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Chapter I
General Introduction

Transfer RNAs (tRNAs) are known to be the adaptors, which play an essential
role in converting genetic information to amino acids information, at the time when
translation occurs on ribosomes (Leder and Nirenberg, 1964). Although the number of
assembly factors and the size of ribosomes are different between prokaryote and
eukaryote, structural and functional features of tRNAs are highly conserved in all living
cells (Ban et al., 2000). The length of tRNA genes are almost 80 nt, and they contain
four stems (known and described as D stem, TWC stem, acceptor stem, and anticodon
stem), leading to form the cloverleaf-shaped secondary structure (Holley et al., 1965;
Robertus et al., 1974; Shi and Moore, 2000) (Figure -1). Additionally, their
three-dimensional structures form L-shaped structures, caused by a variety of hydrogen
bondings between TWC loop and D loop (Robertus et al., 1974; Shi and Moore, 2000)
(Figure -1).
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Figure -1: Structure of tRNA. (A) The secondary structure of chloroplast tRNA™® in A. thaliana
(Gobert et al., 2010). The accepter stem, D stem, anticodon stem, and TyC stem are colored by orange,
red, blue, and green, respectively. Watson-Crick base pairs and Hoogsteen base pairs are marked by black
lines and asterisks, respectively. (B) The crystal structure of yeast tRNA™<, reported by Shi and Moore,
2010 (Shi and Moore, 2010) (PDB ID: 1EHZ). The structure of accepter stem, TyC stem, D stem, and
anticodon stem are colored by orange, green, red, and blue, respectively. The crystal structure was
illustrated by Pymol (www. Pymol.org)



RNA molecules, including tRNA, ribosomal tRNA (rRNA), messenger RNA
(mRNA), and non-coding RNA (ncRNA), are transcribed by RNA polymerases using
their corresponding DNA molecules as templates. However, the produced primary
transcripts do not exhibit their functions without post-transcriptional modification (e.g.
splicing, RNA processing, adding other RNA sequences, and RNA editing) (Nishikura,
2010; Guerrier-Takada et al., 1983; Fica et al., 2013; Schafield et al., 1977). Chemical
modification of tRNAs, including pseudouridylation and dihydrouridylation, are
involved in stabilization of tRNA structure and improving the affinities between codon
and anticodon sequences located on tRNAs and its cognate mRNAs, respectively
(Kersten, 1983). Recently studies also indicated that the modification improves the
accuracy of amino acylation (Estella et al., 2008).

In the case of RNA processing, a certain number of tRNA molecules in E. coli are
transcribed as the single RNA sequence (Lander et al., 2001). Furthermore, some of the
RNA transcripts encode rRNA genes as well as tRNA genes (Morgan et al., 1978). Thus,
it is essential steps of cleaving the 5' and 3' leader sequences of each tRNA from the
single RNA sequences. Previous studies showed the order of events in tRNA maturation
(Kunzmann et al., 1998). First, ribonuclease P (RNase P) hydrolyses tRNA precursors at
the 5' terminus of tRNA precursors (pre-tRNAs), leading to produce the metabolic
intermediates, which contain tRNA sequences and their 3' extra sequences
(Guerrier-Takada et al, 1983). Second, ribonuclease Z (RNase Z) cleaves their 3'
sequences (Mori and Marchfeider, 2001). Finally, CCA adding enzymes add the CCA
sequences to the produced tRNA molecules in eukaryote; in prokaryote, the CCA
sequences are already encoded in large number of tRNAs (Hou et al., 2010). In addition,
pre-tRNAs contain introns; in bacteria, the introns are cleaved by self-splicing, whereas
in archaea and eukaryote, the extra sequences are removed by tRNA splicing enzymes
(Trotta et al., 1997; Westaway, 1988).

RNase P is a ribonucleoprotein complex that catalyzes the processing of 5' leader
sequences from pre-tRNAs and other non-coding RNAs in all domain of life (Walker
and Engelke, 2006; Torres-Larios et al., 2006). Ever since Altman and co-workers
discovered that the E. coli RNase P RNA (M1 RNA) is a ribozyme (Guerrier-Takada et
al., 1983), biochemical and structural studies have focused mainly on eubacterial RNase

P RNAs and a large amount of information on structure-function relashionships has



become available for eubacterial RNase Ps (Kazantsev et al., 2006; Esakova et al.,
2010). Recently, the X-ray structure of Thermotoga maritima RNase P in complex with
tRNA was determined, and a structural basis for the catalytic activity of eubacterial
RNase P has been proposed (Reiter et al., 2010) (Figure -P). In addition, information
on the structure-function relationships of archaeal and eukaryotic RNase Ps has begun
to emerge (Jarrous and Goparan, 2010; Kimura and Kakuta, 2012). Despite rigorous
investigations, the presence of RNase P in plant cells and organelles in eukaryotic cells
had remained largely unknown until the discovery of a proteinaceous enzyme in human
mitochondria in 2008 (Holzmann et al., 2008).

Holzmann et al., using a combinational purification/proteomics approach,
revealed that the protein complex comprising MRPP1, MRPP2, and MRPP3 can
process the 5'-leader sequence of pre-tRNA in human mitochondria (Holzmann et al.,
2008). This finding demonstrated that human mitochondrial RNase P is a proteinaceous
enzyme that does not require a trans-acting RNA component for catalysis.
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Figure -2: The crystal structure of 7. maritima RNase P in complex with tRNA (PDB ID: 3QIR).
(A) Overall structure of the RNase P/pre-tRNA complex from 7. maritima. RNase P RNA, RNase P
protein, pre-tRNA are shown in blue, green, and orange, respectively. The coordinated manganese ion are
depicted as a magenta sphere. (B) The recognition site of 7. martitima RNase P. A112 and G147 (blue) in
the S-domain of RNase P interacts with G19 and C56 (red) in the D and TWC loops, respectively.
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Subsequently, Gobert et al. found that Arabidopsis thaliana has three homologues,
PRORP1, PRORP2, and PRORP3, of MRPP3, and that PRORPI1 is localized in
mitochondria and chloroplasts, while PRORP2 and PRORP3 are in the nucleus (Gobert
et al., 2010; Gutmann ef al., 2012). It was further found that PRORP1 could perform the
endonucleolytic maturation of pre-tRNA and could complement RNase P activity in E.
coli cells (Gobert et al., 2010). Recently, the crystal structure of PRORP1 was
determined at a resolution of 1.75 & dHoddrd) (Figure -B). PRORPI
comprises five tandem pentatricopeptide repeat (PPR) motifs, a central linker domain,
and a metallonuclease domain belonging to the NYN family (Anantharaman et al.,
2006). Furthermore, cross-liking and mutational analyses suggested that G19 and C56
in tRNA are involved in the interaction with PRORP1 (Gobert et al. 2013; Pinker et al.
2013). Even though the crystal structure of PRORP1 was elucidated, the mechanism of
substrate recognition by PRORPs remains unknown.

Ever since the discovery of bacterial ribonuclease P by Altman and coworkers in
1983, it is generally accepted that current life on the earth emerged from RNA
molecules (known and described as RNA world hypothesis) (Figure I-4). Hoogstraten
and Sumita collected some biological catalysts and categorized them with structural
components as described in Table -b. Based on the RNA world hypothesis, they
postulated that the biological catalysts have been evolved from pure RNA-based
enzymes, ribonucleoprotein complexes with RNA active site, ribonucleoprotein
complexes with protein active site, protein enzyme with nucleotides-bases cofactors, to
pure polypeptide catalysts (Hoogstraten and Sumita, 2007) (Table -1). However, the
fascinating hypothesis has not yet been verified, because of the lack of suitable
ribozymes and enzymes that catalyze an identical reaction. Thus, the detailed
comparison of RNase P and PRORP1 has been expected to shed light on fundamental
issues in the evolution of biological catalysis.

In order to elucidate the mechanisms of substrate recognition by PRORPs and
also to gain insight into molecular evolution of biocatalysts, I prepared PRORPI,
PRORP2, and PRORP3 from A. thaliana and characterized their enzymatic properties
by utilizing pre-tRNA processing activity assay. Furthermore, I obtained the N-terminal
successive deletion mutants of PRORP1 and characterized them in terms of pre-tRNA

cleavage activity and its binding activity.
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metallonuclease wr—— —— -
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Figure -B: The crystal structure of PRORP1 from A. thaliana. Ribbon diagram of PRORP1 des76
mutant. A PPR domain (pos. 95-327), a zinc-finger like central domain (pos. 328-354; pos. 534-570),
and a NYN metallonuclease domain (pos. 355-533) are shown in red, yellow, and blue, respectively. The
coordinated Zn?"ion located on the central domain is depicted as a white sphere. Likewise, the two
coordinated Mn?" ions located on the NYN domain are depicted as blue spheres.

RNA
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O
O O
O — (RNA) — PROTEIN —— DNA
O
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> Time

Figure I-4: An RNA world model for the consecutive appearance of RNA, proteins, and DNA
during the evolution of life on earth. (This figure was referred to the figure 1 in Cech, 2011) Based
on the experiments by Urey and Miller in 1953, complex organic materials were made from the
in-organic chemicals by applying an earth favored chemical reactions (Urey and Miller, 1953). A part of
produced material had the capacity of self-replication and becomes primordial RNA. Some of
self-replicating RNAs were available to catalyze peptidyl transferase activity, leading to produce
polypeptides. At the present, we can not identify the enzymes composed of DNA moiety. In 1970, Temin
and Baltimore found that RNA-dependent DNA polymerase, which is composed of polypeptides,
promotes the reverse transcription activity (Temin and Baltimore, 1972). Furthermore, RNA was utilized
to synthesis DNA in vivo (Shiomi, 2013). Because of the reasons given, it is probably likely that DNA
molecules appeared after the emergence of proteins.

12



Table -1: A Continuums of Ribonucleoprotein Machines

Components Systems Comments
Self-cleaving ibozymes
, [Hammerhead, hatpin, hepatitis detta, - -
RNA machines And satcllitc (VS), GI ine-6- RNA alone reacts in multiple tnmovers.
phosphate synthase (glmS)]
. . . Badterial RNase P RNA alone reacts iz vifro, bat not iz vive.
RNA machines with protem cofactors Group [had [ introns They catalyze in multiple turnover reactions.
Archaeal and enkaryotic RNase P . . .
RNP machines with RNA active sites Rit e RNPmac]lme_;don_otIeactmﬂlmtﬂﬂler
Sl e RNA or protein moiety.
Telomerase RNA moiely serves structnral, recognition/

RNP machincs with protein active sites RNA indnced silencing complex (RISC)  template fanctions.

, , ; - Pymovate debydrogenase The ancleotide-based cofactors are essential
Protein machines with nmcleotides-based cofactors Aloohol dehydrogenase, otz for the Teaction.
RNase A - - -
, . The polypeptide alone reacts in multiple
Pure Protcin machines ;m:&: turn over reaction.
Hoogstraten and Sumita, Biopolymers 87 (2007) 317-328.
In the chapter II, the resutls o

pre-tRNAs by PRORP1, I predicted on the basis of the proposed recognition code that

the PPR motifs PPR2, PPR3, PPR4, and PPRS5 in PRORP1 recognize C, A/G, A, and U,

respectively. This prediction and biochemical data are presented in the chapter Im.

Moreover, the existing crystallographic structural information was combined to generate

a fitting model of tRNA onto PRORPI. In the chapter IV, I attempted t
structure in complex with pre-tRNA or pre-nad6 to gain more information about the

mechanism for RNA recognition of PRORP1. Although the crystals, containing D399A

alone or pre-tRNA alone, were produced in many conditions, that of D399A complexed

with its RNA substrates was not appeared until now. In addition to the observation that

the catalytic pocket of D399A was collapsed by mutation, it is required to change the

mutation site, where this mutation does not lead to disrupt its catalytic structure.

Chapter 1I
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The Involvement of PPR Motifs on Catalytic Activity of
PRORP1

INTRODUCTION

In A. thaliana, three PRORPs are encoded within the nuclear genome. PRORP2
and PRORP3 are co-localized to the nucleus, whereas PRORP1 functions within both
mitochondria and chloroplasts (Gobert et al., 2010; Gutmann et al., 2012). In general,
PRORPs are composed of three domains: a Nedd4-BP1, Yac P nuclease (NYN)
metallonuclease domain, a central structural zinc-ion binding domain, and a
pentaricopeptide repeat (PPR) domain involved in RNA-binding (Figure I-1).
The NYN domain is a novel metallonuclease domain sharing a structural homology to
the PIN (PilT N terminus) and flap (FENs, also known as 5' nucleases in older
references) nuclease families (Anantharaman and Aravind, 2006) (Figure I-1). In
general, PPR proteins contribute to RNA metabolism, including RNA editing, splicing
of many genes, and mRNA stabilization and are widely distributed in plants (Forner et
al., 2007; Gobert et al., 2010). PPR proteins are eukaryotic specific and form a large
family of RNA binding proteins with more than ~450 members in A. thaliana (Gobert et
al., 2010). Recently, the crystal structures of the PPR domain in human mitochondrial
RNA polymerase and in PRORP1 from A. thaliana demonstrated that PPR motif adopts
two antiparallel a-helices (Howard et al.,, 2012; Ringle et al., 2011) (Figure -I). An
interesting question is how PPR proteins specifically recognize their target sequences.
Several PPR proteins and their endogenous specific RNA recognition sequences have
been characterized biochemically (Nakamura et al., 2012; Barkan et al., 2012; Yagi et
al., 2013a, Yagi et al, 2013b). Kobayashi et al. proposed the modular recognition
mechanism of RNA by PPR proteins on the basis of results obtained from biochemical
and in silico bioinformatic studies (Nakamura et al., 2012). In this mechanism, one PPR
motif recognizes one RNA base. Moreover, three amino acid residues at position 1 and
4 on one a helix in PPR motif and the position - ii on the other athelix in the motif play
crucial roles in recognition of the RNA-base specifically (Manna, 2015; Barkan et al.,
2012; Yagi et al., 2013a, Yagi et al., 2013b) (Figure -I).
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Figure dI: Domain organization of the PRORP1 from A. thaliana. (A) PRORPI1 contains a transit
peptide region (green), five PPR motifs (red), a central domain (yellow), and a NYN metallonuclease
domain (blue). The linker region (pos. 38-94) is represented by a gray bar. The five catalytic aspartates
(pos. 399, 474, 475, 493, and 497) are depicted as asterisks. The cysteines and a histidine at positions 344,
347, 548, and 565, indicated by black arrowheads, binds to one zinc ion to stabilize the catalytic domain
of PRORPI1. (B) The crystal structure of PRORP1 (pos. 96-570). Its PPR domain, central domain, and
NYN metallonuclease domain are colored red, yellow, and blue, respectively, with the same color scheme
as in (A). The coordinated Mn?"* ions are colored orange and the coordinated Zn>" ion is represented by a
gray sphere. (Gobert et al., 2013)

3’ ter. 5’ ter.

15



Figure II-2: A pentatricopeptide repeat (PPR) motif. (A) The secondary structure arrangement of 35
amino acids in PPR motif. Helix A, helix B and the loop region are shown in red, blue and black,
respectively. The nucleotides-specifying residues (NSRs) (known and described as 1, 4 and -ii) are
depicted as green reverse-triangles. (B) Schematic representation of the RNA recognition of PPR motifs.
Each PPR repeat binds to a single base in a modular fashion.

The crystal structures of PPR10 / atpH and THAS / ycf3 binary complex validate
a proposed combinational amino acid code of RNA recognition (Yin et al., 2013; Ke et
al., 2013) (Figure ). Although structural information has become available for
PRORPI, and then the RNA recognition mechanism of PPR proteins has been proposed,
the molecular mechanism, by which the PPR motifs in PRORPs recognize substrates,
has remained unclear (Nakamura et al., 2012). To address this issue, I overexpressed
PRORPI1, PRORP2, PRORP3, and their mutants in E. coli cells and purified them with
several steps of column chloromatographies. They were characterized in terms of the

pre-tRNAP™ cleavage activity and the pre-tRNAP™ binding activity.
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.:‘Th“i?zo
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Figure dI: The crystal structure of the maize chloroplast protein PPR10 in complex with the

16



single-stranded RNA. (A) The overall structure of PPR10/atpH RNA complex from Zea mays. One
PPR10 monomer is represented by cartoon representation (green). Likewise, the other PPR10 monomer is
colored white and represented by ribbon representation. The two bound RNA molecules are shown in
cartoon representation and colored by orange. (B) Close-up view of the mutual interaction sites between
PPR10 and its RNA substrates. The bound RNA is colored yellow and depicted as stick representation.
The three residues (pos. 1, 4, and - ii ) on each PPR repeats play a crucial role in RNA base recognition
and selection (known and described as nucleotide specifying residues (NSR)). The NSRs of PPR3 are
colored red and denoted as stick representation. Likewise, those of PPR4, PPRS5, and PPR6 are done
magenta, green, and blue, respectively. Argl75 at 1, Thr178 at 4, and Thr208 at - ii on its PPR3 recognize
guanine. Val210 at 1, Asn213 at 4, and Asp244 at - ii on its PPR4 recognize uracil. Phe246 at 1, Ser249 at
4, and Cys279 at - ii on its PPRS recognize adenine. Val281 at 1, Asn284 at 4, and Asp314 at - ii on its
PPR6 recognize uracil. (These figures were referred by Figure 3 in Yin et al., 2013).

MATERIALS AND METHODS

Materials

The full-length cDNAs encoding PRORP1, PRORP2, and PRORP3 (Accession
ID, AT4G32230, AT2G16650, and AT4G21900, respectively) were purchased from the
RIKEN Bio Resource Center (Tsukuba, Japan). DNA polymerase and DNA ligation kit
were obtained from MBI Fermentas (Waltham, Massachusetts, United States of
America) and Takara Bio (Prefecture of Shiga, Japan), respectively. Restriction
enzymes were purchased from MBI Fermentas. All other common chemicals and

reagents were purchased at the highest purity available.

Bacterial strains and plasmids

E. coli strain JIM109 (Genotypes: endAl, recAl, gyrA96, thi, hsdR17(r, mg"),
relAl, supE44, A(lac - proAB), [F' traD36, proAB, laql"”ZAM15] ) was used form
routine transformations and plasmid preparation. E. coli strain BL21 (DE3) Codon Plus
RIL purchased from Agilent Technologies (Tokyo, Japan) containing an
IPTG-inducible gene for T7 RNA polymerase was used as a host cell producing the
recombinant enzymes. Expression plasmid pET-15b obtained from Merck KGaK
(Darmstadt, Germany).

Agarose gel electrophoresis

The desired amount of electrophoresis-grade agarose was added to a volume of
TAE buffer (40 mM Tris, 40 mM acetic acid, and 1 uM EDTA, pH 8.0) sufficient for
constructing the gel in an erlenmeyer flask. The agarose was solubilized in a microwave

oven and swirled to ensure even mixing. The agarose solution was cooled to about 55 °C
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and then poured gently into the holding chamber designed for the gel electrophoresis
apparatus. After the gel hardened, it was mounted in the gel electrophoresis tank.
Samples of DNA were prepared by addition of the appropriate amount of 10 x loading
buffer, containing 0.5% bromophenol blue, 0.5% xylene cyanol, and 50% ficol. The
prepared DNA samples were slowly loaded into the wells and a voltage of 100 V was
subjected to electrophoresis. After electrophoresis, the gel was stained by ethidium
bromide for 10-15 min. The stained DNA bands were detected using a UV

trans-illuminator.

Construction of expression plasmids

The amplified PCR products were separated on 1% agarose gel. The target DNAs
were extracted from the gel, after which the purified genes were ligated onto pET-15b
vector. The ligated plasmids were introduced into E. coli strain JM109. The
transformants were selected by colony-directed PCR method. After conformation of the
nucleotide sequencing, the plasmids were used to transform the E. coli strain BL21
(DE3) codon Plus RIL. The transformant harboring expression plasmid were grown to
the optical density at 600 nm (OD600) of 0.6 in LB-medium containing 50 pg/ml of
ampicillin and stored in 20% glycerol at -80 °C

Overexpression

Overexpression was done by the standard method described by Gobert et al.,
(2010) (Gobert et al., 2010). The E. coli cells BL21 (DE3) codon Plus RIL, bearing the
expression vector, were grown in 40 ml of LB-medium in the presence of 50 pg/ml of
ampicillin to an OD600 of 0.6-1.0 and stored at 4 “Covernight. The harvested cells were
used to inoculate in 2 liter of the same medium at 37 °C The cells were induced by the
addition of IPTG to a final concentration of 1 mM when the OD600 of the culture
reached 0.6-0.8. The culture was further incubated for 18 hours at 16 °C The
overexpression of the proteins was confirmed by SDS-PAGE (Laemmli, 1970).

Purification of the recombinant proteins

All procedures were carried out at 4 °C. Cultured cells were harvested, suspended
to wash the cells in 40 ml of sonication buffer (30 mM Tris-HCI, pH 7.5, 100 mM NaCl,
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I mM DTT, 10% glycerol, and 5 mM MgCl), and then centrifigated at 6,000 rpm for
10 min. After washing, the pellet of E. coli cells was suspended again in 100 ml of
sonication buffer and the cells were completely disrupted by sonication on ice at output
1 for 5 seconds followed by 20 seconds cooling for a total of 15 min. The total extract
was centrifigated at 20,000 g for 30 min, and the supernatant was first put onto a
SP-sepharose Fast Flow column (1.5 % 10 c¢cm) obtained from GE Healthcare (Little
Chalfont, United Kingdom) previously equilibrated with the same buffer. The
recombinant protein was elutied with a linear gradient of NaCl up to 1 M in the same
buffer, using gradient volume of 200 ml. The fractions being rich of PRORP1 des38,
where the N-terminal region (pos. 1-38) was truncated, were evaluated by SDS-PAGE.
Subsequently, the interested fractions were pooled and dialyzed against 30 mM
Tris-HCI, pH 7.5, 100 mM NacCl, 10% glycerol, 1 mM DTT, 5 mM MgCL, and 1.5 M
ammonium sulfate. The protein was further purified with a RESOURCE ISO column
(GE Healthcare) previously equilibrated with the same buffer. The absorbed protein was
eluted with a linear gradient of ammonium sulfate from 1.5 M to 0 M. The purified
protein was extensively dialyzed against sonication buffer. The homogeneity of
PRORP1 des38 was confirmed by SDS-PAGE using 10% polyacrylamide gels.
PRORP2 desN9 and PRORP3 desN10 were purified in the same manner as PRORPI
des38, except for using a COSMO GEL His Accept column purchased from Nakarai

Tesuque (Kyoto, Japan) and a Resource Q column purchased from GE Healthcare.

Assay for pre-tRNA cleavage

Cleavage reactions of pre-tRNAP™ were performed with three replicates using 2
pg of transcripts by an increasing amount of the enzymes for 60 min at 37
resulting RNA fragments were separated on 15% polyacrylamide denaturing gel in TBE
buffer at 50 W for 1h. After electrophoresis, the reaction products were visualized by
staining in a 0.1% toluidine blue solution, and then the resulting image was used to
obtain values for the processing activity. The cleavage activity was calculated as
follows: the quantity of (matured tRNAP"*-+leader fragment) x 100 / the quantity of
(pre-tRNAP™+ matured tRNAP™+leader fragment), and the percentage was plotted

against the incubation time.
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Primers used for mutagenesis
The mutagenesis primers were purchased from Eurofins genomics (Tokyo, Japan).
Oligonucleotide primers used in mutagenesis are shown in (Table -I). In the

sequences of the primers, the mutation sites are indicated by underlines.

Site-directed mutagenesis

The PRORP1 des38 cDNA fragment ligated to pET-15b vector was used as a
template for the site-directed mutagenesis. All mutants used in this study were generated
using the Prime star Master mix kit supplied by Takara Bio. This procedure employs
two mutagenic oligonucleotide primers. The synthesized plasmid containing
single-point mutation was introduced into the E. coli strain for cloning of plasmid,
JM109. The plasmid isolated from the harvested JM109 was verified with DNA
sequencing, followed by introducing into the E. coli strain, BL21 (DE3) Codon Plus
RIL in the same manner as PRORP1 des38. The PROPR2 mutants were constructed in

the same manner as those described for PRORP1.
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Table [1-1: Oligonucleotides used in this study.

Primers Sequences of forward primers (-3 Sequences of reverse primers (3°-3°)
FROKP1 des38 F—AAAACATATCCCATTTOGTITCTAOCATACTTCC -3  5SAAAAGGATOCTCATCAAGG TG TITIGGATCTITTIGOGCATAAOC 3"
FPRORP2 (ull lempih F GCGAATTCCATATCGCTGCTICTCGATCAACACCGE -3 5

PRORP2 de=N® F- OCATATGOGCOGTCACGACGA Y

PRORPIde=N10 FAAAACATATCTCTICATT G CICT COGCOCTI CCOGCC 3"

FRORP1 des38 D9A F-GCAGTCATIGCTIGGAGOCAACATCGGCTTA- 3 TIGGCTCCAGCAATCACTGCATCAAADG G-

FRORP1des3E DI4A FGGCTCAAADGCTCGATTGGTATIGGCTITAC- 3 —ATACCAATCACCCTTTIGAGOCAGGAGGGGT-

FRORP1des3E DI75A F-TCAAAOGATCCTTCGCTATIGGCTTTACGCT- 3 —OCAATAOCAAGCATCCTITGAGUCAGGAGG-

FRORP1 des3E D493A FGCTAACAAAOGCTGAGATCGAGAGACCATCTC- 3 CTCATCTCAGCGTITGTTACTAACAAACA- ¥

PRORPL des38 DIS7A FGAGATGAGAGCOCATCTICTITOCAGTTACTT- 3 AAGAGATGCGCCTCTCATCTCATOCTITGT- 37

FRORP2 desN® D343A 5 GCTATGGCTAGCTGCGAGC CAAATATIGGGOTC- 3° TITGCTCCAGCTACTATAGCTICOGTAATC- 3

FRORP2 de=N® D440A 5— ACAAATGCTGAGATCAGCAGADCACATTTITTIGAAC- 3 5F-TCICATCTCAGCATTITGTCACAAGCAAACACTIGA- 3

FRORP] desEd 5— AAAACATATCAAAGCTATTCAACAGTCTOC- 3 AAAACCATOCTCATCAAGCTCTITTGGATCTTTTIGOG CATAACC 3
FRORP1desI2® F_AAAACATATCCTTAGOCAGCTACCATTATAATCTG-3 SF-AAAAGCATOCTCATCAAGCGTGTTITGGATCTTTTIGOGCATAACC 3*
FRORP1 desl4® F-AAAACATATCGAGTCCTCTOCAAATOCAGG G- 3 AAAACCATOCTCATCAAGCTCTITTGGATCTTTTIGOG CATAACC 3
FRORPldesIT2 5 -AAAACATATGGTTOCCAATGAAGCTAC 3 AAAAGCCATOCTCATCAAGGCTGCTITTGGATCTITITIGOGCATAACC 3
FRORP1des220 5F-AAAACATATGTICTGTAGGAAAGGCTGATGC ¥ AAAAGCCATOCTCATCAAGGCTGCTITTGGATCTITITIGOGCATAACC 3
FRORPLdes¥5 5 —-AAAACATATCGCAG TCATTGATGGAGOC- 3° AAAAGCCATOCTCATCAAGGCTGCTITTGGATCTITITIGOGCATAACC 3




Expression and purification of mutant enzymes

The expression plasmids containing D474A/D475A double point mutations,
where the catalytic residues Asp474 and Asp475 were simultaneously replaced by Ala,
in PRORPI1 des38 gene, and D343 A and D440A single point mutations, where Asp343
and Asp440 were individually replaced with Ala, in PROPR2-desN9 gene were
introduced into E. coli strain BL21 (DE3) codon plus RIL. Likewise, the expression
vectors in which they contain D399A, D474A, D475A, D493 A, and D495A single point
mutations, where Asp399, Asp474, Asp475, Asp493, and Asp497 were individually
replaced with Ala, in PRORP1 des38 gene, were prepared. The transformants were
cultivated as described above. After confirmation of the expression of the mutant
proteins by SDS-PAGE, these proteins were purified using a series of column

chromatography according to the purification method for the wild-type.

Preparation of N-terminal successive deletion mutants of PRORPI

PRORP1 des89, PRORP1 des129, PRORP1 des149, and PRORP1 des220, where
the N-terminal region (pos. 38-89), PPR1 motif (pos. 95-129), PPR1-2 motifs (pos.
95-170), and PPR1-3 motifs (pos. 95-226) were deleted, respectively, were prepared.
The cDNA fragments encoding the N-terminal deletion mutants were PCR amplified
using two sets of primers, as described in Table I (Table -I). The resulting PCR
products were ligated into expression vector pET-15b, and their expression was induced
in E. coli BL21(DE3) Codon Plus RIL in a conventional manner. The overproduced
proteins were purified homogeneity using COSMOGEL His Accept column
chromatography (Nakarai Tesque), followed by RESOURCE S column chromatography
(GE Healthcare). Subsequently, they were further purified with HiLoad 16/60
Superdex 200 gel filtration column chromatography (GE Healthcare).

Gel mobility shift assay

The purified pre-tRNA was heated to 70
room temperature before use. The binding reaction was performed with the increased
amounts of PRORP1 des38, PRORP1 des89, or PRORP1 des220, and 2 pg of the
pre-‘[RNAPhe in the reaction buffer containing 30 mM Tris-HCI, pH 7.5, 100 mM NaCl,
I mM DTT, 5 mM MgClL, and 10% glycerol. Reactions were incubated for 10 min
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under 4
at 150 V at room temperature. The gel was stained by ethidium bromide solution and

detected by UV absorbance detection.

Circular dichroic (CD) spectroscopy

During purification of PRORP1 des89 by a RESOURCE S column, the two peaks
containing PRORP1 des89 were obtained (denoted PRORP1 des89 A and B, hereafter).
To verify structural integrity of PRORP1 des89 A and PRORP1 des89 B, I measured
their circular dichroism (CD) spectra using a JASCO J 720 spectropolarimeter at room
temperature. PRORP1 des§89 A (1 mg/ml) and B (1 mg/ml) were dissolved in 30 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM DTT, 5 mM MgCl,, and 10% glycerol. The
path lengths of the cells used for the wavelength region (190-250 nm and 260-320 nm)

were 1 cm.

Limited proteolysis

Limited trypsin proteolysis was performed using 45 pg of purified PRORP1
des38. The protein solution was incubated with trypsin purchased from Sigma Aldrich
(St. Louis, State of Missouri, United States of America) at a mass ratio of 1 : 450 and
the partial proteolysis was conducted at 37
were removed at 1, 3, 5, 10, and 15 min. The reactions were stopped by the addition of
SDS-PAGE loading buffer and further analyzed by SDS-PAGE on 10% polyacrylamide
gel, followed by staining with Coomasie Brilliant Blue G-250 (Nakarai Tesuque). The
limited proteolysis using increasing amount of chymotrypsin supplied with Sigma
Aldrich was conducted in the same manner as limited trypic digestion of PRORP1
des38 as described above except that the amount of PRORP1 des38 was 7.6 pg and then
incubated with chymotrypsin at a mass ratio of 1: 152,000.

RESULTS
PCR amplification and construction of the expression vectors

The transit peptide containing 38 amino acids is truncated at the time when

PRORP1 is transported into chloroplasts and mitochondria, giving rise to maturation of
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PRORP1 (Gobert et al., 2010). Accordingly, PRORPI1 lacking the signal sequence
(pos.1-38) (referred to as PRORP1 des38, hereafter) was used in this study (Figure -I).
To construct the expression plasmid, the amplification reaction by PCR was carried out
using two sets of primers, as described in Table -I. Analysis of the amplification
products by agarose gel electrophoresis revealed that approximately 1,600 bp fragments
were amplified by PCR (Figure -H). The band corresponding to 1,600 bp was an
expected size based on the length of the cDNA encoding the PRORP1 des38. Thus, the
amplified fragment was extracted from the gel, and then digested with the restriction
enzymes, Nde I and BamH I, followed by ligated into pET-15b vector previously
digested with the same restriction enzymes. The ligated plasmid was introduced the E.

coli strain JM109 and the cloned plasmid was verified by DNA sequencing. After

verification of its sequence, the plasmid DNA was introduced into the E. coli expression
strain, BL21 (DE3) codon Plus RIL.

M 1

(kbp)

» PRORP1 des38 cDNA (1,600 bp)
D —

16

12

10
09
08
0.7

0.6

0.5

Figure H#: PRORP1 des38 DNA fragments amplified by PCR. The DNA size marker is a
commercial 1kbp ladder. M and 1 represent molecular marker and the synthesized DNA fragment
encoding PRORP1 des38 (1,600 bp), respectively.

Plasmid encoding PRORP2 and PRORP3, where the N-terminal 9 and 10 amino
acids are truncated, respectively (referred to as PRORP2 desN9 and PRORP3 desN10),
were constructed in the same manner as PRORP1 des38. I optimized over-expression
systems of these proteins in E. coli cells BL21 (DE3) codon Plus RIL, and then checked
by SDS-PAGE (Figure -B). This result showed that PRORP1 des38, PRORP2 desN9,
and PRORP3 desN10 were produced in a soluble form in E. coli cells by adding 1 mM
IPTG under 16 °C for 18 hours.
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Figure B: Overexpression of the recombinant proteins by utilizing the expression system in
Escherichia coli. . The E. coli cells harboring the plasmid encoding PRORP1 des38 (A), PRORP2 desN9
(B), and PRORP3 desN10 (C) were harvested in 16 2C+£08,18n8. Mrepresent molecular
marker, cell cultivation performed without adding IPTG, cell cultivation performed with adding 1 mM
IPTG, the centrifuged disrupted cell dispersion (supernatant), and the centrifuged disrupted cell
dispersion (pellet), respectively. The electrophoresis bands corresponding with PRORP1 des38, PRORP2
desN9, and PRORP3 desN10 are marked with red boxes.

Purification of PRORPI des38, PRORP2 desN9, and PRORP3 desN10

The recombinant PRORP1 des38, fusing with hexa-histidine tag at the
N-terminus, was purified by a series of column chromatographies. The harvested cells
containing PRORP1 des38 were lysed by sonication, and then centrifuged. The
supernatant fractions containing the soluble PRORP1 des38 were put onto a
SP-sepharose Fast Flow column, previously equilibrated with the buffer A (30 mM
Tris-HCL, pH 7.5, 100 mM NaCl, 5 mM MgCl, 10% glycerol, and 1 mM DTT) (Figure
II-6). The absorbed protein was eluted with a linear gradient from 0.1 M to 1 M NaCl
and then interested fractions were pooled and dialyzed against the buffer A. During this
purification, PRORP1 des38 was accidentally degraded by trypsin-like proteinases
despite of existing a serine proteinase inhibitor, | mM PMSF (Figure -I). In order to
separate intact PRORP1 des38 from the polypeptide fragment produced by proteinase, |
put onto a hydrophobic interaction column, RESOURCE ISO (GE Healthcare).
PRORPI1 des38 was absorbed onto the column, whereas the fragment produced by

proteinase was flowed through the column (Figure -I). The absorbed protein was
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eluted by a linear gradient of ammonium sulfate from 1.5 M to 0 M, and then dialysis

against the buffer A and stored at -80 °C before we use.
A) M 123456 M7 8 91011121314151617 M 181920 21222324252627
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Figure : Preparation of PRORP1 des38 by a RESOURCE S column. (A) SDS-PAGE of the

purified PRORP1 des38 by a SP-sepharose Fast Flow column (2 x 5 cm). M represents molecular marker.
The electrophoresis band of PRORP1 des38 is depicted as black arrows. (B) The chromatogram of the
purified PRORP1 des38 by the column. The electric conductivity is shown by brown lines. The analyzed
fractions by SDS-PAGE represent by black arrows with their numbers.

I purified PRORP2 desN9 by a series of column chromatographies. The
overexpression was done in the same manner as PRORP1 des38. The E. coli BL21
(DE3) codon Plus RIL, bearing the expression vector was used in this study. The
harvested cells were lysed by sonication, and then purified with a COSMOGEL His
Accept column (Figure -B). In order to prevent aggregation of PRORP2 desN9, the
eluted fractions were pooled and then immediately diluted up to the absorbance at 280
nm (A280) of 0.2 by the same buffer. Subsequently, the eluted protein was dialyzed
against the buffer C (30 mM Tris-HCI, pH 8.5, 100 mM NaCl, 10% glycerol, and 1 mM
DTT), followed by purification with a RESOURCE Q anion exchange column (GE
Healthcare) (Figure -B). The absorbed protein was eluted with a linear gradient from
0.1 M to 0.45 M NaCl. The interested protein was digested by thrombin to exclude the
hexa-histidine tag from the protein at 4 °Cfor 12 hours. The digested protein was further
purified with HiLoad 16/60 Superdex 200 gel filtration column chromatography,
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followed by adding 20 mM DTT in order to prevent an intermolecular disulfide-bond
interaction (Figure I0). The yield was 0.3 mg per 1 liter cultivated LB-medium.
Likewise, PRORP3 desN10 was overexpressed and purified in the same manner as
PRORP2 desN9. The yield was about 0.3 mg per 1 liter induced medium (Figures B ~
10).

Characterization of PRORPI des38, PRORP?2 desNY, and PRORP3 desN10

To confirm whether it is enough to perform an assay for pre-tRNA cleavage by
PRORPI1 des38, PROPR2 desN9, and PRORP3 desN10, or not, their enzymatic
activities were characterized using chloroplast pre-tRNA™® in 4. thaliana. The study
showed that PRORP2 desN9 did not exhibit its catalytic activity at 37 °C, whereas
PRORP1 des38 cleaved the 5' flanking sequences from chloroplast pre-tRNAP™*in 4.
thaliana at 37 “@ur further study suggested that the optical temperature for PRORP1
and PRORP3 are around 37 °C, whereas that of PRORP2 is around 28 °C This finding
was also supported by Gutmann et al. (Gutmann et al., 2012). Based on this information,
the pre-tRNA processing activities for PRORP1 des38 and PROPR3 desN9 were
assayed at 37 SGlomtide PRORP2 desN §®§Figure II

Preparation of mutant enzymes

Comparing the primary sequence of PRORPI1 with those of PRORP2 and
PRORP3, the five-aspartate amino acids (Asp399, Asp473, Asp474, Asp493, and
Asp497 in PRORP1) are conserved among PRORPs in 4. thaliana (Figure dI2).
Additionally, these amino acids are also conserved between the PIN and Flap nuclease
proteins (Anantharaman and Aravind, 2006). In 2010, Gobert and coworkers
demonstrated the importance of Asp474 and Asp475 for the pre-tRNA processing
activity of PRORP1 using the pre-tRNA processing assay in vitro (Gobert et al., 2010).
Based on this finding, I first constructed the expression vector, harboring the cDNAs of
PRORP1 des38 mutants where Asp475 and Asp474 were individually replaced with Ala.
The mutants were overexpressed in E. coli cells and purified with several column
chromatographies in the same manner as PRORP1 des38. Their homogeneities were
checked by SDS-PAGE. Their yields from 1 liter of culture broth were approximately
0.5 mg. Moreover, I also prepared the mutants, including PRORP1 des38 D399A,
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DA474A, D475A, D493A, and D497A, where Asp399, Asp474, Asp475, Asp493, and
Asp497 were in turn replaced with Ala, respectively. Their expression and purification
were conducted in the same manner as PRORP1 des38. Furthermore, to demonstrate the
involvement of Asp343 and Asp440 in the catalysis of PRORP2 (corresponding to
Asp399 and Asp493 in PRORPI, respectively), Asp343 and Asp440 were individually
replaced with Ala by the site-directed mutagenesis kit purchased from Takara Bio
(denoted as PRORP2 desN9 D343A and PRORP2 desN9 D440A, respectively).
Mutants were over-expressed in the same manner as PRORP2 desN9. Although
PRORP2 desN9 D343A mutant was not expressed in E. coli cells, PROPR2 desN9
D440A mutant was obtained as soluble proteins. Consequently, PRORP2 desN9 D440A

was overproduced, and then purified in the same manner as PRORP2 desNO.
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Figure I: Preparation of PRORP1 des38 by a RESOURCE ISO column . (A) SDS-PAGE of the
purified PRORP1 des38 by a RESOURCE ISO column. M, Molecular marker; P, Purified PRORP1 des38
by RESOURCE S column; A, Applied sample; F, Unbound fractions. The electrophoresis bands of
PRORP1 des38 and the polypeptide fragment are depicted as black arrows. (B) The chromatogram of
purified PRORP1 des38 by a RESOURCE ISO column. The electric conductivity is shown by brown
lines. The analyzed fractions by SDS-PAGE are represented by black arrows with their numbers.
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Figure B: SDS-PAGE of the purified PRORP2 desN9 and PRORP3 desN10. (A) Nickel affinity
column chromatography of PRORP2 desN9. M, Molecular marker; A, Applied sample; F, Unbound
fractions; W, Washed fractions; E, Bound fractions. The electrophoresis band of PRORP2 desN9 is
depicted as black arrows. (B) Nickel affinity column chromatography of PRORP3 desN10. M, Molecular
marker; A, Applied sample; F, Unbound fractions; W, Washed fractions; E, Bound fractions. The
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Figure B: Ion exchange column chromatography of PRORP2 desN9 (4) and PRORP3 desN10 (B)
by a RESOURCE Q column. M, Molecular marker; A, Applied sample; W, Washed fractions. The
electronic conductivities are depicted as brown lines. The analyzed fractions by SDS-PAGE are
represented by black arrows with their numbers in the chromatograms. The electrophoresis bands of
PRORP2 desN9 and PROPR3 desN10 are represented by black arrows.
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Figure JI0: Preparation of PRORP2 desN9 (A) and PRORP3 desN10 (B) by a HiL.oad 16/60
Superdex200 column. The homogeneity of these proteins was checked by SDS-PAGE. M represents
molecular marker. A represents applied sample. The values of A 280 nm are depicted by blue lines on the
chromatograms. The analyzed fractions by SDS-PAGE are marked with black arrows with their numbers

on the chromatograms.
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Figure dI1: pre-tRNA processing activity of PRORP1 des38, PRORP2 desN9, and PROPR3
desN10. The assay for pre-tRNA cleavage by PRORP1 and PRORP3 were performed at 37

whereas that by PRORP2 was done at 28 2GufdrHrbpresent pre-tRNA cleavage assay performed
without PRORP enzymes and the assay performed with PRORP enzymes, respectively. The
electrophoresis gels were stained by 0.1% toluidine blue N solution. The electrophoresis bands of
pre-tRNA, tRNA, and 5' leader fragment, are marked by black arrows.
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Figure JI2: Sequence alignment of PRORP1, PRORP2, and PRORP3 from A. thaliana. The
secondary structure was predicted from the crystal structure of PRORP1 (PDB ID: 4G23). The a helices
are colored in red, and the B sheet structures are done in green. The yellow highlighted box represents
completely conserved regions. The CCCH Zn binding site is designated by black arrowheads. The

1 | | |
MLRLUCEL DS ESRACCELEAMM LKV Sy = : L

-MKLEKKPSLPSS-LLCAVPPCLSQIRLLIP FVESSTFANAKLVTLENHT ————— VL
100

QQSPEA T KCKLDMCSKKGDVLEALRLY
SENPETNLLFNLHSCSKSKDLSAALALY
INRRPEKSLL TNLIISCSKREKDLGAALALY

LERARFEN-GVQLSQYHYNVLLYVCSLAENNTZS VPGLSRGFLIFKQMIVDEVVPNELTE
TAATTSSEVRLSQQNTOTLLY ASTTDT-AT.OYLATERGFETFDRMVSSGTSPNEASY
DARITSSCIRLNQQHFQSLLYLCSAFISDP-SLOTVAIDRCFCIFDRMVSSGISPHESSY

SRHLCTLPLAARKOSAASPSENLIRE
****** MARSCOHRSRRH-DESSSRE
NTYYCAMAGTTNRRSRIID-DEGPENEN

200
TRCAR_AVAKLDPEMAFDMVEOMENAES- - IOPRLESY CEALFCECRECDADEAYEVDIHM
T&VAR_AARKGNGDYAFKVVKEEVSVGGVSIPRLRTYAFALLCFCERLEAPKGYEVEEHM
TAVAR_AARKGDGDYAFKLVKDLVAVGGVSVERLRTYAFALLCFCDTLEACKGYEVEDHM

VEGEVVFEEPELAALLEVSMDTENADEV YKTLORLEDLYRQVSKSTIDMIEEWTKSEVAT
EAAGIALEEAETSALLEVSAATSRENEVYRY LEKLRE YVGCVSEETLEI TZEEWECGEKAS
ODASGIVLERAETI SALLEVSAATGRENKVYRY LOKLRE CVGCVSEETSKAIEEWT Y GVEAS

—— B
300 -

KIGC--VKKWDVKK I RDAVVSCEGCHWHGDGALG TCKWK VKRTEMEENGVCKCCKEKLVCID
EVCELRGCIGSDVEMLREAVLNNGSGHEH GEWTVKKGHY SSTGRCLSCSEQLASVD
EVSCKCGIGSDIELLRAAVLENGSGHHSLGWVGECKWI VKKGNY SSAGKCLSCDEHLAZVD

G- G—— G—
1 | | | ] 400

INEVETETFAASLTRLACEREVENN- FROFQEWLERHGPFDAV IDGANMGLVIID
TRFYFTCKFVEST.VATAMDRETEMNS QNWT FKHGNYRATVNGANTGT.Y D
TNEVETECFVNSLV-LAMERKAKMNS CZPMADFSEFQEWLEKHGDYEAILDGANIGLY DO

— ) - S
I I 1 I 1 1

--RS--FSITCLNNTVORCOQI SPSKRLPLV ILIIKERVNGGFATYPKNRALLEEWERNAGL
LCGSFSLSCLESVMEELYRESGNNEWPLI LLHKRRVE-TLLENPTHRNLVEEWI SNGV
WCCE SLPQLEAVYEBLYNKEGEKEQUL L LLHEERYN=-ALLENPNHRNLY EEW LNNNY

. — - —oEe—aw —
|owk | P& o 1000 I
L'f)'-\,TF;GSNDEWYWLYAAVSCEZCLL'\"T,\TDEMRDHL?QLLGNSFFPFWKEK_HQVRISVI‘RE
LYATPEGSNDOWYWLY AAAKLKCLLVTNDEME HIFEL_CSTF FQRWEERHQVRY TEVKD
TYATFEGANDEWYWT Y AAAKTHOT TN TNDEMI IHT R 1.7 SNAF FQRKWERRHQVRFTEVH S

- —————m) =}
I I vI | v

DGZLKLNMPPPYSIVIQESEDGTWHVEM:
-K_KLEMFSPTSVVIQESEKGGWIIL'PV,
-CZRKLFMPPPESVVIQESEKGSWHVPI

asterisks indicate residues that were mutated to Ala in this study.

Pre-tRNA processing activity of mutant enzymes

I conducted the pre-tRNA processing assay by PRORP1 des38 D474A/D475A
double mutant and compared it with that of PRORP1 des38 (Figure
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showed that this mutant exhibited little activities, being in agreement with the previous
data reported by Gobert et al. (Gobert et al., 2010). To obtain more insight into the
catalytic residues of PRORPI, the five mutants including D399A, D474A, D475A,
D493A, and D497A were characterized in cleaving pre-tRNAP™ from A. thaliana
chloroplasts (Figure -I3). Their mutants exhibited little activities, indicating the
importance of these aspartate residues for PRORPI. Likewise, the PRORP2 D343A
mutant exhibited little activity (Figure I3). It is thus likely that PRORP1, PRORP2,

and PRORP3 catalyze pre-tRNA cleavage reaction in the same manner.
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Figure dI3: Pre-tRNA cleavage activity of PRORP1, PRORP2, PRORP3, and their mutants.
Pre-tRNA cleavage activities of the enzymes were assayed at 37 2C thsitigna pre-tRNAP®, while
that of PRORP2 was conducted at 28

PRORP1 as 100%. Column 1, PRORP1 des38 wild-type; column 2, PRORP2 desN9 wild-type; column 3,
PRORP3 desN10 wild-type; column 4, PRORP1 des 38 D399A; column 5, PRORP1 des38 D474A;
column 6, PRORP1 des38 D475A; column 7, PRORP1 des38 D493A; column 8, PRORP1 des38 D497A;
column 9, PRORP2 desN9 D343A.

Relative activity (%)

Preparation of the N-terminal deletion mutants of PRORPI.

During purification of PRORP1 des38, I found that peptide bond locating at
Lys-Gly (positions 89-90 amino acids) was highly sensitive to proteolysis. It is
suggested that this region located on the molecular surface of PRORP1. To corroborate
the proteolysis, limited trypic digestion of PRORP1 des38 was conducted (Figure -4
and 15). This result showed that the C-terminus of Arg220 as well as that of Lys89 was
sensitive to the digestion. The limited chymotrypic digestion of PRORP1 indicated that
the scissile bond at the C-terminus of Phe222 is highly sensitive to chymotrypsin. Thus,
I named the obtained polypeptides as fragment 1: F1 (pos. 90-572) and fragment 2: F2
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(pos. 220-572), as described in Figure -I5. These observations are well consistent
with the crystal structure of PRORP1 (pos. 95-570) reported recently, in which the
N-terminal residues up to 90 residues are highly disordered. Based on the observation,
the DNA fragments encoding pos. 90-572 corresponding to F1 and pos. 221-572
corresponding to F2, were PCR-amplified to characterize the functional roles in the PPR
domain of PRORPs. The amplified DNA fragments were ligated to pET-15b expression
vector, and then introduced into E. coli cells, BL21(DE3) CodonPlus RIL (Table -I).

(A) trypsin (B) chymotrypsin
(Mrx10%) Moo 135 10 15 (min (=10 M 0 1 3 5 10 15 (min)
e
— ==
6 [ 613 e & PRORPI des38 (M 60,000)
. 55 3 - T Pos. 90-572 (M 55.000)
96 = 8
2 € o 0 (Mi: 40,000)
o [ . M
PRORPI des3§
w - € (ax 60.000) 27| .
T e e < o5, 90-572 i
2 > (Ar: 55,000)
g a ¢ Pos.220-572 3¢
SN € 10,000)
4
Condition Condition
PRORP1 des38 - 45 pg PRORP1 des38: 76 pg
Chymotrypsin : 100 ng Chymeotrypsin : 50 pg
Reaction temp. 37 O Reaction temp. 37 O

Figure JI4: Limited proteolysis of PRORP1 des38. (A) Trypic digestion of PRORP1 des38 was
carried out in the buf. A at 37 °CG Aliquots were withdrawn at appropriate intervals (0, 1, 3, 5, 10, 15 min),
and then subjected to SDS-PAGE. (B) PROPRI des38 was limited digested with chymotrypsin. Aliquots
were withdrawn at appropriate intervals (min) and subjected to SDS-PAGE. M represents molecular
marker. The electrophoresis bands containing PRORP1 des38, the fragment (pos. 90-572), and the
fragment (pos. 220-572) are depicted as by black arrows.
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Figure dI5: Cleaved sites of PRORP1 by trypsin and chymotrypsin. (A) The cleaved sites by trypsin
and those of chymotrypsin located on fragments 1 and 2 (denoted F1 and F2) are depicted as blue
arrowheads and orange arrowheads, respectively. (B) The cleaved sites F1 and F2 are mapped onto the
domain structure of PRORP1.

PPR domain

These N-terminal deletion mutants (named PRORP1 des89 and PRORP1 des220,
hereafter) were over-produced in E. coli cells and purified to homogeneity (Figures
I-16, 17, and 18). During purification of PRORP1 des89 by a Resource S column, two
peaks containing PRORP1 des89 were obtained (Figure -I7). The first peak was
referred to as PRORP1 des89 A, whereas the back peak was called as PRORP1 des89
B.

A) (B)

(Mr, x10%) M Mt <105 M
66 m——> 66—t
55 ampp T T PRORPI desge 35 ==
(Mr = 55,000) 82 ey ] —
. il
27 > 14 —a t-b PRORPI des220
— (M = 10,000)
27—t

Figure dI6: SDS-PAGE gels of PROPR1 des89 and PRORP1 des220 purified by Ni-affinity
column chromatography. (A) SDS-PAGE of PRORPI des89 purified by a COSMOGEL His Accept
column. M represents molecular marker. The electrophoresis band of PRORP1 des89 is marked by black
arrows. (B) SDS-PAGE of PRORP1 des220 purified by the same column. The electrophoresis band of
PRORP1 des220 is depicted by black arrows.
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Figure dI7: Ion exchange column chromatography of PRORP1 des89 and PRORP1 des220. (A)
Purification of PRORP1 des220. Green line represents electric conductivity. The analyzed fractions by
SDS-PAGE are marked with black arrows with their numbers on the chromatograms. (B) Purification of
PRORP1 des89. Brown line represents electric conductivity. M, Molecular marker; A, Applied sample; F,
Unbound fractions. The first peak was denoted as PRORP1 de89 A and the second peak referred to
PRORP1 des89 B. The analyzed fractions by SDS-PAGE are marked with black arrows with their
numbers on the chromatograms. The electric bands containing PRORP1 des89 and PRORP1 des220 are

marked with black arrows.
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Figure I8: Gel filtration column chromatography of PRORP1 des89 and PRORP1 des220. (A)
Purification of PRORP1 des220 by a HiLoad 16/60 Superdex200 column. (B) Purification of PRORP1
des89 by a HiLoad 16/60 Superdex200 column. M and A represent molecular marker and applied sample,
respectively. The analyzed fractions by SDS-PAGE are marked with black arrows with their numbers on
the chromatograms. The electric bands containing PRORP1 des220 and PRORP1 des89 are depicted as

black arrows.
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To obtain more information about the difference between PRORP1 des89 A and
PRORPI1 des89 B, I examined the pre-tRNA processing activity. These proteins
exhibited almost the same reaction efficiency. Subsequently, CD spectroscopy was
measured, indicating that although the CD spectrums in a range of a short wavelength

(M(nm): 190-250] of these proteins were identical, the CD spectrums in a range of long
wavelength [(A(nm): 250-320] of them were slightly different (Figure -I9). This result
suggested that the three dimensional structures of PRORP1 des89 A and PRORP1 des89
B were slightly different. As described below in detail, it is probably attributed to the
N-terminal capping structure, which serves in structural stabilization of PPR motifs in
PRORPI. Hence, the deletion of the N-terminal region resulted in producing the two
types of PRORP1 des89. The question is needed to be elucidated.
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Figure I9: Circular dichroic (CD) spectra of PRORP1 des89 A and PRORP1 des89 B. CD
spectrums of PRORP1 des89 A and B were measured in a wavelength of (A) 190-250 nm and (B) 260-
320 nm, respectively. Blue: PRORP1 des89 A; red: PRORP1 des89 B.
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Pre-tRNA™" cleavage activity of PRORPI des38 and its N-terminal deletion mutants

Subsequently, the purified PRORP1 des89 and PRORP1 des220, in addition to
PRORP1 des38, were characterized in terms of the pre-tRNAP™ processing activity
using chloroplast tRNA™™ from A. thaliana (Figure -10). Although PRORP1 des89
retained the cleavage activity of pre-tRNA, it did slightly less efficiently than PRORP1
des38, indicating that the N-terminal residues (pos. 38-89) partly contribute to the
enzymatic activity (40%). On the other hand, PRORP1 des220 exhibited little cleavage
activity, suggesting that PPR domains play an essential role in pre-tRNA processing
activity of PRORP1 (Figure -0).

A89-PPR2 m-mﬂ 31 4] 5 f—

PPR motifs NYN domain
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Figure I0: The pre-tRNA cleavage activity of PRORPI1 and its successive N-terminal deletion
mutants. (A) Schematic diagram of a modular architecture of PRORP1 with approximate domain
boundaries indicated. The N-terminal deletion mutants used in this study are shown. (B) The pre-tRNAP*®
cleavage activity of PRORP1 and its N-terminal deletion mutants. Pre-tRNAP" cleavage activities of the

B)

Relative activity (%)
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enzymes were assayed at 37 °C using A. thaliana pre-tRNAP'" as described in MATERIALS AND
METHODS. The cleavage products were resolved on 10% polyacrylamide gel in 8 M urea. Subsequently,
the resulting gel was visualized by staining the gels in a 0.1% toluidine blue N solution. The individual
bands were quantified using Multi Gauge V3.1. The cleavage efficiency was calculated as
(matured-tRNAP) / (pre-tRNAP+ tRNA+5’- leader sequence) x 100. The experiments were conducted
in triplicate, and then the mean values are presented.

To gain more insight into the function of each PPR motif in PRORP1, PRORP1
des38, PRORP1 des89, and PROPR1 des220 were characterized in terms of
RNA-binding activity using gel mobility shift assay. This result showed that PRORPI
des38 and PRORP1 des89 have a slightly higher affinity for the pre-tRNAP® than
PRORP1 des220. It is thus likely that PPR domains in PRORP1 play an important role
in pre-tRNA binding (Figure ).

qﬁv@@'@ RO > RNA: protein (mol. ratio)

A)

ProtRNA PRORP1 complex

Pre-iRNA

B)

Pre-tRNA binding activity (%)

1:0.1 1:03 1:0.5 1:1 1:3 1:5
Pre-tRNA : PRORP1 (mol. ratio)

Figure dI1: Gel mobility shift assay. (A) Gel mobility shift of pre-tRNA by adding an increasing
amount of PRORP1 des38. The binding reaction contained the increased amount of PRORP1 des38 plus
2 ng of pre-tRNA (RNA : Protein (mol. ratio)=1:0.1,1:0.3,1:0.5,1:1,1:3,and 1:5). After the
electrophoresis, the gel was stained with ethidium bromide solution. The electric bands of pre-tRNA
alone and pre-tRNA in complex with PRORP1 des38 were depicted as black arrows. (B) Each binding
reaction contained the same number of molecules of PRORP1 des38, PRORPI des89, or PRORP1
des220 plus 2 pg of pre-tRNAPe, The reaction buffer contains 30 mM Tris—HCI, pH 7.5, 100 mM NaCl,
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10% glycerol, and 1 mM DTT. The reacted samples were run on a 4% native PAGE gel and run for 40
min at 150 V. The RNA molecules were detected by soaking with ethidium solution. The pre-tRNA
binding activity was calculated as follows: the quantity of (the upper band, containing pre-tRNA in
complex with PRORP1) x 100 / the quantity of (the upper band, containing pre-tRNA in complex with
PRORP1 + the lower band, containing pre-tRNA alone). PRORP1 des38: blue; PRORPI des89: red;
PRORP1 des220: green.

To obtain more insight into the function of PPR motifs in PRORP1, we prepared
two mutants, PRORP1 des129 and PRORPI1 desl49, in which the 129 and 149
N-terminal residues comprising PPR1 (pos. 95-129), PPR1-2 (pos. 95-170), were
deleted, respectively (Figure -I0). Likewise, I attempted to produce PRORP1 des172
and PRORP1 des395, where PPR1 and 2 (pos. 95-170) and all of the PPR motifs and
the central domain (pos. 95-394) were deleted, respectively. However, PRORP1 des172
and PRORP1 des395 could not express as soluble proteins in E. coli cells. Thus, the
resulting mutant proteins, containing PRORP1 des129 and PRORP1 des149 were
purified in the same manner as PRORP1 des89 and characterized with respect to
pre-tRNA cleavage activity (Figure -I20). The truncation of the first PPR motif (PPR1)
and further successive deletions (PRORP1 des149 and PROPR1 des220) abolished the
pre-tRNA cleavage activity (Figure -I0). This result suggested that, at least, PPR1
plays a crucial role in substrate recognition and/or stabilization of PRORP1 for the
pre-tRNA cleavage activity. To examine further the involvement of another PPR motif
in PRORP1 in catalysis, we prepared two mutants, PRORP1 des§9-PPR2 and PRORP1
des89-PPR3, in which residues 130-169 and 175-204 comprising PPR2 and PPR3,
respectively, were deleted from PRORP1 des89 (Figure -10). The resulting mutants
were characterized with respect to the pre-tRNAF™ cleavage activity. Both mutants
exhibited little pre-tRNAP™ cleavage activity, indicating that PPR2 and PPR3 in

addition to PPR1 play a crucial role in the recognition of pre-tRNAs in catalysis.

DISCUSSION

The catalytic mechanism of NYN domain adopts two metal ion mechanism

Howard and coworkers revealed the crystal structure of PRORP1 from A4.
thaliana (pos. 95-570) (Howard et al., 2013). The structure revealed the catalytic pocket
of PRORP1 where Asp399, Asp474, Asp475, and Asp493 are coordinated to the two

manganese ions for catalysis via direct or via water-mediated hydrogen bonding.
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Recently, they proposed the function of these aspartate amino acids in accord with the
detailed biochemical assays based on the crystal structure of PRORP1 from A. thaliana
(Howard et al., 2015). They supposed that the carboxyl groups of Asp474 and Asp475
bind to two metal ions locating in the catalytic pocket of PRORPI. Furthermore,
Asp399 binds and promotes one water molecule for nucleophilic-attack targeting to
scissile phosphodiester bond in its RNA substrates. Asp493 binds the main chain of
Met495 and plays an important role in formation of the catalytic pocket of PRORPI.
According to their crystal structure, the carboxyl group of Asp497 flipped out without
the coordinating two metal ions, whereas in the case of existing the metal ion (e.g.
manganese ion) located at the catalytic pocket, the carboxyl group of Asp497 binds one
of them. It is thus likely that Asp497 binds the metal ion to arrange and facilitate its
catalytic efficiency (Figure I2) (Howard ef al.,, 2013). These results were in good
agreement with our biochemical assay using PROPR2 desN9 D343 A mutant conducted

at 28 «,

thaliana. As described above, the NYN metallonulcease domain shares a structural
homology to the PIN (PilT N terminus) and flap nuclease families. Recent studies
revealed that PIN and Flap nucleases adopt two-metal ion mechanism as their catalytic
mechanism (Orans et al., 2011). Taken together, it could be thus assumed that the
catalytic mechanism of NYN metallonuclease domain in PRORPs in A. thaliana is

similar to that of PIN and Flap nuclease family.
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A)

B)

Figure dI2: The proposed catalytic mechanism of PRORP1 from A. thaliana. (A) The overall
structure of PRORP1. Its PPR domain, central domain, and NYN domain are colored as red, yellow, and
blue, respectively. (B) The catalytic pocket of PRORP1, where Asp399, Asp474, Asp475, Asp493, and
Asp497, are coordinated to the two manganese ions necessary for its catalysis. These aspartate residues
are depicted as stick representation and colored in cyan. The coordinated water molecules are depicted as
red spheres and the coordinated manganese ions are represented by silver spheres. These residues bind the
two metal ions via directed or water-mediated hydrogen bonding network (Howard et al., 2013).

The helical structure located on the region (pos. 38-89) plays an important role in
stabilization of the PPR motif in PRORPI.

In general, the polypeptide immediately preceding or following an a-helix is
known as Nt- and Ct-capping, respectively, and plays a crucial role in stabilization of
a-helices due to lack of inter-helical hydrogen bonds in the first and last turn. Moreover,
terminal helices are known to contribute to ligand specificity for repeat proteins such as
tetratricopeptide repeat, which can be found in all domains of life, and then regulate
various biological processes (e.g. organelle targeting, protein import, vesicle fusion, and
biomineralization; they are referred to as a capping motif (Zeytuni and Zarivach, 2012;
D' Andrea and Regan, 2003). It is thus likely that the polypeptide chain located in
pos.38-89 may an important role in stabilization of the PPR motifs in PRORP1, serving
as the capping motif in PRORP1. This assumption was supported by CAPS-DB
(http://www.bioinsilico.org/CAPSDB) (Segura et al., 2011), a database to search Nt- or
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Ct-capping structure that predicted the polypeptide to form a capping helix (Figure
I-23). Moreover, the gel shift assay, carried out by Dr. Teramoto (NIH/NIEHS),
revealed that the pre-tRNAP'* binding affinity of PRORP1 des92 was slightly dicreased
(Kd value = 6-10 uM) rather than that of PRORP1 des76 (Kd value = 1-3 uM). It is thus
likely that the stabilization and proper arrangement of each PPR motif in PRORP1 by
the N-terminal region (pos.76-89) were importance of binding chloroplast pre-tRNAFh®

from A. thaliana.

A)

B) C ter.

«— PPR3

«—PPR2

N ter.

Figure dI3: The PPR1 motif may serve as the capping motif in PRORP1. (A) The Nt- and
Ct-capping motifs in PRORPI was identified by CAPS-DB (http://www.bioinsilico.org/CAPS-DB) and
illustrated on the crystal structure of PRORP1 from A. thaliana. The PPR domain, the central domain, and
the NYN domain are colored blue, yellow, and pink, respectively. The proposed Nt- and Ct- capping
structure in PRORP1 is colored red. (B) The predicted Ct-capping structure (pos. 122-127) in PPR1 motif
is colored green. The amino acid residues located on the region are illustrated by stick representation.
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SUMMARY

The recombinant PRORP1 des38, PRORP2 desN9, and PRORP3 desN10 were
overproduced in E. coli BL21 (DE3) codon Plus RIL and purified to homogeneity by a
series of column chromatography. Approximately 0.5 mg of PRORP1 des38 was
obtained from 1 liter of culture broth. Likewise, 0.3-0.5 mg of PRORP2 desN9 and the
same amount of PRORP3 desN10 were obtained from 1 liter of culture broth. The
purified enzymes exhibited the pre-tRNA processing activity in vitro. It is suggested
that the expression and purification system of PRORP1, PRORP2, and PRORP3 is
sufficient to study the function and structure relationship of PRORPs in A4. thaliana. To
characterize the function of the catalytic residues in PRORPs, PRORPI des38
D474A/D475A and PRORP2 D343 A were overexpressed in E. coli cells and purified
with column chromatography in the same manner as those wild-type proteins.
Furthermore, the five mutants containing Asp399, Asp474, Asp475, Asp493, and
Asp497 in PRORPI, where these amino acids were individually replaced with Ala, were
prepared and characterized with the pre-tRNA processing activity. These mutants
exhibited little enzymatic activity, indicating that the conserved aspartate amino acids in
PIN and Flap nuclease family as well as NYN metallonuclease family are important to
cleave pre-tRNAs at the 5' end. Taken together, these results showed that the catalytic
mechanism of NYN metallonuclease domain in PRORP1 possibly utilizes two metal
ion mechanism as PIN and Flap nucleases do.

During the purification of PRORP1 des38, the peptide bond locating at Lys-Gly
(pos. 89-90) was highly sensitive to proteolysis, resulting in producing the polypeptide
fragment where the N-terminal residues (pos. 38-89) were deleted. Limited trypsin and
chymotrypsin proteolysis with PRORP1 des38 showed that Arg220 in addition to Lys89
are highly sensitive. Hence, I constructed the expression vector, harboring PRORP1
des89 and PRORP1 des220, where the N-terminal regions pos. 1-89 and pos. 1-220
were truncated, respectively, in order to characterize PPR motifs in PRORPI. I
introduced these constructs into the host E. coli cells BL21 (DE3) Codon Plus RIL.
Additionally, the successive deletion mutants, including PRORP1 des129, PRORPI
des149, where the PPR1 (pos. 95-129) and PPR1-PPR2 (pos. 95-170) were truncated,

respectively, were prepared in the same manner as PRORP1 des89. These purified
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proteins were characterized in terms of the pre-tRNAP' processing activity and binding
activity. These results indicate that the N-terminal fragment containing pos. 76-89 plays
an important role in stabilization and proper arrangement of PPR domain of PRORP1.
Additionally, this region is likely to be partially contributed to pre-tRNA processing
activity and binding affinity. Furthermore, at least, PPR1, PPR2, and PPR3 located in
PRORP1 play a crucial role in binding its substrate, pre-tRNAP,
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Chapter IO

Mutation Analysis of PRORP1 and pre-tRNAs to Elucidate
the Mechanism for Substrate Recognition

INTRODUCTION

The RNA binding motifs that are composed of 2-3 o helices (e.g. Pumilio and
FBF homology domain, PUF domain; Pentatricopeptide repeat, PPR) are known to
recognize the specific bases on the single stranded RNA in a modular fashion (Wang et
al., 2002; Yin et al., 2013). As shown in Figure II-3 and Figure II-1, PPR motifs and
PUF domain adopt the similar fashion in RNA base recognition (Figures -1 and 1I).
Two hydrophobic residues or arginine residues bind the specific RNA base via
hydrophobic interactions in sandwich-like manner, and then the polar residues serve in
improving RNA recognition specificity via Watson-Crick base pairing-like hydrogen
bonding (Wang et al., 2002; Yin et al., 2013).

Recently, it has become increasingly evidence that other helical repeat proteins,
including half-a-tetratricopeptide repeat (HAT), octotricopeptide repeat proteins (OPR),
and mitochondrial transcription termination factors (mTERF), play a crucial role in
RNA metabolisms (e.g. mRNA stabilization, RNA editing, DNA replication, and RNA
processing) (Hammari et al, 2014). Genomic and functional studies revealed that
although the primary sequence of these helical repeats proteins are not conserved, the
secondary structure and their arrangement are highly conserved. It could thus be
assumed that despite these proteins are evolutionally not related to each other, these
helical repeat motifs adopt the same RNA-recognition mechanism (Hammari et al.,
2014). Up to now, among the helical repeat proteins, the PPR family has clearly
attracted the most attention. Especially, its mechanism for specific target selection has
been identified with the PPR recognition code as described below in detail (Yagi ef al.,
2013a; Yagi et al., 2013b; Barkan et al., 2012).
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Figure II: RNA recognition mode by PUF proteins. (A) The structure of the human PUF protein
PUMI (also known as HSPUM) bound to the RNA element NRE1-19 (PDB ID: 1IM8W). (B)
Recognition of G2, U3, and A4 by PUF repeat 5, 6, and 7 in the crystal structure of PUMI, respectively
(Wang ef al., 2002). The two polar residues (green and cyan) serve as the important determinant for base
discrimination. The residues (colored magenta) are involved in stacking interactions between two
adjacent bases.

PPR proteins are eukaryotic RNA-binding proteins that are involved in
post-transcriptional gene regulation (Nawel et al., 2015). The crystal structure of PPR10
in complex with its RNA substrate revealed that their PPRs are found in tandem and
composed of a helix turn helix fold of ~35 amino acids (Yin et al., 2013). Furthermore,
each PPR repeat binds to a single RNA base in this structure (Figures I and 3). The
N-terminal region binds to the 5'-nucleotide residue of the target sequence, while the
C-terminal region interacts with the 3' terminal residues (Figures - and 3) (Yin et al,
2013). Nakamura et al. proposed that residues at positions 4 and - ii in each PPR repeat
directly interact with a Watson-Crick edge of a base, whereas the residue at position 1 is
involved in a stacking interaction between two advancement bases (Nakamura et al.,

2012) (Figures I and 3). Furthermore, in accord with the in silico bioinformatic

studies based on the previously reported biochemical studies, they postulated that a PPR
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recognition code, where residues at positions 1, 4, and - ii in each repeat contribute to
specific recognition of a nucleotide base (Nakamura et al., 2012; Yagi et al., 2013a;
Yagi et al., 2013b). For instance, Tyr at 1, Asn at 4, and Asn at - ii recqgnize cytosine,
Val at 1, Asn at 4, and Asp at - ii recognize uracil, Phe at 1, Thr at 4, and Asn at- i
recognize adenine, and Val at 1, Thr at 4, and Asp at - ii recognize guanine (Figure IE2)
(Yagi et al., 2013a; Yagi et al., 2013D).

A
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PPR recognition code

(1,4,-0) VND VNN *TD *T'N TND

Figure II: Examples of the nucleotide frequency according to the PPR recognition code. The
PPR recognition code (residues: 1, 4, and - ii ) determines the nucleotide frequency. These examples were
referred to the table S4 in Yagi ef al. (2013). * represents any amino acids.

As described in chapter II, I found that a
PRORPI, play a crucial role in binding its substrate, pre-tRNAP™. On the basis of the
proposal recognition code, | attempted to predict the target sequence by PPR motifs in
PRORPI.

MATERIALS AND METHODS

Materials
Mutagenesis were performed with the Prime star Master mix kit supplied by
Takara Bio. DNA polymerases were purchased from MBI Fermentas. All other common

chemicals and reagents were purchased at the highest purity available.

Prediction of a target site for PPR motifs in PRORP1

The nucleotides-specifying residues (denoted NSRs; residues 1, 4, and - ii ) were
extracted from the PPR motifs of PRORP1, PROPR2, and PRORP3, according to the
tertiary structure of PRORP1. The NSRs were converted into a probability matrix that
indicated the decoding nucleotide frequency according to the PPR code, as described by
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Yagi et al. (Yagi et al., 2013a; Yagi et al., 2013b; Barkan et al., 2012). The probability

matrix was also shown using WebLogo (http://weblogo.threeplusone.com/create.cgi).

Construction of pre-tRNA mutants and pre-nad6 mutants

The pUCI19 vector harboring the cDNA fragment encoding chloroplast
pre-tRNAP™ from A. thaliana was obtained. The specific primers, where target
nucleotides were replaced with another three nucleotide, were used to amplify the target
vectors (Table IIl). The resulting PCR products were introduced into E. coli cells
JM109 for cloning plasmids, after which the plasmids were obtained and their
homogeneities were checked by agarose gel (1%) electrophoresis. The DNA fragments
encoding pre-tRNAP™ mutants were amplified by PCR using their plasmids as
templates. Subsequently, their RNAs were transcribed in vitro using the amplified gene
fragments as templates. The resulting RNAs were purified by a DEAE Sepharose
column, followed by a HiLoad 16/60 Superdex200 gel filtration column. Mutant

pre-nad6 RNAs were prepared in the same manner as described for mutant pre-tRNAs.

Overexpression and purification of the PRORP1des38 NSR mutants

The expression vectors encoding a various NSR point mutations of the PRORP1
des38 cDNA were introduced into the E. coli cells BL21 (DE3) Codon Plus RIL. The
mutant proteins were expressed in the cells by adding 1 mM IPTG. Their purification
was carried out in the same manner as PRORP1 des38 wild-type, as described in

Chapter II. The purchased oligonucleotide primers used in mutagenesis wee shown in
Table I (Table ).

Assay for pre-tRNA mutants and pre-nad6 mutants cleavage.

Cleavage reactions of pre-tRNAP™ and pre-nad6 mutants were performed with
using 2 ug of transcripts by an increasing amount of the enzymes for 60 min at 37
described in MATERIALS AND METHODS in Chapter I.
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Table 00 -1 : Oligonucleotides used for mutagenesis of PRORP1, pre-tRNA, and pre-nad6 in this study

Sequences of forward primers (5-3%) Sequences of reverse primers (3°-3°

5F- ACCAGUUGAAATICUGCCUUCUNGG -3° S CAGATTTCAACTGGCTGACACCAG -3
5- ACCAGUTTAA ATICUGCIUCUUGG. -3° 5- CAGATTTAAACTGGTGACAOCAG 3
5 CCATITCGAATCUGCCTUCUU GG -3 5 -CCAGATTCGAACTGGIGACACCA-3”
F OCAGTIOCAATICUCGUICTIGGC - 37 5 OCAGATTGGAACTGGCTGACACCA-3
F OCAGTTICUAATNICUCGUICTIGGC - 37 5 OCAGATTAGAACTGGCTGACACCA-3
F CAGUICAGANICUGGUICUIGGOC - 3 5 ACCAGATCTGAACTGGTGACACC- 3
F CAGUICACATCUGGUUICTUGGCC- 37 5 ACCAGATG TGAACTGGTGACAOC-3
F CAGUUCATATCUGGUUCTUGGCC- 37 5 -ACCAGATATGAACTGGTGACAOC-¥
F-AGUUCAACTCUGCCUICUUGGCOC- 37 5 -AACCAGACTTGAACTGGTGACAC- 3°
F ACTUICAACUCUCCIICINGGOCC- 37 5 AACCACAGCTIGAACTGGTGACAC- 3
F - AGTUUCAANIICUGGUICTUGGOCC- 37 FAAOCAGAATTGAACTGGCTGACAC- 3
5 ANUGGUUGGAATDCAATIUOGCTIGA- 37 5 DGGATTOCAACCAATCAAGCTAC- 3
F ANGCUUOCAATICCAATIIOGCTGAG- 37 5 ANGGATIGGAACCAATCAAGCTA-¥
CCUICGCATOCAATIOCUGAGC- 3 —ANGGATCOCAADCAATCAAGCT
F GCUUOGACUCCAAIIICGUGAGCC- 37 5 AANUGGAGTCGAACCAATCAAGC 3
CCATTATACTG TG TIGCTTTIATG 37 5 -AAAGCAACACAGTATAATGGTACTGGCT
TACATTTAACAADGGTGCTAGACT 5 CACCGTIGTTAAATGTAGCTTCATT:
TATGGAACTGCOCTITITGGTIT-3 —GGGCAGTIOCATAGGATCTCAA-




RESULTS

Prediction of a target site for PPR motifs in PRORP1

On the basis of the proposed recognition code for PPR motifs, I attempted to
predict the target sequence by PPR motifs in PRORP1. Since I expected that the target
sequence for PPR motifs in PRORPI should be identical to those for its isozymes,
PRORP2 and PRORP3, their five PPR motifs were first modeled using the crystal
structure of PRORP1 as a template by SWISS-MODEL (http://swissmodel.expasy.org)
(Kiefer et al., 2009; Jirgen et al., 2004) (Figure IH). Next, their NSRs were extracted
from the model structures and depicted as Logo representation using WebLogo

(http://weblogo.threeplusone.com/create.cgi) (Figures I and 5).

A) B)

Pos. 28-514 Pos.87-575
Identity : 47% Identity : 49.39%
Template : 4G26 Template : 4G23

©) D)

Pos. 69-503 Pos. 146-567

Identity : 36.75 % Identity : 22.39%
Template: 4G23 Template: 4G23

Figure IH: Construction of the model structures of the four PRORPs. I constructed the model
structures of (A) AthPRORP2, (B) AthPRORP3, (C) OtPRORP, and (D) human MRPP3 by
SWISS-MODEL (http://swissmodel.expasy.org) using the crystal structure of AthPRORP1 (PDB ID:
4G23 or 4G26) as a template. These PRORPs are known to have the pre-tRNA processing activity by
previous studies (Lai ef al., 2011; Gobert et al., 2010; Gutmann ef al., 2012; Holzmann et al., 2008). Ath:
Arabidopsis thaliana; Ot Osterococcus tauri. A PPR domain, a central domain, and a NYN
metallonuclease domain are colored red, yellow, and blue, respectively. In Figure IBC, one of the two
helical structures in PPR1 could not be predicted. The other helical structure of PPR1 is depicted in green.
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A)

B) PPR3(-ii ) PPR3(4) PPR2(-ii) PPR2(4)  PPR2(1)
R212 T180 N175 N136 Y133
R147 Ti13 N108 Q70 Q67
R205 T172 - N167 |, | Q129 Q126
R171 T139 :I' NI34 |l No1 B8
Y249 S214

Figure J: PPR2 and PPR3 motifs in PROPRs are conserved among divergent species. (A)
Superimposition the model structures of the four PRORPs on the crystal structure of PRORP1 from A.
thaliana. AthPRORP1, AthPRORP2, AthPRORP3, OtPRORP, and human MRPP3 are colored green,
orange, blue, cyan, and red, respectively. These structures were superimposed by secondary structure
matching (SSM) in Coot, a new tool for fast protein structure alignment in three dimensions (Emsley et
al., 2010). (B) Conservation of the NSRs in PPR2 and PPR3 motifs among the five PRORPs. The
residues at position 1, 4, - ii of PPR2 repeat and those of PPR3 repeat are described inside the specific
black flame. The NSRs of AthPRORP1 are colored green. Likewise, the NSRs of AthPRORP2,
AthPRORP3, OtPRORP1, and human MRPP3 are colored orange, blue, cyan, and red, respectively.
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Figure I: Prediction of a target site in tRNA for PPR motifs in PRORP1. (A) The conservations of
the amino acids that determine target RNA specificity for PRORPs. The nucleotide-specifying residues
(NSRs; 1, 4, and - ii ) of PRORP1, 2, and 3were shown for each PPR motif (PPR1-PPR5) by logo matrix.
(B) The binding RNA specificity of PPR motifs in PRORPs. The extracted NSRs were converted to the
probability matrix that indicates the target RNA sequences indicated as “code” (Yagi ef al., 2013a ; Yagi
et al., 2013b). The nucleotide occurrence frequency is also represented by the logo. The asterisks indicate
any amino acid.

A polar amino acid residue located at the 4 position is supposed to be the most
important determinant for the purine/pyrimidine discrimination (Nakamura et al., 2012;
Yagi et al., 2013a; Yagi et al., 2013b). Although the NSRs were divergent among
PRORP1-3, PPR2 and PPR3 display conserved Asn/Gln and Thr at the residue 4. In
contrast, rare amino acids, Ala/Gly and Ser/Ala in the NSRs were present at the residue
4 in PPR4 and PPRS5 (Figures I and 5). This result suggested the importance of PPR2
and PPR3 for Arabidopsis PRORP's function. Furthermore, in order to gain more
information about NSRs of each PPR motif in PRORP1, I also constructed the model
structure of the PRORP from the moss, Osterococcus tauri, which is known to have the

pre-tRNA processing activity (Lai et al., 2011) (Figures IH and 4). Subsequently, |
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selected each NSR of OtPRORP according to the resulting model structure (Figures I1H
and 4). Although the NSRs were divergent among OtPRORP, PPR2 and PPR3 displayed
conserved Asn and Thr at the 4th position. In contrast, rare amino acids Ala and Phe in
the NSRs were present at the residue 4 in PPR4 and PPRS, respectively. It is thus likely
that the 4th position of PPR2 and PPR3 are almost conserved among divergent species,
indicating the importance of PPR2 and PPR3 for PRORP's function. Furthermore, it
could be assumed that PRORPs from plant adopt similar recognition mechanism.
Subsequently, the NSRs from PROPR1 were conserved into the probability matrix that
indicates the target RNA sequences for PRORPs (Figure IH). As shown in Figure 1H,
the possible nucleotides for each determinant for PPR2, PPR3, PPR4, and PPRS of
PRORP1 were predicted to be C, A/G, A/U, and U, respectively (Figure IH). In
contrast, no nucleotides were assigned for PPR1, which may support the assumption
that PPR1 may play a distinct function from the other PPR motifs, as described in
Chapter II in this thesis.
target nucleotides C, A/G, A/U, and U were compared with those in pre-tRNA™, they
were in good agreement with the sequence, C56-A57-A58-U59, at the TyC loop in the
pre-tRNAP™ (Figure IH). Furthermore, the predicted target sequences also were in
good agreement with another substrate of PRORPI1, pre-nad6, which is called as
t-element serving as signal for endonucleolytic cleavage by RNase Z and RNase P in
post-transcription processing (Forner et al., 2007) (Figure 18). It is thus likely that the
PPR2, PPR3, PPR4, and PPR5 motifs of PRORPI1 recognize C56, A/G57, A58, and
US9 at TYC loop of their substrates in a modular fashion, respectively (Figure IH)
(Imai et al., 2014).
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Figure 1H: Proposed pre-tRNA recognition mode of PRORP1 according to the prediction method
using NSRs. The secondary structure of pre-tRNA™ is represented (left). Its D loop, T¥C loop, and
anticodon loop are marked on its predicted structure by black arrows. Close-up view of the T¥C loop
structure (right). C56, A57, A58, and A59 on this region are highlighted by red. Based on the prediction
method using NSRy, it is likely that C56, A57, A58, and A59 are recognized by PPR2, PPR3, PPR4, and
PPRS, respectively.

Mutational analysis of PRORPI and its RNA substrates

To evaluate our prediction, I prepared pre-tRNAP" mutants where C56, A57, ASS,
and U59 at the TYC loop were in turn replaced with three other nucleotides. The
resulting mutant substrates were characterized with respect to their susceptibility to
PRORP1 in the same manner as those described above (Figure II-7).

Replacements of C56 and A58 with the three other nucleotides significantly
reduced the susceptibility to PRORPI1, ranging from 15% to 40% of that of the
pre-tRNAP™ wild-type. In addition, replacing A57 with C or U reduced their
susceptibility to PRORP1 (~35%), whereas that with G had little efficiencies on the
susceptibility (62%), consistence with the fact that the base at position 57 is
semi-invariant as a purine. In contrast, the pre-tRNAP" mutants of A59 retained their
susceptibility to PRORPI. Since it is known that the base at position 59 is variable,
these results suggested that the invariant base C56, A57, and A58 at the TYC loop
participate in the recognition by PRORP1.
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Figure II: The susceptibility of its RNA substrates and their mutants. (A) The susceptibility of
pre-tRNAP@ and its mutants. The proposed secondary structure of pre-tRNA™@ is described. The black
arrow represents the cleavage site by PRORP1. (B) The susceptibility of pre-nad6 and its mutants. The
secondary structure of pre-nad6 are illustrated. The black arrow indicates the cleavage site by PRORP1.

To confirm this issue further, I prepared pre-nad6 mutants and characterized them
in terms of RNA processing assay (Figure 1IB). The pre-nad6 mutants, including C38,
G39, and A40 in turn replaced with G, C, and C, respectively, reduced their
susceptibility (30-50%), whereas the pre-nad6 mutant, A41 in turn replaced with C,
retained the susceptibility (100%) (Figure IIB). It is thus suggested that PRORP1
recognizes tRNA-like substrates in non-coding RNAs and 3'/5' untranslated region
(UTR) of messenger RNAs. However, it should be noted that Watson-Crick base pairing
of A58 with T54 is involved in stabilization of the T¥C loop in tRNAs (Shi and Moore,
2000). Thus, I could not rule out the possibility that the replacement of A58 causes a

conformation change that results in the insusceptibility of PRORP1. Recently, structural
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analysis of the maize chloroplast protein PPR10 in complex with its target RNA has
revealed that the side chain of the 4 residue in each PPR repeat plays an essential role in
recognition, namely, hydrogen bonding to the bases (Figures I and 3) (Yin et al,
2013). To confirm our prediction further, I prepared PRORP1 mutants, in which amino
acids Asnl36, Thr180, and Gly215 at the 4 position in PPR2, PPR3, and PPR4,

respectively, were in turn replaced by another amino acid; the resulting PRORP1

mutants were again characterized with respect to pre-tRNA™ cleavage activity (Figure
II-8).
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Figure IH: The pre-tRNA cleverage activity of PRORP1 and its NSR mutants. (A) The NSRs of
each PPR repeat in PRORPI are depicted as stick representation. The NSRs of PPR1, PPR2, PPR3, PPR4,
and PPRS are colored red, yellow, green, cyan, and blue, respectively. The mutated amino acids, Asn136,
Thr180, and Gly215 were in turn replaced with Thr, Asn, and Asn, respectively. (B) The relative
pre-tRNA processing activity of PRORP1 NSR mutants. The column of N136T is colored yellow. Those
of TI80N and G215N are colored green and blue, respectively.

As shown in Figure IH, mutations of Asnl36 in PPR2 and Thr180 in PPR3
moderately reduced the pre-tRNAP™ cleavage activity (25%-60%), while that of Gly215
in PPR4 had little influence on the cleavage activity (90%). In accord with the
prediction and mutation analysis, PPR2 and PPR3 motifs in PRORP1 are favorable to
recognize the highly conserved nucleotides bases C56 and A57 at the TWYC loop in
pre-tRNAP™ in a modular fashion (Imai et al., 2014).
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Construction of a fitting model of PRORPI in complex with tRNA

I attempted to construct a model of PRORP1 in complex with tRNA on the basis
of biochemical data and the computational prediction using the molecular modeling
program MOE (2013. 03; Chemical Computing Group Inc., Montreal, Canada). To this
end, the following data were taken into consideration. First, the metallonuclease domain
of PRORP1 contains two adjacent aspartate residues, Asp474 and Asp475, which are
involved in coordination magnesium ions important for catalysis (Gobert et al., 2010).
The 5' end of tRNA should thus be located near the two-aspartate residues. Second, it
has been reported that bases W55, C56, and A57 on the TWC loop undergo a
conformational change upon pseudouridine synthetase binding and be unstacked and
splay putward so as to interact with the enzyme (Pan ef al, 2003). I thus copied the
coordinates of the W55-C56-A57 on the TyC loop bound psudouridine synthetase to fit
tRNA into PPR motifs in PRORP1. Third, the structural basis of sequence-specific
recognition by PPR proteins has been presented by the structural analysis of the maize
chloroplast protein PPR10 in complex with its target RNA (Figure -B) (Yin et al.,
2013). In this structure, each of the four bases is sandwiched by two residues at the 1
positions of adjacent repeats and the side chain of the 4 residues in each PPR repeat
hydrogen bond to the bases. The structure of PPR2-PPR4 in PRORP1 could be
superimposed on that of PPR motifs in PPR10, suggesting that it recognizes bases in a
same manner as PPRI10. Finallyy, PRORPI has two arms composed of the NYN
metallonuclease domain and the PPR domain, which are attached to the linker domain
comprising zinc ion. The two arms are likely to be highly flexible in solution and to
change their orientation upon binding to pre-tRNAP™ We took these data into
consideration to orient the crystal structure of tRNA relative to the PRORP1 structure
(Figure ). In this model, the side-chains of Tyr133, Asnl36, and Asnl75 at PPR2
recognize C56, and those of Alal77, Thr180, and Arg213 in PPR3 are located in close
approximately to A57, where the side-chains of Asnl136 and Thr180 at the 4 positions
hydrogen bond to C56 and A57, respectively. In contrast, Arg212, Gly215, and Glu245,
possible NSRs in PPR4, are located far from AS57 at TyC loop, supporting our
assumption that PPR2 and PPR3 play an important role in recognition of pre-tRNAs.
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Figure I-9: A model structure of PRORP1 in complex with tRNA. (A) A fitting model of tRNA onto
PRORPI1. Structures of PRORP1 and tRNA are illustrated as ribbon and sticks representation,
respectively. The PPR, central linker, and NYN domains are colored red, yellow, and blue, respectively.
(B) Predicted interaction between PPR motifs in PRORP1 and nucleotides on the T¥YC loop. In this
model, Asn136 in PPR2 and Thr180 in PPR3 recognize C56 and A57 by hydrogen bonding at the T¥C
loop in tRNA, respectively. Figures were drawn with PyMol (http://pymol.sourceforge.net).

DISCUSSION

The precursor tRNA processing enzyme PRORPI in A. thaliana recognizes the bases in
a distinct manner from bacterial RNase P

Based on our computational and biochemical studies, I constructed the model
complex structure of PRORP1 in complex with tRNA. This attempt is successfully
fitted tRNA onto PRORP1, as shown in Figure . In this model, the side chains of
Tyr133, Asnl36, and Argl75 located on PPR2 motif recognize C56, and those of
Alal77, Thr180, and Arg212 on PPR3 motif are located in close proximity to A57, in
which the the side chains of Asnl36 and Thr180 at the 4 position of PPR2 and PPR3
bind to C56 and A57 on TWC loop in tRNA, respectively. This proposed recognition
mechanism is slightly distinct from that by bacterial RNase P. In the case of RNase P,
Al112 and G147 in S-domain bind to C56 on TYC loop and G19 located on D loop by
utilizing n-m stacking interactions, whereas PRORP1 recognizes C56 and A57 located
on TYC loop by utilizing hydrogen bonding networks. RNA molecules almost adopt

n-m stacking interactions for their structure arrangement, its stabilization, and
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RNA-RNA interactions, whereas protein enzyme tend to adopt hydrogen bondings to
interact with other molecules. It is thus likely that the distinct recognition mode of them

is probably connected to the characteristic prosperities of nucleic acids and amino acids.

SUMMARY

I predicted the target sites for PPR motifs in PRORP1 using bioinformatic
approach by PPR recognition code combined with characterization of the pre-tRNAF
processing activity with pre-tRNAP* mutants and PRORP1 mutants. The obtained
sequence C-A/G-A-U by the in silico bioinformatic study and the biochemical assay
were in good agreement with the sequence C56-A57-A58-A59 at TWC loop in
pre-tRNAP™, It was thus likely that PPR2-PPR3-PPR4-PPR5 in PROPR1 recognize the
nucleotide sequence C56-A57-A58-A59 in pre-tRNAF™, respectively. To verify this
hypothesis, I characterized the pre-‘[RNAPhe mutants, including C56, A57, A58, and A59
in turn replaced with the other three nucleotides. This result showed that C56, A57, A58
mutants reduced the susceptibility (20%-40%), whereas A59 in turn replaced with the
other nucleotides retained the susceptibility (90%-100%). This assay indicated PPRS5
motif does not bind A59 on T¥YC loop in pre-tRNAP" whereas PPR2-PPR3-PPR4
recognizes C56-A57-A58 on TYC loop in the pre-tRNAP', respectively. To confirm
this issue further, I prepared the PROPR1 des38 NSR mutants, where the 4th resides
located at PPR2, PPR3, and PPR4 were substituted with another amino acid.
Subsequently, these mutants were characterized in terms of the pre-tRNA processing
activity, leading to the importance of PPR2 and PPR3 rather than PPR4 in pre-tRNA
base recognition. This assumption is in good agreement with the construction of the
model of PRORP1 in complex with tRNA. In this model, the side chains of Tyr133,
Asnl36, and Argl75 located on PPR2 motif recognize C56, and those of Alal77,
Thr180, and Arg212 on PPR3 motif are located in close proximity to A57, in which the
side chains of Asn136 and Thr180 at the 4 position of PPR2 and PPR3 bind to C56 and
A57 on TYC loop in tRNA, respectively. This proposed recognition mechanism is
slightly distinct from that by bacterial RNase P. In the case of RNase P, A112 and G147
in S-domain bind to C56 on TWYC loop and G19 located on D loop by utilizing n-nt
stacking interactions, whereas PRORP1 recognizes C56 and A57 located on TYC loop
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by utilizing hydrogen bonding networks. RNA molecules almost adopt n-m stacking
interactions for their structure arrangement, its stabilization, and RNA-RNA interactions,
whereas protein enzymes tend to adopt hydrogen bondings to interact with other
molecules. It is thus likely that the distinct recognition mode of them is probably

connected to the characteristic prosperities of nucleic acids and amino acids.
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Chapter IV

Crystallographic Analysis of PRORP1 in Complex with
its Target RNA

INTRODUCTION

As describe in the chapter IIL biochemical and computational data were combined
to construct the model structure of PRORP1 bound tRNA. In this model, PPR2 and
PPR3 in PRORPI are involved in specific recognition C56 and A57 at TYC loop in
pre-tRNAP™ (Figure ). This model structure suggests that PRORP1 primarily
interacts with nucleotides at T¥C loop in pre-tRNA, and the recognition mechanism is
slightly distinct from that by bacterial RNase P in that it recognizes nucleotides at both
D loop and TYC loop in pre-tRNA in catalysis (Reiter ef al., 2010). Recently, Zhang
and Ferre-D Amare reported that the recognition modes of tRNA elbow by n-n stacking
interactions are analogous to the recognition modes beween tRNA and L1 stalk of the
ribosomal E-site, and that between T box riboswitch Stem
tRNA (Zhang and Ferre-D Amare, 2013; Korostelev et al., 2006). Because these
ribonucleoproteins and T-boxes are not evolutionary related, the recognition mode has
convergently evolved. On the other hand, the analogous recognition strategies by
protein enzymes have not been found so far; protein enzymes tend to adopt
hydrogen-bonding networks to interact with other molecules. Moreover, Pavlova et al.
postulated that the catalytic mechanism of PRORP1 is slightly distinct from that of
RNase P (Pavlova et al., 2012). It is therefore likely that the characteristic prosperities
of ribonucleotides and amino acids probably select the binding oxygen of the scissile
bond as well as the recognition sites and its recognition strategy.

In this chapter, to corroborate the proposed recognition mechanisms of the protein
enzyme (PRORP1) and also to compare it with that of the ribozyme (RNase P) in an
atomic resolution, I attempted to crystallize PRORP1 in complex with pre-tRNAP™ or

pre-nad6 for X-ray crystallographic analysis.
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MATERIAL AND METHODS

Materials

DNA polymerases were purchased from MBI Fermentas. Crystallization reagents
were supplied by Hampton Research (34 Journey, Aliso Viejo, CA92656, United States
of America). All other common chemicals and reagents were purchased at the highest

purity available.

Preparation and purification of pre-tRNA and pre-nad6

The DNA fragments encoding chloroplasts pre-tRNA™ in A. thaliana were
amplified by PCR with an wupstream primer containing T7 promoter
(5'-TAATACGACTCACTATAGGGAGGATGATCC-3") and a sequence specific
downstream primer (5-GGTGCCAAGAACCAGATTTGAAC-3"). pre-tRNA™® with 13
nt leader sequence at the 5'-end was transcribed in vitro using the amplified gene
fragment as a template. The resulting RNAs were purified on a column of
DEAE-sepharose, as described by Eason et al. (Easton et al, 2010), after which they
were further purified with a HiLoad 16/60 superdex200 gel filtration column. pre-nad6
was prepared in the same manner as pre-tRNA. The DNA fragments encoding pre-nad6
was amplified using the forward primer
(5'-TAATACGACTCACTATAGGGGGACGACTGACCC-3") and the reverse primer
(5'-GGTCTCACGAATTGGATTCGAACCAATC-3").

Gel mobility shift assay

A gel mobility shift assay was performed to evaluate RNA binding by D399A.
The binding reaction contained 30 mM Tris -HCI, pH 7.5, 100 mM NaCl, 1 mM DTT,
10% glycerol, 5 mM MgCl, 2 pg of its target RNA, and increasing amounts of D399A.
The detailed procedures were described in MATERIALS AND METHODS in chapter
I.

Analytical size-exclusion chromatography
Analytical size-exclusion column chromatography was performed with a Biogel

P100 gel filtration column (1.5 x 60 cm). The column was equilibrated with running
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buffer (30 mM Tris-HCL, pH 7.5, 100 mM NaCl, 10% glycerol, 5 mM MgCl,, and 1
mM DTT) to obtain a stable base line. After that, PRORP1, RNA, or PRORPI/RNA

mixture was incubated for 30 min on ice, and then separated by this column.

Formation of PRORPI in complex with its substrates

A systematic protein engineering effort was conducted for crystallization of
RNA-free and RNA-bound PRORP1. To obtain the crystals of protein-RNA complex,
PRORP1 des76 D399A, where the N-terminal 76 amino acids were truncated and the
catalytic residue Asp399 was replaced with Ala (denoted D399A, hereafter), was
purified through nickel-affinity column chromatography, followed by RESOURCE S
ion exchange column chromatography. The protein was then applied onto a HiLoad
16/60 Superdex 200 gel filtration column in 30 mM Tris-HCI, pH7.5, 100 mM NaCl, 1
mM DTT, 5 mM MgCly, and 10% glycerol. The peak fractions were incubated with its
target RNA molecule with a molar ratio of approximately 1:1.2 (= D399A : RNA) at
4 °C for 30 min before crystallization trials.

Crystallization

RNA-free D399A protein was crystallized by sitting drop vapor diffusion method
at 4 °C The protein at a concentration of approximately 14 mg/ml was mixed with an
equal volume of reservoir solution containing 20% PEG3350, and 0.1 M magnesium
chloride. Lod-shaped crystals appeared for 1 year. To obtain crystals of protein-RNA
complex, various combinations of protein regions and RNA were examined at 4 “Cand

20 °Cin the same manner as RNA-free D399A.

Data collection and structural determination

All data sets were collected at beam line, BL41-XU at SPring-8 in Japan. The
data sets were processed with the HKL2000 package (Otwinowski and Minor, 1996).
Further processing was performed with programs from the CCP4 suite (Vagin and
Teplyakov, 2000; McCoy et al., 2007). Data collection and structure refinement
statistics are summarized in Table IV. Data sets collected from the only one crystal of
the RNA-free D399A was used. The structure of D399A was solved by molecular

replacement with the PRORP1 wild-type as a search model. Interactive rounds of model
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building and refinement were carried out manually using Coot (Emsley ef al., 2010) and
PHENIX REFINE (Adams et al., 2010). The geometry of the final model was evaluated
using the program PROCHECK (Laskowski et al., 1993). Figures were prepared using

Pymol (www. pymol. org).

Table IV: Data collection and refinement statistics

Data collection PRORP1 des76 D399A

Space group P2,

Unit cell parameters a=41.0A
b=109.1 A
c=1353A
a=90°
B =90.9°
vy =90°

Wavelength (A) 1.0

Resolution range (A) 50.0 -2.47 (2.51 -2.47)

No. of reflections

Observed / Unique 90135/41052

Redundancy 2.3(1.8)

Rmerge (overall/outer shell) 0.166 (0.480)

I/s () 8.1(1.0)

Completeness (%) 93.9 (73.5)

Refinement statistics

Resolution range (A) 42.45-2.48

No. of reflections

Working set / Test set 41216/ 2479

Completeness (%) 97.68

R (%) / R, (%) 19.3/25.8 (26.5/35.6)

Root mean square deviation

Bond length (A) 0.008
Bond angles (°) 1.06
Average B-factor (Az) / No. of atoms
Protein 58.464 /7656
Zn 50.12/2
Water 46.37/232
Ramachandran analysis
Favored (%) 96
Allowed (%) 4.1
Outlier (%) 0.21

RESULTS

Preparation of pre-tRNA and pre-nad6
As shown in MATERIALS AND METHODS in this chapter, pre-tRNA™ and

pre-nad6 were transcribed in vitro, after which they were purified with a DEAE -
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sepharose column chromatography (Figure V). To characterize the eluted fractions, I
conducted denatured polyacrylamide gel electrophoresis in 8 M urea. Subsequently, the
interested fractions were pooled and substituted the buffer for Milli-Q water, followed
by dilution the sample with Milli-Q water at a concentration of 200 ng/ul. The diluted
RNA was heated at 70 °C for 10 min,
temperature in order to refold them property. Their homogeneities were confirmed by
non-denatured polyacrylamide gel (4%) gel electrophoresis (Figure 1¥). The RNAs
were further purified by Hiload 16/60 Superdex 200 gel filtration column
chromatography (Figure 1¥). Their yields were 1 mg per 1 ml of the transcribed

solution.
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Figure IV: DEAE-Sepharose column chromatography of pre-tRNA"(A) and pre-nad6 (B). The
experimental details are described in MATERIAL AND METODS in Chapter IV. A 260 (nm) and

(nm) represent red and blue, respectively. The electric conductivity is depicted as brown lines.
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Figure IV: The homogeneity of the pre-tRNA™™ and pre-nadé6. (A) Native PAGE of the purified
RNAs. (B) A denatured polyacrylamide gel of the purified RNAs. The electrophoresis band of
pre-tRNAP™ or pre-nad6 is depicted as a black arrow.
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Figure IV-3: Gel filtration column chromatography of pre-tRNA"" and pre-nadé. (A) Chromatogram
and a native PAGE gel of the purified pre-tRNA™®. A 260 nm represents blue lines. The peak containing
pre-tRNAP® was shown with “ * . (B) Chromatogram and a native PAGE gel of the purified pre-nad6.
The peak containing pre-nad6 was shown with “*” like Figure IV-3A.
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Formation of PRORPI in complex with pre-tRNA™" or pre-nad6

To search the stable condition for PRORP1 in complex with its RNA substrates, |
performed by gel mobility shift assay and analytical gel filtration assay (Figure IV-4).
The basis of gel mobility shift assay is the change in the electrophoretic mobility of a
nucleic acid molecule upon binding to a protein or other molecule (Hellman and Fried,
2007). Initially, I mixed 2 pg of pre-nad6 with the increasing amount of D399A at 37 °C
for 30 min. Subsequently, I put the reacted samples onto a 4% non-denatured
polyacrylamide gel and electrophoresed at 150 V for 40 min, after which the resulted
gel was stained with ethidinum bromide solution and CBB solution to detect pre-nad6
and D399A, respectively (Figure ). As shown in Figure ¥, while the unbound
RNA has a characteristic electrophoretic mobility on a native gel (illustrated by a black
arrow), in the case of the existence of D399A, the movement of the RNA through the
gel is retarded, resulting in characteristic shift in the position of the RNA band on the
gel (illustrated by a red arrow). Likewise, the pre-tRNA also interacted with D399A. In
summary, these results indicated that D399A binds its target RNA molecules in a stable
form. Furthermore, the stoichiometric experiments demonstrated that D399A binds its

target RNA substrates with approximately 1:1 molar ratio.

A) B)

) RNA : Protein A4 RNA : Protein
_@& {mol. ratio) °,§3 _&& (mol. ratio)
o \g & ‘ g
¢ E— <« 510105 2

Figure I¥: Gel mobility shift assay. Each binding reaction contained the indicated amount of PRORP1
and 2 pg of pre-nadé or pre-tRNAP*in 30 mM Tris-HCI, pH 7.5, 100 mM NaCl, 5 mM MgCl,, 10%
glycerol, and 1 mM DTT. Reacted samples were run on a 4% native acrylamide gel and run for 40 min at
room temperature at 150 V. The complex was detected by soaking etidium bromide solution (A) and CBB
solution (B). The electrophoresis bands of pre-nad6 and PRORP1 in complex with pre-nad6 are marked
by black and red arrows, respectively.
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To confirm this assumption, I performed the analytical gel filtration column
chromatography using a HilLoad 16/60 Superdex 200 column. Initially, 5 mg of
pre-nad6 and the increasing amount of D399A were mixed at 4
which the sample was put onto the column and then compared the elution volume of the
complexes with those of D399A and pre-nad6 (Figure I¥). As shown in Figure IV,
the elution volume of pre-nad6 was 48 ml and that of D399 A was 38 ml, whereas that of
the complexes was 28 ml using a Biogel P100 gel filtration column (1.5 x 60 cm)
(Figure 1¥). This result suggested that pre-nad6 bound D399A forms in a stable state.
Furthermore, to improve the homogeneity of the complexes, I could separate them from
the other molecules, including D399 alone and its RNA substrate alone by gel filtration
column chromatography. Likewise, pre-tRNA-bound D399A was purified with a
HiLoad16/60 Superdex200 gel filtration column. Accordingly, I attempted to crystallize
PRORP1 in complex with pre-tRNA™ or pre-nadé.

as PRORPI |
_E Pre-nad6

PRORP1 des76 D3?9A

Pre-nadeé

Protein : RNA = (.1 : 1 (mol. ratio)

. | ‘ Protein : RNA = 0.5 : 1 (mol. ratio)

1 ‘ PRORP1 / Pre-nadt
‘ 1adb |

Grey : Abs. 280 nm ; Orange : Abs. 260 nm ; Blue : Abs. 230 nm

0 | . : : Protein : RNA=2: 1 (mol. ratio)
0 10 0 30 40 50 60 70

Elution volume (ml)

Figure I¥: Analytical gel filtration column chromatography of PRORP1 in complex with pre-nadé.
Abs. 280 nm, Abs. 260 nm, and Abs. 230 nm are shown by grey, orange, and blue color, respectively. The
compositions of each fraction were characterized by non-denatured gel and denatured gel in 8 M urea
electrophoresis. The elution volume of PRORP1/pre-nad6 complex, PRORP1 alone, and pre-tRNA alone,
are marked by green, blue, and red line, respectively.

Crystallization and data collection

The purified D399A was mixed with the purified RNA molecule at approximately
1:1.2 (mol. ratio) at 4 °C for 30 min. The mixture was concentrated to 10 mg/ml of
D399A in 30 mM Tris-HCI (pH 7.5), 100 mM NaCl, 1 mM DTT, 5 mM MgCl,, and

10% glycerol. Initially, the amorphous crystals were grown under various number of
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conditions at 20 °C (Figure I¥6). To characterize their composition, I performed with
the denatured polyacrylamide gel (15%) electrophoresis in 8§ M urea. As shown in
Figure IV, the crystals contained pre-tRNA™ without PRORP1 des76 D399A (Figure
IV-6). However, the bands of the degraded polypeptide were detected on the gel (Figure
IV-6). Thus, to recheck their composition, I conducted the analytical micro-seeding
method. The appeared crystals were used as seed crystals, and then harvested in the
crystallization solution, containing pre-tRNAF™ alone. The crystals grew under the
condition, indicating that the crystals contained pre-tRNA™® without the protein
moieties.

To search another condition for crystallization of PRORP1 in complex with
pre-tRNAP™ or pre-nad6, 1 crystallized them at 4
polyethylene glycol instead of high concentration of salts as precipitants in order to
prevent the electrostatic interactions between D399A and pre-tRNA™ from disruption.
The crystals appeared in the drop composed of the precipitant containing 20% PEG3350
and 0.1 M MgCl, (Figure IVA).
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Figure I¥: Crystals of chloroplast pre-tRNA"™ in A. thaliana. (A) The crystals were obtained in a 1
pl drop containing 5 mg/ml PRORP1 des76 D399A, 3 mg/ml pre-tRNA, and the reservoir solution in
0.05 M magnesium chloride, 0.1 M HEPES-Na, pH 7, 1.6 M ammonium sulfate using a micro-seeding
method. Crystals appeared within 1-3 days at a room temperature. (B) A silver-stained electrophorogram
of the crystals separated on a 15% polyacrylamide gel in the presence of SDS. 1, Molecular marker; 2,
pre-tRNA alone; 3, PRORP1 des76 D399A alone; 4, The crystallization solution containing pre-tRNAFPh®
and PRORP1 des76 (1:1.2 molar ratio); 5, The used crystal cleaning solution; 6, The water solution,
where the washed crystals were dissolved. The electrophoresis bands of PRORP1 des76 D399A, the
degradated polypeptide during of crystallization, and pre-tRNAFP'® are marked by black arrows.

71



B) 1 2 3 4 5 6 7

(Mr, x10%)
66—
56 —> Bl — PRORP1 des76 D399A
42 —> u € (M1 =56,000)
34 —>
The degradated polypeptide
€ (Mt = 30,000)
27— < Pre-tRNAM
(Mt = 27,000)
20—
€ The degradated polypeptide
(Mt = 18,000)
14—
. - le—— PEGR000

Figure IV: Characterization of PRORP1 des76 D399A crystals. (A) Stack of the five hexagonal
crystals of Arabidopsis PRORP1 des76 D399A grown by well in 100 mM magnesium chloride, 20%
(w/v) PEG3350 (scale bar = 0.1 mm). Crystals were separated using a cryoloop prior to cryocooling and
data collection. (B) A silver-stained electrophorogram of the crystals separated on a 15% polyacrylamide
gel in the presence of SDS. 1, Molecular marker; 2, PRORP1 des76 D399A; 3, pre-tRNA™; 4, The
crystallization solution containing pre-tRNA™® and PRORP1 des76 D399A(1:1.2 molar ratio); 5, The
used crystal cleaning solution; 6, The water solution, where the washed crystals were dissolved; 7,
PEGS,000 alone. The electrophoresis bands of PRORP1 des76 D399A, the degraded polypeptides,
PEG8,000, and pre-tRNA™@ are marked by black arrows. (C) Representative X-ray diffraction image
collected on the beamline at the X-ray synchrotron. The black circle corresponds to the 3 A resolution
limit.
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Structure determination

The crystals diffracted to a resolution of 2.47 A on a synchrotron X-ray source
(Figure 1VB). The crystal belongs to the space group P2i. The unit cell axes and the
angles are a = 41.0 A, b =109.1 A ¢=135.3 Aand a = 90°, B =90.9°, y = 90°. The
phase was determined by the MR method, and was refined to Reryst (%) / Riee (%) of
26.5/35.6 at 2.48 A. There are two PRORP1 molecules in the asymmetric unit. But the
crystals did not contain RNA molecules (Figure I¥).

Figure I¥: Overall structure of PRORP1 des76 D399A. Ribbon diagram of PRORP1 des76 D399A
mutant. A PPR domain (pos. 95-327), a zinc-finger like central domain (pos. 328-354; pos. 534-570),
and a NYN metallonuclease domain (pos. 355-533) are shown in red, yellow, blue, respectively. The
coordinated Zn*" ion is depicted as an orange sphere. The disordered loop in NYN metallonuclease
domain is depicted by black dash lines.

The pre-tRNAs were extracted from the drop where the crystal appeared, and
visualized on the denatured polyacrylamide gel (15%), suggesting that the pre-tRNAFh®
in the well remains intact during crystallization. It is therefore needed to improve the
affinity between PRORPI and pre-tRNA for crystallization of the complexes, and
necessary to search other crystallization conditions. To overcome the obstacles for
crystallization of the complexes, I crystallized PRORPI1 in complex with pre-tRNAP®
or pre-nad6 at 20 °C and 4 °C Alth
resolution of 3 Aernitinabr88ined PRORP1 de
residues were truncated, without pre-nad6 (Figure 1W). Furthermore, I used its

isozymes, PRORP2 desN9 or PRORP3 desN10 in complex with pre-tRNAF™* or
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pre-nad6 and attempted to crystallize these complexes at 4 °C and 20 °C A
various conditions for crystallization were screened, I obtained the one crystal. The

crystal appeared in the drop composed of the precipitant containing 16% PEG3350 and

0.1 M Ammonium tartrate (Figure IV0). To characterize its composition, the analytical

micro-seeding method was carried out. The appeared crystals were used as seed crystals.

The crystals grew in the solution, containing PRORP2 desN9 without pre-nad6. Thus,

the crystal contains PRORP2 desN9 without the RNA moieties.
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€— The degraded polypeptide (Mr = 30,000)

-
20— W "’ s / I «— Pronadt (M1 =20,000)

W <— The degraded polypeptide (Mr = 18,000)

Figure IW: Crystals of PRORP1 des89 D399A. (A) The crystals of PRORP1 des89 D399A. The
crystals were obtained in a 1 pl : 1 pl mixtures of protein solution, containing 10 mg/ml PRORP1 des§89
D399A and 5 mg/ml pre-tRNA, with reservoir solution in 3.5 M sodium formate, 0.1 M Tris—HCI, pH8.5,
and 10 mM MgCl, using sitting drop vapor diffusion method at 4  °QB) A silver-stained
electrophorogram of the crystals separated on a 15% polyacrylamide gel in the presence of SDS. 1,
Molecular marker; 2, PRORP1 des76 D399A; 3, pre-nad6; 4, The crystallization solution containing
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pre-nad6 and PRORP1 des76 D399A (1:1.2 molar ratio); 5, The used crystal cleaning solution; 6, The
water solution, where the washed crystals were dissolved. The electrophoresis bands of PRORP1 des76
D399A, the degraded polypeptides, and pre-nad6 are marked by black arrows.

Figure I¥0: Crystals of PRORP2 desN9. The crystals were obtained in a 1 pl drop consisting 10
mg/ml PRORP2 desN9 and 7 mg/ml pre-nad6, and the reservoir solution (16% PEG3350 and 0.1 M
Ammonium tartrate) using sitting drop vapor diffusion method at4  °C.

Figure IV1: Superimposition of the crystal structure of PROPR1 des76 wild-type on that of
PRORP1 des76 D399A. (A) PRORPI des76 wild-type (wild-type) and PRORP1 des76 D399A (D399A)
are colored by cyan and green, respectively. The disordered loop in NYN metallonuclease domain is
depicted by black dash lines. The structural differences between wild-type and D399A are marked with
red boxes. (B) Superimposition of the helical structure (pos. 399-406) in wild-type on that of D399A. (C)
Superposition of the lariat loop structure (pos. 550-563) in wild-type on that of D399A.
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Comparison of the crystal structure of PRORPI D399A4 with that of PRORPI wild-type

Comparing the crystal structure of D399A with that of PROPR1 wild-type, the
overall structures of the individual domains containing a NYN metallonuclease domain,
a zinc ion binding central domain, and PPR domain are similar to each other (Howard et
al., 2012) (Figure IV1A). However, there are two key differences between D399A and
PRORP1 wild-type. First, the individual domains are oriented differently (Figures V1
and 12). PROPR1 wild-type adopts a relaxed, twisted, L-shaped conformation with the
NYN metallonuclease domain being moved out the plane formed by the PPR and
central domains. In D399A structure, the PPR and NYN metallonuclease domain are
located closer together, forming V-shaped with all domains lying on one plane (Figures
IV-11 and 12). Taking the catalytic residues as a reference, the PPR domain of PRORP1
wild-type is located further out by 12 A and 6 A an
respectively (Figure 1V2).

£7 7 Asnl26
2

C ter. N ter.
Figure IV2: Superimposition of the PPR domain of wild-type (cyan) on those of D399A (green).
The PPR domain of wild-type was located further out by 12 A and 6 A for As
respectively.

The individual PPR domains and NYN metallonuclease domains were almost all
superimposed, whereas the loop (pos. 550-563) in the central domain, named as lariat
loop, was significantly conformational changed (Figure IV1C). The lariat loop of
PRORP1 wild-type adopts the coiled coil structure, whereas that of D399A adopts the
random coiled structure. This conformational change probably reduced the distance
between the PPR domain and NYN metallonuclease domain. Second, the key difference

is the structural change of the a-helix located on Asp399. The helical structure (pos.
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399-406) in PROPR1 wild-type is structural changed to the random coli structure in
D399A (Figures IVIB and 13). Thus, the side chain of Asp399 is likely to play an
important role in stabilization the helical structure for catalysis as well as serving as the
catalytic residue, which binds to one water molecule for nucleophilic-attack targeting to

scissile phosphodiester bond in its RNA substrates.

Figure I¥3: Superimposition of the NYN metallonuclease domain of PRORP1 des76 wild-type
(wild-type) on that of PRORP1 des76 D399A (D399A). Superimposition of the catalytic residues
Asp399, Asp474, Asp475, and Asp493 of wild-type on those of D399A. In D399A structure, Asp399 was
mutated to Ala. Additionally, Asn402 in D399A is shown in stick representation. The coordinated Mn?*
ions are depicted as magenta spheres.

DISCUSSION

What is the function of the helical structure located on Asp399 of PRORPI?

Its a helix structure is conserved among PIN and Flap nuclease families as well as
NYN metallonuclease family (Anantharaman and Aravind, 2006). I superimposed the
crystal structure of D399A on that of human exonuclease 1 (hExol) in complex with its
DNA substrate (Orans et al., 2011) (Figure IV¥4). The NYN domain of PRORP1 was
well superimposed onto the catalytic domain of hExol. Furthermore, the catalytic
residues of PRORP1 (Asp399, Asp474, Asp475, and Asp493) were well superimposed
onto the catalytic residues (Asp30, Glul50, Aspl152, and Aspl71), respectively. In
previous data reported by Orans et al., in the hExol structure, the o helix structure

contributes substrate recognition and cleavage (Orans et al., 2011). In detail, the helix
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positions the scissile bond in the vicinity of the metal center. Especially, H36 residue
placed in the helix interacts with the terminal base and plays a critical part in the
rigorous regulation of the cleavage site. In PRORPI, the His reside is not conserved,
however, the helical structure of PRORPI1 is well conserved with that of hExol. Thus, it
could be assumed that the a helix in PRORP1 performed the same function like that of
hExo1. Further studies, including PRORPs bound to their substrates, are needed to find
out the precise contribution of the helix structure located on Asp399 in PROPRs.

A) B)

Aspd97
Aspd75 NZ Asp225
Asp78 &l Aspl52

Figure 1¥4: Superimposition of PRORP1 des76 D399A on human exonuclease 1 (hExol) in
complex with its DNA substrate. (A) Overall structure of PRORP1 superimposed on the DNA substrate
of hExol. When I constructed its model complex structure, I superimposed the catalytic residues of
PRORP1 on those of hExol in complex with its DNA substrate. To make clearly understandable, the
structure of hExol alone was hidden. PRORP1 is colored green and the DNA molecule is done orange.
(B) Close-up view of the catalytic pocket. The catalytic residues of PRORP1 are showed in stick
representation (colored by green) and those of hExol are done in stick representation (colored by yellow).
The coordinated sphere Mn**ions in hExol are depicted as magenta spheres.

Why is it difficult to crystallize D399A4 in complex with pre-tRNA or pre-nad6?

To crystallize PRORP1 in complex with its RNA substrate, I used PRORP1
des76, where the N-terminal 76 residues were truncated, and pre-tRNAF™ or pre-nad6
(Howard et al., 2012; Robertus et al., 1974). The matured tRNAs tend to be dissociated
from their complexes. Thus, I mutated the catalytic residue Asp399 replaced with Ala. I
performed the crystallization by various conditions. However, I could not obtain the
crystals comprising PRORP1 and its target RNA molecules. Based on the crystal
structure of D399A, it is needed to change the mutation site for overcoming this
obstacle. In the structure of D399A, although the catalytic pocket of D399A is similar to
that of PRORP1 wild-type, the helical structure is disrupted, leading to collapse the
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arrangement of its catalytic pocket. In the crystal structure, the place of the side chain in
Asp399 is replaced with that of Asn402. It is thus assumed that Asn402 in D399A
inhibits metal coordination necessary for its catalysis. This hypothesis is supported by
the data reported by Howard et al (Howard ef al., 2015). In this study, despite of the
high concentration of magnesium ions (100 mM), D399A did not exhibit its activity,
even though D474A and D475A mutants, where the catalytic residues Asp474 and
Asp475 were in turn replaced with Ala, respectively, recovered its processing activity
under the same conditions. In summary, it is needed to change the mutational site,

where this mutation does not lead to disrupt its catalytic structure.

SUMMARY

I attempted to solve the crystal structure of PRORP1 in complex with pre-tRNA
or pre-nad6 in order to gain more information about the mechanism for RNA
recognition of PRORPI1. I synthesized and purified the pre-tRNA and pre-nad6 for
crystallization by utilizing in vitro transcription system and several steps of column
chromatographies, respectively. To confirm the binding affinity between PRORP1 des76
D399A, where the N-terminal 76 residues were truncated and the catalytic residue
Asp399 was replaced with Ala (denoted D399A, hereafter), and its RNA substrates, I
performed with gel mobility shift assay and analytical gel filtration column
chromatography. Theses results showed that D399A binds to pre-tRNA and pre-nad6 as
a stable complex in the buf. A (30 mM Tris-HCL pH 7.5, 100 mM NaCl, 10% glycerol,
I mM DTT, and 5 mM MgCl). Based on these data, I searched the crystallization
condition of D399A in complex with pre-tRNA and D399A in complex with pre-nad6 at
4
crystals, containing D399 A alone or pre-tRNA alone, were produced in many conditions,
whereas that of D399A complexed with its RNA substrate was not appeared at least in
our screened conditions. To overcome this obstacle, I used its isozyme PRORP2 desN9
was used for crystallization with its substrate RNAs. However, crystals have not been
obtained until now.

When the crystal structure of PRORP1 (pos. 95-570) (Howard et al., 2013) was

compared with that of D399A, the overall structures are similar to each other. However,
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there are two key differences between PRORP1 and D399A. First, PRORP1 adopts a
relaxed conformation, whereas the PPR domain and NYN domain of D399A are located
closer together. This structural difference is probably caused by conformational change
of the loop located on the central domain (pos. 550-563). Second, the catalytic pocket of
D399A is collapsed, leading to prevent two metal ions necessary for its catalytic
reaction from coordination. It is attributed to the observation that the helical structure
(pos. 399-406) is changed to the random coil structure. When the crystal structure of
PRORPI is superimposed on that of human exonucleasel (hExol) in complex with its
DNA substrate, the topology of the helical structures is similar to each other. The helical
structure of hExol complexed with its DNA substrate contributes to rigorous regulation
of the cleavage site (Orans et al., 2011). Thus, the helical structure of PRORPI is also
likely to play an important role in its catalytic reaction. It is thus required to change the
mutational sites, where mutations do not lead to disrupt its catalytic pocket.
Furthermore, it is also required to improve the binding affinity between PRORP1 and its
RNA substrate by UV crosslink or mutagenesis of the amino acids located on the

binding interface between PRORP1 and its RNA substrates.
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Chapter V
General Consideration

Since the discovery of ribozymes, exploration of similarities and difference
between ribozymes and protein enzymes has linked to fundamental -catalytic
mechanisms, including metal ion and acid/base catalytic modes, and coupling binding
energy for catalysis (Guerrier-Takada et al., 1983; Steitz and Steitz, 1993). For instance,
on the basis of the information in respect with the comparative study between
ribozymes (e.g. group II intron and ribonuclease P) and protein enzymes .g. the 3', 5'
exo-nucleases and DNA polymerase I from Escherichia coli), Steiz and Steiz
postulated that the catalytic mechanism in phosphoryl transfer reaction is facilitated by
two divergent metals at a distance of 3.9 it gonown and described as two metal ion
mechanism) (Steiz and Steiz, 1993). Furthermore, these comparative studies allow us to
study the evolution of the biological catalysts.

Rupert and Ferré-D'Amaré solved the crystal structure of the hairpin ribozyme in
uncleaved, intermediated, and cleaved states, and also compared them with that of
ribonuclase A (RNase A) to study the evolution of biological catalysts (Rupert and
Ferré-D'Amaré, 2001; Fedor, 2000; Wyckoff et al., 1967). The hairpin ribozyme is a
catalytic RNA derived from the satellite RNA of a plant virus, where hairpin
ribozyme-mediated self-cleavage and ligation reactions participate in processing RNA
intermediates (Rupert and Ferré-D'Amaré, 2001). The cleavage reaction leads to
generate the RNA substrates with 2', 3'-cyclic phosphate and 5'-hydroxyl terminus as
RNase A does. RNase A catalyzes the cleavage of the phosphodiestel-bond between the
5'-ribose of a nucleotide and the phosphate group attached to the 3'-ribose of a
pyrimidine nucleotides (Wyckoff et al., 1967; Birdsall et al., 1992). The comparative
studies indicated that the catalytic site of hairpin ribozyme is highly similar to that of
RNase A (Figure V-1). In the case of hairpin ribozyme, G8 and A9 on the stem bind to
the base of A via hydrogen bond networks, leading to turn it outward from the line of
the substrate structure (Rupert and Ferré-D'Amaré¢, 2001). On the other hand, A9, which
locates on the stem B in hairpin ribozyme, recognizes the base of G*!, which follows the

scissile phosphate, by utilizing n-n stacking interactions. In the case of RNase A, dT*! is
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filliped out by the hydrogen bonding between the base of dT*! and the side chains of
Lys41 and His12. The Lys41 and Hisl12 in RNase A locate in a position analogous to
G8 and A9 in hairpin ribozyme, respectively. Likewise, the side chain of His116 locates
in a position analogous to the base of A38 (Figure V-1) (Rupert and Ferré-D'Amaré,
2001; Birdsall et al., 1992). Thus, these results indicated that, as far as RN A-cleavage,
the catalytic mechanism of the ribozyme (hairpin ribozyme) is highly similar to that of
the protein enzyme (RNase A). This similarity possibly suggests that protein enzymes
have evolved in the convergent manner from RNA enzymes (Ferré-D'Amaré and Scott,
2011). However, the observation is not enough to discuss the biocatalyst's evolution,
because the hairpin ribozyme and RNase A do not catalyze an identical reaction to the
identical substrates: the hairpin ribozyme reactions self-processing (in-cis acting),
whereas RNase A cleaves the scissile phosphate bond in front of pyrimidine nucleotides
in its RNA substrates (in-trans acting) (Ferré-D'Amaré and Scott, 2011). Thus, the
detailed comparison of RNase P and PRORPs has been expected to shed light on the

fundamental issues about the evolution of biocatalysts.
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Figure : The catalytic mechanism of the hairpin ribozyme is similar to that of RNase A. (A) The
active site of the hairpin ribozyme (PDB ID: 1M5K) (Rupert et al., 2002); (B) The active site of the
RNase A (PDB ID: 1RTA) (Birdsall and McPherson, 1992).
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In order to elucidate the mechanism of substrate recognition of PRORPs, and also
to gain insight into molecular evolution of biocatalysts, I first prepared PRORP1 des38,
PRORP2 desN9, and PRORP3 desN10 from A. thaliana and characterized their
enzymatic prosperities by utilizing the pre-tRNAF™ processing activity assay.
Furthermore, their catalytic mutants were prepared and characterized in the same
manner as their native-types. In the chapter II, the results obtained are presented. These
results showed that the catalytic mechanism of NYN domain in PRORP utilizes two
metal ion mechanism as PIN and Flap nucleases do (Steiz and Steiz, 1993;
Anantharaman and Aravind, 2006).

During the purification of PRORP1 des38, degraded polypeptides were generated
by trypsin-like proteinases. Limited trypsin and chymotrypsin proteolysis of PRORP1
des38, combined with N-terminal sequencing, revealed the two fragments, containing
F1 (pos. 89-572) and F2 (pos. 220-572). Base on the observations, PRORP1 des89 and
PRORP1 des220, where the N-terminal 89 and 220 amino acids were individually
truncated, were prepared and characterized in the same manner as PRORP1 des38.
Additionally, the successive deletion mutants, containing PRORP1 des129 and PRORP1
des149, where the PPR1 and PPR1-2 were truncated, respectively, were prepared and
characterized the pre-tRNAP' processing activity. These results showed that at least
PPR1 motif plays an important role in the catalysis. Moreover, I prepared two mutants
PRORPI1 des89 (-PPR2) and PRORPI1 des89 (-PPR3), in which residues 130-169 and
175-204 comprising PPR2 and PPR3, respectively, were deleted from PRORP1 des§9.
The result indicated that PPR2 and PPR3 in addition to PPR1 play a crucial role in the
recognition of pre-tRNAs in catalysis.

In the chapter IHo predict the target sites for PPR motifs in PRORP1 using
bioinformatic approach by PPR recognition code combined with characterization of the
pre-‘[RNAPhe mutants and PRORP1 mutants (Barkan et al., 2012; Yagi et al., 2013a;
Yagi et al.,, 2013b). The obtained sequence C-A/G-A-U by the in silico bioinformatic
study and the biochemical assay were good in agreement with the sequence
C56-A57-A58-A59 at TYC loop in pre-tRNAP®, It was thus likely that
PPR2-PPR3-PPR4-PPRS in PRORPI recognize the nucleotide sequence
C56-A57-A58-A59 in pre-tRNAP', To verify this hypothesis, I characterized the
pre-tRNAP™ mutants, including C56, A57, A58, and A59 were in turn replaced with the
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other three nucleotides. This result showed that PPRS motif does not bind A59 at T¥YC
loop in pre-tRNAP™ whereas PPR2-PPR3-PPR4 recognizes C56-A57-A58 on TWC
loop in the pre-tRNAP™, respectively. To confirm this issue further, I prepared PRORP1
des38 NSR mutants, where the 4 residues at PPR2, PPR3, and PPR4 were substituted
another amino acids. These mutants were characterized in terms of the pre-tRNA®
processing activity, leading to the importance of PPR2 and PPR3 rather than PPR4 in
pre-tRNA base recognition. This assumption is good in agreement with the construction
of the model of PRORP1 in complex with tRNA. In the model, the side chains of
Tyr133, Asnl36, and Argl75 located on PPR2 motif recognize C56, and those of
Alal77, Thr180, and Arg212 on PPR3 motif are located in proximity to A57, in which
the side chains of Asn136 and Thr180 at the 4th position of PPR2 and PPR3 bind to C56
and A57 on TYC loop in tRNA, respectively. This proposed recognition mechanism is
slightly distinct from that by bacterial RNase P. In the case of RNase P, A112 and G147
in S-domain bind to C56 on TWYC loop and G19 located on D loop by utilizing n-nt
stacking interactions, whereas PRORP1 recognizes the C56 and A57 located on TYC
loop by utilizing hydrogen bonding networks (Figure MI). RNA molecules almost
adopt m-m stacking interactions for their structure arrangement, its stabilization, and
RNA-RNA interactions, whereas protein enzymes tend to adopt hydrogen bonding to
interact with other molecules. Furthermore, the recognition mechanism of tRNA elbow
by - stacking interactions is analogous to the recognition mode between tRNA and L1
stalk of the ribosomal E-site, and that between T box riboswitch Stem

cognate tRNA (Zhang and Ferré-D'Amaré, 2013; Korostelev et al, 2006). Because
these ribonucleoproteins and T-boxes are not related, this recognition strategy has
evolved in convergent. It is therefore likely that the distinct recognition mode of them is
probably connected to the characteristic prosperities of RNA and amino acid molecules.
It was further described that an Rp-phosphothioate modification of the scissile bond has
no influence on the cleavage activity by PRORPI1, even though RNase P is highly
sensitive to the modification (Pavlova et al, 2012). In general, protein-based
phosphoryl transfer enzymes (e.g. RNase H and EcoR  Ncontacts the pro-Sp oxygen of
the scissile phosphate, whereas RNA-based enzymes (e.g. Hammerhead ribozyme and
spliceosome) does the pro-Rp oxygen of its phosphate, indicating that the characteristic

prosperities of RNA and amino acids probably select the binding oxygen of the scissile
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bond (Howard et al., 2015). It is therefore likely that PRORP1 catalyzes the pre-tRNA
processing in a manner distinct from RNase P. It could thus be assumed that the
proteinaceous RNase P, PROPRI, has evolved independently of the molecular
mechanism by which RNA-based RNase P cleaves the pre-tRNA in catalysis.

In the chapter JM attempted to solve the crystal structure of PRORPI in
complex with pre-tRNA or pre-nad6 in order to gain more information about the
mechanism for RNA recognition of PRORP1. I synthesized and purified the pre-tRNA
and pre-nad6 for crystallization by utilizing in vitro transcription system and several
steps of column chromatographies, respectively. To confirm the binding affinity
between PRORP1 des76 D399A, where the N-terminal 76 residues were truncated and
the catalytic residue Asp399 was replaced with Ala (denoted D399A, hereafter), and its
RNA substrates, I performed with gel mobility shift assay and analytical gel filtration
column chromatography. Theses results showed that D399A binds to pre-tRNA and
pre-nad6 as a stable complex. Based on these data, I searched the crystallization
condition of D399A in complex with pre-tRNA and D399A in complex with pre-nad6 at
4 iCataod str20nBpkitsiliEheg commercially a
crystals, containing D399 A alone or pre-tRNA alone, were produced in many conditions,
whereas that of D399A complexed with its RNA substrate was not appeared at least in
our screened conditions. To overcome this obstacle, its isozyme PRORP2 desN9 was
used for crystallization with its substrate RNAs. However, crystals have not been
obtained until now.

When the crystal structure of PRORP1 (pos. 95-570) (Howard et al., 2013) was
compared with that of D399A, the overall structures are similar to each other. However,
there are two key differences between PRORP1 and D399A. First, PRORP1 adopts a
relaxed conformation, whereas the PPR domain and NYN domain of D399A are located
closer together. This structural difference is probably caused by conformational change
of the loop located on the central domain (pos. 550-563). Second, the catalytic pocket of
D399A is collapsed, leading to prevent two metal ions necessary for its catalytic
reaction from their coordination. It is attributed to the observation that the helical
structure (pos. 399-406) is changed to the random coil structure. When the crystal
structure of PRORP1 is superimposed on that of human exonucleasel (hExol) in

complex with its DNA substrate, the topology of the helical structures is similar to each
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other. The helical structure of hExol complexed with its DNA substrate contributes to
rigorous regulation of the cleavage site (Orans et al., 2011). Thus, the helical structure
of PRORP1 is also likely to play an important role in its catalytic reaction. It is thus
required to change the mutational sites, where mutations do not lead to disrupt its
catalytic pocket. Furthermore, it is also required to improve the binding affinity between
PRORPI1 and its RNA substrate by UV crosslink or mutagenesis of the amino acids
located on the binding interface between PRORP1 and its RNA substrates. Further
studies, including crystal structures of PRORPs bound to their substrates will be needed
to find out the precise contribution of PPR domains in PRORPs to substrate recognition.
No matter whether it is strict convergence of structure and function or not, exploration
of similarities and variation in PRORP and RNase P will give rise to understanding

biocatalyst's evolution as well as enzymatic mechanisms.
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Figure : The RNA recognition mechanism of PRORP1 is distinct from that of RNase P. (A) The
model structure of PRORPI in complex with tRNA (/eff). The PPR domain, the central domain, NYN
domain, and tRNA are colored red, yellow, blue, and green, respectively. Close-up view of the mutual
interaction site (right). The NSRs of PPR2 and PPR3 are colored purple and depicted as stick
representation. The bases of C56 and A57 located on TWC loop in tRNA are colored cyan and marked by
stick representation. (B) The crystal structure of 7. maritima RNase P holoenzyme complexed with its
tRNA. The RNase P RNA, the protein subunit, and tRNA are colored red, blue, and green, respectively
(left). Close-up view of the mutual interaction site (right). G156 and A112 located on S-domain in RNase
P RNA are marked by stick representation and colored magenta. The bases of C56 on T¥C loop and G19
on D loop in tRNA are colored cyan and marked by stick representation.
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