cialized functions of archaeal RNase P, or that the copy
bound to KT2 might be important for initiating assembly
but is absent in the final complex. The latter possibility may
even account for heterogeneity in the preparation used for
cryo-EM and the weaker density observed at this P12 pe-
riphery (41). Interestingly, most eukaryotic RPRs have only
one kink-turn while fungal RPRs have none (11). The re-
duction in the copy number of L7Ae (and kink-turns) from
archaeal to eukaryotic RNase P might be a hallmark of re-
gressive evolution, i.e., loss of nonfunctional attributes dur-
ing evolution (59).

The binding of L7Ae or POP3 to kink-turns
would be expected to enhance formation of the
RPP29.RPP21.L7Ae/POP3 heterotrimer in an RPR-
dependent fashion. Such interlacing was reported with U2
snRNP, where protein—protein contacts enhanced RNA-
protein interactions (60). However, in archaeal RNase P,
the RPR-L7Ae interaction seems redundant presumably
due to a ratchet that has already firmly rooted L7Ae in the
RNP through electrostatic and hydrophobic interactions
with RPP21. Such an idea is supported by the structure
of S. cerevisiae RNase P, which contains POP3 (the L7Ae
paralog) despite the RPR lacking kink-turns (Figure 1)
(10). While POP3 lacks the two key positively-charged
residues in the canonical NExxKxxxR motif that anchors
L7Ae/paralogs to the cognate kink-turn, a large interface
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that holds together POP3 and RPP21 appears to have been
subjected to positive selection (Supplementary Figure S14).

The advances from our study also raise new questions
that remain to be addressed. For instance, we observed that
the interactions between L7Ae and RPP21-RPP29 occur
only in the presence of RPR, suggesting that binding of
RPP21-RPP29 to the RPR somehow facilitates the interac-
tion with L7Ae. The underpinnings for this cooperativity as
well as the functional gains conferred by L7Ae, even when
it does not contact the RPR, remain a mystery.

SUMMARY

The use of native MS and mass photometry as a comple-
ment to validate and to extend a low-/medium-resolution
cryo-EM structure of an RNP exemplifies the value of in-
tegrative structural biology in yielding functional and evo-
lutionary insights. Moreover, as illustrated with archaeal
RNase P, intertwining RNA- and protein—protein interac-
tions in multi-subunit RNPs offers loss-of-function safe-
guards in the event of a disruption of one of these interfaces.
Given this coupling between RNA- and protein—protein in-
teractions, bioinformatic inventories of RNA-binding pro-
teins for a target RNA based solely on the presence of RNA-
recognition sites may prove incomplete.
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