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Abstract

Transfer RNA is essential for deciphering the genetic code. Transcribed as a precursor,
containing extra nucleotides on its 5 and 3’ termini, tRNA must undergo several
enzymatic processing steps before functioning in protein translation. One of the first steps
in tRNA maturation is removal of the 5’ extraneous sequence, which is catalyzed by
ribonuclease P (RNase P). In all domains of life RNase P can be found composed of a
single catalytic RNA which associates with a varying number of proteins. However, a
protein-only RNase P (PRORP) has evolved for functioning within genome containing
organelles such as the mitochondrion and chloroplast, and the nucleus of land plants and
some protist.

This work investigates the molecular function of PRORP. The crystal structure of
PRORP1 from Arabidopsis reveals three domains: a pentatricopeptide repeat (PPR)
domain tethered to a metallonuclease domain through a structural-zinc binding site. The
pH and metal dependence of PRORP1 catalyzed pre-tRNA hydrolysis with wild-type and
active site mutants is consistent with PRORP1 using a two-metal ion mechanism with a
metal hydroxide nucleophile to catalyze phosphodiester bond hydrolysis. Interestingly,
this proposed catalytic mechanism is similar to the RNA-based RNase P mechanism,
providing evidence for the mechanistic convergence of two different macromolecules,
RNA and protein. Furthermore, examination of the reactivity of the three PRORP
isozymes with a number of pre-tRNAs of different organellar origin demonstrates that the
plant PRORP isozymes have overlapping substrate specificities but varying cleavage
fidelities. Overall this work provides an understanding of the molecular function of PRORP
enzymes and lays the foundation for understanding the more complicated human

mitochondrial protein-only RNase P.



Chapter 11

Introduction

Background

Gene expression involves the processes of transcription and protein translation, the so
called central dogma of biology. Transfer RNA (tRNA) is an essential molecule in protein
translation that acts as an adaptor of the genetic code, relating a nucleotide sequence to
an amino acid. tRNA primary transcripts are extensively processed and modified before
they participate in translation. One of the initial steps in precursor-tRNA (pre-tRNA)
processing is the removal of extra nucleotides flanking the 5’ and 3’ ends. Ribonuclease
P (RNase P) is the endonuclease responsible for catalyzing 5’ end cleavage (Figure 1-1)
(2). In eukaryotes, RNase Z catalysis removal of the extra nucleotides on the 3’ end of
tRNA (2). After end processing, the tRNA undergoes a series of enzymatic processing
events including CCA addition to the 3’ end, nucleotide modifications, and aminoacylation
(2). Some tRNAs contain intron sequences encoded within the tRNA body that are
catalytically removed by nucleases and ligated as part of their maturation process (3).
The enzymes involved in tRNA maturation are essential for life, with the exception of a
majority of the tRNA base modification enzymes (2).

RNase P is arguably one of the more intriguing enzymes found within the tRNA
maturation pathway because it is a ribonucleoprotein (RNP) complex. The RNA
component is responsible for the catalytic activity and associates with either 1, 5, or 10
proteins in Bacteria, Archaea and Eukaryotes, respectively (Figure 1-2) (4). To date, the
archeon Nanoachaeum equitans is the only known organism without RNase P,

presumably because the tRNAs in this organism are transcribed without leader

1 Some contents in this Chapter are taken from a point-of-view article: Howard,M.J., Liu,X., Lim,W.H.,
Klemm,B.P., Fierke,C.A., Koutmos,M. and Engelke,D.R. (2013) RNase P enzymes: divergent scaffolds
for a conserved biological reaction. RNA Biol, 10, 909-14.



sequences (5). The RNA components in Bacteria, Archaea, and Eukaryotic nuclear
RNase P are structurally related (6), highlighting the conservation of this ribozyme

throughout life.

RNA-Based RNase P

Studies on tRNA™" in the early 70’s revealed that it is produced as a precursor-tRNA,
with extra nucleotides flanking the 5’ and 3’ ends of the mature tRNA. Thus, researches
reasoned that to generate functional tRNA, nuclease activity must catalyze removal of
these extra nucleotides. A search for this activity in Escherichia coli revealed a
5’endonuclease activity, which generates products containing a 5’ phosphate mature
tRNA and a 3’ hydroxyl-terminated leader (7). Because the nuclease cleaved pre-tRNA,
it was named RNase P. Subsequent studies revealed that bacterial RNase P is composed
of a catalytic RNA and a small protein (8). Sidney Altman was awarded the Nobel Prize
in chemistry for the discovery of catalytic RNA, which was shared with Thomas Cech for
his studies on the Tetrahymena ribozyme.

Since its discovery, bacterial RNase P has remained a model system for understanding
how RNA performs catalysis. This is due in part to its minimal number of components:
bacterial RNase P is composed of a ~400 nt RNA (P RNA) component which associates
with an ~120 amino acid protein (P protein). Additionally, bacterial RNase P is the only
naturally occurring ribozyme discovered to date that catalyzes multiple-turnovers and
does not require proteins for activity in vitro (8). The RNA component alone is fully
catalytic in high salt, however in vivo the protein component is required for viability (8).
The protein component increases the substrate and magnesium affinity for the P RNA
(9,10).

There are two major reasons why enzymes are fascinating: enzymes catalyze reactions
rapidly and have specificity for their substrates. These two reasons are particularly
interesting with regard to RNA-based RNase P because it uses RNA as the
macromolecule to accomplish these tasks. Devoid of many of the functional groups that
amino acids contain, RNase P utilizes magnesium cofactors to catalyze phosphodiester

bond hydrolysis (11). RNA-based RNase P is proposed to use a classic two-metal ion



mechanism (12). In this proposed mechanism, metal | activates a water molecule and/or

stabilizes the hydroxide nucleophile for attack of the scissile phosphate, both metal ions

5’ leader

3'tRNA

Figure 1-1. RNase P catalyzes 5’ end maturation of Pre-tRNA. A. RNase P catalyzes the removal of
the 5’ leader from precursor-tRNA generating a mature 5’ phosphate tRNA. The leader sequence is
shown in blue. B. RNase P uses metal ions to catalysis phosphodiester bond hydrolysis.



stabilize the negative charge build up in the transition state, and metal Il acts as an
electrophilic catalyst stabilizing the 3’ oxyanion leaving group (12). Thus, the RNA
component is proposed to bind and orient metal ions to achieve catalysis, with no direct
use of functional groups involved in stabilizing the transition state.

RNase P recognizes over 20 different pre-tRNAs substrates, thus the molecular
recognition determinants of RNase P has to be shared among the different pre-tRNAs.
These interactions include: base stacking and pairing between P RNA and the elbow
region (D and T-loops), nucleotides within the leader sequence, the acceptor stem, and
the CCA of the 3’ end of pre-tRNA (13,14). Additionally, the P protein interacts with the
leader through both electrostatic and hydrogen bonding interactions (15). These
interactions were confirmed in the crystal structure of Thermotoga maritima RNase P in

complex with tRNA and a product leader (14).

Discovery of Protein-only RNase P

Given the ubiquity and conservation of RNA-based RNase P, it seemed unlikely that a
protein-only version would exist. Indeed, propositions of a protein-only RNase P
functioning within organelles was meet with harsh skepticism (16). The first evidence for
a protein-only RNase P came from spinach chloroplast where partial purifications of
RNase P activity was detected showing sedimentation coefficients characteristics similar
to a protein and displaying a stereochemical difference in chemistry compared to the
RNA-based enzyme (17,18). Similarly, the RNase P activity from human mitochondria
was shown to be insensitive to nuclease treatment and have a distinct substrate
specificity as compared to the nuclear RNase P (19). However, because the genetic
identity of this activity remained unknown, for many, the burden of proof was not satisfied.
Until the paradigm was finally shifted when Rossmanith and colleagues demonstrated,
through a series of partial purifications and proteomic techniques, that human
mitochondrial RNase P is composed of three proteins: tRNA m1G methyltransferase
(MRPP1/TRMT10C), hydroxysteroid 17-3 dehydrogenase 10 (MRPP2/SDR5C1), and a
metallonuclease (MRPP3/PRORP) (20).



The Evolution of PRORP

The discovery of the genetic identity of protein-only RNase P in humans allowed for
identification of protein-only RNase P genes within other organisms. The characterization
of PRORP enzymes in various eukaryotic lineages provides insight into the evolution of
PRORP enzymes, including hints as to its origin and history.

In contrast to the multi-subunit human mitochondrial RNase P, the RNase P in the
mitochondria/chloroplasts of most plants, algae, and some protists is predicted to be a
single protein enzyme (PRORP) (21,22) . This was first shown in A. thaliana, where three
isoforms are found: PRORP1, 2, and 3. PRORP1 localizes to the mitochondria and
chloroplasts, whereas PRORP2 and 3 localize to the nucleus (21). All three of these
enzymes catalyze pre-tRNA processing in their respective localized organelles and in
vitro (23). Attempts to identify RNase P RNA genes in plant genomes by sequence
homology have not yielded any potential candidates for a canonical nuclear RNase P (24-
26). This suggests that A. thaliana may be devoid of an RNA-based RNase P thereby
catalyzing 5’ end processing using only PRORP enzymes (27). Alternatively, the plant
RNase P RNA may be non-canonical, thus making it hard to identify by sequence
homology searches. Evidence in support of this hypothesis comes from RNase P activity
detected by immunoprecipitation of the protein POP1, which is a shared protein
component of MRP and nuclear RNase P in other eukaryotes (28).

The protozoan Trypanosoma brucei harbors two PRORP isoforms, both of which
catalyze 5’ pre-tRNA processing activity in vitro (22). One isoform (PRORP1) localizes to
the nucleus and the second (PRORP2) to the mitochondrion. Strikingly, T. brucei
PRORP1 can substitute for yeast nuclear RNase P in vivo, demonstrating that a single
protein can complement a RNP complex composed of 9 proteins and a ~400 nucleotide
catalytic RNA (22). In addition, this result shows that T. brucei PRORP1 catalyzes all of
the other non-canonical, yet vital functions of nuclear yeast RNase P, which may include
processing of non-canonical RNAs. It has also been shown that Arabidopsis PRORP1
can complement for the loss of E. coli RNase P in vivo (21).

Similar to Arabidopsis, the moss, Physcomitrella patens, also contains three PRORP
enzymes and no apparent gene encoding the catalytic RNA component for the RNA-

dependent version of RNase P (29). However, in P. patens two PRORP enzymes localize



to the mitochondria and chloroplast and one to the nucleus (29). Furthermore, knockout
of the nuclear PRORP in P. patens is not lethal, suggesting a yet unidentified RNase P
activity in the nucleus or potential dual localization of one or both of the organellar
PRORPs (29). The two PRORPs (PpPPR_67 and PpPPR_104) that are proposed to
localize to the mitochondria and chloroplast are significantly longer than PRORPs from
other organisms, 791 and 993 amino acids, respectively. For comparison, the plant
PRORPs are 572, 528, 576 amino acids and human PRORP is 583 amino acids in length.
These extra amino acids are located at the N and C-termini and contain no identifiable
domains. Further biochemical characterization will need to be performed to understand
the function of this extra matter.

Ostreococcus tauri, an alga and one of the smallest eukaryote species, may be a living
transitional organism representing the possible switch from RNA- to protein-based RNase
P activity. The chloroplast and mitochondrial genomes of O. tauri encode distinct
individual RNase P RNA genes and the nucleus encodes both a bacterial-like RNase P
protein component, and a PRORP enzyme (30). The organellar RNase P RNAs are
expressed in vivo, however under in vitro conditions catalysis of pre-tRNA cleavage is not
observed even when associated with the nuclear encoded bacterial-like protein. O. tauri
is the only organism studied thus far, that encodes RNase P RNAs in both organellar
genomes and contains a nuclear encoded PRORP. The localization of the nuclear
encoded PRORP is currently unknown. Thus, further studies are required to help
understand why O. tauri has retained the organellar encoded RNase P RNA genes.
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Figure 1-2. RNase P is conserved in all 3 domains of life. Bacterial RNase Ps consists of 1 RNA (green) and 1 protein
(magenta) (pdb 3Q1R). Model of archaeal RNase P which contains 1 RNA (secondary structure in blue) and at least 4
proteins (red: PH1877 (PDB 2CzV), yellow: PH1481 (PDB 2CZV), magenta: PH1771 (PDB: 2ZAE), cyan: PH1601
(PDB 2CZzV). Proteins are arbitrary positioned. Most eukaryal nuclear RNase Ps are RNP based (left) which contain 1
RNA (blue) and at least 9 proteins (4 archaeal homologs, green: POP1, brown: POP3, purple: POP6 (PDB 3IAB),
silver: POP7 (PDB 3IAB), orange: POP8). The proteins are arbitrary positioned. Some nuclear RNase Ps are
proposed to be protein-only with homology to PRORPL1 (i.e. T. brucei and A. thaliana; structure of PRORP1 shown).
Mitochondrial and chloroplast RNase Ps from left to right: yeast; plants, some algae, and some protists (A. thaliana
and T. brucei); mammals (human). The mitochondrial yeast RNase P contains 1 RNA (blue) and 1 large protein,
RPM2, (gray). Plant, some algae, and protists mitochondrial/chloroplast RNase Ps are single proteins (teal) that have
homology to A. thaliana PRORP1. Mammalian mitochondrial RNase Ps consists of 3 nuclear encoded proteins
TRMT10C, (MRPP1) , SDR5C1 (MRPP2), and PRORP (MRPP3) shown in yellow cartoon, blue tetramer (PDB 1U7T),
and red (homology model based of A. thaliana PRORP1), respectively. The positioning of the TRMT10C/SDR5C1
subunits has not yet been demonstrated.

As mentioned previously, mammalian mitochondrial RNase P enzymes utilize three
protein components for efficient pre-tRNA cleavage. The three protein components
include: a tRNA-methyltransferase (TRMT10C), a dehydrogenase (SDR5C1), and the
PRORP nuclease. The methyltransferase and dehydrogenase form a complex with a
proposed stoichiometry of 2:4 and the metallonuclease does not tightly associate with
either subunit (20,31). The tRNA methyltransferase activity of TRMT10C is activated by
SDR5C1. However, the catalytic activity of either the methyltransferase or the
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dehydrogenase is not required for pre-tRNA cleavage catalyzed by PRORP (31). The
reason for the additional protein components in mammalian mitochondrial RNase P could
be a result of the non-canonical tRNA structures that mitochondrial-encoded tRNAs form
(32). Thus, one possible explanation for the requirement of TRMT10C and SDR5C1 to
activate PRORP activity is that the TRMT10C-SDR5C1 complex associates with a pre-
tRNA substrate to induce conformational changes required for pre-tRNA cleavage
catalyzed by PRORP. The role of the TRMT10C-SDR5C1 complex in human
mitochondrial RNase P is one of the biggest questions in the field.

Analyzing the inventory of PRORP enzymes described above, an interesting
evolutionary history emerges. First, all PRORP enzymes discovered are nuclear encoded
and are absent in bacterial and archaeal genomes, suggesting they evolved within
eukaryotic evolution. PRORP genes can be found in distant eukaryotic linages, plants,
metazoans, and excavates, suggesting PRORP genes were present in the early
diversification of eukaryotes (Figure 1-3). However, no genes for PRORP are apparent in
the fungal, amoebozoa, and chromalveolates lineages suggesting that these lineages
possibly lost PRORP, potentially through direct competition with RNA-based RNase P.
Taken together, | and others propose that PRORP evolved for functioning in the
mitochondria during early eukaryotic evolution. Cech and colleagues have termed this
organelle-triggered diversification (33). Possible reasons why the organellar genome did
not retain a RNA-based RNase P could be that there was strong evolutionary pressure to
downsize organellar genomes, which would allow for rapid replication and give regulatory
control to the nucleus (34). But why not just import the nuclear RNase P into the
mitochondria? Some possible explanations to this answer include difficulties in importing
a large structured RNA and differences in substrate recognition. However, there must be
some evolutionary advantage distinct from mitochondrial acquisition, because PRORP

also overtook the nuclear RNA-based RNase P, as seen in plants and trypanosomes.
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Figure 1-3. The evolution of PRORP. The main eukaryotic lineages are shown
(tolweb.org), originating from the last eukaryotic common ancestor (LECA). Black lines
indicate lineages where PRORP genes have not been identified in nuclear genomes. Grey
lines indicate lineages where no obvious prorp genes are found through blast searches
using human or Arabidopsis PRORPs on representive organisms (Dictyostelium
discoideum for Amoebozoa and Tetrahymena thermophila for Chromalveolates). Red
lines represent linages containing prorp genes.

Conclusions and Significance

PRORP represents a new class of enzyme that has replaced the function of RNA-based
RNase P. The origin of PRORP may have been initiated by the acquisition of organelles
during early eukaryotic evolution (~2 BYA). This provides a unique situation where one
can ask fundamental questions about the nature of catalysis and substrate recognition
between two different macromolecules, RNA and protein. Furthermore, the RNA world
hypothesis proposes that proteins overtook the function of most catalytic RNAs, the
mechanisms underlying this replacement could provide fundamental insights into protein
evolution and the origin of modern cells. PRORP represents a model system for exploring
this proposed shift from RNA to protein, an event that likely happened numerous times
during the course of evolution. Additionally, the enzymes and pathways for RNA
processing in organelles is largely unknown and mutations within mitochondrial tRNAs
and within RNase P can manifest as diseases within humans (35). Thus, an
understanding of PRORP function can provide insight into the molecular basis of diseases
originating from dysfunctional mitochondrial RNA processing.



Objectives

The overall objective of this research is to understand the molecular function of the
newly discovered PRORP. Since PRORP represents an entirely new nuclease, very little
was known about how it performs catalysis and recognizes substrates. Therefore,
chapter 2 describes the crystal structure of PRORP1 and identifies important domains
and residues involved in substrate binding and catalysis. In chapter 3, using the crystal
structure as a guide, we probed the catalytic mechanism of PRORP using mutants and
variations in pH and metal concentrations. In chapter 4, the substrate specificity of the
three plant PRORPs with four different pre-tRNAs and model RNA substrates are
examined. Taken together, this work provides an understanding of this new class of
enzyme, provides insight into understanding the more complicated human mitochondrial
RNase P, and potentially provides a foundation for understanding the basis for

mitochondrial disease states that arise through dysfunction in RNA processing.
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Chapter 2 ?
Mitochondrial Ribonuclease P Structure Provides Insight into the Evolution of

Catalytic Strategies for Precursor-tRNA 5’-Processing

Abstract

Ribonuclease P (RNase P) catalyzes the maturation of the 5’ end of tRNA precursors.
Typically these enzymes are ribonucleoproteins with a conserved RNA component
responsible for catalysis. However, protein-only RNase P (PRORP) enzymes process
precursor-tRNAs in human mitochondria and in all tRNA-utilizing compartments of
Arabidopsis thaliana. PRORP enzymes are nuclear encoded and conserved among
higher eukaryotes. Here we report the crystal structure of PRORP1 from A. thaliana at
1.75 A resolution revealing a prototypical metallonuclease domain and a
pentatricopeptide repeat (PPR) domain tethered together by a structural zinc binding
domain. The metallonuclease domain is one of the first high resolution structures of a
NYN domain which is a member of the PIN domain-like fold super-family, including the
flap nuclease family. The structural similarity between PRORP1 and the flap nuclease
family suggests that they evolved from a common ancestor. Biochemical data reveal that
conserved aspartate residues in PRORP1 are important for catalytic activity and metal
binding, and that the PPR domain also enhances activity, likely through an interaction
with pre-tRNA. These results provide a foundation for understanding tRNA maturation in
organelles. Furthermore, these studies allow for a molecular level comparison of the
catalytic strategies employed by the only known naturally evolved protein and RNA-based
catalysts that perform the same biological function, pre-tRNA maturation, thereby

2Work in this chapter is published: Howard,M.J., Lim,W.H., Fierke,C.A. and Koutmos,M. (2012)
Mitochondrial ribonuclease P structure provides insight into the evolution of catalytic strategies for
precursor-tRNA 5’ processing. Proc. Natl. Acad. Sci. U.S.A., 109, 16149-54. M.J.H. and M.K. conducted
crystallographic studies; M.K. performed crystallographic analyses; M.J.H. and W.H.L. prepared enzymes
and substrate; M.J.H. conducted biochemical assays; M.J.H., C.A.F., and M.K. participated in the study
design and interpretation. M.J.H., C.A.F., and M.K. participated in writing the manuscript.
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providing insight into the differences between the prebiotic RNA world and the present

protein-dominated world.

Background

According to the RNA world hypothesis, RNA played dual roles as carrier of genetic
information and catalyst in a prebiotic world. However, over eons of evolution, proteins
with their expanded twenty amino acid alphabet and greater structural and functional
complexity took over many RNA-based functions. Structural insights into this evolutionary
transition are limited because of the lack of examples of RNA and protein macromolecules
that perform the same biological function in nature. One notable exception is ribonuclease
P (RNase P) that catalyzes maturation of the 5’ end of tRNA across all domains of life.
Until recently, all known RNase P enzymes included a catalytic RNA component. The
discovery of a protein-only RNase P (PROteinacous RNase P (PRORP)) from human
mitochondria and Arabidopsis thaliana has dramatically shifted this paradigm (1-3). These
enzymes represent a new class of metallonucleases and are conserved among higher
eukaroytes (1,2). A. thaliana encodes three PRORP enzymes (PRORP1, 2, and 3) that
catalyze pre-tRNA processing (2). PRORPL1 localizes to the mitochondria and chloroplast
whereas PRORP2 and PRORP3 localize to the nucleus (2) suggesting that protein-based
enzymes catalyze pre-tRNA maturation in all organelles (2,3). To gain mechanistic and
evolutionary insights into the PRORP enzyme family we crystallized PRORP1 from A.
thaliana.

This structure clearly demonstrates that there is no structural homology between
PRORP1 and any of the proteins associated with either the bacterial or the nuclear human
RNase P (4,7) revealing that this protein evolved independently from the
ribonuclearprotein RNase P. Furthermore, the combination of structural and biochemical
data suggests that the RNA and protein-based catalysts employ distinct strategies to bind
and cleave pre-tRNA. In PRORP1, the PPR domain enhances pre-tRNA binding affinity,
in contrast to the RNA-tRNA contacts in the ribozyme (4). While both PRORP1 and
bacterial RNase P are magnesium-dependent enzymes, the metal ions are coordinated
by carboxylate side chains and non-bridging phosphate oxygens / nucleotide carbonyl
groups (4), respectively. These studies allow us to begin to compare, at a molecular level,
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the catalytic strategies and molecular recognition employed by the protein-only and RNA-

based RNase P enzymes.

Results

Global Architecture of PRORP1

The crystal structure of a functional recombinant protein-only RNase P from A. thaliana
(residues 76-572 with the mitochondrial signal sequence deleted) was solved by single
wavelength anomalous dispersion (SAD) and was refined to a resolution of 1.98 A (Rwork
= 18.7%, Rrree = 22.0% with good stereochemistry; Table A-1). One molecule is present
per asymmetric unit and the final refined model includes residues 95-570 (Figure 1).
PRORP1 adopts a conformation that resembles an upside down “V”, where two arms,
each ~70 A in length, fold at an angle of ~56°. Arm1 is comprised of 11 a-helices, whereas
arm 2 is composed of a parallel B-sheet flanked by a-helices (Figure 2-1). The two arms
are attached to a core domain consisting of an anti-parallel B-sheet. These discrete
structural elements represent three domains: PPR domain (residues 95 to 292; red in
Figure 2-1C), central domain (residues 328 to 357 and 534 to 570; yellow in Figure 1C)

and metallonuclease domain (residues 358 to 533; blue in Figure 2-1C).

The PPR Domain is Important for Activity and Substrate Affinity

PPR motifs are often found in tandem and are composed of a helix-turn-helix fold of
approximately 35 amino acids (8). These motifs have been implicated in RNA binding and
editing activities and are prevalent among proteins targeted to mitochondria and
chloroplasts (9-11). The PPR domain in PRORP1 is comprised of 11 a-helices forming
5.5 consecutive PPR repeats, each consisting of a helix-turn-helix hairpin (Figures 2-1,2-
2A). These tandem helical repeats associate to form a right-handed super-helical
structure that resembles the arrangement of domains in tetratricopeptide repeat (TPR)-
motifs. As a result, the PPR domain forms an inner concave surface facing the putative
active site of the metallonuclease domain. A comparative search based on the PPR
domain using the Dali server (12) reveals structural similarity with a plethora of proteins

(or protein domains) that notably include mitochondrial RNA polymerase (mtRNAP) (13),
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Get4 (14), proteosomal subunit Rpn6 (15), and small glutamine-rich tetratricopeptide
repeat protein (hSGT) (16) (Figure 2-2B). Except for mtRNAP, which contains the first
and only structural data on PPR motifs, all of the homologous domains contain TPR motifs
that are involved in protein-protein interactions (8). The PPR domain of mtRNAP is
proposed to interact with upstream DNA promoter sequences (13). Similarly, we posit that
the PPR domain of PRORPL1 facilitates interactions with pre-tRNA. An N-terminal
truncation of PRORP1 (A245) that removes 8 of the 11 helices in the PPR domain
decreases pre-tRNA binding affinity by 34-fold and catalytic activity by = 2,000-fold
(Figure 2-3C) with little effect on zinc binding (Table A-2). Since the PPR domain is
located far away from the metal-binding active site, we propose that this domain is
important for properly orientating the leader of pre-tRNA in the active site rather than
playing a direct role in catalysis. The electrostatic surface potential for PRORP1
(calculated using Apbs (17)) (Figure 2-1D) demonstrates that the concave surface facing
the putative active site has an overall neutral charge, suggesting that the PPR-nucleic
acid interaction is not mainly electrostatic. The only positive patch is found in the base of
the PPR domain closest to the active site, including side chains from the inner facing
helices and connecting loops. The PPR domain could interact directly with pre-tRNA
through contacts between this positive patch and the negatively phosphodiester back-
bone, recognition of the tertiary fold of tRNA, and/or interactions with conserved

nucleobases of tRNA, as proposed for other PPR domains (18).
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Figure 2-1. Crystal Structure of PRORP1. (A) Structure of PRORP1 (helices shown
in blue, strands shown in yellow); (B) Topology map of secondary structure
elements; (C) Cartoon depiction of the PRORP1 domain arrangements: PPR
domain (residues 95 to 292; red), central domain (residues 328 to 357 and 534 to
570; yellow) and metallonuclease domain (residues 358 to 533; blue); and (D)
Electrostatic surface potential.
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Central Domain

The central domain contains an anti-parallel 4-stranded [3-sheet that interacts with the
PPR domain and two extended loops that connect it to the metallonuclease domain.
The central domain houses a conserved structural zinc binding site (Figure 2-2C, Figure
A-1). Zinc is coordinated by four invariant residues: C344, C350, H548 and C565. C344
and C350 are found on the 15 aa-long two-turn loop (between 31 and a14) connecting
the metallonuclease and the central domains. H548 and C565 are located in 3-strands 9
and 10, respectively (Figure 2-2C). The zinc structural site appears to be important for
both stabilizing the structure of the loop-rich central domain and for properly orienting
this domain with respect to the metallonuclease domain. The central and
metallonuclease domain interface (473 A?) is mainly stabilized by electrostatic
interactions.

The beta sheet of the central domain forms a large hydrophobic interface with helices
a9, a10 and a11 of the PPR domain. In addition, 10 hydrogen bonds and two salt
bridges (between R335 and D285 and D288) mold the PPR and central domain
interface. Furthermore, the PPR domain is linked to the central domain through a 32
residue insertion (shown in pink in Figure 2-1C and Figure A-1) found only in plant
species. This positively charged insertion contains a loop-helix-loop that interacts with
the PPR/central domain interface forming primarily hydrophobic interactions with the
PPR domain (473 A2) and mainly electrostatic interactions with the central domain (621
A?) including 10 hydrogen bonds and 4 salt bridges. The central domain may function
as an adaptor, orienting the metallonuclease and PPR domains to optimize catalytic

activity and molecular recognition.
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Figure 2-2. PPR Domain Architecture and Structural Zn Binding Site. (A) Tandem repeats of the PPR
domain. Domain and profile analysis of PRORP1 using PROSITE predicts three PPR motifs (PPR1, resi
96-130; PPR3, resi 175-209 and PPRA4, resi 210-244) based on sequence consensus. The structure
reveals two additional helix-turn-helix hairpins that adopt the PPR motif (PPR2, resi 131-174; and
PPR5, 245-278) despite their divergence from the canonical PPR sequence. The PPR2 hairpin contains
an extended loop, ~11 aa versus the typically observed 3 aa loop, between alpha helices 3 and 4. (B)
Structural superposition of PPR/TPR domains: PRORPL1 (red; residues 95-293), mtRNAP (yellow;
residues 258-331), Get4 (blue; residues 58-236), and the proteasomal subunit Rpn6 (green; residues
38-222); and (C) Close-up of the Zn binding site of PRORP1.

Lastly, the central domain contains two major positively charged patches (Figure 2-1D)
that could interact with the tRNA backbone. One of these patches is in close proximity to
the zinc site, suggesting that the bound zinc site stabilizes the structure of the central
domain such that positively charged residues are oriented to interact with pre-tRNA,

similar to the role of structural zinc sites in zinc fingers (19).

Metallonuclease Domain

The structure of the metallonuclease domain of PRORP1 is one of the first high
resolution structures of a NYN (Nedd4-BP1, YacP Nucleases) domain, a distinct
ribonuclease family member of the PIN (PilT N-Terminal) domain-like fold super-family

(20). This structure resembles the nuclease domains of DNA polymerase | and flap
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nucleases; the closest metallonuclease domain structural homologues include Taq
polymerase (21), and human exonuclease 1 (5) (hExol; Figure 2-3). However the
PRORP1 metallonuclease domain lacks hallmark structural features of flap nucleases,
including the helical arc and the helix-two-turn-helix motifs important for nucleic acid
binding. The alteration in the substrate binding site is expected given the differences in
the structures of the RNA and DNA substrates of PRORP1 and flap nucleases.
Nonetheless, these enzymes have a similar architecture around the putative active site.
The flap nuclease family members are proposed to use a two metal-ion catalytic
mechanism with the metal ions bound to conserved aspartate residues (5). The
metallonuclease domain of PRORP1 contains four invariant aspartate residues (D474,
D475, D493, and D399) that are likely important for function based on the structural
similarity to hExol (Figure 2-3) (3). However, PRORP enzymes lack two of the conserved
aspartates in flap nucleases (D173 and D225 in hExo1l, highlighted with arrows in Figure
2-3C) that are proposed to chelate a second metal ion. Despite this, structural studies
indicate that PRORP1 can bind two metal ions at the active site (Figure 2-3). In metal
soaking experiments, a single ion is bound to the active site upon addition of Ca(ll) or
Sr(ll) ions, while two metal ions are observed in the presence of Mn(ll). One metal ion
bound to PRORP1 (Ca(ll), Sr(Il) or Mna(ll); Figure 2-3) forms inner-sphere interactions
with D475 and water-mediated contacts with D399, D474, and D493. In the Mn(ll)-bound
structure, the second metal ion (Mn2(ll)) forms inner-sphere interactions with D475 and
D493 and is displaced by 0.5 A from the position of the second metal ion in hEXol. The
lower metal occupancy (80%) of this site in PRORP1 suggests that Mn2z(ll) is more weakly
bound. Although structural data cannot prove the function of a metal ion, we propose that
the second metal ion activates catalysis by comparison to the flap nucleases.
Furthermore, the affinity of the second metal ion may be enhanced by interactions with
the pre-tRNA substrate rather than aspartate side chains. Given the similarities between
the hExol and PRORPL1 active sites, we predict that the pre-tRNA scissile phosphate will
be located between the two metal ions and form inner-sphere interactions with both.
Mutagenesis experiments confirm the functional importance of invariant aspartate
residues in PRORP1 (3). Alanine substitution of each of the four aspartate residues
(D474, D475, D493, and D399) in A7T6PRORP1 decreases cleavage activity by >1000-
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fold without significantly affecting pre-tRNA binding affinity (Figure 2-3C) indicating that
these side chains are mainly important for catalytic activity. The negatively charged
residues located in the active site pocket lead to an overall negative electrostatic potential
at the active site (Figure 2-1D), perhaps mimicking the negative electrostatic potential at

the active site of the bacterial RNA-dependent RNase P.

Metal Activation

Mg(ll) had previously been shown to activate PRORPL1 catalysis (3). To further
analyze the metal dependence, we examined the activation of PRORP1 by other
divalent cations in the presence of the magnesium hexahydrate mimic,
cobalt(lll)hexamine (22), to stabilize the tertiary structure of pre-tRNA. PRORP1 with a
stoichiometric zinc ion (Table A-2) cannot catalyze pre-tRNA cleavage, indicating that
the bound Zn(ll) is a structural cofactor (Figure A-2). No cleavage activity is observed
upon addition of Ca(ll) (Figure 2-3E). In contrast, both Mg(ll) and Mn(ll) activate
PRORP1-catalyzed phosphodiester bond hydrolysis to form mature tRNA (Figure 2-3E
and Figures A-2, A-3). Given the relative abundance of Mg(ll) compared to Mn(ll) in vivo
(23), Mg(ll) is likely the PRORP1 cofactor in mitochondria and chloroplasts, similar to

other metallonucleases, including bacterial RNase P (24).
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Figure 2-3. Active Site, Metal Dependence, and Pre-tRNA Binding of PRORP1. (A) Close up of the Mn(ll)
bound PRORPL1 active site indicating conserved residues involved in metal binding. (B) Close up of the
Ca(ll) bound PRORPL1 active site. (C) Structural alignment of the active sites of the PRORP1
metallonuclease domain (blue) and hExol (green bound to DNA)(5); active site Mn(ll) metals shown in
purple spheres for PRORP1 and green spheres for hExol. Red arrows indicate the location of the two
aspartates in hExol that coordinate the second active site metal (Mn(ll)2); there are no equivalent residues
in PRORP1 that bind Mn(ll)z. (D) Electron density maps of the active site in the Mn(Il)-bound PRORP1.
The anomalous difference 2Fo-Fc electron density map, contoured at 3o, is shown in yellow and is
superimposed on the PRORP1 structure. This map was calculated from experimental phases derived from
data collected at the Mn-edge. The composite omit 2Fo-Fc difference density map for PRORP1 with Mn(ll)
contoured at 1.5c is shown in blue. The omit Fo-Fc difference map for the PRORP1 model refined without
the active site Mn atoms and inner sphere water molecules, is contoured at 10c and is shown in green.

(E) Representative gels of metal-dependent single turnover cleavage assays (top and bottom left panels).
Reactions containing A. thaliana mitochondrial 5’-32P-pre-tRNA®s, 500 nM A76PRORP1, 2.5 mM MgCl: or
CaClz and 250 pM cobalt(lll)hexammine were quenched at specified time points, resolved by denaturing
PAGE, and analyzed with a phosphorimager. Mg(ll) and Mn(ll) activate catalysis of phosphodiester bond
hydrolysis while Zn(ll) and Ca(ll) do not (Figure A-2). Fluorescent polarization binding data in 1 mM CaCl2
(top right panel) indicate that the binding affinity for fluorescein-labeled mitochondria pre-tRNACYs is
decreased 34-fold by deletion of 4 PPR motifs (A245PRORP1, blue squares; A7T6PRORP1, black circles).
Cleavage rate constants and Kp values for mutant PRORP1 proteins are summarized in the bottom right
panel. The errors reported for the Kp and kous vValues represent the standard deviation from 2 and 4,
respectively, independent experiments (Figure A-3).
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Discussion

Here we present the first crystal structure of a protein-only RNase P, a member of the
novel family of PRORP proteins. The metallonuclease domain of PRORP1 provides
insight into the active site architecture, metal dependence, and potential functional roles
of active site side chains in the broad family of NYN domain-containing proteins. The
prototypical NYN domain is found across all kingdoms of life, often fused to RNA-binding
motifs (20). These domains have evolved to play important roles in RNA processing and
they are over-represented in eukaryotic organisms. The similarity of this class of RNases
with the flap nucleases is striking, suggesting that they both originated from a common
structural fold that diverged from a single ancestor. This common ancestor might have
provided an early protein alternative to the RNA-based RNase P (25).

The PRORPL1 structure is likely typical of proteins with 5 in-tandem PPR motifs. A
number of proteins containing PPR domains are implicated in diseases that stem from
mitochondria dysfunction. For example, leucine-rich pentatricopeptide repeat cassette
(LRPPRC) and pentatricopeptide repeat domain 2 (PTCD2) are two human PPR-
containing proteins that are important for the processing of mitochondrial transcripts as
mutations lead to a deficient respiratory chain (26,27). PRORP enzymes from A. thaliana
and Ostreococcus tauri are sufficient to catalyze cleavage of mitochondrial pre-tRNAs in
vitro (2,28) However, human mitochondrial RNase P requires two additional protein
components for efficient tRNA maturation, a tRNA methyltransferase termed MRPP1 and
its binding partner MRPP2 which has promiscuous alcohol dehydrogenase activity (1).
The role of MRPP1 and MRPP2 in pre-tRNA processing remains to be firmly established,
but the need for additional components may reflect the non-canonical structure and
methyl modification at position 9 of tRNAs encoded by mammalian mitochondria (29).
Nonetheless, the structure of PRORP1 provides a foundation for understanding the
complexity of human mitochondrial RNase P, serving as a model for the human catalytic
subunit of mitochondrial RNase P (MRPP3). The metallonuclease domains of MRPP3
and PRORPL1 share all of the conserved active site residues as well as the side chains
that bind zinc in the central domain. Moreover, despite the low sequence identity of their

N-terminal domains, the structures of these regions are predicted to be homologous (PPR
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domains). Thus, in the absence of an MRPP3 structure, PRORP1 provides a roadmap to

rationalize how mutations in pre-tRNAs affect substrate recognition by MRPP3 (30).

Comparison with RNA-based RNase P

PRORP and RNA-based RNase P enzymes employ strikingly different structural
scaffolds to catalyze the same biological reaction. Apart from the visually similar ‘v’
topologies, and the overall negatively charged and relatively flat, open and accessible
active sites, there are no conserved structural features between PRORP1 and the RNase
P ribonucleoprotein complex (4). This result is consistent with bioinformatic analyses
indicating that PRORP evolved separately, and not from their ribonucleoprotein
counterparts (2). The protein component of the bacterial RNA-based RNase P is essential
for catalysis in vivo but not in vitro at high salt (31). This protein interacts with both the
pre-tRNA 5’ leader and the ribozyme to enhance substrate and metal ion affinity and to
stabilize the RNA active site (31-33). In contrast, the proteinaceous RNase P has the
ability to recognize, orient, and bind pre-tRNA and metal ions without any extraneous
assistance. The lack of conserved structural features between the bacterial RNase P
proteins and PRORPL1 further supports their proposed disparate evolution.

Strikingly, these structural studies suggest that PRORP1 uses a two-metal ion
mechanism to catalyze 5 end cleavage, as previously suggested for a variety of
nucleases, including enzymes composed of either protein or RNA (5)/(34). The RNase P
ribozyme is similarly a metalloenzyme, requiring at least 2 co-catalytic metal ions (4,24).
Nevertheless, differential chemical moieties at the active sites of the RNA- and protein-
based enzymes likely lead to divergent mechanistic strategies. For example, the side
chains of aspartate (D399) and histidine (H498) in PRORP1 are positioned such that they
could catalyze deprotonation of the nucleophilic metal water and protonation of the
leaving group, respectively (Figure 2-4B). In contrast, RNA-based RNase P is proposed
to rely on metal activation of bound water to generate the hydroxide nucleophile (35)
(Figure 2-4A). Additionally, phosphorothioate-substituted pre-tRNA studies suggest that
the active site metal(s) of PRORP1 enzymes do not coordinate the pro-R, oxygen of the
scissile phosphate bond (6). This is in direct contrast with RNA-based RNase P enzymes,
but similar to other proteinaceous RNases, such as RNase H (36). This direct comparison
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of the structures of RNA and protein macromolecules that catalyze pre-tRNA cleavage
allows insight into the altered catalytic strategies afforded by protein side chains.
Enhanced catalytic activity is one proposed reason for the evolutionary switch from a
prebiotic RNA catalyst to a protein catalyst. However, the efficiency (estimated from
kca/Km for PRORP3 (=6 x 10* M1 s1) (3) and Kchem/K12 for PRORP1 (~ 5 x 10* Mt s1))
for catalysis of pre-tRNA cleavage under in vitro conditions is slower than catalysis by B.
subtilis (~100-fold) or S. cerevisiae (~30-fold) RNase P under similar conditions (3,37,38).
Nonetheless, PRORPs can complement E. coli RNase P and the large multi-component
yeast nuclear RNase P in vivo (2,39). This comparison suggests that factors other than
catalytic efficiency, such as enhanced stability or regulation of expression and activity,
were the main driving forces for the evolutionary switch from RNA-dependent to protein-

only RNase P.
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Figure 2-4. Mechanistic comparison of the RNA and protein-based RNase P catalyzed reaction. (A)
Proposed mechanism of cleavage catalyzed by RNA-based RNase P (recreated from ref.(4)). The
bound metals (M1 and M2) are proposed to be coordinated by non-bridging oxygen phosphates and
oxygen atoms of nucleotide bases within the catalytic RNA component. The metal (M1) bound
hydroxide is proposed as the catalytic nucleophile. M1 is also proposed to coordinate the pro-R,
oxygen of the scissile phosphate bond. M2 is proposed to position a water molecule for leaving group
stabilization through protonation of the 3’ hydroxyl. (B) Proposed mechanism of cleavage catalyzed
by PRORP enzymes. An active site aspartate is proposed to function as a general base, catalyzing
deprotonation of a metal (M1) bound water to activate the nucleophilic water. Based on comparison
with hExol and lack of a phosphorothioate effect on the pro-R, oxygen (6), the pro-S, oxygen of the
scissile phosphodiester is predicted to be coordinated by both active site metal ions to increase
electrophilicity and stabilize the transition state. An active site general acid is proposed to protonate
and stabilize the leaving group.
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Methods

The PRORP1 gene from A. thaliana with the mitochondrial signal sequence deleted
(res 76-572) was amplified using PCR and cloned into a pETM-11 vector that adds an N-
terminal Hiss-tag. The protein was expressed in E. coli in the presence or absence of
selenomethione (SeMet) and purified using metal affinity, cation exchange and gel
filtration chromatography. Crystals of the SeMet-derivatized protein were obtained at 4
°C by the vapor diffusion method from 2:1 mixtures of protein solution with reservoir
solution. The reservoir solution contained 18% PEG 3,350 and 0.1 M sodium citrate pH
5.5. Crystals of SeMet A76 PRORP1 and wt A76 PRORP1 in the presence of Sr and Ca
were obtained by adding 0.02 M SrCl2 or CaClzinto the crystallization solution described
above. Crystals of A76 PRORP1 in the presence of Mn were obtained through soaking
with a solution containing 0.05 M MnSOa. Diffraction data were collected on beamline
GM/CA-CAT 23-ID-D at the Advanced Photon Source, Argonne National Laboratory
(Argonne, IL). Data were processed with HKL200(40). Phenix AutoSol (41) was used to
identify the heavy atom sites and calculate density-modified 1.98 A experimental maps
based on a single-wavelength SAD data set (Se-peak) from one SeMet A76 PRORP1
crystal as well as density-modified 2.4 A experimental maps based on a single-
wavelength SAD data set (Mn-peak) from a Mn-soaked A76 PRORP1 crystal (Table A-
1). Experimental phases were calculated with Phaser, followed by density modification by
RESOLVE. COOT (42) was used to manually fix incorrectly modeled residues in all
structures, and the final models were built through successive iterative rounds of
refinement and manual model building. Refinement was performed using REFMACS5 (43).
In the final PRORP1 models residues 76-94 and 571,572 were not modeled. The
geometric quality of the models was assessed with MolProbity (44). PyMOL (45) was

used to create molecular images.
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Appendix A.
This appendix contains supplemental methods

Expression and Purification

DNA encoding the full-length PRORP1 gene (At2g32230) from Arabidopsis thaliana
was synthesized by Integrated DNA Technologies (IDT). A N-terminal truncation
corresponding to residues 76-572 was amplified using PCR and cloned into a pETM-11
vector that adds an N-terminal Hiss-tag followed by a TEV protease site. The resulting
PRORP1 vector was transformed and expressed in Rosetta(DES3) E. coli cells (Novagen).
Cells were grown to an O.D.so0 of 0.8 in LB medium and then induced by the addition of
660 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) followed by growth for 16 hrs at
18°C. Harvested cells were lysed using a microfluidizer and centrifuged for 60 min at
20,000 x g at 4°C. The soluble fraction was then applied to a Ni-sepharose column pre-
equilibrated in 20 mM 3-(N-morpholino)propanesulfonic acid (Mops) pH 7.8, 150 mM
NaCl, 15 mM imidazole, 10% glycerol and 1 mM tris(2-carboxyethyl)phosphine
(TCEP).The column was washed with 5 column volumes (CV) of 20 mM MOPS pH 7.8,
150 mM NaCl, 50 mM imidazole 10% glycerol and 1 mM TCEP. Bound proteins were
eluted by a gradient from 50 mM to 500 mM imidazole in the same buffer as above over
10 CV. Fractions containing A76PRORP1 were pooled and dialyzed against 20 mM
MOPS pH 7.8, 150 mM NacCl, 10% glycerol, 1 mM TCEP. Pooled fractions were then
loaded onto a SP cation-exchange column and eluted with a NaCl gradient (150 mM to
1000 mM). Fractions of interest were pooled, hiss-tagged tobacco etch virus protease was
added and the reaction was dialyzed overnight against 20 mM Mops pH 7.8, 10% glycerol,
150 mM NacCl, and 1 mM TCEP. The sample was then applied to a 2" Ni-sepharose
column. The flow-through was collected, concentrated, and dialyzed into 20 mM Mops
pH 7.8, 300 mM NaCl, and 1 mM TCEP. The sample was then loaded onto a Sephacryl-
200 gel-filtration column (GE Healthcare) and peak fractions were pooled.
Selenomethionine-labeled (SeMet) PRORP1 was expressed and purified in an identical
manner with the exception that the cells were grown in minimal media supplemented with
50 mgl/liter of SeMet. The A245 PRORP1 construct and protein purification were prepared

in a similar manner as A76 PRORP1.
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Mitochondrial pre-tRNA®YS Synthesis and Radio-Labeling

A. thaliana mitochondrial pre-tRNA®YS was created by primer extension from
oligonucleotides encoding the T7 promoter and pre-tRNA®S and cloned into a PUC19
vector. The substrate contains a 53 nt 5’ leader, 70 nt body, and 24 nt trailer. Run-off

transcription, labeling, and refolding were performed as described in (46,47).

RNase P Cleavage Assays

All cleavage reactions were performed under single-turnover conditions. Standard
assay conditions include: 500 nM PRORP1 (as determined by absorbance (A76 and
mutants: €280 =84630 Mt cm™t; A245: €280 =75440 Mt cm™t), 25 pM (30,000 cpm per 70
uL reaction) of 5’-32P labeled A. thaliana mitochondrial pre-tRNA®YS, 30 mM Mops pH 7.8,
150 mM NaCl, 1 mM TCEP, and 1 mM MgClz, 25°C, unless otherwise indicated. The
metal reconstitution assays were performed in 250 uM cobalt(lll)hexammine (473 =56.2
M-1cmt) with addition of varied metal species. Reaction time points were quenched by
addition of an equal volume of 8 M urea, 100 mM EDTA, and 0.05% (w/v) each of xylene
cyanol and bromophenol blue. Quenched reactions were resolved on an 8% denaturing
polyacrylamide gels and scanned using a Typhoon imager. Gels were quantitated using
Image Quant 5.2 software.

Fluorescent Polarization Binding Assays

The A. thaliana mitochondrial pre-tRNA®Ys was fluorescently labeled with fluorescein on
the 5’ terminus as described (48). The binding assays contained 30 mM Mops pH 7.8,
100 mM NaCl, 1 mM TCEP, 1 mM CacClz, 20 nM 5’fluorescein-pre-tRNA®YS and varying
concentration of protein. Reactions were incubated at room temperature for 10 min.

Fluorescence polarization data were collected on a Tecan plate reader.

Crystallization and Crystal Harvesting

Stock solutions of 5.5 mg of A76 PRORP1 or 5 mg/ml of the SeMet A76 PRORP1
variant in 20 mM MOPS pH 7.8, 100 mM NaCl, 1 mM TCEP were used for crystallization
trials. Crystals for both the A76 PRORP1 and for (1) SeMet A76 PRORP1 were obtained
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at 4 °C by the vapor diffusion method from 2:1 mixtures of protein solution with reservoir
solution in sitting-drop plates. The reservoir solution contained 18% PEG 3,350, and 0.1
M sodium citrate tribasic, pH 5.5. Crystals of (2) SeMet A76 PRORP1 in the presence of
Sr and (3) wt A76 PRORP1 in the presence of Ca were obtained by using the following
crystallization solutions: (2) 18% PEG 3,350, 0.1 M sodium citrate, pH 5.5, and 0.02 M
SrClzand (3) 18% PEG 3,350, 0.1 M sodium citrate, pH 5.5, and 0.02 M CaClz. Harvested
crystals were cryoprotected by soaking in 14% PEG 3,350, 0.08 M sodium citrate tribasic,
pH 5.5, w/o 0.015M SrCl2 or CaClz and 18% (v/v) glycerol for a few minutes prior to flash
cooling in liquid N2.Manganese soaks were used to incorporate Mn metals in the active
site of PRORPL1. Specifically, crystals of (4) wt A76 PRORP1 were grown by mixing 2:1
mixtures of protein solution with a reservoir solution containing 18% PEG 3,350, 0.1 M
sodium citrate, pH 5.5, and 6% w/v 6-aminohexanoic acid. These crystals were
transferred in a solution containing 15.3% PEG 3,350, 0.85 M sodium citrate pH 5.5, 5.1%
6-aminohexanoic acid, 12.5 % glycerol and 0.05M MnSOQa. After three hours of soaking
the crystals were harvested and were flash frozen in liquid N2. Crystals of (1) SeMet A76
PRORP1 were of space group P2:12121 (a =41.8 A, b=111.9 A, ¢ = 139.9 A) with one
molecule in the asymmetric unit (Matthews’ coefficient Vi = 2.8 A3/Da for one molecule
per asymmetric unit, 55.6% solvent content). Crystals of (2) SeMet A76 PRORP1 with Sr
were of space group P21212:1 (a=41.9 A, b=112.0 A, ¢ = 140.0 A) with one molecule in
the asymmetric unit (Matthews’ coefficient Vu = 2.9 A3Da for one molecule per
asymmetric unit, 57.7% solvent content). Crystals of (3) A76 PRORP1 with Ca were of
space group P21212:1 (a = 41.8 A, b = 111.9 A, ¢ = 140.1 A) with one molecule in the
asymmetric unit (Matthews’ coefficient Vi = 2.9 A3/Da for one molecule per asymmetric
unit, 57.7% solvent content). Crystals of (4) A76 PRORP1 with Mn were of space group
P2:12:121 (a=41.8 A,b=1125A, c = 148.8 A) with one molecule in the asymmetric unit
(Matthews’ coefficient Vv = 2.9 A3/Da for one molecule per asymmetric unit, 57.5%

solvent content).

Data Collection and Structure Determination
Diffraction data were collected at 100 K on beamline GM/CA-CAT 23-ID-D at the
Advanced Photon Source, Argonne National Laboratory (Argonne, IL). Data were
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recorded on a Mar300 detector and processed with HKL200 (40). Phenix AutoSol (41)
was used to identify the selenium sites and calculate density-modified 1.98 A
experimental maps based on a single-wavelength SAD data set from one SeMet A76
PRORP1 crystal (1). Specifically, 14 of 14 selenium sites in addition to one zinc site were
located and used for SAD phasing, using phenix.hyss. Subsequently, Phaser(49) was
used to calculated experimental phases, followed by density modification by
RESOLVE(50) (figure of merit 0.39 before and 0.64 after density modification). The
experimental density map showed clear features of the protein backbone and well-defined
side chains. RESOLVE traced and automatically built 449 residues and the side chains
for 417 of these residues in the experimental electron density. Phenix AutoSol was also
used to locate heavy atoms sites and calculate density-modified 2.4 A experimental maps
based on a single-wavelength SAD data set (Mn-peak) from one A76 PRORP1 crystal
that was soaked with Mn (5). From the 10 heavy atom sites identified by phenix.hyss, the
two heaviest peaks corresponded to the two Mn atoms, while the remaining were “lighter”
and mostly corresponded to the position of cysteine or methionine sulfur atoms. Phaser
was then used to calculate experimental phases, followed by density modification by
RESOLVE that traced and automatically built 373 residues and the side chains for 285 of
these residues in the experimental electron density. This structure was not refined further
since it only was used to unequivocally locate the position of the active site atoms. COOT
(42) was used to manually correct the incorrectly modeled residues and through
successive iterative rounds of refinement and manual model building the remaining
residues were traced in the electron density to afford the final model. Restrained individual
atomic refinement, and restrained isotropic individual B-factor refinement with maximum
likelihood targets using the Babinet model for bulk solvent scaling was performed using
REFMACS (43) of the CCP4 suite (51). The final SeMet A76 PRORP1 model, after the
removal of Zn, residues with high B-factors, and water molecules was used as a starting
model for the refinement of the (2) SeMet A76 PRORP1 with Sr to 2 A, of the (3) A76
PRORP1 with Ca to 1.75 A and of the (4) A76 PRORP1 with Mn to 1.95 A resolution.
Initial simulated annealing refinement (torsional and cartesian) was performed for all three
structures with phenix.refine followed by iterative rounds of refinement and model

building/correcting with Refmac5 and Coot as described above. In the final rounds of
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refinement for the (3) A76 PRORP1 with Ca 1.75 A structure, mixed isotropic and
anisotropic individual B-factor refinement were used. In all the final A76 PRORP1 models
residues 76—94 and 571,572 are missing and were not modeled since no visible electron
density associated with these residues was found. The geometric quality of the models
was assessed with MolProbity (44). APBS (17) (Adaptive Poisson-Boltzmann Solve) was
used to create the electrostatic surface potential for A76 PRORP1. PyMOL (45) and
UCSF Chimera (52) were used to create molecular images.
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Table A-1. Data Collection and Refinement Statistics (SAD Phasing)

. SeMet PRORP1  SeMet PRORP1  PRORP1 PRORP1 PRORP1
Protein . ) ) with Mn
(peak) with Sr with Ca with Mn
(peak)
Data Collection
Space Group P212:21 P212121 P212121 P212121 P212121
Cell Dimensions
a b, c(A) 41.8,111.9, 41.9, 112.0, 41.8,111.9, 41.8,1125, 41.8,112.4,
T 139.9 140.0 140.1 138.8 138.6
a, B,y (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Wavelength (A) 0.979 0.968 0.979 0.968 1.893
Resolution (A) 50-1.98 (2.05- 50-2.00 (2.07- 50-1.75 50-1.95 50-2.4
1.98) 2.00) (1.81-1.75) (2.02-1.95)  (2.49-2.40)
Rsym (%) 10.3 (62.0) 8.4 (63) 7.5 (54.4) 6.1 (47.3) 6.6 (45.4)
I/ol 17.7 (3.8) 12.6 (2.6) 12.1 (1.5) 16.0 (3.9) 15.2 (2.9)
Completeness (%) 99.5 (96.0) 98.4 (97.9) 98.2 (88.1) 99.9 (100) 87.5 (45.7)
Redundancy 9.8 (9.6) 5.4 (5.4) (3.9 3.1 6.2 (6.1) 5.6 (3.5)
Refinement
Resolution (A) 87.4-1.98 87.4-2.00 43.9-1.75 87.4-1.95
No. reflections 46672 44733 65673 48453
Rwork / Riree 0.187/0.220 0.194/0.233 0.163/0.210 0.194/0.226
No. atoms
Protein 3815 3835 3837 3832
Water 345 236 384 330
B-factors
Protein 38.8 43.8 44.0 47.9
Water 38.9 38.5 45.1 47.8
R.m.s Deviations
Bond lengths (&) 0.012 0.014 0.013 0.011
Bond angles (°) 1.427 1.552 1.379 1.380
Ramachandran plot
(%)
. 97.3/2.7/0.0 97.5/2.3/0.0 99.0/1.0/0.0 97.7/2.3/0.0
Favored/allowed/outliers
Protein Data Bank 4G23 4G25 4G26 4G24

code
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Mg Ca Mn Fe Ni Zn
A76 Buffer 0.29 5.68 0.02 0.15 0.09 0.08
A76 PRORP1 0.35 4.94 0.01 0.18 0.07 1.41
A245 Buffer <0.5 2.90 <0.03 0.15 <0.05 0.02
A245 PRORP1 <0.5 2.10 <0.03 <0.01 <0.05 0.91

Table A-2. Inductively coupled plasma mass spectrometry (ICP-MS) data of metals bound to

A76PRORP1 and A245PRORP1. The numbers shown are mol metal/mol protein. After purification, A76
and A245PRORP1 were dialyzed against 5 mM EDTA, 20 mM Mops pH 7.8, 100 mM NaCl, and 1 mM
TCEP at 4°C to remove adventitious metal ions followed by dialysis against 20 mM Mops pH 7.8, 100 mM
NaCl, 1 mM TCEP pre-treated with Chelex 100 resin (Bio Rad) and made using chemicals of high purity
(A76 and A245 Buffer). The protein concentration was determined by absorbance (A76 and mutants: €2s0
= 84630 M1 cm1; A245: €280 = 75440 M- cm-1). All protein samples used for metal-dependent studies

were prepared in this manner.
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Figure A-1. Representative multiple sequence alignment (five shown) of 20 different species. The
secondary structure is predicted from the PRORP1 structure. Boxed regions indicate conservation;
red highlighted boxes represent completely conserved and pink lettered boxed regions indicate partial
conservation. The CCCH Zn binding site is designated by gray arrows. The green stars and red
diamonds indicate residues that were mutated to alanine. The aspartate indicated by the diamond
makes an inner sphere contact with the active site metal.
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Figure A-2. Metal activation of PRORPL1. (A) Representative gels of divalent metal ion activation of
A76PRORP1-catalyzed cleavage of 5’-32P labeled A. thaliana mitochondrial pre-tRNA®s in
cobalt(ll)hexammine. The reactions containing 500 nM A76PRORP1 were incubated under standard
assay conditions for varying times (min) with either 2.5 mM MnSOz (top) or 500 nM ZnCl. (bottom). At
long incubation times (1100 min) pre-tRNA mis-cleavage was observed in assays containing Zn(ll)
(indicated by arrow). Lane C is a 1 min time point from a A76 PRORP1 control reaction under
standard assay conditions (1 mM MgSOa). (B) Reactions were performed under standard assay
conditions with 250 uM cobalt(ll)hexammine and varied divalent cations, including: MnSO4 (blue
data, 1 mM, 2.5 mM, 5 mM, and 10 mM), MgCl: (black data, 1 mM, 2.5 mM, 5 mM, and 10 mM) and
ZnClz (red data, 100 nM, 500 nM, and 1 pM). No formation of 5’ leader was observed with assays
containing calcium (1 mM, 2.5 mM, 5 mM, and 10 mM). The control reaction contains only 250 pM
cobalt(lll)hexammine (CoHex sample). A single exponential equation is fit to the data. The observed
rate constant from these fits is shown in the Table. ¥ Indicates that no significant tRNA formation was
observed under these conditions.
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Chapter 33
Mechanistic Studies Reveal Similar Catalytic Strategies for Phosphodiester Bond

Hydrolysis by Protein-only and RNA-dependent Ribonuclease P

Abstract

Ribonuclease P (RNase P) is an endonuclease that catalyzes the essential removal of
the 5 end of tRNA precursors. Until recently, all identified RNase P enzymes were a
ribonucleoprotein with a conserved catalytic RNA component. However, the discovery of
protein-only RNase P (PRORP) shifted this paradigm, affording a unique opportunity to
compare mechanistic strategies used by naturally evolved protein and RNA-based
enzymes that catalyze the same reaction. Here we investigate the enzymatic mechanism
of pre-tRNA hydrolysis catalyzed by the NYN metallonuclease of Arabidopsis thaliana,
PRORP1. Multiple and single-turnover kinetic data support a mechanism where a step at
or before chemistry is rate-limiting and provide a kinetic framework to interpret the results
of metal alteration, mutations, and pH dependence. Catalytic activity has a cooperative
dependence on the magnesium concentration (nH = 2) under kcat/Km conditions,
suggesting that PRORP1 catalysis is optimal with at least 2 active site metal ions,
consistent with the crystal structure. Metal rescue of Asp-to-Ala mutations identified 2
aspartates important for enhancing metal ion affinity. The single-turnover pH dependence
of pre-tRNA cleavage revealed a single ionization (pKa ~8.7) important for catalysis,
consistent with deprotonation of a metal-bound water nucleophile. The pH and metal
dependence mirrors that observed for the RNA-based RNase P, suggesting similar

catalytic mechanisms. Thus, despite different macromolecular composition, the RNA and

3 Work in this chapter has been published: Howard,M.J., Klemm,B.P. and Fierke,C.A. (2015) Mechanistic
Studies Reveal Similar Catalytic Strategies for Phosphodiester Bond Hydrolysis by Protein-only and RNA-
dependent Ribonuclease P. J. Biol. Chem., 290, 13454-64. B.P.K. analyzed pH dependence of PRORP1
histidine mutants and the STO Mg?* dependence of PRORP1 and aspartate mutants. M.J.H performed all
other experiments and wrote the paper.
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protein-based RNase P act as dynamic scaffolds for the binding and positioning of

magnesium ions to catalyze phosphodiester bond hydrolysis.

Background

Transfer RNAs (tRNASs) are transcribed as precursors (pre-tRNA) with extra nucleotides
flanking the &’ (leader) and 3’ (trailer) ends. Removal of these extra sequences is essential
for tRNA function, making the enzymes that catalyze pre-tRNA end-maturation essential.
Ribonuclease P (RNase P) catalyzes the formation of the mature 5’ end of pre-tRNA and
has remarkable diversity in subunit and macromolecular composition throughout domains
and even within the same species (1). RNA-based RNase P (ribozyme) contains varying
numbers of protein subunits ranging from one in bacteria to at least 10 in eukaryotes (2).

Some eukaryotic species, such as Arabidopsis thaliana, are seemingly devoid of an
RNA-based RNase P and instead encode a protein-only RNase P (PRORP) (3).
Mammals, including humans, use both RNA- and protein-based RNase P to catalyze pre-
tRNA maturation (4). This redundancy in humans can be partly explained by differential
localization; protein-only RNase P (PRORP or MRPP3) functions in the mitochondria
while the RNA-based RNase P functions in the nucleus (4, 5). Knockdown of human
PRORP results in accumulation of mitochondrial pre-tRNA in HeLa cells and knockout of
the homologous PRORPL1 in A. thaliana is lethal (3, 4, 6). Thus, PRORP enzymes play
an essential role in mitochondria.

In A. thaliana three PRORPs are encoded within the nuclear genome (PRORP1, 2, and
3). PRORP2 and PRORP3 co-localize to the nucleus, whereas PRORP1 functions within
both the mitochondria and chloroplasts (6). PRORP is homologous to the nuclease
component of the human mitochondrial RNase P (MRPP3/ human PRORP). The
structure of A. thaliana PRORP1 revealed 3 domains: a Nedd4-BP1, YacP Nuclease
(NYN) metallonuclease domain, a central structural Zn-binding domain, and a
pentatricopeptide repeat (PPR) domain involved in pre-tRNA binding (Figure 3-1A) (7).
The NYN domain is a novel metallonuclease domain, sharing structural homology to the
PIN (PilT N terminus) and flap nuclease families (8). NYN domains have a relatively
exposed active site and contain 4 conserved aspartates, as compared to the flap
nuclease family that has 6 conserved aspartates (7, 8). Despite having only 4 conserved
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potential metal ligands within its active site, the crystal structure visualized the binding of
two manganese ions to the NYN domain of PRORPL1 in positions similar to those
observed in the flap nuclease family (7, 9). These similarities led to the proposal that NYN
metallonuclease domains catalyze phosphodiester bond hydrolysis using a classical 2-
metal ion mechanism (6, 7, 10). In this mechanism metal | is proposed to activate a
coordinated water molecule for nucleophilic attack, both metals are proposed to stabilize
the negative charge build up in the transition state, and metal Il is proposed to stabilize
the developing charge on the 3’ oxyanion leaving group (10).

Here, we investigate the catalytic mechanism of PRORP1 by examining the metal and
pH dependence of pre-tRNA cleavage. These data provide evidence for a 2-metal ion
mechanism and identify a single ionization that is important for catalysis. The pH
dependence is consistent with deprotonation of a catalytic metal-bound water and
provides no evidence for an amino acid side chain acting as a general acid to protonate
the leaving group. Alanine mutations of the conserved aspartate residues that coordinate
metal ions significantly reduce single-turnover activity, as previously observed (6, 7).
However, addition of high concentrations of Mg?* can partially rescue the activity of the
D474A and D475A mutant enzymes, indicating that these residues are important for
enhancing metal ion affinity. These findings provide insight into the enzymatic mechanism
and metal binding properties of PRORP1 that can be extended to the NYN
metallonuclease domains found throughout Eukaryotes. Furthermore, the mechanism of
PRORP1 has important similarities to the RNA-dependent RNase P.
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His 498

Figure 3-1. Crystal structure and active site of PRORP1. A. A. thaliana PRORP1 (PDB 4G24) contains 3
domains: PPR domain, red; central domain, yellow; and the NYN-metallonuclease domain, blue. B. Active
site of PRORP1 with two bound Mn2* ions. Completely conserved residues are represented as blue sticks
(D399, D493, D474, D475, and H498). Partially conserved residues are in cyan (H438 and D497).
Potential hydrogen bonds are depicted by magenta dashes (with other amino acids) and yellow dashes
(with metal-bound waters). Black dashes represent proposed inner-sphere coordination of the metal ions.
In the crystal structure metal Il has a lower occupancy (~80%) and the metal-bound waters are not visible

7).
Results

Single- and Multiple-turnover kinetics of PRORP1-catalyzed Pre-tRNA Cleavage
We measured the single-turnover (STO) and multiple-turnover (MTO) kinetics of pre-
tRNA cleavage catalyzed by PRORP1 to establish a kinetic framework to evaluate the
effects of pH, metal ion concentration, and mutations. Cleavage reactions were carried
out using two substrates: A. thaliana mitochondrial pre-tRNA®Ys (A.t. pre-tRNA) and
Bacillus subtilis pre-tRNA”sP (B.s. pre-tRNA), a bacterial substrate extensively used to
analyze the reactivity of the RNA-based RNase P (Figure 3-2). These substrates were
5’end-labeled with fluorescein and contain a 5 nt leader and a 3’ discriminator base. For
MTO reactions, we used a recently developed real-time fluorescent polarization (FP)
assay to monitor the dependence of PRORP1-catalyzed pre-tRNA cleavage on the
substrate concentration (14). Representative MTO data from the FP assay are shown in
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Figure 3-3A; the value of kca/Kmis ~ 1 x 10° M1s1, approximately 35-fold slower than the
reaction catalyzed by B. subtilis RNA-dependent RNase P (19) and the value of Kcat is
0.03 — 0.06 s (Table 1). Cleavage of pre-tRNA catalyzed by PRORP1 under STO
conditions was too fast to measure using the FP assay. Therefore, these reactions were
performed in a stopped-assay format at saturating enzyme concentrations and product
formation was analyzed by urea-PAGE (Figure 3-3C), as described in methods. A single
exponential was fit to the data (Figure 3-3D). The values of the STO rate constant at
saturating enzyme (kmax), 0.03 — 0.04 s, are comparable to the multiple-turnover
parameter at saturating substrate (Kcat), suggesting that a step at or before cleavage is

rate-limiting for both substrates under these conditions.
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Figure 3-2. Proposed secondary structures of the pre-tRNA substrates used in this study. Both
substrates are labeled at the 5’ end with fluorescein (FI) and contain 5 nt leaders and a
discriminator base at the 3’ end. The cleavage sites are identified with an arrow. A.
Arabidopsis thaliana mitochondrial pre-tRNACys (A.t pre-tRNA). B. Bacillus subtilis pre-tRNAAsP
(B.s. pre-tRNA).
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Figure 3-3. Representative multiple- and single-turnover data of PRORP1-catalyzed pre-tRNA
cleavage. A. Representative initial rates of product formation using the FP assay under multiple-
turnover conditions with varying concentrations of B.s. pre-tRNA (circle, 1 uM; open circle, 0.5
MM; square, 0.3 uM; open square, 0.15 pM; triangle, 0.06 uM) and 20 nM PRORPL1 in 30 mM
MOPS pH 7.8, 150 mM NaCl, 1 mM TCEP, and 1 mM MgCl: at 25°C .B. Dependence of the initial
velocities, normalized by the PRORP1 concentration, on the substrate concentration. The
Michaelis-Menten equation was fit to the data. C. Representative fluorescent scan of a urea 20%
poly-acrylamide gel of a single-turnover assay containing 5 yM PRORP1 and 20 nM B.s. pre-
tRNA under standard reaction conditions. D. The gel was quantified and the fraction product was
calculated at each time point. A nonlinear regression curve of a single exponential fit to the data is
shown. Kinetic parameters are summarized in Table 3-1.

Table 3-1. Kinetic parameters for PRORP1-catalyzed A.t. pre-tRNA and B.s. pre-tRNA cleavage?.

Multiple-turnover® Single-turnover®
Pl’e-tR NA Km (n M) kcat (5_1) kcat/Km (M_l S_l) kmax (S_l)
At 630 + 60 0.06 +0.01 9.8+1.0 x 10* 0.04 +0.003
B.s. 350 + 50 0.03 £ 0.003 1.0+0.2 x10° 0.03 £ 0.003

aReactions were measured at 25°C in 30 mM MOPS pH 7.8, 150 mM NaCl, 1 mM TCEP, and 1 mM
MgClz, as described in the legend of Figure 3. Values reported reflect the mean of two independent
experiments with the error reported as the standard deviation.

bMeasured using the FP assay with 20 nM PRORP and 0.06 — 3 uM pre-tRNA.

¢Measured using a stopped assay with 5 uM PRORP1 and 20 nM pre-tRNA.
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PRORP1 Magnesium Dependence

The crystal structure of PRORP1 in the presence of Mn?* revealed two metal ion
binding sites within the active site (Figure 3-1B) (7). Based on this observation and the
similarity of the NYN domain of PRORP1 to other nucleases, it has been proposed that
PRORP enzymes use a 2-metal ion mechanism for catalyzing phosphodiester bond
hydrolysis (6, 7). To test this hypothesis, we measured the magnesium dependence of
the steady state kinetics for cleavage of B.s. pre-tRNA catalyzed by PRORP1 (Figure 3-
4A). The measured kcat values show a hyperbolic dependence on the Mg?* concentration
(Figure 3-4B). Fitting Equation 1 to these data yields a Hill coefficient (n") of 1.2 + 0.2, a
kcaM9 of 0.06 = 0.01 s and a KnM9(kcar) of 1.4 £ 0.3 mM (solid line in Figure 3-4B)
indicating that no cooperativity is observed. The dashed line in Figure 3-4B shows that a
fit with nH = 2 does not describe the data. The value kcaM9 reflects the maximal turnover
number at saturating Mg?* concentrations and Kn“9(kcar) represents the concentration of
Mg?* at which the rate is half of kea™9. In contrast, the apparent kca/Km values show a
cooperative dependence on Mg?* concentration with a Hill coefficient (n") of 2.0 + 0.6
resulting in a maximal value for kea/Km at saturating Mg?* ((Kea/Km)M9) of 2.2 £ 0.3 x 10°
M-1st and KnM9cavkm) of 510 £ 270 uM (Figure 3-4C). To determine if these effects are
substrate-specific we also examined the Mg?* dependence of the A.t. pre-tRNA at a sub-
saturating substrate concentration (250 nM) reflecting kca/Km conditions, and a saturating
substrate concentration (5 uM), reflecting kcat conditions. The magnesium dependence
of the PRORP1-catalyzed cleavage of the A.t. pre-tRNA substrate mirrors that observed
for the B.s. pre-tRNA substrate; a cooperative dependence on Mg?* concentration is
observed under kca/Km conditions (Figure 3-4E) but disappears under saturating
substrate (kcar) conditions (Figure 3-4D). Finally, to test whether the magnesium
cooperativity observed under kcat/Km conditions is due to stabilization of the structure of
pre-tRNA, we repeated these activity measurements in the presence of 1 mM CacCl..
Calcium stabilizes tRNA structure (20) but does not activate PRORP1 catalysis (7).
However, we still observe an n" = 2.1 + 0.2 for the Mg?* dependence of Keat/Km in the
presence of 1 mM CaClz (Figure 3-4F). Potential models for the Mg?* dependence under
keat/Km conditions and keat conditions are represented in schemes 1 and 2, respectively.

Taken together, these magnesium-dependent data indicate that PRORP1 requires at

45



least 2 Mg?* ions for optimal catalysis and that the Mg?* ions bind cooperatively to
PRORP1. Additionally, because Mg?* cooperativity is only observed under kca/Kwm
conditions these data suggest that Mg?* binding to PRORP1 is coupled to pre-tRNA
binding
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Figure 3-4. Mg?* dependence of multiple-turnover reactions catalyzed by PRORPL1. Data in plots A-C were
collected with the B.s pre-tRNA substrate. A. Dependence of PRORP1-catalyzed cleavage on the concentration of
B.s. pre-tRNA and varying concentrations of Mg2* (10 mM; circle, 5 mM; open circle, 2.5 mM; square, 1.25 mM;
open square, 0.63 mM; triangle, 0.31 mM; open triangle, and 0.16 mM,; right triangle). Reactions were performed at
25°C, in MOPS pH 7.8, 1 mM TCEP, with varying concentrations of MgClz and NaCl to maintain ionic strength. The
Michaelis-Menten equation is fit to the data. The apparent steady state kinetic parameters are plotted in B and C.
B. Dependence of kear 0on the Mg2* concentration. The solid line shows a fit of Equation 1 to the data yielding: Kca™M9
=0.06 £0.01 s7%, KnM9(keat) = 1.4 £ 0.3 mM and nH = 1.2 + 0.2. The dotted line simulates data with a Hill coefficient
of 2. C. Dependence of kca/Km 0n Mg?* concentration. The solid line shows a weighted fit of Equation 1 to the data
yielding: kea/ KuM9 = 2.2 £ 0.3 x 105 M1 s, KpMI(Kea/Kim) of 510 £ 270 uM and nH = 2.0 £ 0.6. The dotted line
simulates data with a Hill coefficient of 1. Data in plots D-F were collected with the A.t. pre-tRNA substrate. D.
Dependence of the initial velocity on Mg?* at saturating substrate (5 puM). The solid line shows a fit of Equation 1 to
the data yielding: kea9 = 0.18 + 0.01 s71, KnM9(kear) = 3.0 £ 0.3 mM, and n = 1.2 + 0.1. The dotted line simulates
data with a Hill coefficient of 2. E. Dependence of the initial velocity on the Mg?* concentration using a sub-
saturating substrate concentration (250 nM). The solid line shows a fit of Equation 1 to the data yielding a maximal
rate constant of 0.01 + 0.001 s (4.7 x 10* M1s), KnM9(Kea/Km) = 640 £ 100 uM, and n" = 2.0 £ 0.2. The dotted
line simulates data with a Hill coefficient of 1. F. Dependence of the initial velocity on the Mg?* concentration using a
sub-saturating substrate concentration (250 nM) in the presence of 1 mM CaClz. The solid line shows a fit of
Equation 1 to the data yielding a maximal rate constant of 0.008 + 0.001 s (3.3 x 10* M-1s'Y), KnM9(Kea/Kim) = 560 +
110 uM and n" = 2.1 + 0.2. The dotted line simulates data with a Hill coefficient of 1.
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Metal Dependence of Aspartate to Alanine Mutants

The PRORPL1 crystal structure also revealed amino acid residues that interact with the
active site metal ions (7). Two manganese ions are observed bound to the active site
interacting with four conserved aspartate residues (D399A, D474A, D475A, and D493A),
through both inner and outer sphere interactions (Figure 3-1B). Mutation of any one of
these conserved aspartate residues to alanine significantly reduces activity (7); no
product formation is observed after a 30 min incubation under standard STO assay
conditions (1 mM MgCl2). To evaluate whether the activity of these mutants could be
enhanced by higher Mg?* concentrations, we compared the STO cleavage activity at 1
and 20 mM Mg?* (Figure 3-5). The activity of the D474A and D475A increased
significantly at the higher magnesium concentration (Figure 3-5). However, no increase
in activity was observed with the D399A and D493A mutants (even after incubation at 50
mM Mg?* for 2 hr, data not shown).

We then measured the magnesium dependence of the activity of WT and the D474A
and D475A mutants under STO conditions with saturating enzyme (Figure 3-6). For WT,
the observed rate constant shows a hyperbolic dependence on Mg?* concentration,
yielding a kmaxM9 = 0.12 + 0.01 s, Ki2M9 = 10 + 3.3 mM, and n®™ of 1.3 + 0.3. High
concentrations of Mg?* inhibit both wild-type PRORP1 and the aspartate mutants (Figure
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3-6, open symbols) and these points were not included in the analysis of the data. For
the mutants, the K12M9 value is estimated as >90 mM and kmax'9 = 0.007 s (D474A) and
0.002 s (D475A), indicating that the value of K12"9is increased at least 9-fold and the
activity is decreased at least 17-fold as compared to WT (Table 3-2). The metal-
dependent parameters measured for WT PRORP1 under STO conditions, (K12M9= 10 +
3.3 mM and kmaxM9 = 0.12 + 0.01 s) are larger than the comparable values measured
under MTO conditions (Kn“9(kcar) = 1.4 = 0.3 mM, keaM? = 0.06 = 0.01 s1); this could
potentially be a result of different assay conditions or a change in the rate-limiting step at
high Mg?* concentrations for MTO reactions. Nonetheless, these data indicate that one
function of D474 and D475 is to enhance metal ion affinity; however, the decrease in
activity suggests that these side chains also increase the reactivity of the metal ions,
possibly by correct positioning. This proposal is supported by the observation that the
D474A and D475A PRORP1 variants catalyze low amounts of miscleaved product
(Figure 3-5).
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Figure 3-5. The activity of the D474A and D475A mutants increase at high concentrations of Mg?*. 20
nM B.s. pre-tRNA was incubated with 5 yM of each PRORP1 variant at 25 °C with either 1 or 20 mM
MgClz in 50 mM MTA buffer at pH 8.0, 1 mM TCEP, and NaCl adjusted to maintain ionic strength.
Reactions were quenched at 2 hr and resolved on a 22.5% denaturing PAGE. Less intense bands,
representing miscleaved products, are observed between the substrate and product bands and below
the correct 5 nt product band (4 and 3 nt products).
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Figure 3-6. Single-turnover magnesium dependence of WT, D474A, and D475A PRORP1-catalyzed
cleavage. Reactions were performed with 5 yM PRORP1 (WT, circle; D474A, square; D475A, triangle)
and 20 nM B.s. pre-tRNA as described in the legend of Figure 5. Inhibition was observed at high
concentrations of Mg2+*and these data were not included in the fit (shown as open symbols). Equation 1
was fit to the data, resulting in a kmax9 = 0.12 + 0.01 s1, Ky1,M9 = 10 + 3.3 mM, and n™ of 1.3 + 0.3 for WT.
The K12M9 and kmaxM9 values for the D474A and D475A mutants were estimated as >90 mM and = 0.007
and = 0.002 s, respectively. Data are summarized in Table 3-2.

Table 3-2. Single-turnover magnesium dependence of PRORP1 metal ligand mutants.

Interaction with active site Mg KM Krmax ™9
Enzyme metals® Rescue  (mM)° Fold (sh) Fold
WT - -- 10+3.3 1 0.12+0.01 1
D399A Outer sphere with metal | No -- -- -- -
D474A Outer sphere with metal | Yes >90 >9 >0.007 >17
D475A Inner sphere, bidentate Yes >90 >9 >0.002 >60
D493A Inner sphere with metal Il No -- -- -- -

aInteractions of Asp side chains with bound metal ions are predicted from the crystal structure (see

Figure 3-1; (7)).
bThe K12M9 values were determined as described in the legend of Figure 3-6.
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pH Dependence

To provide further insight into the mechanism of PRORP-catalyzed phosphodiester bond
hydrolysis, we measured the pH dependence of STO cleavage with both A.t. and B.s.
pre-tRNA substrates. The kobs for both substrates show a similar dependence on pH: a
log-linear increase with increasing pH, which becomes pH-independent under alkaline
conditions (Figure 3-7A). These data are well-described by a single ionization that
increases activity with pKa values of 7.9 + 0.1 (A.t. pre-tRNA) and 8.7 + 0.4 (B.s. pre-
tRNA), suggesting that deprotonation of a single group enhances activity. The lack of an
alkaline limb suggests that no protein side chain acts as a general acid.

In addition to the conserved aspartate residues, the active site of PRORP1 contains two
histidine side chains that are located ~ 6 angstroms from the metal binding sites (Figure
3-1B). H498 is invariant, while H438 is conserved in plants. To examine whether either
of these histidine side chains play a role in PRORP1 catalysis or pH dependence, we
mutated H498 and H438 to alanine. Under the standard STO assay conditions, the
H498A and H438A mutations reduce the observed rate constant to 5.0 + 0.2 x 10 and
0.02 + 0.001 s representing a 80- and 2-fold decrease, respectively, as compared to WT
(0.04 s, Table 3-1). However, the more conservative mutation of H498 to glutamine
(H498Q) decreases the STO rate constant only 4-fold compared to WT. Furthermore, a
single ionization is observed in the pH dependence of the STO cleavage rate constants
for both the H498Q and H438A mutants, with pKa values of 8.2 + 0.1 and 7.8 + 0.1,
respectively. These mutations decrease the value of kmax"" to 0.03 + 0.002 and 0.04 +
0.003 s, respectively, representing a ~3 fold decrease for both as compared to WT
(Figure 3-7B). These modest alterations in the activity and pKa values for the H438A and
H498Q mutants are not consistent with a function as a general acid/base (GAB) catalyst;
mutagenesis of a GAB group typically decreases activity by ~103-10* in hydrolytic
reactions (21, 22).
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Figure 3-7. pH dependence of PRORP1-catalyzed cleavage of pre-tRNA under single turnover
conditions. Single turnover reactions were carried out as described in the legend of Figure 3-3 in a 3-
component buffer system (MTA) with NaCl varied to maintain ionic strength, 5 yM enzyme, 20 nM
substrate, 1 mM TCEP, 1 mM MgCl: at 25°C. A. pH profile for cleavage of A.t. pre-tRNA (open
squares) and B.s. pre-tRNA (circles) under STO conditions. Equation 2 was fit to the data with
resulting pKa values of 7.9 + 0.1 and 8.7 £ 0.4 and kmax*" values of 0.12 + 0.01 and 0.65 + 0.08 s™* for
A.t. pre-tRNA and B.s. pre-tRNA, respectively. B. pH profile for H498Q (triangles) and H438A (open
circles) catalyzed cleavage of A.t pre-tRNA. WT (open squares) data is shown for comparison.
Equation 2 was fit to the data, with resulting pKa values of 8.2 + 0.1 and, 7.8 £ 0.1 and kmax*" values of
0.03 £ 0.002 and 0.04 + 0.003 s for H498Q and H438A, respectively.



To determine if the side chains of H498 and H438 enhance pre-tRNA binding, we
measured the affinity of the variants for A.t. pre-tRNA using an anisotropy assay (Figure
3-8). No significant change in binding affinity was observed for these histidine mutants in
comparison to WT, with dissociation constants of ~700 nM. However, the endpoint
anisotropy, reflecting the anisotropy of the ES complex, for the H498 mutants varied
significantly from the values measured for the WT and H438A enzymes. This result may
indicate that the fluorescein and potentially the 5’ leader adopt a different position and/or
conformation when bound to the His498 mutants as compared to WT.

To examine whether the observed ionization reflects deprotonation of a metal-bound
water, we measured the dependence of the activity on the identity of the metal ion.
PRORP1 is activated by Mg?*, Mn?*, Co?* and Ni?* (but not Ca?*, Zn?*, or Cd?* (7, 23)).
We measured the rate constant for single turnover cleavage (kmax) at pH 6.5 with
saturating concentrations of PRORP1 and metal (Co?*, Ni?*, Mn?*, or Mg?*). At pH 6.5,
PRORP1 catalysis is within a log-linear region of the pH profile (Figure 3-7). Furthermore,
this pH is below the pKa values of the hydrated metals used (Co?* = 9.65, Ni®*=10.0 Mn?*
= 10.46, and Mg = 11.4) (24, 25). Therefore, if the observed ionization reflects metal-
water deprotonation, the value of kmax should correlate with the concentration of the metal-
hydroxide, as indicated by the pKa value. Thus, the kmax values are predicted to follow
the order: Co?* >Ni?* >Mn?* >Mg?*. The measured kmax values for PRORP1 are 0.417,
0.042, 0.004, and 0.021 s for Co?*, Ni?*, Mn?*, and Mg?*, respectively, representing a
trend of Co?* >Ni?* >Mg?* >Mn?*. The faster reactivity observed in reactions with Mg?* vs
Mn?* could be a result of PRORP1 evolving to specifically use Mg?* ions, thus others
factors such as differences in coordination geometries and preferred ligands of the metals
used may explain this deviation (26). Excluding the Mg?* data, log kmax decreases linearly
with the value of the pKa of the hydrated metal (R = 0.998) consistent with the observed

ionization in catalysis arising from a metal-bound water.
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Figure 3-8. Alanine mutations at H498 and H438 do not affect the PRORPL1 binding affinity for A.t.
pre-tRNA. The binding affinity for A.t. pre-tRNA of PRORP1 variants (WT, circles; H498A, squares;
H498Q, triangles; and H438A, open circles) was measured by changes in the anisotropy of the
fluorescein labeled pre-tRNA substrate (20 nM) as the protein concentration varied in a 96-well plate
format. Assays were performed in 20 mM MOPS pH 7.8, 300 mM NacCl, 1 mM TCEP, and 1 mM
CaClz at 25 °C. The dissociation constants (Kq) for A.t. pre-tRNA were determined by fitting Equation
3 to the data, resulting in values of 700 + 80, 680 + 150, 710 = 60, and 700 £ 120 nM for WT, H498A,
H498Q, and H438A, respectively.

Discussion

A Minimal Kinetic Mechanism Reveals Product Release is Not Rate-limiting at
Neutral pH

We have determined kinetic parameters for PRORP1-catalyzed pre-tRNA cleavage for
a cognate A. thaliana substrate and a bacterial pre-tRNA substrate. Despite being from
different organisms and domains of life, these substrates show similar kinetic parameters
(Table 3-1). This is not surprising given that both of these tRNAs have conserved
secondary and tertiary features (27). Furthermore, the similarity between the STO (Kmax)
and MTO (kcar) Values suggests that a step observable under STO conditions is rate-
limiting (e.g. a step at or before cleavage) and rules out product release as the rate-

limiting step under MTO conditions. Consistent with this proposal, we do not observe
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burst kinetics in the steady state turnover with the substrates used in this study (Figure
3-3A). This is in contrast to other RNase P enzymes that have been kinetically
characterized. For instance, bacterial and yeast nuclear RNase P (RNA-based enzymes)
are both limited by product dissociation and display burst kinetics under MTO conditions
(28, 29). The standard assay condition (pH 7.8) is within the log-linear region of the pH
dependence for PRORP1-catalyzed hydrolysis of B.s. pre-tRNA, suggesting that the
cleavage step is rate-limiting.

Evidence for a 2-metal lon Mechanism

Crystal structures of metallonucleases with metals bound in the active site have fuelled
mechanistic proposals for one, two, and even three metal ion mechanisms (30, 31). In
fact, structures of PRORPL1 in the presence of different divalent metal ions have revealed
one (calcium) to two-metal ions (manganese) bound within the active site. The metal
dependence of PRORP1-catalyzed phosphodiester bond hydrolysis has a cooperativity
of 2 for Mg?* under kea/Km conditions for both substrates, indicating that at least 2 metal
ions activate catalysis. Addition of calcium does not abrogate the cooperativity, providing
evidence that this effect is not due to stabilization of the pre-tRNA structure. Given these
observations, we propose a model where the binding of one Mg?* ion at the active site
enhances the affinity of the second metal ion leading to the cooperativity observed at low
pre-tRNA concentrations (Scheme 1). Furthermore, the loss of cooperativity at saturating
pre-tRNA concentration is most easily explained by enhancement of the affinity of one of
the two metal ions by substrate. One model consistent with the data is that under Kcat
conditions an inactive ES complex with one tightly bound Mg?* ion forms (EMIS) (Scheme
2). The enhanced metal binding affinity to the ES complex could be the result of either an
indirect effect or the direct coordination of Mg?* to a phosphodiester oxygen from the
substrate. Similarly, the bacteriophage T5 exonuclease (T5 FEN), a member of the
homologous flap nuclease family, shows no cooperativity for Mg?* under kcar conditions
but a cooperativity of 2 is observed under kea/Km conditions within the same Mg?*
concentration range tested for PRORP1 (31).
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D474 and D475 Enhance the Active Site Metal lon Affinity

Metal dependence measurements of aspartate to alanine mutations identified 2 side
chains that enhance metal ion affinity by at least 9-fold. These mutations also decrease
activity a maximum of 17 and 60-fold for the D474A and D475A mutants, respectively.
These residues both lie on the end of an active site helix (Figure 3-1B). Based on the
crystal structure, D475 makes an inner sphere bidentate interaction with both active site
metal ions (Figure 3-1B). A bidentate Asp ligand is very common among
metallonucleases where it has proposed to orient the active site metal ions for optimal
catalysis (32). However, in PRORP1 other groups besides D475 must also help orient the
metal ions, potentially including interactions with the substrate, since this mutant has
significant activity at high concentrations of Mg?*. The activity of D399A and D493A
mutants could not be rescued by high Mg?* concentrations, suggesting that they serve
other roles in addition to metal binding. For instance, D399 makes a hydrogen bond with
a metal-bound-water that is positioned approximately between the two active site metals
(Figure 3-1B), suggesting that D399 could position a metal-bound water for nucleophilic
attack. In the other nonrescuable aspartate mutant, D493A, the Asp side chain forms a
hydrogen bond with the backbone amide of methionine 495 (Figure 3-1B), thus mutation
of D493 may deleteriously affect the active site architecture.

pH Dependence Reveals a Single lonization Important for Catalysis

The pH dependence of PRORP1-catalyzed cleavage of pre-tRNA is consistent with
ionization of a single group that enhances catalysis. However, for the A.t. pre-tRNA the
value of both kmaxP" and pKa is decreased compared to the B.s. substrate. There are two
models that could account for this. In the first model, the plateau in activity at high pH
could result from a change in the rate-limiting step, from chemistry at low pH to a pH
independent step, such as a conformational change, at high pH. In this case, the observed
pKa does not reflect the thermodynamic ionization, but rather a kinetic pKa due to a
change in the rate-limiting step over the pH range tested. This mechanism leads to an
underestimation of the pKa value, as previously observed in the pH dependence of B.s.
RNase P where the pKa reflects a change in the rate-limiting step (33). Alternatively, the

difference in pKa values observed with the A.t. and B.s. pre-tRNAs could arise from

57



differences in local active site environments in the pre-tRNA*PRORP complex, potentially
arising from differences in nucleotide composition and/or the conformation of the bound
pre-tRNA.

The pH dependent data for cleavage of B.s. pre-tRNA indicate that ionization of a
functional group with a pKaof 8.7 or higher is important for catalytic activity. The crystal
structure demonstrates that the active site of PRORP1 contains two His residues but no
conserved lysine or arginine side chains within 8 A of the metal binding sites.
Mutagenesis data demonstrate that the ionization does not reflect one of the His side
chains (His498 and His438). Therefore, the most likely ionizable functional group within
the active site vicinity with a pKa of 8.7 or higher is a metal-bound water molecule, as
predicted from [Mg(H20)6]** pKa = 11.4 (24). This proposal is also consistent with the
finding that the kmax value is dependent on the pKa of the hydrated metal ion used in the
reaction. We therefore propose that the observed ionization in PRORPL1 is deprotonation
of a metal-bound water to form the attacking hydroxide nucleophile. Bacterial RNase P
and T5 FEN have a similar pH dependence to PRORP1 with a single deprotonation
important for catalysis of phosphodiester bond cleavage, proposed to be deprotonation

of a metal-bound water (34, 35).

Convergence of Enzyme Mechanism

A comparison of the proposed enzymatic mechanisms of PRORP and RNA-dependent
RNase P reveals that both enzymes require catalytic metal ions, although the metal
ligands vary (Figure 3-9). The metal ions in PRORP1 are coordinated by conserved
aspartate residues, whereas the RNA-based RNase P mainly uses non-bridging
phosphodiester oxygens for metal ion coordination. Furthermore, the data suggest that
one of the scissile phosphate oxygens of pre-tRNA interacts with bound metal ion(s). In
PRORP, the pro-Sp oxygen of pre-tRNA is hypothesized to interact with the active site
metal ions (23, 36), although this needs to be confirmed experimentally, while the pro-Rp
substrate oxygen coordinates a metal ion in RNA-based RNase P (37, 38). Modeling of
bound substrate suggests that coordination of the pro-Sp or pro-Rp oxygen affects the
position of the metal ion relative to the scissile phosphate, leading to an alteration in the
pre-tRNA binding mode. Other protein-based phosphoryl-transfer enzymes also contact

58



the pro-Sp oxygen of the scissile phosphate, including RNase H, EcoRv, and DNA
transposases (39-41). The Hammerhead ribozyme and Spliceosome are proposed to
contact the pro-Rp oxygen at the cleavage site, whereas the Tetrahymena ribozyme

contacts the pro-Sp oxygen (42-44).
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Figure 3-9. Proposed enzymatic mechanisms for protein-only (A) and RNA-based (B) RNase P
enzymes. Both protein and RNA-based RNase P enzymes use at least 2-metal ions for
phosphodiester bond hydrolysis. The metal ions in PRORP1 are positioned through conserved
aspartate residues whereas the RNA-based RNase P coordinates metal ions mainly using non-
bridging phosphate oxygens. Metal ion 1 (M1 is proposed to coordinate the nucleophilic water
molecule and aid in transition state stabilization by interaction with a non-bridging phosphate oxygen.
Metal ion 2 (M2) is also proposed to stabilize the transition state and potentially coordinates the 3’
oxyanion leaving group to facilitate bond cleavage.
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The RNA-based RNase P reaction has been proposed to catalyze cleavage using a
metal-bound hydroxide nucleophile (34). Similarly, the pH dependence of PRORP1
suggests a similar mechanism for the protein catalyzed reaction. A possible alternate
mechanism is activation of a metal-bound nucleophile by a general base, as suggested
for EcCORV and RNase H (45, 46). However, 2 ionizations (slope = 2) and pKa values of
~6.0 - 7.0 are observed in pH profiles of these enzymes (45-47), which is significantly
different than the pH dependence observed with PRORP1. Thus, it is unlikely that
PRORP1 uses a general base mechanism for activation of the nucleophile. In both cases,
the metal ions are proposed to stabilize the negative charge build up in the transition state
and facilitate bond cleavage by stabilizing the 3’ oxyanion leaving group. The absence of
an alkaline limb on the pH profile for PRORP1 and RNA-based RNase P (48) suggests
that an amino acid or nucleotide with a pKa < 10 does not serve as a general acid. Rather
the proton donor for the 3’ oxyanion leaving group is most likely a water molecule. The
functional convergence of enzymes is not uncommon (49), however the functional and
mechanistic convergence of two different enzymatic macromolecules (RNA and protein)
is remarkable. This observation suggests that the protein and RNA macromolecules act
as dynamic scaffolds that achieve large rate enhancements mainly through the binding

and positioning of hydrated magnesium ions.

Methods

Enzyme Preparation

A truncation of PRORP1 lacking the N-terminal 76 amino acids, encompassing the
mitochondrial localization sequence, was used in this study. PRORP1 WT and mutants
were purified as previously described (7). Enzyme concentration was determined by
absorbance using an extinction coefficient at 280 nm of 84,630 M-t cm-*. Purified enzymes
were aliquoted, flash-frozen, and stored at -80 °C in 20 mM MOPS pH 7.8, 100 mM NacCl,
and 1 mM TCEP.
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Pre-tRNA Preparation

The A. thaliana (A.t.) pre-tRNA was produced by run-off transcription from a linearized
plasmid containing a T7 promoter, a 5:1 (leader nt length : discriminator base)
mitochondrial pre-tRNAC®Ys gene, and a 3’-BstNI restriction site. The Bacillus subtilis (B.s.)
pre-tRNAASP was transcribed from a PCR product containing a T7 promoter, with a 5 nt
leader and a discriminator base (1 nt trailer) using a plasmid encoding B.s. pre-tRNAASP
with a 5 nucleotide leader and GCCA trailer as the template (11). Transcription reactions
were performed in the presence of guanosine-5’-O-monophosphorothioate (GMPS) and
the 5 phosphorothioate was reacted with 5-(iodoacetamido)fluorescein (5-1AF) to
fluorescently label the 5’ end (12). Substrates were purified on 12% urea-page gels,
crush-soaked to elute, then washed and concentrated. The concentration of pre-tRNA
substrates was calculated by absorbance using extinction coefficients of 674,390 M- cm-
1 and 685,000 M* cm™ at 260 nm for A.t. and B.s. pre-tRNA, respectively. Labeling
efficiency was assessed by fluorescein absorbance at 492 nm using an extinction
coefficient of 78,000 Mt cm. Samples were stored at -20 or -80 °C in 10 mM Tris pH
7.4. Proposed tRNA secondary structures were generated with tRNAscan-SE 1.21 (13).

Enzyme Assays

Standard reaction conditions are 30 mM MOPS pH 7.8, 150 mM NacCl, 1 mM TCEP,
and 1 mM MgCl: at 25 °C. Pre-tRNA substrates were denatured by heating at 95 °C for
1 min in milli-Q H20 and then refolded by incubating at 25 °C for 15 min, adding reaction
buffer, and incubating at 25 °C for at least 15 min before use. For single-turnover
reactions, the enzyme and pre-tRNA concentrations were 5 uM and 20 nM, respectively,
unless otherwise noted. Single-turnover reactions were initiated by addition of enzyme (5
pMM) and quenched at specified times with an equal volume of 100 mM EDTA, 6 M Urea,
0.1 % bromophenol blue, 0.1 % xylene cyanol, 2 ug/ul yeast tRNA. The labeled 5’ leader
product was separated from pre-tRNA by electrophoresis on 20 or 22.5% urea-PAGE.
Gels were visualized using a Typhoon 9410 scanner and the fraction product quantified
using ImageQuant 5.2 software. The observed single-turnover rate constant was

calculated from a fit of a first order exponential equation to the data using KaleidaGraph
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fitting software. The kobs Was not significantly dependent on the PRORP1 concentration
(2 and 5 yM), confirming that the enzyme was saturating (kmax conditions).

Multiple-turnover reactions were performed in black Costar half-area 96-well plates using
a fluorescent polarization (FP) assay (as described in (14)). Standard reaction conditions
were used with an enzyme concentration of 20 nM. The concentration of fluorescently
labeled pre-tRNA was held constant at 40 nM in the reactions while the concentration of
unlabeled pre-tRNA substrate was varied. The ratio of labeled to unlabeled substrate did
not alter the measured initial rates. Initial rates were calculated from the linear decrease
in fluorescence anisotropy (ex. = 488 nm, em. = 535 nm). The steady state kinetic
parameters were calculated from a fit of the Michaelis-Menten (15) equation to the

concentration dependence of the initial rates using Kaleidagraph.

Metal Dependence

The metal dependence of cleavage of B.s. pre-tRNA was measured under multiple-
turnover conditions using the FP assay. The pre-tRNA concentration dependence of the
initial velocity was measured at 7 MgClz concentrations with the ionic strength held
constant by adjusting the NaCl concentration (i = 200 taking only the NaCl and MgCl:
concentrations into account). The metal dependence of PRORP-catalyzed cleavage of
A.t pre-tRNA®S was measured at two substrate concentrations, 250 nM and 5 uM,
mimicking keat/Km and kcat conditions, respectively. Metal dependence reactions were
similarly performed in the presence of 1 mM CaClz.. Equation 1 was fit to the Mg?*
dependence of the apparent steady state kinetic parameters where k represents the
apparent keat or KeaiKm, kM9 represents the maximal rate constant (KearV9 or (Kear/Km)M9) at

saturating Mg?*, and KuM9 is the concentration of Mg?* at which kM is half maximal.

_ KM
Mg?*1" + Ky ™9

(1)

Metal Dependence of Mutants
5 uM WT, D399A, D474A, D475A, or D493A PRORP were incubated with 20 nM B.s.

fluorescein-pre-tRNA”P in 50 mM MTA buffer (see pH dependence for description of
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MTA) pH 8.0, with 1 - 20 mM MgClz, and 1 mM TCEP. For WT, the NaCl concentration
was adjusted to correct for ionic strength while 100 mM NaCl was used to assay the
mutant enzymes. These single-turnover reactions were quenched at 2 hr with an equal
volume of 100 mM EDTA, 6 M urea, 0.1 % bromophenol blue, 0.1 % xylene cyanol, and
2 pg/ul yeast tRNA. The fraction product was determined using a 22.5% urea-PAGE.

pH Dependence

Reactions were performed under single-turnover conditions (5 uM PRORP and 20 nM
pre-tRNA) in a 3-component buffer system (MTA buffer): 50 mM MES (pKa 6.15), Tris
(pKa 8), and 2-amino-2-methyl-1-propanol (AMP, pKa 9.7) (16, 17). Reactions also
included 1 mM TCEP, 1 mM MgCl2 and NaCl to maintain ionic strength (u = 240 £ 10
mM). The pH range assayed was 6.0 — 9.75. Doubling the concentration of PRORP to
10 uM at pH 6.5 and 8.0 increased the observed rate constant <20% indicating that the
enzyme concentration was saturating. The rate constants measured in MTA buffer were
within 20% of assays performed in 50 mM PIPES, pH 6.95; Tris, pH 8.0; and CHES, pH
9.5. Reactions performed with A.t. pre-tRNA at and above pH 8.5, displayed biphasic
kinetics, possibly due to misfolded substrate (18). The observed rate constant for the first
phase (largest amplitude) was used in the pH profile. Reactions at pH 9.5 and 9.75 for
cleavage of B.s. pre-tRNA were performed using a quench-flow apparatus. A single
ionization model (Equation 2) was fit to the pH dependence of the single-turnover reaction
where kmax is the observed rate constant at a given pH, kmax’ is the pH-independent rate

constant, and the pKa is the pH when the activity is half-maximal.

k= —kma 2)
max 4+ 10(pKa—pH)

STO reactions performed in the presence of various divalent ions contained 8 uM
PRORP1, 50 mM MTA buffer at pH 6.5, 10 mM divalent metal, 1 mM TCEP, 250 uM
hexamminecobalt(lll) chloride, 165 mM NaCl, and 30 nM B.s. pre-tRNA. Kmax Was
measured under various metal concentrations (1, 5, 10, and 20 mM) to ensure metal

saturation and lack of inhibition.
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Anisotropy Binding Assays

Binding assays were performed as previously described (7). Briefly, the concentration
of fluorescein labeled pre-tRNA was maintained at 20 nM, while the concentration of
PRORP was varied (0.005 - 5 uM). Binding experiments were performed in 20 mM MOPS
pH 7.8, 300 mM NaCl, 1 mM TCEP, and 1 mM CaClz in a 96-well plate format.
Fluorescence anisotropy was measured at an excitation wavelength of 488 nm and an
emission wavelength of 535 nm (14). PRORP1 is not active in CaClz (7). Equation 3 was
fit to the dependence of the anisotropy on the protein concentration where A is the
observed anisotropy, Ao is the initial anisotropy, AA is the total change in anisotropy, P is

the concentration of PRORP, and Ky is the apparent dissociation constant.

AA [P]
[Pl + Ka ®)

A=A, +
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Chapter 4 4
Kinetic Characterization of Plant Protein-only RNase P Isozymes Reveals

Overlapping Substrate Specificities and Varying Cleavage Fidelities

Abstract

Ribonuclease P (RNase P) catalyzes the cleavage of leader sequences from precursor-
tRNA (pre-tRNA). Typically these enzymes are ribonucleic protein complexes that are
found in all domains of life, including the nucleus of most eukaryotes. In contrast, RNase
Ps in human mitochondria and most genome-containing eukaryotic organelles do not
contain an RNA component, but instead use protein-only RNase P (PRORP). Land plants
are unique because they are seemingly devoid of RNA-based RNase P, instead using
three PRORPs localized to different cellular compartments to catalyze 5’ pre-tRNA
maturation. To provide insight into the evolution and function of PRORP enzymes we
surveyed substrate specificities, equilibrium binding affinities, and cleavage fidelities of
the three Arabidopsis PRORP isozymes with four pre-tRNA substrates. The catalytic
efficiencies range from 104 - 10° M?t s?, with no apparent preference for the
compartmental origin of pre-tRNA. Additionally, PRORPs bind pre-tRNA with comparable
affinities, suggesting similar binding modes. However, the PRORP isozymes have varying
degrees of cleavage fidelity, which is dependent on the pre-tRNA species and the
presence of a 3’-discriminator base. We provide an in-depth comparison of Arabidopsis

PRORP isozymes that allow insight into a new class of RNA processing enzymes, and

4 This chapter has been submitted as an article for publication. The authors include: Michael J. Howard,
Agnes Karasik, Bradley P. Klemm, Christine Mei, Aranganathan Shanmuganathan, Carol A. Fierke, and
Markos Koutmos. M.J.H. designed the experiments, prepared the substrates, performed assays with
PRORP1, analyzed the data, made the figures and wrote the paper. B.P.K. prepared PRORP3 constructs
and assayed PRORP3 under MTO and STO conditions. A.K. performed MTO and STO assays with
PRORP2. C.M. purified PRORP3 and assayed the PRORPs with the model substrates. A.S. purified
PRORP2.
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forms a basis for understanding the more complicated three protein-component human

mitochondrial RNase P.

Background

Transfer RNAs (tRNAs) are transcribed as precursors (pre-tRNA), with extra
nucleotides flanking their 5° and 3’ ends. Removal of these extraneous sequences is
critical for tRNA function, thus the enzymes responsible for tRNA maturation are
essential. RNase P is the endonuclease responsible for catalyzing the 5’ end maturation
of pre-tRNA, and is found in all domains of life (1). RNase P enzymes are extremely
diverse with regards to their macromolecular composition (2). In bacteria, archaea, and
the nuclei of most eukaryotes, pre-tRNA cleavage is catalyzed by a conserved RNA-
based RNase P (ribozyme) that associates with a number of different protein cofactors
(1-10, depending on the Domain of origin). In contrast, a protein-only form of RNase P
(PRORP) is present in the organelles of most eukaryotic organisms (3). PRORPs were
first discovered in human mitochondria, where they process mitochondrial encoded pre-
tRNAs (4). Human mitochondrial RNase P requires three protein subunits for efficient
catalysis: a nuclease (MRPP3/human PRORP), a tRNA methyltransferase
(TRMT10C/MRPP1), and a dehydrogenase (SDR5C1/MRPP2). SDR5C1 and TRMT10C
form a complex and are proposed to play a scaffolding role in pre-tRNA maturation
catalyzed by human PRORP (5,6). In contrast to the mammalian enzyme, the PRORPs
found in plants, some protists and algae do not require additional proteins for efficient
catalysis, offering a simpler model system to understand the function of this new class of
nucleases (3,7,8).

While the majority of eukaryotes retain an RNA-based RNase P in their nucleus,
bioinformatic studies have long suggested that land plants may lack a catalytic RNA
component for RNase P activity (9). Consistent with this, the prototypical land plant
Arabidopsis thaliana possesses three nuclear encoded PRORP enzymes (PRORP1, 2,
and 3) (10,11). PRORP1 is essential and found in mitochondria and chloroplasts (3,10),
while PRORP2 and 3 are localized to the nucleus where they play essential but redundant
roles; knockout of either PRORP2 or 3 shows no macroscopic phenotype, but knockout
of both is lethal (3,10,12). Thus, PRORP enzymes have replaced the ancient RNA-based

RNase P in A. thaliana, processing RNA transcripts in the chloroplast, mitochondria, and
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nucleus. However, the molecular interactions that confer substrate specificity of these
important enzymes remain largely unknown.

Similar to Arabidopsis, the moss, Physcomitrella patens, also contains three PRORP
enzymes and no apparent catalytic RNA component for the ribonucleic protein version of
RNase P (13). In contrast to Arabidopsis, P. patens localizes two PRORP enzymes to the
mitochondria and chloroplast and one to the nucleus (13). Furthermore, knockout of the
nuclear PRORP in P. patens is not lethal suggesting an unidentified RNase P activity in
the nucleus or dual localization of one or both of the organellar PRORPs (13). In vitro
cleavage assays reveal that the two organellar PRORPs in P. patens have overlapping
but not identical substrate specificities. This observation suggests that the two nuclear
PRORPs in Arabidopsis could also have varying substrate specificities.

PRORP enzymes contain three domains: an N-terminal pentatricopeptide repeat (PPR)
domain, a central Zn-binding domain, and a Nedd4-BP1, YacP nuclease (NYN) domain
(Figure 4-1). (14) The PPR domain contains five PPR or PPR-like motifs, which are helix-
turn-helix motifs found in tandem. This domain has been proposed to interact with pre-
tRNA and enhance binding affinity (15,16). The largest sequence variation among the
PRORPs is found in the PPR domains and thus differences in substrate recognition may
lie within this region (14). The central domain binds a structurally important Zn?* ion and
links the PPR and metallonuclease domains. The NYN-metallonuclease domain
catalyzes phosphodiester bond hydrolysis and contains four conserved aspartates
important for binding catalytic metal ions and catalysis (14,17). Both the protein and RNA-
based RNase P enzymes are proposed to use a two-metal ion mechanism (17,18). The
sequence identity among the A. thaliana PRORPs is highest in the metallonuclease
domain. PRORP2 and 3 are most similar (80% identity and 88% similarity); the percent
identity and similarity between PRORP1 and 2 is 48% and 65% and between PRORP1
and 3 is 49% and 65%, respectively.

Given that A. thaliana encodes three PRORPSs, it is possible that they have developed
distinct but overlapping substrate specificities. To test this hypothesis and provide insight
into how this new class of enzyme functions, we assayed the three A. thaliana PRORP
enzymes with four pre-tRNAs of different organellar origin (chloroplast, mitochondria, and

nucleus). Multiple turnover assays reveal comparable catalytic efficiencies among the
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PRORPs, suggesting similar, but not identical, substrate selectivity. Furthermore,
PRORP binding affinities for the same pre-tRNA are comparable. Despite these
similarities, PRORP cleavage fidelity varies with the pre-tRNAs examined due to the

presence of the discriminator base.
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Figure 4-1. A. A. thaliana encodes three PRORP enzymes, PRORP1, 2 and 3. N-terminal
truncations of PRORP1 (A76) and PRORP3 (A68) were used in this study. PRORP enzymes
contain three domains: the PPR (red), the central-Zn binding (yellow), and NYN (blue) domains.
The N-terminal green region represents the proposed localization sequences: PRORP1 1-48,
(using the TargetP 1.1 algorithm (35)); PRORP2 and 3 contain canonical bipartate nuclear
localization signals (H/R-RSR-R/H-Xe-K-K-K-K) (36). The pink represents a plant specific insert in
the gene sequence. The right panel shows the crystal structure of PRORP1 (PDB 4G24). B. SDS-
PAGE analysis of purified proteins used in this study.
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Figure 4-2. Predicted secondary structures of A. thaliana pre-tRNA substrates used in this
study. All substrates prepared through in vitro transcription. Cys-Mito and Phe-Chlor
substrates are derived from the organellar genomes (Cys-mitochondrial and Phe-Chloroplast),
and Cys-nuclear and Phe-nuclear are from the nuclear genome. The pre-tRNAs contain 5 nt
leaders labeled with fluorescein at the 5’ end and a discriminator base at the 3’ end.
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Results

PRORPs Catalyze Cleavage of Most Pre-tRNA Substrates with Uniform Efficiency
To determine if the three A. thaliana PRORP enzymes have differing substrate
specificities we recombinantly expressed and purified the proteins from E. coli (Figure 4-
1B). We then assessed the ability of PRORP1, 2 and 3 to catalyze cleavage of four A.
thaliana pre-tRNAs. The pre-tRNAs that we assayed are: two nuclear encoded pre-tRNAs
(Cys-Nuc and Phe-Nuc) and two organellar encoded pre-tRNAs (Cys-Mito and Phe-
Chlor) (Figure 4-2). We used a real-time fluorescent anisotropy (FA) assay to monitor the
steady-state (or multiple-turnover (MTQO)) activity of PRORP-catalyzed pre-tRNA
hydrolysis (Figure 4-3A) (19). The resulting steady state kinetic parameters are reported
in Table 4-1. To compare substrate specificities we plotted the kca/Km values for each
substrate and respective PRORP (Figure 4-3B). The kca/Km value is a useful parameter
for analyzing substrate specificities because it represents the catalytic efficiency for a

given enzyme and substrate. For each substrate, PRORPL1 is slightly more catalytically
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Figure 4-3. Multiple-turnover cleavage of pre-tRNA catalyzed by PRORPs. A. The substrate
dependence of the initial velocity for cleavage of Cys-Mito pre-tRNA catalyzed by PRORP1
(Closed circle), PRORP2 (closed square), and PRORP3 (open circle). Reactions were performed
under standard reaction conditions. B. Bar graph comparing the catalytic efficiencies (kca/Kwm) of
the three PRORP enzymes with the four pre-tRNA substrates.
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efficient than PRORP2 and 3. The most significant differences in kca/Km are observed
with the Phe-Chlor and the Cys-Nuc pre-tRNA substrates. The Cys-Nuc substrate
showed the lowest kca/Km value with PRORP3 (1.7 x 10* M s1), mainly due to a low
turnover number (kcar). PRORP1 showed the most selectivity for the Phe-Chlor substrate
(kcat/Km = 4.1 x 10° Mt s?) relative to PRORP2 and 3, representing a 9- and 13-fold
difference, respectively. This overall ~10-fold increase in reactivity is due to both an
increase in keat, the rate constant at saturating concentrations of substrate, and a decrease
in Km for Phe-Chlor relative to PRORP2 and PRORP3.

Table 4-1. Kinetic parameters for pre-tRNA cleavage catalyzed by A. thaliana PRORP1, 2 and 3

Single-turnover?

Multiple-turnover®

Enzyme  Pre-tRNA Kobs (s1)° Keat (52) Kwu (nM) Keat/Km (M1s71)
Cys-Mito 0.037 £0.002 0.062 £ 0.005 670 = 230 9.6 +1.0 x 10*

PRORP1 Phe-Chlor 0.035 = 0.002 0.042 £ 0.005 140 £ 50 41+06x10°
Cys-Nuc 0.037 £ 0.003 0.040 £ 0.002 550 £ 50 7.3+0.5x 10*

Phe-Nuc 0.078 £0.003 0.035 £ 0.003 160 £ 50 2.2+0.6 x 10°

Cys-Mito 0.013 £ 0.003 0.013 £ 0.002 340 £ 60 3.7+0.6 x 10*

PRORP? Phe-Chlor 0.018 £0.003 0.015 £ 0.002 340 £ 100 45+ 1.0x10
Cys-Nuc 0.027 £0.002 0.030 £0.002 940 + 130 3.2+0.3 x10*

Phe-Nuc 0.035 = 0.002 0.023 £ 0.002 250 £ 50 9.5+ 1.6x10*

Cys-Mito 0.023 £0.002 0.022 £0.002 430 £ 30 5.3+0.3 x10*

PRORP3 Phe-Chlor 0.023 + 0.002 0.013 £ 0.002 440 £ 50 3.2+0.3x10*
Cys-Nuc 0.030 + 0.002 0.008 = 0.002 420 £100 1.7 +0.4 x 10*

Phe-Nuc 0.072 £0.003 0.062 +0.023 2000+850 3.7+0.8x10*

aReactions contained 5 yM indicated PRORP, 30 nM indicated pre-tRNA, 30 mM Mops pH 7.8,
150 mM NaCl, 1 mM TCEP, and 1 mM MgCl: at 25°C.

bAs described in Figure 3.

¢ Because both correct and incorrect cleavage products are catalyzed with some substrates (See

figure 4-5 and Table 4-3), kmax represents the single-exponential fit to the time course of total
product (Co + M-1) formation.
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PRORPs Bind Individual Pre-tRNAs Similarly, Regardless of Pre-tRNA Origin

To establish if differentially localized PRORPs use binding affinity to discriminate
between substrates encoded in the nucleus, chloroplast and mitochondria, we measured
the dissociation constants (Ko ) of PRORP1, 2, and 3 for the Cys-Mito, Phe-Chlor, Cys-
Nuc, and Phe-Nuc pre-tRNA substrates described above using an FA binding assay
(Figure 4-4A) (19). Comparison of the dissociation constants reveals that for a given
substrate all three PRORPs have comparable binding affinities (< 4-fold different).
However, while the Kp values were generally consistent for a given substrate, the affinity
of the PRORPs for the different pre-tRNAs vary by as much as 100-fold (ranging from 60
nM to 6000 nM) (Figure 4-4B and Table 4-2). All three PRORPs bound Cys-Nuc pre-tRNA

with the weakest affinity, with Ko values 5-fold larger than those measured for the other

substrates.
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Figure 4-4. PRORP binding affinity for pre-tRNA substrates. A. Representative fluorescence
anisotropy binding isotherms for varying concentration of PRORP1 and 20 nM fluorescein labeled
pre-tRNA in 20 mM MOPS pH 7.8, 300 mM NaCl, 1 mM TCEP, and 1 mM CaClz. B. Bar graphs
comparing the binding affinities (Kos) among the PRORP enzymes for four pre-tRNAs.
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Table 4-2. Dissociation constants (Ko in nM) for PRORP1, 2, and 3 binding to pre-tRNAs?2

Pre-tRNA
Enzyme Cys-Mito Phe-Chlor Cys-Nuc Phe-Nuc
PRORP1 510 + 120 60 + 10 2300 £ 300 330 £ 60
PRORP2 350+ 70 140 + 10 6100 £ 2100 350 + 40
PRORP3 300+ 70 220+ 30 1500 £ 200 380 +50

4As measured in figure 4.

Product Release is not the Rate-limiting Step for MTO Catalysis by PRORP

The Kcat, Km, and kea/Km values measured in our MTO studies include all of the steps in
the PRORP kinetic mechanism. To begin dissecting the contribution of discrete steps in
the mechanism (e.g. substrate cleavage, product release, etc) to the progression of the
reaction, we measured the STO kinetics of PRORP1, 2, and 3 for catalysis of pre-tRNA
cleavage using the four substrates described above. In contrast to the steady-state values
measured in MTO assays, the STO rate constants measured here report only the steps
in the kinetic mechanism prior to, and including, substrate cleavage. In these assays,
excess (5 uM) PRORP is added to limiting concentrations of 5’-fluorescein labeled
substrate (30 nM) to initiate the reaction, and the reaction is quenched at discrete time
points. The pre-tRNA reactants and products are subsequently visualized on a denaturing
PAGE gel. For all three PRORPs the observed STO rate constants (kobs) range between
0.02-0.07 st (Table 4-1) regardless of the substrate assayed. The observed rate constant
for total product formation (Co + M-1) is reported for pre-tRNA substrates that are
significantly miscleaved (see following section).

For B. subtilis RNase P, significant differences in the STO and MTO rate constants
previously revealed that product-release is the rate-limiting step in the reaction (20,21).
However, here the MTO kcar values are similar to (within 2-fold) the STO kobs values
indicating that the rate-limiting step at saturating PRORP is a step prior to product
dissociation. The only exception was the modest difference between the kobs and Kcat
values for PRORP3 catalyzing cleavage of Cys-Nuc pre-tRNA (kobs 3.6-fold faster than

kcat) Which suggests that product release may be partially rate limiting for kcat.
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PRORPs Have Varying Cleavage Fidelities

Gel analysis of the STO assays indicated two distinct product bands in all reactions with
the Phe-Nuc substrate, and for PRORP2 and 3 catalyzed cleavage of the Cys-Mito and
Cys-Nuc substrates. These products represent the correct (5 nucleotide long, Co) and
incorrect (4 nucleotide, M-1) cleavage products (Figure 4-5A). To analyze this
miscleavage, we propose a model of parallel reactions where product formation proceeds
through two distinct enzyme-substrate (E-Sc and E-Sm) complexes (Figure 4-5C). This
model has previously been used to explain miscleavage catalyzed by bacterial RNase P
(22,23). In this model, ke represents the rate constant for the formation of the correct
product and km represents the rate constant for the miscleaved product, assuming
saturating concentrations of enzyme. These rate constants represent the cleavage at a
particular site and can be used to compare the fidelity of the different PRORP enzymes
(Table 4-3). This analysis reveals that the km for PRORP3 miscleavage of the Phe-Nuc
substrate is 3.7-fold higher than the correct cleavage (kc), which represents the lowest
fidelity among the PRORPs. Furthermore, the nuclear localized PRORP2 and PRORP3
significantly miscleaved the Cys-Mito and Cys-Nuc substrates whereas the organellar
PRORP1 did not, suggesting differences in cleavage site selection between the nuclear
and organellar PRORPs (Table 4-3 and Figure 4-6).
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Figure 4-5. Phe-Nuc STO miscleavage kinetics. A. Representative urea-PAGE of STO cleavage
of the Phe-Nuc pre-tRNA catalyzed by PRORP2 under standard reaction conditions. Reactions
were quenched at specific time points and resolved on a 22.5% urea-PAGE. C, indicates the
correct 5 nt product and M.1 represents the miscleaved 4 nt product. B. A plot of the timecourse for
product formation. Circle symbols represent the total product formation ((Co + M-1)/(Co + M-1 +
Substrate)), squares represent correct product formation (Co/ (Co + M1 + Substrate)), and
diamonds represents incorrect cleavage (M-1/ (Co + M-1 + Substrate)). A single-exponential was fit
to the timecourses resulting in values for Kobs.t, Kobs,c, and Kobsm. C. Scheme for miscleavage. Kc
and Km represent the equilibrium constants for respective complex formation, ke and km represent
the rate constants for correct cleavage and for miscleavage, respectively. Kinetic parameters for
miscleavage are summarized in Table 4-3.

Table 4-3. Single-turnover miscleavage kinetics catalyzed by PRORP1, 2, and 32

Phe-Nuc Pre-tRNA
Enzyme kObS,C (S-l)b ACC kobs,m (S-l)d /A\me kc (S-l)f km (S-l)f kc/km

PRORP1 0.067 0.70 0.083 0.30 0.047 0.025 1.9
PRORP2 0.035 0.49 0.035 0.41 0.017 0.014 1.2
PRORP3 0.048 0.25 0.050 0.69 0.012 0.045 0.3

Cys-Nuc Pre-tRNA
Enzyme kObS,C (S-l) Ac kobsﬁm (S-l) Am kc (S-l) km (S-l) kc/km

PRORP2 0.027 0.77 0.025 0.1 0.021 0.003 7
PRORP3 0.025 0.82 0.020 0.12 0.021 0.002 10.5

Cys-Mito Pre-tRNA
Enzyme kobs,c (S_l) Ac kobs,m (S_l) Am kc (S_l) km (S_l) kc/km

PRORP2 0.014 0.77 0.009 0.12 0.011 0.001 11
PRORP3 0.023 0.58 0.022 0.36 0.013 0.008 1.6

aAs measured in figure 4-5.

bThe observed rate constant for correct product formation (Co)
¢Corresponding amplitude of Kobs,c

dThe observed rate constant for miscleavage (M-1)
eCorresponding amplitude of kobs,m

fRate constants calculated as described in methods
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Figure 4-6. PAGE analysis of RNase P reaction products. 30 nM pre-tRNA substrate was
incubated with 5 yM PRORP for 30 mins under standard assay conditions. The pre-tRNA
substrate in each reaction is indicated above the wells. C:No enzyme control, B.s.:B. subtilis
RNase P, 1:PRORP1, 2:PRORP2, 3:PRORP3, L:alkaline hydrolysis ladder. The normalized
percent miscleaved (% M.1) is represented below the lane number at the bottom of the gel.

Closed arrows indicate the correct cleavage product (5 nts) and open arrows indicates miscleaved
product (4 nts).
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3’ Discriminator Base can Contribute to PRORP Cleavage Fidelity

We sought to discover the feature(s) of the Phe-Nuc substrate that contribute to
significant miscleavage by all three PRORP enzymes. We hypothesized that the adenine
discriminator base and the uridine base in the N-1 position of the leader (Figure 4-2) could
base pair, which would extend the acceptor stem helix creating a 4 nt leader and perhaps
explain the observed miscleavage. Indeed the three pre-tRNA substrates that can form
an extra base pair (U:A) between the discriminator base and the N-1 leader position (Phe-
Nuc, Cys-Mito, and Cys-Nuc) exhibit miscleavage, albeit to varying extents, depending
on the PRORP (Figure 4-6). To further investigate the observed miscleavage, assay
products were separated by high resolution urea-page and compared to reactions
performed with B. subtilis RNase P and B. subtilis pre-tRNAASP (Figure 4-6). All enzymes
cleave B. subtilis pre-tRNAAP correctly leaving a 5 nt product, indicating that the
miscleavage observed with other substrates is not a result of nuclease contamination.
Similarly, B. subtilis RNase P cleaves all four A. thaliana pre-tRNAs correctly, only a
distinct 5 nt product band (< 5% miscleaved product) is observed. In contrast, the PRORP
enzymes showed variable cleavage fidelities, with PRORP3 displaying the lowest
cleavage fidelity among the PRORPs (Figure 4-6).

To further test our hypothesis that formation of an extra base pair may account for
miscleavage we assessed the ability of PRORPSs to correctly cleave three different Phe-
Nuc pre-tRNAs variants possessing 5 nucleotide-long 5’ leaders and various 3’ ends: with
(5:1) or without a 3’ discriminator base (5:0), and with an extended 20 nt 3’ trailer
sequence (5:20). Products from STO reactions catalyzed by PRORP1, 2 and 3 with these
pre-tRNA Phe-Nuc variants were resolved on a high-resolution denaturing PAGE gel
(Figure 4-7A). Removal of the discriminator base (5:0) from Phe-Nuc pre-tRNA eliminated
the miscleavage catalyzed by all of the PRORP enzymes, whereas addition of a longer
trailer sequence had no significant effect on miscleavage (Figure 4-7A). Similarly,
removal of the discriminator base from the Cys-Mito pre-tRNA, to delete a potential A-U
basepair with N-1, significantly reduced miscleavage catalyzed by PRORP3 (Figure 4-7B).
Taken together these data provide evidence that the presence of a base pair with the N.-
1in the leader and the discriminator base can engender miscleavage, possibly by allowing
the pre-tRNA to adopt an alternative structure. However, the potential to form this base
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pair does not always lead to miscleavage; the Cys-Mito and Phe-Chlor substrates, which
contain a potential base pair between the N-1 and the discriminator base, are not
significantly miscleaved by PRORP1 or 2. We posit that other determinants including
sequence context, stability of the pre-tRNA structure, and differences in PRORP

substrate recognition also influence cleavage fidelity.

A" Control PRORPL PRORP2 PRORP B prores
5:20 5:1 5:0 5:20 5:1 5:0 5:20 5:1 5:0 5:20 5:1 5:0 L 5:1 50 L
- ! -
— ! ‘
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> ~ —— - >
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M; 33 28 <5 37 46 <5 65 72 8 38 9

Figure 4-7. Miscleavage is alleviated by removal of the discriminator base. A. 30 nM pre-tRNA
Phe-Nuc substrates (5:20, 5:1, and 5:0) were incubated with 5 yM PRORP1, 2, and 3 for 30 mins
under standard reaction conditions. Products were resolved on a 20% gel. B. Miscleavage of pre-
tRNA Cys-mito catalyzed by PRORP3 is reduced by removal of the discriminator base. Reactions
were performed as described in A. Closed arrows indicate the correct cleavage product (5 nts)
and open arrows indicates miscleaved product (4 nts).
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PRORP Reactivity with Model Substrates

PRORPs must recognize and cleave substrates with a wide variety of sequences, but
similar structures. Most proteins that interact with multiple tRNAs (e.g. RNA-based RNase
P, EfTu) recognize various secondary structural features (24,25). To explore the structural
features that are important for pre-tRNA maturation catalyzed by PRORP we created two
truncated versions of the pre-tRNA Cys-Mito substrate: an RNA lacking an anticodon arm
(AAC), and an RNA that connects the acceptor arm and TyC-arm to form a stem-loop
(SL) (Figure 4-8). The 5 ends of (JAC and SL were labeled with fluorescein, and the
cleavage of the two model substrates catalyzed by PRORP1, 2, 3 was assessed under
STO conditions (Table 4-3). All of the RNase P enzymes catalyze the removal of the &’
leader from the AAC substrate. This result is consistent with a previous observation that
PRORP enzymes can cleave t-element RNA, tRNA-like structures that lack an anticodon
stem-loop (3,10). PRORP3, and to a lesser extent PRORP2, catalyze miscleavage of the
AAC RNA in a manner similar to the full-length pre-tRNA Cys-Mito substrate (gel not
shown), suggesting that the anticodon helix does not influence the miscleavage of Cys-
Mito pre-tRNA.

The stem-loop RNA was cleaved >30-fold slower than full-length Cys-Mito by all three
PRORP enzymes. This suggests that in contrast to the anticodon stem-loop, the D- and
TwC- arms are critical for either substrate binding or cleavage by PRORP. Interestingly,
the STO rate constants for PRORP2 and 3 catalyzed cleavage of the SL model substrate
are at least 12-fold faster than with PRORP1 (Table 4-4), suggesting a divergence in

substrate recognition between the nuclear and organellar PRORPs.
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Figure 4-8. Model substrates. Predicted secondary structures of two model substrates, the AAC
and SL, derived from the mitochondrial pre-tRNA®Ys sequence. The SL substrate connects the
acceptor stem helix and TyC -arm.

Table 4-4. Single-turnover observed rate constants (Kobs) for cleavage of model substrates

RNA
Enzyme Cys-Mito (s1)? Cys-Mito AAC (s)° Cys-Mito SL (s)°
PRORP1 0.037 £ 0.002 0.023 £ 0.005 <3.3x10°
PRORP2 0.013 £0.003 0.012 £0.003 42+05x10*
PRORP3¢ 0.023 + 0.002 0.012 £ 0.002 35+0.2x10*

avalues from Table 1 shown for comparison

bMeasured under standard reaction conditions using gel-based assay.

¢Measured under standard assay conditions except with 10 uM enzyme using gel-based assay.
dkobs calculated from total product (Co + M-1) formation.
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Discussion

Here we provide a detailed kinetic comparison of A. thaliana PRORP enzymes,
revealing more similarities than differences. In general, the three A. thaliana PRORPs
catalyze 5’ end cleavage with similar catalytic efficiencies (104 -10° M s1), display
comparable STO activities, and bind the same pre-tRNA substrate with approximately the
same affinity. Despite these similarities, we uncovered evidence indicating that there is a
sub-set of pre-tRNAs that are more efficiently processed by particular PRORP isozymes.
For example, PRORP1 has a ~10-fold higher kca/Km value for cleaving Phe-Chlor pre-
tRNA compared to PRORP2 and 3. Nucleotide variation in the D- and TyC —loops may
contribute to preferential cleavage and recognition by PRORP1. However, more detailed
studies will need to be performed to determine the molecular interactions that confer this
enhanced reactivity.

While PRORPs bind and cleave substrates with similar Ko values and cleavage rate-
constants, they exhibit unexpected differences in cleavage fidelity. For instance, PRORP3
catalyzes the miscleavage of Cys-Mito, Cys-Nuc, and Phe-Nuc pre-tRNA to a greater
extent than PRORP1 and PRORP2 (Figure 4-6). Removal of the discriminator base from
Cys-Mito and Phe-Nuc pre-tRNAs results in increased fidelity for all three enzymes,
suggesting that the discriminator base engenders miscleavage. Base-pairing between the
discriminator nucleotide and the N-1 nucleotide of the leader, extending the acceptor stem
by one base pair, could account for the observed miscleavages. The greater fidelity
observed with PRORP1 could originate from specific interactions with the leader and/or
interactions with the discriminator base. These data suggest a difference in substrate
recognition among the PRORPs with regards to cleavage site selection. However, the
guestion still remains whether PRORP-catalyzed pre-tRNA miscleavage occurs in vivo.
Cleavage fidelity in vivo could be enhanced by RNA binding proteins that decrease
incorrect base pairing or that stabilize RNA structure.

While all three PRORP enzymes catalyze miscleavage of the Phe-Nuc pre-tRNA
(Figure 4-6), B. subtilis RNase P produces only the correctly cleaved product from the
same substrate. This observation suggests that PRORP enzymes use different criteria to
recognize the substrate cleavage site than bacterial RNase P. Bacterial RNase P

recognizes the TyC-loop, nucleotides within the leader sequence, and the CCA of the 3’
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end of pre-tRNA, though all are not required for accurate cleavage (23,26). The
interactions that PRORP enzymes make with pre-tRNA substrates are still not well
characterized. However, it has been proposed that PRORP enzymes recognize the elbow
region of tRNA, similar to bacterial RNase P (15,16). Interactions that could increase
fidelity of bacterial RNase P compared to PRORP in cleavage of the Phe-Nuc substrate
are the base pairing with the RNA component with the N-1 uridine and the 3’ end of pre-
tRNA, leading to splaying of the 3’ and 5’ ends in the bound complex (26,27).

Based on the kinetic characterization performed here, PRORP2 and 3 are more similar
to one another than to PRORPL1. This is consistent with their higher sequence similarity
and knockout data that suggest a redundant function for PRORP2 and 3 within the
nucleus (10). Furthermore, the fidelity of PRORP2 is more similar to PRORP3 and,
interestingly, both enzymes share higher STO activity toward the SL substrate than
PRORP1 (kobs >12-fold). This suggests that the nuclear PRORPSs have some distinct but
subtle differences in substrate recognition as compared to the organellar PRORP1. The
overlapping substrate specificities of Arabidopsis PRORP enzymes suggest that they are
in the early stages of diversification, which may be a result of relatively recent gene
duplication events (3,28). Although all three PRORP enzymes catalyze pre-tRNA
maturation comparably, it is still possible that these enzymes have distinct substrate
preferences that were not identified with the substrate set used. It is interesting to note
that the nuclease involved in 3’ pre-tRNA maturation, tRNase Z, encodes four enzyme
variants in Arabidopsis (29). These enzymes are differentially localized but only the
chloroplast-localized tRNase Z knockout is lethal, suggesting several isozymes have a
redundant function, similar to PRORP2 and 3. Furthermore, all recombinant tRNase Z
enzymes catalyze 3’ end processing of pre-tRNAs in vitro, similar to Arabidopsis
PRORPs. The abundance of tRNase Z enzymes in Arabidopsis is attributed to differential
cellular compartmental localization, differential expression, and/or tissue specific

expression (29). Our data suggest that this is also the case with PRORP enzymes.
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Methods

Enzyme and Substrate Preparation

PRORP constructs (A76PRORP1, full-length PRORP2, and A68PRORP3) were
cloned, expressed and purified from E. coli as previously described (14). The
concentrations of PRORP1, 2 and 3 were determined by absorbance using extinction
coefficients in the native state at 280 nm of 84,630 Mt cm™, 91,300 M-1cm-?, and 84,700
M-icm, respectively. Purified enzymes were aliquoted, flash-frozen, and stored at -80 °C
in 20 mM MOPS pH 7.8, 100 mM NaCl, and 1 mM TCEP. Pre-tRNA substrates were
created by in vitro transcription with T7 polymerase (19,20). The DNA template for
transcription was created by PCR amplification of DNA purchased from Life Technolgies
GeneArt. To generate fluoroscein labeled pre-tRNA substrates, transcription reactions
were performed in the presence of guanine monophosphothiolate and the %5’
phosphorothioate was reacted with 5-(iodoacetamido)fluorescein to label the 5’ end, as
previously described (21). The pre-tRNA substrates were purified by denaturing PAGE
(12%). The proposed tRNA secondary structures were generated with tRNAscan-SE 1.21
(22).

Multiple Turnover Assays

Multiple-turnover (MTO) reactions were performed in a 96-well plate format using a
fluorescent anisotropy (FA) assay (as described in (23)). Standard reaction conditions,
30 mM MOPS pH 7.8, 150 mM NaCl, 1 mM TCEP, and 1 mM MgClz, were used with an
enzyme concentration of 20 nM (PRORP1 and PRORP3) and 80 nM for PRORP2. The
concentration of fluorescently labeled pre-tRNA was held constant at 40 nM in the
reactions while the concentration of unlabeled pre-tRNA substrate was varied. The ratio
of labeled to unlabeled substrate did not alter the measured initial rates (data not shown).
Black Corning half-area 96-well plates were used with a final reaction volume of 40 L
per well. Initial rates were calculated from the linear decrease in anisotropy (23). The
steady state kinetic parameters were calculated from a fit of the Michaelis-Menten

equation (1) to the concentration-dependence of the initial rates using KaleidaGraph
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(Synergy Software). The reported kinetic parameters and standard error were determined
by fitting the concentration-dependence of the initial rates to equation 1.

Yo _ Kcat[S]

W) 15 = Ko + 5]

Anisotropy Binding Assays

Binding assays were performed as described previously (14). Briefly, the concentration
of fluorescein labeled pre-tRNA was maintained at 20 nM, while the concentration of
PRORP was varied (0.005 — 5 uM). Binding experiments were performed in 20 mM MOPS
pH 7.8, 300 mM NaCl, 1 mM TCEP, and 1 mM CaCl: in a 96-well plate format. PRORP1
can bind but not cleave substrates in CaClz(14). Fluorescence anisotropy was measured
at an excitation wavelength of 488 nm and an emission wavelength of 535 nm. Equation
2 was fit to the dependence of the anisotropy on the protein concentration where A is the
observed anisotropy, Ao is the initial anisotropy, AA is the total change in anisotropy, P is
the concentration of PRORP, and Kbp is the apparent dissociation constant.
AA [P]
[P]+ Kp

(2) A=A, +

Single-Turnover Assays

For single-turnover reactions (STO), the enzyme and pre-tRNA concentrations were 5
uM and 30 nM, respectively, unless otherwise noted. Reactions were performed in
standard conditions (see MTO) and initiated by addition of enzyme and quenched at
specified time points (0 — 1200 sec) with an equal volume of 100 mM EDTA, 6 M urea,
0.1 % bromophenol blue, 0.1 % xylene cyanol, 2 pg/ul yeast tRNA. The fluorescently
labeled 5’ leader product was separated from pre-tRNA by electrophoresis on 20 or
22.5% denaturing PAGE gel. Gels were visualized using a Typhoon 9410 scanner and
the fraction product quantified using ImageQuant 5.2 software. The observed single-
turnover rate constant was calculated from a fit of a first order exponential equation to the
data using KaleidaGraph fitting software (equation 3), where A is the end point, B is the
amplitude, k is the observed rate constant, and t is time. The STO assays with Bacillus
subtilis RNase P were performed at 25°C with 1.8 uM bacterial RNase P, 50 mM Tris pH
7.4, 100 mM KCI, 75 mM NaCl, 10 mM DTT, and 3 mM MgCl2. The B. subtilis RNase P
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was prepared as described (24). STO miscleavage kinetics catalyzed by the PRORPs
were analyzed as described in (25,26). Briefly, the observed rate constants for both
correct and miscleaved product are obtained from a single-exponential fit to the data
(equation 3). The resulting amplitude (Ac or Am) for each respective fit is multiplied by the

observed rate constant (Kobs,c Or Kobsm) to obtain ke and km (equations 4 and 5).
(3) Fraction Product = A — B(e™*t)

(4) ke = kobs,c (Ac)
(5) km= kobs,m (Am)
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Chapter 5

Conclusions and Future Directions

Overview

The goal of this work has been to understand the molecular function of a novel form of
RNase P (PRORP). This work revealed the crystal structure of PRORP1, which provides
insight into the functions of the various domains and the overall architecture of PRORP
enzymes. Mechanistic work revealed that the catalytic mechanism of PRORP is similar
to the RNA-based mechanism. Lastly, this work demonstrates that PRORP enzymes in
plants have overlapping substrate specificities but varying degrees of cleavage fidelity.

This work describes the molecular function of a new family of RNA processing enzymes.

Conclusions

Crystal Structure of PRORP1

We solved the first crystal structure of a protein-only RNase P. The structure revealed
that PRORP enzymes are composed of three domains (PPR, central Zn-binding, and
NYN domains). Crystal structures of these domains were non-existent or just recently
published, thus the structure provided valuable insight into their potential roles.
Truncations and mutations identified active site residues within the NYN domain and
revealed that the PPR domain enhances substrate affinity. PRORP enzymes can catalyze
pre-tRNA cleavage using Mg?*, Mn?*, Co?*, and Ni?* cofactors. In conclusion, evolution

pieced together three novel domains to create a protein-only RNase P.

Catalytic Mechanism of PRORP1
RNA-based RNase P is proposed to use a two-metal ion mechanism to catalyze

phosphodiester bond hydrolysis. To determine if PRORP uses a similar catalytic
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mechanism we performed metal and pH dependence studies using Wt and mutant
enzymes. Surprisingly, these data mirrored the RNA-based RNase P behavior,
suggesting that PRORP shares a similar catalytic mechanism to the RNA-based
enzymes. Thus, NYN domains likely use a two-metal ion mechanism to catalyze
phosphodiester bond hydrolysis with no amino acid side chains acting as a general acid
or base. Taken together these data suggest the mechanistic convergence of two different

macromolecules and highlight the importance of metal cofactors in catalysis.

Substrate Specificities of Plant PRORPs

For some reason the protein-only RNase P replaced the RNA-based RNase P. In
plants, PRORPs replaced the RNA-based RNase P within the chloroplast, mitochondria,
and the nucleus. However, in animals the nuclear RNase P has been retained. Why have
PRORPs overtaken the nuclear RNA-based RNase P in plants but not within animals?
One possible explanation may be that the nuclear PRORPs in plants have evolved
additional functions and/or differing specificities, giving them a selective advantage. To
test this hypothesis we examined the substrate specificities of the plant PRORPs to
catalyze pre-tRNAs encoded in different organelles and with model RNA substrates. The
plant PRORPSs share similar catalytic efficiencies and bind pre-tRNA with uniform binding
affinities. Despite these similarities, there are some substrates that show selectivity for a
given PRORP but the reason for this selectivity remains unknown. Furthermore, model
substrates react faster with nuclear PRORPSs, suggesting some differences in specificity.
However, plant PRORPs show more similarities than differences, suggesting, in plants,
that the replacement of the nuclear RNA-based RNase P with PRORP did not require

substantial changes in specificity or function.

Future Directions

While the work described within these chapters answered many questions about the
function of PRORP, many important questions still remain. First, the molecular recognition
strategies utilized by PRORP are largely undefined. Specifically, how the PPR domain
interacts with pre-tRNA substrates is unknown. Second, a more detailed enzymatic

mechanism of PRORP catalyzed pre-tRNA hydrolysis is required for a more detailed
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comparison between protein and RNA-based RNase P enzymes. Third, the work
described within these chapters focuses on the single-component PRORP found in plants
and some protists. However, the human mitochondrial RNase P is composed of three
protein components. Understanding the function of the other two components
(TRMT10C/SDR5C1) in the pre-tRNA cleavage reaction is the next challenge. Lastly, the
NYN domain found within PRORP is found in seven other proteins in humans. Many of
these proteins are uncharacterized and contain RNA binding motifs, suggesting that they
function as RNases. The biological function of one of these proteins, Regnase-1, has
been studied in detail because of its important role in the immune response. However,
the molecular function of Regnase-1 remains enigmatic (see Appendix C). | describe
progress with regards to answering these outstanding questions and discuss approaches
to take in the future.

PRORP Substrate Recognition

The sites of interaction between the pre-tRNA substrate and PRORP1 remain largely
unknown. Crystallography, crosslinking, mutagenesis, and analyzing the binding and
cleavage of pre-tRNA substrate variants are methods that will provide insight into
PRORP1 substrate recognition. Truncation of the PPR domain in PRORP1 reduces
binding affinity for pre-tRNA by ~30 fold (Figure 2-2). However, the residues within the
PPR domain involved in pre-tRNA binding are unknown. Furthermore, where these
residues interact with pre-tRNA is unclear. Site-directed mutagenesis and crosslinking
can begin to answer this question and indeed my colleague Bradley Klemm has started
this analysis. Interestingly, land plants contain approximately 500 genes that encode for
PPR motifs, making it one of the largest gene families in plants (1). There are seven PPR
containing proteins encoded within the human genome to date, all of which are proposed
to function in the regulation of mitochondrial gene expression (2). The majority of these
proteins are predicted to localize to the chloroplast and/or mitochondria where they are
proposed to be involved in RNA regulation. Thus, understanding the molecular
recognition strategies utilized by the PPR maotifs in PRORP will provide great insight into

understanding how this large family of proteins recognizes RNA targets.
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Transition State Structure of PRORP1

To provide further insight into the cleavage mechanism of the NYN domain of PRORP1
solvent 180 nucleophile KIE experiments could be performed to test the hypothesis that
metal-bound hydroxide is the nucleophile in the reaction. This experiment was key to
demonstrating a metal-hydroxide nucleophile for RNA-based RNase P (3). Reactions
could be performed in 50% H2'80 under steady-state conditions where preliminary data
indicates cleavage is the rate-limiting step. The mature tRNA product could be gel purified
and processed for mass spectrometric analysis. The ratio of 180/*60 products relative to
the solvent ratio can be used to determine the 2O nucleophile isotope effect (*8knuc).
Control experiments, including RNA-based RNase P, could be run in parallel. Normal
isotope effects (*knuc >1) indicate nucleophilic attack in the rate-limiting step. A
comparison of knuc to previously measured isotope effects for model reactions, such as
hydrolytic reactions with p-nitrophenyl-thymidine-5'-phosphate (TSPNP) in the presence
and absence of Mg?* (4), can implicate an inner-sphere interaction of the water
nucleophile with Mg?* by quantifying the “stiffness” of the bonding environment.
Single-atom modifications at the scissile phosphate and ribose hydroxyls can also be
used to further elucidate the mechanism of catalysis of PRORPL1. To test the hypothesis
that the pro-Se oxygen is coordinated to active site metal ions in PRORP, a substrate
could be generated with the Rp- or Sp-phosphorothiate at the scissile phosphate. An inner
sphere contact could be verified by addition of the more thiophilic Mn?* or Cd?*, which
should enhance catalytic activity with the phosphorothioate-substituted substrate. The
role of the 2’ hydroxyl at N-1 could be examined by substitution with 2’-H, 2’-NHz, or 2’-
OMe and the effects on STO cleavage could be examined. Changes in activity correlating
with the hydrogen bonding ability of the substituents will support the role of the 2" hydroxyl

in leaving group stabilization.

Human Mitochondrial RNase P

Mammalian mitochondrial tRNAs often lack the conserved nucleotides involved in
stabilizing the tertiary L-shape structure. Thus, they are often referred to as non-canonical
tRNAs (10). Based on this observation it has been proposed that mammalian
mitochondrial RNase P has recruited the TRMT10C/SDR5C1 complex to aid in substrate
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recognition (11). In this model, PRORP recognizes pre-tRNA bound by the
TRMT10C/SDR5C1 complex. Furthermore, this model suggests that the pre-tRNA bound
by the TRMT10C/SDR5C1 complex adopts a conformation that is efficiently recognized
and cleaved by PRORP. Transient kinetic studies analyzing binding and pre-tRNA
cleavage via stopped-flow spectroscopy with fluorescein labeled pre-tRNA preincubated
with and without the TRMT10C/SDR5C1 complex at varying concentrations of PRORP
can be compared to kinetic models using Kintec Explorer or Berkely Madonna to help
decipher the role of the complex in pre-tRNA maturation. Furthermore, PRORP alone
may catalyze pre-tRNA cleavage of a subset of mitochondrial pre-tRNA substrates. Thus,
examining reactivity with all of the predicted pre-tRNA substrates within the human
mitochondria genome should also provide insight into the role of TRMT10C/SDR5CL1 in
RNase P catalysis.
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Appendix B

PRORP1 Molecular Recognition

To determine the regions of pre-tRNA important for PRORP1 recognition, the leader and
trailer lengths of Cys-Mito and Phe-Nuc pre-tRNAs were varied and the effects on single-
turnover cleavage was examined (Figure B-1 and Table B-1). Variation of the leader and
trailer lengths showed no significant correlation with activity and some pre-tRNA
substrates displayed biphasic STO behavior (Figure B-1, bottom panel). A possible
explanation for the biphasic kinetics is that these pre-tRNAs exist in two different

substrate populations that react differently with PRORPL1. To test this proposal, | assayed
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Figure B-1. PRORP1 single-turnover assays with Cys-Mito and Phe-Chlor variants. 5 yM PRORP1
was incubated with 20 nM indicated Fl-labeled pre-tRNAs under standard reaction conditions,
guenched at specified time points, and products analyzed by urea-PAGE. The substrates used are
mitochondrial pre-tRNAC®Ys and chloroplastic pre-tRNAP" with indicated varying leader and trailer
lengths (leader:trailer). Longer leader (>=14nt) pre-tRNAs display biphasic behavior and are fit to a
double exponential equation (all data in the bottom panel except 21:24 Cys are fit to a double
exponential, all other are fit to a single exponential. Data are summarized in table B-1.
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the B. subtilis RNase P with the 21:1 Cys-Mito, a substrate which displayed biphasic
behavior with PRORP1 (Figure B-1). B. subtilis RNase P STO activity with pre-tRNA Cys-
Mito also displayed biphasic behavior, suggesting that two substrate populations exist
that have different single-turnover reactivity (Figure B-2). It is likely that the extra leader
sequence destabilizes the tRNA structure through alternative base pairing, creating a
tRNA-like structure that is in equilibrium with the reactive pre-tRNA conformation. Given
the complexity with these substrates, | moved to using the B. subtilis pre-tRNAASP
substrate (B.s. pre-tRNA), which has been studied extensively with the ribozyme

catalyzed reaction, to examine the leader length dependence on PRORP1 recognition.

Table B-1. Single-turnover rate constants for pre-tRNACYs and pre-tRNAF" variants 2

Cys-Mito Phe-Chlor

Pre- Kobs,1 (Min™) Kobs,2 (Min” Kobs,1 (Min” Kobs.2 (Min™)

5:1 1.9 - 1.8 -

9:1 0.28 - 2.3 -

14:1 0.06 - 3.6 0.07

21:1 2.2 0.05 1.8 0.05
21:24 1.0 - 1.8 0.03

5:24 2.0 - 1.7 -

@as measured in Figure B-1

b21:1 Cys-Mito and 14:1, 21:1, and 21:24 Phe-Chloro displayed biphasic kinetics and are fit to a double
exponential equation (Kobs,1 and Kobs,2).
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Figure B-2. Single-turnover activity of PRORP1 and B. subtilis RNase P with 21:1 Cys-Mito.
Reactions were performed as described in figure 1 with the concentration of B. subtilis RNase P at 1.8
MM. The data were fit to a double exponential resulting in a kobs,1 0f 3.9 min-1, kobs2 of 0.03 min-t and
amplitudes of 0.42 and 0.31, respectively, for the PRORP1 catalyzed reaction. The resulting
parameters for B. subtilis catalyzed reaction are kobs,1 = 8.9 min-1, kobs,2 = 0.04 min-t and amplitudes of
0.47 and 0.37, respectively.

The STO activity of B.s. pre-tRNA with varying leader lengths (Figure B-3) was generally
uniform (Figure B3 and Table B-2), with the exception of the 2 nt leader which has an ~8-
fold increased STO rate constant compared to 14:1 B.s. pre-tRNA. Furthermore, variation
of the leader length on B.s. pre-tRNA has no significant effect on PRORP1 binding affinity
(Figure B-4). These data indicate that PRORP1 can efficiently bind and catalyze 1 nt
leader substrates, suggesting that PRORP1 does not significantly contact the leader
sequence past the -1 nt. The direct binding assay was performed with pre-tRNAs labeled
with fluorescein on the 5" end. To exclude artifacts caused by the attached fluorescein, |
performed competition binding experiments with the respective unlabeled pre-tRNAs
(Figure B-4B). In these experiments an ES complex was formed with 1 uM PRORP1 and
5 nM 5:1 B.s. pre-tRNA in the presence of Ca?*. Unlabeled pre-tRNAs were then added
to compete off the labeled pre-tRNA, which leads to a decrease in anisotropy. The data
were fit to a hyperbolic function and the apparent Kp (Kp@P) is reported in (Table B-3).
The Kp?FP value does not represent the Ko for unlabeled pre-tRNA, because it does not
take into account the fraction of bound Fl-pre-tRNA. However, the competition

experiments revealed the same trend as observed in the labeled binding experiment,
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suggesting that the fluorescein has little effect on the binding trend (Table B-4). These
experiments also revealed that PRORP1 binds to mature tRNA with approximately a 30-

fold reduced binding affinity, suggesting that the 1 nt leader confers ~30-fold binding
affinity.
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Figure B-3. PRORPL1 single-turnover activity with B. subtilis pre-tRNA containing varying leader
lengths. A. B. subtilis pre-tRNAAsP (B.s.) with varying leader lengths used in this study. The 5’ end is
labeled with fluorescein (FI). The arrow indicates the RNase P cleavage site. B. Representative
single-turnover gels. Left panel show the reaction performed with 1:1 B.s. pre-tRNA and 5 pM
PRORP1 and right panel shows an assay performed with 0:1 pre-tRNA and 5 uM PRORPL1. C.
Representative single-turnover plots for 1:1 Blue, 5:1 Green, 10:1 Red, 14:1 Black pre-tRNAs,
performed as described in B.
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Table B-2. Observed single-turnover rate constants for PRORP1 catalyzed pre-tRNA cleavage 2

Pre-tRNAP Kobs (Min't) Fold ¢
1 4.7 3.9
2 94 7.8
3 1.9 1.6
4 1.5 1.3
5 1.5 1.3
10 1.5 1.3
14 1.2 1
aAs measured in Figure B-3.
bLeader nt length
cas compared to 14:1
A240"--ll Bzzon--':'--
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Figure B-4. Fluorescence anisotropy binding assays to measure PRORP1 binding affinity for B.s.
pre-tRNA with varying leader lengths. A. Direct binding assays were performed with 5 nM Fl-labeled
pre-tRNA and varying concentrations of PRORP1 in the presence of 1 mM CacClz, 20 mM Mops pH
7.8, 300 mM NaCl, and 1 mM TCEP at room temp. B. Competition binding assays. An ES complex
was formed in the presence of Ca2* with 5 nM 5:1 pre-tRNA and 1 uM PRORP1 and titrated against
unlabeled pre-tRNAs. Dissociation constants and Kpapp are reported in table B-3.

100



Table B-3. Dissociation constants (Ko in nM) for PRORP1 binding to pre-tRNAs?

Direct Competition
Leader Ko (nM)° Fold°® Kp?P (UM) Fold°®

0 3,400 =400 34 36 21
1 150 £ 60 1.5 2 1.2
2 310+20 3.1 4.3 2.5
3 140 + 40 1.4 2.8 1.6
4 150 £40 1.5 3.5 2

5 190 £+ 60 1.9 2.3 1.4
10 100 £ 50 1 1.7 1

14 100 + 30 1 4.2 2.5

@as measured in Figure B-4.
bMean and standard deviation of two independent experiments is reported.
Cas compared to the 10 nt leader pre-tRNA

To determine if the trailer sequence is an important determinant for PRORP1 recognition,
| assayed the STO activity of PRORP1 with Cys-Mito containing various trailer lengths or
sequences (only pre-tRNAs that did not display significant STO biphasic kinetics are
reported). Variation of the trailer sequence length does not alter the binding affinity or
STO cleavage rate constant, suggesting that PRORP1 does not make significant contacts
with the 3’ leader sequence (Table B-4). The Cys-Mito pre-tRNA containing a CCA
sequence within the trailer shows a reduced STO cleavage rate constant, possibly by
decreasing binding affinity. The binding affinity of some these substrates still needs to be
examined (Table B-4).

Table B-4. Single turnover rate constants for pre-tRNA Cys-Mito with varying trailers

Pre-tRNA Kobs (min™) Fold® Ko (NM)°
5:1 24+0.1 1 65+5
5:0 1.7+0.1 0.7 -
5:24 2.0+0.1 0.8 70 + 10
5:ACCA 0.5 +0.02 0.2 -
5:AGGU 2.0+03 0.7 -

@as measured in figure B-1.
bas measured in Figure B-4A except in 100 mM NaCl.
cas compared to 5:1.
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Pre-tRNA Crosslinking to PRORP1

To determine sites of interaction between PRORP1 and pre-tRNA | performed
crosslinking experiments between PRORP1 and photoactivatable crosslinkers attached
or incorporated within pre-tRNA. | created two different version of 5:1 pre-tRNA Cys-Mito
containing either bromouridine (BrU) or azidophenacyl (AzP) crosslinkers. Bromouridine
was incorporated at every uridine position within pre-tRNA Cys-Mito through in vitro
transcription (i.e. the transcription reaction contained BrU instead of uridine triphosphate).
The 5 end of pre-tRNA Cys-Mito was labeled with 4-azidophenacyl by reacting 4-
Azidophenacyl bromide with pre-tRNA Cys-Mito containing GMPS at the 5’ end. An ES
complex was formed in the presence of Ca?* using both labeled pre-tRNAs and irradiated
with 312 nm light for various lengths of time, quenched and resolved on SDS-urea PAGE
(Figure B-5). A crosslinked band is observed only in the presence of labeled pre-tRNA
and time. The crosslinked band was extracted and treated with trypsin and RNase T1 for
mass spectrometry analysis in collaboration with Dr. Hakansson lab. Samples are waiting

analysis.
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Figure B-5. PRORP1 crosslinking to AzP or BrU containing pre-tRNA Cys-Mito. 10 uM PRORP1 was
incubated with 15 uM indicated pre-tRNA in the presence of 5 mM Ca?*, irritated with 312 nm light for
indicated times, and time points were separated on a 6% SDS-urea PAGE and stained with SYBER-

gold.

PRORP1 Fluorescent Stopped-flow

Determining the kinetic binding mechanism will provide insight into the molecular
recognition strategies used by PRORP1 and help delineate the contribution of domains/
residues on the individual steps of the reaction. Preliminary fluorescence stopped-flow
experiments using 1 nt leader pre-tRNA labeled at the 5’ end with fluorescein in the
presence of Mg?* revealed two phases. The dependence of the observed rate constants
on PRORP1 concentration are shown in (Figure B-6). The first phase shows a hyperbolic
dependence on PRORP1 concentration suggesting that it is limited by a conformational
change step and not reporting on the bimolecular step. The second phase also shows a
hyperbolic dependence on PRORP1 and has an observed rate constant similar to the
cleavage rate constant measured by gel assays (0.08 s by gel). Furthermore, this phase

does not appear in the presence of Ca?*, where pre-tRNA cleavage does not occur
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(Figure B-6). Taken together these data suggest a two-step binding mechanism where
an initial ES complex is formed that is not detectable by stopped-flow (possibly occurring
within in the dead-time of the instrument), followed by a conformational change step
(Scheme 1). Consistent with this proposal the starting fluorescence value of the first
phase increases with increasing concentrations of PRORP1 suggesting that the formation
of the initial ES complex has already occurred. Further experiments should include
lowering the temperature to slow the reaction down in an attempt to capture the
bimolecular step and modeling the reaction with Kintec Explorer or Berkeley Madonna to

determine the microscopic rate constants and/or equilibrium constants. An alternative
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Figure B-6. Stopped-flow studies with PRORP1 and 1:1 B.s. pre-tRNA. A. Representative stopped-
flow traces of varying concentrations of PRORP1 binding to 1:1 B.s. pre-tRNA (substrate
concentration 15 nM) in 1 mM MgClz, 30 mM Mops pH 7.8, 150 mM NaCl, 1 mM TCEP at 25°C (black
is 0 nM PRORP1, 80 nM: gray, blue: 200 nM, pink:500 nM. Traces were fit to a double exponential
equation. B. 200 nM PRORP1 binding to 1:1 B.s. in the presence of 1 mM Ca?* (red trace) or Mg?*
(black trace). C. The first observed rate constant plotted vs PRORP1 concentration. The data is fit to
a hyperbolic function with kobs1 108 + 8 st and Ku2 400 + 80 nM. The Y-intercept has high error (-14 +-
9). D. The second observed rate constant plotted vs PRORP1 concentrations and fit to a hyperbola.
The K2 is 32 + 6 nM and Kobs2 max is 0.1 £ 0.001 s
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explanation is that the first observable phase actually is the bimolecular step but enzyme

stability or aggregation is creating artifactual data.

Ky k; x Kk
E+S =5 ES ==ES'—»p

Scheme 1
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Appendix C

NYN-domain Containing Proteins

The NYN domain of PRORP is a novel metallonuclease domain sharing homology to
the PilT N-terminus (PIN) and flap nuclease families. This domain is also present in at
least seven other genes within humans (1). These proteins generally have multi-domain
architectures including various RNA-binding domains, suggesting their importance in
RNA processing. One of these proteins, Regnase-1/Zc3H12a/MCPIP-1, was identified in
a screen for genes that are over-expressed when macrophages are stimulated with
lipopolysaccharides (LPS) or Monocyte Chemoattractant Protein-1 (MCP-1) (2-4).
Subsequent studies revealed that Regnase-1 negatively regulates the immune response
through endonucleolytic cleavage within the 3’ UTRs of cytokine transcripts (4). Regnase-
1 is essential for organism-level homeostasis. In mice, deletion of Regnhase-1 results in
severe systemic inflammation and anemia, with most dying within 12 weeks of birth (4,5).
Furthermore, Regnase-1 restricts viral infection through cleavage of viral RNA and
suppresses microRNA biogenesis through endonucleolytic processing of precursor
mMiRNA (6-8). A molecular understanding of the function of Regnhase-1 remains largely
unknown. In particular, the molecular features of the RNA targets and their recognition by
Regnase-1 are unknown. Revealing the specificity of Regnase-1 would help define a
novel mechanism of mMRNA turnover at the molecular level, provide insight into host
defense mechanisms against viruses, and elaborate on the regulation of miRNA

generation.

Typical eukaryotic mRNA decay involves shortening of the 3’ poly-A tail and removal of
the 5’ cap (9). Elimination of these elements inhibits translation and promotes destruction
of a transcript through the activity of 3’ and 5’ exonucleases. Alternatively, some mRNAs
are processed through endonucleolytic cleavage within their 3° UTR, generating free 5’

and 3’ ends in a single step (10). For example, Regnase-1 negatively regulates the
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expression of IL-6, IL-2, and its own mMRNA through such a cleavage event (11-13). Unlike
other regulatory proteins that bind within the 3’ UTR and act as scaffolds for recruiting
decay factors (14-16), Regnase-1 contains an endoribonuclease domain and cleaves
MRNA to modulate protein expression. | hypothesize that Regnase-1 recognizes a stem-
loop, termed a Regnase-reponsive element (RRE), within the 3° UTR of target RNAs
through its CCCH-Zn?* binding domain.

A AU G U B IL-6 3UTR (84-120 Pre-tRNA
u u“aA chAu 0 30 0 30
C—G U U A u
U—A C—G C—G
C—G U_A A—U - - —— —
U—A A—U u—A - 4m
U—A G— A—U
5-UUG—CUA-3 5"AUG—CUUJ 5~UUG—CUC3
IL-6 IL-2 Regnase-1

Figure C-1. Predicted secondary structures of Regnase-1 responsive elements (RREs) found
within respective 3’ UTRs and identified by luciferase reporter assays. 3' UTR regions indicated
are: IL-6 (81-100), IL-2 (131-150), Regnase-1 (131-150).B. Reginase-1 was cloned, expressed
in E. coli, purified and incubated with 20 nM fluorescein-labeled IL-6 (3' UTR 84-120) or Fl-pre-
tRNAASP as a control. Reactions were quenched at 30 min, resolved on urea-PAGE and imaged
using a Phosporlmager. Arrow indicates cleavage product.

Regnase-1 catalyzes the decay of IL-6, IL-2 and Regnase-1 (its own transcript) mMRNAs
via cleavage within the 3’ UTR (11-13). Cell-based reporter assays have identified a ~20
nt sequence within the 3’ UTR of these mRNAs that confer Regnase-1 specific turnover
(11-13). These regions are predicted to form stem-loop structures (Figure 5-1) and may
represent the molecular determinant for Regnase-1 specificity. To begin to test this
proposal, | purified recombinant human Regnase-1 and examined its ability to catalyze
cleavage of a putative RRE within IL-6 mRNA (Figure 5-1B). Future experiments could
include determining the cleavage site by comparing cleavage products to alkaline
hydrolysis ladders on high-resolution gels. Substrate affinity can be measured using an
anisotropy binding assay. RNA sequences can be added and/or truncated from both 5’
and 3’ ends until Regnase-1 binding and cleavage activity is optimal. My data (Figure 5-
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1), suggest that Regnase-1 catalyzes phosphodiester bond hydrolysis of a single site
within the IL-6 3’ UTR.

Additionally, Regnase-1 has also been proposed to negatively regulate the expression
of C-Rel, Calcr, and IL-12B transcripts (11). However, direct evidence for cleavage of
these substrates by Regnase-1 is lacking. To test this, Regnase-1-catalyzed cleavage of
the 3’UTRs of these RNAs in vitro could be examined as discussed above. These studies
would expand the substrate set and help define the molecular recognition strategies and
biological function of Regnase-1.

To determine the secondary structure of the RREs in the 3° UTR of IL-6, IL-2, and
Regnase-1, enzymatic probing techniques could be used (17). Fluorescently labeled in
vitro transcripts could be incubated individually with nuclease S1 (cleaves ssRNA) and
Ribonuclease V1 (dsRNA) and resolved on a high resolution gel next to alkaline ladders
to determine sites of reactivity (17).

Sequence alignment and domain analysis indicates that Regnase-1 has five
domains/conserved regions, including a C(X)sC(X)sC(X)sH (CCCH) Zn-binding site
(Figure 5-2). In tristetraprolin (TPP) protein, a CCCH-Zn?* binding site mediates binding
to AU-Rich elements (AREs) within 3' UTRs to modulate mRNA decay (18,19). By
extension, | propose that the CCCH-Zn?* binding site within Regnase-1 also confers RNA
binding. To test this hypothesis, Zn?* binding ligands (C306, C312, C318, and H322) and
residues conserved near the CCCH-Zn?* binding site (Y308, R310, K317, R319, F320)
could be mutated to alanine. Variants could then be analyzed for their ability to bind and

cleave RREs compared to WT using anisotropy binding and cleavage assays.

s | YN e{Zr e pro (R

599

Figure C-2. Regnase-1 contains five domains. The NYN metallonuclease domain is
responsible for catalyzing phosphodiester bond hydrolysis. The Zn domain binds a Zn atom
through conserved CCCH ligands. The roles of ubiquitin associated (UBA), proline rich motif
(Pro), and the conserved c-terminal (CCR) domains in Regnase-1 function are unknown. The
crystal structure of the NYN domain from Regnase-1 has been determined (Xu, J. et al., NAR,
2012).
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Crosslinking experiments using incorporation of photo-reactive amino acids could be
performed for Regnase-1 to further map RNA binding sites. Briefly, reactive crosslinking
groups could be inserted using non-natural amino acid incorporation within the NYN
domain (R214, R215, R220, and/or K219) and within the CCCH-Zn?* binding site (Y308
and F320). Crosslinked RNA could be purified and crosslinked sites identified by reverse

transcription.
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