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ABSTRACT

Human mitochondrial RNase P protein 1 (MRPP1) and 2 (MRPP2) form a
methyltransferase complex with N1-methylation activity towards purine-9 on mitochondrial tRNA. A
third component, mitochondrial RNase P protein 3 (MRPP3), adds RNase P 5’-end ribonuclease
processing activity to the complex. MRPP2 alone is a dehydrogenase reductase (SDR) involved in
many reactions e.g. steroid metabolism and isoleucine B-oxidation. Inherited MRPP2 missense
mutations cause the rare neurological HSD10 disease, where, due to the multifunctional nature of
MRPP2, no clear genotype-phenotype relationship has been established. In this study, investigations
are performed on the molecular properties of the individual proteins, as well as interactions within
the methyltransferase/RNase P MRPP1-MRPP2-MRPP3 complex, to shed light on disease-causing
mutations.

At the molecular level, the N-terminal region of MRPP1, with no known structural fold, is
responsible for dimerisation, whilst the C-terminal region contains a methyltransferase (MT) domain.
The structure of the MRPP1 MT-domain to 1.96 A resolution reveals the binding of the methyl donor
S-adenosyl-methionine (SAM). Assembly of the MRPP1-MRPP2 methyltransferase complex
requires intact proteins, and formation of the MRPP1-MRPP2-MRPP3 RNase P complex further
requires the pre-tRNA substrate. Low-resolution small angle X-ray scattering (SAXS) models of the
complexes, with and without tRNA substrate, provide clues into the protein-tRNA interaction.
Reported patient mutations in MRPP2 alters the biochemical properties of the protein with each
effect correlating with the structural location of the mutation. From the biochemical data, a
correlation exists between phenotype and MRPP2 protein abundance. A novel missense mutation,
causing a mild phenotype, show devastating effects on all functions involving MRPP2, thus no clear
correlation exists between disease severity and residual activity. A patient mutation in MRPP3,
leading to the rare disorder Perrault syndrome, targets the active site and leads to a decrease in
product formation. The mutation does not affect MRPP1-MRPP2-MRPP3 complex assembly, hence
agreeing well with it being a catalytic mutant.

Together, these structural and biochemical data provide a better understanding of the
molecular facets affected by HSD10 disease patient mutations, to further explore the diverse disease
severity observed in patients. Long term, this will hopefully lead to novel treatments designed for
patients suffering from HSD10 disease.
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1 CHAPTER

INTRODUCTION

1.1 Structure and multi-functionality of the MRPP2 protein
17B-hydroxysteroid-dehydrogenase type 10 (referred to as MRPP2 for mitochondrial

RNase P Protein subunit 2) is an NAD'/NADH dependent protein belonging to the
short-chain dehydrogenase/reductase (SDR) family [1]-[3]. The protein was first isolated
from rat liver in 1995 [4], and three years later the gene HSD17B10 encoding MRPP2 was
cloned from human brain tissue and mapped to chromosome Xp2.11 [5]. MRPP2 is highly
abundant in the liver and kidney, but less so in other tissues including brain, heart and
gonads [6]. It has a mitochondrial targeting signal of 34 amino acids that facilitates its import
and localisation in the mitochondria [6], [7]. MRPP2 performs a wide variety of enzymatic,
as well as non-enzymatic functions, resulting in a very diverse nomenclature to reflect these
various activities (Table 1-1). As such, MRPP2 is an example of a ‘moonlighting enzyme”’:

an enzyme with several functions, some of which may not relate to its enzyme activity [8].

Acronym Name Year Ref
SC-HMAD Short-chain 3-hydroxy-2-methylacyl-CoA dehydrogenase 1995  [4]
HADH II 3-Hydroxyacyl-CoA dehydrogenase type 2 1996  [9]
ERAB Endoplasmic reticulum-associated amyloid B-binding protein 1997 [10]
SCHAD Short chain 3-hydroxyacyl-CoA dehydrogenase 1998 [5]
ABAD Amyloid B-peptide-binding alcohol dehydrogenase 1999 [11]
17p-HSD10 17B-hydroxysteroid dehydrogenase type 10 2001  [6]
MHBD 2-Methyl-3-hydroxybutyryl-CoA dehydrogenase 2003 [12]
MRPP2 Mitochondrial RNaseP protein subunit 2 2008 [13]
SDR5C1 Short-chain dehydrogenase/reductase 5C1 2012  [14]

Table 1-1. Various names used for MRPP2.
MRPP2 functions in distinct pathways such as fatty acid oxidation
(Section 1.1.1.2), amino acid degradation (Section 1.1.1.1), metabolism of sex- and
neuroactive steroids, and mitochondrial tRNA maturation (Section 1.3). A role in

glucocorticoid and bile acid biosynthesis has also been proposed [7], and recently, MRPP2
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was shown to have phospholipase C-like (PLCL) activity towards di- and

monophophatidylglycerol [15].

1.1.1 Dehydrogenase and reductase functions
The substrates that are enzymatically converted by MRPP2, display very different

chemical compositions, e.g. steroids with aliphatic or aromatic rings, fatty acid and amino
acid metabolites with aliphatic chain structures.
1.1.1.1 Steroids

MRPP2 can catalyse the conversion of progestogens, androgens, estrogens and
corticoids. Formation of these substrates in vivo takes place from enzymatic conversion of
progesterone, initially generated by a two-step conversion of cholesterol (Figure 1-1) [16].
The reactions catalysed by MRPP2 involve oxidation/reduction of hydroxyl/oxo-groups in
various positions of the steroid backbone (Figure 8-1), allowing MRPP2 to be designated as
3o0-, 17B-, 200-, 20B-, 21-hydroxysteroid dehydrogenases (HSD) and as 3- and

170xo-reductases (oxo-red) (Table 1-2).

Steroid substrate Cofactor Class g Specific a_<1:t|\_/|t_31/ l.(°"i‘§/KM 1
type (nmol-mg*min™*)  (min"mM™)

17p-estradiol NAD* Estrogen 17B-HSD 15.6+0.8 1531

50-DHT NADH Androgen 3oxo-red 6+1.2*8.742.0 1 17.3 *#
5a-DHT NAD* Androgen 17B-HSD 5+0.6* 1.0+0.1 1 N.D.
Adiol NAD* Androgen 3a/17p-HSD 52.2+8.6* N.D.

Adiol NAD* Androgen 30-HSD 130+1.8 1 164*
Testosterone NAD* Androgen 17B-HSD 1.1+0.2 1 N.D.
Adione NADH Androgen 3/170xo0-red 0.9+0.3 5.2%

Androsterone NAD* Androgen 30-HSD 12.1£0.9 1 1.0*14.7¢

5-androstenediol NAD* Androgen 17B-HSD 0.7+0.3 ¥ N.D.
20a-dihydroprogesterone NAD* Progestogen 200-HSD 3.0£0.6 N.D.

Allopregnanolone NAD* Progestogen 30-HSD N.D. 426.7°
5a-pregnan-20p-ol-3-one NAD* Progestogen 20B-HSD 117 + 4* 53*
Progesterone NADH Progestogen 3oxo-red 3.6+021 N.D.
30,50-THDOC NAD* Mineralocorticoid 3a-HSD N.D. 1381°
Cortisol NAD* Glucocorticoid 21-HSD 1.9+£02%09+0.1% N.D.
Cortisone NAD* Glucocorticoid 21-HSD 23+046* N.D.
Cortisone NADH Glucocorticoid 3oxo-red 6.5+0.8 1 N.D.
Dehydrocorticosterone NAD* Glucocorticoid 21-HSD 18.2 +0.7* 18*

Table 1-2. Some steroid substrates reported for MRPP2 in vitro. * Data from [7]. + Data from [16]. ¥ Data from
[17].° Data from [18]. N.D. Not determined. 5a-DHT: 5a-dihydrotestosterone. Adiol: 3a-androstanediol.
30,50-THDOC: Allotetrahydrodeoxycortico-sterone. Adione: So-androstanedione.
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Figure 1-1 shows a selection of the more well-studied activities for MRPP2 acting

as a 3a-HSD, 17B-HSD and 3oxo-red.

Progestogens

426.7 minlmM-1 HO™

MRPP2 {3Q'HSD} Allopregnanolone

Mineralocorticoids

1381 min'lmm-1
MRPP2 (3a-HSD)

5a-DHDOC 3a,5a-THDOC

{

4-androstenedione Estrone

15.3 min*mm-2
MRPP2 (17B-HSD) MRPP2 (17B-HSD)

Testosterone 17p-estradiol

OH

17.3 min-'mm-1

Sa-reductase |
2 —

L H 164 min-tmM-! »

A MRPP2 (3a-HSD) "

5a-DHT

: *

e
w |l

AR

5.2 min-mm-2

MRPP2 (3oxo-red)

0y,

| 14.7 min“‘mm-2 .
e A MRPP2 (3a-HSD) "

Adione Androsterone

Figure 1-1. Some 3a-HSD, 178-HSD and 3oxo-red reactions performed by MRPP2 indicated in red. Catalytic
efficiencies (Kca/Km) are shown where determined. *: 178-HSD subtype is yet undetermined.

Sex hormones (estrogens and androgens)
17B-estradiol is the most potent female sex steroid and responsible for estrogen

activity [19]. MRPP2 can inactivate this hormone by converting it to estrone via its
17B-HSD activity (Figure 1-1, blue) [17], [20]. Four additional HSDs (type 2, 4, 6 and 8)
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also perform this reaction [21]-[23], but of all five enzymes, MRPP2 is the only one
localised in mitochondria [6], [17].

The classical pathway for biosynthesis of the potent sex steroid 5a-DHT is through
reduction of the 4,5 double-bond of testosterone by the enzyme Sa-reductase
(Figure 1-1, ) [24]. An alternative, non-classical pathway has been discovered in which
50-DHT is synthesised through oxidation of the 3a- or reduction of the 178-hydroxyl group
of the weak androgens adiol or adione, and thus 5a-DHT can also be formed in the absence
of testosterone [25]. MRPP2 is involved in this alternative pathway by catalysing the
oxidation and reduction of the 3a-hydroxyl group on adiol and androsterone to Sa-DHT and
adione, respectively, via its 3a-HSD and 3oxo-red activities. Based on the catalytic
efficiencies (Figure 1-1 and Table 1-2) for these reactions, the oxidation of adiol to Sa-DHT

is the dominant reaction for MRPP2 [7], [16], [17], [26].

Neurosteroids (progestogens and mineralocorticoids)

The naturally occurring neurosteroids allopregnanolone and allotetrahydrodeoxy-
corticosterone (3a,50-THDOC) are positive allosteric modulators for the y-aminobutyric
acid type A (GABAA) receptor. When binding to the allosteric sites of GABAA they increase
the receptor opening frequency and duration, allowing a flow of CI" ions into the neuron.
This influx of CI" ions changes the cell membrane potential, making the neuron less likely to
generate an action potential [18], [27]. Both of these positive allosteric modulators are
efficiently oxidised by MRPP2 to form Sa-dihydroprogesterone (5a-DHP) and
dihydrodeoxycorticosterone (5a-DHDOQOC), respectively (Figure 1-1, and ) [18],
linking MRPP2 to key reactions in the central nervous system [18], [28]. The conversion of
allopregnanolone to 50-DHP can also be catalysed by the enzyme 3a-hydroxysteroid

dehydrogenase type 3 (3a-HSD3) [19]. The catalytic efficiency (kca/Km) of this enzyme
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(6.7 minTmM™) [29], is two orders of magnitude less that of MRPP2 (426.7 min‘mM™)
[18], suggesting that MRPP2 is the main enzyme catalysing this reaction [18], [25].
1.1.1.2 Fatty acid and amino acid metabolites

Glucose is the main carbon source for biosynthesis of acetyl-CoA in the
tricarboxylic acid (TCA) cycle. When glucose levels are low (e.g. during fasting),
straight- and branched-chain fatty acids, as well as branched amino acids (e.g. valine, leucine
and isoleucine) [30], [31], can be metabolised to acetyl-CoA to feed the TCA cycle. MRPP2
has been linked to the metabolism of both straight-chain and branched-chain fatty acids, as

well as the branched amino acid isoleucine.

Straight-chain fatty acids
The metabolism of long straight-chain fatty acids (Figure 1-2) [32] starts in the

cytosol, where fatty acids are converted into acyl-CoA thioesters by the family of acyl-CoA
synthetases (activation, Figure 1-2, ). These acyl-CoA thioesters are then shuttled into
mitochondria via the carnitine cycle (transport, Figure 1-2, ), to undergo cycles of
B-oxidation with each cycle consisting of four enzymatic steps (B-oxidation, Figure 1-2,

). Each cycle shortens the acyl-CoA thioester by two carbon atoms, generating reducing
equivalents of NADH used in oxidative phosphorylation to produce ATP, and acetyl-CoA
for the TCA cycle [32], [33].

The four enzymatic steps of the B-oxidation of straight-chain fatty acids include:

e Dehydrogenation (formation of a double bond) by an acyl-CoA dehydrogenase

generating NADH reducing equivalents.
e Hydration (addition of H>O across the double bond) by an enoyl-CoA hydratase.

e Dehydrogenation (reduction of the hydroxyl group to a keto group) by an

L-3-hydroxyacyl-CoA dehydrogenase, generating NADH.
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e Thiolytic cleavage of two carbon atoms by a thiolase to form one acetyl-CoA and a

shorter acyl-CoA thioester for another cycle of B-oxidation.

MRPP2 can catalyse the third B-oxidation step for short straight-chain fatty acids

with a Kea/Km 0f 3403+0.1 mintmM for L-3-hydroxyacyl-CoA in vitro [7], making it an
L-3-hydroxyacyl-CoA dehydrogenase (L-3-HAD) [4], [34]. However, this reaction can also
be catalysed by another L-3-hydroxyacyl-CoA dehydrogenase (HADH) enzyme [34]
(Figure 1-2). In vivo, HADH is thought to be the main enzyme responsible for this reaction,
as HADH-deficient patients accumulate straight-chain fatty acid metabolites [32], which is

not observed for MRPP2-deficient patients.

Long-chain fatty acid

Activation Acyl-CoA Synthetase l

(cytosol)
- Long-chain acyl-CoA
Transport Carnitine
cycle
_ Long-chain acyl-CoA — Medium-chain acyl-CoA — Short-chain acyl-CoA
VLCAD l MCAD l SCAD l
Long-chain trans-2-enoyl-CoA Medium-chain trans-2-enoyl-CoA Short-chain trans-2-enoyl-CoA
LCEH l Crotonase l Crotonase l
p-oxidation Long-chain L-3-hydroxyacyl-CoA Medium-chain L-3-hydroxyacyl-CoA Short-chain L-3-hydroxyacyl-CoA

(mitochondria)

LCHAD l

Long-chain 3-ketoacyl-CoA

LCKAT )\

Acetyl-CoA

acyl-CoA, (n-2) —

J

Membrane bound enzymes

HADH l

Medium-chain 3-ketoacyl-CoA

MCKAT /k

Acetyl-CoA acyl-CoA, (n-2) —

HADH l
Short-chain 3-ketoacyl-CoA

MCKAT l

2 x Acetyl-CoA

Matrix located enzymes

Matrix located enzymes

Figure 1-2. The three processes for metabolism of straight-chained fatty acids: activation, transport and p-
oxidation. VLCAD: Very long chain acyl-CoA dehydrogenase. LCEH: long-chain enoyl-CoA hydratase.
LCHAD: long-chain L)-3-hydroxyacyl-CoA dehydrogenase. LCKAT: long-chain 3-ketoacyl-CoA thiolase.
MCAD: Medium-chain acyl-CoA dehydrogenase. Crotonase: Short-chain enoyl-CoA hydratase. HADH: Short-
chain (S)-3-hydroxyacyl-CoA dehydrogenase SCHAD. MCKAT: medium-chain 3-ketoacyl-CoA thiolase.
SCAD: Short-chain acyl-CoA dehydrogenase.

Branched-chain fatty acids and isoleucine
Metabolism of long branched-chain fatty acids follows a similar route as long

straight-chain fatty acids, but with an initial round of B-oxidation taking place in

peroxisomes, before transportation to mitochondria [30]. The final cycle of B-oxidation in
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mitochondria produces acetyl-CoA and propionyl-CoA [30]. Branched amino acids only
require one cycle of B-oxidation. They are transported to mitochondria, where the amino
group is converted to a keto group with further activation for f-oxidation [31].

MRPP2 in fatty acid and isoleucine catabolism
MRPP2 is active on medium and short branched-chain fatty acids

(e.g. 2-methylated acyl-CoA thioesters) [4], acting as an L-2-methyl-3-hydroxyacyl-CoA
dehydrogenase (L-methyl-3-HAD). The MRPP2 substrate L-2-methyl-3-hydroxybutryl-CoA
originates from the degradation of the branched amino acid isoleucine (Figure 1-3), for
which substrates for B-oxidation are prepared by mitochondrial branched chain amino-acid
transaminase (BCATm) and branched-chain o-ketoacid dehydrogenase complex (BCKDC)
[31]. MRPP2 converts L-2-methyl-3-hydroxybutyryl-CoA to 2-methyl-acetoacetyl-CoA
with a kea/Km of 56191.5 mintmM? [35], suggesting that this function is biologically
relevant. Indeed, MRPP2-deficient patients accumulate isoleucine metabolites upstream of

the MRPP2-catalysed reaction (Section 1.4.1.1).
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Figure 1-3. Metabolism of isoleucine. BCATm: mitochondrial branched chain amino-acid transaminase.
BCKDC: branched-chain a-ketoacid dehydrogenase complex. MBD: 2-methylbutyryl-CoA dehydrogenase.
Crotonase: enoyl-CoA hydratase. MRPP2: 17B3-hydroxysteroid dehydrogenase type 10. MAT: 3-ketothiolase
[36].

The fatty acid degradation reactions described above are examples of
MRPP2-catalysed oxidation reactions. However, the enzyme is also able to catalyse
reduction reactions with appreciable rate. For example, the reduction of acetoacetyl-CoA to
L-3-hydroxybutyryl-CoA  proceeds with a catalytic efficiency (Kca/Km) — oOf
24943.8 min'tmM-! [5]. Similar to the oxidation reactions, MRPP2 also displays a preference

for shorter substrates in its reduction reactions [5].

1.1.2 Summary of enzymatic activities

The sex steroid 17p-estradiol, the neurosteroids allopregnanolone and
30,50-THDOC, and the substrates from the non-classical 5a-DHT pathway, represent the
more well-studied steroid substrates for the SDR activity of MRPP2. For these reactions, the

enzyme exhibits a higher catalytic efficiency, compared to reactions with other steroid
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substrates (Figure 1-2). The catalytic efficiency in the inactivation of the sex steroid
17B-estradiol matches that for HSDs with proven in vivo relevance on the same substrate
[37], suggesting that MRPP2 could also be relevant for the reaction in vivo. MRPP2 is
further involved in degradation of fatty acids and the amino acid isoleucine. The well-studied
oxidation of the isoleucine metabolite L-2-methyl-3-hydroxybutyryl-CoA by MRPP2
proceeds with a high catalytic efficiency [35], and MRPP2-deficient patients accumulate the

upstream isoleucine metabolites, altogether indicating its physiological relevance.

1.2 Structure of MRPP2

Proteins belonging to the SDR family are structurally grouped into the classical and
extended forms based on differences in the NAD"-binding regions. MRPP2 belongs to the
group of classical SDRs that share a conserved single Rossmann-fold of seven or eight
B-strands flanked by three to four a-helices, with very few structural variations, largely
limited to the C-terminal part of the proteins [1], [2]. The crystal structure of MRPP2,
showing such a Rossmann-fold, was solved bound to amyloid-B (PDB: 1SOS8) to 2.3 A
resolution in 2004 [38], and in complex with the cofactor NAD* and inhibitor AG18051 to
2.0 A (PDB: 1UT7T, Figure 1-4) later that year [39]. In 2006 it was solved to a higher
resolution of 1.2 A (PDB: 2023) in complex with NAD* alone (Rauschenberger, K., 2010).
Most SDRs are dimers or tetramers with subunits forming strong interactions through two
long, conserved a-helices [1], [2]. MRPP2 is a tetramer, formed by a dimer of dimers, both
in solution and in crystalline form, and each monomer is bound with one NAD™ cofactor

molecule [5], [39] (Figure 1-4).
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Figure 1-4. Crystal structure of the MRPP2 tetramer (PDB: 1U7T) with the inhibitor AG18051 bound in chains
A, C and D, and with NAD* bound in chain B.

Classical SDRs contain multiple conserved sequence motifs and residues, primarily

involved in catalysis or interactions with the NAD* cofactor (Table 1-3).

Motif/Residue Residues in MRPP2 Location
TGxxxGxG Thr16-Gly17-x-x-x-Gly21-x-Gly23 Loop between BA and aB
NNAG Asn90-Cys91-Ala92-Gly93 End of BD
GXXXXXXS Gly148-x-x-x-x-x-x-Ser155 BE
PG Pro198-Gly199 End of BF
N Asnl21 aE
YxxxK Tyrl68-x-x-x-Lys172 oF
N Asnc4 Between BC and aD

Table 1-3. Conserved motifs and residues in classical SDRs. Table is adapted from Oppermann et al. [40], with
residue numbering given for MRPP2.

The TGxxxGxG motif constitutes an essential part of the cofactor binding pocket

[41], the GxxxxxxS motif makes up one side of the active site and the PG motif assists in

formation of Van der Waals interactions with the nicotinamide moiety of NAD™ [40], [41].
Asn64 interacts with the adenine moiety of NAD" to stabilise the loop in which Asn64 is
located, ensuring proper formation of the binding pocket [41]. The NNAG motif

(NCAG in MRPP2) is essential for maintaining the position of the B-sheet important for
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cofactor positioning [41]. The YxxxK motif contains two of four catalytic residues
(Figure 1-5): Tyr168, which is the catalytic base acting via a water molecule [1], and
Lys172, which facilitates proton transfer via hydrogen bond formation to the NAD™ cofactor
that lowers the pKa of Tyr168 (OH group) [1], [42], [43]. These two residues are assisted by

Asnl121 and the Ser(155) residue from the GxxxxxS motif, altogether making up the

catalytic tetrad of Tyr-Lys-Ser-Asn [1]. This tetrad is further assisted by a proton-relay
formed within the active site, ensuring a constant supply of protons throughout catalysis
[40]-[42]. Serl155 stabilises the substrate [41] and Asn121 forms a kink in helix oE that
facilitates binding of a water molecule, necessary for the proton relay [41]. Binding of this

water molecule also results in water-mediated stabilisation of the position of Lys172 [41].

A B o] NH,
NAD* H
= | Ay
o N Y AN
; ARPP \
S R Keto-substrate a2 u \ R Alcohol-substrate
- .
/- )\ 2 O\ S\ 2
.0 = HO A (o] R
) § .07 H ™, 0N
H n DRy . H Hiar
Proton relay A 0 N Proton relay / o N
"'*-\N*/' He H\\N" ] Ho
e/ Ser1s5 ot \ / Ser155
H Oty H O—H—
/ /
A Lys172 ,'ﬂ Lys172
. o — Ha o Tyr168
Asni21 Asni21

Figure 1-5. Reaction mechanism for MRPP2 catalytic A) reduction using NADH, and B) oxidation using
NAD".

1.3 MRPP2 moonlights in mitochondrial tRNA functions

In addition to the SDR enzymatic functions, MRPP2 has recently been found to play
non-enzymatic roles in the maturation of mitochondrial tRNAs ((mt)tRNAs) via the
formation of:

1) a binary complex between MRPP2 and the RNA methyltransferase protein
MRPP1 (mitochondrial RNase P protein subunit 1), involved in (mt)tRNA methylation

(Section 1.3.2).
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2) a ternary complex comprising MRPP1, MRPP2 and the endoribonuclease protein
MRPP3 (mitochondrial RNase P protein subunit 3), involved in 5’-end processing of
precursor (mt)tRNAs (Section 1.3.3).

The ternary complex was discovered by the Rossmanith  group
(Holzmann et al., 2008) [13] from in vitro reconstitution using chromatographic methods
coupled with an activity assay performed on proteins, isolated from mitochondrial HeLa
cells. The same group (Vilardo et al., 2012) [14] later identified the separate (mt)tRNA

methylation activity for the binary complex.

1.3.1 Mitochondrial tRNA

The human mitochondrial genome is a 16.6 kb circular, double stranded DNA that
codes for 22 tRNAs, 13 proteins involved in the respiratory chain, and two ribosomal RNAs
(rRNASs) [44], [45]. The 22 (mt)tRNAs make up the full set (one per amino acid, two
iso-acceptors for leucine and serine) required for mitochondrial translation [46]. The two
strands in the mitochondrial DNA are denoted light strand (C-rich) and heavy strand (G-rich)
[44]. Of the 22 (mt)tRNAs, 14 are encoded by the light strand and transcribed as a single
large transcript. The remaining 8 tRNAs are encoded by the heavy strand and transcribed as
a small and a large polycistronic transcript comprising three tRNAs and five tRNAsS,
respectively. The precursor (mt)tRNAs in the polycistronic transcripts are denoted pre-
(mt)tRNAs and are released by 5°- and 3’-end processing to become mature (mt)tRNAs
(Section 1.3.3). Once released, (mt)tRNAs undergo post-transcriptional modifications (e.g.
methylation, taurine coupling and addition of 3’-CCA) [47], [48] that contribute to the
correct structure and function (Section 1.3.2), before they become involved in the protein

translation process [49].
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Conventional tRNAs, like those acting in the cytosol, contain an acceptor stem, a
D-arm and -loop, a T-arm and -loop and an anti-codon stem and -loop (Figure 1-6, left), that

folds up to the conventional L-shaped structure (Figure 1-6, right).

[0}
3
o

5-end
X
Acceptor stem —» X

T-arm
|
v XX
X7 xxxxx X g
X X X ><><><><><XXXX <«—T-loop
XX
X X X XXX
X
X1
X Variable loop

KX XXX XXOOP>W
|

XXX X X

D-loop —» X

Anti-codon stem —»

><><><><><><

X

X

Anti-codon loop —» X X
X

x X

Figure 1-6. Schematic of a conventional, L-shaped tRNA. The 2D (left) 3D (right) structures are coloured in
the same scheme. The 3D structure is taken from E. coli initiator tRNA (Met) (PDB: 3CW5).

(mt)tRNAs are often referred to as ‘bizarre’ due to their unorthodox sequence and
structure compared to these conventional tRNAs [46] (Figure 1-7). The bizarre (mt)tRNAs
have low G-C contents and their D-loop, T-loop and variable loop are either atypical in
length, or completely absent, resulting in lowered structural stability compared to the
conventional cytosolic tRNAs [46], [50].

(mt)tRNASer(AGY) Conventional tRNA

XK XK XK XX
KX XX X X X
PR XK XXX
KKK XX XX

X X
W xooooX X X X & 008X
XXXXX XXXXX
XX XXX X XX XXX
X X
Ky XX XK Xy X
X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
Xy X Xy X

Figure 1-7. Schematic of a mitochondrial bizarre tRNA (left) and a conventional tRNA (right).
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1.3.2 Mitochondrial tRNA methylation

One classical post-transcriptional modification of tRNA is methylation. Methylation
occurs on almost all nitrogen sites of the nucleobases (Figure 1-8), and additionally on the
oxygen of the ribose 2’-OH, C5-atom of pyrimidines, and C2- and C8-atoms on adenosine
[51]. The methylations, along with all other known mitochondrial tRNA modifications, are
shown on a (mt)tRNA, drawn with both the D-loop/arm, T-loop/arm and a 4-nucleotide

variable loop (Figure 1-8) [45].
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Figure 1-8. Known (mt)tRNA modifications annotated on a (mt)tRNA 2D structure. RNA purine nucleotides
are (G) guanine and (A) adenine, and RNA pyrimidines are (C) cytosine and (U) uridine. m*A, 1-
methyladenosine; m?G, N2-methylguanosine; v, pseudouridine; Q, queuosine; m'G, 1-methylguanosine; m2,G,
N2 N2-dimethylguanosine; t5A, Né-threonylcarbamoyladenosine; tm°s2U, 5-taurinomethyl-2-thiouridine; tm®°U,
5-taurinomethyluridine; m®C, 5-methylcytidine; m°U, 5-methyluridine; f5C, 5-formylcytidine; ms?i®A, 2-
methylthio-NS-isopentenyladenosine; m3C, 3-methylcytidine.

tRNA methylation is performed by the family of RNA methyltransferases (MTases),
comprising more than 60 members in the human genome. Based on sequence and topology
comparison, RNA MTases are classified into four subfamilies: Rossmann-fold MTases
(RFM), SpoU-TrmD MTases (SPOUT), radical-SAM, and FAD/NAD(P)-dependent MTases
[51], [52], of which the largest is the RFM family, followed by the SPOUT family [53], [54].
MTases are further divided into tRNA methyltransferase (Trm) subfamilies, where

orthologue family members are described either with a number (often archaeal or eukaryotic
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proteins, e.g. Trm5) or with a letter (often archaeal or bacterial proteins, e.g. TrmD)
(overview: Appendix 8.2).

A non-SDR function of MRPP2 relies on its interaction with the MRPP1 protein,
also known as tRNA methyltransferase 10 homologue C (TRMT10C) [14]. MRPP1 belongs
to the Trm10 subfamily of SPOUT proteins and currently no bacterial orthologues have been
identified for this subfamily. The complex of MRPP1-MRPP2 catalyses the methylation of
the N1-atom in a purine (adenine or guanine) at position 9 (forming m*A9 or m!G9) on both
precursor and mature mitochondrial tRNAs, utilising S-adenosyl-L-methionine (SAM) as the

methyl donor (Figure 1-9) [14].
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Figure 1-9. m*A9 activity in (mt)tRNAYS and m'G9 activity in (mt)tRNA'"® for the MRPP1-MRPP2 complex.
The mechanism by which the MRPP1-MRPP2 complex methylates the purines in
position 9 is not yet understood, but has been investigated for the mG37 specific SPOUT
family member TrmD from the bacteria H. influenza [55], the mG37 specific RFM family
member Trm5 from the archaea M. jannaschii [56], [57], and the m!A58s specific RFM
family member Trml from the eubacteria T. thermophilus [58].
The m*G37 mechanism involves a deprotonation of the N1-atom by an Asp or Glu

residue (general base), a stabilisation of the resulting negative charge on the O6-atom by an
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Arg residue (intermediate charge-stabiliser), and an interaction with the N2-atom by a Glu
residue. Subsequently, the activated N1-atom makes a nucleophilic attack on the reactive
methyl group of SAM (Figure 1-10) [59]. TrmD has recently been shown to further utilise a

Mg?* ion for stabilisation of the negatively charged intermediate [60].
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Figure 1-10. Mechanism for mG37 formation by TrmD (with Asp as catalytic base) or Trm5 (with Glu as
catalytic base). Only the guanine base of tRNA is depicted for clarity.

The m!A58 mechanism involves a deprotonation as the initial step, but as the
N1-atom in the adenine is not protonated at physiological pH, the deprotonation by the Asp
general base takes place on the exocyclic N6-atom, resulting in the formation of an imino
tautomer. This formation activates the lone pair of the N1-atom for nucleophilic attack on
the reactive methyl group of SAM, similar to the methylation of guanine (Figure 1-11) [58].
Another role was suggested for the Asp general base in the N1-methylation of adenine in
which — rather than deprotonating the N6-atom — it serves merely to position the methyl

donor SAM and the target adenine for methylation reaction [58].
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Figure 1-11. One suggested mechanism for m*A58 formation by Trml. Only the adenine base of tRNA is
depicted. The tautomer of adenine is shown at physiological pH.

In human (Mt)tRNA, the N1-methylation of purine-9 performed by the
MRPP1-MRPP2 complex has been shown to be important for the stability of human
(Mt)tRNADS, which exists in vitro as an extended hairpin structure [61], [62] in equilibrium
with a conventional conformation [61], [62]. N1-methylation of purine-9 shifts this
equilibrium towards the conventional structure by disrupting a destabilizing Watson-Crick
interaction that would otherwise form between A9 and U65 [62]-[64]. The impairment of
A9-U65 interaction allows U65 to bind A50 instead, facilitating a more conventional
structure [65]. Structural plasticity, similar to what is observed for (mt)tRNASS, was also
reported for (MOIRNAMUUYR and (mt)tRNAP, indicating that post-transcriptional
modifications may also affect the fold of these (mt)tRNAs [66]-[68].

In eukaryotes, m*A9 is confined to (mt)tRNAs from animal [63], [69], supporting
that this modification is important for stabilisation of the ‘bizarre’ (mt)tRNA conformations,
but not of cytosolic tRNAs with conventional L-shape [45], [70]. 19 out of 22 human
(mt)tRNAs comprise either guanine (n = 5) or adenine (n = 14 ) in position 9 [69], [71],
therefore it is likely that N1-methylation will have a stabilising effect in all these (mt)tRNAs.
A study revealed another important role for m'G9 modification, related to translation
termination efficiency [72]. In this study, the absence of the m'G9 MTase from S. cerevisiae

increased read-through at translational termination sites, leading to incorporation of
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additional amino acids into the nascent polypeptide. The read-through shows that the
non-methylated yeast tRNA outcompetes the translation termination factors that would
otherwise recognise the stop codon, suggesting that the m!G9 methylation decreases the
affinity of tRNA for the translational machinery. Nucleotide-9 is located far from the
anti-codon and could, if involved in interactions, result in binding of the tRNA to
non-specific anti-codons by providing an additonal interaction between the tRNA and the
translational machinery. By methylation of nucleotide-9, such an interaction could be
disrupted, thereby increasing the importance of the interaction with the anti-codon,
ultimately decreasing non-specific binding.

The role of MRPP2 in the binary complex with MRPP1 is unclear at present,
although the activity of the MRPP1-MRPP2 complex does not depend on either
NAD*/NADH binding or SDR activity [14]. A hypothesis for a role of MRPP2 in direct
interaction with the ‘bizarre’ (mt)tRNAs was supported by the observation that other
Rossmann-fold proteins are involved in RNA binding [73], [74], and an in vivo crosslinking
study that suggested a direct interaction between MRPP2 and some (mt)tRNAs [75].
However, an in vitro electrophoretic mobility shift assay (EMSA) with purified, recombinant
proteins did not show any direct interaction between MRPP2 and (mt)tRNA [14]. Another
hypothesis on the role of MRPP2 was to increase the affinity of MRRP1 for the (mt)tRNA
substrate in the N1-methylation reaction [14], and an in vitro EMSA assay did reveal such an

increase in the affinity of MRPP1 for the (mt)tRNAs in the presence of MRPP2 [14].

1.3.3 Mitochondrial precursor tRNA 5’-end processing
Human precursor (mt)tRNAs are transcribed as polycistronic transcripts that

undergo processing at both the 5’-end (receded by the leader sequence) and 3’-end
(proceeded by the trailer sequence) to release the mature (mt)RNAs [76]. Cleavage at the

5’-end is carried out by the endoribonuclease P (RNase P) [77], leaving a phosphate group at
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the tRNA 5’-terminus and a hydroxyl group at 3’-end of the removed leader sequence
[78], [79] (Figure 1-12A). Cleavage at the 3’-end is carried out by the endoribonuclease Z
(RNase Z) [80]-[82], leaving a 3’-hydroxyl group on the tRNA and a 5’-phosphate on the
removed trailer sequence (Figure 1-12B). A few (mt)tRNAs are organised such that the
5’-end of one tRNA is adjacent to the 3’-end of another, and thus processing of the 3’-end of
the upstream (mt)tRNA by RNase Z will simultaneously generate the mature 5’-end of the
downstream (mt)tRNA without the need to involve RNase P, and vice versa. Such a
mechanism has been demonstrated for the human (MtRNA™-(Mt)tRNAY and

(MORNAMS-(MHRNASEAS_ (M) tRNAUCUN) clusters [48], [83].
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Figure 1-12. A) RNase P activity and B) RNase Z activity towards pre-(mt)tRNA.
For many years, the RNase P complex was thought to be a ribonucleoprotein in all

species across the three kingdoms of life [84], [85], comprising a large catalytic RNA as well
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as protein components that increase in the number from bacterial (1 protein) [86] to archaeal

(4-5 proteins) [87] and to eukaryotic nuclear (>9 proteins) RNase P [88] (Figure 1-13).
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Figure 1-13. The RNase P complex from all domains of life. Crystal structures are shown if known, and
proteins with no known structures are indicated as circles/ovals.

In 1998, Wang et al. suggested that RNase P in chloroplasts might not contain an
RNA component [89], and in 2010, Giege et al. identified the first protein-only RNase P
proteins in cytoplasm and organelles from A. thaliana [90]. These proteins are
single-subunit, Mg?*-dependent endoribonucleases named proteinaceous ribonuclease P
(PRORP) [91]-[93]. Homologues of these plant PRORPs are found in the mitochondria of
higher and lower eukaryotes [94], where they carry out RNase P activity either alone
(e.g. in T. brucei) or in complex with other proteins and Human) (Figure 1-13)
[13], [95]-[97]. The human PRORP homologue, MRPP3, was discovered in 2008 by
Rossmanith et al. [13], and was shown to require MRPP1 and MRPP2 for RNase P activity.
In addition to the RNase P activity, plant PRORPs play additional roles in maturation of
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small nucleolar RNAs (snoRNAs) and mitochondrial messenger RNAs (mMRNASs) by
recognising t-elements (tRNA-like structures) [98], [99], suggesting that MRPP3 could
likewise cover additional activities in human.

PRORPs, including MRPP3, are members of the Nedd4-YacP nuclease (NYN)
family of proteins [100]. NYN proteins are found in all three kingdoms of life and are
involved in core RNA metabolic processes such as ribosomal biogenesis and processing of
tRNA and rRNA [100], [101]. The NYN domain is often fused to other RNA-binding
domains [100], as is the case for PRORPs in which the NYN-domain is C-terminally linked
to an RNA-binding pentatricopeptide repeat (PPR) domain [102]-[105]. PPR-domains
contains small helix-turn-helix motifs [106] in tandem arrays of two to 30 repeats [101],
[102], [107], to make up a super-helical PPR-domain with a central groove [102], capable of
binding single stranded RNA in a modular fashion [101], [108]. PPR-domain containing
proteins function in transcription and RNA processing, splicing, editing, stability and
translation [104], [109], and so far, the PPR-domain has been shown to be a non-catalytic
RNA-binding fold [104]. PPR proteins are grouped into the classical P-class and the less
conserved PLP-class depending on the repeat size [104], [107]. PRORPs belong to the
P-class with repeats of 35 amino acids in length [102].

The N1-methylation activity (m'R9) of the MRPP1-MRPP2 complex has been
shown to be dispensable for RNase P activity (5’-end ribonuclease) of the
MRPP1-MRPP2-MRPP3 complex in vitro [14]. Therefore, processing can take place on
unmethylated substrates, implying that the MRPP1-MRPP2 complex does not recognise the
3’-trailer or 5’-leader in the pre-(mt)tRNA. Indeed, a crosslinking study suggests a

recognition site on the D-arm/loop and acceptor-stem/loop of the tRNA [75].
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1.3.4 Summary of non-enzymatic functions

The multiple enzymatic and non-enzymatic functions of MRPP2, and indeed
MRPP1 as well, constitute examples of ‘moonlighting enzymes’: proteins with several
functions, some of which may not relate to their enzyme activities [8]. Their intricate
interplay, and additional interactions with MRPP3, provide a novel, functional link between
(mt)tRNA modification and processing with general amino acid and fatty acid metabolism,

which merit further studies.

1.4 Mitochondrial diseases

Each human cell contains a varying number of mitochondria depending on cell type,
e.g. 1000-2000 in liver cells. Each mitochondrion comprises from two to as many as
50 copies of the (mt)DNA [110]. The main role of the mitochondria is production of ATP
via oxidative phosphorylation [110], and mitochondrial dysfunction therefore often relates to
malfunction of tissues with high demand of energy such as brain, heart, liver, muscles and
kidney [45]. Malfunction of these tissues gives rise to a wide range of clinical phenotypes
such as loss of motor control, muscle weakness, retarded growth, cardiac diseases, seizures,
lactic acidosis, developmental delays, visual/hearing problems, etc. [45]. Mitochondrial
functions rely on nuclear encoded proteins (~1000) that are transported into the mitochondria
after translation in the cytosol [110]. Mitochondrial dysfunction can therefore arise both
from mutations in the (mt)DNA itself and from mutations in the part of the nuclear DNA that

codes for proteins that function in the mitochondria [111].

1.4.1 Diseases linked to MRPP2

The production of ATP in mitochondria results from the initial breakdown of
e.g. fatty acids involving MRPP2, providing one explanation why patients carrying catalytic
missense mutations in MRPP2 often display the clinical hallmarks of mitochondrial

dysfunction (Table 1-4). An additional explanation for the observed mitochondrial
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dysfunction is as a direct result of faulty (mt)tRNA modifications. Patients often also present
with ketoaciduria, a metabolic condition characterised by accumulating levels of keto acids
from defects in amino acid and fatty acid breakdown [112].

1.4.1.1 HSD10 disease

The gene encoding MRPP2 (HSD17B10) maps to chromosome Xp11.2 [5] and, in
females, the HSD17B10 gene undergo random X-inactivation, like most other genes on
X-chromosomes [113].

RNA interference (RNAI) knock-down of MRPP2 was shown to be embryonically
lethal in Drosophila [97], [114] and mice [115], and loss of MRPP2 either by HSD17B10
mutation in patient fibroblasts or small interfering RNA (siRNA) knock-down in Hela,
HEK-293 and HRT18 cells affected the processing of pre-(mt)tRNA [116]. Consistent with
these findings, inherited mutations in the HSD17B10 gene lead to the X-linked, rare genetic
disorder HSD10 disease (MIM#300438). This disease was first reported in 2000 [36] and, to
date, 31 patients, carrying 15 different missense mutations, have been identified (Table 1-4).
Most patients are hemizygous male individuals, but some symptomatic heterozygous women
are reported due to random X-inactivation [113]. The genotypes show different degrees of
severity of the clinical phenotype which has led to the classification below [112], [117].

Neonatal form: this is the most severe form where patients show little neurological
development, ketoaciduria, severe progressive cardiomyopathy and early death.

Infantile form: this is the classical form of HSD10 disease characterised by
ketoaciduria and normal development in the first 6 to 18 months of life with subsequent
retinopathy, cardiomyopathy and progressive neurodegeneration, leading to death at the age
of 2-4 years or later.

Juvenile form: in this milder form patients show ketoaciduria, but are otherwise

asymptomatic in the first five years of age with subsequent slow neurological deterioration.
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Atypical form: patients suffering from this mild form exhibit little to no growth
retardation and have normal development in childhood. They show typical urinary organic
acid profiles and potential transient metabolic decompensation.

Heterozygous females show mild to moderate developmental delay and intellectual
disabilities, but can also be asymptomatic carriers [118]-[120].

The identified patients with their corresponding nucleotide (nt)/amino acid (aa)
changes, gender and clinical classification are shown in Table 1-4. The mutation
p.R130C (c.388C>T) is the most frequently identified mutations, and is caused by

spontaneous deamination to thymine [121].
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Mutation

Year of

= aa Clinical classification Gender Reference e
c.34G>C  p.V12L N.A. Q P.C. 2013
€.194T>C p.V65A Atypical 3 [120] 2011
c.257TA>G  p.D86G Neonatal 3 [115] 2010
c.364C>G  p.L122V Infantile 3 [122] 2004

3 [12] 2001
€.388C>T p.R130C Infantile 3 [112] 2012
3 [123] 2007
3 [119] 2009
3 [36] 2000
3 [124] 2002
3 [125] 2004
3 [126] 2003
3 [12] 2001
Early infantile 3 [118] 2005
Late infantile 1) [112] 2012
I.D. Q [124] 2002
C.460G>A p.A154T Atypical 3 [117] 2014
c.470C>T p.Al57V Atypical 3 [127], [128] 2015
K] [127], [128] 2015
Q [127], [128] 2015
c.473C>T  p.Al58V Atypical 3 [129] 2015
C.495A>C p.Q165H Atypical 3 [115] 2010
3 [115] 2010
€.626G>A p.V176M Atypical 3 P.C. 2011
€.628C>T  p.P210S Early infantile 3 [119] 2009
Infantile 3 [119] 2009
C.634A>G p.K212E Infantile ) [130] 2016
C.677G>A p.R226Q Neonatal 3 [119] 2009
C.740A>G p.N247S Neonatal ) [118] 2005
Early onset psychomotor delay, Q [118] 2005

ataxia
c.745G>C  p.E249Q Juvenile ) [131] 2002

Table 1-4. The identified patients suffering from HSD10 disease and their corresponding mutation, gender and
clinical classification. P.C.: Personal communication. I.D.: Intellectual disability. N.A. Not available.
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HSD10 disease was originally characterised by urine testing from patients, showing
elevated levels of metabolites (tiglylglycine and 2-methyl-3-hydroxybutyrate) found
upstream of the MRPP2 enzymatic step in the isoleucine degradation pathway. HSD10
disease was therefore initially considered a classical aciduria, supported by in vivo findings
of lowered L-methyl-3-HAD activity in cultured skin fibroblasts from patients [12].
Following this hypothesis, patients were subjected to isoleucine-restricted diet, which
lowered the levels of isoleucine metabolites found in urine, but had little or no effect on
neurological symptoms [36], [112], [124], [126], [131], suggesting that it was not a classical
aciduria after all. In support of this conclusion, patients suffering from deficiency of the
B-ketothiolase (B-KT) enzyme (MIM #203750), positioned immediately after the MRPP2
step in the isoleucine degradation pathway, does not present with any neurodegeneration as
found in HSD10 disease, despite accumulation of the same upstream metabolites [132],
[133]. Also, observations from a knock-out/rescue experiment in Xenopus embryos
demonstrated no correlation between residual L-methyl-3-HAD activity of MRPP2 and
severity of the clinical presentation. For example, the MRPP2 missense mutation p.D86G,
giving rise to the severe neonatal form of HSD10 disease, showed 28% residual SDR
enzyme activity, whereas the mutation p.Q165H, giving rise to the almost asymptomatic
atypical form of the disease, showed no residual SDR activity [115].

The inconsistency between enzymatic defect of MRPP2/accumulation of metabolites
and severity of the disease has led to the hypothesis that non-enzymatic functions of MRRP2
are the likely pathogenic drivers of HSD10 disease [115]. This hypothesis has gathered
momentum with the discovery of MRPP2s role in (mt)tRNA modification and processing
[13], [14]. A defect in (mt)tRNA maturation would also explain the respiratory-chain
dysfunction and structural abnormalities of the mitochondria observed in some patient

fibroblasts [112], [124], [131]. Vilardo et al. (2015) [134] and Falk et al. (2016) [130]
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characterised five reported patient mutations in vitro by testing the recombinant mutant
proteins against the oxo-red activity of MRPP2 (acetoacetyl-CoA reduction) and
non-enzymatic m'G9 MTase and RNase P activities on (mt)tRNA and pre-(mt)tRNA. In
constrast with the in vivo knock-out/rescue studies, the in vitro characterisation suggested a
potential link between residual SDR function and disease severity, further discussed in

Chapter 6.

1.4.2 Diseases linked to MRPP2 binding partners

Missense mutations have recently been identified in the two binding partners of
MRPP2, MRPP1 and MRPP3, giving rise to diseases with clinical manifestations consistent
with mitochondrial dysfunction.
1.4.2.1 COXPD30 disease

The gene encoding MRPP1 (RGOMTD1) is located at chromosome 3g12.3. RNAI
knock-down of MRPP1 was shown to be embryonically lethal in Drosophila [97], and result
in reduced mitochondrial respiration in HelLa cells [135], respectively. Consistent with this,
inherited mutations in MRPP1 give rise to the autosomal recessive disorder, combined
oxidative phosphorylation deficiency 30 (COXPD30) (MIM#616974). A male patient was
found to be compound heterozygous for ¢.542G>T/p.R181L and c¢.814A>G/p.T272A,
whereas a female patient was found to be homozygous for the ¢.542G>T/p.R181L mutation
(Table 1-5). The two patients both presented at birth with lactic acidosis, hypotonia, feeding
difficulties, and deafness with death at 5 months of age after respiratory failure [136].
Analysis of patient fibroblasts showed decreased levels of MRPP1, indicative of lowered
protein stability, and a slight accumulation of pre-(mt)tRNAs with no severe effect on
steady-state levels of mature (mt)tRNA. No effect was observed on m!R9-methylation of
(mt)tRNAs catalysed by MRPP1, prompting the suggestion that the mutations in MRPP1

affect the pre-(mt)tRNA processing carried out by the ternary RNase P complex.
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Mutation

Clinical presentation  Gender Reference Year of identification

nt aa
C8LAASG  p.T272A .
¢542G>T  pRISIL COXPD30 disease 3 [136] 2015
¢.542G>T  pRIBIL - o5y ph3g gisease 0 [136] 2015

c.542G>T  p.R181L

Table 1-5. The identified patients suffering from COXPD30 due to mutations in MRPP1 and their
corresponding genotypes (heterozygous), gender and clinical presentation (disease form).

1.4.2.2 Perrault syndrome

Inherited mutations in a number of — mostly mitochondrial — proteins, give rise to
the autosomal recessive disorder Perrault syndrome (MIM#233400), characterised by
sensorineural deafness and ovarian dysgenesis. Patients can also present with neurologic
manifestations, including mild mental retardation. Recently, the gene encoding MRPP3
(KIAA0391) was added to the growing list of genes that, when mutated, cause Perrault
syndrome. RNAIi knock-down of MRPP3 was shown to be embryonically lethal in
Drosophila, and cause reduced levels of processed (mt)tRNA in HeLa cells [97]. The
KIAA0391 gene is located on chromosome 14ql13.2, and the missense mutation
€.1454C>T/p.A485V (Table 1-6) is reported in three homozygous female patients with

Perrault syndrome [137], [138].

Mutation ini
Clinical Gender  Reference  Year of identification
nt aa presentation
€.1454C>T  p.A485V Perrault syndrome Q [137], [138] 2015
[137], [138] 2015
[137], [138] 2015

Table 1-6. The identified patients suffering from Perrault syndrome due to mutations in MRPP3 and their
corresponding mutations, gender and clinical presentation (disease form).

1.4.3 Summary of diseases associated with MRPP2 and its binding
partners

Missense mutations in MRPP2, leading to HSD10 disease, can result in
reduction/impairment of both enzymatic and non-enzymatic functions of MRPP2. The

underlying molecular basis for HSD10 disease is still unexplained and more studies at the
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biochemical and cellular levels are clearly needed to understand the genotype-phenotype
relationship. Missense mutations in the MRPP2 binding partners, MRPP1 and MRPP3,
cause COXPD30 disease and Perrault syndrome, respectively, both of which are very novel,

rare diseases that present with phenotypes typical for mitochondrial dysfunction.

1.5 Thesis outline

The aim of this DPhil thesis is to establish the effect of disease-causing missense
mutations of MRPP2 at the protein level, using a structural and biochemical approach to first
characterise the binary (MRPP1-MRPP2) and ternary (MRPP1-MRPP2-MRPP3) complexes,
and second use the gained knowledge, in combination with activity assays, to understand
how mutations in MRPP2 affects both the catalytic SDR function and the (mt)tRNA
moonlighting function of MRPP2. The fundamental question set out for this thesis is: Does a
correlation excist between the structural location of the MRPP2 patient missense
mutations and their effects on the MRPP2 functions? | will address this question by
breaking it down into three sub-questions, which form the basis of the thesis:

Aim 1) Interactions: How do the three proteins MRPP1, MRPP2 and MRPP3
interact with each other and with their respective cofactors and substrates?

Aim 2) Activity: What components and regions of the proteins in the binary
(MRPP1-MRPP2) and ternary (MRPP1-MRPP2-MRPP3) complexes are important for
(mt)tRNA methylation and processing activity?

Aim 3) HSD10 patient mutants: What are the effects of introducing the patient
mutations in MRPP2 at the protein level, and can the effects be explained based on the

obtained structural and biochemical results?
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Chapter 2 describes the characterisation of the poorly understood MRPP1 protein
to reveal its oligomeric state and ligand binding properties, and reports the crystal structure
of the MRPP1 methyltransferase domain bound to the cofactor SAM. A low-resolution
small-angle X-ray structure (SAXS) model for the mature protein is also presented.

Chapter 3 describes a mapping of the protein regions that are involved in
formation of the binary complex of MRPP1-MRPP2 and the involvement of these regions in
the m'R9 MTase activity. A further characterisation of catalytic residues in MRPP1 is
performed, and low-resolution SAXS models of the binary complex, with and without the
bound (mt)tRNA substrate, are presented.

Chapter 4 is divided into two parts. The first part describes the MRPP3 alone in

relations to the oligomeric state and ligand binding properties. The second part provides a
low-resolution SAXS model of the ternary MRPP1-MRPP2-MRPP3 complex bound to the
pre-(Mt)tRNA substrate, and a mapping of the order of complex assembly along with
investigations of the regions involved in RNase P activity and complex formation.

Chapter 5 is divided into two parts describing MRPP2 mutant proteins associated

with 1) HSD10 disease and 2) Perrault syndrome. Both parts detail the biochemical effect of
known patient mutations on the protein. The first part further presents an in depth
characterisation of the activity of the novel patient mutations p.V12L, p.V176M, whereas the
second part presents activity studies and complex assembly investigations for the novel
mutation p.A485V in MRPP3.

Chapter 6 contains a discussion of the key findings from Chapters 2-5 and relates

these findings to published work. The chapter further outlines the future directions for this

project.
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Chapter 7 contains the experimental procedures and background for each utilised
method.
Appendix is provided at the end of the thesis with useful tables and figures for

results and discussions.
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2 CHAPTER

CHARACTERISATION OF MRPP1 ALONE

At the start of this project no structural information was available on the
catalytically active subunit (MRPP1) of the binary methyltransferase complex
MRPP1-MRPP2. MRPP1, also known as TRMT10C (tRNA methyltransferase type 10 C),
belongs to the Trm10 family of the SPOUT superfamily of proteins that methylate bases and
ribose moieties of rRNAs and tRNAs in all three kingdoms of life [51], [53], [54], [139].
The Trm10 subfamily of the SPOUT superfamily contains all MTases that methylate the
N1-position in purine bases (A/G) located at position 9 of the tRNA (forming m*A9 / m!G9)
[51]. In addition to the catalytically active MTase SPOUT domain, many SPOUT proteins
contain nucleic acid binding domains, e.g. the pseudouridine synthase and archaeosine
transglycosylase (PUA) domain or the thiouridine synthases, methylases and pseudouridine
synthases (THUMP) domain, indicating that SPOUT proteins function primarily as MTases
towards nucleic acids [54], [140], [141].

This chapter contains the X-ray crystallographic structure and SAXS model of
MRPP1, along with a biochemical characterisation of the oligomeric state and cofactor

binding properties of various domains.

2.1 Domain organisation

MRPP1 is a 403-amino-acid long protein (Figure 2-1) with an N-terminal cleavable
mitochondrial targeting signal (MTS) peptide (residues 1-39). The mature protein, starting at
residue 40, contains an N-terminal domain (N-domain; residues 40-213) with mainly helical

secondary structures [142], followed by a SPOUT-type methyltransferase (MT) domain
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(MT-domain; residues 213-380) [143] and a small, helical C-terminal extension

(C-extension,; residues 381-403) [144].

C-extension
[MTS }[ N-domain ]{ MT-domain }D
Residue: 1 39 213 380 403

Figure 2-1. Outline of predicted domains in full-length MRPP1 (residue 1-403). MTS: mitochondrial targeting
signal. MT: methyltransferase.

Using the DISOPRED3 [145] program in the PSIPRED server [146], protein
disorder was predicted in the N-domain (residues 40-60, 74-86 and 153-175) and
C-extension (residues 382-403) (Figure 2-2). These regions are predicted to be
protein-interaction regions, suggesting that they could be involved in interaction with
MRPP2 or MRPP3.

h I

0,8—[

0.6 |

disordered state —
protein binding

Confidence score

0.2

0 1 I 1 ’\—"‘M—/\ﬂ—\ﬂ—X |
200 250 300

J
0 50 100 150 350 400

Amino acid position

Figure 2-2. Intrinsic disorder profile for MRPP1 predicted by DISOPRED3 [145]. Amino acid position 0
corresponds to residue 40 in MRPP1.

2.2 Cloning, small scale expression and purification

Based on the structural predictions above, several recombinant protein constructs
were designed spanning either mature MRPP1 (without the MTS peptide) or the separate
N- and MT-domains with and without the C-extension (Figure 2-3). The constructs were
initially cloned into a vector incorporating an N-terminal Hise-tag followed by a Tobacco

Etch Virus (TEV) protease cleavage site.
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C-extension

[MTS ]{ N-domain ]{ MT-domain ]-[:]

Residue: 1 39 213 380 403

90 403
111
136

90 380
111

136 195

199
203

40 111 ]210
40 o5 J140

Figure 2-3. Constructs of MRPP1 cloned into E. coli expression vector. The boundaries for each construct are
numbered.

To test the expression and solubility levels of the cloned constructs, E. coli cells
containing these plasmids were cultured in 50 mL Terrific Broth (TB) media at 37°C and
induced at 18°C with isopropyl B-D-1-thiogalactopyranoside (IPTG). The MRPP1 proteins
were extracted by centrifugation followed by sonication of the cell pellet, and subsequently
purified by immobilised metal affinity chromatography (IMAC) using a Ni-charged
nitrilotriacetic acid (Ni-NTA) resin. The elution from the IMAC column was compared to a
sample of the total lysate after sonication to determine 1) the expression as the amount of
protein in the total lysate, and 2) final yield as the amount that is subsequently found in the
eluted fraction, for each construct. The final yield is expected to correlate with protein
solubility based on the assumption that most of the protein in the supernatant is captured
during IMAC purification. The final yield of protein will therefore be referred to as the
soluble protein in this work.

The result of the small-scale expression and purification is shown in Figure 2-4. All
cloned constructs with a start boundary before residue 90 were insoluble

(orey, Figure 2-4). After residue 90, several constructs were found to be soluble but
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degrading from mid-sequence (

at, or after, residue 195 had a tendency to degrade from the C-terminus (

, Figure 2-4) whereas constructs with a start boundary

, Figure 2-4),

even in the presence of high concentration of protease inhibitors. Constructs spanning only

the predicted MT-domain with boundaries between residues 195 and 380 were soluble and

stable (green, Figure 2-4).

C-extension
[MTS ]{ N-domain ]{ MT-domain D
Residue: 1 39 213 380 403
7
15
30
40
61
90 403
111
136
195
199
203
15
30
40
61
90 380
111 136
195
199
40 203
20 111 ] 210
60 J140

Figure 2-4. Cloned constructs of MRPP1 colour-coded for solubility levels. Insoluble constructs: grey.

Constructs that are soluble but degrade form the N-and C-termini:
degrade from the N-terminus:

. Constructs that are soluble but
. Soluble, stable constructs: green.

In an attempt to obtain additional soluble protein fragments, several constructs

(Figure 2-5) were cloned into a vector providing an N-terminal tandem Hise-tag and

glutathione S-transferase (GST) fusion protein known to increase solubility [147].

Small-scale expression and purification for these constructs were performed and yielded

soluble proteins of constructs with a start boundary at residue 111, which were previously

found to be insoluble. However, these proteins were prone to degradation as observed for

previous constructs.
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C-extension

[MTS ]{ N-domain ]{ MT-domain }C]
Residue: 1 39 213 380 403
40 ]
40 111 503 403
380
40 111 203 ]
111 ] 210

Figure 2-5. Cloned constructs of MRPP1. Insoluble constructs: grey. Soluble proteins that degrades from the N-
and C-terminus: . Soluble constructs that degrade from the N-terminus: . Soluble, stable
constructs: green.

From the above, still no full-length, mature protein of MRPP1 was obtained. To
produce this protein, constructs spanning the mature MRPP1 protein with and without the
C-extension (40-403 and 40-380, respectively) were cloned into baculovirus vectors for
expression trials in insect cells. The vectors all carried an N- or C-terminal Hise- or
Hisyo-affinity tags with a TEV cleavage site. Some constructs additionally carried tags
known to increase solubility (GST) or facilitate protein purification (Znasic, Flag) [148],
[149]. Expression of these constructs in insect cells was performed by Biotechnology group
(SGC, Oxford) and small-scale protein extraction and purification was done similarly to the
procedure outlined for the E. coli cultures.

Although the new expression system and vectors resulted in soluble protein for all
clones, the majority of the purified proteins were prone to degradation as previously
observed. The mature MRPP1-Flag-Hisio construct, expressed in insect cells, proved to be
both soluble and less prone to degradation than the equivalent constructs bearing N-terminal
tags, e.g. Hiss-MRPP1. Based on this finding, the mature MRPP1 construct, with and
without the C-extension, were re-cloned into an E. coli expression vector with a C-terminal
Hises-tag and TEV protease cleavage site. These constructs (residues 40-403) proved to be
soluble in E. coli, and less degraded during the course of purification than the corresponding
constructs with the N-terminal Hise-tag. Degradation of the construct could be further

diminished by addition of further purification steps and by freezing at -80°C for storage.
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None of the N-terminally Hisg-tagged constructs of MRPP1, with a start boundary
between residues 195 and 203, could be cleaved by excess TEV protease and long
incubation times even at room temperature. To facilitate tag-cleavage, the most soluble
MT-domain constructs (203-403 and 203-380) were re-cloned into the E. coli expression
vector offering a C-terminal Hise-tag and TEV protease cleavage site, with the rationale that
a Hise-tag at this position for the mature protein construct (residues 40-403) was cleavable
by TEV protease, which was indeed also the case for the re-cloned constructs.

In summary, the constructs used and described hereafter are denoted mature MRPP1
(residues 40-403), MT+C-domain(A194) (residues 195-403), MT+C-domain(A202)
(residues 203-403), MT-domain (residues 203-380) and N-domain (residues 40-210)
(Figure 2-6). The two soluble constructs obtained for the MT+C regions will both be used in
assays throughout this thesis, but the N-boundary will be indicated as stated.

C-extension

[MTS }[ N-domain }[ MT-domain }D
Residue: 1 39 213 380 403
40 403 | Mature
195 403 | MT+C(A194)
203 403 | MT+C(A202)
203 380 MT
40 210 N

Figure 2-6. Cloned constructs of MRPP1 used throughout this chapter.
2.3 Large-scale Expression and Purification
The constructs for mature MRPP1 and the N-, MT-, MT+C(A194)-, and
MT+C(A202)-domains were transformed into E. coli cells and the cells were cultured in
batches of either 6L or 12L depending on solubility determined from the small-scale test.
Cultures were grown in TB media at 37°C and induced at 18°C with IPTG. The cells were
harvested by centrifugation and lysed by homogenisation with addition of protease inhibitors

to stall degradation.
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2.3.1 Mature MRPP1
The mature MRPP1 protein was purified by IMAC using Ni-NTA resin followed by

size-exclusion chromatography (SEC) on a Superdex 75 (S75) column. The S75 column was
chosen despite the higher molecular weight (MW) for the mature MRPP1 protein, in an
attempt to separate the intact protein from the smaller degradation products. TEV protease
treatment for tag cleavage of the protein resulted in some protein precipitation and thus this
step was subsequently omitted. A final cation-exchange chromatography (cation-EX) step
was performed on a HiTrap sulfopropyl (SP) high performance (HP) column. The
purification procedure, along with the final electrospray ionisation mass spectrometry
(ESI-MS) spectrum, for mature MRPP1 is outlined in Figure 2-7, and described in more
detail in Section 7.3.

The mature MRPP1 protein had a tendency to degrade during purification. However,
after the final cation-EX step the protein was stable even after 12 hours of incubation at
room temperature. ESI-MS analysis of the purified sample showed a molecular mass of
45243.95 Da comparable to the theoretical molecular mass of 45374.2 Da. A molecular mass
analysis using the PAWS software revealed that the difference in mass could correspond to
loss of either the initial Met residue from the MRPP1 sequence or of the last, vector encoded,

Lys residue.
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Figure 2-7. Large scale purification of mature MRPP1. The example shows SDS-PAGE analysis of the initial
IMAC, chromatogram from SEC and SDS-PAGE analysis of peak fractions, and chromatogram from cation-
EX and SDS-PAGE analysis of peak fractions. ESI-MS spectrum of the sample after purification is also shown.
Red arrows correspond to fractions analysed on SDS-PAGE. Blue boxes indicate the pooled fractions. Ve:
elution volume, PL.: pellet, FT: flow through, B1 and B2: binding buffer fractions, W1 and W2: wash buffer

fractions, E1-5: elution buffer fractions.

Tandem mass spectrometry (MS/MS) determination of tryptic digest products

identified MRPP1 peptides covering almost the full sequence with residue 44-403

(Figure 2-8), indicating that the loss of mass in ESI-MS might indeed be the initial Met

residue.
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Figure 2-8. Peptides of the mature MRPP1 protein identified with MS/MS analysis of tryptic digest products
(red boxes). Sequence numbering M1-T364 corresponds to MRPP1 M40-T403. The last 22 amino acids are
encoded by the vector.

2.3.2 N-domain
The N-domain of MRPP1 (residues 40-210) was purified by IMAC with Ni-NTA

resin followed by anion-exchange chromatography (anion-EX) on a Resource quaternary
ammonium (Q) column. The protein was incubated overnight at 4°C in the presence of
excess TEV protease to cleave off the Hise-tag and subsequently subjected to reverse IMAC.
A final step of purification was SEC on a Superdex 200 (S200) column. The protein was
prone to degradation and the degradation products can be observed from the sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the sample after SEC

(Figure 2-9).
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Figure 2-9. Large scale purification of the N-domain of MRPP1. The example shows SDS-PAGE analysis of
the initial IMAC, chromatogram from anion-EX and SDS-PAGE analysis of peak fractions, SDS-PAGE
analysis of Reverse IMAC with samples from before and after TEV protease treatment, the chromatogram from
SEC and SDS-PAGE analysis of the peak. Red arrows correspond to fractions analysed on SDS-PAGE. Blue
boxes indicate the pooled fractions. Ve: elution volume, PL: pellet, FT: flow through, B1 and B2: binding
buffer fractions, W1 and W2: wash buffer fractions, E1-5: elution buffer fractions. BF: before TEV treatment,
AF: after TEV treatment, S1 and S2: SEC buffer fractions.

The degradation profile for the N-domain was mapped by tryptic digest-MS/MS
analysis of bands excised from SDS-PAGE, and by ESI-MS of the purified sample. The
identified molecular masses from various peaks in ESI-MS (Figure 2-10A) were mapped
onto the N-domain sequence (Figure 2-10B), and showed that the purified protein contains
— at least — residues 40-165 and up to residues 40-191. The molecular mass peak of
15075.64 Da could not be mapped onto the sequence and is assumed to be a protein impurity
from the purification procedure. Tryptic digest-MS/MS analysis of the N-domain identified

peptides covering residues 40-181 (Figure 2-10C).
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Figure 2-10. A) ESI-MS spectrum for the purified N-domain of MRPP1. B) PAWS analysis showing putative

cleavage sites (red) in the N-domain sequence. Sequence numbering M2-A172 corresponds to MRPP1 M40-

A210. First amino acid in the sequence is vector-encoded. C) Peptides of the N-domain of MRPP1 identified

with tryptic digest-MS/MS analysis (red boxes). Sequence numbering M2-A172 corresponds to MRPP1 M40-
A210. First amino acid in the sequence is vector-encoded.

The degradation of this construct occurred so quickly that no full-length protein was
observed in the ESI-MS. The ESI-MS peak with the largest molecular mass maps to residues

40-191, which will be the proposed boundaries mentioned hereafter for the N-domain.

2.3.3 MT-domain
The MT-domain of MRPP1 (residues 203-380) was purified as for mature MRPP1,

but with an S75 — rather than an S200 — column for the SEC step. The construct was not
subjected to TEV protease treatment as it was found that the N-terminal Hise-tag could not
be removed by the protease. This purification and subsequent assays were performed prior to
cloning of the same construct into a vector incorporating a cleavable C-terminal Hise-tag.

The purification procedure of the MT-domain is outlined in Figure 2-11.
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Figure 2-11. Large scale purification of the MT-domain of MRPP1. The example shows SDS-PAGE from the
initial IMAC, chromatogram from SEC and SDS-PAGE analysis of peak fractions, and chromatogram from
cation-1E and SDS-PAGE analysis of peak fractions. Red arrows, blue boxes and gel lanes are annotated as

ESI-MS analysis of the purified sample

Figures 2-7 and 2-9.

identified a molecular mass of

23607.32 Da, corresponding to the expected molecular mass for the intact protein region

210-380 (Figure 2-12).
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Figure 2-12. ESI-MS spectrum for the purified MT-domain of MRPPL1.
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2.3.4 MT+C-domain
The MT+C-domain(A194) of MRPP1 was purified by IMAC with Ni-NTA resin,

followed by SEC on an S75 column. The construct was prone to degradation from the
C-terminus and thus long incubation times with TEV protease were avoided. A final
cation-EX step was performed on a Resource sulphonate (S) column. The purification
procedure is outlined in Figure 2-13.
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Figure 2-13. Large scale purification of the MT-domain(A194) of MRPP1. The example shows chromatogram
from the initial IMAC and SDS-PAGE analysis of peak fractions, chromatogram from SEC and SDS-PAGE
analysis of peak fractions, and chromatogram from cation-EX and SDS-PAGE analysis of peak fractions. Red
arrows, blue boxes and gel lanes are annotated as before.

ESI-MS analysis of the purified sample identified a molecular mass of 27109.1 Da
corresponding to the expected molecular mass for residues 195-380 (Figure 2-14A). The
lower molecular mass species observed are mapped onto the construct sequence and
suggested cleavage from both the N-terminus within the vector-encoded sequence, and the
C-terminus, resulting in protein fragments as short as residues 195-388 (Figure 2-14B). The

tryptic  digest-MS/MS  analysis identified peptides covering residues 219-397

(Figure 2-14C).
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Figure 2-14. A) ESI-MS spectrum for the purified MT+C-domain(A194) of MRPP1. B) PAWS analysis
showing putative cleavage sites (red) in the sequence. Sequence numbering G24-T232 corresponds to MRPP1
G195-T403. The first 23 amino acids in the sequence are vector-encoded. C) Peptides of the MT+C-
domain(A194) of MRPP1 identified with tryptic digest analysis (red boxes). Sequence numbering G24-T232
corresponds to MRPP1 G195-T403. The first 23 amino acids in the sequence are vector-encoded.

The MT+C-domain(A202) of MRPP1 was purified by IMAC followed by overnight

TEV protease treatment at 4°C. The protein was subsequently applied to an S75 column

followed by reverse IMAC. The purification procedure of the MT+C-domain(A202) of

MRPP1 is outlined in Figure 2-15.
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Figure 2-15. Large scale purification of the MT+C-domain(A202) of MRPP1. The example shows SDS-PAGE
analysis of the initial IMAC, chromatogram from SEC of the TEV protease treated sample and SDS-PAGE
analysis of the peak fractions, and SDS-PAGE analysis of fractions from Reverse IMAC with a sample taken
out after TEV protease treatment. Red arrows, blue boxes and gel lanes are annotated as before.

As described, this domain had a tendency to degrade. To map the degradation profile
tryptic digest-MS/MS and ESI-MS analyses were performed. The ESI-MS spectrum showed
molecular masses of various peaks (Figure 2-16A) which, when mapped onto the MRPP1
sequence of the MT+C-domain(A202) with a calculated molecular mass of 24631.5 Da
(Figure 2-16B), revealed that most of the protein is still intact, with little degradation a few
residues at a time from the C-terminus down to a construct spanning residues 203-381. The
part of this construct that is lost corresponds to the C-extension (residues 381-403),
suggesting that this region at the C-terminus could be flexible. Tryptic digest/MS-MS
analysis identified peptides covering residues 219-397 (Figure 2-16C), as found for the

MT+C-domain(A194) construct.
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Figure 2-16. A) ESI-MS spectrum for the purified MT+C-domain(A202) of MRPP1. B) PAWS analysis
showing putative cleavage sites (red) in the sequence. Sequence numbering Q2-T202 corresponds to MRPP1
Q203-T403. The first and last 7 amino acids in the sequence are vector-encoded. C) Peptides of the MT+C-
domain(A202) of MRPP1 identified with tryptic digest analysis (red boxes). Sequence numbering Q2-T202

corresponds to MRPP1 Q203-T403. The first and last 7 amino acids in the sequence are vector-encoded.

2.4 Biochemical studies

2.4.1 Oligomeric state
The purified MRPP1 proteins were subjected to an analytical SEC assay to

investigate their oligomeric states. Proteins of known MWs were first resolved on an
analytical S200 column, and their LOG°(MW)s were plotted against the obtained elution
volume (Ve) for each protein, resulting in a linear function (Figure 2-20), from which
experimental MWs could be deduced for any given protein eluting with a specific Ve. From
the experimentally obtained MW, the oligomeric state could be deduced by comparison with

the theoretical MW for a protein monomer.
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Figure 2-17. A) Chromatogram of proteins with known MWs. A: thyroglobulin (bovine) MW=670000 Da, B:
y-globulin (bovine) MW=158000 Da, C: ovalbumin (chicken) MW=44000 Da, D: myoglobin (horse)
MW=17000 Da, E: vitamin B, MW=1350 Da. B) LOG*MW plotted against V. for each protein. Vitamin B,
was excluded from the plot due to the poor resolution of the S200 column in the lower MW-region.

The mature MRPP1, N-domain, MT-domain and MT+C-domain(A194) proteins
were applied individually to the column and MWs were determined from the obtained
Ve-values. The calculated MWs corresponds to that of dimeric mature MRPP1 of 109047 Da
(theoretical MW of monomer = 45374.2 Da, residues 40-403), dimeric N-domain of
34258 Da (theoretical MW of monomer = 17824.6 Da, residues 40-191), monomeric
MT-domain of 17172 Da (theoretical MW of monomer = 23623 Da, residues 203-380) and
monomeric MT+C-domain(A194) of 17712 Da (theoretical MW of monomer = 27109 Da,

residues 195-403) (Figure 2-18).
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Figure 2-18. Analytical SEC chromatograms and SDS-PAGE analysis of mature, N-domain, MT-domain and
MT+C-domain of MRPP1.

The mature MRPP1, N-domain and MT+C-domain(A194) proteins were all prone to
degradation during the analytical SEC assay. For the mature protein and
MT+C-domain(A194), the highest band observed on the SDS-PAGE gel corresponds to their
full-length proteins determined by tryptic digest-MS/MS- and ESI-MS analysis. In the case
of the N-domain, the protein in the chromatogram peak corresponds to a slightly truncated
fragment, likely consisting of residues 40-191.

The SEC data support a model where the mature MRPP1 protein is a dimer in
solution, and where the N-domain functions as the dimerisation domain with neither the

MT-domain nor the C-extension being essential for this dimerisation.
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The SEC method seperates particles based on their hydrodynamic volumes and sizes
rather than MWSs. Accuracies in MWs of target proteins from Ve-values of standard proteins
(as above) therefore depend strongly on similarties in size and shape between target and
standard proteins. To cincumvent these issues, the Ve-independent SEC multi-angle light
scattering (MALS) technique could have been used. This method measures intensities of
light scattered from a sample over a range of angles as it is eluted from a SEC column to
determine the absolute MW for the protein of interest. SEC-MALS was attempted for mature
MRPP1 and the MRPP1-MRPP2 complex in a phosphate/sucrose buffer, but in-system
protein aggregation was encountered potentially due to the buffer composition or

incompatibility of the protein with the SEC column material.

2.4.2 Ligand binding

The MT-domain of MRPP1 is predicted to contain the methyltransferase active site,
and hence the binding site for the methylation cofactor S-adenosyl methionine (SAM).
Ligand binding properties were investigated for the four constructs of MRPP1: mature,
N-domain, MT-domain and MT+C-domain(A194), in a differential scanning fluorimetry
(DSF) assay. DSF measures the thermal unfolding of proteins in solution, by detecting the
change in fluorescence from a probe upon its binding to hydrophobic residues exposed from
the protein core, as the protein is unfolded using a stepwise gradient of increasing
temperature. The probe fluorescence intensity can be plotted as a function of increasing
temperature generating a sigmoidal curve where the midpoint corresponds to the melting
temperature (Tm). If the protein is presented to a ligand before thermal unfolding, the
protein-ligand interaction could stabilise the protein fold and cause a shift in the protein Tm
(ATm) [150].

The Tm was measured for each protein ‘as-purified’ and after addition of SAM.

Figure 2-19 shows that addition of SAM results in a Tm shift for the mature protein

64



(ATm=6.04+0.09°C) and the MT-domain both with and without the C-extension
(ATmmT+c=9.75+0.48°C and ATmmt=1.34+0.26°C), indicative of SAM binding. No shift
was observed for the N-domain suggesting SAM does not bind to this domain. These data
support a model where the SAM binding-site resides within the MT-domain of MRPP1, and
indicates that both the N-domain and the small C-extension are dispensable for SAM
binding. The small C-extension does, however, contribute significantly to general protein
stabilisation after SAM binding, as reflected in the 8.97+£0.33°C increase between the SAM
bound proteins of MT-domain and MT+C-domain, but more investigations are needed to

elucidate the role of the small C-extension in MRPP1.
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Figure 2-19. DSF assay showing Tm response upon addition of SAM for mature MRPP1, N-domain, MT-
domain and MT+C-domain(A194). For this experiment n = 2-3. *= P<0.05, ****=P<0.0001.

2.5 Structural studies
To further investigate the SAM binding to the MT-domain, and to obtain detailed

structural information about the catalytic site of MRPP1, a crystal structure of the

MT-domain was determined.

2.5.1 Crystallisation of the MT-domain of MRPP1

The soluble constructs of the MT- and MT+C-domain used in crystallisation

experiments are outlined in Figure 2-20.
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Figure 2-20. Cloned MRPP1 constructs covering the MT- and MT+C-domain, used in crystallisation trails.

2.5.1.1 MT-domain
The purified MT-domain protein was concentrated to 6 mg/mL and utilised to set up

crystallisation plates of two random matrix screens: HIN and JCSG, at 4°C and 20°C, with
different protein-to-precipitant ratios (1:2, 1:1, 2:1). No crystals appeared in these plates and
most drops appeared clear even after two months of incubation. To produce fewer clear
drops, protein concentration was increased to 15 mg/mL and to further facilitate
crystallisation, protein was incubated with a 1.5-fold molar excess of the natural ligand SAM
prior to setting up crystallisation plates of three random matrix screens: HCS, HIN and
JCSG, at 4°C and 20°C, with different protein-to-precipitant ratios (1:2, 1:1, 2:1). No
crystals appeared in these plates, but significant precipitation was observed after one day of
incubation. Final crystallisation attempts were performed using an intermediate protein
concentration of 10 mg/mL (again supplemented with SAM) and an expanded set of random
matrix screens: MIDAS, LFS, HCS, HIN and JCSG (composition: Section 7.5.2).
Crystalline precipitation formed in 0.1 M sodium succinate (NaSuc) and 15% polyethylene
glycol (PEG) 3350 at 20°C and at a protein-to-precipitant ratio of 1:1. A follow-up plate was
set up (Figure 2-21) surveying the immediate chemical environment around the crystalline
precipitate condition. This screen failed to produce protein crystals and further crystallisation

attempts were performed with other constructs.
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Figure 2-21. Follow-up screen surveying around the inital crystalline precipitate condition of 0.1 M NaSuc and
15% PEG3350. TACS: tacsimate (mixture of 1.8305 M malonic acid, 0.25 M ammonium citrate tribasic, 0.12
M succinic acid, 0.3 M DL-Malic acid, 0.4 M sodium acetate trihydrate, 0.5 M sodium formate, and 0.16 M
ammonium tartrate dibasic).

2.5.1.2 MT+C-domain
The purified MT+C-domain(A194) protein was concentrated to 19 mg/mL and

incubated with 10-fold molar excess of SAM prior to setting up crystallisation plates in two
random matrix screens: HCS and JCSG at 20°C. This yielded tiny crystals within 3 days in
multiple conditions (Figure 2-22), but as larger crystals were simultaneously obtained with
the MT+C-domain(A202) these crystals were not further optimised.

. . . .
Figure 2-22. Crystals of the MT+C-domain(A194) of MRPP1. A) 0.5 M (NH4)2SOs4, 0.1 M citrate pH 5.6, 1 M

Li,SO.. B) 0.2 M Na(ac), 0.1 M cacodylate pH 6.5, 30% PEG8000. C) 0.1 M bicine pH 9.0, 1 M MgCl,. D)
50% PEG200, 0.2 M MgCly, 0.1 M cocadylate pH 6.5. Na(ac): sodium acetate.

The MT+C-domain(A202) protein was concentrated to 11 mg/mL and used to set up
crystallisation plates of two random matrix screens: HCS and JCSG, in two temperatures.
These trials yielded small crystals within 3 days, in many conditions containing PEGs and
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often salts and buffers with a broad pH-range of 4.2 to 8.5. Two different crystal forms
(needles and diamonds) were obtained in various crystallisation conditions as exemplified in

Figure 2-23A and B, respectively.

A

Figure 2-23. Crystals of the MT+C-domain(A202) of MRPP1. A) Needle shaped crystals grown in 16%
PEGB8000, 20% glycerol, 0.16 M calcium acetate, 0.1 M cacodylate pH 6.5. B) Diamond shaped crystals grown
in 25% PEG1000, 20% glycerol.

Follow-up screens were designed for seven hits and crystallisation plates were set
up. This yielded larger diamond shaped crystals (Figure 2-24) grown in 4°C with precipitant

conditions around the initial conditions of 25% PEG1000, 20% glycerol (Figure 2-23B).

Figure 2-24. Diamond shaped crystals of the MT+C-domain(A202) of MRPP1 from the follow-up screen
grown in 15% PEG1000, 24% glycerol.

Both needle- and diamond-shaped crystals were observed in this screen with
different protein-to-precipitant ratios. Higher protein concentrations (2:1 ratio) would lead to
diamond shaped crystals and lower protein concentrations (1:2 ratio) would lead to needle

formation. Furthermore, the two forms had a tendency to appear in the same drop at different
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times (Figure 2-24), first diamonds and later needles, further suggesting a dependence on

protein concentration.

Figure 2-25. Needle- and diamond-shaped crystals of the MT+C-domain(A202) of MRPP1 grown in the same
condition of 21% PEG1000 and 20% glycerol.

These crystals were cryo-protected in mother liquor supplemented with 25%
propylene glycol, and tested for diffraction at the Diamond Light Source beamline 124. The
diamond shaped crystals showed diffraction to 3.5 A resolution. The needle crystals showed
no diffraction and all optimisation was therefore focussed on the diamond shaped crystals.

An analysis of crystal formation across the follow-up conditions (Figure 2-26)
revealed that glycerol and PEG concentrations also affected the preference of one crystal
form over another, as glycerol concentrations < 22% resulted in needle formation. In
addition, very low glycerol concentrations in combination with high PEG concentrations
resulted in precipitation, and PEG concentrations > 30% — or PEG concentrations > 23%

when combined with high glycerol concentrations — resulted in clear drops.
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Figure 2-26. Analysis of the follow-up screen based on the initial crystallisation hit with precipitant condition
25% PEG1000 and 20% glycerol.

Based on this analysis, a second follow-up screen was produced focussing on the
conditions yielding diamond shaped crystals (green, Figure 2-26). Using this new screen,
larger crystals grew from fewer nucleation points with increasing size towards the area of

lower PEG (down to 11%) and higher glycerol (up to 28%) concentrations (Figure 2-27).

A B

Figure 2-27. Crystals of the MT+C-domain(A202) from (A) the first follow-up screen grown in 15% PEG1000,
24% glycerol and (B) the second follow-up screen grown in 12% PEG1000, 28% glycerol.

A dataset was collected at the Diamond Light Source beamline 103 from a crystal
diffracting to 2.79 A resolution. To obtain better diffracting crystals, a third screen was made
based on the condition from the second screen (12% PEG1000, 28% glycerol), further
supplemented with a commercially available set of additives in the precipitation conditions.

This screen yielded larger crystals in conditions with additives from many different chemical
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groups, i.e. multi- and monovalent salts, osmolytes, volatile organic compounds, amino
acids, dissociating agents, polyamines, polymers, carbohydrates and linkers. A dataset was
collected at the Diamond Light Source beamline 104 for a crystal grown with PEG3350 as

additive diffracting to 2.2 A resolution.

2.5.2 Structure determination

The collected data indicated that the crystal belonged to the tetragonal space group
P43 or P41. P43 was chosen as the correct space group during molecular replacement (MR),
where phases were attempted obtained from a cytosolic, human Trm10 protein structure
(TRMT10A) with 26% sequence identity over residues 205-380 of the MRPP1 MT-domain
[143]. The MR attempt failed, presumably due to the low sequence identity. Instead, phases
were determined experimentally by the single-wavelength anomalous dispersion (SAD)
technique, from a heavy atom (HA)-derivatised crystal. Crystals were grown in the
previously identified best condition (12% PEG1000, 28% glycerol, 10% PEG3350) and
soaked with 10 mM thiomersal (CoHoHgNaO,S) for a duration between 1 sec to 1 h. A
dataset was collected at the Diamond Light Source beamline 104 for a crystal soaked for
5 minutes diffracting to 2.49 A resolution. The collected data were isomorphous to the native
crystal and a tetragonal space group, P4z or P4:, was indicated. Analysis of the data
processing statistics (anomalous correlation coefficient in the XDS scaling file) revealed a
clear anomalous signal, therefore allowing six HA sites to be located using SHELXD. The
hand discrimination (P43 or P4, space group), phasing procedure and automated model
building was performed by SHELXE. P43 was chosen as the correct space group based on
the map contrast (Figure 2-28) compared between the original (P43) hand, CC = 30.26%

(cycle 3), and the inverted (P41) hand, CC = 13.36% (cycle 3).
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Figure 2-28. Contrast map vs. density modification cycle performed by SHELXE.

This procedure generated an initial poly-alanine model covering the entire protein
chain. The phases from the HA-dataset were then combined with the 2.2 A native dataset,
and the model was completed with side-chains assigned to sequence in COOT [151].
Subsequently, better diffracting crystals were grown in the same conditions as before, and
data collected to 1.96 A resolution were used for the final refinement of the structure. Due to
the nature of the tetragonal space group an indexing ambiguity exists (two possibilities) and
by chance the final high resolution dataset was indexed differently [152]. To enforce
consistent indexing, the dataset should have been re-indexed with POINTLESS using the
reflections from the reference and the original set of indices. Subsequently, rigid body
refinement should have been performed. However, in the interst of time, MR was used to
place the model correctly. The data collection and final refinement statistics are given in
Table 2-1.

For all datasets, the resolution cut-off was chosen where CC% was above 0.5 with
I/6(I) remaining above 1.0. Previosuly, Rmerge Was taken as the main mesure of resolution
cut-off, but this multiplicity-dependent factor was shown to inaccurately estimate data
quality, and CCY2 was suggested as a better value for determining resolution (Section 7.5.5).
The Rmerge Value for the HA dataset with Friedel pairs treated as the same (I+ and I-) or as

separate (1+/1-) reflections is 0.214 and 0.202, respectively, from AIMLESS [153]. For the
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HA dataset in Table 2-1, the Friedel pairs are treated as separate reflections as Friedel’s law

is broken by the anomalous scattering from the HA [154].

| HA Native Native |
| Unit Cell |
Beamline Diamond 104 Diamond 104 Diamond 104-1
Space group P4 P4 P4;
a,b,c 81.72,81.72,146.60 81.44,81.44,146.59 82.64, 82.64, 148.62
a, B,y 90, 90, 90 90, 90, 90 90, 90, 90
Molecule/ASU 3 3 3
Wavelength (A) 0.97949 0.97949 0.92820
Resoluton range (A raciN o G e
No. of reflections 911142 (67837) 354295 (24920) 494321 (33562)
No. of unique reflections 33167 (2450) 51121 (3773) 71314 (5279)
Multiplicity 27.5 (27.7) 6.9 (6.6) 6.9 (6.4)
Completeness (%) 98.7 (98.1) 99.97 (99.91) 99.98 (99.97)
I/o(1) 12.40 (1.10) 11.75 (1.94) 16.95 (1.48)
CCuz 0.998 (0.550) 0.998 (0.659) 0.999 (0.638)
Wilson-B factor (A% 51.89 44.14 42.35
Rmerge(%0) 0.202 (3.671) 0.093 (1.312) 0.052 (1.267)
Rmeas(%0) 0.210 (3.942) 0.111 (1.587) 0.061 (1.516)
Anomalous completeness 97.9 (95.3) 99.5 (99.3) 99.4 (98.7)
Anomalous multiplicity 13.4 (13.7) 3.33.2) 3.3(3.0)
Anomalous correlation 0.520 (-0.024) 0.1 (0.001) 0.046 (0.001)

Refinement

Rwork (0/0)

Riree (%)

RMSDbond (A)

RMSDangle (%)

No. of non-hydrogen atoms
macromolecules

Protein residues

Ligands

Water

Ramachandran favoured
Ramachandran outliers
Clash score

Average B-factor (A?) of

Macromolecules

Ligands
Solvent

0.1946 (0.3300)
0.2173 (0.3675)
0.008

1.23

4772

4497

534

58

217

98

0

3.63

54.20

54.20

71.30

50.60

Table 2-1. Data collection and refinement statistics for the structure of the MT+C-domain(A202) of MRPP1.

Data for highest resolution shell are shown in parenthesis.
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2.5.3 Overall structure

The MT+C-domain crystal contains three MRPP1 monomers in the asymmetric unit
(ASU) each bound to a molecule of SAM (Figure 2-29). The three MRPP1 monomers are
not related by simple rotation symmetry. They align with an RMSD between 0.204-0.238 A
for C* atoms, with the main differences attributed to parts of the flexible loop at residues
Cys335-Thr352 and segments involved in crystal contacts at residues Tyr214-Leu271
(A:B, A:C, B:C), Lys216-Asp239 (B:C), Pro319-Tyr244-Thr321 (A:B, A:C, B:C),
Arg328-Trp266 (B:C) or -Ser273 (B:C) or -Leu267 (A:B, A:C), or -Leu269 (A:C),
GIn318-Met202 (A:B, B:C) or -His242 (A:C) showing that A:B=A:C+#B:C. The packing
displayed a complex formation significance score (CSS) of 0.0 for all three interfaces
computed by the PISA server [155], altogether indicating that the ASU does not contain a
physiologically significant multimer. This is in line with the finding that the MT+C-domain

protein exists as a monomer in solution.

Chain A SAM

LYo 3. SAM
SAMQQ ’ { | 2N

, ChainB
Chain C

Figure 2-29. Asymmetric unit for MRPP1 MT Domain crystal. Each monomer holds one SAM methyl-donor
(spheres).

In the final refined model of the SAM bound MT+C-domain, no electron density
was visible for the C-extension (C-terminal 23 amino acids), which was therefore not

modelled. An MS/MS analysis of the crystallised protein sample indicated partial truncation
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of the C-extension in line with previoius findings (Section 2.3.4). The missing electron
density could therefore reflect proteolytic removal of the residues before and/or during
crystallisation. Alternativly, if the crystallised protein does contain the C-extension, the
missing electron density likely indicates flexibility of this region in the crystal packing. A
loop region (residues 335-352) also had less visible electron density compared to the rest of

the structure and was therefore built as poly-alanine.

2.5.4 Analysis of the active site
The MT-domain of MRPP1 contains the characteristic SPOUT (a/f) knot fold

[53], [54], [156], consisting of a central 6-stranded B-sheet (B1-p6) flanked on both sides by
a-helices (al-a6) (Figure 2-30A). The SAM molecule bound in each MRPP1 monomer is
clearly visible in the electron density map (Fo-Fc) (Figure 2-30B, contoured at 2.0c). The
SAM molecule is accommodated in a bent conformation as generally observed for SPOUT
proteins [139], [156]. It is bound via a deep trefoil knot (Figure 2-30) [156], [157] that has
been proposed to be associated with cofactor shuffling during catalysis by allowing the

protein to undergo constant isomerisation [59].

Figure 2-30. Structure of a monomer of the MRPP2 MT-domain with the 6-stranded B-sheet (1-p6) and 6
flanking a-helices (a1-06) indicated along with the ligand SAM (sticks) bound in the active site. The trefoil
knot is indicated. The SAM molecule is clearly visible in the electron density map (Fo-Fc contoured at 2.0c).
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The closest structural homologues of MRPP1, based on DALI search, are Trm10
members including human TRMT10A (PDB 4FMW, Z-score 26.4, C*-RMSD 1.5 A,
26% sequence identity), S. pombe Trm10 (4JWF, 25.4, 1.7 A, 28%), S. Cerevisiae Trm10
(4IWJ, 23.6, 1.9 A, 23%) and S. acidocaldarius Trm10 (5A7T, 14.0, 2.5 A, 16%). Sequence
alignment of MRPP1 with these three Trm10 proteins and other known Trm10 family
members (Section 8.3), revealed four conserved motifs within B4-BS (motif I, residues
288-293), B5-a4 (motif II, residues 307-323) and B6-a5 (motif III, residues 335-338 and
motif 1V, residues 350-360) of the MT-domain (Section 8.3, red boxes) [49]. These motifs

are highlighted in the sequence of full-length MRPP1 (residue 1-403) in Figure 2-31.

1 MAAFLKMSVSVNFFRPFTRFLVPFTLHRKRNNLTILQRYMSSKIPAVTYPKNESTPPSEELELDKWKTTM 70

7 KSSVQEECVSTISSSKDEDPLAATREFIEMWRLLGREVPEHITEEELKTLMECVSNTAKKKYLKYLYTKEK 141

Structure start
142 VKKARQIKKEMKAAAREEAKNIKLLETTEEDKOKNFLFLRLWDRNMDIAMGWKGAQAMQFGbPLVFDM 209

210 AYENYMKRKELQNTVSQLLESEGWNRRNVDPFHIYFCNLKIDGALHRELVKRYQEKWDKLLLTSTEKSH 278

U (n (1)
279 VDLFPKDSI SPNVMTTFRHDKV SLAKAKRLNLATECLFPLDKYLQWEIGNK 349

(V) Structure end
350 LCLKNNGNWQEALQFVPKRkHTGFLEISQHSQEFIN RLKKAKT 403

Figure 2-31. The sequence for MRPP1 outlining the four identified motifs. The beginning of the crystal
structure is indicated.

Structurally, the four conserved motifs (Figure 2-32A, ) overlap with parts of
MRPP1 that make up the SAM binding pocket. The adenosine ring of SAM binds in a
hydrophobic pocket formed by Leu290, Ala292, 11e309, Gly310, Cys335, Leu336, Leu338,
Leu351 and Met356 (Figure 2-32B, ). Additionally, hydrogen bonds are formed
(Figure 2-32B, inset) between the 2°- and 3’-OH on the ribose moiety and backbone amide
of Gly310, between the N-7 and N-1 of the adenine ring and backbone amide of Leu351 and
Leu336, respectively, and between the amine on C-6 of the adenine and backbone carbonyl

of Lys349. The methionyl moiety of the SAM ligand binds in a pocket formed by Thr291,
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Ser322, Phe312, GIn318, Asn350, Asp314 and Thr321 (Figure 2-32B, inset) with hydrogen
bonds between the COO™-group of the methionyl moiety of SAM and backbone amide and

carbonyl of Ser322 and Thr321, and between the methionyl N-atom and backbone carbonyl

of GIn318.
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Figure 2-32. A) Conserved motifs I-1V ( ) of Trm10 family members with SAM shown in blue sticks. B)
Residues forming the SAM binding pocket ( sticks) shown with SAM (blue sticks). Inset, Residues
involved in hydrogen-bond formation ( sticks) to the SAM ligand (blue sticks).

In summary, the crystal structure of the MT-domain provides an overview of the
catalytic site of MRPP1, and enables an analysis of potential important residues for mG9

and m*A9 activity investigated in Chapter 3 on the MTase complex MRPP1-MRPP2.

2.5.5 Crystallisation attempts with the N-domain of MRPP1

The N-domain of MRPP1 was found to be responsible for protein dimerisation. To
determine the fold of this domain, and the novel dimer interaction surface, crystallisation
experiments were performed. At the time of carrying out these experiments, mature MRPP1
had not yet been obtained in amounts and quality satisfactory for crystallography, and thus

trials were performed with constructs of the N-domain only (Figure 2-20).

C-extension
[NITS J{ N-domain }[ MT-domain }D
Residue: 1 39 213 380 403
o[ 140 210

Figure 2-33. Cloned MRPP1 constructs used in crystallisation trails.
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2.5.5.1 N-domain (residues 40-210)
The purified, untagged N-domain protein was concentrated to 12.5 mg/mL and used

to set up crystallisation plates of two random matrix screens: JCSG and LFS, at 4°C, with
different protein-to-precipitant ratios (1:2, 1:1, 2:1). After 2 months of incubation, no
crystals were observed in any drops. Precipitation was observed in most wells as regular
precipitation or lumpy precipitation in conditions containing 2-methyl-2,4-pentandiol (MPD)
[158].

2.5.5.2 N-domain (residues 40-140)

The construct covering a smaller part of the N-domain was expressed and purified
by Elzbieta Rembeza (Metabolic and Rare Diseases group, SGC). ESI-MS identified an
intact protein consistent with the lack of degradation products in SDS-PAGE analysis during
purification. The purified protein was concentrated to 17 mg/mL and used to set up
crystallisation plates as before of two random matrix plates: HCS and JCSG in two
temperatures and different protein-to-precipitant ratios. After 2 months of incubation, no
crystals were observed, but most drops showed precipitation, indicating that a lower protein
concentration could be used in future crystallisation trials.
2.5.5.3 Structure predictions for the MRPP1 N-domain

Like MRPP1, other Trm10 proteins contain unique domains or sequences in the
N-terminal. Of the structurally characterised Trm10 members, only the archaeal Trm10 is
solved as the full-length protein including this additional region (Figure 2-34B). The
N-domain of Trm10 from archaea consists of both a-helices and B-strands [159], and
circular dichroism (CD) on the N-domain of Trm10 proteins from yeast predicted these to
consist mainly of B-strands [49]. PSIPRED structure predictions (Figure 2-34A) suggested
that the N-domain in MRPP1 contains solely B-strands, suggesting a different structural

arrangement compared to other Trm10 members, as expected from the dimerisation of this
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domain only in MRPP1. Homology modelling was attempted for the N-domain using
MODELLER [160], but due to the low structural similarity of this domain to known folds,

no satisfactory model could be obtained.
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Figure 2-34. A) PSIPRED secondary structure predictions of the N-domain of MRPP1. B) Alignment of the
MT-domain of MRPP1 (blue) bound to SAM (sticks) and full-length Trm10 from archaea (S. acidocaldarius)
(black) bound to SAH (sticks). The loop shown in red is the disordered loop (residue 335-352) in the MRPP1

structure.

In addition to the N-domain, MRPP1 and other Trm10 members contain unique
domains or sequences in the C-terminal, and the C-domain of Trm10 from archaea
(65 residues) is shown in the structure (Figure 2-34). This domain shows no sequence
similarity with the small C-extension of MRPP1, not visible in the structure presented here,
suggesting that these regions are unlikely to be structurally homologous.

After all crystallisation attempts, mature MRPP1 became available at quantities
allowing generation of a low-resolution model of this construct using alternative X-ray

scattering methods.
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2.5.6 SAXS model of mature MRPP1

Small angle X-ray scattering (SAXS) measures the scattering from macromolecules
in solution (Section 7.6). When initially analysing the SAXS data in a model-independent
fashion, basic parameters can be determined, e.g. the radius of gyration, Ry, which is a
measure of the protein radius relative to its centre-of-mass. Another evaluation of protein
shape is the Kratky plot, which differentiates qualitatively between folded and disordered
particles and number of domains in a protein. The maximal dimension of the particle, Dmax,
is determined from the shape of a function of the distribution of inter-atomic distances, or
P(r) distribution, in which Dmax is the upper limit of the integral. After evaluation of the
SAXS data, a model can be reconstructed by ab initio modelling.

Purified mature MRPP1 protein was applied for SAXS analysis in line with an
HPLC column, prior to scattering measurements. The protein was applied in a buffer
containing sucrose and phosphate, mimicking the tRNA backbone, to increase stability for
the protein at high concentrations required for SAXS analysis. Scattering data were collected

at the Diamond Light Source beamline B21 (Figure 2-35).

MRPP1

Log(l(q))
- LY ) -- o

0 0.05 0.10.15 0.2 0.25 0.3 0.35 0.4 0.45
q

Figure 2-35. SAXS scattering plot: log(l(q) vs. g, for mature MRPP1.

The processed scattering data resulted in a linear Guinier fit (Figure 2-36A) giving

rise to an Ry of 34.40+1.885 A. The Kratky plot (Figure 2-36B) indicated a folded, partly
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flexible protein in solution. A Dmax of 100 A gave rise to the P(r) distribution function shown

in Figure 2-36C. Additional statistics can be found in Appendix, Section 8.5.

A B C

1{qy0) +(g +Ral*

ek a*Rg A

Figure 2-36. Scattering data plots for mature MRPP1. A) Guinier plot, B) P(r) distribution function, C) Kratky
plot.

The MW of the protein was calculated directly from the scattering curve to 97 kDa
[161], supporting the previous findings of an MRPP1 dimer using SEC (theoretical MW of
MRPP1 dimer: 91 kDa). The calculated SAXS model for dimeric MRPP1 is shown in
Figure 2-37. The monomeric nature of the isolated MT-domains of MRPP1 in solution
suggests that these domains are presumably not in close proximity to each other in the
full-length MRPP1 dimer. The crystal structure of this domain (177 residues each) fits
size-wise into the two ends of the model, leaving room for the small C-extensions
(23 residues each) at the ends. The two N-domains (163 residues each) involved in the
dimerisation interface can be accommodated in the centre space of the model, between the
fitted MT-domains. It is possible that the N- and MT-domains are connected by a flexible
linker as found in many methyltransferases, allowing inter-domain movement for substrate
binding [139], [162]-[164]. In line with this, the Kratky plot indicates a flexible protein and
the model seems rather extended considering the expected size of the dimer. It is possible
that the protein will become more compact upon binding to MRPP2, as the N-domain and

MT-domain in each monomer might otherwise not be tightly connected.
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Figure 2-37. The SAXS model for dimeric, mature MRPP1. The crystal structure of the MRPP1 MT-domains
were fitted into the SAXS model using the fit-in-map function in the Chimera software [165].

A comparison of the experimentally determined SAXS scattering plot of mature
MRPP1 with the scattering plot calculated from the crystal structure of full-length Trm10
from archea, using the Debye formula in FoxS [166], [167], results in a relatively high
x-value of 4.76 for g-values between 0.01°-0.40°. A y-value of this order indicates structural
differences between the proteins and as their respective MT-domains align with an
C%RMSD of 2.5 A (Figure 2-34), these differences likely falls within the N-domains and

C-terminal extensions.

FoxS chi = 4,76 ——

8 8.685 8.1 8.15 8.2 8.25% 8.3 0.35% 8.4 0.4

Figure 2-38. Comparison of the experimentally determined SAXS scattering plot (logl(q) versus q) of full-
length MRPP1 (black), with the calculated SAXS scattering plot (logl(q) versus q) from the archeon Trm10
full-length crystal structure (red) computed with the Debye formula.

2.6 Substrate recognition

2.6.1 Purine binding
Upon methylation of purine-9 in (mt)tRNA by the MRPP1-MRPP2 complex, the

purine moiety must be bound close to the SAM molecule within the MRPP1 protein. An
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obvious binding pocket for this purine is visible in the structure of the MT-domain of
MRPP1 (Figure 2-39). This pocket is sufficiently large (~ 8x10x8 A) to accommodate both
the planar guanine (width: 6.5 A between H-N1 and H-C8, height: 55 A between
H-(NH-C2) and O=C6) and planar adenine (width: 6.5 A between H-C2 to H-C8, height: 5.0

A between H-C2 and H-(NH-C6)).

Figure 2-39. Potential purine binding pocket in MRPPL1 in close proximity to the SAM cofactor (sticks).
To test whether the MT+C-domain of MRPP1 binds such purines, DSF was
performed with the purine-containing compound 3’-adenosine monophosphate (3’-AMP)

mimicking the adenosine in tRNA to be methylated (Figure 2-40).

RNA 3'

Figure 2-40. Chemical structure of RNA backbone with an adenosine base. The 3”-adenosine monophosphate
(AMP) part of the RNA is outlined in green.

DSF was performed with the MT+C-domain(A202) alone as this was the domain

that had previously been crystallised, and in the presence of 1 mM 3’-AMP and/or 1 mM
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S-adenosine-L-homocysteine (SAH) — the cofactor product of SAM. SAH was added to
confirm that 3’-AMP does not occupy the pocket for the SAM cofactor, and was used
instead of SAM to conclusively ensure no 3’-AMP protein turnover, though the MT-domain
was shown to be inactive on its own (Section 3.3.1). Figure 2-41 shows that 3’-AMP and
SAH each binds to the MT+C-domain resulting in a ATm of 3.654+0.16°C and 5.0+0.18°C,
respectively, and that the addition of both compounds resulted in a higher shift

(ATm of 5.65+0.20°C) indicating that they bind to different pockets of the protein.
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Figure 2-41. DSF assay of the MRPP1 MT+C-domain(A202) added with SAH, 3’-AMP or both. For this
experiment n = 3. **=P<0.01, ****=pP<0.0001.

2.6.2 Soaking of MRPP1 crystals with nucleotide ligands

In an attempt to obtain a co-crystal structure with a bound purine-containing
compound, such as the one identified in DSF, the well-diffracting diamond shaped crystals
of the MT+C-domain(A202) were grown. The crystals were soaked with either 10 mM
3’-AMP, 4 mM 5’-guanine monophosphate (5’-GMP) or 10 mM 3,5’-adenosine diphosphate
(3°,5-ADP) (Figure 2-42), but they readily dissolved and diffraction was reduced to 3.03 A
resolution at best (1 min soak with 3°,5’-ADP), which produced a dataset with no apparent

density for the ligand.
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RNA(guanine) RNA(adenine)
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RNA 3 RNA 3

Figure 2-42. RNA backbone with either a guanine or an adenine base. The 5’-guanine monophosphate (5°-
GMP, blue), 3’-adenosine monophosphate (3’-AMP, green) and 3,5’-adenosine diphosphate (3°,5’-ADP,
orange) part of the RNA is outlined.

To optimise soaking, new crystal forms were searched for. Due to the previously
observed concentration dependence of crystal forms (Section 2.5.1.2), crystallisation plates
were set up with a much higher protein concentration than before (30 mg/mL). These trials
yielded crystals of new shapes (e.g. rectangular, almond shaped) in many drops (Figure
2-43). No clear correlation could be found between crystallisation condition and crystal

shapes.

Figure 2-43. Crystals of the MT+C-domain(A202) of MRPP1 grown at 30 mg/mL. A) rectangular crystals
grown in 35% tacsimate. B) almond shaped crystals grown in 0.05 M ammonium sulphate, 0.05 M bis-tris pH
6.5, 30% pentaerythritol ethoxylate.

These crystals proved to be more stable for soaking in a solution of 1.2 mM SAH
with either 10 mM 3’-AMP, 4 mM 5’-GMP or 10 mM 3°,5’-ADP (Figure 2-42). The

crystals were soaked for 1 sec to 1 h, washed in mother liquor, cryo-protected as before and
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datasets were collected at the Diamond Light Source beamline 102 for rectangular crystals
diffracting to 1.9 A (3’-AMP), 2.1 A (5-GMP) and 2.1 A (3’,5°-ADP) resolution. No
diffraction was observed for the almond shaped crystals. The rectangular crystal belonged to
the P31 or P3; trigonal space groups and phasing was performed by the MR technique with
the MRPP1 MT-domain structure as search model, which identified P3; as the correct space
group. The calculated difference maps (Fo-Fc) showed no density that could account for the
soaked purine-containing compounds. Density was observed for the SAH ligand in the same

conformation as previously found for SAM.

2.6.3 Co-crystallisation

The failed soaking attempts prompted co-crystallisation with 3-fold molar excess of
3’-AMP or 1.5-fold excess of 3”,5’-ADP, using the same crystallisation conditions as before,
with prior addition of equimolar SAH to the protein.

The MT+C-domain(A202) protein co-crystallized with 3’-AMP in multiple drops,
adopting a different, triangular shape (Figure 2-44). Unlike previous conditions, these
crystals were grown using PEG4000 as the crystallisation precipitant. Unfortunately, no

diffraction was observed for these crystals and optimisation is ongoing.

A

Figure 2-44. Crystals of the MT+C-domain(A202) of MRPP1 from crystallisation attempt of co-crystallisation
with SAH and either 3°-AMP or 3°,5’-ADP. A (20°C) and B (4°C) of 0.2 M sodium acetate, 0.1 M Tris pH 8.5,
30% PEG4000, and C (4°C) of 0.1 M ammonium acetate, 0.1 M citrate pH 5.6, 30% PEG4000.
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The sample added 3°,5’-ADP vyielded needle-shaped crystals similar to those
obtained originally with addition of SAM only (Figure 2-23A). This crystal form was
previously found not to diffract, and in the interest of time these crystals were therefore not

further pursued.

2.6.4 Docking

After failed soaking and co-crystallisation attempts, 5’-GMP was docked into the
putative binding pocket of MRPP1 MT-domain structure, in order to obtain some structural
insight into optimally located residues for m*R9 catalysis. The docking results placed the
phosphate group of 5°’-GMP into the putative purine binding site for seven of the nine
models, which were excluded. The best docking model based on predicted binding affinity
(-6.1 kcal/mol) displayed the purine part of the ligand bound into the binding site
(Figure 2-45). Docking of 5’-AMP resulted in a similar fit as the 5’-GMP, and analysis of

the active site residues in Chapter 3 will be based on the docking model with guanine.

Figure 2-45. Docking of 5°-GMP into the presumed purine binding site of the MT-domain of MRPP1.
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3 CHAPTER

CHARACTERISATION OF THE MRPP1-MRPP2 COMPLEX

Short-chain dehydrogenase/reductases (SDRs), to which MRPP2 belongs [2], are
typical Rossmann-fold proteins of about 250-350 amino acids in length [41]. In line with this
classification, MRPP2 comprises 261 residues, contains a non-cleavable mitochondrial
targeting signal in the N-terminus (residues 1-34) [6], [7], and shows a typical
o/p Rossmann-fold pattern (Figure 3-1). MRPP2 locates solely to mitochondria [17] where

it carries out the many functions described in Chapter 1.

[MTS) Rossmann fold domain ]
Residue: 1 34 261

Figure 3-1. 2D structure representation for a full-length MRPP2 monomer.

In addition to its role as an oxidoreductase, MRPP2 interacts with MRPP1 to form a
binary MTase complex that methylates m*R9 on (mt)tRNAs and pre-(mt)tRNA. In this
chapter, the structure, stoichiometry and activity of the binary MRPP1-MRPP2 complex and
its interactions with the (mt)t{RNA substrate are studied using a variety of biophysical and

structural methods.

3.1 Cloning, large-scale expression and purification
To generate MRPP2 protein for complex studies, full-length (residues 1-261)

MRPP2 was cloned into the pNIC28-Bsa4 vector incorporating an N-terminal Hise-tag with
a TEV protease cleavage site, for expression in E. coli. MRPP2 protein was purified
(Figure 3-2) by IMAC with Ni-NTA followed by SEC on an S75 column. The N-terminal
Hiss-tag proved difficult to cleave off, and thus TEV protease treatment was subsequently

omitted. A final anion-EX step on a HiTrap Q HP column was performed.
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Figure 3-2. Large scale purification of full-length MRPP2. The example shows SDS-PAGE analysis of initial
IMAC, chromatogram from SEC and SDS-PAGE analysis of peak fractions, and chromatogram from anion-EX
and SDS-PAGE analysis of peak fractions. Red arrows correspond to the region analysed on SDS-PAGE. Blue

boxes indicate the pooled fractions. Ve: elution volume, PL.: pellet, FT: flow through, B1 and B2: binding
buffer fractions, W1 and W2: wash buffer fractions, E1-6: elution buffer fractions.

3.1.1 Reconstitution of complex from individual MRPP1 and MRPP2
expression

Plasmids containing Hise-tagged mature MRPP1 or Hise-tagged full-length MRPP2
were separately transformed into E. coli and expressed. Cell pellets for the two proteins were
co-lysed by homogenisation to enable complex formation ahead of purification. The protein

complex was purified (Figure 3-3) by IMAC using Ni-NTA resin, followed by SEC on an

S200 column and cation-EX on a HiTrap SP HP.
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Figure 3-3. Large scale purification of mature MRPP1 co-lysed with full-length MRPP2. The example shows
SDS-PAGE analysis of the initial IMAC, chromatogram from SEC and SDS-PAGE analysis of peak fractions,
and chromatogram from cation-EX and SDS-PAGE analysis of peak fractions. Red arrows correspond to the
region analysed on SDS-PAGE. Blue boxes indicate the pooled fractions. Ve: elution volume, PL: pellet, FT:
flow through, B1 and B2: binding buffer fractions, W1 and W2: wash buffer fractions, E1-5: elution buffer
fractions.

In this purification procedure, the SEC step revealed co-elution of the complex and
excess uncomplexed MRPP2 tetramer. The excess MRPP2 protein was to a large extent
removed in the last cation-EX step, but the reduction of NaCl concentration to below 400
mM prior to cation-EX caused loss of protein due to precipitation. Further issues included
further precipitation upon TEV protease treatment and removal of only 50% of the Hiss-tags

on MRPP2 proteins of the remaining complex.

3.1.2 Co-expression of MRPP1-MRPP2

To bypass the above issues of excess uncomplexed proteins and precipitation during
complex reconstitution, an attempt to co-express the two proteins was made. A DNA
fragment that contains both mature MRPP1 and full-length MRPP2 coding regions, with a

ribosomal binding site between them, was generated. This fragment was cloned into the
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pNIC28-Bsa4 vector, resulting in a bicistronic transcript where the two genes are transcribed
from a single promoter, but with individual translation initiation sites, to generate N-terminal
Hiss-tagged MRPP1 and untagged MRPP2.

This bicistronic co-expression plasmid was expressed, and the complex was purified
(Figure 3-4) by IMAC using Ni-NTA resin, followed by SEC on a Superose 6 (S6) column
and cation-EX on a HiTrap SP HP column to which the protein was applied at 300 mM
NaCl, which proved to be the lowest NaCl concentration attained without protein
precipitation. TEV protease treatment was also omitted to avoid the previously observed

protein precipitation.
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Figure 3-4. Large scale purification of co-expressed mature MRPP1 and full-length MRPP2. The example

shows SDS-PAGE analysis of the initial IMAC, chromatogram from SEC and SDS-PAGE analysis of peak

fractions, and chromatogram from cation-EX and SDS-PAGE analysis of peak fractions. Red arrows, blue
boxes and gel lanes are annotated as before.

The strategy of co-expressing Hiss-tagged mature MRPP1 and untagged full-length
MRPP2 circumvented the issue of contaminating the complex sample with excess

uncomplexed MRPP2 protein, as only MRPP1-complexed MRPP2 was retained in the
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Ni-NTA resin. The co-expressed proteins also avoided precipitation in buffers with NaCl
concentration down to 300 mM, which reduced the loss of protein in the cation-EX step.
This purification protocol yielded large amount of pure protein complex for assays. The need
for protein buffers with high concentration of NaCl could render later complex
crystallisation by vapour diffusion equilibration difficult, by excluding random matrix screen
conditions with [Na*] and [CI"] < 300 mM (Section 7.5.1).

Unless otherwise stated, the binary complex used throughout this chapter is prepared
from co-expression of MRPP1 and MRPP2 proteins where the MRPP1 carries an
N-terminal Hise-tag. Further reconstitution studies involving MRPP1 proteins utilise
Hiss-tagged mature MRPP1 and MT+C-domain(A194), and untagged MT+C-domain(A202)

and N-domain produced as described in Chapter 2.

3.2 Interaction studies

3.2.1 Mature MRPP1 and MRPP2
The purified proteins of mature MRPP1 and MRPP2 were used in an analytical SEC

with the purpose of investigating the interaction between them. SDS-PAGE analysis was
performed on the eluted fractions collected throughout the analytical SEC experiment. If a
complex is formed between the mixed proteins, these should be detected in earlier fractions
compared to when they are applied as individual, uncomplexed proteins.

To establish complex formation, SEC was performed with mature MRPP1 alone,
MRPP2 alone and a mixture of the two after extended incubation (1-2 h) on ice. The
chromatogram, when the two proteins were mixed (Figure 3-5, ), showed the
appearance of a peak to the left of the corresponding peaks for the individual proteins,
indicative of complex formation. No cofactors or substrates were added to the mixture,
suggesting that the complex formation is not dependent on neither SAM nor the (mt)tRNA

substrate. Complex formation is further evidenced in the SDS-PAGE gel by the appearance
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of MRPP1 and MRPP2 bands in earlier SEC fractions (Figure 3-5, ) and depletion
of MRPP1 and MRPP2 bands in the elution fractions of the individual proteins (Figure 3-5).
Altogether, a larger species (a complex) is formed between the two proteins without the need

of added cofactors or substrate.

5 404
<
E
£
é --- Mature MRPP1
o - MRPP2
[
1%) — -l
E 201 MRPP1-MRPP2
£
2
L0
<
Mature MRPP1
Mature MIRPP1: -
MRPP2: ‘: - MRPP2
— Mature MRPP1
MRPP1-MRPP2: = MRPP2

Figure 3-5. Analytical SEC with the mature MRPP1 and full-length MRPP2 proteins applied together and
individually. The green box indicates the elution fractions in which proteins should be co-eluting if they form a
complex.

The effect of cofactors and substrates on complex dissociation, if any, had not
previously been studied. Analytical SEC was next used to test stability of the co-expressed
MRPP1-MRPP2 complex, applied to the column after extended incubation (3 h) with excess
amounts of cofactors and substrates for each protein, i.e. SAM for MTase activity of
MRPP1, NAD*/NADH and allopregnanolone for SDR activity of MRPP2, and (mt)tRNA
for the MTase activity of the MRPP1-MRPP2 complex. To ensure that the cofactors were in
fact bound to the proteins, a DSF assay was performed alongside the analytical SEC. The
DSF assay (Figure 3-6B) showed an increase in Tm when incubating the MRPP1-MRPP2

complex with both SAM (ATm = 3.32+0.61°C) and NADH (ATm = 3.7340.58°C). No Tm
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shift was observed for NAD™ under these assay conditions (ATm = 0.47+0.47°C), which is

consistent with DSF data obtained on active MRPP2 protein alone (Section 5.1.5) under

same assay conditions, and thus likely does not reflect a lack of binding. When comparing

the obtained analytical SEC data with data from individual MRPP1 and MRPP2 proteins, no

complex dissociation was observed in the chromatogram or SDS-PAGE (Figure 3-5A),

showing that the availability of excess amounts of cofactor and substrates does not cause

notable dissociation. It remains to be established if the presence of these cofactors in large

excess would affect complex association.
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Figure 3-7. A) Analytical SEC with mature MRPP1, full-length MRPP2, or co-expressed MRPP1-MRPP2. The

co-expressed complex was further applied with various combinations of cofactors and MRPP1/MRPP2

substrates. The green box indicates the elution fractions in which proteins should be co-eluting if they form a
complex. B) Tm of co-expressed MRPP1-MRPP2 proteins in the presence and absence of cofactors used in the

analytical SEC. *= P<0.05, **=P<0.01.

Having established that mature MRPP1 and full-length MRPP2 form a stable

complex, the stoichiometry of this complex, generated from co-expression, was investigated
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by sedimentation velocity analytical ultracentrifugation (SV-AUC). SV-AUC studies the
sedimentation of macromolecules in solution in high centrifugal fields using hydrodynamic
theory to define the size, shape and interactions of the macromolecules in solution [168]. For
AUC, buffer subtraction is crucial for the data quality and so, to ensure that the reference
buffer and protein buffer were of equal composition, the MRPP1-MRPP2 complex was
dialysed overnight and the dialysis buffer was subsequently used as reference. The
phosphate buffer used for SAXS analysis of MRPP1 was chosen in the SV-AUC experiment
to mimic the potential protein stabilising effects upon binding of the tRNA sugars and
phosphate moieties. The obtained sedimentation coefficient distribution function, C(s)
(Figure 3-8), shows a peak corresponding to a MW for the binary complex of 201 kDa. This
indicates a 2xMRPP1:4xMRPP2 stoichiometry comparable to the expected MW of 208 kDa
for such a complex (MW dimeric Hisse-MRPP1 = 90312.2 Da, MW tetrameric untagged
MRPP2 = 117903.6 Da). However, as the SV-AUC technique is protein-shape dependent,
the determined stoichiometry was further evaluated using other methods (Section 3.4.2.1). A
small peak was also observed corresponding to a MW of 120 kDa, which could be explained

by a tetramer of MRPP2 of 118 kDa.
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Figure 3-8. C(s) distribution function from an SV-AUC experiment with the co-expressed, binary complex of
MRPP1-MRPP2. RMSD = 0.007802.
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The SV-AUC method is dependent on the shape of the molecule as e.g. a plate-like
structure would displace a larger mass as it sediments (Fv), compared to a rod-like structure,
ultimately affecting the sedimentation coefficient (s) (further described in Section 7.4.6).
Instead, the shape-independent sedimentation equilibrium AUC (SE-AUC) method could
have been used to more accurately detemine the MW of the complex. In SE-AUC, the
sample is allowed to slowly distribute in the cell at low centrifugal speed to create a
concentration gradient across the cell (equilibrium), making this method independent of the

frictional forces and thereby of the hydrodynamic shape of the protein [169].

3.2.2 Domain mapping for complex formation using SEC
To investigate the interaction between MRPP2 and different domains of MRPP1,

purified proteins of MRPP1 N-domain, MT+C-domain and MRPP2 were used in the
analytical SEC assay. MRPP1 proteins were applied to the SEC column with or without
MRPP2, and in the presence or absence of SAM and in vitro transcribed pre-(mt)tRNA'"®
substrate to understand if these would affect protein interaction.

The first experiment set out to determine if the N-domain of MRPP1 alone was
sufficient for complex formation with MRPP2. As described in Chapter 2, some
degradation was observed for the MRPP1 N-domain, with the protein being predominantly
present as a fragment of residues 40-191. This protein was applied to the SEC column alone
or with MRPP2, in the presence or absence of SAM and pre-(mt)tRNA". The chromatogram
(Figure 3-9, ) showed no peak shift upon mixing of the proteins and
cofactor/substrates, and SDS-PAGE analysis did not reveal both MRPP1 N-domain and
MRPP2 bands in the earlier elution fractions, which would be expected for a formed
complex, compared to where they would otherwise be found as individual proteins. This
indicates that the N-domain alone is not sufficient for complex formation with MRPP2 either

in the presence or absence of cofactor and/or substrate.
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Figure 3-9. Analytical SEC with the N-domain of MRPP1 applied with and without MRPP2 and in the
presence and absence of the cofactor and substrate. The green box indicates the elution fractions in which
proteins should be co-localising if they form a complex.

The second experiment investigated if the primary interaction region with MRPP2
lies within the MT+C-domain of MRPP1. The MT+C-domain(A194) of MRPP1 was applied
to the SEC column alone or with MRPP2, in the presence or absence of SAM and
pre-(mt)tRNA'"®. The chromatogram (Figure 3-10, ) showed no peak shift upon
mixing of the proteins and cofactor/substrates, and the SDS-PAGE analysis
(Figure 3-10, ) again did not identify MT+C-domain of MRPP1 or MRPP2
proteins in earlier elution fractions where a complex would be expected. This indicates that
the MRPP1 MT+C-domain alone — like the N-domain — is not sufficient for complex

formation with MRPP2, either in the presence or in the absence of cofactor and/or substrate.

97



300+

==+ MT+C-domain I
- MRPP2 N
||— MT+C-domain+mRPP2 ] '.‘
— MT+C-domain+MRPP2+SAM 4

MT+C-domain+MRPP2+SAMHRNA|[ 1|

(]
o
=3

Absorbance, 280nm (mAU)
S
<

MT+C-domain MRPP1:

'-mnc-domain MRPP1
MRPP2: "!'”"' MRPP2

MRPP2

% "'*- MT+C-domain MRPP1
el MRPP2

MT+C-domain MRPP1 + MRPP2 + SAM: I ’ *— MT+C-domain MRPP1
]

MRPP2
*- MT+C-domain MRPP1

Figure 3-10. Analytical SEC with the MT+C-domain(A194) of MRPP1 applied with and without MRPP2, in
the presence and absence of cofactor and substrate. The green box indicates the elution fractions in which
proteins should be co-localising if they form a complex.

MT+C-domain MRPP1 + MRPP2:

MT+C-domain MRPP1 + MRPP2 + SAM + pre-(mt)tRNA'e:

Overall, the two SEC experiments demonstrate that none of the individual MRPP1
domains alone are sufficient for complex assembly with MRPP2, thus regions from both the
N-domain and the MT+C-domain must be required. Interestingly, the interaction between
mature MRPP1 and full-length MRPP2 eliminated all degradation otherwise observed for
MRPP1 (Figure 3-11) suggesting that a role of MRPP2 in this complex could be to stabilise
regions of MRPP1 that would otherwise be prone to cleavage by E. coli proteases. From the
degradation pattern observed for full-length MRPP1 alone (Figure 3-11, left), tryptic digest
analysis suggests that the protease cleavage sites are found between the N-domain and

MT-domain and between the MT-domain and C-extension.
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Figure 3-11. Left) SDS-PAGE analysis of mature MRPP1 showing the degradation observed for this construct
in the absence of MRPP2. Tryptic digest-MS/MS analysis identified Mature MRPP1 as residues Ile44-Arg397,
MT+C-domain as residues Asn187-Arg397, MT-domain as residues Asn187-Lys377 and N-domain as residues
lle44-Lys177. Right) SDS-PAGE analysis of co-expressed mature MRPP1 and MRPP2 showing the halted
protein degradation for mature MRPP1 in the presence of MRPP2.

3.2.3 Sequence mapping of the interaction regions
The analytical SEC results indicated that regions from both the MRPP1 N-domain

and MT+C-domain were important for the interaction with the MRPP2 protein. To further
map the sequence regions of MRPP1 involved in this interaction, a SPOT blot analysis was
performed. An array of short peptides, together covering the full protein sequence to be
analysed for protein binding, are synthesised and chemically coupled to a membrane with
each peptide appearing as a ‘spot’. For the investigations of MRPP1 and MRPP2 interaction,
the entire protein sequence for mature MRPP1 was translated into overlapping 15-mer
peptides with maximum overlap of 13 amino acids (i.e. a 2 amino acid shift in register
between peptides). The SPOT membrane with the coupled peptides was incubated with
Hiss-tagged MRPP2 protein overnight. The next day, the membrane was washed with
PBS/PBST to remove unbound protein, probed with an HRP-conjugated anti-His antibody,
and visualised by chemiluminescence. The spots that appeared dark on the membrane
(Figure 3-12A) reacted to the antibody, and therefore represent the sequence regions at
which Hise-MRPP2 is bound to an MRPP1 peptide. The membrane was subjected to

densitometry analysis to deduce the intensity of each spot, subtracted from control
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background spots. The densitometry data are represented as a bar chart in Figure 3-12B. The
areas identified as MRPP2 interacting regions are numbered 1-7 in Figure 3-12, and a
mapping of the corresponding domains in MRPP1 (N, MT and C) is shown in . The

crystallised part of MRPPL1 is outlined as a blue dashed line in Figure 3-12A.
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Figure 3-12. A) MRPP1 peptide membrane with bound Hiss-tagged MRPP2 labelled with HPR-conjugated
anti-His antibody and visualised by chemiluminescence. Control peptides are shown in black boxes: as positive
control the first two and last two spots contains a Hiss-peptide, and as negative control the third and last seven
spots before the Hiss-controls are blank (no peptides coupled). B) Densitometry data from the raw membrane
represented as a bar chart. Red brackets indicate regions identified to interact with MRPP1. The blue dashed
line indicates the crystallised MT-domain region. The domains of MRPP1 are annotated in

The SPOT blot analysis revealed at least one region from the N-domain as a strong
candidate for interaction with MRPP2 (Region 1), which interestingly lies within the only
region of the N-domain that is predicted not to be intrinsically disordered (residue 87-152
compared to Region 1 of residues 100-106) (Section 2.1). Furthermore, the region towards
the end of the N-domain and before start of the MT-domain (Region 2) contained many dark
spots and could represent a further binding site for MRPP2. Unsuccessful homology
modelling for the N-domain restricted structural mapping of Region 1 and Region 2. Such
mapping was only possible within the obtained crystal structure of the MT-domain, where
more dark spots were observed, corresponding to Regions 3-6 (Figure 3-13A), with Region
5 not being surface exposed. The surface exposed Region 6 covered the flexible loop, built

as poly-alanine in the structure due to weak electron density (residues 335-352). The
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equivalent loop in Trm10 proteins from archaea and yeast have been studied by mutagenesis
and docking studies, that revealed an important role of this loop in tRNA binding and
activity, and thus this seems an unlikely candidate for MRPP2 interaction [49], [159].
Region 3 and Region 4 clustered into a patch near the beginning of the MT-domain
(Figure 3-13A, ‘structure start’) only seven residues N-terminal of Region 2. Altogether,
Regions 2-4 represent a likely collaborative patch for MRPP2 interaction (Figure 3-13A and
B). The strong candidate from the N-domain (Region 1) could either form part of this patch
by structurally localising close to Region 2-4, or independently interact with MRPP2.
Involvement of both the N-domain and MT-domain for interaction with MRPP2 in the SPOT
assay is entirely consistent with the previous analytical SEC data showing no complex
formation with either fragment alone.

In addition to the above regions, the SPOT blot analysis also identified the
C-extension as an interaction site for MRPP2 (Region 7). This extension was either
disordered (flixible) or not present in the crystal structure (prone to protease attack), but
protected from degradation in solution when complexed with MRPP2. Together, these data
suggest that the C-extension is involved in interaction with MRPP2. The beginning of the
C-extension is structurally distant from the predicted interaction patch, but its flexibility may
allow long-range interactions with other parts of MRPP1, e.g. the proposed interaction patch
for MRPP2 (Figure 3-13A). Alternatively, this C-extension could interact independently

with MRPP2.
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Figure 3-13. A) Mapping of the sequences identified in the spot blot analysis as potential MRPP2 interaction
sites, onto the MRPP1 MT structure in cartoon (left) and surface (right) representation. The main interaction
patch is shown. The start and end of the structure are indicated in green. B) Mapping of the identified
interaction regions onto the mature MRPP1 protein sequence. The regions are shown in bold and coloured in
the same scheme as A).

The detection limit in a SPOT blot analysis for protein-peptide interaction is
typically Kp = 500 uM [170], thus some weak interactions might not be detected. Also,
steric constraints of the immobilised peptides, lack of sufficient N- and C-terminal flanking
regions, and synergistic binding involving different regions in binding, could be other
reasons for potential unidentified interactions. It is therefore possible that additional,
unidentified, regions are important for the MRPP1-MRPP2 interaction. The SPOT blot

analysis cannot conclusively exclude random protein-peptide interactions, and such false

positives could be excluded by repeating the assay with a number of standard proteins to
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identify any often-occurring hits or by Kp determination using biochemical interaction
methods such as isothermal titration calorimetry (ITC) or surface plasmon resonance (SPR).
After having mapped the binding sites of MRPP2 to MRPP1, the SPOT blot assay
was attempted performed in reverse with peptides of MRPP2 bound to the membrane.
Unfortunately, the mature MRPPL1 protein was not stable in the buffer required for blotting.
Having concluded that none of the MRPP1 domains on their own can form a
complex with MRPP2, enzymatic assays were performed to investigate if this property was

also reflected in the MTase activity.

3.3 Activity studies
3.3.1 Mapping of MRPP1 domains in MTase activity

A MTase activity assay was set up via collaboration with the Droogmans’ group at
the Université Libre de Bruxelles, Belgium, using, as reagents, the in vitro transcribed
pre-(MttRNA""® substrate, different MRPP1 fragments, full-length MRPP2 and a SAM
cofactor tritium-labelled at the methyl-group ([methyl-*H]SAM). The pre-(mt)tRNA"®
substrate contains a guanine base in position 9, thus this assay is testing the m*G9 activity of
the MRPP1-MRPP2 complex. Activity was measured in counts per minute (cpm), with
counts arising from the radioactively labelled methyl-groups from [methyl-*H]SAM
incorporated into the pre-(mt)tRNA substrate.

To test if mature MRPP1 alone is active on pre-(mt)tRNA'"®, the m'G9 MTase
activity assay was performed with mature MRPP1 in the presence or absence of MRPP2.
The obtained cpm-values (Figure 3-14) show that the co-expressed complex of mature
MRPP1 and full-length MRPP2, but not the individual proteins, has MTase activity,
confirming previous findings that MRPP1 requires MRPP2 for catalysis [14]. The observed
activity for the MRPP1-MRPP2 complex further confirms that the E. coli expression system

produces recombinant proteins with an enzymatically relevant fold.
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Figure 3-14. MTase (m'G9) activity of MRPP1 mature protein, MT+C-domain(A203) and N-domain towards
pre-(mt)tRNA'"® in the absence and presence of MRPP2. For this experiment n = 3.

The MTase activity assay was then utilised to test the m'G9 activity on the
MT+C-domain of MRPP1, harbouring the MTase active site. The assay was performed with
the MT+C-domain(A203) protein in the presence or absence of MRPP2 and showed no
activity in both instances (Figure 3-14), consistent with the inability of this domain to form
a complex with MRPP2, necessary for activity of mature MRPP1. The lack of activity found
for the MT+C-domain meant that the assay was not performed with the MT-domain alone,
as it is doubtful that activity would be gained upon further removal of the C-extension.

The m!G9 MTase activity was further tested for the N-domain of MRPP1 in the
presence or absence of MRPP2 (Figure 3-14). Again, no activity was observed, which is not
surprising as 1) the active site and SAM binding site reside in the MT-domain of MRPP1
that is not present in this protein fragment, and 2) the N-domain is not able to form a

complex with the MRPP2 protein necessary for activity.

3.3.2 Mapping of catalytic residues in MRPP1
MRPP1 is known to catalyse both m'G9 and m!A9 activities, and its crystal

structure represents the first of a protein from the Trm210 family with dual specificity, since
all previous Trm10 structures represent enzymes that catalyse only m!G9 or only m*A9
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[14], [159], [171]-[173]. Therefore, inspection of the MRPP1 MT-domain structure, and
comparison with other Trm10 structures, could potentially provide clues as to how MRPP1
catalyses the methylation of two differently charged substrates (adenine and guanine), while
other members have single specificities.

The mechanism for N1-methylation by MRPP1 has not yet been determined, but the
N1-methylation reactions of guanine and adenine in tRNA are studied in other organisms.
These studies show that methylation of N1 of adenine and guanine requires two different
mechanisms. N1-methylation of guanine by TrmD/Trm5 requires an Asp or Glu residue as
the catalytic base and an Arg as an intermediate charge-stabiliser. TrmD has further been
shown to utilise a Mg?" ion for stabilisation of the charged intermediate [60].
N1-methylation of adenine by Trml likewise requires an Asp as the catalytic base, but as
there is no intermediate charge created, no intermediate charge-stabiliser would be needed
(Section 1.3.2).

A sequence alignment of the Trm10 proteins (Section 8.3) revealed a conserved Asp
residue in position 314 and a conserved GlIn residue in position 226 of MRPP1 (conserved in
both m*A9, m'G9 and dual-specific Trm10 MTases). Asp314 is located within the active site
(Figure 3-16), forming hydrogen bonds to the backbone amide of Ser316, Met317 and
GIn218 as well as the NHs™-group of the methionyl moiety of SAM, and thus appears a good
candidate for the catalytic base. GIn226 is located in strand B1 outside the active site, but the
side-chain points towards the active site, 3.1 A from the O6-atom of the docked guanine

(Section 2.6.4), and could thus potentially function as the intermediate charge-stabiliser in

the methylation of guanine (Figure 3-16).
To test this hypothesis, an Asn-substituted mutant of the potential catalytic base
Asp314 (p.D314N) and an Ala-substituted mutant of the potential intermediate

charge-stabiliser GIn226 (p.Q226A) were generated by site-directed mutagenesis using the
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co-expression vector, encoding both MRPP1 and MRPP2, as template. The mutant proteins
were expressed and purified as described for wildtype and proved to be soluble and stable
against degradation. SDS-PAGE analysis of the final purified sample of the MRPP1 mutants
(with p.D314N or p.Q226A) in complex with MRPP2 is shown in Figure 3-15 next to a

sample of wildtype MRPP1 in complex with MRPP2.
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Figure 3-15. SDS-PAGE analysis of the final purified sample of MRPP1 wildtype, D314N, and Q226A co-
expressed with MRPP2.

The MTase activity assay was carried out on the wildtype and mutant proteins using
in vitro transcribed pre-(mt)tRNA"® with a guanine base in position 9, and pre-(mt)tRNAY?
with an adenine base in this position. The MTase assay tested the hypothesis that mutation of

the presumed catalytic base Asp314 would abolish both m'G9 and m'G9 activity, while

mutation of GIn226, if it were to function as an intermediate charge-stabiliser, would affect

only m!G9 activity.
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Figure 3-16. The potential catalytic base, Asp314, and intermediate charge-stabiliser, GIn226, are shown along
with the SAM ligand and a docked 5’-GMP molecule mimicking the guanosine to be methylated and the
backbone from the tRNA.

As expected, the MRPP1(D314N)-MRPP2 complex, containing the presumed
catalytic base mutation, abolished mA9 and m!G9 activities, compared to the wildtype
MRPP1-MRPP2 control (Figure 3-17). The complex of MRPP1(Q226A)-MRPP2,
containing the presumed intermediate charge-stabiliser mutation, also showed no m'G9
activity. Surprisingly, the p.Q226A mutation also abolished m*A9 activity of the complex
(Figure 3-17), suggesting that this residue is implicated in both mechanisms rather than
having the proposed role of intermediate charge-stabiliser solely for guanine. The essential
requirement for both Asp314 and GIn226 in MRPP1 catalysis suggests that the adenine
methylation proceeds via a mechanism distinctively different from the mechanism utilised

by the structurally unrelated MTase Trml. The mechanism of MRPPL1 is further discussed in

Chapter 6.
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Figure 3-17. N1-methylation by the binary complex of MRPP1-MRPP2 with wild-type, D314N and Q226A
MRPP1 on pre-(mt)tRNA"® and pre-(mt)tRNAV?, For this experiment n = 3.

3.3.3 Investigation into the role of MRPP1 in MRPP2 SDR activity
Having established that the MTase activity of MRPP1 depends on MRPP2, an

activity study was performed to determine if the presence of MRPP1 would influence the

SDR function of MRPP2. Earlier data established that MRPP2 in the MRPP1-MRPP2
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complex was still able to accommodate the cofactor for SDR activity and that the complex
did not dissociate in the presence of excess amounts of either the cofactor or a substrate for
SDR activity (allopregnanolone). This suggested that that MRPP2 may be able to perform its
SDR functions even in the presence of MRPPL1.

Allopregnanolone is a neurosteroid and a natural substrate for MRPP2 which, via its
30-HSD activity (Section 1.1.1.1), oxidises this to form Sa-dihydroprogesterone (5a-DHP)

using NAD" as cofactor (Reaction Scheme 1).

Allopregnanolone Sa-dihydroprogesterone

MRPP2

NAD* NADH

; O\\\\\m

Reaction Scheme 1. Conversion of allopregnanolone to 5a-dihydroprogesterone (5a-DHP) by MRPP2 using
NAD".

The MRPP2 alone and MRPP1-MRPP2 co-expressed proteins were used in a
spectrophotometric activity assay measuring the fluorescence (350 nm excitation and
450 nm emission) from NADH derived during catalysis. The assay was executed with
equimolar amounts of MRPP2 protein alone and in complex, in the presence of excess
NAD?*. The allopregnanolone substrate and NAD* cofactor were mixed and diluted with
assay buffer before addition of protein. The substrate was used at final concentrations
ranging from 100 to 0.05 uM, with the concentration of NAD™ and protein held constant.
Kinetic parameters, Km and Vmax, Were obtained by fitting the data to the Michaelis-Menten
equation (Figure 3-18A). To obtain Micheaelis-Menten kinetics, the system most adobt
steady-state between substrate, enzyme and the substrate-enzyme complex (E + S = ES)

[174]. This is not the case for the above system at the lower concentrations (below

108



3.7 uM = [E]) where the system exhibit [E] > [S]. The kinetic contants are therefore
estimatetes that should be utilised only to compare enzymes tested in this work rather than
compared between publications. As it is unknown how many active sites of MRPP2 are
accessible for catalysis due to complex formation, no ket Values were determined. A fraction
of the complex protein sample used in the spectrophotometric activity assay was applied for
analytical SEC with SDS-PAGE analysis to ensure that no uncomplexed MRPP2 protein

was present to perform the catalysis on its own (Figure 3-18B).
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Figure 3-18.A) Michaelis-Menten plot for the catalysis of allopregnanolone by MRPP2 using NAD*. Both
complexed (with MRPP1) and uncomplexed (alone) MRPP2 was tested. RFU: relative fluorescence units. B)
Analytical SEC chromatogram and SDS-PAGE analysis of the purified complex used for activity studies.

The SDR activity assay revealed a similar Vmax between free and complexed
MRPP2 indicative of that no active sites are blocked by the interaction with MRPP1. A
2-fold reduced Kwm-value is oberseved for the complex, compared to the MRPP2 protein
alone, suggesting that MRPP1 has a stabilising effect on the enzymatic activity of MRPP2.
The analytical SEC chromatogram and SDS-PAGE analysis showed MRPP1 and MRPP2
proteins eluting with a constant complex-stoichiometry, indicating that no uncomplexed
MRPP2 was present. These data showed that the presence of MRPP1 does not hinder

MRPP2 in performing its 3a-HSD function and potentially other SDR functions.
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3.4 Structural studies
Using either individually expressed or co-expressed MRPP1 and MRPP2 proteins,

efforts were made to obtain structural information on the complex, with and without

(mt)tRNA, using X-ray crystallography and the SAXS technique.

3.4.1 X-ray crystallography

3.4.1.1 Crystallisation of MRPP1-MRPP2
The first target for crystallisation was the MRPP1-MRPP2 complex reconstituted

from individually expressed components at the lysis stage. The protein complex was
concentrated to 9.5 mg/mL (calculated for a 2xMRPP1:4xMRPP2 stoichiometry) and used
in crystallisation trials in five random matrix screens: HCS, JCSG, LFS, BCS and HIN, at
4°C and 20°C, with different protein-to-precipitant ratios (1:2, 1:1, 2:1). This procedure
yielded crystals in one drop, with the condition: 50% MPD, 0.2 M ammonium phosphate
dibasic, 0.1 M Tris pH 8.5. However, these crystals gave rise to diffraction patterns
characteristic of small molecules or salts. Subsequent strategies to facilitate crystallisation by
supplementing the protein sample with SAM ligand, and/or performing in situ proteolysis
(trypsin-to-protein ratio of 1:100) [175], were unsuccessful.

After cloning of the MRPP1-MRPP2 co-expression plasmid, new crystallisation
trials were performed with the co-expressed protein complex at 6.5 mg/mL. This yielded
crystals after 1-3 days of incubation in one condition (Figure 3-19): 50% PEG200,
0.2 M MgClz, 0.1 M cacodylate pH 6. These crystals showed no diffraction at the Diamond

synchrotron. Optimisation of crystals grown in this condition is planned as future work.
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Figure 3-19. Crystals formed in a drop from crystal plates set up with co-expressed MRPP1-MRPP2 protein
complex. Condition: 50% PEG200, 0.2 M MgCly, 0.1 M cacodylate pH 6.5 grew after 3 days of incubation.

Until this point, all crystallisation attempts for the MRPP1-MRPP2 complex had
been performed at protein concentrations below 10 mg/mL. To survey the crystallisation
space above this concentration, the co-expressed complex was next concentrated to
39 mg/mL, which was the highest concentration that could be reached with still leaving
enough sample to set up crystallisation plates. These trials yielded small crystals in three

conditions, grown at 20°C with a 1:2 protein-to-precipitant ratio (Figure 3-20).

A B C

Figure 3-20. Crystal drops from plates set up with co-expressed MRPP1-MRPP2 complex at 39 mg/ml. A) 0.2
M ammonium acetate, 0.1 M citrate pH 5.6, 30% PEG4000, B) 0.05 M CaCl,, 0.1 M MES pH 6.0, 20%
PEG6000, 10% ethylene glycol, C) 0.2 M NH.CI, 0.1 M MES pH 6.0, 20% PEG6000, 10% ethylene glycol.

A follow-up screen was designed for the larger crystals (Figure 3-20A) surveying
the immediate chemical environment around the initial hit. Crystals appeared as blocks in
conditions with low concentrations of ammonium acetate (0.1 M) and pH 5.4-5.6

(Figure 3-21B), which were larger than crystals formed in the initial screen (Figure 3-21A).
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Figure 3-21. Crystals grown in a drop with the co-expressed MRPP1-MRPP2 protein complex. A) initial hit
grown in 0.2 M ammonium acetate, 0.1 M citrate pH 5.6, 30% PEG4000, B) the follow-up hit grown in 0.1 M
ammonium acetate, 0.1 M citrate pH 5.6, 34% PEG4000.

Crystals were mounted with no cryo-protectant or cryo-protected in mother liquor
supplemented with 5% propylene glycol. The crystals were screened at the microfocus
beamline 124 of Diamond Light Source, due to their relatively small sizes, and demonstrated
better diffraction in the absence of cryo-protectant. A dataset was collected to 5.03 A
resolution on a crystal without cryo-protectant at the same beamline. The diffraction data
were indexed to the P2:212; spacegroup based on absent reflections with even indexing
along each axis (h00, h=2n; 0kO, k=2n, 00I, I=2n) with no strong reflections at odd indexing

(Figure 3-22).
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Figure 3-22. The screw axis along each axis (a, ¢ and c) shown as Index vs. I/I(c) outputted from POINTLESS.

Cell parameters of a = 79.79 A, b = 125.54 A and ¢ = 299.18 A (a, B, y = 90°, 90°,
90°) were very different (e.g. larger ¢ dimension) to those previously characterised for
MRPP2 alone, thus these crystals could represent MRPP1-MRPP2 complexes. In the

absence of experimental phases, molecular replacement was attempted with the MRPP2
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structure (PDB: 1U7T) as search model. The output solution placed three MRPP2 molecules
in the ASU. The log-likelihood-gain (LLG) and rotation and translation function Z-scores
(RFZ and TFZ, respectively) from Phaser [176] for each placed molecule, before and after
refinement, are shown in Table 3-1. The LLG-value increases with each placed molecule

and the final TFZ-value > 7, indicating a correct solution.

Before refinement After refinement

LLG RFZ TFZ LLG TFZ

Tetramer 1 209 10.1 11.8 272 13.1
Tetramer 2 585 * 22.5 608 21.7
Tetramer 3 500 5.9 6.8 647 9.2

Table 3-1. The LLG- and Z-scores from Phaser for each placed molecule of MRPP2 before and after
refinement. *The second tetramer was found using rotation peaks from the first search as there were more than
one solution with good Z-scores (>8.0).

The solution did not seem to leave room for any molecules of MRPP1

(Figure 3-23).

Figure 3-23. Unrefined crystal structure of MRPP2 to 5 A resolution. The electron density map 2Fo-Fc for two
helices of one MRPP2 monomer is shown contoured at 0.8c.

The formation of MRPP2-alone crystals could suggest either excess MRPP2 from
purification, or complex dissociation under the crystallisation conditions. In case of

dissociation, this was attempted avoided by incubating the MRPP1-MRPP2 sample

113



(at 26 mg/mL), with 1.5-fold excess of SAM and an equimolar amount of in vitro transcribed
pre-(Mt)tRNA'"®, prior to setting up crystallisation plates. These crystallisation screens
yielded initial nucleation from crystallisation plates incubated at 4°C, in two precipitant

conditions (Figure 3-24). Optimisation from nucleation is planned as future work.

A B

Figure 3-24. Crystals grown from co-expressed MRPP1-MRPP2 protein added with SAM and pre-(mt)tRNA'"e,
A) 22% polyacrylic acid 5100, 0.02 M MgCl;, 0.1 M HEPES pH 7.5 and, B) 20% PEG3350, 0.2 M potassium
citrate tribasic.

3.4.2 SAXS
3.4.2.1 SAXS model of MRPP1-MRPP2

In the absence of X-ray structures for the complex, the low resolution method SAXS
was applied. In these studies, co-expressed MRPP1-MRPP2 proteins were used in which
MRPP2 is untagged. As a control sample for SAXS, untagged MRPP2 protein was generated
using a different construct (sub-cloned into p11 vector by Naeem Shafqat at SGC) from that
described in Section 3.1, to facilitate Hise-tag removal. The co-expressed and purified
MRPP1-MRPP2 complex, and untagged MRPP2 protein alone, were applied for in-line
SAXS analysis at the Diamond Light Source beamline B21 in a phosphate buffer with 1%

sucrose and scattering data were collected (Figure 3-25).
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Figure 3-25. SAXS scattering plot: log(l(q) vs. g, for MRPP2.
The obtained and processed scattering data for the MRPP2 protein alone, resulted in
a linear Guinier fit (Figure 3-26A) giving rise to an Ry for the protein of 28.44+0.4415 A.
The Kratky plot (Figure 3-26B) indicated a folded, globular species in solution as expected
from the crystal structure of the MRPP2 tetramer. A Dmax 0f 80 A gave rise to the P(r)

distribution function shown in Figure 3-26C.
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Figure 3-26. SAXS data untagged MRPP2 alone. A) Guinier plot, B) Kratky plot, C) P(r) distribution function.

A back calculation of the theoretical scattering plot for MRPP2 based on its crystal
structure showed a good fit (y-value of 0.952 for g-values between 0.01°-0.45°) with the
experimentally determined scattering plot (Figure 3-27). A slight misfit was observed for

higher g-values indicating some flexibility of the protein in solution.
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FoxS chi = 8,952

Figure 3-27. Comparison of the experimentally determined SAXS scattering plot (logl(q) versus q) of MRPP2
(black), with the calculated SAXS scattering plot (logl(q) versus g) from the tetrameric MRPP2 (PDB: 1U7T)
crystal structure (red) computed with the Debye formula.

The crystal structure of tetrameric MRPP2 (PDB: 1U7T) was fitted to the SAXS

model of MRPP2 (Figure 3-28) using the fit-in-map function in the Chimera software [165].

Figure 3-28. The SAXS model for tetrameric, full-length MRPP2. Fitted using Chimera.

Scattering data were collected for the complex of MRPP1-MRPP2 (Figure 3-29)

using in-line SAXS analysis as for MRPP2.
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Figure 3-29. SAXS scattering plot: log(l(q) vs. q, for the MRPP1-MRPP2 complex.

The scattering data gave rise to a linear Guinier fit (Figure 3-30A) resulting in an Rq
of the protein complex of 45.59+0.9720 A. The Kratky plot (Figure 3-30B) indicated a
folded, partially flexible protein in solution. The Dmax of 153 A gave the P(r) distribution
function shown in Figure 3-30C. The Ry and Dmax values of the complex are larger than
those obtained for the individual proteins (MRPP1: Ry = 34.40+1.885 A, Dmax = 100 A and
MRPP2: Rq = 28.44+0.4415 A, Dmax = 80 A). The MW of the MRPP1-MRPP2 complex was
calculated from the SAXS scattering curve to 214 kDa, agreeing with the previously

identified 4XMRPP2:2xMRPP1 stoichiometry for a theoretical MW of 208 kDa.
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Figure 3-30. SAXS data for the MRPP1-MRPP2 complex. A) Guinier plot, B) Kratky plot, C) P(r) distribution
function.

SAXS models for MRPP1-MRPP2 were generated with P1, P2 and P4 point
symmetry to account for all possible tetramer-dimer symmetry related binding modes
(Appendix, Section 8.6). An increase in symmetry from P1 to P2 or P4 increased the

normalised spatial discrepancy (NSD) between initial ab initio models, demonstrating that
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enforcing higher symmetry generates models that are more frequently systematically
different from one another. The final Chi? for the fit between the model and raw data was
1.712 (P1), 1.683 (P2) and 1.743 (P4). The SAXS models for mature MRPP1 and MRPP2
were fitted to the three SAXS models of the MRPP1-MRPP2 complex
(Appendix, Section 8.6). In this fit, only the MRPP1-MRPP2 P1-model could accommodate
mature MRPP1 as a dimer while, at the same time, accounting for the full SAXS pocket. The
P1-model was therefore chosen for further studies. The obtained SAXS P1-model for the
MRPP1-MRPP2 complex is shown in Figure 3-31 with the crystal structure of tetrameric
MRPP2 fitted in using the Chimera software [165]. The model is shown alongside that of

mature MRPP1 and MRPP2.

MRPP1 MRPP2 MRPP1-MRPP2

Figure 3-31. SAXS models for mature MRPP1, full-length MRPP2 and the binary complex of MRPP1-MRPP2
built in P1 symmetry. Crystal structures are fitted to the SAXS models using Chimera.

Both the crystal structure and the SAXS model of MRPP?2 fit nicely into one region
of the complex model, and the remainder of the model shows an extended shape that could

accommodate the mature MRPP1 protein. Fitting of the MRPP1 MT-domain crystal
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structure into the model is discussed in Chapter 6. When comparing the SAXS model for
mature MRPP1 protein alone, with that for MRPP1-MRPP2, it seems that the MRPP1
protein within the complex becomes more compact along the long axis and perhaps this
compaction could be the cause of the protease-protective effect of MRPP2 on MRPP1 when
complexed (Section 3.2.2).
3.4.2.2 SAXS model of MRPP1-MRPP2-pre-(mt)tRNA'®

To investigate the binding of (mt)tRNA to the complex using SAXS, the
MRPP1-MRPP2 complex was mixed with excess in vitro transcribed pre-(mt)tRNA" in
buffer conditions that facilitate tRNA binding (low NaCl concentrations) and stability
(presence of Mg?*). The final mixture was applied for in-line SAXS analysis at the Diamond

Light Source beamline B21 and scattering data were obtained (Figure 3-32).
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Figure 3-32. SAXS scattering plot: log(l(q) vs. g, for the MRPP1-MRPP2-pre-(mt)tRNA'"® complex.

The scattering data for the MRPP1-MRPP2-pre-(mt)tRNA""® complex resulted in a
linear Guinier fit (Figure 3-33A) giving rise to an Ry for the complex of 69.67+2.766 A. The
Kratky plot (Figure 3-33B) indicated a folded, but non-globular, extended species in
solution. The Dmax Of 216 A gave rise to the P(r) distribution function shown in

Figure 3-33C.
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Figure 3-33. SAXS plots for in-line SAXS of MRPP1-MRPP2-pre-(mt)tRNA'". A) Guinier plot, B) Kratky
plot, C) P(r) distribution function.

The obtained SAXS model for the MRPP1-MRPP2-pre-(mt)tRNA"® complex is
shown in Figure 3-34 alongside that for the MRPP1-MRPP2 complex. As expected for a
larger species, the Ry and Dmax values for the MRPP1-MRPP2-pre-(mt)tRNA"® complex
(Rg = 69.67+2.766 A, Dmax = 216 A) are larger than those for the MRPP1-MRPP2 complex
(Ry = 45.59+0.9720 A, Dmix = 154 A). When overlaying the SAXS model for
MRPP1-MRPP2 within that for MRPP1-MRPP2-pre-(mt)tRNA"®, the remaining space
accounts for one pre-(mt)tRNA molecule. From the overlay it seems that MRPP1 undergoes
conformational changes upon binding of the pre-(mt)tRNA substrate which is in agreement
with studies on the Trm10 homologues of MRPP1 from yeast [49]. These studies showed
that the free Trm10 proteins exist in a more open and extended conformation in solution,
compared to when they are bound with the tRNA substrate. Conformational changes have
also been observed for other SPOUT MTases upon tRNA binding [139]. The interesting
suggestion that the SAXS model accommodates one pre-(mt)tRNA molecule per

MRPP1(dimer)-MRPP2(tetramer)-SAM (2 molecules) is further discussed in Chapter 6.
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MRPP1-MRPP2 MRPP1-MRPP2-pre(mt)tRNA'

Figure 3-34. SAXS model for the complex of MRPP1-MRPP2-pre-(mt)tRNA'" shown alongside the SAXS
model of the binary complex of MRPP1-MRPP2.

3.5 tRNA binding

To further examine the binding of (mt)tRNA to the MRPP1-MRPP2 complex an
electrophoretic mobility shift assay (EMSA) was performed looking for shifts in its
electrophoretic mobility caused by an interaction of protein with the in vitro transcribed
pre-(mt)tRNA'"® substrate.

The EMSA assay was first performed with the binary complex of MRPP1-MRPP2
as a single point experiment, and as a titration of increasing protein-to-(mt)tRNA ratio. From
the NATIVE-PAGE gel in Figure 3-35A, stained for both RNA (Lane 1-3) and protein
(Lane 4-6), it was observed that the binary complex of MRPP1-MRPP2 interacts with the
pre-(Mt)tRNA substrate, as indicated by a shift of the RNA stained band (Lane 1 compared
to Lane 3, Figure 3-35A). A titration of an increasing amount of complex protein to an
excess amount of pre-(mt)tRNA (Figure 3-35B) further revealed a dose-dependent increase

in complex formation.
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Figure 3-35. A) EMSA of pre-(mt)tRNA"¢ and the MRPP1-MRPP2 complex. B) EMSA of pre-(mt)tRNA'®
titrated with increasing amount of MRPP1-MRPP2 complex. SYBRO GOLD staining for RNA (Lane 1-3) and
Coomassie Brilliant Blue staining for protein (Lane 4-6).

The assay was subsequently performed to test if the N-domain of MRPPL, in the
presence or absence of MRPP2, could interact with pre-(mt)tRNA"S. Interestingly,
Figure 3-36 shows that the N-domain of MRPPL1 alters the electrophoretic mobility of
pre-(mt)tRNA""® in the presence and absence of MRPP2, showing that this domain is able to
interact with the pre-(mt)tRNA substrate independently of both MRPP2 and the

MT+C-domain of MRPP1.
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Figure 3-36. EMSA of pre-(mt)tRNA"¢ with the N-domain of MRPP1, in the presence and absence of MRPP2.
SYBRO GOLD staining for RNA (Lane 1-5) and Coomassie Brilliant Blue staining for protein (Lane 6-10).

122



The assay was next attempted with the MT+C-domain of MRPP1 in the presence or
absence of MRPP2. However, despite numerous attempts, this protein construct failed to
enter into the gel matrix, presumably due to the pl of this protein (predicted 9.55) being
much higher than the pH of the gel/buffer system (pH 8.1). However, as the MT+C domain
harbours the active site for MRPPL1, it is likely engaging in some direct interactions with the
pre-(mt)tRNA substrate during the catalytic cycle. This is confirmed by point mutation
studies of the yeast and archea Trm10 proteins showing that Lys- or Arg-to-Glu mutations of
surface exposed residues in helix al of the MT-domain, conserved in MRPP1, abolish tRNA
binding [49], [177].

The SAXS model for the MRPP1-MRPP2-pre(mt)tRNA"" complex placed MRPP2
in vicinity of the tRNA substrate. Previous data obtained in vitro [14] and in vivo [75] have
been contradictory on MRPP2s ability to bind (mt)tRNA in the absence of MRPP1. To
identify any (mt)tRNA binding properties of recombinant MRPP2 in vitro, the EMSA was
performed on MRPP2 alone with pre-(mt)tRNA'". From the NATIVE-PAGE gel (Figure
3-37), stained for RNA (Lane 1-3) and protein (Lane 4-6), it was observed that no
pre-(mt)tRNA substrate was bound to MRPP2 alone in this experimental set up, as indicated
by the lack of shift of the RNA stained band (Lane 1 compared to Lane 3, Figure 3-37).
That does not, however, exclude, that MRPP2 forms direct interactions with the tRNA
substrate upon complex formation with MRPP1. The interaction of MRPP2 with tRNA is

further discussed in Chapter 6.
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Figure 3-37. EMSA with full-length MRPP2 and pre-(mt)tRNAI'®. SYBRO GOLD staining for RNA (Lane 1-

3) and Coomassie Brilliant Blue staining for protein (Lane 4-6).
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4 CHAPTER

CHARACTERISATION OF MRPP3 ALONE

At the start of this project no structural information was available on the Mg?*
dependent endoribonuclease MRPP3, which is the catalytic subunit of the ternary RNase P
complex of MRPP1-MRPP2-MRPP3, and thus contains the 5’-end pre-(mt)tRNA processing
activity (RNase P activity). Furthermore, no information was available on the interaction
between this subunit and either the binary complex of MRPP1-MRPP2 or the pre-(mt)tRNA
substrate. In the first part of the chapter, the MRPP3 protein is being characterised alone

using structural and biochemical methods.

4.1 Domain organisation
MRPP3 belongs to the Protein-only RNase P (PRORP) protein subfamily of

Nedd4-YacP nucleases (NYN’s) and contains, in addition to the NYN-domain, an
RNA-binding pentatricopeptide repeat (PPR) domain. PRORP proteins have so far been
identified in higher and lower eykaryotes [94], with those from A. thaliana, T. brucei,
Drosophila and human being the most well-studied [13], [90], [96], [97].

The PRORP protein in human mitochondria, MRPP3, is 583 residues long and
contains, like MRPP1, an N-terminal cleavable MTS peptide (residues 1-50)[104]. The
mature protein (residues 51-583) is predicted to comprise two PPR repeats covering residues
221-253, followed by a core-domain of unknown fold (residues 254-403) and an
NYN-domain (residues 403-451). Flanking these domains are extensions at the N-terminus
(N-extension, residues 51-219) and the C-terminus (C-extension, residues 452-583) [178]

with unknown folds. MRPP3 is also predicted to bind a structural Zn?* ion in a
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Cys-Cys-His-Cys (CCHC) motif shared between the core-domain (Cys348-Cys351) and the

C-extension (His557-Cys578) (Figure 4-1) [100], [178].
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Figure 4-1 Predicted domain organisation of human MRPP3. MTS: mitochondrial targeting signal.
PPR: pentatricopeptide repeat. NYN: Nedd4-YacP nuclease.

Using DISORPREDS3 [145] via the PSIPRED server [146], protein disorder was
predicted for in the N-extension (residues 51-109) of the mature protein (Figure 4-2) [145].
This region was further predicted to be involved in protein interactions, possibly with the

MRPP1-MRPP2 complex.
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Figure 4-2. Intrinsic disorder profile for MRPP3 predicted by DISOPRED3 via the PSIPRED server. Amino
acid position 0 corresponds to residue 51 in MRPP3.

4.2 Cloning, small-scale expression and purification

Based on the structural predictions above, several constructs were designed covering
the mature MRPP3 protein (without the MTS peptide) and fragments of the PPR- and
NYN-domains with and without the core-domain and N- and C-extensions (Figure 4-3). The
constructs were cloned into the E. coli expression vector pNIC28-Bsa4 incorporating an
N-terminal Hise-tag with a TEV protease cleavage site, and tested for expression and

solubility in small-scale (50 mL cell cultures). The small-scale tests revealed that many
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constructs with an intact C-terminus (residue 583) and varying N-terminal boundaries were
soluble (Figure 4-3, green). Any truncation from the C-terminus rendered the protein
insoluble, unless the entire core-domain, NYN-domain and C-extension were removed,
resulting in a few short soluble constructs for the PPR-domain with part of the N-extension.
No degradation was observed for any of the constructs, and the N-terminal Hise-tag was
cleavable by TEV protease except for constructs with a start boundary at residue 274 for
which only partial (~50%) protease cleavage was obtained even after long incubation with

the protease.

N-extension Core-domain C-extension
Zn?
(
MTS (PPR |{ PPR o NYN |—H_Is o
Residue: 1 50 220 253 403 451 583
1
20
40
51
86
9196
118 583
152
274
299
320
354
374 280
51[ 290 332
274
8 Yo
91
111 [ 474 202
414
474502
118 360380
344
332
360
152[ 344
320

Figure 4-3. Cloned constructs of MRPP3. Soluble contructs: green. Insoluble: grey.
4.3 Large-scale expression and purification
The soluble construct of mature MRPP3 (residues 51-583) was expressed and
purified in large-scale for usage in biochemical assays, and expression and cell lysis was
performed as described for MRPP1 and MRPP2 proteins. The protein was purified
(Figure 4-4) by IMAC (Ni-NTA resin) followed by SEC (S200 column) and cation-EX

(HiTrap SP HP column). The protein was treated with TEV protease to remove the Hise-tag
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and subsequently subjected to reverse IMAC. Tryptic digest-MS/MS and ESI-MS analysis

identified the protein as intact (molecular mass: 61608.78 Da), untagged mature MRPP3 of

residues 51-583.
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Figure 4-4. Large-scale purification of mature MRPP3. The example shows SDS-PAGE of initial IMAC,
chromatogram from SEC and SDS-PAGE of peak fractions, chromatogram from cation-EX and SDS-PAGE of
peak fractions, and SDS-PAGE of fractions from reverse IMAC. ESI-MS spectrum of a sample after
purification in shown. Red arrows correspond to the region analysed on SDS-PAGE. Blue boxes indicate
pooled fractions with the protein of interest. V¢: elution volume, FT: flow through, B1 and B2: binding buffer
fractions, W1 and W2: wash buffer fractions, E1-5: elution buffer fractions. BF, AF: sample before and TEV
protease treatment, respectively. S1 and S2: SEC buffer.

4.4 Solution studies

4.4.1 Oligomeric state
The purified, mature MRPP3 protein was applied to analytical SEC (S200) with the

purpose of investigating the oligomeric state of the protein. The V. was determined to
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15.184 mL from the elution profile (Figure 4-5), which gave rise to an experimental MW of

45976.3 Da, corresponding to that of a monomeric protein (theoretical MW of monomer

= 61608.7 Da).
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Figure 4-5. A) Analytical SEC chromatograms of mature MRPP3.

4.4.2 Ligand binding

The NYN-domain is a ribonuclease fold, proposed to be the catalytically active
subunit of MRPP3. NYN-domains comprise four conserved acidic residues [100], involved
in binding of a metal-ion utilised for cleavage of the phosphodiester bond of the RNA
backbone. In MRPP3, these four residues corresponds to D409, D478, D479 and D499
[179], [180] and it is likely that the metal-ion utilised by MRPP3 for RNase P activity, Mg?*,
binds to this site.

The metal-binding properties of mature MRPP3 was investigated using DSF by
measuring the Tm of the protein ‘as-purified’ and after addition of Mg?*. The data
(Figure 4-6) showed no change in protein Tm between the as-purified and Mg?" added
sample, suggesting that mature MRPP3 protein alone does not bind Mg?*-ions under the
tested experimental conditions. If the metal-ion is, in fact, bound to the protein, the lack of
Tm shift could be a result of no binding-induced thermostabilising effects, though metal-ions
most often result in a ATm. Alternatively, the protein in the as-purified sample could be

pre-saturated with co-purified Mg?* ions, though this is unlikely as a similar construct
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(residues 46-583), expressed and purified as for mature MRPP3 in this work, was reported to

be only 38.6% saturated with metal-ions after the initial IMAC step [92].
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Figure 4-6. DSF assay of mature MRPP3 protein as-purified and upon addition of 50 mM Mg?*.

Even if the protein is not fully pre-saturated with Mg?* ions from co-purification, it
might still be metal-bound, as addition of the metal-chelater ethylenediaminetetraacetic acid
(EDTA) to the DSF assay conditions, resulted in a change in Tm (ATm = 4.87+0.01°C)
(Figure 4-7). This change could be created by chelation of bound Mg?* or, alternatively, the
structural Zn-atom predicted to bind in MRPP3. An EDTA-chelation of the Zn-atom could
force the protein into a more kinetically favourable fold that Zn-binding would otherwise
prohibit and thereby cause the observed increase in Tm. With previous experiments showing
only 38.6% saturation with metal-ions, and the possibility of EDTA removing the structural
Zn-atoms, no further dialysis experiments were performed to ensure full removal of

co-purified Mg?* before DSF.
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Figure 4-7. DSF assay of mature MRPP3 protein as-purified and upon addition of either 50 mM MgCls,
2 mM EDTA or 50 mM EDTA.

The thermal unfolding curve of the as-purified protein (Figure 4-8) reveals a
prominent unfolding state around 55°C (unfolding state 1) and a subtle, second unfolding
state around 75°C (unfolding state 2). This biphasic protein unfolding proposes two
independent folding events for the MRPP3 structure, each constituting one or more of the
predicted domains (Figure 4-1). A similar biphasic unfolding is observed for shorter MRPP3

constructs (see Section 4.5.1.3).

Unfolding state 1
60000 - l

Unfolding state 2

50000

40000+

Fluorescence (A.U.)
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40 60 80
Temperature (°C)

Figure 4-8. Thermal unfolding curve obtained with as-purified mature MRPP3.

4.5 Structural studies
4.5.1 Crystallisation attempts with MRPP3

In addition to biochemical assays, crystallisation trials for MRPP3 proteins were
undertaken in an attempt to understand the protein structure. The cloned, soluble MRPP3
constructs outlined in Figure 4-9 were expressed and purified in large-scale for
crystallisation experiments. These include the mature MRPP3 protein and shorter constructs
that will be denoted by their N-terminal truncation, i.e. A85-MRPP3, A95-MRPP3,

A117-MRPP3 and A273-MRPP3.
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Figure 4-9. Cloned and soluble MRPP3 constructs used in crystallisation trials.

4.5.1.1 Mature MRPP3
The purified, untagged mature MRPP3 protein was concentrated to 5, 7, 10, 12.5, 20

and 32 mg/mL and used to set up 58 crystallisation plates of seven random matrix screens:
JCSG, HCS, HIN, LFS, BCS, MIDAS and SaltRX at different temperatures and protein to
precipitant ratios. After two months of incubation, no crystals were observed in any of the
drops, and no particular trend could be deduced for the precipitation-and-clear drops
patterns.

The DSF data suggested that mature MRPP3 did not bind Mg?* ions, but as the DSF
method measures changes to the protein thermal stability, rather than the ligand binding
constant, the obtained DSF data cannot conclusively exclude metal-binding. Therefore, in
the second round of crystallisation attempts, the protein sample was supplemented with Mg?*
and used to set up five random matrix screens: LFS, BCS, SaltRX, JCSG and MIDAS at
different temperatures and protein-to-precipitant ratios. Unfortunately, the supplement of
Mg?* ions did not improve the crystallisation.

The observation that the mature construct is refractory to crystallisation was later
confirmed for a similar construct covering residues 45-583 [179]. Crystallisation efforts were
therefore next focused on shorter constructs of MRPP3.
4.5.1.2 A85-MRPP3 and 495-MRPP3

The soluble A85-MRPP3 (Figure 4-10), A95-MRPP3 (Figure 4-11) and

A117-MRPP3 (Figure 4-12) constructs were expressed and purified as for mature MRPP3,
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and the identities and intact molecular masses were identified using tryptic digest-MS/MS

and ESI-MS. Protein expression and solubility was lower for A117-MRPP3 compared to

A85- and A95-MRPP3, and this protein had a tendency to precipitate at concentrations above

6 mg/mL and during storage at -80°C.
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Figure 4-10. A) SDS-PAGE analysis from the final cation-EX purification step of A85-MRPP3. The pooled
fractions are indicated with a blue box. B) ESI-MS spectrum of purified A85-MRPP3.
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Figure 4-11. SDS-PAGE analysis from the final cation-EX purification step of A95-MRPP3. The pooled
fractions are indicated with a blue box. B) ESI-MS spectrum of purified A95-MRPP3.
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Figure 4-12. SDS-PAGE analysis from the final SEC purification step of A117-MRPP3. The pooled fractions
are indicated with a blue box.

The purified, untagged proteins were concentrated to 6 mg/mL (A117-MRPP3) or

10 and 14 mg/mL (A85 and A95-MRPP3), incubated with 2-fold molar excess of Mg?* and

utilised for crystallisation trials with four random matrix screens: HIN, JCSG, HCS and
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MIDAS, at different temperatures and protein-to-precipitant ratios. After two months of
incubation, no crystals were observed in any of the drops.
4.5.1.3 Optimising buffer conditions for crystallisation

The generic protein buffer ingredients such as buffer-ions, salts and detergents can
interact non-covalently with the protein and may, via these interactions, prevent partial
protein denaturation, formation of heterogeneous aggregation or conformational flexibility,
all of which would lead to a more structurally heterogenous sample [181]. A homogenous
sample would experience a lower entropic barrier for crystallisation compared to a
heterogenous sample, and thus a search was conducted for a protein stabilising buffer.
Thermal stability was taken as a measure of sample homogeneity through protein stability
[150], and DSF was therefore used to screen for buffers that would thermally stabilise the
protein [150]. The result of the buffer screen is outlined in Figure 4-13 with colour coded
Tm-values (in °C) in which dark green corresponds to the highest identified Tm and dark red
corresponds to the lowest identified Tm. The Tm of the protein as-purified (in the original
storage buffer of 25 mM HEPES pH 7.5, 350 mM NaCl, 5% glycerol) was measured
separately to be 42.84+1.65°C.

The buffer screen showed higher Tm-values for the A95-MRPP3 protein in buffers
of lower pH and with addition of glycerol (well B4), glycine (well A5), sucrose (well B6)
and (NH)2SO4 (well B9). Differences in the NaCl concentration did not seem to affect the
protein (columns 1-3). The addition of Zn?* and Fe®** caused the protein to precipitate so no
thermal unfolding curve could be obtained (Figure 4-14). The addition of Mg?" and Ca?* to

the storage buffer (H-SEC) did not stabilise the protein further.
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1 2 3 4 5 6 7 8 9 10 11 12

H-SEC
50mM buffer
A PHSS e (10mm
Binding | L-SEC Cacly)
buffer buffer H-SEC
50mM buffer
B H 6.5
P MES 100mM | 100mM | 100mm IZOEM 100mM | 100mMm (10mm
25mM  150mM  500mM Nacl, Nacl, Nacl, ot Nacl, Nacl, (NH,);50,)
Nacl Nacl Nacl 10% 50mM 50mM DgM 100mM | 100mMm HSEC
C PH75 50mM glycerol glycine sucrose (.4xCMC) urea (NH,),S0, H-SEC buffer
HEPES buffer (10mm
Elution ZnS0,)
buffer | y.sec H-SEC
50mM buffer buffer
D pH 8.5 bicine (10mm (10mm
Mgcl,) FeCl;)
43.17 43.17 39.44 45.24 47.46 44.42 40.77 42.88 44.24 43.36 45.16 46.23
43.47 44.74 45.12 47.18 44.10 46.08 43.56 44.68 47.39 43.15 45.06 42.97

40.61 4217 42.62 40.69 38.23 39.49 39.15 42.49 42.45 43.02 46.18
37.55 39.37 38.9 41.14 4145  46.26 N.A.
Tm: ; 37.00-38.99 39.00-40.99 41.00-42.83 42.84-43.99 44.00-45.99 46.00 < |

Figure 4-13. Layout of the DSF buffer screen for A95-MRPP3. Binding buffer: 300 mM NaCl, 50 mM HEPES
pH 7.5, 10% glycerol, 20 mM imidazole, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP); Elution buffer:
300 mM NaCl, 50 mM HEPES pH 7.5, 10% glycerol, 250 mM imidazole, 0.5 mM TCEP; L-SEC buffer:

300 mM NaCl, 50 mM HEPES pH 7.5, 10% glycerol, 0.5 mM TCEP; H-SEC buffer: 500 mM NaCl, 50 mM
HEPES pH 7.5, 10% glycerol, 0.5 mM TCEP. DOM: 2,5-Dimethoxy-4-methylamphetamine, CMC: critical
micelle  concentration. Tm values are mean from n = 2 experiments.

The thermal unfolding curve for A95-MRPP3 measured in H-SEC buffer
(Figure 4-14), reveals a biphasic unfolding as previously observed for mature MRPP3

(Figure 4-8), supporting the structure prediction of multiple domains.
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Figure 4-14. Thermal unfolding curve for A94-MRPP3 in H-SEC buffer: 500 mM NaCl, 50 mM HEPES pH
7.5, 10% glycerol, 0.5 mM TCEP, with the further addition of ZnSO. or FeCls. For this experiment n = 2.

An additional buffer screen was designed, surveying the observed trends from the

initial buffer screen (Figure 4-15). As the protein is a presumed metallonuclease, further
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metal-ions were implemented in the screen despite the initially tested ions not showing a

stabilising effect and DSF showing no binding of Mg?*.

1 2 3 4 5 6 7 8 9 10 11 12

A 50mM citrate pH 5.5

100 mM Nacl
B S0mM citrate pH5.5 10% 10% 10&glyce 10%

100 mM Nacl, 50mM glycine 400mM 5% 10% 10mM | glycerol, | 10mM | glycerol, | 10mMm rol, 10mM | glycerol,
C 50mM MES pH 6.5, Nacl glycerol glycerol Mgcl, 10mMm cacl, 10mMm Mncl, 10mM CoCl, 10mM

100 mM NaCl Mgcl, Cacl, Mncl, Mgcl,
D  SOmM MESpHES, 100 mM

NaCl, 100mM (NH,);50,

48.79 47.53 49.52 50.04 48.77 50.42 49.19 48.48 48.59 49.45 48.30 48.72
48.63 47.87 49.6 49.95 45.36 50.24 49.17 48.28 48.74 49.8 48.46 48.82

46.59 48.36 47.98 48.84 47.27 48.97 47.21 48.79 46.39 48.58 N.A. N.A.
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Figure 4-15. Buffer screen of A94-MRPP3 optimised from an initial buffer screen. For this experiment n = 2.

This screen resulted in overall higher Tm values (range 45.36-51.39°C) compared to
the previous screen (range 33.36-47.46°C). The largest ATm, between MRPP3 in storage
buffer and in a new buffer, was 8.55+1.65°C in 50 mM MES pH 6.5, 100 mM NaCl, 100
mM (NH4)2S04, 10% glycerol, 10 mM MgCl,. This corresponded to a 1 point decrease in
pH, changes to the buffer-ion, a 2-fold increase in glycerol concentration, a 3.5-fold decrease
in NaCl concentration and supplementation of other salts.

The A94-MRPP3 protein was exchanged into this buffer and concentrated to
17 mg/mL for crystallisation trials. The buffer exchange and higher protein concentration did
not, however, improve crystallisation and after two months no crystals were observed in any
drops, potentially due to the — now — presence of both (NH4)2SO4 and NaCl at 100 mM
concentrations, excluding a number of random matrix screen conditions with concentrations
of these salts < 100 mM (Section 7.5.1).
4.5.1.4 4273-MRPP3

The MRPP3 construct of residues 274-583, with the N-extension and PPR domain

removed, was expressed and purified as for mature MRPP3 (Figure 4-16), and its identity
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and intact molecular mass was identified using tryptic digest-MS/MS and ESI-MS. The
purified, untagged protein was concentrated to 12 and 14 mg/mL and used in crystallisation
trials. Again, no crystal appeared even after long incubation times.
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Figure 4-16. SDS-PAGE analysis from the final purification step of A273-MRPP3. The pooled fractions are
indicated with a blue box.

Whilst the crystallisation attempts for A273-MRPP3 were ongoing, a crystal
structure was published for the same construct solved to 2.7 A resolution by Li et al. [180]
and a structure was published for a A206-MRPP3 construct solved to 1.8 A resolution by
Reinhard et al. [179]. The successful crystallisation of the A273-MRPP3 required a higher
protein concentration than used here (20 mg/mL vs. 14 mg/mL), but in otherwise similar

crystallisation conditions.

4.5.2 Outline of the published structure
The two published MRPP3 structures display the same fold and metal-binding

pattern, so the structural analysis presented herein is based on the longer crystallised
construct (A206-MRPP3) by Reinhard et al. [179] (PDB: 4XGL). The structure
(Figure 4-17) confirms previous structure prediction and DSF biphasic unfolding data

showing the presence of multiple protein domains.
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Figure 4-17. Domain organisation of mature MRPP3 based on the published structure of A206-MRPP3.

The structure shows three PPR-repeats and a single PPR-terminating-helix together
making up the PPR-domain (Figure 4-17, ). It further reveals a large NYN-domain
(Figure 4-17, brown) and a C-extension that interacts with the middle part of the protein to
form one collaborative core-domain (Figure 4-17, ). The folding of this core domain
is assisted by the structural Zn?* ion (Figure 4-17, blue) bound in the Cys-Cys-His-Cys
motif (Figure 4-17, shown as sticks) with residues from both parts of the core-domain [180].
The formation of one core-domain from two sequentially disjoint parts of the protein offers
an explanation to the finding that any C-terminal truncation of MRPP3 rendered the protein
insoluble unless both the NYN-domain and the core-domain were fully removed. The crystal
structure revealed no metal-ions bound in the active site despite efforts to crystallise the
protein in buffers/precipitant solutions devoid of metal-chelators, and with excess amounts
of Mg?* ions [179]. This agrees with work presented here that mature MRPP3 alone does not

cause a Tm shift in the presence of Mg?* under the DSF conditions.
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Recently, a crystal structure of the MRPP3 plant homologue organellar-PRORP1
from A. thaliana has been reported to 1.95 A resolution (PDB: 4G24) [93]. The structure
covers residue 95-572 (A94-PRORP1) and show a similar domain organisation to MRPP3 of
a PPR-domain, a central core-domain, an NYN-domain and a structural Zn-atom bound in a
CCHC motif (Figure 4-18) [93]. PRORP1 is crystallised as a longer construct, compared to
MRPP3, revealing two additional PPR-repeats in the N-terminal region. It is possible that
such additional repeats are present in the MRPP3 N-extension, not covered by the
A206-MRPP3 crystal structure, resulting in an expanded PPR-domain and shortened
N-extension. PRORP1 does not need assisting proteins to perform RNA cleavage
(RNase P activity), and thus must be able to accommodate the metal-ion cofactors within the
protein for catalysis. Indeed, the crystal structure of PRORP1 shows two Mn?* ions in the
active site in positions presumably occupied by Mg?* during catalysis. These ions bind to
PRORP1 using the four conserved Asp residues that are also present in MRPP3.

Comparing the crystal structures of MRPP3 and PRORP1, it becomes apparent that
the metal-binding discrepancy seen here and by others can be explained by dual
conformations of the protein. Specifically, the spatial organisation of the four Asp residues
varies between the metal-free (MRPP3) and metal-bound (PRORP1) structures, with one
Asp residue in in the metal-unbound MRPP3 even pointing away from the active site (D499)
(Figure 4-18). The salt bridge formed between D478 and R498 in MRPP3 brings the Arg
residue into the space that would, from the PRORP1 structure, otherwise be occupied by a

metal-ion, prohibiting metal-binding in MRPP3 for this conformation [180].
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Figure 4-18. Active site view of MRPP3 (left, coloured) and PRORP1 (right, grey), enlarged from a
superposition of the two structures. The two Mn?* ions bound to PRORP1 are shown as spheres (grey) along
with three water molecules (red). The catalytic Asp residues are shown in sticks along with residues interacting
with structural elements in other parts of the proteins that assist in active site formation (S569/R498 for MRPP3
and 1519/N492 for PRORP1). Figure adapted from Reinhard et al. [179].

Apart from the difference in metal-binding properties, the two structures also reveal
different distances between the NYN- and PPR-domains. MRPP3 adopts a more relaxed,

L-shaped conformation whereas PRORP1 is in a more compact V-shaped form (Figure

4-19).
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Figure 4-19. L-shape and V-shape conformations of MRPP3 (in colour) and PRORP1 (grey), respectively. In
this figure, the N'YN-domains of the two structures are aligned.

Overall, it seems that uncomplexed MRPP3 is in an inactive conformation that
requires conformational changes in the active site — potentially by changing the orientation
of individual domains towards each other — to accommodate the Mg?* cofactor necessary for
RNase P activity [179], [180]. Such conformational change may be mediated by the binding
of MRPP1-MRPP2 and/or pre-(mt)tRNA substrate. Therefore, structural information on the
ternary RNase P complex with pre-(mt)tRNA is needed to elucidate the activation

mechanism of MRPP3.

4.6 SAXS studies of MRPP3

With the A206-MRPP3 structure solved, and the mature MRPP3 protein not
amenable to crystallisation, structural characterisation of MRPP3 was subsequently
undertaken with the low resolution SAXS technique. For this, two MRPP3 constructs were
used: the mature protein as well as the A206-MRPP3 construct used in the published crystal
structure. A206-MRPP3 was cloned, expressed, purified and verified as for mature MRPP3.

Purified mature MRPP3 and A206-MRPP3 proteins were subjected to in-line SAXS
analysis at the Diamond Light source beamline B21 and scattering data were collected

(Figure 4-20A and Figure 4-20B, respectively).
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Figure 4-20. SAXS scattering plot: log(l(q) vs. g, for A) MRPP3 and B) A206-MRPP3.
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The scattering data for A206-MRPP3 gave a linear Guinier fit (Figure 4-21A) with
an Ry for the protein of 28.83+1.470 A. The Kratky plot (Figure 4-21B) indicated a folded,
partly flexible protein in solution. The Dmax 0f 98 A gave rise to the P(r) distribution function
shown in Figure 4-21C.
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Figure 4-21. SAXS data plots for A206-MRPP1. A) Guinier plot, B) Kratky plot, C) P(r) distribution function.

A calculated theoretical scattering plot for A206-MRPP3, derived from its crystal
structure, showed a fit to the experimental scattering plot with an y-value of 1.74 for g-values
between 0.01°-0.45° (Figure 4-22), suggesting that the structure represents a relevant form
of the protein in solution. A poor fit is observed for the lower g-values due to radiation
damage induced protein aggregation, and at slight misfit is found for higher g-values
indicating protein flexibility confirmed by missing electron density in the crystal structure of

A206-MRPP3 for several large loops [179].
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Figure 4-22. Comparison of the experimentally determined SAXS scattering plot (logl(q) versus q) of
A206-MRPP3 (black), with the calculated SAXS scattering plot (logl(q) versus q) from the A206-MRPP3
(PDB: 4XGL) crystal structure (red) computed with the Debye formula.

For mature MRPP3, the scattering data gave rise to a linear Guinier fit
(Figure 4-23A) resulting in an Ry of 33.18+1.118 A. The Kratky plot (Figure 4-23B)
indicated a folded, partly flexible protein in solution and the Dmax of 111 A gave rise to the

P(r) distribution function shown in Figure 4-23C.
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Figure 4-23. Mature MRPP3 protein SAXS data. A) Guinier plot, B) Kratky plot, C) P(r) distribution function.

The larger Ry and Dmax values obtained for mature MRPP3 (Rg = 33.18+1.118 A,
Dmax = 111 A), compared to A206-MRPP3 (Rq = 28.83+1.470 A, Dmax = 98 A), are
consistent with their expected differences in size. The SAXS model for mature MRPP3
(Figure 4-24) accommodates the A206-MRPP3 crystal structure leaving room for the

N-extension (residues 51-206) not present in the crystal structure (Figure 4-24, green box).

Figure 4-24. SAXS model of mature MRPP3 with A206-MRPP3 fitted into the envelope. PDB: 4XGL.
At the time of thesis preparation, a 3.05 A resolution crystal structure was published
of an MRPP3 plant homologue, cytosolic-PRORP2 from A. thaliana, missing only the

N-terminal residues 1-27 (PDB: 5FT9) [182]. This protein has a similar domain architecture
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as MRPP3, but PRORP2 does not contain an MTS sequence due to its cytosolic location
[90], or a long N-extension (Figure 4-25). Moreover — like PRORP1 — this protein also
encompasses two additional PPR repeats, increasing the probability that MRPP3 could also

contain two such additional repeats.
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Figure 4-25. Domain organisation of PRORP2 and mature MRPP3.
If MRPP3 does contain two additional PPR-repeats of 35 amino acids each, the
N-extension would be reduced to residues 51-136. Modelling two further PPR-repeats from
PRORP2 onto the A206-MRPP3 structure, this longer MRPP3 model occupies more of the

SAXS model, while still leaving room for the, now shorter, N-extension (Figure 4-26).

Figure 4-26. SAXS envelope of mature MRPP3 aligned with a composite structure containing human MRPP3
(residues 207-583 from PDB: 4XGL) and plant PRORP2 (residues 28-108 from PDB: 5FT9).
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CHARACTERISATION OF THE MRPP1-MRPP2-MRPP3
COMPLEX

This second part of Chapter 4 presents a SAXS model of the
MRPP1-MRPP2-MRPP3 complex with pre-(mt)tRNA, along with biochemical
characterisation for the order of complex assembly and a mapping of domains for

protein-protein interaction and RNase P activity.

4.7 Expression and Purification of MRPP3 proteins

A pre-requisite for biochemical and structural characterisation of the complex is the
availability of large quantities of highly purified proteins. In this work, the ternary complex
will be reconstituted by mixing MRPP3 with the two proteins MRPP1 and MRPP2 either
expressed individually or co-expressed (Section 3.1). The various MRPP3 proteins utilised
for complex reconstitution and biochemical characterisation are shown in Figure 4-27. To
map the functional regions of MRPP3, two constructs, additional to the mature protein, are
included. The MRPP3 construct covering the inseparable core-domain/NYN-domain
(residues 274-583) was used to represent the C-terminal part of the protein and is denoted in
this chapter as C-MRPP3. The MRPP3 construct covering the PPR-domain and part of the
N-extension (residues 86-274), was used to represent the N-terminal part of the protein and

is denoted N-MRPP3.

H 1
o [
N-domain PPR-domain  CysCys His Cys

MTS . - - . Core ]—[ NYN ][ Core ]
Residue: 1 50 207 329 360 541 583
51 o] Mature
583
274 | c
86 274 N

Figure 4-27. Cloned, soluble constructs of MRPP3 utilised in assays throughout this chapter. Soluble
contructs: green.
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4.7.1 N-MRPP3
N-MRPP3 was purified by IMAC (Ni-NTA resin) followed by SEC (S200 column)

(Figure 4-28). Due to low protein yield no further purification steps were performed. The

identity and intact molecular mass were confirmed as for other constructs.
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Figure 4-28. Large-scale purification of N-MRPP3. The example shows SDS-PAGE analysis of initial IMAC,
and chromatogram from SEC and SDS-PAGE analysis of peak fractions. The ESI-MS spectrum of a sample
after purification is shown. Red arrows, blue boxes and gel lanes are annotated as before.

4.7.2 C-MRPP3
C-MRPP3 was purified by IMAC (Ni-NTA resin), SEC (S200 column) and

cation-EX (HiTrap SP HP column) (Figure 4-29). The Hisetag proved difficult to remove
by protease cleavage and was left intact. The identity and intact molecular mass were

confirmed as before.
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Figure 4-29. Large scale purification of C-MRPP3 (A206-MRPP3). The example shows SDS-PAGE analysis of
initial IMAC, chromatogram from SEC and SDS-PAGE analysis of peak fractions, and chromatogram from
cation-EX and SDS-PAGE analysis of peak fractions. Red arrows, blue boxes and gel lanes are annotated as

before.

4.8 Solution studies

4.8.1 Reconstitution of the ternary complex with mature MRPP3

To investigate the interaction between the proteins in the ternary complex, mature
MRPP3, mature MRPP1 and full-length MRPP2 proteins, individually prepared in large
scale, were subjected to analytical SEC in the presence of Mg?* for RNase P activity, and in
the presence and absence of in vitro transcribed pre-(mt)tRNA'"® substrate.

The three proteins were applied to the column alone and in a mixture with and
without pre-(mt)tRNA substrate. Upon loading of a pre-incubated mixture of all three
proteins, no peak shift was observed, relative to individual protein peaks, beyond that of the
binary MRPP1-MRPP2 complex, indicating that MRPP3 does not form a ternary complex
with the two partner proteins in the absence of ligands. However, a further peak shift
— beyond the shift of MRPP1-MRPP2 alone — was observed upon incubation of all three
proteins with excess pre-(mt)tRNA substrate (Figure 4-30, ). SDS-PAGE analysis
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showed the appearance of all three proteins (MRPP1, MRPP2 and MRPP3) in earlier
fractions than the binary complex (Figure 4-30, ), and disappearance of the
proteins in the elution fractions where the individual proteins would otherwise be found.
This, and the peak shift on the chromatogram, show that a larger MW species
(i.e. a complex) is formed amongst the three proteins upon addition of the pre-(mt)tRNA

substrate.
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Figure 4-30. Analytical SEC with the mature MRPP3 protein applied in various combinations with mature
MRPP1 and full-length MRPP2 with and without pre-(mt)tRNA"e. The green box indicates the elution fractions
in which proteins would co-localise upon complex formation.

Mature MRPP1 + MRPP2 + Mature MRPP3 + pre-(mt)tRNA"®:

The above result suggests an ordered complex assembly where a pre-formed
MRPP1-MRPP2 complex initially binds pre-(mt)tRNA (Section 3.5) and subsequently
accommodates the MRPP3 protein. Having elucidated the assembly order and requirement
of pre-(mt)tRNA substrate for complex formation, domain mapping of MRPP3 was
performed to investigate if the N- or C-MRPP3 protein alone was sufficient for complex

formation.
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4.8.2 Domain mapping
Analytical SEC was intended for the N-MRPP3 and C-MRPP3 proteins to identify

the interaction regions between the MRPP1-MRPP2-pre-(mt)tRNA"® complex and MRPP3.
Unfortunately, due to protein precipitation, N-MRPP3 could not be concentrated to a level
required for SEC and therefore only C-MRPP3 was used in this assay.

C-MRPP3 and co-expressed MRPP1-MRPP2 (Section 3.1.2) proteins were prepared
in large scale. The MRPP1-MRPP2-pre-(mt)tRNA"® complex was formed prior to addition
of the C-MRPP3 protein and the assay was conducted in the presence of Mg?*. The
chromatogram (Figure 4-31, ) shows no peak shift upon mixing of C-MRPP3 with
the MRPP1-MRPP2 proteins and pre-(mt)tRNA"® substrate, and SDS-PAGE analysis of the
elution fractions did not reveal any of the three proteins in earlier elution fractions compared
to where they would otherwise be eluted as individual proteins (Figure 4-31, ).
This indicates that the C-MRPP3 alone is not sufficient for complex formation with the pre-

formed MRPP1-MRPP2-pre-(mt)tRNA'"® protein-substrate complex.
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Figure 4-31. Analytical SEC with C-MRPP3 applied alone and with the co-expressed MRPP1-MRPP2 complex
in the presence and absence of pre-(mt)tRNA'"e. The green box indicates the elution fractions where the
proteins should be co-localising if they form a complex.
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As this assay could not be performed with the low concentration of N-MRPP3
protein, an RNase P activity assay — requiring lower protein concentrations — was set up to

determine the role of the MRPP3 regions in the complex.

4.9 RNase P activity studies

4.9.1 MRPP3 regions important for activity
The RNase P assay identifies the 5’-end cleavage products of pre-(mt)tRNA

substrate (i.e. the 5’-leader and processed tRNA) resulting from the reaction catalysed by the
active RNase P complex (MRPP1-MRPP2-MRPP3) in the presence of Mg?* (Figure 4-32).
If no reaction occurs, the intact pre-(mt)tRNA will be present as the only species.
. ] .
RNase P

— + 5/ — 3’

Mg
pre-(mt)tRNA Processed (mt)tRNA 5’-leader
Figure 4-32. Outline of RNase P activity on a mitochondrial pre-tRNA.

The assay was performed with in vitro transcribed pre-(mt)tRNA'"® as substrate and
the ternary complex was formed by incubating co-expressed MRPP1-MRPP2 with different
MRPP3 constructs in the presence of Mg?*. The various MRPP3 proteins include, mature
MRPP3, N-MRPP3 and C-MRPP3, along with a shorter construct lacking part of the
N-extension (A95-MRPP3) (Figure 4-33). Detection of substrate and cleavage products was
carried out by denaturing UREA-PAGE gel stained for RNA. A negative control was
included by pre-incubating the MRPP1-MRPP2 and MRPP3 proteins with EDTA before
addition of pre-(mt)tRNA substrate. Additionally, the proteins were tested for activity

individually (except for mature MRPP1 that was unavailable at the time).
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Figure 4-33. Cloned, soluble constructs of MRPP3 utilised in the presence of MRPP1-MRPP2 complex for the
RNase P assay.

The denaturing UREA-PAGE gel (Figure 4-34) shows clear appearance of a
5’-leader band and a shift in the size of the pre-(mt)tRNA substrate from before and after
processing, in reaction duplicates containing all three proteins (lanes 6 and 7). The observed
RNase P activity confirms that the E. coli expressed, recombinant MRPP3 protein adopts an
active fold as also observed for the MRPP1 and MRPP2 proteins in the MTase assay
(Section 3.3.1). MRPP3 protein did not show any RNase P activity alone (lane 3), or only
with MRPP2 (lane 5), towards this pre-(mt)tRNA, as observed by the lack of band shift. As
expected, MRPP2 alone (lane 2), MRPP1-MRPP2 complex without MRPP3 (lane 4) and the
negative control with all three proteins in the presence of EDTA (lane 1) also did not show

any activity.
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Figure 4-34. RNase P activity tested for various complex components alone and together, represented by the
separation of reaction products on a denaturing UREA-PAGE gel stained for RNA. The pre-(mt)tRNA
substrate and cleavage products are schematically shown next to the gel.

After establishing that the MRPP1-MRPP2-MRPP3 complex involving mature
MRPP3 protein has RNase P activity towards pre-(mt)tRNA""e, and that neither component
are active alone, the smaller fragments of MRPP3 were tested by incubating these with
co-expressed MRPP1-MRPP2 and pre-(mt)tRNA'". Again, the denaturing UREA-PAGE gel
(Figure 4-35) shows no RNase P activity for either the negative control (lane 1) or the
sample without MRPP3 (lane 2). RNase P activity was observed for the ternary complex
involving mature MRPP3 (lane 3) and A94-MRPP3 (lane 4). The role of the N-extension
remains unclear since its partial removal (A94-MRPP3) still leaves a functional protein. The
role of the N-extension is further discussed in Chapter 6.

Despite containing an intact catalytic NYN-domain, a complex involving
C-MRPP3 showed no RNase P activity (lane 6), suggesting that the PPR-domain of MRPP3
plays an important, direct or indirect role in catalysis. The PPR-domain in the MRPP3
homologue PRORP1 is involved in direct RNA-binding via the tRNA D-loop and T-loop
[183], [184], and it is likely that the PPR-domain of MRPP3 plays a similar role, thus
allowing efficient binding of the pre-(mt)tRNA. No RNase P activity was observed for a

complex involving the MRPP3 PPR-domain alone (lane 5).

152



MRPP1+MRPP2:  + + + +  + 4+

EDTA: +
MRPP3: Mature - Mature A94 N C
e ) b
pre_(mt)tRNA”e = 'lf:;‘gﬁ)
Processed (mt)tRNA'® ﬂ; .
5'-leader -
Lane: 1 2 3 4 5 6

Figure 4-35. RNase P activity of MRPP3 fragments, in complex with MRPP1-MRPP2, represented by the
separation of reaction products on a denaturing UREA-PAGE gel stained for RNA. The pre-(mt)tRNA
substrate and cleavage products are schematically shown next to the gel.

4.9.2 Regions of MRPP1 important for activity

The activity assay was next performed to test the influence of MRPP1 on RNase P
activity, by removing various domains of this protein before complex formation. The assay
was conducted by incubating different MRPP1 constructs (N-domain and MT+C-domain)
with  MRPP2 and mature MRPP3 in the presence of Mg?" before addition of
pre-(Mt)tRNA"®, The reaction was also performed for mature MRPP1 with MRPP2 and
MRPP3 in the presence or absence of EDTA, serving as positive and negative controls,
respectively.

The UREA-PAGE gel (Figure 4-36) showed that mature MRPP1, combined with
MRPP2 and MRPP3, exhibited RNase P activity towards the pre-(mt)tRNA in the absence
of EDTA (lane 4), but no activity in the presence of EDTA (lane 1), as expected for
controls. No pre-(mt)tRNA processing takes place when only MRPP1 N-domain (lane 2) or
MT+C-domain (lane 3) is combined with MRPP2 and MRPP3. Data presented here showed
that no binary complex could be formed between MRPP2 and either of these two domains of
MRPP1 alone (Section 3.2.2), and the lack of RNase P activity for these fragments thus

shows that MRPP3 requires an intact MRPP1-MRPP2 complex for activity.
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Figure 4-36. RNase P activity of MRPP1 fragments in a mixture with MRPP2 and MRPP3, represented by the
separation of reaction products on a denaturing UREA-PAGE gel stained for RNA. Mat.: mature.

4.9.3 Mapping of MRPP3 Catalytic residue

The ternary protein complex could only be formed in the presence of substrate. To
trap a fully stable complex that avoid any possible substrate turnover and/or complex
dissociation, a catalytically inactive mutant of MRPP3 was cloned for structural studies. A
mutation candidate was identified as one of the catalytic residues: Asp479, previously shown
to abolish RNase P activity [179].

Ala substitution of this potential catalytic residue, p.D479A, was performed by
site-directed mutagenesis, and the mutant construct was expressed and purified
(Figure 4-37A) as described for mature wildtype MRPP3 and proved to be soluble and
stable against degradation. The presence of the mutation was confirmed by Sanger
sequencing and ESI-MS (Figure 4-37B) identified a molecular mass of 61565.79 Da which

accounts for the Asp479-to-Ala substitution.
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Figure 4-37. A) SDS-PAGE analysis from the final purification step of mature MRPP3(D479A) mutant. The
pooled fractions are indicated with a black box. B) ESI-MS of purified MRPP3(D479A).

The RNase P activity of MRPP3(D479A) was tested by incubating co-expressed
MRPP1-MRPP2, MRPP3(D479A) and pre-(mt)tRNA'"® in the presence of Mg?*, alongside a
positive control (complex with mature wildtype MRPP3) and a negative control (complex

with mature wildtype MRPP3 + EDTA).
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Figure 4-38. RNase P activity of mature MRPP3 wildtype (WT) and D479A mutant, in a mixture with MRPP1-
MRPP2 complex, represented by the separation of reaction products on a denaturing UREA-PAGE gel.

RNase P activity was observed (Figure 4-38) for the positive control (lane 2) but
not for the negative control (lane 1). Importantly, no 5’-leader or processed pre-(mt)tRNA
product was observed for the complex involving the MRPP3(D479A) mutant (lane 3),
confirming that this mutant was catalytically inactive. This inactive MRPP3(D479A) mutant

protein was subsequently utilised for structural studies.
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4.10 SAXS studies of the ternary complex

The SAXS technique had previously proven useful to obtain low resolution
structural information on the MRPP1-MRPP2-pre-(mt)tRNA'"® complex, and thus this
method was also applied to the ternary complex including MRPP3. The complex was formed
by incubating the MRPP1-MRPP2 binary complex with pre-(mt)tRNA" and subsequently
adding MRPP3(D479A) in the presence of Mg?*. The complex was applied for in-line SAXS
analysis at the Diamond Light source beamline B21 in a buffer facilitating tRNA binding
and complex formation (low NaCl concentration, presence of Mg?*), and scattering data

were collected (Figure 4-39).

MRPP1-MRPP2-MRPP3-pre(mt)tRNA
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q

Figure 4-39. SAXS scattering plot: log(1(q) vs. g, for the MRPP1-MRPP2-MRPP3-pre-(mt)tRNA"e-
MRPP3(D479A) complex.

From the scattering data, a Guinier plot could be obtained showing potential
inter-particle interactions at the lower scattering angles indicative of high sample
concentration (Figure 4-39A). The Guinier plot gave rise to an Ry of 82.60+0.9538 A, the
Kratky plot (Figure 4-39B) indicated a flexible particle in solution and the Dmax Of 248 A

gave rise to the P(r) distribution function shown in Figure 4-39C.
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Figure 4-40. SAXS plots for MRPP1-MRPP2-pre-(mt)tRNA"®-MRPP3(D479A) complex. A) Guinier plot, B)
Kratky plot, C) P(r) distribution function.

As expected for a larger species, the Rg and Dmax values increased for the full
MRPP1-MRPP2-pre-(mt)tRNA"-MRPP3(D479A) complex (R; = 82.60+0.9538 A,
Dmax = 248 A), compared to the complex of MRPP1-MRPP2-pre-(mt)tRNA"
(Rgy = 69.67+2.766 A, Dmx = 216 A). The obtained SAXS model for the
MRPP1-MRPP2-pre-(mt)tRNA"e-MRPP3(D479A) complex is shown in
Figure 4-41 (bottom) alongside the SAXS models for the mature wildtype MRPP3 protein
alone and the complex of MRPP1-MRPP2-pre-(mt)tRNA'"® (top), in order to guide the

placement of MRPP3 within the ternary complex.
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Figure 4-41. SAXS models for the complex of MRPP1-MRPP2-pre-(mt)tRNA"e-MRPP3(D479A), shown
alongside those of the mature MRPP3(WT) protein alone and the complex of MRPP1-MRPP2-pre-(mt)tRNA"®,

The binding stoichiometry, as suggested by fitting known structures into the SAXS
models, appears to be one MRPP3  molecule per complex of
MRPP1(dimer):MRPP2(tetramer):pre-(mt)tRNA"(one molecule). The binding of one
monomer of MRPP3 corresponds with one bound pre-(mt)tRNA substrate. The complex
stoichiometry and MRPP3 binding is further discussed in Chapter 6.

From the SAXS model of the complex, it seems that MRPP2 and MRPP3 are
located in close proximity, and could possibly interact with each other even in the absence of
MRPPL1. To test this possibility, analytical SEC was performed with full-length MRPP2 and
mature wildtype MRPP3 in the absence of pre-(mt)tRNA substrate. The chromatogram and
SDS-PAGE analysis of the elution fractions, shown in Figure 4-42, revealed no interaction

between these two proteins in the absence of MRPP1 and pre-(mt)tRNA substrate.
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Figure 4-42. Analytical SEC with full-length MRPP2 and mature MRPP3 proteins applied individually and

together. The green box indicates the elution fractions in which proteins would co-localise upon complex
formation.
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5 CHAPTER

DISEASES ASSOCIATED WITH THE RNASE P COMPLEX

Patients have been identified with mutations in the genes coding for MRPP2
(HSD17B10) and MRPP3 (KIAA0391) giving rise to HSD10 disease (Sectionl1.4.1.1) and
Perrault syndrome (Section 1.4.2.2), respectively. This chapter presents structural,
biochemical and activity studies carried out on proteins containing the patient mutations, to
understand their underlying effects towards protein structure and function. The chapter is
divided into a first part on HSD10 disease and a second part on Perrault syndrome. The first
part is additionally divided into a first part on biochemical studies of all known missense

mutations and a second part on activity studies with two novel missense mutations.

HSD10 DISEASE

5.1 Biochemical analysis of 11 missense mutations

At the start of this project, nine missense patient mutations in MRPP2 were known
(p.V65A, p.D86G, p.L122V, p.R130C, p.Q165H, p.P210S, p.R226Q, p.N247A, p.E249Q)
[36], [112], [115], [118]-[120], [122]-[126], [131]. Whilst this thesis work was ongoing,
two novel missense mutations (p.V12L, p.V176M) were identified by our collaborator Prof.
Oliver Sass (University of Applied Sciences, Germany). These 11 missense mutations
distribute widely across the protein (Figure 5-1) with locations in core structural elements,
in close proximity to catalytic residues or harbouring monomer-monomer interfaces. The
experimental objectives in this thesis chapter are to first characterise the structural properties
of the 11 patient mutations at the recombinant protein level, followed by more detailed

activity studies in vitro of the two novel patient mutations: p.V12L and p.V176M.
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Figure 5-1. Mapping of conserved motifs/residues (red cartoon), catalytic tetrad (red sticks), NAD™* cofactor
(yellow sticks) and patient mutations (green spheres) on one monomer (chain B, yellow) structure of the
MRPP2 tetramer. The other three monomers (A, C and D) are shaded grey, (PDB: 1U7T).

5.1.1 Site-directed mutagenesis

Constructs for MRPP2 carrying the patient missense mutations were generated by
site-directed mutagenesis, based on the pNIC28-Bsa4 vector containing full-length
Hiss-MRPP2 or both mature Hiss-MRPP1 and full-length MRPP2 in a bicistronic transcript.

The presence of the DNA changes was verified by Sanger sequencing.

5.1.2 Expression and solubility of MRPP2 mutant proteins

E. coli cells containing MRPP2 wildtype or mutant constructs were expressed and
purified at small-scale to determine the expression (from total lysate) and solubility (from
the elution fraction) levels of each construct, based on SDS-PAGE analysis (Figure 5-2C).

Intensities of bands in the lysate (Figure 5-2A) and elution (Figure 5-2B) fractions,
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corresponding to MRPP2 proteins, were integrated, normalised against wildtype, and plotted

as a bar chart.
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Figure 5-2. Expression and solubility studies for the disease-causing MRPP2 mutant proteins. For this
experiment n = 3. A) Intensities of protein bands on the SDS-PAGE gel of A) the total lysate and B) the
elution fraction from the initial IMAC. Wildtype (WT) is taken as 100%. C) SDS-PAGE analysis of total lysate
(E) and elution fractions (S) from initial IMAC for each mutant protein. *= P<0.05, **=P<0.01, ***=P<0.005,
***%=P<0.0001.

SDS-PAGE analysis of the crude extract showed a reduced expression for
MRPP2(D86G) compared to wildtype protein (Figure 5-2A), suggesting that the p.D86G
mutation negatively affect transcription and/or translation of MRPP2 in E. coli. The
observed reduction in expression agrees with previous findings that this mutant protein could
not be detected in fibroblasts from an HSD10 disease patient carrying this mutation [116].

Many mutations in MRPP2 reduces the solubility of the protein (Figure 5-2B), with
the most severe reduction observed for p.V12L and p.D86G. Vall2 and Asp86 are both
located in the central B-sheet that forms the core structure of the Rossmann-fold
(Figure 5-3). This B-sheet is likely involved in stabilising the overall fold of MRPP2 and
mutational changes to this element could result in protein mis-folding leading to the

observed reduced solubility.
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Figure 5-3. Structural location of VVal12 and Asp86 (green sticks), sites of the disease-causing mutations
p-VI2L and p.D86G. The central B-sheet of the MRPP2 Rossmann fold is coloured orange. The cofactor NAD*
is shown in yellow sticks, (PDB: 1U7T).

5.1.3 Oligomeric state by analytical size exclusion chromatography
The analytical SEC assays performed so far were carried out by absorbance

measurements at 280 nm for aromatic amino acids. The absorbance signal for wild-type
Hiss-MRPP2 protein is low at this wavelength, due to the extension coefficient of
& = 5960 Mcm? (Section 7.4.1, Equation 1). Therefore, to perform analytical SEC with
wild-type and mutant MRPP2, purified from small-scale cultures, an HPLC system able to
measure absorbance at 215 nm, corresponding to the protein peptide bonds, was used in
connection with a high resolution analytical SEC column (Sepax SRT SEC-300). The

obtained chromatograms for mutant proteins are shown in Figure 5-4,
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Figure 5-4. Analytical SEC assay analysing the oligomeric state for the mutant MRPP2 proteins giving rise to
HSD10 disease in different patients. Proteins of known MWs were also applied to the column to create a
standard curve of LOG(MW) against V. for MW-determination (y = -02673x + 10.441 with R? = 0.9973.

Based on the standard curve, the V. for wildtype MRPP2 of 19.79 mL corresponds
to a tetrameric protein of 109227 Da (theoretical MW of monomer: 29475.9 Da) as expected
from the crystal structure. The obtained Ve-values for the mutant proteins revealed that
MRPP2 protein carrying the p.R226Q, p.N247S or p.E249Q mutations formed higher
oligomeric species (Figure 5-4, coloured graphs). These residues are all located in the BXC
dimer interface of the tetramer, and their side-chain atoms are involved in hydrogen bond
formation (Figure 5-5A and B). For Asn247 and Glu249, these hydrogen bonds involve
residues from the opposite monomer (chain C), while Arg226 forms intra-monomer
hydrogen bonds. Therefore, the Asn247-to-Ser and Glu249-to-GlIn changes could have a
more destabilising effect on the tetramer than mutations in Arg226, leading to faster
aggregation/precipitation. This could offer an explanation why only MRPP2(N247S) and
MRPPP(E249Q), but not MRPP2(R226Q), exhibited lowered solubility already after IMAC

purification.
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Figure 5-5. Structural locations of Arg226, Asn247 and Glu249 (green sticks), sites of the disease-causing
p.R226Q, p.N247S and p.E249Q mutations respectively. Chain C of the MRPP2 tetramer is coloured white and
chain B yellow, (PDB: 1U7T).

To further test if the overall quaternary fold of these three MRPP2 mutant proteins
differ from wildtype MRPP2, a limited proteolysis assay was performed in which protein
was incubated with an increasing amount of the protease trypsin at a set time, and the

resulting proteolytic products were analysed by SDS-PAGE (Figure 5-6).

WT p.R226Q p.N247S p.E249Q
Trypsin: - [— R - — g
AL e . _TERNS BB.S=28338, e .20l
. -—— - . - - - - - -
- AW - - e - - - -

Figure 5-6. Limited proteolysis using trypsin for MRPP2 wildtype (WT), p.R226Q, p.N247S and p.E249Q.
Trypsin was used ina 1:1, 1:50, 1:75, 1:100, 1:500, 1:750 and 1:1000 ratio of protein-to-trypsin.

The three MRPP2 mutant proteins exhibited a similar proteolytic pattern, with fewer
cleavage products compared to wildtype protein, especially at the highest concentration of
trypsin. Trypsin cleaves the peptide bond after the hydrophilic residues Lys and Arg, often
found on the protein surface. The fewer cleavage products observed for MRPP2(R226Q),

MRPP2(N247S) and MRPP2(E249Q), compared to wildtype protein, suggests that surface
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exposed Lys and Arg residues in wildtype protein, are buried in the mutant structures,

possibly due to the observed formation of higher oligomeric species/aggregation.

5.1.4 Thermal stability by differential scanning fluorimetry
The SEC-purified proteins of MRPP2 wildtype and mutants were utilised in a DSF

assay to determine their thermal stability in the as-purified form. The Tm-values obtained
from the DSF assay were plotted in a bar chart (Figure 5-7), annotated with positive Tm

shifts (green stars) and negative Tm shits (red stars), compared to wildtype.

551

Tm (°C)

501 x %

Figure 5-7. Tm values for MRPP2 mutant proteins in the as-purified state. For this experiment n=3-5 (p.D86G
is n=1). Positive ATm values relative to wildtype are indicated with green stars, and negative values are
indicated with red stars. *= P<0.05, **=P<0.01, ***=P<0.005, ****=P<0.0001.

Many as-purified MRPP2 mutant proteins were found to be less thermostable than
wildtype, however, MRPP2 protein carrying either of the p.L122V, p.Q165H or p.V176M
mutations showed an increased thermal stability. These mutated residues are located in the
two long a-helices (aE and oF) (Figure 5-8) harbouring three of the catalytic residues,
Asn121, Tyrl68 and Lys172 (Figure 5-8), and residues involved in the proton-relay system

as well as substrate binding further described in Section 6.5.2.
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Figure 5-8. Structural locations of Leu122, GIn165 and Val176 (green sticks), sites of the disease-causing
p.L122V, p.Q165H and p.vV176M mutations. Three residues from the catalytic tetrad are shown in red
(Asnl121, Tyr168 and Lys172) along with the NAD* cofactor in yellow sticks, (PDB: 1U7T).

The increased thermal stability observed for these mutant proteins could be a result
of global conformational changes originating from the mutations within the two long helical
regions. To test this possibility, the limited proteolysis assay was performed using trypsin
(Figure 5-9) on MRPP2 protein with either p.L122V, p.Q165H or p.V176M mutations. All
three mutant proteins exhibited a similar proteolytic pattern to wildtype protein, indicating
no global structural changes to the protein, and suggesting that the increased thermal stability

is caused by smaller local changes.

WT p.L122V p.Q165H p.viZeM
Trypsin: - [— e - - I
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Figure 5-9. Limited proteolysis using trypsin for MRPP2 wildtype (WT), p.L122V, p.Q165H and p.V176M.
Trypsin was used in similar rations as shown for Figure 5-6.

5.1.5 Ligand binding of MRPP2 mutant proteins

The DSF assay was further used to determine the ligand binding properties of each

mutant compared to the wildtype protein. Two possible ligands could be tested — either the
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natural cofactor substrate NAD™ or its product NADH — for the SDR enzymatic reactions of
MRPP2. The DSF assay was initially performed for wildtype MRPP2 in a dose-respondent
manner, to determine which ligand resulted in a larger Tm shift and the optimal
concentration for further investigation of mutant proteins. The thermal unfolding-curve for
wildtype MRPP2 as-purified and after addition of either NAD" or NADH (Figure 5-10)
revealed Tm-values of 50.09+0.08°C for the as-purified protein, 50.28+0.03°C in the
presence of NAD™, and 60.33+0.14°C in the presence of NADH. Under the assay condition,
NAD? did not result in ATm, even at the highest [NAD*] of 3 mM [115], whereas binding to
NADH gave a ATm of 10.24+0.16°C even at [NADH] = 1 mM. Based on these findings,

NADH was chosen for subsequent investigations with MRPP2 mutant proteins.

— As purified

==+ +1mMNAD*
- +1 mM NADH

15000+

10000+

Fluorescence (A.U.)

5000+

Temperature (°C)

Figure 5-10. Thermal unfolding curve for MRPP2 in the absence of ligand (as purified) and in the presence of
NAD* or NADH.

The DSF assay was next performed with MRPP2 mutant proteins alongside
wildtype in the presence of NADH. ATm-values were determined from the difference in
NADH-bound and as-purified forms for each protein, and plotted in a bar chart

(Figure 5-11).
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Figure 5-11. DSF assay analysis in the presence of NADH for MRPP2 wildtype and mutant proteins. For this
experimentn = 3 — 6 (p.D86G is n = 1). Positive ATm values are indicated with green stars and negative
values are indicated with red stars. *= P<0.05, **=P<0.01, ***=P<0.005, ****=P<0.0001.

Most mutant proteins showed significantly lower Tm shifts with NADH than
wildtype, likely indicating a decreased binding affinity for NADH in these mutant proteins.
Only MRPP2(P210S) retained — at least — wildtype level thermal stability in the presence of
NADH. In fact, this mutant protein exhibited a larger ATm than wildtype, indicative of more
structural rigidity in the mutant protein, compared to wildtype, after binding of the ligand.
Pro210 is located in a segment (residue 208-217) that does not display any electron density
in wildtype MRPP2 crystal structures (PDB: 2023) unless a Cys214-to-Arg mutation is
introduced (PDB: 1U7T) (Figure 5-12), indicative of structural mobility in this segment.
The p.P210S mutation could have a similar, stabilising effect for this segment as p.C214R,
after binding of NADH, resulting in the observed increased ATm compared to wildtype. In
the MRPP2 paralogue Scully from Drosophila (1E3W, 44.6, 0.5 A over 251 C% 88%) a
corresponding segment became ordered in the crystal upon binding of fatty acid metabolites

[185], suggesting that the p.P210S mutation could also affect substrate binding.
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Pro210
Mobile segment

Figure 5-12. The structural location of Pro210 found to be mutated to Ser (p.P210S) in some patients suffering
from HSD10 disease, (PDB: 1U7T).

The DSF assay was next performed with the MRPP2(P210S) mutant protein in the

presence of the cofactor substrate NAD™ to compare with wildtype protein. As observed for

NADH, NAD* also resulted in a Tm-shift for the mutant protein (Figure 5-13), contrasting

with no Tm-shift observed for the wildtype protein, in the presence of NAD™. This again

supports a different structural arrangement of the cofactor-bound MRPP2(P210S), compared

to wildtype, which makes the mutant protein more rigid. It would be interesting for future

studies to determine the overall structure of this mutant protein in the presence of both

cofactor forms.
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Figure 5-13. Tm values for MRPP2(P210S) and wildtype MRPP2 proteins in the presence of the cofactor

substrate (NAD*) and product (NADH). For this experiment n = 3 — 5. **=P<0.01, ****=P<(.0001.

170



5.2 SDR activity of MRPP2 with novel mutations

The novel mutations p.V12L and p.V176M, identified by our collaborator, have not
been characterised at the protein level. This section describes their effect, in vitro, on the
MRPP2 protein with respect to: 1) SDR activity, 2) m'R9 MTase activity and 3) RNase P
activity.

5.2.1 Large- scale expression and purification of V12L and V176M

mutants
The constructs of MRPP2(V12L) or MRPP2(V176M) were expressed at large scale,

purified and verified as for other constructs (Figure 5-14 and Figure 5-15).
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Figure 5-14. Example of a large scale purification of the MRPP2(V12L) mutant protein.
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Figure 5-15. Example of a large scale purification of the MRPP2(V176M) mutant protein.
The SDR activity of the purified MRPP2 wildtype and mutant proteins was
established with two different substrates, reflecting the involvement of the MRPP2 enzyme

in fatty acid degradation and steroid conversion.

5.2.2 L-3-HAD activity of MRPP2
An important in vivo function of MRPP2 is its enzymatic L-methyl-3-HAD activity

towards short branched-chain acyl-CoA thioesters, such as L-2-methyl-3-hydroxybutyryl-
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CoA, which accumulates from [(-oxidation of long branched-chain fatty acids
(Section 1.1.1.2). Unfortunately, this substrate was not commercially available and thus the
unmethylated (short straight-chain fatty acid) acyl-CoA thioester was used
(L-3-OH-but-CoA) (Figure 5-16), as this has been shown to be a substrate for the L-3-HAD

activity of MRPP2 in vitro.

L-3-hydroxybutyryl-CoA

CoA

Figure 5-16. L-3-hydroxybutyryl-CoA (L-3-OH-but-CoA).
This substrate is synthesised as a racemic mixture of the D- and L-enantiomers
(also known as R and S, respectively), but will be depicted as the biologically relevant
L-enantiomer substrate throughout this chapter [6], [186]. The oxidation of this short
straight-chain (unmethylated) substrate to acetoacetyl-CoA using NAD™ as the cofactor is

shown in Reaction Scheme 2.

L-3-hydroxybutyryl-CoA Acetoacetyl-CoA

MRPP2

no

H 0O NAD* NADH e}

(@]
/E\)J\ = " M
CoA CoA

Reaction Scheme 2. The oxidation of L-3-OH-but-CoA to acetoacetyl-CoA by MRPP2 utilising NAD*.

Purified wildtype MRPP2 and mutant MRPP2(V12L) and MRPP2(V176M) were
used to run the spectrophotometric activity assay on the L-3-OH-but-CoA substrate with
NAD" cofactor. Kinetic parameters, Km and Vmax, Were obtained by fitting the data to the

Michaelis-Menten equation and kcat was calculated with four active sites indicated for
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MRPP2 (Figure 5-17). As for previous SDR activity assays presented here, the system
exhibit [E] > [S] at the lower concentrations (below 3.7 uM = [E]) and kinetic contants

should therefore be utilised only for comparison of enzymes tested in this work.
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Figure 5-17. Michaelis-Menten plot for the catalysis of (DL)-3-hydroxybutyryl-CoA by MRPP2 wildtype and
mutant proteins using NAD*. RFU: relative fluorescence units.

All three proteins were active towards the acyl-CoA thioester L-3-OH-but-CoA and
displayed similar kcat values, but the Km of MRPP2(176M) was increased 3-fold leading to
an overall reduced catalytic efficiency (kca/Km) for this mutant protein, compared to

wildtype.

5.2.3 30-HSD activity of MRPP2

The 3a-HSD activity of MRPP2 in conversion of allopregnanolone to
5a-dihydroprogesterone (5a-DHP) using NAD™, was previously investigated for wildtype
MRPP2 and the complex of MRPP1-MRPP2 (Section 3.3.3) using the spectrophotometric
activity assay. The 3a-HSD activity was further tested for MRPP2(V12L) and

MRPP2(V176M), also using allopregnanolone as substrate.
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Figure 5-18. Michaelis-Menten plot for the catalysis of allopregnanolone by MRPP2 wildtype and mutant
proteins using NAD*. RFU: relative fluorescence units.

The kinetic data (Figure 5-18) gave rise to catalytic efficiencies (kca/Km) of
91.3+0.06 mintuM™? for wildtype protein compared to 35.17+0.11 min*uM™ for p.V12L.

No activity was observed for MRPP2(V176M) with this substrate.

5.3 Moonlighting activities of MRPP2 with novel mutations
Having established the effect of the p.V12L and p.V176M mutations on the

L-3-HAD and 3a-HSD activities of MRPP2, subsequent studies were focussed on the
moonlighting properties of MRPP2, in the context of the binary MRPP1-MRPP2 complex
for its m'R9 MTase activity, and the ternary MRPP1-MRPP2-MRPP3 complex for its RNase

P activity.

5.3.1 Complex assembly with MRPP1 and mutant MRPP2 proteins
Wildtype MRPP2, MRPP2(V12L) and MRPP2(V176M) were each co-expressed

with N-terminally Hiss-tagged mature MRPP1 and purified as previously described for the
wildtype construct. The co-expressed wildtype and mutant protein complexes were purified
by IMAC using Ni-NTA and the first elution fraction from each purification was analysed by
SDS-PAGE (Figure 5-19). In the IMAC procedure, Hiss-tagged MRPP1 (Figure
5-19, blue) pulled down similar amounts of untagged wildtype MRPP2, MRPP2(V12L) and
MRPP2(V176M) (Figure 5-19, orange), indicative of complex formation for both mutants at

levels comparable to wildtype protein.
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MRPP1:

Figure 5-19. SDS-PAGE analysis of the first elution fraction from the initial IMAC for MRPP1-MRPP2(WT),
MRPP1-MRPP2(V12L) and MRPP1-MRPP2(V176M). Mature, Hiss-tagged MRPP1 is indicated in blue along
with untagged full-length MRPP2 mutant or wildtype protein in orange. Size of molecular weight (MW)
markers is shown to the right.

The elution fraction containing the pulled down complexes of Hiss-MRPP1 with
untagged MRPP2 wildtype or mutant proteins, were incubated overnight at 4°C to evaluate
the stability of the formed complexes. Subsequently, equal amounts of the complexes were
loaded onto an S6 column for SEC analysis. The chromatograms and corresponding
SDS-PAGE analyses of elution fractions (Figure 3-5) showed complex formation for
MRPP1 protein with both wildtype MRPP2 and MRPP2(VV12L) (Figure 3-5, green box),
with the presence of some uncomplexed proteins (Figure 3-5, red box) for both. For the
complex of MRPP1 with MRPP2(V176M), most of the proteins were found in fractions
corresponding to individual proteins, indicating that the p.V176M mutation, with time,
significantly alters the equilibrium of complex formation towards the dissociated,

uncomplexed proteins.
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Figure 5-20. SEC with the mature MRPP1 protein co-expressed with either wildtype MRPP2, MRPP2(V12L)

or MRPP2(V176M). The green box indicates the elution fractions in which proteins should be co-localising if

they form a complex. The red box indicates the elution fractions in which proteins should be found if they are
present as separate species in solution.

The SEC fractions corresponding to complexes of MRPP1 with wildtype MRPP2 or
MRPP2(V12L) were pooled and subjected to cation-EX, resulting in pure protein of both
complexes. For the partially dissociated proteins of MRPP1 with MRPP2(V176M), fractions
of both the individual proteins and remaining complex were pooled and subjected to
cation-EX. This resulted in binding and elution of only MRPP1 (mutant MRPP2 protein in
flow through sample), suggesting that any residual complexed proteins had now dissociated.
The pure, mature MRPP1 protein from the cation-EX step was pooled and added with
separately purified MRPP2(V176M) from the flow-through, in a
2X(MRPP1):4x(MRPP2(V176M)) stoichiometry to reconstitute a complex for further

activity studies.
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5.3.2 m'R9 MTase activity of MRPP1 with mutant MRPP2 proteins

The m'G9 and mA9 MTase activities were determined for mature MRPP1 in the
presence of MRPP2(V12L) or MRPP2(V176M), with complex of wildtype MRPP2 included
as positive control. m'G9 activity was tested with in vitro transcribed pre-(mt)tRNA"® as
substrate, and m'A9 activity with in vitro transcribed pre-(mt)tRNAY2. The obtained
cpm-values for each complex, from which cpm-values for tRNA-alone samples were

subtracted as background, are presented as a bar chart (Figure 5-21).
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Figure 5-21. m'G9 and m*A9 MTase activity of the co-expressed MRPP1-MRPP2(WT), MRPP1-
MRPP2(V12L) and reconstituted MRPP1+MRPP2(V176M) complexes.

The assay showed a 2.5-fold reduction in m'G9 MTase activity and a 3.5-fold
reduction in m*A9 MTase activity for MRPP1-MRPP2(V12L), compared to the protein
complex with wildtype MRPP2. For the MRPP1-MRPP2(V176M) complex, almost no

MTase activity was observed for formation of either m*G9 or mtA9.

5.3.3 RNase P activity of MRPP3 with mutant MRPP2 proteins
To understand if the p.V12L and p.V176M mutations influence RNase P activity of

the MRPP1-MRPP2-MRPP3 complex, the assay was carried out by incubating the
reconstituted complexes of MRPP1-MRPP2(wildtype/mutants) with mature MRPP3 in the
presence of Mg?* and in vitro transcribed pre-(mt)tRNA"® substrate. A negative control was
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included by pre-incubating the co-expressed MRPP1-MRPP2(WT) and MRPP3 proteins
with EDTA before addition of pre-(mt)tRNA"® substrate. UREA-PAGE analysis of
unprocessed and processed (mt)tRNA fragments (Figure 4-32) revealed that both mutations
reduced RNase P activity of the ternary complex. The ternary complex with MRPP2(V12L)
yielded 29.14+5.72% processed pre-(mt)tRNA"" which is a 2-fold decrease from the ternary
complex with wildtype MRPP2 that yielded 59.93+1.09% processed pre-(mt)tRNA", This
reduction in activity is comparable to the reduction for the m'R9 MTase activity of the

MRPP1-MRPP2(V12L) complex.
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Figure 5-22. RNase P activity of MRPP3 towards mitochondrial pre-(mt)tRNA'"¢, in the presence of MRPP1-
MRPP2 complexes with either wildtype MRPP2, p.V12L or p.V176M.

The p.V176M mutation in MRPP2 resulted in reduced processing of (mt)tRNA" to
only 1.86+0.22% of wildtype, following the trend for the MTase activities. This agrees with
the findings in Chapter 4 (Section 4.9.1) that mature MRPP3 protein requires an intact

MRPP1-MRPP2 complex for catalysis.
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PERRAULT SYNDROME

5.4 MRPP3 mutations causing Perrault Syndrome

During the course of this work, a novel patient mutation causing the Perrault
Syndrome, p.A485V in MRPP3, was communicated by our collaborator Prof. William
Newman (University of Manchester, UK). The Ala485 residue (Figure 5-23, purple) is
highly conserved across NYN proteins [100], and is located in close proximity to the four
active site Asp residues (Section 4.5.2) of MRPP3 (Figure 5-23). Therefore, a mutation of
this residue could affect the RNase P activity. Studies into the biochemical properties of
mutant protein, ternary complex formation, and RNase P activity of this mutant will be the

subject in the following sections.
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Figure 5-23. Location of the MRPP3 patient mutation p.A485V in the MRPP3 protein, (PDB: 4XGL).

5.5 Cloning, expression and purification
The Ala485-to-Val change in MRPP3 was generated by site-directed mutagenesis on

the plasmid encoding mature MRPP3 (residues 51-583) with an N-terminal Hise-tag and a

TEV cleavage site. The presence of the mutation was identified by Sanger sequencing.
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The mature MRPP3(A485V) was expressed and purified at large scale as for
wildtype MRPP3 (Section 4.3), and verified by tryptic digest-MS/MS and ESI-MS
(Figure 5-24). The MRPP3(A485V) protein exhibited in vitro expression and solubility

levels similar to wildtype.
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Figure 5-24. A) SDS-PAGE analysis from the last purification step of mature MRPP3(A485V) protein. B) ESI-
MS of the purified protein sample.

5.6 Biochemical analysis

5.6.1 Oligomeric state of the MRPP3 mutant protein
Purified, untagged, MRPP3(A485V) was subjected to analytical SEC (S200)

(Figure 5-25) resulting in a Ve of 14.99 mL, corresponding to a MW of 50399.7 Da. This
MW is equivalent to a monomeric protein (theoretical mass of monomer: 61636.95 Da), as
expected from the monomeric state of wildtype MRPP3. The wildtype and mutant proteins

further showed a comparable elution profile indicative of similar structural arrangements.
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Figure 5-25. Analytical SEC profile for MRPP3(WT) and MRPP3(V485A).
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5.6.2 Thermal stability of the MRPP3 mutant protein
The thermal stability of MRPP3(A485V) was compared to wildtype MRPP3 using

DSF. Both proteins were applied in the standard buffer used for DSF (150 mM NacCl,
10 mM HEPES pH 7.5) and in a buffer identified to yield the most thermostable
A94-MRPP3 protein (50 mM MES pH 6.5, 5% glycerol, 100mM NaCl, 100mM (NH4)2S0Oa)
(Section 4.5.1.3). The obtained Tm-values (Figure 5-26) showed, that the mutant protein
was consistently more thermostable than the wildtype protein, suggesting reduced protein

flexibility as a result of the Ala485-to-Val mutation.
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Figure 5-26. DSF assay showing the protein Tm for MRPP3(WT) and MRPP3(A485V) in a buffer of 150 mM
NaCl, 10 mM HEPES pH 7.5 (left), and a buffer of 50 mM MES pH 6.5, 5% glycerol, 100mM NaCl, 100mM
(NH4)2S0;4 (right). For this experiment n = 3 — 4. *= P<0.05.

5.7 Crystallisation attempts

In an attempt to identify any conformational changes in the mutant protein, X-ray
crystallography was employed. Mature wildtype MRPP3 had proven difficult to crystallise
and therefore, to facilitate crystallisation, the Ala485-to-Val mutation was introduced into
the previously crystallised A206-MRPP3 construct. This construct was expressed and

purified as described for mature wildtype MRPP3 (Figure 5-27).
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Figure 5-27. A) SDS-PAGE analysis from the last purification step of mutant A206-MRPP3. B) The ESI-MS
spectrum of the purified sample.

Crystallisation trials were carried out using random matrix screens and manually
designed screens covering the chemical space reported to produce crystals for wildtype
A206-MRPP3 [179]. Unfortunately, no crystals were observed in any drops after two months

of incubation.

5.8 Complex assembly studies with mutant MRPP3

To investigate if the mutant protein was able to form the ternary complex, the
mature MRPP3(A485V) protein was mixed with co-expressed MRPP1-MRPP2 proteins in
the presence of the Mg?* cofactor and the pre-(mt)tRNA'"® substrate and applied for SEC.
Mature MRPP1, MRPP2 and mature MRPP3(A485V) proteins were applied to the column
individually, and as a mixture of either MRPP1-MRPP2, MRPP1-MRPP2 +
MRPP3(A485V) or MRPP1-MRPP2 pre-incubated with pre-(mt)tRNA"® and subsequently
added with MRPP3(A485V). As for wildtype mature MRPP3, the chromatograms and
SDS-PAGE analyses of the eluted fractions (Figure 5-28) showed that the mutant protein
could form a ternary complex in the presence of pre-(mt)tRNA", Interestingly, in contrast to
wildtype MRPP3, the mutant protein was also found in elution fractions corresponding to the
complex, even in the absence of pre-(mt)tRNA""e. This could reflect that the Ala485-to-Val
mutation induces conformational changes to the protein that allows MRPP3 to interact
strongly with the binary complex of MRPP1-MRPP2 via regions that are either not
interaction points, or week interaction points, for wildtype MRPP3. More studies are needed

to understand the interactions with MRPP3 in the RNase P complex.
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Figure 5-28. Analytical SEC with the mature MRPP3(A485V) protein applied in various combinations with
mature MRPP1 and full-length MRPP2 with and without pre-(mt)tRNA"e, The green box indicates the elution
fractions in which proteins co-localise upon complex formation.

5.9 Activity studies with mutant MRPP3

The RNase P assay was performed for MRPP3(A458V) by incubation of
co-expressed MRPP1-MRPP2 complex with either mature wildtype or mutant MRPP3 in the
presence of Mg?*. After incubation, the in vitro transcribed pre-(mt)tRNA"® substrate was
added. The reaction products were monitored at various time points by denaturing
UREA-PAGE gel stained for RNA (Figure 5-29C). The fractions of processed
pre-(mt)tRNA'"® at different time-points were fitted by non-linear regression as a one phase
exponential association (Figure 5-29A), resulting in the value of maximum amount of
processed pre-(Mt)IRNA, Ymax, (Figure 5-29B). Compared to the complex with wildtype
MRPP3, the complex containing MRPP3(A485V) exhibited a 19.75% overall decrease in the
amount of processed pre-(mt)tRNA", as reflected in the reduced Ymax. This is in line with
the suggestion that the Ala485-to-Val mutation affects activity, due to the location in close

proximity to the catalytic Asp residues.
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Figure 5-29. RNase P activity of MRPP3(A485V) compared to wildtype MRPP3. The kinetic parameter Y max is
shown along with the denaturing UREA-PAGE gel. For this experiment n = 2.
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6 CHAPTER

CONCLUSIONS AND FUTURE AIMS

MRPP2 is a versatile protein with numerous catalytic as well as non-catalytic
functions. When acting as an enzyme, MRPP2 functions as an SDR, using a variety of
substrates with little similarity in chemical structures. When not acting as an enzyme,
MRPP2 is involved in N1-methylation and 5’-end processing of mitochondrial tRNA. These
activities require MRPP2 to form either a binary complex with MRPP1 (methylation) or a
ternary complex with both MRPP1 and MRPP3 (processing).

Missense mutations in MRPP2 give rise to the rare, X-linked HSD10 disease often
characterised by neurodegeneration, growth retardation and ketoaciduria. To date, 15
missense mutations have been identified in patients who present with different degrees of
disease severity, varying from the most severe neonatal form, through the infantile form
and juvenile form, to the almost asymptomatic atypical form. The severity of these
phenotypes does not correlate with the residual enzymatic activity in mutant MRPP2 in vivo,
suggesting that effects on its non-enzymatic functions might be the principal driver of the
clinical phenotype.

The aim of the work presented in this thesis is to try to understand how these patient
mutations affect MRPP2 functions at the molecular level, which led to the overall thesis
question stated in Chapter 1: “Does a correlation excist between the structural location of
the MRPP2 patient missense mutations and their effects on the MRPP2 functions?«.

The enzymatic reactions of MRPP2 were well-studied before the start of this project,
but little was known about its non-enzymatic functions as part of the MRPP1-MRPP2

MTase complex and MRPP1-MRPP2-MRPP3 RNase P complex. To obtain a better
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understanding of the non-catalytic functions of MRPP2, a structural and biochemical
characterisation was undertaken of the individual proteins and two complexes using either

wildtype MRPP2, or MRPP2 carrying patient mutations.

6.1. MRPP1
MRPP1 is a methyltransferase belonging to the Trm10 subfamily of the SPOUT

family of MTases, and comprises an N-domain, an MT-domain and a small C-terminal
extension. The N-domain and MT-domain might be connected by a flexible interdomain

linker that makes the two domains structurally mobile towards one another.

6.1.1. Oligomeric state
Using analytical SEC and SAXS, mature MRPP1 was shown to exist as a dimer in

solution, with analytical SEC suggesting that dimerisation occurs through the N-domain.
This is in contrast to ‘regular’ SPOUT MTases from other subfamilies, e.g. TrmD, TrmH
and TrmL (Figure 6-1), that form homodimers via the MT-domain [55], [59], [157], [187],

[188]; a domain that was monomeric in MRPP1 when isolated and investigated using SEC.

SPOUT family of MTases

TrmD, TrmH, TrmL subfamilies Trm10 subfamily

————————————————————————————————————————————————————————————

Dimer formation via MT-domain femmm e Rt '
Dimer formation
via N-domain

Figure 6-1. Overview of oligomeric states of different SPOUT subfamily members and the domains involved in
dimer formation.

The homodimerisation in ‘regular’ SPOUT MTases takes place via a helix

(helix a5) from each MT-domain, and the dimerisation is reffered to as symmetrical or
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asymmetrical based on the relative orientation of the helices (a5) towards each other
(Figure 6-2) [59].

TrmH TrmD
Symmetrical dimer Asymmetrical dimer
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Figure 6-2. Dimeric SPOUT proteins TrmL (PDB: 4JAL) and TrmH (PDB: 4KGN) from E. coli and TrmD
from H. Influenza. The helix involved in dimer formation is indicated (a5).

To investigate why MRPP1 presumably does not dimerise via helix a5 in the
MT-domain, efforts were made to crystallise the MT-domain of MRPP1, which provided a
structure of the MT-domain to 1.96 A. Structure analysis revealed that the MT-domain of
MRPP1 contains an additional helix (a6) after helix a5, that, when aligned with the
MT-domain of e.g. dimeric TrmH from B. pseudomallei and TrmL from E. coli, sterically
clashes with the opposite monomer, blocking dimerisation via helix a5 (Figure 6-3). This
provides an explanation why MRPP1 dimerises in a manner different from other SPOUT

MTases, i.e. via the N-domain rather than the MT-domain.

Figure 6-3. Structural alignment of the monomeric MT-domain of MRPP1 with the dimeric SPOUT proteins
TrmL (PDB: 4JAL) and TrmH (PDB: 4KGN) from E. coli. The SAM ligand from MRPP1 and SAH ligand
from TrmL and TrmH are shown as sticks. The two helices a5 and a6 are indicated on MRPPL1.
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The dimeric nature of MRPPL1 also contrasts with the otherwise monomeric nature
of the Trm10 subfamily to which MRPP1 belongs (Figure 6-1). To date, the characterised
Trm10 family members from fission yeast (S. pombe), baker’s yeast (S. cerevisiae) and the
archaea S. acidocaldarius are monomeric in solution [49], [159]. These structures exhibit the
same structural arrangement as MRPP1, prohibiting the ‘regular’ SPOUT-like dimerisation.
A sequence alignment of known Trm10 family members (Section 8.3) revealed that these
proteins all contain N- and C-extensions of different lengths, in addition to their MT-domain.
However, low sequence identity is found across these extensions, which might explain why
MRPP1 can dimerise via the N-domain unlike other Trm10 members. It would be interesting
to investigate the oligomeric state of further Trm10 proteins from higher eukaryotes
(metazoans), e.g. the human cytosolic TRMT10A and TRMT10B, as it is possible that such
MTases could form an evolutionarily distinct subclass of dimeric Trm10 proteins.

It is also worth noting that MRPP1 is the only Trm10 member, to date, that has been
found to require a binding partner (MRPP2) for MTase activity, supporting a slightly

different organisation for this protein.

6.1.2. Ligand binding
The MT-domain of MRPP1 is predicted to contain the methyltransferase catalytic

site, and consistent with this, the methylation cofactor SAM was shown by DSF to bind the
isolated MT-domain as well as the MT-domain with the C-extension (MT+C). The thermal
stabilisation upon SAM binding was significantly greater for the MT+C-domain than for the
MT-domain alone, suggesting a potential role of the C-extension in ligand binding by either
direct interaction with the ligand or by formation of protein structure stabilising interactions
with the SAM bound MT-domain. The obtained crystal structure of the MT+C-domain
confirmed SAM binding to the MT-domain, but could not identify any direct role of the

C-extension in this binding, as no electron density was observed for this region.
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6.1.1.1 Active site
‘Regular’ dimeric SPOUT proteins accommodate SAM in a similar fashion to

MRPP1 (Figure 6-3). However, the ‘regular’ SPOUT proteins involve residues from both
MT-domains in catalysis and in binding of the purine to be modified [139], and an intact
MT-domain dimer surface has been shown by mutation studies to be required for tRNA
binding [189]. As the MT-domains of MRPP1, and other Trm10 members, are monomeric in
solution when isolated, the above active site organisation and tRNA binding mode is likely
not possible. The differences in active site organisation is also reflected in the SAM cofactor
accessibility. Figure 6-4 shows how the cofactor in dimeric TrmL and TrmH proteins is
bound in a pocket that is almost entirely closed in MRPP1, due to the presence of a loop
[189]. An alternative entrance to the same cofactor binding pocket exists in MRPP1, and
other Trm10 members, which is buried in the monomer-monomer interface of the dimeric

TrmH/TrmL proteins.
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Figure 6-4. Structural alignment of the MT-domain of MRPP1 with A) dimeric SPOUT protein TrmH from B.
Pseudomallei and B) dimeric SPOUT protein TrmL from E. coli. The surface is shown for one monomer of
TrmH and TrmL. The SAM ligand from MRPP1 and SAH ligand from TrmH and TrmL are shown as sticks.
The loop from MRPP1 that blocks the active site pocket of TrmH and TrmL is indicated.

6.1.3. Mapping of catalytic residues
MRPP1 has dual-specificity in its methyltransferase activity, i.e. methylates both

guanine and adenine. Both reactions could require a catalytic base and, in the case of
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guanine, a further positively charged intermediate charge-stabiliser. In silico docking of
5’-GMP, combined with sequence alignment of Trm10 proteins, revealed that the conserved
Asp314 amino acid could act as the catalytic base for m*A9 and m'G9 MTase activity, and

that the conserved GIn226 could be a candidate for the intermediate charge-stabiliser.

Catalytic base
An Asp314-to-Asn mutant MRPP1 protein (together with MRPP2) showed no

in vitro activity in either reaction, supporting the notion that this is likely the catalytic base
used in both reactions. These findings agree with previous mutation studies of human and

yeast Trm10 proteins on the corresponding residue [14], [49].

Intermediate charge-stabiliser
An GIn226-to-Ala mutant MRPP1 protein (together with MRPP2) also did not show

in vitro activity for m!G9 formation, confirming previous studies of the corresponding
residue in yeast Trm10 [49]. Surprisingly, the p.Q226A mutation also abolished miA9
activity as later confirmed by others [49], suggesting that GIn226 is not merely the stabiliser
for the charged guanine intermediate, but rather plays an important role for both substrates.

The GIn226 residue in MRPP1 could be involved in binding of the phosphate group
in purine 9 of the (Mt)tRNA, as suggested for a corresponding Asn residue in TrmL and
TrmH from bacteria [189], [190]. If so, the point of interaction is likely different between the
GIn and Asn residues, as an Asn-to-GlIn substitution in TrmH decreased MTase activity, due
to sterically hindered binding of the phosphate group by the larger Gin residue [190]. While
it cannot be excluded that the p.Q226A mutation affects overall pre-(mt)t{RNA and/or SAM
binding in MRPP1, a similar GIn-to-Ala mutation in Trm210 proteins from yeast confirmed
that these functions were unaffected in these homologue proteins [49].

The equivalent GIn residue is also present in the crystallised m*A9-specific Trm10

from the archaea S. acidocaldarius and in the dual-specific m*A9/m'G9 Trm10 protein from
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the archaea T. kodakaraensis, where no crystal structure is available. In Trm10 from
S. acidocaldarius, this Gln residue also protrudes towards the active site, and it would be
intriguing to see if mutation of this GIn residue in both archaeal Trm10 proteins had the
same activity-abolishing effect observed in MRPPL.
Purine specificity

Two Trm10 members have confirmed m!A9 activity (S. acidocaldarius and
T. kodakaraensis). An additional Asp residue (Aspl84 [159] and Asp206 [171],
respectively), is found in both proteins, but not in the Trm10 yeast proteins harbouring only
m!G9 activity (Section 8.3, green star), and could thus be a determinant for m*A9 activity.
In MRPP1, this additional Asp residue is replaced by Leu that, due to its uncharged nature, is
likely to act differently in catalysis than a charged Asp residue. Therefore, this amino acid
position cannot be the sole determinant for m*A9 activity. Another Asp residue is located
deep in the active site pocket of MRPP1 (Asp293) (Section 8.3, purple star), in a position
corresponding to a Lys(81) residue in TrmL from E. coli, which was previously shown to be
involved in catalysis but not tRNA binding [189]. Although the Asp293 residue could be
involved in the MTase function in MRPP1, it seems unlikely to be the determinant for m*A9
activity as this position is Asp in the guanine specific Trm10 proteins from yeast, and is not
conserved in m'A9 active Trm10 proteins from S. acidocaldarius and T. kodakaraensis.
Aside from the residues discussed above, alignment of the available Trm10 protein
structures and their primary sequences show no obvious amino acid candidates in or around
the active site that could account for the differences between m'G9 specific
(S. cerevisiae and S. pombe), m*A9 specific (S. acidocaldarius) and m*A9/m'G9 dual-
specific (MRPP1 and T. kodakaraensis) Trm10 MTases. It is possible that the purine
specificity could simply be due to differences in surface charge around the active site and

size of the purine-binding pocket (Figure 6-5), which allows different Trm10 family
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members to accommodate different purine substrates, rather than to specific residues for
catalysis. The active site pocket is more open for the m!G9-specific TRMT10A and
m*A9-specific Trm10, compared to other Trm10 proteins. However, no obvious similarities
are observed within the m'G9 specific group of proteins that are also clearly different from
the m*A9 specific Trm10 and further altered compared to the m!G9/m*A9 dual-specific
protein. A detailed understanding on how the substrate specificities are generated would

benefit from future high resolution, substrate-bound crystal structures of Trm10 family

members.
m'G9 specific m?A9 specific mG9/ m*A9 dual-specific

TRMT10A (human Trm10 (S. cerevisiae Trm10 (S. pombe Trm10 (S. acidocaldarius MRPP1 (human
> L

Figure 6-5. The electrostatic potentail of the MT-domain for each Trm10 member for which a crystal structure
is available. The SAM cofactor is shown in yellow sticks. The N1-methylation specificity is shown for each
Trm10 member.

6.2. MRPP1-MRPP2

Studies were next performed on the complex of MRPP1 and MRPP2 and revealed a
2XMRPP1:4xMRPP2 stoichiometry from both SV-AUC and SAXS. Co-expression of
MRPP1 and MRPP2 further revealed that the presence of MRPP2 completely eliminated the
previously observed degradation of MRPP1 during purification, suggesting a structure

stabilising effect of MRPP2 on MRPP1.

6.2.1. MTase activity of mature MRPP1
An MTase activity assay showed that both MRPP2 and the entire, mature protein of

MRPP1 were required for m*G9 MTase activity. The fact that MRPP1 requires an additional
protein for catalysis contrasts that of all other functionally characterised Trm10 subfamily

members. An example of the latter is the human cytosolic member of the Trm10 family,
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TRMT10A which alone can catalyse m*G9 formation in vitro, on some (mt)tRNAs predicted
to have similar sequences but potentially different secondary structures to conventional
tRNAs [14], [50]. TRMT10A and MRPP1 have similar domain organisation (Figure 6-6),

and their MT-domains have high structural homology (C* RMSD = 1.5 A).

MRPP1
C-extension
[MTS ]{ N-domain MT-domain }D
Residue: 1 39 213 380 403
TRMT10A
[ N-domain }[ MT-domain ]{C—extension]
Residue: 1 101 275 339

Figure 6-6. Domain organisation in full-length MRPP1 and TRMT10A.

The fact that TRMT10A — but not MRPP1 — can perform the MTase reaction on
(mt)tRNAs without the help of a partner protein such as MRPP2 is interesting, and must be
due to differentiating features in the N-domains and C-extensions of the two proteins, as
their MT-domains are very similar. The N-domain of MRPP1 was found to be involved in
interactions with both tRNA and MRPP2, and a lack of this domain abolished MTase
activity. It is interesting to speculate that the smaller N-domain in TRMT10A associates
tightly with the MT-domain and is able to ‘grab’ the tRNA without additional proteins for
assistance, whereas the larger N-domain in MRPPL1 relies on MRPP2 to direct it towards the
tRNA for binding. Alternatively, the larger C-extension of TRMT10A could play a role in
tRNA binding as previously suggested for the Trm10 homologue from archaea [159] — an
interaction point which could be lost for MRPP1 that contains a much smaller C-extension
(Figure 6-6).

6.2.2. Interactions between MRPP1 and MRPP2

Mapping of regions in MRPP1 for MRPP2 interaction
SEC data showed that the entire protein of MRPP1 was required for interaction with

MRPP2. Following this finding, the potential sequence motifs in MRPP1, required for
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interaction with MRPP2, were identified using a SPOT blot assay. Entirely consistent with
the finding that complex formation with MRPP2 requires all domains of MRPP1, the SPOT
blot analysis identified potential MRPP2-binding sites in the N-domain, MT-domain and
C-extension of MRPP1. The identified regions within the MT-domain were mapped onto the
crystal structure, and revealed two regions clustered together to form a surface patch near the
beginning of the structure. These two regions, together with a third region seven residues
N-terminal of the structure start, could form a collaborative patch for MRPP2 binding.

Interestingly, the two identified patient mutations in MRPP1 (R118L and T272A),
leading to COXPD30 disease, both fall directly in this predicted interaction patch, potentially
indicating that these mutations could affect complex formation. However, no in vivo effect
of these mutations was shown on m*R9 MTase activity by MRPP1-MRPP2 [136].

Two other likely candidate-binding regions were identified with the SPOT blot
analysis in the N-domain and C-extension, respectively, but neither of these are
encompassed in the present crystal structure. Based on susceptibility to degradation,
secondary structure predictions, and lack of electron density in both the present MRPP1
crystal structure and structures of homologues proteins, these segments were hypothesised to
be flexible and could thus either 1) spatially orient to form part of the identified MRPP2
interaction patch or 2) interact independently with MRPP2. Long-range interactions between
C- and N-extensions have previously been found for other SPOUT family members,
e.g. TrmH [191], [192], suggesting that this could also be the case for MRPP1.

It has been suggested that a 65 amino acid large C-domain in an archaea homologue
of MRPP1 is responsible for tRNA moulding for catalysis [159]. Considering the
comparably small size of the C-extension in MRPP1, it is less likely that this part plays a

similar role. This could be investigated by performing the MTase activity assay using the
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soluble proteins of MRPP1 with and without the C-extension (residues 40-403 and 40-380,

respectively), made during the work described in this thesis.

SAXS model of MRPP1-MRPP2
Attempts to obtain a crystal structure of the full MRPP1-MRPP2 complex were

unsuccessful. In the absence of such a structure, SAXS was employed to obtain further
structural details of the complex. The best SAXS model was calculated with P1 point
symmetry, and fitted an MRPP1(dimer):MRPP2(tetramer) stoichiometry confirmed by
calculations from the SAXS scattering curve and obtained from SV-AUC. The generated
SAXS model indicated that the MRPP1 dimer binds on one side of the MRPP2 tetramer.

The SPOT blot identified protein-interaction regions in both the N- and
MT-domains of MRPP1 suggest a cross-over arrangement of the N-domains in MRPP1,
allowing interactions of MRPP2 with both the N- and MT-domain, but from different
MRPP1 monomers. The crystal structure of the MT-domain of MRPP1 is manually fitted
into the SAXS model of MRPP1-MRPP2 with the identified interaction-region facing
MRPP2 (Figure 6-7). The N-domains are oriented such that one is in close proximity to
MRPP2 for interaction via the identified region.

N-domain (MRBPJ.)_/;;T\
Mapped -
interaction ’ >

interaction
region

Figure 6-7. SAXS models for the binary complex of MRPP1-MRPP2 with a suggested placement of the protein
components based on interactions studies.
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Since the MRPP2 tetramer has a symmetrical shape, it is rather surprising that it
only interacts with an MRPP1 dimer at one end of the MRPP2 tetramer, rather than with one
MRPP1 dimer or monomer at both ends of the MRPP2 tetramer. The fact that an MRPP1
dimer is not observed on both sides of MRPP2 could mean that 1) binding of MRPP1
induces conformational changes in MRPP2, which would prevent further MRPP1 binding, or
2) binding of MRPPL1 sterically hinders the binding of a second MRPP1. The fact that
MRPP2 still exhibit SDR activity when bound to MRPP1 suggests that no major
conformational changes are induced in this protein. However, before a higher resolution
structure is available for this complex, it is difficult to conclusively favour one hypothesis

over another.

SAXS model of MRPP1-MRPP2-pre-(mt)tRNA'"®
A SAXS model of the MRPP1-MRPP2 complex bound to the pre-(mt)tRNA

substrate showed one pre-(mt)tRNA molecule bound per MRPP1(dimer):MRPP2(tetramer),
likely with one SAM molecule bound in each MRPP1 MT-domain. The binding of only one
tRNA per dimer of SAM-bound MRPP1 is consistent with the stoichiometry 1) predicted for
the dimeric TrmL MTase based on co-crystallisation of purine mimicking ligands [189],
2) identified with analytical SEC studies for dimeric TrmH [190], and 3) confirmed with
structural and functional studies for dimeric TrmD [139], [193]. The binding of only one
tRNA in SAM-bound TrmD was explained by conformational changes in the protein
homodimer-tRNA complex that rendered the protein asymmetrical after tRNA binding
[139]. The structural differences in dimer formation between MRPP1 and the ‘regular’
SPOUT-like dimer of TrmD means that the tRNA-bound TrmD crystal structure does not

provide sufficient clues for the specific tRNA binding mode of MRPP1.
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The N-domain in tRNA binding
Both TrmD and TrmH proteins involve domains/extensions, additional to the

MT-domain, in tRNA binding [139], [194]. An EMSA showed that MRPP1, similarly to
both TrmD and TrmH, uses the N-domain for binding of pre-(mt)tRNA, and the suggested
cross-over arrangement for the N-domain allows for such tRNA interaction (Figure 6-8),
with one tRNA molecule binding on one side of the MRPP1-MRPP2 complex. The
suggested arrangement further allows a MT-domain from one MRPP1 monomer to
collaborate with the N-domain from another monomer for substrate binding, offering an
explanation why MRPP1 functions as a dimer. In this model, the active site located in the
MT-domain is in close proximity to the purine-9 to be methylated (Figure 6-8). The tRNA is
shown as gray ovals, as it could not accurately be fitted into the SAXS pocket due to long

(~30 nt), likely flexible, 3’-trailer and 5’-leader.

MTase active site

Figure 6-8. Potential binding mode of MRPP1 and pre-(mt)tRNA that allows the nucleotide to be methylated
(R9) to be in close proximity to the MTase active site and the tRNA-binding N-domain to be near the substrate.

The assistance in tRNA binding by domains, additional to the enzymatic domain,
connected by flexible interdomain linkers, is shown for many SPOUT family members and
other tRNA modifying enzymes [139], [159], [162]-[164]. For Trm10 proteins from yeast
and archaea, the N-domains have been shown to directly interact with the tRNA substrate
[49], [159]. It is tempting to speculate that the role of these domains is to recognise a more

universally conserved parts of the tRNAs, if the immediate environment around the modified
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nucleotide shows low structural conservation. The immediate environment around the
Trm10 methylation site purine-9 consists of the variable D- and T-arm/loops and the variable
loop with low structural conservation, and it is possible that the MRPP1 N-domain assists in
tRNA binding by recognising other conserved parts of the tRNA. Consistent with this
possibility, a docking model for the Trm10 protein from archaea suggested that the
N-domain-tRNA interaction of this protein is through the conserved anti-codon stem/loop
[159].
6.2.3. MRPP1-MRPP2 summary
Based on work presented here, and studies on MRPP1 homologues, the below roles
for each MRPP1 domain is proposed. The role of MRPP2 in the complex is discussed later
(Section 6.1.1.3).
e The MT-domain is the catalytic domain of the protein binding the cofactor.
e The N-domain assists in tRNA binding, potentially by recognising more
universally conserved parts of the tRNA.
e The role of the C-extension is not entirely clear, but data suggest a role in
MT-domain stabilisation upon SAM binding. The C-extension was also found to
interact with MRPP2. Further investigations into a potential role in catalysis could be

performed.

6.3. MRPP1-MRPP2-MRPP3

The MRPP3 endoribonuclease contains an N-extension, a PPR-domain likely
involved in pre-(mt)tRNA binding, an NYN-domain containing the active site and a core

domain orienting the PPR- and NYN-domain relative to each other for RNase P activity.

6.3.1. Biochemical analysis of MRPP3
Analytical SEC identified MRPP3 to be monomeric, which is in line with findings

for other MRPP3 homologous PRORP proteins from A. thaliana (PRORP1 and PRORP2)
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[184]. DSF data suggested that the mature MRPP3 protein did not bind Mg?* necessary for
catalysis, which agrees with the MRPP3 structures by Li et al. [180] and Reinhard et al.

[179] in 2015, where no Mg?* was found in the active site.

6.3.2. Complex assembly and pre-(mt)tRNA binding
Analytical SEC experiments demonstrated that mature MRPP3, but not the

core/NYN-domains alone, was able to form the ternary complex with MRPP1 and MRPP2.
The ternary complex of MRPP1-MRPP2-MRPP3, however, could only be formed in the
presence of the pre-(mt)tRNA substrate. The transient, substrate-bound, ternary complex
was captured using a catalytically inactive MRPP3 mutant (p.D479A) for SAXS analysis, to
investigate the spatial organisation of components in the final substrate-bound ternary
complex. The SAXS model supported a stoichiometry of
MRPP2(dimer):MRPP2(tetramer):MRPP3(monomer):pre-(mt)tRNA(one  molecule) with
binding of MRPP3 on the opposite side of MRPP2, relative to MRPP1. MRPP3 is a
monomer in solution and in the crystal, and it is therefore not surprising that it would
function as such in the complex. The obtained substrate-bound SAXS models of the binary
and ternary complexes both appear to accommodate only one pre-(mt)tRNA molecule, and it
therefore seems reasonable that the ternary complex would accommodate just one molecule
of MRPP3 for processing of this substrate. The leader and trailer sequences of the pre-
(mt)tRNA substrate are ~30 nucleotides long and likely flexible, and therefore the tRNA
could not accurately be fitted into the SAXS model for more detailed investigations of the
nucleotide-recognition of MRPP3. Unpublished data suggest that the MRPP3 plant
homologue PRORP1 recognises only the first two nucleotides in the 5’-leader sequence and
not the 3’-trailer [195]. Therefore, future SAXS experiments could be performed using a
tRNA substrate with a similarly short 5’-leader and no 3’-trailer, allowing easier fitting to

the SAXS model.
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6.3.3. RNase P activity of the ternary complex

Activity of mature MRPP3
An RNase P activity assay showed that the reconstituted complex of

MRPP1-MRPP2 and MRPP3, but not MRPP3 alone, had RNase P activity towards the tested
pre-(mt)tRNA'"®, These findings were confirmed by unpublished data for pre-(mt)tRNA'®
(and pre-(Mt)tRNADS), but the study additionally found that the protein alone can
inefficiently cleave some pre-(mt)tRNAs (Tyr, His, Glu, Ser(UCN) and Met) [91], [92],
[196].
Activity of MRPP3 fragments

No RNase P activity was observed for the ternary complex in the absence of either
the PPR-domain or the core/NYN-domains of MRPP3, but partial removal of the
N-extension (43 residues) still left a functional protein. The retained activity upon removal
of the N-extension was confirmed for the MRPP3 homologue, PRORP1 from plant, that has
an equivalent 89 residue N-extension [183]. N-extensions are found in many single stranded
(ss) RNA binding PPR-domain proteins [101], and in double-stranded (ds) DNA-binding
repeat proteins such as tetratricopeptide repeat (TPR) [197] proteins or transcription
activator-like (TAL) effectors [198], [199]. In TAL effectors, the N-extension adopts an
a-helical repeat structure and contributes to dsSDNA binding specificity [198], [199]. The
function of the N-extension in MRPP3 remains to be determined, including the effect of

further truncations, using e.g. the soluble A118-MRPP3 made in the course of this thesis.

6.3.4. MRPP1-MRPP2-MRPP3 outline
It is interesting that the RNase P activity of MRPP3 depends so strongly on two

additional proteins (MRPP1 and MRPP2), when the MRPP3 homologues from other
eukaryotes efficiently perform the 5’-end processing of pre-tRNA on their own
(e.g. A. thaliana PRORP1 and PRORP2). As described in the introduction (Chapter 1),

(mt)tRNAs often adopt ‘bizarre’ structures — especially before they undergo posttranslational
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modifications. It is possible that the MRPP1-MRPP2 complex activates the pre-(mt)tRNA
for recognition by MRPP3, by ‘re-moulding’ the (mt)tRNA in a way that offers a similar
recognition surface for MRPP3 across all ‘bizarre” (mt)tRNAs. In support of the hypothesis
that MRPP1-MRPP2 plays an activating role for RNase P activity, unpublished studies
showed that addition of MRPP1-MRPP2 increased the catalytic efficiency of MRPP3
(>30,000 fold) by increasing its binding affinity for pre-(mt)tRNA by >300-fold [196].
Structural studies of MRPP3 have further suggested that the pre-(mt)tRNA binding of
MRPP3 activates the protein by inducing conformational changes that allow the protein to
accommodate the Mg?* cofactor. The role of MRPP1-MRPP2 as the pre-(mt)tRNA
recognition component of the RNase P complex is in line with findings herein showing that
the MRPP1-MRPP2 complex can bind the pre-(mt)tRNA prior to binding of MRPP3. Based
on studies presented here, and published work on homologues, the assembly of the ternary

complex is proposed to proceed as follows:

Step 1) MRPP1 and MRPP2 form a complex.

Step 2) The binary complex binds the pre-(mt)tRNA substrate and potentially re-mould this
for optimised recognition by MRPP3.

Step 3) The binary complex-bound — potentially re-moulded — pre-(mt)tRNA is recognised
by MRPP3 to form the ternary complex.

Step 4) The complex-bound MRPP3 protein adopts a conformation that allows binding of
the Mg?* cofactor necessary for pre-(mt)tRNA 5’-end processing.

Step 5) Processing takes place before MRPP3 dissociates and processed (mt)tRNA is

released.

The above steps highlight the possibility that some pre-(mt)tRNAs could be

processed without being methylated, as confirmed by activity studies showing that the two
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processes act independently of eachother [14]. To avoid improperly methylated mature
tRNA from being formed in vivo it is possible that another step, further in the processing,

e.g. 3’-end processing or CCA-additon, requires N1-methylation at R9.

6.4. MRPP2 in the binary and ternary complex

6.1.1.2 tRNA binding of MRPP2
The exact role of MRPP2 in mature (mt)tRNA/pre-(mt)tRNA methylation and

processing is currently incompletely understood and the subject of much discussion. A direct
interaction between MRPP2 and the (mt)tRNA substrate has been suggested, based on the
discovery that protein binding pockets for RNA-like di-nucleotides, such as NAD*/NADH,
could accommodate RNA itself [200]. Work presented here did not detect any direct
interaction in vitro between recombinant MRPP2 alone and pre-(mt)tRNA using an EMSA.
Similar findings were reported by Vilardo et al. [14], using the same assay set-up with both
pre-(Mt)tRNA as well as mature (mt)tRNAs. Conversely, in vivo data obtained via the iCLIP
method [75] indicated a direct interaction between MRPP2 and various (mt)tRNAs. In
further characterising the role of MRPP2, it should be considered that — even if MRPP2 does
not bind the (mt)tRNA alone — it does not exclude an interaction with the substrate in the

presence of MRPPL.

6.1.1.3 Role of MRPP2 in the non-catalytic functions
An increase in Kp of MRPP1 towards the mature (mt)tRNA with addition of

MRPP2, was previously observed using an EMSA [14], which could be due to either
1) direct interaction of MRPP2 with the substrate itself (as discussed above) or 2) binding-
induced changes of the structure of MRPP1 to increase its substrate affinity. The data
presented in this thesis suggest that the role of MRPP2 in the complex is to stabilise,
amongst other parts, the nuclease sensitive N-domain of MRPP1, shown to be involved in

pre-(Mt)tRNA binding. The stabilisation of the tRNA-interacting N-domain favours the
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possibility that the increased Kp of the complex arise from an MRPP2 binding-induced

change in MRPPL1 that increase the proteins substrate affinity.

6.5. Effect of mutations in MRPP2
6.5.1. Biochemical analysis of all missense mutations

Of the 15 missense mutations of MRPP2, characterised in HSD10 disease patients,
introduction of 11 of these (the remaining 4 only became known recently) separately into the

recombinant MRPP2, markedly affected the behaviour of the mutant proteins (Table 6-1).

Expression Solubility Oligo. state  Tm as-purified Tm with NADH Location in structure Phenotype
pvizL As WT Severely reduced As WT Reduced Reduced Core B-sheet Unknown
p.V65A As WT Reduced As WT Reduced Reduced NAD* cofactor binding loop ~ Atypical
p.D86G Reduced Severely reduced As WT Reduced Reduced Core B-sheet Neonatal
p.L122V  AsWT As WT As WT Increased Reduced Helices a5 and a6 Infantile
p-R130C  Reduced Reduced As WT Lower Reduced BxA interface Infantile
p.Ql65H AsWT Reduced As WT Increased Reduced Helices a5 and a6 Atypical
pV17eM  AsWT As WT As WT Increased Reduced Helices a5 and a6 Atypical
p-P2105  AsWT Reduced As WT Lower AsWT Mobile segment Infantile
p.R226Q AsWT As WT Aggregation Lower Reduced BxC interface Neonatal
p.N2475 AsWT Reduced Aggregation Lower Reduced BxC interface Neonatal
p-E249Q AsWT Reduced Aggregation Lower Reduced BxC interface Juvenile

Table 6-1. Overview of data obtained from biochemical studies on 11 known missense mutations identified in
HSD10 disease patients.

With the exception of p.V12L for which no phenotype is available, all mutations
that were observed to cause a significant reduction in protein abundance, by either low
expression/severely reduced solubility (p.D86G) or protein aggregation (p.R226Q, p.N247S
and p.E249Q), are associated with the juvenile form or severe neonatal form of HSD10
disease. In contrast, mutations with near wildtype expression, solubility and oligomeric state
(p.V65A, p.L122V, p.R130C, p.Q165H, p.V176M and p.P210S) are associated with the
infantile form or almost asymptomatic atypical form of disease. At the structural level
(Figure 6-9), the mutations that cause a similar biochemical effect were typically

structurally clustered together into:
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e Mutations causing significant reductions in protein solubility (p.V12L and p.D86G)

being located in the core B-sheet of the Rossmann fold.

e Mutations causing increased Tm for the as-purified protein (p.L122V, p.Q165H,

p.V176M) being located in either of the two long helices, a5 or a6, which contain the

catalytic residues.

e Mutations causing increased Tm for the NADH-bound protein (p.P210S) being

located in the mobile segment.

e Mutations causing protein aggregation (p.R226Q, p.N247S, p.E249Q) being located

in the BXxC dimer interface.
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Figure 6-9. Location and biochemical categorisation of missense mutations identified in HSD10 disease
patients.

The p.R130C and p.V65A mutations did not fall into any of the above groups. Val65
is conserved amongst MRPP2 proteins from bacteria to mammals, and the Vall2-to-Ala
mutation has been shown in vivo to result in 50% decreased enzymatic activity [120]. A
LigPlot [201] analysis of the MRPP2 structure (PDB: 1U7T) in complex with NAD*
revealed that the backbone amide in VVal65 forms a hydrogen bond to the adenine ring on the
cofactor. The Val65-to-Ala mutation could change the orientation of the backbone and thus

alter the hydrogen-bonding pattern, and subsequently affect the cofactor binding. Altered
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NADH binding properties were identified in the DSF assay for this mutant, but many other
mutant proteins exhibited even lower thermal stability than p.V65A.

Arg130 is located in the BxA dimer interface and the p.R130C mutation has been
suggested to result in protein instability, due to disruption of hydrogen bonds between
Arg130 in monomer B and residues from monomer A [121]. Such protein instability was
reported in an E. coli expressed recombinant MRPP2(R130C) protein that showed a steady
loss of enzymatic activity over time at room temperature [115], and agrees with findings of
very low levels of MRPP2(R130C) in fibroblasts from an HSD10 disease patient [116].
MRPP2(R130C) protein did not show sign of either altered oligomeric state or thermal
stability (as-purified), compared to wildtype, that could confirm this protein instability.

After completion of the thesis experimental work, four new patient mutations were
identified, namely p.A154T, p.A157V, p.A158V and p.K212E [127]-[130]. These mutations
are located in the mobile segment (p.K212E) or helices B5 and B6 (p.A154T, p.A157V,
p.Al158V) and are thus, based on the above discussion, expected not to significantly affect
protein abundance. Accordingly, patients with these mutations would be expected to display
either of the phenotypes: infantile or atypical form. Indeed this is the case, with p.K212E
giving rise to the infantile form and p.A154T, p.A157V, p.A158V giving rise to the atypical

form.

6.5.2. Functional analysis of two novel missense mutations
Two of the mutations, p.V12L and p.V176M, were further characterised

enzymatically and found to have an effect on the SDR, MTase and RNase P activities

(Figure 6-10).
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Figure 6-10. Outline of the residual activity given as percentage (%) of wildtype (WT), exhibited for mutated
(V12L or V176M) MRPP2 proteins.

p.V176M: Structure-based interpretation for enzymatic functions
MRPP2(176M) exhibited a 3-fold decreased L-3-HAD activity, compared to

wildtype, and no a3-HSD activity. The Vall76 residue is located in an a-helix (aE) that
contributes to one side of the substrate binding pocket (Figure 6-11). oE is followed by a
loop-helix-loop segment (between BE and oE) that contains many catalytically important
residues, including GIn165 implicated in substrate binding of both acyl-CoA thioesters and
steroids [185], [201], Ser155 from the catalytic tetrad [1], [41], Thr153 forming part of the
proton-relay system [40], [41], Alal54 forming part of the cofactor binding pocket [201] and
GIn162 interacts with the co-crystallised inhibitor AG18051 bound in the substrate binding
pocket of MRPP2 [201], [202] (which could also play a role in binding of natural substrates).
Mutation of Vall76-to-Met could cause severe clashes with residues from this
loop-helix-loop segment, i.e. the side-chain C*-atom of Alal56 and the side-chain ring of
Phel59 (Figure 6-11). Such steric clashes could rearrange the loop-helix-loop segment and
affect the position of the catalytically important residues resulting in altered Kinetic
parameters. The observed 3-fold increase in Kwm towards L-3-OH-but-CoA of
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MRPP2(V176M), and lack of activity towards the steroid substrate, compared to wildtype,
shows poor substrate accommodation for this mutant protein, with a more severe effect for
the steroid substrate (allopregnanolone) than for the CoA thioester (L-3-OH-but-CoA). This
might be due to fewer contact points in the protein for the small steroid molecule compared
to the larger CoA thioester substrate. A steroid-bound crystal structure of the MRPP2
paralogue from Drosophila (Scully), identified only one hydrogen bond and two
hydrophobic interactions between the steroid and the protein, supporting the above
hypothesis of few contact points [185], [201]. Interestingly, the residue that forms hydrogen
bonds to the steroid is GIn165 (human MRPP2 numbering) located in the loop-helix-loop,
which was proposed to be affected by the Val176-to-Met mutation. In support of a structural
link between p.Q165H and p.V176M, proteins with these mutations showed similar
behaviour in the biochemical studies. It would be interesting to consolidate the above finding
in the future by testing the activity of MRPP2(V176M) towards other steroid hormone

substrates such as -estradiol.
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Figure 6-11. Effect of mutation of Val176 to a Met residue. Clashing or catalytically important residues are
outlined and shown as sticks. The cofactor NAD* is shown as lines, (PDB: 1U7T).

p.V176M: Structure-based interpretation for non-enzymatic functions
By comparison with wildtype MRPP1-MRPP2, the p.V176M mutation in MRPP2

caused the complex to dissociate which seems a likely explanation for the almost abolished
m'R9 MTase and RNase P activities observed for the MRPP1-MRPP2(V176M) complex.
Biochemical studies performed in this work did not identify any overall structural
differences (proteolytic pattern, oligomeric state) for MRPP2(V176M), compared to
wildtype protein. The Vall76 residue is also not surface-exposed where it could directly
disturb MRPP1-MRPP2 complex formation. It is therefore puzzling how this mutation,
initially thought to solely affect enzymatic catalysis, is able to disrupt the complex
formation.

The abolished activities would suggest a severe phenotype for p.V176M, like the
neonatal form. However, the patient with this mutation showed the almost asymptomatic
atypical form. This inconsistency in the expected genotype-phenotype relationship could
indicate that other factors in the patient compensates for the defect in MRPP2. A recent
study identified 13 healthy individuals carrying mutations known to cause one of eight
severe, genetic childhood disorders with complete penetrance, suggesting that genotypic
rescue mechanisms exist in these patients that substantially diminish the consequences of

their expected, severe disorder [203].

p.V12L.: Structure-based interpretation for enzymatic functions
MRPP2(V12L) showed wildtype-like L-3-HAD activity and a 2.5-fold reduction in

the a3-HSD activity, compared to wildtype. Vall2 is located in the beginning of the first
B-strand (BA), one of the seven strands making up the core p-sheet of the Rossmann fold
(Figure 6-12). When mutated to Leu, the residue would be in closer Van der Waals contact

with the Arg84 main-chain and Phe82 side-chain atoms, at the end of the aC-helix. The
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shorter distances could cause a slight rearrangement of all implicated residues resulting in
destabilisation of the core B-sheet and possibly the overall structure. Such a destabilisation
can explain the significantly lowered solubility of MRPP2(V12L) (Section 5.1.2) compared
to wildtype. The various SDR activity assays were performed over the course of two weeks,
during which tested activities saw continual reduction in activity compared to wildtype,
i.e. the initial L-3-HAD activity was wildtype-like and the later measured 3a-HSD activity
was reduced 2-fold relative to wildtype. Though not tested systematically over time on the
same substrate, the reduction in activity could reflect protein destabilisation over time, with
corresponding loss of activity, as observed for the MRPP2(R130C) protein in vitro [115].
Altogether, the effect on enzymatic activities compared with the significantly lowered
protein solubility suggests, that the Val12-to-Leu mutation mainly affects protein abundance

rather than enzymatic function.

Chain A

Figure 6-12. Effect of mutation of VVal12 to a Leu residue (orange sticks). Clashing residues are outlined and
shown as yellow sticks. Chain A is shown in grey and chain B is shown in yellow. The central 3-sheet is
outlined in orange, (PDB: 1U7T).
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p.V12L.: Structure-based interpretation for non-enzymatic functions
The p.V12L mutation also led to a reduction in non-enzymatic activity with a time-

dependency as observed for the SDR functions, i.e. the co-expressed
MRPP1-MRPP2(V12L) complex showed 2-fold reduction in RNase P activity and 2.5- and
3.5-fold reduction in the later measured m*G9 and m*A9 MTase activity, respectively. The
decrease in activity for complexes involving this mutant protein could reflect a
time-dependent decrease in the amount of the complex caused by mis-folding of
MRPP2(V12L).

In addition to being located in the core B-sheet of the Rossmann-fold, Vall2 is
exposed on the protein surface (Figure 6-13), and from the SAXS model it could be in close
proximity to both the (mt)tRNA substrate, MRPP1 and MRPP3. The decreased activity for
the non-enzymatic functions could therefore also reflect a disruption of protein-protein or
protein-substrate interactions, caused by the Val-to-Leu mutation. A high-resolution
structure of MRPP1-MRPP2 in complex with the (mt)tRNA substrate is needed to confirm

this posibility.

Figure 6-13. Location of Val12 in all four monomers of tetrameric MRPP2 shown in the SAXS model of the
MRPP1-MRPP2(WT)-pre-(mt)tRNA"® and MRPP1-MRPP2(WT)-pre-(mt)tRNA"-MRPP3 complexes.

The p.V12L missense mutation was characterised in a female patient and the clinical
picture is not yet clear, preventing a correlation between residual activity and disease

severity.
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Comparison with published in vitro data
In this thesis, two of 15 known HSD10 disease mutations were functionally

characterised in vitro. A similar in vitro characterisation was previously performed for five
other known patient mutations [130], [134]. These data, together with the work presented

here, are summarised in Table 6-2.

Activities
Mutation Phenotype SDR MTase Ref.
Oxored L-3-HAD 3-HSD . o0 o "SNP
(NADH)  (NAD")  (NAD")
WT Normal 100% 100% 100% 100% 100% 100% *
p.V12L Unknown N.D. 84.3% 38.5% 38.9% 27.9% 48.6% T.S.
p.R130C Infantile 20.6% N.D. N.D. 0% N.D. 0% [134]
p.V176M Atypical N.D. 32.4% 0% 0.66% 0.55% 3.10% T.S.
p.P210S Infantile 24.7% N.D. N.D. 11.4% N.D. 12.7% [134]
p.K212E Infantile 26.4% N.D. N.D. 51.0% N.D. 22.5%  [130]
p.R226Q Neonatal 1.51% N.D. N.D. 0% N.D. 0% [134]
p.N247S Neonatal 1.56% N.D. N.D. 0% N.D. 0% [134]

Table 6-2. Activity data from various studies of MRPP2 pateint missense mutations. The activties are given as
the percentage of respective wildtype protein studies. Oxo-red reaction: acetoacetyl-CoA to L-3-hydroxyacetyl-
CoA. Substrates for L-3-HAD and 3a-HSD reactions are described in Chapter 5. *This and other referenced
studies. T.S.: This study.

The in vitro studies showed no clear picture of the effect of RNA methylation and
processing, e.g. mutations causing both severe and milder phenotypes showed almost no
residual MTase and RNase P activity (p.R130C vs. p.R226Q), agreeing with the lack of
correlation between the almost abolished activities for MRPP2(V176M) and the associated
mild phenotype. It is worth noting that these studies are performed solely on one or two

(mt)tRNA substrates, and differences in activity likely exist across the 22 (mt)tRNAs.
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Despite the lack of correlation between phenotype and RNA related activities, the in
vitro studies suggested a potential correlation between phenotype severity and residual SDR
(oxo-red) activity, i.e. mutations giving rise to the milder infantile form of disease
(p.R130C, p.P210S, p.K212E) showed higher residual oxo-red activity compared to
mutations causing the severe neonatal form (p.R226Q, p.N247S). Assuming that the
reduction and oxidation of the CoA thioester (oxo-red and L-3-HAD activity, respectively)
are catalysed similarly, this correlation agrees with data presented here that
MRPP2(V176M), associated with a mild phenotype, retained some L-3-HAD activity. It
does, however, clearly contrasts with observations from the knock-out/rescue experiment in
Xenopus embryos that demonstrated no correlation between residual L-methyl-3-HAD
activity of MRPP2 and severity of the clinical presentation [115]. This, and the fact that
p.V176M further completely abolish the (SDR) 3a-HSD activity, clearly shows that more

studies are needed to fully understand the molecular mechanism behind this disease.

6.6. Effect of mutations in MRPP3
6.6.1. Investigations of a missense mutation causing Perrault syndrome

During this thesis work, a mutant was identified in MRPP3 leading to Perrault
syndrome (p.A485V). The Ala485 residue is highly conserved amongst NYN family
proteins and is, in MRPP3, located in close proximity to the conserved Asp residues
involved in catalysis. In vitro investigations of MRPP3(A485V), showed that this mutant
protein was able to form the ternary complex with MRPP1-MRPP2 and the pre-(mt)tRNA
substrate. Interestingly, the mutant protein seemed to form this complex even in the absence
of substrate, which contrasts findings for the wildtype protein (Section 4.8.1). The reason for
this effect is not understood but suggests that MRPP3 might form protein-protein
interactions with the MRPP1-MRPP2 complex, even in the wildtype complex. The

consistently higher Tm identified for the mutant protein found in DSF could reflect a
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rearrangement in and/or around the catalytic site from the Ala485-to-Val substitution,
reflecting the position of Ala485 in close proximity to the four catalytic Asp residues in
MRPP3. A change to the catalytic site could further be the reason for the observed 19.75%

overall reduction in the amount of processed (mt)tRNA, compared to wildtype MRPP3.

6.7. Future direction

This thesis has contributed structural and biochemical information on the
uncharacterised MRPP1 protein and new insight into the structure, activity and assembly of
the binary and ternary complexes of MRPP1, MRPP2, MRPP3 and pre-(mt)tRNA. In
addition, it has provided new information on how clinically relevant mutants in MRPP2
affect these parameters. In doing so, the thesis has contributed to a deeper understanding of
the molecular mechanism behind the devastating, rare genetic disorder, HSD10 disease, and
enabled the suggestion that the disease phenotype might correlate with the level of MRRP2
protein in the patient that is able to engage in functional complex formation with MRPP1
and MRPP3.

More studies are needed on the functional side of characterisation, which could be
expanded to cover the additional, less well-studied, SDR functions of MRPP2, not tested
here, that provides MRPP2 with a potential role in e.g. glucocorticoid and bile acid
biosynthesis [7], and its newly identified phospholipase C-like activity in removal of di- and
monophophatidylglycerol [15]. Such studies could also include testing the MTase and
RNase P activity of the binary and ternary complex using mutant MRPP2 proteins on the full
set of (Mt)tIRNAs.

A significant step towards elucidating the genotype-phenotype relationship would be
the successful crystallisation of the binary and ternary complexes involving MRPP2. Such
work would benefit from further studies confirming the 4xMRPP2:2XxMRPP2,

4XMRPP2:2xMRPPL:AX(Mt)IRNA  and  4xMRPP2:2xMRPP1:1x(mt){RNA:1XxMRPP3
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complex stoiciometries using e.g SEC-MALS. Crystallography attempts, in this work, for
the full MRPP1-MRPP2 complex yielded only MRPP2 crystals, due to either excess MRPP2
not fully removed in purification or complex dissociation during crystallisation. In the case
of dissociation, this problem could be overcome in future crystallisation attempts by
crosslinking the protein components. Complex crystallisation could be further facilitated by
using the catalytically inactive mutants of MRPP1 (p.D314N or p.Q226A) in crystallisation
trials, or by supplementation of the SAM-analogues sinefungin, previously found to promote
crystal formation of MTase-tRNA complexes [139]. The crystallisation process could also be
further optimised by excluding reservoir solutions with similar chemical content, but with
higher concentrations, compared to the morther liquor, as this directs the vapor diffusion
towards the drop rather than the reservoir. Alternativey, the conditions could be included but
spiked with the common content to increase concentration in the reservoir solution,
compared to the drop.

In addition to understanding the structure and function of MRPP2, alone and as a
member of the binary and ternary complex, it is important to understand how its enzymatic
and non-enzymatic activities are regulated in the cell. As a starting point it is puzzling why a
metabolic enzyme, acting on such diverse substrates, is moonlighting in complexes involved
in mature (Mt)tRNA/pre-(mt)tRNA methylation and processing. The modified (mt)tRNAs,
produced by the binary and ternary MRPP1-MRPP2-(MRPP3) complexes, are used in
synthesis of the 13 mitochondrial proteins that are all part of the oxidative phosphorylation
pathway (OXPHOS), the principal output of which is ATP, but also NAD*. MRPP2
catalyses a diversity of reactions that all uses NAD" as a co-factor and thus, it is tempting to
speculate that MRPP2 may act as a sensor for broadly assessing cellular NAD* levels.
MRPP2 could use these levels to determine whether to participate in the binary and ternary

complex (and facilitate NAD™ synthesis) or act as an enzyme (and consume NAD™). A very
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simple outline of such a feedback mechanism is shown in Figure 6-14, where cellular levels

of NAD" determine whether or not MRPP2 engage in complex formation.

ow [NAD"]

L
Production of (mt)tRNA MRPP2 High [NAD']
for protein synthesis for .
OXPHOS complexes NADH NAD
~. N
» | OXPHOS

Figure 6-14. Schematic outline of a proposed regulatory link between NAD™* levels and protein synthesis, with
an inhibitory effect on complex

As a minimum requirement for such a regulatory model, one would expect the
enzymatic function of MRPP2 to be supressed when in complex. To assess this possibility,
the 30-HSD activity of MRPP2 towards allopregnanolone was tested alone and in the
presence of MRPP1 under conditions that favoured complex formation. Interestingly,
MRPP2 retained its catalytic activity under these conditions. Furthermore, analytical SEC
showed that the MRPP1-MRPP2 complex remained intact in excess NAD* and NADH,
suggesting that the above model is, at best, an oversimplification. Since MRPP2 retained
SDR activity when bound to MRPP1, it is possible that MRPP2 remains in complex during
enzymatic activity, simultaneously blocking MTase and RNase P activity. To assess such a
regulation, the three different activity assays set up during this thesis could be used to
measure activities in the presence of increasing amount of substrates and co-factors utilised
by complex partners for other activities, i.e. addition of NAD* and Mg?* during MTase
activity measurements and addition of SAM and NAD* when measuring RNase P activity.

In any case, understanding the cellular regulation of the binary MTase and ternary
RNase P complex constitutes another important line of research, which, in combination with

a detailed understanding of the structure and function of these complexes, will eventually
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provide enough insight to hopefully develop novel and effective treatments for the
devastating HSD10 disease as well as other diseases associated with proteins in these

complexes.
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7 CHAPTER

MATERIALS AND METHODS

7.1 Cloning
cDNA clones for MRPP1 (IMAGE: 4719195), MRPP2 (IMAGE: 2819721) and

MRPP3 (IMAGE: 5206545) were available in-house before the start of this project.

7.1.1 Ligation independent cloning (LIC)
LIC cloning was performed by the SGC Biotechnology Group for the MRPP1,

MRPP2 and MRPP3 constructs shown in Table 7-1. The vectors utilised in the LIC cloning
are specified with the corresponding tag and protease cleavage site position. pNIC28-Bsa4
(Genbank EF198106), pGTVL2 (Genbank JF522100), pll and pNIC-CTHF (Genbank
EF199844) are E. coli expression vectors and pFB-LIC-Bse (Genbank EF199842),
pFB-L21-LIC-Bse, pFB-HGT-LIC, pFB-6HZB and pFB-CT10HF-LIC are baculovirus

transfer vectors. The vector maps are shown in Figure 7-1.
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Construct boundaries Vector Tag/girt(;tease
MRPP1
7-403, 7-380, 15-403, 40-403. 40-403, 40-380, 40-210, 61-
403, 90-403, 111-403, 111-380, 111-210, 136-403, 195-403, pNIC28-Bsa4 Hiss-TEV-N
199-403, 203-403, 203-380
40-403, 40-380, 111-403, 111-380, 203-403, 203-380 pFB-LIC-Bse Hiss-TEV-N
40-403. 40-380, 40-210, 111-403, 111-380, 111-210, 203- .

403 203-380 pGTVL2 Hiss-GST-TEV-N
40-403, 40-380, 203-403, 203-380 pNIC-CTHF Flag-Hise-TEV-C

40-403, 40-380

pFB-L21-LIC-Bse

Hise-TEV-N

40-403, 40-380

pFB-HGT-LIC

Hiss-GST-TEV-N

40-403, 40-380

PFB-6HZB

Hiss-ZBc-TEV-N

40-403, 40-380

pFB-CT10HF-LIC

Hisio-Flag-TEV-C

MRPP2
pNIC28-Bsad Hiss-TEV-N
1-261
pll Hiss-TEV-N
MRPP3
1-583, 20-583, 40-583, 51-583, 51-380, 51-332, 51-290, 51-
274, 86-583, 86-290, 86-274, 91-583, 91-274, 96-583, 111-
502, 111-474, 111-414, 118-583, 118-502, 118-474, 118- ONIC28-Bsad Hise-TEV-N

380, 118-360, 118-344, 118-332, 152-583, 152-360, 152-
344 ,152-320, 274-583, 299-583, 320-583, 354-583, 373-
583.

Table 7-1. Construct boundaries, vector, tag and protease cleavage site for vector for all constructs cloned for
MRPP1, MRPP2 and MRPP3.
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Figure 7-1. Vector maps for E. coli expression and baculovirus transfer vectors used in cloning.
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Cloning of an E. coli co-expression plasmid was performed by Dr. Claire

Strain-Damerell at the SGC (Figure 7-2). An insert is produced from a polymerase chain

reaction (PCR) amplified DNA fragment encoding mature MRPP1 and full-length MRPP2,

separated by a ribosomal binding site (RBS). The insert is cloned into the pNIC28-Bsa4

vector resulting in a plasmid with two coding regions: an N-terminally Hise-tagged MRPP1

and an untagged MRPP2. The resulting plasmid contains one T7-promotor region and two

RBSs (one for each coding region).
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Figure 7-2. Cloning procedure of the E. coli bicistronic co-expression vector system.

7.1.2 Site-directed mutagenesis (SDM)
Clones of MRPP2 patient mutants p.V65A, p.D86G, p.L122V, p.R130C, p.Q165H,

p.P210S, p.R226Q, p.N247S and p.E249Q in the pNIC28-Bsa4 vector were generously
provided by Dr. Albert Amberger, Dr. Andrea Deutschmann and Prof. Johannes Zschocke
from Division of Human Genetics, Innsbruck Medical University.

Mutagenesis of the inactive MRPP3 mutant p.D479A onto the pNIC28-Bsa4 vector
was performed by the SGC Biotechnology Group.

SDM was performed on already cloned constructs of full-length MRPP2
(residues 1-261) and mature MRPP3 (residues 51-583) in the pNIC28-Bsa4 vector, and on
mature MRPP1 (residues 41-403) and full-length MRPP2 in the bicistronic pNIC28-Bsa4
vector, using primers shown in Table 7-2.

Forward and reverse primer, at stock concentrations of 100 pM, were diluted with
ultrapure water to a final concentration of 10 uM of each primer. 1 pL of this mixture was
added to a mastermix of 0.35 pL Platinum Pfx polymerase (2.5 U/uL) in 5 pL 10xPCR
buffer, 5 pL PCR enhancer, 1 pL. 40 mM MgSOg4, 1.25 pL 10 mM dNTPs, 35.40 uL
ultrapure water and 1 pL DNA template plasmid (50 ng/pL) to a final volume of 50 pL. PCR
was performed in a thermocycler (Multigene Labnet) with 5 min at 94°C for initial

denaturation followed by 30 cycles of 30 seconds denaturation at 94°C, 30 sec annealing at
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53°C, and 4-5 min (depending on template length) extension at 68°C with a final extension
for 5 min at 68°C.

The mixture with the amplified PCR product was subsequently treated with 1 pL
Dpnl (10 U/uL) at 37°C for 2 h in a thermocycler (Bio-Rad C1000 Touch). DNA
concentration was determined by measuring the absorbance at 260 nm on a NanoDrop
spectrophotometer (Thermo Scientific, 2000) (Section 7.4.1).

5 pL of the amplified PCR product was added to 50 uL of E. coli Machl competent
cells [204] and incubated on ice for 30 min. The transformation sample was heat shocked at
42°C for 45 sec and chilled on ice for 2 min, before addition of 250 uL. Miller's Lysogeny
broth (LB-Miller) and further incubation at 37°C for 90 min at 200 revolutions per minute
(rpm). The transformation mixture was plated onto LB-Miller/agar plates containing
50 ug/mL kanamycin, and incubated at 37°C overnight. The next day, single colonies were
used to inoculate overnight cultures, from which cell pellets were harvested the next morning
by centrifugation (Eppendorf centrifuge 5810R) at 4°C for 30 min at 4000 rpm. The plasmid
was extracted from the cell pellet and purified using a Mini-prep Kit (Qiagen). Introduction
of the mutation was confirmed by Sanger-sequencing of the purified plasmid using a T7-
promoter primer (TAATACGACTCACTATAGGG) for MRPP2 and T7-terminator primer
(GCTAGTTATTGCTCAGCGG) for MRPP3 in the pNIC28-Bsa4 vector, and with internal
primers (TTGCTTTTAACATCAACAGAAAAGTCTCATGTAG and
CAAGCTGCTAGAAAC CACTGAGGAAGATAAACAG) for the p.D314N and p.Q226A

mutation site of MRPP1, respectively, in the bicistronic pN1C28-Bsa4 vector.
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Mutation Forward primer Reverse primer Template

MRPP1
Q226A CAGAATACTGTTTCCGC TCACTTTCTAAAAGCG MRPP1(40-403)
P- GCTTTTAGAAAGTGA CGGAAACAGTATTCTG  Bicistronic pNIC28-Bsa4
D314N ATTGGGTCTTTTGTTAA  GCTGCATACTCTTATT MRPP1(40-403)
p- TAAGAGTATGCAGC AACAAAAGACCCAAT  Bicistronic pNIC28-Bsa4
MRPP2
Full-length MRPP2(1-261)
V12L GTCAAGGGCCTGCTGGC GGTTATTACGCGCAGC
P. GGTAATAACC AGGCCCTTCAC MRPP1(40-403)
Bicistronic pNIC28-Bsa4
GAAGGCAGCCACACT
GTCATCATCAACACTAC
p.Al54T CAGTGTGGCTGCCTTC GGTAGTGZEGATGATG Full-length MRPP2(1-261)
Full-length MRPP2(1-261)
0.V176M TCCAAGGGGGGAATAA GGGCAGTGTCATTATT

TGGGCATGACACTGGCC CCCCCCTTGGA MRPP1(40-403)
Bicistronic pNIC28-Bsa4

MRPP3

CCATTCCTTCTGTATGT ~ CCCGGAGTGCAGTGT
p.V485V CACACTGCACTCCGGG  GACATACAGAAGGAA Mature MRPP3(51-583)
1GGE

Table 7-2. Mutation, vector and DNA template plasmid for all mutants generated of MRPP1, MRPP2 and
MRPP3.

7.2 Protein expression

7.2.1 Bacterial small-scale expression
1 uL of plasmid at ~50 ng/uL was transformed into 30 uL of the E. coli BL21(DE3)

competent cells [205] containing the pRARE2 plasmid for E. coli expression. A single
colony was used to inoculate a starter culture of 2 mL LB-Miller containing 50 pg/mL
kanamycin and 34 pg/mL chloramphenicol grown in a 50 mL falcon tube. The cells were
cultured overnight at 37°C in a Multitron Standard incubator (InforsHT) shaking at 180 rpm.
The next morning, 500 uL of the culture was added to 50 mL TB containing 50 ug/mL

kanamycin in a 250 mL baffled shaker flask, and cultured at 37°C, until the optical density

(OD) reached 0.8, at which point temperature was reduced to 18°C. At OD 1.8, 0.1 mM
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IPTG was added to each culture to induce protein expression overnight. The following
morning, cell pellets were harvested by centrifugation (Beckman Coulter Avanti JXN-26) at

4°C for 30 min at 4000 rpm and the pellets were stored in a 50 mL falcon tubes at -80°C.

7.2.2 Bacterial large-scale expression

12 mL starter culture was prepared for each 1 L culture to be produced grown in
250mL baffled shaker flasks. 10 mL of the overnight culture was added to each of 1 L TB
(up to 24 L) containing 50 pg/mL kanamycin in 1L baffled shaker flask. The cells were
cultured and induced for protein expression as before. The following morning, the cell
pellets were harvested by centrifugation (Beckman Coulter Avanti JXN-26) at 4°C for

12 min at 5000 rpm, and the pellets were stored in 50 mL falcon tubes at -80°C.

7.3 Protein purification

7.3.1 Purification buffers
Lysis buffer: 500 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES) pH 7.5, 5% glycerol, 0.5 mM tris(2-chloroethyl) phosphate (TCEP), 20 mM
imidazole

Wash buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 5% glycerol, 0.5 mM TCEP, 40 mM
imidazole

Elution buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 5% glycerol, 0.5 mM TCEP, 250
mM imidazole

SEC buffer: 500 mM NaCl, 50 mM HEPES pH 7.5, 5% glycerol, 0.5 mM TCEP

Zero salt IEX buffer: 50 mM HEPES pH 6.8-7.5, 5% glycerol, 0.5 mM TCEP

Low salt IEX buffer: 50 or 300 mM NaCl, 50 mM HEPES pH 6.8-7.5, 5% glycerol, 0.5
mM TCEP

High salt IEX buffer: 2 M NaCl, 50 mM HEPES pH 6.8-7.5, 5% glycerol, 0.5 mM TCEP
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Loading buffer: 1% w/v Sodium dodecyl sulphate (SDS), 31.5 mM Tris-HCI pH 6.8, 10%
wi/v glycerol, 180 mM dithiothreitol (DTT), 0.005% bromophenol blue

MES buffer: 0.1 M 2-(N-morpholino)ethanesulphonic acid (MES) pH 6.1

7.3.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
20 uL sample was added with 5 uL loading buffer and boiled for 3 min at 95°C.

10 uL of the boiled sample was loaded onto a 4-12% bis-tris polyacrylamide gel (Invitrogen)
electrophoresed for 60 min at 165 V in MES buffer. 10 uL of standard protein markers
(Bio-Rad) were run alongside the protein samples. The SDS-PAGE gel was stained with
Coomassie Brilliant Blue (Generon) and imaged using the Bio-Rad ChemiDoc Imaging

System.

7.3.3 Protein extraction for small-scale purification

Frozen cell pellets were thawed in a 50 mL falcon tube placed in lukewarm water
and resuspended on ice in 2 mL Lysis buffer. Cells were lysed by sonication
(Sonics, Vibra Cell) over 12 min at 35% amplitude with the sonicator pulsing ’ON’ for
5 seconds and ‘OFF’ for 10 seconds. Cell lysate was clarified by centrifugation
(Eppendorf centrifuge 5810R) at 4°C for 30 min at 4000 rpm. A small amount of the
centrifuged cell pellet was resuspended in 20 pL binding buffer and subjected to
SDS-PAGE, to ensure that the target protein was not present in the insoluble fraction. The

supernatant (containing clarified lysate) was utilised for further purification.

7.3.4 Protein extraction for large-scale purification
Frozen cell pellets were thawed and resuspended on ice in 50 mL lysis buffer

containing 1 mL protease inhibitor cocktail set 111 (Calbiochem) per L of harvested cell
culture. The cells were lysed by passing five times on a homogeniser (EmulsiFlex-C5-

Avestin) to a pressure of 1000 bar. The cell lysate was clarified by centrifugation
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(Beckman Coulter Avanti JXN-26) at 4°C for 1 h at 16500 rpm. A sample of the centrifuged

cell pellet was taken for SDS-PAGE and the supernatant was utilised for further purification.

7.3.5 Small-scale protein purification

The clarified lysate from small scale extraction was applied under gravity flow to a
0.5x10 cm (DxH) column (Bio-Rad) containing 75 pL Ni-NTA affinity resin
(GE Healthcare) pre-equilibrated with Lysis buffer. The Ni-NTA resin was washed with
2 X 8 column volumes (CVs) Lysis buffer and 2 x 8 CVs Wash buffer. The bound protein
was eluted with 1 x 16 CVs of Elution buffer. 20 uL of each wash and elution sample were

subjected to SDS-PAGE.

7.3.6 Immobilised metal affinity chromatography on batch column
(IMAC)

The clarified lysate from large scale extraction was added with 1.25-3 mL of
Ni-NTA affinity resin (GE Healthcare) and incubated at 4°C for 1 h rotating at 8 rpm. The
lysate, together with Ni-NTA resin, was centrifuged (Beckman Coulter Avanti JXN-26) for
30 min at 5000 rpm at 4°C. The Ni-NTA pellet was applied onto a 1.5x10 cm (DxH) column
(Bio-Rad) under gravity flow and the flow-through was collected for SDS-PAGE analysis.
The Ni-NTA resin was washed with 2 x 10 CVs Lysis buffer and 2 x 10 CVs Wash buffer.
The bound protein was eluted with 5-6 x 2 CVs of Elution buffer. 20 uL Lysis buffer was
added with 0.75 pL of the captured flow-through and this sample, along with 20 pL of each
wash and elution fraction, were subjected to SDS-PAGE. The fractions containing the

protein of interest were pooled for further purification.

7.3.7 Size exclusion chromatography (SEC)

The pooled fractions from IMAC were concentrated to 5 mL using an Amicon Ultra
centrifugal filter device (Merck Millipore) with a 10-30 kDa cut-off depending on the target

protein size. The concentrated sample was loaded onto a 120 mL size exclusion
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chromatography (SEC) column (Sephadex 200 HiLoad 16/60, Sephadex 75 HiLoad 16/60 or
Superose 6 prep grade XK 16/70) connected to an AKTA-Express (GE Healthcare) in 4°C.
Before loading the protein, the column was pre-equilibrated with SEC buffer. Protein was
loaded and eluted at a rate of 1 mL/min and 1.8 mL fractions were collected throughout the
run. Protein was detected by UV absorbance and was observed in the chromatogram as an
increase in absorbance (peak) when eluted. 20 uL of each peak fraction were subjected to
SDS-PAGE. The fractions containing the protein of interest were pooled for further

purification.

7.3.8 Treatment with Tobacco etch virus protease
The concentration of protein in the pooled fractions from SEC was determined

(Section 7.4.1). To remove the affinity tag from target proteins, Tobacco etch virus (TEV)
protease was added to the eluates in a 1:20 (w/v) TEV-to-protein ratio and the solution was
incubated overnight at 4°C. 20 uL samples of before and after TEV protease treatment were

evaluated for cleavage efficiency by SDS-PAGE.

7.3.9 Reverse IMAC on batch column

The TEV protease treated eluent was applied twice under gravity flow to a
2 X 10 cm column containing 125 pL Ni-NTA affinity resin (GE Healthcare) equilibrated
with Lysis buffer and the flow-through was collected for SDS-PAGE. The Ni-NTA resin
was washed with 2 x 8 CVs Lysis buffer and 2 x 8 CVs Wash buffer. TEV protease, and any
uncut resin-bound protein, was eluted with 2 x 8 CVs Elution buffer. From SDS-PAGE

analysis, fractions containing the protein of interest were pooled.

7.3.10  lon exchange chromatography (IEX)

The pooled fractions from Reverse IMAC were concentrated to 5 mL using an
Amicon Ultra centrifugal filter device with a 10-30 kDa cut-off. The concentrated sample

was diluted with Zero salt IEX buffer to 50 mL to reduce NaCl concentration and loaded
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onto an anion- or cation chromatography column (HiTrap SP HP 5 mL/1 mL, HiTrap Q HP
5 mL/1 mL, Resource S 1 mL or Resource Q 1 mL) (GE Healthcare) connected to an
AKTA-Purifier (GE Healthcare) at 4°C. Before loading the protein, the column was
pre-equilibrated with Low salt IEX buffer. The protein was loaded onto the column at
0.5 mL/min via a 50 mL superloop and the flow-through was collected for SDS-PAGE. The
column-bound protein was eluted at a rate of 1 mL/min with a linear gradient of 0-35%
High salt IEX buffer over 30-40 CVs. 1 mL fractions were collected throughout elution. 20

uL of the flow-through and peak fractions were subjected to SDS-PAGE.

7.3.11  Protein storage

The fractions pooled from the final purification step were concentrated, and the final
protein concentration was measured (Section 7.4.1). The concentrated protein was flash

frozen in liquid nitrogen and stored at -80°C in 50 uL aliquots.

7.3.12  Buffer exchange

Protein was exchanged into buffers designated for different assays by loading the
sample onto a HiPrep 26/10 Desalting column connected to an AKTA-Purifier
(GE Healthcare) at 4°C and eluted at 4 mL/min with 1.8 mL fraction collection throughout.

The fractions containing the protein were pooled, concentrated and stored until use.

7.3.13 Protein biochemical characterisation

7.4 Assay buffers
Analytical SEC buffer: 100 mM NaCl, 50 mM Tris-HCI pH 8.0, 3 mM DTT, 3 mM MgCl>

TCA resuspension buffer: 4% w/v SDS, 0.2 M Tris-base, 0.15 M NaOH
DSF buffer: 150 mM NaCl, 10 mM HEPES pH 7.5
AUC buffer: 50 mM sodium phosphate pH 7.4, 300 mM NaCl, 5% glycerol, 1% sucrose,

0.5 mM TCEP
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EMSA buffer: 100 mM NaCl, 50 mM Tris-HCI pH 8.0, 3 mM DTT, 3 mM MgCl>

Limited proteolysis buffer: 10 mM HEPES pH 7.8, 150 mM NacCl

PBS buffer: 8mM NaxHPO4, 150mM NaCl, 2mM KH2PO4, 3mM KCI, pH 7.4

PBST buffer: 8mM NaHPO4, 150mM NaCl, 2mM KH2PO4, 3mM KCI, 0.05% Tween-20,
pH 7.4

Loading buffer: 1% w/v SDS, 31.5 mM Tris-HCI pH 6.8, 10% w/v glycerol, 180 mM DTT,
0.005% bromophenol blue

EMSA loading buffer: 100 mM Tris-HCI, 10% glycerol, 0.0025% Bromophenol Blue pH
8.6

MES buffer: 0.1 M MES pH 6.1

TAE buffer: 40mM Tris-base pH 8.3, 20 mM acetic acid, and 1 mM EDTA

Tris-glycine buffer: 25 mM Tris-base, 192 mM glycine pH 8.3

7.4.1 Protein concentration determination
Protein concentrations was determined by measuring the absorbance at 280 nm on a

NanoDrop spectrophotometer (Thermo Scientific, 2000) against a buffer blank, using the
molar extinction coefficient (¢) and MW of the protein derived from the primary sequence in
the ExPaSy ProtParam [206]. The e-values were estimated from standard values for Tyr
(e = 1490 Micm?) and Trp (¢ = 5500 Micm?) residues in the protein. Protein
concentrations were calculated within the NanoDrop software using Lambert-Beer’s Law
(Equation 1), where A is the absorbance of the protein, ¢ is the molar extinction coefficient
(M1 ecm™), ¢ is the protein concentration in molar (M) and [ is the path length of which the
light has to travel in centimetres (cm).

Equationl:A=¢-1-c
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7.4.2 Electrospray ionisation mass spectrometry (ESI-MS)
Intact molecular masses were determined by ESI-MS on an Agilent LC/MSD TOF

system with reversed-phase high-performance liquid chromatography (HPLC) coupled to
electrospray ionization and an orthogonal time-of-flight mass analyser. Proteins were
desalted prior to mass spectrometry by rapid elution off a C3 column with a gradient of
5-95% isopropanol in water with 0.1% formic acid. Spectra were analysed using the Agilent
Masshunter Qualitative Analysis software. Molecular masses were mapped onto the protein

sequence using the PAWS Software, with a search tolerance of 100 parts per million (ppm).

7.4.3 Tryptic digest - tendem mass spectrometry (MS/MS) analysis
Protein gel bands from SDS-PAGE were excised and dissolved in 200 pL

10% methanol. The mixture was subjected to tryptic digest-MS/MS analysis performed by
Dr. Rod Chalk and Ms. Oktawia Borkowska at the SGC. The obtained data were analysed
using the MASCOT software[207], and identified peptides were mapped on to the sequence

manually to determine the covered protein sequence for each protein gel band.

7.4.4 Analytical SEC

100 pL protein sample of varying concentrations (1 -20 mg/mL) was injected via a
100 pL loop onto a 24 mL SEC column (Superdex S200 10/300 GL, Superdex S75 10/300
GL) (GE Healthcare) pre-equilibrated in Analytical SEC buffer. The protein was loaded and
eluted at a rate of 0.4 mL/min and 1 or 0.5 mL fractions were collected throughout the run.
Protein elution was detected as a UV absorbance peak with the specific elution volume (Ve)
given as the maximum absorbance value. 500 pL of each collected fraction was
trichloroacetic acid (TCA) precipitated by addition of 36 uL. 100% TCA and incubated at
room temperature for 15 min. The fractions were centrifuged (Labnet PrismR
microcentrifuge) at 14000 rpm for 15 min, and the precipitated protein pellet was

resuspended in 15 pLL TCA resuspension buffer and subjected to SDS-PAGE analysis.
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Five proteins of known MW (Bio-Rad) (Table 7-3) were applied to analytical SEC

under the same conditions as for the protein of interest. A plot of LOG?(MW) against the

obtained Ve-values for each protein produces a linear function from which MWs for other

proteins can be deduced based on their Ve-values.

| Protein MW (Da) |
Thyroglobulin (bovine) 670000
v-globulin (bovine) 158000
Ovalbumin (chicken) 44000
Myoglobin (horse) 17000
Vitamin B12 1350

Table 7-3. Proteins with known MWs used to create the standard curve for an analytical SEC assay.

7.4.5 Differential scanning fluorimetry (DSF)

DSF measures the thermal unfolding of proteins in solution by detecting the change

in fluorescence from a probe upon binding of this probe to hydrophobic residues exposed

from the protein core when it is being unfolded. The change in probe fluorescence is

monitored over a stepwise thermal gradient from 25-95°C. Fluorescence intensity can be

plotted as a function of temperature, resulting in a sigmoidal curve that can be described as a

two-state transition (unfolding and precipitation/aggregation) [150].
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Figure 7-3. Sigmoidal curve resulting from plotting probe fluorescence intensity as a function of temperature.
The protein unfolding is indicated along with the probe binding upon unfolding. LL and UL are the values of
minimum and maximum intensities, respectively. Adapted from Niesen et al. [150].
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The inflection point of the sigmoidal curve corresponds to the protein melting
temperature (Tm) and can be calculated by fitting the curve to the Boltzmann equation
(Equation 2) where LL and UL are the values of minimum and maximum intensities,

respectively, and a is the slope of the curve at the Tm [150].

Equation 2: y = LL + 20

e a

The Tm represents the point at which there exists an equal amount of folded and
unfolded proteins in solution. If the protein is presented to a ligand before heating, a protein-
ligand interaction could stabilise the protein and cause a shift in the protein Tm (ATm)
proportional to the binding affinity of the ligand [150].

In this study, the fluorescence probe of choice was SYPRO ORANGE due to its
high signal-to-noise ratio, and relatively high excitation wavelength (near 500 nm). The high
excitation wavelength decreases the likelihood of any small molecules interfering with the
optical properties of the dye causing a quenching of the fluorescence signal [150].

DSF was performed in a 96-well plate using an Mx3005p RT-PCR machine
(Stratagene) with excitation and emission filters of 492 and 610 nm, respectively. Each well
consisted of 2 yL protein of 2 uM in DSF buffer, 2 uyL SYPRO ORANGE diluted 1000-fold
in DSF buffer from the manufacturers stock (Invitrogen) and 2 pL ligand at various
concentrations between 1 and 40 mM. Fluorescence intensities were measured from 25 to
96°C with a ramp rate of 3°C/min. The Tm was determined by curve-fitting to Equation 2

using Excel 2016 and GraphPad Prism (v.5.01) software.

7.4.6 Sedimentation velocity analytical ultracentrifugation (SV-AUC)

SV-AUC studies the real-time movement (sedimentation) of macromolecules in
solution in high centrifugal fields using hydrodynamic theory to define the size, shape and

interactions of the macromolecules in solution. During AUC, macromolecules are
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characterised in their native state in any buffer of choice, making this non-invasive method
ideal to investigate biologically relevant conditions [168].

The redistribution of mass in a gravitational field in an SV-AUC experiment
depends on the rate at which molecules move during the redistribution. This rate depends on
three forces (Figure 7-4): Fs that acts on the particle from the gravitational field which is
influenced by the mass of the particle, the rotor speed and the distance from the centre of the
rotor. A counterforce, Fpy, that corresponds to the mass displayed by the particle as it
sediments. A frictional force, Fy, is developed by the particle as it travels through the buffer
[168], [208].

s
constant velocity = u [”f . \I T R,
l N4

| -

Figure 7-4. Forces working on a particle as it sediments in an SV-AUC experiment. Adapted from Introduction
to Analytical Ultracentrifugation, G. Ralston, 1993 [208].

Balancing these forces gives a ratio of the velocity to the centrifugal field is
described as the sedimentation coefficient (s). The radial concentration distribution during
sedimentation show spreading of the sedimentation boundaries due to diffusion over time,
and decrease of the concentration in the plateau region decreases from radial dilution

(Figure 7-5) [168], [208].
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Figure 7-5. Movement of the sedimentation boundaries over time in an SV-AUC experiment. Adapted from
Introduction to Analytical Ultracentrifugation, G. Ralston, 1993 [208].

During the AUC experiment, the radial concentration distributions are measured at
intervals ranging from min. to hours. As the rotor spins, a measurement of the concentration
of molecules at closely spaced radial intervals in the cell takes place every time the cell
passes though the optical paths of absorbance detector. These scans serve as the input for
data analysis in which the sedimentation coefficient distribution (c(s)) function can be
obtained from a direct fit to the data by assuming a constant shape and an equal frictional
ratio for all species. The c(s) distribution can then be converted to a distribution of molar
masses (c(M) distribution) [168], [209].

To prepare the samples for SV-AUC, 400 pL of MRPP1-MRPP2 protein complex
was dialysed in AUC buffer. 300uL of the dialysed sample at an OD of 1.050, and a 300 pL
reference sample from the AUC buffer used in dialysis, were loaded into a conventional
double sector filled Epon centerpiece (path length 1.2 cm) with quartz windows, and
mounted in a Beckman An60 titanium rotor. The SV-AUC experiment was carried out in a
Beckman XL-I analytical ultracentrifuge at 4°C with a rotor speed of 27.000 rpm, and the
data were collected in continuous mode for 6 h, at a single wavelength of 280 nm. Multiple
scans at different time points were fitted to a continuous size distribution model using the

program SEDFIT [210]. The root mean square deviation was 0.007802, and the residuals
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were randomly distributed. Solvent densities and viscosities were computed using
SEDNTERP (http://sednterp.unh.edu/). The partial specific volume of the MRPP1-MRPP2

protein complex (0.743173 mL/g at 4°C) was calculated from its amino acid composition.

7.4.7 pre-(mt)tRNA in vitro transcription
The pre-(mt)tRNA DNA templates (T7-DNA) containing a 5 T7 RNA polymerase

binding site (TAATACGACTCACTATAGGG) were generated by PCR with the primers

outlined in Table 7-4.

pre-(mt)tRNA Forward primer Reverse primer
lle TAA??%&Q%%&@?&%S CAT GATTCTCAGGGATGGGTTCG
Tyr TA.?.I é‘.ﬁfg‘ :giﬁ%;é;éiiggge-r AAATCACCTCGGAGCTGGTAA
Gln TMTAA%C;¢$$$QS(E€£¢§$8ACCA TTCTAGGACTATGAGAATCGAACC
Val T%;ég?églgﬁgﬁgﬁﬁg$g giGT GTAGTAAGGTGGAGTGGGTTTGG
Leu e A ARt TA  AATGAGGAGTAGGAGGTTGG
Asp TAATAC(;: CC: é (C;:'-rr gé‘ :.-rr (?;é_l(_BTGTGCCAT GTCTTGTAGACCTACTTGCG

Table 7-4. Primers used to amplify T7-DNA templates for in vitro transcription of pre-(mt)tRNAs.

A 100 uM stock solution of forward and reverse primer were diluted in ultrapure
water to a final concentration of 10 uM. 1.5 uL of each primer was then added to a
mastermix of 0.25 pL Phusion polymerase (2 U/mL) in 10 pL 5xPhusion HF Red Top
polymerase buffer, 1 uL. 10 mM dNTPs, 34.25 pL ultrapure RNase-free water and 1 puL
DNA template (40 ng/ul) to a final volume of 50 pL. PCR was performed with 2 min at
95°C for initial denaturation, followed by 40 cycles of 45 sec denaturation at 95°C, 30 sec
annealing at 60°C and 30 sec extension at 72°C with a final extension for 5 min at 72°C. The
amplified T7-DNA products were checked for correct amplification on a 1% agarose/TAE

buffer gel with addition of 1 uL peqGREEN DNA/RNA in-gel dye (PEQLAB), alongside a
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1 kb DNA ladder (New England Biolabs). The agarose gel was electrophoresed for 30 min at
120 V. The T7-DNA products were used subsequently un-purified.

In vitro pre-(mt)tRNA transcription was performed using the Transcript Aid T7
High yield transcription kit (Thermo Scientific). A mastermix of 2 puL Transcript Aid
Enzyme Mix, 4 uL 5 x Reaction buffer, 8§ pL 100 mM NTPs, 3.5 pL ultrapure RNase-free
water and 2.5 pL T7-DNA template (1.5 pg) was mixed to a final volume of 20 puL and
incubated at 37°C for 4 h in a thermocycler (Bio-Rad C1000 Touch). After incubation,
2 uL DNasel (1 U/uL) was added to the mixture, which was then further incubated in the
thermocycler for 15 min at 37°C. A final incubation was performed at 65°C for 10 min after
addition of 2 uLL 0.5 M EDTA pH 8.0.

The RNA transcript products were purified using the RNeasy Mini Kit (Qiagen) and
eluted in 30 pL RNase-free water. RNA concentration was determined by measuring the
absorbance at 260 nm on the NanoDrop spectrophotometer. Prior to assay use, the obtained
pre-(mt)tRNAs were heat-denatured at 85°C for 5 min and annealed on ice for an additional

5 min in the presence of 2mM MgCl, and 100 mM NacCl.

7.4.8 Electrophoretic mobility shift assay (EMSA)
EMSA was performed in a 12 pL reaction mixture with 2 uM pre-(mt)tRNA" and

16 uM of the investigated protein(s) diluted in EMSA buffer. For titration experiment, 1 pM
in vitro transcribed pre-(mt)tRNA" (Section 7.4.7) was mixed with protein in a 10:1, 8:1
and 6:1 tRNA-to-protein ratio. The components were incubated on ice for 10 min, mixed
with 6 uL EMSA loading buffer, and immediately subjected to NATIVE-PAGE by applying
10 uL of the mixture to a non-denaturing 3-8% tris-acetate polyacrylamide gel (Invitrogen)
electrophoresed for 2.5 h at 150 V at 4°C in Tris-glycine buffer. SYBRO GOLD (Invitrogen)
was diluted 1000-fold in Tris-glycine buffer and used to stain for RNA for 30 min and RNA

bands were visualised with the Bio-Rad ChemiDoc Imaging System. Coomassie Brilliant
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Blue (Generon) was used to subsequently stain for protein overnight and protein was

visualised using the Bio-Rad ChemiDoc Imaging System.

7.4.9 Limited proteolysis
Limited proteolysis was performed in 20 uL reaction of 10 uM protein, 16 uL

Limited proteolysis buffer and 2 pL trypsin protease (Thermo Scientific) in a
protein-to-trypsin ratio of 1:1 to 1:1000. The mixture was incubated at room temperature for
30 min before being added with 5 pL loading buffer, heat denatured for 5 min at 95°C and

subjected to SDS-PAGE analysis.

7.4.10  SPOT blot analysis

In a SPOT blot analysis, interactions can be mapped between an intact soluble
protein and peptides from a binding-partner immobilised on a solid support. The entire
amino acid sequence of a protein is translated into overlapping peptides of defined length,
where each spot corresponds to a 15-mer peptide with maximum overlap of 13 amino acids
from the peptide before or after (i.e. a 2 amino acid shift in register). In this experiment, the

sequence for mature MRPP1 was used:

MSSKIPAVTYPKNESTPPSEELELDKWKTTMKSSVQEECVSTISSSKDEDPLAATREFIEMWRLLGREVPEHITE
EELKTLMECVSNTAKKKYLKYLYTKEKVKKARQIKKEMKAAAREEAKNIKLLETTEEDKQKNFLFLRLWDRNMDIAMG
WKGAQAMQFGQPLVFDMAYENYMKRKELQNTVSQLLESEGWNRRNVDPFHIYFCNLKIDGALHRELVKRYQEKWDKL
LLTSTEKSHVDLFPKDSIIYLTADSPNVMTTFRHDKVYVIGSFVDKSMQPGTSLAKAKRLNLATECLPLDKYLQWEIGNK

NLTLDQMIRILLCLKNNGNWQEALQFVPKRKHTGFLEISQHSQEFINRLKKAKT

To synthesise the peptides, Fmoc-protected amino acids were iteratively added to a
functionalised cellulose membrane resulting in 50-100 nmol of peptide in spots with a
diameter of about 8 mm, dispensed in drops of up to 1 uL [211]. The membrane was
synthesised by Dr. Sarah Picaud at the SGC on a derivatised cellulose membrane (Intavis)
using a MultiPep SPOT peptide arrayer (Intavis). In the synthesis, some spots were left

blank (no peptide coupled) and some were coupled only to Hise to serve as controls.
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The membrane was rehydrated in 100% ethanol and equilibrated into PBST buffer
3 times for 5 min each. The membrane was blocked with 10 mL 5% bovine serum albumin
(BSA) in PBST buffer for 8 h at room temperature on a rocking table. The membrane was
then washed with PBST buffer twice for 5 min each and once in PBS buffer for 5 min,
before being mixed with 10 mL Hise-tagged MRPP2 protein to a concentration of 1 uM in
PBS buffer and left overnight on a rocking table at 4°C. The next day, the membrane was
washed with PBST buffer three times for 5 min each to remove unbound protein, and
blocked with 10 mL 5% BSA in PBST buffer for 1 h at room temperature. Membrane
washing was repeated with PBST buffer three times for 5 min each. The MRPP2 protein was
detected with horseradish peroxidase (HRP)-conjugated anti-His antibody in a
1:3000 dilution in 2.5% BSA PBST buffer and incubated for 1 h. After labelling, the
membrane was washed with PBST buffer three times for 20 min each, dabbed dry with a
towel and developed using an ECL kit (Thermo Scientific). With the kit, equal amounts of
peroxide solution and luminol enhancer solution was used, and the solution-covered
membrane was left to develop for 1 min. Membrane spots were visualised with an
ImageQuant Las-4000 camera (FUJIFILM) on the chemiluminescence setting. Densitometry

was performed using E-editor 2.0 software.

7.5 X-ray Crystallography

X-ray crystallography is the study of the 3D molecular structures of proteins. Today,
obtaining a protein (crystal) structure requires a number of steps from initial bioinformatics,
through protein purification and crystallisation to validation of the final structure

(Figure 7-6) [154].
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Figure 7-6. Pipeline for solving protein crystal structures from initial bioinformatics to the final structure.
Figure taken from Biomolecular Crystallography, B. Rupp [154].

Some of the biggest obstacles on this path are to produce large amounts of soluble,
pure protein, to obtain well-diffracting crystals of this purified protein and to overcome the

phase problem to solve the crystal structure [154].

7.5.1 Protein crystallisation
To produce a protein that can be crystallised, many constructs are designed based on

bioinformatics analysis. A crystallisable construct is one that folds into a protein structure
that can self-assemble into a well-formed crystal lattice. Once a pure, soluble, stable protein
is obtained at large quantities, crystallisation experiments can be performed. The
crystallisation set-up is designed to sample as much of the crystallisation space as possible
using as little protein as possible. Crystals are grown by the vapour diffusion technique with
either hanging- or sitting-drop. In this technique a plate is used consisting of a well for a
precipitant solution (called the reservoir solution) and a subwell for the protein mixed with

precipitant solution (called the drop) (Figure 7-7) [154].
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Figure 7-7. Schematic outline of the sitting- and hanging-drop vapour diffusion techniques. Figure adapted
from (http://crystal.csiro.au/User-Guide/Soluble-Proteins/Vapour-Diffusion.aspx).

The precipitant solution contains various chemicals such as salts, polymers and
buffers. Crystallisation screens with various precipitant solutions are commercially available
as random matrix screens. After dispensing the protein-and-precipitant drop into the subwell
and the reservoir solution into the main well, the plate is sealed and left to equilibrate
through vapour diffusion. During this process, water evaporates from the less concentrated
drop into the reservoir solution causing an up-concentration of both precipitant and protein
in the drop. At some point, the proteins solubility limit is exceeded and the solution becomes
supersaturated, forcing the protein out of solution as phase separation, nucleation or regular
protein precipitation. The precipitant solution in the drop, in which a protein is grown, is
called the mother liquor. It is important to optimise the concentration of ions in the mother
liquor according to the concentration of identical ions in the reservoir solution, to ensure that
the diffusion direction is towards the reservoir rather than the drop. If protein buffers with
e.g. high NaCl concentrations are used, the direction of diffusion can be cotroled by spiking
the reservoir solution with the same salt until [NaCl]reservoir > [NaCl]arop, prior to setting up
crystallisation plates.

The process of crystallisation can be described with a phase diagram (Figure 7-8),
where protein concentration is plotted on the y-axis and precipitant concentration on the

x-axis. Origin (0,0) corresponds to pure water. The single phase region corresponds to
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soluble protein, the metastable phase region corresponds to supersaturated protein solution
and the two-phase region corresponds to soluble and saturated protein in thermodynamic
equilibrium. An initial mixture of protein and precipitant, in certain concentrations of the
sitting- or hanging-drop, represents a point in the phase diagram and as water evaporates this
point moves up the diagram towards higher concentrations of both components. If the point
was initially placed in the single phase region and slowly moves into the metastable phase
region, chances are that the protein will nucleate and form crystals (or precipitate) to reach

equilibrium [154].
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Figure 7-8. The phase diagram with protein concentration plotted against precipitant concentration. Origin,
(0,0), corresponds to pure water. The single phase region (purple) corresponds to soluble protein, the
metastable phase region (green) corresponds to super-saturated protein solution and the two-phase region (red)
corresponds to soluble and saturated protein in thermodynamic equilibrium. Figures taken from Biomolecular
Crystallography, B. Rupp [154].

7.5.2 Initial crystallisation trials

Sitting drop vapour-diffusion crystallisation was performed in 96-well,
three-subwell SWISSCI plates (SWISSCI AG), with random matrix screens covering
96 precipitant solutions. 20 uL of the precipitant solution was pipetted into each plate well to
be equilibrated against 3 x 150 nL drops in the three subwells. The subwell drops were set up
by dispensing protein-and-precipitant in ratios of 2:1, 1:1 and 1:2 using the TTP Labtech’s
mosquito Crystal liquid handling robot. The crystallisation plates were incubated at 4°C or
20°C, and imaged at set intervals over a period of two months using an automatic inspection

system (Rigaku).
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Each crystallisation experiment was set up varying one or more of the following
parameters:  precipitant, protein  concentration, temperature, buffer contents,
protein-to-precipitant ratio, purification protocol or addition of ligands/substrates.

The random matrix screens used in the crystallisation experiments were
commercially available or produced in-house, and based on conditions known to facilitate
protein crystallisation:

e Hampton Research Crystal screen (HCS)

e Hampton Research Index (HIN) screen

e Hampton Research SaltRX screen

e JCSG screen [212]

e Ligand friendly screen (LFS) [212] (equivalent to the Qiagen PACT screen)

e Basic ChemSpace (BCS) screen [213]

e Molecular dimensions modern intelligent dynamic alternative screen (MIDAS) [214]

The HCS and HIN screens were designed by Hampton Research as coarse screens
for protein crystallisation surveying pH, salts, organics and polymers.

The SaltRx screen was likewise developed by Hampton Research and is based on
salts and pH variations with the salts being the only primary precipitant reagents.

The JCSG screen was developed jointly by the Joint Center for Structural Genomics
(JCSG) and the SGC and designed to extend the conditions from commercially available
screens to maximise the coverage and minimise redundancy of the chemical environment
surveyed in each crystallisation experiment [212].

The LFS screen is equivalent to the commercially available PACT screen that aims
to systematically screen each component in the crystallisation condition in an uncoupled
fashion that allows information to be gained about the protein even in the absence of crystals

[212].
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The BCS screen designed in-house samples the widely used polyethylene glycol
(PEG) precipitants though the use of PEG smears. PEG smears are mixtures of different
PEGs with a requirement of either neutral or cooperatively positive effects of each
component on crystal growth. The PEG smears allow a wide coverage of properties of these
polymers while reducing the PEG variability resulting in greater sampling of other
parameters such as buffers and additives [213].

The MIDAS screen was developed by Molecular Dimensions to complement
already existing crystallisation screens by replacing widely used inorganic salts and PEGs as
precipitants with alternative organic polymers, thus reducing redundancy in the screened

crystallisation parameters [214].

7.5.3 Follow-up crystallisation trials

Follow-up crystallisation screens were designed around conditions in which crystals
or crystalline precipitation was observed, by varying different components of the original

condition as shown in Figure 7-1.
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Figure 7-9. The follow-up crystallisation screen design when surveying the chemical environment around an
initial crystallisation hit.

Follow-up screens were prepared using ready-made stock solutions (Hampton
Research/Molecular Dimensions) dispensed using the Multiprobe 1l plus liquid handler
(PerkinElmer) to make up 0.5 mL solution per solution.
7.5.3.1 Crystallisation with additives

Small molecules, in addition to precipitant, buffer or salt, can be introduced into the
crystallisation conditions to stabilise the protein, avoid partial denaturation, heterogeneous
aggregation or conformational flexibility resulting in a more homogenous sample [181].
Such additives can lower the entropic barrier for crystallisation and thus serve to increase the
solubility of the protein, which in turn affects the phase diagram. They can also reduce the
number of nucleation points leading to larger and better diffracting crystals [215].

A follow-up screen was designed covering 96 equal conditions similar to previous
conditions that generated crystals. This screen was dispensed into the 96 wells (17 puL) each
supplemented with a different additive solution (3 uL) (Hampton Research).
7.5.3.2 Crystallisation with micro-seeding

Crystal nucleation and crystal growth can be described as two separate processes
that require different levels of protein supersaturation for optimal progression (Figure 7-8).
Low levels of supersaturation promotes slow growth, thus avoiding incorporation of crystal
defects [154]. To separate the process of nucleation from growth, the micro-seeding
technique can be deployed. Already grown crystals are crushed to form micro-seeds
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(microscopic crystal nuclei) that are transferred to conditions under which spontaneous
nucleation is otherwise absent or rare (e.g. conditions that produces clear drops). The slower
crystal growth, around fewer nucleation points, can lead to larger and better diffracting
crystals [215], [216].

To produce the micro-seed solution, a drop containing crystals was mixed with
200 pL of its own precipitant solution and vortexed for 5 min. Using conditions found to
yield clear drops, crystallisation trials were performed with drops containing 140 nL

protein-and-precipitant and 10 nL of micro-seed solution.

7.5.4 Crystal mounting

Once a suitable crystal is obtained, the crystal is harvested, cryo-protected and
flash-cooled. Harvesting consists of fishing out the crystal from its mother liquor using a
nylon fiber loop. The cryo-protection and flash-cooling is performed to minimise X-ray
radiation damage to the crystal and to avoid formation of crystalline ice on the protein
crystal. The cryo-protectant (e.g. large MW PEGs, cryosalts, glycerol or sucrose) [154] is
supplemented to the mother liquor and applied to the drop before crystals are flash cooled in
liquid nitrogen.

In this study mounting was done by supplementing 1.5 puL of the reservoir solution
with 0.5 pL 100% cryo-protectant. 1 puL of this solution was added to the crystal drop and
from this mixture single crystals were fished out and flash-cooled in liquid nitrogen in which

they were also stored.

7.5.5 Synchrotron data collection

Cryo-protected and flash-cooled crystals are mounted on the goniometer of a
diffractometer in a cryo-stream. The goniometer allows rotation of the crystal to attempt
sampling of the entire asymmetric unit (ASU) in reciprocal space, and thus ensure collection

of a complete dataset. A dataset is collected by exposing the crystal to X-rays during crystal
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rotation and recording the reflections on an area detector. The degree of crystal rotation
necessary to obtain a complete dataset depends primarily on the Laue group (crystal point
group plus inversion). The recorded diffraction images (or frames) are indexed, integrated
and scaled and the unit cell and space group are determined [154]. In this process, the
resolution cut-off can be estimated from the signal-to-noise ratio (I/c(l)) of merged intensity
measurements, the correlation coefficient (CCY%) which describes the agreement of intensity
measurements between two randomly determined halfs of a dataset [217], and — more
old-fashioned and impersice — by the Rmerge, Which describes the mean error of an intensity
measurement, compared to the mean intensity, averaged over the chosen group of reflections
[218]. Rmerge is determined during merging of data from all internsity meausrements, and
when a reflection is measured many times (multiplicity), each individual observation has a
larger error than the final mean intensity, causing the Rmerge t0 increase. Instead of Rmerge, @
multiplicity-independent R-value, Rmeas, that looks at individual measurements, can be used
to evaluate the quality of the data, though CCY% should be the preferred measure of
resolution cut-off [217].

Diffraction data for this thesis were collected at the Diamond Light Source on
beamlines 104, 104-1 and 124. The collected frames were indexed and integrated using XDS
[219] (P43 space group) or IMOSFLM [220] (P3: space group) and scaled using AIMLESS
[153]. The distribution of the presumed number of molecules in the ASU was determined

using Matthews’s coefficient in the CCP4 suite of programs [221].

7.5.6 Phasing

At this point only the measured intensities of the diffraction spots (or reflections) are
obtained, providing only the amplitude for the diffracted X-ray. To reconstruct the electron
density, the phases for each reflection are also needed. The lack of phases in the diffraction

pattern renders it impossible to directly reconstruct the protein electron density via Fourier
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transforms from the amplitude data. This is known as the phase problem. The two main
methods deployed to obtain the missing phases in macromolecular crystallography are
1) molecular replacement in which a previously obtained structure of high sequence identity
to the target protein is used to calculate phases, that are then applied in the initial
reconstruction of the electron density, and 2) experimental phasing that exploits isomorphous
differences between native and derivative datasets or anomalous differences from anomalous
scatters within a data sets. These intensity differences can be introduced by e.g. heavy atom
(HA) soaking of an already obtained crystal or by incorporating selenomethionine (SeMet)
into the protein by expression in SetMet-rich media. The HA/SeMet substructure provides
the initial phases used to reconstruct the electron density.

In this study, HA-soaking was used. Soaking was performed by mixing 1.5 pL
reservoir solution with 1 L. 10mM CgHoHgNaO>S. 1 pL of this solution was added to the
crystal drop, and single crystals were picked at various time points from 1 sec to 1 h and
transferred to a drop of reservoir solution supplemented with 0.5 uL 100% propylene glycol
for washing and cryo-protection. From this drop, the crystals were mounted and flash cooled
in liquid nitrogen. Soaking was also used in attempt to obtain a ligand bound structure. The
soaking of these ligands was done as described and applied to the drop in 2-20 mM
concentrations.

A variety of methods to handle the experimental phasing are available and together
with density modifications techniques, a protein structure might be solved from a single
anomalous dataset [154].

In this study, phases were determined by either single-wavelength anomalous
dispersion (SAD) with the SHELX package [222] using the HA dataset (P43 space group) or
by molecular replacement (P31 space group) done in PHASER [176] with the search model

generated from SAD phasing.
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7.5.7 Model building and refinement

With the structure factor amplitudes, Fnw, and phase angle, and, determined, the
electron density can be obtained by Fourier reconstruction from reciprocal diffraction space
back into direct space [154]. From the reconstructed electron density, a protein structure can
be built computationally or manually, and the resulting structure is refined with the use of
stereochemical and geometrical restraints. The quality of refinement is evaluated by the
R-factor, R, given as the sum of differences between observed and calculated structure

amplitudes divided by the sum of observed structure amplitudes (Equation 3) [218].

Zh ||Fobs|_|Fcalc||
Zh |F0bs|

Equation 3: R =

Other evaluation statistics are available, such as the unbiased Rgee factor
(Equation 4). In this factor, a set of reflections, chosen at random, are excluded from model
refinement, and a later comparison of these data with the final model gives an estimate of
refinement quality [218].

— Ztest set| |F0bs|_|Fcalc||

Equation 4: R, =

Ztest setlFobs|

In this study, the initial model from SAD phasing was built using the auto tracing
module of SHELXE [222]. Refinement and modification to the models was performed with
alternate rounds of REFMACS5 [223] and COOT [151]. The final round of refinement was
done in PHENIX [224].

The refined structures were validated with MolProbity [225] and the atomic
coordinate files deposited in the Protein Data Bank. Molecular graphics figures were
generated using PyMOL [226].

The protein structure analysis was undertaken using CryCo (v.5.0) to determine the
crystal packing interfaces and LigPlot [201] for identification of hydrogen bonds and

hydrophobic interactions.
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7.6 HPLC-Small Angle X-ray Scattering (HPLC-SAXS)

Macromolecules in solution scatters X-rays in a pattern that is circularly symmetric

around the direction of the incident beam read by a charge-coupled detector (Figure 7-10).

Detector

Source
[ »Beamstop

system -

Figure 7-10. Outline of a SAXS setup. Figure adapted from Soft Matter Characterization, R. Das and R.
Doniach, Chapter 21[227].

The resulting scattering profiles are plotted as the intensity of scattered photons,
1(g), vs the scattering wave vector, g. Sometimes the intensity is also plotted as a function of
s which is defined as the wave vector divided by 2z [227].

In an SAXS experiment, the scattering from the protein buffer needs to be subtracted
from the obtained protein SAXS data. Once this subtraction is done, the Fourier transform
relates the intensity of scattered photons to the electron density of the scattering molecules,
upon assuming that all molecules in the sample are oriented and positioned randomly. This
Fourier transform is known as the Debye formula [227].

When initially analysing the SAXS data in a model-independent fashion, basic
parameters can be determined including the radius of gyration, Ry, which is a measure of the
protein radius relative to its centre-of-mass. Measurement of Ry depends only on data at the
lowest scattering angles and an accurate measure require protein concentrations where no

interparticle interaction or protein aggregation is observed [227].
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An evaluation of the protein shape is the Kratky plot derived as the squared
scattering wave vector, g, times I(q) plotted against q (Figure 7-11). This plot allows

qualitative differentiation between globular and disordered particles [228], [229].

Figure 7-11. Kratky plot for a folded (1) and disordered (2) protein. Figure adapted from Small Angle X-Ray
and Neutron Scattering from Solutions of Biological Macromolecules, D. Svergun, M. Koch, P. Timmins and
R. May [229].

The scattering intensity of non-interacting particles in solution can further be
described as an integral that is limited by the maximal dimension (maximal cord length) in
the particle, Dmax, as is dependent on the electron-density-weighted intramolecular distances
[229] and distribution of inter-atomic distances, or P(r) distribution, which is a function in
real space and thus macromolecule features can more often be recognised in this function
rather than the scattering curve [229].

After evaluation of the SAXS data, an ab initio model can be reconstructed using
available SAXS modelling software.

Individual proteins, protein complexes and protein-pre(mt)tRNA complexes were
subjected to HPLC-SAXS on a KW403-4F column at 4.5 mg/mL in 50 mM sodium

phosphate pH 7.4, 300 mM NaCl, 5% glycerol, 1% sucrose, 0.5 mM TCEP
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(for MRPP1, MRPP2 and MRPP1-MRPP2) or 100 mM NaCl, 50 mM Tris-HCI pH 8, 3 mM
MgClz, 3 mM DTT (for MRPP1-MRPP2-pre-(mt)tRNA"® with and without MRPP3), by
flowing sample through an in-vacuum quartz capillary of 1.6mm diameter at 0.16 mL/min.
Data were collected using a Pilatus2M detector (Dectris, CH) with a sample-detector
distance of 3914 mm and a wavelength of A=1 A. The range of momentum transfer of
0.1 <s <5 nm*was covered. The data covering the peak were radially averaged and the
scattering of Dbuffer ~was subtracted using  Scatter(v.3.0) (Robert Rambo,

http://www.bioisis.net). The forward scattering I(0), real and reciprocal Ry and Perod

Volume were obtained using Scatter(v. 3.0), in which the P(r) distribution function and the
Dmax Were also analysed, before ab initio modelling was performed with the ATSAS suite of
programs. In the ab initio modelleing, 13 initial models were built using DAMMIF in fast
computation mode with P1, P2 or P4 point symmetry. The NSD values were calculated for
each generated model using SUPCOMB and subsequently compared to find the most
probable ones using DAMSEL, with exclusion of models with NSD > mean + 2-SD. The
most probable models were aligned using DAMSUP, averaged using DAMAVER and
filtered according to volume by DAMFILT [230]. From the filtered model, a core structure
was generated in DAMSTART from which a refined model was built in slow computational
mode using DAMMIN, with P1, P2 or P4 point symmetry [231]. Protein MWSs were
determined directly from the scattering curve using SAXS MoW?2, with the assumption that

the proteins adopt a globular- rather than a plate-like structure [161].

7.7 Computational studies
7.7.1 Ligand docking

Ligand coordinates were downloaded from the PDBChem Ligand library online. A
ligand file in .pdbgt format was created in AutoDockTools-1.5.6 with no changes to the

default allowed bond rotations. Docking of ligand to an apo protein structure was performed
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in AutoDockVina [232] with the area for docking chosen around the presumed ligand
binding pocket. The docking algorithm outputted a list of nine models with various ligand

conformations scored based on predicted binding affinity in kcal/mol.

7.7.2 Intrinsic disorder profiling
Intrinsic disorder profiles for MRPP1 and MRPP3 were predicted by DISOPREDS3.

Putative protein binding regions were calculated from an initial PSI-BLAST search over a
filtered sequence database. Each residue was then encoded by the profile for a window of 15
positions in the sequence and classified using a neural network. The classifier was trained
using a support vector machine learning algorithm and outputted a probability estimate of

the residues being disordered [145].

7.8 Protein activity characterisation

7.8.1 Buffers
MTase activity buffer: 50 mM Tris-HCI pH 8, 5 mM MgClz, 20 mM NaCl, 1 mM DTT

SDR activity buffer: 100 mM NaCl, 20 mM Tris-HCI pH 8.0

RNase P activity buffer: 30 mM Tris-HCI pH 8, 40 mM NaCl, 4.5 mM MgClz, 2 mM DTT
Tris-Borate-EDTA (TBE)-urea sample buffer: 89 mM Tris, 89 mM boric acid, 2 mM
EDTA, pH 8.0, 12% ficoll, 0.01% bromophenol blue, 0.02% xylene cyanole FF, 7 M urea.

TBE buffer: 89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0.

7.8.2 MTase activity assay

MTase activity assay was performed by Dr. Martine Roovers at the Institute
Microbiologique Wiame. The assay monitors the amount of 3H that is transferred from the
[methyl-*H]SAM methyl donor to the in vitro transcribed pre-(mt)tRNAVa/Me 1 ,Ci
[methyl-*H]SAM (15 Ci/mmol) (PerkinElmer), 1 uM individual or complexed protein(s) and

1 ug in vitro transcribed pre-(mt)tRNAs (Section 7.4.7) were diluted in MTase activity
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buffer to 200 pL. The solution was incubated for 60 min at 37°C in a heat block after where
the reaction was stopped by phenol extraction and the pre-(mt)tRNA substrates were
TCA-precipitated. Radioactive methylated pre-(mt)tRNA was captured on a filter and
washed three times with ethanol prior to the measurement of the radioactivity in a

scintillation counter.

7.8.3 SDR activity assay
100 uM NAD* and substrate (allopregnanolone or DL-3-hydroxybutyryl-CoA) of

various concentrations were mixed in SDR activity buffer to a final volume of 50 pL, and
dispensed to black 384-well, polystyrene, non-binding surface plates (Corning). 3.7 uM
protein was added and the fluorescence from NAD™ conversion to NADH was continuously
measured at 350 nm excitation/450 nm emission in a PHERAstar FSX microplate reader
(BMG LABTECH) for 30 min. The substrates 3-hydroxybutyryl-CoA and allopregnanolone
(Sigma) were assayed at final concentrations ranging from 100 to 0.05 uM. The obtained
fluorescence data were analysed with the MARS software (BMG LABTECH) and Excel
(Microsoft) program. Kinetic parameters (Km, Vmax) were obtained by fitting the data to the
Michaelis-Menten equation (Equation 5) where v is the reaction rate, Kv is the Michaelis
constant, [S] is the substrate concentration and Vmax is the maximum rate [174]. The fit was

done using the GraphPad Prism (v.5.01) software.

Vinax[S]
Ky +[S]

Equation 5: v =
The maximum number of substrate molecules that an enzyme molecule can convert
into products per time measurement, kcat, Was calculated for four active sites indicated per
MRPP2 tetrameric protein from Equation 6, where [E]o is the total enzyme concentration
[174].
|4

Equation 6: k., = ﬁ
0
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7.8.4 RNase P activity assay
RNase P cleavage was performed by mixing 300 nM MRPP1-MRPP2, 150 nM

MRPP3, 10 units of ribonuclease inhibitors (RNasin from Promega) and 400 nM in vitro
transcribed pre-(mt)tRNA"® (Section 7.4.7) in RNase P activity buffer to a total reaction
volume of 8.25 pL. The reaction was performed at room temperature and stopped at set
times by transferring 1 puL of the reaction mixture into 5 uL 500 mM EDTA and heating to
95°C. This sample was added with 10 uL. TBE-urea sample buffer (Invitrogen), boiled for 6
min at 70°C and spun for 1 min at maximum speed in a tube-strip picofuge (Stratagene). 10
uL of this sample was analysed by denaturing-PAGE on a 6% TBE-urea gel (Invitrogen) and
run at room temperature for 1 h at 180 V in TBE buffer (Invitrogen). The gel was stained for
30 min with SYBRO GOLD (Invitrogen) diluted 1000-fold in TBE buffer from the
manufactures stock, and imaged using the Bio-Rad ChemiDoc Imaging System. The bands
corresponding to processed (mt)tRNA were quantified using ImageJ [233] and plotted as a
fraction of the amount of unprocessed pre-(mt)tRNA"® by non-linear regression fitting
withone phase exponential association (Equation 7) in Graph Pad prism, where Ymax is the
maximum amount of processed pre-(mt)tRNA and K is the initial rate of reaction.

Equation 7: y = Y pqy - (1 — e7K%)
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8 APPENDIX

8.1 Numbering key for purine bases
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Figure 8-1. Numbering key for steroid chemical structures
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Figure 8-2. Numbering key for purine base chemical structures.

8.2 Overview of discussed MTases subfamilies

In this thesis, many MTase subfamilies are included in discussions. Table 8-1

provides an overview of these subfamilies with information relevant for discussions.

Superfamily SPOUT SPOUT SPOUT RFM SPOUT
Family (Eukaryote/archaea) | Trm3 Trm7 Trm5 Trm6-Trm61 Trm10
Family (Bacteria) TrmH TrmL TrmD Trml N.I.
Catalytic function m*" m?-0HG34 m!G37 m*A58 m*A9/m*G9
Oligomeric state g;:ng. Sym. Asym. Tetramer Monomer
dimer dimer dimer /This work

Table 8-1. Overview of MTase families discussed throughout this thesis work [58], [164], [190], [234], [235].
N.l.: Not identified. Sym.: symmetrical. Asym.: asymmetrical.

8.3 Sequence alignment of Trm10 members
32 Trm10 protein DNA sequences were identified using the ProSite ExPaSY server

[236] with ENTRY: PS51675 belonging to the SAM-dependent MTase Trm10-type. An
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alignment of the identified sequences is presented in Figure 8-3. Sequence alignment was

performed using the T-coffee server [237] and the sequence alignment figure was generated

in ESPript [238].
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Figure 8-3. Sequence alignment of 33 Trm10 protein homologues of MRPP1 using ESPript[238]. Known secondary
structure elements are displayed for human MRPP1 (MRPP1_HUMAN), Saccharomyces cerevisiae (Trm10_YEAST),
Schizosaccharomyces pombe (Trm10_SCHPO) and Sulfolobus acidocaldarius (Trm10_SULAC) structures. Identical and
similar residues are boxed in black and grey, respectively. Red boxes: conserved motif I-1V. Blue boxes: potential
interaction regions for MRPP2. Green star: residue suggested to determine N1-methylation towards adenine. Purple star:
residue that could be involved in MTase activity (Asp293). Red stars: residues mutated in this study. Residue numbering
represents human MRPP1. HUMAN: Homo sapiens, BOVIN: Bos Taurus, RAT: Rattus norvegicus, MOUSE: Mus
musculus, XENTR: Xenopus tropicalis, DROME: Drosophila melanogaster, DANRE: Danio rerio, YEAST:
Saccharomyces cerevisiae, SCHPO: Schizosaccharomyces pombe, CANAL: Candida albicans, DEBHA: Debaryomyces
hansenii, CRYNJ: Cryptococcus neoformans var. neoformans serotype D, strain JEC21 / ATCC MYA-565, CRYNB:
Cryptococcus neoformans var. neoformans serotype D, strain B-3501A, CANGA: Candida glabrata, GIBZE: Gibberella
zeae, EMENI: Emericella nidulans, ASPFU: Neosartorya fumigate, YARLI: Yarrowia lipolytica, ASHGO: Ashbya
gossypii, KLULA: Kluyveromyces lactis, SULAC: Sulfolobus acidocaldarius, THEKO: Thermococcus kodakarensis.
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8.4 SPOT blot analysis

Each spot in the SPOT blot membrane (Figure 8-4A) corresponds to a 15-mer
peptide of mature MRPP1 (residues 40-403). The spots that appeared dark on the membrane
reacted to the antibody, and therefore represent the sequence regions at which Hise-MRPP2
is bound to the MRPP1 peptide. These sequences are overlaid to detect overlapping regions
(Figure 8-4C, red) and thus identify the exact MRPP2 targeting peptides. The peptides are
then mapped onto the sequence (Figure 8-4B) and structure (Section 3.2.3) of mature

MRPP1 (residues 40-403).
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Figure 8-4. A) Peptide membrane with Hiss-tagged MRPP2 labelled with HPR-conjugated anti-His antibody
and visualised by chemiluminescence. The red boxes indicate regions identified to interact with MRPP1. B)
Sequence of mature MRPP1 (residues 40-403) with the identified MRPP2 targeting sequences highlighted. C)
SPOT blot peptide analysis of 15-mers corresponding to spots that appeared dark on the membrane.
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8.5 SAXS statistics

Table 8-2 shows statistics for SAXS data collection, data processing and ab initio

model building for all models generated in this work. MWs were calculated using SAXS

MoW?2 [161] assuming globularity rather than plate-like structures.

MRPP1 MRPP2 MRPP3 A206-MRPP3 MRPP1-MRPP2  MRPP1-MRPP2- MRPP1-MRPP2-
pre(mt)tRNA'e MRPP3-pre(mt)tRNA'®
Guinier Rg 40.10+2.799 29.24+0.9457 33.79%#1.152 33.30+1.519 46.77+1.160 72.71%£5.450 108.8+7.249
Real space 1(0) (a.u.) 3.016:10°%+ 9.068:107+ 9.223:10°+ 2.868:107%+ 2.342:102t 2.171:102% 4.287-102+ 4.009-10°
2.894-10% 2.527-10* 4.676-10* 4.573-10% 7.144-10* 1.530-10°3
Real space R, (A) 34.40+1.885 28.44%0.4415 33.18+#1.118 28.83+1.470 45.59+0.9720 69.67+2.766 82.60+0.9538
Porod V (A3) 174930 167454 306000 167576 873102 1279622 4077408
Porod Exponent 2.478 3.340 2.231 2.280 1.914 2.398 2.192

Porod V mass (A3)**

85462-105379

99980-100875

179777-184337 85836-100949

488409-525965

705819-770856

1795663-2456269

Dnax (A) 100 80 111 98 154 216 248
MW (Da) 97167 86105 62967 66274 214389 436597 630158
I Model building
Point symmetry P1 P1 P1 P1 P1 P1
Models generated 13 13 13 13 13 13
Models included* 12 13 13 12 13 12
NSD,,.0n 0.673+0.043 0.488+0.006 0.604+0.022 0.562+0.032 0.792+0.036 0.765+0.067
X2 vs. raw data 2.722 1.044 2.080 1.712 1.374 1.500

Table 8-2. Values are obtained as described in Section 7.6. q-Rg < 1.3 for all datsets. Guinier regions
correspond to the Guinier plots represented in Chapter 2-4.

8.6 Ab initio modelling of MRPP1-MRPP2
The SAXS scattering data obtained for the MRPP1-MRPP2 complex was used to

generate ab initio models of the protein complex with P1, P2 and P4 point symmetry to

account for all possible tetramer-dimer binding modes (Figure 8-5). The statistics for the

refined models are shown in Table 8-3.

MRPP1-
MRPP2

MRPP1-
MRPP2

MRPP1-
MRPP2

Model building

Point symmetry

Models generated

Models included*

NSD,

mean

¥% vs. raw data

P1 P2 P4
13 13 13
13 12 12
0.5624£0.032  0.933:0.285

1.712 1.683

1.190£+0.297

1.743

Table 8-3. Values are obtained as described in Section 7.6. Statistics are shown for SAXS models of
MRPP1-MRPP2 build with point symmetry P1, P2 or P4. *Models discarded when NSD > NSDean + 2-SD.
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Figure 8-5. SAXS models of the MRPP1-MRPP2 complex generated with either no symmetry (P1) or with
encorced P2 or P4 point symmetry. The crystal structure of tetrameric MRPP1 (PDB: 1U7T) was fitted into the
SAXS model of MRPP1-MRPP2 using the fit-in-map function in the Chimera software [165].

The SAXS model of MRPP2 (Figure 8-6, green) was fitted with Chimera [165] to
the SAXS models of MRPP1-MRPP2 (Figure 8-6, red) generated with P1, P2 and P4
symmetry. The SAXS model of mature MRPP1 (Figure 8-6, grey) was subsequently
manually fitted to the vacant parts of all three SAXS pockets. The P2-model does not
accommodate the dimer of mature MRPP1 on either side of the SAXS model of tetrameric
MRPP2. The MRPP1 dimer is Dbetter accomodated in the P4-model, but leaves
unacountedfor parts of the SAXS pocket around the MRPP2 tetramer that does not fit with
additional MRPP1 dimers. The P1-model mostly accommodates the MRPP1 dimer in this

conformation, and does not leave unaccountedfor parts of the SAXS pocket.
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Figure 8-6. SAXS models of mature MRPP1 and full-length MRPP2 fitted into the SAXS model of
MRPP1-MRPP2 built with P1, P2 or P4 point symmetry.
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