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Abstract

RNase P catalyzes removal of the 5’ leader from precursor tRNAs (pre-tRNAs) in all three domains of life.
Some eukaryotic cells contain multiple forms of the protein-only RNase P (PRORP) variant, prompting efforts
to unravel this seeming redundancy. Previous studies concluded that there were only modest differences in
the processing of typical pre-tRNAs by the three isoforms in Arabidopsis thaliana [AfPRORP1 (organellar),
APRORP2 and APRORPS3 (nuclear)]. Here, we investigated if different physical attributes of the three
isoforms might engender payoffs under specific conditions. Our temperature—activity profiling studies revealed
that AfPRORPs display substrate-identity dependent behavior at elevated temperatures (37—45 °C), with the
organellar variant outperforming the nuclear counterparts. Echoing these findings, molecular dynamics
simulations revealed that AIPRORP2 relative to AIPRORP1 samples a wider conformational ensemble that
deviates from the crystal structure. Results from our biochemical studies and molecular dynamics simulations
support the idea that AIPRORPs have overlapping but not necessarily redundant attributes and inspire new

perspectives on the suitability of each variant to perform its function(s) in a specific cellular locale.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

Transfer RNA (tRNA) primary transcripts undergo
multiple maturation steps including trimming of
the 5'-leader and the 3'-trailer, base modifications,
and splicing of introns (when present). RNase P,
an essential endonuclease, catalyzes the Mg?*-
dependent removal of 5’ leaders [1] and exhibits
remarkable diversity in its composition: a catalytic
RNA-based ribonucleoprotein (RNP) contains 1 to
10 protein subunits depending on the organism
[2-5]; an RNA-free, protein-only variant active even
as a single protein is also found in all three domains
of life [6,7]. Sequence and structural analyses
show that these two types of RNase P, which utilize
two distinct macromolecular active-site scaffolds,
evolved independently [8—11].

Protein-based RNase P, the focus of this study, falls
into two broad classes: HARP (Homologs of Aquifex
RNase P), a ~23-kDa protein found thus far in bacteria
and archaea [7], and PRORP (PRotein-Only RNase P),
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a ~60-kDa protein present in four of the five eukaryal
supergroups (Amoebozoa being the exception) [12].
Single-polypeptide recombinant HARPs from bacteria/
archaea and PRORPs from algae, plants, and protists
cleave a variety of pre-tRNA and non-tRNA substrates
in vitro [7,13—18]. In Arabidopsis thaliana (Af), a dicot
plant, three PRORP isoenzymes are present:
AtPRORP1, APRORP2, and APRORP3 [13]. Here,
we examine possible reasons for this intriguing and
seeming redundancy.

APRORP1 resides in mitochondria and chloro-
plasts, while APRORP2 and AIPRORP3 are local-
ized to the nucleus [13]. Genetic studies showed that
APRORP1 is essential for plant viability, and that
APRORP2 and APRORP3 are functionally redun-
dant given that single knock-out plants are viable in
contrast to double knock-outs [16]. These results are
consistent with the sequence relatedness of the three
PRORPs. Based on their sequences, spermatophyta
(seed-producing plants) PRORPs are grouped into
three clusters: organellar PRORPs in clusters | and I,
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and nuclear PRORPs in cluster lll [12]. Nuclear
APRORP2 and APRORP3 share 80% sequence
identity and have diverged from organellar AiPRORP1
(e.g., AtPRORP1 and APRORP2 share ~48%
identity) [19]. The robust activity of all three recombi-
nant AtPRORPs in vitro has enabled structure—
function relationship studies, which were undertaken
with the intent to account for the presence of three
isoenzymes in a single organism.

Crystal structures of AIPRORP1, AfPRORP2, and
truncated (inactive) human PRORPs reveal a strikingly
similar V-shaped architecture comprising three do-
mains: an N-terminal pentatricopeptide repeat (PPR)
domain, a central bipartite zinc-binding (CZ) domain,
and a PIN-like metallonuclease (MN) C-terminal
domain (Fig. S1) [10,20-23]. PPR proteins are mainly
found in eukarya, playing important roles in RNA
binding and turnover [24,25]. PPR domains contain
successive helix-turn-helix motifs, with each motif
containing ~ 35 amino acids, of which two are engaged
to recognize a specific nucleotide [24]. The CZ domain
connects the two arms (PPR and MN domains) in the
V-shaped structure [26]. Lastly, the MN domain uses
four aspartates to position at least two divalent cations
(likely Mg?* in vivo) to hydrolyze the scissile phospho-
diester bond [10,27]. When the CZ domains in the
crystal structures of AIPRORP1 and AIPRORP2 are
superimposed, the orientations of the PPR domains
differ by 35° and those of the MN domains by 45°.
APRORP2 displays a more open structure compared
to APRORP1 [4,20], with notable differences in the
orientation of the two helices that make up the third
PPR motif [20]. Recent mutagenesis and binding
analyses of APRORP1 and APRORP2 [28] have
revealed that the tight affinity of the PRORP-substrate
complex is due to recognition of tRNA structure
through ionic and non-ionic interactions, with the latter
mediated by the PPR motifs.

Three studies have compared the ability of
AtPRORPs to bind and cleave pre-tRNAs [19,29,30].
All three APRORPs coordinate Mg?* using the pro-
Sp oxygen of the scissile phosphodiester bond to
promote cleavage, a difference from the RNase P
RNP that coordinates the pro-Rp oxygen [29]. The
catalytic parameters for binding and cleavage of two
organellar and two nuclear At pre-tRNAs by the three
PRORPs revealed a ~13-fold difference in K.a/Ku
and ~4-fold difference in binding affinity for any given
pre-tRNA; despite these similarities, there were
differences in the fidelity of processing with the highest
miscleavage observed with AfPRORP3 [19]. These
findings, however, do not illuminate if the three
AtPRORPs occupy a distinctive phenotypic space
because of their complementary functional repertoire.

Previous in vitro cleavage assays of APRORPs
have shown that AfPRORP1 and APRORP3 are
capable of cleaving Thermus thermophilus pre-
tRNASY at 37 °C, while APRORP2 was inactive
>30 °C [29]. Consistent with this observation, recent

genetic complementation experiments showed that
APRORP2 could not support growth at 37 °C of
Escherichia coli depleted of the RNase P RNP variant
in sharp contrast to APRORP1 and APRORP3 [30].
These data indicate that AIPRORP1 and AiPRORP3
could support activity at slightly higher temperatures
than AfPRORP2, a surprising finding given the
88% primary sequence similarity between AIPRORP2
and APRORP3 [12,13]. One possible reason for
a plant having multiple PRORPs is that the Tqy
(temperature for optimal activity) of each isoform is
fine-tuned to ensure tRNA 5'-maturation activity
regardless of natural temperature fluxes. Although
plants grow optimally over a range of temperatures
(e.g., 425 °C for the A. thaliana Columbia ecotype),
they exhibit some thermotolerance: for instance, even
after 5 days at 36 °C, 50% of the Arabidopsis plants
tested survived [31]. Therefore, we sought to better
understand how the three AIPRORPs fare over a broad
range of temperatures in terms of stability and activity.
Motivated by the idea that different physical attributes
might engender payoffs under specific conditions,
we examined the temperature—activity profiles for
processing of select substrates by AIPRORPs. Results
from these studies, together with insights from all-atom,
unbiased molecular dynamics (MD) simulations of
APRORP1 and APRORP2, suggest payoffs that
result from having three isoforms with distinct traits.

AtPRORPs Have Distinct
Melting Temperatures

We determined the melting temperatures (T.,) of
APRORPs using differential scanning fluorimetry
(DSF, Fig. S2; Table S1). We noted that APRORP1
was the most stable among the three isoenzymes
witha T,,0of 48 + 0 °C in 1 mM M92+; based on a
thermofluor melting curve, a T,, 0f 48.3 + 0.1 °C was
recently reported for APRORP1 [28]. We found that
APRORP2 and APRORP3 display T,, values of
34 +1°Cand36 + 1 °C, respectively, in 1 mM Mg?*.
Since large temperature fluctuations are common in
the shoot in contrast to the root, APRORP1 would be
the preferred choice to support key organellar functions
(respiration and photosynthesis) in the aerial parts of
the plant. Indeed, the expression levels of APRORPs
in different parts of the plant (publicly available [32])
show that APPRORP1 is expressed at higher levels
than AIPRORP2 and AtPRORPS3 in organs exposed to
the light, while the levels of AIPRORP2 exceed
AtPRORP1 in the seed (Table S2).

AtPRORPs Display Distinct Substrate-
Dependent temperature—activity Profiles

To test the notion that the T, of each APRORP
isoform is fine-tuned to ensure tRNA biogenesis
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under specific physiological conditions, we examined
the temperature-dependent variation in the rates of
cleavage of different substrates (Fig. 1). We first
elaborate on the rationale for choosing a Synechocystis
pre-tRNAG" and an A. thaliana chloroplast pre-
tRNAA' [At chl-pre-tRNAA9(ACG)].

While the majority of tRNAs have a G, 4-C, base pair
(bp), some contain a U, 4-A, bp; the correct RNase P
cleavage (Cy) is between N_; and N, 1. The Atgenome
contains 659 tRNA genes: 4.2% have a U, 4-A;» and
3.3% have an A_; and U, 4-A;5; the latter sequence is
typified in Synechocystis (cyanobacterial) pre-tRNACS"
(Fig. 1), a substrate that has been studied before by
others and us [33—35] and one that we focused here for
a few reasons. First, there is no information on how
PRORPs process substrates (such as pre-tRNAS™")
with a U,4-A;». Second, we already had available
pretRNA®" mutant derivatives where the tRNA
“elbow” has been weakened by extension of the D-
stem [33], and sought to investigate the effect of such
structural alterations on PRORP activity. Lastly, the
Synechocystis tRNA®"™ is 90% identical to the At
chloroplast counterpart making it a valid surrogate for
studies of AIPRORPs. Our second substrate of choice
is At chl-pre-tRNA”", which has an unusual acceptor
stem with two unpaired bases (Us:Cgg and Ug:Ugg;
Fig. 1). Moreover, RNAi-based down-regulation of
APRORP1 led to impaired photosynthesis and accu-
mulation of chl-pre-tRNAA9(ACG) and some other
organellar pre-tRNAs [36]. Likewise, in the moss
Physcomitrella patens (Pp), knockout lines of one of
the organelle-targeted PRORPs led to a significantly
decreased level of mature chitRNAA9(ACG) [15].
Only two nucleotides are different between Atand Pp
chi-pre-tRNA”™® (ACG; which has a Cs and Ug;), with
both containing two consecutive unpaired residues:
Us/Cs:Ceg and Ug:Ugs. These independent findings on
the build-up of Ator Ppchl—pre-tRNA”™ [15,36], which
confirm chl-pre-tRNA*"® as a bona fide PRORP
substrate despite its atypical structure, led to inclusion
of At chl-pre-tRNAA"9(ACG) in our studies.

Prior to initiating activity measurements, we used
fluorescence polarization-based assays to determine

the dissociation constants (Kp) for the binding of
various substrates to AIPRORPs. APRORPs bind
pre-tRNAs tested in this study with a wide range of Kp
values (Table S3), although AIPRORP1 exhibited the
highest affinity. Overall, these Kp values helped guide
the choice of enzyme concentrations for use in single-
turnover assays. Moreover, we established that all
three AtPRORPs cleave pre-tRNA®" and its mutant
derivatives at Cy, the correct cleavage site (Fig. S3);
the fidelity of processing of pre-tRNA*"9, however,
was slightly variable, with APRORP1 exhibiting
predominantly correct cleavage (Fig. S4).

Using single-turnover studies, we obtained the
kops Values for processing of pre-tRNAS™ from 4 to
37 °C by all three AIPRORPs (Table S4). It was
previously reported that ks Values are comparable to
Keat determined under multiple-turnover conditions,
a finding that is consistent with the rate-determining
step being cleavage and not product release [19,27]
(also, see Supplement for supporting data); therefore,
experimentally determined ks values allow a com-
parison of the first-order rate constant for converting
the enzyme-bound substrate to product by all three
APRORPs. Moreover, because Kp and Ky values
are similar for various substrates processed by
APRORPs [19], kobs/Kp could serve as a proxy for
Keat/ K-

Based on the ks values that we determined, we
calculated Q4 values (the fold-change in catalytic rate
for every 10 °C increase; Table S5) to be 4, 3.5,
and 3.4 for AiPRORP1, AIPRORP2, and AIPRORP3,
respectively. In general, the rates of an enzymatic
reaction exhibit ~ 1.8-fold increase for an increase of
10 °C in assay temperature [37,38]. Eyring plots
(Inkops/ T versus 1/T; not shown) of these data helped
determine the enthalpy and entropy of activation
(Table S5), while Arrhenius plots (Inkyps versus 1/T,
Fig. S5) yielded activation energies of 24.1 + 0.9,
20.9 + 0.2 and 20.7 = 0.8 kcal/mol for APRORP1,
APRORP2 and APRORPS3, respectively. Collective-
ly, these results suggest that organellar AIPRORP1
requires additional activation energy relative to its
nuclear cousins to perform phosphodiester hydrolysis.
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Fig. 1. Secondary structures of pre-tRNA substrates used for binding and cleavage assays with all three AIPRORPs.
Mutant derivatives (D + 1,D + 6, and AAC) of pre-tRNA®"™ have alterations to either the T-/D-tertiary contact or the anticodon
stem; mutations are indicated in red. Abbreviations used: pArg, pre-tRNA"; pGin, pre-tRNACG".
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Moreover, although a direct comparison is not possible
given differences in assay pH and [Mg?*], the E.
values for cleavage of pre-tRNAC" by APRORPs are
about two-fold higher compared to those reported
for E. coli RNase P RNP (7.1-10.3 kcal/mol) [39,40].
The E, for cleavage of the phosphodiester bond by
ribozymes (13.5 kcal/mol) is intermediate to those of
E. coliRNase P and AfPRORPs [41,42].

To determine the T, of AIPRORPs, we obtained
the kyps Values for cleavage of pre-tF{NAGln WT at
six different temperatures between 4 and 45 °C, and
additionally for four other substrates at 25, 37, and
42 °C (Figs. 2 and S6; Table S4). We discuss below
the findings with pre-tRNAS" and other substrates.
Based on the temperatures tested, the Ty for
cleavage of pre-tRNAS" is 37 °C for APRORP2
and 42 °C for AIPRORP1 and AfPRORPS3. Between
4 and 37 °C, there was a 100-fold increase in the
rate of cleavage by A(PRORP1 compared to a
60-fold increase with AfPRORP2 and APRORPS.
There are distinct differences in the functional
behavior of the isoenzymes above their respective

pGin
5 — pGin D+1

4
15 25 37 42 15

25 37 42

Topt- With ATPRORP2, the ks value at 42 °C is two-
fold lower compared to 37 °C and not measurable
at45 °C. The kyps of AIPRORP1 at 45 °C decreases by
<20% compared to that determined at its T, (42 °C),
but AfPRORP3 decreased precipitously and showed
only residual activity at 45 °C (product formation
plateaued at 18% after a 1-h incubation and the kops
could not be reliably calculated). To assess an
approximate temperature ceiling for APRORP1 func-
tion, we carried out an end-point measurement of
cleavage activity and found only ~50% cleavage
at 50 °C after a 6-min incubation compared to ~90%
at 45 °C (data not shown).

We investigated if the trends observed with pre-
tRNAC" are applicable to cleavage of select pre-
tRNA " mutant derivatives and pre-tRNA* (Figs. 2
and S6; Table S4) at 25, 37, and 42 °C. Unlike the
Topt Of 42 °C for pre-tRNAS", APPRORP1 exhibits a
Topt Of 37 °C for pre-tRNAS"(P+8) and pre-tRNAA'S,
and >42 °C for pre-tRNA GNP+ and pre-tRNA GNAAC),
For AIPRORP2 and AIPRORP3, the Tt is 37 °C with
pre-tRNAGIn(D+1), pre-tRNAGln(D+6), pre-tRNAGln(AAC),

pGIn D+6

pGin AAC
pArg

25 37 42

25 37 42

Temperature (°C) 25 37 4o

Fig. 2. Cleavage of pre-tRNAs by AfPRORPs over a range of temperatures. Cleavage rates at the indicated temperatures
represent the mean calculated from at least three independent experiments. The individual mean and standard deviation
values are listed in Table S4 and summarized in a different format in Fig. S6. Approximately 40 nM 5'-[32P]-labeled pre-tRNA
was refolded as described [43]. Reactions were initiated by mixing an equal volume of AfPRORP and pre-tRNA (both pre-
incubated for 7 min at the assay temperature); assays were performed in 20 mM HEPES (pH 7.5), 1 mM MgCl,, 150 mM
NaCl, 4 mMDTT, and 5% (v/v) glycerol with a final concentration of 2 (or 6) yM AtPRORP (Table S4). Ateach time point, a
5-pL aliquot was withdrawn from a 40-pL reaction and terminated using 10-pL stop solution [7 M urea, 20% (v/v) phenol,
0.2% (w/v) SDS, 10 mM EDTA, 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene cyanol]. Reaction contents were then
separated using denaturing PAGE [8% or 25% (w/v) polyacrylamide, 7 M urea]. After visualization using the Typhoon
Phosphorimager (GE Healthcare), the extent of cleavage was quantitated using ImageQuant 5.0 (GE Healthcare). Rates
(kobs)(were calculated using KaleidaGraph 4.5 (Synergy) or JMP 11 (SAS Institute, Inc.) by fitting the data to P; = Pax (1
— e~ "l where P, is the product formed at time t. The values obtained from these two curve-fitting programs yielded
similar, if not identical, values (not shown). Abbreviations used: P1, AiPRORP1; P2, AIPRORP2; P3, AfPRORPS.
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and pre-tRNA”'9; however, the decrease above Topt
was always more pronounced for AfPRORP2 than
APRORP3. The absence of a uniform trend in
changes in ko for different pre-tRNAs indicates that
Topt values are substrate identity dependent, an
unexpected finding.

There are some other inferences from these data.
APRORP1 is less sensitive to processing a pre-tRNA
with perturbed D/T-loop interaction compared to
AtPRORP2/3, as evident from the activity—temperature
profile with pre-tRNACNP+)  Also. despite similar
rates of processing of pre-tRNAGNAAC) by gl three
PRORPs at 25 and 37 °C (Table S4), APRORP1
binds this substrate with at least a ~ 13-fold lower Kp
value at 25 °C (Table S3; see Supplement). Thus,
based on ky/Kp (Tables S3 and S4), we conclude
that the catalytic efficiency of AIPRORP1 is 13-fold
greater than that of AIPRORP2 for cleavage of pre-
tRNAGINAAC) gt 25 °C,

APRORP2 could cleave all the substrates that we
tested at 37 °C (and some even at 42 °C). These
findings were unanticipated given a previous report
documenting complete loss of AIPRORP2 activity at
37 °C [29] as well as results from genetic comple-
mentation studies in E. coli and yeast where
APRORP2 was shown to be defective at 37 °C

AtPRORP1 AtPRORP2

[30,44]. We recognize that the assay buffer condi-
tions and the substrates used before are different
from those employed in this work. To rule out buffer
variations as a likely basis for differences with the
earlier report [29], we assayed the pre-tRNAC"-
processing activity of AIPRORP2 at 37 °C in the
buffer used before [29] and found robust cleavage
similar to our buffer. Collectively, these results
reinforce the idea that T, values are indeed substrate
identity dependent, and that AfPRORP2 can cleave
at 37 °C a cyanobacterial pre-tRNAS" (this study) but
not T. thermophilus pre-tRNAGY [29].

AIPRORPs Have Distinct Dynamical
Properties as Predicted by
MD Simulations

Structures and simulations could help discern
the molecular basis of protein and RNA catalysis
[20,45—49], and prove instructive in unraveling sub-
strate specificity and temperature—activity profiles of
enzymes. Indeed, normal mode analyses (NMA) of the
crystal structures of APRORP1 and A{PRORP2

Fig. 3. Temperature-dependent dynamics of AIPRORPs
in MD simulations. Superposition of APRORP1 (left panels)
and APRORP2 (right panels) conformations taken every
2 ns from 100-ns-long MD simulations performed at 25 °C
(top), 37 °C (middle), or 42 °C (bottom). The PPR domain
has been used as a reference for alignment of all
conformations. Color ramp indicates time (red to white to
blue). Two simulation systems were prepared using VMD
[50]. The first one included the crystal structure of
APRORP1 solved at 1.95 A (residues S95 to K570; PDB
4G24) [10], with two Mg?* ions replacing crystallographical-
ly-resolved Mn?* ions at the catalytic site, 330 crystallo-
graphic water molecules, and a single Zn®* ion in the CZ
domain. The second system included the crystal structure of
APRORP2 solved at 3.20 A (N28 to S516 in chain A; PDB
5DIZ) [20] (see Supplement for additional details). The
resulting simulation systems encompassed 133,230 atoms
(10.5 x 11.7 x 11.5 nm®) for AfPRORP1 and 132,360
atoms (11.7 x 10.9 x 11.1 nm®) for APRORP2. Simula-
tions (100 ns) were carried outusing NAMD2.12 [51] and the
CHARMMSE6 force field with the CMAP correction and the
TIP3P water model [52-55]. Integration for the equations of
motion was done using a 2-fs integration time step along with
the SHAKE constraint algorithm for covalently bonded
hydrogen atoms. Frames were saved every 2 ps, and van
der Waals interactions were truncated using a cutoff of 12 A
with a switching function starting at 10 A. The particle mesh
Ewald method was used to compute long-range electrostatic
interactions without any distance cutoff and with a grid
density of >1 A3, Temperature was controlled usin1g
Langevin dynamics with a damping coefficient of 0.1 ps™
The hybrid Nosé—Hoover Langevin piston method was used
to control pressure (1 atm) using a 200-fs decay period and
a 50-fs damping time constant. Each system was energy
minimized and equilibrated in the constant number, pres-
sure, and temperature ensemble (NpT) at 25, 37, or 42 °C.
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indicated the presence of flexible hinges in the loop that
connects the two helices of the third PPR moitif (in the
PPR domain) as well as between the CZ and MN
domains in both proteins [20]. In another elegant
study [49], NMA models and SAXS data were used to
confirm conformational plasticity of APRORP1 and
APRORP2, especially the rotation of the MN domain
around the CZ domain/hinge. While these studies
confirmed large-scale flexibility in solution and in silico,
we sought atomistic insights into those motions in
APRORPs that might influence substrate recogni-
tion and T,,. Therefore, we performed unbiased,
all-atom 100-ns-long MD simulations at 25, 37 or
42 °C for AfPRORP1 and APRORP2 (the two
isoforms for which a high-resolution structure is
available), and monitored various structural properties
throughout the resulting trajectories. The 100-ns-long

AtPRORP1

8 T

RMSD-C, (A)

50
Time (ns)

——25°C
——37°C
o ——42°C

0
350 400 450 500 550
Residue

simulations offer a first step to uncover the basis
for functional differences between APRORP1 and
APRORP2, primarily by examining if the conforma-
tional space sampled by these isoforms is different
and temperature-dependent.

Visual inspection of the simulation trajectories
revealed different behaviors for APRORP1 and
APRORP2 (Fig. 3), with the latter exploring a larger
number of conformations that deviated from the
original conformation in the crystal structure. We
quantitated this behavior by computing overall root
mean square deviation (RMSD) and found that it was
generally larger for APRORP2 (2.2-8.8 A, after first
10 ns) compared to AfPRORP1 (1.6-5.8 A) through-
out the trajectories at 25, 37 or 42 °C (Fig. 4). Large
RMSD values can reflect local deformations, relative
motions of domains, or both. Therefore, we also

AtPRORP2

0 25 50 75 100
Time (ns)
4 T T T T
—25°C
——37°C
sl ——42°C| |
=
o
(%)
-
4
1+ o
0 1 1 1 1
250 300 350 400 450 500

Residue

Fig. 4. Structural integrity of AfPRORP1 and APRORP2 in MD simulations. Top panels show RMSD computed
using Ca-atom coordinates (RMSD-Ca) throughout the 100-ns-long MD simulations of APRORP1 and AfPRORP2,
respectively. Initial models based on crystal structures (4G24 and 5DIZ) were used as references. Origin 2018 (OriginLab)
was used to generate the smoothed curves (in darker color). Bottom panels show RMSF of Ca-atoms for residues in the
catalytic MN domain computed without taking into account the first 10 ns of simulation. Results from simulations at 25, 37,
or 42 °C are shown in black, red, or blue, respectively, in each panel. Additional details regarding data analyses are

described in Supplementary Information.
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computed RMSD per domain over entire trajectories
and found low values (<2.5 A) for the APRORP1 MN
and CZ domains, and medium values (< 3.5 A) for the
PPR domain at all three temperatures studied (data
not shown). In contrast, at all temperatures investi-
gated, RMSD values were low (<2.5 A) for the
APRORP2 PPR domain and larger (> 2.5 A) for the
MN and CZ domains (data not shown). In addition,
root mean square fluctuation (RMSF) values per
residue, which reflect the extent of local dynamics,
revealed a similar trend: the MN domain of
APRORP1 is generally less dynamic than the MN
domain of AfPRORP2 (Fig. 4). Together, these data
suggest that (i) the CZ and MN domains in AIPRORP1
are more rigid than in AIPRORP?2; (ii) the PPR domain
in AIPRORP1 is less rigid than in AIPRORP2; and (iii)
all domains are overall more mobile with respect to
each other in AIPRORP2.

Crystal structures of AIPRORPs revealed that the
aperture of the V-shape is different (Fig. 3). We
quantitated this observation by computing the inter-
domain angle between the PPR domain and the
remainder of the protein (CZ plus MN domains) for
the initial structures and for the conformations
observed throughout our MD simulation trajectories
(Figs. 3 and S7). Simulations predict that the inter-
domain angle for AIPRORP1 remains smaller than
the AIPRORP2 angle in solution (in silico) at 25, 37,
and 42 °C over a 100-ns timescale. Simulations
also revealed an initial and larger variation at 25 and
37 °C of the APRORP2 aperture (compared to
that of AIPRORP1) that may reflect either release of
strain from crystallographic contacts or intrinsic
flexibility. At 37 °C (but not 42 °C), we also observed
the formation of salt bridges in AtPRORP1 (E246—
R496) and APRORP2 (E504-R443) after 50 ns,
possibly accounting for decreased inter-domain an-
gles (Fig. S8); mutagenesis studies are required to test
the functional significance of these contacts at 37 °C.
Overall, simulations predict that the inter-domain angle
in APRORP1 will be smaller than the one observed
for AIPRORP2, suggesting that this scenario is likely
to hold in solution akin to that exemplified in their
respective crystal structures. Such an inference is also
consistent with their respective intrinsic flexibility, as
evaluated in the NMA and SAXS modeling efforts
[20,49]. Therefore, active substates may be diluted
more rapidly for AIPRORP2 than AIPRORP1 as the
temperature is increased.

Concluding Remarks

We have uncovered some physicochemical dif-
ferences that suggest non-redundancy of three
APRORP isoforms in different physiological con-
texts. Our temperature—activity profiling showed
that temperature ceilings for each PRORP isoform
are substrate dependent. Overall, the T trend is

APRORP1 > AIPRORP3 > APRORP2, which paral-
lels the relative T,, values determined by DSF.
However, such an inference masks the more nuanced
picture that emerges from examining different sub-
strates. For example, the T,, values of APRORP2
and APRORP3at34 + 1 and 36 = 1 °C, respective-
ly, are lower than their T, of 37 and 42 °C for
cleavage of pre-tRNA®" (i.e., Top > Tiy). In contrast,
APRORP2 was reported to cleave a pre-tRNA®Y at
28 °C but not 37 °C [29], despite a T, of 34 °C;
likewise, we show that APRORP1 has a T,,, of 48 °C
buta Top0f 42 °C with pre-tRNAS" (i.e., Tr, > Topt)- In
fact, a re-evaluation of the underpinnings for T, was
prompted by instances where Ty > To for many
enzymes [56-58].

The bell-shaped curves typically observed for
activity versustemperature have often been attributed
to Arrhenius behavior below T, and to protein
denaturation above T, However, alternative expla-
nations have been sought given the examples of
discord between T, and T, [58,59]. The “equilibrium
model” (Fig. S9) [60,61] postulates that enzymes
toggle between active and inactive states in a rapid
reversible transition (reflected in T), with catalytic
inactivation arising from local unfolding (reflected in
Tr). An important corollary of the equilibrium model is
that enzymes can reversibly lose activity due to the
initial conformational sampling, and that increased
stability is not the key to increased activity at high
temperatures. The “macromolecular rate theory”
[59,62] posits that the temperature dependence of
enzyme-catalyzed reactions is independent of stabil-
ity considerations and is rationalizable by the heat
capacity difference (ACS) between the ground (ES)
and transition (ES*) states. We use these ideas to
explain our observations on PRORPs, with implica-
tions for their biological roles.

First, the structure of AIPRORP2 in solution appears
more flexible than APRORP1 [20,49], an inference
supported by the RMSF values from our MD simula-
tions (Figs. 3 and 4). Based on the equilibrium model,
the comparatively ready loss of activity of AIPRORP2
even at moderate temperatures is accounted for.
Second, since curvature on either side of the Ty is
dictated by AC}; (based on the macromolecular rate
theory), rate—temperature profiles need not be the
same for different substrates tested with a given
enzyme. Indeed, this is the case for all APRORPs
(Figs. 2 and S5). Third, the Tq trend of APRORP1 >
APRORP3 > AIPRORP2 would predict a more rigid
ground state for APRORP1 and thus a less negative
AC&. Given coincident ks values across the PRORPSs,
we rule out differences in the transition state as the
basis for differences in AC; among the PRORPs. While
our results suggest that ACS should be more negative
for AIPRORP2 relative to APRORP1, additional
experiments are required to confirm this expectation.
Next, we consider the payoffs from a higher T, for
APRORP1 relative to its nuclear cousins.
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The heat generated from operation of the electron
transport chain was reported to increase the intra-
mitochondrial temperature in human cells by ~10 °C
compared to other cellular compartments [63]. If this
increase also occurs in plant mitochondria, APRORP1
would clearly be better equipped (among the three
PRORPs) to respond to this temperature spike. Also,
since large temperature fluxes are common in the
shoot compared to the root, AIPRORP1 would again
be the preferred choice to support key organellar
functions in the shoot, an expectation supported by
publicly available transcriptomic data (Table S2).

While APRORP1 is clearly a first among equals for
organellar function, the use of its nuclear isoenzyme
variants that display a lower T, seems intriguing at
first glance. However, if lowering cytoplasmic transla-
tion is part of a high-temperature stress response, then
APRORP2 and AIPRORP3 might be better candi-
dates (than AtPRORP1) for regulatory control given
that their lower T, and possibly a more negative AC;
will result in a sharp decline in activity above the T
This disadvantage is counterbalanced by AIPRORP2
and AIPRORP3 enjoying a flexible ground state and a
larger conformational ensemble (consistent with pre-
dictions from simulations and a more negative ACE,[)
that allow a wider substrate suite, a decisive advan-
tage if these nuclear PRORP variants are tasked with
processing an array of pre-tRNAs and ncRNAs.

Our studies provide a glimpse of how choreograph-
ing conformational dynamics might modulate sub-
strate specificity or temperature-dependent activity of
AfPRORPs. Differences in conformational sampling
by each PRORP isoform might offer a mechanism to
control their substrate repertoire at a given tempera-
ture. In this regard, the large number of native-like
conformations sampled even at 25 °C, especially by
APRORP2, might ensure that a diverse ensemble is
explored to facilitate cleavage of a broad substrate
suite even if it is at the cost of occasional excursions
into inactive conformations. A similar inference, which
was drawn based on SAXS data, was used to support
the idea that AIPRORP2 might be more tolerant of
tRNAs with long acceptor/T-stem stacks [49]. Thus,
seemingly redundant isoforms might represent bio-
logical solutions to fulfill different functions on account
of inherently different dynamics. It will be instructive to
explore over long timescales the behavior of these
multi-domain proteins, with and without bound sub-
strates. Our simulations present testable ideas (e.qg.,
importance of select salt bridges) to correlate struc-
tural flexibility and activity at elevated temperatures.

Another point of interest is the need for two nuclear
PRORPs. Since knockdown of AtPRORP2 or
AIPRORP3 had no deleterious consequences at
22 °C, they were postulated to be redundant [16].
Despite 88% similarity, AIPRORP2 and A{PRORP3
display significant binding affinity differences (e.g., pre-
tRNACG": Table S3). Thus, their substrate suites may
differ and engender functional synergy in the nucleus.

An additional testable possibility inspired by the rate—
temperature profiles is that APRORP2 might not fare
well at elevated temperatures, and that AIPRORP3
might offer a safety net under those conditions.
Whether such non-redundant pleiotropic function is
also the basis for two organellar PRORP variants in
mosses [15], in contrast to the single isoform in land
plants [13], merits investigation.
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