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Introduction

1.1 Transfer RNAs

1.1.1 Transfer RNAs - structure and function

Transfer RNAs (tRNAs) play a major role in protein biogenesis. They are the adaptor molecules that
bridge the genetic information, stored as DNA and carried after transcription by the mRNAs, to the
primary sequence of proteins (Fig. 1.1). Each tRNA possesses a specific base triplet in the anticodon
loop that base pairs with corresponding triplet codons in the sequence coded by the mRNA. In ad-
dition isoacceptors may exist (tRNAs with the same anticodon triplet but different body sequences).
They were found to be less or not implicated in translation in vivo or in vitro. They were shown to
play a role in the regulation of aminoacyl-tRNA-synthetase (aaRS) mRNAs, viral replication, amino

acid biosynthesis, cell wall remodelling or antibiotic resistances (Geslain & Pan, 2011).

EF-tu / tRNA

Figure 1.1: tRNA implication in protein translation. DNA coding for tRNAs is transcribed by RNA
polymerase III and processed in successive steps to obtain mature tRNAs. These tRNAs
are loaded with their specific amino acid and will be directed as tRNA-amino acid/EF-Tu
complexes to the ribosomal/mRNA complex. There, mRNAs will serve as a template for
the synthesis of the primary sequence of the protein encoded in the DNA.

The genome of Arabidopsis thaliana contains around 630 tRNA genes that decode for the full set of
20 amino acids (Lowe & Chan, 2011). tRNAs are loaded with specific amino acids by their cognate
aminoacyl-tRNA-synthetases.

In general tRNAs consist of 60-95 nucleotides (nts) that fold into a characteristic cloverleaf secondary



structure by Watson-Crick or unusual base pairs. This cloverleaf structure is characterized by the ac-
ceptor arm charging the amino acid and the D arm, rich in dihydrouridine, opposite to the T arm that
often contains a conserved TWC sequence. The anticodon arm is situated between the D and the T
arm and is followed by a loop of variable length (variable loop) (Fig. 1.2). Usually nine long dis-
tance tertiary interactions help to fold into the three dimensional L-form that is also a characteristic of
canonical tRNAs (Rich & RajBhandary, 1976, Giegé, 2008, Giegé et al., 2012). Several maturation
steps, described below, are required to produce functional tRNAs (Fig. 1.3).

>6eay 3
U U,z
,G-C
G-C Acceptor stem
C-G
U-G
A-U G TyC-stem-loo
D-stem-loop G-U U A Y P
A AV ©C cu GCC\ °
u UACA ALl Cyf
G RN GACCZ yu
G AUGU U
1w A A A A
U-Gyuy A
cu Variable loop
G-C
Anticodon- G-C
stem-loop A-U
C A
U A
G C A

Figure 1.2: Secondary structure of mitochondrial precursor tRNA®Y* from A. thaliana including the
unpaired 5° leader.

1.1.2 Prokaryotic tRNA transcription

In E. coli all tRNA genes lack introns and possess a CCA encoded 3’ terminus. The 79 tRNA genes
are organized in 41 transcriptional units or clusters. 59 out of 79 tRNA genes are located in these
clusters and are associated with either rRNA or protein encoding genes. tRNAs encoded in non-
ribosomal RNA transcription units are under the control of promoters having conserved -35 and -10

sequences upstream the initiation start (Travers, 1984, Inokuchi & Yamao, 1995).

1.1.3 tRNA transcription in eukaryotic nuclei

Eukaryotic nuclear tRNA transcription is more complex and has been well characterized in yeast.
Promoter regions that will be recognized by the RNA polymerase III machinery lie up- and down-
stream the transcription initiation site. TFIIIC binds within the coding region of the tRNA genes (Fig.
1.4) (White, 2011). These regions are called box A and B, corresponding to bases 8 to 19 and 52 to
62 of a tRNA (D- and T-arm of a tRNA sequence), respectively (Zhang et al., 2011). The 5’ upstream
region is also important for tRNA gene transcription. TFIIIB complex binds to the TATA-like box at
position -29 to -34 (referring to the start of the mature tRNA), a region rich in A and T. In addition to



Primary transcript

1 Transcription

5' 3
Mature tRNA 2 5' end maturation:
RNase P
5 3
Base modifications
5 CCA 3'
Intron
tRNA maturation
steps
3' end maturation:

3 RNase Z

CCA addition: 5 3

tRNA nucleotldyltransferase
5 CCA3

%@ Intron splicing

Figure 1.3: tRNA maturation steps in eukaryotic nuclei. The numbering corresponds to the sequential
time table of each maturation event. 1) tRNA transcription carried out by RNA polymerase
III, 2) 5° end maturation performed by RNase P, 3) 3’ end maturation performed by RNase
Z.. The temporal order of the following steps is not clear but: introns are removed when
required, a CCA 1is added by tRNA nucleotidyltransferases and nucleotides are modified
by a multitude of different enzymes.

this a conserved CAA 1n plant and in yeast is situated at position -7 to -3 which also enhances effi-
cient transcription and serves as transcription initiation site (Zhang et al., 2011, Yukawa et al., 2000,
Hasegawa et al., 2003). Transcription termination is promoted by a stretch of T’s in the non-coding
strand of the DNA that destabilizes the template-Pollll complex (Sprague, 1995).

tRNA gene

TATA-like

Figure 1.4: Eukaryotic polymerase III transcription unit (adopted from White (2011)). TFIIIB binds
to TATA-like and TA-rich 5’ upstream regions and PollIl will recognize a conserved CAA
motif directly upstream the tRNA gene while TFIIIC specifically binds to conserved tRNA
internal boxes A and B.

1.1.4 tRNAs in the model plant Arabidopsis thaliana

The nuclear genome of Arabidopsis codes for about 600 tRNAs (manually curated predictions) that

are spread over the five chromosomes. Arabidopsis chromosome 1 contains two large clusters that



are the result of gene duplication events. The first cluster contains 27 tandem repeats of tRNA?" and
the second 27 tandem repeats of tRNATY"-tRNATY"-t(RNA®". Chromosome 2 harbours 75 % of the
mitochondrial-like tRNA genes. Nuclear encoded tRNA genes are under a PolIll promotor type 2 and
transcribed by polymerase III.

The mitochondrial genome codes for all tRNAs except for tRNAA!®Val.Arg,Thr.Leu.Phe " Thoge tRNAS
are nuclear encoded and imported into mitochondria from the cytosol (Duchéne et al., 2009, Schnei-
der & Maréchal-Drouard, 2000). tRNAs in mitochondria are transcribed by two nuclear-encoded
phage-type RNA polymerases (NEP) (Hedtke ef al., 1997). Polycistronic transcription is common in
mitochondria and is not tightly controlled (Fig. 1.6) (Holec et al., 2006).

The plastidial genome is very compact and encodes all tRNAs necessary for the protein transla-
tion machinery (Michaud et al., 2011). It has been shown in tobacco that a knock-out of plastidial
tRNAA*™CYs genes is deleterious and not compensated by tRNA import from the cytosol (Legen et al.,
2007, Michaud et al., 2011). The tRNA transcription is catalyzed by two types of RNA polymerases:
plastid-encoded eubacterial-type RNA polymerase and NEP (Hedtke et al., 1997).

The full set of annotated tRNAs in Arabidopsis was retrieved from the plantRNA server (Cognat
et al.,2012). tRNAs were annotated with 50 nts upstream of the mature tRNA transcript. All nuclear,
mitochondrial and plastidial tRNA 5° upstream sequences were aligned separately using the Clustal
webserver via the Jalview graphical interface (Troshin et al., 2011, Waterhouse et al., 2009) and nu-
cleotide conservation was highlighted using weblogo (Crooks et al., 2004). No sequence pattern or

motifs can be observed in the mitochondrial and plastidial 5’ sequences (Fig. 1.5b,c).
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Figure 1.5: 5° upstream sequences of A.thaliana tRNA genes. Framed regions correspond to regions
recognized by Pol III: TATA-box like elements and a CAA motif. +1 marks the start of
the mature tRNA transcript.

Plant mitochondrial genomes passed several events of genomic rearrangements leading to the loss of

promotor regions in front of each transcription unit. Thus, the distribution of mitochondrial promo-
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Figure 1.6: A typical Arabidopsis mitochondrial transcription unit with polycistronic transcripts and
interspersed transcription termination and processing signals (Hammani & Giegé, 2014).

tors is poorly conserved leading to polycistronic transcripts (Hammani & Giegé, 2014). In contrast,
the nuclear 5° upstream sequences show a clear pattern as described above, comprising a AT-rich
region and a more or less conserved CAA motif some nts upstream the mature tRNA that mark the
transcription initiation site. Still the positioning of these motifs differ from those described: the CAA
motif found in Arabidopsis at -15 to -13 and the TATA-box like region in a region of -45 to -35 (Fig.
1.5a). All together plant nuclear RNA polymerase III promotors share similar features as their animal

counterparts.

Mitochondrial tRNA®Y* The precursor tRNA I used during my Ph.D. work is a mitochondrial
cysteinyl tRNA consisting of a five nt long leader and no CCA but the discriminator base at the 3’
end (Schattner ef al., 2005). This precursor tRNA was first chosen in the lab as in vitro transcription

levels were high and large amounts of pure RNA easily obtained.

1.2 tRNA maturation steps

A primary tRNA transcript will undergo several post-transcriptional maturation events such as 5’ and
3’ end cleavages, intron splicing and nucleotide modifications as illustrated in Fig. 1.3. Some steps

are universally conserved, while others are specific to or absent in certain organisms.

1.2.1 Prokaryotic tRNA maturation steps

The best understood system of tRNA maturation is that from E.coli. 5’ end maturation is done by
a ribonucleoprotein, called RNase P which is described in more detail in section 1.3.1.1. 3’ end
maturation depends on several exoribonucleases, i.e. RNase PH, RNase T, RNase II, RNase D, RNase
BN. This processing step was described to depend on the precursor tRNA as well as on stochastic
events (Deutscher, 1984). RNase P acts most efficiently on tRNAs with short 3’ trailer sequences. In
B. subtilis where, in contrast to E.coli, one third of the tRNA genes have no CCA, two pathways co-



exist to process the 3 end termini: An exonucleolytic pathway for precursors already containing the
CCA motif that resembles that of E.coli and an endonucleolytic pathway for tRNA molecules without
encoded CCA motif. In the latter case the trailer is cleaved by RNase Z (homologous to E.coli
RNase BN) (Wolin & Matera, 1999). The most important RNase activities in E.coli and B.subtilis are
illustrated in Fig. 1.7.

A 3' E.coli B.subtilis
RNase PO o RNase Z C RNase PH RNase PH
/ /’ RNase PO C RNase T RNase R
5 — 3 N RNase Il PNPase
W 5' /0 RNase D YhaM
—_—_ 4
—_ 4
—
( -
Endonucloeolytic pathway in B.subtilis Exonucloeolytic pathway in E.coli
and eukaryotes and B.subtilis

Figure 1.7: Prokaryotic tRNA processing in E.coli and B.subtilis. Two pathways of tRNA maturation
co-exist in B.subtilis that are employed depending on the nature of the tRNA transcript. N
= discriminator base.

Figure 1.8: tRNA nucleotide modifications in E.coli. s*U - 4-thiouridine, ¥ - pseudouridine, D -
dihydrouridine, Gm - 2’-O-methylguanosine, m’G - 7-methylguanosine, acp®U - 3-(3-
amino-3-carboxypropyl)uridine, rT (m®U) - 5-methylguanosine.

Almost all post-transcriptional base modifications are known in E.coli today. They help folding tR-

NAs into a correct L-shape or are essential for tRNAs to interact with a variety of other molecules



in translation, degradation or editing (El Yacoubi et al., 2012). Most of the tRNA modifications are
found at position 34 and 37 in the anticondon-stem-loop (Fig. 1.8). Specific modifications allow to be
stringent enough to discriminate between closely related codons and relaxed enough to accept more
than one codon (El Yacoubi et al., 2012). Modifications in base 37, directly next to the anticodon,

ensure the stabilization of the first base pair of the anticodon triplet.

1.2.2 Eukaryotic tRNA maturation steps
1.2.2.1 5’ end maturation

The first maturation step after tRNA transcription is the removal of the 5’ leader of the tRNA tran-
script, a process that is catalyzed by an enzyme called ribonuclease P (RNase P). In prokaryotes, fungi
and animal nuclei this enzymes is composed of a catalytic RNA component supported by one up to
ten additional protein subunits. In plants and human mitochondria this endonucleolytic activity is held
by an enzyme devoid of RNA, made only of protein. It is called proteinaceous RNase P (PRORP) and

1s described in more detail below.

1.2.2.2 3’ end maturation

Whereas 3’ end maturation is catalyzed by exonucleases in E.coli and most bacteria, it is cleaved by
an endonuclease called RNase Z in eukarya. This gene family was first described in 2002 as being a
metallo-hydrolase containing a zinc ion and a fold of two parallel 3-sheets flanked by two a-helices.
There are two different forms of RNase Z: RNase Z° of 280-360 amino acids and RNase Z of 750-
930 amino acids. The long form of RNase Z is only found in eukaryotes (Rossmanith, 2012). In A.
thaliana there are four isoforms of RNase Z. Two isoforms of RNase Z° and two of RNase Z”. RNase
75" is localized to the cytosol and RNase Z°? is localized to the chloroplasts. RNase Z? was shown
to be targeted to mitochondria. A dual localization to mitochondria and the nucleus was reported for
RNase Z1. Marchfelder and co-workers furthermore illustrated that only the chloroplastidial RNase
752 deletion mutant was lethal (Canino et al., 2009). They speculated about a nuclear back-up system

as a deletion mutant of RNase Z! was not lethal and showed only little phenotype.

1.2.2.3 CCA addition

CCA addition to tRNA molecules is a prerequisite for tRNA-aminoacylation and is thus a crucial step
in tRNA maturation. In eukarya these three nucleotides are not gene encoded and have to be added
post-transcriptionally. The enzymes responsible for this activity are called tRNA nucleotidyltrans-
ferases, or CCA adding enzymes. They are special as they are able to catalyze the sequential addition
of a C-C-A triplet to the 3’ end of a tRNA without any DNA or RNA template (Betat et al., 2010).

1.2.2.4 Nucleotide modifications

One of the most important features of tRNAs is their large number of post-transcriptional modifica-

tions with a mean value of eight modifications per tRNA species. There are approximately 85 known



modifications in tRNAs (El Yacoubi et al., 2012). Whereas many modifications in the anticondon-
stem-loop region affect translation and decoding, modifications in the core body structure are related

to stability and structural integrity (Phizicky & Hopper, 2010).

1.2.2.5 Splicing and other factors

Introns in tRNA sequences have been reported in all three domains of life. In bacteria these introns
are removed by self-splicing (Reinhold-Hurek B., 1992). In eukarya and archaea these sequences
are removed by enzymatic splicing in two steps: endonucleolytic cleavage, removal of the intron
and site specific ligation. Several essential snRNAs called U1, U2, U4, U5 and U6, together with
distinct proteins form snRNPs. These particles in addition with several other splicing factors form
an eukaryotic spliceosome (L. Stryer, 2007). About 70 % of tRNA genes in archaea contain up to
three introns. In eukarya introns are less abundant (6 % of tRNA genes contain introns) and shorter.
Splicing occurs in the cytosol after the 5° and 3’ end maturation (Wolin & Cedervall, 2002). The
endonucleolytic excision of the intron is similar to that in archaeal and in eukaryal mRNAs leading to
a linear excised intron and a 5’ tRNA half with a 2°,3” cyclic phosphate at the 3’ end and a 3° tRNA
half with a 5° hydroxyl. Archaeal and eukaryotic splicing endonucleases are evolutionary related
although they evolved different splice site recognition modi (Li ef al., 1998). The ligation step that
follows the cleavage is done by different enzymes in different organisms using distinct mechnisms.
The primary goal is to hydrolyse the cyclic phosphate on the 5’ splice half and to phosphorylate the
3’ splice half in order to obtain a classical phosphodiester bond. In plants the 2°,3’ cyclic phosphate
is hydrolyzed by a cyclic phosphodiesterase resulting in a 2’-phosphate 3’ end of the 5’ half. In a next
event the 5° hydroxyl is phosphorylized. Subsequently, an ATP is transferred to the protein, then to
the 5’ phosphate of the 3’ exon. In the final ligation step the AMP is released and the phosphodiester
linkage is formed (Popow et al., 2012)

1.2.2.6 The La protein

The La protein was first described in human cells and is the first enzyme that recognizes RNA PollIl
primary transcripts and other transcripts via interaction of the 3’-poly-U tail. It fulfils the function of a
chaperone by stabilizing the 3D structure of pre-tRNAs. In Arabidopsis there are two La proteins and
deletion of this protein leads to embryolethality (Fleurdepine et al., 2007). Its function is to protect
nascent tRNAs and other small RNA molecules from 3’ exonuclease degradation and to coordinate
pre-tRNA maturation events (Wolin & Cedervall, 2002). Yet in S. cerevisiae and S. pombe La is not
essential and cells lacking the protein can be studied. There are two major pathways of pre-tRNA
maturation depending on the presence or absence of La. The sequence of 5’ and 3’ end maturation
is completely altered: in wild type yeast cells La fixes the 3’ end of a nascent tRNA transcript and
RNase P cleaves the 5’ end first followed by the endonucleolytic cleavage of the 3’ trailer. In cells
lacking the La protein, exonucleases first chop the 3’ end and only in a second event RNase P will
cleave the 5’ leader (Fig. 1.9).
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Figure 1.9: The La protein - two pre-tRNA maturation pathways in yeast depending on the presence
or absence of La. Its presence on the 3’ end leads to initial 5’ maturation by RNase P
while without La the 3’ end will be chopped first by exonucleases and only afterwards the
5’ end is processed.
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1.3 5’ end maturation of tRNAs in different domains of life

The 5’ end maturation is an essential step in tRNA biosynthesis. In many organisms the endonucle-
olytic cleavage of the 5’ leader from the tRNA transcript is performed by RNase P. RNase P was first
discovered by Sidney Altman in 1969 (Stark et al., 1978). Over more then 15 years Altman and co-
workers characterized this enzyme family and unravelled the functional relationship between 5° end
maturation, RNA catalysis and RNase P in bacteria (McClain & Lai, 2010). RNase P is an enzyme
requiring divalent metal ions such as magnesium. It cleaves the pre-tRNA into the 5’-leader with a
3’-OH and the tRNA with a 5’-monophosphate (Fig. 1.10).

Figure 1.10: Schematic view of RNase P function and 5’ end maturation of pre-tRNA®Y* in the pres-
ence of divalent ions e.g. Mg?", Mn?*. The cleavage leads to a 5° monophosphate at the
tRNA and a hydroxyl group at the 3" end of the leader.

In bacteria and archaea RNase P consists of one large RNA (276 - 400 nts) entity and of one to five
protein subunits. In eukaryotes the ribonucleoproteic RNase P contains even more protein subunits

and the respective percentages of protein in the holoenzyme masses for bacteria, archaea and eukary-



otes are 10%, 50% and > 70%. The complexity among RNase P proteins reviewed by Jarrous in 2010

is summarized in Table 1.1.

Table 1.1: Examples of RNA and protein contents of RNase P in bacteria, eukaryotes and archaea.
Numbers in brackets are mean masses in kDa. Proteins in the same row are homologous.
RnpA = protein in bacterial RNase P; S. cerevisiae = Saccharomyces cerevisiae; Pfu =
Pyrococcus furiosus (after Jarrous & Gopalan (2010), Evans et al. (20006)).

Bacteria Archaea, Pfu S. cerevisiae Homo sapiens s.
RNA (121) RNA (106) RNA (118) H1 RNA (109)
RnpA (13.8)
Pop5 (13.8) Pop5 (19.6) hPop5 (18.8)
Rpp30 (24.5) Rppl (32.2) Rpp30 (29.3)
Rpp21 (14.3) Rpr2 (16.3) Rpp21 (17.6)
Rpp29 (15) Pop4 (32.9) Rpp29 (25.4)
Rpp38 (13.2) Pop3 (22.6) Rpp38 (31.8)
Pop1 (100.5) hPopl (114.7)
Pop7 (15.8) Rpp20 (15.7)
Pop6 (18.2) hPop6 (Rpp25) (20.6)
Pop8 (15.5) hPop8 (Rpp14) (13.7)
Rpp40 (34.6)

1.3.1 Ribonucleoproteic RNase P
1.3.1.1 Bacterial RNase P

Bacterial RNase P consists of a 300 to 400 nt long RNA (P RNA) and one small protein (Brown &
Pace, 1992). It is this RNA entity that holds the catalytic activity of the holoenzyme complex, which
is a ribozyme. There are two types of secondary structures of bacterial P RNA (Fig. 1.11). The
first group, called ancestral type (A type), is found in E. coli. The second type called bacillus type (B
type) occurs in Bacillus subtilis (Walker & Engelke, 2006). Despite differences in secondary structure
elements both types fold into similar tertiary structures. A minimal theoretical P RNA was proposed
containing all conserved structural elements of several hundred of sequenced bacterial P RNAs which
is only 225 nts long (Fig. 1.11) (Brown et al., 1991). All other structural features, present in native
P RNAs would serve to increase thermal stability or decrease the ionic strength needed for catalytic
activity. The smallest, so far known P RNA is present in Mycoplasma fermentas and consists of only
276 nts (Siegel et al., 1996). All bacterial RNase P RNAs share two independently folded domains:

1. The specificity domain (S-domain) which recognizes the T-stem loop,

2. The catalytic domain that cleaves the pre-tRNA and recognizes the 5’ leader, the acceptor stem
and the 3’ CCA end (Jarrous & Gopalan, 2010).
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Figure 1.11: Structural elements of prokaryotic RNase P RNA. Secondary structure of a) type A
RNase P RNA from E. coli, b) type B RNase P RNA from B. subtilis, c) minimal RNA
elements (Evans et al., 2006, Brown, 1997).

The conserved core of secondary structural elements shown in Fig. 1.11c is shared by (almost) all
organisms and is essential for the catalytic function of RNase P. Universally conserved regions are
called CR I-V. The core is built by one of the most conserved substructures, regions CR I and CR V,
that base pair to form helix P4. Furthermore, it contains CR II and III that are loop regions between
helices P12 and P10/P11 (Evans et al., 2006). The core structure is sufficient to cleave pre-tRNAs
in vitro, but it lacks stabilizing elements that are required for in vivo tRNA cleavage. The main
differences between type A and type B P RNA are the presence of P16, P17 and P6 and the lack of
P5.1, P10.1, P15.1 and P15.2 in type A.

Albeit the P RNA is active alone in vitro, in vivo RNase P is a ribonucleoprotein that contains at least
one protein. In the well-studied bacterium E.coli it is called C5 (119 aa, 13.8 kDa) (Tsai et al., 2003).
The function of this protein is to enhance the affinity for its substrates, the cleavage rate and the fi-
delity by stabilizing the catalytic active conformation of the ribozyme (Jarrous & Gopalan, 2010).
Furthermore, it helps discriminate between substrate and product and mediates to holoenzyme dimer-
ization (Evans et al., 2006, Fang et al., 2001).

Beside tRNA molecules, bacterial RNase P can cleave other substrates like pre-4.5S RNA, pre-
transfer messenger RNA, polycistronic tRNAs, mRNA and riboswitches and some bacteriophage
RNA (Alifano et al., 1994, Peck-Miller & Altman, 1991, Hartmann et al., 1995, Altman et al., 2005,
Mans et al., 1990, Komine et al., 1994). Crystallographic structures of A- and B-type RNase P show
striking similarities in structure and surface charges but low sequence identity (20-30 %) (Reiter et al.,
2010, Evans et al., 2006). This indicates an evolutionary pressure to conserve theses features in order
to maintain RNA protein interaction. In 2010 the first holoenzyme complex of an A-type RNase P

was reported from the thermophilic bacterium Thermotoga maritima. The overall fold of this protein
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is an o/ 3-sandwich fold with a conserved core of four [3-sheets interacting with the 5° leader of the
tRNA but not with the G-1 of the mature tRNA. The protein is in contact with the P RNA through
P15 and P3 stem and in CR IV/V regions (Fig. 1.12) (Reiter et al., 2010).
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Figure 1.12: Crystal Structure of RNase P holoenzyme of Thermotoga maritima with tRNAT" at
a resolution of 3.8 A(pdb ID: 3qlr) The C-domain is represented in dark blue, the S-
domain in yellow, the tRNA”"¢ with the 5’ leader (5 nts) in red and the RNase P protein
in green.

1.3.1.2 Archaeal RNase P

Archaea are single-cellular organisms possessing a circular DNA molecule. They were described by
Carl Woese and George Fox in the 1960s. Based on the comparison of the small subunits of rRNAs
(characterized by a low mutation frequency) they concluded that eukaryotes, bacteria and archaea
belong to three different primary kingdoms (Woese & Fox, 1977). Finally, in 1990 archaea were
given their own domain (Cavicchioli, 2011). With eukaryotes they share for example the replication,
transcription and translation machinery. They often possess extreme properties like the ability to live
in high temperatures or in highly acidic environments.

Archaeal RNase P consists of one RNA molecule and four to five protein subunits (Hall & Brown,
2002, Esakova & Krasilnikov, 2010, Jarrous & Gopalan, 2010). The P RNA is classified into two
different folds: type A that is similar to bacterial type A and type M that is less complex . Type A
(Fig. 1.13a) shows traces of activity in vitro under high salt conditions in the absence of proteins
whereas type M (Fig. 1.13b) shows no catalytic activity on its own in vitro (Walker & Engelke, 2006)
and seems to be more related to the eukaryotic P RNA.

All archaeal RNase P proteins have eukaryotic homologues (Esakova & Krasilnikov, 2010). APop4
(hRpp29) and aRpp2 (hRpp21) are in contact with the S-domain of the P RNA and confer to substrate
affinity. The other protein pair, aPop5 (hPop5) and aRpp1 (Rpp30), enhance the catalytic activity and
are implicated in the cleavage and product release. APop3 (hRpp38) might increase thermal stability.
The detection of RNase P RNA in Nanoarchaeum equitans, Aquifex aeolicus, Pyrobaculum species
and related organisms failed. N. equitans turned out to transcribe tRNAs under a mature form whereas
tRNAs from Pyrobaculum indeed are produced with a 5’ leader sequences. The purified extract of
Pyrobaculum had RNase P activity. Still, a genome-wide detection of RNase P RNA failed. Three out
of four P proteins could be detected: Rpp29, Rpp30 and Pop5. Rpp21 that is involved in binding to
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the S-domain could not be detected. A thorough search of P RNA led to the discovery of the P RNA
lacking the S-domain but still containing the conserved C-domain. This truncated P RNA was called
type T P RNA (Fig. 1.13c). This type of reduced RNase P might be an intermediate form towards an

organism lacking RNase P activity as is the case in N. equitans (Lai et al., 2010).

46GA b GACG,
a) uG UGA AU UG c UAAA
A A ; [ A
G A ccY? @ A g G A
8 Feag! *MAqatte aat ) Z AAGGCG g_g
do 1f ive & iF8a0~
u a“Gcg ¢ Iy
P LU s S 6Ccad/ Gg . P7
A 465 6G Ay yG T
K L vy P9 Ggaly //GGB - &
o GCa 2 oS 6+ Bag PS5 P15 ,AGC, P16 g
§ s 8 o Vg, /°@8ccaccccee GGGCC g
H s % 3 Ugd Titi i TLill oAgee
G, £ S Ak G% @acc GGG gccaa Je i ©
GA, ‘A A SaaC G a8 S
= e . $oq A C|] a a c
& Seq Cq o g8 G c] 8 e P17 @GS
e/ 8% Fuacch . & €c8” ¢ =
¢ ¢ uGAg, £oc U
f SLa, AGUY A { A o < Pé
£ a6y’ fag o A G 2 o G C G
S b a1 a9ace c 6 gl oe &€
AGGCcG GC ccac ccaa cceaa o Cedy Ffuag #dg
hee Qoced E] 8 Mugq® A, 08 UTeoAdy £56 aaauacaraccad, ¢ a
al & 90 tocag  cosoyl A
c u § &g s
Gl v 5.5 u
N o Pa A P4
S
T N ® o
g : 5 g'ipiaeecess’ &
s .
§ s Aoy AGGCCCBABGBGE, _goa
cyccca A 2 GcA G-C pp
UGEGGSCC<2 P1 a G—CGC
§¢
©8-¢ Seeeeeccca Aﬁo
27% ISP A
yaagoaraaaacud e #CCCCBCEGE, 8

GUAGUA,
A

G
Ayceeacaoht

AUccacucEcEcan c
Y AUGG@OGGCG

Figure 1.13: Secondary structure of archaeal RNase P RNA. a) P RNA type A from Pyrococcus
horikoshii, b) P RNA type M from Methanocaldococcus jannashii, c) P RNA type T

from Pyrobaculum aeophilum

1.3.1.3 Eukaryotic RNase P

Nuclear RNase P from yeast RNase P from yeast nuclei consists of a RNA component (RPR1
RNA) (Fig. 1.14a) and nine additional protein subunits with a pl higher than 9 that are essential
for yeast viability, (Tab. 1.1) (Xiao et al., 2002). Depletion of one of the RNase P proteins, except
Pop3p, leads to a reduction of mature RPR1 RNA which suggests either maturation process of the
pre-RPR1 RNA in the holoenzyme complex or its destabilization. RPR1 RNA is transcribed by RNA
polymerase III as a 486 nts long transcript. The 5° end is processed with a removal of 84 nts whereas
the 3’ end is trimmed several times to remove 33 nts to result in a 369 nts long RNA (Xiao et al.,
2001).

Eukaryotic RNase P RNA sequences are 30% shorter than bacterial or archaeal ones. The reduction
in 2D structural elements is compensated by protein components that stabilize the holoenzyme. Until
2007 it was not clear whether the RNA had a catalytic function by its own in either of these holoen-
zymes. Willkomm et al. demonstrated that RNA retains its ability to specifically cleave its substrate
in the absences of proteins in vitro (Willkomm & Hartmann, 2007, Kikovska et al., 2007). Yeast
RNase P contains nine proteins in total (Esakova & Krasilnikov, 2010). The human nuclear RNase P
consists of HI RNA and 10 proteins of which seven are homologous to yeast RNase P proteins (Tab.
1.1).

RNase P in metazoa nuclei Human nuclear RNase P is composed of HI RNA (Fig. 1.14b) and at
least 10 distinct proteins: Rpp14, Rpp20, Rpp21, Rpp25, Rpp29, Rpp30, Rpp38, Rpp40, hPopl and
hPop5 (Tab. 1.1) (Jarrous & Reiner, 2007, Jarrous, 2002). Eight out of 10 proteins of this complex
have been shown to interact with the H1 RNA in vitro. While bacterial and archaeal RNase P RNA
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can cleave a precursor tRNASs in vitro under high salt and Mg?" conditions, human nuclear RNase P
RNA lacks this ability. Its activity is restored upon addition of Rpp21 and Rpp29. Protein subunits
Rpp20, Rpp21, Rpp25, Rpp29, Rpp30, Rpp38 and hPopl but not Rpp14 and hPop5 interact with
the H1 RNA. The enzymatic activity of hRNase P is regulated by the La protein that binds to the 5’
pppG/A and 3 UUU-OH extremities. After phosphorylation of the La protein the latter dissociates
from the 5° end opening the space for RNase P processing (Jarrous, 2002).
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Figure 1.14: Secondary structure of eukaryotic nuclear RNase P RNA. a) P RNA type A from S.
cerevisiae, b) P RNA from H. sapiens.

Mitochondrial RNase P in yeast Purified mtRNase P from S. cerevisiae contains the nuclear
encoded protein Rpm2p (105 kDa) and an incomplete Rpm1 P RNA that is encoded in the mitochon-
drial genome. In the active RNase P complex two RNA fragments of the 5’ end (90 nts) and of the
3’ end (70 nts) original Rpm1 P RNA are present and suffice for pre-tRNA cleavage (Daoud et al.,
2012, Vioque, 2010). This RNA contains some conserved structural elements from the bacterial M1
RNA, i.e. P1, P4 and P18. Rpm2 has no sequence homology with any of the bacterial, archaeal
or eukaryotic nuclear RNase P proteins. It was reported that mtRNase P from Aspargillus nidulans
contains seven polypeptides (Vioque, 2010).

As we will see in the next section the existence of a homologous system in human mitochondria has

long been an open debate.

1.3.2 Proteinaceous RNase P

Nuclear RNase P of S. cerevisiae is the best studied eukaryotic RNase P (Vioque, 2010). Substantial
information on organellar RNase P in yeast and other eukaryotes is still missing. In neither higher
plants, nor metazoa mitochondrial or plastidial genomes a rnpB gene could be detected. Likewise
characterization of the protein content of such a RNP RNase P is still missing (Vioque, 2010). For a
long time the 5’ end maturation was believed to be catalyzed by RNA-dependent enzymes in all three
domains of life. Two interesting scientific debates occurred around this enzyme: More than 40 years
ago, Sidney Altman and co-workers had difficulty to find acceptance for the existence of catalytic
active RNAs which are responsible for the 5’ end maturation of tRNAs. 30 years later other scientists
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encountered the same criticism to proof that this endonuclease activity is also held by protein-only
enzymes and that this enzyme is not an universally conserved ribozyme. All analyzed RNase P
complexes so far consisted of a RNA and one to ten proteins. As shown above, the protein amount

increased from bacteria to archaea to eukaryotes, reflecting the growing importance of proteins.

1.3.2.1 Animals: First proof of protein-only RNase P in human mitochondria

The mystery of mitochondrial RNase P from H. sapiens It was reported that human mito-
chondrial RNase P contains H1 RNA the nuclear P RNA (Puranam & Attardi, 2001, Doersen et al.,
1985) and that this activity is responsible for mitochondrial pre-tRNA processing. These findings
were later critically discussed as Rossmanith ez. al. demonstrated that purified human mitochondrial
RNase P cannot cleave E.coli pre-tRNATY"$43+ but mitochondrial pre-tRNAY" (Rossmanith et al.,
1995). tRNATY"su3+ i a suppressor tRNA that can decode the stop codon UAG in E.coli.

The controversy is now whether a RNP RNase P and a proteinaceous RNase P co-exist in mito-
chondria as H1 P RNA was proposed to be imported into human mitochondria by polynucleotide
phosphorylase (PNPase) and to have an impact on tRNA processing in vivo (Wang et al., 2010, Mer-
cer et al., 2011). The hypothesis of the presence of RNase P RNA in mitochondria was critically

analyzed by Rossmannith (Rossmanith, 2012) who outlines several points:

1. The amount of detected H1 RNA in mitochondria seems unlikely to be sufficient for pre-tRNA

maturation.

2. None of the nuclear encoded P proteins associated with the HI RNA contain a mitochondrial

targeting sequence or could be detected in human mitochondrial proteomic data.

3. How can unspecific binding of PNPase to short stem-loop structures account for specific import
of P and MRP RNA?

4. PNPase is supposed to interact with helix P9 of HI RNA that was shown to be protected by

proteins in footprinting analyses. How would then PNPase have access to this recognition site?

5. The localization of PNPase in the intermembrane space is dubious as its role in mitochondrial

RNA metabolism suggest a matrix localization.

6. Is the accumulation of some mitochondrial precursor tRNA in PNPase deficient cells due to
deficient RNA degradation or a lack of RNase P processing?

To conclude it seems not likely that RNP RNase P and proteinaceous RNase P co-exist in human

mitochondria.

Existence of protein-based RNase P activity was further studied by Walter Rossmanith and co-workers
who were the first to overexpress and purify human mitochondrial RNase P and demonstrate its pro-
teinaceous nature in vitro (Rossmanith & Karwan, 1998, Holzmann et al., 2008). They characterized

the enzyme as a complex of three proteins and named these proteins mitochondrial ribonuclease P
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protein 1-3. By sequence homology, functions could be assigned to two components: MRPP1 as a
RNA (guanine-9-)methyltransferase containing domain 1 and MRPP2 as a type 2 3-hydroxyacyl-CoA
dehydrogenase. MRPP1 or now tRNA methyltransferase 10 C (TRM10C) is the enzyme responsi-
ble for the methylation of purines at position 9 of mitochondrial tRNAs. This position is an A or
G in 19 out of 22 mitochondrial tRNAs. Interestingly this methylase only functions in a complex
with MRPP2, a short-chain dehydrogenase/reductase that uses NAD(H) as a co-factor. This indicates
that human mitochondrial RNase P is a multifunctional protein complex. Both, precursor and mature
tRNAs serve as substrates for methylation but 5° end maturation and methylation are not coupled
processes (Vilardo et al., 2012). Catalytic mutants of MRPP2 proved that dehydrogenase activity is
dispensable for methylation and 5’ end maturation. Among the three proteins a subcomplex of two
is thought to confer to RNA binding, i.e. MRPPI/TRMI10C and MRPP2/SDR5CI1. The catalytic
activity lies in the third protein subunit not characterized at that time: MRPP3 (human PRORP).
However, all three proteins are required to form an active RNase P complex. MRPP3 contains a
mitochondrial targeting signal and a degenerate N-terminal pentatricopeptide repeat domain (PPR).
The C-terminal domain contains four conserved residues (three aspartates and one histidine) that are
commonly found in metal-ion based nucleases (Dupureur, 2008). Structural information is lacking
due to the low abundance of the three components, to their dynamic association properties and to
the difficulty to crystallize human complex proteins (Esakova & Krasilnikov, 2010). Whereas the
subcomplex of MRPP1/MRPP2 is stable, the holoenzyme complex with hPRORP seems to be more
labile.

1.3.2.2 Plants: Early work on spinach chloroplasts

The role of RNA in eukaryotic organellar RNase P activity has always been controversial. In 1988
Peter Gegenheimer and co-workers were the first to propose a protein-only based RNase P activity in
spinach chloroplast. They treated chloroplast extracts with micrococcal nuclease (MN) to test RNase
P activity for its RNA content. RNase P activity was not abolished after MN treatment. Thoroughly
they examined all possibilities and concluded the absence of a RNA being responsible for pre-tRNA
cleavage (Wang et al., 1988, Thomas et al., 2000). This type of RNase P, called PRORP, is now well
characterized in A. thaliana and described in more detail in section 1.6.

1.4 Life without RNase P

In the archaebacterium Nanoarchaeum equitans no RNase P activity could be detected, neither by
biochemical nor by bioinformatical means (Randau et al., 2008). It possesses the smallest sequenced
genome. It was found that the tRNA genes have a promotor whose position is strictly conserved at
-26 nts upstream to the mature tRNA and that will lead to 5° mature transcripts, with three exceptions:
tRNATyr-His.Meti that have an additional G/A at position -1. This nucleotide is essential for aminoacyl-
tRNA-synthetases and could not be produced if a RNase P would be present. It is now proposed that
N. equitans lost its tRNA 5’ leader sequences (supported by the strict conservation of the transcription

promotor) and made RNase P unnecessary.
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1.5 What about RNase MRP

Eukaryotes possess an enzyme that is related to RNase P, called RNase MRP (mitochondrial RNA
processing). Its absence in bacteria and archaea supports the theory of RNase P RNA gene duplication
in early eukaryotic ancestors. RNase MRP is localized to two compartments: mitochondria and the
nucleolus but doubts remain that the amount detected in the mitochondria would be sufficient for RNA
cleavage (Lopez et al., 2009). RNase MRP processes rRNAs and also degrades mRNAs. RNase MRP
and RNase P RNA are related, more on a structural level (secondary structure) than on a sequence
level (Fig. 1.15). They share similarities in the C-domain that comprises CR I, IV and V and is
responsible for RNA cleavage (Fig. 1.15). The lack of similarity in S-domain might explain their
distinct substrate specificities (Esakova et al., 2008, Lopez et al., 2009). Eukaryotic RNase MRP
contains 10 proteins: Amongst them eight are homologous to the yeast nuclear RNase P proteins
(Fig. 1.16) (Hernandez-Cid et al., 2012). In S. cerevisiae RNase MRP and RNase P contain 10 and 9
protein subunits, respectively. Eight of theses proteins are shared by both enzymes, i.e. Pop1, Pop3-8
and Rppl. Snm1 a RNA binding protein and Rmp1 are unique to RNase MRP and their deletion do
not alter pre-tRNA or tRNA levels but hamper rRNA processing. Rpr2 (RNase P ribonucleoprotein-2)
is the only protein that is unique to RNase P and its depletion resulted in a decrease of both precursor
and mature RNase P RNA (Chamberlain et al., 1998). In human RNase MRP and RNase P contain 9
and 10 protein subunits, respectively, from which 9 are shared by both enzymes, i.e. hPopl, Rpp38,
Rpp29, hPop5, Rpp25, Rpp20, Rppl4, Rpp30, Rpp40. Rpp21 is unique to RNase P where it is
implicated in binding to the S-domain of RNase P RNA and enhancing its substrate specificity (Xu
etal.,2012).
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Figure 1.15: Comparison of MRP and RNase P RNA. a) HI RNase P RNA in H. sapiens, b) MRP
RNA in S.cerevisiae. Conserved residues among all MRP and RNase P RNAs in the P4
helical element are shown in the middle. (Hartmann & Hartmann, 2003)
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Bacteria: 1

RNase P

RNase MRP

Eukarya: 8-11

Figure 1.16: RNase MRP and RNase P homology and distribution in all domains of life. The numbers
refer to the number of proteins in each enzyme. (Hernandez-Cid et al., 2012)

1.6 Publication 1: PPR proteins shed a new light on RNase
P biology

Proteinaceous RNase P (PRORP) belong to the vast family of pentatricopeptide repeat proteins which
are major players in all processes of gene expression and translation. PRORPs catalyze the removal
of the 5’ leader of precursor tRNAs, a maturation step which was long thought to be universally
processed by ribonucleoproteins with a RNA component as the catalytic moiety. PRORP enzymes
constitute single proteins between a fusion of canonical PPR motifs and an C-terminal nuclease do-
main.

In Arbabidopsis PRORPI is localized to the organelles and was shown to be essential in vivo whereas
its paralogues PRORP2-3, both directed to the nucleus (Fig. 1.17), are redundant. Some charac-
teristics of the three Arabidopsis homologs are summarized in Tab. 1.2. Downregulation of one of
the nuclear PRORPs did not show any phenotype. Experiments using VIGS (virus induced gene
silencing) for PRORP1 downregulation resulted in altered structures of chloroplasts and mitochon-
dria. Other substrates than tRNAs were also demonstrated to be recognized by PRORP1. T-elements
(tRNA-like structures) in the 3’ region of mRNA orf138 or nad6 were cleaved by PRORP1 and thus
accumulated in mutant Arabidopsis plants. Furthermore Giége and co-workers could demonstrate that
nuclear RNase MRP is not responsible for tRNA 5’ processing. Knock-out of Pop1 and Pop4, essen-
tial RNase MRP proteins, did not change mature tRNA levels but as expected increased unprocessed
rRNA levels (Gobert et al., 2010, Gutmann et al., 2012).
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Table 1.2: General properties of Arabidopsis PRORP proteins. Length - full length protein, aa - amino
acids, pl - isoelectric point

PRORP1 PRORP2 PRORP3
Length 572 aa 528 aa 576 aa
Mass 65 kDa 59 kDa 64 kDa
Function tRNA, mRNA processing tRNA, mRNA, snoRNA tRNA, mRNA, snoRNA

processing processing

Localization Mitochondria, Nucleus Nucleus

chloroplasts
pl 9.4 6.3 6.0

Nucleus
- == ~

l %C? % ’\
\ Mitochondria

\
L v
Chloroplasts ‘

Figure 1.17: PRORP localization in Arabidopsis. PRORP1 containing an organellar targeting se-
quence is localized to mitochondria and chloroplasts while PRORP2-3 are localized to
the nucleus.

1 344 347 548 565 572

Figure 1.18: Schematic organization of PRORP1 from A. thaliana. MTS - mitochondrial targeting
signal, PPR - pentatricopeptide repeat, NYN - Nedd4-BP1, YacP nucleases. A zinc
binding motif is structurally connecting the bipartite central domain of PRORP1 which
is illustrated by the four zinc chelating residues C344, C347, H548 and C565.
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A fast growing number of studies identify pentatricopeptide
repeat (PPR) proteins as major players in gene expression
processes. Among them, a subset of PPR proteins called PRORP
possesses RNase P activity in several eukaryotes, both in nuclei
and organelles. RNase P is the endonucleolytic activity that
removes 5' leader sequences from tRNA precursors and is
thus essential for translation. Before the characterization of
PRORP, RNase P enzymes were thought to occur universally
as ribonucleoproteins, although some evidence implied
that some eukaryotes or cellular compartments did not use
RNA for RNase P activity. The characterization of PRORP
reveals a two-domain enzyme, with an N-terminal domain
containing multiple PPR motifs and assumed to achieve target
specificity and a C-terminal domain holding catalytic activity.
The nature of PRORP interactions with tRNAs suggests that
ribonucleoprotein and protein-only RNase P enzymes share a
similar substrate binding process.

Introduction

Pentatricopeptide repeat (PPR) proteins compose a family of
RNA binding proteins specific to eukaryotes and mostly involved
in gene expression processes in organelles. PPR proteins are par-
ticularly numerous in land plants with up to 450 representatives
in Arabidopsis thaliana.' They are composed of tandem arrays
of PPR motifs whose primary sequence is very degenerate,?
although their tertiary structure seems to be conserved, with each
repeat folding into two antiparallel o helices.*® A succession of
PPR motifs would thus make a superhelix that could act as a
platform to bind RNA.? The combinatorial nature of PPR pro-
teins allows substrate specificity because individual PPR motifs
appear to ensure the selection for individual nucleotides.®” Since
their discovery over a decade ago, functional studies of PPR pro-
teins have helped to answer many persistent questions regard-
ing organellar gene expression processes.! For example, studies
are beginning to unravel how sequence specificity is achieved for
hundreds of C to U RNA editing sites in transcripts from higher
plant organelles.® The characterization of PPR proteins has also

*Correspondence to: Peter A Gegenheimer; Email: pgegen@ku.edu;
Philippe Giegé; Email: philippe.giege@ibmp-cnrs.unistra.fr
Submitted: 03/28/2013; Revised: 06/03/2013; Accepted: 06/04/2013
http://dx.doi.org/10.4161/rna.25273
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helped to settle the long-standing debate over the existence of
protein-only RNase P enzymes in eukaryotes.’

RNase P is a key enzyme of tRNA maturation. It was initially
described as the endonuclease activity that removes the 5' leader
sequences of tRNA precursors. It is therefore essential for pro-
ducing functional tRNAs and, hence, indispensable for transla-
tion.'"”"" RNase P was first characterized on a molecular level in
Escherichia coli, where it is composed of an RNA molecule together
with a single protein.'” The discovery that RNase P RNA held
the actual catalytic activity of the enzyme'® won Sidney Altman
the Nobel prize in 1989 and helped to establish the “RNA world”
theory proposing that one stage in prebiotic evolution consisted of
RNA molecules that were able both to catalyze biochemical reac-
tions and to store genetic information." Subsequently, RNase P
enzymes were characterized as similar ribonucleoprotein (RNP)
enzymes in numerous other organisms and organelles includ-
ing bacteria, archaea, yeast nuclei and mitochondria and animal
cell nuclei.®¢ Isolated RNA subunits from Bacteria, Archaea,
and Eukarya demonstrate catalytic activity only under extreme
ionic conditions, whereas the corresponding RNA¢protein holo-
enzymes are maximally active under physiological conditions."
Apart from tRNAs, RNP RNase P enzymes are involved in
the maturation of a wide array of substrates including rRNAs,
protein-coding mRNAs, tmRNA, riboswitches, viral RNA, and
snoRNA.""'¢7 From a mechanistic point of view, RNP RNases
P interact with tRNA mainly in the horizontal stacking domain
consisting of the T stem-loop and acceptor stem; they utilize two
catalytic metal ions and conserved RNA residues for RNA cleav-
age."™ The structures of RNase P enzymes differ greatly, each
containing an RNA molecule (whose structure is considerably
reduced in size in some instances*”) bound by a variable number
of protein subunits ranging from one in bacteria to at least nine in
eukaryotes.'™*"* Still, the central point remained that all RNase
Ps contained an RNA moiety responsible for catalytic activity, so
that the ribonucleoprotein nature of RNase P became a dogma.
RNase P, together with the ribosome, was viewed as one of the
ultimate universally conserved vestiges of the RNA world.”

Nevertheless, long before the discovery of the PPR protein
family, some experimental evidence contradicted the prevailing
dogma and suggested that some eukaryotes could use a different
kind of enzyme, devoid of RNA, for RNase P activity. Here we
review both the early evidence for the existence of protein-only
RNase P and the studies describing the actual identification and
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characterization on a molecular level of the proteinaceous RNase
P enzymes belonging to the PPR family.

Early Evidence for the
Existence of Protein-only RNase P

Origins and expectations. The eatliest reports of protein-only
RNase P came from eukaryotic organelles—chloroplasts and
mitochondria—that typically encode some or, in plant chloro-
plasts and vertebrate mitochondria, all of the tRNAs needed for
translation of organellar-encoded proteins. In animals, mito-
chondrial tRNA genes are interspersed among protein-coding
genes, such that production of functional mRNA species requires
excision of mature tRNAs by precise 5'- and 3'-terminal endonu-
cleolytic cleavages.?® In chloroplasts, most tRNA genes are tran-
scribed into end-extended precursors bearing 5'- and 3'-terminal
extensions that must be removed to yield mature tRNA.»

The earliest expectations for the nature of RNase P from these
organelles were based on their established bacterial origins:*
mitochondria descended from the a-proteobacteria®” and chlo-
roplasts arose from within the cyanobacteria.”® Members of both
bacterial phyla possess “conventional” (E. coli-like) ribonucleo-
protein forms of RNase P. In particular, bacterial-like RNase
P RNA has been identified in all sequenced red algae chloro-
plasts and in many green algae in the Prasinophyte lineage.'” For
example, the cyanelle of the alga Cyanophora paradoxa encodes
a homolog of cyanobacterial RNase P RNA.?” This RNA alone
exhibits weak catalytic activity at high salt concentrations, but
can be restored to activity under physiological conditions by
assembly with a cyanobacterial protein subunit.®® (The equivalent
protein subunit in C. paradoxa is presumably nuclear-encoded
and imported into the cyanelle.) Likewise, the mitochondrion of
the early-branching protozoan Reclinomonas americana encodes
a proteobacterial-type RNase P RNA¥ that is dependent upon a
proteobacterial protein subunit for activity.*?

Initial evidence for an RNA component. Early support for
a bacterial-like composition of mitochondrial RNase P was pro-
vided by genetic and biochemical determinations that in mito-
chondria of budding yeast (Saccharomyces cerevisiae), RNase P
contained an essential, mitochondrial encoded, RNA distantly
related to the RNA subunit of bacterial RNase P* and a nuclear-
encoded protein unrelated to the bacterial protein subunit.?*

The earliest characterizations of a putative vertebrate mito-
chondrial RNase P (from rat liver® or human cells*®), did not
directly test for the presence of an RNA component. Further
efforts by one group, however, led to a claim that human mito-
chondrial RNase P activity could be attributed entirely to a
small amount of nuclear RNase P imported into mitochondria.””
Because these investigations employed a precursor to E. coli
tRNA™"sulll—a substrate for nuclear but not for vertebrate
mitochondrial RNase P**—the enzyme described is now thought
to be the abundant nuclear RNase P present in the starting cyto-
solic extracts.>?

A critical assay: The substrate unmasked. Meanwhile, in
the plant kingdom, transcription and processing of chloro-

plast tRNAs had been demonstrated in 1983 by Gruissem and
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Hallick.” Further investigation of chloroplast RNase P was initi-
ated with the expectation that it, too, would resemble the bac-
terial enzyme. Preliminary evidence accumulated by 1986-87
suggested that crude preparations of RNase P from both spinach
and tobacco chloroplasts were sensitive to treatment both with
protease and with nuclease, consistent with activity residing in an
RNAeprotein complex (ref. 40 and Wang et al., poster presenta-
tion, 1986 Cold Spring Harbor RNA Processing Meeting). An
apparent inhibition of chloroplast RNase P by S. aureus micro-
coccal nuclease (MN) is shown in Figure 1A, lanes 3-6.

At the time, three primary criteria were used to confirm the
presence of an essential RNA component in an RNA process-
ing activity: (1) sensitivity to pre-treatment with nucleases having
little or no specificity for RNA sequence or structure, (2) buoyant
density in Cs salts, and (3) presence of co-fractionating RNA
species of appropriate size (150-400 nucleotide length). In the
most common nuclease sensitivity protocol, an enzyme fraction
is incubated with micrococcal nuclease (MN) in presence of its
catalytic cofactor Ca?". The nuclease is then inactivated by addi-
tion of EGTA, which chelates most divalent cations much more
strongly than it does Mg?**, a required cofactor for all RNase Ps.
Remaining RNase P activity is then assayed by addition of sub-
strate directly to the treated enzyme fraction. All three assays are,
however, susceptible to artifacts or misinterpretation. In particu-
lar, nuclease treatment is complicated by the fact that most suit-
able nucleases are difficult to inhibit cleanly, but residual activity
will destroy the reaction substrate. EGTA-inactivated MN often
displayed some inhibition of RNA processing.**#! Moreover,
inhibition by active MN of non-RNA-containing enzymes
had been observed (e.g., refs. 40 and 42). This was interpreted
as resulting from degradation of bulk RNA, present in a crude
extract, which was thought to stabilize the RNA processing com-
plex under investigation.#>#?

In order to conclusively show whether MN treatment was
specifically inactivating chloroplast RNase P, Wang et al. asked
whether MN-inhibited RNase P activity could be recovered by
addition of non-specific RNA. The dramatic result, as shown
in Figure 1A, lanes 7-10, was that addition of yeast RNA or of
synthetic polynucleotides completely reversed the apparent inhi-
bition by MN.# Further work*' showed, not surprisingly, that
Ca?*-depleted MN retains substrate binding ability, reversibly
binding pre-tRNA with an apparent K, of 1.35 wM. Polyanions
such as heparin or synthetic polynucleotides compete with pre-
tRNA for binding MN. The final picture is that binding of cata-
lytically inactive MN to RNA substrate sterically blocks access to
the cleavage site. Addition of excess non-specific RNA sequesters
the inactive nuclease and frees the pre-tRNA substrate for pro-
ductive cleavage by the processing enzyme. This phenomenon is
referred to as “substrate occlusion” or “substrate masking.™!

Chloroplasts. With a reliable assay in hand, progress was
rapid, and Wang et al. determined that chloroplast RNase P is
completely insensitive to digestion with concentrations of micro-
coccal nuclease 20- to 50-fold greater than those required to
inactivate E. coli RNase P.* Furthermore, as shown in Figure 1B,
the chloroplast activity has a buoyant density in CsCl (1.28 g/
cm?) that is precisely centered within the density distribution
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of bulk protein.* In this context, it is A
essential to note that because observed
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enzyme. The coincidence of protein

and enzyme densities for plant chloro-
plast and human mitochondrial RNase
P indicates that neither enzyme could
possess more than one copy of a 10- to
20-nt long RNA #4#

Mechanistic differences between the
chloroplast enzyme and the ribozyme-
type RNase P affirmed that the chloro-
plast enzyme could not have an RNA
subunit like that of bacterial or yeast
nuclear RNase P* (discussed in detail
in the section on structural mimicry).
Further studies of the 1000-2000-fold

Figure 1. Plant RNase Ps do not contain an RNA component. (A) Resistance of spinach chloroplast
RNase P to digestion with micrococcal nuclease (MN). Crude enzyme fraction was incubated with the
indicated amounts of MN plus 5 mM CaCl, (30 min at 37 °C) after which excess EGTA was added, fol-
lowed by substrate and reaction buffer. Lane 1, positive control for RNase P (pre-incubated without
MN); lane 2, positive control for MN (as lane 1 but MN not inactivated prior to addition of substrate);
lanes 3-6, pre-incubated with 2—40 U MN/pl and treated with EGTA prior to assay; lanes 7-10, as
lanes 3-6 with addition of 1 g poly(A)/ul prior to assay. Modified from reference 44 (Essentially
identical results were obtained with wheat nuclear RNase P*). (B) Buoyant density of spinach chlo-
roplast RNase P.* Fraction Il chloroplast enzyme (~5 mg) was pretreated with MN (1 U/ul, 20 min;
terminated with EGTA), brought up to 1.0 ml with gradient buffer, and layered over 4.0 ml of CsCl
solution (1.40 g/ml). After centrifugation to equilibrium, fractions were collected from the top and
density was determined by refractometry. CsCl was removed by dialysis and fractions were assayed
for RNase P. Lower panel, distribution across the gradient of total protein (filled squares) and RNase
P activity (open circles: amol mature tRNA formed; shaded circles: non-tRNA-sized material). Upper
panel, observed buoyant density of each fraction.

purified chloroplast activity indicated
that it does not co-purify with any
RNAs that can be 3'-end labeled,*” and that its hydrodynamic
size, determined by gel filtration corresponds to a ~70 kDa globu-
lar protein.?”

Plant nuclei. Knowing that most soluble plastid proteins
are encoded in the nucleus, translated in the cytoplasm, and
imported into the organelle, Wang et al.* suggested that chloro-
plast RNase P or related polypeptides could have been recruited
to process pre-tRNAs encoded in the nucleus and mitochon-
drion. To investigate this possibility, Oommen*® used the tech-
niques successful for chloroplasts to demonstrate that wheat
embryo extracts contained an authentic RNase P activity with
properties essentially identical to those of chloroplast RNase P.
(The reaction requirements and substrate specificity of this activ-
ity [ref. 48 and unpublished observations] suggested that it was
localized to the nucleus). This activity is resistant to amounts
of micrococcal nuclease at least 5-fold greater than required to
fully inactivate E. coli RNase P. In CsCl gradients, the distri-
bution of wheat RNase P activity is absolutely coincident with
the distribution of bulk protein (1.28-1.29 g/cm?®).*® Active frac-
tions across the final ion-exchange column contained no RNA
molecules whose abundance was correlated with RNase P activ-
ity; trace RNAs larger than tRNA present in the active fractions
could be removed without reducing RNase P activity. Finally,
gel filcration chromatography in the absence of urea indicated a
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hydrodynamic size corresponding to a ~120 kDa globular protein
or protein complex.

Somewhat later, another group presented essentially identical
results: a buoyant density identical with bulk protein and com-
plete resistance to MN treatment.”” On the basis of its reaction
requirements, this activity could be identified with nuclear rather
than mitochondrial RNase P. At the time, these data were inter-
preted as consistent with wheat nuclear RNase P containing an
RNA subunit associated with a large number of proteins that
conferred a protein-like buoyant density and protected the RNA
from nuclease attack.*” Other researchers separated two RNase
P activities, possibly nuclear and mitochondrial, from carrot cell
suspension culture.’® Presence or absence of RNA components
was not established: buoyant densities were not determined and
results of MN treatment were inconclusive because controls for
substrate masking were not included and reaction products were
not characterized. Of the two activities, one was inhibited only
partially by a 10-fold excess of MN; the second was completely
inhibited by either active or inactive MN at all concentrations
tested, indicative of unresolved substrate masking.

Plant mitochondria. In 1990, two groups reported process-
ing in vitro of plant mitochondrial pre-tRNAs with homologous
mitochondrial extracts. Marchfelder et al. showed that RNase
P-like activity in Oenothera mitochondrial lysates was completely
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Figure 2. The occurrence of PRORP in eukaryote lineages is repre-
sented in an unrooted neighbor-joining phylogenic tree derived from
Gobert et al.®’ Representative PRORP protein sequences described

by Gobert et al. from evolutionarily distant eukaryotes were used for
the phylogenetic analysis. Grey names show the incidence of putative
PRORP sequences in the respective subgroups whereas black names
indicate species where PRORP proteins were experimentally shown to
hold RNase P activity. The demonstration that RNase P activity could
be held by PRORP proteins in distantly related eukaryote groups such
as Metazoa, Euglenozoa and Viridiplantae strongly suggest that PRORP
evolved early in eukaryote history.

inhibited by either inactive or active MN when assayed in the
absence of poly(A),”" consistent with substrate masking. Hanic-
Joyce and Gray, on the other hand, stated that the activity in
wheat mitochondria was insensitive to MN digestion when
assayed in the presence of poly(A).? In the absence of further
physical characterization, these observations, though intriguing,
were not seen as compelling.

Human mitochondria. The first purification of an authen-
tic mitochondrial RNase P from vertebrates was reported by
Rossmanith and colleagues®® in 1995. Using a fully homolo-
gous system with a mitochondrial-specific substrate, they
achieved a clean separation of human mitochondrial RNase P
from the nuclear enzyme, which was by then known to be an
RNAeprotein complex.”® Using an approach similar to that of
Wang et al.,* Rossmanith then made a rigorous finding that
the mitochondrial enzyme consisted entirely of protein. First,
activity was fully resistant to digestion with a 10-fold excess of
MN. Second, in Cs, SO, gradients, the buoyant density of RNase
P activity (1.23 g/cm?) was well within the distribution of bulk
protein and was identical with the density of pre-tRNA 3'endo-
nuclease, a known protein enzyme. The mitochondrial activity
was cleanly separated from E. coli RNase P, which pelleted at
the bottom of the gradient (density > 1.45 g/cm?).* Third, the
most highly-purified enzyme contained only RNAs of tRNA
size and smaller, which could be degraded by MN treatment
without affecting enzyme activity. Fourth, the mass of human
mitochondrial RNase P, determined by rate zonal sedimenta-
tion, was about 170 kDa, substantially smaller than the smallest
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known RNA-containing RNase P. Additionally, since mito-
chondrial-specific RNase P could be isolated from mitochon-
drial mutants completely lacking mtDNA,# the mitochondrial
enzyme was definitely encoded in the nucleus and imported into
the organelle.

Kinetoplastid mitochondria. Mitochondria of the kinetoplas-
tid parasite Trypanosoma brucei encode no tRNAs. Instead, all
tRNAs are encoded in the nucleus and imported into the mito-
chondrion. Although it is uncertain whether any tRNAs are
imported as 5'-extended precursors, it is known that kinetoplastid
mitochondria do possess an active RNase P. In 2001, Salavati used
the “masking-free” MN assay™ to demonstrate that highly-puri-
fied 7" brucei RNase P was unaffected by digestion with a 10-fold
excess of MN* Some RNAs larger than tRNA were present in
active fractions but could be degraded without effect on RNase P
activity. Notably, the hydrodynamic size estimated by gel filtration
chromatography was about 70 kDa, the same size as chloroplast
RNase P. In the absence of buoyant density or mechanistic data,
however, these results were not considered definitive.

Hindsight. In retrospect, the ability to recognize the existence
of protein-only RNase Ps was hindered by (1) justifiable expecta-
tions that organelles would have bacterial-type RNase P, most likely
containing an organelle-encoded RNA subunit and an imported,
nuclear-encoded polypeptide; (2) knowledge that yeast mito-
chondrial RNase P conformed to this model; (3) indications that
RNase P in C. paradoxa cyanelles and R. americana mitochondria
would follow the bacterial paradigm; and (4) evidence that yeast
and human nuclear RNase Ps contained an RNA subunit related
to the bacterial prototype. On the other hand, there was no obvi-
ous reason to doubt the validity of experimental work supporting
a protein-only composition for RNase P in animal mitochondsria,
plant chloroplasts, or plant nuclei, nor was there convincing exper-
imental evidence supporting other interpretations. Nevertheless,
these conclusions remained controversial until isolated polypep-
tides, overexpressed from cloned cDNAs corresponding to defined
genetic loci, were shown to possess RNase P activity.

Identification at the Molecular
Level of Protein-Only RNase P

Characterization of the RNase P enzyme in human mito-
chondria. The concept of protein-only RNase P was definitely
accepted only when the core components responsible for RNase
P activity in human mitochondria were identified at the molecu-
lar level.® In that study, Rossmanith and coworkers confirmed
that this RNase P activity did not require any RNA component.
Using an elegant approach combining proteomic identification
of human mitochondrial RNase P (mtRNase P) complexes, in
vitro mtRNase P activity assay and reverse genetics, the authors’
work led to the conclusion that only three individual polypeptide
subunits were strictly required for the reconstitution of mtRNase
P activity and that their mode of action was concerted. These
three polypeptides composing the mtRNase P holoenzyme are
nuclear-encoded and were named respectively MRPP1, 2, and 3
(for Mitochondrial RNase P Proteins). MRPP1 (or TRMTI0C)
encodes a putative tRNA:™G9-methyltransferase whereas

Volume 10 Issue 9



by C344, C345 (orange) and H548, C565 (yellow).

Figure 3. PRORP are two-domain PPR proteins. (A) 3D models were built using SwissModel®: for all characterized members of the PRORP family based
on At-PRORP1 crystal structure (PDB ID 4G24). This global view shows superimposed structure and models with PPR domains in blue, N-terminal and
C-terminal connecting regions in orange and yellow, respectively, and catalytic NYN domains in green. Insertions/deletions to the reference structure
of At-PRORP1 are colored as following: A. thaliana PRORP2, PRORP3, O. tauri PRORP, Trypanosoma PRORP2, and human mitochondrial MRPP3 indels
are in violet, red, dark green, light brown, and pink, respectively. Little structural variations are observed. (B) At-PRORP1 PPR domain. (Left) This view
of the whole domain highlights individual PPR motifs in light to dark blue from N to C terminus. (Right) Superposition of the five PPR motifs from A.
thaliana PRORP1 (represented with the same color code as on the left) and the two PPR motifs (in orange and yellow) of human mitochondrial RNA
polymerase (PDB ID 3SPA) illustrating the conservation of the PPR fold. (C) At-PRORP1 catalytic domain. Manganese ions shown as pink spheres and
two water molecules bridging one Mn?* ion to conserved Asp474 in the catalytic site. (D) At-PRORP1 connecting region. This region is composed of a
N-terminal half (orange) following the PPR domain and a C-terminal half (yellow) following the catalytic domain. It binds a zinc ion (gray) coordinated

MRPP2 (or SDR5CI) encodes a 3-hydroxyacyl-CoA dehydroge-
nase and MRPP3 encodes a protein containing a metallonuclease
domain as well as a PPR domain.”*

MRPP1 catalyzes the methylation of specific bases (G9 or A9)
in mitochondrial tRNAs and interacts with tRNAs in vitro,’
although its methyltransferase activity is not required for tRNA
cleavage by the mtRNase P holoenzyme.* Little is known about
the involvement of MRPP2 in mtRNase P activity. Binding to
MRPP2 is critical for MRPP1 to perform mitochondrial tRNA
methylation, although MRPP2’s dehydrogenase activity seems to
be dispensable.’® Reciprocally, although MRPP1 and MRPP2 are
essential components of the mtRNase P holoenzyme, neither the
methyltransferase nor the dehydrogenase activity, respectively, is
required for tRNA processing.’®
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MRPP3 was the only identified subunit of mtRNase P har-
boring a predicted nuclease domain. Hence, it was hypothesized
from the start that the involvement of MRPP3 in mtRNase P
activity would be to perform the actual phosphodiester bond
hydrolysis.”> MRPP3 also features PPR motifs. These elements
are helical-repeat motifs considered to bind with specificity to
single-stranded RNA stretches; they are found in eukaryotic pro-
teins, predominantly those involved in organellar RNA metabo-
lism."*%” Even though the precise role of MRPP3’s PPR motifs in
mtRNase P is still unexplored, a tempting proposal is that these
repeats contribute to tRNA binding and/or confer base-specific
recognition of tRNAs.

Apart from the protein-only RNase P, it was also proposed
that RNase P RNA could be imported into human mitochondria,
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Figure 4. The current model of the PRORP/tRNA complex suggests a common mode of RNA binding in RNP and PRORP RNases P. (A) Structure of Ther-
motoga maritima ribozyme (PDBid 3Q1R18) with the catalytic domain in green, the specificity domain in blue, the RNase P protein subunit in orange,
the tRNA product in light blue and the molecular surface of the RNP in gray. (B) The two-domain architecture of At-PRORP1 structure offers a concave
surface that can be docked on the tRNA acceptor arm. The protein shown in the same orientation and same color code as the RNP with the catalytic
domain in green, with metal ions bound (yellow spheres) close to the RNA cleavage site and the RNA-binding PPR domain in blue interacting with the
region of the D-TYC loops. The central region (yellow) stabilized by a zinc ion (orange sphere) connects the two main PRORP domains. (C) A close-up
of the PRORP1-tRNA complex model shows conserved catalytic aspartates D474 and D475 (blue) adjacent to tRNA cleavage site at position G+1 (red) as
well as U16, G18, G19, and C56 (the nucleotides protected in footprint experiments’” in red) in contact with PPR motifs. Current functional data indicate
that PRORP proteins have evolved an RNA recognition process very similar to that of RNP RNase P.

thus leading to the potential cohabitation of both RNP and pro-
tein-only RNase P in this organelle.”® The occurrence of RNase
P RNA in human mitochondria remains controversial and has
been discussed in detail by Rossmanith in 2012.5°

The catalytic subunit of protein-only RNase P is the PPR
protein. While the three polypeptides that compose the human
mitochondrial RNase P enzyme have some RNA-binding poten-
tial, only MRPP3 possesses the features of a metallonuclease that
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could account for the catalytic activity of RNase P. MRPP3 ortho-
logs could be identified in many eukaryotic organisms and define
anew protein family that was named PRORP (for PROteinaceous
RNase P). Hence, MRPP3 is now also called human PRORP.
These proteins are characterized by the presence of a number of
PPR and/or PPR-like motifs, a CXXC Zn finger-like motif and
a metallonuclease domain belonging to the NYN family.®® The
function of putative PRORPs identified by sequence similarities

Volume 10 Issue 9



61,62

has been explored in depth in Arabidopsis®®* and in the pro-
tist 77 brucei.® Data are also available for Ostreococcus tauri, a
primitive unicellular green alga.®* Arabidopsis expresses three
PRORP proteins: A-tPRORPI is a 62 kDa protein with a pl of
9 and is localized to both plastids and mitochondria, whereas
AtPRORP2 and At-PRORP3 are 59 kDa proteins, with pI of 6
and are localized in the nucleus.®"*> RNase P catalytic activity was
first assigned unequivocally to the single protein A-PRORPI1 in
Arabidopsis organelles® and later to each of the nuclear proteins
on its own.*? In vitro RNase P activity tests using homologous
pre-tRNA substrates were performed with purified recombinant
forms of the three Arabidopsis RNase P protein candidates, each
carefully verified for the absence of contamination by E. coli
RNase P.¢-¢% Precise mapping of the cleavage site was achieved by
high-resolution urea-PAGE or circular RT-PCR, and character-
ization of the 5' nucleotide of the mature tRNA products showed
that each PRORP is a tRNA-specific endonuclease removing 5'
extensions from pre-tRNAs and leaving a phosphate group at the
5" end of mature tRNAs. Abolition of the RNase P activity of
recombinant PRORPs mutated in two conserved aspartates (pre-
dicted to be part of the catalytic site) confirmed that each of the
three Arabidopsis PRORPs possessed RNase P activity as a single
polypeptide.®"¢2

Two PRORP genes were identified in the fully sequenced try-
panosomatid genomes. In Trypanosoma brucei, PRORP1 is local-
ized to the nucleus and PRORP2 to the mitochondrion.®’ Using
in vitro cleavage assays with purified recombinant proteins, each
T’ brucei PRORP protein appeared to perform the canonical 5'
tRNA maturation on its own, similar to Arabidopsis PRORPs.
Although studied to a lesser extent, a recombinant PRORP from
the green algae O. rauri is capable of pre-tRNA 5' processing in
vitro.** The RNase P activity of these eukaryotic PRORP pro-
teins from distant organisms is most likely shared by other mem-
bers of this family. The association of a nuclease domain with a
PPR domain to create RNase P enzymes represents yet another
example of the potential and diversity of functions (i.e., RNA
editing, splicing, or translation') acquired by the family of PPR
proteins.

Beyond the capacity to perform RNase P activity in vitro, an
important testimonial to the generality of PRORP tRNA pro-
cessing capability came with the observation that Arabidopsis
organellar PRORP1 and Trypanosoma nuclear PRORP1 could
replace, in vivo, the E. coli and yeast nuclear RNase P respec-
tively.®"® Wild-type At-PRORPI, but not a protein mutated in
the two conserved catalytic aspartates, rescues the lethal knock-
down of RNase P RNA in E. coli. Similarly, 7. brucei nuclear
PRORP1 can rescue a deletion of the RNA component of yeast
nuclear RNase P. These heterologous complementations led to
the remarkable result that a single polypeptide can substitute in
vivo for a complex ribonucleoprotein structure. Still, PRORP
might not be the exact functional equivalent of RNP RNase
P as fitness differences were observed between yeast strains
non complemented and complemented by PRORP.® Similarly,
kinetic studies reveal that specificity constants of PRORP are

not equivalent, i.e., they are lower than that of RNP RNase
P.6265
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Further experiments explored the in vivo roles of the three
Arabidopsis PRORPs. The lethality of a single-gene knockout
of A-PRORPI and of the double knockout of A-PRORP2 and
AtPRORP3 indicate that both the organellar and the nuclear
PRORP enzymes fulfill essential functions in vivo, as expected
for the authentic RNase P in cellular compartments encoding
tRNA.°"¢? The role of A-PRORP in tRNA 5' maturation in
both organelles and the nucleus in planta was further explored by
downregulation using virus-induced gene silencing.®> A decrease
in PRORP1 specifically affects internal structures of chloro-
plast and mitochondria and reduces the level of mature organel-
lar tRNAs, while nuclear-encoded tRNA levels are unchanged.
Conversely, downregulation of PRORP2 in a prorp3 knockout
background has no effect on organellar tRNAs, while the level
of nuclear-encoded processed tRNA is reduced compared with
control plants. Since downregulation of each PRORP protein
causes a reduction of RNase P activity in the cellular compart-
ment where that protein is found, it can be concluded that each
PRORP protein is required for processing the tRNA pool in its
respective compartment. On the other hand, downregulation of
POP1 and POP4, two essential protein components of RNase
MRP (a ribonucleoprotein related to the nuclear RNP RNase
Ps and involved in cytosolic tRNA maturation) affected tRNA
maturation but did not reduce nuclear tRNA levels.®? Altogether,
these results are consistent with PRORP proteins being the sole
source of RNase P activity in both organelles and the nucleus of
plants.

A report by Krehan, et al. has shown that RNase P activity as
well as RNase MRP RNA are present in a wheat embryo extract
immune-precipitated with POP1 antibodies.®® This result has
been interpreted as a clue for the presence of an RNP RNase P
enzyme in plant nuclei.”” Since the downregulation of POP1 in
planta resulted in decreased RNase MRP activity and did not
affect RNase P activity,*? we believe that the results instead reflect
the presence of both PRORP and RNase MRP in the immuno-
precipitated fraction, i.e., that the two enzymes might be present
in a single complex in planta as also proposed by Krehan, et al.%

In Trypanosoma, PRORP activity was analyzed after immu-
nodepletion, with anti-PRORP antibodies, of RNase P activity
in a whole-cell extract. Depletion of both nuclear PRORP1 and
mitochondrial PRORP2 abolishes all activity, suggesting that
T. brucei contains no other RNase P.®> More studies are required,
however, to understand the function of 7. brucei PRORDPs in vivo.
Since a complete set of tRNAs is imported from the cytosol into
mitochondria in Trypanosoma, it will be particularly interesting
to identify the substrates of the mitochondrial PRORP2 in vivo.

Collectively, experimental data obtained in distantly-related
eukaryotes has clearly established that RNase P activity can reside
in a single polypeptide. Moreover, in plants and Trypanosomes,
PRORP proteins provide RNase P activity in vivo in both organ-
elles and in the nucleus.

The substrate spectrum of PRORP, like that of RNP RNase
Ps, goes beyond tRNAs. RNase P was first defined as the activity
performing the 5" maturation of tRNA precursors. Still, extensive
analyses of ribonucleoprotein RNase P functions have revealed
that RNase P can be involved in the maturation of a much
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wider variety of substrates in both prokaryotes and eukaryotes.”
After finding that PRORP proteins could perform the 5' matu-
ration of tRNA precursors in Arabidopsis, Trypanosoma, and
Ostreococcus,® % it was logical to investigate whether PRORP
proteins are entirely tRNA-specific or whether they, like RNP
RNase Ps, are involved in the maturation of other substrates.

The assumption that PRORP enzymes might be involved
in the maturation of other RNAs is supported by the fact that
numerous tRNA-derived sequences or structures are present
in plant genomes. For instance, tRNA-like sequences called
“t-elements” are present in transcripts of plant mitochondrial
DNA, where they separate individual mRNAs.% Similarly, in the
nucleus, SINE RNAs are derived from tRNAs, although their
canonical cloverleaf structure has apparently been lost.”” Another
argument comes from the observation that Arabidopsis PRORP1
can replace E. coli RNP RNase P in vivo.®" Bacterial RNP
RNase P is responsible for the maturation of many non-tRNA
substrates, including the precursor to the 4.5S RNA.”® Two sub-
strates that contain tRNA-like recognition elements are the pre-
cursor to C4 antisense RNA of bacteriophage P1 and P7, which
possesses a tRNA-like structure with short D- and T-loops;”*
and the precursor to tmRNA, part of whose structure resembles
the horizontal stacking domain (acceptor stem plus T-stem and
loop) of tRNAAR 2 3 known minimal substrate for E. coli RNase
P73 E. coli RNase P is also involved in processing polycistronic
mRNAs such as the histidine operon transcript,”*”” and in cleav-
age of some riboswitches, including those for the coenzyme
B12." It can thus be speculated that Arabidopsis PRORP1 could
catalyze the maturation of all these E. coli non-tRNA substrates.
Alternatively, it is possible that some of these non-tRNA matura-
tion steps are not essential or that they can be rescued by other
enzymatic systems in the absence of ribonucleoprotein RNase P.

Preliminary results, both in vitro and in vivo, have confirmed
that Arabidopsis PRORPs are indeed involved in the maturation
of other RNA substrates. In particular, PRORP1 is able to per-
form in vitro the endonucleolytic cleavage of tRNA-like t-ele-
ments present in the mitochondrial transcripts of Arabidopsis
nad6 and Brassica napus orf138,* and PRORPI activity is
required in vivo to accumulate nad6 mRNA.%

Similarly, Arabidopsis PRORP2 and 3 are indirectly involved
in the maturation of snoRNA.®* In Arabidopsis, a dicistronic
precursor to tRNA®Y and the snoRNA snoR43.1 is processed
by both RNase P and the pre-tRNA 3'-processing endonuclease
RNase Z, with RNase P cleavage of the pre-tRNASY portion
being a prerequisite for the cleavage by RNase Z that separates
mature tRNA®Y from mature snoR43.1.7¢ In PRORP downreg-
ulation mutants, snoR43 failed to accumulate to normal levels
whereas tRNA-snoRNA precursor levels increased, showing that
nuclear PRORP activity is required for the accumulation of this
snoRNA.%

An initial investigation of the PRORP/tRNA complex has
revealed that minimal tRNA structural features are required for
recognition by PRORP alone. For example, and like the bacterial
RNP RNase P, the tRNA acceptor stem is essential whereas the
anticodon domain is not. Unlike the bacterial enzyme, PRORP
cleavage is impaired by the absence of the D domain from tRNAs
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or t-elements.®"”” Thus, maturation of mitochondrial mRNAs by
cleavage of some t-elements (such as the one from ccmC mRNA
that lacks both D and anticodon domains®®) might require addi-
tional proteins acting as PRORP partners to recognize these
structures. Similarly, in humans, the requirement for MRPP1
and 2 might reflect an inability of Hs-PRORP alone to bind the
non-canonical tRNA structures characteristic of vertebrate mito-
chondria.® This would also explain why the plant PRORPI can
function in both chloroplasts and mitochondria, since tRNAs
from plant chloroplasts and mitochondria closely resemble bacte-
rial tRNAs.

The diversity of substrates identified so far for PRORP remains
limited. Other potential RNA substrates will have to be inves-
tigated at the transcriptome-wide level, for example, through
comparative transcriptome analyses of PRORP downregulation
mutants or by global sequencing of RNA partners immune-pre-
cipitated in complex with PRORP proteins.

Emergence and distribution of PRORP enzymes in eukary-
otes. RNase P is a ubiquitous enzyme, found in all organisms with
the exceptions of symbiotic Archaea, such as Nanoarchea equi-
tans, several species of Pyrobaculum and Aquifex aeolicus in which
transcription of tRNAs starts at position +1.”® The RNP form of
RNase P is widespread as it is present in Bacteria, in Archaea
and in Eukarya with characterized activities in both the nucleus
and mitochondria (as, for example, in yeast)."” On the contrary,
identified PRORP RNase Ps are limited to eukaryotes (Fig. 2),
having been identified in human mitochondria,” Arabidopsis
thaliana mitochondria, chloroplasts, and nuclei®® and in
Trypanosoma brucei mitochondria and nuclei.®® In the green alga
Ostreococcus tauri, a PRORP protein was found to have RNase
P activity but its localization was not determined.®® However,
bacterial-type RNase P ribozymes can be found encoded in both
mitochondrial and plastidial genomes along with an RNP RNase
P protein in the nucleus.?”** Nonetheless, although all character-
ized PRORP proteins are eukaryotic, they are not restricted to
endosymbiotic organelles as was previously assumed."

Database analyses confirm that PRORP proteins consti-
tute a eukaryote-specific family of enzymes. Putative PRORP
sequences can be found in nearly all major eukaryotic groups
(i.e., in Metazoa, Streptophyta, Chlorophyta, Kinetoplastida,
Stramenopiles, and Oomycetes) with the notable exceptions of
fungi and amoebozoa.®" The appearance of PRORP can essen-
tially be defined by the event that led to the fusion of a PPR
domain with an NYN nuclease domain. The precise timing of
this event and the evolutionary history of PRORP remain to
be established. Still, its occurrence as experimentally shown for
Metazoa, Euglenozoa and for both Streptophyta and Chlorophyta
in Viridiplantae (Fig. 2), already suggests that PRORP appeared
very early in the evolution of eukaryotes.*!

The emergence of PRORP has been proposed to be related
to the acquisition of organelles.’ Similarly, Howard et al. sug-
gested that the evolutionary drive for RNP replacement by
PRORP might have resided in different substrate specificities
between nuclear and organelle RNase P enzymes, in the diffi-
culty of importing a large RNA such as that for RNase P into
mitochondria, or in the “vulnerability” of organelle RNA toward

Volume 10 Issue 9



RNP RNase P enzymes.” All these propositions assume that
PRORP initially arose as an organelle-targeted enzyme, which is
not established and not necessarily true. Indeed, PRORP clearly
emerged as a nuclear gene by fusion of genes encoding a PPR
RNA-binding protein and an NYN metallonuclease domain
(discussed in the following section). Because the nuclear RNase
P activity of PRORP is found in distantly related eukaryotes,
PRORP nuclear activity is most likely ancient. It is thus possible
that PRORP might have first functioned as a nuclear enzyme. If
so, the evolutionary impetus to replace a RNP complex contain-
ing one RNA and up to ten proteins by a protein-only enzyme
might have resided in the fact that the simpler enzyme assembles
faster, is easier to regulate and requires fewer cellular resources
for its biogenesis.

PRORP enzymes are two-domain proteins. Initial structural
predictions of PRORP based on sequence analyses indicated the
presence of PPR modules in the N terminus and of a NYN-like
catalytic domain in the C terminus. This organization into two
a-helix-rich domains was supported by biophysical character-
ization (circular dichroism and small angle X-ray scattering) of
AePRORDP:s in solution and is consistent with the X-ray crystal
structure of AcPRORP1.777 Taking together 1-, 2-, and 3-D data
available for this enzyme family, comparative models of representa-
tive PRORP members are presented in Figure 3A. These models
pinpoint the general conservation of the PRORP fold from uni-
cellular algae to humans. Small variations are observed, mainly
in peripheral loops. Long insertions are present in plasmodial
enzymes, as is often observed in proteins from this parasite family.®

The N-terminal PPR domain forms a superhelical struc-
ture very similar to those described in TPR (TetratricoPeptide
Repeat) domains, an evolutionary-related domain involved in
proteineprotein interactions.>®' As illustrated in Figure 3B, it
contains five PPR and PPR-like motifs: two canonical ones and
three displaying remote sequence similarities. Despite their diver-
gent sequences, these PPR modules are structurally similar and
superimposable on those found in the only other PPR protein of
known three-dimensional structure, i.e., human mitochondrial
RNA polymerase. This confirms, as was originally proposed,?
that the defining feature of PPR family members is a conserved
structural fold of PPR motifs rather than of conserved sequence
elements.

The catalytic domain of PRORP adopts an a/B/a sandwich
fold (Fig. 3C) belonging to the PIN-like nuclease family.#>% A
similar architecture is found in the nuclease domain of T4 RNase
H,* and of human SMG6 and SMGS, two essential factors in
nonsense-mediated mRNA decay,® as well as of a recently char-
acterized MCPIP1 RNase (MCP-1 induced protein 1) that par-
ticipates in the regulation of immune response by degrading the
mRNA of inflammatory cytokines.®» Among the four aspartate
residues involved in the binding of metal ions,” two are strictly
conserved in PRORDPs (D474 and D475 in At-PRORPI) and in
other nucleases of the PIN/NYN family and are essential for pre-
tRNA cleavage.””

These two functional domains are connected by a split zinc-
binding module derived from the central and the C-terminal

regions of PRORP (Fig. 3D) and which forms the tip of the
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overall “V shape” of PRORP, the PPR and catalytic domains
being the two arms of the V. The concave surface of the PPR
superhelix in one arm thus faces the catalytic groove in the other
arm, thereby exposing conserved aspartate residues and metal
ions, making the overall architecture look like tweezers.

Is PRORP a structural mimic of ribonucleoprotein RNase
P? The bacterial RNP RNase P docks onto the acceptor stem
of its pre-tRNA substrate, with an interaction extending from
the tRNA corner (T and D loops), which is recognized by the
specificity domain (S-domain) to the cleavage point between
nucleotides -1 and +1, which is apposed to the catalytic domain
(C-domain).'®%%¢ In E. coli tRNAs, the 3' terminal CCA inter-
acts specifically with a complementary sequence in a loop of the
RNase P RNA,¥” whereas the pre-tRNA leader interacts with the
protein subunit of the holoenzyme.®

The bipartite organization of PRORPs (Fig. 3) is reminiscent
of that of RNP RNase P, with the PPR domain playing the role of
the S-domain to ensure recognition of the pre-tRNA and its ori-
entation in the catalytic domain. In support of this role, removal
of the four N-terminal PPR motifs of A-PRORP1 leads to a
34-fold drop of affinity for the substrate and a > 2000-fold loss
of enzymatic activity.”” Similarly, the deletion of the S-domain in
the RNP RNase P resulted in 30- to 13000-fold loss in catalytic
performance, depending upon the substrate used. However, the
S-domain deletion, surprisingly, led to more accurate cleavage
site selection.®

On the substrate side, deletions altering the pre-tRNA struc-
ture show that for PRORP, just as for the RNP RNase P, the anti-
codon stem-loop is dispensable, whereas the D and T loops are
required. Footprint experiments confirmed that the corner of the
tRNA L-fold interacts with A-PRORP1 to give strong protection
of residues U16, G18-19, and C56.77

The PRORP/pre-tRNA complex was modeled based on the
AwPRORPI1 crystal structure using as geometrical restraints
the binding of the T/D loops by the PPR domain and the
positioning of the cleavage point in the vicinity of conserved
aspartate groups constituting the metal-binding site. Figure 4
illustrates the potential similarity between PRORP and RNP
RNase P in the way they bind their pre-tRNA substrates.””
Another model of PRORP/pre-tRNA complex has been
proposed, it shows PRORP interacting on the side rather as
on the top of tRNAs.” However, the latter does not take in
account footprinting and tRNA deletion results that suggested
contacts between PRORP and tRNA residues U16, G18, G19
as well as C56, while the anticodon stem is dispensable for
recognition.”’

Despite the overall similarity of their substrate-binding
modes, however, the two types of RNase P—employing a pro-
tein or an RNA catalytic component—are mechanistically
distinct.”” Both cleave a phosphodiester bond by nucleophilic
attack of hydroxide ion apical to O3' of the upstream ribose,
generating products with 3'-hydroxyl and 5'-phosphoryl ter-
mini. The presence of metal-binding sites in the structure of
Ar-PRORP1 suggests that the proteinaceous enzymes use a
two-metal-ion mechanism® to deprotonate water and to sta-
bilize the transition state. However, the tolerance of PRORPs
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to an Rp-phosphorothioate modification of the scissile bond in
the presence of Mg?* as cofactor is a striking difference from
the RNP enzyme,®*" indicating that the metal in PRORP does
not directly coordinate the pro-Rp-oxygen of the target phos-
phodiester. Rather, it appears that, whereas the RNase P RNA
subunit employs one hydrated divalent cation to provide the
attacking hydroxide and a second metal hydrate to protonate
the leaving group,'®” the proteinaceous RNase P utilizes a more
conventional mechanism akin to that of known protein metal-
lonucleases, in which the metal ions serve primarily to stabilize
the charge and structure of the trigonal bipyramidal transi-
tion state, and general acid-base chemistry is accomplished by
the carboxylate groups of aspartate (and possibly the imidaz-
ole nitrogen of histidine). The binding affinities of PRORPs
for their pre-tRNA substrate are in the micromolar range.®””
These values are one or two orders of magnitude lower than for
RNP RNases P and may indicate more transient interaction
with substrates. Nevertheless, these proteinaceous enzymes are
efficient enough to complement E. co/i RNP RNase P.¢ So the
precise functional advantages of the PRORP and RNP RNase P
mechanistic dissimilarities remain to be identified.

Concluding Remarks

Within the PPR family, the characterization of PRORP proteins
has finally settled the long-lasting debate over the existence of an
alternative system devoid of RNA for RNase P activity in eukary-
otes. The discovery of protein-only RNase P indicates that the

distribution and evolutionary history of RNase P are more com-
plex than previously thought. The functional and mechanistic
comparison of PRORP with RNP RNase P will have important
implications for our understanding of the evolution of living
systems. Indeed, it will illustrate how convergent evolution has
found two independent routes to catalyze the 5' maturation of
tRNAs: either with an RNA-based enzyme or a protein-only
enzyme. This mechanistic comparison leads to important ques-
tions. For instance, the mechanism by which PPR motifs confer
PRORP substrate specificity remains to be elucidated. Future
work, in particular determination of the crystal structure of
PRORP in complex with tRNA, will establish whether PPR
motifs indeed bind conserved residues in the single-stranded D
and T loops of tRNAs as was previously suggested,”” and thus
whether the PRORP mode of RNA recognition is in conformity
with the overall mode of RNA recognition recently proposed for
PPR proteins.”?
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1.7 PRORP: A Pentatricopeptide repeat protein

1.7.1 PPR distribution in all domains of life

Pentatricopeptide repeat (PPR) proteins are absent in most sequenced bacteria expect for Ralstonia
solanacearum (Salanoubat et al., 2002) and can be found in fungi and metazoa. Eurkaryotes possess
an average of 5-50 PPR proteins. This protein family expanded in plant organelles, i.e. land plants
(Small & Peeters, 2000) with more than 450 in Arabidopsis and about 470 in rice. In human only
the small number of seven PPR proteins could be detected (LRPPRC, MRPS27, PTCD1-3, MRPP3,
POLRMT), 28 in the protist Trypanosoma brucei (Pusnik et al., 2007) and 15 in yeast S. cerevisiae
(Lipinski et al., 2011).

A hypothesis explaining this explosion in land plants was given by Chrzanowska-Lightowlers in 2013.
Given the relaxed organization of plant organellar DNA and its plasticity with a lot of introns and
editing sites the nuclear genome would have co-evolved to come up with a family of RNA binding

proteins that counteract these developments (Lightowlers & Chrzanowska-Lightowlers, 2013).

1.7.2 PPR classifications

Classical PPR motifs consist of a degenerate sequence of 35 amino acids that fold up into two antipar-
allel a-helices. In Arabidopsis a typical PPR protein contains up to 30 of such repeat modules. PPR
proteins can be divided in two subfamilies: P-class and PLS-class. Proteins of the P-class contain
the archetype of PPR motifs: 35 amino acids with a degenerate sequence forming two anti-parallel
a-helices and no additional domains. PPR proteins in general contain 2-30 PPR motifs in tandem
arrays. The PLS-class is characterized by a repetition of P-motifs (35 aa), L-motifs (long motifs with
35-36 aa) and S-motifs (short motifs with 31 aa). In this subfamily there are proteins containing a
C-terminal E and DYW domain. E stands for extended domain and DY W represents the characteristic
last C-terminal amino acids aspartate-tyrosine-tryptophan (Fig. 1.19). PLS PPR proteins are impli-
cated in RNA editing. The E domain is essential for RNA editing whereas the DYW domain seems
to be facultative. Interestingly, although RNA specific binding has been demonstrated RNA editing
remains to be demonstrated in vitro. PRORPs belong to another group having only P-motifs and an
additional C-terminal domain (Schmitz-Linneweber & Small, 2008, Barkan & Small, 2014).

1.7.3 Functions of PPR proteins

The P-class PPR proteins in chloroplasts stabilize for example mRNAs by protecting them against
5’-3’ exonucleases and guiding them to their correct cleavage site. Yet, in mitochondria they are
mostly implicated in RNA cleavage. The can also act as translation activators as in the case of atpH
whose translation is stimulated by PPR10. PPR proteins are implicated in preventing plants from cy-
toplasmic male sterility (producing pollen), called restorer-of-fertility-genes. In that way the nuclear
genome counteracts the attack of organellar evolution that might harm the plant viability. P-class PPR
proteins are also splicing factors (e.g. THAS, PPR4, PPRS) for group II introns in chloroplasts and

mitochondria where these introns lost their self-splicing capacity.
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Figure 1.19: Classification of P- and PLS-PPR-proteins. P motifs are the classical 35-mer PPR that
may contain additional motifs such as PRORPs. PLS-PPR proteins consist of arrays of
35-mer (P), 35-36-mer (L) and 31-mer (S) motifs that are fused to additional domains (E
and DYW). (Schmitz-Linneweber & Small, 2008)

PLS-class PPR proteins are the main actors in RNA editing that is the deamination of cytidine to
uridine. In most of the cases these editing factors have one, rarely more, targeting site, reflecting their

high specificity.

1.8 The RNA recognition code

RNA recognition is modular: One repeat recognizes one nucleotide mode (Kobayashi et al., 2012,
Yagi et al., 2013). Taking the numeration of Ian Small and co-workers the amino acid at position
6 and the first amino acid of the following repeat (1’) would specifically recognize one nucleotide.
They found that 74Dy, — G,T/S¢Ny — A, N¢Dy, — Uand NgN /Sy, — C'. In contrast to other
RNA binding motifs such as PUF and TALE proteins, PPR bind their target RNA in a parallel manner
(5’-3’ to N-C-terminal) being also able to recognize much longer single RNA tracts ranging from 12
to 29 nts (Barkan & Small, 2014, Barkan er al., 2012).

A well-studied example of PPR proteins is the maize PPR10 that consists of 19 PPR motifs (Prikryl
et al., 2011) and is localized to chloroplasts. Its function is to guide endo- and exonucleases to their
correct site on mRNAs by sequestering the mRNA 3’ and 5’ termini. It is also implicated in tran-
scription control by unmasking the Shine-Delgarno sequence on the mRNA and thereby increasing
transcription levels (Prikryl e al., 2011). Using this model PPR protein Barkan and co-workers estab-
lished a RNA recognition code that was also confirmed using modified RNA sequences. Analyzing

footprinting data they found a minimal RNA sequence of 17 nts that is in contact with 19 PPR motifs.

1.9 Structural information on PPR/RNA interactions

The first structural data of PPR proteins was published in 2011 by Temiakov and co-workers from the
human mitochondrial RNA polymerase (pdb ID: 3SPA). This structure confirmed the predicted fold
of two antiparallel a-helices per PPR motif and shows two PPR motifs in the N-terminal region of the
enzyme (residues 263 - 330). Their presence is essential for the formation of the RNA polymerase

initiation complex (Ringel et al., 2011). One year later the crystal structure of organellar PRORP1
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Figure 1.20: Maize PPR10 in complex with PSAJ RNA. Overall structure of the dimeric complex
of PPR10 (green and red) and PSAJ RNA (blue) as well as a zoom into the region
of RNA protein contacts. In the PSAJ sequence 5’-GUAU-3" each nucleotide is sur-
rounded by four amino acids. Hydrogen bonds are made between Thr178, Asn213,
Ser249 and Asn284 and 5’-GUAU-3’, respectively (not shown). In addition each nu-
cleotide is sandwiched by two hydrophobic amino acids, i.e. G1 by Argl75/Val210, U2
by Val210/Phe246, A3 by Phe246/Val281 and U4 by Val281/Val316.

from Arabidopsis was solved at 1.75 A(pdb ID: 4G23) (Howard er al., 2012). Since then more and
more crystallographic data of PPR proteins has become available and in 2013 the first structure of
PPR10 from Arabidopsis in complex with its substrate RNA, PSAJ, was published (pdb ID: 4M59,
Fig. 1.20).

Yan et al. reported a dimeric complex of two intertwined PPR10 molecules. The PSAJ recognition
seen in the structure is the modular recognition of the first four 5’ nts of PSAJ and two nts at the
3’ end bound to the C-terminus of the second PPR10 molecule. The data confirmed the concept of
modular recognition and the predicted code for 6 out of 18 nts. It is still puzzling that previous data
on the oligomeric state in solution of PSAJ and PPR10 showed a monomeric population (Yin et al.,
2013, Barkan et al., 2012). It needs to be vaildated whether the crystallized complex reflects an in

vivo complex or a crystallographic artefact.

1.10 Objectives of my thesis

When I started the project in master little was known about the structural organization of PPR pro-

teins to which PRORP proteins belong. The only information on structure came from bioinformatic
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predictions.

In this context, the aim of my project was to characterize PRORP proteins from the model plant A.
thaliana in solution but also to crystallize them alone and in a complex with tRNA to determine their
3D crystal structure.

Optimizing purification protocols for both proteins and RNA were necessary to obtain pure and homo-
geneous samples in sufficient amounts for structural studies. To maximize crystallization probability
I worked on PRORP1-2-3 in parallel as well as on their catalytic mutants. In addition I carried out
biophysical and structural analyses on soluble samples to obtain complementary information on both
enzymes alone as well as on their complex with pre-tRNAs. This multidisciplinary approach aimed to
bring a broader view and deeper insight into how PRORPs recognize and cleave their substrates. The
ultimate goal was to determine the structure of a PRORP/tRNA complex contributing to deciphering

to the knowledge of how an enzyme completely replaced an ancient ribozyme like RNase P in plants.
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Material and methods

2.1 Materials

2.1.1 Bacterial strains

E.coli strains BL21 (DE3), DH5«, Topl0, Rosetta? and B834 (DE3) strains were used during this
work. Strains used for cloning and plasmid purification, 7op/0 and DH5« contain mutations in genes
recAl and endAl coding for a recombinase and an endonuclease. This prevents plasmid degradation,
recombination and multimerization (Matsen, 2014). Strains BL21(DE3) and Rosetta2(DE3)pLys were
used for protein expression. BL21(DE3) express T7 RNA polymerase that is under the control of a
lacUVS5 promoter and induced by IPTG. In the presence of T7 polymerase the protein cDNA in a
pET28 vector containing a T7lac promoter will be expressed. The basal T7 transcription can be re-
duced by adding 1% (w/v) glucose during cell growth (Biolabs, 2014). Rosetta2(DE3) cells contain
an additional plasmid that encodes rare tRNAs and enhances the expression of proteins containing a

lot of rare codons.

Genotypes are:

Top10: F-mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recAl araD139 A(ara-
leu)7697 galE15 galK16 rpsL(StrR) endA1 A-

DH5a: F-endAl glnV44 thi-1 recAl relAl gyrA96 deoR nupG ¢80dlacZAM15 A(lacZYA-argF)U169,
hsdR17(rK- mK+), A-

BL21(DE3): F- ompT gal dcm lon hsdSB(rB- mB-) A\(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5])
Rosetta2(DE3): F-ompT hsdSB(rB- mB-) gal dem (DE3) pRARE2 (Cam®)

2.1.2 Plasmids

2.1.2.1 Protein expression vectors

pET28b(+)

This vector is used to express Hisg-tagged proteins that are purified by metal ion affinity chro-
matography. It is a high copy number protein expression vector of 5368 bp containing a T7
promoter, a kanamycin resistance gene and an IPTG regulated lactose operon. The cDNAs are

cloned in frame with a 3’ end Hisg-tag.

pTYB1

PTYBI is used to express and purify proteins without a tag sequence. This low copy number
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C-terminal fusion vector of 7477 bp is designed for the insertion of a target gene into a multi-
ple cloning site upstream of the S. cerevisiae VMA intein and a chitin binding domain (CBD)

construct containing an ampicillin resistance gene (Thomas, 2014).

pTYB12
Same characteristics as pTYB1 but the intein-CBD is N-terminal to the protein of interest and

a length of 7417 bp.

2.1.2.2 RNA transcription vectors

pUC19
pUC19 is a high copy number cloning vector for E.coli containing an ampicillin resistance gene.
It is 2686 base pairs long and is used for pre-tRNA cloning. Pre-tRNA sequences were amplified

with primers containing the T7 RNA polymerase promoter sequences and ligated in pUC19.

2.1.3 Protein constructs

The clones for protein expression, pET28b-PRORP1-2-3 as well as their catalytic mutants, were
already available in my group at the IBMP.

PRORP2-3 are full length constructs containing a C-terminal Hisg-tag after expression. PRORP1
cDNA was cloned without the mitochondrial targeting signal (MTS) predicted by Predotar (Small,
2003) and Target P (Nielsen et al., 1997). In addition double catalytic mutants were used. Two
essential aspartates in the catalytic site that are conserved among PRORPs were mutated into alanines,
and are referred to as PRORP2mDD for double catalytic mutant PRORP2. Mutated aspartates in
PRORP1-2-3 are D474/D475, D421/D422 and D480/D481, respectively (Gobert et al., 2010).
During the optimization of the purification protocol of PRORP1 I observed two bands of similar size
that were neither separable with gel filtration nor with ion exchange chromatography. The lower band
corresponded to a N-terminal degradation product that was still upstream of the first predicted PPR
motif. Thus, we cloned a shorter version of PRORP1-MTS referred to as PRORP1-cris.

2.1.4 RNA substrates

Arabidopsis thaliana mitochondrial tRNAY* (Accession code NC_001284.2 localization 104885 -
104955) was cloned into RNA transcription vector pUC19 downstream the T7 promoter and endonu-
clease restriction sites EcoR1 or BmR1 depending on the the 3’ trailer sequences. BmR1 was used
for mature 3’ ends and EcoR1 for substrates containing a trailer sequence. In this case a mature 3’

end refers to an end having the discriminator base but no CCA.
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Table 2.3: A. thaliana mitochondrial tRNA®¥* sequences used during the work

Name Sequence

LOTO GGCUAGGUAACAUAAUGGAAAUGUAUCGGACUGCAAAUCCUGUAAUGACGGUUCGACUCCGUCCUUGGCCU

L5TO GGGUU+LOTO

L51TO GAGAGGAAGAAAGAACAACCGUUUUACUUUGGCACAUGAGGUGGCGGGUUU+LOTO

L5T30 GGUUU+LOT0+ACACCUUCAUGACCAGAAAUAACU

L11T30 GUGGCGGGUUU+LOT0+ACACCUUCAUGACCAGAAAUAACUG

L21T30 GGCACAUGAGGUGGCGGGUUU+LOT0+ACACCUUCAUGACCAGAAAUAACUG

L31T30 GUUUUACUUUGGCACAUGAGGUGGCGGGUUU+L0T0+ACACCUUCAUGACCAGAA AUAACUG

L41T30 GAGAACAACCGUUUUACUUUGGCACAUGAGGUGGCGGGUUU+LOT0+ACACCUUC AUGACCAGAAAUAACUG

L51T30 GAGAGGAAGAAAGAACAACCGUUUUACUUUGGCACAUGAGGUGGCGGGUUU+LOT0+ACACCUUCAUGACCAGAAAU
AACUG

LSTOMAC GGGUUGGCUAGGUAACAUAAUGGAAAUGUAUAAUGACGGUUCGACUCCGUCCUUGGCCU

L5TOGUC  GGGUUGGCUAGGUAACAUAAUGGAAAUGUAUCGGACUGUCAAUCCUGUAAUGACGGUUCGACUCCGUCCUUGGCCU

2.1.5 Primers

Table 2.4: Primer sequences used for protein and tRNA cloning and sequencing

Name Sequence

PRORP2

P2int_f TAAAGCTAGCTCTGATCAACACCGGTCTC

P2-nlsint_f TAAAGCTAGCAGAAACCCAGAAACAAATCTCC
InteinP2_f1 TAAAGAATGCTGCTGCTTCTGATCAACACC
InteinP2_2 TAAAGAATGCTTCTGATCAACACCGGTCTC
InteinP2_r TAAACTCGAGCTAAGGAATCTTCCCATTACTCTTAGG
tRNACYs

ptrnCmTO_rv (G61)
ptrnCm-T7G_f (G59)
mut-tRNAcysLSTO_f
mut-tRNAcysLSTO_r
306.ptrnC-m-ara-LO5_F (II-G25)
306.ptrnC-m-ara-TO5_R (VI G95)

AGGCCAAGGACGGAGTCGAAC
TAAAGGATCCGAATTGTAATACGACTCACTATAGGGTTGGCTAGGTAACATAATGG
GTATCGGACTGCTAATCCTGTAATG

CATAGCCTGACAGTTAGGACATTAC
TAAAGGATCCGAATTGTAATACGACTCACTATAGGTTTGGCTAGGTAACATAATGG
TAAAGAATTCACTGGGAATGTGGTGTAGGCCAAGGACG

PRORPI1 cris
G76 306.AtPlcris_F
G77 306.AtPlcris_R

GAAGGAGATATACCATGGCAGCTTCTCCTTCTGAAAAC
CAGAAGGAGAAGCTGCCATGGTATATCTCCTTCTTAAAG

Sequencing PRORP2

19.z0774 (306.N570211-LB)_f

P2 rv (20.z0880 (MRPP32-smart1_b))_r
20.z0897 (306.F435C08-RB _f
20.z20879 (MRPP32-smartl)_r

VIL.G39 (306.P2end_F)

VIL.G60 (306.P2e2_RV)

TTTGAATAATGGAGGTGGGTG
AATACCTTGCCATTGACCGTG
TGGTTTCGAGATTTTTGATCG
TGGTTAGTTCGGGGATAAGTCCT
TGCTTGTGACAAATGATGAG
TGAGACAAATGTGGTCTTCAGC
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2.1.6 Devices

Concentration determination
NanoDrop® ND-1000 Spectrophotometer, ThermoScientific

Centrifugation
Centrifuge SIGMA 3-16PK, Fisher Scientific, or a similar centrifuge
Sorvall Hitachi Discovery M150SE micro-ultracentrifuge

Cell lysis
Ultrasons Annemasse Tech device

Chromatography systems
BioLogic ™ DuoFlow, BioRad
and Akta pure, GE Healthcare

Chromatography media and other columns

HIS-Select® HF Nickel Affinity Gel, Sigma, No. H0537

Chitin Resin, New England Biolabs, No. S6651

Anion exchange medium: HiTrap Capto DEAE, GE Healthcare, No. 28-9165-37

Size exclusion chromatography columns

Superdex 200, 10/300, GE Healthcare, No. 17-5175-01;
HilLoad 16/30, GE Healthcare

Superdex 75, 10/300, GE Healthcare, No. 17-5174-01
Bio SEC-3, 300 A, 4.6 x 300 mm, 3 mm, Agilent

Bio SEC-3, 150 A, 4.6 x 300 mm, 3 mm, Agilent

Macromolecule Concentration
Amicon Ultracentrifugal Filter Units, Millipore, 10K and 30K MWCO

DLS devices
Dynapro Nanostar, Wyatt
Zetasizer NanoSeries Nano-S, ZEN1600, Malvern

ITC measurements
ITC200 Isothermal titration Calorimeter, MicroCal, Inc., GE Healthcare

Crystallization screen pipetting robot
Mosquito®) Crystal, TPP LabTech
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2.2 Methods

2.2.1 Protein production
2.2.1.1 PRORP overexpression in E. coli Rosetta 2 cells

For His-tagged proteins, E. coli Rosetta 2 cells were transformed with the vector pET-28b(+) carrying
the prorp cDNA. PRORP constructs include a C-terminal Hisg-tag.

The starter culture was grown for 16 h at 37 °C on an orbital shaker with 160 rpm in LB medium
containing 1% (m/v) glucose to repress protein expression efficiently (for pET28) and the respective
antibiotic (Tab. 2.5) to select the colonies containing the construct. 1 1 of LB medium (1% (m/v)
glucose and the respective antibiotic were inoculated with 10 ml of the starter culture and grown at 37
°C on an orbital shaker with 160 rpm up to an ODg,,,, of 0.6. Bacteria were pelleted (5,000 g, 4°C,
20 min) and washed once with LB medium. The pellet was resuspended in 1 | fresh LB medium with
antibiotic and protein expression was induced by adding IPTG at a final concentration of 0.5 mM.
Protein expression was carried out for 16 h at 18 °C on an orbital shaker with 160 rpm. Cells were
centrifuged (5,000 g, 4°C, 20 min) washed with LB medium, centrifuged and the pellet was stored at
-20 °C or directly used for purification. One gramm of wet weight of cells were lysed by sonication
in 10 ml lysis buffer (100 ml lysis buffer contain one tablet of protease inhibitor) doing ten cycles of

30 sec sonication at 120 V and 60 sec on ice.

Table 2.5: Concentrations of antibiotics used during protein purification depending on plasmid and

cell type.
pET28b [pg/ml] pTYB [pg/ml]
E.coli Rosetta 2 Kanamycin [50], Chloramphenicol [34],
Chloramphenicol [34] Ampicillin [100]
E.coli BL21 (DE3) Kanamycin [50] Ampicillin [100]

LB medium (11): 10 g NaCl, 10 g tryptone, 5 g yeast extract

Kanamycin: 50 mg/ml in water

Chloramphenicol: 34 mg/ml in ethanol

Glucose: 20 % (m/v) in water

TCEP: 1 M in water (Sigma, No. C4706)

Lysis buffer: 15% (w/v) glycerol, 50 mM Hepes-Na pH 7.5, 5 mM imidazole, 250 mM NaCl, 1 mM
TCEP, 1 anti-protease tablet in 100 ml

Chitin buffer: 15% (w/v) glycerol, 50 mM Hepes-Na pH 7.5, 500 mM NaCl, 1 mM TCEP, 1 anti-
protease tablet in 100 ml

Protease inhibitor: SIGMAFAST”M Protease Inhibitor Cocktail Tablets, EDTA-Free (SIGMA, No.
S8830), 1 tablet in 100 ml lysis buffer
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2.2.1.2 Affinity chromatography of His-tagged proteins on a nickel column

Metal ion affinity chromatography is based on the coordination of metal ions (e.g. nickel) to the im-
idazole ring of histidines. Artificially His-tagged proteins interact strongly with the nickel-charged
nitrilotriacetic acid agarose matrix.

All purification steps were done using a Biologic HPLC system or an Akta pure system. The protein
lysate was loaded on a 5 ml column containing NiNTA matrix equilibrated with buffer A. After pro-
tein loading the column was washed with 8 column volumes (cv) of buffer A, then buffer mixtures
(A/B) containing 10 mM (8 cv) and 15 mM (8 cv) imidazole to clean the column of non-specifically
bound proteins. The His-tagged proteins were eluted with 3 cv of a buffer containing 250 mM imi-
dazole (which displaces the His-tagged proteins) and another 2.5 cv with 500 mM imidazole to strip
off all other proteins. Flow rate was 0.5 ml/min for protein loading and 2 ml/min for column washing
and protein elution. Protein elution was monitored by absorption at 280 nm. After each purification
the matrix was regenerated as recommended by the manufacturer. Protein quality and quantity was
assessed on SDS-PAGE gels containing 8% (w/v) polyacrylamide and with a spectrophotometer. To
do this, 4 to 16 ul of each fraction were mixed with 4 pul loading buffer and heated at 95°C for 5 min.
Five pl of marker proteins (BioRad, No. 161-0363) were used as size reference. The gel was run at
80 V in the stacking gel and at 150 V in the separation gel, then stained with heated Coomassie blue
R-250 for 15 min and unstained in unstaining solution. Fractions containing PRORP were pooled,

concentrated and the buffer was exchanged for SEC buffer using membranes with a 30K MWCO .

Buffer A: 50 mM Hepes-Na pH 7.5, 250 mM NaCl, 15 % (w/v) glycerol, 5 mM Imidazole, | mM
TCEP

Buffer B: 50 mM Hepes-Na pH 7.5, 250 mM NacCl, 15 % (w/v) glycerol, 500 mM Imidazole, 1 mM
TCEP

Polyacrylamide-Protein gel: Rotiphorese(®) Gel 30 (37.5:1): 30 % acrylamide/bisacrylamide, mix-
ing ratio 37.5:1

Protein ladder: Precision Plus Protein Unstained Standard, BioRad (Cat.No. 161-0363); Ther-
moFishherScientific (No. 26619)

PAGE-Loading buffer: 90%: 0.1% (m/v) bromphenol blue, 25% (w/v) glycerol, 5% (w/v) SDS,
156.25 mM Tris-HCI pH 6.8 and 10 mM [-mercaptoethanol

PAGE-Running buffer (10X): 144 g glycine, 10 g SDS, 30 g Tris-HCl

PAGE-Staining solution (1 1): 2.5 g Coomassie Brilliant Blue R-250, 100 ml glacial acetic acid, 400
ml H,O, 500 ml methanol

Unstaining solution: 10 % (v/v) ethanol, 7.5 % (v/v) acetic acid, 600 ml H,O
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2.2.1.3 Affinity chromatography of the intein-tagged proteins on a chitin matrix

Intein purification system

Inteins are protein sequences that cleave autocatalytically of a protein sequence post-
translationally. The first described intein was an H'-ATPase, VMAI, from S. cerevisiae.
It shows sequence homology to known homing endonucleases (Gimble F., 1992). Self-splicing
proteins are now commonly used in protein one-step purification systems in biotechnology.
Inteins are bipartite and fused at one side to an affinity tag, i.e. chitin binding domain (CBD),
that will specifically bind to a matrix and on the other side to the protein of interest. Mutations in
the intein sequence, N- or C-terminal, prevent N- or C-terminal cleavage from the chitin binding
domain. Upon addition of reducing agents like S-mercaptoethanol, DTT or cystein the intein
will cleave itself from the protein of interest (Fig. 2.21). It will stay attached to the CBD as the
cleavage is not complete (Anraku & Satow, 2009).

target protem j intein
H

Cysl CBD

‘T N-S acyl shift

S

0 HZN

+B-ME (I)
+DTT (I)
+ cysteine (IH) n Nm

+ hydroxylamine (IV)

-ﬁ(bw OH + cysteine -“/k
/\ COOH
HZOL\; 8-ME Hzoi\; DT ¢ S-N acyl shift HOR
I

SH

- - bY
OH N"coon
— I

Figure 2.21: The chemical mechanism of the intein N-terminal cleavage reaction. A site specific
mutation that is responsible for complete C-terminal intein cleavage was mutated.
This construct, when inserted between a target protein and a CBD, leads to release
of the protein of interest. The intein remains coupled and fixed to the column matrix
via the CBD. The presence of reducing agents like S-mercaptoethanol (I), DTT (II),
cysteine (III) or hydroxylamine (IV) induces cleavage of the thioester bond (Chong
etal., 1997).

PRORP sequences were cloned into a vector coding for a N- or C-terminal chitin binding domain.
After overexpression tests only the C-terminal fused constructs were kept for expression and purifica-
tion. The active form and the catalytic mutant of PRORP2 with and without the nuclear localization

signal were cloned using this approach.
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The chitin column was equilibrated with chitin buffer at 2 ml/min and the protein lysate was loaded
onto the column at 1 ml/min. The column was washed with at least 10 cv of chitin buffer (without
protease inhibitor) at 1.5 ml/min. 5 cv of cleavage buffer were passed at the same flow and the column
was incubated 16 h at 4 °C in this buffer.

The next morning the protein was eluted in 4 cv at 1.5 ml/min in fractions of 2 ml and a second cleav-
age was performed. Fractions containing the protein after affinity chromatography were pooled and
concentrated and the buffer was exchanged for SEC buffer using membranes with a 30K MWCO.

The chitin resin can be used five times and needs to be stripped after each use of the CBD:
1. 3¢cv 0.3 M NaOH at 1.5 ml/min
2. Incubation 30 min
3. 7¢cv 0.3 M NaOH at 1 ml/min
4. 20 cv H,O at 1.5 ml/min

Cleavage buffer: 15% (w/v) glycerol, 50 mM Hepes-Na pH 7.5, 500 mM NaCl, 50 mM DTT, 1 mM
TCEP

2.2.1.4 Size exclusion chromatography

Size exclusion chromatography (SEC) is a method to separate molecules by their hydrodynamic prop-
erties, i.e. volume and shape. Proteins were separated on a Superdex 200 10/300 GL column with a
separation range of 10 - 600 kDa. The column was equilibrated at 0.6 ml/min in SEC1 buffer. The
concentrated protein pool after affinity chromatography was loaded by manual injection. A maximum
of 500 ul of the concentrated protein pool were injected in a 1 ml static loop per run and the protein
was eluted with a flow rate of 0.5 ml/min (pressure < 4 MPa). The loop was rinsed with 3 loop vol-
umes to load a maximum of the protein onto the column. The proteins were separated at 0.6 ml/min
and fractions of 0.3 or 0.5 ml were collected. Purest protein fractions according to SDS-PAGE were
pooled and concentrated at up to 10 mg/ml and ultracentrifuged at 125,000 g for 1 h before use or
storage at 4 °C.

SEC1 buffer : 50 mM Hepes-Na pH 7.5, 250 mM NaCl, 15 % (w/v) glycerol, | mM TCEP
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2.2.2 RNA production

2.2.2.1 Template preparation

Plasmid preparation Transformed E.coli Topl0 cells were grown overnight at 37 °C in 250 ml
LB/Ampicillin (100 pg/ml) and the plasmid was purified using a kit (NucleoBond Extra Maxi, Mach-
ery & Nagel) and eluted in two volumes of 400 ul of 1X TE buffer.

Ampicillin: 100 mg/ml in water
1X TE buffer: 10 mM Tris pH 8, 1 mM EDTA

PCR 800 ul reaction medium contain 160 ng plasmid DNA, 200 uM of each dNTP, 1 U/50 ul
PCR reaction of Phusion DNA polymerase (2 U/ul, New England Biolabs, MO530L), 0.5 uM of each
primer and 1X HF buffer (NEB). The PCR reaction product was purified using a NucleoSpin Gel and
PCR clean-up kit (Machery and Nagel, No. 7406009).

PCR protocol:

Initial denaturation: 98°C 30 seconds

30 cycles:

— Denaturation: 98°C 10 seconds
— Annealing: 60°C 30 seconds

— Elongation: 72°C 30 seconds

Final extension: 72°C 10 min

2.2.2.2 In vitro transcription

Large scale transcription In vitro transcription was performed in a reaction mix containing 10
mM NaCl, 30 mM MgCl,, 2 mM spermidine, 40 mM Tris-HCI pH 8, 10 mM DTT, 4 mM of each
rNTP, 5 mM GMP, 0.01 % Triton, pyrophosphatase 2 ng/ul, 100 nM PCR template and 0.01 mg/ml T7
at 37 °C for 4 - 5 h. The T7 RNA polymerase was produced according to a protocol from Guillaume
Bec using E.coli BL21(DE3) containing the T7 RNA polymerase cDNA in a RIL/pBH161 vector. To
assess the transcription level 10 ul of the reaction mix and 5 ul of RNA loading dye were incubated 5
min at 70 °C and and loaded on a 12 % polyacrylamide/8 M urea gel in 1X TBE buffer. The gel was

run at 250 V and stained with ethidium bromide.

RNA loading dye: 95% formamide, 20 mM EDTA, 0.05 % (w/v) bromophenol blue, 0.05 % (w/v)

xylen cyanol
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Polyacrylamide-RNA: Rotiphorese®) Gel 40 (19:1): 40 % (w/v) acrylamide/bisacrylamide, mixing
ratio 19:1

Small scale transcription For small scale transcription the RiboMAX”? kit (Promega) was used.
20 pl transcription reaction mix contained 1 pg linearized DNA, 7.5 mM of each rfNTP, 2 ul of
enzyme Mix, T7 Express (T7 RNA Polymerase, Recombinant RNasin® Ribonuclease Inhibitor and
Recombinant Inorganic Pyrophosphatase) and 1X T7 Express buffer. The reaction was incubated 3
h at 37 °C. Plasmid DNA was digested by adding 2 pl DNase I for 15 min at 37 °C. 30 pl of water
were added and RNA extracted as described below. The pellet was resuspended in 50 pl of water and

purified from excess nucleotides on a G50 resin.

2.2.2.3 Polyacrylamide gel electrophoresis

Proteins used during in vitro transcription assays were eliminated using an equal volume of a saturated
phenol/chloroform solution pH 5.2, vortexing and transferring the upper aqueous phase into a new
tube. Nucleic acids were precipitated with 2.5 volumes of cold ethanol, and 1/10 volume of sodium
acetate pH 5 for at least one hour at -20 °C. The nucleic acids were centrifuged at 21.000 g for 25
min at 4 °C. The pellet was dried in a speed vacuum concentrator and stored until usage at -20 °C.
A pellet of 5 ml in vitro transcribed RNA was dissolved in 600 ul H,O, 100 pl EDTA, 300 1l RNA
loading dye and 200 ul 50 % (w/v) glycerol to fit into the big gel pocket.

A 12 % PAA/8 M urea gel (33 x 40 cm) in 1X TBE buffer was casted. Before use it was preheated for
at least 6 hours at constant current of 600 V. The gel was run 16 h at 600 V. The RNA was visualized

by UV shadowing, the corresponding gel was cut, sliced in small pieces and RNA eluted.

Passive elution RNA was eluted form the ployacrylamide gel passively for 16 h at 4 °C in RNA
elution buffer. For the elution 2 ml Eppendorff tubes were half filled with gel slices and RNA elution
buffer and placed on a test tube rotator. The gel slices were separated from buffer via centrifugation
at 1.000 g using syringes clogged with glass wool (Fig. 2.22a). The final RNA solution was concen-
trated and transferred into the desired buffer using Amicon filter units with I0K MWCO.

Electroelution Electroelution was performed twice for 1 h at 150 V using a Whatman® Elutrap
electroelution system. The device was filled with 1X TBE buffer and closed with non-permeable
membranes (Fig.2.22b, 1). The chamber was placed in an electric current so that RNA was eluted
into 800 pl 1X TBE buffer through a semi-permeable membrane (Fig.2.22b, 2).

TBE, 10X: 1 M Tris base, 1 M boric acid, 20 mM EDTA
RNA elution buffer: 500 mM sodium acetate pH 5, 1 mM EDTA, 0.1 % SDS
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Figure 2.22: RNA gel elution. a) Setup to dry the gel slices after passive elution. A disposable syringe
is clogged with sterile glass wool and wet gel sliced stacked on the top of it. To dry the
slices syringes are placed in 15 ml Falcon tube and spinned at maximal 2,000 g for one
minute, b) schematic representation of a Elutrap electroelution chamber. Gel slices are
placed in a solution of 9.2 ml 1X TBE buffer and eluted for 1 h at 150 V two times in
800 1 1X TBE buffer.

2.2.2.4 Chromatography

The advantage of RNA purification by chromatographic methods is that the RNA remains native
during all steps once folded during transcription (Uhlenbeck, 1995).

Anion exchange Diethylaminoethyl (DEAE), a weak anion exchange medium, was selected. One
ml DEAE Capto columns were purchased from GE Healthcare. The columns and the system were
equilibrated with buffer A. A total volume of 2.5 ml in vitro transcription mix was loaded onto the
column via a 5 ml loop at 1 ml/min. The loop and the column were then washed with 20 ml buffer
A (Fig. 2.23A) and three elution gradients were used. The first linear gradient eluted all free nu-
cleotides (Fig. 2.23B). The second linear gradient separated short abortive transcripts, the correct
transcript from longer transcripts at 2 ml/min (Fig. 2.23C). The final gradient of 5 cv at 2 ml/min at
100 % B strips the column from all bound molecules (Fig. 2.23D). The column was equilibrated with
buffer A for the next injection until pressure and conductivity remained stable. 1.5 ml fractions were
collected during the second gradient and fractions were analysed on a 12 % (w/v) PAA/8M Urea gel.
RNA containing fractions were pooled and rinsed once with buffer SEC tRNA on Amicon Ultracen-
trifugal Filters with a 10K MWCO to a final volume of 400-500 pl.

Buffer A: 100 mM NaCl, 50 mM Bis-Tris pH 6.5, 0.2 mM EDTA
Buffer B: 2 M NaCl, 50 mM Bis-Tris pH 6.5, 0.2 mM EDTA
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Figure 2.23: RNA elution profile for anion exchange chromatography.Step A) loading of the transcrip-
tion and binding of tRNA, B) gradient from 0 - 10 % (v/v) B to elute free nucleotides, C)
gradient from 10 - 30 % (v/v) B to sequentially elute abortive transcripts from full length
transcripts, D) stripping of all strong binders with a high concentration of salt, 100 %
(v/v) B.

Size exclusion chromatography A second purification step was necessary to remove aggregates
on a Superdex 75, 10/300 column (GE Healthcare). The column was equilibrated in RNA SEC buffer
at 0.5 ml/min. A 1 ml loop was loaded with a maximum of 500 ul per run and the loop was washed
with 3 ml. Over one cv the RNA was eluted at 0.5 ml/min. Fractions of 0.3 ml were collected and
tested for RNA content on a 12 % (w/v) PAA/8M Urea gel.

RNA SEC buffer: 50 mM Bis-Tris pH 6.5, 250 mM NaCl

2.2.3 Protein quality control
2.2.3.1 Dynamic light scattering

Homogeneity and aggregation of purified PRORP proteins were assessed with dynamic light scatter-
ing (DLS).

In DLS experiments, monochromatic visible laser light (A= 630 nm) is scattered by particles in
the sample solution. The smaller the particles, the faster they move in solution due to the brown-
ian motion. The translational diffusion coefficient can be determined from the autocorrelation of
the scattered light intensity in time (Fig. 2.24). Hence, the hydrodynamic radius of the particles

can be derived using the Stokes-Einstein equation:

kBT
~ 6mnDy

H 2.1
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where Ry is the hydrodynamic radius, kp the Boltzmann constant, 7 the absolute viscosity of the
solvent and D7 the translational diffusion coefficient.

A single population of identical particles gives a monomodal size distribution. The sharpness of
the intensities is indicative of the monodispersity of the sample. If all particles are identical the

peak will be sharp and the sample is monodisperse.
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Figure 2.24: Principle of DLS experiments Lorber et al. (2012).

Two instruments were used for DLS measurements:

Zetasizer’™ NanoS (Malvern Instruments) with a 4 mW He-Ne laser (\ = 633 nm) and detection
at =173°

Dynapro NanoStar’? (Wyatt Technologies) with a 100 mW He-Ne laser (A =633 nm) and detec-
tion at #=90°

All measurements were carried out at 20 °C. 20 pul of protein solution at > 1 mg/ml were placed in
a quartz cuvette using the Zetasizer NanoSeries Nano-S and 4 ul at lower concentrations using the
Nanostar instrument. To check the effective removal of particles larger than 100 nm two measure-
ments were carried out: before ultracentrifugation (¢ = 0.6 mg/ml) and after an ultracentrifugation
of 1 h at 125,000 g (Sorvall Hitachi Discovery M150SE micro-ulracentrifuge). For precise diameter
calculations the buffer viscosity, the refractive indices as well as the solvent density were determined
using an AMYV viscosimeter, an Abbe refractometer and a 5 ml glass pycnometer, respectively (Tab
2.6).

Since the scattered light intensity is measured at only one angle, a conventional DLS experiment can
never lead to the exact particle mass when measurements are performed at one concentration except
for spheric particles. An alternative to determine the size of a protein is multi-angle light scattering
(MALS). MALS experiments are done in-line with a SEC. Three detectors at different angles collect
the scattered light intensities simultaneously leading to the determination of the precise mass of the
purified proteins (Lorber et al., 2012). The MALS experiments were carried out with Dr. Isabelle
Billas at the Institute of Genetics and Molecular and Cellular Biology in Illkirch, France.
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Table 2.6: Summary of used buffers for DLS measurements with their dynamic (absolute) viscosity
and refractive indices.

Name Refractive index Dynamic viscosity

(mPa * s)
Water 1.333
SEC1 1.355 1.724
SEC1.2 1.3502 1.286
SEC2 1.3502 1.286

2.2.3.2 Activity assay of PRORP proteins

PRORP activity was assayed using a L5TO Arabidopsis thaliana mitochondrial tRNAY*, i.e. a pre-
tRNA with a 5 nt long leader and no trailer sequence. Initial activity assay conditions were those
described by Rossmanith et al. (1995).

Protein samples were diluted to 0.25 mg/ml in SEC2 buffer and the pre-tRNA to 0.2 mg/ml. In one
assay 1 pl of protein, 1 pl tRNA and 8 pl of SEC2 buffer were incubated 20-30 min at room tempera-
ture. The reaction was stopped by adding 5 ul of 6 M guanidine-HCI and 35 pl of water. tRNAs were
extracted with 50 pul of a saturated phenol/chloroform solution (50:50, pH 6.8). The aqueous phase
was transferred into a new tube and tRNAs were precipitated with 0.5 pl of 20 mg/ml glycogen (Ther-
moFischer Scientific, No. R0551), 5 ul of 3 M sodium acetate pH 5 and 125 ul of absolute ethanol
at -20 °C for 1 h. The precipitated RNA was centrifuged (25 min, 21.000 g) and the pellet was dried
and dissolved in 10 pl RNA loading dye. The samples were analysed on 12 % denaturing PAA gel

containing 8 M urea and 1X TBE buffer. Nucleic acids were stained with ethidium bromide for 5 min.

2.2.4 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is a method to detect and quantify ions in

liquid or solid samples, zinc ions for instance in PRORPs.

ICP-MS instruments consist of two distinct parts: One generating the positively charged ions
and the other separating them according to their mass-to-charge ratio (Fig. 2.25). In more detail
that is a 1) nebulizer/spray chamber, generating an aerosol from the liquid sample and sorting
out droplets of suitable size, 2) an ICP torch/HF generator ionizing the plasma argon gas and the
passing sample atoms and 3) a mass spectrometer analyzing the ions.

In the ICP torch filled with argon gas a plasma is formed in an inductive field with temperatures
of up to 10,000 K. The strong electromagnetic field will ionize the argon atoms leading to some
positively charged argon ions and free electrons that will collide and further ionize other argon

atoms. The vaporized sample passing the chamber will be dehydrated and broken into single
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atoms and further ionized. The mass spectrometer separates the ions according to their mass-
to-charge ratio. Using a calibration standard the exact quantity of the atom of interest can be
determined (Thomas, 2004).

Mass spectrometer
ICP torch

) /\)

Liquid Solid Gas Atom lon lon detector

Spray e

chamber [Vaporization/ Atomization lonization
Drying

Argon gas inlet
I

. J

Sample injector

Figure 2.25: Principle of ICP-MS analyses (reproduced after Thomas (2004)). The liquid sample
is injected into the spray chamber and mixed with argon gas. In the ICP torch the
sample is solidified, decomposed into atoms and further ionized and eventually an-
alyzed with a mass spectrometer. Quantification of ions can be made in comparison
to a calibration curve.

Experiments were performed with René Boutin in the Laboratoire d’Hydrologie et de Geochimie,
Strasbourg, France. Wild type PRORP2 (14 pg/ml), wild type PRORP1 and various mutants (28
pg/ml) in SEC buffer/Nitric acid were analyzed.

2.2.5 Methods to determine affinity parameters of the PRORP /tRNA

interaction
To study protein/RNA interactions I wanted to be sure of the binding parameters of the two part-
ners. There are numerous of techniques to determine affinity constants each one possessing advan-

tages and drawbacks. In the following I will illustrate the methods I used to determine the Kp of
PRORP2mDD/L5TO tRNA®Y* interaction.

2.2.5.1 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a label-free method to determine thermodynamic parameters

of substrate ligand binding such as affinity constants or binding stoichiometry.

The change of heat is an universal characteristic of chemical or physical change that happens in
most chemical reactions. ITC is a non-destructive, label-free method that detects heat changes

over time at constant temperature. It allows a rapid and direct measurement of thermodynamic
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parameters and binding properties, as well as a determination of the active concentration of a
molecule in solution (Ghai et al., 2012). In a typical ITC experiment (Fig. 2.26a) a series of
highly concentrated substrate or protein solution (¢ ~ 300 M) is injected (20 injections of 2 ul)
into a 300 pl injection vessel containing the interaction partner at ~ 20-30 M. Injections take
place every 2 min to let the system come back to baseline. During the course of injection heat
changes are detected under the form of differential power that is needed to keep the temperature
constant with the reference cell. Thus, the raw data is a plot of power change versus time. The
integration of each peak results in the plot of a binding isotherm of enthalpy versus the molar ratio
of ligand-to-substrate (O’Neill & Gaisford, 2011). Using this isotherm, one can calculate the
enthalpy of binding (A,H), the equilibrium binding constant (K,) and the reaction stoichiometry
(n) (Fig. 2.26b).
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Figure 2.26: ITC setup and data output. a) Scheme of an ITC instrument (reproduced from Zhou
et al. (2011)). A reference cell and a sample cell are situated in a thermally isolated
container. During titration of the ligand and mixing of the sample solution heat is
produced or absorbed leading to a temperature change with respect to the reference
cell. This signal can be used to calculate thermodynamic parameters of the stud-
ied system, b) A scheme of a binding isotherm. The slope of the tangent through
the inflection point gives the affinity constant, the inflection point the binding stoi-
chiometry between the ligand and the protein and the difference between the lower
and upper plateau allows the calculation of the binding enthalpy.

At first a blank measurement was performed with the temperature set to 20 °C. The syringe was
loaded with PRORP2mDD solution at 187 M in SEC2 buffer with 5 mM MgCl, and 20 times 2
1l were injected into SEC2 buffer with 5 mM MgCl, every 120 seconds. Two identical experiments
were done at 20 °C and 8 °C. The cell contained 280 pl of 22 M L5TO0 tRNA“* in SEC2 buffer with

5 mM MgCl,. Data analysis was carried out by Eric Ennifar using the microcal Origin7 software.

2.2.5.2 Microscale thermophoresis

Microscale thermophoresis (MST) is a method to determine affinity parameters and diffusion con-

stants using the phenomenon that molecules move in temperature gradients.
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Thermophoresis is the characteristic of particles moving in temperature gradients, usually from
warm to cold regions. MST instruments make use of this phenomenon and consist of several
parts: 1) the temperature-controlled tray for 16 capillaries and 2) the optical system with an
infrared (IR) laser that is coupled to the path of the fluorescence laser and focused to the same
point in the sample. Sample solutions are transferred inside the capillary by capillary forces.
There are two instrument setups available: 1) Excitation (A = 280 nm) and emission (A =
360 nm) of fluorescent amino acids (tryptophane, tyrosine, phenylalanine) in the Monolith
NT.LabelFree instrument and 2) with three different types of LED combinations in the Monolith
NT.115 instrument requiring one of the partners to be labelled with a fluorophore. In a titration
experiment the concentration of the fluorophore is kept constant and the concentration of the
non-labelled partner varies. The highest concentration of the non-labelled partner should be
at least 20 fold of the expected Kp. For each sample the initial fluorescence is recorded (Fig.
2.27A) and variation between the capillaries should not exceed 10 % unless the fluorophore
is masked by the interaction with its partner. When the IR laser is switched on the radiation
is absorbed by water molecules in the sample leading to a local heating and the formation
of a temperature gradient. At the same time the temperature change induces a change in
fluorescence of the dye which is an inherent property of each fluorophore (Fig. 2.27B). The
second, slower event is thermodiffusion (Fig. 2.27C) of the molecules in the temperature gradient
that is maintained by the IR laser. This diffusion occurs as far as a steady state is reached
which means that thermodiffusion equals mass diffusion. Once the IR laser is switched off an
inverse T-jump in fluorescence signal is observed (Fig. 2.27D), followed by the back diffu-

sion of the molecules with the fluorescent signal coming back to near baseline levels (Fig. 2.27E).
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Figure 2.27: Microscale thermophoresis. a) A scheme of the parts of an MST instrument. The flu-
orescence and the infrared laser are focused to the same point in the sample solution,
b) illustrates the change of fluorescence during different steps of MST measurement:
A) initial fluorescence (F0), B) IR laser ON with immediate change of fluorescence
signal, C) thermophoretic movement of molecules creating a slight decrease of the
fluorescence signal, D) IR laser turned OFF, fluorescence coming back to initial val-
ues (reproduced after Seidel ef al. (2013)).
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Figure 2.28: Dilution scheme for MST titration points

A Cy5 labelled L5TO tRNA®Y* at the 5° extremity was ordered from IBA GmBH (Géttingen, Ger-
many) and solubilized in water. Cy5 is excited at a wavelength of 640 nm and emits light of a
wavelength of 670 nm.

MST protocol:

1. The L5TO tRNA®Y* stock solution (158 M) was diluted to 2 uM in SEC2 buffer with 5 mM

2. To test the fluorescence signal and capillary effects two standard and two hydrophilic capillaries
were filled with a 50 nM Cy5-L5TO-tRNA®Y* solution and the laser LED set to 20 % and the IR
laser to 40 %. 100 % IR laser power will increase the local temperature of the sample of about 7
°C.

3. Serial dilution of PRORP2mDD: Initial PRORP2mDD concentration 188 M in SEC2 with 5
mM MgCl,. Dilution scheme in Fig. 2.28.

4. Using the same tip 10 pl of a 100 nM Cy5-L5TO-tRNA®Y* solution were added into each PCR
tube, beginning with tube 16.

5. Filling of the capillaries and placing them into the capillary holder.
6. MST measurement.

Fluorescence variations due to the dilution of the non-labelled binding partner can occur. This might
be due to quenching or enhancement of the fluorescence signal upon binding, an unspecific adsorption
of one of the partners to the glass capillary or aggregation of the protein during binding to the labelled
tRNA. To answer this question a SDS-denaturation assay was carried out as described in the FAQ

protocol of Nanotemper, Fig. 2.29. Experiments showed that Monolith NT.115™

hydrophilic cap-
illaries (NanoTemper Technologies GmbH, Munich, Germany) and a supplement of 0.1 % Tween20
improved signal stability and data quality. Using hydrophilic capillaries a complete dataset was mea-

sured (Fig. 6.10).
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Figure 2.29: Protocol to test if fluorescence changes are due to protein adsorption on the glass capil-
lary (adapted from FAQ Nanotemper). SD-mix: 4 % SDS, 40 mM DTT
2.2.5.3 Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is used to determine the molecular mass, oligomeric state as well

as affinity parameters of interacting macromolecules by measuring the sedimentation coefficients.

Two types of data can be derived from an AUC experiment using two experimental setups:

1. Sedimentation velocity (SV) experiments give information about hydrodynamic parameters
of a molecule such as its size and shape. The rate at which boundaries of molecules move in

a gravitational field is recorded over time.

2. Sedimentation equilibrium experiments provide thermodynamic parameters such affinity con-
stants and stoichiometry of binding. They monitor the concentration distribution at the equi-

librium between sedimentation and free diffusion (Cole et al., 2008).

An advantage over other techniques is that there are almost no biological constraints on molecular
weight and size of the sample, almost all buffers can be used and molecules can be studied under
native conditions. Electric neutrality is the only requirement for the particles to sediment in a

gravitational field. The combination of three forces gives the Svedberg constant.

1. The force on the sedimenting particle:

M, =w* xr (2.2)
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where M, is the mass of the particle in gram per mole, w the rotor speed in radians per

second and r the distance of the molecule to the rotor center in centimetres.

2. The counterforce on the particle exerted by the displaced solvent:

M, =w?xr (2.3)

where M, is the mass of the solute in gram per mole.

3. The frictional force:
F=fxv 2.4)

with f being the frictional coefficient in kilogram per second and v the sedimentation velocity

in metre per second.

The rearrangement of all these equations leads to the following relationship:

v M,
s = T 7 (2.5)
where s is the Svedberg constant in time unit and M, is the effective (or buoyant) mass of the
particle in gram per mole. 1 Svedberg is 10713 s.
A second parameter accessible with AUC is the translational diffusion coefficient, D, by recording
the motion and the shape of the moving concentration boundaries. Using approximate solutions
to the Lamm equation, s and D are available in an AUC experiment. The Svedberg equation puts

the ratio of s and D in relationship being proportional to the buoyant particle mass:

=2 (2.6)

where R is the universal gas constant in Joule per mole and Kelvin and T the absolute temperature

in Kelvin.

Velocity experiments were done in two channel cells of sector shaped compartments (Cole et al.,
2008). 450 pl of different ratios of PRORP2mDD/L5T0O tRNAY* were prepared in SEC2 buffer
with 5 mM MgCl,. L5TO tRNA®Y* concentration was kept constant at 1 M and PRORP2mDD
was added to different final concentrations: 0.5 uM, 1 uM, 5 uM and 10 uM, respecting the limit
of 1.2 absorption units measured with the UV spectrophotometer at 260 nm. As a reference 1 uM
L5T0 tRNA®Y®) and 17 uM PRORP2mDD were measured. 400 ;1 of sample solution were loaded
in the sample cell and 404 ul of buffer were placed in the reference cell. Temperature was set to
20 °C. Extinction coefficients according to protparam were used for PRORP2mDD e9g¢,,,,, = 89840
M~'cm ~! with M = 60350 Da (Gasteiger et al., 2005) and L5T0 tRNAY* £560,,m = 613000 M~ 'cm

~1 (according to nanodrop measurements).
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2.2.6 Analyzing PRORP /pre-tRNA interactions

In addition to the determination of the affinity constant I wanted to have a visible proof of a formed
complex in solution that is stable enough to be analyzed with SAXS and that can be eventually crys-
tallized.

2.2.6.1 Size exclusion chromatography as a tool for studying PRORP-tRNA interactions

For analytical size exclusion experiments an Agilent Bio SEC-3 was used on an Agilent high-performance
liquid chromatography system. The setup was the same as used for SAXS experiments at the SWING
beamline at synchrotron SOLEIL, France. The flow was set to 0.2 ml/min. The column was calibrated
with 15 ul of a BioRad gel filtration standard (no. 151-1901) then the protein was analyzed alone,
followed by the RNA alone and mixtures of the two in different molar ratios. About 1.5 - 2 ug of
pre-tRNA and 50 pug of PRORP were sufficient for good absorption signals at 260 nm and 280 nm,
respectively. Elution times of each species were monitored. Shorter elution times were expected for
the complex. Different substrates, wild type PRORP2 and its catalytic mutant as well as different

buffer conditions were compared (Tab. 6.2).

2.2.6.2 Electromobility shift assay

For an electromobility shift assay (EMSA) 200 ng of L5T0O tRNAY* were incubated with increasing
amounts of wild type PRORP2 in SEC2 buffer for 30 min at 25 °C. Molecules were separated on
a 6 % PAA native gel in Hepes-KCl buffer at 4 °C and 5 V/cm-gel height. Gels were stained with

ethidium bromide.
10 X Hepes-KCl: 500 mM Hepes pH 7.6, 500 mM KCl

2.2.6.3 Complex modeling

The X-ray crystallographic structure of PRORP1 (Howard et al. (2012); pdb ID: 4G23) was published
in 2012 at the same time we published the first model of PRORP2 complexed to a precursor tRNA
based on SAXS and biomolecular data. We reused this high resolution data to refine our model.
The coordinates of PRORP1 served as a template and were loaded onto the EINemo webserver that
is a tool to predict possible conformational states of macromolecules (Suhre & Sanejouand, 2004).
Suitable models were fitted to a tRNA model taking into account contacts revealed during foot print

analysis using pymol (Schrodinger, LLC, 2010).

2.2.6.4 Crosslinking

UV crosslinking was used to obtain stable, covalently bound PRORP/tRNA complexes. A first ap-
proach, applied during foot printing experiments, used irradiation at 254 nm (Gobert et al., 2013).
This produces inter- or intramolecular tRNA/tRNA or tRNA/protein adducts if the molecules are in

close proximity. A drawback is that UV irradiation can break RNA strands and may induce protein
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degradation. A second approach makes use of ribonucleotides containing a photoreactive group. The
most common nucleotides are thio-substituted uridines (4,SU) or guanosines (4SG) (Fig. 2.30). If they
are close to an amino acid side chain like lysine, then the sulfur radical formed upon UV irradiation at
365 nm can trigger a nucleophilic attack to make a covalent bond (Harris & Christian, 2009). Using
modified RNAs requires longer wavelengths that are less harmful to biomolecules.

Two modified pre-tRNA substrates were purchased from IBA, Géttingen, Germany. The first L5TO
tRNAYY* construct (no. 1) with thio-G and thio-U at positions indicated in Fig. 2.30 and the second
construct (no. 2) with identical modified bases plus a phosphothioate linkage between position -1 U
and +1 G.
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C-G
U-G
A-U G g .
D-stem-loop G-U u A TwC-stem-loop k
G-C C G
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G . A o - .
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Figure 2.30: Modified tRNA for crosslinking experiments. The coloured circles indicate modified
nucleotides whose structures are depicted on the right.

To test the effect on tRNA and protein of various radiation doses 200 ng of L5TO tRNA in 10 pl SEC2
buffer with or without 5 mM MgCl, were irradiated with doses ranging from 40 to 640 mJ/cm? at
254 nm and 365 nm. The integrity of the tRNA was verified on a 12 % (w/v) PAA/8M Urea gel. The
same experiment was repeated with the 1 ;g PRORP2 alone and the results were evaluated on a 7.5
9% (w/v) TGX gel (Biorad).

For cross-linking experiments 1.3 M tRNAs no. 1 and increasing amounts of PRORP2mDD in SEC2
buffer with 5 mM MgCl, in 25 pl reaction mix were incubated 30 min at room temperature (~ 25 °C)
and subsequently irradiated at 365 nm with 640 mJ/cm?. Ten pl of each reaction were withdrawn and
a7.5 % (w/v) TGX gel was run to detect complexes on protein level and a 12 % (w/v) PAA/8M Urea

gel or a native gel for RNA detection.

2.2.7 Synchrotron radiation circular dichroism

Synchrotron radiation circular dichroism (SRCD) is used to determine the secondary structure content

of proteins as a-helices and -sheets absorb polarized light differently.

SRCD spectroscopy is a method that is based on the fact that chiral molecules like proteins absorb
left and right polarized light differently. A synchrotron radiation source has the advantage of an

increased photon flux resulting in higher signal-to-noise ratios, less material is needed, faster and
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more accurate measurements can be made. The exploitable wavelength at synchrotron sources
can be as low as 168 nm that result in higher information data compared to conventional CD
instruments where a xenon light source is used. The resulting spectrum is the sum of the weighted
secondary structure elements present in the protein. a-helices show two distinct negative peaks at
222 and 208 nm and a positive peak at 190 nm. [3-sheets have one single negative peak at 212 to
215 nm and a positive peak at 190 to 195 nm. CD spectra of proteins containing helices and sheets
are less accurate on structure information as the curves are dominated by the helical components.
Still, SRCD can improved the gain of information by collecting useful data in the far UV region
(< 190nm) that is below the limits of laboratory instruments equipped with deuterium lamps.
SRCD can provide structural information on the secondary content of proteins, and be applied
to study environmental effects such as temperature, salt and pH conditions. It can also monitor
effects of single mutations that have consequences for the secondary structure (Wallace & Janes,
2010).

SRCD experiments were performed on the DISCO beamline at synchrotron SOLEIL, France. The
instrument was calibrated for magnitude and polarization with a 6.1 mg/ml D-10-camphorsulfonic
acid solution. PRORP proteins (10 mg/ml) in 100 mM potassium phosphate, 50 mM KCl, 10 % (w/v)
glycerol and 1 mM TCEP were placed in a SRCD CaF; cuvette of 8 um pathlength. Three spectra
from 170 to 280 nm were measured at 10, 20, 30, 40, 50, 60 and 70 °C to assess the thermal stability
of wild type PRORP1-2. The data were processed (spectrum averaging, solvent base line subtraction)
using CDtools (Lees et al., 2004). The secondary structure content of PRORPs was evaluated using
the VARSLC method (Manavalan & Johnson, 1987) in DICHROWEB (Whitmore & Wallace, 2008).

2.2.8 Small angle x-ray scattering

Small angle X-ray scattering (SAXS) is an in solution technique used to determine biophysical pa-
rameters of biomolecules such as the radius of gyration, the maximal diameter, the specific volume

but also their global shape and domain organization.

SAXS, like X-ray crystallography, uses the phenomenon that photons are scattered by valence
electrons in macromolecules. These scattered photons can be detected on 2D detectors and in-
tensity is measured as a function of the scattering angle, 6 (Fig. 2.31). As in solution particles
are freely moving, the orientation of the molecules is lost in SAXS experiments and the deduced
information is the scattered intensity versus the momentum transfer:

. 4 x)\sm@ 2.7
where s is the scattering vector, 6 is the half angle between the incident and the scattered beam

and )\ the wavelength in nm.
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Figure 2.31: SAXS experimentation setup. A synchrotron X-ray beam illuminates the sample and
a small fraction of light is deviated by the electrons of the molecules in solution by
an angle #. The scattered intensity is recorded. From this experiment the intensities
can be plotted against the scattering vector, s (Petoukhov & Svergun, 2013).

The difference of intensity between the sample and the buffer is proportional to the concentration
of the particles and the squared contrast (Fig. 2.32a). A difficulty in measuring biological
samples with SAXS is that they contain almost no electron-rich atoms leading to a poor contrast.
There are several parameters that can be determined by SAXS. The momentum transfer and the
forward scattering intensity, 1(0), can be directly retrieved by the SAXS data and the radius of

gyration ([?,) is available through the Guinier approximation:

I(s) = I(0) x eacp(—%R; x 57) (2.8)

but only at small angles where s x R, < 1.3. In practice R, and I(0) are accessible through the
Guinier plot which is a plot of In[I(s)] versus s®. Its slope is the R, and its intercept with the y-axis
gives I(0). The Guinier plot is an indicator of good sample quality but a good Guinier plot cannot
exclude the presence of aggregates in solution. Complementary methods like DLS are needed to
verify sample quality. Another value that can be determined, yet with not such accuracy, is the
molecular weight of a particle: 1(0) is proportional to the molecular weight of the particle and its
accuracy is usually sufficient to determine the oligomeric state of particles in solution.

The second method to determine the radius of gyration and I(0) is the distance distribution func-
tion, P(r), which also contains information on the intramolecular atomic distances. It gives infor-
mation about the global organization of the molecule, e.g. if it is a perfect sphere or made of two
domains (Fig. 2.32b). Another information that can be obtained, yet flawed due to the low resolu-
tion data, is the reconstruction of ab initio 3D shapes of the solute particles. This became possible
with the introduction of automated bead modeling a method implemented in several programs of
the ATSAS suite (Fig. 2.33) (Petoukhov et al., 2012).
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Figure 2.32: SAXS data analysis. a) Relative intensities of the scattered light plotted against
the scattering vector, s. SAXS data from the buffer (red), the sample (black) and
the resulting curve after subtraction of the background scattering from the sample
scattering (blue), b) the distribution function of intra-atomic distances: perfect sphere
(red), long rod (green), flat disk (yellow), hollow sphere (blue), dumbbell (pink)
(Svergun & Koch, 2003).
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Figure 2.33: Ab initio modeling process. During the process beads that represent atoms are moved
upon theoretical heating (simulated annealing) and cooled down. From this new bead
model a theoretical scattering curve is calculated. This process is repeated such that
the differences between the experimental and the calculated scattering curve become
minimal.

In a typical SAXS experiment at SOLEIL synchrotron the SAXS capillary is downstream of an ana-
lytical gel filtration column that will separate the macromolecules depending on their size. Buffer data

is collected in the exclusion volume of the column which is later used to determine the background
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signal to be subtracted from the sample signal. A first injection is used to determine the volume where
the protein or RNA elutes, followed by the injection of the full sample and collection of the SAXS
data in the corresponding volume. The higher the sample concentration the better. 60 ul of sample
(10 mg/ml) are injected. At the SWING beamline for biological SAXS two columns can be connected
which reduces time loss between experiments where for example different buffers or different column
types are needed. A second mode is direct injection of the sample which dramatically shortens the

time for one experiment but data quality can be poor if aggregates are present in the sample.

2.2.9 Macromolecule crystallization

Crystallization is the process of the formation of an ordered phase of molecules in solution.

A crystal is an arrangement of molecules in the highest possible order. A macromolecular crystal
is made of unit cells that are made of asymmetric units. An asymmetric unit contains all compo-
nents that, by applying all kind of allowed symmetry operations, makes up a unit cell. The unit
cell makes up the whole crystal by simple translational operations (Rupp, 2009).

Requirements for protein samples are purity (at least 95 % pure on SDS-PAGE) and conforma-
tional homogeneity which can be determined with DLS. Crystallization variations can also occur
within different purification batches and they can (but not necessarily) be influenced by protein
tags and surface modifications or amino acid mutations. There are different methods to grow

crystals. The most common methods are vapor diffusion, batch and counter diffusion (Fig. 2.34).

Vapor diffusion For screening crystal growth conditions the most convenient method is vapor
diffusion using sitting nanodrops (Fig. 2.34a). Its advantage is the possibility of automation and
using robotics. Two liquid compartments (the drop and the reservoir) are placed separately in
a sealed vapor chamber. The nanodrop contains equal volumes of the protein and the reservoir
solution creating a condition where the solution is ideally undersaturated. A solution is under-
saturated when the concentration of the solute is below the concentration that can be solubilized.
The bottom of the chamber is filled with the crystallant solution (> 100 fold of drop volume).
As crystallant concentration in the drop is half as high as in the reservoir vapor diffuses from
the drop to the reservoir equalizing the concentration in the the two compartments. This leads to
an increase of protein and crystallant concentration in the drop. Ideally, during this process the
protein concentration will reach supersaturation and start to nucleate (Fig. 2.35A). This results
in either nucleation or precipitation. When a nucleus reaches a critical size, it grows forming a
crystal until the concentration of the surrounding liquid drops below the solubility curve. The
system is then back to dynamic equilibrium. The supersaturation zone is a zone where the con-
centration of solutes is superior to what can be solubilized under normal circumstances. It can be
subdivided into the metastable, the nucleation and the precipitation zone. In the metastable zone
crystals can grow but nucleation will not occur. In the nucleation zone the energy to form crystals

is high enough and nucleation occurs. In the precipitation zone the solution is so saturated that
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molecules precipitate (formation of non-ordered solids).

Batch methods In a batch experiment protein and crystallant solutions are mixed at a high
concentration under water-(im)permeable oil layer (Fig. 2.34b). The protein will only crystallize
if the initial conditions bring it into the nucleation zone because after mixing the system varies
only slightly (Fig. 2.35B).

a) — mom b)
H,O

= \ /

Figure 2.34: Crystallization methods. a) Vapor diffusion in sitting drops. Vapor diffuses from the
drop to the reservoir, increasing the protein concentration in the drop, leading to crys-
tallization, b) batch setup where mixing protein an crystallant solution immediately
lead to protein supersaturation.
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Figure 2.35: Crystallization diagram. The crystallant concentration is plotted against the protein
concentration. (A) Vapor diffusion: protein and crystallant mixing leads to an under-
saturated solution. Nucleation occurs upon vapor diffusion and increasing protein
concentration in the shrinking drop, (B) Batch method: mixing the protein and crys-
tallant solution leads to immediate supersaturation and protein concentration may
decrease due to nucleation and crystal formation.

Counter diffusion In a counter diffusion experiment a long thin capillary containing the protein
solution is brought in direct contact with the crystallant solution that has to be highly concentrated.
Due to the different diffusion constants and a lack of convection the crystallant can diffuse freely
into the capillary creating a gradient. The protein concentration meanwhile stays quasi constant as
the protein cannot diffuse because it will either precipitate at high crystallant concentration (Fig.
2.36A) or crystallize (Fig. 2.36B, C). Counter diffusion experiments allow screening infinite
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concentrations of crystallant components depending on the length of the capillary by creating

a supersaturation wave along the length of the capillary (Garcia-Ruiz, 2003, Biertiimpfel ez al.,

2002)

A B C

Figure 2.36: Counter diffusion experiment. Crystallant solution can diffuse freely through a cap-
illary filled with protein solution. (A) protein precipitation at high crystallant con-
centration, (B) nucleation and small crystal formation, (C) growth of a single crystal
(Biertiimpfel et al., 2002).

2.2.9.1 Initial screening

The conditions for formation of nuclei are not predictable and are searched by screening a maximum

of possible solutions combining various chemicals. Screening strategies fall into different categories:

1. Sparce-matrix screens containing a collection of crystallant compositions combined such that a

maximum of different conditions are covered,

2. Incomplete factorial screens as a less biased version of a sparce screen where several ingredi-
ents are varied in a statistical weighted manner depending on the searched parameters and the

experiments the user wants to perform (Carter & Carter, 1979) ,

3. Grid screens where one or some parameters are changed in a systematic manner which is the

strategy of choice to optimize crystallization conditions.

Initial screens were carried out using a Mosquito pipetting robot, TPP LabTech and 96-well crys-
tallization plates (CrystalEx microplate, conical flat bottom, 5 sub-wells). Usually 150 nl of protein
solution were mixed with 150 nl of crystallant solution. The drop was equilibrated against 35 ul crys-
tallant solution at 4 °C and 20 °C. At least two different protein concentrations and the buffer alone

were tested.

2.2.9.2 Crystal optimization

Initial hits, that can be microcystalline or single crystals were first assayed to reproduce under the
same conditions or using a different crystallization method such as batch experiments. To do so
usually 1 pl of protein and 1 ul of crystallant solution were mixed and equilibrated in crystal tape-

sealed Terazaki plates. Tape can be used instead of oil as crystals can be recovered more easily. Once
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crystals could be reproduced, salt, PEG, protein concentrations were varied systematically around
initial conditions, as well as mixing volume ratios, i.e vol(protein): vol(crystallant) = 1:1, 2:1, 1:2.

2.2.10 X-ray diffraction data collection

To obtain crystallographic data crystals are analyzed with X-rays. This can be done at synchrotrons

or using laboratory X-ray diffractometers.

Crystal fishing and mounting

To collect diffraction data crystals need to be fished with small loops (Fig. 2.37a) and cryocooled.
Cryocooling serves to reduce the radiation damage during the X-ray diffraction experiment. If
the mother liquor does not prevent ice crystal formation upon cryocooling, cryoprotectants such
as PEG400, glycerol or ethylene glycol are introduced by soaking. Crystals are flash-cooled in
liquid nitrogen directly after fishing and kept and transported to the synchrotron in a dewar filled
with liquid nitrogen (Fig. 2.37b).

b)

a)

15x150 um 30x300 um 50500 um 70x700 pm

15x 150 um 50x500 um 15%150 um 50x500 pm
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AT RAVAERATE P

96 well crystallization plate
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crystal mounting at
the synchrotron

Cryotweezers

Cryocaps

Figure 2.37: Crystal fishing and handling. a) An example of available litholoops that are used for
fishing the crystals from their mother liquor (MiTeGen, 2014). b) Crystal handling
and storage in liquid nitrogen directly after fishing. The fished crystals that are placed
in a loop are transferred into vials that are placed in a capholder. This capholder can
be put in an automatic sample exchanger at the synchrotron.

Synchrotron

A synchrotron is an electron accelerator producing different types of very bright light in the re-
gion from infrared through to X-rays. X-rays produced by a synchrotron are 10® times brighter
than that from a laboratory diffractometer. The experimental facilities of a synchrotron beam
center are called beamlines (Fig. 2.2.10). These consist of a group of three successive cabins
where the beam is captured, selected, focused, and directed toward the samples. Each line can
be used for one or more analytical techniques: chemistry, physics, materials, biology, medicine,
environment, astrophysics applying diffraction/scattering, spectroscopic, polarimetric or imaging
techniques (Candle, 2014). Undulators and wigglers are devices to generate synchrotron radia-
tion, so-called insertion devices. They consist of a series of dipolmagnets causing the passing

electrons to accelerate and emitting radiation of high intensity and focus.
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In a typical X-ray diffraction experiment the user disposes the crystals already fished and flash-
frozen in a sample holder that can be loaded in an automatic sample exchanger. As synchrotron

radiation is very intense samples will inevitably suffer from radiation damage.

PRORP2 X-ray data collection and analysis Initial and optimized crystals were analysed at
PX1, SLS, Switzerland using a Pilatus 2M detector. PRORP crystals were mounted manually in
litholoops and flash-frozen in liquid nitrogen. Data collection was done at 100 K. The X-ray wave-
length was 1 Aand 2.07 Awith a crystal-to-detector distance of 300 mm. Three complete datasets were
obtained by collecting 1440 images with 0.25 ° of oscillation. Integration and scaling of diffraction
intensities were performed with XDS (Kabsch, 2010), ccp4 software suite (Winn et al., 2011), self-
rotation function analysis with GLRF ((Tong & Rossmann, 1997) and molecular replacement using
AMoRe (Trapani & Navaza, 2008) and phaser in the phenix package (McCoy et al., 2007, Adams
etal.,2010).
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3 Protein and RNA production

One important challenge in structural biology is the production of high quality marcomolecules. In
particular, high purity and homogeneity are required in crystallography to ensure the growth of well
ordered crystals leading to high resolution diffraction data. In my work, these parameters were sys-
tematically assessed by standard gel electrophoresis (SDS-PAGE), enzymatic activity assays, as well
as size exclusion chromatography (SEC), often used as final purification step and dynamic light scat-
tering (DLS). The samples also need to be purified quickly (to avoid degradation), to be stable for
storage during several days without freezing. Finally, they must be available in sufficient amounts to
carry out a global structural characterization using methods such as isothermal titration calorimetry
(ITC), microscale thermophoresis (MST), analytical ultracentrifugation (AUC) or small angle X-ray
scattering (SAXS).

For these reasons I had to scale up and optimize the purification protocols. In order to maximize
crystallization probability and to exclude influence of the His-tag, several variants of PRORP1-2-3
were tested during my thesis (Fig 3.2, Aln. 3.1). An advantage of His-tagged protein purification is
its rapidity. Combining NiNTA with SEC chromatography the protein is ready for further use after
two days and tow steps.

Another strategy is a tag-free protein preparation using a protein in fusion with a self-cleavable se-
quence like an intein ! fusing the protein sequence to a self-cleavable protein sequence, i.e. an intein.
This purification method involves two steps of on-column cleavage over night which takes longer and

yields are comparatively low.

3.1 PRORP1-2-3 constructs

Sequences of wild type PRORP1-2-3 are shown in alignment 3.1 and constructs used during this
work are summarized in Fig. 3.2. Two aspartates that are conserved in all PRORP sequences and
that are crucial for PRORP activity were mutated into alanines and are referred to as PRORPmDD.
The positions are D474/D475 and D421/D422 in PRORP1-2, respectively. In my work all of the
biophysical characterizations of the complex were carried out with PRORP2mDD and different tRNA

substrates.

'An intein is a self-cleavable peptide sequence and is implicated in a process called protein splicing (Anraku et al.,
2005).
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Figure 3.1: Alignment of amino acid sequences of A. thaliana wild type PRORP1-2-3. Amino acids
are coloured by similarity. Purple corresponds to 100 % sequence identity, pink represents
a sequence identity > 50 % of amino acids with the similar properties, blue is sequence
identity > 50 %.

(@)

PPR 1 NYN |
| DD |EEIEES
Organellar PRORP1
. | " Hs,
PRORP2 0O L
| AA  His,
| DD Lo
Nuclear PRORP2-nls | v I/ Intein-CBD
| DD Il Intein-CBD)
PRORP2 - iy
PRORP3 oo L
| AA | His;

Figure 3.2: Scheme of PRORP constructs used during my work: -nls without nuclear localization sig-
nal, DD - wild type with conserved aspartates in active site , AA - double catalytic mutant
with aspartates mutated into alanines, NYN - catalytic domain, PPR - pentatricopeptide
repeat, Zn - bipartite zinc binding domain, intein-CBD - cleaved chitin binding domain
during purification.

3.2 Recloning of PRORP2 in pTYB-vectors

A disadvantage of Hisg-tags on proteins is that they introduce a floppy tail that can prevent crystalliza-
tion in some cases. Therefore, in order to increase crystallization probability, we cloned the cDNA
of PRORP2 and variants into pTYB1 and pTYB12 vectors. These vectors express proteins fused to
an intein-chitin binding domain. When putting the protein then in reducing conditions the intein will

excise itself out of the protein. The excision will be imperfect due to a mutation in the intein sequence
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and elution of the target protein from then matrix. Starting from the His-tagged cDNA in the expres-
sion vector pET28b(+), forward and reverse primers were designed to amplify the wild type PRORP2
and catalytic mutant with restrictions sites appropriate for the cloning in pTYB1 and pTYB12 (Tab.
2.4) between Nhel/Xhol and Bsm1/Xhol, respectively. After intein cleavage PRORP2 has with five
additional C-terminal amino acids (LEGSS) or two N-terminal amino acids (AA) for pTYB1 and
pTYBI12, respectively. In order to test if these proteins are well expressed and efficiently cleaved they
were coupled in N- and C- terminal to the intein domain. Indeed, PRORP2 fused with the C-terminal
intein sequence was well expressed and processed, but expression and cleavage efficiency of the N-
terminal fusion constructs was weak (Fig. 3.3a). In addition, a shorter version of PRORP2, lacking
the nuclear localization signal was also cloned into these vectors.

The drawback of this purification method is that pTYBI1 is a low copy number vector and protein
expression is lower compared to pET28 protein expression. The affinity chromatography step takes
at least two days as DTT induced intein cleavage is not very efficient and has to be repeated twice. In
addition to this the chitin matrix can only be regenerated five times. Still, proteins purified without
tag are of high purity and homogeneity (Fig. 3.3b-d). The first expression tests and purifications of
tag-free PRORPs were carried out by Olivier Fuchsbauer, a research engineer in the team.
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Figure 3.3: Expression and purification of PRORP with intein domain. a) PRORP2 expression test.
N-terminal CBD is not cleaved and PRORP not released whereas the CBD C-terminal is
efficiently cleaved and PRORP released. Lane 1, 3 correspond to PRORP with nls and
lanes 2, 4 without nls signal peptide sequence. b) SDS-PAGE after the first elution of
cleaved PRORPs. c)+d) Size exclusion chromatogram and a corresponding 8 % SDS-
PAGE gel.

69



3.3 Optimizing PRORP purification containing a His-tag

The affinity chromatographic matrix enables the separation and a fast binding of Hisg-tagged proteins
from large amounts of E.coli proteins. Then during SEC, aggregates and remaining impurities can be
eliminated. Fig. 3.4 shows an example of the purification results before and after optimization. The
optimized purification protocol replaced batch affinity purification with multiple different buffers by
a HPLC-assisted purification using three washing steps to eliminate the maximum of contaminating
proteins. This protocol can be read in detail in Gobert et al. (2010). A short step at 250 mM imidazole
elutes PRORPs at high purity in a small volume (Fig. 3.4). A buffer containing high salt and glycerol
concentration was chosen to increase stability and shelf life in the fridge to avoid freezing of the

proteins.
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Figure 3.4: PRORP-Hisg purification optimization. Purification results a) before and b) after opti-
mization. Overall, after optimization, protein expression is higher, the proteins elute in a
sharper peak and are pure after gel filtration.
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3.4 tRNA purification

tRNA purification needs to be efficient to prepare milligram-amounts required for structural studies.
Initially, in vitro transcribed tRNAs were purified using a classical denaturing polyacrylamide gel

purification approach. This has some disadvantages:

1. Large amounts of polyacrylamide is needed, that is toxic,
2. RNA are purified under non-native conditions and structural integrity is not assured,
3. Poor elution efficiency of RNA from PAA gel slices,

4. Long purification procedure.

One advantage however is that RNAs can be purified with a high resolution of a single nucleotide.

A second method is purification using chromatography. As an initial step a weak anion exchanger,
like a DEAE matrix, is used to separate the transcript of interest from the nucleotides, abortive tran-
scripts and the T7 polymerase. The second polishing step of gel filtration allows buffer change and
separation of transcripts of different sizes. I found that the most efficient way to purify the tRNA was
using the purification profile described in section 2.2.2.4. tRNAs were separated on DEAE matrix
after extensive washing with a gradient ranging from 290 mM to 670 mM NaCl. Although slight
contaminations are present after purification revealed with ethidium bromide, samples are pure and

homogeneous enough for SAXS, ITC and DLS experiments.
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Figure 3.5: Chromatographic purification of tRNA. a) Anion exchange chromatography with corre-
sponding 12 % PAA/8M Urea gel, b) Size exclusion chromatography with corresponding
12 % PAA/8M Urea gel. Gels were stained with ethidium bromide.
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3.5 Summary

To summarize after optimization of both, protein and RNA purification protocols, macromolecules
of high purity and homogeneity can be obtained within 2-4 days. Even if RNA purity is higher after
PAGE purification, yield is lower compared to using chromatography where sample purity is still

sufficient for structural studies. Typical yields are indicated in Fig. 3.6.

1l E.coli culture 5 ml in vitro transcription
PRORP2mDD L5TO tRNA®Y*
Affinity purification Affinity purification
on NiNTA matrix: on chitin beads:
Elution with Imidazole Intein cleavage with DTT

Anion exchange

Polyacrylamide gel . f
vacry 9 and sie exclusion

RNA elution from gel

chromatography
Size exclusion
chromatography
Yield: 9 mg 500 pg 300 pg 1 mg

Figure 3.6: Yield of tRNA and PRORP production using different purification protocols. Yields may
also vary depending on the constructs.
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4 First biophysical and biochemical
characterization of PRORP /tRNA

interactions

4.1 A multidisciplinary approach

At the time this study was carried out and the article below was submitted no structural data of PRORP
was available. This work is the result of a multidisciplinary approach of biophysical and functional
studies to decipher how tRNAs are recognized and cleaved by proteinaceous RNase P. It was known
that the mode of action must be different to RNP RNase P as tRNAs with a phosphothioate backbone
are well processed by PRORPs whereas RNP RNase P dramatically looses activity. We showed that
there are several conserved nucleotides of a tRNA that are indispensable of PRORP activity, i.e. G18
in the D-loop, C56 in the TWC-loop, a R57, while others are anti-determinants like a CCA at the
3’ end. Certain positions in the D/TWC-loop are in contact with the protein but interestingly no
interaction were shown in the foot print assays with the 5’ leader. A combination of DLS, SEC,
MALS and SAXS experiments confirmed that PRORP1-2 are present as monomers with a molecular
weight of 60 kDa and SRCD experiments could show that PRORP1-2 contain a high content of a-
helices as predicted with bioinformatic tools. Furthermore, using SAXS we could show that PRORPs
are composed of two distinct domains with a rather long extension. Based on the SAXS envelope and
using homology models of the PPR and the NYN domain we could construct a first model of PRORP
in complex with a tRNA.

In conclusion, taken all the results together we propose that PRORPs recognize canonical tRNA rather

by structure than by sequence and that this system is another example of structural mimicry.

4.2 Demonstrating the presence of zinc ions in PRORP1 and
PRORP2

Preliminary work suggested the presence of zinc ions in the metallonuclease domain of human mi-
tochondrial PRORP (MRPP3). All three A. thaliana PRORPs contain a putative zinc binding motif
CxxC. Using ICP-MS the presence of zinc ions could be validated in wild type PRORP1 and PRORP2
(Tab. 4.1). In neither purification buffer zinc was added. So with the atom mass of zinc of 65 g/mol,
a stoichiometry of one zinc ion per PRORP monomer could be calculated (Tab. 4.1). A study of

PRORP1 and its zinc fixation mutants is included in the article.
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Table 4.1: Stoichiometry and zinc concentration in wild type PRORP2. Concentration of wild type
PRORP1-2 was 29 and 14 mg/ml, respectively.

PRORP [mg/ml] Zn%® (p.p.b.) Stoichiometry

PRORP1 wild type 29 29.49 1
PRORP2 wild type 14 14.5 1
Buffer 0.44 0

4.3 Publication 2: Structural insights into protein-only
RNase P complexed with tRNA
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Structural insights into protein-only RNase P
complexed with tRNA
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Pierre Roblin*>, Claude Sauter? & Philippe Giegé'

RNase P is the essential activity removing 5'-leader sequences from transfer RNA precursors.
RNase P was always associated with ribonucleoprotein complexes before the discovery of
protein-only RNase P enzymes called PRORPs (PROteinaceous RNase P) in eukaryotes. Here
we provide biophysical and functional data to understand the mode of action of PRORP
enzymes. Activity assays and footprinting experiments show that the anticodon domain of
transfer RNA is dispensable, whereas individual residues in D and T\/C loops are essential for
PRORP function. PRORP proteins are characterized in solution and a molecular envelope is
derived from small-angle X-ray scattering. Conserved residues are shown to be involved in
the binding of one zinc atom to PRORP. These results facilitate the elaboration of a model
of the PRORP/transfer RNA interaction. The comparison with the ribonucleoprotein RNase
P/transfer RNA complex suggests that transfer RNA recognition by PRORP proteins is similar
to that by ribonucleoprotein RNase P.
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5'-maturation of transfer RNAs (tRNAs), as well as of a

number of other substrates such as ribosomal RNA,
messenger RNA, transfer-messenger RNA or riboswitches!=>.
RNase P was first described in bacteria where it is composed by a
ribonucleoprotein (RNP) complex whose RNA component (P
RNA) holds the catalytic activity?. RNP RNase P was later found
in all three main branches of life, that is, Bacteria, Archaea and
Eukarya, and was thus believed to occur universally as a RNP
complex®. This concept was challenged by early experiments in
human mitochondria and spinach chloroplasts that suggested
that another type of RNase P devoid of RNA component existed
in these organelles®’. Still the dogma of the universality of RNP
RNase P remained until the recent characterization of a novel
type of RNase P in human mitochondria and plant organelles®°.
This novel variant is composed of a single protein that we called
PRORP (for PROteinaceous RNase P) and occurs in nearly all
major phyla of eukaryotes®. Furthermore, RNP RNase P has not
been retained in all organisms because, in both Arabidopsis and
Trypanosoma, PRORP enzymes were found to support RNase P
activity in both organelles and the nucleus!®!!,

The discovery of PRORP enzymes leads to the question of
the respective mode of action of RNP and protein enzymes
catalysing the same reaction. RNP RNase P activity is well
characterised®!?, in particular, recent advances such as the
determination of the three-dimentional structure of a bacterial
RNase P in complex with tRNA have been very important
developments'?. Substrate recognition by RNP RNase P involves
the binding to regions distant from the actual cleavage site. It
includes stacking interactions between bases in the D and T\C
loops of tRNAs and the P RNA specificity (S) domain, an
A-minor interaction at the acceptor stem and the formation of
canonical base pairs at the 3'-end of tRNA. In particular, key
interactions take place between the unstacked bases G19 and C56
of tRNA and the S domain of RNase P. It is also notable that no
interaction takes place with the anticodon arm of tRNA. The
catalytic active site of RNP RNase P is composed of phosphate
backbone moieties, a conserved uridine and at least two
catalytically important metal ions!3.

In contrast, the mode of action of PRORP proteins is unknown.
These protein-only RNase P enzymes are characterized by the
presence of pentatricopeptide (PPR) repeats'* in their N-terminal
part that are believed to be involved in RNA binding and possess
an upstream zinc-finger-like motif. The most conserved part of
PRORP enzymes lies in their C-terminal part. This region was
predicted to be a metallonuclease domain® and consigns PRORP
to the large family of PIN-like/NYN (N4BP1, YacP-like Nuclease)
domain putative ribonucleases!.

Initial comparison of PRORP and RNP RNase P has suggested
that the two classes of enzymes share common features. They
both appear to require Mg?*t for phosphodiester hydrolysis
and both generate 5'-phosphate and 3/-hydroxyl products®.
However, studies using spinach chloroplast extracts and
recombinant Arabidopsis PRORP have shown that PRORP
is a fundamentally different catalyst than RNP RNase P. The
replacement of the phosphodiester backbone of a precursor tRNA
by a phosphorothioate moiety at the level of the 5'-maturation
site resulted in a strong inhibition of bacterial RNase P activity,
while PRORP activity was unaltered!®!7.

To gain functional insight into this novel type of RNase P
activity, we investigated how Arabidopsis PRORP1 binds tRNA
substrates and we performed a biophysical characterization of
PRORP1 and 2. This enabled us to define initial mechanistic data
on PRORP mode of action. The proposed mode of RNA
recognition by PRORP shows striking similarity with that of
RNP RNase P, which suggests that protein-only RNase P might

RNase P is the ubiquitous activity that catalyses the

have converged to the same tRNA-binding strategy as RNP
RNase P.

Results

tRNA cis elements required for PRORP activity. To get
mechanistic insights into the mode of action, in particular of
RNA recognition of PRORP enzymes, we performed RNase P
cleavage assays with recombinant PRORP1 and different mutants
of mitochondrial tRNA®Y® precursor, a known substrate of
PRORP1 in vivo (Fig. 1). We first removed the anticodon domain
from the tRNA precursor, which did not result in significant
decrease of cleavage by PRORP. Then, the removal of both the D
and anticodon domains was tested. The resulting mini helix was
not cleavable by PRORP. As PRORP enzymes are able to cleave
the 5'-leader sequence of any tRNA of canonical structure
in vitro®™!1, we postulated that the determinants for tRNA
recognition by PRORP must reside among positions universally
conserved in tRNAs'®. We thus applied point mutations to such
positions in tRNAs to investigate their effect on PRORP activity.
The mutation of G18 in the D-loop to A and C, respectively,
resulted in severe impairment and total loss of RNase P activity,
whereas the mutation of G19 to A or C did not affect RNase P
activity. However, mutations of C56 in the T\yC loop to A or G
resulted in total loss of RNase P cleavage. In the same loop,
mutations of G57 to A and C resulted in unaffected and total loss
of PRORP cleavage, respectively, consistent with the conservation
of a purine at position 57 in tRNA'8, Next, the exchange of G-C,
the first base pair of the acceptor stem by C-G did not result in
decreased cleavage efficiency, although we cannot exclude that
mis-cleavage did not occur. Finally, we investigated the nature of
the 3’-end of tRNA precursors. The absence of a 3'-trailer
sequence did not affect 5'-cleavage, whereas the occurrence of a
3’-CCA group strongly reduced RNase P activity (Fig. 1). Further
analyses will be necessary to determine if 3'-CCA groups act as
PRORP binding antideterminants for all tRNAs, and to uncover
the precise involvement of the length and the nature of residues
in 3'-trailer sequences for PRORP activity.

Taken together, our results show that the anticodon domain is
not involved in RNA recognition by PRORP. The nature of
residues at positions 1 and 72 is not discriminant for the activity,
while the 3’-CCA seems to act as an antideterminant for PRORP
binding. As residues at positions 18 and 57 are involved in
interactions between loops D and T\/C of tRNA'3, an interaction
between loops D and TYC appears to be strictly required for
PRORP function. However, the conservation of the G19:C56
interaction does not appear to be critical, although the presence of
a cytidine at position 56 seems to be indispensable. Thus, precise
residues in loops D and TYC seem to be essential for substrate
recognition by PRORP.

tRNA residues in interaction with PRORP. We performed a
footprinting analysis in order to map precisely contact points
between a PRORP protein and its tRNA precursor substrate
(Fig. 2). To determine the tRNA regions that are in interaction
with PRORP1, a mitochondrial tRNAY® precursor containing a
leader sequence of five nucleotides was incubated either alone or
in complex with PRORP1 and subjected to digestion by nucleases.
As the PRORP/tRNA complex used here was UV-crosslinked, we
verified with an in vitro activity assay that substrate binding had
resulted in a catalytically active complex (Supplementary Fig. S1).
Three different nucleases were used for this analysis, RNase V1
that only cleaves base-paired RNA regions, RNase T1 that cuts
single-stranded RNA only after guanosines and RNase A that
cleaves single-stranded RNA after cytidines and uridines. Posi-
tions of residues protected from RNase digestion by PRORP
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Figure 1| RNase P in vitro cleavage assays performed with Arabidopsis recombinant PRORP1 and variants of mitochondrial tRNASYS precursors.

+ and — indicate the absence and presence of PRORP proteins in the reactions. WT is the wild-type tRNASYS, AAC the tRNA without the anticodon
domain, and ADAC without both anticodon and D domains. G18A, for example, shows a tRNA where the guanosine at position 18 was mutated

into an adenine. 1CG72 is a tRNA where the G-C base pair at positions 1 and 72 was swapped to a C-G. A3’-shows a tRNA precursor without 3'-trailer

sequence and 3'-CCA, the precursor with a mature 3’-end containing a CCA.

P stands for tRNA precursors, M the 5'-mature products and L the cleaved

5'-leader fragments. The molecular weights of markers are given in nucleotides. PRORP cleavage products were quantified with ImageGauge (Fujifilm).
Values were normalized so that 100 corresponds to the cleavage efficiency observed for wild-type tRNASYS precursor. Cleavage efficiencies are given below
the respective panels together with s.d.'s for three representative experiments.

could be mapped down to individual nucleotides through the
comparison of RNase digestion profiles with an RNase T1 ladder
and the alkaline hydrolysis profile of the mitochondrial tRNACY$
precursor. We observed that discrete positions in the tRNA
D-loop, namely U16, G18 and G19 were protected from nuclease
digestion by PRORP. Similarly, C56 in the T\C loop was pro-
tected from nuclease digestion by PRORP. No other position, in
particular close to the actual cleavage site of the tRNA precursor
could be reproducibly identified as a site of nuclease protection by
PRORP. Altogether, this indicates that individual residues that
are in close spatial vicinity in loops D and TyC of tRNA are
binding sites for protein-only RNase P enzymes (Fig. 2).

Structural properties of PRORP 1 and 2 in solution. We
characterized in parallel both organellar and nuclear enzymes and
focussed our study on PRORP1 and PRORP2 (which displays

80% sequence identity with PRORP3). Arabzdopszs PRORP pro-
teins are active as single-protein enzymes’. Their hydrodynamic
properties in size exclusion chromatography and in dynamic light
scattering confirmed that they are monomers in solution (Fig. 3).
The molecular mass determined for PRORP2 in multi-angle light
scattering is 62kDa in good agreement with that calculated from
the sequence (60kDa).

These monodisperse PRORP samples led to sharp synchrotron
radiation circular dichroism (SRCD) spectra (Fig. 3d) indicating
that both PRORP1 and PRORP?2 have a high content in a-helices.
The evaluation of PRORP secondary structure content indicates
36/39% of a-helices, 15/16% of B-strands in PRORP1 / PRORP2,
respectively. This observation is consistent with structure
predictions based on sequence analysis’(Supplementary Fig, S2).

PRORP samples were further studied by small-angle X-ray
scattering (SAXS), a method of structural characterization
providing information on the size and shape of biological
macromolecules in solution'®=2!. In these experiments, the two
enzymes produced very similar scattering curves at small angles,
and their estimated gyration radius is Ry=33 A corresponding

to a monomer in solution (Fig. 4). An experimental setup
that allows the SAXS analysis downstream of a gel-filtration
separation enabled the acquisition of scattering data for
PRORP2 with lower noise at higher angles (Fig. 4, blue plot).
The derived P(R) function that evaluates the distribution of
distances inside the molecular object, confirms the value of R,
and is compatible with an object made of two structured domains.
The tail of the distribution (80 <r<110 A) suggests the presence
of extension(s), which may correspond to either N-terminal or
C-terminal regions. PRORP proteins are slightly more compact in
solution than archaeal and bacterial RNase P RNAs, which
display R, and dpm.. of 38- 48 A and 120-190A in SAXS,
respectively?>?3. Overall, they appear as monomeric enzymes
with two- domams essentially made of o-helices.

PRORP proteins are zinc-binding enzymes. The analysis of
PRORP sequence conservation across eukaryotes revealed that a
certain number of residues are highly conserved throughout
evolution and mlght thus be of functional importance®. Among
them, a putative zinc-finger-like structure is split in two separate
motifs. The first motif (CxxC) contains two conserved cysteines
upstream of the NYN domain at positions 344 and 347 for
PRORP1 (281 and 284 for PRORP2), whereas the second motif
involves a conserved histidine and a cysteine, downstream of the
NYN domain, at positions 548 and 565, respectively, (Fig. 3a)
(494 and 511 for PRORP2). These four particular residues were
chosen as best candidates to form a zinc-binding pocket as no
other cysteine or histidine outside the catalytic NYN domain is
highly conserved among PRORP sequences. We used inductively
coupled plasma mass spectrometry to investi 6gate the association
of metal cofactors to PRORP proteins. Zinc (°®Zn) was present at
29.49 +/— 1.53p.p.b. in a 30-ugml ~ ! PRORPI solution. This
corresponds to the occurrence of one zinc atom per PRORP
molecule. Other metals were only found as traces. To investigate
the importance of the conserved residues for zinc binding, we
mutated the four residues to alanines, expressed and purified to

NATURE COMMUNICATIONS | 41353 | DOI: 10.1038/ncomms2358 | www.nature.com/naturecommunications 3
© 2013 Macmillan Publishers Limited. All rights reserved.



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2358

BTN B B T 1)

b i

G-c

G-c

c-G

U*G

A-U

G*U

G-C uc

A U cuccc A
WUACAA [NERN G
G18| 1111 GACGG  [CBg
AUGU u uu -

G195

Figure 2 | Footprinting analysis of mitochondrial tRNAYS precursor in
complex with PRORP1. (a) Samples were subjected to partial RNase V1,
RNase T1 and RNase A digestions. + and — mean that PRORP proteins
were present or absent in the reactions. P represents the tRNA precursor
probe. LT1shows an RNase T1 ladder with the corresponding positions of Gs
in the tRNA sequence indicated in white. OH show alkaline hydrolysis of the
tRNA probe performed for 2 and 5min to generate an RNA ladder with
single-nucleotide increments. RNA samples were separated by high
resolution denaturing PAGE. tRNA positions were precisely mapped with
the T1 and alkaline ladders. Boxed positions, also indicated on the left by
arrows, correspond to tRNA positions reproducibly found protected from
nuclease treatment by PRORP interaction in three replicate experiments.
(b) Secondary and tertiary structural model of mitochondrial tRNAYS with
boxes and green surfaces indicating residues protected by PRORP in
footprinting experiments.

homogeneity the respective PRORP1 mutants. The analysis of
zinc content in the mutants revealed that in the C344 and C347
mutants zinc levels were reduced by 19% and 29%, respectively,

whereas the H548 and the C565 mutants zinc levels decreased by
60% and 75%, respectively (Table 1). As a control we analysed
zinc content in the DD474-475 catalytic mutant® and found that
it was similar to that of wild-type PRORP. The increased lability
of zinc in the cysteine and histidine PRORP mutants suggests that
the four residues are involved in the stable binding of zinc and
that the downstream conserved motif has a stronger affinity for
the metal than the upstream CxxC coordination element. We also
analysed the capacity of the mutant proteins to perform RNase P
activity. The single C565 mutant protein had impaired RNase P
activity (Supplementary Fig. S3). The highest lability of zinc in
this mutant might have resulted in an unstable protein fold, thus
affecting its activity.

Model of the PRORP/tRNA complex. Structural models of
PRORP were generated by homology modelling as implemented
on the Phyre server?. The structure prediction was limited to the
two main domains (PPR and NYN) for which templates were
identified with Phyre2. Best hits for the three PRORP sequences
were a TPR domain (PDBid: 200e) and the catalytic domain of an
RNase (PDB id: 3v32), respectively (see Supplementary Fig. S2).
We also established the structure model of the Arabidopsis
tRNA®YS used to illustrate footprinting experiments and activity
assays. The latter data were combined with the SAXS envelope in
order to position domains of PRORP2 (for which we had best
SAXS data) with respect to the tRNA substrate. In the docking
process, the N-terminal RNA recognition module of PRORP2
containing PPR repeats’ was placed next to loops D and T\/C of
the folded tRNA, in particular in contact with positions U16, G18,
G19 and C56. For the C-terminal part of the protein, the two
conserved aspartates at positions 474 and 475 (Fig. 3a) that were
shown to be part of the catalytic active site of PRORP® were
placed in close vicinity of the tRNA + 1 position, where RNase P
cleavage takes place (Fig. 5). Our model highlights notable
similarities in tRNA-binding mode with the complex of bacterial
RNP RNase P where the specificity domain of RNase P RNA
interacts with the residues G19 and C56 of the tRNA (Fig. 5).

Discussion
PRORP enzymes were identified as members of the PPR family, a
huge class of RNA-binding proteins ubiquitous in eukaryotes?’.
These proteins can be divided into two main super-groups (P and
PLS) according to the occurrence of specific classes of PPR
domains and of additional C-terminal domains. Several lines of
evidence suggest that both t}?es of P and PLS proteins recognize
primary sequences of RNA™. Interestingly PRORP enzymes do
not belong to the two established super-groups. With only very
few canonical PPR domains, and the presence of non-canonical
putative PPR repeats, they rather define a new subfamily of PPR
proteins. As PRORP enzymes bind any tRNA of canonical
structure, it is possible that PRORP proteins recognize structured
elements of RNA and thus have a mode of RNA recognition
distinct from other PPR proteins. Alternatively, our favoured
hypothesis is that PPR repeats in PRORP might specifically
recognize individual nucleotides in tRNA loops, in particular
unstacked bases or residues not involved in Watson-Crick
interactions, which are highly conserved among tRNA sequences.
The biophysical characterization of PRORP enzymes has
validated bioinformatic predictions and enabled to build a
model of the active enzymatic complex. The predominance of
SRCD signal for a-helices (Fig. 3d) is in agreement with fold
recognition predictions, PPR repeats and NYN domains being
mostly composed of o-helices'>?¢. Although the N-terminal
region of PRORP does not contain >2-3 canonical PPR motifs,
the presence of non-canonical putative PPR domains suggests
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Figure 3 | Characterization of PRORP proteins in solution (a) Organization along the sequence of PRORP proteins. In the RNA-binding domain PPR and
PPR-L show canonical PPR repeats and putative PPR-like motifs, respectively. For PRORP1, aspartates at positions 474 and 475 are in the catalytic pocket of
the enzyme?, whereas cysteines and a histidine at positions 344, 347, 548 and 565 (indicated by black arrows) are proposed to form a zinc-binding pocket
(dashed line) that could stabilize the catalytic domain of PRORP. (b) Analysis of PRORP2 oligomeric state in solution by analytical gel-filtration (BioSEC3
column) leading to a MW estimation of 72 kDa (red diamond: Log(MW) = 4,85) by comparison with the elution of model proteins (thyroglobulin: 660 kDa;
BSA monomer and dimer: 66, 132 kDa; ribonuclease A: 14 kDa; see inset). (¢) Hydrodynamic radius distribution for PRORP1 (green) and PRORP2 (blue) in
dynamic light scattering, confirming the monodispersity of PRORP samples. (d) SRCD analysis of PRORP1 (green) and PRORP2 (blue). SRCD spectra show
a dominant peak at 190-200 nm characteristic of a-helices. The evaluation of two-dimentional structure content indicates 36/39% of a-helices, 15/16% of

f-strands in PRORP1/PRORP2, respectively.

that this region is arranged in a super-helix as described in
structurally related TPR proteins?’, which give the highest score
in structure prediction with Phyre2. The C-terminal NYN
domain could be modelled based on the structure of the
MCPIP1 RNase that adopts an o~ PIN-like/NYN architecture.
The Asp residues that are conserved in PRORP sequences are
essential to the activity of MCPIP1 (see Supplementary Fig. S2)
and their mutation abolished PRORP activity™?®. This
observation validates the proposed fold. The region that
connects the N- and C-terminal domains was identified as a
potential zinc-binding motif. Our mutational analysis confirmed
that the two conserved Cys residues are involved in metal
binding, together with another Cys and a His residue at the
C-terminal end of PRORP. Overall, this results in a compact two-
domain enzyme, as confirmed by the SAXS analysis in solution,
with a zinc ion bridging the central and the C-terminal region
(Fig. 5). Very recently, Howard and colleagues published a crystal
structure of PRORP1 from A. thaliana®. It confirms our
structural predictions, in particular the superhelical fold of the
PPR domain made of 5-6 PPR and PPR-like elements. SAXS data
collected in solution on PRORP1 and PRORP2 show a good
agreement (experimental and theoretical curves fit with Chi of 4.9
and 2.8, respectively, for data in the range 0.02<q<02A 1)

with the atomic model (PDB id: 4g26). This validates the overall
PRORP architecture with two functional domains: a N-terminal
RNA-binding PPR domain and a C-terminal PIN-like catalytic
domain, bridged together by a bipartite zinc-binding module. The
four residues identified by mutagenesis and inductively coupled
plasma mass spectrometry as zinc binders are also confirmed by
the crystal structure.

Both footprint data and activity assays indicated that the tRNA
precursor is essentially recognized by its acceptor arm, whereas
the anticodon domain is dispensable. Results suggest that PRORP
substrate recognition might be mediated by a limited number of
determinants. As PRORP is able to recognize any tRNA of
canonical structure, these determinants should be found among
highly conserved residues such as G18 in loop D, C56 and R57 in
loop TYC’, which is corroborated by our results. Considering
the length of the acceptor arm (45 A) and the estimation of
PRORP dimensions in SAXS (30A x70A x 110A), the PPR
domain is very likely to interact specifically with the D-TyC
region at the corner of the tRNA, while the NYN catalytic domain
must be located in the vicinity of the 5'-cleavage point. Thus, the
proposed model (Fig. 5) shows the two-domains of PRORP2 that
sandwich the substrate, their respective position acting as a ruler
to determine the correct position of maturation, independently
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(dmax>100). () Molecular envelope of PRORP2 derived from SAXS data
analysis.

Table 1 | Inductively coupled plasma mass spectrometry
identifies zinc in association with PRORP.

PRORP1 Zn%® (p.p.b.) 26 Stoichiometry
WT 29.49 1.53 1
C344A 23.82 0.46 0.8
C347A 20.89 0.24 07
H548A 11.80 0.50 0.4
C565A 7.44 0.21 0.2
DD474-475AA 28.52 1.49 1

Buffer 0.44 0.12 0

Measurements were performed on wild-type PRORP1 (WT), as well as on proteins with point
mutations applied to positions predicted to form the zinc-binding pocket. 2c indicates the s.e. in
four replicate measurements.

from the internal sequence of the acceptor arm. Our data suggests
an intriguing similarity in the mode of binding of the tRNA with
the RNP RNase P. Indeed, earlier work has shown that bacterial
RNase P interaction with the D-T{/C region influences substrate
binding and cleavage?!. In the same line and similar to PRORP,
bacterial and human RNP RNase P did not require the anticodon
domain of tRNA for substrate recognition®2. However, E. coli
RNase P, contrary to PRORP, still allowed RNase P activity on a
tRNA lacking its D domain®2. The mechanistic model of the
novel protein-only RNase P represents a good basis for further
investigations of PRORP mode of action by complementary
approaches, the ultimate step being the determination of a crystal
structure of an active complex of PRORP and tRNA at atomic
resolution.

The concept of structural mimicry of nucleic acids by proteins
is well established, it has already been observed over 15 years
ago?3~35, The specific case of PRORP is particularly interesting
because both a single eukaryotic protein and a considerably more
ancient bacterial ribozyme share the same catalytic function and
appear to share similar RNA recognition processes. This implies
that PRORP could represent an example of convergent evolution,
with proteins that have evolved a mechanism of RNA recognition
similar to that of catalytic RNA. This opens appealing
perspectives for our understanding of the transition between
the envisaged pre-biotic RNA world and the modern world
dominated by proteins.

Methods

PRORP purification and characterization. Arabidopsis recombinant PRORP1
and PRORP2 proteins were expressed in E. coli and purified to homogeneity using
affinity chromatography as described previously®. Before biophysical analyses
(see below), a second step of size exclusion chromatography using a Superdex 200
10/300 GL column (GE Healthcare) was introduced to improve the quality of
PRORP enzymes and to elute them in appropriate buffers. Proteins were
concentrated by ultrafiltration to about 10 mg ml ~ !, ultracentrifuged and stored at
4°C until use in 50 mM HEPES-Na pH 7.5, 250 mM NaCl, 15% glycerol (w/v),

1 mM tris(2-carboxyethyl)phosphin. Sample homogeneity and particle size were
systematically verified using dynamic light scattering (Malvern Zetasizer) at 20 °C.
Mass determination was performed by multi-angle light scattering using a SEC
Superdex 200 column coupled to a Treos instrument (Wyatt technologies) in the
storage buffer with 2% glycerol (w/v) only.

RNase P activity assays. cDNAs representing variants of Arabidopsis mito-
chondrial tRNA®Y precursors were designed with leader and trailer sequences of
50 and 30 nucleotides, respectively, cloned in pUC19, transcribed in vitro by T7
RNA polymerase. tRNAY® precursor mutants included tRNAs with the anticodon
domain removed (AAC), without both anticodon and D domain (ADAC), with
point mutations at position 1, 18, 19, 56, 57 and 72. Sequences of oligonucleotide
used to generate these mutants are available in Supplementary Table. For RNase P
cleavage assays, reactions were always performed with three replicates using 0.5 uM
transcript and 0.15 M protein for 15 min at 25 °C as previously described’. RNA
fragments were separated by denaturing PAGE and visualized bg ethidium
bromide staining. Quantifications were performed as described!".

Footprinting analyses. Recombinant PRORP1 was put in presence of equimolar
amounts of 5'-32P-yATP radiolabeled mitochondrial tRNA®YS precursors to form a
PRORP/tRNA complex. As PRORP and tRNA only interact in a transient manner,
the complex obtained was UV-crosslinked for 15 min at 260 nm. Samples were
submitted to partial RNase V1 (0.1 U pl~ 1), RNase T1 (1Upl~!) and RNase A
(1 pgul—1) digestions in the presence of competitor yeast RNA according to the
manufacturer’s instructions (Ambion, USA). The radiolabeled tRNA probe was
also subjected to partial RNase T1 digestion in denaturing condition and to partial
alkaline hydrolysis to generate RNA ladders. RNA samples were recovered by
phenol/chloroform extractions, separated by high resolution 8% denaturing
polyacrylamide gel electrophoresis and signal was acquired with a FLA-7000
phosphorimager (Fujifilm).

SRCD analysis. SRCD experiments were performed on the DISCO beamline at
synchrotron SOLEIL (Saint-Aubin, France). The instrument was calibrated for
magnitude and polarization with a 6.1-mgml ~! D-10-camphorsulfonic acid
solution. PRORP proteins (10 mgml ~!) in 100 mM potassium phosphate, 50 mM
KCl, 10% (v/v) glycerol and 1 mM tris(2-carboxyethyl)phosphine were placed in a
SRCD CaF, cuvette of 8 um pathlength. Three spectra between 170 and 280 nm
were measured at 10, 20, 30, 40, 50, 60 and 70 °C to assess the thermal stability of
PRORP1 and PRORP2. Data were processed (spectrum averaging, solvent base line
subtraction) using CDtools>®. The secondary structure content of PRORPs was
evaluated using the VARSLC method in DICHROWEB®’.

Small-angle X-ray scattering analysis. Small-angle X-ray scattering (SAXS)
experiments were conducted on the SWING beamline at Synchrotron SOLEIL,
Saint-Aubin, France. The beam wavelength was set to 2 = 1.033 A. The 17 x 17 cm?
low-noise Aviex CCD detector was positioned at a distance of 2107 mm from the
sample, with the direct beam off-centred. The resulting exploitable g-range was
0.005-0.5 A~ 1, where q =47 sin 0//, and 20 is the scattering angle. PRORP
samples at 10 mgml ~ ! in 100 mM Hepes-Na (pH 7.5), 250 mM NaCl, 5% glycerol
and 1 mM tris(2-carboxyethyl)phosphine were analysed by direct injection or high-
performance liquid chromatography mode. In the first case, they were transferred
into the SAXS flow-through capillary cell and a series of 50 frames was recorded. In
the second case, they were loaded into a size exclusion column (Agilent Bio SEC-3,
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Figure 5 | A common mode of RNA binding in RNP and PRORP RNase P. (a) Structure of Thermotoga maritima ribozyme (PDBid 3Q1R'3) with the
catalytic domain in blue, the specificity domain in violet, the RNase P protein subunit in orange, the tRNA product in green and the molecular surface of the
RNP in grey. (b) Model of A. thaliana PRORP2 protein shown in the same orientation and same colour code: the catalytic domain

(NYN domain) in blue, with conserved Asp residues shown as red spheres adjacent to the 5'-cleavage site (indicated by an arrow), and the RNA-binding
domain (PPR domain) in violet, interacting with the region of the D-T\/C loops, were positioned in the SAXS envelope. The proposed zinc site is indicated
by a green sphere in the central region, which connects the two main PRORP domains. This two-domains architecture offers a concave surface, which can
be docked on the tRNA acceptor arm. Our data indicate that PRORP proteins have evolved an RNA recognition process very similar to that of RNP RNase P.
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5 Structure determination of wild type
PRORP2

I initially started this structural work on the three A. thaliana PRORPs to maximize the chance of
success to crystallize one of them. After the publication of the PRORP1 crystal structure ((Howard
etal.,2012) I essentially focussed on PRORP2 and its variants to obtain insights into the nuclear form
of PRORP.

5.1 Crystallization and crystal analysis of PRORP proteins

In order to obtain accurate 3D structural data with X-ray crystallography proteins have to be crystal-
lized. As at present no tools are available that predict crystallization conditions, commercial screens
are usually tested to search for initial conditions that can be further optimized (see section 2.2.9).
To set up one screen with drop sizes of 300 nl (150 nl of that are protein solution) 40 to 200 ug of
protein at 2 to 10 mg/ml are required. I tested nine different screens at different temperatures, protein
constructs and mixing ratios which explains the need of rapid and simple protein purification (Fig.
5.1).

I observed that PRORPs easily precipitate at concentrations higher than 5 mg/ml in most of the screens
at room temperature, making working in the cold room a necessity for crystallization, crystal obser-

vation and harvesting for cryocooling.

5.1.1 PRORP initial screening

Screens tested for wild type PRORP2-Hisg are summarized in Tab. 5.1. Prior to crystallization pro-
tein samples were ultra-centrifuged (1h, 125.000g, 4°C) to remove aggregates. Conformational purity
and activity were assayed with DLS and cleavage tests except in the case of the catalytic mutants for
which no activity tests were done. Sitting nanodrops of 300 nl were placed with 35 pl reservoir so-
lution in a sealed vapor chamber. 150 nl protein solution (2 - 15 mg/ml) were mixed with 150 nl of
the reservoir solution using a pipetting robot (Mosquito™ pipetting robot, TTP LabTech). Because
PRORP?2 and 3 are highly homologous we tested different screens on the two proteins assuming that
one hit for one of the homologue would suit the other. All tested screens are summarized in Tab. 5.1.

No other hits than for wild type PRORP2 were obtained as detailed in the next section.
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Table 5.1: Summary of initial crystallization screening of PRORP. Screen leading to interesting

Protein construction  Concentration Temperature Screen name/manufacturer Buffer
[mg/ml] [°C]
P2-Hisgwt 7.7,6,3.4 20 JCSG+ (Molecular Dimensions) SEC1
114,74 20 Morpheus (Molecular Dimensions)
10 20 Index (Hampton Research)
6 4,20 Magicl, Magic2
3 20 Clear Strategy Screen 1 (Molecular Dimensions), Wizard (EmeraldBio)
14,7,2.5 4,20 PEG/Ion (Hampton Research) SECI1 with 15
8,6,4 4 JCSG+ (Molecular Dimensions), Morpheus (Molecular Dimensions) SEC1 with 5 ¢
6,2.25 4,20 PEG/Ion (Hampton Research), JCSG+ (Molecular Dimensions)
P2mDD-Hisg 8,6,4 4 JCSG+ (Molecular Dimensions), Morpheus (Molecular Dimensions) SEC1 with 5 ¢
3 20 Clear Strategy Screen 1 (Molecular Dimensions), Wizard (EmeraldBio)
53 4,20 Magicl, Magic2
4 4 PEG/Ion (Hampton Research a) 50 mM Hey
glycerol, b)50
5 % (wlv) gly
(NH4S02,5 ¢
P1-Hisgwt cris 2.8 4,20 Magicl, Magic2, JCSG+ (Molecular Dimensions)
P2-intein-wt 4,2,1 20 PEG/Ion (Hampton Research), JCSG+ (Molecular Dimensions)
P3-Hisg 15,7.5 20 Morpheus (Molecular Dimensions)
10 20 Magicl, Magic2
3,2 4,20 PEG/Ion (Hampton Research), Clear Strategy Screen 1 & 2 (Molecular Di-  SECI1, SEC2 -

mensions), SaltX (Hampton Research), Index (Hampton Research)



5.1.2 Wild type PRORP2 crystal optimization

An initial hit in the Magicl screen

An initial hit was obtained at 20 °C in a condition containing S0 mM MES pH 6, 200 mM sodium
malonate, 34 % PEG 8000 (D2 in Magicl). We ordered a grid-matrix screen from the Magicl screen
around condition D2 where I obtained hits in conditions B4 and C4 (Fig. 5.1a). Further optimization
failed because we could never figure out the actual PEG concentrations, probably due to a failure

in the production of the grid-screen. As a result I was not able to reproduce identical solutions and

crystals.
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Figure 5.1: Optimization screens for wild type PRORP2. a) Grid-screen matrix for D2, screen Magicl
(MPI, Martinsried, Germany), b) Optimisation of PEG/Ion, E6 with the additive and the
detergent screen (Hampton Research). Red crosses mark crystal or crystal-like structures.

PEG/lon screening hits

In the PEG/Ion screen from Hampton Research several conditions were identified and optimized.
During optimization protein concentration, salt and PEG concentration were varied, additives (salts,
small organic molecules) or cations were tested. A condition containing 200 mM sodium-malonate
pH 6, 20 % PEG3350 was further used to optimize and test additives and detergents. Stock solutions
of this condition were prepared that were 1.1x and 1.2x more concentrated than the original solution.
Ratios of 9:1 and 8:2 were prepared with the additive and the detergent screen (Fig. 5.1b). Wild type
PRORP2 was used at 1 and 4 mg/ml and equilibration took place at 4 °C.

It turned out that best crystallization conditions for wild type PRORP2 are 200 mM Sodium-malonate
pH 6, 20 % PEG3350 with drops set up in batch by mixing 1 pl 2.5 mg/ml PRORP2 with 1 ul of
crystallant at 4 °C (Fig. 5.2).
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Figure 5.2: Wild type PRORP?2 crystals after optimization.

5.1.3 Crystallization screens for PRORP /pre-tRNA complex

Several transcripts were used for co-crystallization assays with PRORP2. In particular, I designed a
L5T0 tRNA®Ys~CGUC gubstrate which has the body sequence of the habitual L5TO tRNA®Y* with the
anticodon mutated to GUC. This creates complementary base pairing between two tRNA molecules
and could help crystallization via mediating crystal contacts as found in the crystal packing of yeast
tRNAAP (Ruff et al., 1991).

PRORP2mDD and L5T0 tRNA®Y*~¢VUC and L5TO MAC tRNA®Y* were dialized in SEC2 buffer
with concentrations after ultracentrifugation (1h, 4 °C, 125.000 g) of 78 uM, 184 uM and 122
1M, respectively. Complexes were constituted by mixing equal volumes of PRORP2mDD with
each substrate resulting in molar ratios of L5T0 tRNA®Y*~¢VC¢:PRORP2mDD 2.3:1 and L5T0 MAC
tRNA“Y*:PRORP2mDD 1.5:1. Hanging nanodrops were made of 150 nl of sample solution and 150
nl of reservoir solution. Tested screens were: Natrix and Index (Hampton Research) at 4 °C. Prior
DLS measurements of the complex mixtures showed no aggregation.

In another experiment, the PRORP2mDD/L5TO tRNA“Y* complex after ITC was concentrated on 10
K membranes and the absence of aggregates verified with DLS. Index (Hampton Research), JCSG+
(Molecular Dimensions) and Crystal(Hampton Research) Screen were set up at 4 and 20 °C. Neither

of the screens showed any hit.

5.2 X-ray crystallographic data are difficult to interpret

Two full datasets of wild type PRORP2 crystals were collected at a resolution of 3 Aand data was
processed using XDS and the CCP4 suite (Kabsch, 2010, Evans, 2011). A rotation function analysis
using GLRF between 4 and 8 Aconfirmed the presence of two molecules in the asymmetric unit but
molecular replacement was particularly tricky and placing the second monomer failed. We think that
placement is difficult due to the high amount of a-helices in the protein which makes the definition

of one PPR repeat rather difficult at that medium resolution.
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ABSTRACT

The RNase P activity is ubiquitous and consists of the 5' end maturation of precursor tRNAs. For a long
time it has been thought that all RNase P were ribonucleoproteic enzymes. However, the
characterization of the human mitochondrial RNase P revealed a novel kind of RNase P composed of
proteins only, called PRORP for 'Proteinaceous RNase P' '. Whereas in human mitochondria PRORP is
formed by a complex of three subunits, RNase P activity in Arabidopsis thaliana is held by single
proteins. Three homologues exist in Arabidopsis. Each protein possesses a pentatricopeptide repeat
domain and a metallonuclease domain 2. Here we a report the purification and crystallization of
Arabidopsis PRORP proteins. Optimization of initial crystallization conditions led to crystals
diffracting at 3 A.

INTRODUCTION

RNase P is the universal activity catalyzing the maturation of precursor 5'-ends of transfer RNAs
(tRNAs), as well as many other substrates such as ribosomal RNA, messenger RNA, transfer-
messenger RNA or riboswitches 3. It was first described in bacteria as being a ribonucleoprotein
(RNP) complex whose RNA component (P RNA) holds the catalytic activity . RNP RNase P is
prevalent in all three domains of life, i.e. bacteria, archaea and eukarya, and was believed to be a
conserved RNP complex 7. Still, early experiments in spinach chloroplasts and later in human
mitochondria suggested a proteinaceous type of RNase P in these organelles lacking an essential RNA
component. Rossmanith and co-workers demonstrated by recombinant expression of human
mitochondrial RNase P in E.coli that it is a complex of three protein subunits and no RNA 8% . In

Arabidobis this novel variant is composed of a single protein that was named PRORP (for



PROteinaceous RNase P) 2.

The discovery of PRORP enzymes led to the question whether there is a difference in the mode of
action of RNP and protein enzymes catalyzing the same reaction. RNP RNase P activity is well
characterized 2!° and the determination of the X-ray crystallographic structure of a bacterial RNase P in
complex with tRNA have been very important advances !''. Protein-only RNase P enzymes comprise
two distinct domains: N-terminal pentatricopeptide (PPR) repeats and a C-terminal catalytic
metallonuclease domain. "> The PPR domain confers to RNA binding and substrate specificity '°. A
PPR repeat is composed of modules of 34-36 amino acids folding into a pair of antiparallel a-helices '°.
The most conserved part of PRORP enzymes is in their C-terminal metallonuclease domain which
makes PRORPs being a member of the large family of PIN-like/NYN (N4BP1, YacP-like Nuclease)
ribonucleases 3. For a long time high-resolution structural data of PPR proteins was scarce. The first
structural data on PPR proteins became available in 2011 by Temiakov and co-workers from the PPR
containing human mitochondrial RNA polymerase (pdb ID: 3SPA). The two PPR motifs in the N-
terminal region of this enzyme confirmed the predicted fold of two antiparallel a-helices per PPR motif
14 Quickly, more structures emerged. One of them was the X-ray structure of organellar PRORP1 from
Arabidopsis thaliana '° and soon afterwards complex structures between the plant transcription factor
PPRI10 and its target mRNA, PSAJ 6. Still, the biological significance of the latter complex remains to
be validated.

In order to obtain further insights into the structural organization of PRORP from Arabidopsis different
crystallization screens and buffers were tested on wild type PRORP2, crystallization conditions

optimized and diffraction data collected.

EXPERIMENTAL SECTION

Protein preparation

The open reading frame of Arabidopsis PRORP2 (NCBI reference sequence NP _179256) was cloned
into a pET-28b(+) vector (Novagen) coding for a C-terminal Hise tag. Due to cloning one additional N-
terminal amino acid (MG instead of M) and two additional amino acids upstream the His-tag (LE) were
introduced resulting in a protein of 537 aa.

E.coli BL21 (DE3) transformed with pET28-PRORP2 were grown at 37 °C until ODgy »m 1in LB
medium containing 50 pg/ml kanamycin. Proteins were expressed over night at 18 °C in LB medium

with a final concentration of 0.5 mM IPTG. E.coli cells were harvested and the pellet stored at -20 °C



until purification. One gram of cells was lysed in 10 ml of NiNTA buffer A, containing 50 mM Hepes-
Na pH 7.5, 250 mM NaCl, 5 % (w/v) glycerol, 5 mM imidazole, 10 mM B-mercaptoethanol and
protease inhibitor cocktail (Sigma, S8830, 1 tablet/100 ml) with ten cycles of 30 seconds of sonication
(followed by 60 seconds on ice). The NiNTA resin (Sigma, No. H0537) was equilibrated with NiNTA
buffer A. The protein was loaded at 1 ml/min and sequentially washed with 10 cv at 2 ml/min with
increasing imidazole concentrations (steps at 5, 10 and 15 mM). The protein was eluted with 2.5 cv in
250 mM imidazole at 2 ml/min. The peak fractions were subjected to SDS-PAGE analysis. Protein
containing fractions were pooled, concentrated and the buffer was exchanged for SEC1 buffer
containing 50 mM Hepes-Na pH 7.5, 250 mM NacCl, 15 % (w/v) glycerol, 1 mM TCEP on a cellulose
membrane with a 30K MWCO (Amicon Ultra, Millipore). The concentrated fractions from affinity
chromatography were then purified using size exclusion chromatography on a Superdex 200 10/300 GL
(GE Healthcare) column at 0.5 ml/min equilibrated with SEC1 buffer. Proteins were concentrated,
ultracentrifuged and stored at 4 °C until use. Sample purity and homogeneity was assessed by
Coomassie-stained SDS-PAGE (Fig. 1a) and dynamic light scattering at 20 °C (Fig. 1b) using a

Zetasizer NanoSeries Nano-S instrument (Malvern).
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Figure 1: PRORP?2 purification. a) Elution profile of wild type PRORP?2 during size exclusion
chromatography, b) Coomassie-stained 8 % SDS-PAGE of wild type PRORP2. L — molecular weight
ladder, 6 — 11 fractions of SEC. c) DLS measurement of purified and ultracentrifuged wild type

PRORP2.



Crystallization screening

Initial screening was performed with wild type PRORP2 at 5 — 10 mg/ml in SECI buffer. This
concentration turned out to be excessive as indicated by many precipitated drops and further screening
was done with 2 — 5 mg/ml in a buffer containing only 5 % (w/v) glycerol instead of 15 % (w/v). The
screening was carried out by vapor diffusion using a Mosquito crystal pipetting robot (TTP Labtech,
UK) and 96-well sitting drop plates (CrystalEx microplate, conical flat bottom, 5 sub-wells, Corning).
Different screens were tested by mixing 150 nl of protein solution with 150 nl of crystallant solution
and equilibrated at 4 °C and 20 °C over a reservoir containing 35 ul of crystallant solution. Tested
screens were: JCSG+, Clear Strategy Screen 1, Morpheus (Molecular Dimensions), Magicl and
Magic2 (curitosy of Jérome Basquin (MPI, Martinsried, Germany)), Peg/lon (Hampton Research) and
Wizard (EmeraldBio).

Crystallization optimization

The experiments for optimization were set up manually as microbatch experiments in Terazaki
microplates (Greiner BioOne, No. 653 102) or hanging nanodrops in 24 well Linbro plates (Hampton
Research) by mixing the protein and crystallant solutions in ratios 1:1 or 2:1 with a total volume of 2 pl
and 3 pl, respectively. During the optimization various crystallant and protein concentrations, as well as
additives and different temperatures (4 °C and 20 °C) were tested. The composition of the protein
crystals was assessed on SDS-PAGE and mass spectrometry extensively washed in mother liquor to

remove excess mother liquor.

Diffraction data collection and processing

For the diffraction experiments, crystals were mounted in nylon loops with a diameter of 200 uM
(Hampton Research, USA), flash-frozen and stored in liquid nitrogen. Three diffraction data sets were
collected at 100 K with a wavelength of 1 A and 2.07 A (to collect the anomalous signal of zinc) and a
Pilatus 2M detector with a crystal-to-detector distance of 300 mm at the PXIII beamline at the
synchrotron SLS (Villigen, Swizerland). Crystal data collection statistics are summarized in Tab. 1. All

diffraction datasets were processed using the XDS package 7.



RESULTS AND DISCUSSION

The full length wild type PRORP2 was expressed in E.coli (referred to as P2wt) and purified to
homogeneity using affinity and size exclusion chromatography (Fig. 1). Recombinant P2wt contains
528 residues of its native coding sequence and one N-terminal amino acid (G) and eight C-terminal
amino acids (LEHHHHHH) that were introduced during cloning and for affinity purification. The
initial crystallization screening was carried out with P2wt in the SECI buffer. As we obtained a
majority of precipitated drops and no crystal-like hits during screening we changed the protein storage
buffer and reduced the glycerol concentration from 15 % to 5 % to favor crystallization. Furthermore
we set up all screens at two temperatures: 4 °C and 20 °C. Plate-like crystals (like in Fig. 3) were
obtained after several days at 4 °C in SEC1 with 5 % glycerol in 13 out of 96 conditions in the PEG/Ion
screen (Hampton Research). Condition E6 containing 200 mM sodium-malonate pH 6 and 20 % PEG
3350 from the PEG/ion Screen was chosen for further optimization.

In the optimization experiments, a wide range of approaches was used to lower the number of crystals
and to increase crystal dimensions: (1) protein concentration was varied (2 — 10 mg/ml) as well as (2)
PEG concentration (16 — 25 % PEG3350); (3) salt concentration (100 — 200 mM) and (4) various
additives were added using the additive screen (Hampton Research); (5) using the batch crystallization
method. This yielded in crystals of the same shape with average dimensions of 200 X 100 X 10 um
(Fig. 3) and a diffraction limit of 3 A resolution. Despite all optimization efforts little of the initial hits
could be improved except that crystals could be set up with batch method by mixing 1 pl of protein
solution (2.5 mg/ml) with 1 pl of crystallant solution. Initial crystals diffracted to 7 A but data could
not be integrated using XDS. These crystals belonged to space group C2. Two complete data sets at 3 A
were collected from the optimized crystals that belong to space group P1 (Fig. 3). The calculated
Mathews coefficient as well as a self-rotation function analysis using GLRF suggested the presence of
two molecules in the asymmetric unit and a 2-fold symmetry "', Molecular replacement with the

search model derived from the crystal structure of 4. thaliana PRORP1 (pdb ID: 4g23) is in progress.



Fig. 2: Self-rotation function determined with GLRF. Red lines define the intensity level of the 2-fold

rotation axis.
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Fig. 3: Crystals and corresponding X-ray diffraction images of wild type PRORP2 in 200 mM sodium-
malonate pH 6 and 20 % PEG3350.



Table 1. Data collection statistics for wild type PRORP2 crystals

Crystal PRORP2 PRORP2 PRORP2

wild type 1 wild type 2 wild type 2_6keV
Data collection statistics
Beamline SLS/X06DA SLS/X06DA SLS/X06DA
Wavelength (A) 1.0 1.0 2.07
Detector Pilatus 2M Pilatus 2M Pilatus 2M
Number of images 1440 1440 1440
Space group P1 Pl Pl
Unit cell parameters a, b, ¢ (A) 70.6 72.9 80.5 68.172.6 80.2 68.172.6 80.4
Unit cell parameters a, B, v (°) 63 83 78.4 62.283.477.3 63.383.377.3

Resolution range (A)

50-3(3.19-3.0)

50-3(3.19-3.0)

50-4.48 (4.74-4.48)

No. of unique reflections 22575 (4198) 22823 (4031) 14672 (2222)
Completeness (%) 83.1(95.6) 87.7 (96.1) 93.1 (88.6)
Multiplicity 3.5(3.6) 32(3.3) 1.8 (1.8)
Rinerge (%0)T 13.5(216.2) 16.0 (240.3) 8.3 (24.5)
Rieas (Y0)T 16.0 (253.9) 19.3 (287.2) 11.8 (34.6)
CC(1/2) * 99.5(34.2) 99.5 (16.9) 99.4 (88.5)
<I/sigma(l)> 7.8 (0.7) 6.3 (0.5) 6.69 (3.04)
Wilson B factor (A?) 88.2 92.6 128.6

no. of molecules in asymmetric unit 2 2 2

solvent content (%) 58 56 56

FRuerge = Tt Zi [Li(hkl) - <I(hkl)>| / Zp Z; Iy(hkl) and redundancy-independent Reas = © s (n/n-1)"2 ©; |Ii(hkl) - <I(hkl)>|/ © ©; Ii(hki).
*CC(1/2) = percentage of correlation between intensities from random half-datasets (Karplus & Diederichs (2012), Science 336, 1030-33)
* Resolution limited since minimal detector distance possible in isXds mode of beamline X10SA reached

Values in parentheses are for the highest resolution shell.
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ABBREVIATIONS

aa - amino acids; c¢v - column volume; TECP - Tris(2-carboxyethyl)phosphine hydrochloride;
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6 Towards a stable complex of PRORP
and a precursor tRNA

My ultimate goal was the determination of the 3D structure of PRORP in complex with a precursor
tRNA. In order to study and to crystallize this complex I had to determine a key parameter which is
the affinity constant. To stay as close as possible to the conditions compatible with structural biology
experiments, I chose ITC among available methods. The first reason was that the instrument was
available in the institute and the second that the complex formed during ITC experiments could be
used directly for crystallization. I also used complementary methods: MST and AUC (in collaboration
with C. Birck, FRISBI platform, IGBMC, Illkirch). An advantage of all these methods is that they are
almost insensitive to buffer conditions or temperatures. Another crucial point was to find conditions
where both partners, ideally in a complex are stable to be crystallized or to be analyzed by SAXS.
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Monodispersity/stability @ @
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Interacting surfaces

Figure 6.1: Biochemical and biological approaches used and during my thesis and information that
could be obtained with each method.

6.1 Optimizing PRORP activity

Activity assays were performed to test the integrity of both wild type enzymes and purified tRNA
substrates. Especially after storing the protein for a long period in the fridge (>4 weeks) an activity

assay is a rapid way to check protein quality, in addition to a SDS-PAGE gel or DLS measurement.
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These tests were carried out without using radioactivity. As described in detail in section 2.2.3.2
PRORPs were incubated for 20 min with a pre-tRNA substrate and reactions were stopped by adding
guanidinium hydrochloride which denatures the protein. RNA were extracted and separated on a 8 %
PPA/8M Urea gel (Fig. 6.2).

P2 - +
oo Wl -
o .
5—

Figure 6.2: Activity assay of wild type PRORP2 (P2) with L51T30 tRNA®Y* separated on a 8 %
PAA/8M Urea gel, stained with ethidium bromide.

Initially, all routine activity tests were carried out in a buffer with a final concentration of 20 mM
Tris-Cl pH 8, 40 mM NacCl, 4.5 mM MgCls,, 20 pg/ml BSA and 2 mM DTT (= MTP buffer). To see
the leader sequence on a 8 % PAA/8M Urea gel a tRNA substrate with a 51 nt long leader was chosen.
The proteins were purified in a final buffer of 50 mM Hepes-Na pH 7.5, 250 mM NacCl, 15 % (w/v)
glycerol and 1 mM TCEP for better solubility and long-term stability. However, in the first ITC
experiments no interaction between the substrate and the enzyme was detectable. It turned out that
wild type PRORP2 was not active in its purification buffer (Fig. 6.3a). Furthermore, subsequent DLS
measurements revealed the presence of aggregates with a diameter greater than 1 pm.

To find a compromise between stability and activity, 13 buffer conditions with increasing salt concen-
trations were prepared ranging from 59 to 260 mM NaCl in 30 mM Hepes-Na pH 7.5 and 5 % (w/v)
glycerol (Fig. 6.3b). A mastermix (MM) containing 22 mM MgCl,, 11 M DTT, 0.2 mg/ml L5TO
tRNACYs 0.1 mg/ml BSA and 1.7 U/ul RNase OUT (inhibits RNase A-C, Invitrogen, No. 10777-019,
40 U/ul) was prepared. One reaction volume contained 2.3 pl MM, 6.7 pul of the respective buffer
and 1 ul PRORP2wt at 0.1 mg/ml in SEC1 buffer. Reactions and analysis were done as described for
the activity assay. Fig. 6.3b shows that protein activity decreases with increasing salt concentrations.
These tests showed that the best compromise between PRORP stability and activity is obtained with
a buffer containing a maximum 150 mM NaCl. Still, for storage the protein showed best stability in

its purification buffer and was extemporaneously dialysed into its appropriate activity buffer.
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Figure 6.3: Optimization of activity buffer conditions. a) Cleavage activity of wild type PRORP2
using L51T30 tRNA¥* depends on the salt concentration. MTP - low salt buffer, SEC1
- high salt, purification buffer, b) Cleavage efficiency depends on the salt concentration.
Concentration on the left is 58 mM with increments of 17 mM. The highest concentration
is 260 mM NaCl on the right.

In a second set of experiments, the activity was assayed in the presence of different divalent ions:
5 mM magnesium, manganese, calcium or mixes of 2.5 mM (each) Mn?*/Mg?*, Ca?*/Mg** (Fig.
6.4).

L5TO M e - Mn2*/
control Mg Mg Mn Mg+

Figure 6.4: PRORP activity depends on divalent metal ions. Incubation of 250 ng PRORP2 with 200
ng L5TO tRNA®Y® in a buffer containing 5 mM divalent ions (when one ion) or 2.5 mM
of each ion in a mix.

PROREP is active in the presence of magnesium, manganese at 2.5 mM and 5 mM but shows only trace
activity in the presence of 5 mM calcium. Therefore involving PRORP2mDD and L5T0 tRNA®Y*
SEC?2 buffer containing 5 mM MgCl, was used for further studies. As Ca** does not abolish cleavage
completely and a divalent ion is required for correct tRNA folding, I did not continue working with

the wild type protein during complex studies.

6.2 Finding a suitable tRNA substrate

The usual model substrate used in the laboratory for PRORP activity assays was L51T30 tRNAY*,

It was chosen to easily distinguish the precursor from the mature tRNA and the leader sequence on a
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8 % PAA (w/v) gel. A drawback is that these long single stranded extensions might cause intra- or
intermolecular secondary structure formation, preventing efficient binding and subsequent cleavage.
Furthermore, long and flexible structural elements are usually avoided in crystallography projects as
they can hinder crystallization. Mitochondrial tRNAY* with different leader and trailer sequences
was already cloned and available in pUC19 in the laboratory at the IBMP.

In order to find a more suitable substrate for PRORP I did in vitro cleavage assays using the following
tRNAs: LOT30, L5T30, L11T30, L21T30, L31T30, L41T30, L5TO and L51TO where L indicates the
length in nucleotides of the leader sequence and T the length of the trailer sequence. Plasmids con-
taining tRNA constructs with a trailer sequence were linearized with EcoR1 (Fast digest, Fermentas)
and those without trailer sequence were linearized with BmR1 according to the manufactures proto-
cols (NEB, but incubation 4 h at 37 °C). Digested plasmids were extracted with Phenol/Chloroform
and precipitated with ethanol. In vitro transcription was done using the Ribomax kit. Transcription
levels, cleavage efficiency and conformational state, were tested on a denaturing and native 8 % PAA
, respectively. Only the substrate L5T0O tRNA®Y* was cleaved 100 % and was most homogeneous on
a native PAA gel (Fig. 6.5a+b).

b)

nts L L21T30 L5T0 L51T30

= H'
a) L21T30 L5TO L51TO
- + + +

80

50

Figure 6.5: Testing cleavage efficiency and conformational homogeneity of different tRNA®Y* sub-

strates. a) Cleavage assay using wild type PRORP2 with L21T30, L5TO and L51TO
tRNACY5. (-) control without protein, (+) incubation with 250 ng PRORP2. b) Native
gel of L21T30, L5TO and L51TO tRNA®Y*. 250 ng of each tRNA was loaded on a 8 %
PAA gel, run at 250 V and stained with ethidium bromide.

Therefore, I decided to take L5TO tRNA®Y* as a working substrate for further structural complex stud-

ies as it showed best transcription level compared to the other tested substrates. It is predominantly

present in one conformation and is 100 % cleaved by PRORP2 after 30 min.
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6.3 Determination of binding affinity between PRORP2 and
L5TO tRNACYs

6.3.1 Isothermal titration calorimetry

I used ITC to determine binding constants, stoichiometry and thermodynamic parameters. ITC also
gives information about the percentage of active molecules in solution. While it can not distinguish
between opposite effects such as dilution or aggregation, subsequent DLS measurements provide this
complementary information. A main issue is the high amounts of material that are needed for one
experiment, the production of RNA being the limiting parameter. Still, RNA can be recovered after
the experiment by phenolic extraction or in the case of a successful experiment the sample can be
directly used for crystallization trials.

The first ITC experiments did not show any interaction and data could not be analyzed. Subsequent
DLS measurements showed complete sample aggregation after the experiments (Fig. 6.6). Each
figure shows in a) a control DLS measurement that proves near homogeneity of the protein sample
before ITC, in b) the raw data of the ITC measurements and in ¢) the control DLS measurement of the
PRORP/tRNA mixture after ITC. In these experiments a L5T5 tRNA®Y® was used as well as active
proteins in SEC1 buffer without MgCl,. ITC showed endothermic and exothermic values for wild
type PRORP1/L5T5 tRNAY* titration and after the seventh injection no thermodynamic changes at
all.

In the case of wild type PRORP2/L5TS tRNA“Y* endothermic values were measured which could
not be analyzed neither. The control DLS measurements of the samples after ITC experiments also
revealed complete aggregation (Fig 6.7c). This led to the question of a suitable sample buffer and an
optimal tRNA substrate as the used buffer in these experiments contained high salt in comparison to
the buffer used for the activity assays, 250 mM and 30 mM NaCl, respectively (Section 6.1). At that
time I worked with the wild type enzymes that in presence of Mg*" are active and would cleave the
pre-tRNA. Therefore Mg?* was omitted in these experiments.

Titration of the inactive catalytic mutant PRORP2mDD to L5T0 tRNA®¥* was carried out in SEC2
buffer including 5 mM MgCl,. An inactive enzyme was combined with a buffer supplemented with
Mg?* which is important for correct RNA folding. Data analysis led to a Kp of 1 M and a sto-
ichiometry of 0.4 (Fig. 6.8a). This would mean that 50 % of either of the partners is inactive or
PRORP is partially dimerized in the given buffer as analytical ultracentrifugation (AUC) experiments

proposed later. Subsequent DLS measurements confirmed that the sample did not aggregate.

102



(@)
N

Intensity (%)
3 El
pcal/sec

50
JT O 0 e
45

Intensity (%)

0.01 0.1 1 10 100 1000 10000 100000

T T
000 833

T T
2500 nB Diameter (nm)

Time (min)

Figure 6.6: ITC and DLS control measurements of wild type PRORPIcris with L5T5 tRNA®Ys,
a) DLS of wild type PRORPIcris before ITC experiment, b) Titration of wild type
PRORPIcris to L5TS tRNA?*, ¢) DLS of the PRORP/RNA mix after ITC experiment

showing aggregation.
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Figure 6.7: ITC and DLS control measurements of wild type PRORP2 with L5T5 tRNA“Y*. a) DLS
of wild type PRORP2 before ITC experiment, b) Titration of wild type PRORP2 to L5T5
tRNA®Y*_ ¢) DLS of the PRORP/tRNA mix after ITC experiment showing aggregation.
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Figure 6.8: ITC and DLS control measurements of PRORP2mDD with L5T0 tRNA®¥*. a) Titration
of PRORP2mDD to L5TO0 tRNA®?%, b) DLS of the PRORP/tRNA mixture after ITC ex-

periment.

Analytical size exclusion chromatography after ITC As DLS measurements showed no ag-

gregation after the ITC experiments a 10 ul sample of the complex solution was loaded on an Agilent

Bio SEC-3, 150 Acolumn which was concentrated beforehand on an amicon ultracentrifugation unit
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with a 10K MWCO. The L5T0 tRNA®Y* alone elutes at 12.5 min (24 kDa), PRORP2mDD at 11.9 min
(60 kDa) and the complex as expected earlier at 11.5 min (Fig. 6.9). The proximity of the tRNA and
PRORP2mDD can be explained by the L-shaped form of the tRNA making its apparent mass looking
more like a spheric molecule of larger diameter. Despite repetitive attempts I could not reproduce
these results by incubating PRORP2mDD and L5T0 tRNA¥* in the final ratio of 32 M and 18 uM

(referring to final concentrations in the ITC expriment but before concentration), respectively.

CPR

mAU
120

Y was
56

mAU
140
120
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—
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Figure 6.9: Analytical size exclusion of ITC sample. a) tRNA and b) PRORP2mDD are indicated
as size references in a plot of arbitrary absorption units (mAU) against the time (min)
at 260 nm. ¢) ITC mixture of tRNA/PRORP2mDD . Elution times of tRNA (R) alone,
PRORP2mDD (P) and the complex after ITC (C) are 12.5 min, 11.9 min and 11.5 min,
respectively.

This experiment was the first time I could observe a complex. It is not clear why sequential titration

of PRORP into the substrate solution was important for complex formation in this instance. A direct
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mixing of both partners in the same ratio does not lead to the same result. However, the complex is
present and stable in solution as AUC experiments showed (Fig. 6.11). Whether the complex dynamic

properties in a gel filtration system have an influence on complex stability remains to be determined.

6.3.2 Microscale thermophoresis (MST): PRORP2mDD/L5T0 tRNA®Y*

interaction

An inherent requirement of MST is a fluorescent labelled molecule. The fluorophore is either intro-
duced in the protein which can cause differences in solubility or it is introduced in the ligand.

In order to obtain reliable data of the binding properties of PRORP2 to the model substrate L5T0
tRNA“Y* we decided to work with the catalytic mutant PRORP2mDD. The advantage is that we
could add Mg2+ which is the divalent ion in the active center of PRORP, but which, more importantly,
is necessary for the correct tRNA folding and its structural integrity.

Data were analyzed using the Nanotemper Analysis software. Only the eight points at highest PRORP
concentration were taken into account to calculate the affinity constant by resolving the quadratic
equation of mass law and an affinity constant of 1.3 M could be determined (Fig. 6.10c). At lower
protein concentrations the MST data was difficult to interpret (Fig. 6.10b). A hypothesis could be that
PRORP dimers (not detectable with DLS) are present in mixture and a first slow binding takes place
only after dissociation of the dimers. Dimers were detected studying the same system with AUC.
The experiment should also be repeated in hydrophilic capillaries using 0.1 % Tween as detergent to

reduce the effect of a potential protein adsorption to the glass surface.
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Figure 6.10: Microscale thermophoresis using PRORP2mDD and L5T0 tRNA®¥$. a) Normalized
fluorescence signal of the titration points during the MST experiment is plotted against
time. b) Thermophoresis without temperature jump, c) Plot of selected data points to
evaluate the affinity constant including the fit depicted in blue.
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6.3.3 Analytical ultracentrifugation: PRORP2mDD/L5T0 tRNA®Y*

interaction

In order to validate the Ky values obtained with MST and ITC I chose AUC as another label-free
technique in solution. It requires only low amounts of RNA (1 M in 400 1) but important amounts
of protein to make several titration points (0.5 - 18 uM in 400 pl). The most important parameter to
obtain quality data are precise sample concentrations and extinction coefficients. The RNA concen-
tration was determined with a nanodrop spectrophotometer using a theoretical extinction coefficient
for RNA of 6.1x10° M~ ¢cm ~! or 40 ng cm~'/ul. This value is about one third lower than the extinc-
tion coefficient calculated with OligoCalc, €260 = 9.8x10° M~'cm~! and M = 24.5 kDa (Kibbe,
2007), leading to an overestimation of the RNA concentration of one third, i.e. 0.7 M instead of 1
M. The binding affinities were calculated with the theoretical £460,,,,,. As most RNA concentrations
are determined with a nanodrop spectrophotometer, this choice seemed to be justified.

The control measurements of each binding partner alone showed that at 17 uM about 16 % of
PRORP2mDD exists as dimers (s = 2.76 S and s,, = 3.54 S) and 78 % as monomers. tRNA was
monomeric in one peak sedimenting at s = 3.17 S and s,, = 4.06 S. This difference can be explained
by different form factors that directly influence the frictional force. Figure 6.11a shows that with
increasing protein concentrations a new peak at ~ 4.4 S appears that increases in size with the con-
centration of protein, so with the amount of formed complex (Fig. 6.11a). The calculated K, was 1.2

1M and is in good accordance to the values measured with MST and ITC.
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Figure 6.11: Analytical ultracentrifugation PRORP2mDD and L5TO tRNA®Y*. a) Distribution of
sedimentation coefficients of the different titration points, b) Isotherm of the weighted-
average sedimentation coefficients against the protein concentration.

6.3.4 Summing up affinity constant measurements

I used various methods to determine the binding affinities of my system, including a catalytic inactive
mutant of PRORP2 and a L5T0O tRNA¥* in SEC2 buffer, that all have advantages and disadvantages.
AUC is the most convenient with rather low sample requirements and label-free like ITC. All methods
gave comparable affinity constants of about 1 M which is comparable to values published in Howard
et al. (2012).
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During gel shift experiments I could not observe a shift under the given conditions. I did not want to
use radioactive-labelled RNA and large excesses of protein to see a shift as these conditions are not

transposable afterwards into structural experiments.

Table 6.1: Kp values obtained using different methods. The system used for all analyses was
PRORP2mDD and L5T0 tRNA®v*,

Method Kp [uM]

MST 1.3
ITC 1
AUC 1.2

6.4 ldentifying reliable binding conditions

6.4.1 Analytical size exclusion chromatography

The laboratory is equipped with the same HPLC system used at synchrotron SOLEIL for Bio-SAXS
experiments, i.e. an Agilent HPLC system where analytical gel filtration columns can be connected
upstream the SAXS capillary. This setup separates aggregates, which can make data analysis com-
pletely impossible, from the molecules of interest. Samples that are susceptible to aggregation during
transport to the synchrotron can still be analyzed. Having the same setup in the laboratory enabled us
to test experiments before going to the synchrotron.

In this sense I wanted to verify the existence of a stable PRORP/tRNA complex analyzable in a SAXS
experiment. I tested several PRORPs, wild type as well as catalytic mutants, tRNA substrates with and
without trailer sequence, with and without anticodon stem loop, as well as a mature yeast tRNAF"¢,
To increase RNA protein interactions I also tested buffers containing (NH4)2SO, known to stabilize
tRNA/amino acyl-tRNA-synthetase complexes (Florentz et al., 1990).

Example of detecting a pre-tRNA/PRORP complex A summary of of my tests using analyt-
ical SEC is given in Tab. 6.2, with different mixing ratios of tRNA and PRORP, different incubation
times, testing different buffers. An example of tested conditions is illustrated in Fig. 6.12. In this ex-
ample I tested a buffer containing 50 mM Hepes-Na pH 7.5, 500 mM (NH,4)2SOy4, 5 % (w/v) glycerol,
5 mM CaCl,. It showed that both wild type PRORP2 and a substrate L5T5 tRNA®Y* MAC (minus
anticodon) elute at the same time. Mixing both partners in equimolar ratios did not change the elu-
tion time. Injection of a mixture of tRNA/PRORP2 = 2:1 changed the picture and an upstream peak
appeared (15.7 min). This peak increased in height when injecting ratios of tRNA/PRORP2 = 3:1.
Testing these high salt concentrations was based on the observation that ammonium sulphate could
play a supportive role in tRNA-protein complex crystallization and thus in RNA-protein interaction
(Florentz et al., 1990).
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Figure 6.12: Analytical gel filtration: L5T5 tRNA“Y* MAC and wild type PRORP2. a) Calibration of
Agilent BioSEC3 column with Biorad gel filtration standard (15 1) in 50 mM Hepes-Na
pH 7.5, 100 mM (NH4)>SOy4, 5 % (w/v) glycerol buffer. The inlet shows the derived
regression curve to determine the molecular weight from injected samples. b) L5T5
tRNA“Y* MAC, c) wild type PRORP2, d) equimolar ratio of tRNA/PRORP2, e) 2:1
molar ratio of tRNA/PRORP2, f) 3:1 molar ratio of tRNA/PRORP2. Column flow 0.2
ml/min.
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Table 6.2: Analytical gel filtration experiments. * These analyses were performed with an Agilent
Bio SEC-3 column, with a pore size of 300 A, an inner column diameter of 4.6 mm and
a length of 300 mm and a bead size of 3 pm, useful molecular weight range 5-1250 kDa,
** Agilent Bio SEC-3, with a pore size of 150 A, an inner column diameter of 4.6 mm
and a length of 300 mm and a bead size of 3 pm, useful molecular weight range 0.5-150
kDa, T final concentration after ITC measurement; afterwards samples were concentrated

on Amicon filtration units with a 10K MWCO.

Buffer tRNA substrate (quantities) | PRORP (quantities) | Remarks
50 mM Hepes-Na pH 7.5, | L5T5 0.08 nmol *
5% (w/v) glycerol, 100
mM (NH4)3SO4, 5 mM
MgCl2
P2mDD 0.3 nmol
L5T5 0.08 nmol P2mDD 0.02 nmol
L5T5 0.08 nmol P2mDD 0.15 nmol

50 mM Hepes-Na pH 7.5,
5% (w/v) glycerol, 500
mM (NH4)3SO4, 5 mM
MgCly

L5T5 0.05 nmol

L5T5 0.3 nmol

P2mDD 0.2 nmol

tine =5 min; 30 min

20 mM Hepes-Na pH 7.5,
5% (w/v) glycerol, 150
mM NaCl, 5 mM MgClo,
1 mM TCEP

MAC L5T5 0.07 nmol

P2mDD 0.5 nmol

tine =5 min

SEC1

tRNAP"€ (S ¢.) 0.1 nmol
tRNAP"€ 1.6 nmol
tRNAF" 0.2 nmol
tRNAP"€ 0.4 nmol

L5T5
MAC L5T5

P2wt 0.8 nmol
P2wt 1.8 nmol
P3wt 0.7 nmol
P3wt 0.2 nmol
Plwt 1.7 nmol
Plwt 1.1 nmol
P2wt 0.7 nmol

ook

50 mM Hepes-Na pH 7.5,
5% (w/v) glycerol, 500
mM (NH4)3SO4, 5 mM
CaClz

MAC L5T5 0.3 nmol
MAC L5T5 0.7 nmol
MAC L5T5 0.7 nmol
MAC L5T5 0.7 nmol
L5TS5 0.6 nmol
L5TS5 1.6 nmol

P2wt 0.7 nmol

P2wt 0.7 nmol
P2wt 1.4 nmol
P2wt 2.1 nmol

P2mDD 0.8 nmol

SEC2

MAC L5T5 0.08 nmol
MAC L5T5 0.8 nmol
MAC L5T5 0.8 nmol

P2wt 0.8 nmol

P2wt 0.8 nmol
P2wt 1.6 nmol

tine = lh (ice) and 15 min (RT)
tine = 15 min (RT)

MAC L5T5 0.8 nmol P2wt 2.4 nmol tine = 15 min (ice) and 15 min (RT)
L5T0 18 uM™T P2mDD 32 pM™T samples post-ITC
L5TO0 18 uM P2wt 32 uM
L5TO0 54 uM P2wt 96 uM
SEC2 + 5 mM MgCl> L5T0 2.8 ug

L5TO 18 uM™+
L5TO0 0.1 nmol
LOTO 0.1 nmol
L5T5 0.1 nmol
L5TO 18 uM™+
MAC L5T0 0.1 nmol

P2mDD 0.9 nmol
P2mDD 32 uM+

P2mDD 32 uM ™
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To conclude, 1 was not able to detect a complex using analytical SEC by mixing PRORP and the
tRNA. Results were ambiguous and the the case of a putative complex after ITC experiments never

reproducible.

6.4.2 Crosslink

I also tested crosslinking as a way to artificially stabilize an interaction, e.g. protein and RNA. The
main issue with this approach is the specific and efficient binding of the two partners.

The first crosslinking experiments between the tRNA and PRORPs were performed with non-modified
tRNAs. Tests confirmed that L5TO tRNA®Y* is stable at least up to an UV dose of 640 mJ/cm? at 254
nm and 365 nm whereas PRORP2 begins to degrade at a dose of 200 mJ/? (Fig. 6.13). Under
the same conditions non-modified L5TO tRNA“Y* was stable and showed neither degradation nor
intermolecular cross-linking (gels not shown). Nevertheless, experiments to crosslink non-modified
tRNA to PRORP failed.

Further, I tested a thio-modified tRNA substrate (Fig. 2.30). Longer (less energetic) UV wavelengths
can be used, i.e. 365 nm but intermolecular crosslinking is also more likely if tRNAs are in close
proximity (Fig. 6.14). It seems that tRNA adducts formed upon irradiation (Fig. 6.14a , lane 2,
without protein). This species decreased with increasing protein concentrations and a species that did
not enter the gel (red bands in the wells) formed. Even using 4 % gels these adducts do not enter the

gel. Maybe aggregation is induced in the mixture of protein and tRNA upon UV irradiation.

L 0 40 100 200 300 400 500 640 mj/cm2 L o

b)

40 100 200 300 400 500 640 mj/cm2

a)

Figure 6.13: Crosslink of wild type PRORP?2 at different wavelengths and increasing doses. Each lane
contains 1 pug of PRORP2. The 7.5 % TGX SDS-PAA gel is stained with Coomassie.
Irradiation at a) 254 nm, b) 365 nm and increasing doses. L - protein ladder.
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Figure 6.14: Crosslink of PRORP2mDD to L5T0 tRNA®Y* at 365 nm, 640 mJ/cm?. a) RNA gel, 12
90 PAA/8M urea, ethidium bromide staining. Irradiation at 365 nm, 640 mJ/cm?, 1.3 uM
tRNA and increasing concentration of PRORP2mDD, b) 7.5 % TGX gel, Coomassie
staining. Irradiation at 365 nm, 640 mJ/cm?, 1.3 uM tRNA and increasing concentration
of PRORP2mDD.

6.4.3 SAXS experiments on PRORP2mDD and L5T0 tRNA®Y*

SAXS analyses were carried out at the SWING beamline (SOLEIL, Saint-Aubin) to obtain informa-
tion on the interaction of PRORP2 with its substrate. In practice, the most important challenge was
to form a PRORP/tRNA complex stable enough to record a SAXS profile. Due to their weight dif-
ference, the two partners, as well as the complex, should easily be separated on a SEC column used
upstream the SAXS cell. However, the elongated shape of tRNAs made them elute close to PRORP
enzymes on a Bio-SEC3 column with 300 Apore size (Agilent). In order to improve the resolution
we purchased a column with smaller pore size (150 A) which is more resolutive for medium size
biomolecules (molecular weight range 0.5 - 150 kDa) but it was still not possible to clearly identify
the three populations, tRNA - PRORP - PRORP/tRNA, based on UV absorption signals. Neverthe-
less, the complex should be detectable by SAXS along the SEC profile according to its larger gyration
radius.

In preliminary experiments performed in the laboratory I also observed that different pre-tRNA sub-
strates eluted according to expected sizes on the analytical SEC column, but only in the presence of
Mg?*. Adding magnesium to the buffer dramatically changed elution volumes of tRNAs which was
not clearly visible on a native PAA gel. This suggests that Mg?* is required for correct and compact
tRNA folding leading to longer elution times, i.e. with smaller apparent molecular weights. This
excludes the possibility to work with the active enzymes which would cleave the leader.

In the first trials I prepared mixes of the inactive enzyme and L5TO tRNA®Y® substrate in 1:1, 2:1,
3:1 molar ratios but I got no clear evidence either in the SEC separation, nor in SAXS data, for the
existence of such a stable complex. Thus, knowing from three independent analyses (ITC, MST and
ITC) that the binding affinity of the catalytic mutant to a L5TO substrate was about 1 M, we even-
tually adopted the following strategy: the SEC column was equilibrated with a buffer containing the
enzyme at a concentration close to the Kp to prevent the dissociation of the partners during elution
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and the SAXS data collection (Fig. 6.15).

a — b) .. ..
) Binding buffer ) Binding buffer + PRORP
(2) tR'NA '. (3) Complex
7 min ; 13 min
(1) PRORP
10 min

L LT

SAXS SAXS

Figure 6.15: SAXS strategy for PRORP/pre-tRNA complex experiments. a) Measurments of individ-
ual partners that should elute at different times from the SEC column (arbitrary elution
times). b) The SEC system is equilibrated with a buffer supplented with PRORP2mDD
which should help maintain the injected preformed complex during SEC separation and
SAXS measurements.

The catalytic mutant PRORP2mDD was purified as described before in SEC2 buffer supplemented
with 5 mM MgCl, and concentrated to 19 mg/ml (320 M). L5TO tRNA®Y* was dialysed into the
same buffer and concentrated to 4.6 mg/ml (185 M). SAXS measurements were first collected on
the single molecules, i.e. PRORP2mDD (Fig. 6.16) and L5T0 tRNA®¥*, as a control.

Then, the column was equilibrated with the same buffer containing 1.5 ©M PRORP2mDD. The
complex was preformed just before the analysis by mixing 25 ul L5TO tRNA®Y* and 30 pl of
PRORP2mDD which corresponds to a solution with a PRORP2mDD : L5T0 tRNA¥* molar ratio
of 2.1 : 1. The SAXS profile in the main elution peak, interatomic distance distributions, or P(r) func-
tions, and R, values determined from the Guinier plot were clearly different from those of individual
partners (Tab. 6.3). Characteristic SAXS curves for the two partners and the complex, as well as the
P(r) of PRORP2mDD and the complex are shown in Fig. 6.17.
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14.7

20 min

Figure 6.16: Saxs analysis of PRORP2mDD. a) Elution profile from the Bio-SEC3 colum showing a
monomeric sample. b) Green curves shows the scattering signal of PRORP2mDD along
the elution peak. Blue dots represent estimated R, as a function of collected frames (x
axis) and show that the particles in the peak are homogeneous in size. ¢) Guinier plot
determined with PRIMUS (ATSAS suite) showing the zone in red that was taken into
account for R, calculation and the corresponding residuals in green.
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Figure 6.17: Comparison of PRORP2mDD, pre-tRNA and PRORP2mDD/pre-tRNA by SAXS. a)
Scattering profiles of PRORP2mDD, L5T0 tRNA®%*, and of PRORP2mDD/L5T0
tRNAY* from two independent measurements. b) P(r) of PRORP2mDD showing its
two-domain organization and its elongated shape with a maximal distance of 123 A. c)
P(r) of PRORP2mDD/L5T0 tRNA“Y¢ complex showing its overall globular shape with

long extensions and a maximal distance of 230 A.
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Table 6.3: SAXS data analysis. Radius of gyration, ?,, and maximal interatomic distance, D, 4, of
PRORP2, L5TO tRNA and PRORP2/tRNA complex determined from the Guinier approx-
imation as well as from the distribution function of interatomic distances.

Guinier — R, [A] P(r) = R, [A] Djar [A]

L5T0 tRNA®Y* 31 35 140
PRORP2mDD 35 35 123
PRORP2mDD/L5T0 tRNAC¥* 49 50 230

Model building and refinement is in progress and will benefit from on going mutational analyses on
residues critical for RNA binding in PPR motives. These results represent the first structural data of
nuclear PRORP2 with a model tRNA precursor and constitute a step towards the crystallization of

this complex. On a practical point of view, I will now exploit the SEC protocol validated by SAXS to
prepare samples for crystallization.
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Discussion and Perspectives

This thesis presents a multidisciplinary approach to investigate the structural and biophysical proper-
ties of PRORP enzymes from Arabidopsis thaliana as single molecules as well as in complex with
tRNA precursors. My aim was to contribute and to expand the knowledge of RNA/protein complexes
in general and of tRNA/PRORP interactions in particular, but also of the organization and structure
of PPR proteins.

I thus investigated PRORP enzymes in solution using an ensemble of biochemical and biophysical
methods, and confirmed that both organellar and nuclear PRORPs are mainly composed of a-helices,
as suggested by bioinformatic analysis. They fold in two distinct domains joined by a zinc binding
motif. Homology modelling and SAXS data helped building the first model complex of PRORP with
a precursor tRNA substrate.

4.1 Technical analysis

4.1.1 RNA purification

In structural biology the production of macromolecules is of critical importance because milligram-
quantities of pure and homogeneous samples are required. The most delicate and time consuming
step in my project was undoubtedly the purification of tRNAs. To minimize material losses during
gel elution and to maintain the RNA in a native state I set up a strategy combining anion exchange
and size exclusion chromatography. The main challenge was to find the appropriate salt gradient to
obtain best resolution and purity. This led to a rapid and efficient protocol that provided mg-amounts
of RNA required for my experiments in SAXS, AUC or ITC.

4.1.2 Structure determination and crystallization of wild type PRORP2

Whereas the purification of PRORP proteins was fairly simple and straightforward its crystallization
was less obvious. Initial conditions were searched following a classical trial and error process. Then
the challenge consisted in 1) reproducing the crystals and 2) optimizing the conditions to decrease
nucleation and to obtain fewer, bigger single crystals if necessary. Still, having single, good-looking
crystals does not guarantee that they will diffract.

Reproducibility of PRORP2 crystals was clearly an issue, likely due to minor variations in the pu-
rification buffer and batch quality, or to temperature fluctuations during crystallization. As a result
of optimization, three X-ray diffraction datasets were collected on wild type PRORP2 crystals. Their

low symmetry (space group P1) and medium resolution (3-3.5 A), as well as the presence of two
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enzyme entities with high helical contents in the unit cell complicated the determination of the struc-
ture. Indeed, molecular replacement has remained unsuccessful so far despite the use of a variety of
softwares.

My next objective will be a massive production of PRORP2 crystals to search for samples diffracting
at higher resolution. To do so, I also plan to take profit from a new instrument, the Xtal controller 900
(Xtal Concepts GmbH, Hamburg, Germany), that enables a more rational optimization and a better
control over the crystallization conditions, making use of DLS, video and an accurate micro-balance.
The crystallization chamber is equipped with two pumps, one for water and a second for the crystal-
lant solution, to control the mother liquor composition in time and therefore nucleation and crystal
growth events. In parallel, I will further employ the chipX microfluidic chip (Pinker et al., 2013) to

produce wild type PRORP2 crystals for in sifu X-ray diffraction analyses at room temperature.

4.1.3 Towards a PRORP /tRNA complex

In order to obtain a stable complex I used different methods to determine the binding affinities of
my model system. To this end I used a catalytically inactive PRORP2 mutant and a L5T0 tRNA®Y*
substrate. I found comparable K, values of about 1 uM with three methods. This affinity seems
relatively weak, although PRORP affinity to RNA is in principle not expected to be high since RNase
P activity involves the transient interaction of the enzyme with its pre-tRNA substrate. Still, the rel-
atively low affinity could also be explained by the fact that 1) we are working in an in vitro system
and reaction conditions are not optimal, 2) there may be additional factors in vivo that stabilize the
complex and increase affinity, 3) PRORP proteins have to recognize and process all kind of canonical
tRNAs. Hence this recognition is likely based on structures rather than on sequences since PRORPs
can also cleave tRNA-like structures (Gutmann et al., 2012).

A simple mean to test RNA/protein interactions is electromobility shift assay where by titrating the
protein against a constant amount of radioactive labelled RNA a complex between the two partners
forms which can be detected on a native PAA gel. However, in order to maintain a stable complex
during gel migration a huge molar excess of protein over RNA must be used which cannot be trans-
posed into neither SAXS nor crystallization experiments.

In SAXS the challenge is to obtain a clean scattering signal that originates from a single homogeneous
population of particles. As the affinity of PRORP for its substrate is low we had to find a strategy to
stabilize this complex, especially during the step of size exclusion chromatography used upstream the
SAXS analysis to separate the molecules of interest from aggregates. After complex dissociation the
two partners will never see each other again because they migrate differently through the gel filtration
matrix. To prevent this we supplemented the mobile phase with 1.5 M of PRORP2mDD. This pre-
vented complex separation and helped collect SAXS data on a PRORP2/L5TO particle.

Nuclear PRORP2-3 contain a long nuclear localization signal (NLS) that is not cleaved in vivo. Fig.
4.18 shows the model of PRORP2 including its long N- and C-terminal extensions that are the NLS
and the His-tag, respectively. These unstructured regions are not only detectable in the SAXS data
but they may also interfere with crystallization. It will be interesting to test PRORP2-3 without NLS

and the His-tag for crystallization purpose. In addition, SAXS may be used to compare a complex
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of nuclear PRORP2-3 with L5T0 tRNA®Y* and with the same substrate lacking the anticodon arm in
order to better define the position of the RNA and to build a more accurate model. Such a compact,

less floppy RNA would be also more suitable for crystallization.

Figure 4.18: PRORP2 model. A model of PRORP2 was built using Modeller and the PRORP1 tem-
plate (Eswar et al., 2006, Howard et al., 2012). The amino acids lacking in the intein
version of PRORP2 are highlighted in green. PRORP2-His and PRORP2-intein contain
537 and 508 aa, respectively.

4.2 Biological discussion

4.2.1 Life without ribonucleoproteic RNase P
4.2.1.1 PRORP proteins have RNase P activity

RNase P is the endonucleolytic activity resonsible for the 5° end maturation of tRNAs. More than
30 years ago Sidney Altman described E.coli RNase P as a ribonucleoprotein (RNP) RNase P with
an RNA having the catalytic activity (Guerrier-Takada et al., 1983). The discovery of catalytic RNA,
also called ribozymes, brought him and Tom Cech the Nobel prize in chemistry in 1989. RNase P
was quickly characterized as a complex of proteins and RNA in different prokaryotes and numerous
eukaryotes except for animal mitochondria and plants. In 2008, human mitochondrial RNase P was
characterized as a complex composed of three proteins devoid of RNA, that are essential in vitro
(Holzmann et al., 2008).

In plants no protein subunit specific for RNase P and RNase P RNA could ever be detected in the
nuclear or the organellar genome. However, three orthologues of one of the human RNase P subunits
are encoded in A. thaliana genome and are localized to mitochondria and chloroplasts (PRORP1) and
to the nucleus (PRORP2-3) (Gobert et al., 2010).
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4.2.1.2 PRORP proteins are essential

If PRORPI is the only RNase P activity in Arabidopsis organelles its functionality must be essential.
This hypothesis was confirmed by in vivo experiments on plants lacking the prorpl gene. Plants
were embryo-lethal i.e. the embryo died at the globular stage (Gobert et al., 2010), whereas only
homozygous double mutants of prorp2-3 were not viable supporting the idea that they are redundant

enzymes (Gutmann et al., 2012).

4.2.1.3 PRORP proteins are the only RNase P enzymes in Arabidopsis

RNase P has some common protein subunits with RNase MRP in yeast and animals. It was thus
believed that RNase P activity was redundant and that RNase MRP could also have acquired the
capacity of cleaving precursor tRNAs (Krehan et al., 2012). It was shown that downregulating RNase
MRP proteins POP1 and POP4 only changed rRNA processing while tRNA processing remained
untouched (Gutmann et al., 2012).

4.2.2 Do PRORP proteins hold an original mode of action among PPR

proteins?
4.2.2.1 A novel category of PPR proteins

PPR proteins are subdivided into two main families: the P type present in all eukaryotes and the PLS
type present only in plants. The PLS family distinguishes itself from the P family by the occurrence
of additional C-terminal domains potentially holding enzyme activities (Lurin et al., 2004). PRORP
defines yet another subfamily of PPR proteins having only P type PPR motifs and being fused to a
catalytic domain, i.e. a nuclease. Another protein that does not fit to the classical P and PLS types of

PPR proteins is the human mitochondrial RNA polymerase.

4.2.2.2 Recognition mode of RNA by PRORP and a minimal substrate

It has been shown that PPR proteins bind single stranded RNA and that they recognize the target
RNA in a modular fashion with one repeat specifically binding one nucleotide (Barkan et al., 2012,
Barkan & Small, 2014). Specific binding of maize PPR10 to PSAJ RNA has been shown in a crystal-
lographic structure (Yin et al., 2013). Contrary to other PPR proteins, it seems that PRORP proteins
bind structured RNA. They do not seem to bind a contiguous sequence of unpaired nucleotides but
rather nucleotides that are distant in the sequence but in close proximity in the RNA 3D structure. The
low binding affinity of PRORP proteins could be explained by the fact that they must bind all tRNAs
in the same manner and that they appear to interact with only few unpaired nucleotides in the D/T
loop of the tRNA (Gobert et al., 2013). They might also act as a molecular ruler that recognizes over-
all tRNA-like structures (Gutmann et al., 2012). A crystallographic structure of the PRORP/tRNA
complex will reveal at atomic resolution how PRORP proteins recognize their RNA substrates.

Studying PRORP/tRNA interactions is also interesting from an evolutionary point of view, i.e. to de-

termine if PRORP represents a structural mimicry of RNP RNase P and thus recognizes its substrates
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the same way as RNP RNase P. In this sense it is interesting to determine the minimal substrate recog-
nized and cleaved by PRORPs. In vitro cleavage assays show that PRORPs cleave substrates lacking
the anticodon arm, possessing only the D/T-arm which contain conserved nucleotides that have been
shown to be protected by the enzyme (Gobert et al., 2010). More precisely, conserved nucleotides
G18/G19 and C56 that turned out to be protected in the footprint assays were also shown to be in
contact with the RNP RNase P RNA (Reiter et al., 2010).

4.2.3 RNase P evolution
4.2.3.1 The loss of the catalytic RNA

RNase P activity in eukaryotes is performed either by a conventional RNP enzyme or a protein-only
complex. RNP RNase P emerged long before the first eukaryote appeared. The prokaryotic genome
encodes for the RNase P RNA as well as for its small protein subunit. Early mitochondria that evolved
from the acquisition of an a-proteobacterium, likewise encoded a RNase P RNA as still observed in
some eukaryotes such as yeast. Still, in eukaryotic nuclei the RNase P composition is far more com-
plex with up to ten protein subunits completing the RNP complex.

Proteinaceous RNase P is present in distantly related eukaryotes and should therefore have appeared
in early history of this kingdom.

Yeast, animals and plants could represent three different evolutionary steps of the transition from an
organism only using RNP RNase P to an organism only using proteinaceous RNase P. Several hy-
potheses exist: 1) In organisms where the RNase P RNA gene is absent from mitochondrial genomes,
it is possible that this gene was lost during genome recombination or transferred to the nucleus which
is a common phenomenon. Then a nuclear encoded nuclease already present in the mitochondrial
proteome might have been recruited for RNase P activity. 2) It is also possible that the two types of
RNase P co-existed in one compartment albeit a evolutionary proof is missing.

Proteinaceous RNase P composition is also diverse, composed of single proteins in plants and three
subunits in human mitochondria. This could be due to the presence of non-canonical tRNAs in human
mitochondria that would need special recognition patterns. It was shown recently that by Rossmanith
et al. (article in press) that human PRORP could not complement the yeast nuclear RNP RNase P
whereas all homologues of Arabidopsis and Trypanosoma PRORP proteins gave rise to viable cells
remarkably with unaltered changes in tRNA maturation levels. That human PRORP lacks this capa-
bility could indeed be due to its adaptation to the non-canonical form of mitochondrial tRNA and the
requirement of additional partners to perform RNase P activity.

Still, even though Arabidopsis PRORPs function as single proteins, contrary to human PRORP, it
appears that Arabidopsis PRORPs are also associated to larger complexes as suggested by ongoing
research performed in our laboratory. The functional relevance of these complexes and their precise

composition remain to be identified.
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Figure 4.19: RNase P diversity. Phylogenetic repartition of RNase P in bacteria, archeae and eu-
karyotes. P RNA is represented in red and protein subunits, either for RNP RNase P
or PRORP are colored in blue. Numerical ratios are printed below the figure (Goldfarb
etal.,2012).

4.2.3.2 Evolutionary diversity of RNase P

A diversity of developments maintained RNase P activity in eukaryotes. In plants and e.g. Try-
panosoma and animal mitochondria the classical RNP RNase P was replaced by PRORP which likely
recognizes its substrates with its PPR domain and potentially with additional proteins (Holzmann
et al., 2008, Gobert et al., 2010, Taschner et al., 2012).

In archaea, yeast and animal nuclei the P RNA lost essential capacities to cleave its substrates in vivo
and is completed with up to 10 additional proteins to stabilize the active complex. In yeast mitochon-
dria, even though RNase P consists of a ribozyme and one additional protein, RNase P composition
deviates considerably from the bacterial counterparts. The P RNA does not resemble the bacterial one
and the sole protein subunit is nuclear encoded and unrelated to bacterial RNase P proteins (Daoud
etal.,2012).

In many fungi mitochondria the RNase P activity has not been identified and it remains unclear

whether a third type, still unknown, of RNase P exists in these species.

4.2.4 Integration of PRORP enzymes in a network of RNA expression

and regulation

RNase P activity is indispensable for tRNA maturation and cell viability in all organisms except for
the archaeon Nanoarchaeum equitans where tRNAs are transcribed with a mature 5° end (Randau

et al., 2008). Other enzymes like RNase Z, CCAse, enzymes implicated in nucleotide modifications
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and splicing are also necessary to obtain functional tRNAs. It is tempting to think that all these factors
form a complex for tRNA maturation and processing.

Such a complex has already been proposed in yeast mitochondria containing the RNase P, RNase Z,
RNA degradosome and rRNAs from the small and big ribosomal subunits (Daoud et al., 2012).

In plant nuclei PRORPs seem to be associated with POP1, an RNase MRP protein, thus suggesting
that RNase MRP and RNase P are present in a same complex (Krehan et al., 2012). PRORPI1 was
identified concentrated in different zones of the chloroplasts (Gobert et al., 2010) serving as an RNase
P reservoir or representing a zone where gene expression takes place.

Future and ongoing research will reveal the integration of PRORP functions among other cellular
process in both organelles and the nucleus and reveal its precise mode of action. This should give clues

to understand how living systems evolved to replace ribonucleoproteins by protein-only enzymes.
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Mitochondria and chloroplasts are often described as semi-autonomous organelles because they have
retained a genome. They thus require fully functional gene expression machineries. Many of the required
processes going all the way from transcription to translation have specificities in organelles and arose
during eukaryote history. Most factors involved in these RNA maturation steps have remained elusive for
a long time. The recent identification of a number of novel protein families including pentatricopeptide
repeat proteins, half-a-tetratricopeptide proteins, octotricopeptide repeat proteins and mitochondrial
transcription termination factors has helped to settle long-standing questions regarding organelle gene
expression. In particular, their functions have been related to replication, transcription, RNA processing,
RNA editing, splicing, the control of RNA turnover and translation throughout eukaryotes. These families
of proteins, although evolutionary independent, seem to share a common overall architecture. For all of
them, proteins contain tandem arrays of repeated motifs. Each module is composed of two to three a-
helices and their succession forms a super-helix. Here, we review the features characterising these
protein families, in particular, their distribution, the identified functions and mode of action and propose

that they might share similar substrate recognition mechanisms.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Mitochondria, as well as chloroplasts in photosynthetic organ-
isms, are considered as semi-autonomous organelles because they
contain a genome inherited from their prokaryotic ancestor.
Organelle genomes only encode a tiny fraction of mitochondrial
and plastidial proteins, e.g. 13 proteins in human mitochondria, 32
and 79 in Arabidopsis mitochondria and chloroplasts respectively
[1-3], thus representing merely an estimated circa 1% of the
respective proteomes [4]|. However these proteins are essential as
they have critical functions for fundamental cellular processes such
as respiration or photosynthesis. For their biogenesis, organelles
require complete gene expression machineries comprising a tran-
scription apparatus, enzymes responsible for posttranscriptional
maturations, modifications, and processing of RNA as well as a fully
functional translation system. Organelle gene expression has been
extensively studied because of its specific features when compared

* Corresponding author. Institut de Biologie Moléculaire des Plantes du CNRS, 12
rue du général Zimmer, 67084 Strasbourg, France. Tel.: +33 3 67 15 53 63.
E-mail address: giege@unistra.fr (P. Giegé).
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0300-9084/$ — see front matter © 2013 Elsevier Masson SAS. All rights reserved.
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to nuclear gene expression [5—7]. In some instances, enzymes and
processes were inherited from the bacterial ancestor of organelles,
e.g. as observed with the bacterial-type PEP RNA polymerase in
chloroplasts [8]. However, in most cases, RNA maturation processes
as well as the enzymes involved seem to have evolved specifically
during eukaryote history, thus making them both organelle specific
and eukaryote specific [9]. For example, among these processes,
RNA editing restores coding sequences through the insertion and
deletion of uridines in trypanosome mitochondria [10] and through
cytidine to uridine modifications at hundreds of sites in plant or-
ganelles [11,12]. The nature of most factors involved in organelle
specific gene expression processes has remained enigmatic for a
long time. Given the limited content of organelle genomes, it was
obvious that nearly all these factors were encoded in the nucleus
and imported into organelles [13].

Putative organelle specific gene expression factors have been
searched among recognized RNA binding protein families. Common
RNA binding domains include RRM, KH, OB, zinc fingers or Ross-
mann folds. Their interactions with RNA involve very diverse
strategies such as stacking or electrostatic interactions, hydrogen or
van der Waals bonding [14]. For instance, RRM proteins bind RNA
through B-sheet surface interactions. KH proteins use hydrophobic
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clefts formed by their structure whereas Zinc fingers domains can
bind RNA by means of precise residues in a-helices [14]. The
involvement of proteins belonging to these families has indeed
been identified for organelle gene expression processes. Just to
mention a few examples, a family of RRM containing RNA binding
proteins was found to be specific to plant mitochondria [15]. MP42,
a component of the RNA editing complex in trypanosomes contains
both zinc fingers and an OB fold [16] and APO1, a chloroplast
splicing factor, contains a zinc-finger-like RNA binding domain [17].
Still, most RNA related processes in organelles could not be related
to the function of classical RNA binding proteins.

Apart from the aforementioned protein families, a growing list
of nucleic acid binding protein families based on tandem arrays of
repeated motifs folded into a-helices is being described. Among
them, PUF and TALE protein families have attracted considerable
attention [18,19]. PUF proteins are specific from eukaryotes. Their
function is often related to developmental control through activa-
tion or repression of translation [20]. They contain tandem arrays of
36 amino acids repeats folded into three a-helices. The succession
of repeats forms a solenoid that makes a platform for interaction
with RNA [21]. Interestingly, each repeat specifically binds a single
nucleotide of the RNA target according to a precise recognition code
[22,23]. On the other hand, TALE proteins are DNA binding proteins
found in bacterial pathogens of plants such as Xanthomonas. They
act as transcription factors in plant nuclei to hijack their host cell
gene expression [24]. These proteins contain repeats of 34 amino
acids folded into two a-helices. Here as well, a precise recognition
code could be established between single bases of DNA and indi-
vidual TALE repeats [25]. The modular nature of both TALE and PUF
proteins and the understanding of their mode of action have
enabled to engineer recombinant proteins binding RNA or DNA
targets of interest [23,26].

It has become increasingly evident that other families of pro-
teins with similar modular architectures of repeated helical motifs
are most of the times involved in organelle gene expression. These
families include pentatricopeptide repeat proteins (PPR), half a
tetratricopeptide proteins (HAT), octotricopeptide repeat proteins
(OPR) and mitochondrial transcription termination factors
(mTERF). Here, we review identified functions for these families of
proteins found in plastids and mitochondria across the entire
eukaryote lineage and discuss potential common modes of target
recognition processes.

2. PPR proteins
2.1. Discovery and distribution of the PPR gene family

The identification of the PPR protein family has been directly
associated with the Arabidopsis Genome Initiative [27]. The release
of the first plant genome revealed the existence of a novel gene
family whose large size and diversity appeared to be unique to
flowering plants. Aubourg et al. identified a family of over 200
proteins with amino-terminal domains characterized by repeated
sequence motifs organized in a specific pattern. The family could
also be distributed in three subfamilies based on carboxy-terminal
domains [28]. The prevalence of these repeated motifs in proteins
screened for their predicted organellar localization appeared to be a
hallmark of this family [29]. These motifs are composed of a
degenerated sequence of 35 amino acids (Fig. 1A) and were called
“pentatricopeptide” because of their similarity with tetra-
tricopeptide repeat (TPR) motifs, characterised by 34 amino acids
domains and known to be involved in protein—protein interactions
[29]. Each PPR motif is composed of two antiparallel a-helices. The
succession of motifs (up to 26 in plant PPR protein described so far)
is predicted to form a super-helix that includes a central groove

containing residues with prevalent positive charges (Fig. 1),
consistent with the RNA binding capacity of PPR proteins. The
identification of PPR proteins was hindered by sequence de-
generacy, by motif lengths variations as well as by the possible
occurrence of gaps between motifs. However, the initial de-
scriptions made by two groups in the early 2000’s were merged to
propose a unified terminology for the modular organisation of the
Arabidopsis PPR family [30]. In addition to the canonical 35 amino
acid motifs called PPR-P motifs (P for pure), two additional PPR-like
motifs were identified: the PPR-S (for short) and the PPR-L (for
long) motifs, as well as additional variants termed L2 and S2, that
nonetheless all share the same overall helix-turn-helix fold char-
acteristic of PPR motifs. The estimated 450 PPR proteins of Arabi-
dopsis thus fall into two major subfamilies according to the nature
of motifs present in the respective proteins. The P subfamily only
contains P motifs usually arranged in tandem whereas the PLS
subfamily is composed of proteins containing repetitions of P-L-S
motifs triplets [30]. The PLS subfamily is also defined by the
occurrence of non-PPR extensions at their C-terminal ends. Ac-
cording to the nature of these domains, PLS proteins were further
divided into four sub-classes [30,31]. Three motifs, only present in
PPR proteins, were identified in these C-terminal extensions, two
glutamic acid rich domains were called E (91 amino acids) and E+
(33 amino acids) and a domain of 106 amino acids was named DYW
in reference to its three conserved terminal residues. Proteins
containing the largest extension comprising all three E, E+ and
DYW domains define the DYW subgroup, whereas the sequential
loss of one or two motifs defines the E+ and E subgroups respec-
tively [31]. More recently the identification of protein-only RNase P
called PRORP in Arabidopsis exemplified another type of organi-
sation for PPR proteins as PRORP proteins contain a few PPR motifs
in their N-terminal part and a NYN nuclease domain in their C-
terminal half [32]. It is thus possible that other orphan proteins
with different organisations, e.g. with few canonical PPR motifs
and/or with highly degenerated PPR motifs associated to non-PPR
domains have not yet been assigned to the huge PPR protein fam-
ily in plants.

PPR proteins are typical from eukaryote. They are universally
present in eukaryote genomes and are completely absent from
prokaryotes with the exception of a few plant pathogens such as
Ralstonia that most likely acquired PPR genes during horizontal gene
transfer [30]. Among eukaryotes, Streptophyta as well as a number
of protists [33] are the only group where the PLS subfamily occurs. In
all other organisms, PPR proteins are limited to the P subfamily.
Algorithms used to identify PPR motifs have been initially designed
according to the Arabidopsis PPR family. This has introduced a bias
that impedes the proper identification of all PPR proteins in non-
plant organisms. However, new bioinformatics tool now begin to
unravel previously unassigned PPR proteins, e.g. in yeast [34]. Still,
the number of PPR proteins remains reduced in non-plant organ-
isms. They are particularly limited in fungi and Metazoa with e.g. 7
PPR proteins in human [35], 9 in Schizosaccharomyces pombe [36]
and 15 in Saccharomyces cerevisiae [34]. In all these organisms PPR
proteins are mitochondria-localized. The parasitic protozoan Try-
panosoma brucei constitutes an exception with 28 PPR proteins [37].
Most of them contain a predicted mitochondrial targeting sequence
except three. The specificities of kinetoplastids mitochondrial gene
expression might explain this relative expansion of the PPR family in
this organism as found in plants.

2.2. Functional diversity identified for PPR proteins
Since their discovery, the list of functions attributed to PPR pro-

teins has grown rapidly. These functions are nearly systematically
related to gene expression in mitochondria (and in chloroplasts in
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the inner groove of the super-helix for PPR, HAT, OPR and mTERF proteins in contrast with the TPR protein.

the case of plants). These functions go from transcription to trans-
lation and include most post-transcriptional RNA maturations steps
(Table 1). Overall, the function of PPR proteins (or of PPR domains in
multi-domains proteins) is connected with specific RNA sequence
recognition and binding [38].

For mitochondrial transcription, some eukaryotes such as fungi
or animals use an RNA polymerase containing PPR motifs [39,40],
although the precise involvement of PPR motifs is not fully un-
derstood here [41]. After transcription, precursor RNA molecules
undergo several maturation steps such as RNA splicing. Many plant
PPR proteins were found to be essential for RNA splicing. The ma-
jority of these proteins belong to the P-subfamily, e.g. in Arabidopsis
mitochondria, 3 PPR proteins were found to be involved in the
splicing of nad1 intron 1 (OTP43) [42], of nad2 intron 3 (AB05) [43]
and of nad7 intron 1 (BIR6) [44]. Concerning chloroplasts, OTP70
[45] and OTP51 [46] are essential for the splicing of rpocl and of
ycf3 intron 2, respectively. In yeast as well, DMR1, a PPR protein is
required for cox1 and cob splicing [47]. In all cases the involvement
of PPR proteins in splicing correlates with the increase of mito-
chondrial intron numbers in the respective species [9].

In contrast to splicing, the vast majority of PPR proteins involved
in plant-type C to U RNA editing [ 12,48] were found to belong to the
PLS subfamily. Arabidopsis mitochondrial and chloroplastic tran-
scriptomes undergo 488 and 34 editing reactions respectively [11].
Since these sites do not share any conserved sequence or structure,
it was predicted that their recognition would require a high number

of specificity factors [12]. It has now become evident that PPR
proteins are these specificity factors [38]. The first PPR protein for
which a function in RNA editing was established is CRR4, a protein
containing 11 PPR motifs and belonging to the E subfamily [49].
Since then, a long list of editing factors has been identified. Many of
them belong to the DYW subgroup [9]. Interestingly, the DYW motif
has sequence similarity with the active site of cytidine deaminases.
Thus, this observation suggests that the DYW domain might act as
the catalytic domain of the enzyme [50]. In addition, the number of
editing sites seems to correlate well with the number of genes
coding for PLS proteins [51]. This correlation is even stricter with
DYW proteins [50]. Moreover, PPR proteins such as CRR4 that do
not contain a DYW domain were shown to interact in vivo with
DYW1, a protein that contains a DYW domain and no PPR repeats,
thus making a protein complex resembling a DYW PPR protein [52].
Still, other non-PPR proteins of unidentified function were also
found to be essential editing factors [53,54]. The precise involve-
ment of DYW domains in the editing reaction thus remains to be
established.

RNA maturation also involves processing steps of transcript
ends. Among these processes, pre-tRNAs undergo 5 maturation by
an endonuclease activity called RNase P. In many eukaryotes such
as human, plants and trypanosomes, this activity that was long
though to be universally held by ribonucleoproteins, is performed
by protein-only enzymes, i.e. by PPR proteins called PRORP [32,55—
57]. Incidentally, in yeast mitochondria, ribonucleoprotein RNase P
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Table 1

Assigned functions for PPR, OPR, HAT and mTERF proteins in different groups of eukaryotes. A subset of representative PPR, HAT and mTERF proteins are exemplarily presented
for all identified functional classes known to date in the respective eukaryote groups. An exhaustive inventory of PPR proteins with identified functions has been presented by
Gutmann et al. [9]. For OPR proteins, the complete list of proteins with identified functions is presented here. “mt” stands for mitochondrial.

Functions Organism Protein Target Reference
PPR Transcription Fungi Rpo4d1p mt promoters [40]
Animals POLRMT mt promoters [39]
Plants DG1 PEP [120]
RNA cleavage Fungi Rpm2p tRNA and tRNA-like structures [58]
Animals PRORP/MRPP3 [55]
Plants PRORP1, 2, 3 [32]
Trypanosomids PRORP1, 2 [57]
RNA editing Plants OTP87 OTP81 nad7(Mt)/atp1(Mt) RNAs [121,122]
RNA processing Fungi Cbplp cob RNA [123]
Animals LRPPRC/LRP130 cox1 and 3 RNA [63,124]
RNA splicing Plants 0TP43 nad1l RNA [42]
RNA stability Animals BSF bcd RNA [125]
Plants PPR10 atpH/psaJ] RNA [59]
RNA turnover Fungi Pet309p cox1 RNA [126]
Mammals PTCD1 Leu-tRNA [127]
Translation Fungi CY A-5 cox1 RNA [128]
Animals MRPS27 mt ribosome [129]
Plants CRP1 petA and psaC RNA 5 UTR [65]
Trypanosomids TbPPR5 rRNA [37]
HAT 3’-end pre-mRNA Fungi Rnal4p Nuclear mRNA [130]
cleavage, Animals CstF-77 [78]
polyadenylation Plants AtCstF-77 [131]
Pre-mRNA splicing Fungi Clflp snRNPs [132]
Animals Prp6 20S U5 snRNPs [133]
Plants Stal pre-mRNA [134]
Pre-rRNA maturation Fungi Utp6p rRNA [85]
mRNA stabilisation Plants HCF107 psbH RNA [86,88]
OPR Trans-splicing Green algae Rat2 Raal psaA RNA [94,95]
Translation Tab 1 Tbc2 Tdal psaB RNA psbC RNA atpA RNA [91] [90] [93]
mTERF Transcription Animals MTERF1 mt DNA [101]
termination Green algae MOC1 [112]
DNA replication Animals MTERF1, MTERFD1, mt genome replication [135] [136]
MTERFD3 pause sites
RNA binding Animals MTERF4 rRNA [104]

also involves a PPR protein called Rpm2 [58]. This protein is how-
ever completely unrelated to PRORP.

Other functions of PPR proteins do not appear to involve a cat-
alytic reaction but rather use the ability of PPR proteins to stably
bind precise RNA targets. Indeed, PPR proteins have been found to
be required for the stabilization of transcripts. The molecular pro-
cess by which this is achieved has first been proposed for PPR10 in
chloroplasts. This protein specifically binds transcript termini and
serves as a barrier from both 5’ and 3’ directions to RNA decay by
exonucleases [59,60]. This process has also been described for plant
mitochondria [61]. It might be present as well in other organisms
such as T. brucei, where six PPR proteins are found to be required for
the stabilization of mitochondrial rRNA [37]. Similarly, in Chlamy-
domonas reinhardtii, MCA1 regulates the stability of chloroplast
petA mRNA [62].

Further studies exemplify as well the diversity of functions
adopted by PPR proteins. For instance, in animals, LRPPRC is
important for polyadenylation despite its inability to bind polyA
tails and is also required for translation [63,64]. Similarly, the
chloroplast PPR protein CRP1 is essential for the translation of
petA and psaC mRNA. CRP1 binding site in the 5" UTR region
suggests that its function might be related to translation initia-
tion [65]. In trypanosomes, PPR proteins stimulate mRNA ade-
nylation and uridylation to activate mitochondrial translation
[66]. Other PPR proteins were found to be associated to poly-
somes and might thus be involved in translation as well [67].
Finally, PNM1 was found to be dual localized to mitochondria and
the nucleus and was proposed to be involved in the coordination
of gene expression between mitochondria and the nucleus
[68,69].

2.3. Mode of action of PPR proteins

PPR proteins are RNA binding proteins involved in processes
that all require the accurate recognition of RNA targets. As
described for PUF and TALE nucleic acid binding proteins, it had
been predicted that PPR proteins would bind RNA target in a
modular fashion, with each PPR repeat interacting via a few key
residues with single nucleotides [38], thus making a recognition
code between proteins residues and RNA moieties. The linear PPR
array, alone or in association with other proteins, would then
determine the sequence binding specificity. Both computational
and experimental studies were performed to identify PPR residues
that could be responsible for the specificity of interaction with the
cognate RNA and to elucidate the code for RNA recognition by PPR
proteins.

Based on the coevolution analysis of PPR proteins and their RNA
targets, Fuji et al. studied the variability of individual positions in a
subset of PPR proteins present in a locus encoding fertility restorer
(Rf) proteins [70]. Cytoplasmic male sterility (CMS) originates from
a defect in the expression of the mitochondrial genome that im-
pedes the development of a functional male gametophyte. Specific
nuclear fertility restorer genes prevent the accumulation of CMS-
specific gene products. Rf genes encode mitochondrial PPR pro-
teins, in most case of the class P, holding 15 to 20 PPR motifs. These
genes show characteristic features that distinguish them from
other PPR genes. In particular, the survey of 212 Rf-like genes from
13 different flowering plants revealed their rapid evolution [70].
The highest probability of diversifying selection (evaluated by non
synonymous versus synonymous nucleotide substitution ratio) was
found for residues 1, 3 and 6 of the PPR motif (PS51375 prosite
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numbering which will be used thereafter). These residues were
therefore proposed to be involved in RNA-binding specificity [70].

In another study, Kobayashi et al. used HCF152 a well-studied P-
type chloroplastic PPR protein [71,72] to identify the RNA binding
mechanism of PPR proteins [73]. Kobayashi et al. examined the RNA
binding affinity of a series of mini PPR proteins containing two
successive PPR motifs by mobility shift assays. Mutagenesis ex-
periments and structural modelling suggested the involvement of
amino acids located in two consecutive motifs: positions 3, 6, 10, 14
in helix A of PPR motif (n) and position 1/, the first position in helix
A of PPR motif (n + 1). These were originally described as positions
1, 4, 8, 12 and 34 based on pfam numbering. However in the
absence of a well-characterized RNA target Kobayashi et al. could
not derive a conclusive connection between PPR motifs and RNA
[73].

The first code proposed for PPR/RNA interaction emerged from a
collaborative work that combined experimental and computational
work based on well-characterized PPR/RNA partners [ 74]. Similar to
HCF152, PPR10 is a P-type PPR protein involved in chloroplast
transcript processing. PPR10 comprises 19 PPR repeats that recog-
nize a 17-nt minimal RNA ligand presumably in a one to one mode.
Among all arrangements of PPR10 motifs in contact with its RNA
footprint, a single arrangement emerged because it showed strong
correlations between the RNA base and the residues found at po-
sitions 6 and 1'. This combination between the two amino acids and
RNA residues defines a code. For instance, ND, NN or NS specify
pyrimidines while TD and TN specify purines. These rules could be
applied to other P-type PPR proteins such as HCF152, CRP1 and
their corresponding RNA partners. Furthermore Barkan et al. ach-
ieved the recoding of PPR10 (PPR motif 6 (ND) and 7 (NN), aligned
to UC nucleotides) and validated the proposed code by mobility
shift assay with diverse substituted RNA sequences. The contiguous
P-type PPR/RNA duplexes evidenced were limited to nine motifs
and eight nucleotides indicating that gaps can be tolerated or might
result from structural conformation constraints. Actually, both RNA
or protein gaps could interrupt the PPR and RNA duplex as
described for P-PPR proteins. The simple two-amino acid code does
not explain the diversity of amino acid observed at positions 6 and
1’ in canonical PPR motifs, indeed a third of the existing combi-
nations could not be decoded. However when this code is applied
to PLS arrays of RNA editing factors and their known RNA targets, an
alignment can be found (with P- and S-PPR motif only) which
positioned the last matching motif 6 nucleotides before the edited
cytidine residue. It has been proposed that the non-matching L-PPR
motifs could reduce the structural constraint between PLS-PPR and
their targets for which no gaps in the alignment could be found.

In another attempt to understand how PPR proteins achieve
RNA specificity, Yagi et al. searched low variability (conserved as-
sociations) between PPR proteins residues and nucleotides up-
stream of editing sites. A collection of 327 PLS motifs from 24 PPR
proteins involved in RNA editing described in Arabidopsis thaliana
were examined in alignment with their target RNA. Significant low
variability was observed at residue 6 and 1’ (as proposed by Barkan
et al. [74]) and also at residue 3 in the alignment in which the last
PPR motif is aligned with the 4th nucleotide before the edited
cytidine [75]. The combination of these three amino acids de-
termines the recognition of a specific RNA sequence in a 1-motif to
1-nucleotide direct and contiguous way as expected in the case of
PLS-PPR. According to Yagi et al., only a subset of L-type motifs
participates in nucleotide recognition. Similarly, Takenaka et al.
showed that the inclusion of L, L2 and S2 motifs to the recognition
code improved the prediction of RNA editing target sites [76]. The
proposed 3 amino-acids code appear to be efficient to predict
editing sites from uncharacterized PPR proteins or for accurate
assignment of targets sites from the whole organelle transcriptome.

The codes described by the different groups although established
with either P-type or PLS PPR proteins are almost identical which
strongly support the existence of a universal code for PPR proteins.

3. HAT proteins

The existence of the so-called Half-a-Tetratricopeptide repeat
(HAT) proteins has long been overshadowed because of their strong
similarity with their relatives Tetratricopeptide repeat (TPR) pro-
teins. It is only in 1998 that Preker and Keller identified these
proteins as belonging to a distinctive family (IPR003107) [77].
Members of the HAT family harbour an HAT domain signature
generally arranged in tandem repetitions of variable numbers. The
HAT motif is similar to the Tetratricopeptide repeat and consists of a
34 amino-acid degenerate sequence folding into two anti-parallel
a-helices [78] The HAT repeats stack to form an elongated struc-
ture similar to that of TPR proteins (Fig. 1). However, the HAT
domain shows several conserved residues that are absent in the
TPR motif.

The HAT family in eukaryotes comprises ~10—15 members that
are well conserved among species. They localize in both organelles
and the nuclear/cytoplasmic compartment where they play various
functions related to RNA metabolism including pre-rRNA matura-
tion, pre-mRNA splicing and cleavage and polyadenylation [77].
Prominent examples include mammalian CstF-77 involved in 3’-
end pre-mRNA cleavage and polyadenylation [79—81], the
Drosophila crooked-neck protein Crn involved in pre-mRNA
splicing [82,83] and yeast Utp6 involved in pre-rRNA processing
[|84]. Despite the elucidation of the physiological roles for many
HAT proteins, in most of cases, the function of the HAT repeat is
unknown. Based on its similarity to the TPR domain, the HAT
domain has been proposed to play an analogous role in protein
scaffolding. The facts that CstF-77 can form a homodimer [78] and
that a peptide ligand has been found for Utp6 have comforted this
notion [85]. Nevertheless, the functional specialisation of the HAT
family in RNA metabolism and the observation that HAT repeats are
often found in ribonucleoprotein complexes raised the possibility
that HAT domains may bind RNA. The first clues for the biochemical
function of HAT domains came from a study on a member of the
plant HAT family, HCF107 [86]. In the green lineage, few HAT
members were co-opted to regulate gene expression in the chlo-
roplasts. The HAT motif is best known as R-TPR in the plant field, in
regards to its similarity to the TPR domain and its functional
specialization in RNA metabolism [87]. HCF107 encodes a protein
solely made of 11 HAT repeats and is the genetic determinant for
the accumulation of processed 5’-end psbH mRNAs in the chloro-
plast of higher plants [88]. Using recombinant HCF107 protein and
in vitro assays, the authors showed that HCF107 binds single
stranded RNA with specificity towards its genetically defined mRNA
target. As a consequence, the specific binding of HCF107 to the psbH
pre-mRNA promotes the formation of processed 5'-end transcripts
by protecting the mRNA from 5’-3’ exoribonucleases trimming.
Furthermore, the RNA binding of HCF107 influences the local mRNA
structure in a way that enhances its translation. Analogous activ-
ities have been reported for some members of the PPR protein
family [60,72] and it is worth noticing that these diverse effects on
gene expression are simple ramifications of the passive, but potent
RNA binding activity of a helical-repeat protein of sufficient length.
In the green algae Chlamydomonas, NAC2, a gene that encodes a
chloroplast-localized HAT protein has been genetically linked to the
stabilisation of a specific processed mRNA in the chloroplast [89]. In
light of Hammani et al. work, it is likely that NAC2 plays a function
analogous to that of HCF107 and binds the 5’ end of the mRNA
target it stabilizes in vivo. Although, direct evidence that the HAT
domain binds RNA has only been given to HCF107, the RNA binding
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and RNA remodelling are two key properties that could contribute
to the many physiological functions that were associated to the HAT
domain outside of the organelles in non-plant species.

Incremental work on members of the HAT family will certainly
contribute to understand the mechanism used by these proteins to
influence RNA metabolism. The HAT domain shows strong func-
tional and structural analogies to the PPR domain. In fact, it has
been observed as for PPR proteins that the minimal RNA sequence
bound by HCF107 matches the number of helical-repeats in the
protein [86]. This observation suggests that each repeat targets a
specific RNA base and thus, implies that a 1 HAT/1-nt code could be
deciphered. To reach this goal, further mechanistic work on various
members of the HAT family is needed.

4. OPR proteins

The Octatricopeptide repeat (OPR) proteins are defined by the
presence of a set of related degenerate motifs of approximately 38—
40 amino acids occurring as tandem arrays of 2—24 motifs per
protein. The motif shows a typical degenerated consensus of five
residues i.e. PPPEW at position 20—24 of the motif. The most
conserved residues are the first Proline and the Tryptophan of the
consensus but there is a Leucine at position 6 of the motif that is
also well conserved (Fig. 1). Individual motifs are predicted to fold
into two a-helices, thus assigning these proteins to the super-
family of proteins forming o-solenoids similar to PPR and HAT
proteins.

The first OPR protein was identified in chloroplasts of the green
algae C. reinhardtii ten years ago [90] and since then, only few OPR
proteins have been studied. In silico analysis showed that OPR
motifs are also found in the closely related alga, Volvox carterii but is
mainly found in protozoans, such as apicomplexans, and in a small
family of proteins in the parasitic alpha-proteobacterium Coxiella
burnetii. In contrast, only few OPR genes were found in the genome
of A. thaliana [91]. Analysis of the Chlamydomonas genome in
addition to the previously reported OPR proteins allowed the
identification of a total of 44 OPR proteins in this organism [92].
However, this number is probably underestimated because of the
sequence degeneracy of the motifs that makes OPR proteins diffi-
cult to identify. Almost all the OPR proteins identified are predicted
to localize to organelles. It is noteworthy that 16 out of the 44
identified OPR proteins contain one or more Fas-activated serine/
threonine (FAST) kinase-like domains [93]. The protein family
containing such domains is known to interact with proteins
involved in RNA processing and translation [92]. In these proteins,
the FAST domain is usually followed by a RAP domain (for RNA-
binding domain abundant in Apicomplexans), which has been
described as a putative RNA binding domain [92]. The RAP domain
is found in 4 OPR proteins and in 3 cases the RAP domain follows
the FAST kinase-like domains. Interestingly, the C-terminal part of
RAP domains (where conservation is the highest) is homologous to
the OPR motifs suggesting a common evolutionary origin [93].

In C. reinhardtii, 5 OPR proteins have been characterized, namely
Rat2 with 2 OPR motifs [94], TAB1 with 10 OPR motifs [91], RAA1
with 14 OPR motifs [95], TBC2 with 16 OPR motifs [90] and TDA1
with 24 OPR motifs [93]. All these proteins have been shown to be
involved in post-transcriptional steps of chloroplast gene expres-
sion. The Rat2 and Raal proteins are involved in the trans-splicing
of psaA transcript. The Tab1, Tbc2 and Tdal proteins are required for
the translation of psaB, psbC and atpA transcripts, respectively. The
RNA-binding capacity of OPR proteins was proposed for all of them.
But the direct proof of this RNA-binding activity has been only
demonstrated with the Tab1 protein [91]. Indeed, mobility shift
assays between the maltose binding protein fused to the 9 OPR
motifs of Tab1 and the psaB 5’ UTR showed an efficient binding of

the protein to the RNA and with a relative binding specificity. The
molecular mechanisms underlying RNA target recognition by the
OPR motif are not yet known. However, similar to other modular
proteins e.g. PPR proteins, it is tempting to speculate that a precise
connection exists between individual OPR motifs and RNA moi-
eties. In the future, an in depth biochemical and/or structural
analysis of OPR proteins in chlorophyta but also in other eukaryotic
lineages should determine if a code, such as the one described for
PPR proteins, indeed also exists for OPR proteins.

5. mTERF proteins

The mTERF family is found in metazoan and plants and is
characterized by the presence of a degenerated ~30 amino acids
motif [96]. mTERF proteins have a modular architecture with var-
iable numbers of mTERF repeats (Fig. 1). Each mTERF motif forms
two antiparallel a-helices followed by a 3.10 helix [19,97]. The
tandem mTERF repeats stack to form a super-helical protein
adopting a “croissant” shape [97,98]. The mTERF family is appar-
ently specific to organelles. Most of their members harbour an N-
terminal sequence predicted to address them to mitochondria or
the chloroplasts. GFP fusions and genetic analysis have indeed
confirmed them to act in organelles [96,99,100]. The mTERF family
was named after its founding member in mammals, MTERF1 which
mediates mitochondrial transcription termination in vitro by
binding to a specific DNA sequence between the 16S rRNA gene and
the tRNA'® gene [101]. The mTERF family in mammalian comprises
4 members that have been predominantly implicated in mito-
chondrial transcription and DNA replication. DNA binding activity
has been reported both in vivo and in vitro for most mTERF proteins
in animals (reviewed in Ref. [102]). In addition, the resolution of
MTERF1 structure in complex with its DNA target has provided
mechanistic insights into its termination effect on mitochondrial
transcription. MTERF1 makes specific contacts with its DNA target
sequence and allows base flipping from the DNA duplex, which in
turn terminates transcription [97].

Altogether, these studies emphasize a global role for mTERFs in
the fine-tuning of organellar gene expression and in DNA related
functions [102,103]. Interestingly, recent studies have shaded this
restrictive idea by adding RNA-related functions to the functional
repertoire of this family. MTERF4 is a mitochondrial translation
regulator in metazoan. It interacts with a mitochondrial rRNA
methyltransferase and targets it to the large subunit of the mito-
chondrial ribosome. MTERF4 is found in association with rRNA in
mitochondria [104]. The solved crystal structure of MTERF4/NSUN4
complex proposes a model where the C-terminal end of MTERF4
interacts with NSUN4 and the other free end would form a posi-
tively charged platform that binds rRNA [105,106]. The notion that
the mTERF motif can bind RNA substrate is further supported by
in vitro work showing that the metazoan mitochondrial translation
regulator, MTERF3, when expressed as recombinant protein in-
teracts with RNA [107].

The number of mTERF members has increased during the evo-
lution of land plants, with ~30 members in higher plants but the
function of very few of them has been studied and even then, not in
details [96,99,100]. It is anticipated that these proteins like their
animal homologs contribute to the maintenance of gene expression
in mitochondria or chloroplast and thus, would play essential roles
in respiration and photosynthesis [108]. Indeed, reverse genetics
screen for Arabidopsis mTERF genes revealed a high proportion of
embryolethal phenotypes [99,109,110]. Most of the mterf mutants
studied in green organisms were recovered during forward genetic
screen aiming at the identification of specific nuclear genes
involved in the response to abiotic stress or involved in the embryo-
development [100].
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In the green algae Chlamydomonas, the mTERF member MOC1
is a mitochondrial protein and the loss of MOC1 enhances the light
sensitivity of the mutant [111]. MOC1 binds specifically to a
sequence in the mitochondrial genome and acts as a transcription
terminator by altering transcription read-through [112].

In Arabidopsis, mutant alleles have been recovered and studied
for only 5 mTERF genes. A mutation in the Arabidopsis gene SOL-
DAT10, encoding a plastid-localized mTERF protein, abolishes '0,-
mediated-cell death in the Arabidopsis flu mutant, which usually
accumulates '0, during a dark-to-light shift [109]. The mutant
plant soldat10 shows pigmentation defect and chloroplast trans-
lation impairment. Similarly, a mutation in another mTERF-related
gene RUGOSA2/BSM, whose product is plastid and mitochondria
localized, causes pigment and morphological defects with a
translation defect in chloroplasts [99,113]. MDA1, another Arabi-
dopsis chloroplast-localized mTERF is involved in the response to
abiotic stress and chloroplast development [110]. Like others, mda1
suffers morphological and pigment defects. SHOT1 is the only
Arabidopsis gene encoding a mitochondrial mTERF product that
has been characterized [114]. Loss of SHOT1 suppresses the heat
sensitivity in other mutants and confers thermotolerance.

In all these mutants, changes in the steady state level of mito-
chondrial and/or chloroplastic transcripts have been reported but
the basis for these changes was unknown. A role in chloroplastic
mRNA splicing for BSM has been suggested [99]. However, a clear
link between the phenotype observed in the mutants and the
molecular defect has not been firmly established.

The study of a maize gene, Zm-mTERF4 which is orthologous to
BSM/RUGOSA2, provides the first details about the precise molec-
ular function of an mTERF protein in higher plants (Hammani and
Barkan, under-review). Zm-mTERF4 localizes to the chloroplasts
and Zm-mterf3 seedlings display typical non-photosynthetic phe-
notypes and die after the development of three leaves. Zm-mTERF3
binds chloroplast group II introns and promotes the splicing of
many of them in vivo. The loss of splicing for some tRNAs and ri-
bosomal protein encoding genes lead to the impairment of plastid
translation in Zm-mterf3. A global loss of plastid translation was
similarly observed in a bsm mutant [99]. Conservation of function
for orthologous factors involved in organellar gene expression,
between monocots and dicots, is well documented and it is likely
that BSM in Arabidopsis influences the splicing of chloroplastic
tRNAs and that this defect is implicated in the loss of translation
observed in bsm chloroplasts. The loss of plastid translation further
leads to embryolethal embryolethality in dicotyledon species like
Arabidopsis as observed for bsm.

The discovery that metazoan and plant mTERFs are involved in
RNA or DNA metabolism in the organelle suggests that the other
~30 mTERF proteins in plants could be involved in any steps of
gene expression related to RNA or DNA in the chloroplast or
mitochondria. The versatility of the mTERF motif to accommodate
DNA and RNA substrates is very interesting in term of functional
evolution. Further functional and mechanistic studies will enable to
discover the molecular process by which mTERF proteins achieve
substrate specificity and how they discriminate DNA and RNA
targets.

6. Concluding remarks

Genomic and functional investigations have revealed that many
organelle specific gene expression processes are performed by
proteins encoded by recently recognized gene families such as the
PPR, HAT, OPR and mTERF families. The evolution of these families
does not appear to be connected. For instance, consensus motifs
derived from the respective protein families do not seem to share
common sequence signatures (Fig. 1A). However, all these proteins

have a common modular organization, with a tandem arrangement
of individual repeats that all share a similar secondary structure
based on antiparallel a-helices (Fig. 1B). For all these families, the
succession of repeats forms a solenoid structure, thus assigning
these proteins to a super-family of proteins of common structural
organization also including PUF and TALE proteins [18,19]. Inter-
estingly, the comparison of structural models for representative
proteins from all these families suggest that they might all possess
nucleic acid binding platforms composed of positively charged
amino acids in the concave surface of the super-helix (Fig. 1D). This
feature has already been proposed for PPR [ 115] and mTERF proteins
[105] and has been shown for PUF proteins [21]. In this light, it is
tempting to speculate that all these families might share related
target recognition processes. Up to now, among the aforementioned
organellar proteins, the PPR family has clearly attracted the most
attention. Its mechanism for specific target selection has been
identified with the description of a PPR code connecting precise
residues in PPR motifs and individual nucleotides [74—76]. Here
again, an appealing possibility is that similar codes might also exist
for HAT, OPR and mTERF proteins. Future investigations will clarify
this and determine whether general rules for substrate recognition
can be derived for the entire super-family of helical repeats proteins.
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ABSTRACT: Microfluidic technology has opened new possibil-
ities for the crystallization of biological macromolecules during
the past decade. Microfluidic systems offer numerous advantages
over conventional crystal growth methods. They enable easy
handling of nanovolumes of solutions, extreme miniaturization,
and parallelization of crystallization assays, especially for high-
throughput screening applications. Our goal was to design a
versatile, low cost, and easy-to-use crystallization chip based on
counter-diffusion that is compatible with on-chip crystallographic characterization. The ChipX is a microfluidic chip made of
cyclic olefin copolymer. It was used to grow crystals of biomolecules and perform complete X-ray diffraction analyses on
synchrotron sources. Our results demonstrate that accurate crystallographic data can be collected at room temperature directly
from ChipX microfluidic devices for both experimental single-wavelength anomalous dispersion phasing and structure
refinement.

B INTRODUCTION environment favorable to the growth of high quality crystals.®
Pioneering examples are the implementation of free interface
diffusion® and of nanobatch crystallization” in microfluidic
chips. They have demonstrated the value of this technology for
high-throughput screening. These sophisticated systems require,
however, extra pieces of equipment to load samples into the
crystallization chips. As an alternative, simpler devices have
been developed that (i) can be setup by hand, (ii) use diffusion-
based crystallization, and (iii) are compatible with in situ
crystallographic analysis.”’

In a long-term project intended to develop a crystallization
chip using the method of counter-diffusion, we identified cyclic
olefin copolymer (COC) as a promising material for the
fabrication of chips suitable for X-ray diffraction.'® In the
present work, we report the optimization of the dimensions and
configuration of our microfluidic device ChipX for screening

Crystallography is a major investigation tool in structural bi-
ology. It provides three-dimensional (3D) information on bio-
molecules (proteins, nucleic acids, viruses, etc.) that is essential
for understanding biological processes and designing new
pharmaceuticals." Crystallographic analyses, however, rely on
the reproducible growth of ordered crystals under well-defined
crystallization conditions. Generally, a wide range of chemicals
is tested to find an adequate crystallant (a salt, an alcohol, a
polymer, or a mixture of them) and the right physical-chemical
parameters (e.g, temperature, pH).2 Therefore, screening
experiments can be time-consuming and may need quantities
of pure biomolecules that are not easily accessible. Long ago,
this cumbersome search of crystallization conditions triggered
the interest of crystal growers for miniaturized setups and led to
the development of the first pipetting stations known as crys-

tallization robots.> Nowadays, such technologies are popular assays and for in situ X-ray diffraction analyses. Using the latest

and massively used for high-throughput applications in X-ray detector technology and synchrotron data collection

structural genomics projects.* strategies, high resolution structures of model biomolecules
During the past decade, microfluidic technology has opened were determined at room temperature by either molecular

new possibilities. Microfluidic systems offer many advantages

for crystal growth including extreme miniaturization enabling Received: November 30, 2012

easy handling of nanovolumes of solutions and parallelization Revised:  June 19, 2013

of crystallization assays. They also provide a convectionless Published: June 25, 2013
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replacement or experimental single wavelength anomalous (SAD)
phasing. Our results demonstrate that microfluidic devices can be
used (i) to grow high quality crystals and (i) to perform in situ
characterization by X-ray diffraction at room temperature without
direct crystal handling. The implemented crystal growth and
analysis strategy provides a promising alternative to current
practice in biocrystallography, in particular, for fragile crystals that
are difficult to handle or to flash cool.

B EXPERIMENTAL SECTION

Materials, Chemicals, and Biomolecules. Cyclic olefin copoly-
mer (COC Zeonor 1020 R) was purchased from Zeon Corp. Photo-
lithography was performed using SU8-2100 (CTS) and propylene
glycol methyl ether acetate (Sigma Aldrich) as the developer.
Chemicals for the electrodeposition of Ni were obtained from Acros
Organic (H,SO, and sodium dodecyl sulfate, SDS), Goodfellow
(Ni foils, NiCl,, and NiSO,), and Sigma Aldrich (H;BO5, H,0,). The
stripper of the SU8 photoresist was from CTS. Plant thaumatin (207
amino acids, 22 kDa), hen egg-white lysozyme (129 amino acids,
14.5 kDa), bovine insulin (21 + 30 amino acids, 5.7 kDa), N-(2-
acetamido)-2-iminodiacetic acid (ADA), 2-(N-morpholino) ethane-
sulfonic acid (MES), and pr-tartaric acid were purchased from Sigma
Aldrich. The 500 mM aqueous solution of 10-(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecan-1,4,7-triacetic acid complexed to ytterbium
(HPDOB3A-Yb; MW §74.1 g) used for SAD phasing was from NatX-ray
(Grenoble, France)."" All other chemicals were of ACS grade and used
without further purification. All crystallization solutions were prepared
with distilled water and filtered on membranes with a 0.22 ym porosity.
The detergent N-octyl--p-glucopyranoside (SOG, Bachem, Cat. No.
P-1110) was added to protein solutions at a concentration of 0.3% (m/v)
to facilitate their entry in microchannels by capillarity, as described
previously.'°

Fabrication of Microfluidic Structures. Microdevices were
fabricated with either two or three COC layers of different thicknesses.
The layer containing the microfluidic channels (from 3 mm down to
600 pm thick) was microstructured by hot-embossing at 38 bar and
145 °C using a mold obtained by a UV-LIGA process as described
elsewhere.'” A stainless steel substrate was first polished mechanically
and then electrochemically. After an exposure to O, plasma (S min, 75 W),
the steel was covered with a 80-m-thick layer of SU8-2100 using spin-
coating (2300 rpm for 30 s). Then, the substrate was soft-baked at
95 °C for 25 min and irradiated with a Hg lamp (150 mJ/cm?). After a
second bake (95° for 10 min), the substrate was rinsed with PGMEA
for 10 min to achieve development of the microstructures. Before
the electrodeposition step, the substrate was cleaned by O, plasma
treatment (20 min, 100 W) to remove photoresist left after devel-
opment into the trenches that needed to be filled with metal. The
electroplating step was carried out in two different electroplating
baths: first, in a solution containing 1.3 M NiCl,, 2 M HCI, for 5 min
at 50 °C and with a current density of 2 A/ dm? then in a bath
containing 1.1 M NiSO,, 0.25 M NiCl,, 0.7 M H;BOj3, 25 mM SDS at
55°C and 5 A/dm? (for these conditions, we reached an electroplating
speed of 1 gm min™"). This last electrodeposition step was carried out
until the metal deposited lightly overflowed the trenches made in the
photoresist layer. Finally, the mold was mechanically polished to
obtain the required channel thickness (checked by profilometer
measurements), and the remaining photoresist was stripped away. A
second COC layer (3-mm to 600-um-thick) consisting of a plain layer
of polymer (with holes were drilled to act as inlets) was assembled
with the first layer to close the microchannels by solvent-assisted
bonding (20 s under methylcyclohexane vapor followed by appli-
cation of a pressure of 30 bar at 87 °C for S min). Finally, in the
thinner devices, a third layer (3 mm thick) was added to act as a frame
(Figure 1). It was aligned by hand with the previous layers and
bonded. Holes were drilled at the extremities of the channels to obtain
wells used to load the various crystallization solutions.

Crystallization Experiments. The standard procedure for grow-
ing crystals in chips at 20 °C consisted of three steps. First, 3 yL of
macromolecular solution was injected (or deposited) with a Hamilton

3334

Figure 1. Design of the microfluidic chip optimized for crystallization
by counter-diffusion. (A) The fluidic layer measures 35 X 65 mm?*
The eight crystallization channels with a section of 75 X 75 ym?* and a
volume of 253 nL are connected at one side to a single common inlet,
in which the protein sample is loaded. After sealing the sample inlet with
tape, the crystallant solutions are deposited in the wells at the opposite
end of the channels, and crystallant inlets are sealed with tape. Labels
along the channels help locate crystals and facilitate their positioning in
the X-ray beam during diffraction analyses. Channel length (ie, the
diffusion path) is greater (45 mm) than in previous chip versions
(15 mm) to spread the supersaturation gradient, while reducing the dead
volume of the system. At the same time, the dead volume of the system
was reduced. (B) Chip assembly includes three layers. The top layer is a
3-mm-thick frame which contains the inlets for the biomolecule sample
and crystallant solutions. The fluidic layer (0.6-mm-thick) is at the
bottom, and the channels are closed by the bonding of a 0.6-mm-thick
COC layer producing only low X-ray scattering.

microliter syringe in the sample well to fill the entire channel
arborescence. The addition of 0.3% (m/v) of detergent (fOG) made
sample loading by capillarity very easy. Second, 2 yL of crystallization
solution was introduced in each of the eight wells with a micropipet.
After each filling step, the wells were immediately sealed with
CrystalClear tape (Hampton Research) to prevent evaporation and
displacement of solutions inside channels. The following solutions
were used to produce crystals: 30 mg/mL thaumatin and 1.5 M
sodium tartrate containing 0.1 M ADA pH 6.5; 50 mg/mL hen
lysozyme and 1 M NaCl containing 30% (m/v) PEG-3350, 0.1 M
sodium acetate pH 4.5, or 2 M NaCl, 0.1 M sodium acetate pH 4.5, or
1.8 M NaCl, 0.1 M sodium acetate pH 4.5, S0 mM HPDO3-Yb (for
SAD experiments); 20 mg/mL insulin and 0.275 M NaHPO,/Na;PO,
pH 10.2, 0.01 M Na;EDTA. Insulin crystals for sulfur-SAD measure-
ments were prepared at 20 °C by vapor diffusion (sitting drop)
in CrystalQuick X microplates (Greiner Bio-One) made of 300-ym-
thick COC."

In Situ X-ray Diffraction Analyses. The attenuation of the direct
X-ray beam (absorption) by COC sheets with different thicknesses
was evaluated with a conventional laboratory source (NONIUS
rotating anode operating at 90 mA and 4S5 kV). The scattering
background generated by COC sheets was measured on the FIP-
BM30A with exposure times equivalent to those used for actual data
collection (60 s). All X-ray diffraction analyses were performed at
room temperature (T = 20—25 °C) on automated synchrotron
beamlines: (i) FIP-BM30A'* at the European Synchrotron Radiation
Facility (ESRF, Grenoble France) equipped with an ADSC Quantum
315r CCD detector, (i) X10SA and X06DA" at the Swiss Light
Source (SLS, Villigen, Switzerland) equipped with a MAR MX22$
CCD detector, or DECTRIS PILATUS 2M/6M pixel detectors.

In situ crystal analysis was carried out with microfluidic chips
attached onto a chip holder that was maintained in the beam by the
arm of a CATS robot. Crystals were characterized inside the chips a
week after setting up the crystallization assays. Diffraction-based crystal
centering was necessary at extreme positions (—36°/+36°) to
circumvent the refraction affecting the alignment due to variable
polymer thickness. Exposure time and oscillation range were adjusted
to minimize radiation damage at room temperature. Diffraction data
were processed using the XDS package.'® Crystallographic statistics
are given in Table 1.

SAD phasing experiments were carried on lysozyme crystals grown
by counter-diffusion from a crystallant solution containing an
ytterbium derivative (HPDO3-Yb). The chip was directly attached
with a magnetic base to the multiaxis PRIGo goniometer at beamline
XO06DA at SLS, and two sets of 60° were collected on a single crystal

dx.doi.org/10.1021/cg301757g | Cryst. Growth Des. 2013, 13, 3333-3340
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crystal

Synchrotron
Beamline
wavelength (A)
detector

number of images
oscillation (deg/s)
acquisition time (min)
space group

a, b (A)

¢ (A)

resolution range (A)
completeness (%)
multiplicity
Roege/ R (%)°
<I/o(1)>

high resolution shell (A)
completeness (%)
multiplicity
Rore/ R (%)
<I/o(1)>

mosaicity (deg)

Wilson plot B-factor (A?)

crystal

Synchrotron

Beamline

wavelength (A)
detector

number of images
oscillation (deg/s)
acquisition time (min)
space group

a, b (A)

c (A)

resolution range (A)
completeness (%)
multiplicity

Rinerge/ Rineas (%)
<I/o(I)>

high resolution shell (A)
completeness (%)
multiplicity
R/ R (%)
<I/o(I)>

mosaicity (deg)
Wilson plot B-factor (A?)

lysozymel
ESRF
FIP-BM30A
0.98
ADSC Q315r
15
2/60
17
P4(3)2(1)2
79.17
38.34
30-2.0
79.2
2.9
9.8/11.9
8.0
2.12-2.0
83.2
2.8
37.1/45.7
2.7
0.09
27.3

thaumatinl

SLS
XO06DA
0.98
MAR225
30

1/1

6
P4(1)2(1)2
58.59
151.59
50—1.7
542

22
5.8/7.3
114
1.8-17
516

1.9
33.3/44.9
29

0.07
24.5

lysozyme2
ESRF
FIP-BM30A
0.98
ADSC Q315r
21
1/60
25
P4(3)2(1)2
79.05
3823
30-1.8
82.0
1.9
5.8/7.7
10.3
191-1.8
82.6
1.9
15.6/20.4
4.5
0.11
23.6

thaumatin2

SLS
X06DA
1.6
MAR22S
33

2/1

s
P4(1)2(1)2
58.56
151.62
50-2.0
90.3

2.5
7.9/9.7
9.7
2.12-2.0
618

14
21.3/28.0
2.7

0.10
252

lysozyme3

SLS

X06DA

0.98

MAR22S

29

2/1

S

P4(3)2(1)2

79.17

38.00

30-1.6

90.9

2.3

6.0/7.6

12.4

1.69—-1.6

74.5

1.5

55.0/74.6

1.8

0.12

26.4
thaumatin3
SLS
X06DA
1.6
MAR22S
33
2/1
S
P4(1)2(1)2
58.58
151.66
50-2.0
90.7
2.5
10.0/12.4
7.6
2.12-2.0
62.3
1.4
31.0/41.0
1.7
0.09
26.4

Table 1. Statistics of On-Chip Data Collections on Lysozyme and Thaumatin Crystals

lysozyme4
SLS
X06DA
0.83
MAR22S
36
2/2
S
P4(3)2(1)2
79.21
37.87
30—1.66
98.8
3.0
9.6/11.7
11.3
1.76—1.66
97.8
3.00
$5.3/67.4
29
0.11
23.3
thaumatin4
SLS
X06DA
0.83
MAR22S5
36
2/1
S
P4(1)2(1)2
58.59
151.70
50-2.0
98.9
3.1
16.1/19.4
9
2.12-2.0
989
3.1
39.4/47.3
33
0.08
26.8

lysozymeS
SLS
X06DA
0.83
MAR22S
36
2/1
S
P4(3)2(1)2
79.14
37.79
30-1.55
83.9
6.7
7.5/82
14.9
1.64—1.55
85.4
6.50
61.0/66.2
3.1
0.09
24.9
thaumatin3
SLS
X06DA
0.83
MAR225
36
2/1
S
P4(1)2(1)2
58.59
151.70
50—-1.83
90.4
2.6
11.4/14.0
7.9
1.94—1.83
84.7
2.3
46.9/58.2
2.3
0.08
22.8

lysozyme6
SLS
X06DA
1.00
PILATUS 2M
1200
0.05/0.05
1
P4(3)2(1)2
79.30
37.93
30—1.43
92
42
8/9.1
11.1
1.52—-1.43
90.6
2.8
44.0/53.0
2.4
0.02
24.6

thaumatin6

SLS
X06DA

1
PILATUS 2M
240
0.25/0.28
1
P4(1)2(1)2
58.70
151.87
60—1.65
95.9

4.0
12.5/14.4
9.7
1.75—1.65
95.7

4.0
75.1/86.2
2.0

0.14

26.1

“Rerge = Zit Z; IIi(hkl) — <I(hkl)>|/Zyy Z; I(hkl) and redundancy-independent Ryep = Ziyy (n/n — DY2 2 (kD) — <I(hkl)>|/Z, Z L(hkl).

lysozyme7
SLS
X06DA
1.00
PILATUS 2M
1200
0.05/0.05
1
P4(3)2(1)2
79.36
37.94
30-1.43
96
4.1
5.0/5.7
15.7
1.52—-1.43
82.7
3.1
35.8/43.1
34
0.02
26.2

thaumatin7

SLS
X06DA

1
PILATUS 2M
240
0.25/0.25
1
P4(1)2(1)2
58.77
151.86
60—1.6
94.6

38
102/11.8
8.5
1.69-1.6
98.6

37
73.3/85.2
17

0.03

253

lysozyme8
SLS
X06DA
1.00
PILATUS 2M
1200
0.05/0.05
1
P4(3)2(1)2
79.36
37.95
30—-1.43
93.8
42
5.3/6.1
15.0
1.52—-1.43
774
34
36.2/42.2
2.9
0.02
28.5
thaumatin8

SLS
X06DA

1
PILATUS 2M
600
0.1/0.1

1
P4(1)2(1)2
5870
152.09
60—1.55
833

5.1
7.4/8.1
122
1.64—1.55
782

53
46.3/50.4
2.8

0.05

25.1

lysozyme9
SLS
X06DA
1.00
PILATUS 2M
1200
0.05/0.025
0.5
P4(3)2(1)2
79.32
38.02
30—-1.43
96.4
34
8.7/10.1
9.2
1.52—-1.43
92.8
24
33.2/40.9
2.8
0.02
253
thaumatin9

SLS
X06DA

1
PILATUS 2M
1200
0.05/0.05
1
P4(1)2(1)2
58.64
152.02
60—1.55
98.8

43

8.5/9.7

9.8
1.64—1.55
992

42
59.9/68.9
2.0

0.02

25.5

ubisa@ 13 Yymwmoun |eiskid

a1y



Crystal Growth & Design

Table 2. Lysozyme, Thaumatin, and Insulin Structure Determination by in Situ X-ray Diffraction®

crystal lysozyme9 thaumatin 9 lysozyme-Yb insulin
Data Collection Statistics
Beamline SLS/X06DA SLS/X06DA SLS/X06DA SLS/X10SA
wavelength (A) 1.0 1.0 1.38 1.70
detector PILATUS 2M PILATUS 2M PILATUS 2M PILATUS 6M
number of images 3 X 1200 2 X 1200 2 X 600 S X 600
space group P432,2 P4,2,2 P432,2 2,3
unit cell parameters a, b, ¢ (A) 79.3, 79.3, 38.0 58.7, 58.7, 152.1 79.1, 79.1, 38.4 79.0, 79.0, 79.0
resolution range (A) 30—1.43 (1.52—1.43) 60—1.55 (1.64—1.55) 30—1.75 (1.85—1.75) 50-2.3 (2.4-2.3)¢
no. of unique reflections 22727 (3680) 39090 (5995) 21245 (3382) 6911 (698)
completeness (%) 98.9 (97.4) 99.1 (99.8) 90.4 (93.9) 97.4 (83.5)
multiplicity 9.4 (5.0) 7.0 (42) 7.7 (5.9) 15.0 (9.9)
R (%)Y 9.5 (45.7) 11.5 (67.6) 6.8 (20.8) 7.2 (13.3)
CC(1/2)° 99.5 (88.3) 99.7 (78.6) 99.6 (91.7) 99.8 (99.1)
<I/o(1)> 17.4 (3.7) 110 (2.3) 13.7 (4.3) 33.1 (16.0)
SAD Phasing Statistics (SHELX-2013)
number of anomalous sites 2Yb 6 S (3 disulfide bonds)
figure of merit (FOM) 0.62 0.54
pseudofree CC (%) 62.4 582
number of CA traced 115 (out of 129) 30 (out of 51)
Refined Atomic Structure

resolution range (A) 30—-1.43 60—1.55 30-1.75 30-2.3
R-factor/R-free (%)° 17.0/19.0 16.4/18.9 18.7/19.3 15.6/16.9
number of protein, solvent 1001/106 1550/180 1001/57 402/15
protein, solvent, ADPs (A%)' 13.5/27.2 26.0/23.3 29.9/34.5 25.9/29.1
r.m.s.d. on bonds (A) and angles (°) 0.029/1.49 0.006/1.17 0.006/1.09 0.003/0.59
PDB id 3ZEK 3ZE] 4BS7 4BS3

“Values in parentheses are for high resolution shells. “Redundancy-independent R, = Sy (n/n — 1)V2 =, I[(hkl) — <I(hkl)>1/Zyy Z: L(hKD).
2

“CC(1/2) the percentage of correlation between intensities from random half-data sets.

Resolution limited because minimal detector distance at

beamline X10SA was reached. “The cross-validation (R-free) was calculated with 5% of the data. ADPs: atomic displacement parameters.

with Chi = 0° and 15° at a wavelength of 1.385 A (LIII absorption
edge of Yb). The data sets were processed individually and then
merged and scaled using the XDS package. Two Yb atoms were
identified in 25 search trials with the HKL2MAP'” interface for
SHELXD.'*

For sulfur-SAD measurements, five data sets with a total oscillation
of 60° were collected at 1.7 A wavelength from a single crystal of
insulin in a CrystalQuick X plate. The beam position on the crystal was
shifted from data set to data set. Continuous data collection was
performed on a PILATUS 6 M detector at X10SA beamline. The data
sets were processed individually and then merged and scaled using the
XDS package. Six sulfur atoms in three disulfide bonds were correctly
identified with HKL2MAP.

SAD-phasing, density modification, and initial polyalanine model
building were performed with SHELXE in HKL2MAP. Crystal
structures of thaumatin, lzsozyme, and insulin were built and refined
with Coot and Phenix.'”*® Corresponding coordinates and structure
factors were deposited with the Protein Databank (Table 2).

B RESULTS AND DISCUSSION

A Chip Optimized for Crystallization by Counter-
diffusion. Our goal was to design a chip implementing
counter-diffusion, a crystallization method known to be very
efficient in defining and optimizing crystal growth conditions. It
consists of creating a broad concentration gradient of crystallant
that propagates along the microchannel. The formation of such
a gradient generates a supersaturation wave>' which allows
screening of a great number of potential crystallization condi-
tions in a single experiment. For this reason, the geometry of
our microstructures was optimized to take advantage of all
benefits of real counter-diffusion. In particular, the effective
length of the channels was increased from 1S mm (in the
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previous design'®) to 45 mm in order to spread the gradient
and improve the screening (Figure 1A). At the same time, the
channel section was reduced from 100 X 100 um? to 75 X
75 um? to keep the sample volume to a minimum (i.e., < 300 nL
per channel).

As shown in Figure 1A, the chip design features eight parallel
microchannels that are connected on one side to a single
injection inlet. Each channel has an independent crystallant well
at the opposite end. The biomolecule solution was filled in all
microchannels simultaneously by capillarity and, then, eight
crystallant solutions were loaded into the corresponding wells.
Their diffusion through the microchannels led to the formation
of gradients of crystallant concentration.

A Chip Optimized for in Situ Crystal Analysis. On-chip
crystal characterization requires the material of the chip to be
transparent enough to X-rays. According to our previous
study,lo thermoplastics such COC or polydimethyl metacrylate
(PMMA) have much better characteristics in terms of X-ray
absorption/scattering and rigidity than PDMS, which is the
popular material in microfluidics. For this reason, we used
COC and searched for the best compromise between thickness,
absorption on a weak laboratory X-ray source, and scattering
signal during X-ray analysis using a strong synchrotron beam.
We first investigated the X-ray absorption and the scattering of
COC thicknesses from 190 ym to 2.8 mm. The plot in Figure 2
illustrates how the absorption/scattering varies with material
thickness. Preliminary tests on a laboratory based diffractom-
eter source indicated that less than 40% of the incident beam is
absorbed by a 1.5-mm-thick COC layer. The absorption is even
lower at shorter wavelengths on a synchrotron radiation source.

dx.doi.org/10.1021/cg301757g | Cryst. Growth Des. 2013, 13, 3333-3340
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Figure 2. X-ray absorption and scattering by COC. (A) Plot of X-ray beam absorption versus COC thickness. COC sheets were placed in the beam
generated by a laboratory source. The intensity of the beam was measured with an X-ray counter, and the relative absorption was calculated by the
ratio of counts-per-second in the presence of COC in the beam over that in the absence. Owing to the linear relationship between material thickness
and beam attenuation, the absorption was predicted to be less than 40% for a total thickness of 1.5 mm. (B) Comparison of background images (60 s
exposure, 300 mm sample-to-detector distance, wavelength 0.98 A) produced in the absence (control) and in the presence of the same COC sheets
in the synchrotron X-ray beam (FIP-BM30A). (Top) Scattering images collected with an ADSC Quantum 315r CCD detector (3072 X 3072 pixels).
The intensity of the X-ray signal was measured at each pixel site with a dynamic range of 16 bits (a value of 65 536 corresponds to pixel saturation).
The grayscale is the same for all images. (Bottom) Corresponding radial profiles (pixels 1—1536 along the image x axis) showing the increase of
background intensity with material thickness. The intensity corresponding to an overall thickness of 1200 ym is predicted to be <7000 or about
1/10 of the pixel saturation intensity. This is an acceptable background to perform a crystal analysis on a synchrotron source.

} ! = |

Figure 3. Examples of protein crystallization in microchannels. (Left) Thaumatin crystal growth in a microchannel exhibiting typical counter-
diffusion features. The concentrated crystallant diffusing from the well on the left-hand side into the channel generates a concentration gradient. As
the supersaturation wave travels through the protein solution, the biomolecule successively precipitates at very high supersaturation, forms
microcrystals at intermediate supersaturation and single crystals at moderate to low supersaturation. (Center) Thaumatin bipyramids and (right)
single lysozyme crystal filling the entire channel (section: 75 X 75 um?). Labels are visible near the crystals.

We found that a total COC thickness of 1.0—1.5 mm is several proteins. Figure 3 displays a typical counter-diffusion

acceptable in terms of X-ray scattering while warranting a good experiment with thaumatin in a microchannel. At variance with
rigidity of the chip. We added graduations along each channel former porous PDMS chips, the multilayer COC device was
to facilitate the identification of crystals during growth gastight and suitable for long duration crystallization experi-
monitoring or crystallographic characterization. ments. Neither solution evaporation nor crystal alteration was
The first version of the device was made of two 3-mm-thick observed within a period of six months at 20 °C. Crystals could
COC layers. One hosted the channels and the second served as be grown that reached the size of the channels (typical size of
the cover containing the inlets. The thickness of this assembly was 75 X 75 X 100 pm?) as shown in Figure 3. They could be safely
not compatible with the requirement of in situ diffraction analyses stored inside the chips until their analysis on synchrotron
(Figure 2). A second version consisted of microchannels hot- beamlines.
embossed in a 600-um-thick COC layer and a 3-mm-thick COC On-chip crystal analyses were conducted on beamlines

cover. In a third attempt to reduce the amount of COC interacting equipped with CATS robots, i.e., the FIP-BM30 beamline at
with the X-ray beam, we fabricated a device made of three layers. It ESRF and X06DA beamline at SLS. The robotic arm was used
was composed of a 600-um-thick fluidic layer closed by another to position the chip in the incident X-ray beam (Figure 4A).
600-pum-thick COC layer bonded to a 3-mm-thick COC frame The total oscillation angle was, however, limited to 72° to avoid

containing the inlets (Figure 1B). This final chip design was the collision of the microplate holder (the green frame with
rigid enough to be handled by the robotic arm which positions SBS format in Figure 4A,B) with the surrounding equipment.
the device in the X-ray beam for crystal analysis. It produced a For the X-ray diffraction tests, we have chosen model proteins
sufficiently low background that did not interfere with the crystallizing in high symmetry space groups to maximize data
collection of high quality diffraction data (see below). completeness. The major difficulty encountered during data

Biomolecule Crystallization and on-Chip Crystal collection was the drift of crystals outside of the beam during
Analysis. The novel ChipX design was used to crystallize the oscillation of the robotic arm. With CCD detectors, the

3337 dx.doi.org/10.1021/cg301757g | Cryst. Growth Des. 2013, 13, 3333-3340
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Figure 4. In situ crystal characterization. (A) Experimental setup on beamline
X06DA at SLS with the CATS robotic arm (red) holding the chip holder
(green). The PILATUS 2 M detector is on the right, and the beam comes
from the left. (B) Close-up view of the chip on the SBS holder maintained in
the beam by the robot grip. (C) Lysozyme crystal filling the entire microfluidic
channel as seen by the alignment camera. The red oval symbolizes the
position of the beam (80 X 45 um®). After two data collections of 1 min,
beam impacts became visible on the crystal (indicated by white arrows), and
gas bubbles formed in the mother liquor. (D) Radiation-damaged insulin
crystal after a 60° data collection at room temperature in a microplate. The
small imprint left by the beam (0.08 mm X 0.04 mm) indicates the very
accurate sphere of confusion of CATS robots during data collection. (E) and
(F) Refined thaumatin and lysozyme structures at 155 A and 144 A
resolution, respectively, in final 2F, — F. electron density maps contoured at
1.2 (see statistics in Table 2). (G) Structures of lysozyme solved by Yb-SAD
and (H) insulin solved by sulfur-SAD. The initial 2F, — F, map (after density
modification with SHELXE) and anomalous difference map contoured at
1o and So, respectively. Ytterbium and sulfur signals are clearly visible in
anomalous difference maps (magenta). Images of protein structures were
generated using PyMOL (http://www.pymol.org).
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robot stopped its rotation after each image, moved backward,
and accelerated again to reach the right speed and position for
the next exposure in stop-start mode. These back and forth
movements led to slight misalignments of the crystals which
were reflected in statistics (e.g, overall R-merge and complete-
ness), but the quality of the crystals was fine as judged from
resolution, mosaicity, and overall B-factor (Table 1). Misalign-
ments due to crystal movements could be excluded because
analyzed samples filled the chip channels as illustrated in Figure 4.

This difficulty was overcome by using PILATUS pixel
detectors which enable very fast shutterless data acquisition
during the continuous rotation of the sample.”” Instead of
collecting 20—60 individual oscillations of 1—2°, fine sliced data
sets were recorded at up to 40 Hz. There was a significant gain
in R signal-to-noise ratio, and in completeness as seen in
Figure S and Table 1. The improvement in mosaic spread
confirmed that values observed in stop-start mode were
overestimated and accounted for partial overlap of or gap
between contiguous images.

Fine ¢-slicing was recently reported to improve scaling
statistics,”> and our tests on thaumatin crystals indicated that
thin images at low dose gave best results (for instance, 0.05°
oscillation range, 0.05 s exposure, beam size 85 X 45 ym’ and
75% attenuation corresponding to ~3 X 10" ph/s). The same
oscillation range was applied for lysozyme crystals. With such
parameters, two to three successive paths were recorded in a
couple of minutes on single crystals that were translated to
minimize radiation damage (traces of the beam are visible in
Figure 4C). This increased the multiplicity and provided high
quality data for the refinement of thaumatin and lysozyme
structures (Table 2; Figure 4D,E).

SAD Data Collection in ChipX and Microplates. We
also tested the feasibility of experimental phasing using
PILATUS detectors on crystals grown in microfluidic chips
setups as well as in microplates. First, we made an attempt of
sulfur-SAD phasing in the ChipX, but the anomalous signal was
too weak and not exploitable, probably due to the small size of
crystals. Second, we performed a similar experiment on larger
insulin crystals (~250 X 250 X 100 pm®) grown in a
CrystalQuick X microplate held in the beam by the CATS
robot. In this case, the S-SAD measurements yielded
anomalous data which led to a successful structure determi-
nation (Table 2, Figure 4H). This showed that the positioning
of the sample during the rotation with CATS robots is accurate
enough for SAD complete data set collection (Figure 4D,H).
Third, we exploited a strategy developed by Gavira et al.** and
grew lysozyme crystals in ChipX by counter-diffusion in the
presence of ytterbium derivative'' to increase the anomalous
signal. Exploitable Yb-SAD data were collected at the peak
wavelength (1.38 A) in ChipX attached on a multiaxis PRIGo
goniometer (Table 2, Figure 4G). These results confirmed that
data of sufficient quality for experimental phasing can be
collected at room temperature from single crystals in dedicated
crystallization setups such as microplates or chips.

Bl CONCLUSION

Our novel microfluidic chip is compatible with the crystal-
lization of biological macromolecules and the in situ crystal
analysis by X-ray diffraction. It is distinguished from previous
devices by microchannels that are longer and have at smaller
sections. The advantages of the ChipX are 4-fold. First, the
complete counter-diffusion process can occur for an optimal
crystal growth on minimal sample volumes. Second, a compromise

dx.doi.org/10.1021/cg301757g | Cryst. Growth Des. 2013, 13, 3333-3340
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Figure 5. Quality of data collected on lysozyme (left) and thaumatin (right) crystals. Three indicators are given for the data sets detailed in Table 1:
completeness, R, and signal-to-noise ratio as a function of resolution. Black and green plots correspond to data measured either with CCD
detectors (ADSC Q315r, MAR22S) or with a PILATUS 2 M pixel detector (PIL). The latter allowed crystal analyses in continuous mode with fine
slicing. Resulting data sets showed a higher homogeneity and better statistics.

was found between the overall thickness of the chip material —
with lowest background scattering and highest signal-to-noise ratio
during crystal analysis — and the rigidity of the device,
facilitating fabrication and handling. All steps from crystal
growth by counter-diffusion to crystal analysis on-chip using
synchrotron radiation sources have been validated. Hence, this
new chip design opens new opportunities for fast, efficient, and
cost-effective production of high quality crystals in miniaturized
systems. Third, the ChipX device offers the possibility of
collecting full X-ray diffraction data sets at room temperature.
This is particularly promising in the case of fragile biological
samples that are difficult to handle or to flash cool, such as
crystals of membrane proteins, viruses, or other large assem-
blies. A comparable in situ characterization strategy was
recently used to solve the structure of a bovine enterovirus
by merging data collected from dozens of crystals that could
not be cryocooled.” Finally, with the development of serial
crystallography both at synchrotron and X-ray free-electron
laser,”® processing software will soon enable the combination of
partial data sets on a routine basis. The increasing number of
fast pixel detectors on synchrotron beamlines coupled to
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robotic sample holders and automated crystal analysis proto-
cols, as illustrated in this work, will make room-temperature
data collection much more user-friendly and accessible. In this
context, crystallization chips like the ChipX will provide a
versatile platform to grow calibrated crystals. Inside these chips,
the latter are protected against mechanical stress and dehydra-
tion and are ready for safe shipping to beamlines for native or
anomalous phasing data collection, without any loss of quality
due to unnecessary handling.
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BIOLOGY AND HEALTH SCIENCES

The novel RNase P
in action

A novel type of RNase P was recently
identified which is totally deprived of
catalytic RNA. This proteinaceous RNase P
(or PRORP) is found in the organelles

of many eukaryotes and in the nucleus

of some eukaryotes including plants.

In order to characterize the architecture

of PRORP enzymes and to determine how
they bind to pre-tRNAs to perform their 5'
maturation we combined biochemical

and biophysical approaches. The resulting
model of a functional PRORP:substrate
complex suggests a tRNA recognition
mode similar to that of the ribonucleoproteic
RNase P.

@ SYNCHROTRON HIGHLIGHTS 2013

5' tRNA maturation in mitochondria

Transfer RNAs (tRNAs) are key actors

of protein synthesis: they play the

role of adapter molecules during the
translation of messenger RNAs by the
ribosome into protein sequences. They
are produced as precursors with leading
and trailing sequences that need to

be processed. Their 5’ maturation is
catalyzed by a ubiquitous enzyme called
RNase P. Until recently all known RNase
P were ribonucleoproteins, the catalytic
activity of the enzyme being held by an
RNA molecule. In 2008, a new type of
RNase P only composed of proteins was
identified in human mitochondria [1] that
corresponds to a novel family of nucleases
called PRORP for “Proteinaceous RNase

P”. The group of Philippe Giegé (Institut

de Biologie Moléculaire des Plantes, IBMP,
Strasbourg) demonstrated that the model
plant Arabidopsis thaliana possesses
three PRORP proteins. PRORP1 is localised
in both mitochondria and chloroplasts
whereas PRORP2 and PRORP3 are active
in the nucleus [2,3]. A collaboration was
initiated between two neighbouring
institutes in Strasbourg (IBMP and IBMC)
to examine these enzymes from A. thaliana
and a combination of biochemical and
biophysical approaches was used to gain
a first structural and functional insight

into tRNA recognition and maturation

by PRORPs.

PRORP: an integrated structural study

PRORP sequences are characterized by
the presence of pentatricopeptide repeat
(PPR) motifs and a metallonuclease
domain proposed to hold the catalytic
center. Because no structure of a close
homologue was known at the time we
started this study, comparative modeling
was carried out on separate domains.
We then performed synchrotron radiation
circular dichroism (SRCD) on the DISCO
beamline to validate the models based
on their 2D structure content and to test

the conformational stability of PRORP
samples prior to further investigations. The
presence of a zinc binding motif between
the two main domains was demonstrated
by site directed mutagenesis of putative
zinc chelating residues in association

with inductively coupled plasma mass
spectrometry. Small angle X-ray scattering
(SAXS) data collected on the SWING
beamline confirmed the two domain
organization of PRORPs and helped place
them with respect to each other (Figure ©).

O Afirst glance at a PRORP:IRNA complex. PRORP2 of A. thaliana was built by comparative modelling guided by
SRCD and SAXS data, and the resulting model was docked onto a pre-tRNA substrate based on footprint analysis.

The RNA cleavage position is indicated by an arrow.




Probing PRORP:tRNA interface

To position PRORP on its RNA substrate, recognize pre-tRNAs in a similar way as
the latter was subjected to RNase digestion  the ribonucleoproteic RNase P reminiscent
in the presence of the enzyme. The from the ancient RNA world (Figure @).
protection footprint (Figure @) defined Although the scenario of this convergent
the interaction interface and the PRORP evolution remains to be established,
enzyme was docked accordingly onto the as well as the precise catalytic mechanism
3D structure of a pre-tRNA. This model of tRNA maturation, this study is a first step
of the maturation complex reveals that towards the detailed characterization of the

eukaryotes have evolved PPR proteins to PRORP family.

@ Classical ribonucleoproteic RNase P (left, PDB id: 3Q1R) and PRORP2 (right, model based on PDB id: 4G26)
share the same pre-tRNA binding mode [4].

SWING & DISCO beamlines
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RESUME

La production d'ARNt mature et fonctionnel nécessite plusieurs étapes de clivage et
modifications des bases. Parmi elles, la maturation de I'extrémité 5' est réalisée par la RNase
P. C'est la premiere enzyme a ARN catalytique, ou ribozyme, assisté d'une ou plusieurs
protéines auxiliaires, qui a été découverte dans les années 70 par Sidney Altman. Par la
suite, sa caractérisation dans divers organismes a fait germer l'idée d'une RNase P
ribonucléoprotéique universellement conservée comme une reliqgue d'un monde a ARN.
Cependant dés la fin des années 80, cette universalité a été remise en question par des
observations indiquant que ni la RNase P de chloroplastes d'épinard, ni celle des
mitochondries humaines ne semblaient contenir de sous-unité ARN. En outre, aucun gene de
I'ARN de la RNase P n'était identifiable dans les génomes des plantes.

En 2008, le groupe de Walter Rossmanith a Vienne (Autriche) a été le premier a démontrer
que la RNase P des mitochondries humaines est un complexe de trois protéines (MRPP 1-3
pour Mitochondrial RNase P Proteins 1-3) et que ce type de RNase P ne nécessite pas
d'ARN catalytique pour son activité. Cette étude a proposé que c'est la sous-unité MRPP3,
que I'on nomme désormais PRORP pour PROteinaceous RNase P, qui porte la fonction

catalytique.

3' HO-

Hllustration 1: Activité catalytique de la RNase P. Clivage de la séquence 5' leader
d'un ARNt précurseur en présence de ions divalent comme le magnésium ou le
manganese.

Deux ans plus tard, en 2010, le groupe dirigé par Philippe Giegé a Strasbourg a montré qu'il
existe trois orthologues de PRORP humaine chez la plante Arabidopsis thaliana et que ces

protéines sont actives sous forme monomérique isolée. PRORP1 est située dans les



organites (chloroplastes et mitochondries), alors que PRORP2 et PRORP3 sont localisées

dans le noyau.

Les enzymes PRORP sont constituées de deux domaines : un domaine qui reconnait
spécifiquement des séquences d'ARN non appariés, le domaine PPR, et un domaine
nucléase de type NYN qui assure la coupure endonucléolytique 5' des précurseurs d’ARNt.
Les protéines PRORP appartiennent donc a la famille PPR ou protéines a répétitions de
pentatricopeptides. Un motif PPR classique se compose de 35 acides aminés et forme deux
hélices alpha antiparalléles, plusieurs motifs pouvant s'associer en super-hélice. Les
protéines a PPR possédent de 2 a 27 motifs PPR et éventuellement d'autres domaines en C-
terminal. Par exemple, le domaine catalytique NYN de PRORP présente un site actif qui fixe
des ions métalliques (magnésium). Les deux domaines sont reliés par un domaine bipartite
qui implique une région placée entre les domaines PPR et NYN, et I'extrémité C-terminale de
PRORP. Ce domaine est caractérisé par un motif de liaison d'un ion zinc qui stabilise la
structure de cette jonction.

L'objectif de ma thése était de contribuer a la caractérisation de cette nouvelle famille de
protéines PRORP par des approches biochimiques, biophysiques et structurales. De fagon
plus générale, rien n'était connu lorsque j'ai débuté ce travail sur I'organisation structurale des
protéines PPR, ni sur la fagcon dont elles assurent une reconnaissance spécifique des
séquences d'ARN. De ce fait, I'étude des protéines PRORP était aussi I'occasion de mieux
connaitre la famille des protéines PPR, particulierement vaste chez les plantes et impliquée
dans de nombreuses étapes du métabolisme de I'ARN.

J'ai commencé par développer et optimiser des protocoles de purification des trois protéines
PRORP sauvages d'A. thaliana dotées d'une étiquette a 6-His afin d'en obtenir en quantité et
pureté suffisantes en vue d'études structurales. Le premier but était de résoudre leur structure
3D a haute résolution par cristallographie, ce qui nécessitait la préparation de molécules
pures et homogénes en vue de les cristalliser. L'homogénéité des échantillons a
systématiquement été vérifiée par la méthode de diffusion dynamique de la lumiére (DLS). Il
était également crucial de s'assurer de l'activité des enzymes et donc de leur capacité a
réaliser un clivage endonucléolytique en 5' d'un ARNt précurseur.

L'étape de cristallisation s'est, comme souvent, révélée la plus délicate. J'ai recherché des
conditions propices en utilisant différents cribles commerciaux en microplaques a l'aide d'un

robot de cristallisation qui permet de réaliser des expériences utilisant des volumes de I'ordre



de 100 nl. Au total, une dizaines de cribles (96 conditions chacun) ont été testés pour
PRORP2, puis PRORP1 et PRORP3 sauvages, ainsi que pour des mutants catalytiques. Les
résultats les plus prometteurs ont systématiquement été obtenus en présence de
polyéthyléne glycol, et une optimisation m'a permis d'obtenir des données de diffraction de
cristaux de PRORP2 sauvage a 3 A de résolution. Ces cristaux tricliniques contiennent deux
exemplaires de l'enzyme dans l'unité asymétrique, mais ont jusqu'ici résisté a toutes
tentatives de détermination de la structure de PRORP2 par remplacement moléculaire. La
poursuite de I'amélioration de cette forme cristalline, toujours en cours, devrait apporter des

données a meilleure résolution et une solution alternative de phasage.

.J"-' .
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Hlustration 2: Cristaux de PRORP2 sauvage et clichés de diffraction a 3 A de resolution
sur la ligne PXIII au synchrotron suisse (SLS) grdce a un détecteur de type Pilatus 2M.
La maille cristalline triclinique a pour parametres a = 70.5 A, b = 72.4 A, ¢ = 80 4,
alpha = 63 °, beta = 72.3 °, gamma = 78.5 °. Diffraction jusqu'a 3.2 A.

En paralléle de l'approche cristallographique, j'ai mené des expériences de dichroisme
circulaire sous rayonnement synchrotron (SRCD) au synchrotron SOLEIL (St. Aubin, France)
pour obtenir des informations sur la composition en structures secondaires des enzymes
PRORP. Les données SRCD indiquent que PRORP1 contient 36 % d'hélices alpha et 15 %
des feuillets beta, ces valeurs étant de 39 % et 16 % pour PRORP2, en accord avec les
prédictions de structure basées sur des analyses de séquences.

En combinant la mutagenese dirigée et la méthode de spectrométrie de masse par torche de
plasma (ICP-MS), nous avons pu déterminer quels acides aminés étaient responsables de la
fixation du zinc dans le domaine intermédiaire des PRORP.
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Hllustration 3: Analyse de PRORP par SAXS. A gauche

fonction de P(r) qui montre que PRORP2 contient deux Hllustration 3: Modéle de

domaines distincts et une dimensions maximale de 112 A. A PRORP?2 nucléaire associé

droite un modeéle ab initio dérivé d'envelope moléculaire de a un de ses substrats, le

PRORP2. précurseur de I'ARNt
cystéine.

Pour compléter cette analyse structurale en solution, j'ai utilisé la diffusion des rayons X aux
petits angles (SAXS), également a SOLEIL. Cette méthode permet déterminer le rayon de
giration de la molécule ou du complexe étudiés, d'en évaluer la globularité et la présence
éventuelle de plusieurs domaines, voir d'obtenir une idée de leur forme a basse résolution.
Ces expériences ont confirmé que PRORP 1 et 2 contiennent bien deux domaines distincts,
avec un rayon de giration de 33 A et une dimension maximale de 110 A. Nous avons pu en
tirer un premier modéle des PRORP en solution et de leur organisation globale, qui ont été
confirmés par la structure 3D de PRORP1 publié¢e au méme moment par un groupe
concurrent. Ces résultats ont fait I'objet d'un I'article intitulé « Structural insights into protein-

only RNase P complexed with tRNA » dans Nature Communications début 2013.

Le second objectif de mon travail était la détermination de la structure cristallographique du
complexe entre un précurseur d'’ARNt et PRORP. Pour faire face a différentes difficultés
rencontrées dans cette projet, j'ai ét¢ amenée a me former a plusieurs méthodes
biophysiques comme la microcalorimétrique (ITC pour isothermal tritration calorimetry), la
thermophorése (MST pour microscale thermophoresis), le retard de migration sur gel, la
spectroscopie de fluorescence et l'ultracentrifugation analytique (AUC). Je les ai mises a
profit pour tester différents précurseurs de I'ARNt cystéine mitochondrial d’Arabidopsis et

déterminer leur constante d'affinité vis a vis du mutant catalytigue de PRORP2. Les



premiéres tentatives d’'ITC ne montraient aucun signe d'interaction entre le substrat et
I'enzyme. Des mesures de DLS ont alors révélé une agrégation des échantillons dans la
cellule du calorimétre, ce qui m'a poussée a définir plus précisément un tampon permettant

I'activité de I'enzyme, d'une part, et un substrat ARN minimal mais bien clivable, d'autre part.

Ces expériences m'ont en particulier permis de sélectionner un précurseur contenant cing
nucléotides en 5' et aucun en 3' (L5TO) pour les essais de formation du complexe stable.
Avec un tampon optimisé a la fois pour la stabilité et I'activité de la protéine, j'ai pu déterminé
un Kp de 1 uM par ITC pour un mutant catalytique de PRORP2 vis a vis du précurseur
ARNt®® [5T0, valeur confirmée par les méthodes MST et AUC. Un avantage de I''TC est
qu'on peut réutiliser I'échantillon en fin d'analyse, lorsque le complexe a été formé, pour
réaliser des essais de cristallisation. Toutefois les premiers cribles réalisés n'ont pas donné
des cristaux pour l'instant. En parallele de cette recherche de conditions de cristallisation, je
concentre mes efforts sur la détermination d'une enveloppe moléculaire du complexe par
diffusion des rayons X aux petits angles, en exploitant le travail que j'ai mené en amont pour

définir les conditions de formation d'un complexe stable.

En conclusion, mon travail de thése a conduit a un premier modele structural de cette
nouvelle famille de RNase P protéique et a une description de l'interaction entre ces enzymes
PRORP et leurs substrats pré-ARNt. La cristallisation et la caractérisation cristallographique
des PRORP d'A. thaliana que j'ai initiées ont apporté des résultats trés prometteurs et sont
sur le point d'aboutir. Par ailleurs, mon étude de la stabilité et I'activité du complexe en
solution m'a permis de me former a un ensemble de méthodes biophysiques trés
complémentaires de I'approche cristallographique. Elle fournit en outre une base solide pour
la poursuite d'une étude structurale approfondie du mode d'action des PRORP et, plus

généralement, de la reconnaissance des ARN par les protéines PPR.
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Structural characterization of proteinaceous
RNase P from Arabidopsis thaliana

Résumeé en frangais

La maturation des ARNt en 5' est réalisée par RNase P. C'est un ribozyme chez les bactéries, les
fungi et les nulei des mammiféres et un enzyme protéique dans les plantes ou des organelles des
mammiferes qui s'appelle PRORP. |l y a trois PRORP dans A. thaliana. PRORP contiennent deux
domaines: un domaine PPR qui reconnait spécifiquement des séquences d'’ARN et un domaine
nucléase qui assure la coupure endonucléolytique 5' des précurseurs d’ARNt. Pendant ma thése j'ai
pu montré par des méthodes biophisiques et structurales comme SRCD et SAXS que PRORP1 et 2
sont composées en majorité des helices alpha Elles ont un rayon de giration de 33 A et contiennent
deux domaines distincts avec et une dimension maximale de 110 A. Pour le complex entre un
substrat d'ARNt et PRORP une constante de dissociation de 1 uM a pu étre confirmé par la
microcalorimétrie, la thermophorése et I'ultracentrifugation analytique. Ces analyses nous ont permis
de construir un modele PRORP et un substrat d'ARNt.

Mots-clefs : RNase P, protéines PPR, maturation d'ARNt, PRORP, SAXS, Cristallisation

Résumé en anglais

RNase P cleaves 5’ leadersof precursor tRNAs. RNase P is a ribozyme in bacteria, fungi and animal
nuclei and a protein in animal organelles, plants and many other organism. There are three PRORPs
in A. thaliana. MALS, SRCD and SAXS provided first structural information: 1) PRORPs are
monomers in solution. 2) PRORP 1-2 have a high alpha-helical content. 3) PRORPs are composed
of two distinct domains with a radius of gyration of 33 A. These results together with homology
modelling enabled us to build a first model of PRORPs in complex with tRNA. Using three different
methods, isothermal titration calorimetry, microscale thermophoresis and analytical
ultracentrifugation, a binding constant of about 1 puM could be determined for the system
PRORP2mDD and L5T0 tRNA. This helped us conducting a SAXS experiment taking into account
the low resolution affinity and designed to provide the direct structural data of a complex of
proteinaceous RNase P with a substrate tRNA.

Keywords : RNase P, PPR proteins, tRNA maturation, PRORP, SAXS, Crystallization




