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ABSTRACT

Pentatricopeptide repeat (PPR) motifs are «-helical
structures known for their modular recognition of
single-stranded RNA sequences with each motif in a
tandem array binding to a single nucleotide. Protein-
only RNase P 1 (PRORP1) in Arabidopsis thaliana
is an endoribonuclease that uses its PPR domain
to recognize precursor tRNAs (pre-tRNAs) as it cat-
alyzes removal of the 5'-leader sequence from pre-
tRNAs with its NYN metallonuclease domain. To gain
insight into the mechanism by which PRORP1 recog-
nizes tRNA, we determined a crystal structure of the
PPR domain in complex with yeast tRNAP"® at 2.85
A resolution. The PPR domain of PRORP1 bound to
the structurally conserved elbow of tRNA and recog-
nized conserved structural features of tRNAs using
mechanisms that are different from the established
single-stranded RNA recognition mode of PPR mo-
tifs. The PRORP1 PPR domain-tRNAP"® structure re-
vealed a conformational change of the PPR domain
upon tRNA binding and moreover demonstrated the
need for pronounced overall flexibility in the PRORP1
enzyme conformation for substrate recognition and
catalysis. The PRORP1 PPR motifs have evolved
strategies for protein-tRNA interaction analogous to
tRNA recognition by the RNA component of ribonu-

cleoprotein RNase P and other catalytic RNAs, indi-
cating convergence on a common solution for tRNA
substrate recognition.

INTRODUCTION

Transfer RNA (tRNA) is an essential non-coding RNA
required for protein translation that physically links the
genetic code in mRNA to the amino acid sequence of a
protein. With a classical length of 70-85 nucleotides, ma-
ture tRNAs fold into the functional 3D L-shaped struc-
ture. tRNAs undergo a maturation process whereby pre-
cursor molecules undergo a series of individual process-
ing steps, including 5'- and 3'-sequence removal, RNA base
modifications, splicing, and addition of the conserved 3'-
terminal CCA sequence. Correct tRNA processing is criti-
cal for function. It is therefore not surprising that mutations
in tRNA genes and tRNA processing enzymes are associ-
ated with multiple diseases (1).

Ribonuclease P (RNase P) is an endoribonuclease that
catalyzes the 5 maturation of tRNA precursors (pre-
tRNA). Two forms exist in nature. In all three phylogenetic
domains, RNase P occurs as a ribonucleoprotein (RNP)
containing a catalytic RNA and up to 10 protein cofac-
tors. In eukaryotes, protein-only RNase P (PRORP) forms
are present in the nuclei and organelles (2,3). A minimal
protein-only RNase P was also reported in some phyla of
bacteria and archaeca (4,5). Because RNP RNase P and
PRORP catalyze identical reactions, they serve as a model
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system for how RNA-based and polypeptide enzymes have
co-evolved (3). Since Altman and co-workers discovered in
1983 that Escherichia coli RNase P RNA (M1 RNA) is a
ribozyme (6), biochemical and structural studies have fo-
cused largely on bacterial RNase P RNAs, and much infor-
mation on structure-function relationships is available (2,7).
The structures of bacterial, archaeal, and eukaryotic RNP
RNase P in complex with tRNA elucidated the structural
basis for the catalytic mechanism and tRNA recognition of
RNP RNase P at the atomic level (8-11).

How 5 pre-tRNA processing was carried out in the ap-
parent absence of RNP RNase P in plant cells and or-
ganelles in eukaryotic cells was a mystery until the dis-
covery of PRORP in 2008. PRORP was initially found in
human mitochondria (12,13) and subsequently found in
the organelles and nuclei of the model plant A4. thaliana
(14,15), the alga Ostreococcus tauri (16), the protozoan
Trypanosoma brucei (17) and the moss Physcomitrella
patens (18). A recent bioinformatics analysis described that
PRORP proteins are widely present in four out of the five
main eukaryotic supergroups (apparently absent in Amoe-
bozoa), and that the occurrence of RNP RNase P and
PRORP proteins seems mutually exclusive in genetic com-
partments of modern Eukarya (19). Human mitochondrial
PRORP was the first identified (originally termed mam-
malian mitochondrial RNase P, MRPP3), and it requires
two additional protein subunits (MRPP1 and MRPP2) for
function (12). In contrast, 4. thaliana PRORP requires
no additional subunits to catalyze pre-tRNA maturation
in vitro (although there is some evidence that plant or-
ganellar PRORP might function with other proteins in vivo
(20)), and as a result, it is used as a model PRORP for
comparison with RNP RNase P. 4. thaliana encodes three
isozymes, PRORP1, PRORP2, and PRORP3. PRORPI is
localized in mitochondria and chloroplasts, while PRORP2
and PRORP3 are in the nuclei (14). PRORPI1 can catalyze
the endonucleolytic maturation of pre-tRNA and substitute
for RNP RNase P activity in E. coli (14) as well as in Saccha-
romyces cerevisiae (21). Crystal structures of PRORP1 and
PRORP?2 revealed that PRORP proteins comprise five tan-
dem pentatricopeptide repeat (PPR) motifs, a central linker
domain, and a metallonuclease domain belonging to the
NYN family. The N-terminal PPR domain is involved in
pre-tRNA binding, while the C-terminal metallonuclease
domain catalyzes cleavage (22,23). The PRORP PPR do-
main has been shown to contact the D and T{sC loops at
the pre-tRNA ‘elbow’ while the NYN nuclease domain is
responsible for catalysis at the 5’ end (3,22,24). No crys-
tal structures of a PRORP in complex with pre-tRNA or
tRNA have been reported, leaving open the question of
how the PPR domain recognizes the structured pre-tRNA
elbow.

PPR motif-containing proteins are eukaryote-specific
and widely distributed among RNA-binding proteins in
plants that are involved in organelle transcript processing
and stability (25-27). PPR motifs are often found in tan-
dem, and each repeat forms a helix-turn-helix fold of ~35
amino acid residues (28). Computational and biochemical
analyses have identified a putative RNA recognition code
for PPR proteins (29-31). Recent crystal structures of the

maize chloroplast protein PPR10 and a designed PPR pro-
tein in complex with single-stranded RNA support the pro-
posed recognition code and revealed the molecular basis for
specific and modular recognition of RNA bases (32,33).

Given the established single-stranded RNA recognition
mode of PPR motifs, different models have been proposed
for the PRORPI PPR domain recognition of substrate pre-
tRNA. Imai et al. proposed a model of tRNA docked onto
PRORP1 with the second (PPR2) and third (PPR3) PPR
motifs recognizing nucleotides C56 and A57, respectively, in
the Ty C loop of pre-tRNA (34). In addition, Pinker ez al.
reported a small angle scattering (SAXS)-based model of
PRORP2 in complex with pre-tRNA, showing its PPR2 and
PPR3 motifs recognizing C56 in the TYyC loop and G18
in the D-loop, respectively (35). Both of these models used
the rules derived for sequence-specific binding of single-
stranded RNA by PPR motifs and proposed that PPR2
selects a pyrimidine while PPR3 selects a purine. In con-
trast, Klemm et al. demonstrated that conserved residues
outside the canonical PPR RNA-interacting positions are
critical for pre-tRNA recognition and tRNA sequence sub-
stitutions had little effect on PRORP1-pre-tRNA binding
affinity (36). Moreover, the salt dependence of PRORP-
pre-tRNA affinity indicated the involvement of ionic in-
teractions. As a result, Klemm et al. proposed a model of
the PRORP-pre-tRNA complex without sequence-specific
interactions, instead showing the PPR domain interact-
ing with backbone phosphodiester bonds of tRNA. This
model is also consistent with biochemical data showing that
the PPR3 motif of A. thaliana PRORP3 could not be ‘re-
programmed’ using the established single-stranded RNA-
binding code (29-31) to bind to tRNA bearing a pyrimidine
at nucleotide 57 (37).

To gain an atomic level understanding of how PRORP
recognizes pre-tRNA and resolve the discrepancies in mod-
els of PPR motif recognition of the tRNA elbow, we deter-
mined a crystal structure of the PPR domain of 4. thaliana
PRORP! in complex with yeast tRNAP' at a resolution
of 2.85 A. The structure revealed that the PPR domain of
PRORPI1 recognizes the ‘elbow’ region of yeast tRNAPhe
via base- and structure-specific interactions that are com-
pletely different from the established single-stranded RNA
recognition by other PPR proteins. The PPR1 and PPR2
motifs recognize two invariant nucleotide residues, G19 and
C56, that form a base pair between the D and TysC loops. In
addition, residues within the PPR 1 motif bind U17 and G20
in the D loop, and residues in the PPR3 motif interact with
the TYsC loop. These residues form electrostatic and stack-
ing interactions with the tRNA and also hydrogen bond in-
teractions that appear to be base specific. Each of these in-
teractions contributes to the binding affinity. This tRNA el-
bow recognition mode is remarkably similar to that of RNP
RNase P, as well as to those of 23S rRNA (38) and T-box ri-
boswitches (39). Thus, the results presented here support the
notion that PRORP proteins and functional RNAs, such as
RNase P RNA, 23S rRNA and T-boxes, have converged on
a similar solution to tRNA recognition (8-11,24,35,38-40).
The tRNA interaction mode of the PPR domain also re-
veals evolution of PPR motifs to recognize structured RNA
in addition to single-stranded RNA sequences.



MATERIALS AND METHODS
Protein expression and purification

The cDNA sequence encoding an engineered PPR domain
(residues 84-292 with solubilizing substitutions Y266N,
F284Q and F291Q) was subcloned into the pSMT3 vec-
tor (kindly provided by Christopher Lima, Memorial Sloan
Kettering Cancer Center), which encodes an N-terminal
Hisg-SUMO tag. The engineered PPR domain was ex-
pressed in E. coli strain BL21-CodonPlus (DE3)-RIL (Ag-
ilent Technologies) at 18°C overnight after induction with
0.5 mM IPTG. The cells were collected by centrifugation,
and pellets were resuspended in lysis buffer (containing 50
mM Tris—HCI, pH 8.0, 500 mM NaCl) and stored at —80°C
until use. The cells were disrupted by sonication followed
by centrifugation to remove cell debris. The soluble frac-
tion was applied to a Ni-NTA agarose column and thor-
oughly washed with lysis buffer containing 20 mM imida-
zole. The target SUMO fusion protein was eluted with ly-
sis buffer containing 400 mM imidazole. The fusion pro-
tein was cleaved overnight with 0.2 mg of Ulpl protease
and dialyzed against a buffer containing 50 mM Tris—HCl,
pH 8.0, 150 mM NaCl and 0.5 mM TCEP. The protein
was then loaded onto a HiTrap Q column (GE Healthcare),
which did not bind the PRORP1 PPR domain (Supplemen-
tary Figure S1A). The flow-through fractions were pooled
and dialyzed against a buffer containing 25 mM HEPES-
NaOH, pH 7.0, 150 mM NaCl and 0.5 mM TCEP. The
sample was loaded onto a HiTrap SP column (GE Health-
care). Bound proteins were eluted using a linear gradient
from 0.1 to I M NaCl in 25 mM HEPES-NaOH, pH 7.0.
Peak fractions containing the engineered PPR domain were
pooled and concentrated and reducing agent was added
(final concentration of 1 mM dithiothreitol or 5 mM 2-
mercaptoethanol). The protein was purified further using
a Superdex 75 10/300 GL column (GE Healthcare), equi-
librated with 25 mM HEPES, pH 7.0, 200 mM NaCl, and
0.5 mM TCEP. Final purified protein was concentrated to
S mg/ml.

For crystallization, the engineered PPR domain was
mixed with commercially available yeast tRNAP® (Sigma-
Aldrich). Protein and RNA were mixed at a ratio of
1:1.05, and the mixture was incubated at 4°C overnight.
The protein-RNA complex was purified further using a
Superdex 75 10/300 GL column (GE Healthcare), equili-
brated with 25 mM HEPES, pH 7.5, 150 mM NacCl, 2 mM
MgCl, and 0.5 mM TCEP (Supplementary Figure S1B).
Peak fractions containing the complex were pooled and
concentrated to Aygy = 43.

Full-length PRORP1 protein for binding assays was pu-
rified as described in a previous study (22). The protein was
purified by Ni-NTA agarose chromatography, followed by
purification on a HiTrap SP column. Peak fractions con-
taining the full-length protein were pooled and concen-
trated. The protein was purified further using a HiLoad
16/60 Superdex 75 column (GE Healthcare) equilibrated
with 20 mM MOPS, pH 7.8, 300 mM NaCl and 0.5 mM
TCEP. The peak fractions were pooled and concentrated to
76 wM. Mutant proteins were expressed at equivalent lev-
els to WT protein, behaved similarly during the purification
steps, and no differences were detected in CD spectra.
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Circular dichroism analyses

To assess folding of the mutant proteins, we measured cir-
cular dichroism (CD) spectra of full-length PRORP1 wild-
type, R212K, R210S and Y133Q proteins (Supplementary
Figure S2). The CD spectra were measured on a Chirascan
CD spectrometer (Applied Photophysics) at 20°C. For each
sample (300 plin a 0.1 cm light-path cell), three scans were
accumulated in the wavelength range of 190-260 nm with
a 0.2 nm step size. Protein samples were 0.13 mg/ml in 25
mM sodium phosphate, pH 7.5, 200 mM NaCl. The raw
CD data were adjusted by subtracting a buffer blank. CD
spectra of wild-type and mutant proteins displayed nega-
tive ellipticities at 208/222 and 215 nm, which indicate the
presence of « helices and B strands, respectively.

Crystallization, data collection, structure determination and
refinement

Crystallization of the purified PRORPI PPR domain-
tRNAP" complex was performed by the sitting-drop va-
por diffusion method at 4°C. Sitting drops contained 250
nl of protein-RNA complex solution mixed with 250 nl of
reservoir solution (1.4-1.5 M sodium citrate). Prior to data
collection, crystals were transferred to a cryoprotectant so-
lution containing 1.6 M sodium citrate and flash cooled
to —180°C. X-ray diffraction data were collected at beam-
line 22-ID of the Advanced Photon Source (APS) at 100
K with a wavelength of 1.000 A. The data were processed
using HKL2000 (HKL Research Inc.) (41). Phases were
determined by molecular replacement using the program
Phaser and search models of the PPR domain of Arabidop-
sis PRORP1 (PDB ID: 4G24) and yeast tRNAP" (PDB ID:
1EHZ). Model building was carried out with the program
Coot (42). The programs Refmac5 (43) and Phenix.refine
(44) were used for refinement. The structures displayed
good geometry when analyzed by MolProbity (45). Ap-
proximately 98% and 2% of the residues constituting the
PPR domain were in the most favored and allowed regions
of the Ramachandran plot, respectively. Modified bases
were modeled into the structure: 2-methyl-guanosine at po-
sition 10, 5,6-dihydrouridine (D) at positions 16 and 17,
N2-dimethylguanosine at position 26, O2'-methyl-cytidine
at position 32, O2’-methyl-guanosine at position 34, the Y
base or wybutosine at position 37, pseudouridine () at po-
sitions 39 and 55, 5-methyl-cytidine at positions 40 and 49,
7-methyl-guanosine at position 46, 5-methyl-uridine at po-
sition 54 and 1-methyl-adenosine at position 58. The aver-
age B factor for the tRNA is high due to poor electron den-
sity in regions of the tRNA that do not contact the PRORPI
protein. However, the electron density is strong at the tRNA
D and TyC loops where it contacts PRORP1 (Supplemen-
tary Figure S3A).

In vitro transcription

Pre-tRNAs were synthesized as previously described
(36,46) through run-off transcription from a restriction-
digested (BstNI) pUCI8 plasmid encoding Bacillus sub-
tilis pre-tRNAAP. In vitro transcription reactions were
run in 5:1 excess of 5'-O-monophosphorothiate guanosine
(GMPS) to GTP. The 5-GMPS pre-tRNA product was
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reacted with 5-iodoaceamidofluorescein (5-IAF) in a 1:40
molar ratio (RNA:5-IAF) to produce a 5'-fluorescein la-
beled product. Labeling reactions were carried out in 10
mM Tris, pH 7.2 with 1 mM EDTA for 16 h at 37°C yielding
25-30% fluorescently-labeled pre-tRNA. The labeled pre-
tRNA was gel purified using 12% urea-PAGE and eluted
using the crush-soak method (47). Purified products were
concentrated using 10 kDa MWCO Amicon® Ultra Cen-
trifugal Filters, and ethanol precipitation. Pre-tRNA stocks
were resuspended in 10 mM Tris, pH 8.0 with | mM EDTA,
quantified by absorbance, and stored at —80°C.

The extinction coefficient for the B. subtilis pre-tRNAAP
at 260 nM was experimentally determined to be 674 390
M~! em~! through alkaline hydrolysis. Concentrations of
fluorescein were measured at 492 nm (extinction coefficient
= 78 000 M~ cm™!). Prior to all assays, substrates were
thawed, diluted with nuclease-free water, and heated at 95°C
for 90 s followed by refolding by incubating at 25°C for >15
min, and then incubating with metal-containing buffer for
>15 min.

Fluorescence anisotropy binding assays

Binding assays were performed in Corning black
polystyrene half-area 96-well plates (Product number
3686), as previously described (22,46). In short, PRORP1
variants were serially diluted from 20 wM to 9 nM and equal
volumes of enzyme and 20 nM 5'-fluorescein-pre-tRNA
substrate were mixed; a minimum of 12 concentrations
was analyzed. Enzyme-substrate mixtures were incubated
at 25 + 1°C in 30 mM MOPS, pH 7.8, 330 mM NadCl, 1
mM TCEP and 20 mM CaCl,. Anisotropy readings of the
5'-fluorescein-pre-tRNA tag were measured with a Tecan
Ultra plate reader using an excitation wavelength of 485
nm, and emission wavelength of 535 nm. The anisotropy
measurements at each enzyme concentration were observed
5 times over 15-20 min to ensure complete equilibration.
The concentration dependence of the anisotropy changes
was well described by a single binding isotherm (Equation
1) (where FA is the fluorescence anisotropy, FA( is the
initial anisotropy, AFA is the total change in anisotropy, P
is the concentration of PRORP and K is the dissociation
constant). The Kp values and standard error for Kp values
were calculated by fitting Equation (1) to the data points
from a single experimental trial using GraphPad Prism to
carry out non-linear regression analysis.
AFA-[P]

FA = FA +[P]TKD (1

Single-turnover kinetic assays

Single-turnover assay reactions were initiated through ad-
dition of 5-45 wM enzyme to an equal volume of 30 nM 5'-
fluorescein-pre-tR NA substrate. Reactions were carried out
at25 4 1°Cin 30 mM MOPS, pH 7.8, 330 mM NaCl, | mM
TCEP and 20 mM MgCl,. At specific time points (0-4800
s), 4 wlaliquots of the reaction were quenched with an equal
volume of 100 mM EDTA, 8 M urea, 0.05% bromophenol
blue, 0.05% xylene cyanol and 2 pg/pl yeast tRNA. Flu-
orescently labeled pre-tRNA substrate and 5’ leader prod-
uct were separated by electrophoresis on 22.5% denaturing

urea-PAGE gel. Gels were visualized using an Amersham
Typhoon Biomolecular Imager, and the fraction of prod-
uct was quantified using ImageJ software. A minimum of 10
time points was analyzed for each mutant. Observed single-
turnover rate constants and standard errors were obtained
by fitting a single exponential to the data points from a
single experimental trial using GraphPad Prism 8 (Equa-
tion 2).

Fraction product = A— B(e™") )

Electrophoretic mobility shift assays

tRNAs were radiolabeled at the 5’ end using [y->*P] ATP
and T4 polynucleotide kinase, then purified using an Il-
lustra MicroSpin G-25 column (GE Healthcare). RNA-
binding reactions included 0.9 nM radiolabeled RNA and
protein serially diluted (2-fold) from 25 wM to 3 nM. Bind-
ing reactions were incubated for 1 h at 20°C in 20 mM
HEPES, pH 7.9, 100 mM NaCl, 1 mM TCEP, 10 mM
CaCl,, 0.02% (v/v) Tween 20, 0.1 mg/ml poly r(U), and
2.5% (v/v) glycerol and separated by electrophoresis on 10%
TBE polyacrylamide gels (Invitrogen). Gels were dried and
exposed to storage phosphor screens for 6-20 h, scanned
with a Typhoon 8600 Imager, and the band intensities were
quantified with ImageQuant 5.2. The data for three techni-
cal replicates were analyzed and Kp values were calculated
via non-linear regression analysis for one-site binding with
GraphPad Prism 7.

RESULTS
Engineering a PRORP1 PPR domain for crystallization

To understand substrate recognition by PRORP enzymes,
we sought to determine a crystal structure of a PRORP
in complex with tRNA. Through protein engineering, we
obtained crystals suitable for structure determination of
the PPR domain of A. thaliana PRORP1 in complex with
tRNAP" Our attempts to crystallize a PRORP containing
both PPR and catalytic domains in complex with tRNA
were unsuccessful. We therefore focused on the PRORP1
PPR domain as the module that drives tRNA recognition
(24,34-36). We engineered three regions of the PPR domain
to promote crystallization. First, we noted that in the crystal
structure of Arabidopsis PRORP1 (residues 76-572, PDB
ID: 4G24) helices «10 and «11 of the PPR domain form
a hydrophobic interface with the central zinc-finger do-
main (22). Three aromatic residues within the PPR domain
(Tyr266, Phe284 and Phe291) are located at the interface. To
increase the solubility of the PPR domain, we substituted
these aromatic residues with hydrophilic residues (Y266N,
F284Q and F291Q). Second, previous studies demonstrated
that the N-terminal flexible region is involved in tRNA
binding and lysine residues in this region might contact
tRNA (34,40), although residues 76-94 were disordered in
the crystal structure of PRORPI1. We defined the minimal
N-terminal region required for tRNA binding by measuring
binding of N-terminal deletions of the PPR domain (named
N76, N83 or N86 to indicate the N-terminal residue with all
fragments extending to the C-terminal residue 294) to yeast
tRNAPPe by electrophoretic mobility shift assay (EMSA).



Table 1. Binding affinities of PRORP1 PPR domain variants

PRORPI1 PPR domain variant tRNA Kp (nM)?
PRORPI PPR N76 Yeast tRNAPhe 627 + 55
PRORPI1 PPR N8§3 Yeast tRNAPhe 281 + 44
PRORPI PPR N83 APPR2 loop Yeast tRNAPhe 317 + 92
PRORPI PPR N86 Yeast tRNAPhe 3405 4 338
PRORPI1 PPR N83 Arabidopsis mito 257 £ 54

pre-tRNACYs

4Measured using electrophoretic mobility shift assays in 20 mM HEPES,
pH 7.9, 100 mM NaCl, | mM TCEP, 10 mM CacCl,, 0.02% (v/v) Tween
20, 0.1 mg/ml poly r(U) and 2.5% (v/v) glycerol at room temperature. The
mean and standard error of the mean values for three technical replicates
are reported. Representative data are shown in Supplementary Figure S9.

The affinity of the N86 variant for tRNA was considerably
weaker than that of the N76 and N83 variants (Table 1),
indicating that the N83 variant is optimal for tRNA bind-
ing affinity. Third, a long loop (LAEAATESSP) between
the two a-helices of the PPR2 motif is shorter in the other
Arabidopsis isoforms, PRORP2 and PRORP3. Substitut-
ing this loop with a shorter loop (LASASS) had little ef-
fect on tRNA binding affinity (Table 1, PRORP1 PPR N&3
APPR2 loop). The engineered PRORP1 PPR domain (84—
294) with three solubilizing substitutions (Y266N, F284Q
and F291Q) and a shorter loop in the PPR2 motif produced
well behaved protein that retained tRNA recognition and
was used successfully for crystallization in complex with
yeast tRNAPP. For simplicity, we will refer to this as the
PRORPI1 PPR domain.

Structure description

We determined a crystal structure of the Arabidopsis
PRORP1 PPR domain in complex with yeast tRNAPh
at 2.85 A resolution by molecular replacement (Supple-
mentary Table S1). Two independent crystallographic com-
plexes were present in an asymmetric unit. The N-terminal
11 residues of the PPR domain (SRKAKKKAIQQ) are dis-
ordered in the crystal structure in complex with tRNAPhe,
despite their importance for tRNA binding (Table 1). The
basic residues of the N-terminal flexible region could in-
teract non-specifically with negatively-charged phosphate
groups of the tRNA backbone to enhance substrate binding
affinity. The two complexes include chain A (PPR domain)-
chain B (tRNAP') and chain C (PPR domain)-chain D
(tRNAP") and are highly similar overall (root mean square
deviation [rmsd] value of 1.00 A over 192 CA atoms in the
protein, 1.36 A over 1569 atoms in the tRNA, and 1.94 A
over 1352 main chain atoms in the complex). However, each
PPR domain in the asymmetric unit binds its corresponding
tRNAPPe in a slightly different manner. The chain D tRNA
molecule appears to be influenced by crystal packing forces,
resulting in the chain C-chain D complex lacking some in-
teractions. Hence, we focus on the chain A-chain B complex
to describe the PPR domain-tRNA interaction.

The crystal structure of the PRORP1 PPR domain-
tRNA complex revealed that the PPR domain undergoes
conformational changes that place PPR motifs 1-4 in po-
sition to interact with the tRNA. The PRORP1 PPR do-
main comprises five consecutive PPR repeats and one addi-
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tional C-terminal helix (Figure 1A). The PPR5 motif does
not interact with the tRNA. Instead it may aid in position-
ing the PPR1-4 motifs for tRNA elbow recognition rela-
tive to the nuclease active site. As noted in the crystal struc-
ture of full-length PRORPI1, the central linker domain in-
teracts with the PPRS motif and the terminal a-helix of the
PPR domain (22). PPR5 together with the central linker do-
main bridges the tRNA elbow recognition and catalytic do-
mains. It also serves as a C-terminal cap to the PPR do-
main, which stabilizes the terminal a-helices in the PPR4
motif (48). When compared with the PPR domain in the
structure of full-length apo PRORP1 (PDB ID: 4G24), the
first three PPR repeats (PPR1, PPR2 and PPR3) are dif-
ferent in their configurational details. The tRNAPP-bound
PPR domain exhibits a more curved conformation (Sup-
plementary Figure S3B). With the PPR4 and PPR5 motifs
aligned, the PPR 3 motif in the complex is shifted away from
the tRNA, whereas PPR1 is closer to the tRNA molecule.
These changes allow PPRs 1-4 to interact with the tRNA,
inducing a more extensive interaction surface than had been
predicted. Conformational flexibility is a common feature
of PPR proteins. Previous studies show that PPR proteins
utilize considerable structural adaptability to bind to single-
stranded RNA (32,49). In contrast, the overall structure
of yeast tRNAPM® is unaltered by the binding of the PPR
domain. The structure of yeast tRNAP® is highly similar
to the previously determined structure of the tRNA alone
(PDB ID: 1EHZ, rmsd value of 1.56 A over 1568 atoms).

The PRORP1 PPR domain nestles the tRNA elbow in a
pocket formed by PPRs 1-4

The Arabidopsis PRORP1 PPR domain recognizes con-
served features of the ‘elbow’ of the L-shaped tRNA,
formed by the D and TysC loops (Figure 1). A ubiquitous
G19-C56 tertiary interaction between the D and TysC loops
is located at the tip of the tRNA elbow, and the PPR domain
forms a pocket that accommodates the G19-C56 base pair
(Figure 1B). Residues that contact the TysC loop are more
conserved than those that contact the D loop (Supplemen-
tary Figure S4). The G19 base is surrounded by residues
from the PPR1 motif (Asp105, Met106, Ser108 and Lys109)
and Tyr133 from the PPR2 motif (Figures 1B and 2). The
OH-group of Tyr133 is hydrogen bonded to the N2 atom of
the G19 base, potentially a base-specific interaction (Figure
2). The C56 base forms a stacking interaction with the phe-
nol ring of Tyr140 in the PPR2 motif (Figures 1B and 2). To-
gether these interactions appear to recognize the structure
as well as the sequence of the conserved base pair. In addi-
tion to recognizing the G19-C56 base pair, PRORPI inter-
acts with the base pair between G18 (D loop) and the pseu-
douridine, {55 (TYC loop). The tRNAPP in our structure
was obtained from yeast, so it has 14 post-transcriptional
modification sites (50). The guanidinium group of Arg210
in the PPR3 motif is hydrogen bonded to the O2 atom
of the {55 base (Figures 1B and 2). The intercalation of
G57 between these two base pairs forms the tRNA elbow’s
structural core whose sequence and structure are probed by
PRORPI.

The PRORP1 PPR domain forms a variety of additional
tRNA interactions using basic side chains (Figure 2). Two
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Figure 1. The PRORP1 PPR domain recognizes the tRNA D and TysC loops. (A) Ribbon diagram of the crystal structure of the PRORP1 PPR-tRNAPhe
complex. PRORPI PPR is shown in green with tRNA-interacting residues displayed as stick models. The tRNA is shown as a cartoon colored by region:
acceptor stem (cyan), D stem loop (blue), anticodon stem loop (magenta), variable region (yellow), and TyC stem loop (orange). (B) Close-up view of
the G19-C56 base pair accommodation pocket of the PRORP1 PPR domain. PRORPI and tRNA are colored as in (A) with atom colors: oxygen (red),
nitrogen (blue), phosphorus (orange) and sulfur (yellow). Dashed lines indicate interactions between PRORP1 and tRNA, and the G19-C56 and G18—55

base pairs are indicated by transparent spheres.

Arg184ppg,

TyC-loop

Arg210ppg;

Lys101ppg;

Tyr133ppr,

Lys109ppg,

Figure 2. PRORPI PPR—tRNA interactions. Schematic representation of interactions between the PRORP1 PPR domain and yeast tRNAPP®. PRORP1
PPR residues are green, tRNA Ty C-loop nucleotides are orange, and tRNA D-loop nucleotides are light blue. Circles represent tRNA phosphate groups
(P). Dotted and double lines indicate hydrophilic and stacking interactions, respectively.

unpaired nucleotides in the D loop are recognized by lysine
side chains. Lys101 in the PPR1 motif stacks with the G20
base (Figure 2). The e-amino group of Lys109 in the PPR1
motif makes a hydrogen bond with the O4 atom of the 5,6-
dihydrouridine (D) base, D17 (Figures 1B and 2). This ap-
pears to be a base-specific contact recognizing a modified
nucleotide but it is also capable of recognizing the O4 atom
of an unmodified uracil. The phosphate backbone of the
Ty C loop is contacted by two arginine residues. The guani-
dino groups of Argl84 in the PPR3 motif and Arg212 in the

PPR4 motif make salt-bridge interactions with the phos-
phate moieties of C56 and G57, respectively (Figures 1B
and 2). These interactions are consistent with the salt depen-
dence of PRORP-pre-tRNA affinity, which suggested up to
three direct contacts with substrate backbone phosphodi-
ester bonds by the PPR domain (36).

As described above, we observed PPR domain base-
specific interactions with two modified bases in tRNA,
D17 and ¢55. To gain insight into the importance of base
modifications for tRNA affinity, we used EMSAs to com-
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Table 2. Binding affinities and kinetic constants of full-length PRORP1 to 5'-fluorescein-pre- tRNAASP

kobs relative Kp relative AAGobinding
PRORPI Variant Kops (min~1)2 to WT Kp (nM)P to WT (kcal/mol)
AT6 WT 2.62 + 0.28 1 390 + 30 1 0
Y133D 1.17 + 0.22 0.45 11100 + 1600 28.4 1.9
Y133Q 2.76 + 0.34 1.05 3200 + 600 8.2 12
R210A 1.59 + 0.20 0.61 4200 + 400 10.8 1.4
R210S 0.49 + 0.09 0.19 10600 £ 1000 27.2 1.9
R212K n.d.c n.d. > 500004 > 130 >29

4Measured using single turnover cleavage assays in 30 mM MOPS, pH 7.8, 330 mM NaCl, | mM TCEP and 20 mM CacCl, at 25 £+ 1°C. The kops and
standard error values are determined from nonlinear least squares regression of a single exponential equation to the data points from a single experimental

trial using GraphPad Prism.

bMeasured using fluorescence anisotropy in 30 mM MOPS, pH 7.8, 330 mM NacCl, | mM TCEP and 20 mM CaCl, at 25 + 1°C. The Kp and standard
error values are determined from non-linear least squares regression of a single binding isotherm to the data points from a single experimental trial using

GraphPad Prism.

“Based on the binding affinity data, we were unable to measure single turnover kinetics for the R212K mutant under saturating enzyme concentration.
dThe lower limit for the Kp for R212K was estimated from the observation of <10% change in anisotropy at 20 .M R212K mutant, assuming that the
total change in anisotropy upon binding Fl-pre-tRNA was similar to the that of the other PRORPI variants.

pare the Kp values for binding of the isolated PPR do-
main to in vitro transcribed Arabidopsis mitochondrial pre-
tRNASS Jacking modified nucleotides to that of modi-
fied tRNAPP These Kp values of 281 + 44 nM for yeast
tRNAP™ and 257 4+ 54 nM for Arabidopsis mitochon-
drial pre-tRNA®YS are comparable (Table 1), suggesting that
the post-transcriptional modifications are dispensable for
tRNA recognition by the Arabidopsis PRORP1 PPR do-
main. The contacts between Lys109-D17 and Arg210-s55
that we observed in the crystal structure could be substi-
tuted by interaction of the side chains with the O4 atom of
an unmodified uracil.

Our crystal structure illustrating that the PRORP1 PPR
domain specifically binds the tRNA elbow fully explains
previous mutagenesis experiments that identified amino
acids residues in the PRORP1 PPR domain that are crit-
ical for tRNA binding (36,40). Klemm et al. generated a
number of PRORP1 mutations and analyzed the binding
affinity of full-length PRORPI to B. subtilis pre-tRNAASP
(36). This analysis identified Tyr133, Tyr140, Argl84 and
Arg212 as essential residues for tRNA binding (Supplemen-
tary Table S2). Mutation of each of these residues to alanine
substantially reduced binding affinity. Our crystal structure
is in agreement with these results, as each of these amino
acid residues is located at the interface between the PPR
domain and tRNAP" (Figures 1B and 2). Furthermore,
it appears that the interaction of Arg212 requires specific
contacts that cannot be satisfied by a lysine at this posi-
tion; we found that the R212K mutation in PRORP1 also
dramatically reduced binding affinity of pre-tRNAAP, as
measured by fluorescence anisotropy (Table 2). The purified
R212K mutant protein expressed similarly to WT protein
and maintains protein structure as determined by CD anal-
ysis. Chen et al. combined chemical modification of lysines
with multiple-reaction monitoring mass spectrometry and
identified Lys101 and Lys109 as putative tRNA-contacting
residues (40). They further showed mutation of these lysine
residues to alanine had a small to moderate effect on pre-
tRNA binding by full-length PRORP1 (Supplementary Ta-
ble S2). Our crystal structure also agrees with this finding,
as these two residues recognize D-loop nucleotides through
stacking and hydrogen bond interactions, respectively (Fig-

ure 2). The consistency between our crystal structure of
the PRORP1 PPR domain bound to a tRNA and activ-
ity assays with mutant full-length proteins indicates that the
structure accurately depicts interactions that are critical for
enzyme-substrate recognition.

PRORP1 PPR motifs have evolved to recognize conserved
tRNA bases and structural features

Our crystal structure confirms that the PRORP1 PPR mo-
tifs recognize tRNA using different mechanisms than ob-
served for single-stranded RNA recognition. PPR motifs
are often used for single-stranded RNA binding and recog-
nize specific RNA bases modularly, using amino acid side
chains at positions 2, 5 and 35 (alternatively 1, 4 and ii) of
the PPR motif (29,30). Based on the RNA recognition code
of PPR motifs, it was predicted that Asn136 and Asnl75
of the PPR2 motif of PRORP1 would recognize a pyrim-
idine, and Thr180 and Arg210 of PPR3 would recognize
a purine (34,35). Contrary to this prediction, our crystal
structure reveals that Asn136, Asnl175 and Thr180 do not
contact the tRNA (Figure 3A, B). Residues at position 35 of
PRORP1 PPR3 (Arg210) and position 2 of PPR4 (Arg212)
do interact with the {55 base and RNA backbone, but in
a completely different manner than RNA base recognition
by other PPR proteins (Figure 3A, B). Arg210 at position
35 of PPR3 recognizes the {55 base and Arg212 at posi-
tion 2 of PPR4 interacts with backbone phosphate groups
(Figure 3A). In contrast, residues at positions 2, 5 and 35
of repeat 2 of PPR10 recognize a uracil base using stacking
and hydrogen bond interactions (Figure 3B). Y133 at posi-
tion 2 of PRORP1 PPR2 also interacts with the tRNA, but
it is turned away from the prospective PPR base recognition
pocket to hydrogen bond with G19 (Figure 3C).

We identified several PRORP1-tRNA contacts that sug-
gest base-specific recognition and found that Tyr133 and
Arg210 are critically important for PRORP1 binding affin-
ity and catalytic activity. No tRNA sequence substitution
has yet been shown to affect PRORP recognition, but prior
experiments to look for base recognition were based on the
single-stranded RNA PPR recognition code and the cor-
responding premise that PRORP1 PPR2 interacts with a
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pyrimidine in the tRNA. In our crystal structure, Tyr133 in-
teracts with G19 and together with Tyr140 appears to recog-
nize the G19-C56 base pair (Figure 2). Binding by Tyr133
and Tyr140 assures selection of this conserved feature. Mu-
tation of Tyr133 to Phe strongly affects tRNA recognition
(Supplementary Table S2) (36), which suggests the impor-
tance of the interaction between the Tyr133 OH and G19
N2 groups. Many of the tRNA-contacting residues identi-
fied by our crystal structure are conserved in the PRORP2
and PRORP3 isoforms but some, including Tyr133, are dif-
ferent. Tyr133 is Gln in PRORP2 and PRORP3 and in
the more distantly related human mitochondrial MRPP3,
it is Asp (Supplementary Figure S5). To investigate the
importance of these interactions we measured the bind-
ing affinity of the PRORP1 Y133Q and Y 133D mutations
for 5'-fluorescein-pre-tRNA substrate using fluorescence
anisotropy analysis (Figure 4A, Table 2). These substitu-
tions decreased binding affinity by 8- and 28-fold relative
to wild-type protein, equivalent to a loss of 1.2 and 1.9
kcal/mol, and these losses are similar to the decreased bind-
ing affinities of the Y133A (17-fold) and Y133F (30-fold)
mutants that were reported previously (36).

In addition to Tyr133, hydrogen bond interactions be-
tween Arg210 and Lys109 and the tRNA appeared to be
base specific. Arg210 interacts with the O2 group of {55
in our crystal structure (Figures 1B and 2) and it is con-
served in PRORPs 1-3 (Supplementary Figure S5). To eval-
uate its involvement in tRNA recognition, we generated
two mutants, R210A and R210S, and measured their pre-
tRNA binding affinity by fluorescence anisotropy analysis.
We found that the R210A and R210S mutations increased
the pre-tRNA Kp values by 11- and 27-fold, respectively,
compared to that of wild-type PRORP1 (Figure 4A, Table

2). These losses in binding affinity correspond to decreases
of 1.4 and 1.9 kcal/mol, respectively. This result demon-
strates that the base-specific interaction of Arg210 in the
PRORP1 PPR3 plays a crucial role in tRNA recognition.
Unfortunately, we could not directly test the effect of a base
substitution in the tRNA because s55 also interacts with
G18 and the phosphate backbone such that base substitu-
tions would also affect the tRNA structure. Lys109 contacts
the O4 atom of D17, a modified nucleotide (Figure 1B),
however mutation to alanine was shown previously to have
little effect on RNA-binding affinity (Supplementary Table
S2) (40). Lys109 is conserved among PRORPs 1-3 (Sup-
plementary Figure S5), but the nucleotide at position 17 in
the tRNA D loop is variable (Supplementary Figure S6).
The modest effect of the KI09A mutation appears consis-
tent with the need to tolerate tRNA substitutions.

To further understand the role that the newly identified
tRNA-interacting residues (Tyr133, Arg210 and Arg212)
play in catalysis, single-turnover kinetic rate constants (kops)
were determined under enzyme saturating conditions with
limiting (30 nM) 5'-fluorescein-pre-tRNAASP substrate (Ta-
ble 2 and Figure 5). Under saturating conditions, kops mea-
sures the reaction of the enzyme-bound substrate, removing
the effects of altering the binding affinity of the substrate.
Therefore, significant changes in k,,s compared to wild-type
PRORPI indicate that the mutated residue plays a role in
more than just the initial binding step. Of the isoforms mea-
sured, Y133Q maintained wild-type level kqps (Table 2), in-
dicating that the Y133Q mutation interfered with equilib-
rium association but not catalytic competence. R212K dis-
played appreciable loss in binding affinity (Kp > 50 pM),
suggesting that this residue is important for tRNA recogni-
tion. However, because we were unable to achieve enzyme
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saturating conditions for R212K, we cannot accurately de-
termine the single-turnover activity for this mutant enzyme
to compare with wild-type (Figure 5). In contrast, Y133D
and R210A exhibited ~2-fold decreases in single-turnover
activity while R210S displayed a ~5-fold decrease in single-
turnover activity (Table 2 and Figure 5). These decreases
indicate that cleavage of substrate in the enzyme-substrate
complex was compromised. We suggest that the specific in-
teractions between the pre-tRNA ‘elbow’ and the PRORP
PPR domain mediated by Tyr133 and Arg210 play a role in
optimally positioning the 5" leader cleavage site at the met-
allonuclease domain active site. Mutation of these residues
interferes with the formation of a catalytically competent
PRORP-pre-tRNA complex as well as decreasing substrate
binding affinity. Similarly, the absence of the substrate D-
loop, which is recognized by Tyr133, decreases the single-
turnover activity and affinity of PRORP3 (37).

DISCUSSION

Our crystal structure of the PPR domain of PRORPI
in complex with tRNA illustrates its substrate recogni-
tion strategy emphasizing interactions with conserved nu-
cleotide and structural elements of the tRNA elbow region
and employing new mechanisms of PPR motif-RNA inter-
action. This specific recognition of the pre-tRNA elbow is
essential for catalytic activity. By bringing together tRNA
nucleotide and structural recognition, it requires the expan-
sion of RNA recognition modes by PPR motifs beyond the
established RNA base recognition mechanism.

The new PPR motif recognition modes in PRORP1 con-
firm one of the distinct proposals from the models of PPR
motif-tRNA interaction proposed previously (24,36,37):
that the PPR domain in PRORP does not use the canon-
ical base-selection model, but rather utilizes a strategy like
recognition of the G19-C56 base pair by the RNP RNase
P ribozyme (Figure 6) (9). Evolution of the RNA recog-
nition modes of PPR motifs to allow recognition of struc-
tured RNA in addition to single-stranded RNA sequences
is reminiscent of the PUF (Pumilio/fem-3 binding factor)
family of proteins. Both types of a-helical repeat proteins
are well known for their modular recognition of RNA se-
quences (51). In addition, these a-helical repeat scaffolds
can be modified for structured RNA recognition (52,53).
Many other families of a-helical repeat proteins are known
for their roles in RNA metabolism (54), presenting the pos-
sibility that they, too, serve as versatile scaffolds for RNA
recognition.

The central features of recognition of the tRNA el-
bow are a stacking interaction between PRORP1 Tyr140
and C56 in the G19-C56 base pair and electrostatic in-
teractions of Argl84 and Arg212 with phosphate groups
important for the positioning of G57. These highly con-
served tRNA structural elements are recognized by residues
that are retained in Arabidopsis PRORPs and the human
MRPP3 (Supplementary Figure S5). Mutation of these
residues has severe effects on pre-tRNA binding affinity
(Supplementary Table S2). Mutation of Tyr140 to alanine
in full-length PRORP1 severely diminished pre-tR NA bind-
ing affinity (~200-fold weaker) and mutation to pheny-
lalanine decreased pre-tRNA binding affinity ~6-fold (36).
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Similarly, mutation of Argl84 and Arg212 to alanine dra-
matically reduced pre-tRNA binding affinity. In addition,
base-specific interactions of PRORP1 Tyr133 with the N2
atom of G19 and Arg210 with the O4 atom of {55 ap-
pear to be important for pre-tRNA recognition. Mutation
of Tyr133 or Arg210 decreases pre-tRNA binding affinity,
indicating their important contribution to recognition. De-
spite their importance in PRORP1, Tyr133 is not conserved
in Arabidopsis PRORP2 and PRORP3, and neither Tyr133
nor Arg210 is conserved in human MRPP3 (Supplemen-
tary Figure S5). PRORP2 and PRORP3, which process pre-
tRNAs retaining the G19-C56 base pair between the D and
Ty C loops, may have evolved alternative mechanisms for
base-specific binding consistent with their set of pre-tRNA
substrates. For MRPP3, mammalian mitochondrial tRNAs
retain the overall L-shape, but their sequences are degen-
erate, especially in the D and TyC loops. Consequently,
MRPP3 may recognize only the structure of pre-tRNA sub-
strates.

Our crystal structure indicates conformational changes
in PRORP enzymes that are required for recognition and
5" cleavage of pre-tRNA. Previous biochemical and bio-
physical analyses suggested that PRORPs adopt multiple
conformations (35). A hinge between the NYN metallonu-
clease and central zinc-binding domains allows reorien-
tation of the nuclease domain with respect to the PPR
domain. Superposition of our tRNA-bound PPR domain
with the PPR domains in crystal structures of Arabidopsis
PRORP1 or PRORP2 shows that without a conformational
change the position of the nuclease domain would over-
lap the acceptor-stem of the tRNA (Supplementary Fig-
ure S7). Therefore, the relative positions of the nuclease
and PPR domains must be more open to recognize the pre-

tRNA elbow and place the nuclease active site at the pre-
tRNA 5 end. Molecular dynamics simulations have illus-
trated the ranges of conformational flexibility in PRORP
enyzmes (35,55). In addition to this requirement for over-
all conformational change, we observed flexibility within
the PRORP PPR domain (Supplementary Figure S3) that
may be crucial to recognize pre-tRNA and to release mature
tRNA product.

PRORP enzymes must process a set of diverse pre-tRNA
substrates, and our data suggest multiple mechanisms to
promote recognition plasticity. In addition to tRNA se-
quence diversity, 5’ leader and 3’ trailer processing occur
prior to structure-stabilizing base modifications (56,57).
Therefore, PRORP enzymes might recognize and bind par-
tially folded or dynamic pre-tRNA tertiary structures dur-
ing the early stages of maturation, and in turn they might
aid in achieving the final tRNA tertiary structure. Recog-
nition of a highly conserved pre-tRNA structural feature
like the G19-C56 base pair is an excellent strategy to cap-
ture a range of pre-tRNA conformations. Our data indicat-
ing that the PRORP1 PPR domain binds equally well to
modified and unmodified tRNA also allows binding as the
tRNA matures. Flexibility of the PPR domain and overall
PRORPI1 conformation permits optimization of binding to
different pre-tRNA structures.

Recognition of the G19—C56 base pair at the tRNA elbow
is a core element of PRORP PPR interactions, and it is strik-
ing that this mode of recognition by a protein is analogous
to recognition of the same feature by three functional RNAs
(Figure 6). The crystal structure of Thermotoga maritima
RNP RNase P in complex with tRNA showed that highly
conserved nucleotides A112 and G147 in single-stranded
loops of the RNase P RNA form a binding pocket and in-



teract via stacking interactions with G19 and C56 (Figure
6B) (9). This interaction is conserved in structures of RNP
RNase P from bacteria, archaea, yeast, and human (Sup-
plementary Figure S8) (8-11). Furthermore, this tRNA-
binding mode is like that between the L1 stalk of the 23S
rRNA and tRNA at the E-site in the 50S ribosome (38) and
two single-stranded loops of T-box riboswitches and their
cognate tRNAs (39) (Figure 6C, D). Since these functional
RNAs share no common ancestor, it is thus postulated that
the specific binding to the tRNA elbow with stacking inter-
action has evolved independently at least three times (39).
Evolution of the recognition a-helices in the PPR1 and
PPR2 motifs mimics the binding pocket for the tRNA el-
bow formed by the two single-stranded chains of these func-
tional RNAs. Hence, PRORPs add a fourth molecule to this
evolutionarily convergent solution for tRNA elbow recog-
nition.
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