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Introduction

1.1 Post-transcriptional RNA modifications

Post-transcriptional modification (and also a few examples of co-transcriptional modification)
of non-coding as well as coding RNAs is highly abundant throughout all kingdoms of life,
resulting in an incredible chemical diversity among RNA nucleosides. These modifications
result in over 150 different modified nucleosides, reported for thousands of different RNA
modification sitest>?l, Post-transcriptional modifications are enzymatically introduced into the
four basic RNA building blocks adenosine, uridine, cytidine and guanosine via various
chemical reactions, including alkylations, hydroxylations, thiolations, selenations,
esterifications, deaminations and peroxidations, with methylations being the most prominent
(about % of all modifications)®4. The modifications can take place at the ribose ring, for
example via 2’-O-methylation or at the purine or pyrimidine backbone, resulting in the
addition of single chemical groups or more complex side chains onto the base, with C5 of
uridine being the most prominent target site for modifications. Figure 1 shows the most
typical target sites in general™®l,

0 NH,
NH N AN
| ¢T3
N /l%o . N/J
HO HO
O 0
OH 'OH OH OH
Uridine (U) Adenosine (A)
NH, 0
A N NH
0 .8
N ’&o N7 N A NH,
HO HO
(0] (0)
OH 'OH OH 'OH
Cytidine (C) Guanosine (G)

Figure 1: The four basic nucleosides uridine, adenosine, cytidine and guanosine with usual
target sites for post-transcriptional modifications (orange)[®.

Some modifications also serve as the starting point for other, more complex modifications,
resulting in different branching pathways during the modification reactions and modification
cascadesl®l. Several modifications can happen at a single nucleoside independently,
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Introduction

highlighting the orthogonality of the reactions and their respective enzymes. Some chemically
identical nucleoside modifications in different organisms are even catalyzed by independently
evolved enzymes, indicating convergent evolutiont”®l. While RNA modifications are
occurring in all kingdoms of life, distribution between the three kingdoms is not uniform;
some of them are specific to one kingdom or are specifically absent from one kingdom
(Figure 2)[4*1,

m>’Gm mo’U  cmo’U

met°A

m>-Gm

imG-14

m’Gm

m°’Cm

mimG

16

c

m*Cm

imG2 mnm*U

+ inm’s’U .
G ms’icA

inm'Um

ms’meA

.
U m's?U chm°U

manQ LA nem’U
mchm*U

Ar(p)  Gr(p)
ms’io°A

iof 02yW galQ

Sl 4 24 ncem*Um

m*Um 2
OHyW* mem*U mem*s?U

£C

OHyW  mem*Um

Eukarya

Figure 2: Post-transcriptional modifications in tRNA throughout the kingdoms of life. Capital
letters denote the nucleobase, lowercase letters denote the type of modification, supersripted
numbers denote the position of the modification in the nucleobase and subscripted numbers
denote the number of modifications. Abbreviations as followed: ac: acetyl, acp:
aminocarboxypropyl, chm:  carboxyhydroxymethyl,cmo:  oxyacetic  acid, cmnm:
carboxymethylaminomethyl, f: formyl, g: glycinyl, gal: galactosyl,hn:
hydroxynorvalylcarbamoyl, ho: hydroxy, i: isopentenyl, inm: isopentenylaminomethyl, io: cis-
hydroxyisopentenyl, m: methyl, man: mannosyl, mchm: carboxyhydroxymethyl methyl ester,
mcm: methoxycarbonylmethyl, mcmo: oxyacetic acid methyl ester, mnm: methylaminomethyl,
mo: methoxy, ncm: carbamoylmethyl, nm: aminomethyl, r(p): 5-O-phosphono-b-D-
ribofuranosyl, s: thio, se: seleno, t: threonylcarbamoyl, tm: taurinomethyl (figure based on
Lorenz et al.[¥),

For a long time, most RNA modifications were believed to be irrelevant and their impact on
the function on the cell function minor, since the generation of phenotypes lacking single
modifications led to negligible effects for the organism%1 and only the absence of multiple
modifications led to obvious consequences*>¢l. However, it is more likely that the lack of a
single modification can easily be compensated in part or completely by other modifications in
the RNA, and that the actual function of most modifications is still not completely
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understood. Moreover, a large number of defects in proteins that are involved in the post-
transcriptional modification of RNAs are linked to human diseases*” 81,

To provide accurate quantification and correct positionally mapping of RNA modifications as
well as the uncovering of still unknown RNA modifications, new methods are constantly
being developed, like the utilization of liquid chromatography tandem mass
spectrometry®2% high-throughput sequencing methods?*, signature chemical coupling with
deep sequencing methods[?22%1 and computational methods?4l,

Post-transcriptional RNA modifications have been observed in rRNA, mRNA, snRNA,
snoRNA, miRNA, viral RNA and most prominently in tRNA (approximately 14
modifications in each tRNA molecule on average)*?>21. Especially positions 34 and 37 in the
anticodon-loop of tRNA are hotspots for modification, as these affect the codon-anticodon
function%271, While modification of position 34 enhances base-pairing flexibility during
wobble decoding, modification at position 37 ensures reading frame maintenance!?2°l having
an impact on translation regulation®®%2. Other tRNA modifications can have an impact on
the structural stability of the RNA, exerting a rigidifying or loosening effect on the
structure® and influence correct folding and function*31, Many modified nucleotides have
an effect on the local RNA structure in the Angstrom scale in form of stabilizing effects by
restriction of conformational flexibility and stabilization of helical conformationsi®¢-3°. By
blocking hydrogen bond formation, RNA modifications can lead to rearrangements of
Watson-Crick base pair interactions and thereby to rearrangements of the RNA structure in
the nanometer scale, shifting the dynamic equilibrium in favor of a specific structure[*440-42,
Furthermore, RNA modifications can lead to increased structural stabilization and thermal
stability, which i.e. leads to better biochemical stability via increased resistance against
degradation by bases and nucleasest*dl. Especially in tRNA, the post-transcriptional
modifications are believed to actively accompany the tRNA maturation step by step by
shaping the unstructured tRNA precursor into a structured, functional tRNAI644-461,

In rRNA, post-transcriptional modifications occur on highly conserved areas, which are
important for its function, indicating a strong selection process during evolution?®?°l. These
modifications seem to be crucial for ribosome biogenesis and protein synthesis, being
involved in intersubunit contacts with ribosomal proteins and tRNA bindingt™"-5%l,

In MRNA, post-transcriptional modifications are linked to mRNA maturation (including 5’
capping, 3’ polyadenylation and splicing) and transport®!, regulation of translation®2°% and
RNA decay pathwaysP>%4%1. mRNA modifications seem to be highly regulated, showing
dynamic in response to stress like heat shock and nutrient deprivation?>56-59 as well as being
reversible, for example by the regulation of methyltransferases and demethylases!*82560-62],

1.1.1 Pseudouridine and non-guided pseudouridylation

Pseudouridine is the most abundant post-transcriptional modification in RNA, as well as the
first modified nucleotide that has been discovered in RNA, making it known as the “fifth
nucleotide” with the abbreviation “¥”I63-8%1 Pseudouridine has been identified in tRNA,
rRNA, snRNA, snoRNA as well as mRNA, with an estimated frequency of 7-9% of uridines
being modified into pseudouridine, and pseudouridine comprising around 4% of nucleotides
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of yeast RNAPB%8366-71 |n general, pseudouridine can be described as the C5-glycoside
isomer of uridine, which is generated by a disruption of the N1-C1’ bond between the uracil
and the ribose, a rotation of the uracil base of 180° around the N3-C6 axis and the formation
of a non-canonical C5-C1’ glycosidic bond between the base and the ribose (Figure 3)12371,

A
B
.a
d\.._ 0 A
HN: *3NH
.
(0]
5> HO
O
.
OH OH OH OH
Uridine (U) Pseudouridine (V)

Figure 3: Uridine (U) and the generation of its isomer pseudouridine (¥) by disruption of the
N1-C1’ bond, rotation of 180° of the uracil base around the N3-C6 axis and formation of the C5-
C1’ bond. Both nucleosides contain an H-donor (d) and acceptor (a) at the Watson-Crick edge,
pseudouridine contains an additional H-donor at the C-H edge.

While ¥ and U show some physiochemical similarities, like the UV spectrum and molecular
masst’?, this isomerization gives some unique properties to pseudouridinel”®74l. While the
Watson-Crick edge of pseudouridine in comparison to uridine is unchanged, which still
allows Y¥-A base paring, pseudouridine contains an additional H-bond donor (in form of the
NH1 imino proton) at the C-H edge of the molecule. Pseudouridine has been shown to
coordinate a water molecule between NH1 and the 5’-phosphodiester moiety of both ¥ and
the preceding base, restricting base conformation and mobility of the backbone, resulting in
rigidity and therefore higher stability of the RNA structure (Figure 4)7>781,

Figure 4: Coordination of a water molecule between NH1 of pseudouridine and the sugar-
phosphate backbone of both pseudouridine and the preceding residue, forming a “water bridge”
and stabilizing the RNA structure by induced rigidity. Hydrogen bonds are depicted as arrows.
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(Figure taken from Charette et al.l'¥1 with permission from John Wiley & Sons © 2008 John
Wiley & Sons.)

Favoring the 3’-endo-conformation of the ribose leads to improved local base stacking in
single stranded RNA as well as duplex regions, which can also involve the coordination of a
water molecule and the stronger interaction with water of NH1 of W in comparison to CH5 of
U, resulting in stronger backbone rigidity[®¢7°% This base stacking is believed to be the
strongest contribution of ¥ towards structural stability of the RNA®Y®U, Pseudouridine has
increased base pairing stability with adenosine in comparison to the U-A base pairt’*#2 and
also the base pairing capabilities with the other nucleotides is increased"®%3l. Additionally,
pseudouracil is linked via a C-C bond instead of the N-C glycosyl bond to the sugar moiety,
resulting in greater rotational freedom and therefore more conformational flexibility in
comparison to uridinel’84l,

Interestingly enough, pseudouridine itself can become the target of further post-transcriptional
modifications, resulting in hypermodified ¥, Observed ¥ modification sites are both
nitrogen atoms in the pyrimidine ring and the 2°-O of the ribose subunit and include
methylation and addition of a 3-amino-3-carboxypropyl-group (Figure 5).

O ¥:Ri,R:=H
Ry B R m"¥: R, = CHa
N N WU D. —
k /g m*¥: R-=CHs
\C O ¥Ym: Rs = CHs
HO acap-“P: R:= HO (0}
O
m'acap®Vt: R: = NH,
o8 O R3 Ri1=CHs

Figure 5: Observed hypermodifications of pseudouridine. Both nitrogen atoms as well as the 2’-
O in the ribose moiety are prone to post-transcriptional modifications, with the addition of
methyl- or 3-amino-3-carboxypropyl- (acap) group. Several modifications at once are
possible®e],

In tRNAs, U to ¥ modifications have been identified in the D stem, the anticodon stem and
loop and most prominently as the nearly universally conserved ¥55 in the TYC stem loop and
contribute to the stabilization of these specific structural motifs{’*8"]. Thereby, ¥ can
influence the interactions of tRNA with mRNA and rRNA and stabilize the structure of the
anticodon loop and the tRNA-ribosome interactionst’®®l. Pseudouridine directly in the
anticodon loop has been linked to stronger codon-anticodon base pairings(™.

Pseudouridylation of mRNA may be involved in natural occurring nonsense codon
suppression (see chapter 1.2.4.3), including the promotion of non-canonical purine-purine
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base pairs in the anticodon regiont®%, Additionally, pseudouridylated mRNA in combination
with pseudouridylated non-coding RNAs may directly affect pre-mRNA splicing and
translation fidelity™®. Also regulatory roles of ¥ in mRNA are presumed, including alteration
of the translation initiation efficiency and ribosome pausing®7l.

In rRNA, pseudouridine clusters were found in functionally important domains, especially
regions that are close to the A- and P-site of the ribosome where peptide bond formation takes
placel® %%l ¥ may therefore be involved in rRNA folding and ribosome assembly, enhancing
translation efficiency®l. An older, now more controversial hypothesis also suggests a
catalytic role for ¥ in peptidyl transfer during the translation process®4.

In snRNA, ¥ is mostly located in functionally important regions which are linked to RNA-
RNA and RNA-protein interactions during spliceosomal function[®!.

The transformation of U into W has also been shown to be inducible by stress. Positions 56
and 93 in S. cerevisiae U2 snRNA could be pseudouridylated during nutrient deprivation and
specifically position 56 during heat shock®¢l. The stress-induced target sites were similar, but
not identical to the native target sites, that the respective enzymes (Pus7p targeted position 56,
snR81 RNP targeted position 93) pseudouridylate under normal conditions.

Pseudouridylation can occur in an RNA guided manner (described in chapter 1.1.2.2) or is
performed RNA-independent in a “protein only” fashion by a pseudouridylase. Those
pseudouridylases can be found in all kingdoms of life and can be classified into six families,
of which five are named after the respective E. coli enzyme responsible for pseudouridylation:
RIUA, RsuA, TruA, TruB and TruD" as well as Pus10®7. Although sequence similarities
between the enzymes belonging to different families are small, the structure of the
pseudouridylases core is similar (Figure 6)[°81% This conserved core contains an eight-
stranded mixed P sheet and several helices and loop structures, that are flanking the catalytic
cleft, which bisects the sheet. One of the loops occupying this cleft carries a strictly conserved
aspartate, that is found in all pseudouridylase families (and also in the catalytic core of RNA-
guided pseudouridylases), which is crucial for the pseudouridylation reaction (see proposed
mechanisms in Figure 7)61%1 Some psedouridylases carry additional structural elements in
the form of N- or C-terminal extensions, like a PUA-domain, which can govern substrate
specificityl’®1% While RIUA and RsuA family pseudouridylases are relatively closely
related, even sharing conserved sequence motifs, TruA family enzymes are the most distantly
related and they even seem to function as dimerst’®%l Despite their structurally similar
protein fold, pseudouridylases from all described families are able to recognize their
respective substrate uridine in the RNA without any accessory factors, some being specific for
a single RNA modification site, and some being able to modify multiple structurally similar
target sites!’l,
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Figure 6: Superimposition of crystal structures from E. coli representatives of the five
pseudouridylase families: TruD (yellow, pdb: 1SB7), TruA (red, pdb: 1DJ0), TruB (cyan, pdb:
1K8W), RsuA (green, pdb: 1KSL) and RIUA (navy, pdb: 2182). (Figure taken from Hamma et
al.l' with permission from Elsevier, © 2006 Elsevier.)

The mechanisms of the uridine to pseudouridine conversion is still not fully understood and
several mechanistic routes have been proposed®. For all described pseudouridylases (and
also the snoRNPs) a conserved aspartate is known to be involved in the catalysis, by binding
to a specific part of the target uridinel®®1%, Also, an arginine (or histidine in the case of TruB
family members) is involved in the process of base-flipping!21%.1971_ The whole mechanism
seems to take place in the four steps of initial RNA binding, induced fit (conformational
change like unfolding/target placement at the catalytic site), catalysis and product
releaset*®1% Kinetic studies on ¥ formation showed relatively slow multiple turnover rates,
with Km values in the nanomolar ranget®l. While for Pusl, changes in the RNA
conformationt? and for RIUA product release® have been proposed to be rate limiting
steps, for TruA and TruB the actual chemical catalysis step (most likely the base rotation or
C-C bond formation) has been shown to be the rate Ilimiting factor of
pseudouridylation*®*1, The proposed reaction mechanisms are a Michael addition-like
mechanism, where the catalytic aspartate would attack the Michael acceptor C6 of the
basel%] or the interaction of the aspartate with C1’ of the ribose in an acylal*? or
glycal+3 mechanism (Figure 7). The attack on the C1’ of the ribosel**45] and the
Michael like attack on C6 of the base!*'6-118] have both been described for other modification
enzymes. However, several co-crystal studies with the inhibitor-like uridine-analogue 5-
fluorouridine (5FU, see Figure 109), which also undergoes rearrangement and hydration to
5S-6R-6-hydroxy-5-fluoro-pseudouridine in the presence of pseudouridylases, were not able
to favor one mechanism over the other[100106.119.1201 |t js even unclear if U and 5FU undergo
the same mechanism, due to specific side products identified via NMR in the reaction with
5FU but not with U[t13.121],
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Figure 7: Proposed mechanisms for uridine to pseudouridine formation. a) Michael addition-like
mechanism, b) acylal mechanism, c) glycal mechanism[©6.106.112.113]

1.1.2 RNA-guided post-transcriptional RNA modifications

In eukaryotes and archaea, post-transcriptional RNA modification can occur in an RNA-
guided manner. These guide RNAs act as a scaffold to coordinate the formation of a
functional complex with several proteins, producing an active ribonucleoprotein particle
(RNP)*221231 Fyrthermore, the guide snoRNA recruits the target RNA, which is modified, via
Watson-Crick base pairing. snoRNPs exist in the form of box C/D RNPs, which are
responsible for 2’-O-methylation and box H/ACA RNPs, which carry out

pseudouridylation*?®l, In eukaryotes, the guide RNAs involved in the modification of rRNAs
9
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are called small nucleolar RNAs (snoRNAs) and are clustered in the nucleolus!*?2124],
Modification of sSnRNAs in the small Cajal bodies is carried out by snoRNA-like guide RNAs
(scaRNASs)?° In archaea, snoRNA-like RNAs (SRNAs) also carry out RNA modifications.
In fact, most structural knowledge of RNPs stems from archaeal complexes, since it is
oftentimes easier to purify the archaeal components in the required amount, and the lack of
good in vitro reconstitution systems for non-archaeal RNPs, which until recently relied on in
vivo preassembled protein complexes!26:127],

1.1.21 Box C/D RNPs

Box C/D RNPs are responsible for 2’-O-methylation of the ribose moiety at a specific target
site in their substrate RNA. They contain a conserved C (RUGAUGA) and D (CUGA) motif
at the termini of the RNA, forming the C/D box. This motif is part of a stem-internal loop-
stem structure, forming a K-turn motif*?¢l, Additionally, the RNA contains an internal C’/D’
motif with the same sequence, which adopts a stem-loop structure, forming a K-loop*?°l. The
RNA contains two identical target sites, between the C and D’ and between the C’ and D
motives, which can recruit a substrate RNA via Watson-Crick base-pairing. The archaeal
RNP is formed with the proteins L7Ae (Snul3 in yeast, 15.5K/NHPX in human), Nop5
(Nop56 in yeast, NOP56 in human) and fibrillarin (Nopl in yeast), which is the catalytic
subunit of the complex. A set of these four proteins binds to both the C/D and C’/D’ motives,
allowing to perform the methylation reaction on both target sites (Figure 8). L7Ae acts as the
main RNA-binding protein and forms a pre-RNP with the RNA through binding to the K-
motives° 1%l This pre-RNP is recognized by Nop5 and fibrillarin, which binds to the
complex and both Nop5 proteins homodimerize with their coiled-coils domains, providing a
stable scaffold for the complex in addition to the RNA scaffold[*311331341 Fibrillarin, together
with the N-terminal domain of Nop5, bind the first 6 nucleotides of the guide RNA-substrate
RNA duplex and perform 2’-O-methylation at the fifth nucleotide*?31%1, However, it is
unknown, whether RNA modification occurs at the same time at both modification sites in the
complex™3. Additionally, electron microscopy reveled a dimeric RNP, with two sets of guide
RNA and four sets of proteins!*3],

10
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Figure 8: Schematic representation of a box C/D RNP. The guide RNA (black) contains the box
C/D and C’/D’ motifs, which act as a binding site for L7Ae (yellow) together with Nop5 (green)
and fibrillarin (purple). 2°-O-methylation is performed on the fifth nucleotide of a substrate
RNA (red) bound via Watson-Crick base pairing to the guide RNA. Both Nop5 proteins interact
via their coiled-coils domains.

1.1.2.2 Box H/ACA RNPs

Box H/ACA RNPs carry out the pseudouridylation reaction in an RNA guided manner. The
guide box H/ACA RNA adopts a secondary hairpin-hinge-hairpin-tail structure, with a
conserved H- (ANANNA) and ACA-motif in the hinge and tail regions,
respectively[t?2124136.137] "Both hairpins contain an internal loop structure (“pseudouridylation
pocket), which is the site of Watson-Crick base-pairing with the substrate RNA, that adopts a
Q-shaped structurel!38-1401 After substrate recruiting, the target uridine is situated in the upper
part of the loop, 13-16 nucleotides away from the H- or ACA-box. Both the target U and the
adjacent 3’ nucleotide R (A or G) are unpaired with the guide RNA®, Archaeal box H/ACA
RNPs contain an additional K-turn motive, that is absent in eukaryotic H/ACA RNPs. While
the typical H/ACA RNA in eukaryotes forms a bipartite structure with two hairpins, in
archaea 1-3 hairpins have been observed an in humans an H/ACA RNA with four hairpins is
possible#2143] To form a functional box H/ACA RNP, the guide RNA interacts with the four
evolutionary conserved proteins Nop10, Cbf5 (Dyskerin in humans, NAP57 in rodents), Garl
and Nhp2 (L7Ae in archaea), with a set of the four proteins on each hairpin (Figure 9)144-1481,
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Figure 9: a) Schematic representation of a bipartite eukaryotic box H/ACA RNP, with the guide
RNA (black) containing the H- and ACA-box motives and a set of four proteins (Nhp2 (yellow),
Nop10 (pink), Cbf5 (green) and Garl (cyan)) situated at each hairpin. Two substrate RNAs (red)
are bound via Watson-Crick base pairing in the pseudouridylation pocket and target nucleotide
is marked as W. b) Schematic representation of an archaeal H/ACA RNP, with the guide RNA
containing the H-box motif. L7Ae (yellow) is bound via a kink-turn motif in the upper loop. c)
Crystal structure of the trimeric Nopl0 - Cbf5 (core domain) - Garl (core domain) complex
from Saccharomyces cerevisiae (pdb: 3U28) as well as NMR structure of Nhp2 (S82W mutation)
(pdb: 2LBW). Both structures are aligned after the archaeal RNP (d). d) Crystal structure of the
full archaeal H/ACA RNP from Pyrococcus furiosus (pdb: 3HAY).

Cbf5 acts as the catalytic subunit and is structurally extremely similar to the E. coli TruB
pseudouridine synthase, also carrying the N-terminal catalytic domain and the C-terminal

12
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pseudouridine synthase and achaeosine transglycosylase (PUA) domain[014%-151 Cpf5 binds
directly to the guide RNA via the uppers stem and the H- or ACA-motif, which interact with
the PUA domain.

Nop10 binds to the upper stem of the guide RNA and to a conserved region of Cbf5, close to
the catalytic site, in turn providing a binding interface for Nhp2. The binding region in Cbf5
for Nop10 is important for stability in other pseudouridine synthases, which suggests that
Nopl0 may also be involved in the structural organization and stabilization of the catalytic
center in Cbf5[1?2, Additionally, archaeal Nop10 contains a zinc ion binding site, which is
absent in eukaryotic Nop10[t52153],

Nhp2 can interact with Cbf5 and NoplO also in the absence of the guide RNA and
additionally can bind unspecifically to RNA stem-loops!!22126.143.154-156] " fact, the specific
binding to H/ACA RNPs seems to arise from the trimeric Nhp2-Nop10-Cbf5 complex, that
forms prior to assembly with the guide RNA. The archaeal homologue L7Ae on the other
hand strictly requires the K-turn motif of the guide RNA to bind to the complex and can even
bind to the substrate RNA in absence of the other proteins?14%l. L7Ae is involved in the re-
orientation of the substrate RNA bound to the guide RNA for catalysis™®71.

Garl contains two glycine-arginine rich (GAR) domains at the N- and C-terminus of the
protein, which flank the central core domain™%8l. Garl does not interact with the guide RNA
directly and is bound to Cbfb5.

While the guide RNA in combination with Cbf5 and Nopl0 are strictly required for basal
pseudouridylation activity, Garl and L7Ae (in archaea) immensely increase the enzymatic
activity of the complex, while Nhp2 (in eukaryotes) increases the activity, but seems to be
dispensable in several RNPs*%6:1591601 Gar1 is involved in the substrate turnover after
pseudouridine formation and is essential for multiple turnover activity of the
complex40150.16L162] - Cphf5 contains a thumb-loop domain, which is responsible for the
correct positioning of the target uridine at the catalytic active site and which contains the
conserved aspartate, that is also the catalytic active site in non-guided pseudouridylation.
Crystal structure analysis showed, that the thumb loop domain can either adapt a “closed”
state, in which the substrate RNA is anchored at the catalytic site or an “open” conformation,
in which the pseudouridylated substrate is released and the catalytic active site can be loaded
with a new substrate RNA. In the closed state, the thumb loop forms nonspecific hydrogen
bonds and electrostatic contacts with the sugar-phosphate backbone of the substrate RNA,
which clarifies the non-specific protein interaction (in comparison to non-guided
pseudouridylases) and the need for a guide RNAI®41 |n the open state, the thumb loop is
anchored at Gar1, which provides a binding surface for the opened loop[140:150.157.162]

The affinity of the four H/ACA proteins together towards the H/ACA guide RNA in
eukaryotes and archaea is extremely strong. Archaeal complexes showed dissociation
constants (Kgq) in the nanomolar range, and eukaryotic complexes showed even tighter
interactions with sub-nanomolar Kgs*%®l, These experiments also revealed a very weak
binding of Nhp2 alone towards the guide RNA, even though Nhp2 is an RNA-binding
protein(t®%],

While it was possible to reconstitute eukaryotic RNPs in vitrol*>*16% for the in vivo formation
of RNPs the assembly factor Shql and the Garl homologue Nafl are involvedt63-165],
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Additionally to the uridine to pseudouridine transformation, H/ACA RNPs have been
associated with further functions, like the processing of pre-rRNA and ribosome
formation[6167] as well as telomere maintenancel®®l. In fact, vertebrate telomerases contain
an essential H/ACA RNP domain, and recently it was possible to obtain a cryo-EM structure
of this H/ACA RNP domain as part of the human telomerase (Figure 10)[%,

H/ACA lobe

Catalytic core

Figure 10: Structure of substrate-bound human telomerase enzyme, containing an H/ACA
domain. a) Schematic representation of the subunits. b) Cryo-EM structures for the H/ACA
domain at 8.2 A and the catalytic core at 7.7 A with fitted subunits (Figure taken from Nguyen et
al.l’®l with permission from the Springer Nature Customer Service Centre GmbH, © 2018
Springer Nature).

Mutations in the telomerase components hTR and hTERT, but also in the associated RNP
proteins dyskerin, Nop10 and Nhp2 have been linked to Dykeratosis congenita (DC), a
genetic disease including bone marrow failure, premature aging and increased susceptibility
to cancer caused by abnormally short telomeresi’®17l. These DC mutations are also present
in the conserved N- and C-terminal extensions of eukaryotic Cbf5. Furthermore, the X-linked
form of DC is probably caused by mutations of the dyskerin PUA domain, weakening the
interactions of dyskerin with the H/ACA domain of hTR and the assembly factor Shql and in
general by impaired H/ACA RNP function!!47.161L.171174]
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1.2 Protein labeling by genetic code expansion

The occurrence and utilization of genetic code expansion was reviewed in “Genetic code
expansion facilitates position-selective modification of nucleic acids and proteins” by Muller,
Trucks, Schwalbe and Hengesbachl*7%],

1.2.1 General considerations for protein engineering

In general, proteins are composed of different amino acids, which are connected to one
another by a peptide bound, defining the primary structure of the protein. The amino acids are
defined by the characteristic side chain that they are carrying on their a-carbon atom. By the
formation of different hydrogen bonds between amino- and carboxyl groups in the backbone
of the peptide chain, which is influenced by the amino acids side chains, the secondary and
furthermore the tertiary structure of a protein is defined*’81771. For protein engineering, these
characteristics of proteins give the opportunity to modify a protein either by the backbone of
its peptide chain or by the various side chains of its amino acids. The backbone structure of a
peptide chain can be changed by in vivo incorporation of proline analogues into the protein.
The different preferences of proline analogues towards isomerization into a cis or trans
conformation result in different structures of the peptide backbone, impacting the folding of
the protein*’®-181 Another backbone modification technique utilizes the incorporation of a
singlel®1182l or several consecutive*® B-amino acids — amino acids that carry two carbon
atoms between the carboxyl and amine functional groups, with the amino acid side chain
positioned at the B-carbon atom. These B-amino acids are present in cells, however they
normally do not get incorporated by ribosomal protein synthesisi*®4l, due to a strong selection
of the ribosome against f-amino acids, manifesting as the disability of B-aminoacyl-tRNAs to
effectively act as a substrate for the ribosome and participate in the peptide bond
formation™-171 Incorporation in vitro can be achieved by chemical misacylation of
suppressor tRNAs and utilization of modified ribosomes!*81188l The backbone elongation,
caused by the additional carbon atoms, and the adoption of a gauche conformation of the
substituents at the a and B position of the B-amino acid, result in different secondary
structures of the proteins. Proteins carrying p-amino acids are forming more stable helix
structures in comparison to a-peptidest™® and have been utilized for PB-peptide-based
antibiotics, as a way to evade antibiotic resistances*®. While backbone modifications on the
peptide chain impact the core structure of the proteins, the modification of amino acid side
chains leaves the peptide core structure intact. According to the “alanine world” hypothesis,
todays canonical amino acids (except glycine, arginine and proline) originated from alanine
during evolution™®, This way, most of the canonical amino acids can be described as side
chain modifications of alanine. Through side chain modifications of amino acids, a grand
variety of functional groups can be added onto the amino acids, which then can be
incorporated into proteins, while keeping the secondary protein structure (including protein
folding and enzymatic activity) intact. The utilization of such “non-canonical” amino acids
immensely broadens the field of protein engineering.
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1.2.2 Non-canonical amino acids

All naturally occurring proteins are based on the basic building blocks of the 20 canonical
amino acids*’’l. The translational machinery incorporates these amino acids into peptide
chains based on the genetic code. In all domains of life, the genetic code is universal,
assigning the 64 possible triplet codons to a single amino acid or termination function (Figure
11). However, several deviations of this universal code during protein translation have been
observed, resulting in abnormalities like unassigned codons, reassignment of codons to other
canonic amino acids and furthermore the reassignment of codons to code for the
proteinogenic amino acids selenocysteine and pyrrolysine (Figure 12a)*%271%1 |n addition to
this translational genetic code expansion, post-translational modifications of proteins have led
to over 140 known non-proteinogenic amino acids in natural occurring proteins*®! and an
additional 800 non-proteinogenic amino acids, which fulfill various functions, are known to
exist in naturelt97.1%1,

Ser Stop

Figure 11: Codon wheel representing the standard genetic code with three letter codons (black)
and the canonical amino acid/stop function they are assigned to (blue). In some organisms,
several codons have been observed to have changed assignments to different canonical amino
acids (green) or non-canonical amino acids (red). Some codons may be unassigned in some
organisms or organelles (asterisk) (figure based on Ambrogelly et al.*%),

In addition to these evolutionary genetic code expansions, which are sufficient for life, the
field of protein modification gets extremely broadened by the addition of chemically
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synthesized non-canonical amino acids, which add a completely new layer of complexity and
potential to the possibilities of protein engineering. Like in nature, most non-canonical amino
acids are synthesized by the modification of canonical amino acids!*%®-2%21, Additionally, new
synthesis strategies are constantly being developed, like the one pot reaction of aerobic
oxidation and transamination of 1,2-diols into a-amino acids?®® or the chemoselective
oxidation of a-hydroxy acids by a nitroxyl radical catalyst into o-keto acids?®l, Non-
canonical amino acids can be designed in different ways to either directly act as spectroscopic
probes or to be spectroscopic probe precursors with functional groups that can be modified
post-translationally. Non-canonical amino acids that carry side chain modifications which are
already defining them as functional spectroscopic probes, can be added translationally into the
peptide chain and the protein can then be used in various spectroscopic techniques (Figure
12b). For in vivo incorporation of such spectroscopic probes, it is important that the functional
groups, which are relevant for spectroscopic analysis, do not get destroyed in the environment
of the cell. Non-canonical amino acids, that are spectroscopic probes, can be utilized for
structural and dynamic investigations of a protein or protein complex. With the use of 3C
and/or N isotopically labeled non-canonical amino acids, NMR spectroscopy investigations
of large proteins and protein-ligand interactions can be performed?%2%1  Non-canonical
amino acids with a paramagnetic probe, e.g. an attached nitroxide group, can be utilized for
EPR spectroscopy, allowing distance measurements between two labeled proteins or inside a
double labeled protein?°7-21 Combination of paramagnetic non-canonical amino acids and
NMR spectroscopy allows the use of DNP techniques!?'?l. The utilization of UV-activatable
groups in non-canonical amino acids can be utilized for photo-crosslinking between two
proteins?t3-2151 or protein and RNA€l, Furthermore, non-canonical amino acids bearing a
photo-cleavable®®! or enzymatically cleavable?*”l protection group can be used for
deprotection and therefore activation of the spectroscopic function of the amino acid after
incorporation. Lastly, the incorporation of fluorescent non-canonical amino acids can be used
for fluorophore based techniquest?'®2'°l. In addition to the incorporation of these non-
canonical amino acids, that already act as spectroscopic probes, it is also possible to
incorporate a non-canonical amino acid into the protein which is bearing a reactive linker
group (Figure 12c). After the successful incorporation into the protein, this active group can
be used to perform post-translational labeling of the protein, utilizing “click” chemistry
(described in chapter 1.2.5).
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Figure 12: chemical structure of several exemplary non-canonical amino acids. a) proteinogenic
amino acids: selenocysteine and pyrrolysine. b) non-canonical amino acids functioning as
spectroscopic probes: *C/®N-labeled p-methoxyphenylalanine, spin labeled lysine, p-benzoyl-
phenylalanine and dansylalanine. ¢) non-canonical amino acids for post-transcriptional labeling
(which were utilized in this thesis): propargyl-lysine (1), norbornene-lysine (2) and strained
cyclooctyne-lysine (3) 27,

1.2.3 Strategies for non-canonical amino acid incorporation

Several strategies have been developed for the incorporation of a non-canonical amino acid
into a protein in vitro as well as in vivo. An in vivo approach for incorporation of non-
canonical amino acids is the utilization of auxotrophic systems, in which one of the 20
canonical amino acids gets uniformly replaced by a non-canonical amino acid. The first
utilization of this system was the replacement of methionine with selenomethioninel??°l, The
method relies on an auxotrophic E. coli strain, that cannot synthesize the canonical amino acid
that is desired to be replaced. Additionally, the used medium also has be depleted of that
amino acid. With the addition of the non-canonical amino acid, that is ideally a structure
analogue of the canonical amino acid, into the medium, the translation machinery will
incorporate the analogue non-canonical amino acid into the elongating peptide chain in place
of the canonical amino acid. Utilizing this technique, it was possible to uniformly incorporate
analogues of methioninel??1-2281 phenylalaninef???21 prolinel*™ and tryptophan!??®2%l, |n

18



Introduction

some cases, the aminoacyl tRNA synthetase had to be modified, to efficiently load the tRNA
with the non-canonical amino acid.

Another approach, which can site-specifically incorporate a single non-canonical amino acid
at a desired position, without the shortcomings of uniform amino acid replacement, is
expressed protein ligation (EPL), which utilizes solid phase peptide synthesis to generate
semi-synthetic proteins?3-2341. An artificial peptide is generated via solid phase synthesis,
which gives the possibility to incorporate the non-canonical amino acid at a desired position.
The synthesized peptide can then be ligated to an N-terminal cysteine of a protein generated
by expression. A shortcoming of this method however is the limit of ~100 amino acids for
peptides generated with peptide solid phase synthesis?3,

1.2.4 Amber suppression techniques

To overcome the shortcomings of the methods described in chapter 1.2.3, a technique to site-
specifically incorporate non-canonical amino acids translationally in vitro as well as in vivo
was developed. The development of this “amber suppression technique”, that was also
utilized in this thesis, will be described in this chapter.

1.2.4.1 Nonsense and frameshift codon utilization

The endogenous tRNAs in an organism are adhering to the universal code of triplet codon
recognition (Figure 11). Three codon combinations code for the termination of protein
translation, so called “stop codons” or “nonsense codons”. For these codons, normally no
tRNAs with the complementary anticodon are present in the cell. However, in some
organisms, point mutations in the anticodon of tRNAs to match the nonsense codons, and
utilization of the nonsense codons in the genetic code have been observed in nature, for
example for the incorporation of the proteinogenic amino acids selenocysteine and
pyrrolysinel®22%] This method derived from nature has led to the development of in vitro
mutation of the anticodon sequences of tRNAs derived from yeast®”! to match nonsense
codons and it was possible to let tRNAs respond to the opal (UGA)?¢1, ochre (UAA)I238] and
amber (UAG)23%241 codons. The anticodon-bearing tRNAs are still in competition with the
release factors, which would normally report to the nonsense codon to initiate termination,
however they are able to suppress the stop function of the nonsense codon and incorporate the
amino acid attached to them into the elongating protein. Of the three nonsense codons, the
amber codon has mostly been used in this technique, because it is the least abundant
termination codon in E. coli?! leading to the term of “amber suppression technique”.
Another codon utilization method that has been derived from nature is the use of frameshift
codons?*2l, With the usage of tRNA, that responds to four-letter codons, the genetic code can
theoretically be expanded from 64 to 256 possible codon assignments?*®l. A benefit of this
method is the fact that none of the already assigned triplet codons have to be repurposed and
additionally, quadruplet codons are not in competition with release factors?*l. The
suppression of frameshift codons has been utilized in vitrol?+24] as well as in vivol[?46:247],
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Utilizing site-directed mutagenesis, a nonsense or frameshift codon can be inserted into the
plasmid at nearly any desired position, which highlights the site-specificity of this method in
general.

1.2.4.2 Chemical misacylation of tRNAs with non-canonical amino acids

With the ability to recode tRNAs to respond to nonsense codons, it was also desired to use
this technique to further manipulate the translation machinery and incorporate synthesized
non-canonical amino acids by amber suppression. The basis for the rise of these methods was
the fact that the pairing of mMRNA and tRNA by the codon/anticodon recognition is
independent of the amino acid that is attached to the tRNA, which is in line with Watson and
Crick’s adaptor hypothesis®*3249l. This made it possible to covalently attach non-canonical
amino acids to tRNAs mediated by T4 RNA ligase and therefore “misacylate” canonical
tRNAs with non-canonical amino acids!?. At first, the amino acids attached to the tRNA had
to be N-terminally protected, which made them unsuitable for application in translational
systems®>. However, with successful deprotection in good yield, it was possible to
incorporate non-canonical amino acids via nonsense codon suppression using chemically
misacylated suppressor tRNAs in an in vitro transcription/translation system[?®%2%2, To
efficiently incorporate non-canonical amino acids, it was important that the chemically
misacylated tRNAs did not have to compete with their endogenous counterparts, that were
acylated by cognate aminoacyl tRNA synthetases (aaRS). For this reason, amber-mutated
tRNAs, which were no longer recognized by their cognate aaRS and showed weak amber
suppression efficiency in vivo were good candidates for misacylation with non-canonical
amino acids®3?>. With the injection of in vitro processed mRNA and chemically
misacylated tRNA into Xenopus oocytes, first in vivo incorporation of non-canonical amino
acids into proteins was made possible?>>-%571, However, this approach still relied on the non-
canonical amino acid being chemically attached to the tRNA beforehand.

1.2.4.3 Bioorthogonal systems

The first amber suppression methods, that no longer had to rely on chemical acylation of
tRNAs were utilizing aaRS/tRNA pairs from Escherichia coli. Orthogonality was introduced
into these systems by mutating the tRNA in a way that its endogenous aaRS could no longer
acylate the tRNA with its cognate amino acid, but still preserve its ability to partake in the
translational processi?®l, Also, the aaRS was altered by random point mutations and
generation of mutant libraries, which were then tested with the intent to reenable recognition
of the tRNA by the mutated aaRS, generating a completely orthogonal aaRS/ARNA pairl?, A
problem in this method however was the fact that the mutated aaRS was not only acylating
the mutant tRNA but also its cognate wildtype tRNA, even after improving the discrimination
of mutant aaRS towards mutant tRNA. Any misacylation of wildtype RNA with a non-
canonical amino acid would result in uniform incorporation of this amino acid, undermining
the site specificity purpose of the method. Furthermore, a cell-wide incorporation of non-
canonical amino acids might be lethal for the cell.

20



Introduction

Modern amber suppression techniques are based on bioorthogonal systems. The
biorthogonality is ensured by utilizing aaRS/tRNA pairs from a different domain of life than
the host expression organism. Heterologous aaRS/tRNA pairs from eukaryotes or archaea are
used for amber anticodon mutation and transferred into E. coli, which allows their usage
alongside the endogenous E. coli translational machinery!?3526%1 Many such aaRS/tRNA pairs
have been utilized, mainly from a variety of methane producing archaea like Methanococcus
jannaschii?*>%  Methanosarcina  mazeil'®®?%?  Methanosarcina  barkeri?®  or
Methanomethylophilus alvust?®4l. To use this technique to its full potential, orthogonality
between the imported aaRS/tRNA and the host organisms endogenous aaRS/tRNA is strictly
required. The imported aaRS must only be able to aminoacylate its cognate tRNA and none of
the endogenous tRNAs. Likewise, none of the endogenous aaRS must be able to attach a
canonical amino acid onto the imported tRNA. To generate an aaRS/tRNA pair, that
completely complies to this bioorthogonality rule, first, a library of aaRS and tRNAs derived
from the archaeal organisms is created, with different point mutations based on crystal
structure datal?*>2%2611  An important point is also to ensure the specificity of the aaRS
towards the non-canonical amino acid, that is desired to be incorporated, since different non-
canonical amino acids may require different mutations to the aaRS to ensure binding inside
the substrate pocket?®*2%1, The generated mutant libraries are subjected to several cycles of a
positive/negative selection schemel®*®l, The negative selection scheme utilizes the expression
of the toxic barnase gene with an inserted amber codon. No non-canonical amino acid is
added for this test, so if bioorthogonality is retained, no barnase is expressed. However, if
endogenous amino acids get incorporated in response to the amber codon, cell death occurs.
Likewise, the positive selection scheme utilizes the expression of the antibiotic resistance
providing genes B-lactamase or chloramphenicol acetyltransferase which also contain an
amber codon mutation. This time, the non-canonical amino acid is added and the expression is
carried out in presence of ampicillin or chloramphenicol. If the non-canonical amino acid is
incorporated and the enzymes are expressed, the cell is resistant to the antibiotic. If
incorporation fails, cell death occurs.

To utilize the bioorthogonal amber suppression system, the genes coding for the
bioorthogonal aaRS and tRNA have to be inserted into the host organism alongside the amber
mutated plasmid, which is designed to express the amber mutated protein of interest. The
amber suppression system is depicted in Figure 13. The bioorthogonal aaRS recognizes the
medium-supplemented non-canonical amino acid and after binding, ATP-mediated activation
of the non-canonical amino acid is performed. The bioorthogonal tRNA recognizes its
cognate aaRS, binds to it and is acylated with the non-canonical amino acid. Afterwards, the
loaded tRNA gets released and mediated by elongation factor Tu, the bioorthogonal tRNA
with the non-canonical amino acid binds to the ribosome and the non-canonical amino acid is
incorporated into the elongating peptide chain in response to an amber codon (instead of
terminating the translation). After successful incorporation, the translation continues
normally, until an opal or ochre codon is reached in the mRNA.
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Figure 13: Schematic representation of non-canonical amino acid incorporation via the
bioorthogonal amber suppression technique. The non-canonical amino acid (red) binds to a
bioorthogonal aminoacyl-tRNA synthetase (green) and is activated by ATP (pink) under
pyrophosphate release. The aaRS attaches the non-canonical amino acid onto a bioorthogonal
tRNA (orange) and releases it. The tRNA is bound to the ribosome (blue), mediated by
elongation factor Tu (yellow). In response to an amber codon, which was mutated into the
MRNA (purple), the non-canonical amino acid gets incorporated into the elongating peptide
chain"l,

The bioorthogonal amber suppression system has seen multiple improvements for
incorporation yield of non-canonical amino acids over the course of time. The genes to
produce aaRS and tRNA were added onto a single plasmid several times and put under the
control of glnS’> and proK promotors®?®l, To ensure a constant production of aaRS, both
constitutive and inducible promotors were added to the genel26267] resulting in the pEVOL
plasmid, which was utilized in this thesis. To increase the expression yield of non-canonical
amino acid bearing proteins even further, several modifications were applied during the last
couple years. The affinity of the bioorthogonal tRNA towards elongation factor Tu, which is
responsible for transporting the aminoacylated tRNA to the ribosome, was increased by
several mutations to the tRNAs acceptor and T stem[?®®l and EF Tu itself was modified to
increase its affinity towards a tRNA loaded with an non-canonical amino acid?®27, Another
problem affecting protein production by amber codon suppression is the competition of
bioorthogonal amber tRNA with release factors, that are still able to terminate the translation.
To counter this problem, several strategies were employed recently?’Yl. The biorthogonality
was expanded by utilizing bioorthogonal mMRNA and ribosomes!?’? and the release factor RF1
was completely deleted from the host system, after mutating every endogenous amber codon
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into ochre codons, making RF1 non-essential and only retaining the single amber codon,
which is desired for non-canonical amino acid incorporation?”3l. Another interesting approach
for nonsense suppression, utilizes the release factors specificity for the uridines in the three
stop codons, by mutating uridine into pseudouridine, which resulted in a nonsense
suppression an the incorporation of serine and threonine for YAA and WAG and tyrosine and
phenylalanine for $¥GA[?74-2761,

1.2.5 Post-translational labeling strategies

If a non-canonical amino acid is incorporated that is not a spectroscopic probe on its own, but
rather a linker to attach a spectroscopic probe, additional strategies have to be employed for
post-translational labeling. Since this labeling has to be employed after the expression and
purification of the natively folded protein, the labeling reaction has to fulfill several
requirements. Mild reactions reaction conditions that are compatible with the folded protein
have to be utilized to avoid denaturation, such as tolerable temperatures, agueous environment
and no inert gas. Additionally, the utilized reactions have to be broadly applicable and result
in high labeling yields. Those reactions were first explored by Huisgen?’"-2"°l and later
summarized under the term “click reactions” by Kolb, Finn and Sharpless?®°l. To comply
with these requirements, these reactions have to be driven by a strong thermodynamic force,
to readily attach large and sensitive labels to the protein. A commonly used reaction for this
purpose between the functional group of an incorporated non-canonical amino acid and a
spectroscopic probe is the 1,3-dipolar cycloaddition reactions. In this reaction, a 1,3-dipolar
molecule (commonly an azide) is brought to reaction with a dipolarophile (commonly an
alkyne), resulting in the formation of a 1,2,3-triazole?8.2821, To perform the specific reaction
between an azide and alkine under the defined “click” conditions, either a copper(l) catalyst
(usually reduced copper(Il)-sulfate in combination with a ligand to prevent reoxidation) has to
be utilized (copper(l)-catalyzed azide-alkyne cycloaddition, “CuAAC”)1283284] or the reaction
is performed in a copper-free way, gaining the activation energy from a strained ring system
(typically cyclooctynes), which is released upon triazole formation (strain-promoted azide-
alkyne cycloaddition, “SPAAC™) (Figure 14a,b)[200285-2881  Another coupling approach is the
reaction of strained dienophiles with tetrazines under N> release (strain-promoted inverse-
electron-demand Diels-Alder cycloaddition, “SPIEDAC”) (Figure 14c)%28%1 SPAAC and
SPIEDAC reactions are especially important for in vivo labeling methods, since reactions
performed in the environment of the cell have to be fully orthogonal to endogenous
biochemical reactions and copper salt catalysts can act toxic towards the organism!2%0:2%11,
Also the utilized labels in in vivo reactions have to be inert towards biochemical processes in
the cell, so they do not get metabolized or undergo reactions with endogenous functional
groups.
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Figure 14: Click chemistry reactions illustrated for several non-canonical amino acids, after
incorporation into a protein. a) Copper(l)-catalyzed azide-alkyne cycloaddition, “CuAAC”
between an alkyne and an azide-label, typically performed with ligand stabilized Cu(l). b)
Strain-promoted azide-alkyne cycloaddition, “SPAAC” between a strained alkyne and an azide-
label. c) Strain-promoted inverse-electron-demand Diels-Alder cycloaddition, “SPIEDAC”
between a norbornene and a tetrazine-label.
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1.3 Principles and utilization of fluorescence single molecule spectroscopy
1.3.1 Theoretical background
1.3.1.1 Fluorescence and phosphorescence

Fluorescence describes the deactivation via radiation of a molecule from an excited state to
the ground state?®22%4, The steps of fluorescence are described in Figure 15a. First, the
molecule, which is in the electronic ground state (So), absorbs energy in the form of a photon
and gets into an excited electronic state (S1) via a vibronic transition. This transition between
the electronic ground and excited state is much faster than any nuclear motions (10 s vs.
1013 s), therefore it occurs without change of the nuclear coordinate (vertical transition). To
ascertain compatibility of the excited electronic state with the ground state, simultaneously
with the change of the electronic state, a change of the vibrational state occurs. According to
the Franck-Codon principle, a vibronic transition is most likely to happen if the vibrational
wave functions of both states are overlapping. Afterwards, the excited molecule emits energy
via vibrational relaxation, until it reaches the vibrational ground state of the excited electronic
state, in accordance with Kasha’s rule[?%2-2%41,
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Figure 15: a) Schematic representation of the mechanism of fluorescence. A molecule in the
electronic ground state (So) absorbs a photon, transitions into the excited state (Si), reaches the
vibrational ground state (v’=0) via vibrational relaxation and transitions back into the electronic
ground state via emission of a photon. b) Simplified schematic representation of
phosphorescence with an intersystem crossing into the excited triplet state (T1), vibrational
relaxation into the vibrational ground state of the triplet state and emission of a photon.

25



Introduction

The energy gap between the vibrational ground state of the excited electronic state and a
vibrational state of the electronic ground state (with an overlapping wave function) can be
bridged by the spontaneous emission of a photon, which is called fluorescence. The emitted
energy has a higher wavelength than the absorbed energy, due to the energy loss that occurrs
through vibrational relaxation. In some cases, the energy gap between electronic excited and
ground state can be transitioned by internal conversion, e.g. if the solvent surrounding the
molecules is capable of absorbing the energy emitted by vibrational relaxation (fluorescence
quenching). Additionally, in case of a strong spin-orbit interaction spin decoupling can occur,
which can lead to an intersystem crossing between the excited electronic singlet (S1) and
triplet (T1) state (Figure 15b). In the excited triplet state, the molecule also reaches the lowest
vibrational level via vibrational relaxation. The transition back to the electronic singlet ground
state is spin-forbidden and occurs only slowly, resulting in so called phosphorescence.
Therefore, phosphorescence is dependent on heavy atoms with strong spin-orbit interaction
and is mostly prominent in the solid state, where competition between internal conversion and
phosphorescence is low. While fluorescence occurs nanoseconds after the excitation,
phosphorescence occurs several seconds (or even hours) after the excitation.[2%2-2%41

1.3.1.2 Forster Resonance Energy Transfer

Forster resonance energy transfer (FRET) describes a radiationless energy transfer between a
donor and an acceptor molecule (Figure 16a). This energy transfer is caused by dipole-dipole
interactions, if the donor and acceptor are in close proximity (nanometer ranges). According
to the Forster theory, the energy transfer is most efficient, if the emission spectrum of the
donor molecule and the absorption spectrum of the acceptor molecule significantly overlap
(Figure 16b).
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Figure 16: a) Simplified Jablonski diagram of a donor and acceptor molecule, describing the
effect of FRET. b) Simplified schematic representation of absorption spectra (straight lines) and
emission spectra (dashed lines) of a donor and acceptor molecule. Overlap of the donor emission
and acceptor absorption spectra is marked in orange.
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The FRET efficiency (E-FRET or E) is anti-correlated with the distance between the donor
and acceptor molecule (Figure 17) and described through

RS 1
E_R8+R6_1+(£)6

with dye distance R and Forster radius Ro.
The Forster radius Ro describes a dye pair and system specific value, at which the dye
distance R results in an E-FRET of 0.5 and is described through

_9-(In10) - (x*Qp))
0™ 12875 N, - n*

with orientation factor between dye molecules k, quantum yield of the donor molecule Qp,
spectral overlap J, Avogadro constant Na, and refraction index of the surrounding medium n.
FRET based spectroscopy methods cover a dye distance of approximately 2-10 nm and can be
utilized as a molecular rulerf?92-2%41,
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Figure 17: Schematic representation of E-FRET in correlation to dye distance (R). High and low
FRET states can occur at small and great dye distances respectively. Ro describes the dye
distance at which E-FRET =0.5.
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1.3.2 Single-molecule spectroscopy

Many spectroscopic methods, like NMR, EPR, cryo-EM or crystallization are based on
“ensemble” or “bulk” type experiments. The obtained data is integrated over a large number
of molecules, to gain an average value out of the measured sample and minor populations can
get lost by averaging over the ensemble of all populations. However, minor populations or
states in biological, biochemical and biophysical systems can give crucial information about
the dynamic of an observed system and may play an important role in the dissection and
understanding of such systems. To investigate every population or state of a system of
interest, approaches on a single-molecule level are important. Single-molecule data can be
generated by techniques like detection of single ions by single-molecule mass
spectrometry®®>2%l  or the tracing of polymer-chains by atomic force microscopy
(AFM)[297:2%81 \While AFM was also utilized to study the folding pathways of RNA2%%-301 ang
proteins®? and to trace the polymerase®l and the ribosomel®  during
transcription/translation, many single-molecular approaches in the biochemical and
biophysical field of research utilize the labeling of samples with fluorophores in combination
with sensitive detectors, that are capable of detecting single photons. After the first
observation of a nucleic acid on a single-molecular level®®], several developments in recent
years made it possible to broadly establish single-molecule fluorescence techniques: the
development of both the required hardware, like highly sensitive cameras (especially electron-
multiplying charged couple device (EM-CCD) cameras®®)), microscopes (PTIR and OTIR
setups, described in chapter 1.3.2.2), detectors and whole laser-setupst’’! as well as
“clickable” fluorophore dyes and dyes with increased brightness and chemical stability, like
the now widely used Cyanine (Cy), ATTO and Alexa fluorophores3%83091,

The labeling of RNA for single molecule fluorescence techniques and the utilization of
fluorophore single-molecule spectroscopy was reviewed in “Strategic Labelling Approaches
for RNA Single-Molecule Spectroscopy” by Hanspach, Trucks and Hengesbach®%],

1.3.2.1 Super-resolution fluorescence microscopy

Fluorescence microscopy techniques are widely used to observe biological and biophysical
systems. The fluorophore-based approach allows the specific labeling of molecules and in
combination with microscopy, a sample can be observed in real time. One drawback from
light microscopy however is the diffraction limit of light (Abbe-Limit), approximately 200-
300 nm in the lateral and 500-700 nm in the axial direction, which does not allow the
resolution of images below this limitB!312 However, many subcellular structures are below
this limit and thus need non-conventional microscopy methods to be observable. To overcome
this limit, several super-resolution microscopy methods have been established.

Reversible Saturable Optically Linear Fluorescence Transition (RESOLFT) microscopy
utilizes fluorophores that can be reversibly photoswitched between a dark “off” state and a
fluorescent “on” state. Stimulated Emission Depletion (STED) microscopy in particular
utilizes fluorophores, where the dark state is the ground state of the fluorophore*2-31%1 |n
these techniques, a sample is illuminated with a laser to activate the fluorophores and
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simultaneously, a second laser (depletion laser) is used, that induces a photon with the same
energy than the energy barrier between the excited and ground state of the fluorophore. This
leads to a stimulated emission of the excited fluorophores, which are radiationlessly “switched
off” and effectively leads to suppressed spontaneous fluorescence. The depletion laser is
focused around the center of the excitation laser and has nearly zero intensity at the focal
point. By utilizing an appropriately high laser power of the depletion laser, the region of
depleted fluorophores can be expanded and only a small region at the focal point contains
fluorophores which are emitting fluorescence. Through the overlap of both lasers in a circular
area around the focal point, the area containing fluorescence emitting molecules can be
decreased to a size below the Abbe-limit. This highly increases the resolution of STED
compared to normal fluorescence microscopy, resulting in a spatial resolution of 20-70 nm
and a temporal resolution of milliseconds to seconds®®!. Fluorophores often utilized in this
method are fluorescent proteins and fluorophore-labeled antibodiest3":3181,

Another set of methods combines fluorescence microscopy with single-molecule localization
to generate super-resolution images. Stochastic Optical Reconstruction microscopy
(STORM), Photoactivated Localization Microscopy (PALM) and Fluorescence
Photoactivation Localization Microscopy (FPALM) utilize photoswitchable fluorescent dyes,
that are excited at a different wavelength than the imaging light®131°-321 |n this way, the
number of molecules, which are emitting fluorescence at a given time can be controlled,
which circumvents the Abbe-limit and results in individual fluorophores, which are optically
resolvable from one another. The activation-imaging-deactivation process is done
consecutively in a wide-field imaging approach, in parallelly mapping the coordinates of a
large number of fluorophores and constructing a super-resolution image from the different
snapshots. These methods can achieve a spatial resolution of 10-30 nm and a temporal
resolution of seconds to minutest®*l,

1.3.2.2 Single-molecule FRET spectroscopy

SmMFRET spectroscopy utilizes energy transfer between a donor and an acceptor molecule on a
single-molecule level. Each individual (and observable) conformation that the donor/acceptor
system can adapt results in a specific FRET-state (or rather a homogenous FRET-population
as a result of shot noise). Due to the single-molecule character of the method, homogenous
populations, each corresponding to a specific inter-dye distance, can be observed within a
heterogenous population distribution. Experimental determination of a FRET-state (E-FRET)
can be achieved by detection of donor and acceptor intensities via

Iacceptor

E =

Iacceptor + Idonor

This allows to make conclusions about structural changes as well as to observe dynamics in
the system of interest.

With the utilization of a confocal laser setup, molecules on a surface or in a solution can be
observed. While a time resolution in the sub-milisecond range is possible with this
method®??1, the observation time for solution based approaches is limited by the time the

29



Introduction

molecules pass through the excitation beam of the laser, which can be quite restricted and
prevents the observation of processes and conformational changes that take longer than this
short time window.

To overcome this shortcoming of confocal based methods, total internal reflection
fluorescence (TIRF) microscopy is often utilized to allow longer observation times of the
sample. In TIRF microscopy, the excitation beam of the laser meets the glass surface in a
critical angle and is totally reflected, which creates an evanescent field, that extends only
~100-200 nm into the sample. The evanescent field only excites a small number of molecules
and greatly reduces background fluorescence**”l. The total reflection can either be realized
with a prism on top of the quartz slide surface of the measurement channels (prism type total
internal reflection, PTIR) or on the surface of the objective below the cover slip of the
measurement channels (objective type total internal reflection, OTIR) (Figure 18a,b)2%. For
the TIR based methods, the immobilization of the sample is required. This is realized by
passivating the glass surface by adsorption of BSA/biotinBSA (for nucleic acids) or by
aminosilanizing the surface and reaction with NHS-ester modified PEG/PEG-biotin (for
proteins and nucleic acid/protein complexes)":32432%1 This procedure prevents non-specific
binding of molecules to the glass surface and at the same time distributes biotin-linkers across
the surface. By introducing a biotin-linker into the molecules of interest, the fluorophore
containing samples can be specifically immobilized on the glass surface by the addition of
streptavidin into the measurement channel prior to sample application via the formation of
biotin-streptavidin-biotin bonds (Figure 18c). By the observation of immobilized molecules,
basically the only time limiting factor is the photostability of the used fluorophores. This
allows observation times in the seconds to minutes range up to over an hour, which gives the
possibility for time-resolved analysis of the sample to observe the conversion between
different states and identify reaction and folding pathways, intermediates and structural
changes including complex dynamicst®?6-321, Single-molecule FRET spectroscopy has also
successfully been used in the study of many RNP complexesB®l including the
spliceosomel®31:3%21 g3 G-quadruplex helicasel®33%1  the telomerase!®®>3€l the ribosomel®¥’
3401 argonaute proteinst** as well as other complex structures like riboswitches®#2341 or the
HIV envelope glycoproteint®*3451, Also live imaging in vivo has been implemented463471 and
furthermore, with the utilization of one donor and two acceptor dyes, three-color SmFRET has
successfully been utilized to study interactions between three different molecules348-3501,
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Figure 18: a) Typical setup of an OTIR-based microscope for SmMFRET spectroscopy. The laser
beam is lead via a dichromatic mirror into the objective and totally reflected on the bottom of
the cover slip, creating an evanescent field. The emitted fluorescence is split into the donor and
acceptor channel by a dichroic mirror/mirror setup and the intensities are individually detected
via a CCD camera. b) Magnification of the section enclosed by the dashed circle in (a). The
evanescence field protrudes up to 200 nm into the sample, exciting only a small number of
molecules. ¢) Magnification of the section enclosed by the dashed circle in (b). The surface of the
cover slip is aminosilanized and PEGylated. Some PEG molecules contain biotin linkers, which
allow the binding of a biotinylated fluorophore sample via biotin-streptavidin-biotin interactions
(figure based on Roy et al.F"1),

For smFRET spectroscopy, a broad plethora of donor/acceptor fluorophore dyes is
commercially available, which can be used for “click” based coupling methods to incorporate
the dye into a nucleic acid or protein, preferably at a labeling site that can be chosen from
available structural data®'%l. Normally, these dyes also contain a linker between the clickable
group and the fluorophore to prevent any negative effects of the dye towards the biomolecular
structure of the system of interest. To prevent early photobleaching of the dyes, suppress dye
blinking, and reduce the time that fluorophores are in the triplet dark state, a triplet state
qguencher in combination with an oxygen-scavenging system is usually used during
spectroscopic measurements®5-3521,

31



Introduction

1.3.2.3 Two-colour coincidence detection

In Two-colour coincidence detection, two differently fluorophore-labeled molecules are
utilized. Both dyes are simultaneously excited with two different lasers and corresponding
events of fluorescence of both dyes, showing interaction between the two molecules, against a
background of chance fluorescence events from unassociated molecules is detected on a
single-molecule levell70:353354 These chance coincidence events need to be subtracted from
the measured data. The fluorophores do not have to be placed in FRET-range, which makes
this method useful for systems where limiting or insufficient structural data is available and
the fluorophores can just be placed anywhere in the molecules. The method is highly
sensitive, with minimal cross-talk between channels, and sub-femtomole quantities of labeled
sample can be utilized even against a 1000-fold excess of a fluorescent background, allowing
the analysis of less pure and more complex sample mixtures 5331,
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Motivation and objective

The post-transcriptional modification of the canonical nucleoside uridine into its rotational
isomer pseudouridine occurs in non-coding as well as coding RNA and is the most abundant
post-transcriptional modification in all kingdoms of 1ife®63"1 While the occurrence of
pseudouridine has been linked to the enhancement of stability and the codon-anticodon
interaction in tRNAs, enhancement of the translation efficiency in rRNAs, regulatory
functions in spliceosomal sSnRNA and nonsense codon suppression in mRNA (Figure 19), its

exact role in many RNAs is still ambiguous and opens up a broad area of research[®7:6%.79.88-
90,94]
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Figure 19: The role of pseudouridine in different types of coding and non-coding RNAs. Post-
transcriptional modification of uridine into pseudouridine is linked to different enhancing and
regulatory effects(®.,

The uridine to pseudouridine isomerization can either be catalyzed by one of various
standalone pseudouridylases or it can be performed in an RNA-guided manner by H/ACA
ribonucleoproteins[70122:124.136-140 = Al these standalone enzymes as well as the catalytic
subunits of H/ACA RNPs (Cbf5/dyskerin) share a common core structure with a conserved
aspartate at the center, that is responsible for anchoring the uridine during catalysis[¢-193.1401,
However, while several mechanisms for the pseudouridylation reaction have been proposed,
to this day it was not possible to identify the exact mechanism that occurs during
isomerization[®6,

Mutations in H/ACA RNP proteins have been linked to the human genetic disease
Dyskeratosis congenita, which leads to shortened telomeres and thereby results in bone
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marrow failure, premature aging and increased susceptibility to cancerl4":161L170-1741 \\/hjle
this makes investigation of human H/ACA RNPs especially interesting from a medicinal point
of view, H/ACA RNPs from Saccharomyces cerevisiae are very similar to their human
homologues and act as an excellent model system in the investigation of human-related
diseases.

While archaeal H/ACA RNPs share many similarities with eukaryotic RNPs and act as good
model system, there are also many differences between them. While archaeal H/ACA RNPs
form single, double or triple hairpin motifs, eukaryotic RNPs always adapt a conversed
double-hairpin conformation[?2124.136.137.1431 ' The two hairpins perform the pseudouridylation
reaction on different target substrates, which can be on the same substrate RNA or on
different RNAs altogether. While eukaryotic Cbf5, Nop10 and Garl seem to fulfill similar
functions than their archaeal counterparts in maintaining catalytic activity, complex stability
and substrate release, the role of Nhp2 is ambiguous!t?2140.143.150,154-156,158-161] " |15 archaeal
counterpart L7Ae has been linked to the correct positioning of the substrate RNA in the
complex and is strictly required for multiple turnover catalysis!*>). Nhp2 on the other hand,
while exhibiting catalysis enhancing abilities, seems to be dispensable for the
pseudouridylation reaction, and strong catalytic function has been observed in the absence of
Nhp2[156.159.160] * Fyrthermore, both proteins exhibit completely different binding behaviors
towards the RNP complex. L7Ae efficiently binds to the H/ACA RNA in absence of the other
proteins via a K-turn motif and does not interact with the other proteins in the absence of
H/ACA RNAI?¢l Eukaryotic H/ACA RNA on the other hand does not contain a K-turn motif
and Nhp2 unspecifically binds to a broad range of RNAs, however it binds with the proteins
Cbf5 and Nopl0 and forms a trimeric complex prior to RNP assembly, which seems to
specify the interaction towards H/ACA RNAg!143154-156],

Up until now, most structural knowledge about H/ACA RNPs has been derived from archaeal
complexes. This stems from the difficulties of efficient eukaryotic RNP preparation in vitro,
which is hampered by small protein expression yields as well as proteins prone to degradation
and oftentimes in vivo pre-assembled complexes have been used for eukaryotic RNP
studies!*?6:127.1401 ' However, recent studies on two eukaryotic H/ACA RNPs — snR34 and snR5
- were performed with in vitro reconstituted complexes*®%16%, One of these studies led to the
only available crystal structure of eukaryotic H/ACA proteins up until now: a structure of a
trimeric complex of Nop10 and the core domains of Cbf5 and Gar126%,

The main focus in this thesis lies on the investigation of the snR81 H/ACA snoRNP from
Saccharomyces cerevisiae, an eukaryotic snoRNP that performs pseudouridylation on U42 of
the U2 snRNA and U1051 of the 25S rRNA, which reside in the Cajal bodies/nucleoplasm
and the nucleoli, respectively®®53%63571 The goal is to gain information about the actual
formation of the RNP, structural arrangement of the different complex components,
interactions between the complex components during assembly and after the formation of an
active RNP as well as dynamic information about the catalytic process during pseudouridine
formation. The objectives of the thesis can be separated into two different main parts:

For the first part, it is necessary to efficiently reconstitute the snR81 H/ACA RNP in vitro.
This includes the preparation and purification of the snoRNA as well as the associating
proteins. For the RNA, the correct folding to a double hairpin structure is important, while for
the proteins, expression and purification should lead to good purity as well as good yields.
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Motivation and objective

While the synthesis of the individual building blocks one by one is possible, co-expression
and co-purification strategies can be utilized. The correct assembly of the RNP should be
verified by analysis of its catalytic pseudouridylation activity. Furthermore, different
constructs of the complex, like standalone versions of both hairpins as well as shortened
structures of both hairpins were to be utilized and kinetic analysis of the complex parts should
be performed. Also, special focus should lie on two eukaryotic specific proteins/protein
features and their influence on the catalytic capabilities of the snR81 H/ACA RNP: the
conserved glycine-arginine rich “GAR” domains of protein Garl, that are not present in
archaeal Gar1[*83%€] which leads to the assumption that they may play a special role in
eukaryotic H/ACA RNPs, and the protein Nhp2, that shows unique characteristics in
comparison to its archaeal counterpart L7Ae and has been shown to differently affect several
other snoRNPs[*59:160],

For the second part, the main goal is the labeling of specific RNP complex components with
donor and acceptor dyes (Figure 20) and FRET analysis of the complex on a single-molecule
level. Different RNA/protein interactions should be analyzed. Again, eukaryotic specific
protein Nhp2 and its role in the complex assembly should be a focus. A large set of
experimental work in this part of the thesis includes the efficient labeling of the proteins in
sufficient quantity for smFRET analysis. For this purpose, the chemical synthesis of different
non-canonical amino acids, their incorporation at suitable positions into the Saccharomyces
cerevisiae proteins via amber suppression technique and the subsequent fluorophore labeling
will play an important and major part and should be utilizing information on protein
preparation gained in the first part of the thesis and also knowledge that was gained during
master thesis as well as in other projects focusing on the archaeal H/ACA RNP from
Pyrococcus furiosus in the Hengesbach groupt35%-3611,
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Figure 20: The donor fluorophore dye sulfo-Cy3-azide and the corresponding acceptor
fluorophore dye sulfo-Cy5-azide, which were to be utilized in this thesis for labeling of the snR81
RNP proteins.
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Reconstitution of snR81 H/ACA RNP and dissection of its enzymatic Kinetics

3.1 Reconstitution of the eukaryotic snR81 snoRNP

The primary goal of the first project was the in vitro reconstitution of the snR81 snoRNP
complex and the generation of kinetic data of the enzymatic pseudouridylation reaction of the
complex. Up until now, it has only been managed to prepare an active eukaryotic SnoRNP in
vitro by two other groups, the snR34 RNP by the Kothe Lab™ and the snR5 RNP by the Ye
Labl*60],

The eukaryotic H/ACA snR81 RNP complex consists of multiple building blocks: the four
Saccharomyces cerevisiae proteins Nhp2 (“W”), Cbf5 (“C”), Nop10 (“N”) and Garl (“G”) as
well as the snR81 snoRNA, which contains two pseudouridylation sites. Additionally, for
performance of enzymatic activity, the two substrate target RNAs U2 snRNA and 25S rRNA
are necessary. After preparation of these individual complex components, an active complex
had to be obtained by reconstitution.

3.2 Preparation of snoRNA constructs

The preparation of snR81 snoRNA was carried out via transcription. The snR81 snoRNA
itself forms a double hairpin structure, containing an enzymatic pseudouridylation pocket in
each hairpin (Figure 21). Furthermore, the RNA carries the conserved H- and ACA-box
motifs. For studies of each individual hairpin of the RNP complex, a standalone construct of
both hairpins was also be prepared. The 5° and the 3’ hairpin standalone constructs are labeled
as “H5” and “H3” respectively, while the complete snR81 RNA will be referred to as “FL”.

snR81 FL HS5 H3
uGG UGG
aG A CGGAUGGU a6 Ap ACGGAUGGU
A c c G A c 5
C Y C c c y C c
U A U A g A U A
A C G G A C G G
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Figure 21: Schematic representation of snoRNA constructs. snR81 full length construct (a) and
standalone constructs H5 and H3 (b).
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To generate the transcription template, a plasmid containing the corresponding DNA with a
T7 starting sequence at the 5° end of the full double-hairpin structure was used. The full DNA
template was amplified with corresponding primers, as well as the two standalone constructs.
For the 3’ hairpin construct, a primer with T7 starting sequence overhang was used. The
transcription templates were amplified via PCR and the transcription was carried out
afterwards with T7 polymerase. Pyrophosphate was redissolved with EDTA, RNA was
precipitated with ammonia acetate and ethanol and purified with preparative denaturing
PAGE. A single RNA band for each construct could be identified by UV shadowing and
excised from the gel. Gel elution in ammonia acetate was carried out overnight and the RNA
pellet was redissolved in water after ethanol precipitation. From a 200 pl transcription
reaction, 150.8 pg of H5, 185.0 pug of H3 and 80.4 pg of FL RNAs could be obtained.
Analytical denaturing PAGE showed a single band for all 3 constructs, showing that
transcription yielded one distinct RNA product for each construct (Figure 22a). RNAs were
also denatured at 98 °C and put on ice immediately afterwards to promote the Kinetic
formation of the hairpin structure (“snap cooling”). Native PAGE revealed one single band
for the H5 and FL constructs and one major band and a smaller secondary band above the
major band for the H3 construct (Figure 22b).

a) b)
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Figure 22: PAGE analysis of RNA constructs. Denaturing 12% PAGE (a) and native 8% PAGE
(b).

As an addition to the constructs FL, H5 and H3, two additional constructs were prepared.
These constructs HSA and H3A are both standalone constructs of the 5’ and 3’ hairpins,
however, the upper stem, where the actual hairpin structure is formed, is cut out of both
constructs and replaced by a tetraloop (Figure 23). Only part of the double stranded stem and
the pseudouridylation pocket are remaining from the original structure. These constructs were
prepared in order to analyze the function of the upper loop structure for the enzymatic activity
of the complex as well as the influence on Nhp2 binding to the complex.
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Figure 23: Schematic representation of shortened snoRNA constructs H5A and H3A.

3.3 Preparation of proteins
3.3.1 Generation of protein constructs

The four proteins WNCG had to be produced by recombinant expression in E. coli and
subsequently purified by chromatography. As a first step for protein production, the
respective genes were cloned into expression vectors: Cbf5 and Nopl10 together into pET-
Duet, Garl into pET-28b and Nhp2 into pET-24b. While Cbf5 contained six histidines (His-
Tag) at the C-terminus, Garl contained a His-Tag at the N-terminus. For Nhp2, two
constructs were prepared, one without a His-Tag and one with a His-Tag at the C-terminus. In
addition to the genes of the four standard proteins, shortened versions of Cbf5 (Cbf5A) and
Garl (GarlA) were prepared in the same vectors as their full length counterparts. Also, the
plasmid containing Cbf5/Nop10 and the plasmid containing Garl were co-transformed into
BL21 (DE3) cell line to generate the NCG construct, which was used to co-express and co-
purify Nopl10, Cbf5 and Garl from a single expression culture. In the same manner, the
constructs NCAG, NCGA and NCAGA were generated, allowing simultaneous expression and
purification of this ternary protein complexes. Figure 24 shows the different constructs in
regards of protein length and interaction with other proteins in the reconstituted RNP.
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Figure 24: Schematic representation of the four Saccharomyces cerevisiae H/ACA proteins.
Protein length (a) and arrangement in the quaternary protein complex (b). Core domains (A
variants of proteins) are marked in darker color.

3.3.2 Initial recombinant expression tests of S. cerevisiae proteins in E. coli

After successful transformation of the plasmids into BL21 (DE3) E. coli cells, expression tests
were performed to find suitable expression conditions for each protein and optimize protein
yield. These expression tests were carried out at different expression temperatures (37 °C vs.
20 °C), with different media (LB vs. TB medium) and with different final concentrations of
IPTG (0 mM vs. 0.1 mM vs. 1 mM). All cultures were incubated overnight and cell lysate of
each test culture was analyzed by SDS PAGE (Figure 25 and appendix Figure 56).
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Figure 25: Coomassie stain - expression test of several s.c. proteins. Marker: low molecular
weight marker (GE Healthcare). Samples: 1) before IPTG induction, 2) o.n. expression 0 mM
IPTG, 3) o.n. expression 0.1 mM IPTG, 4) o.n. expression 1 mM IPTG. Expressed proteins are
marked with boxes (note that Nop10 is not identifiable in cell lysate samples due to overlapping
endogenous E. coli proteins and not ideal resolution of cell lysate on the SDS gel). Marker: low
molecular weight marker (GE Healthcare).

Expression tests showed a very high basal expression (0 mM IPTG) at 37 °C. To prevent the
formation of inclusion bodies and the likelihood of protein misfolding and precipitation,
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20 °C was chosen as the more suitable expression temperature for the yeast proteins. LB
medium and TB medium showed similar amounts of protein per ODgoo. However, cells in TB
medium showed a much higher ODego in general, favoring TB medium over LB medium.
Higher IPTG concentration did not result in higher protein yield, so 0.1 mM IPTG was chosen
for further expressions.

3.3.3 Expression and purification of ternary Nop10-Cbf5-Garl

After optimizing the expression conditions for the proteins, larger scale expressions were
performed. NCG was co-expressed in a one-liter volume and cells were harvested after
expression at 20 °C overnight. The buffer-resuspended cells were supplemented with DNase
as well as RNase A to remove any potential endogenous nucleic acids binding to the proteins.
Since resuspension of cells could be performed in a relatively small buffer volume,
sonification was chosen as the method for cell lysis. The cell lysate was further supplemented
with polyethyleneimine (PEI) for nucleic acid precipitation. Despite the DNase and RNase,
there was still a massive precipitation of nucleic acids visible, so the PEI precipitation was
done a second time. Purification of the ternary protein complex was done via Ni%* affinity
chromatography by binding the target proteins to the Ni-NTA matrix and eluting them with an
imidazole gradient. SDS PAGE analysis of the eluted protein fractions showed that a large
part of endogenous E. coli proteins could be removed by the affinity chromatography but the
NCG complex was still contaminated with some endogenous E. coli proteins that had bound
to the affinity column (Figure 26).
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Figure 26: Affinity chromatography purification of ternary NCG complex. a) Ni-NTA elution
chromatogram using an imidazole gradient. Fractions used for analysis are marked with a red
bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification are
marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).

As a second chromatographic purification step, the proteins were loaded onto a size exclusion
column made of cross-linked agarose and dextran and size exclusion chromatography was
performed. It was possible to remove any contaminations. Also, spare Cbf5 and Nop10 not
bound to the other proteins were removed and the NCG containing fractions show, that the
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proteins were purified together as a ternary protein complex (Figure 27). 280/260 nm ratio in
the chromatograms as well as during concentration determination via UV-vis spectroscopy
showed, that the protein complex was purified RNA free and could be obtained in good yield
of ~5 mg protein from 1 liter expression culture. However, Garl was split up into multiple
bands on the PAGE gel. This degradation of Gar1 is described in literaturel43.1601,
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Figure 27: Size exclusion chromatography purification of ternary NCG complex. a) SEC elution
chromatogram using a Superdex 200 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions used for
further experiments are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare). For calibration of column with standard proteins for size comparison with the
complex see appendix Figure 57.

This purification procedure was also done for the NCAG, NCGA and NCAGA complexes
(Figure 28, Figure 29 and appendix Figure 58, Figure 59). During purification of these protein
complex, it became apparent that especially protein complexes with the shortened Garl
construct GA were extremely prone to precipitation upon temperature changes, if the proteins
were brought to a high concentration. For further purifications involving these protein
constructs, all buffers were pre-cooled and protein was always stored on ice during
purification steps where the protein had to be brought to a higher concentration. The
shortened constructs could be obtained in yields of 200 pg - 1 mg from one liter expression
culture.
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Figure 28. Affinity chromatography purification of ternary NCAGA complex. a) Ni-NTA elution
chromatogram using an imidazole gradient. Fractions used for analysis are marked with a red
bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification are
marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 29: size exclusion chromatography purification of ternary NCAGA complex. a) SEC
elution chromatogram using a Superdex 200 10/300 GL increase column. Fractions used for
further analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions
used for further experiments are marked with a red asterisk. Marker: low molecular weight
marker (GE Healthcare). For calibration of column with standard proteins for size comparison
with the complex see appendix Figure 57.

3.3.4 Expression and purification of Nhp2

For Nhp2, the mutation of serine at position 82 to tryptophan was performed via site directed
mutagenesis, creating the Nhp2 S82W construct (“W”). This mutation favors a cis
conformation of the adjacent proline at position 8362, Normally, the cis/trans ratio of P83 is
40:60, but with this mutation it is 60:40. In this way, the “proline spine” which is formed
throughout Cbf5, Nop10 and Nhp2 is more stable, which in turn stabilizes the whole complex

44



Reconstitution of snR81 H/ACA RNP and dissection of its enzymatic Kinetics

and promotes a stronger association of Nhp2 towards the complex¢2. This higher stability of
the system was deemed favorable for reconstitution experiments as well as later reconstitution
of fluorophore labeled samples and SMFRET experiments. Additionally, the cis conformation
renders Nhp2 structurally more similar to its archaeal counterpart L7Ae, a former protein of
interest used for research in the Hengesbach groupt®2¢1. As a side effect, the addition of the
tryptophan residue made the protein more easily identifiable in absorption chromatograms. In
initial complex reconstitutions and initial activity tests, the Nhp2 WT construct without the
S82W mutation was used. However, an activity test of both the WT and S82W constructs was
performed, which showed that the mutated construct did not change the activity behavior (see
appendix, Figure 72). For all multiple turnover pseudouridylation assays, the S82W construct
was used. Also, for all SMFRET experiments, including the generation of fluorophore labeled
Nhp2, the S82W construct was used, and is henceforth referred to as Nhp2.

Nhp2 was expressed under the conditions optimized in the expression tests. The same
treatment with DNase, RNase and PEI, which was used to remove bound endogenous RNAs
from NCG was used for Nhp2. This was especially necessary for Nhp2, since it is known to
unspecifically bind a broad range of RNAs[?2126:143.154-156] ' Additionally, Nhp2 binding to the
Ni2* affinity column seemed to be diminished by higher salt concentrations of 1 M NaCl (see
appendix Figure 60, Figure 61), so the NaCl concentration in all buffers was lowered to
500 mM. After affinity and size exclusion chromatography, Nhp2 could be obtained in high
yield (Figure 30, Figure 31). However, the 260/280 nm absorption ratio still showed a
massive RNA contamination, so additional measures had to be taken. The lower salt
concentration in the buffer also benefited the increase in RNA amount bound to the protein.
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Figure 30: Affinity chromatography purification of Nhp2 before RNase A treatment. a) Ni-NTA
elution chromatogram using an imidazole gradient. Fractions used for analysis are marked with
a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification
are marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 31: Size exclusion chromatography purification of Nhp2 before RNase A treatment. a)
SEC elution chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for
further analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions
used for further experiments are marked with a red asterisk. Marker: low molecular weight
marker (GE Healthcare).

To remove the RNA, the pooled fractions of Nhp2 were supplemented with an additional
20 mg of RNase A. The incubation with RNase A was done overnight at room temperature,
since Nhp2 seemed to be much more stable at higher temperatures than the NCG proteins.
Afterwards, the protein could be loaded onto a Ni?* affinity column again and purified by
affinity and size exclusion chromatography to remove any RNase A (Figure 32, Figure 33 and
appendix Figure 62, Figure 63). A small fraction of protein/RNA contamination (absorption at
260 nm higher than at 280 nm) was also removed via SEC (see Figure 33, peak at ~7.5 ml). In
further preparations of Nhp2, the RNase A treatment was done directly after the first affinity
chromatography, the pooled fractions were diluted with imidazole-free buffer to an imidazole
concentration of 20 MM and a second affinity chromatography was performed to remove
RNase A. Afterwards, the SEC was done to remove any remaining impurities. RNA-free
Nhp2 could be obtained in good yield of ~5 mg from one liter expression culture.
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Figure 32: Affinity chromatography purification of Nhp2 after RNase A treatment. a) Ni-NTA
elution chromatogram using an imidazole gradient. Fractions used for analysis are marked with
a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification
are marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 33: Size exclusion chromatography purification of Nhp2 after RNase A treatment. a)
SEC elution chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for
further analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions
used for further experiments are marked with a red asterisk. Marker: low molecular weight
marker (GE Healthcare).

3.3.5 Simultaneous purification of NCG and Nhp2

Since co-purification of Cbf5 and Nopl0 by protein-protein interaction was successful, the
same was tested for Nhp2 (Nhp2 co-purification with Cbf5/Nop10 was previously shown!*6%),
Since Nhp2 is bound to the RNP via RNA-protein interactions as well as protein-protein
interactions — most likely between Nopl0 and Nhp2, it was tested if all proteins could be
purified simultaneously. For this approach, Nhp2 without a His-Tag was used to verify if
during affinity chromatography, the binding of Nhp2 to the rest of the proteins is sufficient for
a co-purification. Nhp2 (without His-Tag) as well as NCG were individually expressed as
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previously described. Before cell lysis, the protein containing cell pellets of NCG and Nhp2
were mixed together. Afterwards, lysis and further purification steps were carried out as
described before. Affinity chromatography and SEC were performed and protein containing
fractions were analyzed with SDS PAGE. However, no band with the migration behavior of
Nhp2 could be identified in the gel (see appendix Figure 64). Additionally, more endogenous
protein impurities were co-purified with the mixing of protein pellets and the overall smaller
expression volumes.

3.3.6 Expression and purification of Nop10-Cbf5 and Cbf5

For reconstitution and activity experiments in the absence of Garl, Cbf5 together with Nop10
were also expressed and purified without the Garl plasmid. Expression and purification were
done accordingly to the NCG expression and Cbf5/Nop10 could be obtained in good yield
(see appendix Figure 65, Figure 66). To test the influence of NoplO towards enzymatic
activity of the reconstituted RNP complex as well as the behavior of reconstituted samples for
smFRET spectroscopy without Nop10, standalone expression of Cbf5 and Cbf5A should also
be performed. Both gene sequences of Cbf5 and Cbf5A were gained from restriction digestion
of the pET-Duet vector plasmid with Ncol and EcoRI (see appendix Figure 67a). The gene
sequences were separated from the vector gene sequence by preparative 1% agarose gel
electrophoresis. New pET-Duet vector was prepared by Midiprep and the vector was also cut
with the two restriction enzymes and purified. Ligation of the genes of Cbf5 and Cbf5A into
the vector was performed with T4 DNA ligase. The correct insertion of the gene sequence
was tested via colony PCR and sequencing (see appendix Figure 67b). Expression and
purification of Cbf5 and Cbf5A was carried out in a 500 ml culture volume and the proteins
were afterwards purified via affinity chromatography and size exclusion chromatography.
Cbf5 could be obtained in good yield of 2.9 mg of protein. For Cbf5A however, expressions
were not successful. For both Cbf5/Nopl0 and Cbf5 endogenous E. coli proteins with a
similar length than Garl were co-expressed and could not be removed by affinity
chromatography. However, removal via SEC was successful and only a minute amount of
contaminations was co-purified with the S. cerevisiae proteins.

3.4 Complex reconstitution
3.4.1 Electrophoretic mobility shift assays

A first step for complex reconstitution was performed in the form of electrophoretic mobility
shift assays (EMSAS). In these assays, a defined amount of snoRNA (1-2 uM) was incubated
with equivalents of the NCG ternary protein complex (and its shortened A versions). Binding
of NCG to snoRNA has been shown to have dissociation constants in the low nanomolar
range.!’>® The snoRNA was ‘snap cooled’ beforehand. RNA was heated to 98 °C and then
immediately put into ice water. During the heating, the RNA was denatured and with the rapid
cooling, the correct folding should be kinetically promoted, leading to the correct formation of
the hairpin or double-hairpin structure of the snoRNA. Varying amounts of proteins were then
added to the RNA in SEC buffer and samples were incubated at 30 °C for 30 minutes,
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simulating native conditions for yeast proteins. Afterwards, native PAGE was performed with
the samples. Only small electric current was utilized and the PAGE was performed at 4 °C to
prevent heating up of the samples. As a negative control, RNA only samples were also
incubated at 30 °C and added onto the gel. The gels were analyzed by both GelRed (Figure
34, Figure 35) and Coomassie blue (Figure 68, Figure 69) staining.

molar ratio 0 0.5 1 ) 4 0 0.5 2 4
» L] L ] "
protein:RNA 1 | | s F'L‘ | RNA + NCG

' ; flee RNA

‘ (an confor- f1 ee RNA
1 mation) (Zn(l conformation)
k 4l free RNA

-1 — |flee RNA

Figure 34: EMSA of snoRNAs H5 and H3 with NCG on a 12% native PAA gel. RNA
concentration is 2 uM, protein concentration varies between 0 and 8 uM.

For H5 and H3, one major band and one minor band can be identified on the gel. The minor
band most likely represents a minor secondary conformation of the snoRNA. This second
conformation was already observed for H3 during the analysis on a native gel after the RNA
purification. The incubation at 30 °C seems to increase the amount of this second
conformation for H3 as well as for H5. With the addition of NCG proteins, the major as well
as the minor band disappear with increasing protein concentration and a new RNA band is
formed, which migrates into the gel slower. For some constructs, this new RNA band could
not migrate into the gel at all and instead precipitated in the pocket of the gel. Coomassie
staining showed that the new RNA band arising from higher protein concentrations indeed
contained protein (see appendix Figure 68, Figure 69) and represents a band of formed RNP
complex. The inability to migrate into the gel of some constructs — mainly the constructs with
full length proteins Cbf5 and Garl — could arise from protein and RNA clumping together at
too high protein concentrations. A complete binding of NCG towards the RNA constructs H5,
H3 and FL could be observed at the addition of two molar equivalents of proteins to the RNA.
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Figure 35: EMSA of snoRNA FL with NCG, NCAG (a), NCGA and NCAGA (b) on a 12% native
PAA gel. RNA concentration is 1 UM, protein concentration varies between 0 and 24 pM.

The comparison of the different NCG full length and shortened construct show, that the
removal of the s.c. specific domains of Cbf5 and Garl decrease the binding capacity of the
proteins towards the RNA. While for the full length NCG, 2 puM of protein are sufficient to
completely bind 1 pM of RNA, for both NCAG as well as NCGA, full binding is achieved at
4 uM of protein for 1 pM of RNA and for the double shortened construct NCAGA even a
greater amount of protein is necessary.

3.4.2 Size exclusion purification after complex assembly

Complex assembly was done with an excess of protein in comparison to sSnoRNA in general.
This approach was sufficient for activity assays as well as SMFRET experiments. For complex
activity, it was verified in negative tests, that proteins without snoRNA did not show any
detectable enzymatic activity, so a protein excess was deemed to be unproblematic. In
SmMFRET experiments, only samples containing the snoRNA with the biotin-linker were able
to bind via biotin-streptavidin interactions to the glass surface of the microscopy slides, so a
protein excess was also not hindering these experiments. However for analytical approaches
like cryo-EM, an excess of protein in the sample would not be feasible. This approach
preconditioned a reconstituted complex with equimolar amounts of sSnoRNA and proteins with
proteins only present in the sample that are bound to the snoRNA hairpins. As a way to
remove unbound components from the complex, a way to utilize size exclusion
chromatography was established. Complex reconstitution was done with 1 uM snoRNA and
2 UM protein per hairpin. The reconstitution was done in a 50 pl reaction volume. Afterwards,
the sample was loaded onto a size exclusion column with 2.4 ml bed volume, allowing the
separation of such a small sample. To determine the migration behavior of RNA and proteins
alone on the column, samples of only the RNA constructs H5, H3 and FL were loaded onto

50



Reconstitution of snR81 H/ACA RNP and dissection of its enzymatic Kinetics

the column and absorption at 260 nm was detected. The RNAs could be identified and the
migration behavior of all three constructs was as expected, with FL migrating faster than H3
and H3 migrating faster than H5 (Figure 36a). Afterwards, each of the RNA constructs was
reconstituted with NCG and size exclusion chromatography of the sample was performed.
The addition of the NCG trimer resulted in a shift of the RNA peaks in the chromatogram in
comparison to standalone RNA. The addition of WNCG for full complex reconstitution
resulted in a bigger shift compared to standalone RNA and RNA+NCG. For both H5 and H3,
this shift resulted in earlier elution of the RNA from the column, presumably because of
bound protein resulting in reconstituted complex (Figure 36b, c). For the FL construct, also a
shift could be observed with the addition of proteins, however this shift was not as clear as for
the standalone hairpin constructs (Figure 36d). Unbound proteins were eluted at a later time at
the same elution volume as standalone proteins. This led to a removal of unbound protein,
making this method a promising technique for generation of reconstituted RNP without
excess protein.
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Figure 36: Size exclusion chromatography of snoRNAs and RNPs using a Superdex 200 3.2/300
GL increase column. Elution profiles of snoRNAs H5, H3, FL and proteins NCG + Nhp2 (a), H5,
H5 NCG and H5 WNCG (b), H3, H3 NCG and H3 WNCG (c), FL, FL NCG and FL WNCG (d).
e) Thin layer chromatography of multiple turnover pseudouridylation activity tests performed
with site specific *P-labeled 5’ substrate RNA (1 uM) for 2 h. H5-RNP eluted after size exclusion
chromatography shows the same activity as the positive control.

Additionally, RNP with Cy3-labeled Nhp2 was reconstituted and purified via SEC (see
appendix, Figure 70a). The PAGE analysis showed an RNP band on the gel via UV as well as
fluorescence scan, confirming the presence of RNA and Nhp2, as well as Cbf5 and Nop10,
which are necessary for Nhp2 binding to the complex (see appendix, Figure 70c,d). The
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eluted RNP fractions were also tested in a multiple turnover pseudouridylation activity test
and showed the expected enzymatic activity, which also confirms the presence of a fully
reconstituted RNP (including Garl) (see appendix, Figure 70Db).

3.4.3 Influence of Saccharomyces cerevisiae specific domains of Garl towards complex
reconstitution

The protein Garl contains several glycine-arginine rich (GAR) domains at its N- and C-
terminus, which are flanking the core domain of Garl (GarlA) (Figure 37). Those GAR
domains consist of an arginine-glycine-glycine (RGG) motif, which is repeated several times
in these domains. Both domains make up ~40% of the full length Garl protein. The GAR
domains are believed to have an accessory role in RNA binding!358363-3681 However, they
seem to be dispensable in vivol®**%8l Moreover, in the fully assembled complex, the main
interaction of Garl is believed to be with Cbf5 rather than the RNA itself; Garl is believed to
directly interact with the thumb loop domain of Cbf5 and is responsible for substrate
releasel!40.157.158.1611 "However, the core domain GarlA also contains an RNA binding motif
that was described to be more efficient in RNA binding than the GAR domains[®%8l. Still, the
GAR domains seem to affect catalytic behavior of the complex, since activity assays
performed with the snR5 snoRNA revealed Garl A is sufficient for catalytic activity, but GAR
domains still had an effect on the pseudouridylation, since activity was overall decreased for
both hairpins of the RNP in absence of GAR domains!*®l, Interestingly the core domain
GarlA is structurally much more similar to archaeal Garl, which does not possess any GAR
domains. Moreover so, the crystal structure available of eukaryotic Garl was obtained with a
construct lacking the GAR domains*¢°l.

1 32 124 179 205
N-GAR core domain C-GAR C-GAR
domain (GarlA) domain 1 domain 2

Figure 37: Schematic representation of the different domains in protein Garl. RGG motifs
inside the N- and C-terminal domains are marked in royal blue.

To test the binding capabilities of Garl and specifically the GAR domains of Garl, several
constructs were prepared. Besides the full length Garl and the core domain GarlA, two other
constructs with only the GAR domains present at the N-terminus (GarlN) and at the C-
terminus (GarlC) were designed. For GarlN, a stop codon was inserted behind the core
domain of Garl via site directed mutagenesis. For GarlC, the N-terminal Garl domain was
removed with primer based whole plasmid PCR and the plasmid was religated afterwards.
Both constructs were expressed from TB medium cultures and expression conditions were
carried out by standard protocol. Purification of protein constructs was carried out by affinity
and size exclusion chromatography and all constructs could be obtained in good yield (Figure
38). Since Garl on its own shows a very weak absorption, concentrations of the protein could
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not be obtained via UV-vis spectroscopy. Instead, the protein concentrations of the different
Garl constructs were determined via Bradford assay.
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Figure 38: SDS PAGE analysis of fractions from SEC (Superdex 200 10/300 GL increase
column) of the different Garl constructs. Fractions used for further experiments are marked
with a red asterisk. Marker: low molecular weight marker (GE Healthcare).

For the purified proteins GarlN and GarlC, as well as for Garl and GarlA, EMSAs with
different protein to RNA molar ratios from 0.5:1 to 10:1 were performed. The EMSAs were
performed with H5 and H3 snoRNA to determine whether the presence or absence of the
GAR domains had an impact on the binding capabilities of the proteins towards the SnoRNA.
The snoRNA constructs were snap cooled, proteins were added in W buffer and afterwards
samples were incubated at 30 °C for 30 minutes. As a negative control, an RNA-only sample
was also incubated at 30 °C and loaded onto the EMSA gel. As with other EMSAs before, the
incubation at 30 °C led to a minor population of snoRNA besides the main population, most
likely due to formation of a second conformation during the incubation. If protein was bound
to the RNA, the RNA did not migrate into the gel anymore, indicating a saturation of RNA-
protein complex. For H5 and Garl, this point was reached at an equimolar concentration of
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1 uM for both RNA and protein (Figure 39a). For both GarlC and GarlN, H5 was completely
bound at a molar concentration of protein to RNA of 2 pM : 1 uM (Figure 40a). GarlA
showed the weakest binding to H5 with complete complexation at a concentration of 5 M :
1 uM (Figure 39a). This shows indeed that the GAR domains facilitate RNA-binding of the
protein, with the weakest protein-RNA interaction with the absence of both GAR domains.
For the H3 RNA construct, the complete association of Garl towards the snoRNA was
reached at a concentration of protein to RNA of 2 uM : 1 uM (Figure 39b). For GarlC and
GarlN, the bands disappeared at a molar ratio of 5:1 (Figure 40b). For GarlA, complete
association was also reached at a concentration of 5 uM : 1 uM (Figure 39b). This shows the
same trend that was observed for H5 snoRNA. However, H3 seems to be even more
dependent on the GAR domains. On the other hand, H3 shows a weaker binding to the
different protein constructs in general.

a)
HS Garl GarlA
molar ratio 0 0.5 1 2 3 0.5 1 2 57 106
protein:RNA :
[ 1 free RNA (2nd conformation)

b)
H3 Garl GarlA
molar ratio 0 0.5 1 g 2 @S 10 0.5 1 74 5 10
protein:RNA
i !I | i I free RNA (2nd conformation)
hﬁd ‘Aﬁ ol - free RNA

Figure 39: EMSA of snoRNAs H5 (a) and H3 (b) with Garl and GarlA on a 12% native PAA
gel. RNA concentration is 1 pM, protein concentration varies between 0 and 10 pM.
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Figure 40: EMSA of snoRNAs H5 (a) and H3 (b) with GarlN and GarlC on a 12% native PAA
gel. RNA concentration is 1 pM, protein concentration varies between 0 and 10 pM.

Interestingly, the protein degradation that takes place during the purification of Garl full
length protein, can also be observed for the GarlC construct, but not for the GarlA and the
GarlN constructs. This highly suggests that the degradation that is visible by SDS PAGE gel
analysis takes place in the C-terminal domain of the protein. To further analyze the binding
capabilities of Garl to the snoRNAs as well as the role of the C-terminal GAR domain, two
additional constructs were generated. The C-terminal domain contains 14 RGG motifs in total
and can be split up into two individual GAR domains, with 7 RGG motifs in the first half and
6 RGG motifs in the second half. Two additional Garl-constructs were generated: GarlCl,
which consist of the core domain and the first half of the C-terminal GAR domain and
GarINC1, which additionally consist of the N-terminal GAR domain. Both these constructs
did not show any degradation during protein purification (Figure 38e). This again highly
suggests, that the degradation of Garl takes place in the second half of the C-terminal GAR
domain. EMSA experiments with both constructs were carried out with H5 as well as H3
(Figure 41).

55



Reconstitution of snR81 H/ACA RNP and dissection of its enzymatic kinetics

a)

H5 GarlC1 GarINC1
molar ratio 0 055 w1 f 024 w54 100205 1 2 S s 10 + .
protein:RNA : g RNA+ protein

. free RNA (2nd conformation)
free RNA

H3 GarlC1 GarINC1

molar ratio 0 . 05 1 2 5 10 0.5 1 2 - 10 .
' -ta RNA + protein

protein:RNA ¢ '.‘ ol P

free RNA (2nd conformation)

dmwl.l LAJL,.‘. -y free RNA

Figure 41: EMSA of snoRNAs H5 (a) and H3 (b) with GarlC1 and Gar1lNC1 on a 12% native
PAA gel. RNA concentration is 1 UM, protein concentration varies between 0 and 10 yuM.

For GarlC1, 5 uM protein were needed for complete binding of protein to 1 uM H5 snoRNA,
while for GarlC, 2 puM protein were sufficient. Also, for GarINC1, 2 puM protein were
needed, while for Garl, 1 uM protein was sufficient. For H3, constructs GarAINC1 completely
bound the RNA at 5 pM protein, while for Garl, 2 puM protein were sufficient. For both
GarlCl1 and GarlC 2 molar equivalents of protein were necessary for complete binding of the
RNA. This shows, that for both snoRNA constructs, the second half of the C-terminal GAR
domain has an impact of RNA binding capabilities to the protein. The binding capabilities
towards the H5 hairpin again seem to be higher than for the H3 hairpin construct. Table 1
summarizes the concentrations of protein needed for complete binding to snoRNA.

Table 1: molar ratio of different Garl constructs needed to fully bind 1 uM snoRNAs H5 and
H3.

H5 H3
Garl 1uM | 2 uM
GarlA SuUM | 5uM
GarlN 2uM | 5uM
GarlC 2uM | 5uM
GarlCl SuUM | 5uM
GariNC1 2uM | 5uM

56



Reconstitution of snR81 H/ACA RNP and dissection of its enzymatic Kinetics

Additionally to the already expressed and purified constructs of the Garl protein, it was also
tried to express the C and the N terminal GAR domains on their own, not including the core
domain of Garl. For the C-terminal domain, expression and purification was possible,
however, the C-terminal domain on its own also showed degradation behavior on the SDS
PAGE gel. It was not possible to express a standalone construct of the N-terminal domain of
Garl. It is most likely, that this domain is just too small to be expressed by normal expression
protocol and that the use of a fusion protein is necessary to generate a sufficient amount from
protein expression.

The degradation taking place in Garl seemed to not affect the enzymatic activity of the
protein complex. However, for methods like cryo-EM, degradation products would interfere
with the structure and a complex preparation without these side products would be favorable.
With the knowledge, that protein degradation takes place in the second half of the C-terminal
GAR domain, Garl gene was cloned into a pET 24b vector with a C-terminal His-Tag. This
would ensure, that with the degradation of the C-terminal domain, the His-Tag would get
destroyed and therefore the degradation products would not carry an affinity tag anymore and
would not be co-purified with the intact protein. Expression of Garl from pET 24b vector
confirmed this, as in the SDS PAGE no degradation products are visible anymore in
comparison to expression from pET 28b vector with an N-terminal His-Tag (Figure 42,
Figure 43). However, over the course of a day between affinity and size exclusion
chromatography, new degradation bands are forming, so the degradation of Garl does not
only take place during cell lysis but seems to be an ongoing process. This problem could be to
some extent be reduced by consecutively performing all purification steps without any delay
or by utilizing one of the shortened Garl constructs, that did not show degradation.
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Figure 42: Affinity chromatography purification of Garl from pET 28b (a+b) and pET 24b
(c+d). a+c) Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for
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analysis are marked with a red bar. b+d) PAGE analysis of fractions from Ni-NTA. Marker: low
molecular weight marker (GE Healthcare).
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Figure 43: Size exclusion chromatography purification of Garl from pET 28b (atb) and pET
24b (c+d). a+c) SEC elution chromatogram using a Superdex 200 10/300 GL increase column.
Fractions used for further analysis are marked with a red bar. b+d) PAGE analysis of fractions
from SEC. Marker: low molecular weight marker (GE Healthcare).

3.5 Dissection of catalytic activity of sShR81 RNP
3.5.1 Preparation of substrate RNA via transcription

In vivo, the actual target substrates of the snR81 RNP are U42 of the U2 snRNA and U1051
of the 25S rRNA for the 5° and the 3’ hairpins respectively®3%63571 For testing of the
enzymatic activity of the complex, target RNAs corresponding to the actual target RNA
sequences were used, however only the part of the substrate RNA binding inside the
pseudouridylation pocket with a short overhang on both sides were used. Substrate RNA for
initial tests was generated via transcription with [a-*2P] UTP. By this method, all uridines
(including the target uridine) are radioactively labeled and uridine to pseudouridine formation
can be quantified via autoradiography. However, to first test and optimize the transcription
reaction conditions in a radioactive free environment, transcription tests were carried out with
unlabeled UTP. DNA template for transcription was generated by PCR reaction with a
template and corresponding primers. The amplified DNA template showed two bands on an
analytic agarose gel for the 5’ substrate and a single band for the 3’ substrate. Test
transcriptions were performed, however for both constructs two band were visible on a
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denaturing analytic PAGE, pointing towards two RNA products of different length for both
constructs rather than two different folding conformations. First, several improving steps were
undertaken, to optimize PCR conditions towards a single band template. Different annealing
temperatures were used as well as shortened versions of primers. A “hot start-like PCR” was
performed, in which the Phusion polymerase was added after heating up the samples to 95 °C.
Also, addition of DMSO to the PCR reaction was tried. However, it was not possible to
generate a single DNA template product. As a second way of template generation, the
template and its base-pairing counterpart were annealed in high concentrations and purified
by filter column. This approach was more promising, generating a single transcription
template without side products (see appendix Figure 71a). Test transcriptions showed that it
was possible to mainly generate the desired main product. However, bands with lower
molecular weight were still visible on the analytical PAGE gel (see appendix Figure 71Db). It
was assumed that these smaller side products would not interfere with the pseudouridylation
reaction. Since the uniformly labeled substrate RNA from the transcription approach was
supposed to be used as an initial test only, to see if the reconstituted RNP performs catalytic
activity at all, it was decided to use the transcription conditions from the test transcriptions for
generation of the radioactively labeled substrate RNA. Transcription was performed with [a-
32P] UTP instead of UTP. This generated substrate RNAs in which all uridines carried the
radioactive label. Incorporation rate of [a-32P] UTP was determined by measuring the
radioactive counts per minute of the transcription reaction mixture before and after filtration
and with the number of uridines in the construct (10 for 5’ substrate, 6 for 3’ substrate) the
concentration of samples could be determined as 8.12 uM for 5” substrate (incorporation rate
0.081) and 2.82 uM for 3’ substrate (incorporation rate 0.017).

3.5.2 Initial pseudouridylation activity tests

RNP complexes of H5, H3 and FL were reconstituted in ¥ buffer. A concentration of 1 uM of
snoRNA and 2 equivalents of protein per hairpin (2 uM for H5 and H3, 4 uM for FL) were
used. The snoRNA was snap cooled before adding buffer and proteins. For single turnover
conditions, 0.5 uM of uniformly [a-*2P] UTP substrate RNA was added to their respective
constructs. For FL, tests with both 5° and 3’ substrate were performed. Single turnover
experiments were performed at 30 °C for 1-2 h. For verification of catalytic activity and
pseudouridine formation, the proteins were removed from the samples by phenol extraction
and the RNA was ethanol precipitated. Afterwards, the RNA was resuspended in P1 buffer
and a digestion with P1 endonuclease was performed for several hours. A small amount of
sample was then spotted onto a thin layer chromatography cellulose plate and thin layer
chromatography was performed with an iso-propanol based buffer to separate the nucleotides
from each other. The radioactively labeled nucleotides could then be visualized with a storage
phosphor screen. For all constructs, 2 spots could be identified on the TLC plate. Those spots
could be assigned to known literature valuest®® for 1D-TLC uridine and pseudouridine
(Figure 44b). With 10 and 6 uridines in the 5’ and 3’ substrates respectively and the
assumption of only one specific uridine being transformed into pseudouridine, the yield of the
pseudouridylation reaction could be determined. Since the radioactive samples smeared a bit
on the TLC plate, and for some samples the identification of two separate spots was difficult,
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additional 2D-TLC was performed. First, the samples were separated on the TLC plate with
an iso-butyric acid-based buffer, afterwards the TLC plates were dried and rotated by 90° and
a second TLC with the iso-propanol based buffer was performed. This more clearly separated
the U and P spots from one another, which allowed a better assignment to literature values*6%l
(Figure 44b). Overall, most of the constructs showed catalytic activity. The activity for H5
was higher than for H3, and also in FL, pseudouridine formation in 5’ substrate was higher
than in 3’ substrate (Figure 44a, lane 1 and 3). Also H5 was not able to catalyze the
pseudouridine formation on the 3’ substrate and H3 not on the 5’ substrate (Figure 44c).
Furthermore, it was tested (with 1D TLC), how pseudouridylation reaction would perform in
the FL construct, if both hairpins would be loaded with substrate RNA simultaneously. For
this purpose, equimolar amounts of [0-32P] UTP labeled 5° substrate and unlabeled 3’
substrate were added as well as [a-3?P] UTP labeled 3’ substrate and unlabeled 5° substrate. It
was revealed that the pseudouridylation formation on either of the radioactively labeled
substrates were neither inhibited nor promoted by the presence of unlabeled substrate RNA in
the other pseudouridylation pocket (Figure 44a, lane 2 and 4).
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Figure 44: Thin layer chromatography of single turnover pseudouridylation activity tests
performed with uniformly *P-labeled 5° and 3’ substrate RNA and FL snoRNA for 2 h. a)
Simultaneous pseudouridylation reaction on both fully reconstituted haripins does not interfere
with pseudouridylation yield. b) Literature values for uridine (U) and pseudouridine (') using
TLC buffers A and B (see material and methods). U and ¥ are marked with red circles. (figure
taken from Keith et al.®®°l with permission from Elsevier, © 1995 Elsevier.) ¢) 2D TLC of
pseudouridylation reaction of 5° and 3’ substrates with fully reconstituted FL snoRNP, 3’
substrate with H5 and 5’ substrate with H3. H5 and H3 do not pseudouridylate the target RNAs
of the other hairpin, respectively.
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3.5.3 Generation of radioactively labeled substrate by splinted ligation

After the initial tests for pseudouridylation activity of the RNP complex were successful,
more precise experiments were designed to obtain more precise values for the vyield
determination of pseudouridine formed as well as a more detailed insight into the time course
of the pseudouridine formation. For this purpose, it was necessary to generate site-specifically
32p_labeled substrate RNA via splinted ligation. For both substrate RNAs, the same nucleotide
sequence as for the substrates generated via transcription was used. Two oligonucleotides
were utilized per substrate RNA, with the target uridine at the 5’ end of the 3’ oligonucleotide
(Figure 453a). In a first step, this target uridine on both constructs was radioactively labeled.
This was performed via phosphorylation with [y-32P] ATP and T4 polynucleotide kinase.
After the phosphorylation with the radioactive ATP, additional non-radioactive ATP was
added to perform phosphorylation quantitively. Unincorporated ATP was removed with a
G25 size exclusion spin column. Afterwards, the 32P-labeled 3’ oligonucleotide and its
corresponding 5’ oligonucleotide were first annealed with a DNA splint and slow cooling
from 75 °C to room temperature and eventually to 4 °C. The ligation of the two RNA
oligonucleotides was performed with T4 ligase overnight.

5¢ substrate

33GACUUUUCUUGUCUAUGAUGAGGG-S

3¢ substrate

3 AAGAAUGUAUAAAUUUCAAGGGYS

b)

3¢ substrate 5¢ substrate

Figure 45: a) Substrate RNA constructs used for pseudouridylation activity tests. The 32P-
labeled target uridine is marked in red. The 3’ oligonucleotides used for [y-*°P] ATP
phosphorylation are marked with a blue line. The full length substrates are marked with a red
line. b) Autoradiography scan of preparative 15% denaturing PAGE of splint ligated constructs
(note: the non-radioactively labeled 3’ oligonucleotide is not visible in this scan).

The ligated product was separated from unligated oligonucleotides with denaturing PAGE.
The radioactive samples on the gel could be visualized with a storage phosphor screen and
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could be excised from the gel (Figure 45b). A second scan of the gel was done to verify if the
excising of the gel was done correctly. The RNA was eluted from the gel with 0.5 M
ammonia acetate or 0.3 M sodium acetate and ethanol precipitated. Concentrations for both 5’
and 3’ substrate in the 10 — 50 puM range (resuspended in 50 pl H20) could be achieved,
which is 10-50% of the theoretical yield of 50 uM (in 100 pl reaction volume), which was
more than sufficient for activity tests.

3.5.4 Activity tests with single turnover conditions

To get more insight into the pseudouridylation reaction on the different sSnoRNA constructs,
pseudouridylation activity tests with the ligated substrate RNAs were performed. RNP
complexes were reconstituted with conditions previously found favorable during the initial
activity tests with transcripted substrate RNA. 1 pM snoRNA and 2 pM of each protein per
hairpin of the construct were used for RNP formation. To the reconstituted complexes,
0.5 uM guide RNA was added and the pseudouridylation reaction was carried out for 2 h at
30 °C. Like before, proteins were removed with phenol extraction, RNA ethanol precipitated,
digested with P1 endonuclease, NTPs separated via thin layer chromatography and visualized
with a storage phosphor screen (Figure 46). This time, the yield of the pseudouridylation
reaction could easily be determined by the uridine/pseudouridine intensity ratio, since only the
target uridine was radioactively labeled. Under standard conditions, both constructs H5 and
FL showed nearly quantitative pseudouridine formation of the 5* substrate with 93% and 91%
yield respectively. Also the 3’ substrate was pseudouridylated by FL however the yield was
lower than for the 5 constructs with 70% of uridine transformed to pseudouridine for FL and
60% for H3. Omission of Nhp2 lead to reduced activity for both hairpins (see appendix,
Figure 72) Additionally, the pseudouridylation reaction was tested with several subcomplex
compositions. In negative control experiments, it was revealed that without the snoRNA or
without NCG, the complex was not able to perform catalytic activity at all. With the omission
of Nhp2 however, pseudouridine formation could still be observed, however with reduced
yield. Single turnover assays were also carried out with shortened protein variants of Cbf5 and
Garl for comparison of the influence of the eukaryotic specific domains of the proteins on
catalytic activity. Namely the constructs NCG, NCAG, NCGA and NCAGA together with
Nhp2 with both H5 and H3 snoRNAs were tested for comparison. For H5, the amount of
formed pseudouridine was relatively similar between full length and shortened protein
constructs, resulting in nearly quantitative pseudouridylation of around 90% for all 4 protein
constructs. The yield for the NCG construct was still slightly higher than for the shortened
constructs. For H3 the NCG construct also showed the highest activity of around 61%. Also,
the difference between the full length and the shortened constructs was much higher, with
pseudouridine yield being around 15-30% smaller for the shortened proteins.
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Figure 46: Thin layer chromatography of single turnover pseudouridylation activity tests
performed with site specific *2P-labeled 5° and 3’ substrate RNA for 2 h. a) Pseudouridylation
with FL snoRNA as well as negative controls. b) Pseudouridylation with H5, H3 and full length
as well as shortened NCG constructs.

3.5.,5 Activity tests with multiple turnover conditions

To gain a more detailed insight into the reaction kinetics of the pseudourdylation reaction,
assays under multiple turnover conditions were performed. The key observations from single
turnover assays (different catalytic behavior of 5° and 3’ hairpin, different catalytic behavior
between full length and standalone hairpin constructs) were investigated in more detail during
the multiple turnover assays. The 5’ hairpin showed a higher enzymatic activity than the 3’
hairpin. Also differences between the full length snR81 construct and the standalone
constructs H5 and H3 were observed. Multiple turnover assays were performed with 100 nM
snoRNA and a tenfold excess of proteins per hairpin. In order to increase the substrate
concentration, unlabeled (non-radioactive) substrate (3.9 uM) was used in presence of
100 nM radioactively labeled substrate (“Spiking”), resulting in a 40-fold substrate excess
overall. In general, the multiple turnover assays were performed in a 125 pl reaction volume
with the reconstitution of the RNP in W-buffer and the time course of the reaction was started
with the addition of the substrate RNA. Samples of 20 ul were taken after 5 min, 15 min, 1 h,
2 h, 4 hand 22 h. The samples taken were immediately mixed with pre-cooled aqua-phenol to
precipitate the proteins and inhibit the enzymatic activity of the complex. The RNA was
ethanol precipitated, digested with P1 endonuclease, spotted on a cellulose plate, U and ¥
separated via TLC and the amount of U and ¥ determined via autoradiography (see appendix
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Table 6). The data was fitted with a Michaelis-Menden like equation7® @ = ;pm—“’ft 2
¥1/2

describes the maximum amount of pseudouridine that is produced by the snoRNP at the end
of the reaction. In theory, this amount should always be 100% after an indefinite amount of
time. However, due to protein degradation and general decomposition of the complex at a
longer time at 30 °C, the reaction curve reaches a plateau at a defined ¥,,,,. In the first 4
hours, the most activity behavior could be observed, so the sample taken after 22 h was used
as the reaction endpoint. ty, , marks the point in time when half of the maximum substrate

turnover has been reached. The complex reconstitution was first performed with the different
snoRNA constructs FL, H5 and H3 as well as a full set of proteins WNCG (Figure 47). For
both FL as well as H5 with the 5° substrate RNA, very fast pseudouridine formation could be
observed with 80% pseudouridine yield in the first hour and the plateauing of pseudouridine
at around 90% during the first four hours (Figure 47 blue and cyan curve). The difference of
5’ substrate turnover between H5 and FL was minute. Pseudoudidylation of 3° substrate was
significantly slower compared to the 5’ substrate. 3’ substrate turnover of FL reached 45%
pseudouridine yield during the first four hours and plateaued at around 55% after 22 hours
(Figure 47 red curve). H3 showed an even lower activity than FL with the 3’ substrate, with
lower than 10% substrate turnover during the first four hours and around 25% after 22 h
(Figure 47 orange curve).

100 4+

¥ yield [%0]

L
H5 WNCG
H3 WNCG
= 4 FL5 WNCG
A FL3 WNCG-

204

T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
time [min]

Figure 47: time course of pseudouridylation reaction under multiple turnover conditions with
H5 (cyan), H3 (orange) and FL with 5’ substrate (blue) and 3’ substrate(red). Errors of each
data point were generated by standard deviation of two individual measurements.

To further investigate the importance of different building blocks of the RNP towards the
kinetic of the reaction, RNP complexes with the absence of several proteins were
reconstituted. An activity assay performed by Gerd Hanspach (Goethe University) showed
that in the absence of Garl (WNC) no pseudouridine formation could be observed®". Also
the absence of Nopl0 (WCG) inhibited the complex, resulting in no detectable catalytic
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activity (see appendix, Figure 73a). However, in the absence of Nhp2 (NCG), the RNP was
still able to perform catalytic activity. For 5° substrate turnover, the NCG construct was still
able to maintain activity for both FL as well as H5. However, the reaction kinetics were
slowed down significantly. In the first four hours, FL reached around 65% substrate turnover
(Figure 48a, black curve) and H5 reached a smaller amount of only 45% (Figure 48b, black
curve). FL started to reach a plateau of around 80% uridine turned to pseudouridine at 22 h
(Figure 48a, black curve), while H5 only reached an amount of around 70% (Figure 48b,
black curve).

In addition to the absence of Nhp2, the influence of the eukaryotic specific GAR domains
within the protein Garl towards reaction kinetic were also investigated by assembling a
complex with WNCGA. Pseudouridine formation was only slightly hindered by the absence
of the GAR domains, resulting in a slower start of the reaction, but still an amount of 80-85%
pseudouridine was reached during the first four hours for FL (Figure 48a, green curve) as well
as H5 (Figure 48b, green curve) with the 5’ substrate and pseudouridine yield plateaued at 85-
90% for both constructs, almost plateauing at the same amount as with full length Garl.

a) b)
100
1 80
= I
= =
= 2
] A =, 40
B B
A 20
= FL5 WNCG H5 WNCG
A FL5 WNCGA A H5 WNCGA
0 ® FLSNCG - 0 ® H5NCG
T v T d T v T v T d T v T v T T T v T v T d T 4 T v T d
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
time [min] time [min]

Figure 48: Time course of pseudouridylation reaction under multiple turnover conditions with
5’ substrate RNA and snR81 FL snoRNA (a) and HS (b). Protein constructs WNCG (blue/cyan),
WNCGA (green) and NCG (black) were utilized. Errors of each data point were generated by
standard deviation of two individual measurements.

For 3’ substrate turnover, the same aspects of Nhp2 omission and influence of GAR domains
was tested with FL and H3. The absence of Nhp2 had a major impact on the kinetic of the
pseudouridylation reaction. For FL, during the first four hours of the reaction, no
pseudouridine formation could be observed and only a small amount of <10% turnover could
be identified after 22 h (Figure 49a, black curve). For H3, the impact of Nhp2 omission for
the enzymatic reaction was even stronger, with no pseudouridine observable at all after 22 h
(Figure 49b, black curve). The omission of the GAR domains of Garl on the other hand
resulted in a faster reaction kinetic on the 3’ substrate for both FL as well as H3 under
multiple turnover conditions. For FL, in the first four hours of the reaction, 55%
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pseudouridine yield could be observed (compared to 45% for full length Garl) and after 22 h
the amount of pseudouridine plateaued at 70% (compared to 55%) (Figure 49a, green curve).
For H3, the reaction kinetic was slower compared to FL, but the omission of GAR domains
also had a positive effect on the course of the reaction with 20% pseudouridine after four
hours (compared to 10% for full length Garl) and an amount of 40% (compared to 25%) after
22 h (Figure 49b, green curve).

a) b)
100 T . 100 ‘
= FL3 WNCG H3 WNCG
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80 ® FL3INCG 80 - & HINCG
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2 2
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B B
- 20_
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0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
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Figure 49: Time course of pseudouridylation reaction under multiple turnover conditions with
3> substrate RNA and snR81 FL snoRNA (a) and H3 (b). Protein constructs WNCG
(red/orange), WNCGA (green) and NCG (black) were utilized. Errors of each data point were
generated by standard deviation of two individual measurements.

Multiple turnover assays were also performed for the shortened snoRNA constructs H5A and
H3A. The assays were performed with the protein constructs WNCG, NCG and WNCGA to
analyze how the upper stem loop structure of the two snoRNA hairpins affects catalytic
activity. For the full RNP, almost no difference in activity was visible. Both H5 as well as
HS5A in addition with WNCG reached around 90% pseudouridine yield in the first 4 hours of
the reaction (Figure 50, cyan curves). The omission of Nhp2 lead to a decrease in activity,
however this decrease for HSA was not as strong as for H5. The shortened RNA construct still
reached a pseudouridine yield of 70% after the first four hours, while the H5 construct only
pseudouridylated around 45% of the substrate (Figure 50, black curves). On the contrary, the
omission of GAR domains with the WNCGA construct had a much stronger effect on the
activity of HSA. While the activity loss for H5 with GAR domain omission was only around
5% in comparison to the full RNP, for H5A the amount of pseudouridine after the first four
hours was 70% (compared to 90% for HSA WNCG) (Figure 50, green curves).
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Figure 50: Time course of pseudouridylation reaction under multiple turnover conditions with
HS5A (solid lines) in comparison to HS (dashed lines). Protein constructs WNCG (cyan), WNCGA
(green) and NCG (black) were utilized. Errors of each data point were generated by standard
deviation of two individual measurements.

For H3A, the same pseudouridylation assays were performed. However, for none of the used
protein constructs, any pseudouridine could be observed (see appendix Figure 73b). Even
after 22 h, only uridine could be identified in the sample. H3A seems to be completely
inactive.

For all multiple turnover assays of the various protein and RNA constructs, the initial reaction
velocity (starting turnover rate) was determined by linear regression (Table 2). In the first few
minutes of the pseudouridylation reaction, the reaction kinetic can be seen as nearly linear.
The fitted pseudouridine yield at the time point 5 min was determined, and the starting

. . . Yei i .
turnover rate of the enzymatic reaction Vstart Was determined by vgyq,r = M - 40. Since
fit (5 min)

the multiple turnover reactions were performed with 100 nM snoRNA and 4 pM substrate
RNA (100 nM labeled, 3.9 uM unlabeled), the factor 40 describes the excess of substrate
RNA versus snoRNA. Additionally, Table 3 lists the substrate half-life time for all snoRNP
constructs, determined by the Michaelis-Menden fit of each reaction kinetic.

Table 2: Starting turnover rates Vsiart for all SnoORNP constructs

Vstart [Min™] FL5 H5 H5A FL3 H3 H3A
WNCG 4.21 3.04 2.67 0.24 0.01 n.a.
WNCGA 2.53 1.76 0.58 0.31 0.05 n.a.
NCG 0.37 0.15 0.61 n.a. n.a. n.a.
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Table 3: Substrate half-life time tyi, for all snoRNP constructs. Errors result from two

individual measurements and fitting of the data sets.

68

ty12 [Min] FL5 H5 HS5A FL3 H3 H3A
WNCG 3.5+0.3 6.9+0.3 8.8+0.8 93.3+0.3 | 1883+426 n.a.
WNCGA 9.1+0.4 15+0.2 50+3 94+9 445+32 n.a.
NCG 91+7 214412 537 n.a. n.a. n.a.
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3.6 Discussion of chapter 3
3.6.1 Preparation of snoRNA

Several snoRNA constructs of snR81 were generated via in vitro transcription. It was possible
to obtain the full length construct, the standalone hairpin constructs H5 and H3 as well as the
shortened standalone hairpin constructs HSA and H3A. Since the transcription reaction with
standard parameters generated all constructs in good yield and denaturing gel analysis showed
a single band, no extra steps for transcription optimizations were undergone. The generated
amount of snoRNA was sufficient for complex reconstitution and catalytic activity assays as
well as for possible PELDOR samples (in the milligram range). The folding of the RNA
constructs was tested with native PAGE and for all constructs, a single major band was
visible, showing the formation of the kinetic hairpin fold of the RNA constructs. Construct H3
showed a minor band above the main product. Since a second RNA product from the
transcription can be excluded from denaturing PAGE analysis, this secondary band likely
represents a minor conformation of misfolded RNA. However, this slight amount of
misfolded RNA might even be a feature of the H3 standalone hairpin, resulting from the
absence of the 5’ hairpin, which will be discussed later.

The generated shortened constructs HSA and H3A represent each hairpin in which the
characteristic stem-loop structure was removed and replaced with a stable tetraloop five
nucleotides above the pseudouridylation pocket. This structural element is not involved in the
recruitment of the substrate RNA via Watson-Crick base-pairing and seems to function as a
binding site for proteins — Nop10 and Nhp2 specifically. However, while archaeal L7Ae
strictly needs the upper part of the hairpin structure (with its characteristic K-turn motif in
archaeal H/ACA RNASs)*?1 the eukaryotic homologue Nhp2 forms a stable tertiary complex
with Cbf5 and Nop10M?1%6.151 This seems odd, since Nhp2 appears to not require the
conserved upper stem-loop structure and should be able to bind to the full RNP only via
protein-protein interactions (a hypothesis that will be analyzed and discussed in chapter 4).
However, due to the extremely similar structure of L7Ae and Nhp2, binding of Nhp2 with
Nop10 but also with the upper stem loop of the snoRNA are presumed (Figure 51)262],
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a) b)

Figure 51: a) Crystal structure of an archaeal H/ACA RNP from Pyrococcus furiosus (pdb:
3HAY) with sRNA (black), L7Ae (yellow), Nop10 (magenta) and Chf5 (green) illustrating the
binding site of L7Ae to the complex. Marked amino acids in L7Ae are interacting with the
H/ACA RNA (R34, K35, T37, E39, K42, R46, D59: orange, with Van der Waals contacts N38,
193, V95, A96, A98: red) and Nopl10 (T41, A65, H66, P69, L70, E73: pink). b) NMR structure of
Nhp2 (yellow) (pdb: 2LBW) and crystal structure of Nop10 (magenta) and Cbf5A (green) (pdb:
3U28), aligned with the archaeal crystal structure from a). Marked amino acids in Nhp2 are
corresponding to archaeal amino acids pointed out above (K57, R58, K61, E62, K65, K69, W82:
orange, V60, T116, T120, S121, V123: red, V64, P83, S88, H89, V92, L93, D96: pink)&¢2,

3.6.2 Preparation of proteins

The formation of the eukaryotic snR81 H/ACA snoRNP from Saccharomyces cerevisiae
requires the four proteins Nhp2, Nopl0, Cbf5 and Garl, which were generated via
recombinant expression from E. coli. For all proteins, expression tests were performed at
37 °C (temperature at which the expression of homologous archaeal proteins in a previous
work°l were performed) and 20 °C (which is more suitable for yeast proteins). The
expression at 37 °C showed very strong basal expression of proteins and misfolding of the
proteins and formation of inclusion bodies was expected, which would lead to a precipitation
of the protein. In fact, one large scale expression of NCG at 30 °C was carried out for test
purposes, and while protein expression seemed fine in the PAGE analysis of cell lysate,
during the analytic purification, the protein nearly quantitatively precipitated together with
cell debris after cell lysis. Also, the lower expression yields at 20 °C could be countered by
longer expression times. While for archaeal proteins, the expression at 37 °C for 1-3 h was
usually sufficient®> the expression at 20 °C for the eukaryotic proteins was carried out
overnight. The use of TB medium also made a strong impact on protein yield, since a much
higher cell density can be reached compared to standard LB medium as evidenced by test
expressions.

From literature, it is known that the proteins Nop10, Cbf5 and Gar1l are able to form a trimeric
complex, of which also a crystal structure is availablel*®°32 These protein-protein
interactions could be utilized in a co-expression and co-purification strategy, to generate the
trimeric NCG complex in a stoichiometric amount. The protein purifications were carried out
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with affinity chromatography (His-Trap) and size exclusion chromatography (Superdex).
During the affinity chromatography step, most of the endogenous E. coli proteins could be
removed from the sample. A relatively large amount of endogenous proteins, that run at a
similar height in PAGE gels than Garl did bind to the affinity chromatography column, but
eluted at a lower imidazole concentration than the actual NCG proteins and could therefore be
removed. Another large protein band at approximately 45 kDa could not be removed during
affinity chromatography, however during size exclusion chromatography this protein could be
removed from the sample, which led to a pure NCG protein complex (see Figure 26, Figure
27).

The protein preparation of shortened versions of the NCG subcomplex, which contained
either or both of only the core domains of Cbf5 and Garl was performed in a similar fashion
than the NCG protein expression and purification. The shortened constructs were more prone
to precipitation at higher temperatures, especially constructs containing only the Garl core
domain (GA). For these constructs, handling on ice was crucial to prevent spontaneous
precipitation. The N- and C-terminal extensions of the eukaryotic proteins might help in
stabilizing the protein structure and prevent precipitation of the full length construct proteins.
The core domain-only constructs of Cbf5 (CA) and Garl (GA) are actually more similar to
their archaeal counterparts, which are also lacking the N-/C-terminal domains. Even with the
lack of those structural elements, the archaeal proteins from Pyrococcus furiosus are
extremely thermostable, even at temperatures above 90 °C (native conditions for P. furiosus
archaea), which is in stark contrast to their eukaryotic counterparts. This shows, that even
despite a very similar structure of the archaeal and eukaryotic proteins, thermal stability might
be governed through additional factors, likely through primary sequence elements or other
inter-complex interactions of the proteins. In this way, archaeal proteins might be adapted to
the higher temperatures and eukaryotic proteins are more reliant on additional conserved
domains for proper structural stability. Also, the short Cbf5A construct has been shown to be
more prone towards precipitation, even if expressed together with Nop10. Nop10 might have
some stabilizing abilities towards Cbf5 when forming the bipartite protein complex and might
be necessary altogether to express and purify the CbfSA core domain. In vivo, the assembly
factors Naf1 and Shql are binding to Cbf5 during the maturation of the RNP22163-1651 \yhjch
might provide stabilization for Cbf5 and in the in vitro expression of Cbf5, the immediate
assembly with Nop10 might help to substitute for the missing assembly factors. In vivo, the
KKD/E repeat containing C-terminal domain of Cbf5 (which is missing in Cbf5A) is
necessary for a timely progression through the cell cycle and was also shown to be needed for
the binding of microtubules in vitro.E7!

In literature, the co-purification of all four proteins at the same time is described™?. Since
Nhp2 interacts with Nop10 and is believed to form a stable Nhp2-Nop10-Garl complex in
vivo prior to complex assembly with the H/ACA snoRNA221261%5] " gne might assume that
the co-purification of all four proteins is feasible. While a co-expression of all four proteins
would require the transformation of three different plasmids simultaneously into E. coli, this
procedure would also put a lot of strain onto the expression system and was not tried. For a
co-purification strategy, expression of His-tagged trimeric NCG and untagged Nhp2 was
performed individually and the proteins were mixed together prior to cell lysis. However,
after affinity chromatography, only NCG could be identified in the sample with Nhp2 in the
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flow through. Presumably, the interaction of Nhp2 towards Nopl0/Cbf5 was not strong
enough for a co-purification strategy, at least at the buffer conditions utilized in this thesis
(note: a co-purification of tagged Cbf5 and untagged Nop10/Garl was possible).

Therefore, Nhp2 expression was carried out individually with His-tagged Nhp2. The
expression was done in the same way as for the NCG constructs. However, during Nhp2
purification, one major problem was the strong binding and co-purification of endogenous E.
coli RNA towards Nhp2, which is not surprising, since Nhp2 is known to unspecifically bind
to RNAI26.143.154155] ‘\while nucleic acid-binding could also be observed in part during NCG
purification, several steps were undertaken to counter this problem: The addition of DNase
and RNase A prior to cell lysis as well as the use of polyethyleneimine (PEI), which
precipitates nucleic acids, which could then be removed from the sample via centrifugation.
While this strategy was sufficient for NCG, Nhp2 still contained vast amounts of RNA even
after those purification steps. To counter this problem, after affinity chromatography, the
Nhp2 fractions were pooled and RNase A incubation was carried out overnight at room
temperature (Nhp2 was much more stable at ambient temperatures than NCG). To
quantitatively remove the RNase A from the sample, affinity chromatography and size
exclusion chromatography were performed and RNase A removal was tested by incubation of
snoRNA with Nhp2, which did not lead to RNA degradation. A 260/280 ratio of 0.58 verified
the removal of endogenous RNA, and RNA-free Nhp2 could be obtained in good yield. In
PAGE analysis, a small protein band below the actual Nhp2 band is visible (see Figure 33).
However, Nhp2 fractions contained very high concentrations of Nhp2 and on PAGE analysis
with “normal” amounts of Nhp2, the secondary band could no longer be identified (Figure
53), showing that this second protein was only contained in a very minor (and negligible)
amount.

For Nhp2, the mutation S82W was introduced into the protein. This mutation induces a cis
conformation into the adjacent proline 83 and shifts the cis/trans conformation equilibrium
form a 40/60 ratio to a 60/40 ratio (Figure 52)%2. In several archaeal L7Ae variants, a
corresponding proline is locked in the cis conformation, which forms a “proline spine” with
other prolines in Nop10 and Cbf5, which is considered to have a stabilizing effect on the
overall structure of the H/ACA RNPE7. With P83 adapting primarily a cis conformation, like
L7Ae, it is also possible that it interacts with P33 of Nop10 and becomes part of a similar
proline spine in eukaryotic H/ACA RNPsE%2. Furthermore, the cis conformation of P83
seems to point the backbone amide and carbonyl group of the adjacent amino acid at position
82 (S or W) towards the snoRNA, which may facilitate Nhp2-RNA interactions. Interestingly,
a large number of snoRNAs contain a conserved U ten or eleven base pairs above the
pseudouridylation pocket!®%? which is similar to the conserved archaeal U in the K-turn
motif, that is strictly required for L7Ae binding™?®l. It was hypothesized, that also in
eukarytotic H/ACA RNPs, this U can interact with the backbone of amino acid 82 of Nhp2 in
a L7Ae-like way®?] although specific Nhp2-RNA interactions in absence of Nop10 are not
possible, which will also be demonstrated in chapter 4.
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Figure 52: Overlap of NMR structures of Nhp2 wildtype (orange) (pdb: 2LBX) with amino acids
S82 and P83 (red), preferring a cis conformation of P83 and Nhp2 S82W (yellow) (pdb: 2LBW)
with amino acids W82 and P83 (green), preferring a trans conformation of P83[62],

Figure 53 shows the “main” purified RNP proteins. For Nop10-Cbf5, a small impurity, which
runs slightly higher than Garl can be observed. This impurity can be attributed to a small
amount of endogenous E. coli proteins that were co-purified (discussed above) and could not
fully be removed by affinity chromatography and size exclusion chromatography. For NCG,
the degradation of Garl into several discernible polypeptides can be observed. This
degradation is known from literaturel®®l, While the Garl used here still showed strong
catalytic activity during multiple substrate turnover experiments (discussed in chapter 3.6.6),
the preparation of non-degraded Garl would be much desirable for structural analysis like
crystallization and cryo-EM. While the Garl seen in Figure 53 contains a N-terminal His-Tag,
a new construct with an C-terminal His-tag was generated and expression and purification
was tested. Since the degradation seems to take place in the C-terminal domain (discussed in
chapter 3.6.4), the utilization of an N-terminal His-Tag inevitably leads to the purification of
all degradation products. With a C-terminal His-Tag however, this can be circumvented.
During degradation, a C-terminal His-Tag is also removed from the main protein, and affinity
and size exclusion chromatography would lead to more non-degraded protein. This was tested
and eventually, a single band for Garl could be detected without any side products (see
Figure 42). However, with longer storage of the affinity chromatography purified Garl,
degradation products would become visible again, while cryo storage of the samples did not
lead to enhanced amount of degraded Garl (a test performed by Christin Fuks). With affinity
chromatography and immediate subsequent size exclusion chromatography and cryo storage,
the formation of vast amounts of degradation products of Garl should be preventable.
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Figure 53: Purified protein constructs Nop10-Cbf5, Nop10-Cbf5-Garl and Nhp2.

3.6.3 Complex reconstitution

Since no crystal structure of the whole eukaryotic H/ACA RNP is available, but only a
substructure of Nop10 and the conserved core domains of Cbf5 and Gar1*®% the exact
interactions of the proteins with the snoRNA are not known. Based on crystal structure data
from an archaeal H/ACA RNPI it is presumed that in the full eukaryotic H/ACA RNP
complex, the main interaction with the snoRNA is performed by the protein Cbf5[t01:149-151]
Nop10 interacts with Cbf5, the snoORNA and Nhp2, and Nhp2 interacts with Nop10 and the
snoRNA. In archaeal complexes, Garl only interacts with Cbf5, but not with the
SNORNA[40.158],

For complex reconstitution in vivo, the assembly factor Shql and the Garl analogue Nafl are
involved (Figure 54b)[t?2163-1651 Shq1 only interacts with free Cbf5 and is believed to
immediately bind to newly synthesized Cbf5 and provide stability for the protein. Afterwards,
Cbf5 interacts with Nop10 and Nhp2 and forms a stable trimeric complex. The interactions of
Nhp2 with the proteins Nop10 and Cbf5 are believed to facilitate the specificity of the RNA-
binding protein Nhp2 towards H/ACA RNAs and prior assembly of this trimeric complex
might be crucial for correct complex assembly in vivo. Nafl binds to the trimeric complex in a
way analogous to Gar1?616%l Since Naf1 also interacts with RNA polymerase Pol 1l and the
Nhp2-Nop10-Garl-Nafl complex accumulates at actively transcribed H/ACA RNA genes,
Nafl is believed to target the complex towards the H/ACA RNA and promote RNP
maturation?21643751 The |ast step in the in vivo RNP assembly is the replacement of Nafl
with Gar1, transitioning the complex from an inactive to an active statel*®3],

Complex assembly in vitro is not in need of the assembly factors and is done in a different
fashion (Figure 54a), but still results in an active H/ACA RNP (as discussed in chapters 3.6.5
and 3.6.6). The co-expression and co-purification of the Nopl0-Cbf5-Garl trimeric
subcomplex leads to an early Garl interaction with Cbf5. As discussed before, the immediate
interaction of Nop10 with Cbf5 may provide stability to the otherwise not so stable Cbf5 and
compensate for the missing Shql. The trimeric protein complex was incubated with snoRNA
at 30 °C (native yeast conditions) and the protein-RNA complex assembly was tested with
electrophoretic mobility shift assays. The interaction of both biomolecules with an increasing
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amount of protein versus a constant amount of RNA could be verified by the decreasing
intensity of the gel-band of free RNA. The RNA-protein complex did only poorly migrate into
the PAGE gel and mostly got stuck in the pockets of the gel (see Figure 34, Figure 35, Figure
68, Figure 69). Still, in the amount of complex that migrated into the gel, protein and RNA
could be identified by both Coomassie and GelRed staining. The assembly was performed
with the standalone hairpins H5 and H3 and with full length snR81 and was also tested with
the core domain-only constructs of Cbf5 and Garl. As expected, the core domain constructs
showed weaker binding to the RNA than the full length NCG construct. This shows that the
eukaryotic specific domains of Cbf5 as well as Garl (which is believed to not interact with
the RNA) both play a role in correct complex assembly. During the heating at 30 °C for 30
minutes, a secondary RNA structure could be observed for RNA constructs H5 and H3 in the
absence of proteins. The prolonged incubation at higher temperatures seem to induce a
misfolding of the standalone RNA. Interestingly, in an EMSA with Nhp2 (shown in chapter 4,
Figure 82), this second conformation disappeared first in the presence of Nhp2, showing the
(unspecific) interaction with RNA in the absence of Nop10.

It is interesting to point out that for the full length construct NCG, full binding of the
standalone RNA constructs H5 and H3 as well as the FL construct is achieved at around
2 molar equivalents of proteins. One might assume that the double amount of protein would
be necessary to fully bind the FL construct in comparison to the standalone constructs, if
always both hairpins bind to one equivalent of NCG respectively. This could point toward a
preference of NCG towards one of the two hairpins, instead of equally binding to the 5’ and
3’ hairpins at the same time. However, this might also be attributed to the secondary
conformations that H5 and H3 undergo during heating at 30 °C.

Nhp2, which was expressed and purified alone, was added separately to the snoRNA and
NCG. In another study, for snoRNAs snR34 and snR5, dissociation constants for the different
eukaryotic proteins were determined by tritium release assay!**®l. For both snoRNAs, a
nanomolar Kq was observed for the full complex with Nhp2-Nopl10-Cbf5-Garl, and the
absence of Nhp2 did not influence the Kgs. The Kg for snoRNA and only Nhp2, without the
other proteins, was greater by three orders of magnitude, showing the strong reliance of Nhp2
on the other proteins to efficiently bind to the complex. The co-purification of Nhp2 together
with the other proteins however did not work (as discussed in chapter 3.6.2) since Nhp2-
Nop10 interactions in absence of the sSnoRNA were apparently too weak in vitro compared to
the in vivo reconstitution to efficiently co-purify Nhp2 with the other proteins. This may
strongly be influenced by endogenous E. coli RNA that binds to Nhp2. Since the Nhp2-
Nop10-Cbf5 formation in vivo is believed to be responsible for specific Nhp2 binding to the
RNP complex, the binding of endogenous snoRNA during the in vitro purification may hinder
the assembly of the Nhp2-Nop10-Cbf5 complex and only after the complete removal of the
endogenous RNA, Nhp2 is able to efficiently bind to Nopl0 and also the snoRNA. Since
complete removal of endogenous RNA was only possible after the first affinity
chromatography with most of endogenous E. coli proteins/RNA removed, Nhp2 could not
form a stable complex with the other proteins in the cell lysate.

Interestingly, some single turnover assays showed the same complex activity, if Garl was
expressed and purified without the other proteins and then added during complex assembly
prior to the assays, while multiple turnover assays performed by Gerd Hanspach showed
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weaker complex activity. This might suggest a very slow formation of the Garl-Cbf5
interaction. Compared to the in vivo assembly, Garl is the last protein to bind to the complex,
but also substitutes the already present assembly factor Nafl, which is not present in in vitro
reconstitution.

In Figure 54, a simplified scheme shows the differences in complex assembly of the
eukaryotic H/ACA for the in vivo route as well as for the in vitro reconstitution utilized in this
thesis.

1) ipn vitro route

co-expression addition for
co-purification reconstitution
e o

b} in vivo route

snoRNA

Figure 54: a) In vitro RNP complex assembly. Cbf5/Nop10 and Garl are co-expressed and co-
purified as a stable trimeric complex. For complete reconstitution, Nhp2 and snoRNA are
added. b) In vivo complex assembly. Cbf5 is stabilized by assembly factor Shql. After formation
of a stable trimeric complex with Nop10 and Nhp2, assembly factor Nafl occupies the Garl
binding site. Together with the snoRNA, a pre-snoRNP is formed, which becomes an active
snoRNP after the substitution of Nafl with Gar11?2,
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The snoRNA is the limiting step in the complex assembly (as no activity could be observed
for the proteins in absence of snoRNA). For this reason, to ascertain complete complex
assembly, the proteins were added in an excess to the snoRNA for activity assays as well as
SMFRET experiments. In activity assays, the excess of proteins is not problematic, as they
display no activity on their own, if not bound to the snoRNA. In SmFRET experiments, the
excess proteins, which were not bound to a biotinylated snoRNA, did not contribute to
observed RNPs (discussed in chapter 4).

To provide a method that resulted in quantitative RNP complexes with no excess proteins, the
complex assembly was furthermore tested with size exclusion chromatography of the full
complex. The migration behavior on the SEC column of the RNA constructs FL, H5 and H3
and also of the proteins was tested and then an assembled complex was loaded onto the
column. A shift of the main peak indicated protein bound to the complex and excess protein
was separated from the RNP peak. Whether both NCG as well as Nhp2 are correctly bound to
the snoRNA can also not be verified by this method. However, the presence of Nhp2 in the
RNP fraction could be verified by fluorophore labeled Nhp2, and bound Nhp2 at least
indicates the presence of Cbf5 and Nop10 as well. Furthermore, an activity test of the main
fraction, that was believed to contain the fully reassembled RNP showed activity similar to a
positive control, which also confirms the presence of Garl.

For the full length snR81 construct, no apparent shift was visible in the elution chromatogram
of the size exclusion chromatography between the RNA and the RNP. This behavior could be
explained by the fact that the migration behavior of big molecules, especially RNA and RNA-
protein complexes, is not only determined by the molecular weight of the biomolecules but
also by the hydrodynamic radius of the molecules or complexes. Especially with the FL
snoRNA with the double hairpin structure, it might be possible that the migration behavior of
this construct differs from the others because of its hydrodynamic radius.

3.6.4 Eukaryotic specific domains in Garl

In archaeal H/ACA RNPs, Garl only interacts with Cbf5, and is the only protein to not
interact with the snoRNA01581 |t acts as mediator between the open and closed state of the
thumb-loop domain of Cbf5, which is part of the catalytic center of uridine to pseudouridine
formation. In eukaryotic RNPs, a similar role for Garl is proposed[*40157-158.1611 However, in
contrast to archaeal Garl, eukaryotic Garl contains arginine-glycine-glycine rich domains
(“RGG” or “GAR” domains) at its N- and C-terminus(**®**®. Those GAR domains have been
observed in other proteins and play an accessory role in RNA binding by enhancing the
function of primary RNA binding motifs%83633%81 Gar1 has been shown to specifically bind
to the snoRNAs snR10 and snR30 via an internal RNA binding motif in the core domain, and
binding is enhanced by the presence of the GAR domains¢l. For H/ACA RNPs however,
Garl is believed to only bind to Cbf5 and not the snoRNA, based on crystal structure
data?21401 In this thesis, several Garl constructs with presence or absence of the specific
GAR domains were expressed and purified and the interactions of the snoRNA constructs H5
and H3 were probed via EMSA for binding capabilities of the Garl constructs. Interestingly,
an increasing concentration of Garl lead to protein-RNA binding which was also enhanced by
the GAR domains. As for the EMSAs performed with NCG, no clear protein-RNA band was
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visible and the protein-RNA complex was not able to enter the gel, which led to precipitation
in the gel pocket. However, with the “vanishing” of the free RNA band and the formation of
an RNA-protein band in the gel pocket, still a qualitative statement about the RNA-binding
capabilities of the protein can be made. While for the full length Garl, 1-2 molar equivalents
of Garl lead to full binding of the RNA, for the core domain 5 molar equivalents were
necessary. While for construct H3, a considerable binding of RNA by Garl could only be
observed for the full length Garl, for construct H5 more gradual effects were visible. Both C-
and N-terminal GAR domains seemed to have the same effect on RNA binding, which was
tested with constructs that only contained one of the two domains. Furthermore, a shortening
of the C-terminal GAR domain could be used to pinpoint the area of the described
degradation of Garl to the end of the C-terminal GAR domain. However, with these
experiments it cannot be discerned if the Garl binding to the snoRNA is of specific or
unspecific character.

One thing to point out for these EMSASs is the fact, that some Garl constructs showed a
stronger binding towards the snoRNAs than the full ternary NCG constructs. This might have
two reasons. For once, Garl on its own may have indeed a stronger binding towards sSnoORNAs
as it has in combination with Cbf5 and Nopl0. In the ternary construct, the protein may be
aligned differently and parts of possible binding sites may be obstructed or used for the
binding towards Cbf5. A second explanation is the concentration determination of the
proteins. While it was possible to measure the concentration of NCG constructs with UV-vis
spectroscopy, for Garl standalone constructs a Bradford assay was utilized. This method may
contain an error, also since the standard curve was obtained by a different protein, which may
show stronger intercalation of dye then Garl. Since the Bradford method was used for all
standalone Garl constructs, the Garl EMSAs are comparable to one another but might not be
comparable to the NCG EMSAs. Furthermore, quantification via Bradford assay is not the
most precise of methods and the RGG domains may be able to influence the binding of
Coomassie dye to the different constructs.

3.6.5 Single turnover pseudouridylation assays

To verify the catalytic activity of in vitro reconstituted eukaryotic H/ACA RNPs,
pseudouridylation assays under single turnover conditions with an excess of complex over
substrate were performed. First, to ascertain the general ability of the full length as well as
standalone hairpin complexes to perform uridine to pseudouridine formation, uniformly 32P-
labeled substrate RNA was generated via transcription. Pseudouridylation reactions were
performed at 30 °C, the same temperature that was used for complex annealing, to mimic
native yeast conditions. After a reaction time of 1-2 h, the substrate RNA was digested and
pseudouridine was separated from uridine via thin layer chromatography. Furthermore, to
more precisely identify the pseudoruridine spots, 2D TLC was performed. The uridine and
pseudouridine spots migrated on the TLC according to literature valuest®®, verifying active
RNP complexes. To more reliably identify the ¥ to U ratio, site specifically 3?P-labeled
substrate RNA was generated by splinted ligation. Both 5* and 3’ substrate RNAs showed a
single radioactive product band on the PAGE gel, which could be excised and substrate RNA
could be obtained in good yield. Single turnover reactions with reconstituted complex,
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containing the snoRNA FL or H5/H3 constructs, NCG and Nhp2 all showed pseudouridine
formation. For the 5” hairpin in the full length construct as well as for H5, higher ¥ formation
could be observed than for the 3’ hairpin and H3.

Activity was also tested for the core domain versions of Chf5 and Garl. As expected, the
absence of the eukaryotic specific domains resulted in activity loss of the RNP, which is in
line with the observation from the EMSA experiments, which revealed a weaker binding of
the proteins to the RNA in case of eukaryotic domain omission. While for construct H5, the
reduced activity was only around 5% for the shortened proteins, the effect of the domain
omission was more drastic for construct H3 (see Figure 46). Interestingly, while NCG resulted
in 61% substrate turnover after 2 hours, the activity for both NCAG and NCAGA was 45%
and 44% respectively, while for NCGA it dropped to 30%. One might assume that the
construct NCAGA would result in the lowest activity, which however was not the case.
Maybe the omission of the eukaryotic specific C-terminal Cbf5 domain is not as drastic for
the complex activity than the omission of both C- and N-terminal Garl domains. Furthermore,
the Cbf5 core domain may more easily interact with the Garl core domain, than the full
length Cbf5 can with the Garl core domain. This might explain, why the combination of full
length Cbf5 and core domain Garl resulted in the lowest activity of the different full
length/core domain protein combinations. For H5, the same effect could be observed, with
also NCGA having the lowest turnover rate with 88%. However, the difference to the other
shortened protein constructs was only 1-2% and therefore within the margin of error.
Interestingly, the full length Garl shows higher activity, even though several degradation
products are visible during PAGE analysis (discussed above). The decrease of complex
activity for eukaryotic specific domain omission is in accordance with literature, where the
full length H/ACA proteins were tested vs. the core domain proteins on snR5 snoRNAI6,
Additionally, negative control experiments showed no catalytic activity if either the H/ACA
snoRNA or NCG proteins were omitted from the reaction, showing the strong reliance of the
protein-RNA interactions for H/ACA RNPs in comparison to pseudouridine formation by
standalone pseudouridylases. Also, the reaction of H5 RNP with 3’ substrate and H3 RNP
with 5” substrate did not result in any pseudouridine formation in the respective hairpins. This
shows, that the recruitment of the correct substrate is highly specific and can only be achieved
by the correct Watson-Crick base-paring in the pseudouridylation pocket.

First tests with Nhp2 omission showed, that the complexes still exhibit basal activity in the
absence of Nhp2. The Nhp2 omission was impacting the 3’ hairpin more heavily than the 5’
hairpin. However, no statement about the impact on multiple substrate turnover ability can be
made from these tests and will be discussed in the next chapter.

3.6.6 Multiple turnover pseudouridylation assays

For a more detailed insight into the reaction kinetics of the pseudouridine formation and the
influence of different snR81 snoRNA constructs and protein constructs, multiple turnover
reactions were performed. Only 2.5% of the used substrate RNA was 3?P-labeled and the
reaction was spiked with unlabeled substrate, to gain a 40fold substrate excess over RNP. The
pseudouridylation reactions were carried out overnight and samples were taken at several time
points during the first four hours and at 22 h after reaction start, at which point the catalytic
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activity of the complex was declining and most constructs had reached a plateau of
pseudouridylated substrate. With the amount of 32P-labeled pseudouridine vs. uridine at
different time points, the reaction kinetic could be fitted after a Michaelis-Menten like
enzyme kinetic equation, which determined the amount of pseudouridine at the end of the
reaction and the substrate half-life, which marks the time point at which half the substrate was
pseudouridylated in comparison to the reactions endpoint (Table 3). With the substrate half-
life, a statement about the average velocity of the catalytic process for each individual
construct in comparison to the other construct can be made. Additionally, the starting turnover
rate of the catalysis for each construct was determined via linear regression of the first five
minutes, during this time (the first time point at which a sample was taken was 5 minutes), the
course of the catalytic reaction was assumed to be linear (Table 2, starting turnover rates for
all constructs are shown in Figure 55).
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Figure 55: Comparison of starting turnover rates for all investigated RNPs.

First, the kinetics of fully reconstituted H/ACA RNP for full length snR81 was tested with
both 5° and 3’ substrate. For the 5’ substrate, the RNP showed a starting turnover rate of
4.2 mint, which means one RNP molecule can pseudouridylate ~4 substrate RNAs in the
course of one minute, taking approximately 15 seconds for the binding of the RNA, the
substrate turnover and the product release. For the 3’ substrate, the turnover rate was
substantially reduced with 0.24 min, being 18 times slower than for the 3’ hairpin. The
standalone hairpins H5 and H3 also showed a reduced activity for the 3’ hairpin, with
3.04 mint for H5 and 0.01 min for H3. In general, the standalone constructs H5 and H3
showed lower activity than their full length counterparts FL5 and FL3. However, while for
construct H5, the activity was only slightly lowered in comparison to FL5, the difference
between H3 and FL3 was already in the order of one magnitude. It seems, that the 5° hairpin
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(with the H-motif) is not reliant on the presence on the 3’ hairpin (with the ACA motif) and
can perform the pseudouridylation reaction also in full scale on its own. The 3’ hairpin
however seems to be somewhat reliant on the presence of the 5’ hairpin, only being able to
effectively perform catalytic activity in the presence of the 5’ hairpin. This may have to do
with correct RNA folding, since on the native gels one minor second conformation for H3
was visible, while H5 and FL only showed a single conformation. On the other hand, this
second conformation for H3 was only minimal and would not account for the drastic activity
loss (assuming that the major conformation is the active conformation). Maybe, the correct
folding of the H3 hairpin and therefore the association with the proteins takes longer, which
results in such a slow starting turnover rate. But also the substrate half-life determined for H3
was extremely high with 31 hours, which lies well outside the measurement time of the
experiment, since after 22 hours, H3 still had not reached a plateauing pseudouridine
concentration, while the full length FL3 showed a substrate half-life time of “only” 1.5 hours.

In different studies, the pseudouridylation rate of the in vitro reconstituted snoRNPs for snR5
and snR34 where determined[**16% \While different multiple turnover conditions were used
and the results are not entirely comparable, in those studies also the reaction rate of the 5’
hairpin vs. the 3’ hairpin was tested with both full length and standalone-hairpin constructs
and can be compared with the observations in this thesis. For snR5, the reaction was
performed with a 100-fold substrate excess and only carried out for 2.5 h. For FL5, a starting
turnover rate of 0.33 min"t and for FL3, a starting turnover rate of 1.15 min™ was determined,
while H5 showed a starting rate of 0.10 min* and H3 of 0.63 min™. These starting turnover
rates are approximately in the same area of magnitude than the starting reaction rates for
snR81 determined in this thesis. However, for snR5 the 3” hairpin shows a higher activity than
the 5 hairpin. Furthermore, both hairpins seem to be dependent on the presence of the other
hairpin, since for both a relatively strong reduction of catalytic activity is visible, when the
other hairpin is omitted from the construct. Interestingly, FL5 of snR81 completes
pseudouridylation almost four times faster than FL3 of snR5. Here, also a reduced activity for
the standalone hairpin constructs in comparison to the full length constructs was observed! 6%,
For snR34, turnover conditions were analyzed with a 10-fold substrate excess and the reaction
kinetic was analyzed for 1.5 h. No exact starting reaction turnover rates were determined in
this study. However, in the kinetic plot it is shown, that the 3” hairpin is more active than the
5° hairpin!*®,

One might assume, that the multiple turnover reaction rate of a specific hairpin is tied to the
Watson-Crick base-pairing capabilities of the pseudouridylation pocket. If more base-pairs are
formed, the substrate RNA is bound more tightly, hence the release of the product takes
longer and the reaction rate is slowed down. Table 4 shows the number of base-pairs involved
in substrate recruitment and the amount of G-C and A-U base pairs.
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Table 4: Number of base-pairs forming in the 5’ and 3 pseudouridylation pockets of several
snoRNAs for substrate recruitment. AG for each construct was calculated with IDT
OligoAnalyzer®®l, For comparability reasons, for the unpaired target U and the unpaired
adjacent base, the corresponding base-pairs (G-C, A-U) were used in the calculation.

SNORNA | 5’ hairpin base-pairs 3’ hairpin base-pairs
total | G-C | A-U | AG [kcal/mole] | total G-C | A-U | AG [kcal/mole]
snR5 12 5 7 |-29.75 12 4 8 -24.43
snR34 |12 8 4 | -28.06 13 |6 7 -16.97
snR81 |14 3 11 | -23.76 12 2 10 | -20.45

While the formed base-pairs are approximately the same for the constructs (12-14), the
content of G-C and A-U base-pairs differs greatly. Especially for construct snR81, the amount
of G-C base-pairs is extremely low. Exemplarily, the AG values for the base pairing in the
pseudouridylation pocket were calculated (Table 4). Even though this approach calculates
helical interactions and is therefore of limited comparability to the facial interaction found in
H/ACA RNPs, it may allow for a qualitative comparison of the interaction strengths between
different guide RNA/substrate RNA pairs. Interestingly, AG for the 3’ hairpin of snR34 is
reduced due to two mismatches in the substrates base-pairing (G-A and U-G). Possibly, the
mismatches and the reduced AG facilitate product release and are the reason for the higher
enzymatic activity of the 3’ hairpin in SnR34 in comparison to the 5’ hairpin. But then again,
the 3’ hairpin of SNR81 shows the second lowest AG of the constructs compared, while at the
same time showing decreased activity in comparison to the 5’ hairpin.

For snR5 and snR34, also the dissociation constants of the substrate RNAs were determined
and showed 53 nM for snR34-H5, 100 nM for snR34-H3, 160 nM for snR5-H5 and 330 nM
for snR5-H3[*%. The amount of G-C base-pairs correlates with the dissociation constants in a
way that more G-C base-pairs result in lower Kgs.

For both snR5 and snR34, the 3’ hairpin forms fewer G-C base-pairs, which results in higher
activity for this hairpin in comparison to the 5’ hairpin. However, for snR81, this trend holds
not true. The 5° hairpin forms one more G-C base-pair and two more base-pairs in total than
the 3’ hairpin, which should result in lower activity for the 5° hairpin than for the 3’ hairpin.
However, the results in this thesis show otherwise, with extremely strong activity for the 5’
hairpin and reduced activity for the 3’ hairpin. Maybe the two G-C base-pairs for snR81-H3
are already too low for efficient substrate binding, and while substrate release is faster than
for the 5° hairpin, the substrate recruitment is a more rate limiting step.

Furthermore, while for the 5° hairpin of snR81 the base-pairings of the substrate is distributed
between both sides of the pseudouridylation pocket (7 base-pairs one either side), the base-
pairing in the 3’ pseudouridylation pocket is heavily one-sided, with 3 base-pairs on the 3’
side of the pseudouridylation pocket and 9 base-pairs on the 5’ side of the pseudouridylation
pocket. For comparison, the longest known base-pair length in nature for the whole
pseudouridylation pocket is 17 base-pairs (in snR82), while the shortest is 8 base-pairs (in
snR191), with 8 base-pairs seeming to be the minimum number of required base-pairs
between substrate and guide RNA for pseudouridylation to occur®”378l For a single side of
the pseudouridylation pocket, the longest interaction counts 10 base-pairs (in snR82), while
the shortest is actually 3 (in snR3 and snR81). The 3’ hairpin of snR34 is somewhat similar to
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the 3’ hairpin of snR81, with more base-pairs forming on the 5’ side of the pseudouridylation
pocket between guide and substrate RNA than on the 3’ side. Reducing the base-pairs on the
3’ side of the pseudouridylation pocket of snR34 via mutations had a major impact on
pseudouridylation activity, while the effect by mutations on the 5’ side was not as drastic.
This shows, that already the disruption of one of the three base-pairs on the 3’ side of the 3’
hairpin of snR81 can have a major impact on the enzymatic activity. Interestingly, it was
shown that even with the disruption of several base-pairs through mutations, while the activity
was decreased, the actual binding of the substrate RNAs to the snoRNA was not reduced,
showing that the reduced activity seems to occur due to incorrect binding and the target
uridine not being correctly placed at the catalytic center of Cbf5E77],

Also, the 3’ hairpin of snR81 is somewhat unique, since under stress conditions (nutrient
deprivation), it is able to induce pseudouridylation not only on its native target (U1051 of 25S
rRNA), but also on U93 of U2 sRNA®. This is especially interesting, since U42 of U2
sRNA is the native target of the 5° hairpin of snR81, which results in both hairpins performing
pseudouridylation on the same target RNA, and even on two target uridines, that are relatively
close to one another. While the native 25S rRNA target forms 12 base-pairs with the SnoRNA,
for the stress-induced target site in U2 sSRNA, two mismatches are present, resulting in 10
base-pairs. Further analysis revealed that the presence of two mismatches is the requirement
for inducible pseudouridylation at position U93. However, the actual position of these
mismatches seemed to be unimportant, since efficient pseudouridylation was also observable
for mutant constructs, with the native mismatches mutated to base-pairs and the introduction
of two new mismatches, either via modification of the target U2 sRNA or the 3’ pocket of the
snR81 snoRNAL®!,

Furthermore, it is also likely, that other factors like the incorrect folding and assembly with
the proteins somehow restrict the 3’ hairpin in efficient catalytic activity. Also, snR81 is
somewhat unique in the behavior, that H3 is strongly reliant on the presence of H5, but H5 not
on H3, which was not observed for snR5 and snR34[159:160],

As a next step, the influence of several RNP proteins on the pseudouridylation reaction was
tested for FL as well as H5 and H3. Cbf5, containing the catalytic subunit as well as Nop10
are strictly required for complex activity. Also, Garl is needed for multiple turnover of
substrate. Therefore, the requirement for Nhp2 for efficient substrate turnover was tested by
Nhp2 omission from the complex. For FL5 as well as H5, the starting turnover rate was
significantly reduced, to 0.37 min? for FL5 and 0.15 min? for H5, which represents a
reduction by a factor of ~10 and 20, respectively. However, after 22 h the amount of
pseuodouridine at which the reaction plateaued was still relatively high (~80% compared to
~95% with Nhp2). For the 3’ hairpin however, omission of Nhp2 led to a complete shutdown
of complex activity. For H3, no pseudouridine at all could be detected, while for FL3 only
after 22 h trace amounts of pseudouridine could be identified. Since activity for H3 could be
detected in single turnover experiments, although it was decreased, the omission of Nhp2
mostly seems to affect the multiple turnover abilities of the 3’ hairpin. Without Nhp2, the
uridine to pseudouridine formation seemed just to be slowed down at the 5’ hairpin, pointing
towards a catalyzing factor for Nhp2. For the 3 hairpin however, Nhp2 seems to be strictly
required for basic complex activity under multiple turnover conditions.
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For snR5, also the omission of Nhp2 was tested in a different study!*¢%, Here, under multiple
turnover conditions, Nhp2 also reduced the amount of pseudouridine, however only one time
point was measured. With a 20-fold substrate excess and a reaction time of 1 h at 30 °C, the
5” hairpin of snR5 produced 52% ¥ if all proteins were present and 26% ¥ with Nhp2
omission. For the 3’ hairpin, the effect was not as strong, with 98% W with all proteins and
94% Y with omission of Nhp2. Even so the trend in hairpin activity is switched for snR5, the
omission of Nhp2 seems to affect the less active hairpin more heavily than the higher active
hairpin, showing the same trend as for snR81 in this thesis.

For snR34, also the effect of missing Nhp2 on complex activity was tested*>*!. For this
snoRNA, both hairpins seem majorly affected by the omission of Nhp2 (however still not as
strong as the 3’ hairpin in snR81). Interestingly, the more active 3 hairpin for snR34 is
stronger affected by Nhp2 omission than the less active 5’ hairpin, which is in contrast to
snR5 and snR34.

In archaeal H/ACA RNPs, the Nhp2 analogue L7Ae is involved of the re-orientation and
correct positioning of the substrate RNA and is strictly required for efficient substrate
turnover!*°6:1571 While Nhp2 may have a similar function in eukaryotic H/ACA RNPs, it is
also likely that Nhp2 has additional stabilizing functions, of which the requirement is different
for each hairpin. While for all snoRNA hairpins, Nhp2 seems to perform a catalyzing
function, that results in faster substrate turnover rates, for some hairpins Nhp2 seems to be
strictly required for basic catalytic activity.

Table 5: Different snoRNPs show varying requirements of Nhp2 for effective multiple turnover
enzymatic activity.

snoRNP and hairpin | Effect of Nhp2 omission on
multiple turnover rates

snRS5 5’ hairpin
snRS5 3’ hairpin

snR34 5’ hairpin major activity loss
snR34 3’ hairpin complex mostly inactive
snR81 5’ hairpin

snR81 3’ hairpin complex mostly inactive

The eukaryotic specific domains of Garl showed increased RNA binding capabilities (of both
NCG as well as standalone Garl) and omission of these domains lead to decreased activity in
single turnover assays. Since Garl is mainly responsible for efficient substrate release, the
performance of pseudourydilation in a multiple turnover manner was also tested in the
absence of the GAR domains. For FL5 and H5, starting turnover rates of 2.53 min™ and 1.76
min? respectively were determined, which is approximately a reduction by factor 2 in
comparison to full length Garl. The GAR domains may provide a stabilizing effect on Garl,
provide stronger binding to Cbf5 and may also influence the binding of the Cbf5 thumb loop
domain to Garl during substrate turnover. Surprisingly, the omission of the GAR domains
had an activity increasing effect for both FL3 and H3 under multiple turnover conditons, with
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initial turnover rates of 3.06 min™and 0.50 min™ respectively, resulting in an activity increase
in comparison to full length Garl by factor 1.3 and 3.6 respectively. For some reason,
multiple turnover pseudouridylation works better on the 3’ hairpin if the GAR domains are
absent, contrary to single turnover conditions, where they showed an activity inhibiting effect.
The GAR domains of Garl may play different roles for the two hairpins in the substrate
turnover process, resulting in a promoting effect for the 5’ hairpin, but slowing down
substrate turnover for the 3’ hairpin. Even though GarlA showed decreased activity under
single turnover conditions, some positive secondary effect for multiple substrate turnover
seems to compensate for the decelerating effect. Maybe the RNA-binding promoting
capabilities of the GAR domain play a specific role in this, interacting with the snoRNA in a
way that stabilizes one hairpin, but at the same time destabilizes the other hairpin — possibly
due to unspecific binding of the large unstructured region of the 3’ hairpin loop. It is also
possible that interactions with the substrate RNA during correct placement of the substrate or
during the product release occur. Maybe this effect is also different for both hairpins due to
the different binding of substrate RNA — evenly distributed between both strands of the
pseudouridylation pocket for the 5’ hairpin and asymmetrical for the 3’ pseudouridylation
pocket.

While the presence of one hairpin showed an effect in catalytic activity on the respective other
hairpin, the effects induced by either Nhp2 and the GAR domains of Garl were in the similar
range on both the standalone and the full length snoRNA. This suggest, that interactions
between the two hairpins, that have an effect on the enzymatic activity, are not mediated by
Nhp2/Nhp2 or GAR domain/GAR domain interactions between the two hairpins and are also
not caused by interactions of Nhp2 or the GAR domains bound on one hairpin with
components of the other hairpin. In a recent study, the H/ACA domain of the human
telomerase RNA hTR, which also forms a double-hairpin structure like eukaryotic SnoORNAS
was analyzed by cryo-EM28. The fit of the structure shows no interaction of Garl with one
of the hairpins, but interestingly may indicate a direct interaction of Garl with the upper area
of the pseudouridylation pocket and the connected stem structure of the other hairpin (see
Figure 10), which may point to an interaction with either snoRNA or substrate RNA.
However, this interaction may well be caused by the core domain of Garl, independent from
the GAR domains. Furthermore, hTR has not been established as a guide RNA for
pseudouridylation and therefore conclusions derived from the structure of the H/ACA domain
of hTR may be of limited value for H/ACA snoRNPs.

The multiple turnover activity assays were also performed for the shortened snoRNA
constructs H5A and H3A, which have their upper stem-loop structure replaced by a stable
tetraloop, five base-pairs above the pseudouridylation pocket. For H5A, the omission of the
upper snoRNA structure led to a minor decrease in activity for the full RNP with an initial
turnover rate of 2.7 min™. This is interesting, since the upper stem loop structure together with
Nop10 provides a binding interface for Nhp2. However, Nhp2 still seemed to be able to
efficiently bind to the RNP. Additionally, the omission of Nhp2 led to an initial turnover rate
of 0.6 mint, which is four times higher than for H5 without Nhp2. Not only was Nhp2 still
able to bind to the complex without the upper hairpin structure, also its omission did not affect
the complex as drastically as it did when the upper hairpin structure was present. This may
point to a more sophisticated Nhp2-snoRNA interaction than just simply providing a binding
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site for the protein. Maybe Nhp2, additionally to other functions, stabilizes the upper stem
loop, which leads to increased catalytic activity of the complex, and destabilization and
decreased function in the absence of Nhp2. If the upper stem loop is not present in H5A, the
stabilizing interactions of Nhp2 are not needed anymore, which leads to an increased activity
in the absence of Nhp2 in comparison to H5. However, Nhp2 must have additional functions,
otherwise the activity of H5A both with and without Nhp2 would be nearly identical, which is
not the case.

The omission of the GAR-domains led to a decrease in activity by a factor of ~4.5 and a
starting turnover rate of 0.6 min™’. For the HSA construct, the GAR-domain omission had a
stronger impact than on H5, where it decreased activity only by factor 2. Possibly, the GAR
domains interact in some way with the upper-stem loop of the snoRNA, and provide increased
stability for the complex, again indicating that Garl does not only interact with Cbf5, but also
with the snoRNA.

Surprisingly, the construct H3A did not show any catalytic activity at all for all tested protein
constructs. For some reason, the 3’ hairpin seems to be reliant on the upper stem hairpin to
perform catalytic activity at all, which is in stark contrast to the 5’ hairpin. This observation
also seems connected with the reliance on Nhp2 for the 3’ hairpin. When comparing the two
hairpins in regards of paired and unpaired nucleotides, the 5’ hairpin forms a double stranded
stem of 28 paired nucleotides and a loop of 22 unpaired nucleotides in the upper stem region,
while the 3’ hairpin only forms a stem of 12 paired nucleotides and a loop of 43 unpaired
nucleotides. Maybe, the 3’ hairpin requires the upper stem-loop structure for correct folding
and complex assembly, but at the same time is reliant on Nhp2 to bind to the upper loop and
stabilize it, since the high amount of unpaired nucleotides in the 3’ loop otherwise lead to
misfolding and incorrect complex reconstitution.
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3.7 Appendix of chapter 3

3.7.1 Expression tests
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Figure 56: Coomassie stain - expression test of several s.c. proteins. Marker: low molecular
weight marker (GE Healthcare). Samples: 1) before IPTG induction, 2) o.n. expression 0 mM
IPTG, 3) o.n. expression 0.1 mM IPTG, 4) o.n. expression 1 mM IPTG. Expressed proteins are

marked with boxes. Marker: low molecular weight marker (GE Healthcare).
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3.7.2 Calibration of Superdex 200 10/300 GL increase column with standard proteins
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Figure 57: Size exclusion chromatography purification of standard proteins (p-amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), carbonic
anhydrase (29 kDa), cytochrome C (12.4 kDa), aprotinin (6.5 kDa)) for calibration with the
Superdex 200 10/300 GL increase column.

3.7.3 Expression of NCGA
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Figure 58: Affinity chromatography purification of ternary NCGA complex. a) Ni-NTA elution
chromatogram using an imidazole gradient. Fractions used for analysis are marked with a red
bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification are
marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 59: Size exclusion chromatography purification of ternary NCGA complex. a) SEC
elution chromatogram using a Superdex 200 10/300 GL increase column. Fractions used for
further analysis are marked with a red bar. The relevant peak is marked with a green bar. b)
PAGE analysis of fractions from SEC. Fractions used for further experiments are marked with
a red asterisk. Marker: low molecular weight marker (GE Healthcare). For calibration of
column with standard proteins for size comparison with the complex see appendix Figure 57.

3.7.4 Expression of Nhp2 in 500 mM NaCl buffer
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Figure 60: Affinity chromatography purification of Nhp2 before RNase A treatment. a) Ni-NTA
elution chromatogram using an imidazole gradient. Fractions used for analysis are marked with
a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification
are marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 61: Size exclusion chromatography purification of Nhp2 before RNase A treatment. a)
SEC elution chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for
further analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions
used for further experiments are marked with a red asterisk. Marker: low molecular weight
marker (GE Healthcare).
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Figure 62: Affinity chromatography purification of Nhp2 after RNase A treatment. a) Ni-NTA
elution chromatogram using an imidazole gradient. Fractions used for analysis are marked with
a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification
are marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 63: Size exclusion chromatography purification of Nhp2 after RNase A treatment. a)
SEC elution chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for
further analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions
used for further experiments are marked with a red asterisk. Marker: low molecular weight
marker (GE Healthcare).

3.7.5 Simultaneous purification of NCG and Nhp2
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Figure 64: Size exclusion chromatography purification of NCG without (a) and with Nhp2 (b).
In the PAGE analysis of fractions from SEC no Nhp2 band can be detected. Marker: low
molecular weight marker (GE Healthcare).
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3.7.6 Preparation of NC
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Figure 65: Affinity chromatography purification of NoplO/Cbf5. a) Ni-NTA elution
chromatogram using an imidazole gradient. Fractions used for analysis are marked with a red
bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further purification are
marked with a red asterisk. Marker: low molecular weight marker (GE Healthcare).
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Figure 66: Size exclusion chromatography purification of Nopl0/Cbf5. a) SEC elution
chromatogram using a Superdex 200 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions used for
further experiments are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).
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3.7.7 Preparation of plasmid for standalone Cbf5
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Figure 67: a) Restriction digest of CbfS and Cbf5A genes and pET Duet vector. b) colony PCR of
Cbf5/Cbf5A standalone plasmid after cloning into pET Duet vector. Marker: 2-Log DNA
Ladder (NEB).

3.7.8 EMSAs
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Figure 68: EMSA of snoRNAs H5 and H3 with NCG on a 12% native PAA gel (Coomassie
stain).
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Figure 69: EMSA of snoRNA FL with NCG, NCAG (a), NCGA and NCAGA (b) on a 12% native
PAA gel (Coomassie stain).

3.7.9 Size exclusion purification after complex assembly with fluorophore
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Figure 70: Size exclusion chromatography of RNP using a Superdex 200 3.2/300 GL increase
column. a) Elution profile of snoRNA FL + NCG + Nhp2-K48-Cy3. b) Thin layer
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chromatography of multiple turnover pseudouridylation activity tests performed with site
specific ¥P-labeled 5° substrate RNA (1 uM) for 2 h. FL-RNP eluted after size exclusion
chromatography shows a similar activity as the positive control. c+d) Eluted fractions analyzed
on a 12% native PAA gel. UV scan (c) and fluorescence scan (d).

3.7.10 Preparation of substrate RNA via transcription
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Figure 71: a) DNA template generation for substrate RNAs via annealing at different
temperatures on a 2. Marker: Fast DNA ladder (NEB). b) transcription products of substrate
RNASs on a 20% denaturing PAA gel.

3.7.11 Activity tests for Nhp2 WT/S82W and without Nhp2
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Figure 72: a) Thin layer chromatography of multiple turnover pseudouridylation activity tests
performed with site specific *P-labeled 5’ substrate RNA for 2 h (standard multiple turnover
conditions). Nhp2(WT) and Nhp2(S82W) both show a similar activity promoting effect. b) Thin
layer chromatography of single turnover pseudouridylation activity tests performed with FL
snoRNA and site specific *°P-labeled 5° and 3’ substrate RNA (standard single turnover
conditions). Omission of Nhp2 leads to reduced activity.
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3.7.12 Multiple turnover assay data

Table 6: Reaction kinetics raw data

H5
WNCG
assay | assay
time [min] | 1 2 |mean| A
5 36.28 | 39.62 | 37.95 | 2.36
20 70.12 | 71.64|70.88 | 1.08
60 83.9384.27 | 84.10 | 0.24
120 87.85|87.87 | 87.86 | 0.01
240 91.54|89.13/90.34| 1.70
1335 91.79|93.64|92.72| 1.31
H5
WNCGA
assay | assay
time[min]| 1 2 |[mean| A
5 24.36 | 20.87 | 22.62 | 2.47
20 52.29149.82 |51.05| 1.74
60 7150 | 73.48 |72.49 | 1.40
120 79.34 1 82.01 | 80.68 | 1.89
240 83.99 | 86.29 | 85.14 | 1.62
1335 88.57 [ 89.85|89.21 | 0.91
H5 NCG
assay | assay
time [min] | 1 2 |mean| A
5 211 | 155 | 1.83 | 0.40
20 9.90 | 7.75 | 8.83 | 1.52
60 21.33(18.50|19.92 | 2.00
120 28.94 1 29.36 | 29.15| 0.29
240 44.41143.8244.12| 0.42
1335 71.84|74.25|73.05| 1.71
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FL5
WNCG
assay | assay
time [min] 1 2 |mean| A
5 51.45|57.22 | 54.34 | 4.08
20 79.09 | 82.92 | 81.00 | 2.71
60 86.62 | 88.74 | 87.68 | 1.50
120 88.38 | 91.55|89.96 | 2.24
240 89.66 | 90.83 | 90.24 | 0.82
1335 95.81 | 96.67 | 96.24 | 0.60
FL5
WNCGA
assay | assay
time [min] 1 2 |mean| A
5 33.54|30.40 | 31.97| 2.22
20 62.62 | 62.53 | 62.57 | 0.06
60 79.46180.81[80.14 | 0.96
120 86.29 | 87.58 | 86.93 | 0.91
240 87.87 | 88.75|88.31 | 0.62
1335 87.53190.94|89.23 | 2.41
FL5 NCG
assay | assay
time [min] 1 2 |mean| A
5 8.95 | 6.65 | 7.80 | 1.63
20 18.16 | 18.50 [ 18.33 | 0.24
60 35.16 | 35.05 | 35.10 | 0.07
120 49.48 1 49.44 | 49.46 | 0.03
240 64.44 | 65.97 | 65.20 | 1.08
1335 85.57 1 83.42 | 84.50| 1.52
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H3 FL3
WNCG WNCG
assay | assay | assay assay | assay
time [min] | 1 2 3 |mean| A | time[min] 1 2 |mean| A
5 nd. | nd. | nd. | nd. | nd. 5 2.83 | 344 | 3.13 | 043
20 nd. | nd. | nd. | nd. | nd. 20 10.01 | 11.25|10.63 | 0.88
60 277 | nd. | 1.25 | 1.34 | 1.39 60 21.98 | 24.86|23.42 | 2.04
120 405 | 260 | 3.10 | 3.25 | 0.73 120 30.14 | 37.42 | 33.78 | 5.15
240 8.00 | 7.23 | 854 | 7.92 | 0.66 240 39.23 | 47.27 | 43.25 | 5.68
1335 24.80 | 24.99 | 29.85 | 26.55 | 2.86 1335 53.64 | 58.56 | 56.10 | 3.48
H3 FL3
WNCGA WNCGA
assay | assay assay | assay
time[min]| 1 2 |[mean| A time [min] 1 2 |mean| A
5 0.28 | 0.00 | 0.14 | 0.20 5 10.07 | 5.18 | 7.63 | 3.45
20 0.72 | 150 | 1.11 | 0.55 20 12.88 | 12.50 | 12.69 | 0.27
60 6.90 | 5.97 | 6.43 | 0.66 60 27.00 | 29.15|28.08 | 1.52
120 13.2911.79|12.54 | 1.06 120 43.36 | 42.99 | 43.18 | 0.26
240 21.11(17.81|19.46 | 2.33 240 54.69 | 55.85 | 55.27 | 0.82
1335 38.05[45.73/41.89 | 5.43 1335 69.15]71.82|70.49 | 1.89
H3 NCG FL3 NCG
assay | assay assay | assay
time [min] | 1 2 |mean| A time [min] 1 2 |mean| A
5 nd. | nd. | nd. | nd. 5 nd. | nd. | nd | nd.
20 nd. | nd. | nd. | nd. 20 nd. | nd. | nd | nd.
60 nd. | nd. | nd. | nd. 60 nd. | nd. | nd | nd.
120 nd. | nd. | nd. | nd. 120 nd. | nd. | nd | nd.
240 nd. | nd. | nd. | n.d. 240 nd. | nd. | nd. | n.d.
1335 nd. | nd. | nd. | nd. 1335 7.92 | 557 | 6.74 | 1.66
H5A H5A
WNCG WNCGA
assay | assay assay | assay
time [min] | 1 2 |mean| A time [min] 1 2 |mean| A
5 33.70 [ 30.46 | 32.08 | 2.29 5 8.60 | 8.74 | 8.67 | 0.10
20 70.13 | 63.52 | 66.83 | 4.68 20 24.15|24.47124.31 | 0.23
60 84.71|82.64 | 83.68 | 1.47 60 42.93142.43142.68| 0.35
120 - -- - -- 120 55.19 | 57.39 | 56.29 | 1.55
240 89.37 | 88.62 | 88.99 | 0.53 240 66.78 | 70.50 | 68.64 | 2.63
1335 -- -- - -- 1335 76.39 | 79.29 | 77.84 | 2.05
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H5A NCG

time[min] | 1 2 |[mean| A
5 11.33| 8.87 |10.10| 1.74
20 26.69 | 24.71|25.70 | 1.40
60 45.62 | 43.74 | 44.68 | 1.34
120 -- -- -- --
240 74.07 | 72.75|73.41| 0.93
1335 -- -- -- --

3.7.13 Activity tests for H5 in absence of Garl or Nop10 and for H3A
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Figure 73: a) Thin layer chromatography of single turnover pseudouridylation activity tests
performed with site specific *P-labeled 5° substrate RNA for 2 h (standard single turnover
conditions). No activity can be observed in the absence of either Garl or Nop10. b) Thin layer
chromatography of multiple turnover pseudouridylation activity tests performed with snoRNA
H3A and site specific *’P-labeled 3’ substrate RNA (standard multiple turnover conditions). No

activity can be observed for this construct.
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Functionalization of proteins and spectroscopic analysis of snR81 H/ACA RNP

4.1 Synthesis of non-canonical amino acids

For the generation of fluorophore- or spin-labeled H/ACA RNP, it was necessary to generate
an effective labeling scheme to site-specifically label the proteins of the complex. For this
purpose, different non-canonical amino acids were synthesized, with the goal to incorporate
them into the proteins to act as a reactive functional group. Utilizing click chemistry, the non-
canonical amino acids can be used to attach spectroscopic labels onto the proteins to generate
labeled RNP complexes.

While the basic building blocks of the genetic code includes the 20 canonic amino acids as
well as the 2 proteinogenic amino acids selenocysteine and pyrrolysine, over 800 non-
proteinogenic amino acids have been found in nature, fulfilling various functions!t76:177:192-
194,197.198] - Of these non-proteinogenic amino acids, over 140 have been found in natural
occurring proteins*®®. However, these non-proteinogenic amino acids result from post-
translational modifications rather than translational incorporation. With the functionalization
of an amber codon via orthogonal tRNA/aminoacyl-tRNA synthetase pairs, it is possible to
incorporate a non-canonical amino acid into the peptide chain of a protein translationally!*"l.
These non-canonical amino acids mostly contain a particular functional group at their side
chain. While the core structure of the protein is most often kept intact, the functionalization of
the side chain can be used to directly act as a spectroscopic probe or for post-translational
modifications.

Most of the non-canonical amino acids are prepared by the modification of natural occurring
amino acids. For the amino acids that were utilized in this thesis, the canonical amino acid L-
lysine acted as the precursor. The chemical functionalization was added on the side chain
amino group of lysine, while the amino group at the B-carbon atom was protected by a tert-
butoxycarbonyl (BOC) group.

4.1.1 Synthesis of propargyl-lysine (PrK)

Propargyl-lysine (1) was synthesized by the reaction of BOC protected L-lysine (4) with
propargyl chloride (5) in a 2-step reaction according to literaturel*®®. The high
electronegativity of the chlorine atom results in a negative inductive effect on the propargyl
chloride, which allows a nucleophilic substitution of the amino group on the g-carbon atom of
the lysine side chain, with CI acting as a potent leaving group. The released HCI from the
reaction is neutralized by the basic reaction milieu to prevent an early BOC deprotection
reaction. This way, it is ensured that during workup of the reaction mixture, the intermediate
product (6) remains in the organic phase. After workup, the deprotection reaction to release
the BOC protecting group was performed with concentrated HCI and the product was
obtained as the HCI salt of propargyl-lysine (1) after lyophilization in an overall yield of 97%
(Figure 74).
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Figure 74: Synthesis scheme of propargyl-lysine

4.1.2 Synthesis of norbornene-lysine (NoK)

Norbornene-lysine (2) was synthesized in a 2-step reaction according to literaturel?°, A
carbonyl group from triphosgene (8) was used as a linker between the lysine and the
norbornene moiety. The high reactivity of triphosgene towards moisture made it necessary to
perform the reactions under argon atmosphere and to use dry solvents. The usage of
triphosgene prevents the need to directly use phosgene as an educt, however still phosgene is
produced during the reaction, so special care to prevent leakage of phosgene gas had to be
taken. First, 5-norbornene-2-methanol (7) was added to a solution of triphosgene in THF. In
this way, the hydroxy group of norbornene-2-methanol could perform a nucleophilic
substitution on the carbonyl-group of triphosgene. Afterwards, the product from this reaction
was added to a solution of BOC protected L-lysine (4), to perform a second nucleophilic
substitution of the amino group on the e-carbon atom of the lysine side chain with the
carbonyl-group of triphosgene. The reaction was performed in a basic milieu to prevent an
early deprotection reaction of the BOC group and was carried out overnight. When the pH
was checked at the next day, the reaction milieu had turned acidic. The reaction mixture was
worked up nonetheless and column chromatography was performed to purify the BOC
protected norbornene-lysine (9), however only a yield of 17% for this first reaction step could
be achieved. One probable explanation is that because the reaction solution turned acidic
overnight, the BOC group was removed early and a considerable amount of the product was
lost in the aqueous phase during the workup of the reaction mixture. An explanation for the
pH change was probably that some moisture had entered the reaction mixture and caused a
reaction of excess triphosgene with water to HCI. Triphosgene can theoretically react with
three molar equivalents of the 5-norbornene-2-methanol, since phosgene is produced in situ
during the reaction. The reaction conditions were changed in two ways to achieve a higher
yield of product. In the beginning, only 0.7 molar equivalents of triphosgene was used for the
start of the reaction and the rest was added later. Also, after the addition of the BOC protected
L-lysine to the intermediate product, additional NaOH was added to keep a basic milieu
overnight. These improvements led to an increase in yield for the first reaction step to 79%.
After workup and column chromatography of the reaction mixture, the deprotection reaction
was performed with formic acid in chloroform. After removal of all volatile components, the
product was taken up in a small amount of 50 mM HCI and lyophilization was performed to
obtain the HCI salt of the norbornene-lysine (2) in an overall yield of 59% (Figure 75).
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Figure 75: Synthesis scheme of norbornene-lysine

4.1.3 Synthesis of strained cyclooctyne-lysine (SCOK)

Strained cyclooctyne-lysine (3) was synthesized in a 6-step reaction which was described in
detail during my master thesis*!. In brief, the construction of the cyclooctyne ring moiety
was performed with cycloheptene (10) as a starting material. KO'Bu activated bromoform was
reacted with cycloheptene to form the halocarbon-adduct 8,8-dibromobicyclo[5.1.0]octane
(11). Through silverperchlorate mediated hydrolysis, the eight-ring was formed with 2-
bromo-trans-cyclooct-2-enol (12) as the product. This was brought to reaction with DBU to
eliminate HBr and form 2-cyclooctyne-1-ol (13). The carbonyl linking group was inserted by
a reaction of 2-cyclooctyne-1-ol with 4-nitrophenyl-chloroformate (14) and as with the other
non-canonical amino acid synthesis, BOC protected L-lysine (4) was added to the carbonyl
linking group of the intermediate product (15) via nucleophilic substitution to obtain the BOC
protected product (16). Deprotection reaction was performed with formic acid in chloroform.
After removal of all volatile components and lyophilization, the product was obtained as the
formate salt of the strained cyclooctyne-lysine (3) in an overall yield of 7% (Figure 76).
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Figure 76: Synthesis scheme of strained cyclooctyne-lysine

4.2 Preparation of fluorophore labeled Nhp2 via copper catalyzed click chemistry
4.2.1 Incorporation of PrK into Nhp2

For a closer dissection of the snR81 RNP complex, it was desired to attach spectroscopic
probes to the different RNP building blocks. To gain a more detailed insight into protein-
protein or protein-RNA interaction, labeling of the proteins with fluorophores was performed
to gain constructs for single molecule FRET spectroscopy. While label attachment is also
possible via the utilization of natural occurring amino acids, e.g. cysteine-labeling, this
method also has some shortcomings. For once, for site specific single labeling, only a single
cysteine has to be present in the protein. If the protein contains other native cysteines, they
have to be removed beforehand via site directed mutagenesis. This procedure can easily
disrupt the protein structure and native folding, preventing any further analysis. With the site-
specific incorporation of a non-canonical amino acid, only a single position in the peptide
chain has to be modified. Furthermore, with this method an amino acid with varying reactive
groups at the amino acid side chain can be incorporated at a desired position, which widens
the scope of possible spectroscopic probes that can be linked to the amino acid. First non-
canonical amino acid incorporation tests were done with the non-canonical amino acid
propargyl-lysine (PrK) into the protein Nhp2. This protein was chosen because it seemed to
be the most stable protein during purification procedures and it was readily overexpressed,
resulting in very high yield. Additionally, this protein could easily be generated without co-
expression of other proteins. To incorporate the non-canonical amino acids, an amber codon
suppression system was utilized. An amber codon (TAG) was inserted into the plasmid at the
desired position with complementary primer-based site directed mutagenesis. For Nhp2, the
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TAG mutation was done at positions K37, K48, K54, G70, K107 and E152 (Figure 77).
Those positions were chosen both on the NMR structure of Nhp2 (pdb: 2LBW) in comparison
to its supposed binding sites towards Nopl0 and the snoRNAE®2 as well as previous
successful labeling of the structurally highly similar L7Ae (archaeal counterpart of Nhp2) in
the Hengesbach group%%-361,

Figure 77: NMR structure of Nhp2 (pdb: 2LBW). Mutation sites K37, K48, K54, G70, K107,
and E152 are marked in red. S. cerevisiae Nopl0 (pdb:3U28) and P. furiosus snoRNA (pdb:
3HAY) are shown in gray to demonstrate potential binding sites towards Nhp2.

The arabinose-inducible plasmid pEVOL (WT) was co-transformed with the Nhp2 containing
pET24b plasmid into E. coli BL21 (DE3) cells. The pEVOL plasmid is responsible for the
generation of amber codon recognizing tRNA as well as aminoacyl tRNA synthetase (aaRS)
from Methanosarcina mazei, responsible for loading the PrK onto the amber codon
recognizing tRNAI®I  Cell colonies containing both plasmids were selected against
kanamycin and chloramphenicol. Test expressions were done in 3 ml volume and cells were
incubated at 37 °C in TB medium. After one hour, 5 mM of PrK (in DMSO) was added to the
cells and cell growth was continued for an additional hour. At an ODego 0f 0.5-0.9, arabinose
was added to the cultures. Production of tRNA and aaRS was undergone for an additional five
hours to ensure an overabundance of those amber codon recognizing components. Even with
the amber suppression in place, it is still possible for the ribosomal machinery to occasionally
recognize the amber codon as an actual stop codon and terminate the translation, which could
result in a fraction of the peptide being truncated. Afterwards, expression cultures were cooled
on ice, 0.1 mM IPTG was added to start protein expression and the cultures were shaked for
several days at 20 °C. Every day, a sample was taken from the expression test cultures, the
cells in this sample were pelleted and dissolved in an amount of 2xSDS loading buffer
according to the ODsgoo Of the expression culture. Samples were then separated by SDS PAGE
and analyzed with Western Blotting. With Western Blotting, the amount of protein per
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samples could be visualized by anti-HisTag based staining. And since truncated protein would
not contain the C-terminal HisTag, this way only HisTag containing protein was visualized.
While constructs G70, K107 and E152 only showed small amount of protein produced after
several days, the constructs K37, K48 and K54 showed promising amounts of protein
compared to the WT protein, which was also added onto the Western Blot for comparison
(Figure 78). The WB band intensities were plotted and showed, that after approximately 3-4
days, the highest yield of protein was reached, and that additional incubation/expression time
only resulted in a very small increase in yield. Compared to WT protein, approximately 60 -
80% protein expression was achieved with the non-canonical amino acid incorporation

method.
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Figure 78: Expression test of PrK incorporation into the Nhp2 constructs K37 (a), K48 (b) and
K54 (c). Marker: Spectra Multicolor Broad Range Protein Ladder (Thermo Scientific). Positive
control: Nhp2. Negative control: no addition of PrK into expression medium.
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After the successful expression tests, expression of the constructs K37, K48 and K54 was
done in a larger scale to potentially purify these constructs for further labeling experiments.
Expression was carried out in 250 ml TB medium. The PrK concentration was lowered to
2.5mM, based on the assumption that this amount would be sufficient for an adequate
yield®® and to save some PrK, considering the high synthesis cost of the compound.
Expression was carried out with the parameters used during expression tests. After the initial
seven hours of cell growth, before the addition of IPTG, cultures in TB medium reached an
ODe0o of 7-8. After the cultures were supplemented with 0.1 mM IPTG, the expression of
protein constructs was carried out over the weekend for 3 days at 20 °C. Afterwards, the cells
were harvested, shock frosted in liquid nitrogen and stored at -80 °C. Cell lysis was carried
out as described before for wildtype Nhp2. Purification was performed with affinity
chromatography and fractions analyzed with SDS PAGE (Figure 79). The protein containing
fractions were pooled and supplemented with RNase A. After incubation overnight at room
temperature, RNase A was removed with a second affinity chromatography (Figure 80) and
size exclusion chromatography was performed to further purify the protein constructs (Figure
81). For all the constructs, the two fractions with the highest purity were pooled and
concentrated to a volume of 100 pl. All constructs could be obtained in good yield with 697
pg for K37, 628 ug for K48 and 741 ug for K54 out of the 250 ml expression culture. All
samples showed an 260/280 ratio of 0.55-0.58, indicating the quantitative removal of all
endogenous RNA in the samples. PrK incorporation was verified by mass spectrometry (see
appendix, Figure 132).
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Figure 79: Affinity chromatography purification of Nhp2K48PrK before RNase A treatment. a)
Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further
purification are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).
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Figure 80: Affinity chromatography purification of Nhp2 K48PrK after RNase A treatment. a)
Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further
purification are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).
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Figure 81: Size exclusion chromatography purification of Nhp2 K48PrK after RNase A
treatment. a) SEC elution chromatogram using a Superdex 75 10/300 GL increase column.
Fractions used for further analysis are marked with a red bar. b) PAGE analysis of fractions
from SEC. Fractions used for further experiments are marked with a red asterisk. Marker: low
molecular weight marker (GE Healthcare).

An EMSA was performed to check binding capacity of the constructs K37 and K48 in
comparison to Nhp2 with the H5 RNA (Figure 82). Protein was added to the RNA in
increasing amounts and samples were incubated at 30 °C for 30 min before the EMSA was
performed. One sample contained only RNA as a control. The incubation at 30 °C shifted the
RNA to a second folding conformation, as it was observed before. Interestingly, with the
addition of an increasing amount of all Nhp2 constructs, the RNA is shifted back to its major
conformation. Nhp2 either seems to not directly bind to the RNA on its own in equimolar
concentrations but rather shifts its conformation back into the correct hairpin conformation, or
Nhp2 binds to the RNA (unspecifically), which leads to the RNA adapting a conformation
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similar to the conformation of the free RNA. Possibly, the RNA contains a recognition motif
for Nhp2 which lets the RNA adapt the correct folding in the presence of Nhp2. The affinity
of Nhp2 seemed to be a bit higher to H5 than for the K37 and K48 constructs. However, at an
excess of protein to RNA of 2:1, the samples looked the same. At a high excess of Nhp2
constructs to RNA of 6:1, the protein clumped together with the RNA and the complex was
not able to migrate into the gel anymore, the same behavior that could be observed for the
NCG constructs. No degradation bands are visible, which shows no RNAse contamination of
the protein.

N HS Nhp2 Nhp2 K37PrK Nhp2 K48PrK
molar ratio T 3 3 1 3 3 1 > 3
protein:RNA —_—] -—-—-| ~——=| RNA+Nhp2
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Figure 82: EMSA of H5 snoRNA with Nhp2, Nhp2 K37PrK and Nhp2K48PrK.

In an effort to optimize the yield of protein containing a non-canonical amino acid compared
to the actual amount of non-canonical amino acid used for the expression, a test was
performed for construct K37. The expression was carried out in 500 ml TB medium, which
was supplemented with only 1.25 mM PrK. The expression and purification was done
according to protocol and afterwards, a yield of 1.11 mg of protein could be obtained, so
basically 60% more yield for the same amount of PrK used. This shows, that a PrK
concentration of 1.25 mM is sufficient for complete incorporation of the non-canonical amino
acid during expression, and it was decided to use these expression conditions for further non-
canonical amino acid incorporation expressions.

4.2.2 Fluorophore labeling of Nhp2 with copper catalyzed click chemistry

The incorporation of propargyl-lysine into Nhp2 added a reactive alkyne group to the protein,
which made it possible to use azide-containing spectroscopic probes to perform azide-alkyne
cycloaddition reactions. These “click” reactions were performed with the use of a copper
catalyst. Copper(Il)sulfate was used as a starting material and reduced with ascorbic acid into
its copper(l) state. THPTA was used as a ligand to chelate and stabilize the oxidation state of
copper(l) to prevent reoxidation. As spectroscopic probe, sulfo-Cy3-azide was used to attach
a donor fluorophore label onto Nhp2. Additionally, aminoguanidinium was added to the
reaction mixture to prevent reactions with protein side chains!?®, Initial test click reactions
were carried out in small scale with construct K37 in a molar ratio of 3:1 of fluorophore dye
to protein. Reactions were carried out in the dark at 37 °C since Nhp2 seemed to be relatively
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stable at higher temperatures compared to the other proteins and a reaction temperature of
37 °C for the click reaction resulted in good yield for L7Ael®l, Samples were taken after 3
and 24 hours. SDS PAGE and a subsequent fluorophore scan showed that the click reaction
was successful (Figure 83). However, after longer reaction times, some di- and multimers of
Nhp2 were visible on the denaturing gel. Coomassie staining revealed that only a small
portion of protein formed these side products. Additionally, a negative control experiment
with Nhp2 was performed to reveal that the dye attachment was indeed specific and due to
click reaction and not some other side reaction resulting in attachment of the fluorophore to
the protein.
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Figure 83: Test click reaction of Nhp2 (negative control) and Nhp2 K37PrK with sulfo-Cy3-
azide. Coomassie stain (a) and fluorescence scan (b).

To test if the formation of Nhp2 multimers was caused by prolonged incubation at 37 °C, the
reaction times were lowered to 1-3 h and test click reactions were performed for K37 and K48
constructs. For these shorter reaction times, the formation of multimers was minute in
comparison to the main product (Figure 84).
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Figure 84: Test click reaction of Nhp2 K37PrK and Nhp2 K48PrK with sulfo-Cy3-azide.
Coomassie stain (a) and fluorescence scan (b).

The click reaction with sulfo-Cy3-azide was carried out in a larger scale for constructs K37
and K48. Reaction volume was increased to 110 pl with a fluorophore to protein ratio of
2.5:1. The reaction was carried out at 37 °C for 3 h and subsequently the reaction mixture was
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loaded onto a SEC column. Size exclusion was performed to separate the protein from
unreacted dye (Figure 85). Notably, fluorophore labeled Nhp2 was eluted earlier from the
SEC column (in the exclusion volume) than unlabeled Nhp2, which most probably is caused
by the influence of the dye molecule on the hydrodynamic radius of the protein. Both
constructs could be obtained in good yield of 100-250 pg for single molecule experiments.
Labeling efficiency was determined via UV-vis spectroscopy and could be determined to be
70-80%.
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Figure 85: Size exclusion chromatography purification of Nhp2 K48Cy3. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) Fluorescence scan of fractions from SEC. Fractions used
for further experiments are marked with a red asterisk.

For a potential investigation of protein/protein interactions or for a reversed RNA/protein
labeling scheme, an Nhp2 construct with an acceptor fluorophore label was required. For
construct K48 a click reaction with sulfo-Cy5-azide was therefore performed. The construct
was purified by affinity and size exclusion chromatography (Figure 86). As observed for the
Cy3-labeled constructs, Cy5-labeled Nhp2 was also eluted in the exclusion volume. It was
possible to obtain 100 pg of protein with a labeling efficiency of 60%.
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Figure 86: Size exclusion chromatography purification of Nhp2 K48Cy5. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) Fluorescence scan of fractions from SEC. Fractions used
for further experiments are marked with a red asterisk.

Folding and RNA binding may be altered by modification and fluorophore labeling. To assess
this effect, an activity test of the fluorophore labeled constructs was performed to check if the
attachment of the fluorophore interferes with enzymatic activity of the complex. Cy3- as well
as Cy5-labeled Nhp2 showed an activity promoting effect similar to non-labeled Nhp2 in
comparison to complex without Nhp2, showing that the fluorophores do not reduce the effect
of Nhp2 on the pseudouridylation reaction. (appendix, Figure 133).

4.3 Preparation of fluorophore labeled Nhp2 via copper free click chemistry
4.3.1 Incorporation of SCOK into Nhp2

The synthesis of the non-canonical amino acid strained cyclooctyne-lysine (SCOK) was
optimized and first incorporation tests on archaeal proteins were performed during a preciding
master thesis*°l. The amino acid SCOK bears an alkyne group similar to PrK, making it
accessible for click reactions. However, the alkyne group is situated inside a cyclooctane ring,
resulting in a strained ring system. The energy from this ring strain is released during the
coupling with an azide moiety and serves as energy for the click reaction. Therefore, no
copper catalyst is needed for the reaction[?°0285-2881 This approach has several benefits
compared to the copper catalyzed reaction. The copper reagent can act toxic towards
biomolecules, making the copper catalyzed reaction less suitable for in vivo experiments.
Furthermore, a reducing agent like ascorbic acid, which is required during the copper
catalyzed reaction may be fine for spectroscopic probes like fluorophores, but on the other
hand reacts with and thus destroys other probes like nitroxide spin labels. The incorporation
of the amino acid SCOK was tested with the protein constructs Nhp2W K37 and K48. Since
SCOK is sterically very bulky, the synthetase provided by the pEVOL plasmid is not able to
provide a binding surface for this non-canonical amino acid. For this reason, the mutant
PEVOLAF was used for incorporation of SCOK. In this mutant, the amino acids of the aaRS
Y306 and Y384 were replaced by alanine and phenylalanine, respectively, widening the
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binding pocket for amino acids on the synthetase and allowing larger amino acids like SCOK
to bind to the synthetase and be attached to the tRNAP The expression tests were
performed according to protocol, with an SCOK amount of 1 mM supplemented one hour
after the start of cell growth at 37 °C, arabinose induction (0.2%) after an additional hour and
IPTG (0.1 mM) induction after additional five hours. Protein expression was carried out at
20 °C. Expression tests were analyzed by western blot and showed the successful
incorporation of SCOK into both protein constructs (Figure 87).
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Figure 87: Expression test of SCOK incorporation into the Nhp2 constructs K37 (a) and K48 (b).
Marker: Spectra Multicolor Broad Range Protein Ladder (Thermo Scientific). Positive control:
Nhp2. Negative control: no addition of SCOK into expression medium.

Expression for SCOK incorporation into construct K48 was scaled up and performed with a
250 ml expression culture. Expression was done with the same parameters as in the
expression tests, and cells were harvested after 4 days of expression. Protein was obtained by
cell lysis and subsequent affinity chromatography. RNase A treatment was performed as
described before and a second affinity chromatography and size exclusion chromatography
were performed (Figure 88). Nhp2W K48SCOK could be obtained with a relatively high
yield of 3.2 mg of protein in good purity.
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Figure 88: Size exclusion chromatography purification of Nhp2 K48SCOK. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) Coomassie stain of fractions from SEC. Fractions used
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for further experiments are marked with a red asterisk. Marker: low molecular weight marker
(GE Healthcare).

4.3.2 Fluorophore labeling of Nhp2 with copper free click chemistry

With the purified protein, click test reactions were performed with sulfo-Cy3-azide. Reactions
were carried out at room temperature and 37 °C, and samples were collected after several
points in time up to 48 h. SDS PAGE analysis of the samples and fluorescence scan of the gel
showed, that click reactions were successful (Figure 89). The highest yield was achieved after
48 h, showing that the strain promoted version of the click reaction is slower than the copper
catalyzed variant. Overall yield was higher for reactions carried out at 37 °C.
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Figure 89: Test click reaction of Nhp2 K48SCOK with sulfo-Cy3-azide. Coomassie stain (a) and
fluorescence scan (b). Labeling yields were quantified via ImageJ by the fluorescence intensities
of protein and free dye bands.

4.4  Preparation of fluorophore labeled Cbf5
4.4.1 Incorporation of PrK into Cbf5

Cbf5 acts as the catalytic core of the RNP complex, where the amino acid D95 binds the
target uridine, that gets transformed into pseudouridine. The protein also contains a “thumb”
loop domain, which is believed to position the target uridine close to D95 and thereby
facilitate catalytic activity. For archaeal RNPs, this thumb loop could be observed in different
states with crystallography and its function was also dissected via SMFRET spectroscopy in
the Hengesbach group®°l. For eukaryotic Cbf5 however, it was not possible to resolve a
crystal structure of the thumb loop domain, possibly due to high flexibility of this part of the
proteint*8%, Several sites for incorporation of non-canonical amino acids were chosen inside
or in close proximity of the thumb loop domain (Figure 90). Namely, those mutations sites
were P154, L156, 1157, K161 and V166. All mutations sites were chosen to replace amino
acids that have already been shown to not be essential for enzymatic activity of Cbf5[37°,
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Figure 90: Crystal structure of CbfSA (pdb: 3U28). The thumb loop domain, which is only partly
resolved in the crystal structure, is marked in orange and overlayed with the structurally similar
thumb loop domain from the crystal structure of archaeal Cbf5 from pyrococcus furiosus (pdb:
3HAY). Labeling sites P154, K161 and V166 are marked in red (Labeling sites L156 and 1157
are contained in the unresolved part of the structure). The catalytic core residue D95 is marked
in blue.

Several constructs of Cbf5 as well as Cbf5A were generated via site directed mutagenesis. All
constructs also contained the Nop10 gene on the plasmid. Expression tests were carried out in
small scale with the expression conditions that had already been established for non-canonical
amino acid incorporation into Nhp2 (1.25 mM PrK, 0.2% arabinose, 0.1 mM IPTG). Samples
were taken after 24 h, 48 h and finally after one week of expression at 20 °C. Expression tests
were analyzed by SDS PAGE and western blot (Figure 91). The expression with PrK
incorporation worked for all of the constructs tested except K161.
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Figure 91: Expression test of PrK incorporation into Cbf5 and Cbf5A constructs. Comparison of
samples taken after expression of one week. Marker: Spectra Multicolor Broad Range Protein
Ladder (Thermo Scientific).
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Since some constructs showed secondary bands in the western blot, the construct L156 was
chosen to be the most promising construct for further expression in larger scale. Both Cbf5
L156 and CbfSA L156 were expressed in a larger scale of one liter expression culture volume.
Garl was expressed separately and before cell lysis, the pellets of both the NC and the G
expression cultures were mixed together for co-purification of the ternary NCG complex. For
both Cbf5 constructs expression was successful and the constructs were purified by affinity
and subsequent size exclusion chromatography. SDS PAGE analysis showed that it was
possible to obtain both NCG constructs, however both constructs still were contaminated with
other proteins. The sample contained about 10% w/w contaminating RNA as revealed by a
260/280 ratio of 1.56 for Cbf5 L156/Nop10/Garl and 1.04 for CbfSA L156/Nop10/Garl. A
total yield of 2.7 mg for Cbf5 L156/Nop10/Garl and 1.7 mg for Cbf5A L156/Nop10/Garl
could be obtained from the 1 | expression. However, these values do not account for the
impurities. The construct Cbf5A L156 was expressed again from a two liter culture. Before
cell lysis, a pellet from a Garl expression was added. The co-purification of the ternary
complex was performed as before. However, after the first affinity chromatography, the
protein containing fractions were pooled and RNase A was added. The fractions were
incubated at 4 °C for 18 h and RNase A was removed with a second affinity chromatography.
After size exclusion chromatography, the protein containing fractions were analyzed via SDS
PAGE Coomassie blue staining (Figure 92). This time, protein could be obtained in better
purity, however still one endogenous protein band could not be removed via SEC.
Endogenous RNA could be removed however, as revealed by a 260/280 ratio of 0.66. A total
yield of 262 pg of purified protein could be obtained from the two liter expression.
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Figure 92: Size exclusion chromatography purification of Cbf5A L156PrK together with Nop10
and Garl. a) SEC elution chromatogram using a Superdex 200 10/300 GL increase column.
Fractions used for further analysis are marked with a red bar. b) PAGE analysis of fractions
from SEC. Fractions used for further experiments are marked with a red asterisk. Marker: low
molecular weight marker (GE Healthcare).

4.4.2 Fluorophore labeling of Cbf5 with copper catalyzed click chemistry

Click test reactions were performed with the Cbf5 L156PrK and CbfSA L156PrK samples
which contained impurities, in order to verify dye labeling, while not using up the small
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available amount of pure Cbf5SA L156PrK. Despite the proteins being not entirely pure,
fluorophore labeling conditions could still be optimized with these samples. Click reactions
were carried out a 4 °C, 25 °C and 37 °C and samples were taken after 2 h, 4 h, 6 h and 24 h.
Samples were analyzed by SDS PAGE Coomassie stain and fluorescence scan (appendix,
Figure 135). A reaction temperature of 37 °C was not suitable for the proteins, since
degradation was observed and only a smaller amount of labeled protein is visible on the
fluorescence scan. Also, a reaction time of 24 h seemed not suitable, since the apparent
labeling yield seemed to be actually lower. A reaction temperature of 4 °C with a reaction
time of 6 h seemed to be the best reaction conditions for click reaction of Cbf5 constructs.
With the purified Cbf5SA L156 a click reaction with sulfo-Cy3-azide was performed with a
dye to protein ratio of 2.5:1. The click reaction was incubated at 4 °C for 4 h. Afterwards,
unreacted fluorophore was removed with size exclusion chromatography and protein
containing fractions were analyzed by SDS PAGE fluorescence scan (Figure 93). Labeling
reaction was successful for both constructs, resulting in 56 pg of labeled and purified Cbf5A
L156/Nopl10/Garl.
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Figure 93: Size exclusion chromatography purification of Cbf5A L156Cy3 with Nop10 and
Garl. a) SEC elution chromatogram using a Superdex 200 10/300 GL increase column.
Fractions used for further analysis are marked with a red bar. b) Fluorescence scan of fractions
from SEC. Fractions used for further experiments are marked with a red asterisk.

4.5 Preparation of fluorophore labeled Garl
4.5.1 Incorporation of PrK into Garl

To examine interactions of the protein Garl with Cbf5, Nhp2 or the snoRNA, it was also
desired to generate fluorophore labeled constructs of this protein. Especially the interactions
of Garl with the Cbf5 thumb loop would be an interesting target for investigations, as Garl
has been shown to act as a mediator between the closed and open state of the thumb loop
domaintt40:150157.3601 - For fluorophore probe attachment sites, several amino acids on the
proteins surface were chosen as suitable targets to be replaced with PrK. Those amino acids
namely were N71, D96, G97, K108 and K115 (Figure 94).
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Figure 94: Crystal structure of GarlA (pdb: 3U28). Mutation sites are marked in red. The other
RNP proteins are shown in grey.

As before, amber stop codons were inserted via site directed mutagenesis into the gene
sequence of Garl in pET24b vector. In this vector, Garl contains the His-tag at the C-
terminus, which makes it easier to validate the incorporation of the non-canonical amino acid.
If no amino acid is incorporated at the amber location, protein expression is stopped and the
C-terminal His-tag is not included in the truncated protein, resulting in no western blot signals
as well as no binding to His-Trap columns during purification. Furthermore, as was shown
during the expression of shortened Garl constructs (chapter 3.4.3), the degradation during
Garl purification seems to take place in the C-terminal GAR domain of the protein. A C-
terminal His-tag ensures that no degradation products are purified together with the full length
protein. For constructs N71 and K108 expression tests were performed under standard
conditions. Cells were incubated at 37 °C, PrK (1.25 mM) was added after 1 h and arabinose
(0.2%) was added after an additional 1 h. After additional 5 h, expression of target protein
was initiated with IPTG (0.1 mM) at 20 °C for several days. Samples of cell lysate were taken
after 24 h and after 4 days. SDS PAGE and western blot analysis showed successful protein
expression. However, protein was already strongly expressed before the addition of IPTG,
showing a significant basal expression of the constructs (appendix, Figure 136a). It was tried
to minimize the basal expression by two different approaches. One approach was to incubate
the expression cultures at 37 °C until the addition of arabinose. Afterwards, the incubation
was continued at 20 °C until the addition of IPTG and expression was carried out at 20 °C.
Alternatively, glucose (2%) was added to the expression cultures. While the glucose inhibited
inducible expression of protein, the lower temperatures helped to prevent basal expression
(appendix, Figure 136b). Constructs N71 and K108 were then expressed in larger scale with
500 ml culture volume. After affinity chromatography and SDS PAGE gel analysis of the
fractions, it became apparent that protein yield was extremely low. After RNase A treatment
and the second affinity chromatography and size exclusion chromatography, only construct
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N71 could be obtained in a very small amount. SDS PAGE analysis of the cell debris after
cell lysis showed, that most of the expressed protein was contained in the cell pellet rather
than in the lysate. The incorporation of the non-canonical amino acid into Garl seems to
result in some sort of misfolding of the protein, which results in precipitation of most of the
protein after cell lysis, opposite to wildtype Garl. To test if changes in the lysis buffer could
somehow solve this problem, Garl N71PrK was expressed in a small scale expression with
the standard parameters and afterwards, cells were harvested in 200 pl aliquots. Several
buffers were prepared, with different pH-values and various additives like lysozyme, EDTA
and urea. Each pellet was dissolved in 100 pl of a different buffer and the lysis in this small
scale volume was performed by several freeze-thaw cycles, which were performed by
freezing the cell solution with dry ice and afterwards thawing it up to 42 °C several times. The
lysate was washed with acetone and lysate as well as pellet were mixed with SDS loading
buffer and SDS PAGE was performed and analyzed with western blot. Only the addition of
urea led to a visible protein band in the lysate, suggesting some sort of misfolding of the Garl
protein upon non-canonical amino acid incorporation (appendix, Figure 137).

4.6 Generation of fluorophore labeled snoRNAs

Fluorophore labeled RNA constructs were provided by Gerd Hanspach (Goethe University)
3711 Attachement of Cy5 label was performed by the introduction of an aminoallyl group at
positions U61 for H5 and U26 for H5A (Figure 95a). For H3 and H3A, the native C21 was
replaced by U21, since insertion of functional groups works more reliable for uridine®?71, This
point mutation leading to a non-canonical U-G pair instead of the canonical C-G pair was
deemed to be non-disruptive to the secondary RNA structure, since it is flanked by two C-G
pairs on both sides. An aminohexylacrylamino group was introduced at position U21 for both
H3 and H3A (Figure 95b). The RNA was ordered in separate oligonucleotides, the labeling
was performed by coupling of Cy5-NHS-ester with the primary amine groups of the modified
oligonucleotides, the labeled oligonucleotides were separated from unreacted dye via HPLC
purification and the dye labeled oligonucleotides and the unmodified oligonucleotides were
splint ligated with T4 DNA ligase or T4 RNA ligase 2. Purification of the ligated products
was performed by preparative PAGE, the product bands were excised and eluted from the gel
and precipitated afterwards®"Y. The Cy5-labeled RNA constructs were snap cooled prior to
use in SMFRET experiments (see appendix, Figure 138).
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Figure 95: schematic representation of fluorophore labeled snoRNA constructs used for
SMFRET experiments. a) H5-Cy5 (U61) and H5A-Cy5 (U26) constructs. a) H3-Cy5 (U21) and
H3A-Cy5 (U21) constructs. Cy5-label are marked in red. Biotin is marked in blue. Linkers are
marked in grey.

4.7 Investigation of snR81 RNP via SmFRET spectroscopy
4.7.1 Sample preparation and processing of data

Samples for the single molecule FRET analysis were prepared with 600 nM snoRNA and a
tenfold excess of proteins. The snoRNA constructs used for the smFRET experiments
contained a biotin-linker at the 3’ end. The passivated objective slides, on which the
measurement channels for SmFRET experiments were prepared, were also biotinylated. Prior
to the addition of the samples into the measurement channels, streptavidin was added to allow
the effective pull-down of snoRNA via biotin-streptavidin-biotin interaction and therefore the
immobilization of samples on the glass surface. After reconstitution of the samples in V-
buffer, samples were highly diluted to a concentration of 0.25 - 1 nM. To see when an ideal
particle density of fluorophore labeled samples was reached and the channel was not
overloaded with fluorophore labeled sample, the loaded slides were checked on the
microscope and loading of sample was adjusted accordingly. Prior to the smFRET
measurements, an oxygen scavenging system was added to the measurement channel and the
SMFRET measurements were performed at room temperature. Activity tests of unlabeled
snR81 RNP at room temperature were performed by Gerd Hanspach (Goethe University) and
showed only a minor reduction of activity in comparison to activity tests at 30 °C. Activity
tests with dye labeled proteins (appendix, Figure 133) as well as dye labeled RNAsE™ were
performed. Fluorophore labeled proteins did not result in decreased activity and fluorophore
labeled RNAs showed a small decrease (<5%) during activity assaysP". RNPs used for the
measurements usually contained a protein carrying a donor fluorophore (Cy3) and a snoRNA
carrying an acceptor fluorophore (Cy5), resulting in the detection of only completely
reconstituted complexes. For the generation of SMFRET histograms, movies with a length of 7
seconds were recorded and 40 individual measurements for each sample were performed. For
each movie, during the first 2.5 seconds, only the green laser was turned on and the FRET
value averaged during the first 2 seconds was used for the histograms. During the last 4.5
seconds, the red laser was also turned on and the averaged acceptor value of the last 3 seconds
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of the movie was used as a filter value during data analysis to exclude incompletely
assembled RNPs. If the intensity of the donor channel reached a sufficiently high value and
the difference between the donor and acceptor channel therefore exceeded a certain threshold,
the trace was accepted (Figure 96a). In this scenario, the acceptor intensity was the product
from FRET between a donor-acceptor pair as well as the red laser irradiation. If the difference
between donor and acceptor channel did not reach a certain threshold, the intensity in the
acceptor channel was only caused by the red laser irradiation and no FRET pair was present,
therefore the trace was discarded (Figure 96b). This procedure was implemented, since during
the first measurements a significant donor-only peak could be observed. Normally, Nhp2
should only be able to bind to the snoRNA, that was immobilized by biotin-streptavidin
interaction on the glass surface. However, it seemed that either a high number of early
bleached molecules were accumulating in the measurement channel or that even after
passivation of the glass surface, some Nhp2 was still able to nonspecifically bind inside the
measurement channels. With the above described filtering method, these unspecifically bound
molecules could be detected and filtered, which removed the donor only peak in an unbiased
experimental way rather than utilizing a gaussian fit. As an alternative approach, a reverse
labeling scheme was tested with Cy3-labeled snoRNA and Cy5-labeled Nhp2. This however,
was also not ideal, since not all sSnoRNA that were immobilized in the measurement channel
did result in a fully reconstituted RNP, which also resulted in a donor only peak and
furthermore an overloading of the channel with donor marked molecules (appendix, Figure
139).
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Figure 96: Generation of valid smFRET traces for histograms. a) Difference between donor and
acceptor channel exceeds threshold and trace is accepted. b) Difference between donor and
acceptor channel does not exceed threshold and trace is denied.

Furthermore, 120 seconds long movies were recorded and analyzed. The analysis of these
movies lead to the determination of the different FRET states, that are represented in the
histograms. Additionally, with these movies it is possible to check for transitions between the
different states to observe possible FRET dynamics. With E-FRET states determined, state
populations could be fitted into the histograms with a gaussian function.
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4.7.2 smFRET investigation of the 5’ and 3’ hairpin of snR81 with labeled Nhp2

First SmFRET investigations were done with the construct H5-Cy5 and Nhp2 K48Cy3 to gain
a more detailed insight into the formation of the RNP and the role of Nhp2 during complex
formation. The fluorophore on the snoRNA was attached above the pseudouridylation pocket
in proximity to the supposed binding surface of Nhp2 atop the hairpin. The position of the
fluorophore on Nhp2 was inside of helix a1, which is supposed to not be a part of the binding
surface of Nhp2 towards the rest of the RNP, therefore not interfering with the RNP
formation, but still in proximity to the other proteins (Figure 97).

Nhp2 K48Cy3 Nhp2 K37Cy3

Figure 97: Cartoon representation of accessible volume clouds of sulfo-Cy3 (dark gren) in
relation to the RNP proteins Nop10 (magenta), Cbf5 (green), Garl (cyan) for labeling sites Nhp2
(yellow) K48 (a) and K37 (b) (pdb: 3U28 and 2LBW). AV clouds were generated using FPS
softwarel® using the NMR structure of Nhp2 (2LBW) and the corresponding parameters for
sulfo-Cy3 including linker length.

As a negative control, only H5 and Nhp2 were incubated together. Nhp2 is known to
unspecifically bind to RNA stem-loop structures, so it was necessary to rule out any
interactions of Nhp2 with the RNA in absence of the other proteins. The FRET experiment
showed that in absence of NCG, Nhp2 was not able to bind to the snoRNA, neither in a
specific nor unspecific way (appendix, Figure 140a). To see whether Nhp2 was able to bind to
the complex in the absence of Nopl0, but presence of Cbf5, the complex H5 WCG was
reconstituted. In the presence of only Cbf5 and Garl, again no FRET population could be
identified, showing that the presence of Cbf5 and the snoRNA is not sufficient for Nhp2
binding to the complex and in fact Nop10 is required for Nhp2 to specifically bind to the RNP
(appendix, Figure 140D).
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As a next step, the full RNP was reconstituted. SmFRET measurements revealed a single
binding mode for Nhp2 K48Cy3 to the complex with a FRET efficiency of 0.6 (Figure 98).
The experiments were also performed with Nhp2 K37Cy3, to verify if the observed data was
not only labeling site specific. The utilization of the second labeling site also led to the
observation of a single binding mode for Nhp2 to H5 with an E-FRET of 0.5.
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Figure 98: Histograms of fully reconstituted 5’ hairpin complexes H5-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H5-Cy5 + Nhp2 K37Cy3 + NCG (right). n represents the number of molecules
observed for E-FRET > 0.2. The states x. were determined by analyzing 120 second movies.
Gaussian fitting was used to determine and plot the Gaussian distribution in the histogram
(error for x.<0.01).

Analysis of recorded movies, each representing the time course of donor and acceptor
intensities of a single FRET pair on one RNP particle over the time course of 120 seconds
showed typical anticorrelated donor-acceptor intensities for FRET (Figure 99). Both
histograms in Figure 99 show the bleaching of the acceptor dye and as a consequence thereof

the increase in donor intensity. The corresponding E-FRET results from
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Figure 99: Exemplary time resolved FRET traces, representing donor and acceptor intensity as
well as corresponding E-FRET. Traces for H5-Cy5 with Nhp2 K48Cy3 (a) and Nhp2 K37Cy3

(b).
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The experiments were repeated with the snoRNA H3-Cy5 to analyze the binding of Nhp2 to
the 3’ hairpin of the RNP complex. For H3, not a single, but several binding states could be
observed. Analysis of the 120 second movies revealed 3 different states for the H3 construct,
for both Nhp2 K48Cy3 (Figure 101a) and Nhp2 K48Cy3 (Figure 101b). In a few rare cases,
transitions between the three states could be observed, but most of the molecules analyzed did
not change their FRET state during the 120 seconds of observations or the FRET pairs
bleached out, before any transition could be observed. The three observed states Xci-3
including the error, which was determined by standard deviation between all performed
SMFRET experiments with each construct, could be fitted into the histograms with three
gaussian functions (Figure 100). The three FRET states represent one major population at a
high E-FRET for both Nhp2 constructs which are populated by 40-50% of the molecules and
two minor states at lower FRET values (Table 7).
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Figure 100: Histograms of fully reconstituted 3’ hairpin complexes H3-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H3-Cy5 + Nhp2 K37Cy3 + NCG (right). n represents the number of molecules
observed for E-FRET > 0.2. The three states xc1.3 including error were determined by analyzing
120 second movies (see Table 7) and Gaussian fitting within the error of xc was used to determine
and plot three Gaussian distributions in the histogram with a given peak width between 0.05 and
0.18 based on the single state constructs. Values in % are calculated by determining the area
under the curve using the Gaussian distribution and represent the amount of molecules in one of
the three states.
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Figure 101: Exemplary time resolved FRET traces, representing donor and acceptor intensity as
well as corresponding E-FRET. Traces for the three observed states of H3-Cy5 with Nhp2

K48Cy3 (a) and Nhp2 K37Cy3 (b).

Table 7: States observed for constructs H3 and H3A. FRET states were determined by analyzing
120 second movies and state identification by HaMMy84, Errors were calculated from standard
deviations between 24 individual measurements for each construct.

low FRET intermediate FRET high FRET
Nhp2 K48Cy3 0.43£0.03 0.65+0.03 0.82 £0.03
Nhp2 K37Cy3 0.43 +£0.05 0.60 + 0.03 0.77 £ 0.04
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4.7.3 smFRET investigation of the influence of Garl and eukaryotic specific GAR
domains

To gain more insight into the influence of the GAR-domains, that already showed different
effects on pseudouridylation activity during activity test, the SMFRET experiments were also
performed with the omission of the eukaryotic specific GAR domains and the use of GarlA as
well as the complete omission of Garl. The experiments were performed with the snoRNA
constructs H5-Cy5 and H3-Cy5 and both Nhp2 constructs Nhp2 K48Cy3 and K37Cy3. The
complete omission of Garl did not change the E-FRET value of the observed state, nor did
other states arise. Nhp2 was still bound towards the RNP in a single binding mode, which was
observed for both labeling sites (Figure 102a). However, the omission of Garl led to slightly
sharper states observed in the histograms. Interestingly, the omission of only the eukaryotic
specific domains of Garl with the use of the construct GarlA, led to a major increase in peak
sharpening. Still, no secondary state could be observed, nor did E-FRET value change for the
single observable state (Figure 102b). Both Nhp2 K37Cy3 and Nhp2 K47Cy3 showed similar
results, the only difference between the two constructs was the fact that the peak sharpening
was not as strong for the NC construct for K48Cy3 than it could be observed for K37Cy3. For
both NCG and NCGA, the states looked similar for both constructs.
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Figure 102: Histograms of fully reconstituted 3’ hairpin complexes H3-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H3-Cy5 + Nhp2 K37Cy3 + NCG (right). n represents the number of molecules
observed for E-FRET > 0.2. The states X were determined by analyzing 120 second movies.
Gaussian fitting was used to determine and plot the Gaussian distribution in the histogram
(error for x.<0.01).
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The described experiments were also performed for construct H3-Cy5. As before observed for
the full complex reconstitution, several states could be seen in the histograms, which could be
pointed down to three individual states by analyzing 120 second movies. The three states
represented the same states as before (Table 7). The high FRET state at around E-FRET ~ 0.8
again was the most populated state (Figure 103a). However, omission of the GAR domains
led to an increase of this population. For construct Nhp2 K48Cy3, the amount of molecules
increased from 43% to 51%. For K37Cya3, the increase in population was from 42% to 60%.
While the intermediate FRET state stayed roughly the same (around 30-40% of the
molecules), the low FRET state decreased for both constructs. With the complete omission of
Garl, the same observations could be made as for GAR domain omission. While the low
FRET state declined, the high FRET state increase in population (Figure 103b). For both
constructs, the complete omission of Garl led to roughly the same population of states as only
the GAR domain omission did.
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Figure 103: a) Histograms of GAR domain omission for the 3’ hairpin complexes H3-Cy5 +
Nhp2 K48Cy3 + NCGA (left) and H3-Cy5 + Nhp2 K37Cy3 + NCGA (right). b) Histograms of
Gar1 omission for the 3° hairpin complexes H3-Cy5 + Nhp2 K48Cy3 + NC (left) and H3-Cy5 +
Nhp2 K37Cy3 + NC (right). n represents the number of molecules observed for E-FRET > 0.2.
The three states Xc-3 including error were determined by analyzing 120 second movies (see Table
7) and Gaussian fitting within the error of xc was used to determine and plot three Gaussian
distributions in the histogram with a given peak width between 0.05 and 0.18 based on the single
state constructs. Values in % are calculated by determining the area under the curve using the
Gaussian distribution and represent the amount of molecules in one of the three states.
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4.7.4 smFRET investigation of shortened RNA constructs

After the smFRET experiments with the H5 and H3 hairpins respectively, the shortened
hairpin constructs HSA and H3A were also measured for comparison. Both constructs H5A-
Cy5 and H3A-Cy5 were tested with both Nhp2 constructs K48Cy3 and K37Cy3. Since both
of the hairpins are missing the upper part of their stem-loop structure, which got replaced by a
tetraloop, the actual binding site for Nhp2 is missing. Since Nopl0 was deemed to be
necessary for the binding of Nhp2 as well as the performance of catalytic activity at all — even
in the absence of Nhp2 — it was interesting to see in which way Nhp2 would interact with the
shortened snoRNA constructs. Activity test had already shown that even without the SnoRNA
binding site of H5, still the absence or presence of Nhp2 had an impact on the catalytic
activity of the RNP, so even without the upper stem-loop structure, in some way Nhp2 should
still be able to specifically bind to the RNP complex. First, the full RNP of H5A was
reconstituted with NCG and the labeled Nhp2 constructs. Interestingly, smFRET
investigations did not show a single binding mode, as was the case for H5, but several states
could be observed in the histograms. Again, 120 second movies of the construct were
analyzed to obtain information about the actual states visible in the histogram and, as was the
case for construct H3, three distinct states could be pinpointed (Table 8). For both constructs
Nhp2 K48Cy3 and K37Cy3, one intermediate FRET state and two high FRET states could be
observed (Figure 105). Using Gaussian fitting, these three states could be placed into the
histograms and population of each state could be determined (Figure 104). For both
constructs, the high FRET state around 0.78 / 0.77 was the most populated state with 54% /
60% respectively.
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Figure 104: Histograms of fully reconstituted 3’ hairpin complexes H5A-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H5A-Cy5 + Nhp2 K37Cy3 + NCG (right). n represents the number of molecules
observed for E-FRET > 0.2. The three states Xc1.3 including error were determined by analyzing
120 second movies (see Table 8) and Gaussian fitting within the error of x.was used to determine
and plot three Gaussian distributions in the histogram with a given peak width between 0.05 and
0.18 based on the single state constructs. Values in % are calculated by determining the area
under the curve using the Gaussian distribution and represent the amount of molecules in one of
the three states.
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Figure 105: Exemplary time resolved FRET traces, representing donor and acceptor intensity as
well as corresponding E-FRET. Traces for the three observed states of H5A-Cy5 with Nhp2
K48Cy3 (a) and Nhp2 K37Cy3 (b).

Table 8: FRET states observed for construct H5A. FRET states were determined by analyzing
120 second movies and state determination by HaMMy®8. Errors were calculated from
standard deviations between 12 individual measurements for each construct.

intermediate FRET high FRET I high FRET 11
Nhp2 K48Cy3 0.57 £0.04 0.78 £ 0.02 0.96 + 0.01
Nhp2 K37Cy3 0.49 £ 0.03 0.77 £0.02 0.89 £ 0.02
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Like for the other constructs, also the SMFRET experiments with GAR domain and Garl
omission were performed. Like before, the same three E-FRET states could be identified
without any significant change of the states (Figure 106). Upon GAR domain as well as Garl
omission, high FRET state Il increased in population (around 20%), while high FRET state |
decreased (around 10%). While high FRET state | did not show any distinctive characteristics,
high FRET state Il showed the same behavior that was previously observed for construct H5.
For the GAR domain omission, the high FRET became much sharper, while the complete
omission of Garl only led to a small sharpening of the state. This effect was more prominent
upon Garl omission for the Nhp2 K37Cy3 construct than for the Nhp2 K48Cy3 construct.
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Figure 106: a) Histograms of GAR domain omission for the 5’ hairpin complexes H5A-Cy5 +
Nhp2 K48Cy3 + NCGA (left) and H5A-Cy5 + Nhp2 K37Cy3 + NCGA (right). b) Histograms of
Garl omission for the 5’ hairpin complexes HSA-Cy5 + Nhp2 K48Cy3 + NC (left) and H5A-Cy5
+ Nhp2 K37Cy3 + NC (right). n represents the number of molecules observed for E-FRET > 0.2.
The three states Xq-3 including error were determined by analyzing 120 second movies (see Table
8) and Gaussian fitting within the error of x; was used to determine and plot three Gaussian
distributions in the histogram with a given peak width between 0.05 and 0.18 based on the single
state constructs. Values in % are calculated by determining the area under the curve using the
Gaussian distribution and represent the amount of molecules in one of the three states.
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While H5A still showed catatalytic activity, even in the absence of the upper stem-loop, no
catalytic activity at all could be observed for H3A. smFRET experiments with a fully
reconstituted WNCG complex on H3A-Cy5 again showed several states instead of one clear
state. The collected 120 second movies for H3A-Cy5 were analyzed and revealed three
distinct states for construct H3A-Cy5. Furthermore, these three states were the same states,
that could be observed for construct H3-Cy5, with Nhp2 K37Cy3 as well as Nhp2 K48Cy3
(appendix, Figure 141). Interestingly, while the states observed for H5 and HS5A were
completely different (additional to the fact that for H5 a single state and for H5A three
different states could be observed), the states that could be observed for H3 and H3A appeared
identical (Table 7). However, the population observed for these states was majorly different.
While for H3, the high FRET state was the most distinct and most populated state, for H3A
this was not the case. For Nhp2 K48Cy3, it was even the least populated state of the three
states. For both Nhp2 K48Cy3 and Nhp2 K37Cy3, the intermediate FRET state was
populated with the highest number of molecules (Figure 107).
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Figure 107: Histograms of fully reconstituted 3’ hairpin complexes H3A-Cy5 + Nhp2 K48Cy3 +
NCG (Ieft) and H3A-Cy5 + Nhp2 K37Cy3 + NCG (right). n represents the number of molecules
observed for E-FRET > 0.2. The three states Xc-3 including error were determined by analyzing
120 second movies (see Table 7) and Gaussian fitting within the error of x. was used to determine
and plot three Gaussian distributions in the histogram with a given peak width between 0.05 and
0.18 based on the single state constructs. Values in % are calculated by determining the area
under the curve using the Gaussian distribution and represent the amount of molecules in one of
the three states.
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To test whether the GAR domain and Garl omission would have an impact on the states,
SMFRET experiments were performed with these constructs as well. However, no clear
pattern could be identified from these two constructs. While in general, the intermediate
FRET state was mostly populated, the difference between the three states was not huge, and
no characteristic peak (like it was the case for the high FRET state of H3 and the high FRET
state 11 of H5A) could be identified in the histograms (Figure 108). The GAR domain
omission and the complete omission of Garl did in fact lead to a higher population of the high

FRET state of H3A. However, this observation was not as characteristic as it was for construct
H3.
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Figure 108: a) Histograms of GAR domain omission for the 3’ hairpin complexes H3A-Cy5 +
Nhp2 K48Cy3 + NCGA (left) and H3A-Cy5 + Nhp2 K37Cy3 + NCGA (right). b) Histograms of
Gar1 omission for the 3’ hairpin complexes H3A-Cy5 + Nhp2 K48Cy3 + NC (left) and H3A-Cy5
+ Nhp2 K37Cy3 + NC (right). n represents the number of molecules observed for E-FRET > 0.2.
The three states X-3 including error were determined by analyzing 120 second movies (see Table
7) and Gaussian fitting within the error of xc was used to determine and plot three Gaussian
distributions in the histogram with a given peak width between 0.05 and 0.18 based on the single
state constructs. Values in % are calculated by determining the area under the curve using the
Gaussian distribution and represent the amount of molecules in one of the three states.
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4.7.5 Effect of substrate RNA on the binding state of Nhp2

The smFRET measurements to this point were made with a fully or partially reconstituted
snoRNP, however no substrate RNA was present during the experiments. To check whether
the presence of target RNA had an influence on the snoRNA/Nhp2 interaction, an excess of
target RNA was added into the imaging buffer (the buffer containing the oxygen scavenging
system) before the buffer was added onto the measurement channel. All SmMFRET experiments
with all constructs that were described previously, were also done in the presence of substrate
RNA (appendix, H5: Figure 142, H3: Figure 143, H5 A: Figure 144, H3A: Figure 145). With
the addition of substrate RNA, no apparent changes in the states could be observed. Also, the
three states that could be detected for HSA and for H3/H3A were not affected and stayed the
same. The population of the states also did not change drastically. Most of the time, a
difference of a few percent could be detected, which is well inside the assumed error between
populations. The only bigger differences in state population that were observed upon substrate
RNA addition were for H3-Cy5 and Nhp2K37 with NCG and for H3A-Cy5 and Nhp2K48
with NCG. For both experiments, a higher population of the high FRET state could be
observed (58% vs. 42% for H3 and 22% vs. 9% for H3A). However, for H5 constructs, a
change in the peak width (full width at half maximum, FWHM) could be noted. For a more in
depth comparison, H5-Cy5 and Nhp2K48-Cy3 were tested with two different target RNAsS.
The natural 5° substrate RNA segment was tested as well as a variant of the 5° substrate where
the target uridine was replaced by 5-flurouridine (5FU, Figure 109a). This target has been
shown to be able to bind to the catalytic core of the H/ACA RNP, however pseudouridylation
is inhibited or slowed down by several orders of magnitude['?113.121.382383] Thjg |eads to a
longer dwell time of the 5FU-substrate on the pseudouridylation pocket of the complex. The
presence of any of the target RNAs did not lead to a change of the E-FRET states. Still, for
H5 a single binding state could be observed. However, a sharpening of the E-FRET state
could be observed for the presence of 5SFU-substrate RNA and an even stronger sharpening
for the 5’ substrate (Figure 109b). The FWHM for the E-FRET state in a consecutive
experiment decreased from 0.17 to 0.16 with the addition of 5FU substrate and to 0.14 with
the addition of 5’ substrate. In an experiment performed without Garl, the FWHM of the E-
FRET state decreased from 0.19 to 0.14 upon 5FU substrate as well as 5° substrate addition.
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Figure 109: a) Structure of normal substrate uridine and its transformation into pseudouridine
as well as the inhibitor 5-fluorouridine. b) Histograms of fully reconstituted 5° hairpin
complexes H5-Cy5 + Nhp2 K48Cy3 + NCG (left) and complex without Garl H3-Cy5 + Nhp2
K37Cy3 + NC (left) without substrate, with 5-FU substrate and with normal substrate (top to
bottom). n represents the number of molecules observed for E-FRET > 0.2. The states x. were
determined by analyzing 120 second movies. Gaussian fitting was used to determine and plot the
Gaussian distribution in the histogram (error for x.<0.01).

4.7.6 smFRET investigation on HS and H3 with labeled CbfS5A

Investigations on Nhp2 revealed a single binding mode for H5 and three different binding
states for H3. This raises the question whether the different binding modes for H3 are actually
caused by Nhp2 binding in different ways to the RNP complex, or if Nhp2 always binds in the
same way (like for H5), but the RNA stem folds in different ways or misfolds, causing several
binding states of Nhp2 for H3 (and possibly also causes the lower activity observed for H3).
To follow up on this topic, SMFRET measurements with H5-Cy5 and H3-Cy5 and CbfSA
L156Cy3 were performed. The shortened version of Cbf5 was used, because the Cy3-labeled
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full length Cbf5 showed some degradation during the labeling, very low yield and contained
some contaminations after purification. The shorter construct CbfSA could be purified in an
acceptable yield with better purity. In activity tests between H5 and H3, CbfSA showed a
lower activity in general, but like with the full length Cbf5, H5 was more active than H3. To
confirm if labeling interfered with enzymatic activity of the complex, an activity assay was
performed, which showed an active fluorophore labeled complex (appendix, Figure 146).
With the donor label on the protein Cbf5A and the acceptor label still on the same positions in
the H5 and H3 hairpin stems, the SmMFRET measurements were performed with a fully
reconstituted complex, containing Nhp2, Nop10 and Garl. Also, substrate RNA was added to
the samples. Since the donor labeled was attached close to the highly dynamic thumb loop
domain, also 120 second movies were recorded and analyzed for possible dynamics. The
histograms of both constructs showed a single binding mode for Cbf5SA, with an E-FRET of
0.88 for H5 and 0.89 for H3 (Figure 110). The FRET traces showed typical anticorrelated
behavior, however no dynamics of the thumb loop domain could be observed in the movies
(Figure 111). Also in a second measurement no dynamics could be observed, however one
interesting thing to point out is the fact, that for H5, always four to five times as many FRET
pairs could be observed than for H3, indicating a stronger binding of Cbf5A to HS than to H3.

HS5-CyS5 + CbfSA L156Cy3 + WNG H3-CyS5 + CbfSA L156Cy3 + WNG

=
n=2391 2 0244 p=575
x=0.88

{x.=0.89

2 &5 3 B
s e
2 -

H
s
2

normalized population distribution

normalized population distribu

:
8

00 02 04 06 08 10 00 02 04 06 08 10
FRET efficiency FRET efficiency

Figure 110: Histograms of fully reconstituted 3’ hairpin complexes H3-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H3-Cy5 + Nhp2 K37Cy3 + NCG (right). n represents the number of molecules
observed for E-FRET > 0.2. The states x. were determined by analyzing 120 second movies.
Gaussian fitting was used to determine and plot the Gaussian distribution in the histogram
(error for x.<0.01).
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Figure 111: Exemplary time resolved FRET traces, representing donor and acceptor intensity as
well as corresponding E-FRET. Traces for H5-Cy5 (a) and H3-Cy5 (b) with Cbf5A L156Cy3.
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4.8 Investigation of the full length snR81 RNP

Since the previously described SmFRET experiments were carried out on the individual
standalone hairpins H5 and H3 of snR81, an investigation of the full snoRNP could provide
more insight into effects between the two individual hairpins. It was already shown in
catalytic activity assays, that there seems to be some effect between the two hairpins that
affects their ability to pseudouridylate substrate RNAs. Enzymatic activity on a single
standalone hairpin was always slower than on the full length snR81, an effect that was only
minute for the 5* hairpin and had major influence on the 3’ hairpin. Since very little structural
data is available for full length snR81 RNP, it was however not clear whether the two hairpins
were in a favorable distance for spectroscopic analysis of one another. Two separate labeling
strategies were implemented for the full length snR81 RNP (Figure 112). The double hairpin
complex could be labeled with fluorophores and investigated by smFRET spectroscopy and
spin labels should be attached and PELDOR distance measurement were to be performed.
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Figure 112: Labeling scheme for the full length snR81 hairpin. a) Labeling with fluorophores.
Approximately half of the sample were to be reconstituted with a donor-acceptor pair of Cy3
and Cy5 on the two hairpins. Shown is one of the two possible outcomes with a Cy5-labeled
Nhp2 on the 5’ hairpin and a Cy3-labeled Nhp2 on the 3’ hairpin. b) Labeling with spin labels.
Attachment of a spin label to Nhp2 and complex reconstitution could lead to a double spin
labeled complex.

4.8.1 Investigation by SmFRET

To gain more insight into this question, samples with 600 nM full length snR81 were prepared
and incubated with 6 UM NCG as well as 3 uM Nhp2 K48Cy5 and 3 uM Nhp2K48Cy3. The
idea behind this approach was, that an equimolar amount of both acceptor and donor labeled
Nhp2 was utilized, which in theory should lead to 25% of the sample with two donor
molecules and 25% of the sample with two acceptor molecules, but still 50% of the sample
would have either an acceptor at the 5° hairpin and a donor at the 3’ hairpin or vice versa.
50% of the molecules being eligible to give a FRET signal was more than enough to test out

135



Functionalization of proteins and spectroscopic analysis of snR81 H/ACA RNP

the interaction between the two hairpins. However, no smFRET population could be detected
in the histograms and also analysis of 120 second movies did not show any typical FRET
behavior.

4.8.2 Investigation by PELDOR

4.8.2.1 Preparation of spin labeled Nhp2 and investigation of snR81 RNP via EPR
spectroscopy

As a parallel approach to investigate the relation between the two hairpins and the attached
proteins on each hairpin of snR81, efforts were undertaken to prepare a fully reconstituted
RNP with two spin labels, one on each hairpin. Since the main focus up until this point lay
upon the labeling of proteins via non-canonical amino acids, an approach with spin labeled
Nhp2 was made. In theory, each hairpin is able to hold a single set of RNP proteins, including
one Nhp2 per hairpin. This allowed the spin labeling of Nhp2 at a single position inside the
protein with one spin label. With the reconstitution of the snR81 RNP, it should be possible to
gain double labeled RNPs in this way, which then could be used in PELDOR distance
measurements between the two labels.

4.8.2.2 Incorporation of NoK into Nhp2

For spin label attachment, the non-canonical amino acid norbornene-lysine (NoK) was
incorporated into several constructs of Nhp2 that were already available. Incorporation of the
amino acid was achieved via amber suppression technique, utilizing the pEVOLA" mutant,
which was already utilized for SCOK incorporation. Small scale test expressions revealed a
successful incorporation of the non-canonical amino acid into Nhp2, however expression of
protein seemed to be slower for this amino acid and expression time was prolonged to seven
days of cell expression (Figure 113).
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Figure 113: Expression test of NoK incorporation into the Nhp2 constructs K37, K48 and K54.
marker: Spectra Multicolor Broad Range Protein Ladder (Thermo Scientific). positive control:
Nhp2. A: before arabinose induction. I: before IPTG induction.
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Expression seemed to work most reliably with construct Nhp2 K37, so with this construct a
larger scale expression of 2 x 2 liters in TB medium was set up. Each pellet from a 2 liter
expression was lysed separately and purified via affinity chromatography. Afterwards, the
protein containing fractions of both samples were pooled and RNase A treatment was done
overnight. RNase A was removed with a second affinity chromatography. Since protein yield
was really low compared to the large expression volume of 4 liters, it was decided to pool all
Nhp2 containing fractions after the affinity chromatography to not waste any of the protein,
even the ones with impurities (appendix, Figure 147). Nhp2 K37NoK was further purified via
size exclusion chromatography, and unfortunately, some of the impurities overlapped with
Nhp2 containing fractions, so in the end, some of the Nhp2 containing fractions had to be
discarded for higher protein purity (Figure 114).
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Figure 114: Size exclusion chromatography purification of Nhp2 K37NoK. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions used for
further experiments are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).

Nhp2 K37NoK could be obtained in a yield of 1.3 mg out of four liter expression medium.
4.8.2.3 Spin labeling of Nhp2NoK constructs

Nhp2 K37NoK (40 uM) was incubated with a ten-fold excess of the tetrazine spinlabel (see
appendix, Figure 148) for one hour, according to a similar literature approach for tetrazine
labelst?%], Afterwards, the sample was diluted to a protein concentration of 5 pM and the
tetrazine spin label concentration was increased to a 40-fold excess (in line with the standard
MTSSL labeling procedure) and the reaction was carried out for an additional hour. The
unreacted spin label was removed by filter column and the protein solution was brought to a
high concentration via Vivaspin concentrator. EPR spin counting showed the successful
attachment of the spin label, however only a labeling efficiency of 25% could be reached with
this method, which would be not sufficient for PELDOR measurements.
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4.8.2.4 Spin labeling of Nhp2 with MTSSL

As an alternate strategy for spin labeling of the protein Nhp2, an additional strategy was
pursued. In this labeling strategy, a disulfide bond labeling scheme was to be utilized to
couple the spin label MTSSL with the side chain of a cysteine. Conveniently, Nhp2 only
contained one native cysteine at position 94. As a first test, this native cysteine was labeled
with MTSSL. 400 pg of the protein was brought to a concentration of 5 UM and incubated
with a 40-fold excess of MTSSL. The unreacted MTSSL was removed by filter column and
the protein solution was brought to a high concentration via Vivaspin concentrator. Successful
labeling of Nhp2 was confirmed by EPR spin counting (see appendix, Figure 149). By
comparison of label concentration and the protein concentration determined via UV-vis
spectroscopy, a labeling efficiency of ~90% could be determined. However, labeling site 94
was not optimal for PELDOR measurements. For once, the labeling site was very rigid, on the
other hand the labeling site was contained relatively close to one of the binding sites of Nhp2
towards the RNP complex. To optimize the labeling scheme, several labeling sites were
determined based on the available NMR structure of Nhp2 and a calculation by program
MMMEE84, As favorable labeling sites, positions K37, K54, G70, K131, K136 and K151 were
chosen (Figure 115).

K37

Figure 115: NMR structure of Nhp2W (pdb: 2LBW). Mutation sites K37, K54, G70, K131, K136
and K151 are marked in red.

In order to perform the labeling reaction with MTSSL in a site-specific way, it was necessary
to first alter the cysteine at position 94. Two Nhp2 constructs were prepared with the native
cysteine replaced by another amino acid. In construct C94A, cysteine was replaced by
alanine, which provides a rather neutral and non-disturbing replacement of the cysteine. The
second construct C94S contained its hydrophilic character by replacing the cysteine with a
serine, switching out the sulfur with oxygen. Both constructs C94A and C94S were then
mutated a second time to introduce a cysteine at the different labeling positions. All twelve
constructs were used in a test expression to verify that protein was produced. Expression was
performed in TB medium with standard expression conditions for Nhp2. All constructs were
able to overexpress protein (Figure 116), however, for some constructs the protein band was
running at an abnormal height (K151 and to a lesser extent G70 and K136). To produce
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cysteine mutants in a larger scale for spin labeling and potential PELDOR measurements, the
two constructs Nhp2 C94A/K37C and Nhp2 C94S/K54C were chosen by the fact, that these
labeling sites were also used for the fluorophore labeling.
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Figure 116: Expression test of Nhp2 mutants with C94 mutated to either alanine or serine and
K37, K54, G70, K131, K136 or K151 mutated to cysteine. Marker: low molecular weight marker
(GE Healthcare). Positive control: Nhp2.

Large scale expression of both mutants were performed in TB medium and cells harvested.
Afterwards, standard purification procedure was performed with affinity chromatography,
incubation with RNase A overnight and a second affinity chromatography and SEC
afterwards (Figure 117). For both proteins, an unexpectedly high amount of 10 mg per
construct could be purified from one liter medium, indicated also by the overloading of the
protein gel and the SEC chromatogram. An 260/280 nm absorption ratio of 0.60 showed, that
RNA free proteins could be obtained.

139



Functionalization of proteins and spectroscopic analysis of snR81 H/ACA RNP

a) b)
<
H
—2800m kDa E fractions 7 - 14 ml
2000 260 nm 97 - * x " *
1800 66 &
—_ 1600
= a0 45
E 1200
E 1000 30 =
E- 300 ..“-... Nhp2 C94A K37C
2« 1 20.1
400 ] e — - -
200
o 144 =
10 15 20
elution volume [ml]
©) d)

——280 nm kDa
97
66
45

fractions 7 - 15 ml

LR marker

1200
30

absorption [mAU]|
g

m e Nhp2 C94S K54C

20.1 - — - -

144 o

elution volume [ml]

Figure 117: Size exclusion chromatography purification of Nhp2 cysteine mutants. a) SEC
elution chromatogram of Nhp2 C94A K37C using a Superdex 75 10/300 GL increase column.
Fractions used for further analysis are marked with a red bar. b) PAGE analysis of fractions
from SEC. ¢) SEC elution chromatogram of Nhp2 C94S K48C using a Superdex 75 10/300 GL
increase column. Fractions used for further analysis are marked with a red bar. d) PAGE
analysis of fractions from SEC. Fractions used for further experiments are marked with a red
asterisk. Marker: low molecular weight marker (GE Healthcare).

With both proteins, labeling reactions were performed with a 40-fold excess of MTSSL and
purification of the samples were done with a filter column to remove excess MTSSL. The
samples were brought to a high concentration with vivaspin concentrators and EPR spin
counting measurements were performed (Figure 118). Like for the wildtype Nhp2, a labeling
efficiency of ~90% could be obtained for both constructs.
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Figure 118: Spin counting of MTSSL labeled Nhp2 constructs. a) Nhp2 C94A K37C and b)
Nhp2 C94S K54C.

Activity test performed with the MTSSL labeled wildtype Nhp2 as well as the constructs
C94A K37C and C94S K54C in comparison to samples with unlabeled Nhp2 and without
Nhp2 showed, that label attachment did not interfere with enzymatic activity (appendix,
Figure 150).
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4.9 Discussion of chapter 4
4.9.1 Synthesis of non-canonical amino acids

In this thesis, the three non-canonical amino acids propargyl-lysine (PrK), strained
cyclooctyne-lysine (SCOK) and norbornene-lysine (NoK) were utilized for incorporation into
Saccharomyces cerevisiae proteins (Figure 119). All three synthesis routes are based on the
functionalization of Boc-protected L-lysine with the addition of a functional group, that can
be used in CuAAC, SPAAC and SPIEDAC “click” chemistry respectively. While PrK and
NoK were synthesized during this thesis, SCOK was synthesized during my master thesist*,
Altogether, synthesis was done according to literaturel200.201288:385-3871 anq analysis of
synthesized compounds was done with NMR spectroscopy. Utilizing NMR techniques like
1H-1H-2D-COSY and H-13C-2D-HSQC, it was possible to provide a correct assignment of
signals, which was partly lacking in literature. Special care had to be taken during NoK
synthesis to prevent hydrolysis of sensitive compounds and the possibility of leaking
phosgene gas. Synthesis yields were comparable to literature values, however during NoK
synthesis a problem with acidification of the reaction mixture overnight was observed. This
was attributed to moisture entering the reaction and reacting with the excess triphosgene,
producing HCI in the process. The acidic solution was believed to prematurely deprotect the
Boc-protected amino group, which resulted in a loss of compound during column
chromatography (the deprotected amino acid does not elute under used column
chromatography conditions). With the addition of an excess of NaOH, to counter possible
HCI production overnight, this problem could be fixed and in subsequent synthesis attempts
NoK could also be obtained in good yield.

propargyl lysine (PrK) norbornene lysine (NoK) strained cyclooctyne lysine (SCOK)
OH OH OH
H = H @ H
N_ 0. F N O NN —
D B SR et R
NH; (0] NH, 0 NH, 0]
97% after 2 steps 59% after 2 steps 7% after 6 steps

Figure 119: Overall yield of synthesized non-canonical amino acids utilized in this thesis.

4.9.2 Incorporation of non-canonical amino acids into proteins and fluorophore
labeling

The incorporation of non-canonical amino acids into proteins by amber suppression provides
a site-specific approach for selective labeling with a spectroscopic probe. A spectroscopic
probe in the form of a fluorophore or spin label can then be attached to the protein post-
transcriptionally for the application of SmFRET or PELDOR spectroscopy on the snoRNP.
Furthermore, this method only replaces a single amino acid in the peptide chain, which most
likely does not interrupt the structural integrity and enzymatic activity of the protein and is not
reliant on the replacement of several amino acids, like it would be necessary i.e. for site-
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specific cysteine-labeling approaches. The non-canonical amino acid incorporation was
performed at several labeling sites in Nhp2, Cbf5 and Garl. Since no crystal structure of the
full eukaryotic H/ACA RNP of snR81 (or any eukaryotic RNP at all) is available, the labeling
sites had to be chosen based on the available crystal structure of the ternary Nop10-Cbf5A-
GarlA complex (pdb: 3U28) as well as the NMR structure of Nhp2 (pdb: 2LBW).

For Nhp2, the labeling sites were chosen on several criteria. Since Nhp2 and L7Ae show
significant structural similarity, the labeling sites were chosen based on previous non-
canonical amino acid incorporation into L7Aef®%%36, Furthermore, the labeling sites had to be
apart from the supposed binding sites of Nhp2 towards Nop10 and the snoRNAP®2, The
expression times needed for efficient incorporation were analyzed and expression for 2-3 days
seemed to work best. One important role played the sufficient supply of the expression system
with the bioorthogonal aminoacyl-tRNA synthetase and tRNA which was produced by the
arabinose inducible pEVOL plasmid. A delayed IPTG induction for the protein expression
five hours after the induction with arabinose worked fine for efficient production of protein
with incorporated non-canonical amino acid. The incorporation could be verified by Western
blot analysis. Amber codon suppression still does compete with release factors and can result
in truncated protein. The truncated protein in this case however does not contain the C-
terminal His-Tag, which is only attached, if the amber codon at the incorporation sites gets
suppressed and non-canonical amino acid gets incorporated. For this reason, all non-canonical
amino acid incorporations were performed with C-tagged proteins. Likewise, the
biorthogonality of the system could be verified, since without the supply of non-canonical
amino acid during expression, no protein was visible on the Western blot analysis, showing
that no canonical amino acid gets incorporated either by the host’s or the biorthogonal
aaRS/tRNA. It was however possible to vary the amount of non-canonical amino acid used
for the expression to optimize the non-canonical amino acid amount required for a specific
amount of medium, which led to more protein yield per amount of used amino acid. For
Nhp2, six different labeling sites were tested, of which three (K37, K48 and K54) did result in
good protein yield, while the other three (G70, K107, E152) only showed small amounts of
protein. The exact reason for this discrepancy was not analyzed further, maybe the latter
labeling sites had a negative effect on the protein structure of Nhp2 or amber suppression in
the C-terminal region of the protein did not work as efficiently as for the N-terminal region.
For Nhp2, the incorporation of all three non-canonical amino acids was performed
successfully and utilized for several click-based labeling approaches. For SCOK and NoK
incorporation, the mutant strain pEVOLA" was used, which provides a bigger binding pocket
in the aminoacyl-tRNA synthetase for the larger amino acids!?*?. While for Prk- and SCOK-
incorporated Nhp2, good yield could be obtained, for NoK-incorporated constructs the yield
was only mediocre. Possible explanations would be that the pEVOLA" mutant is not sufficient
for efficient NoK incorporation and the aaRS requires additional modifications or NoK has a
negative effect on the structural integrity of the protein.

With the PrK-incorporated constructs, copper(l) catalyzed click reactions were performed
with fluorophore dyes sulfo-Cy3-azide and sulfo-Cy5-azide. The reactions were performed
with 2.5 — 3 molar equivalents of fluorophores in comparison to protein concentration and
excess fluorophore was removed via size exclusion chromatography. The copper-catalyzed
approach seemed to somehow produce dimers of Nhp2 if the reaction was carried out for too
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long. Since Nhp2 was relatively stable even at higher temperatures, the click reactions could
be performed at 37 °C and the reaction time could be reduced to < 3 hours, resulting only in a
negligible amount of the Nhp2 dimer.

To test out the opportunities of a copper free approach, the SCOK-incorporated constructs
were reacted with sulfo-Cy3-azide, which resulted in labeled protein. However, labeling times
had to be increased to 48 hours for efficient incorporation. While this seemed unproblematic
for the stable Nhp2, it may be problematic for other eukaryotic proteins, which may not be
able to handle the prolonged reaction time (which would have to be even more increased since
reaction can not be carried out at 37 °C). The main reason for the testing of the copper free
approach was the idea to incorporate an azide spin-label into the protein via this route, which
would allow the application of EPR spectroscopy in addition to SmFRET spectroscopy. With
a double-labeled complex, generation of distance information in the form of PELDOR
measurements would be possible. Since for the copper catalyzed approach, the use of a
reducing agent is applied, this approach is not suitable for a nitroxide, since it would be
reduced. After a nitroxide spin label with a tetrazine linker was provided by the Sigurdsson
group, a second copper free approach was attempted with the use of the NoK incorporated
Nhp2.

For Cbf5, incorporation of PrK was performed at the thumb-loop domain. This highly flexible
domain can adapt an “open” state, in which it is bound to Garl and a target uridine in a
substrate RNA can “enter” the catalytic center of Cbf5 and a “closed” state in which it pushed
the target uridine to the catalytic aspartate in Cbf5[140150.157.3601 gSeveral labeling sites in the
thumb-loop domain were chosen based on amino acids, which are not essential for the
catalytic activity of the complexB™l. Labeling on full length and core domain-only Cbf5
(Cbf5A) was performed, and expression tests showed the best results for labeling site L156
for both Cbf5 constructs. The expression of these constructs was carried out together with
Nopl0 and the purification was done together with Garl, since previous experiments
suggested a weak interaction of Garl with the complex when just added to the rest of the
proteins during complex assembly. While the purification of Cbf5 L156 suffered from very
low yield and impurities that could not be removed, Cbf5A L156 could be obtained in better
yield, however also with one protein impurity that could not be removed (see Figure 92), and
was never observed during the expression and purification of wildtype Cbf5. One problem
might lie in the prolonged expression for the non-canonical amino acid incorporation, which
had to be extended to five days for efficient incorporation into Cbf5.

PrK incorporation was also performed for Garl, for which several labeling sites were chosen.
Garl with a C-terminal His-Tag was prepared for this purpose, so that during purification, the
degradation products of Garl would not be co-purified along the full length Garl. Since
GarlA was problematic during protein expression and purification, it was decided that the
prolonged expression conditions of the PrK incorporation would not be suitable for GarlA
constructs. Expression tests of several Garl construct were performed and the successful
incorporation at several labeling sites could be verified by Western blot analysis. However,
during purification, only traces of Garl could be identified after the affinity chromatography
step, which were not sufficient for a labeling approach with fluorophores. Further analysis
showed, that Garl had already precipitated during cell lysis together with the cell debris and
was no longer in solution, pointing towards protein aggregation and formation of inclusion
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bodies. A small scale protein lysis in combination with changes of the buffer and addition of
several additives showed that the addition of urea retained Garl in the cell lysate and not the
precipitated pellet. This indicates some kind of folding problem for Garl, causing protein
precipitation. Since it was possible to readily express standalone wildtype Garl, the
incorporation of the non-canonical amino acid seems to result in the disruption of the Garl
structure, causing instability and misfolding. The prolonged expression time for non-
canonical amino acid incorporation may also contribute to this problem.

In recent studies, several new approaches for improved amber suppression, which can lead to
higher yields of non-canonical amino acid incorporated proteins, have been reported. One
major problem is the competition of release factors during the protein translation with the
bioorthogonal amber suppression aaRS/tRNA. Bioorthogonal ribosomes and mRNA have
been utilized and furthermore all amber codons in the host E. coli strain have been replaced
by ochre codons, with only the amber codon utilized for amber suppression remaining!?/1-2731,
This allowed the complete deletion of amber codon specific release factor RF1, preventing
premature termination of the protein translation. Also, the interaction between elongation
factor EF-Tu and tRNA loaded with a non-canonical amino acid were improved, i.a. by
mutations to the tRNAs acceptor and T stem!2%8-27%1, These improvements can result in a better
incorporation efficiency, higher yield and make it also possible to incorporate several non-
canonical amino acids at different incorporation sites at the same timel[238247.266.388]
Additionally, the utilization of quadruplet codons can completely negate the competition with
release factors and can be combined with bioorthogonal ribosomes to efficiently incorporate
several non-canonical amino acids simultaneously[243.244.247.272],

4.9.3 smFRET analysis of snR81 single hairpin constructs with fluorophore labeled
proteins

The smFRET analysis of various constructs was performed with acceptor fluorophore labeled
snoRNA and donor fluorophore labeled Nhp2. Constructs K37 and K48 of Nhp2 were used
for the measurements. Based on the NMR structure of Nhp2, the crystal structure of Nop10
and a comparison with the crystal structure of the archaeal H/ACA RNP from P. furiosus,
both labeling sites are expected to not interfere with Nop10 or snoRNA binding sites and
therefore complex formation. Two different constructs, with labeling sites close to each other,
on both ends of a helix structure, were used to see whether the collected data is reproducible
and whether observed effects may be labeling site specific. For the snoRNA, both constructs
were labeled with an acceptor fluorophore slightly above the pseudouridylation pocket. It has
to be noted, that for H5 and H3, different “sides” opposite of each other of the Watson-Crick
base-pairing stem were labeled, which should however not be an issue due to the large
accessible volume of the fluorophore dye in comparison to the RNA, which should result in
similar average dye positions in regard to the Nhp2 labeling sites.

For the measurements, aminosilanized and PEGylated glass slides were used to inhibit
unspecific binding of proteins to the surface and at the same time allow the specific binding of
snoRNP binding via biotin-streptavidin-biotin linking of biotinylated PEG and snoRNA.
However, during measurements, still an unexpectedly large zero-FRET peak (E-FRET = 0)
could be observed. Since the snoRNA carrying the acceptor dye was used as an
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immobilization handle and the donor dye was attached to Nhp2 binding to the RNA, data
points with low apparent FRET could arise from either unspecifically bound Nhp2, very early
bleaching events, or from molecules exhibiting very low E-FRET. To solve this problem, a
“molecule filter” was added into the FRET measurement. After the collection of the two
second trace, that was used for E-FRET determination, the red laser was switched on
additionally, which allowed the distinction between molecules, that were emitting
fluorescence due to FRET and molecules that were emitting fluorescence only because of the
excitation by the red laser. This effectively eliminated the zero-FRET peak from all
measurements, showing that this population did not correspond to any FRET effect.
Additionally, E-FRET below 0.2 was omitted from the data evaluation, since a dye distance
for the applied system of more than 7.5 nm (see below for distance determination) was
extremely unlikely, based on the assumption that a single hairpin adopts a similar structure
than it was shown for archaeal hairpins by crystal structure analysist**?l, Besides, after the
elimination of the zero-FRET peak by the applied filter, below an E-FRET of 0.2 only
background noise was detectable, that could however interfere with the correct population
distribution analysis.

For Cy3-Cy5 dye pairs, usually a Forster radius of Ro = 6 nm is assumed®7:3_The distance
between donor and acceptor dye R can be determined by

61
R= |z=1Rqg

However, distances calculated with this Forster radius can only be seen as a rough estimate,
since the exact Forster radius is strongly dependent on the electrochemical environment of the
fluorophores and for exact distance calculations, the Forster radius has to be experimentally
determined by measurement of the quantum yield of the donor fluorophore and the overlap of
the emission and excitation spectrum of both dyes for each individual construct[®®2°4,

For H5, the RNP reconstitution with all four S. cerevisiae proteins resulted in a single
intermediate FRET state for both constructs. For construct K48, an E-FRET of 0.60 and for
construct K37 an E-FRET of 0.50 was determined. This results in a dye distance of 5.61 nm
for construct K48 and 6.00 nm for construct K37. If compared to the crystal structure of the
archaeal H/ACA snoRNP from P. furiosus and an overlap of L7Ae with the NMR structure of
Nhp2, than a shorter dye distance for K48 is actually to be expected, showing that the
arrangement of Nhp2 towards the snoRNA may be similar to L7Ae in the 5’ hairpin of the
eukaryotic H/ACA RNP. The effects of GAR domain removal and complete removal of Garl
from the RNP were determined and only had a negligible effect on the E-FRET value.
However, especially the GAR domain removal led to a significant sharpening of the FRET
peak, which got weaker again for the complete removal of Garl. In absence of observable
single molecule dynamics, a sharper FRET peak signifies a more rigid complex, since the dye
molecules are more restricted in their accessible volume, while a broad peak suggests a more
dynamic system. Somehow, the presence of only the core domain of Garl in comparison to
full length Garl has a rigidifying effect on the complex structure of the RNP and may also be
another indicator that Garl and its GAR domains directly interact with the snoRNA in some
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way. The presence of substrate RNA in the measurement channel did not lead to any new
populations. However, for construct H5 with the addition of substrate RNA, a sharpening of
the FRET state to a narrower peak could be observed for both Nhp2 fluorophore constructs,
which represents a more rigid complex (similar to GAR domain omission). The substitution
of uridine to 5-fluoro-uridine, an inhibitor like substrate in the target RNA, also led to more
narrow peaks, but not as strong as for the normal substrate.

The shortened H5A-construct was also analyzed in the same way as H5. Interestingly, this
construct did not show a single binding mode for Nhp2 but rather three different binding
modes, that could be identified with the analysis of two minute videos of the system and
plotting of the different donor/acceptor intensities observed (Figure 120). Each observed
molecule adapted one of the three conformations, and in nearly all the cases, during the course
of the movie, the molecules remained in one FRET state and did not switch between them.
This shows that the different binding states that Nhp2 adopts are either distinct binding modes
of Nhp2, which are locked upon complex formation and do not transition into one another, or
they represent a dynamic change in the complex structure, with transitions between states
either taking much longer then the observed time window (minutes or even hours) or being
much faster then the time resolution of the experiment. For the three states, for construct K48
an average E-FRET of 0.57 for the intermediate FRET state, 0.78 for the high FRET state |
and 0.96 for the high FRET state Il could be observed, which represent dye distances of 5.72
nm, 4.86 nm and 3.54 nm respectively. For construct K37 an average E-FRET of 0.49 for the
intermediate FRET state, 0.77 for the high FRET state | and 0.89 for the high FRET state Il
could be observed, which represent dye distances of 6.04 nm, 491 nm and 4.23 nm
respectively. Like for H5, the dye distance is shorter for construct K48 than for construct K37,
which is to be expected, if the arrangement of Nhp2 in the 3 hairpin is similar to archaeal
L7Ae. With the removal of GAR domains as well as complete Garl omission from the
constructs, the same peak sharpening that was observed for H5 could be observed for the high
FRET state 1l of H5A. Furthermore, an increase of high FRET state Il and decrease of high
FRET state | could be observed upon removal of GAR domains / Garl. While for the full
RNP, high FRET state 11 represented a minor population, upon Gar domain / Garl removal,
both high FRET states | and Il were more evenly populated. High FRET state 1l may
represent a similar binding mode of Nhp2 than in construct H5, however the dye distance is
significantly decreased, for what most likely the removal of the upper stem loop structure is
responsible. If Nhp2 is responsible for anchoring the upper stem loop structure in the 5’
hairpin, the removal of this structure seems to abolish the requirement of Nhp2 to firmly bind
in one conformation and stabilize the complex, which leads to the different binding states.
While in the presence of the upper-stem loop, a single binding state is heavily preferred, with
the removal of the stem-loop structure, this preference is also abolished. The presence of
substrate RNA did not lead to any significant changes in the distribution of the molecules
between the three states. This may have different explanations. For once, it might be possible,
that an actual pseudouridylation of substrate is not possible for the immobilized complexes on
the glass surface. However, at least binding of the substrate RNA to the complex has been
shown with immobilized RNPs¥%37 5o at least the Watson-Crick base pairing with the
snoRNA is not inhibited by surface immobilization. More likely, the actual position of Nhp2
in reference to the snoRNA might not change during the actual pseudouridylation reaction,
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and Nhp2 might not be directly involved in the catalytic process, but more in a stabilizing
process of the complex, as discussed before. So Nhp2 might influence and “catalyze” the
pseudouridylation reaction by providing more stable and “active” complexes, which then can
more effectively perform the enzymatic reaction.
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Figure 120: Population distribution of FRET states for snoRNP construct H5A-Cy5 +
Nhp2K48Cy3 / Nhp2K37Cy3 and WNCG / WNCGA / WNC without substrate (-sub) and in the
presence of substrate (+sub). The overall comparable distribution between states for both
labeling schemes indicates validity of labeling sites and limited structural disturbance by labels.

Similar to the 5° hairpin constructs, Cy5-labeled H3 was analyzed under the same conditions.
Interestingly, even for the full H3 construct (including the upper stem structure), several
different populations could be observed, as was the case for construct H5A (Figure 121). With
the analysis of the collected two minute movies, three states could be pinpointed. For
construct K48 an average E-FRET of 0.43 for the low FRET state, 0.65 for the intermediate
FRET state and 0.82 for the high FRET state could be observed, which represent dye
distances of 6.29 nm, 5.41 nm and 4.66 nm respectively. For construct K37 an average E-
FRET of 0.43 for the low FRET state, 0.60 for the intermediate FRET state and 0.77 for the
high FRET state could be observed, which represent dye distances of 6.29 nm, 5.61 nm and
4.91 nm respectively. Again, the dyes distances for construct K37 are slightly higher than for
construct K48, suggesting a similar orientation of Nhp2 towards the pseudouridylation pocket
than it was the case for the 5° hairpin constructs.
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Additionally, the dye distances of the three states are higher than what was observed for
construct H5A, suggesting that the different binding modes of Nhp2 are further away from the
pseudouridylation pocket. Again, no transitions between the different states could be
observed, pointing to an extremely slow complex rearrangement or a locking of the binding
modes of Nhp2 after the complex assembly with no structural rearrangement afterwards. Both
the intermediate and high FRET states were the dominant states for both constructs, indicating
that one of these two states might represent an “active” state of Nhp2, while the other state
represents an “inactive” or “misbound” state. This observation is in line with the activity data
from chapter 3, where it was shown that H3 shows a drastically decreased activity in
comparison to H5. This may be caused by an inactive state of Nhp2, that does not contribute
to complex activity and may be responsible for the lower activity in comparison to H5, where
Nhp2 only binds in a single conformation. Since H3 is drastically dependent on the effects of
Nhp2 (H3 in the full length snR81 is nearly completely inactive without Nhp2), the misbound
conformation of Nhp2 might also contribute to the lower complex activity, even in the
presence of Nhp2. With the removal of the GAR domains from Garl, the population of the
high FRET state was slighly increased. If the high FRET state is assumed to be the “active”
state of Nhp2, the increase of this state upon GAR domain removal could be brought into
correlation with the higher enzymatic activity upon GAR domain removal.

Building on this hypothesis, the GAR domains of Garl may have an influence on the
SnoRNA, that influences the “correct” binding of Nhp2. With GAR domains present, the
correct positioning of Nhp2 to the 3’ hairpin is disturbed and Nhp2 more often binds in the
“inactive” state, albeit reducing the complex activity. This observation may actually be in
vitro specific, since during in vitro complex reconstitution, the trimeric complex of Nop10-
Cbf5-Garl is formed first, while in the in vivo complex assembly, the trimeric complex Nhp2-
Nop10-Cbf5 is formed first, with Garl being the last protein binding to the complex and Nafl
(which is replaced by Garl at the end) not containing any GAR domains (also discussed in
chapter 3.6). With the removal of the GAR domains, the negative influence of Garl towards
the H3 snoRNA is weakened, which allows Nhp2 to bind in the correct state, increasing the
“active” FRET state population as well as the activity of the construct. However, the change
of state populations was not as drastic as the change in enzymatic activity, so the higher
enzymatic activity induced by GAR domain removal and the change of FRET populations for
Nhp2 might be two completely independent effects and Garl might not have an influence on
Nhp2 binding at all. Summed up, the data shows that H3 seems to not only be in need of the
presence of Nhp2 for effective pseudouridylation, but furthermore suffers from wrongly
bound Nhp2, which may be influenced by Garl GAR domains.

Similar to the 5° hairpin, the presence of substrate RNA did not lead to any significant
changes in the distribution of the molecules between the three states, leading to the same
assumptions made for the 5’ hairpin for the substrate RNA effect on Nhp2 binding.
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Figure 121: Population distribution of FRET states for snoRNP construct H3-Cy5 +
Nhp2K48Cy3 / Nhp2K37Cy3 and WNCG / WNCGA / WNC without substrate (-sub) and in the
presence of substrate (+sub). The overall comparable distribution between states for both
labeling schemes indicates validity of labeling sites and limited structural disturbance by labels.

Construct H3A did also show several FRET states upon analysis (Figure 122). Interestingly,
these states could be identified as states with the same E-FRET that were observed for H3
before via analysis of single-molecule fluorescence time traces. It appears that even in the
absence of the upper stem loop structure, Nhp2 binds in a similar conformation than it does
with the full H3 construct. Contrary to construct H5, the removal of the upper stem loop
structure seems to not affect the binding states of Nhp2. This is even more surprising, since
for construct H5, the removal of the upper stem loop resulted in different FRET states, while
only mildly affecting the activity of the complex, while for construct H3, the removal of the
stem loop structure did not change the FRET states, but at the same time resulted in complete
activity loss for the complex. This observation again points to different requirements and
functions of Nhp2 for the 5° and 3’ hairpin and may also be attributed to different formations
of the RNP on each hairpin.

While for construct H3, a major state could be identified, which might be brought into
correlation with the activity data, for construct H3A the molecules were more broadly
distributed between all three states. Upon GAR domain/Garl removal, the high FRET state
was also more strongly populated, similar to construct H3. Also the low FRET state was more
strongly populated than for the other constructs. This broader distribution may represent a
more unspecific binding of Nhp2 between the three states, which is induced by the absence of
the upper stem loop structure. While the presence of this stem loop structure, of which the
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presence is critical for complex activity, induces the correct positioning of Nhp2, its absence
leads to the distribution between “active” and “inactive” states of Nhp2, which however does
not matter, since the construct H3 is inactive anyway without the full hairpin structure
present.

Stronger fluctuations between the measurements with and without substrate RNA could be
detected, which might also be attributed to the more “unspecific” behavior of Nhp2 for the
construct H3A. Furthermore, the inability of H3A to perform any catalytic activity at all may
be represented by this behavior, possibly due to substrate RNA binding to the complex via
Watson-Crick base-pairing, while the rearrangement towards the catalytic core and/or the U to
Y reaction are not happening.
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Figure 122: Population distribution of FRET states for snoRNP construct H3A-Cy5 +
Nhp2K48Cy3 / Nhp2K37Cy3 and WNCG / WNCGA / WNC without substrate (-sub) and in the
presence of substrate (+sub). The overall comparable distribution between states for both
labeling schemes indicates validity of labeling sites and limited structural disturbance by labels.

In addition to Nhp2 labeled constructs, the Cy5-labeled constructs H5 and H3 were also
analyzed with Cy3-labeled Cbf5A. More specifically, the label was attached to the thumb-
loop domain of Cbf5, a highly flexible domain, which adopts an “open” and “closed” state in
the archaeal H/ACA sRNP from Pyrococcus furiosus during catalysisi4%150157.1621 | gn
earlier work, these different states could be identified with a fluorophore labeled thumb-loop
domain and snoRNAPI, However, since P. furiosus is highly thermophilic and the archaeal
SRNP is catalytic active at ~90 °C and mostly inactive at room temperature, it was not
possible to perform real time measurements of the thumb loop dynamic (since the microscope
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can not be heated up to a temperature where the SRNP would be active). Instead, the complex
was trapped during different states of catalysis by heating to catalytic temperatures and direct
storing on ice afterwards with different targets RNAs (substrate, product, inhibitor etc.) and
afterwards a “snapshot” of the complex at room temperature was made. While this provided
interesting data into the different states of the thumb loop domain during catalysis, it was not
possible to generate “real time” dynamic traces of the complex, with an opening and closing
of the thumb loop domain observable during the measurement.

The smFRET measurements with labeled H5/H3 and the labeled thumb loop domain of the S.
cerevisiae snoRNP showed a very sharp single E-FRET state of 0.88 and 0.89, which
represent a dye distance of 4.30 nm and 4.23 nm respectively. The analysis of two minute
movies also showed this state and typical anticorrelated FRET behavior was observable.
However, no population for a second FRET state — and hence a conformational change of the
thumb loop — could be observed. For once, it might be possible that similar to the stable
FRET states during the addition of substrate to the Nhp2-labeled complexes, the immobilized
RNP particles are simply not able to perform catalytic activity. The binding via linker to the
glass surface may in some way disrupt the catalytic activity or the low concentration, in which
the complex was added onto the glass surface may in some way affect activity (concentration
in activity assays was 100-1000 fold higher), although eukaryotic RNPs have been shown to
have extremely low dissociation constants™>°l,

Another explanation might be, that the observed state represents just the “open” state of the
complex, while the states with a “closed” thumb loop are only adapted for a very short time
window (<<< 1 ms), which would not be observable by SmFRET. Analysis of the H/ACA
RNP from P. furiosus showed, that during the initial association of the substrate, a Kinetic
intermediate is formed which is largely devoid of thumb interaction (ES1) (Figure 123)11621,
Afterwards, the thumb loop adopts a “closed” state, which results in a more stable complex
(ES2). After the reaction of U to W (EP2), the thumb loop has no energetic contribution to the
binding of the product anymore and again adopts an “open” state (EP1). The observed FRET
states might represent the “open” loop state, which is adapted if either no substrate is bound
(E+S, E+P), after the substrate RNA gets recruited by Watson-Crick base pairing, but before
the correct placement at the catalytic site (ES1) and directly before product release (EP1)
(Figure 123). The fastest observed turnover rate for all constructs utilized in this thesis was
approximately 15 seconds for one turnover cycle, while for P. furiosus (at room temperature)
250 seconds for one cycle*®? and for TruA, TruB and RIuA approximately 2 seconds for one
cyclel®l were observed. While the substrate loading[6?, substrate positioning™? or the
product releasel!®®! have been proposed to be rate-limiting steps for some pseudouridylases, in
TruA and TruB the actual catalytic step was shown to be the rate-limiting factor during
pseudouridylation*®*, Since the actual uridine-to-pseudouridine reaction is assumed to be
similar in protein-only pseudouridylases and H/ACA RNPs® it is rather unlikely that the
catalytic reaction is “too fast”, and the states ES2 and EP2 would be adapted for a longer time
frame, making the “closed” state of the thumb loop observable by smFRET. Also, in vitro,
H/ACA RNPs are suspected to bind and dissociate relatively fast from cognate as well as
near-cognate RNAs, in order to search for the correct target among a large range of RNA
sequencest®’71,
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Figure 123: Schematic representation of the assumed reaction kinetic for the H/ACA RNP
pseudouridylation reaction. In a first reversible step, the substrate is recruited via Watson-Crick
base-pairing. Afterwards, the target uridine is placed at the catalytic center via thumb loop
interactions. In an irreversible step the uridine to pseudouridine isomerization takes place. The
thumb loop has no interaction with the pseudouridine and opens, which leads to product
releasel®?,

A third explanation lies in a different structural alignment of the eukaryotic thumb loop
domain compared to archaeal Cbf5 altogether. While the thumb loop domain seems to be
partially disordered and was not resolved as part of the crystal structure of eukaryotic Cbf5 in
the Nopl0-Cbf5A-GarlA subcomplex™? still some assumptions can be made by the
alignment and comparison of the P. furiosus and S. cerevisiae crystal structures. The “open”
conformation of the eukaryotic thumb loop actually seems to be more similar to the “closed”
conformation of the archaeal thumb loop[*®°l. This results from several Garl amino acids
physically blocking the docking site, that the eukaryotic thumb loop would adapt in an
archaeal like “open” conformation and instead the eukaryotic thumb loop interacts with a
hydrophobic pocket of Garl, placing the loop in a position similar to the archaeal “closed”
state while it is in the “open” state*®%l. This may result in only very subtle conformational
changes upon the adaption of a “closed” conformation during the substrate loading and the
adaption of the “open” conformation during substrate release. However, smFRET
spectroscopy might still be able to detect such small changes.

4.9.4 Analysis of the full length snR81 bipartite complex

After the successful analysis of the standalone hairpin constructs H5 and H3, it was also tried
to gain insights into the full snR81 snoRNA construct, containing both 5* and 3” hairpins. For
this approach, the full length snoRNA was incubated with an excess of the S. cerevisiae
proteins. Cy3- as well as Cy5-labeled Nhp2 was used. Since it is not possible to specifically
label one hairpin in the complex in the presence of the other hairpin (using a protein-labeling
approach), the strategy was to statistically distribute the donor and acceptor fluorophores
between the two hairpins, so that at least 50% of reconstituted complexes would contain both
a donor and an acceptor labeled Nhp2. However, no SmFRET signal could be detected with
the double labeled complex. In a different approach, Nhp2 with an attached nitroxide spin
label was utilized. In theory, one molecule of Nhp2 should interact with each hairpin,
resulting in a double spin labeled complex, which should be able to provide a PELDOR
signal. But also in PELDOR measurements, no signal could be obtained for the complex. An

important point to notice is the fact that both SmFRET as well as PELDOR spectroscopy are
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applicable for a label distance of up to 10 nm[923%2_|f for some reason, both labeling sites
and hence both Nhp2 molecules are further apart than 10 nm, both methods would not be able
to provide a signal.

In a recent study, a cryo-EM structure of substrate bound human telomerase was solved!¢°l,
The human telomerase RNA hTR contains an H/ACA motif in the 3’ region, which also
adopts a double-hairpin structure and both hairpins associate with as set of the four H/ACA
proteins, forming a bipartite complex. The provided structure does not suggest a parallel
arrangement of the two RNA hairpins but rather a kink of 90° between both hairpins. While
this comparison is of limited value, since hTR has not been established as a pseudouridylation
guide RNA, and one of the hairpins contains an extension that is required for telomerase
activity, the idea of an angled hairpin structure could be applied to the snR81 H/ACA RNP.
Based on the crystal structure of the P. furiosus H/ACA sRNP, the RNA interacts in a way
with the proteins that from top to bottom, the complex approximately spans a range of
10 nm9, |f snR81 indeed forms a similar kink-like structure and additionally the proteins
are arranged in a similar fashion then in the archaeal complex, then the distance between both
Nhp2 molecules would be greater than 10 nm. If this holds true, the absence of both
detectable smFRET signals with fluorophore labeled Nhp2 as well as no measurable
PELDOR distance between spin labeled Nhp2 might provide a hint that indeed the bipartite
structure of the complex may be arranged in a way that the hairpins are arranged in a
considerable angle to one another (Figure 124).

Figure 124: Schematic illustration of the bipartite complex structure with angled hairpins. This
arrangement would result in the upper parts of the two hairpins being further apart then 10 nm,
which could explain the absence of both FRET and PELDOR signals.
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4.10 Appendix of chapter 4

4.10.1 Preparation of Nhp2 K37PrK
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Figure 125: Affinity chromatography purification of Nhp2K37PrK before RNase A treatment.
a) Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further
purification are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).
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Figure 126: Affinity chromatography purification of Nhp2 K37PrK after RNase A treatment. a)
Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further
purification are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).
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Figure 127: Size exclusion chromatography purification of Nhp2 K37PrK. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions used for
further experiments are marked with a red asterisk. Marker: low molecular weight marker (GE

Healthcare).

4.10.2 Preparation of Nhp2 K54PrK
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Figure 128: Affinity chromatography purification of Nhp2K54PrK before RNase A treatment.
a) Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further
purification are marked with a red asterisk. Marker: low molecular weight marker (GE

Healthcare).
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Figure 129: Affinity chromatography purification of Nhp2 K54PrK after RNase A treatment. a)
Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) PAGE analysis of fractions from Ni-NTA. Fractions used for further
purification are marked with a red asterisk. Marker: low molecular weight marker (GE

Healthcare).
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Figure 130: Size exclusion chromatography purification of Nhp2 K54PrK. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions used for
further experiments are marked with a red asterisk. Marker: low molecular weight marker (GE

Healthcare).
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4.10.3 Preparation of Nhp2 K37Cy3
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Figure 131: Size exclusion chromatography purification of Nhp2 K37Cy3. a) SEC elution
chromatogram using a Superdex 75 10/300 GL increase column. Fractions used for further
analysis are marked with a red bar. b) PAGE analysis of fractions from SEC. Fractions used for
further experiments are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).
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4.10.4 MALDI of Nhp2 constructs
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Figure 132: MALDI data for Nhp2 (a), Nhp2K37PrK (b) and Nhp2K48PrK (c).
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4.10.5 Multiple turnover with fluorophore labeled Nhp2

Table 9: reaction kinetics raw data for labeled Nhp2

H5 W-Cy3 NCG H5 W-Cy5 NCG
time assay time assay
[min] 1 [min] 1

5 43.76 5 25.47
20 73.27 20 73.86
60 83.64 60 84.82
120 86.52 120 87.63
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Figure 133: Time course of pseudouridylation reaction under multiple turnover conditions of H5

snoRNA with Nhp2K48Cy3 (W-Cy3) and NCG (green) and Nhp2K48Cy5 (W-Cy5) and NCG
(red) in comparison to WNCG (cyan) and NCG (black).
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4.10.6 Incorporation of PrK into CbfSA L156
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Figure 134: Size exclusion chromatography purification of Cbf5A L156PrK together with Nop10
and Garl. a) SEC elution chromatogram using a Superdex 200 10/300 GL increase column.
Fractions used for further analysis are marked with a red bar. b) Western blot analysis of
fractions from SEC. Marker: Spectra Multicolor Broad Range Protein Ladder (Thermo
Scientific). positive control: CbfSA

4.10.7 Cbf5 L156Prk and Cbf5A L156PrK Click tests

a) b)
4°C 25°C 37°C 4°C 25°C 37°C
2h 4h 6h 24h 2h 4h 6h 24h 2h 4h 6h 24h 2h 4h 6h 24h 2h 4h 6h 24h 2h 4h 6h 24h
-
O b b — (el 0 00 Cbf5 L56PrK

St - — CbfSA LSGPrK

Figure 135: SDS PAGE fluorescence scan of test click reactions for Cbf5 L156PrK with sulfo-
Cy3-azide (a) and Cbf5A L156PrK with sulfo-Cy3-azide.
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4.10.8 Incorporation of PrK into Garl constructs
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Figure 136: Anti-His Western blots of expression test of PrK incorporation into the Garl
constructs N71 and K108. a) Incubation at 37 °C (a) and 20 °C (b) after arabinose induction.
Marker: Spectra Multicolor Broad Range Protein Ladder (Thermo Scientific). negative control:
no addition of PrK into expression medium.
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Figure 137: Lysis test of Garl N71PrK with different buffer conditions (a) and different
additives (b). Garl N71PrK can only be identified in the cell debris pellet. Only the addition of
urea leads to observable Garl in the lysate. P=pellet, L=lysate.
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4.10.9 Fluorophore labeled RNA constructs

HS HSA H3 H3A

90 nt - — 105 nt
s 64 nt

Figure 138: SDS denaturing 10% PAGE fluorescence scan of snap cooled, Cy5-labeled RNA
constructs.

4.10.10 smFRET measurements with inverted labeling scheme

H5-Cy3 + Nhp2 K48Cy5 + NCG

0204 =497

normalized population distributio

Figure 139: a) Histogram of fully reconstituted 5’ hairpin complex H5-Cy3 + Nhp2 K48Cy5 +
NCG. n represents the number of molecules observed for E-FRET > 0.2. The labeling scheme for
donor and acceptor molecules was inverted for this control experiment.

4.10.11 smFRET measurements without NCG and without Nop10

a) b)
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Figure 140: a) Histogram of 5° hairpin complex H5-Cy5 + Nhp2 K48Cy3 (omission of NCG). b)
Histogram of 5° hairpin complex H5-Cy5 + Nhp2 K48Cy3 + CG (omission of Nopl10). n
represents the number of molecules observed for E-FRET > 0.2. No populations can be observed
for the two control experiments.
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4.10.12 smFRET exemplary traces for H3A
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Figure 141: Exemplary time resolved FRET traces, representing donor and acceptor intensity as
well as corresponding E-FRET. Traces for the three observed states of H3A-Cy5 with Nhp2

K48Cy3 (a) and Nhp2 K37Cy3 (b).
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4.10.13 smFRET measurements in presence of substrate RNA
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Figure 142: a) Histograms of fully reconstituted 5’ hairpin complexes H5-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H5-Cy5 + Nhp2 K37Cy3 + NCG (right) in presence of 5’ substrate RNA. b)
Histograms of GAR domain omission for the 3’ hairpin complexes H5-Cy5 + Nhp2 K48Cy3 +
NCGA (left) and H5-Cy5 + Nhp2 K37Cy3 + NCGA (right) in presence of 5’ substrate RNA. c)
Histograms of Garl omission for the 3’ hairpin complexes H5-Cy5 + Nhp2 K48Cy3 + NC (left)
and H5-Cy5 + Nhp2 K37Cy3 + NC (right) in presence of 5’ substrate RNA. n represents the
number of molecules observed for E-FRET > 0.2. The states x. including error were determined
by analyzing 120 second movies. Gaussian fitting within the error of x. was used to determine
and plot the Gaussian distribution in the histogram.
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Figure 143: a) Histograms of fully reconstituted 3’ hairpin complexes H3-Cy5 + Nhp2 K48Cy3 +
NCG (left) and H3-Cy5 + Nhp2 K37Cy3 + NCG (right) in presence of 3’ substrate RNA. b)
Histograms of GAR domain omission for the 3’ hairpin complexes H3-Cy5 + Nhp2 K48Cy3 +
NCGA (left) and H3-Cy5 + Nhp2 K37Cy3 + NCGA (right) in presence of 3’ substrate RNA. c)
Histograms of Gar1 omission for the 3’ hairpin complexes H3-Cy5 + Nhp2 K48Cy3 + NC (left)
and H3-Cy5 + Nhp2 K37Cy3 + NC (right) in presence of 3’ substrate RNA. n represents the
number of molecules observed for E-FRET > 0.2. The three states Xc1-z including error were
determined by analyzing 120 second movies (see Table 7) and Gaussian fitting within the error
of xc was used to determine and plot three Gaussian distributions in the histogram with a given
peak width between 0.05 and 0.18 based on the single state constructs. Values in % are
calculated by determining the area under the curve using the Gaussian distribution and
represent the amount of molecules in one of the three states.
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Figure 144: a) Histograms of fully reconstituted 5’ hairpin complexes H5A-Cy5 + Nhp2 K48Cy3
+ NCG (Ieft) and H5A-Cy5 + Nhp2 K37Cy3 + NCG (right) in presence of 5’ substrate RNA. b)
Histograms of GAR domain omission for the 3’ hairpin complexes HSA-Cy5 + Nhp2 K48Cy3 +
NCGA (Ieft) and H5A-Cy5 + Nhp2 K37Cy3 + NCGA (right) in presence of 5’ substrate RNA. ¢)
Histograms of Garl omission for the 3’ hairpin complexes H5A-Cy5 + Nhp2 K48Cy3 + NC (left)
and H5A-Cy5 + Nhp2 K37Cy3 + NC (right) in presence of 5’ substrate RNA. n represents the
number of molecules observed for E-FRET > 0.2. The three states Xc1-s including error were
determined by analyzing 120 second movies (see Table 8) and Gaussian fitting within the error
of x. was used to determine and plot three Gaussian distributions in the histogram with a given
peak width between 0.05 and 0.18 based on the single state constructs. Values in % are
calculated by determining the area under the curve using the Gaussian distribution and
represent the amount of molecules in one of the three states.

167



Functionalization of proteins and spectroscopic analysis of snR81 H/ACA RNP

a)

H3A-Cy5 + Nhp2 K48Cy3 + NCG H3A-Cy5 + Nhp2 K37Cy3 + NCG
+ 3¢ substrate + 3¢ substrate

4n=730

x,=0.40 (21%)
x,=0.65 (58%)
Tx,=0.79 22%)

°
B
8

n=879

x,=0.39 (21%)
x,=0.60 (57%)
16x,,=0.74 (22%)

i
il
04

s s s

g £ 2

H s S

s s e e

H g £ g
s = 2

normalized population distribution
e
z

normalized population distribution

.iih
A I

e e
4
N
N
=
=N
N
L —
[ —
g

el 0004 Y
FRET efficiency " " FRET eﬂ::iency " .
b)
H3A-CyS + Nhp2 K48Cy3 + NCGA H3A-CyS + Nhp2 K37Cy3 + NCGA
+ 3¢ substrate + 3¢ substrate
020 n=l323' 020 n=l|74‘
x,,=0.43 (29%) x,,=0.44 (11%)

X,,=0.68 (49%)

x,,=0.63 (40%)
1 x,=0.79 (22%)

X,,=0.74 (49%)

e
2
e
2

e
=
e
=

=
=
H

o
=
.
£

normalized population distribution

s

H
23
2

normalized population distribution

0.00 -
0.0

02 04 02 04 0.6 08 10
FRET efficiency FRET efficiency

0.6 08 10

H3A-Cy5 + Nhp2 K48Cy3 + NC H3A-Cy5 + Nhp2 K37Cy3 + NC
+ 3¢ substrate + 3¢ substrate

4 n=679

x,,=0.40 (33%)
x_,=0.62 (35%)
1 x.=0.81 (32%)

e
B
8

n=491
x,,=0.39 (20%)
x,,=0.61 (44%)
x,,=0.78 (36%)

e e
= 2
e e e
4 £ =
S a 8

)
=
H

[
£

normalized population distribution
A
z

s

H
3
2

normalized population distribution

s
-8
23

02 04 0.6 08 1.0 02 04 0.6 08 1.0
FRET efficiency FRET efficiency

Figure 145: a) Histograms of fully reconstituted 3’ hairpin complexes H3A-Cy5 + Nhp2 K48Cy3
+ NCG (Ieft) and H3A-CyS + Nhp2 K37Cy3 + NCG (right) in presence of 3’ substrate RNA. b)
Histograms of GAR domain omission for the 3’ hairpin complexes H3A-Cy5 + Nhp2 K48Cy3 +
NCGA (Ieft) and H3A-CyS + Nhp2 K37Cy3 + NCGA (right) in presence of 3’ substrate RNA. ¢)
Histograms of Gar1 omission for the 3’ hairpin complexes H3A-Cy5 + Nhp2 K48Cy3 + NC (left)
and H3A-Cy5 + Nhp2 K37Cy3 + NC (right) in presence of 3’ substrate RNA. n represents the
number of molecules observed for E-FRET > 0.2. The three states X¢-3 including error were
determined by analyzing 120 second movies (see Table 7) and Gaussian fitting within the error
of x. was used to determine and plot three Gaussian distributions in the histogram with a given
peak width between 0.05 and 0.18 based on the single state constructs. Values in % are
calculated by determining the area under the curve using the Gaussian distribution and
represent the amount of molecules in one of the three states.
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4.10.14 Activity tests for Cbf5A L156Cy3
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Figure 146: a) Thin layer chromatography of multiple turnover pseudouridylation activity tests
performed with site specific 3’P-labeled 5° substrate RNA (standard multiple turnover
conditions). Labeling of Cbf5A with Cy3 does not interfere with activity.

4.10.15 Preparation of Nhp2 K37NoK
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Figure 147: Affinity chromatography purification of Nhp2 K37NoK after RNase A treatment. a)
Ni-NTA elution chromatogram using an imidazole gradient. Fractions used for analysis are
marked with a red bar. b) SDS PAGE analysis of fractions from Ni-NTA. Fractions used for
further purification are marked with a red asterisk. Marker: low molecular weight marker (GE
Healthcare).

4.10.16 EPR measurements
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Figure 148: structural formula of tetrazine-TEMPO.
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Figure 149: Spin counting of MTSSL labeled Nhp2 at native position C94.

4.10.17 Activity tests for MTSSL labeled constructs
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Figure 150: a) Thin layer chromatography of multiple turnover pseudouridylation activity tests
performed with site specific 32P-labeled 5° substrate RNA (standard multiple turnover
conditions). Labeling of Nhp2 with MTSSL at different sites does not interfere with activity.
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The main goal of this thesis was to gain new insights into eukaryotic H/ACA snoRNPs on a
structural as well as dynamical level. For this purpose, the snR81 H/ACA snoRNP from
Saccharomyces cerevisiae was established as a system of investigation. The snoRNA of this
complex forms a bipartite double hairpin structure with the conserved H- and ACA-motifs
and both hairpins contain a set of the four S. cerevisiae proteins Nhp2, Nop10, Cbf5 and
Nop10.

Structurally, little is known about the bipartite complex architecture, and most structural
knowledge stems from archaeal complexes, which mostly form a single hairpin structure4%,
Most recently, a cryo-EM structure of the H/ACA region of the human telomerase was
presented, which however is also only part of a bigger structure!*®®l, Crystal structure data for
eukaryotic complexes is only available for a Nop10-CbfSA-GarlA subcomplex!*®°!, for Nhp2
only a standalone NMR structure exists®6?l. Both of these structures suffer to some extent
from the fact, that they were both modeled using the pyrococcal complex as a template.

In the first part of this thesis, the main goal was to prepare in vitro a functionally active snR81
snoRNP. The process of uridine to pseudoruridine formation should then be dissected with a
set of catalysis assays, utilizing radioactively labeled substrate RNA to track the time resolved
course of the reaction. In the second part of the thesis, different complex components should
be labeled with fluorophore dyes to perform FRET spectroscopy on the complex on a single
molecular level. Both methods should be used to gain new insights into the formation of an
active complex, the requirements as well as the structural arrangements of different complex
components and information about the dynamic of the complex during catalysis via dissection
of its enzymatic kinetics in comparison to structural changes and omission of different
complex parts.

In this chapter, the different accomplishments and findings of this thesis will be summarized
and possible future aspects of the project will be outlined.

5.1 Invitro reconstitution of an active RNP and spectroscopic labeling

In this thesis, it was possible to establish a workflow for the efficient in vitro reconstitution of
the eukaryotic snR81 H/ACA snoRNP from Saccharomyces cerevisiae. The different
snoRNA construct could be prepared via transcription and subsequent purification and were
obtained in high yield in a major conformation. For SmMFRET analysis, a part of the sSnoRNA
was labeled with a fluorophore dye and the different snoRNAs were prepared via ligation®"1,
Since in previous investigations of eukaryotic snoRNPs different behaviors of the two
hairpins in terms of enzymatic catalysis were reported 59169 standalone constructs of both
hairpins were generated to individually dissect the different requirements of these hairpins
during complex formation and catalysis.

The four proteins Nhp2, Nop10, Cbf5 and Garl could be recombinantly expressed from E.
coli and purified in good quality and high yield. Endogenous E. coli RNA could be efficiently
removed from the proteins prior to complex reconstitution with the snoRNA. While due to the
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lack of different assembly factors a different reconstitution pathway was utilized than the
complex normally undergoes in vivo, it was still possible to prepare a catalytically highly
active H/ACA RNP, compared with other in vivol®® 3¢l and in vitro approaches***16%, The in
vitro preparation was possible with the formation of a ternary Nop10-Cbf5-Garl complex,
which then forms an active RNP with the snoRNA and Nhp2. The reconstituted complex
could be used for catalytic assays and the information on complex preparation could be used
for a fluorophore labeled complex for sSmFRET experiments.

Different non-canonical amino acids were chemically synthesized in good yield and amber
codon suppression was utilized to readily attach reactive side chains at site-specific positions
into the proteins. While the non-canonical amino acid incorporation was problematic for
Garl, the modified proteins Cbf5A and especially Nhp2 could be obtained in good yield and
with different labeling positions. The modified proteins could be used to site-specifically
attach fluorophore dyes as well as paramagnetic labels, and to reconstitute labeled RNP
complexes applicable for spectroscopic measurements. The labeled complexes still showed
enzymatic activity comparable to their wildtype counterparts. While for single molecule
analysis only a small amount of labeled sample was needed, it was also possible to scale up
the whole process to produce sufficient amounts of the complex to perform PELDOR
measurements. The knowledge gained during the preparation and purification of the different
complex components can be utilized for future complex or subcomplex analyses via NMR
spectroscopy or cryo-EM. Especially the foundation for future cryo-EM experiments was laid
with purification strategies of the H/ACA RNP after complex assembly, to separate unbound
proteins from the reconstituted complex.

5.2 Different requirements and structural arrangements for 5’ and 3’ hairpins for an
enzymatically active RNP

Eukaryotic H/ACA RNPs share the conserved feature of a bipartite complex structure,
composed of a 5* and 3’ hairpin, with the H- and ACA-motives in the hinge and tail regions.
Both hairpins contain a pseudouridylation pocket that is responsible for the recruitment of a
substrate RNA via Watson-Crick base-pairing, which results in the correct positioning of the
target uridine for the enzymatic isomerization into pseudouridine. The main differences
between the two hairpins of snR81 are: 1) The 5 hairpins forms a long double stranded stem
comprised of paired nucleotides and a small loop region, while the 3’ hairpin forms a very
short stem and contains a large loop region with unpaired nucleotides. 2) The 5’ hairpin forms
more Watson-Crick base-pairs with the substrate RNA than the 3’ hairpin, and in addition the
base-pairing in the 5’ hairpin is more distributed between the two strands of the
pseudouridylation pocket in comparison to the 3’ hairpin, where the binding is primarily
contained to one strand.

In this thesis, both hairpins were analyzed both individually and in the full snR81 RNP

complex for their catalytic activity. Interestingly, both hairpins showed different behavior in
response to several “alterations” to the fully reconstituted RNP.
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The 5’ hairpin in the full length snR81 construct (FL5) and the standalone hairpin (HS)
showed similarly high enzymatic activity. This shows, that the 5’ hairpin is not reliant on the
presence of the 3’ hairpin. The stable complex assembly of both constructs may be influenced
by the relatively stable upper stem-loop structure, consisting of mainly double-paired
nucleotides in a stem and a small unpaired loop region. Also, the removal of the upper stem-
loop structure in the 5° hairpin (H5A) did not have a big influence on complex activity.

The activity of the 3 hairpin in the full length snR81 (FL3) was distinctively lower than the
activity for the 5’ hairpin. Furthermore, the activity for the 3’ hairpin standalone construct
(H3) got drastically reduced in absence of the 5’ hairpin. This indicates a dependency of the
3’ hairpin towards the 5’ hairpin. Possibly the 3’ hairpin requires the presence of the 5’
hairpin for correct folding or complex assembly. A major factor for this effect may be the
unstructured loop region of the 3’ hairpin, that contains a large number of unpaired
nucleotides and only a small double-stranded stem, resulting in a lower activity than the 5’
hairpin and a reliance on the 5’ hairpin for correct folding and stabilization. However, the big
stem-loop structure of the 3’ hairpin is also strictly required for catalytic activity, as removal
of the upper stem-loop structure of the 3’ hairpin (H3A) resulted in complete activity loss.
This points to the conclusion that while the stem-loop structure of the 3’ hairpin slows down
the adaption of the “correct” folding and RNP formation and thereby the activity, at the same
time it appears to be mandatory for the correct folding and assembly with the H/ACA core
proteins.

5.2.1 Influence of Garl and its eukaryotic specific GAR domains

The removal of the eukaryotic specific “GAR” domains of Garl had an activity reducing
effect on both FL5 and H5. These glycine-arginine rich domains, that also exist in other
proteins, are known to have RNA binding promoting capabilitiest®8363-%8l |n EMSA
experiments, the influence of the GAR domains in promoting Garl-snR81 interactions could
be observed and it is possible, that in the full RNP the GAR domains can actually interact
with the snoRNA (or the substrate RNA). While in archaeal H/ACA RNPs, Garl (which does
not contain glycine-arginine rich domains) only interacts with Cbf5[*4%l in eukaryotic H/ACA
RNPs eukaryotic specific domains of Garl may have an influence on the snoRNA and
contribute to the correct folding or positioning of the snoRNA or substrate RNA, and may
also have an effect on complex stability.

Interestingly, GAR domain omission actually resulted in a higher activity for the 3’ hairpin
under multiple turnover conditions, while it decreased activity under single turnover
conditions. This shows, that the GAR domains actually exhibits some kind of effect, which
slows down substrate turnover on the 3’ hairpin. While the effect that the GAR domains have
on the assembly, stability or substrate positioning is beneficial for multiple substrate turnover
at the 5° hairpin, it seems to have an inhibiting effect on the 3’ hairpin — possibly by
interfering with the correct folding of the RNA and thereby the complex assembly or the
substrate recruitment by unspecifically binding to the unstructured loop region of the 3’
hairpin. While overall, the conserved GAR domains of Garl may have an activity increasing
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effect on the catalytic reaction, in some cases (like for the 3° hairpin of snR81) the GAR
domains may have a negative effect on multiple substrate turnover that overshadows the
positive effect.

Nafl, that is present in the place of Garl during the in vivo complex assembly route and gets
replaced by Garl at the end, does not contain any glycine-arginine rich domains. This may
point to the hypothesis, that the GAR domains are directly involved during the catalytic
process, e.g. for either correct sSnoRNA or substrate RNA placement for the pseudouridine
formation rather than playing a role in complex assembly.

5.2.2 Influence of Nhp2

Upon Nhp2 omission, the 5’ hairpin showed reduced activity, but still pseudouridine
formation was relatively high — even higher than for the 3’ hairpin in the presence of Nhp2.
Nhp2 seems to have some accelerating effect on the pseudouridylation, either by inducing a
more stable complex or by actually supporting the correct substrate placement (like
L7Ael*5)). However, it is not as strictly required as L7Ae and the complex can also function
in multiple turnover reactions in its absence.

With fluorophore labeling and smFRET spectroscopy, a single binding state for Nhp2 could
be identified for the 5° hairpin, showing a tight interaction of Nhp2 with its complex binding
site — Nop10 and the upper-stem loop of the snoRNA. No such population could be observed
in the absence of Nopl0. For the shortened construct H5A, three different binding modes
could be observed, showing that upon the disruption of its snoRNA binding site but in the
presence of Nop10, Nhp2 is still able to bind but no longer specific for one state. Without the
full binding site provided by both Nop10 and the snoRNA, Nhp2 seems to be able to bind to
Nop10 in three different conformational arrangements. Since no transitions were observed
between the different states, Nhp2 either gets locked in one of these three binding modes after
complex assembly, or the transition between the states is extremely slow. The observation of
three binding modes with no noticeable loss in activity points to the conclusion, that Nhp2s
function is to stabilize the upper stem loop structure — a function that is no longer required
after the removal of this structure. Since the omission of Nhp2 was not as drastic for H5A
than it was for H5 and FL5, this actually supports this hypothesis. However, since the activity
was still reduced for H5A without Nhp2, this protein might actually play additional roles in
the complex: stabilization of the hairpin structure and a second function, which may be
correct substrate placement, like it is performed by L7Ae.

The 3’ hairpin on the other hand nearly lost its complete enzymatic activity under multiple
turnover conditions in the absence of Nhp2. Only after 22 hours, a small amount of
pseudouridine could be detected, and only for the full snR81 snoRNA, not for the standalone
hairpin. This shows that Nhp2 seems to have either a different or an additional effect on the 3’
hairpin than it has on the 5’ hairpin, or the effect that it has is negligible for the 5° hairpin, but
strictly required for the 3’ hairpin. In that matter, the 3 hairpin shows a similar requirement
for Nhp2 than archaeal H/ACA RNPs show for L7Ae. In several other eukaryotic RNPs
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(snR5 and snR34), different hairpins also showed different requirements for Nhp2, however
in no complex an effect as drastic as for the 3 hairpin of snR81 was observed!*>*16%, |f Nhp2
has a stabilizing effect on the hairpin structure, the different requirement may also have to do
with the relatively large upper stem-loop structure — a structure element that is not present in
snR5 and snR34.

Fluorophore labeled constructs and smFRET analysis showed that Nhp2 adopted three
different binding modes for the full construct H3 as well as for shortened construct H3A.
Since no transitions could be observed, similar to H5A it is not clear whether Nhp2 gets
locked in one conformation or if very slow transitions between the states are possible. Since
Nhp2 adopts three binding modes even for the full construct H3, Nhp2 seems to be impaired
in its ability to interact with a stable binding site (in contrast to the single binding mode for
the 5” hairpin). This may be heavily influenced by the previously described large loop region
of unpaired nucleotides, that may be slow in adapting a conformation that provides the correct
binding site and is unstructured, which also explains the generally lower activity for the 3’
hairpin in comparison to the 5’ hairpin. The strict requirement for Nhp2 at the 3’ hairpin
seems to show, that without Nhp2, the upper stem loop is not able to adopt the correct
conformation inside of the fully reconstituted RNP. Upon binding of Nhp2 at the “correct”
binding site, it may stabilize the upper stem-loop structure and thereby stabilize the whole
complex, which is required for enzymatic activity. If the three different states represent
different binding modes of Nhp2 to Nop10, then one of these states represents a binding to
Nhp2 and additionally to the snoRNA.

Observations made for the GAR domain omission from Garl showed, that in the absence of
the GAR domains, the high FRET state increased in population and at the same time, complex
activity was increased. This supports the hypothesis that the low and intermediate FRET
states represent Nhp2 that binds to Nop10 in a way that it cannot interact with the snoRNA,
and the high FRET state represents Nhp2 that binds to Nop10 in way that it can bind towards
and stabilize the snoRNA, forming a functional complex. Upon removal of the upper stem-
loop structure, all three states were more evenly populated, showing that without the
canonical snoRNA binding surface, none of the three states is majorly preferred. However,
other than the 5’ hairpin, where the removal of the upper stem-loop structure actually
“relieved” Nhp2 from its function to stabilize the hairpin and hairpin removal did not lower
the activity, for the 3’ hairpin the removal of the upper-stem loop structure leads to a complete
activity loss, assumingly due to misfolding of the complex.

Since no significant structural changes were observed in absence or presence of substrate
RNA (which was added into the imaging buffer), the Nhp2 binding state populations seem
independent from substrate RNA binding (note: with the described experiments, the actual
binding of substrate RNA to the complex cannot be ascertained, however similar SMFRET
experiments with fluorophore labeled substrate RNA showed binding events of the substrate
RNA to the RNPE) | If Nhp2 does play a role in substrate RNA placement, it seems to not
have a strong effect on the conformation in which Nhp2 is bound to the complex. This could
also show that Nhp2 does not have to undergo structural changes and may only play a
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promoting or supporting role in correct substrate placement, while its major role lies in the
stabilization of the complex discussed above.

5.3 Limitations of the single molecule approach on dynamical observations

While it was possible to observe different complex states during smFRET analysis, no
transitions between different states could be observed in real time. It was possible to observe
binding events of fluorophore labeled substrate RNA to the complex in a different work®"l,
but it was not possible to directly observe direct dynamic movements of neither Nhp2 nor the
thumb loop domain of Cbf5. This can both be explained with two different limitations of the
experimental approach of sSmFRET analysis. The complexes that are observed during the
measurements are immobilized onto the glass surface via biotin-streptavidin interactions. This
immobilization may simply prevent the complex from catalytic activity. Also, while the
activity tests were performed for a complex concentration of 100 nM, the complex
concentration for smFRET measurements was 100 - 1000-fold lower (100 pm - 1 nM). Maybe
the low complex concentration in combination with the immobilization of the complexes only
allows the observation of reconstituted, but inactive complexes. The second explanation lies
in the time resolution of SMFRET spectroscopy. A time resolution of 100 ms was applied and
collected movies lasted from two seconds to two minutes. While Nhp2 may be locked in one
conformation after complex reconstitution and the transition between Nhp2 states may happen
on a much larger time-scale (if at all), the dynamic of the Cbf5 thumb loop domain on the
other hand may happen on a sub-millisecond timescale and may simply be too fast for real
time observation via SmFRET spectroscopy.

5.4 Insights into the bipartite complex structure

Since neither a FRET signal between the two hairpins could be detected, nor a distance
measurement by PELDOR could be performed between them, the complex binding sites of
Nhp2 seem to be further apart than the amenable distances of both methods allow. While
pointing towards some “angled” structure between both hairpins, exact conclusion will
certainly be possible in the future. By adapting the workflow of preparation of complex
components and performance of RNP assembly and purification, the work on dissecting the
bipartite complex structure via cryo-EM has already begun.

Furthermore, one important conclusion can be drawn from the activity data of the full length
snR81 in comparison to the two standalone hairpins. The presence/absence of either Nhp2 as
well as the GAR domains of Garl showed the same influence on the hairpin under
observation, regardless of the presence of the other hairpin. One can assume, that the observed
inter-hairpin interactions on enzymatic activity likely are neither based on Nhp2/Nhp2 and
Garl/Garl interactions, nor on the interactions of the RNA of one hairpin with Nhp2 or Garl
of the other hairpin.

For the future, it would also be interesting to perform smFRET measurements on a fully
reconstituted snR81 H/ACA RNP — if not between the two hairpins, then at least on one
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hairpin while the other hairpin is present and the RNP is fully assembled. With measurements
similar to those performed in this thesis, it would be interesting to see the effects on Nhp2
binding and GAR domain influence in the presence of both hairpins. Since the 3’ hairpin
showed majorly decreased activity in absence of the 5’ hairpin, and also the activity of the 5’
hairpin was lower in absence of the 3’ hairpin (however only by a smaller amount), there
seems to be some interdependence of both hairpins, which could influence the complex
assembly, the correct binding of proteins or the catalytic reaction itself.

In conclusion, during this thesis, it was possible to prepare the functionally active snR81
H/ACA snoRNP from Saccharomyces cerevisiae as well as substructures of this complex in
vitro. With radioactively labeled substrate RNA it was possible to dissect the complex for its
activity during uridine to pseudouridine formation and highlight the importance of different
complex components during this enzymatic reaction. Furthermore, it was possible to label
different complex parts with spectroscopic probes via the utilization of genetic code
expansion and click chemistry. This allowed insights into the complex assembly on a single
molecule level and allowed the study of structural and dynamical aspects of the complex and
also inquire on the role of several eukaryotic specific complex components.

Summarizing, it was possible to gain new insights into the complex structure and the
dynamical behavior of the still sparsely characterized eukaryotic H/ACA RNPs. Especially
new insights into the rather ambiguous role that Nhp2 plays during complex assembly and
catalysis as well as the importance of eukaryotic specific Garl domains were gained,
including hairpin specific behavior on the bipartite complex structure.

Figure 151 shows a summary of structural as well as kinetic effects, that could be dissected
from the two snR81 hairpins as well as the effects that different complex components seem to
play during the complex assembly and the enzymatic reaction of the pseudouridine formation
in the snR81 H/ACA snoRNP.
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Figure 151: Summary of observed influences of different snR81 H/ACA snoRNP complex
components on complex formation and catalytic activity. a) Observed snoRNA effects, including
the role of the upper stem-loop structure. b) Observed protein effects of Nop10, Nhp2 and GAR
domains of Garl.
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6.1 Media and buffers

Chemicals used for media and buffers were ordered from Sigma Aldrich and Carl Roth.

6.1.1 Media for cell cultures

LB medium TB medium LB-Agar

Yeast extract (5 g/l) Tryptone/Peptone (12 g/l)  Yeast extract (5 g/l)

Tryptone (10 g/l) Yeast extract (24 g/l) Tryptone (10 g/l)

NaCl (5 g/l) Glycerol (4 mi/l) NaCl (5 g/l)
K2HPO4 (72 mM) Agar-Agar (15 g/l)

KH2PO4 (72 mM)

SOC outgrow medium
Peptone (2%)

Yeast extract (0.5%)
NaCl (10 mM)

KCI (2.5 mM)

MgCl2 (10 mM)
MgSO4 (10 mM)
Glucose (20 mM)

All media were autoclaved directly after preparation (121 °C, 15 min, 2 bar). Potassium salts
were added after autoclaving, directly before the usage of the media. Agar plates were
prepared by adding antibiotics to the LB-Agar medium at ~55 °C, adding the medium into
petri dishes (~20 ml/dish) and letting it cool down. LB medium was purchased from Carl
Roth. SOC medium was purchased from NEB.

6.1.2 Antibiotics used in media

Working concentration for antibiotics were 100 pug/ml for Ampicillin (Amp), 30 pg/ml for
Kanamycin (Kan) and 34 pug/ml for Chloramphenicol (Cmp). Antibiotics were prepared as a
1000x stock solution in water (Amp and Kan) or ethanol (Cmp). Aliquots of antibiotic stocks
were stored at -20 °C.

6.1.3 General buffers for gel electrophoresis
4 x Stacking gel buffer 4 x Resolving Gel buffer ~ SDS-PAGE buffer
Tris/HCI (1 M, pH 6.8) Tris/HCI (1.5 M, pH 8.8)  Tris (25 mM, pH 8.3)

SDS (0.4%) SDS (0.4%) Glycine (250 mM)
SDS (0.1% (W/v)
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TBE buffer TAE buffer TA buffer

Tris (90 mM, pH 8.3) Tris (40 mM, pH 8.3) Tris (40 mM, pH 8.3)

Boric acid (90 mM) Acetic acid (20 mM) Acetic acid (20 mM)

EDTA (2 mM) EDTA (1 mM)

2 x SDS loading dye Coomassie staining solution

Stacking gel buffer (4x) Ethanol (10% (v/v))

Glyerol (20% (v/v)) AcOH (5% (v/Vv))

SDS (4% (w/v)) Coomassie Brillant Blue R250 (2.5%o0 (W/v))
B-ME (1.4%) Coomassie Brillant Blue G250 (2.5%0 (W/V))

bromophenol blue (0.05% (w/v))

2 X FA buffer PBS buffer

TBE buffer (1x) NaCl (137 mM)

Formamide (90% (v/v)) KCI (2.7 mM)

Bromophenol blue (0.05% (w/v)) Na;HPO4 (100 mM)

Xylene cyanol (0.05% (w/v)) KH2PO4 (20 mM, pH 7.4)
Anode buffer Kathode buffer

Tris/HCI (75 mM, pH 7.4) Tris/HCI (25 mM, pH 9.0)
Methanol (20% (v/v)) e-Aminocaproic acid (40 mM)

Methanol (20% (v/v))

6.1.4 Buffers for protein purification

IMAC A IMAC B SEC

NaCl (500 mM) NaCl (500 mM) NaCl (500 mM)

Tris/HCI (50 mM, pH 8.0)  Tris/HCI (50 mM, pH 8.0)  Tris/HCI (50 mM, pH 8.0)
Glycerol (10% (v/v)) Glycerol (10%(v/v)) Glycerol (10%(v/v))
B-ME (7 mM) B-ME (7 mM)

Imidazole (20mM) Imidazole (500 mM)

All buffers for protein purification were sterile filtered (0.2 um).
6.1.5 Buffers for pseudouridylation activity assays
Y-buffer

NaCl (250 mM)
Tris/HCI (125 mM, pH 8.0)
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P1 storage buffer P1 buffer for digestion

NaCl (27.5 mM) NH40OACc/AcOH (20 mM, pH 5.3)
NaOAC/AcOH (11 mM, pH 5.4)  ZnCI2 (500 mM)

ZnClI2 (2.75 mM)

Glycerol (45%(v/v))

TLC buffer A TLC buffer B

2-propanol (70 % (v/v)) 2-Methylpropanoic acid (70 % (v/v))
conc. HCI (15 % (v/v)) 25 % ammonia solution (1.1 % (v/v))
H20 (15 % (v/v)) H20 (28.9 % (v/v))

All buffers were sterile filtered (0.2 um). P1-endonuclease (lyophilized powder, >250 units,
1 mg, Sigma Aldrich) was added to the storage buffer (0.25 U/ul).

6.1.6 Buffers for smFRET spectoscropy

T50-buffer (50x) Gloxy (50x) Imaging buffer

NaCl (50 mM) T50 (1x) Gloxy (1x)

Tris/HCI (10 mM, pH 8.0)  Glucose oxidase (4 mg/ml) D-Glucose (10% (w/v))
Catalase (1 mg/ml) Y-buffer (1x)

Trolox (until saturation)

All buffers were sterile filtered (0.2 um). Gloxy (50x) and Imaging buffer were prepared
freshly before usage.
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6.2 General biochemical methods
6.2.1 Gel electrophoresis methods
6.2.1.1 SDS PAGE for proteins

For SDS gels, a stacking gel solution (1x stacking gel buffer, 5% acrylamide/bis-acrylamide
(29:1)) and a resolving gel solution (1x running gel buffer, 15% acrylamide/bis-acrylamide
(29:1)) were prepared, polymerization was induced with TEMED (0.1% (v/v)) and APS
(0.1% (w/v)) and gel solutions were cast between two glass plates to form a two layered gel
(Vs stacking gel, ¥ resolving gel). Protein samples were mixed with 2x SDS loading dye (1:1)
and heated at 95 °C for 10 min. PAGE was done with 1x SDS-PAGE running buffer at 80 V
for 20 min and 200 V for 40 min in a Mini-PROTEAN Tetra Cell chamber (BioRad).

6.2.1.2 Denaturing TBE-PAGE for RNA

For TBE gels, a gel solution (1x TBE buffer, 12-20% acrylamide/bis-acrylamide (29:1), 7 M
Urea) was prepared, polymerization was induced with TEMED (0.1% (v/v)) and APS (0.1%
(w/v)) and the gel solution was cast between two glass plates. RNA samples were mixed with
FA-buffer (1:1) and heated at 95 °C for 3 min. PAGE was done with 1x TBE-buffer at 220 V
in a Multigel sytsem (Biometra) and stopped according to dye migration.

6.2.1.3 Native TBE-PAGE for RNA

For TBE gels, a gel solution (1x TBE buffer, 12-20% acrylamide/bis-acrylamide (29:1)) was
prepared, polymerization was induced with TEMED (0.1% (v/v)) and APS (0.1% (w/v)) and
gel solution was cast between two glass plates. RNA samples were mixed with glycerol (10%
(v/v)) (1:1). PAGE was done with 1x TBE-buffer at 45 V and 4 °C in a Multigel system
(Biometra) and stopped accordingly to dye migration.

6.2.1.4 EMSA

For EMSAs, a gel solution (1x TA buffer, 12-20% acrylamide/bis-acrylamide (29:1)) was
prepared, polymerization was induced with TEMED (0.1% (w/v)) and APS (0.1% (v/v)) and
gel solution was cast between two glass plates. RNP samples were prepared by mixing protein
and RNA sampels in SEC buffer (1x) and incubated at 30 °C for 30 min. Afterwards, glycerol
was added (17% (v/v) and PAGE was performed with 1x TA-buffer at 45 V and 4°C in a
Multigel system (Biometra) and stopped according to dye migration.

6.2.1.5 TAE-agarose gel electrophoresis for DNA

For TAE gels, a gel solution (1x TAE buffer, 0.5-2% agarose) was prepared, heated up and
cast onto an appropriate glass plate. RNA samples were mixed with 6x gel loading dye (1x,
NEB). Agarose gel electrophoresis was done with 1x TAE-buffer at 120 V in a Mini-
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Horizontal Unit Electrophoresis System (FisherBiotech) and stopped according to dye
migration.

6.2.2 Visualization of biomolecules
6.2.2.1 Protein staining

SDS-PAGE gels were covered with Coomassie staining solution, microwave heated for 1 min
and afterwards put on a shaking plate for 20 min. Afterwards, gels were covered with water
and cellulose, microwave heated for 2 min and put on a shaking plate overnight for destaining
of background. Gels were scanned with a Molecular Imager Gel Doc XR+ (BioRad).

6.2.2.2 DNA/RNA staining

RNA PA gels and DNA agarose gels were covered with GelRed solution (Biotium) for
15 min. GelRed fluorescence was detected via UV illumination with a Molecular Imager Gel
Doc XR+ (BioRad).

6.2.2.3 Fluorescence labeled samples

Gels with fluorescence labeled proteins and RNA were scanned using a Typhoon 9400 (GE
Healthcare). For visualization of Cy3 labeled samples a laser excitation of Lex = 532 nm with
an emission filter of 580 nm was used. For visualization of Cy5 labeled samples a laser
excitation of Aex = 633 nm with an emission filter of 670 nm was used.

6.2.2.4 Radioactive labeled samples

Gels and TLC plates with radioactive labeled RNA were visualized via autoradiography by
storing the gel or the TLC plate in a storage phosphor screen (GE Healthcare) for several
minutes up to several days, depending on the amount of radioactive sample used. The screen
was scanned via autoradiography using a Typhoon 9400 (GE Healthcare) with a laser
excitation of Aex = 633 nm and an emission filter of 390 nm.

6.2.2.5 Western Blot

For Western blotting of proteins, first SDS PAGE was performed (chapter 6.2.1.1).
Afterwards, proteins were blotted onto an Immobilon-P PVDF Transfer Membrane (Merck
Millipore) with a Fastblot B44 (Biometra) and Extra Thick Western Blotting Filter Paper
(Thermo Scientific) with Anode/Kathode puffer. The membrane was put into blocking
solution (5% powdered milk, 1x PBS buffer). Afterwards, the membrane was put into
antibody 1 solution (6x-His Tag Monoclonal Antibody (HIS.H8) (Cstock=1 mg/ml, 1:3000
dilution, ThermoFisher Scientific), 5% powdered milk, 1x PBS buffer) and incubated
overnight at 4 °C. Afterwards, the membrane was washed with washing solution (0.05%
Tween, 1x PBS buffer) and put into antibody 2 solution (Peroxidase-conjugated AffiniPure
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Goat Anti-Mouse 1gG (H+L) (Cstock=0.8 mg/ml, 1:5000 dilution, dianova), 5% powdered milk,
1x PBS buffer) and incubated for 2 h at 4 °C. Membrane was washed again with washing
solution and peroxide solution (1 ml) and luminol solution (1 ml) (SuperSignal West Pico
PLUS Chemiluminescent Substrate, Thermo Scientific) were added. Oxidation induced
chemiluminescence of luminol was detected with an Advanced Fluorescence Imager (Intas).

6.2.3 Quantification of biomolecules
6.2.3.1 Concentration determination via UV-vis spectroscopy

Protein concentration was determined with a Nanodrop one UV-vis spectrophotometer
(Thermo Fisher Scientific) using the Lambert-Beer equation A = ¢ - L - ¢ with optical path
length I (1 cm), absorption A at 280 nm (proteins) or 260 nm (DNA, RNA), molar attenuation
coefficient € according to Table 10 and concentration of the biomolecule c. Molar attenuation
coefficient € at 280 nm for proteins was calculated using ExXPASy ProtParam tool®*, For
DNA and RNA, a standard coefficient was used (50 ng/pl - A for DNA, 40 ng/pl - A for
RNA). For Garl-constructs, a Bradford-Assay with ROTI Nanoquant (Carl Roth) was
performed according to the manufacturer’s protocol.

Table 10: molar extinction coefficient, molecular weight and number of amino acids for used
protein constructs

protein ¢ (M*cm?) | Molecular weight (kDa) Number of amino acids

Nhp2 4470 18.2 165
Nhp2W 9970 18.3 165
Nop10 4470 6.6 58
Cbf5 53860 55.5 489
Cbf5A 53860 449 400
Garl(Ntag) 4470 23.6 225
GarlA (Ntag) 4470 12.6 114
Garl(Ctag) 4470 22.3 211
GarlA (Ctag) 4470 11.2 100

6.2.3.2 Densitometric analysis

For densitometric analysis of RNA, DNA or protein bands on a gel, the ImageLab software
(version 6.0, Bio-Rad) as well as ImageJ (version 1.50i) was utilized.

6.2.3.3 MALDI-TOF
MAVLDI-TOF mass spectrometry was performed by the mass spectrometry service unit of the

Goethe university. Proteins were desalted prior to the measurement with C18 ZipTip pipette
resins (Millipore) according to the manufacturer’s protocol.
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6.3 Protein based methods

6.3.1 Protein constructs

Table 11: Codon optimized amino acid sequences of used S. cerevisiae proteins.

Nhp2
(1-149)

MGKDNKEHKESKESKTVDNYEARMPAVLPFAKPLASKKLNKKVLKTVKK

ASKAKNVKRGVKEVVKALRKGEKGLVVIAGDISPADVISHIPVLCEDHSVP

YIFIPSKQDLGAAGATKRPTSVVFIVPGSNKKKDGKNKEEEYKESFNEVVKE
VQAL

Nhp2W
(1-149)

MGKDNKEHKESKESKTVDNYEARMPAVLPFAKPLASKKLNKKVLKTVKK
ASKAKNVKRGVKEVVKALRKGEKGLVVIAGDIWPADVISHIPVLCEDHSV
PYIFIPSKQDLGAAGATKRPTSVVFIVPGSNKKKDGKNKEEEYKESFNEVVK
EVQAL

Nop10
(1-58)

MHLMYTLGPDGKRIYTLKKVTESGEITKSAHPARFSPDDKYSRQRVTLKK
RFGLVPGQ

Chbf5
(1-483)

MAKEDFVIKPEAAGASTDTSEWPLLLKNFDKLLVRSGHYTPIPAGSSPLKR
DLKSYISSGVINLDKPSNPSSHEVVAWIKRILRCEKTGHSGTLDPKVTGCLI
VCIDRATRLVKSQQGAGKEYVCIVRLHDALKDEKDLGRSLENLTGALFQR
PPLISAVKRQLRVRTIYESNLIEFDNKRNLGVFWASCEAGTYMRTLCVHLG
MLLGVGGHMQELRRVRSGALSENDNMVTLHDVMDAQWVYDNTRDESY
LRSIHIQPLETLLVGYKRIVVKDSAVNAVCYGAKLMIPGLLRYEEGIELYDEI
VLITTKGEAIAVAIAQMSTVDLASCDHGVVASVKRCIMERDLYPRRWGLG
PVAQKKKQMKADGKLDKYGRVNENTPEQWKKEYVPLDNAEQSTSSSQE
TKETEEEPKKAKEDSLIKEVETEKEEVKEDDSKKEKKEKKDKKEKKEKKE
KKDKKEKKEKKEKKRKSEDGDSEEKKSKKSKK

Cbf5c
(1-394)

MAKEDFVIKPEAAGASTDTSEWPLLLKNFDKLLVRSGHYTPIPAGSSPLKR
DLKSYISSGVINLDKPSNPSSHEVVAWIKRILRCEKTGHSGTLDPKVTGCLI

VCIDRATRLVKSQQGAGKEYVCIVRLHDALKDEKDLGRSLENLTGALFQR
PPLISAVKRQLRVRTIYESNLIEFDNKRNLGVFWASCEAGTYMRTLCVHLG
MLLGVGGHMQELRRVRSGALSENDNMVTLHDVMDAQWVYDNTRDESY
LRSIHQPLETLLVGYKRIVVKDSAVNAVCYGAKLMIPGLLRYEEGIELYDEI

VLITTKGEAIAVAIAQMSTVDLASCDHGVVASVKRCIMERDLYPRRWGLG
PVAQKKKQMKADGKLDKYGRVNENTPEQWKKEYVPLDNAEQ

Garl
(1-205)

MSFRGGNRGGRGGFRGGFRGGRTGSARSFQQGPPDTVLEMGAFLHPCEGD
IVCRSINTKIPYFNAPIYLENKTQVGKVDEILGPLNEVFFTIKCGDGVQATSF
KEGDKFYIAADKLLPIERFLPKPKVVGPPKPKNKKKRSGAPGGRGGASMG
RGGSRGGFRGGRGGSSFRGGRGGSSFRGGSRGGSFRGGSRGGSRGGFRGG
RR

Garlc
(32-
124)

MGPPDTVLEMGAFLHPCEGDIVCRSINTKIPYFNAPIYLENKTQVGKVDEIL
GPLNEVFFTIKCGDGVQATSFKEGDKFYIAADKLLPIERFLP
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Nhp2 and Nhp2W were expressed from a pET-24b plasmid, containing a Hise-tag at the C-
terminus. Cbf5 together with Nop10 and Cbf5SA together with Nop10 were co-expressed from
a pET-Duet plasmid, with Cbf5/CbfSA containing a Hise-tag at the C-terminus. Garl and
Garl A were expressed from a pET-28b plasmid, containing a Hise-tag at the N-terminus. For
generation of amber suppression mutants, Garl and GarlA were expressed from a pET-24b
plasmid, containing a Hise-tag at the C-terminus. For ternary Nopl0-Cbf5-Garl, constructs
were co-expressed and co-purified.

6.3.2 Cryo stocks

For the generation of cryo stocks, 500 pl of an overnight culture were mixed with 50%
glycerol (500 ul, 25% final conc.) and shock frozen in liquid nitrogen. Cryo stocks were
stored at -80 °C.

6.3.3 Protein expression
6.3.3.1 Small scale expression tests

For validation of constructs, several test expressions were performed simultaneously. Test
expressions were performed in a Greiner tube with an expression volume of 3 ml. Everything
else was done accordingly to chapter 6.3.3.2 or 6.3.3.3. Samples of 100 pl were directly taken
from the test expression cultures, cells harvested (17000 x g, 5 min, 4 °C) and mixed with 2x
SDS loading dye (40 pl per ODeoo). Test expressions were analyzed via SDS-PAGE and
Western Blotting (chapter 6.2.2.5).

6.3.3.2 Expression of WT proteins

As overnight culture, 30 ml of LB medium in a 100 ml baffled Erlenmeyer flask with
appropriate antibiotics (chapter 6.1.2) was inoculated with a single colony of E. coli BL21
(DE3) cells from an LB-agar plate or with a small amount of cells from a cryo stock. Ina 5 |
baffled Erlenmeyer flask, 1 | of TB medium was inoculated to an ODsoo ~ 0.1 with overnight
culture. Cells were incubated (130 rpm, 37 °C) to an ODsoo ~ 0.6-0.8 and cooled on ice for ~
15 min afterwards. Protein expression was induced by addition of 0.1 mM isopropyl -D-1-
thiogalactopyranoside (IPTG) and cells were incubated for ~ 20 h (130 rpm, 20 °C) and
afterwards harvested (8000 x g, 30 min, 4 °C). If not purified immediately, pelleted cells were
frozen in liquid nitrogen and stored at -80 °C.

6.3.3.3 Expression of proteins containing a non-canonical amino acid

For incorporation of non-canonical amino acids, the pEVOL plasmid (WT or AF mutant) was
co-transformed together with the protein expressing plasmid into BL21 DE3 E. coli cells
(chapter 6.4.1.2). As overnight culture, 30 ml of LB medium in a 100 ml baffled Erlenmeyer
flask with appropriate antibiotics (chapter 6.1.2, including Cmp for the pEVOL plasmid) was
inoculated with a single colony of E. coli BL21 (DE3) cells from an LB-agar plate or with a
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small amount of cells from a cryo stock. In a 5 | baffled Erlenmeyer flask, 1 | of TB medium
was inoculated to an ODeoo ~ 0.1 with overnight culture. Cells were incubated (130 rpm,
37 °C) for 1 h, supplemented with an appropriate amount of non-canonical amino acid (1-5
mM PrK, 1 mM SCoK, 1 mM NoK) and incubated for an additional 1 h. Arabinose (0.2%
(w/v) was added to induce the pEVVOL plasmid and cells were incubated for an additional 5 h
and cooled on ice for ~ 15 min afterwards. Protein expression was induced by addition of 0.1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and cells were incubated for ~ 48 h
(130 rpm, 20 °C) and afterwards harvested (8000 x g, 30 min, 4 °C). If not purified
immediately, pelleted cells were frozen in liquid nitrogen and stored at -80 °C.

6.3.4 Protein purification
6.3.4.1 Standard protocol

Cell pellet from 1 | medium was resuspended in 30 ml IMAC A buffer, supplemented with
one tablet EDTA-free protease inhibitor cocktail (Roche), 200 ug of RNase A (Invitrogen)
and 20 U of Turbo DNase (Thermo Fisher Scientific). Lysis was performed via sonification
with a Sonopuls ultrasonic homogenizer (duty cycle 6x, power 60%, 10 min, Bandelin), the
lysate was separated from cell debris by ultracentrifugation (21000 x g, 1 h, 4 °C).
Polyethyleniminine (PEI, 0.017% (w/v)) was added to the lysate and the lysate incubated at
4 °C for 15 min. Precipitated nucleic acids were removed via centrifugation (10000 x g, 20
min, 4 °C). PEI treatment was repeated once and the supernatant was filtered two times
afterwards (0.45 um and 0.2 um) to remove any remaining particles. The supernatant was
loaded onto a Ni?*-NTA column (HisTrap HP, GE Healthcare, utilizing an Akta start system),
which was preequilibrated with IMAC A buffer. The loaded column was washed with IMAC
A buffer (6 CV) and protein elution was performed with a linear gradient to IMAC B buffer
(10 CV), finishing with pure IMAC B buffer (5 CV). Protein containing fractions (identified
by absorption at 280 nm) were analyzed with SDS-PAGE (chapter 6.2.1.1), pooled and
concentrated to a volume of 110 ul with a VivaSpin (2 or 20 (depending on initial volume),
10 or 50 kDa molecular weight cutoff (depending on protein construct), PES (Sartorius)).
Afterwards, the protein was loaded onto a SEC column (Superdex 75 10/300 GL or Superdex
200 10/300 GL (depending on the protein construct), GE Healthcare, utilizing an Akta purifier
900 system), which was preequilibrated with SEC buffer. Protein containing fractions
(absorption at 280 nm) were analyzed with SDS-PAGE (chapter 6.2.1.1), pooled and
concentrated to a volume of 100 pl.

6.3.4.2 Protocol for Nhp2 (WT and with incorporated non-canonical amino acid)

Since it was not possible to remove all RNA binding to Nhp2 with the standard protocol,
additional measures had to be taken. The purification was done as described in chapter
6.3.4.1. However, after the first Ni**-NTA purification, protein containing fractions
(absorption at 280 nm) were analyzed by SDS-PAGE (chapter 6.2.1.1), pooled and incubated
with 400 pg RNase A (20 °C, 16 h) to remove copurified contaminating RNA. Afterwards,
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the protein solution was diluted to an imidazole concentration of ~ 20 mM and RNase A was
removed via a second Ni?*-NTA column purification.

6.3.4.3 Protocol for Cbf5/Cbf5A with incorporated non-canonical amino acid together
with Nop10 and Garl

Expression of Cbf5/Cbf5A with an incorporated non-canonical amino acid (together with WT
Nop10) was performed according to chapter 6.3.3.3. Expression of Garl (WT) was performed
according to chapter 6.3.3.2. Cell Pellets of both expression cultures were mixed prior to lysis
and purification of proteins was done according to standard protocol (chapter 6.3.4.1).

6.3.5 Click reactions for protein dye labeling
6.3.5.1 Cu* catazalyzed alkyne-azide cycloaddition (CuUAAC)

Copper catalyzed click reaction was utilized to label proteins with incorporated propargyl-
lysine (PrK) with a fluorescence dye (sulfo-Cy3-azide or sulfo-Cy5-azide). Test reactions
were usually done in a 5 pl reaction volume in SEC buffer (1x) with CuSO4 (500 uM),
THPTA (2.5 mM) (both were premixed prior to the reaction), PrK containing protein
(50 uM), sulfo-Cy3/Cy5-azide (150 pM, Jena Bioscience), aminoguanidine (5 mM) and
sodium ascorbate (5 mM). Test reactions were incubated at different temperatures and for
different amounts of time under exclusion of light. Samples were mixed with 2x SDS loading
dye (1:1) and analyzed via SDS-PAGE (chapter 6.2.1.1) and subsequently scanned (chapter
6.2.2.3).

Labeling reactions were usually done in a 110 pl reaction volume in SEC buffer (1x) with
CuSO4 (500 pM), THPTA (2.5 mM) (both were premixed prior to the reaction), PrK
containing protein (100 uM), sulfo-Cy3/Cy5-azide (250 pM, Jena Bioscience),
aminoguanidine (5 mM) and sodium ascorbate (5 mM). Samples were incubated for 3 h at
37 °C (Nhp2) or for 6 h at 4 °C (Cbf5). The reaction mixture was loaded onto a SEC column
(Superdex 75 10/300 GL or Superdex 200 10/300 GL (depending on the protein construct),
GE Healthcare, utilizing an Akta purifier 900 system), which was preequilibrated with SEC
buffer. Protein and dye containing fractions (identified by absorption at 280 nm and 550 nm)
were analyzed with SDS-PAGE (chapter 6.2.1.1) and fluorescence detection (chapter 6.2.2.3),
pooled and concentrated to a volume of 100 pl.

6.3.5.2 Strain promoted alkyne-azide cycloaddition (SPAAC)

A copper-free click reaction was utilized to label proteins with incorporated strained
cyclooctyne-lysine (SCOK) with a fluorescence dye (sulfo-Cy3-azide or sulfo-Cy5-azide).
Test reactions were usually done in a 5 pl reaction volume in SEC buffer (1x) with SCOK
containing protein (50 uM) and sulfo-Cy3/Cy5-azide (150 pM, Jena Bioscience). Test
reactions were incubated at different temperatures and for different amounts of time under
exclusion of light. Samples were mixed with 2x SDS loading dye (1:1) and analyzed via SDS-
PAGE (chapter 6.2.1.1) and subsequently scanned (chapter 6.2.2.3).
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Labeling reactions were usually done in a 110 pl reaction volume in SEC buffer (1x) with
SCOK containing protein (100 pM) and sulfo-Cy3/Cy5-azide (250 uM, Jena Bioscience).
Samples were incubated for 24 h at 37 °C. The reaction mixture was loaded onto a SEC
column (either Superdex 75 10/300 GL or Superdex 200 10/300 GL (depending on the protein
construct), GE Healthcare, utilizing an Akta purifier 900 system), which was preequilibrated
with SEC buffer. Protein and dye containing fractions (absorption at 280 nm and 550 nm)
were analyzed with SDS-PAGE (chapter 6.2.1.1) and fluorescence detection (chapter 6.2.2.3),
pooled and concentrated to a volume of 100 pl.

6.3.6 Reactions for spin labeling
6.3.6.1 Strain promoted inverse electron Diels Alder cycloaddition (SPIEDAC)

Copper free click reaction was utilized to label proteins with incorporated norbornene-lysine
(NoK) with tetrazine-TEMPO (see appendix, Figure 148). Labeling reactions were usually
done in a 500 pl reaction volume in SEC buffer (1x) with NoK containing protein (40 uM)
and spin label (400 uM). Samples were incubated for 1 h at 25 °C. The protein concentration
was diluted to 5 uM (volume of 4 ml), the label concentration was brought to 200 uM and the
reaction was continued for 1 h at 25 °C. Afterwards, samples were brought to a volume of
50 pl using a VivaSpin (500, 5 kDa molecular weight cutoff, PES (Sartorius)). The reaction
mixture was purified with Protein Desalting Spin Columns (Thermo Scientific) to remove
unincorporated spin label.

6.3.6.2 MTSSL labeling

Labeling reactions were usually done in a 4 ml reaction volume in SEC buffer (1x) with
cysteine mutant of protein (5 uM) and MTSSL (200 uM). Samples were incubated for 2 h at
25 °C. Afterwards, samples were brought to a volume of 50 pl using a VivaSpin (500, 5 kDa
molecular weight cutoff, PES (Sartorius)). The reaction mixture was purified with Protein
Desalting Spin Columns (Thermo Scientific) to remove unincorporated MTSSL.
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6.4 DNA based methods
6.4.1 Transformation
6.4.1.1 DHS5a high efficiency E. coli cell line

5 pl of plasmid (10 - 50 ng, typically from a ligation reaction or a site directed mutagenesis)
was mixed with 50 pl of cell line and stored for 30 min on ice. Heat shock (42 °C) was done
for 30 sec and cell line was stored on ice afterwards for 5 min. SOC medium (300 pl) was
added and cells were shaked (600 rpm) at 37 °C for 30 min. Cell line was spread on LB-Agar
plates and cells were incubated at 37 °C over night or at room temperature over the weekend.

6.4.1.2 BL21 (DE3) E. coli cell line

1 ul of plasmid (typically 50 — 150 ng, purified and sequenced) was mixed with 50 ul of cell
line and stored for 15 min on ice. Heat shock (42 °C) was done for 45 sec and cell line was
stored on ice afterwards for 2 min. SOC medium (300 ul) was added and cells were shaked
(600 rpm) at 37 °C for 30 min. Cell line was spread on LB-Agar plates and cells were
incubated at 37 °C over night or at 22 °C over the weekend.

6.4.2 DNA isolation, preparation and sequencing

In a Greiner tube, 5 ml of LB medium with the appropriate antibiotic was inoculated with one
colony of cells from a LB-Agar plate. Cells were shaked (160 rpm) at 37 °C over night. DNA
preparation was done with QIAprep Spin Miniprep Kit (Qiagen) according to manufacturer’s
protocol. If a larger amount of sample was needed, a larger overnight culture in a baffled
Erlenmeyer flask was prepared, and instead the QIAprep Spin Midiprep Kit (Qiagen) was
used according to manufacturer’s protocol. Sequencing of samples was done by Eurofins
Genomics or SeqLab.

6.4.3 PCR based methods
6.4.3.1 Site directed mutagenesis

Site directed mutagenesis was done utilizing the QuikChange Site-directed Mutagenesis Kit
(Agilent Genomics) or the Lightning QuikChange Site-directed Mutagenesis Kit (Agilent
Genomics). Complementary primers were designed according to the manufacturer’s protocol
and ordered from Eurofins Genomics (Munich, Germany). Reactions were usually performed
in a 20 pl reaction volume, with 10x buffer (1x), dNTP-Mix (0.2 mM), primers (0.3 pM
each), plasmid template (10-100 ng) and Pfu polymerase (0.4 ul) (1 U). A pegSTAR PCR
cycler (Peqglab) with the appropriate temperature program (Table 12) was used for the PCR. In
case of the Lighting Kit, additionally Quik Lightning solution (0.6 pl) was include in the
reaction mix.
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Table 12: PCR conditions for site directed mutagenesis with QuikChange Site-directed
Mutagenesis Kit (left) and Lightning QuikChange Site-directed Mutagenesis Kit (right)

Temperature | Time | No. of repeats Temperature | Time No. of repeats
95°C 30s |0 95°C 2min |0
95 °C 30s 95 °C 20s
55°C 1min |17 60 °C 10s 17
68 °C 7 min 68 °C 5 min
4°C end 0 68 °C 5 min 0
4°C end 0

6.4.3.2 Amplification

For amplification of DNA, either as an insert for ligation or for generation of transcription
template, PCR with homemade Phusion polymerase was utilized. Primers were designed
accordingly, enclosing the sequence of interest. Reactions were usually performed in 100 pl
reaction volume, with 5x HF buffer (1x), dNTP-Mix (0.2 mM), primers (3 UM each), plasmid
template (10-100 ng) and Phusion polymerase (0.4 U/ul). A peqSTAR PCR cycler (Peglab)
with the appropriate temperature program (Table 13) was used for the PCR.

Table 13: PCR conditions for amplification

Temperature | Time No. of repeats
98 °C 2 min 0

54 °C 15s

68 °C 15-45s | 34

98 °C 30s

4°C end 0

6.4.3.3 Amplification of whole plasmid

Whole plasmid PCR was used amplify the whole plasmid except a specific part of the
plasmid, which was desired to be cut out. Primers were designed accordingly, enclosing the
whole plasmid away from both sides of the region that was supposed to be cut out. Reactions
were usually performed in 100 ul reaction volume, with 5x HF buffer (1x), dNTP-Mix
(0.2 mM), primers (3 uM each), plasmid template (10-100 ng) and Phusion polymerase (0.4
U/ul). A pegSTAR PCR cycler (Peglab) with the appropriate temperature program (Table 14)
was used for the PCR.
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Table 14: PCR conditions for whole plasmid amplification

Temperature | Time | No. of repeats
98 °C 30s 0

98 °C 10s

65 °C 20s 29

72 °C 7 min

4°C end 0

6.4.3.4 Colony PCR

For colony PCR, first a ligation mix (chapter 6.4.7) was transformed into DH5a high
efficiency E. coli cell line and cells were grown overnight (chapter 6.4.1.1). For primers, the
T7 and T7-terminator primer were utilized. Reactions were usually performed in 20 pl
reaction volume, with 5x HF buffer (1x), dNTP-Mix (0.2 mM), primers (3 pM each) and
Phusion polymerase (0.4 U/ul). For DNA template, a single colony was picked from the LB-
Agar plate and mixed with the reaction mixture prior to polymerase addition. A peqSTAR
PCR cycler (Peglab) with the appropriate temperature program (Table 15) was used for the
PCR.

Table 15: PCR conditions for colony PCR

Temperature | Time | No. of repeats
95°C 5min |0

58 °C 30s

70 °C 90s |29

95 °C 30s

70 °C 5min |0

4°C end 0

6.4.4 Dpnl digestion reaction

Dpnl digestion reaction, if the removal of DNA template of bacterial origin after the PCR
reaction was required, was performed by adding Dpnl (20 U) to the reaction mixture and
incubation at 37 °C for 1.5 h.

6.4.5 Restriction digestion reaction

Analytical restriction digestion reactions were usually performed in a 20 pl reaction volume
in Cutsmart buffer (1x) with DNA (200 ng) and either one or two restriction enzymes (5 U per
200 ng of DNA, NEB). Restriction digestion reactions were incubated at 37 °C for 2 h.
Afterwards, completion of digestion was tested with an agarose gel (chapter 6.2.1.5) and
cleanup of reactions was done (chapter 6.4.6).
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Preparative restriction digestion reactions were usually performed in a 50 - 200 pl reaction
volume in Cutsmart buffer (1x) with DNA (2-20 pg) and two restriction enzymes (5-10 U per
pg of DNA, NEB). For vector DNA, shrimp alkaline phosphatase (rSAP, 5-10 U per pg of
DNA, NEB) for simultaneous dephosphorylation was added during restriction digestion
reaction. Restriction digestion reactions were incubated at 37 °C for 2 h. Afterwards,
completion of digestion was tested with an agarose gel (chapter 6.2.1.5) and cleanup of
reactions was done (chapter 6.4.6).

6.4.6 DNA purification

If DNA purification was necessary for subsequent reactions, the PCR or digestion reaction
mixture was purified with the QIAquick PCR purification kit (Quiagen) according to the
manufacturer’s protocol. DNA was eluted with H20 (30 pl).

6.4.7 Ligation of insert into vector

For the ligation of an insert DNA into a vector DNA, first restriction digestion reaction had to
be performed with the appropriate restriction enzymes (chapter 6.4.5). Ligation reactions were
usually performed in a 40 pl reaction volume in DNA ligase buffer (1x) with vector DNA
(186.9 ng, 2.9 nM), insert DNA (83.6 ng, 14.2 nM) and T4 DNA ligase (20 U/ul) at 25 °C for
45 min. Afterwards, transformation in DHSa high efficiency E. coli cells (chapter 6.4.1.1),
colony PCR (chapter 6.4.3.4) and analysis via agarose gel electrophoresis (chapter 6.2.1.5)
were performed.

6.4.8 Religation

For closing a shortened plasmid after whole plasmid PCR (chapter 6.4.3.3), plasmid was
phosphorylated and religated. Ligation reactions were usually performed in a 50 pl reaction
volume in DNA ligase buffer (1x) with plasmid DNA (~1 pg), T4 polynucleotide kinase
(PNK, 10 U per ug of DNA, NEB) and T4 DNA ligase (2000 U per pug of DNA, NEB) at 25
°C for 2 h. Afterwards, transformation in DH5a high efficiency E. coli cells (chapter 6.4.1.1),
colony PCR (chapter 6.4.3.4) and analysis via agarose gel electrophoresis (chapter 6.2.1.5)
were performed.
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6.5 RNA based methods
6.5.1 Standard in vitro transcription reaction

In vitro transcription reactions were usually performed in a 200 pl reaction volume in Tris-
Buffer (1x) with NTPs (ATP, CTP, GTP, UTP, 5 mM of each), magnesium acetate (30 mM),
Tris/HCI (100 mM), DTT (10 mM), spermidine (3 mM), DNA template (10-100 ng) and
homemade T7 RNA polymerase (24 ng/ul). Samples were incubated at 37 °C for 3 h - 18 h.
For overnight reactions, additionally RNasin (40 U, PROMEGA) was added to the reaction
mixture. DNA was digested with Turbo DNase (0.02 U/pL, Thermo Fisher Scientific) at 37
°C for 1 h. Afterwards, pyrophosphate precipitation was dissolved with EDTA (40 mM final
conc.) and enzymes were removed via phenol extraction (chapter 6.5.3). RNA sequences are
summarized in Table 16.

Table 16: snoRNA constructs.

snR81 FL | GGGACUGCAAAAGAAGCGGCGAGGCAGCCCACAUCAAGUGGAACUAC
ACAGACUUCCUUGUCGCGAUACUACGGUCCCAAGAGCAAUCCUAACA
AGCAAUUACAUAUUCCCCCGCUGAACCUGUACAGUCCACGGAUGGUG
CAGAAGUUAUAUGAUUUGGGGGAAGACGCUUUUUCACAUCUUCUUG
CAUGAUAA

H5 GGGACUGCAAAAGAAGCGGCGAGGCAGCCCACAUCAAGUGGAACUAC
ACAGACUUCCUUGUCGCGAUACUACGGUCCCAAGAGCAAUCCU

H5A GGGACUGCAAAAGAAGCGGCUUGGGUCGCGAUACUACGGUCCCAAGA
GCAAUCCU

H3 AACAAGCAAUUACAUAUUCCCCCGCUGAACCUGUACAGUCCACGGAU
GGUGCAGAAGUUAUAUGAUUUGGGGGAAGACGCUUUUUCACAUCUU
CUUGCAUGAUAA

H3A AACAAGCAAUUACAUAUUCCCCCGCUUGGGGGAAGACGCUUUUUCAC
AUCUUCUUGCAUGAUAA

6.5.2 GMP transcription reaction

GMP transcription was done according to the standard protocol (chapter 6.5.1), however NTP
concentration was lowered to 3.75 mM of each NTP and additionally GMP (15 mM) was
added to the reaction mixture.

6.5.3 Phenol extraction

Phenol extraction was performed to remove proteins from RNA solution. Aqua phenol (1
volume equivalent, Carl Roth) was added to RNA/protein containing sample and the mixture
was vortexed and afterwards centrifuged for phase separation (2000g, 1 min). The aqueous
and organic phases were separated and diethyl ether (3 volume equivalents, water saturated)
was added to the aqueous phase. The mixture was again vortexed and centrifuged (2000g, 1
min) and the aqueous and organic phases were separated. The organic phase was discarded

and the diethyl ether washing step was repeated once. Remaining organic solvent residues in
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the aqueous phase were removed by vaporization at room temperature or with a Concentrator
Plus Speedvac (setting ‘V-Al’, 5 min, 22 °C, Eppendorf).

6.5.4 Precipitation and purification of RNA

RNA from transcription reactions was precipitated with addition of NH4sOAc (0.5 M final
conc.) and either ethanol (2.5 volume equivalents) or isopropanol (1 volume equivalent),
subsequent storage at -20 °C for several hours or at -80 °C for 1 h, and centrifugation (17000
X ¢, 45 min, -4 °C). The supernatant was removed and excess solvent was removed with a
Concentrator Plus Speedvac (setting ‘V-Al’, 5-10 min, 22 °C, Eppendorf) and pelleted RNA
was resuspended in H,O/formamide (1:1, v/v) and the product was separated from side
products by denaturing urea-PAGE (chapter 6.2.1.2). The product was identified via UV
shadowing, excised and eluted from the gel in NH4sOAc (0.5 M) by shaking (1000 rpm) at 22
°C overnight. RNA was again precipitated and excess organic solvent removed as described
before. Afterwards, RNA was resuspended in H2O.

6.5.5 Generation of radioactively labeled substrate RNA
6.5.5.1 Invitro transcription with [a-3?P] UTP

In vitro transcription to generate universally 32P-labeled substrate RNAs was done as
described in chapter 6.5.1. However, the UTP was substituted by [a-*?P] UTP. After the
transcription reaction, the reaction mixture was purified with illustra MiroSpin G-25 columns
(GE Healthcare) to remove unincorporated [a-32P] UTP. Radioactive counts per minute were
determinted using a Tri-Carb 2100TR Liquid Scintillation Analyzer (Packard) and

incorporation rate of [a-32P] UTP was determined by Cfp’;(?:]{ ;r:f’z;l;i;tli;’;) Concetration of

incorporation rate - concentration of 32P—a—UTP

the labeled RNA was determined by ¢ =

numer of uridine nucleotides
6.5.5.2 Phosphorylation and splinted ligation with [y-32P] ATP

Splinted ligation was used to generate site specifically 32P-labeled substrate RNAS.
Oligonucleotides (Table 17) were purchased from Eurofins Genomics. Initial phosphorylation
reactions were usually done in a 30 ul reaction volume in T4 ligase buffer (1x) with the
oligonucleotide containing the target uridine at the 5’ end (M172/M174, 166.7 uM), [y->2P]
ATP (0.4 uM, Hartmann Analytic) and T4-Polynucleotidkinase (0.67 U/ul) at 37 °C for 30
min. Afterwards, non-radioactive ATP (10 mM) was added to a final volume of 40 pl and
reaction mixture was incubated at 37 °C for 30 min. The reaction mixture was purified with
illustra MiroSpin G-25 columns (GE Healthcare) to remove unincorporated [y-*2P] ATP.
Annealing was usually done in a 95 pl reaction volume in T4 ligase buffer (0.5x) with the
now partially radioactive, fully phosphorylated 3’ oligonucleotide (50 uM), the corresponding
5’ oligonucleotide (M171/M173, 50 uM) and the corresponding DNA splint (M130/M132, 50
pHM) at 75 °C for 2 min, with subsequent cooling to 22 °C and afterwards to 4 °C. For
ligation, T4 ligase buffer was adjusted to 1x, T4-DNA-ligase (80 U/ul, NEB) was added and
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reaction mixture was incubated at 16 °C overnight. Afterwards, Turbo DNase (0.11 U/pul,
Invitrogen) was added and reaction mixture incubated at 37 °C for 1.5 h. Ligated products
were separated from unreacted oligonucleotides with denaturing PAGE (chapter 6.2.1.2),
identified by autoradiography (chapter 6.2.2.4), excised and eluted from the gel in NHsOAc
(0.5 M) by shaking (1000 rpm) at 22 °C overnight. RNA was precipitated by addition of
ethanol (2.5 volume equivalents), storage at -20 °C for 2 h and centrifugation (17000 x g, 45
min, -4 °C). Afterwards, RNA was resuspended in H20.

Table 17: Oligonucleotides for ligation. Target uridine is marked in red.

5’ substrate (5* end, M171) 5’-GGGAGUAGUAUC-3

5’ substrate (3’ end, M172) 5’-UGUUCUUUUCAG-3’

3’ substrate (5’ end, M173) 5’-GGGAACUU-3

3’ substrate (3’ end, M174) 5’-UAAAUAUGUAAGAA-3’

6.6 Pseudouridylation activity assays

Since RNPs were reconstituted with an excess of proteins, the limiting factor for enzymatic
activity is the snoRNA concentration. Pseudouridylation activity assays were either performed
as single turnover assays (SnoRNA/substrate 2:1) or as multiple turnover assays
(snoRNA/substrate 1:40). The 32P-labeled substrate RNA was spiked with non-labeled
substrate RNA due to the use of non-radioactive ATP for completion of the phosphorylation
reaction after the initial phosphorylation with [y-3?P] ATP. For multiple turnover reactions,
additional non-labeled substrate RNA was used for spiking.

6.6.1 Single turnover assays

Pseudouridylation activity assays with radioactively labeled substrate RNA were done to test
the enzymatic activity of different H/ACA RNP subcomplexes. For single turnover
conditions, reconstitution of RNPs was usually performed in W-buffer (1x) with snoRNA
(1 uM), different proteins (2 UM for single hairpin constructs, 4 puM for double hairpin
constructs) and 3?P-labeled substrate RNA (500 nM). After addition of substrate RNA,
samples were immediately incubated at 30 °C. After 1-2 h, samples were mixed with
water/aquaphenol (1:1) at 4 °C to stop the enzymatic reaction.

6.6.2 Multiple turnover assays

For multiple turnover conditions, reconstitution of RNPs was usually performed in W-buffer
(1x) with snoRNA (100 nM), different proteins (1 M for single hairpin constructs, 2 uM for
double hairpin constructs), 32P-labeled substrate RNA (100 nM) and unlabeled substrate RNA
(3.9 uM). After addition of substrate RNA, samples were immediately incubated at 30 °C. At
different points of time, aliquots of 20 ul were taken from the samples and immediately mixed
with water/aquaphenol (1:1) at 4 °C to stop the enzymatic reaction.
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6.6.3 RNA digestion and thin layer chromatography

A phenol extraction was performed (chapter 6.5.3). RNA was precipitated with addition of
NaOAc (0.3 M) and ethanol (2.5 volume equivalents), subsequent storage at -20 °C for
several hours and centrifugation (17000 x g, 45 min, -4 °C). Afterwards, RNA was
resuspended in P1 buffer and Pl-endonuclease (0.0125 U/ul) was added. Samples were
incubated at 55 °C for 3.5 h and afterwards at 70 °C for 30 min to fully digest all RNA. 2-3 pl
of each sample was spotted on a thin layer chromatography cellulose plate (20 cm height for
1D TLC, 10x10 cm for 2D TLC, Merck) and thin layer chromatography was performed with
TLC buffer A for 1D TLC or first with TLC buffer B and afterwards with TLC buffer A for
2D TLC. TLC plates were visualized by autoradiography chapter 6.2.2.4 and spots assigned to
known Rf values®%%l. Image analysis and integration of peaks was done with ImageJ,
determination of pseudouridylation yield was done by comparison of intensity of U and ¥
spots.
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6.7 Single molecule FRET spectroscopy

6.7.1 Preparation of cover slips and objective slides

For immobilization of biotinylated samples and subsequent SmFRET experiments, PEG-
passivated and biotin activated cover slips and objective slides to prepare a measurement
chamber were prepared. Cover slips (24x60 mm, Carl Roth) were cleaned by being exposed
to oxygen plasma for 15 min. Cover slip holding chambers were cleaned by MeOH and
sonification for 5 min. Afterwards, silanization was performed in the holding chambers with
3-aminopropyltriethoxysilane (1 % (v/v)) and acetic acid (5% (v/v)) in methanol under
sonication for 1 minute and incubation at room temperature for an additional 20 minutes.
Cover slips were thoroughly washed with H>O and dried in a nitrogen stream. Surface
functionalization was performed with PEG/PEG-biotin (33 mM mPEG-succinimidyl valerate,
MW =5 kDa; 0.7 mM biotin-PEG-succinimidyl valerate, MW = 5 kDa; NANOCS) in sodium
bicarbonate buffer (100 mM) at 25 °C overnight in a moisture chamber. Afterwards, cover
slips were thoroughly washed with H20, dried in a nitrogen stream to remove excess PEG and
stored under argon at -80 °C. Objective slides (26x76 mm, Carl Roth) were cleaned prior to
SmMFRET measurement by being exposed to nitrogen plasma for 15 min and measurement
channels were generated by combining cover slips and objective slides with double-sided
sticky tape (Scotch).

6.7.2 Preparation of fluorescent labeled RNP samples

Reconstitution of Cy3/Cy5 double labeled RNP complexes was usually done in a 4 pl reaction
volume in ¥ buffer (1x).

For samples with fluorophore-label on snoRNA and Nhp2, fluorophore labeled (Cy5 or Cy3)
biotinylated snoRNA (600 nM), fluorophore labeled (Cy3 or Cy5) Nhp2 (6 uM) and other
proteins (Nopl0, Cbf5, Garl, GarlA (depending on the constructs measured), 6 uM) were
used.

For samples with fluorophore label on snoRNA and Cbf5/Cbf5A, fluorophore labeled (Cy5 or
Cy3) biotinylated snoRNA (600 nM), fluorophore labeled (Cy3 or Cy5) Cbf5/Cbf5A (co-
purified with Nop10 and Garl, 6 uM) and Nhp2 (6 uM) were used.

For samples with fluorophore-label only on Nhp2, unlabeled biotinylated full length sSnoORNA
(600 nM), Cy3-labeled Nhp2 (3 uM), Cy5-labeled Nhp2 (3 uM) and other proteins (Nop10,
Cbf5, Garl, 6 uM) were used.

Samples were incubated at room temperature for 5 min and placed on ice afterwards.

6.7.3 Immobilization of RNP sample on measurement channel

Prior to SmMFRET measurement, biotinylated RNP samples were immobilized on a passivated
and biontinylated glass surface via biotin-streptadivin-biotin interactions. Each sample was
diluted in ¥ buffer (1x) to a final snoRNA concentration of 1 nM — 100 pM (usually 250 pM).
Measurement channels were prepared as described in chapter 6.7.1. For each sample, a
channel was flushed consecutively with streptavidin (15 pL, 0.2 mg/ml in T50 buffer (1x)), ¥
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buffer (70 uL), diluted sample (5-20 pL) and freshly prepared Imaging buffer (40 uL). The
amount of diluted sample was adjusted to yield a molecule density of ~200-300 molecules per
field of view. For measurements with substrate, substrate RNA (100 nM) was added to the
Imaging buffer.

6.7.4 smFRET microscopy setup

SmMFRET measurements were performed on a computer controlled, objective-type spinning-
spot total internal reflection microscopy setup with a microscope (1XI71, Olympus), an
electron multiplying charge coupled device (EMCCD) camera (iXon897, Andor Technology)
a green (532 nm, 150 mW) and a red (633 nm, 140 mW) diode laser (Coherent, OBIS), an
acousto-optical tunable filter (AOTFNnC-400.650-TN, AA Opto-Electronic) a NA 1.4 100x oil
immersion objective (UPLSAPO100XO, Olympus), and a dual view emission splitter
(OTPOSPLIT I, Cairn Research).

6.7.5 smFRET data aquisition

SmFRET measurements were performed with continuous green laser excitation at 22 °C. For
data Acquisition, the software Andor SOLIS (version 4.21) was used. Data acquisition was
performed with an integration time of 100 ms and an EM gain of 300. Data was saved as *.sif
file-format. Before the measurement of the actual samples, the lasers were set to 10 mW for at
least 1 h and the setup was adjusted to TIRF mode. For each day of measurement, a 20-frame
calibration movie of a 1:250 dilution of TetraSpeck Microspheres (0.1 uM, Thermo Fisher
Scientific) in T50 buffer (1x) was collected. Usually, for each sample 40 70-frame movies
were collected, where the green laser was turned on at the start and the red laser was turned on
after 25 frames (2.5s). Additionally, for each sample 2 1200-frame movies were collected to
check for single-step photobleaching as well as possible FRET dynamics.

6.7.6 smFRET data analysis

Data that was collected in the *.sif file-format, which was converted into the 16-bit-integer
*.dat file-format with the software Andor SOLIS (version 4.2), using the softwares batch
conversion tool. For further processing of the data, the software IDL (version 6.2, Exelis) with
scripts originally written by Hazen Babcock and Greg Bokinsky was utilized. First, the IDL-
scripts were used to create a transformation map with the 20-frame calibration movie of
TetraSpeck Microspheres for donor and acceptor channel alignment. Afterwards, with this
transformation map, background corrected SmFRET fluorescence intensities for donor and
acceptor channel were generated for each movie by Gaussian point spread function fitting.
The STD threshold was set to 3. This procedure generated a *.traces file from each *.dat file.
For further processing of the data, the software MatLab (version R2019b, MathWorks) was
utilized. For the generation of SMFRET histograms out of all 70 frame *.traces files from a
single sample, the intensity of donor (Ip) and acceptor (1a) of the first 20 frames of each 70

frame movie was averaged and the FRET efficiency was determined as E-FRET = - 1;41 with
ATID

a fretthreshold of 2000. E-FRET values of all molecules were binned into intervals of 0.025
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and the center of the donor-only peak was adjusted to E-FRET = 0 using a correction factor.
Afterwards, the Ip and Ia of the last 40 frames of each movie was averaged and subtracted
from each other, and this value had to exceed a certain threshold for the molecule to be
accepted for further analysis. This procedure was performed to only analyze molecules with
an intact FRET pair and to exclude molecules carrying bleached dyes. For further processing
of the data, the software OriginPro (version 2019, OriginLab) was utilized. Histograms were
plotted from binned data. For fitting, the Gaussian function

A _Z(x_xc)z

Y=Y+ e = w?
T
Wg

with peak center X, peak width w and area under the curve A was utilized for E-FRET
distribution of different states.

For the generation of SmFRET traces, the 1200 frame *.traces files from a single sample was
plotted as Ip, Ia and E-FRET against time (t) for each individual molecule. Data of each
molecule that showed typical FRET behavior was manually exported as *.mat file and
“stitched” together into a single *.dat file. For further processing of the data, the software
HaMMy81 (version 4.0) was utilized. Each *.dat file from a single sample measurement was
used to determine the number of E-FRET states and the E-FRET value of each state utilizing
Hidden Markov Modelling.
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6.8 Synthesis of non-canonical amino acids

6.8.1 General synthesis methods

All reactions with substances volatile to moisture were carried out under inert conditions
(argon or nitrogen atmosphere) and glass ware was heated under vacuum (p = 102 mbar) to
remove surface adsorbed water. Glass joints were sealed with silicon grease.

Organic solvents were ordered in absolute (THF, DMF, CHCI3) or p.a. quality (THF, ethyl
acetate, 1,4-dioxane, AcCOH, DCM, MeOH, formic acid).

Chemicals for synthesis were ordered from Sigma Aldrich and Carl Roth.

6.8.2 Characterization and analysis of synthesized compounds

6.8.2.1 NMR spectroscopy

NMR spectra of synthesized compounds were recorded in deuterated solvents chloroform-d
(CDCls) and DMSO-ds, which were dried over molecular sieve (4 A).

NMR spectroscopy was performed on Bruker NMR spectrometers.

-DPX-250 :&(1H)=250.1 MHz
- Avance-500 : §(1H) = 500.2 MHz, §(13C) = 125.8 MHz

Given data of ¢ is in ppm with positive values a low field shift. *H and 3C spectra are
calibrated to literature values of incompletely deuterated solvents.

- CDCI3: o (1H)=7.26 ppm, 6(13C{1H})=77.16 ppm
- DMSO-d6 : & (1H)=2.50 ppm, 6(13C{1H}) = 39.52 ppm

For signal assignment, the following abbreviations are used:
s = singulett, d = dublett, dd = dublett from dubletts, t = triplett, m = multiplett
6.8.2.2 ESI

ESI mass spectrometry was performed by the mass spectrometry service unit of the Goethe
university.
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6.8.3 Synthesis of propargyl-lysine (PrK)

6.8.3.1 Synthesis of compound 6

0
CIJL()

0 =
HoN -
2 \/\/\‘)J\OH -

HN NaOH (1 MY/THE (1:1 (v/v))
=0 0°C - RT, on.
o)

Figure 152: Reaction conditions for synthesis of compound 6.

Synthesis of compound 6 was performed according to literaturet*%°l,

C15H24N,04
328.36

No-(tert-Butoxycarbonyl)-L-lysine (20.0 g, 81.0 mmol, 1.20 eq) was dissolved in NaOH
(AM)/THF (100 ml, 1:1 (v/v)). Reaction mixture was cooled on ice to 0 °C and propargyl
chloride (6.60 ml, 8.02 g, 67.7 mmol, 1.00 eq) was added dropwise over the course of 40 min.
Reaction mixture was allowed to warm up to RT and stirred at RT overnight. Afterwards, the
reaction mixture was taken up in ethyl acetate (200 ml) and the aqueous phase was acidified
to pH = 2 with conc. HCI. Phases were separated, the aqueous phase was washed with ethyl
acetate (3 x 100 ml), organic phases were combined and dried with sodium sulfate. Organic
solvents were removed with a rotary evaporator and product was dried under vacuum.
Compound 6 was obtained as a colorless oil (23.3 g, 100%) and was directly used for the next

reaction step.
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6.8.3.2 Synthesis of compound 1

. .

O O ) O
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RT, 3h -
o
N
6 1
CyoH17CIN,O4
264,71

Figure 153: Reaction conditions for synthesis of compound 1.

Synthesis of compound 1 was done according to literature**°l,

Compound 6 (23.3 g, 71.0 mmol, 1.00 eq) was dissolved in 1,4-dioxane/conc. HCI (200 ml,
1:1 (v/v)). Reaction mixture was stirred at RT for 4 h. Organic solvents were removed with a
rotary evaporator and product was dried under vacuum. Afterwards, the product was taken up
in HCI (1 M, 100 ml), frozen in liquid nitrogen in lyophilized. HCI salt of compound 1 was
obtained as a beige powder (18.2 g, 97%).

'H-NMR (500.2 MHz, DMSO-dg): & = 8.29 (s, 2H, NHz), 7.35 (t, 1H, Jun = 5.6 Hz, NH),
460 (d, 2H, “Jn=24 Hz, CHy), 3.86 (M, 1H, a-CHY), 3.47 (t, 1H, “Juw =24 Hz,
CHproparg)I')’ 2.98 (d, 2H, 3Jun = 6.0 Hz, S'CHQIyS), 1.82-1.71 (m, 2H, B'CHZIyS), 1.44-1.36 (m,
3H, 8-CH2"", y-CH2"), 1.32-1.22 (m, 1H, y-CHZ"").

BC{'H}-NMR (125.78 MHz, DMSO-dg): 6 = 171.07 (C(O)ON), 155.27 (C(O)OC), 79.46
(CProparayly - 77,08 (CHPrPaoY) - 51,84 (a-CHY), 51.40 (CHz), 40.02 (e-CH2"), 29.62

(B-CH2"%), 28.77 (5-CH"®), 21.58 (y-CH2"s).

Rt value: 0.60 (n-butanol/acetic acid/H20 5 : 2 : 3 (V/Vv))
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6.8.4 Synthesis of norbornene-lysine (NoK)

6.8.4.1 Synthesis of compound 9

O
s 7
A\ H3C>|/O HN/&

o~ "o H4C
3
CH
3 H3c>(

ccly
(o]
o7 - oL
1) THF H o
0°C = RT, o.n. HO
2) NaOH (IM)/THF (2:1 (v/v))
0°C — RT, o.n.
9
CopH3oN20¢
396,48

Figure 154: Reaction conditions for synthesis of compound 9.

Synthesis of compound 9 was done according to literaturel2°%,

Triphosgene (5.00 g, 16.8 mmol, 0.72 eq) was dissolved in dry THF (35 ml) and cooled on ice
to 0 °C. 5-norbornene-2-methanol (2.90 g, 23.4 mmol, 1.00 eq) was dissolved in dry THF (10
ml) and added dropwise to the reaction mixture over the course of 3 h. During this time
period, additional triphosgene (1.93 g, 6.50 mmol, 0.28 eq) was added to the reaction mixture.
Reaction mixture was stirred at 0 °C for 2 h, allowed to warm up to RT and stirred at RT
overnight. Organic solvents were removed with a rotary evaporator and product was dried
under vacuum. The intermediate product was obtained as a colorless oil, which was dissolved
in THF (10 ml). Na-(tert-Butoxycarbonyl)-L-lysine (6.90 g, 28.0 mmol, 1.20 eq) was
dissolved in NaOH (1 M)/THF (2:1 (v/v), 120 ml) and cooled on ice to 0 °C. The intermediate
product was added dropwise to the reaction mixture over the course of 1 h. Reaction mixture
was allowed to warm up to RT and stirred at RT overnight. Additional NaOH was added to
the reaction mixture to maintain a basic milieu. Afterwards, reaction mixture was taken up in
ethyl acetate (100 ml) and the aqueous phase was acidified to pH = 2 with conc. HCI. Phases
were separated, the aqueous phase was washed with ethyl acetate (3 x 20 ml), organic phases
were unified, washed with brine (saturated, 100 ml) and dried with sodium sulfate. Organic
solvents were removed with a rotary evaporator and raw product was dried under vacuum.
Afterwards, the raw product was purified by column chromatography (silica gel,
DCM/MeOH/AcOH (96:3:1)) and compound 9 was obtained as a yellow oil (7.30 g, 79%) in
an endo/exo ratio of 3:2.

Rt value: 0.64 (DCM/MeOH/AcOH 87:10:3 (v/v))
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IH-NMR (500.2 MHz, DMSO-de): 6 = 7.11 (t, 3Jun=5.0 Hz, 0.4 H, NH), 7.06 (t,
33 = 5.0 Hz, 0.6 H, NH*), 6.16 (dd, 3Ju+ = 5.0 Hz, 0.6 H, C=CH*), 6.11-6.08 (m, 0.8 H,
HC=CH), 5.93 (dd, 3Jun = 5.0 Hz, 0.6 H, HC=C%*), 4.02-3.98 (m, 0.4 H, CH_), 3.86-3.79 (m,
1.4 H, CHy, a-CH"Y®), 3.68-3.65 (m, 0.6 H, CH2*), 3.50-3.46 (m, 0.6 H, CH2*), 2.94-2.92 (m,
2H, &-CH2Y), 2.81-2.78 (m, 1.6 H, CH, CH%*), 2.65 (m, 0.4 H, CH), 2.33-2.27 (m, 0.6H,
CH*), 1.91 (s, 9H, CHs), 1.80-1.75 (m, 0.6 H, CH,*), 1.64-1.50 (m, 2.4 H, CH,, B-CH2Y),
1.37-1.34 (m, 5H, CHz CH2*, y-CH,"s, 8-CH2Y%), 1.22-1.24 (m, 1H, CH,, CH2*), 1.15-1.14
(m, 0.8H, CHz), 0.49-0.45 (m, 0.6H, CH2>*). Endo signals are marked with *.

BC{*H}-NMR (125.78 MHz, DMSO-dg): 6 = 174.28 (COON), 172.04 (COO), 155.62
(CO0), 137.26 (C=C¥*), 136.77 (C=C), 136.44 (C=C), 132.22 (C=C¥*), 67.54 (CH,), 66.97
(CH2*), 53.47 (a-CHY), 48.94 (CHy), 44.62 (CH.*), 43.42 (CH*), 43.18 (CH), 41.69 (CH),
41.07 (CH¥*), 40.11 (e-CH."9), 38.15 (CH), 37.88 (CH*), 30.39 (B-CH2"%), 29.17 (5-CH."9),
29.01 (CHy), 28.65 (CH.*), 22.92 (y-CH."¥%), 21.08 (CHs). Endo signals are marked with *.
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6.8.4.2 Synthesis of compound 2

o~ 7 o~ L7

HN”& HN&
H30>EH3 o 9
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HO HO
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Figure 155: Reaction conditions for synthesis of compound 2.

Synthesis of compound 2 was done according to literaturel2°%,

Compound 9 (7.30 g, 18.4 mmol) was dissolved in chloroform/formic acid (2:3 (v/v), 25 ml)
and stirred for 48. DMF (25 ml) was added and organic solvents were removed with a rotary
evaporator and product was dried under vacuum. Afterwards, the raw product was taken up in
HCI (50 mM, 20 ml), frozen in liquid nitrogen in lyophilized. HCI salt of compound 2 was
obtained as a beige powder (4.11 g, 75%) in an endo/exo ratio of 3:2.

Rf value: 0.02 (DCM/MeOH/AcOH 87:10:3 (v/v))

MS (ESI): m/z = 297.21 [M+H]*

IH-NMR (500.2 MHz, DMSO-de): 6 = 7.12 (t, 3Jun=5.0 Hz, 0.4 H, NH), 7.07 (t,
3Jun = 5.0 Hz, 0.6 H, NH*), 6.18 (dd, 3Jun = 5.0 Hz, 0.6 H, C=CH*), 6.12-6.08 (m, 0.8 H,
HC=CH), 5.94 (dd, 3Jun = 5.0 Hz, 0.6 H, HC=C*), 4.03-3.99 (m, 0.4 H, CH,), 3.87-3.83 (m,
0.4 H, CHy), 3.69-3.66 (m, 0.6 H, CH2*), 3.51-3.47 (m, 0.6 H, CH2*), 3.41 (t, 3Jun = 5.0 Hz,
1 H, a-CHYS), 2.96-2.94 (m, 2H, &-CH,"%), 2.82-2.78 (m, 1.6 H, CH, CH*), 2.66 (m, 0.4 H,
CH), 2.34-2.27 (m, 0.6H, CH*), 1.81-1.71 (m, 1.6 H, CHz*, B-CH2"), 1.67-1.58 (m, 1.4 H,
CHa, B-CH2Y), 1.38-1.32 (m, 5H, CHz CH.*, y-CH,Y, §-CH2"Y), 1.23-1.25 (m, 1H, CHj,
CH>*), 1.16-1.15 (m, 0.8H, CH), 0.50-0.46 (m, 0.6H, CH>*). Endo signals are marked with

*
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B3C{IH}-NMR (125.78 MHz, DMSO-ds): 6 = 170.53 (COO0), 156.35 (COO), 137.29 (C=C*),
136.79 (C=C), 136.21 (C=C), 132.22 (C=C¥*), 67.57 (CHa), 67.00 (CH2*), 53.24 (a-CH"*),
48.95 (CHy), 44.62 (CH2*), 43.43 (CH*), 43.18 (CH), 41.70 (CH), 41.07 (CH*), 40.11 (e-
CH."9), 38.15 (CH), 37.88 (CH*), 30.34 (B-CH2"%), 29.10 (5-CH2"), 28.70 (CH,), 28.23
(CH2*), 22.10 (y-CH2"®). Endo signals are marked with *.
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6.9 NMR spectra of synthesized compounds

For the spectra of compounds 1 and 3 as well as the corresponding precursor compounds see

appendix of my Master Thesis%,

6.9.1 NMR spectra of compound 9
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Figure 157: C-1D-NMR spectrum of compound 9.
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Figure 158: *H-'H-2D-COSY-NMR spectrum of compound 9.

w L
. |

- . =l

.
-
1“'-

N N

T T T T T T T T T T T
6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5
£2 (ppm)

Figure 159: 'H-*C-2D-HSQC-NMR spectrum of compound 9.
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6.9.2 NMR spectra of compound 2
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Figure 160: *H-1D-NMR spectrum of compound 2.
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Figure 161: 3C-1D-NMR spectrum of compound 2.
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Figure 162: 'H-'H-2D-COSY-NMR spectrum of compound 2.
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Figure 163: *H-*C-2D-HSQC-NMR spectrum of compound 2.
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Deutsche Zusammenfassung der Arbeit

Deutsche Zusammenfassung der Arbeit

Die post-transkriptionelle Modifikation der vier Grundbausteine der RNA — Adenosin,
Cytidin, Guanosin und Uridin — konnte bereits in allen Doménen des Lebens (Bakterien,
Eukaryoten, Archaeen) nachgewiesen werden, und Uber 150 verschiedene modifizierte
Nukleoside wurden bereits sowohl in codierender als auch nicht-codierender RNA
identifiziertt?l, Die unterschiedlichen Modifikationen werden dabei enzymatisch in den
Nukleobasen-Teil oder den Ribose-Teil des Nukleosides eingebaut, wobei es auch zu
mehreren Modifikationen an der gleichen Stelle kommen kann und modifizierte Nukleoside
im Anschluss auch weiter modifiziert werden konnen4. Die Modifikationen haben
verschiedene Effekte auf die RNA, wie Regulation der Funktion%32525% ynd RNA-
Reifung® oder induzieren strukturelle Anderungen, die zur Stabilitit der RNA beitragen und
die Resistenz gegeniiber Degradation erhdhen46-431 Wihrend einzelne RNA Modifikations-
Stellen eher kleinere Einflusse auf den Organismus haben, so ist die Gesamtheit aller
Modifikationen doch (iberlebenswichtig®1® 16l Defekte in Enzymen, die fir die
Modifikationen verantwortlich sind konnten mit verschiedenen Krankheiten in Verbindung
gebracht werdent*"1€1,

Die hadufigste (und auch die erstmals beschriebene) post-transkriptionelle Modifikation ist
dabei Pseudouridin ,,¥“, welches auch als ,fiinftes Nukleotid“ bezeichnet wird[3%°,
Pseudouridin stellt dabei ein Rotationsisomer von Uridin dar, welches durch einen
Bindungsbruch zwischen dem Uracil und der Ribose, einer 180° Rotation der Uracil-Base um
die N3-C6 Achse sowie einer C-C Bindungskniipfung entstent (Abbildung 164a).
Pseudouridin erhélt dadurch eine zusétzliche Amino-Gruppe, die im Vergleich zu Uridin eine
zusétzliche  Wasserstoffbriickenbindung ~ eingehen  kannl>7"78 was zu  lokalen
Strukturanderungen und damit einhergehend zu erhdhter struktureller Stabilitat fihrt®84. Die
Pseudouridylierung von Uridin konnte in verschiedenen RNA-KIlassen nachgewiesen werden
und induziert dabei verschiedene neue Eigenschaften. Wahrend fur tRNA verbesserte
Interaktion mit der mRNA erreicht wirdl"®®l so scheint ¥ sowohl regulatorische
Eigenschaften in spliceosomaler snRNA zu haben! als auch die Translations-Effizienz in
rRNA zu erhdhen®l. In mRNA wird Pseudouridin zumal mit der Erweiterung des
genetischen Codes in Verbindung gebracht(®°0],

Der exakte enzymatische Mechanismus der Pseudouridylierung ist noch nicht zweifelsfrei
beschrieben worden!®®l. Die Umwandlung von Uridin zu Pseudouridin kann durch zwei
unterschiedliche Klassen von Enzymen erfolgen. Pseudouridylasen-Enzyme, die allesamt ein
ahnliches Strukturmotiv aufweisen, konnen die enzymatische Reaktion ohne zuséatzliche
Nebenfaktoren durchfihren und funktionieren dabei meist nur fiir eine bestimmte oder fiir
mehrere strukturdahnliche RNA Modifikationsstellenl®. H/ACA Ribonucleoproteine (RNPs)
hingegen bestehen aus mehreren Proteinen und unterscheiden sich durch ihre ,,guide* RNA,
die fur die Rekrutierung der Substrat RNA verantwortlich ist (Abbildung 164b). Die guide
RNA formt dabei eine Haarnadel-Struktur (Hairpin), die eine ,,Pseudouridylierungs-Tasche*
enthaltl!®-1401 |n diesem Bereich wird das Substrat via Watson-Crick Basenpaarung
gebunden und das Ziel-Uridin in Position gebracht. Wahrend archdische H/ACA sRNAs
zwischen einer und drei aufeinanderfolgende Hairpins ausbilden konnen, so bilden
eukaryotische H/ACA snoRNAs immer eine zweigeteilte Komplexstruktur mit zwei
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aufeinanderfolgenden Hairpins, welche jeweils eine Bindungsstelle fiir Substrate
aufweisent™3, Auf beide Hairpins folgen die konservierten H- und ACA-Motive, die
zusammen mit dem RNA-Stamm eine Bindungsstelle fiir das Protein Cbf5 bereitstellent02:149-
151 Cbf5 enthdlt das katalytische Zentrum fiir die Pseudouridylierung in Form eines
konservierten Aspartates, welches wahrend der enzymatischen Reaktion an das Uridin bindet
sowie ein ,,Thumb Loop* Strukturelement, das fur Substrat-Rektrutierung und -Freisetzung
verantwortlich istl*®14°  Das Protein Garl, welches an Cbf5 bindet, stellt dabei eine
Bindungsstelle fir diese Domaéne bereit, und ist damit ebenfalls in den Umsatz des Substrates
involviert40150.1571 - Eykaryotisches Garl besitzt dabei im Vergleich zu archdischem Garl
zusétzliche Glycin-Arginin-reiche ,,GAR® Dominen, die mit der Verbesserung von RNA-
Bindemotiven im Zusammenhang stehen[1°8.358363-3681 'Das Protein Nop10 bindet an Cbf5 und
stellt zusammen mit der guide RNA eine Bindungsstelle fur Nhp2 (in Eukaryoten) oder L7Ae
(in Archaeen) bereit. In dieser Hinsicht unterscheiden sich archédische und eukaryotische
Komplexe stark voneinander. L7Ae ist in die korrekte Orientierung des Substrates involviert
und ist fiir die katalytische Reaktion zwingend notwendig®”l. Zusatzlich ist es auf ein K-turn-
Motiv in der guide RNA angewiesen, um korrekt zu binden, ist dadurch aber auch in der
Lage, in Abwesenheit der anderen Proteine an die guide RNA zu bindenl'?6:4 Nhp2
hingegen bindet unspezifisch an RNAs und erst durch die Formation eines trimeren
Komplexes mit NoplO und Cbf5 wird die Spezifitdt gegenlber einer guide RNA
induziertl122126143.154-156] ' 7;sat7]ich scheint die Pseudouridylierung auch in Abwesenheit von
Nhp2 zu funktionieren[t%9:160

Waéhrend archdische H/ACA RNPs strukturell bereits besser erforscht sind, so ist die
Erkenntnislage auf dem Gebiet der eukaryotischen H/ACA RNPs noch vergleichsweise
gering. Die genaue Struktur und Struktur-Funktionsbeziehungen eukaryotischer RNPs sind
noch groRtenteils unbekannt; wahrend es flr archdische RNPs komplette Kristallstrukturen
mit SRNA, Proteinen und gebundenem Substrat gibt“%, so existieren fiir eukaryotische RNPs
lediglich eine Teil-Kristallstruktur von Nop10-Cbf5-Gar11%  eine NMR-Struktur von
Nhp2[62l (Abbildung 164c) sowie seit kurzem eine Kryoelektronenmikroskopie-Struktur der
nichtkanonischen H/ACA Doméne der Telomerase’. Ein besonderes Interesse in der
Erforschung von eukaryotischen H/ACA RNPs liegt in deren Ahnlichkeit zu humanen
H/ACA RNPs. Protein-Defekte in diesen Komplexen stehen mit einer Anfalligkeit fur die
Erbkrankheit Dyskeratosis congenita im Zusammenhang, die Knochenmarkversagen,
verfrilhte Alterung und erhohtes Krebsrisiko zur Folge hatft47:161.170-174]
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Abbildung 164: a) Schematische Darstellung der Umwandlung von Uridin zu Pseudouridin. b)
Schematische Darstellung des snR81 H/ACA snoRNPs. c¢) Kristallstruktur von Nop10-Cbf5A-
GarlA (pdb: 3U28) und NMR-Struktur von Nhp2 (pdb: 2LBW).

Das Hauptziel dieser Arbeit lag in der Erforschung des snR81 H/ACA snoRNPs aus
Saccharomyces cerevisiae, einem eukaryotischen snoRNP, der fiir die U zu ¥ Umwandlung
von U42 in der U2 snRNA und U1051 der 25S rRNA zustindig ist®®3%61. Es sollten neue
Erkenntnisse sowohl in Bezug auf die Struktur des Komplexes als auch auf die Dynamik
wahrend der enzymatischen Reaktionen gewonnen werden. Dabei bestand der erste Teil der
Arbeit in einer in vitro Préparation des Komplexes sowie einer Untersuchung dessen
katalytischer Aktivitat. Spezieller Fokus sollte dabei den Proteinen Nhp2 und Garl gewidmet
werden, die in eukaryotischen H/ACA RNPs eine Art ,,Sonderstellung im Vergleich zu
archaischen H/ACA RNPs einnehmen: Nhp2 durch seine verdnderten Eigenschaften im
Vergleich zu L7Ae, obwohl beide Proteine eine starke strukturelle Ahnlichkeit aufweisen, und
Garl durch seine zusatzlichen RNA-Bindedomanen. Im zweiten Teil der Arbeit sollten dann
nicht-natirliche Aminoséauren (nnAs) synthetisiert und mittels Manipulation des genetischen
Codes in verschiedene Proteine eingebaut werden, was das Anbringen von spektroskopischen
Sonden wie Fluoreszenzfarbstoffen ermdglicht. Markierte Komplexe sollten dann zur
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Untersuchung der Interaktion zwischen den Komplex-Partnern in Bezug auf Struktur und
Dynamiken mittels Einzelmolekul FRET-Spektroskopie untersucht werden.

Far die in vitro Praparation des RNP Komplexes wurde die snoRNA via Transkription
hergestellt. Zusatzlich wurden Einzel-Konstrukte beider Hairpins (H5 und H3) hergestellt, um
den Einfluss des bipartiten Komplexes im Vergleich zu den einzelnen Hairpins zu
untersuchen. Auflerdem wurden von beiden Hairpins verkirzte Konstrukte hergestellt, bei
denen die obere Stamm-Loop Struktur der RNA durch einen stabilen Tetraloop oberhalb der
Pseudouridylierungs-Tasche ersetzt wurde, um den Einfluss dieses Strukturelements auf die
Aktivitat und auf die Nhp2-Bindeeigenschaften zu testen.

Die Saccharomyces cerevisiae Proteine Nhp2, Nopl0, Cbf5 und Garl konnten in guten
Ausbeuten und guter Reinheit mithilfe von rekombinanter (Co-)Expression aus E. coli
hergestellt werden. Dabei war es auch moglich, endogene E. coli RNA, die vor allem an Nhp2
gebunden war, quantitativ zu entfernen. Zusatzlich wurde — anders als in der in vivo
Komplex-Assemblierung — eine Co-Expression und Co-Aufreinigung des trimeren Nopl10-
Cbf5-Garl Komplexes durchgefiihrt. Durch eine Rekonstitution mit Nhp2 und snoRNA
konnte dann ein enzymatisch aktiver H/ACA RNP Komplex in vitro gewonnen werden.

Fur die Préparation der Fluorophor-markierten Proteine wurden mehrere nicht-natirliche
Aminosauren synthetisiert. Mithilfe von Amber Codon Suppression war es moglich, diese
nnAs an verschiedenen Positionen in die Proteine Nhp2 und Cbf5 einzubauen. Diese
modifizierten Proteine konnten dann verwendet werden, um mittels ,,Click® Chemie sowohl
Fluorophore als auch Nitroxidlabel an den Proteinen anzubringen und die vollstandigen RNP
Komplexe in aktiver Form mit den gelabelten Komponenten zu rekonstituieren.

Fur die generierten RNP Konstrukte wurden sowohl single als auch multiple Turnover
Reaktionen mit radioaktiv markiertem Substrat durchgefiihrt. Unter single Turnover
Bedingungen konnte festgestellt werden, dass die 5° Hairpin (H5) des Komplexes hohere
Aktivitdten erreichte als die 3¢ Hairpin (H3). Zusatzlich konnte gezeigt werden, dass auf ihre
Hauptdomanen verkirzte Konstrukte von Garl und Cbf5 (GarlA und Cbf5A) zu einer
Aktivitatsverringerung unter single Turnover Bedingungen fuhrten und auch die Abwesenheit
von Nhp2 die Aktivitat senkte, was in ahnlicher Weise fur die snoRNPs mit den snoRNAs
snR5 und snR34 beobachtet werden konntel*>®16% |n multiple Turnover Assays wurde der
zeitliche Verlauf der enzymatischen Pseudouridylierung der verschiedenen ,,Sub-Komplexe*
von snR81 dann genauer untersucht. Wahrend das Volllangen-Konstrukt von snR81 in
Gegenwart von 5° Substrat (FL5) und H5 eine dhnlich hohe Aktivitat aufzeigten, so war im
Vergleich die Aktivitdt des Volllangen-Konstrukts in Gegenwart von 3¢ Substrat (FL3)
verringert. Des Weiteren war die Aktivitat von H3 im Gegenzug zu FL3 stark eingeschrankt.
Dies zeigt, dass sowohl die 5 Hairpin einen stirkeren Substrat-Umsatz als die 3° Hairpin hat
und dass zusitzlich die 3° Hairpin auf die Anwesenheit der 5° Hairpin angewiesen ist,
wihrend die 5° Hairpin auch ohne die 3° Hairpin starke enzymatische Aktivitdt aufweist.
Dieses unterschiedlichen Verhalten der beiden Hairpins wird dabei vermutlich von ihren
verschiedenen Strukturelementen beeinflusst: Wahrend bei der 5° Hairpin die RNA-Struktur
oberhalb der Pseudouridylierungs-Tasche aus einem groReren doppelstrdngigen Stamm und
einem kleinen Loop mit wenigen ungepaarten Nukleotiden besteht, so weist die 3 Hairpin
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einen eher kleinen Doppelstrang und einen relativ groRen Loop mit einer Vielzahl ungepaarter
Nukleotide auf. Zusétzlich ist die Substrat-Bindung bei der 5° Hairpin relativ symmetrisch,
wéhrend bei der 3 Hairpin die Substrat-Bindung auf eine Seite der Pseudouridylierungs-
Tasche verlagert ist. Interessanterweise hat die Entfernung der oberen Stamm-Loop Struktur
ebenfalls unterschiedliche Effekte bei der 5° Hairpin (H5A) als bei der 3° Hairpin (H3A).
Wihrend im Konstrukt HSA die Aktivitdt nur unmerklich beeinflusst wird, so wird H3A
enzymatisch komplett inaktiv. Die obere Stamm-Loop Struktur verringert also die Aktivitat
von H3 im Vergleich zu H5, ist aber gleichzeitig in H3 auch zwangslaufig fur
Komplexaktivitat notig, da sie scheinbar fir korrekte RNA-Faltung und/oder die Komplex-
Assemblierung unabdingbar ist.

Fur Garl konnte mittels EMSA-Bindungstest gezeigt werden, dass die Glycin-Arginin reichen
GAR Doméanen am C- und N-Terminus des Proteins die RNA-Bindeeigenschaften des
Proteins beeinflussten. Dies zeigt, dass in eukaryotischen H/ACA RNPs (im Gegensatz zu
archdischen RNPs) Garl unter Umstdnden nicht nur an Cbf5 bindet, sondern auch einen
direkten Einfluss auf snoRNA oder Substrat-RNA nehmen kann. Wéhrend in single Turnover
Aktivitatstests das Hauptdoménen-Konstrukt GarlA, bei dem sdmtliche GAR Doménen
entfernt wurden, die enzymatische Aktivitat fur beide Hairpins verringerte, so hatte es in
multiple Turnover Aktivitatstests eine aktivitatsverringernde Wirkung auf die 5° Hairpin,
wirkte jedoch aktivitétssteigernd auf die 3° Hairpin. Dies verstirkt den Verdacht, dass die
GAR Doménen durch RNA-bindende Eigenschaften einen Einfluss auf die Komplex
Assemblierung oder die Substratplatzierung bzw. Produktfreisetzung haben, was zwar die
Komplexaktivitit erhohen kann, unter bestimmten Umstdnden (wie im Falle der snR81 3¢
Hairpin) aber auch den multiplen Substratumsatz stark verlangsamen kann — mdglicherweise
ausgeldst durch unspezifische RNA-Bindung.

Die Rekonstitution der Konstrukte ohne Nhp2 hatte in multiple Turnover Reaktionen einen
negativen Effekt auf die Aktivitit der 5° Hairpin. Sowohl fiir FL5 als auch fiir H5 war vor
allem die Startgeschwindigkeit der Pseudouridylierung stark reduziert, trotzdem erreichte die
Ausbeute an Pseudouridin nach 22 Stunden einen relativ hohen Wert. Fir FL3 und H3
hingegen wurde der Komplex unter multiple Turnover Bedingungen komplett inaktiv —
lediglich fir FL3 konnte nach 22 Stunden eine kleine Menge ¥ nachgewiesen werden. Dies
zeigt, dass Nhp2 eine unterstutzende Wirkung auf die W-Generierung in der 5° Hairpin hat,
maoglicherweise durch Stabilisierung der Komplex-Struktur, und dass die Pseudouridylierung
ohne Nhp2 verlangsamt ablduft. Fiir die 3° Hairpin ist Nhp2 jedoch zwingend notwendig flr
enzymatische Aktivitat, was entweder darauf hindeutet, dass Nhp2 zusatzliche sekundare
Funktionen ausfuihrt, oder dass die Stabilisierungs-Eigenschaften von Nhp2 dort fiir die obere
Stamm-Loop Struktur zwingend notwendig sind.

Einzelmolekul FRET spektroskopischen Untersuchungen wurden mit Donor-Fluorophor
gelabeltem Nhp2 und Akzeptor-Fluorophor gelabelter snoRNA vorgenommen. Nhp2 bindet
dabei Uber eine Bindestelle mit Nop10 und der snoRNA an den Komplex. In Abwesenheit
von NoplO konnte keine Bindung von Nhp2 an den Komplex nachgewiesen werden. Fur
Hairpin H5 zeigte Nhp2 einen einzelnen Bindungsmodus, der eine spezifische Bindung in
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Anwesenheit beider Komplex-Bindungsstellen nahelegt. Die Entfernung der GAR-Domanen
an Garl fuhrte zu scharferen FRET-States, was auf einen starreren Komplex schlieRen l&sst,
und die GAR-Domaénen in H5 Dynamik zu induzieren scheinen. Mit der Verklrzung der
oberen Stamm-Loop Struktur (H5A) hingegen konnte interessanterweise immer noch Nhp2-
Bindung nachgewiesen werden, Nhp2 zeigte nun aber Bindung in drei verschiedenen
Bindungsmodi. Die Anwesenheit der RNA-Bindestelle ist somit nicht notwendig fiir Nhp2-
Bindung an den Komplex. Da kein Ubergang zwischen den verschiedenen Bindungsmodi
wéhrend zeitaufgeloster FRET Spektroskopie beobachtet werden konnte, ist davon
auszugehen, dass Nhp2 nach Komplex-Assemblierung in einem Bindungsmodus festsitzt,
oder dass der Ubergang zwischen verschiedenen Bindungsmodi zumindest extrem langsam
ablduft. Da Konstrukt H5A eine dhnliche Aktivitdt wie H5 und FLS zeigte, und gleichzeitig
die Entfernung von Nhp2 fir dieses Konstrukt nicht so stark aktivitatsverringernd war wie fir
H5 und FL5, ist davon auszugehen, dass Nhp2 tatséchlich fir die Stabilisierung der oberen
RNA-Struktur zustandig ist — eine Funktion die in Abwesenheit dieses Strukturelementes
nicht mehr bendtigt wird, was zur unspezifischeren Bindung von Nhp2 fiihrt. Gleichzeitig
scheint Nhp2 aber auch noch zusédtzliche Funktionen zu haben, da die Aktivitét fiir HSA trotz
Abwesenheit der oberen Strukturelemente immer noch reduziert war in Abwesenheit von
Nhp2, und Nhp2 trotz der unterschiedlichen Bindungsmodi einen katalysierenden Effekt auf
HS5A hatte.

Fiir die 3° Hairpin zeigte die Einzelmolekiil FRET Analyse, dass Nhp2 sowohl fiir Konstrukt
H3 als auch fiir das verkiirzte H3A Konstrukt in drei verschiedenen Bindungsmodi an den
Komplex bindet, wobei sich die gemessenen FRET-Effizienzen der drei Populationen zwar
von H5A unterscheiden, zwischen den beiden 3° Hairpin Konstrukten jedoch gleich sind. Die
unspezifischere Bindung von Nhp2 im Vergleich zur 5¢ Hairpin liefert eine Erklarung fiir die
reduzierte Aktivitit der 3° Hairpin verglichen mit der 5° Hairpin. Wahrend der ,,high FRET*
State einen ,korrekten” Bindungsmodus darzustellen scheint, so stellen die anderen beiden
Populationen vermutlich einen katalytisch nicht aktiven Komplex dar. Durch die Entfernung
der GAR Domadanen wurde diese Vermutung verstarkt, da mit der damit verbundenen
Aktivitatserhéhung auch die Population des high FRET States zunahm — Garl scheint also
indirekt eine Auswirkung auf die korrekte Bindung von Nhp2 zu haben. Wiahrend fiir H3A
zwar auch drei Bindungsmodi von Nhp2 nachgewiesen werden konnten, so war die
Populationsverteilung zwischen den drei FRET States doch eher willkirlich, was zu der
beobachteten Inaktivitat dieses Konstruktes passt.

Da in Anwesenheit der Substrat RNA keine starken Veranderungen der FRET States oder der
Populationsverteilung beobachtet werden konnte ist davon auszugehen, dass die Bindung von
Nhp2 unabhéngig vom Vorhandensein der Substrat RNA ist, und die katalysierende Wirkung
von Nhp2 eher durch Komplex-Stabilisierung begriindet ist und nicht durch den direkten
Eingriff von Nhp2 in die Uridin zu Pseudouridin Umwandlung.

Durch die Donor-Fluoreszenzmarkierung der Thumb Loop Domane von Cbf5 konnte ein
einzelner FRET State in Verbindung mit Akzeptor-markierter snoRNA fiir beide Hairpins
gezeigt werden. Es waren jedoch keine zusitzlichen Populationen oder Ubergéange zwischen
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verschiedenen States zu beobachten, wodurch ein Echtzeit-Betrachtung der Dynamik der
Thumb Loop Domane zwischen gedffnetem und geschlossenem Zustand nicht moglich war.
Dies kann zwar auf eine Inaktivitdt des an die Glasoberflache assemblierten Komplexes
wéhrend der FRET Messung hindeuten, kann aber auch ein Indiz dafiir sein, dass der
geschwindigkeitsbestimmende Schritt bei der Pseudouridylierung die Substrat Bindung und
Produkt Freisetzung ist, und die eigentliche katalytische Reaktion im sub-Millisekunden
Bereich und damit auRerhalb des Beobachtungsrahnmens der Einzelmolekil FRET
Spektroskopie liegt.

Sowohl FRET Messungen als auch PELDOR Abstandmessungen zwischen den beiden
Komplex-Hairpins zeigten, dass der Abstand zwischen beiden Hairpins augenscheinlich mehr
als 10 nm betrégt, und damit aulRerhalb des Beobachtungsrahmens beider Messmethoden
liegt. Dies zeigt jedoch, dass auf Basis bekannter Kristallstrukturen und der Annahme, dass
die Protein-Anordnung im Komplex zumindest &hnlich zu archaischen H/ACA Komplexen
verlauft, die beiden Hairpins des Komplexes vermutlich eine gewinkelte Struktur zueinander
annehmen.

Durch die Untersuchung des snR81 snoRNPs aus Saccharomyces cerevisiae war es in dieser
Arbeit moglich, neue Einblicke in die Struktur und Dynamiken von eukaryotischen H/ACA
snoRNPs zu gewinnen (Abbildung 165). Dabei wurde vor allem die relativ unerforschte Rolle
des Proteins Nhp2 sowie die Funktion der eukaryotisch spezifischen Garl Domanen wéhrend
der Komplex-Assemblierung und Katalyse in Bezug auf die bipartite Komplex-Struktur
untersucht. Durch die Entwicklung eines Arbeitsablaufes zur rekombinanten Expression der
verschiedenen Proteine und in vitro Komplex-Assemblierung sowie die Mdglichkeit,
unterschiedliche Komplex-Teile ortsspezifisch zu markieren, kann die Untersuchung des
snR81 snoRNPs auf weitere spektroskopische Methoden ausgeweitet werden — oder auch die
Proteine in Kombination mit einer anderen snoRNA untersucht werden. Vor allem eine
Untersuchung des snR81 Volllangen-Komplexes sowohl mittels sSmFRET Spektroskopie als
auch mittels Kryoelektronenmikroskopie stellen dabei die ndchsten Herausforderungen zu
einem besseren Verstédndnis von eukaryotischen H/ACA snoRNPs dar.
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a) RNA-spezifische Effekte

HS

- Nicht notwendig fiir 'Y-Katalyse

- Keine verringerte Aktivitiit in Abwesenheit dieses Strukturelements
- Induziert spezifischen Bindungsmodus von Nhp2

- Katalytischer Effekt von Nhp2 wird in Abwesenheit reduziert

- Wechselwirkung zwischen beiden Hairpins
- H3 stark abhiingig von der Anwesenheit von HS
- Gewinkelte Hairpin-Struktur wird vermutet

Garl

- Zwingend notwendig fiir W-Katalyse,

» moglicherweise fiir korrekte Faltung/
Komplex-Assemblierung

- Langsame Faltung/strukturelle Integritiit
resultieren in geringer Aktivitiit

b) Protein-spezifische Effekte
) p HS5

- Katalyse-steigernd durch
Stabilisierung der oberen RNA-Struktur
- Nicht notwendig fiir Aktivitiit

- An beiden Hairpins zwingend
notwendig fiir Katalyse - Notwendig fiir 'P-Katalyse

- Ebenfalls zwingend notwendig - Nhp2-Bindung an den oberen

fiir Nhp2-Bindung RNA-Bereich ist notwendig fiir

korrekte Komplex-

H3 Assemblierung/Faltung

- GAR-Domiinen wirken Katalyse-steigernd,
vermutlich durch Interaktion mit snoRNA
oder Substrat-RNA

- Méglicherweise in Substrat-Platzierung involviert - GAR-Domiinen stiren bei der ¥-Katalyse,

- Garl (Core-Domiine) notwendig fiir Multiple 3 maglicherweise .dm'ch Beeinflussung der
Turnover Katalyse an beiden Hairpins, vermutlich korrekten Platzierung von Nhp2 oder durch
fiir korrekte Substrat-Freisetzung Beeinflussung der korrekten Platzierung oder

Freisetzung von Substrat

Abbildung 165: Zusammenfassung der beobachteten Effekte von snR81 H/ACA snoRNP
Komplex-Komponenten auf die Komplex-Assemblierung und die katalytische Aktivitat. a)
snoRNA-spezifische Effekte inklusive der Rolle der oberen Stamm-Loop Struktur. b) Protein-
spezifische Effekte von Nop10, Nhp2 und den GAR-Domé&nen von Garl.
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List of abbreviations

2DTLC two-dimensional thin layer chromatography
5FU 5-fluoro-uridine

A adenosine

aaRS aminoacyl tRNA synthetase

AcOH acetic acid

AFM atomic force microscopy

Amp ampicillin

ATP adenosine triphosphate

bp base-pairs

C Cbf5 (Centomere Binding Factor 5)
C cytidine

C concentration

CG Cbf5-Garl

CMP chloramphenicol

CTP cytidine triphosphate

CuAAC copper(l)-catalyzed azide-alkyne cycloaddition
Cv Column Volumes

DC Dykeratosis congenita

DCM dichloromethane

DMF dimethylformamide

DNA deoxyribonucleic acid

DNP dynamic nuclear polarization
DMSO dimethylsulfoxide

E. coli Escherichia coli

E-FRET FRET efficiency

e.g. exempli gratia (“for example”)
EDTA ethylenediaminetetraacetic acid
EF-Tu elongation factor Tu

EM electron microscopy

EM-CCD electron-multiplying charged couple device
EMSA electrophoretic mobility shift assay
EPL Expressed Protein Ligation

EPR electron paramagnetic resonance
eq. equivalent

ESI Electrospray ionization

et al. et alia (“and others™)

etc. et cetera (“and so forth™)

FPALM Fluorescence Photoactivation Localization Microscopy
FRET Forster resonance energy transfer
FWHM full width at half maximum

G Garl (Glycine Arginine Rich 1)

G guanosine
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List of abbreviations

GTP guanosine triphosphate

HPLC high performance liquid chromatography

I intensity

la. inter alia (“among other things™)

le. id est (“that is™)

IPTG Isopropyl B-D-1-thiogalactopyranoside

A wavelength (hnm)

K lysine

K- Kink-

Kan Kanamycin

K dissociation constant

MALDI Matrix-assisted laser desorption/ionization

MeOH methanol

MRNA messenger RNA

MTSSL (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)
methanethiosulfonate

m/z mass-to-charge ratio

N Nop10 (Nucleolar Protein 10)

N any nucleotide

NC Nop10-Cbf5

NCG Nopl10-Cbf5-Garl

NEB New England Biolabs

NHS N-Hydroxysuccinimide

Ni-NTA nickel(I1) nitrilotriacetic acid

NMR nuclear magnetic resonance

NoK norbornene-lysine

nt nucleotides

NTP nucleotide triphosphate

ODs0o optical density measured at A = 600 nm

OTIR objective type total internal reflection

¥ pseudouridine

PAA polyacrylamide

PAGE polyacrylamide gel electrophoresis

PALM Phoactivated Localization Microscopy

PCR polymerase chain reaction

PDB protein database

PELDOR Pulsed Electron Electron Double Resonance

P. furiosus / P.f. Pyrococcus furiosus

ppm parts per million

PrKk propargyl-lysine

PTIR prism type total internal reflection

PUA pseudouridine synthase archaeosine transglycolase

PUS pseudouridine synthase

R dye distance
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List of abbreviations

R
RESOLFT

RNA
RNase
RNP
rRNA

S. cerevisiae / S.c.

SCOK
SDS
SEC
SRNA
SRNP
SNRNA
SnoRNA
SnoRNP
SMFRET
SPAAC
SPIEDAC

SRM
STED
STORM
sub
THF
TIR
TIRF
TLC
tRNA
U

UTP
uv
vIv
vol. eq.
Vstart
Vis

w
WNCG
wit

w/v

Xe

adenosine or guanosine

Reversible Saturable Optically Linear Fluorescence
Transition

ribonucleic acid

ribonuclease

ribonucleoprotein

ribosomal RNA

Saccharomyces cerevisiae

strained cyclooctyne-lysine

sodium dodecyl sulfate

size exclusion chromatography
small RNA

small ribonucleoprotein

small nuclear RNA

small nucleolar RNA

small nucleolar ribonucleoprotein
single molecule FRET
strain-promoted azide-alkyne cycloaddition
srain-promoted  inverse-electron-demand Diels-Alder
cycloaddition

super resolution microscopy
Stimulated Emission Depletion
Stochastic Optical Reconstruction microscopy
substrate

tetrahydrofuran

total internal reflection

total internal reflection fluorescence
thin layer chromatography

transfer RNA

uridine

uridine triphosphate

ultraviolet

volume per volume

volume equivalent

initial velocity

visible

Nhp2 (Non-Histone Protein 2)
Nhp2-Nop10-Chf5-Garl

wildtype

weight per volume

peak center
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