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Abstract

Ribosome biogenesis is a crucial yet poorly understood and complex process in all cells. To date,
most studies oreukaryoticribosome biogenés have relied on yeast genetics and whole cell
analysis of ribosomal RNA processingn early and criticalstep in ribosome biogenesis is the
posttranscriptional modification of rRNA. Pseudouridylation is the most frequently occurring
modification. Pseualridylation is catalyzed by H/ACA small nucleolar ribonucleoproteins
(SNARNPs) which are one of the two major classes of snoRNPs found within eukaryotes and
archaea. FACA snoRNPs consist of four conserved core proteins Cbf5, Garl, Nop10, and Nhp2
(eukarytes), and a substrate specific H/ACA snoRNA. Mutations causing the rare inherited
disease Dyskeratosis congenita are foundCBF5, NOP10,and NHP2 Herel report the
purification of H/ACA protein Cbf5 in the presencedstergentsAdditionally, | reportinitial in

vitro RNA binding studiesusing Nhp2 and the snoRNAsnR34 as well asthe effectsof

Dyskeratosis congenita substitutions within Nhp2 on this interaction.
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| Literature Review

1.1 Ribosome Biogenesis

One of the most critical and energy consuming tasks encountered leukamyoticcell is the
synthesis and assembly of ribosomes. Occurring successiuein thie nucleolus, nucleoplasm,

and cytoplasm, ribosome biogenesis involves more than eighty ribosomal proteins, four
ribosomal RNAs (rRNA), more than 150 transient accessory proteins and between sixty and two
hundred small nucleolar RNAs (snoRNA). Theayotic 80S ribosome is composed of a small
40S subunit and a large 60S subunit. The 40S subunit consists of thirty to fifty ribosomal proteins
and one rRNA, the 18S rRNRA]. The 60S subunit is made up of forty to fifty ribosomal proteins

and three rRNAs, the 5S, 5.8S, and 25S rRNA

Ribosome biogenesis begins in the nucleolus with the transcriptiosiagla large pre
rRNA from tandemly arranged rRNAanscriptional unit§2]. Contained within this preRNA
transcript are the sequences for the mature 18S, 5.8S and 25S rRNAs. However, the 5S rRNA is
not transcribed fromhis prerRNA transcript but istranscribed independent[2]. The mature
rRNA sequences are separated by internal transcribed spacers (ITS1 and ITS2) and external
transcribed spacers (56 ETS and B8ehdomudedlytic whi ct
and exonucleolytic cleavage events. In total, ten common cleavage events oecur co
transcriptionally or rapidly after pndRNA transcription. The general yeast pRNA cleavage
pat hway is outlined i n Feérgnmoved3]. Eallowiigtle rethdvalETS 1 s
of the 36rRNA,i shel paeed at the A0 and Al site
32S precursor transcrifd]. Cleavage at the A2 site within ITS1 separates the rRNA subunits
forming the 20S and 27S precursor transchigls The mature 18S rRNA of the 40S ribosomal
subunit is produced through the cleavage of the 20S precursor@tsited5]. The mature 5.8S

and 25S rRNAs of the 60S ribosomal subunit are formed by the endonucleolytic cleavage of ITS2

[4].
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Figure 1. General prerRNA yeast processing pathway.The 18S, 5.8S, and 25S mature rRNA
transcripts are processearh the 35S preRNA transcript through the removal of internal and external

transcribed spacer regions (adapted ff2r3, 5] ).

During processing, preRNA transcripts undergo extensive covalent chemical
modifications of nucleotides within the maturRNA sequences, occurring in functionally
important regions of the ribosome. The most abundantly occurring chemical modifications are the
i somerisation of ur i di n e-©-methydatiorp ef eribodes. uWithim i n e s
mammalian rRNA, over two mdred nucleotides are modified producing approximately one
h u n d r-@-methglaied riboses and approximately ninety five pseudouridines, while fifty five
2 ®-methylated riboses and twenty three pseudouridines can be fouS@citharomyces
cerevisiae rRNA [6]. Two groups of small nucleolar ribonucleoproteins (snoRNPs) are
responsible for these modifications in eukaryotes, C/D snoRNPs and H/ACA snoRNPs. C/D
snoRNPs c¢ ar-O-methgatidan oftrithoges \#hile H/ACA snoRNPs are responsible for

the isomerisation of uridines into pseudouridif@s

Pseudouridines cluster in functionally important regions tloé ribosome. Many

pseudouridines have been found in ghand P site of thpeptidyltransferase centre (PTC) on the



large ribosomal subunitvhereas no clustering of pseudouridine residues occurs on the small

ribosomal subunif8].

1.1 Pseudouridine

Pseudoudine is the most abundantly modified base found in most rRNAs, tRNAs, antl smal
nuclear RNAs (snRNA). Postanscriptional modifications of pf#eNA transcripts alter the
chemical and structural properties of the RNA thus contributing to the function of the RNA.
Pseudouridings anisomer of uridine possessing a cardmambon rathethan a nitrogestarbon

glycosidic bonglattaching the ribose to the uracil (Fig. 2).

OH OH OH OH

Uridine Pseudouridine

Figure 2: Structures of uridine and pseudouridine. Following the isomerisation of uridine to
pseudouridine, uracil is attached to the ribose by a carddon glycosiit bond instead of a carben
nitrogen bond.

The altered structure of pseudouridines compared to uridines introduces an extra free
amino group which can act as an additional hydrogen bond d8hoAs afree nucleotide,
pseudouridine adopts syn glycosyl conformation while amnti conformation is adopted by
pseudouridines found within oligonucleotides and double helijdés11]. In the anti
conformation, pseudouridines confer increased rigidyll]. The anti conformation of

pseudouridines within RNA offers an appropriate geometry and distance for the formation of a



water bridge between the pseudouridine base and the backbone of the preceding residue,
coordinating the water molecule between pseudouridinebi l[dln d  tphosphafefl2]. The
presence of a water bridge in turn restricts the conformation and mobilitiedfackbone
preceding the pseudouriding)]. The formation of a water bridgeay also enhance the local
stacking of singlstranded and doublranded regions of RNA by rigidifying the local
phosphodiester backbone thus increasing the stacking of neigidpawicleosides, in turn

improving the stability of the RNA structuf&0].

111 Proposed Pseudouridylation Mechanisms

Pseudouridine synthases are responsible for the isomerisation of uridines to pseudouridines
within archaea, bactericand eukaryotes. Pseudouridine synthases can be classified into five
families: RIUA, RsuA, TruA, TruB, and TruD. Structural analysis of the five pseudouridine
synthase families has shown a common core domain and a highly conserveditectoleft
contahing a universally conserved catalytic aspartate reditise The Escherichiacoli TruB

protein is responsible for the pseudouridylation of uridine 55 within thisdp of elongator
tRNAs [14]. Structural analysis of TruB and the H/ACA small nucleolar ribeoprotein
(snoRNP) complex component Cbf5 demonstrated that both share a similar structure, indicating
that Cbf5 is a member of the Tryseudouridine synthase family5]. While Cbf5possesses
standalone enzymatic abilitiest requires the presence of a substrate specific guide RNA and
three additional structural proteins to achieveroptienzymatic activity.

The conversion of target uridines to pseudouridines involves three general steps i) the
cleavage of the Mlycosidic bond between the uracil and ribose ii) the placement of carbon 5 of
the cleaved uracil residue nexttothecarbohn of t he ri bose andChiii)
glycosidic bond. While the exact mechanism of pseudouridine formation remains under debate,
two possible mechanisms have been proposed, the Michael mechanism (Fig. 3A) and the acylal

mechanism (Fig. 3B

t
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Figure 3: Proposed catalytic mechanisms of pseudouridine formation. Althe Michael mechanism,
where the catalytic aspartate residue forms a Michael adduct with the uridine (adapt§ti8fi9y). B.

The acylal mechanism, where an acylal intermedsfermed by the catalytic aspartate residue (adapted
from [18-19]).

The Michael mechanism uses the catalytic aspartate as a nucleophile to form a Michael adduct
with the target uracill6-17]. The Michael addition to the uracil enables th€ Nlycosidic bond

to be cleaved allowing the uracil ring to rotate 180° around the stax leond formed with the

catalytic aspartatfl6-17]. The rotation of theiracil repositions the carbon 5 atom of the uracil

near the carbon 16 of t he -Crglydosidec dondSuldsegwentn g it
removal of the catalytic aspartate and deproto
formation[16-17]. During the acylal mechanisrthe catalytic aspartate residue formsaaglal

i ntermediate through the nucl 0721 The iresultingt t a c k
uracilate anion rotates to reposition the a c i | carbon 5 annmkxttobaeh ri bos
other thereby allowing subsequent formation of theCCglycosidic bond and simultaneous

removal of the catalytic aspartaf20-21]. Pseudouridine formation is completed with the

deprotonation of uracil carbon 5.

I.IV  H/ACA Small Nucleolar Ribonucleoproteins

Eukaryotes and archaea use H/ACA snoRNRxldition to stanélone pseudouride synthases
to catalyze the sequenspecific pseudouridylation of pre RN A's . Il dentified in t
H/ACA snoRNPs are composed of four conserved proteins and a subptaific H/ACA

snoRNA (Fig. 4)22-23].



Pseudouridylation
Pocket

Figure 4: Structure of Pyrococcus furiosusH/ACA sRNP complex A. No substrate RNA boun@DB,
2HVY [24]). B. H/ACA sRNP with subtrate RNA bound (PBD, 3HAY25]). The catalytic protein Cbf5
(purple) and structural protein L7Ae (blueomolog of eukaryotic protein Nhp2) interact directly with
H/ACA sRNA (orang®. In addition, Cbf5 alsanteracts with substrate RNA (red) arabsociates
independently with structal proteins Nop10 (yellow) and Garl (green).

H/ACA Small Nucleolar RNAs

The defining feature of all SnoRNPs is their snoRNEakaryotic H/ACA snoRNAs fold into a
cons er v ehingghairpintrapiilnd s e ¢ o [R8].a heysingdettranded hinge region
and the 306 tail contain the essential B o x
Mutational analysis of the Box H and Box ACA sequence thieit spatial arrangement have
shown thatoth elements are required for snoRNA stability, localization, and funf@®r26]

The Box ACA makes critical RNA r ot ei n contacts wi t h t he

pseudouridine and archaeosine transglycosylase (PUA) d¢24din

Within ead hairpin structure is a singranded motif, the pseudouridylation pocket,
which is complementary to the sequence of the substrate rRNA around ¢heofsit
pseudouridylationf26]. The specificity ofan HHACA snoRNP comiex is determined by the

pseudouridylation pocket as its single stranded sequence Ygats®n and Crick bagmirs with



three to ten nucleotides of the substrate rRNA. The Watson and Crick base pairing between the
snoRNA and the substrate rRNA places tget uridine residue within the catalytic pocket of

Chf5[26].

Found within the upper hairpin of all archaeal and some eukaryotic H/ACA snoRNAs is a
kink-loop RNA structural motif, a variation of the kitern RNA secondary structure element.
Kink-turns commonly consist of a helixasymmetric internal bulgie helix stucture, where the
first helical stemknown as the&anonical stem (6Gtem), ends with two Watsdbrick base pairs
at the internal bulge anddlsecond helical stem, the roanonical stem (NGtem), follows the
internal bulge with two tandem neWatsonCrick base pairs (usually shearBdG base pairs)

[27]. The asymmetric loop typically contains three unpaired nucleotides on one strand and
induces a 120bend in the phosphodiester backbd@@]. This kinking of the phosphodiester
backbone causes the third unpaired nucleotide, commonly a uridine residue, to protrude into
solution while Aminor interactions between thed helical stems stabilize the Patend[27].

This secodary structuremotif is recognized and bound by the arch&#&CA structural protein

L7Ae. Unlike the archetypical kirtkurn, Kinkloop structural motifs contaiaterminal stem loop

with four to seven nucleotidavhich is incapable of forming both Wats@nick base pairs and
A-minor interactions but which is flanked by two sheared@ base pairs and can extrude a

nucleotide in the loop similar to kirtkirn structure$28].

H/ACA Protein Core

H/ACA snoRNAs associate with four eukaryotic highly conserved prot&€hbs (dyskerin in
humans, ad NAP57 in mice) Garl, Nhp2 (L7Ae in archaea), and Nopfil@, 2223, 29]
Depletion studies of all four proteins have shown that all H/ACA proteins with the exception of

Garl are essential for complex viabilitydastability[29-32].



Cbf5 is the catalytic enzyme of the complex, sharing significant sequence similarity with
the E. coli pseudouridine synthase TruB3-34]. Depletion of Cbf5 results in the loss of
pseudouridine formation and in the decrease of H/ACA snoRNP accumuladiprCbf5 and
TruB share a large #&rminal catalytic domain and at€rminal PUA domair{35-36]. The N
terminal catalytic domaican be divided into two subdomains, D1 and D2, forming the catalytic
pocket between therf24]. Within the catalytic pocket lies the universally conserved catalytic
aspartate and two highly conserved polar residui@s 21, 37] Cbf5 interacts with two of the
three H/ACA structural proteins (Nopl0 and Garl) inadditi t o t he s noRNA. Cbfb
subdomains make several contacts with structural protein Nop10 which presumably helps to
stabilize Cbf5 in its catalytically active conformatjcend which contributes to the structural
stability of H/ACA snoRNPH35]. Cbf56s D2 subdomain also mak
structural protein Garl which has been proposed to assist in the loading and turnover of substrate

rRNA [25].

Nop10 is a small twalomain protein consisting of an-tNe r mi-doraain arfil a €
t e r mihelia domad [35]. The two domains of Nop10 are connected by a highly conserved,
unstructured linkeregion. On its ownNopl10 is a disordered protein, howeWwpl0 becomes

highly structured upon biS5mding to Cbfb56s cat al

Eukaryotic H/ACA structural protein, Nhp2, has a similar structure to its archaeal
homolog L7Ae and to its eukaryotic homolog snul3p/15.5K which are monomeric proteins
folding into a single globular domai®8]. Accordingly, Nhp2 is a member of the L7Ae/L30
RNA-binding protein family. These proteins specifically recognize kimk RNA gructural
motifs. However, Nhp2 is the only member of this protein family which does not interact with
kink-turn and kinkloop structures, binding doubstranded RNA insteafB9-40]. In contrast,
Nhp26és archaeal h o mwibhl kiokgturnlaid Aieklogpatructurahnotifs vatle t

high specificity. The Maxwell grougdemonstratett hat r epl acement of L7Aeod:



responsible for kinkurn recognition, with those of Nhp2 resulted in the loss of L7Ae-lonk

binding anda reduction in L7Ae kinkurn binding[40].

H/ACA structural protein Garl is member of the reductase, isonsraand elongation
factor fold superfamily, folding into the characteristic-six r a niwheet strurture. Garl
interacts with the calgtic domain of Cbf5 without having direct contacts to the H/ACA RNA.
Garl has been suggested to play a role in the recruitment and release of substréatestNA

its interaction [26).th Cbf586s thumb | oo0p

.V Assembly of H/ACA Small Nucleolar Ribonucleoproteins

Stable accumulatiorof mature eukaryotic H/ACA snoRNPs requires thetremscriptional
assembly of H/ACA snoRNAs with H/ACA snoRNP core proteins with the help of additional
assembly factorg41l]. Together the assembly factors and the core proteins prevent the
degralation of the snoRNA and promote the stepwise assembly of the mature H/ACA snoRNP
complex. Within eukaryotic organisms, two assembly factors, Shql and Nafl, appear to be
required for the correct assembly and accumulation of mature H/ACA snoRNPs. Bothrighqgl
Nafl interact with Cbf5 during assembly.

Shgl Assembly Factor

Shqgl is a modular protein consisting of two independent domains tamihal HSP2@ike
domain and a @erminal Shgql domain. The heat shock protein (HSP)k0domain of Shql is

also faind in numerous ecohaperones for HSP9Uherefore, Shginay eitheract as arHsp90
independent snoRNBpecific chaperoneor it may specifically recruit Cbf5 to the Hsp90
chaperone systefd2-43]. Shql is involved in the initial steps of H/ACA biogenesis interacting
only with free Cbf5 prior to Nafl associatipt¥]. Shql appears to function as a Chf5 chaperone
stabilizing free Cbf5 and potentially assisting in the folding of the pratgite following Cbf5

from synthsis to its association with Nop10, Nhp2, and Nd#].

10



Nafl Assembly Factor

The structure of Nafl most closely resembles that of the reductase, isomerase and elongation
factor folds superfamily sharing the sixt r a nbéireedsecbndary structure common among
members of this familj45]. H/ACA structural protein Garl is also a member of this superfamily,
containing the same characteristic secondary and tertiary structure. Nafl also shares a conserved
Cbf5 binding surface with Gaf#5]. The structural similarities found between Nafl and Garl are

the only commonalities shared between the two proteins as their functional roles are very
different. While Garl igssential for H/ACA snoRNP function, it is the only H/ACA protein not
required in the biogenesis of H/ACA snoRN6]. Nafl however is essential for the
accumulation of H/ACA snoRNAs and the stable association of Cbf5 with the H/ACA snoRNA
transcrpts, but has no role in H/ACA snoRNP functid7-48]. Based on this information, it has

been suggested that Nafl and Garl each interact with Cbf5 in a mutually exclusive manner where
Nafl associates witthe D2 sulddomain of Cbhf5 simildy to Garl[47]. Subsequently, the Nafl

Cbf5 complex is cdranscriptionally recruited to the H/ACA snoRNA transcript along with
H/ACA structural proteins Nopl10 and Nhjp27]. Finally, Nafl is replaced by Garl forming a
matue H/ACA snoRNP complex.

1.VI Substrate binding by H/ACA Small Nucleolar Ribonucleoproteins

Substrate  RNA containing the target uridine for modification is recognized by
compl ementary sequences found withinpockeg H/ ACA
forming two substratguide helice§49-50]. The lower and upper stems detH/ACA snoRNA
are anchored by Cbf56s PUA do maguide RilAamplex Ae/ Nh
near the catalytic cleft of Cbffs1]. Correct placement of the substrate RNA within the catalytic
cleft of Cbfs is ado highly dependent on the presence of H/ACA structural protein Nhp2
(archaeal L7Ae). Garl assocatiwith Cbf5 influences the cbor mat i on of Cbf 56s t

which is critical for substrate loading and rele§®8]. The thumb loop of Cbf5 pinches the

11



substrate RNA at the active sitaseringthe correctplacement of the target uridine within the
catalytic cleft of Cbf5[25]. Once in contact with Cbf5, the substrate RNA makes extensive

interactions with [RgHf56s polar catalytic cleft

I.VII  Functional Importance of H/ACA Small Nucleolar Ribonucleoproteins

Ribosome Biogenesis

During ribosome biognesis, H/ACA snoRNAs have two primary functions, -fiR&IA
modification through pseudouridylation and rRNA processing. As previously discussed, the
isomerisation of specific uridine residues to pseudouridines has a profound effect on the chemical
and strutural properties of mature rRNA. While the majority of H/ACA snoRNAs function in the
formation of pseudouridines, a few H/ACA snoRNAs function in rRNA processing through the
nucleolytic cleavage of rRNA. To datsvo H/ACA snoRNAs have been shown to bedived in

rRNA processing, snR30 and snR10.

H/ACA snoRNA snR30 is essential for the correct processing and accumulation of 18S
rRNA, and is required for correct cleavage of the 35&RIA transcript at the A0, AL and A2
cleavage sitef2]. H/ACA snoRNA snR30 shares thensmon consensus hairphinge hairpin
secondary structure with all HHACA snoRNA&3]. Interestingly all snR30 snoRNAs carry an
additional i nter nal -térrainar hairpim[53l1 Paletion eanalysis dhvds t h e
demonstrated that i i nt er nal h -teimingl ihairpinaare dnot essential Sob cell
viability nor do they contain any functionally pertinent elem¢s8]. Similar analysis
terminal hairpin revealed that this structural element of snR30 carries #ie functionally
important elements needed for cell viabiliy3]. Contained within the lower region of the
internal | dgeonpnal bdirpin take etwo dhighly conserved sequence motifs, ml
(AUAUUCCUA) and m2 (AAACCAU), which form transiénWatsonCrick interactions with

two short internal sequence elements within the 18S rlf88/44]. Hence, snR30s m1 and m2

12



structural motifs are 18S rRNA recognition elements interacting with two distantly located 18S
rRNA internal sequence elements which are folded together by d@ipratructure conserved in

all 18S rRNAs[53-54]. This WatsorCrick interaction between snR30 and the 18S rRNA is
essential for 18S rRNA production and cell viability. Alteration or complete deletion of either the
m1l or m2 motif results in different rRNA processing pathways and tainetases loss of cell
viability [53]. The terminal stesh o op r e gi 0 n -teorinal bairpi 3fuhdiens & &
snoRNP protein binding site which targets essential sr#®30oiated processing factors to the

prerRNA transcrip54].

H/ACA snoRMNA snR10 also plays an important role in yeast rRNA processing and the
accumulation of 18S rRNA. Unlike snR30, snR10 is not essential for cell viability as deletion of
snR10 results in modest reductions in cellular growth rates and a sligltecwliive penotype
[55]. In addition to its role in rRNA processinggnR10 is also responsible for the
pseudouridylation of uridine 2923 in the PTC region of the 25S r26A Like all other H/ACA

snoRNAs, snR10 folds into the hairdiingehairpin consensus secondary structure with the

functional el ements required f or -ternkidlAairpim oces s

and thef uncti onal el ements required -térroimal hgirpir udo ur i

[56]. The rRNA processing domain and pseudouridylation domain of snR10 function
cooperativelyin which a C-insertion mutation within th@seudouridylation pockedffects not

only pseudouridylation but adsimpairs 18S rRNA processing56]. The dual effect of such a
mut ation may be sugg afadtor briaging tbgetlsen dr $t@bilizéng theo | e

precursor forms of the ribosomal subunfis].

Pre-mRNA Splicing

The protein coding sequence of eukaryotic genes is disrupted by a series of interspersed non

coding sequences known as introns. Following transcription, the intervening sequences are
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removed during mRNA splicing. Splicing is performed by spliceosomes, large RNP complexes
consisting of several small nuclear RNP (snRNP) subunits. There are five ssuRNAts in

total, each defined by a small nuclear RNA (snRNA) (U1, U2, U4, U5 andrué)mplex with
several protein subunifS7]. The individual sSnRNP subunits assemble on anpR& A transcript
forming the spliceosome with portions of the spliceosome entering and leaving as the splicing
reaction proceedfs7]. Throughout the djging reaction important regions of the preRNA are
recognized by the snRNA through the formation of kzeieing between the snRNA and thepre

mRNA intron consensus sequences.

All five of the spliceosomal snRNAs are pdasinscriptionally modified by
pseudour i dy-O-mdthylation[5&. Again irdilar to rRNA, all modifications cluster in
functionally important regions of the spliceosome and are involved in numerous intermolecular
interactions. Of the five spliceosomal snRNAs, U2 is the mottneively modified snRNA
cont ai n iOanethytatedhresiduies and thirteen pseudouridif@$ The single stranded
branch site recognition region of U2 snRNA contains six uridiwkgh are allconverted to
pseudouridineg60]. One particular geudouridine within the branch site recognition region is
essential for the bulging out of the branch point adenosine nucleotide in the first step of RNA
splicing [61-62]. The presence of this pseudouridine enhances the formation of the
phosphodiester bonds during catalyfg8]. All of the pseudouridylation modificatisnof U2
snRNA are required for snRNP assembly and RNA splidédg65]. The presence of
pseudouridines within the spliceosomal RNA appédar provide stabilization to the snRNP

complex during the formation difie bulge at the branch point adenogg#.

Telomere Maintenance

One vital step of the eukaryotic cell cycle is the duplication of chromosomes. The DNA

polymerase however cannot completely replicate the chromosome ends resulting in incomplete
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replication[57]. To prevent chromosome deterioration and the lossitidal genetic information
during mitosis, regions of repetitive DNA repeats known as telomeres are found at the end of
each chromosomg7]. Telomeres protect chromosomal ends by providing a ¢ymisposable

buffer which is deteriorated during cellular divisifBi7]. To ensure that the telomere ends of
chromosomes are neverngpletely lost, telomeres of cells in the germ line and of some stem

cells are maintained and replenished by telomerase reverse trans¢siplase

Telomerase is a ribonucleoprotein particle consisting of telomerase RNA (TERC) and
telomerase reverse transcriptase. The telomerase RNA cotfitaitsmplate for the synthesis of
the telomeric repeats. While the size and sequence composition of telomerase RNA varies
significantly among different species, telomerase RNAs share a common core secondary structure
[66]. All telomerase RNAs har e a 56 template boundary el emen
the core pseudoknot domain, the template atabp-closing helical region66]. In addition to
the common <cor e s econdaertepratestelomerase RNAefplds infto@a 3 6 ¢
characteristic H/ACA snoRNA structufé7]. This 36 H/ ACA domain foun
RNA contains both the H and ACA consensus sequences found in other H/ACA snf&I\As
The H and ACA consensus sequences are important fostabdity of telomerase RNAas
alteration of either sequence results in reduced levels of telomerasd@@NAhe telomerase
RNA H/ACA domain also associates with H/ACA core proteins Cbf5, Nopl0, and Nhp2
suggesting that H/ACA core proteins interact with the E#Adomain of telomerase RNA in a
similar manner as they assemble with H/ACA snoREA68]. A model explaining the role of
H/ ACA RNP proteins in 38TERC formation and mat
Henry group: presumably the 36 H/ ACA WdbBMain of
exonuculease, stopping its advancement during telomerase RNA mat{iB&fioi his in turn
would prevent the turnover of telomerase RNA and allow for the development and maturation of

the tel omeaendi3®le RNA 306
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I.VIII  Dyskeratosis Congenita

The rare inherited disease Dyskeratosis congenita (DC) is a clinically and genetically
heterogeneous disease affecting multiple systems. DC patients typically share characteristic
hyperpigmentation along the neck, shimis, and face in addition to developing nail dystrophy
and mucosal leukoplakigs9]. Bone marrow failure arises in the vasajority of DC patients
frequently leading to death through increased susceptibility to infection and haemorié&ging
70]. DC has three known inherited forms:liXked recessive, autosomal recessive and autosomal
dominant{69].

The X-linked recessive form of DC is the most common and severe form ¢g6®TL].
The X-linked recessive form of DC is primarily caused by missense mutations in the H/ACA
catalytic protein dyskerin of which Cbf5 is the yeast homolog)72-73]. Dyskerin DC
substitutionsare primarily found within thé UA domainwith additional substitutiomlocalized
to the Nterminalextension, resulting in a spatial cluster along one side of the PUA d¢baain
24, 71] The autosomal recessive form of DC is the most genetically heterogeneous form, closely
resembling Xlinked recessive DC with the onset of symptoms occurring in the later stages of life
[74]. Autosomal recessive DC has been linked to mutations inethesgof the H/ACA structural
proteins Nhp2 and Nopl[¥4-76]. Autosomal dominant DC is the result of point mutations
within the RNA component of the telomerase. In genemalosomal dominant patients exhibit
milder forms of DC, often possessing asymptomatic carfifs/8]. Autosomal dominant DC is
a prime example of disease anticipation, where the severity of the TERC mutations increases in
later generations with thenset of symptoms and death occurring at earlier ages with each
generatiorf78].

While research continues to bring forth increasing informatiothe molecular cause(s)
and dfects of DC, a comprehensive wadtanding of the disease is still lacking, leaving many

unanswered questions open for discussion. One particular question that remains is whether DC is
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a disease of ribosome biogenesis or telomere maintenance. DC patients are often diagnosed with
critically short telomeres suggesting that DC is in fact a disease of telonjéfdsé& mouse

model of DC based on the reduction of Dkcl expression displayed no detectable changes in
telomere length in early generations o thypomophic mice[79]. However, a marked reduction

in pseudouridine formation within the 28S and 18S rRNA was observed in addition to an
increased occurrence of immature -pRNA intermediateq79]. This would suggest that DC
affects ribosome biogenesiBhe fact that NAP57 interacts witloth TERC and H/ACA snoRNA

raises the possibility that DC may be a disease of ribosome biogesesigll as telomere

maintenance

17



H/ACA snoRNP Structural Protein Nhp2
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1.1 Introduction

Nhp2, a Member of the L30 Protein Family

S. cerevisiaetH/ACA snoRNP structural protein Nhp2 was first identified as a high mobility
group (HMG}like nuclear protein, sharing similar physical and chemical properties with other
HMG proteins[80]. However, sequencanalysis later showed that Nhp2 shared no sequence
similarities to other known HMG proteins, but did in fact share significant seqe@ndarity

with the RNA binding protein family L7Ae/L3(B1]. Members of the L7Ae/L30 protein family

specifically recognize kinkurn structural RNA miifs.

Members of the L7Ae/L30 protein family contain a highly conserved RhWing
region which directly interacts with the khtkrn motif. Primary sequence analysis of the
L7Ae/L30 protein family revealed five signature amino acid residues which asbleaand
unique to each member, appearing to confer RNA recognition specificity exclusive to each
membel{40]. These five signature amino acid residues flank the Rk#ing region. Four of the
five residues are found within the highly conservete@ninal loop 9 region, positioning them in
close vicinity to the RNA kinkurn motif [40]. The L7Ae/L30 protein family contains two
members, archaeal protein L7Ae, and eukaryotic protein Nhp2, that have unique properties. L7Ae
is the only protein with can interact with both kinturn and kinkloop structures, while Nhp2 is
the only member which has been reported not to interact withtkimkand kinkloop structures
[39-40]. Interestingly, both are structural proteins in H/ACA sN&Rcomplexes, with L7Ae
replacing Nhp2 in the archaeal syste€Re p| ac e me n't of L7Aebdbs signat
residues flanking the Nand Gterminal sides of the protéd&iRNA recognition region with those
of Nhp2 resulted in loss of L7Ae kidkop bindng and a reduction in L7Ae kiakirn binding

further supporting the idea that Nhp2 differs significantly from its homolofigs

19



Nhp2 is a Eukaryotic H/ACA snoRNP Structural Protein

During early characterizations of H/ACA snoRNPs, Nhp2 was shtmwbe a component of
eukaryotic H/ACA snoRNPs. Nhp2 has the ability to associate specifiedllyknown H/ACA
snoRNAs and was observed to be atiakfor H/ACA snoRNP function29]. The Henry group
demonstrated that purifie8. cerevisiadNhp2p could directly interact wittin vitro transcribed
H/ACA snoRNA, snR36, with a high affinity @&~ 4 nM) using electrophoretic mobility shift
assays (EMSA). Interestingly, multiple shifted bands were observed, suggesting that Nhp2 has
more than one bindinsite[39]. This observation is in good agreement with the hypothesis that
two sets of H/ACA core proteins associate with both hairpin structures of bipartite snoRNA in
eukaryotes. However, most of what isrrently known about eukaryotic H/ACA snoRNPs and
Nhp2 comes from the work done on the archaeal H/ACA structural protein L7Ae (Fig. 5).
Structural analysis and interaction studies involving L7Ae and Nhp2 strongly suggest that both
proteins share a commonrfction within H/ACA snoRNPs as similar protginotein and protein

RNA interactions have been documenia4, 28, 39, 68, 833].

L7Ae is a monomeric protein which folds into a single globular dof@sih Alternating
U helices andcUbU sgdamdawisc f os tmr wac t u +sheets contein whi ¢ h
threeantpar al | el strands and eealiees gaekalang bne $ide efthe and v
bsheet and-hdiceopack aldngeh dJt h er  sshedtfd8]. Additionatye theb

recently determined structure ©f parvumNhp2 shows the sanfelds (Fig.5) [84].

L7Ae contains a significant number of positively charged residues. Electrostatic potential
calculations have shown a positively charged region near the surfacepobthi@ involving the
solvent accessible regions of the UR1 hbe®2 x, tI

Ud 3, althg®8]. Btuctural analysis of L7ABNA complexes show L7Ae interacting with
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the RNA primarily through -UheUR2 dird ilJa8 pls1l st
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Figure 5: Sequence alignment and structural comparison of H/ACA structural proteins Nhp2and

L7Ae, and location of Dysleratosis congenita substitutios within Nhp2. A. Multiple sequence
alignment of eukaryotic Nhpand archaeal L7Ae. Of the five aligned sequences three are eukaryotic:
Saccharomyces cerevisiagscerNhp2), Homo sapiens(HsapNhp2), andCryptosporidium parvum
(CparNhp2), and two are archaesllethanocaldococcus jannascliMjanL7Ae) andPyrococcus furioss
(PfurL7Ae). The secondary structur e-helideedepicedas ar e s
rect angl-saads as atrrowd. The secondary structural elements were determined from the
Pyrococcus furiosusl/ACA snoRNP structurg24]. Completely conserved residues among the aligned
sequences are shaded in black, and residues with at leastd@G¥rvation are shown in grey. Two
positions in Nhp2 which are changed in Dyskeratosis congenita patients are outlined by red boxes. The
alignment was prepared using Clustalif#MBL-EBI) and Gene Doc(Dr. Nicholas Hugh). B.
Superposition o€. parvumNhp2 (blue, PDB 2AIF84]) andM. jannaschiiL7Ae (green, PDB 1XBJ[85])

crystal structures. The structural alignment was made with Pymol Molecular VisualiEatibuwation

Product (Dedano Scientific LLC). C. The eystal structure o€. parvumNhp2 (blue, PDB 2AIH84]) was

used to model thé&. cerevisiaeDC substitution V122M (V126M in humans) and F146H (Y13®H
human}isolated inautosomal recessive DC patients.
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The association of L7Ae with the kifkop RNA motif in archaealH/ACA snRNA
anchors the upper stem of the guide RNA assisting in dbmect placement of the
pseudouridylation pocket within the catalytic domainGiifs [24, 86] The absence of L7Ae
binding results in a dramatic shift in the location of the guide RNA relative to the catalytic
domain of Cbf5, subsequently placing the target uridine approximately 11 A away from the

catalytic aspartativ1, 86]

L7Ae interacts with the characteristic protruding uridine residue and the tandem sheared
G-A base pairs of the kinloop within the uppehairpin of the H/ACA snoRNAs. Mutation of
either the protruding uridine residue or of theAQesidues dramatically reduces or abolishes
L7Ae binding[87]. L7Ae backbone atoms are predominantly responsible for the recognition of
the protruding uridine residue, whilside chain atoms are primarily responsible for the
recognition of the tandem shearedAGbase pairg28]. Interestingly, several basic residues

making up the RNA binding surface of L7Ae are conserved in N2

In addition to binding the H/ACA guide RNA, L7Ae makes several interactions with
H/ACA structural protein Nopl0, binding within the trough of M6pbetween the ferminal
zincribbonanda@ er mi na[24]. U Thheel iU8 hel i x of L7Aeatcont acHt
a right angle through a sditidge and three Nop10 aromatic rings stacked above a hydrophaobic
region of L7Ae[24]. Additional3 vyl,ody Aiedtsem&cts with the
through van der Waals interactions and hydrogen bor{@4ilg Residues within both L7Ae and
Nopl10 involved in this interface are conserved in eukaryotic Nhp2 and NoplO, strongly
suggesting that Nhp2 associates withpl® in a similar manner as L7424]. Supporting this
hypothesis is the observation that associatiorNbp2 to the H/ACA snoRNP complex is

dependent on the formation of a Nopbf5 complex68, 82]
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DyskeratosisCongenita and Nhp2

As previously mentioned, DC has been linked to four known genes, incINtHRE Mutations
within NHP2 result inthe autosomal recessive form of DC, the most genetically heterogeneous
form of this inherited borenarrow failure syndromgz6]. To date three Dyskeratosis congenita

mutations have been indentified in Nhp2, V126M, Y139H, and X (stop codon) [T64R

Valine 126 is involved in the core packing of Nhp2 witlogd0, as it is positioned
directly above the U h ¢7b]ilxhasbeen shown that metatiencot s wi
this residue obstructs core packing, destabili
also located in the interior of the Nhp2ustture based on a model of the Nhp2 structure derived
from the L7Ae structure suggesting an important role for Nhp2 protein structure and stability
[75]. While tyrosine 139 does not appdardirectly contact NoplOmutation of this residue
interferes with Nopl@ssociation as Nhp2 stability may be comprom[g&gdl The Dragon group
observed that Nhp2 containing V126M and Y139H mutations were unable to form the H/ACA
protein tetramer complexstrongly suggesting that Nhig2structural integrity/stability had been
compronised[75]. However, the effects of these mutations on RNA binding by Nhp2 have not

been studied.

The third mutation X154R, resul tesninushas a 51 ¢
the wildtype stop codon of Nhp2 is mutated to an arginine redidéie In vitro studies have
shown that H/ACA protein tetramer formation is not impaired by the X154R mutation, however
thepossibility of such a mutatiorffacting RNP association cannot be ruled out as it might affect

RNA binding [75].
1.1 Objective

The protein Nhpds part of the eukaryotic H/ACA small nucleolar ribonucleoprotein complex

which introduces pseudouridine modifications in many cellular RNAs. Eukaryotic H/ACA
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structural proteilNhp2is a member of the L7Ae/L30 RNBinding protein family. Members of

the L7Ae/L30 protein family specifically recognize kistirn RNA structural motifs. Nhp2 is

however the only member which does not interact with kinkr n structur es. Nhp
homolog L7Ae can interact with kirkirn structural motifs with high specifig. Mutations

within three of the four H/ACA core proteins, Cbf5, Nop10 and Nhp2 have been linked to the

rare inherited disease DC. To date three DC substitutions have been identified in Nhp2: V126M,
Y139H, and X154R. These findings raibe questionshow Nhp2 recognizes and interacts with

H/ACA snoRNAs and what effects the DC substitutions in Nhp2 have on RNA recognition.

To answer these questions, it way objectiveto purify S. cerevisiadNhp2 andto in
vitro transcribe an H/ACAnoRNA snR34 Furthemore,it was my aimo create and purify two
Nhp2 variants, V122M and F146H, corresponding to mutations in human Nhp2 found in DC
patients. By using *fP}-labelled RNA in EMSA analysis, we can detect and quantify the
interaction of Nhp2 with H/ACA snoRNAA initial truncation of snR34was transcribe to begin
the identification of the minimal binding site of Nhp2 on snR34. In additidhe initial
characterizatiorof the binding affinity, stihiometry and thermodynamics of the NHRRIA

interactionwas analyzed by isothermal titration darimetry (ITC).

1.1 Materials and Methods

Recombinant expression of Nhp2

Nhp2 was recombinantly expresseddncoli BL21 (DE3) Rosetta cells (VWR). 100 mL of LB
medium (1% (w/v) tryptoa 0.5% (w/v) yeast extract, and 1% (w/v) NaCl, pH 7.0) with 0.1
mg/mL kanamycinwas inoculated with BL21 (DE3) Rosetta cells containipigT28aScNhp2

and grown overnight at 37C. The cells were pelleted and resuspended in 50 mL of fresh
kanamycincontaining LB medium. 2 L of LEkanamycin mediunwas inoculated to aroptical

density of approximately 0.1 (QR). Cultures were incubated at 3Z while shakingwith cell
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growth monitored at 600 nm. Recombinant protein expression was induced at an optical density
of 0.6 Oy by adding IPTG to a final concentration of 1 mMhéeTlcell density was recorded for
three additional hours with cell samples of 14Deing taken at times 0 hr, 0.5 hr, 1.0 hr, 2.0 hr,
and 3.0 hr after induction. After 3 hr cell cultures were pelleted by centrifugation at 5000 xg and
shock frozen with tuid nitrogen and stored &0 °C. Cell samples were suspended inu80of

cell lysis buffer 0.1 M TrisHCI pH 8.5 containing 8 M urea) and boiled for 5 minutes £(0®

open cells. Cell samples were analyzed by $I2&E and visualized using Coomassiiaining.

Site directed mutagenesis dhp2

DC point mutation V122M and F146H were introduced ipEol 28aScNhp2wild-type plasmid

DNA by site directed quick change mutagenesis using the following primer pairs:

Nhp2 V122M F:GACCTACCTCAATGGTCTTTATCGTCCOGGGTAGCAATAAG
R:CTTATTGCTACCCGGRCGATAAAGACCATTGAGGTAGGTC

Nhp2 F146HF: GAAGAATACAAGGAATCTCACAACGAAGTTGTCAAAGAAGTTCAAGC
R: GCTTGAACTTCTTTGACAACTTCGTTGTGAGATTCCTTGTATTCTTC

Plasmid DNA was purified with an EZ0 Spin Céumn PCR Products Purification Kit (Bio

Basic Inc.), foll owing the manufacturerdés inst
25 pL volumes with final componemoncentrations as follows: 1x Pfu buffer with Mgs0.4

mM dNTPs, 0.4 pM primersp.12 U/uL Pfu DNA polymerase (Fermentas), and 40 ng/uL
pET28aScNhp2 wild-type plasmid DNA. Amplification parameters included an initial
denaturation at 9% for 5 min followed by 18 cycles of denaturation at’@5or 45 s, annealing

at 45°C for 60 s, rtension at 68C for 900 s, and a final extension at €3 for 15 min. The
mutagenesis product was subsequently incubated with 1uL of Dpnl (Fermentas) overnight at 37

°C. Dpnl was inactivated at 6% for 10 min. 5 pL samples of the mutagenesis reactierew

taken prior to amplification, following the first amplification cycle, after mutagenesis, and after
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Dpnl treatment for analysis by agarose gel electrophoresis. Mutagenesis products were analyzed

on a 1% agarose gel at 110 V for 1hr and visualizedagliem bromide staining88].

pET28aScNh@ V122M and pET28aScNhp2 Fl146Hwere transformed into high
efficiency competen. coliD H 5 délls (NEB). Transformation mixtures were plated on LB agar
containing 0.1 mg/mL kanamycin. Plates were incubated overnight at 3E. °€li colonies
were transfeed into 5 mL of LB containing 0.1 mg/mL kanamycin and grown overnight at 37
°C. Plasmid DNA from the resulting cultures was isolated uam&Z10 Spin Column Plasmid
DNA Miniprep Kit (Bio Basic Inc.),f ol | owi ng t he man pET28aSNhp2er 0 s i
V122M plasmid DNA wasisolated and screenedor positive mutagenesis through restriction
digestion. 20 pL restriction digestions pET28aSNhp2 V122MSmd) wasincubated at 36C
for 2 hr with final component concentrations of: 1x Tango Buffermentas), ~2 upET28a
SNhp2 V122Mplasmid DNA and 2 U/uL Sma restriction enzyme (FermentadRestricted
colonies were analyzedn a 1% agarose gel at 110 V for 1 hr and visualized with ethidium
bromide staining88]. pET28aSNhp2F146H were sent directly for sequencing for mutagenesis
confirmaion. pET28aSNhp2 V122Mlones appearing to be positive wénensent to Macrogen

Inc. for sequencing.
Purification of H/ACA protein Nhp2

Recombinantly expressed, histidine (Hiajged Nhp2 was initially purified by nickeepharose

affinity chromatograhy. E. coli BL21 (DE3) Rosetta cells containing Hiesgged Nhp2 were
resuspended in cell lysis buffer (1 mL/g of cells) containg@ymM TrisHCI pH 8.0, 400 mM

KCl, 0.1 mM phenyl met hyl s urlertaptoethdnol f5lowlycerol,d3@ ( PMS
mM imidazole.1 mg/ml lysozyme was added to the resuspendedfotitisved by incubatiorfor

30 min Next 12.5 mg/g of cells sodium degcholate wasdded to the resuspended gedlsd the

suspension was incubated furtlfi@r 20 min. Cells were opened by sonication for 1 min with 20 s
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breaks, repeated five times usingiatensity level of 6, and duty cycle of 60%. Cell debris was
pelleted at 30 000 x g for 30 min at°@. The cleared cell lysate was loaded onto a 5 mL Ni
Sepharose column (GE Healthcare) at a flow rate of 0.5 ml/min using a BiolLogic LP
chromatography system (BioRad) while the presence of protein was observed througaredesor
measurements at 280 nm. The column was washed at a flow rate of 1.5 mL/min with Buffer A,
comprised of: 50 mM TriglCl pH 8.0, 400 mM KCI, 0.1 mMphenylmethylsulfonyl fluoride
(PMSBH, 5 -méfcafitoethanol, 5 % glycerol, and 30 niidazole. Histagged Nhp2 was
eluted using a gradient in which the concentration of imidazole was increased at a rate of 6
mM/mL to a final concentration of 500 mM at a flow rate of 1 mL/min. Fractions of 1 mL/min
were collected throughout the purification. Fractiamsre analyzed by 15% SDBAGE and
visualized using Coomassie stainirf8]. Fractions containing Hitagged Nhp2 were
concentrated by ultrafiltration in Vivaspin MWCO 10000 (VWR) anebuéfered 1:100 in

cation exchange low salt buff@Q mM HEPES-KOH pH 8.0, 150 mM KCI, 0.5 mM EDTA, 1.5

mM MgCl,, 2% gly ¢ e r o | -mefsaptodithanil)

His-tagged Nhp2 was further purified by cation exchange chromatographyaddjed

Nhp2 was loaded onto a 100 mL-S&pharose cation exchange column (GE Healthcare) at a flow
rate of 0.5 mL/min in the presence of low dalffer using a BioLogic DuoFlow chromatography
system (BioRadyvhile the protein absorbance at 280 nm was recortieel ®lumn was washed

at a flow rate of 4.0 mL/min with 60 mL of low salt buffétis-tagged Nhp2 was eluted using a
gradient in which theconcentration of salt was increased at a rate of 20 mM/mL to a final
concentration of 1000 mM at a flow rate of 4.0 mL/min. Fractions of 4 mL/min were collected
throughout the purification. Fractionswere analyzed by SDBAGE and visualized using
Coomassie staining [88]. Fractions containing Hitagged Nhp2 were concentrated by
ultrafiltration using a Vivaspin MWCO 10000 (VWR) and were subsequently shock frozen in

liquid nitrogen and stored a80 °C. The protein concentration was determined using absorbance
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readings at 210 nm and artiektion coeffcient of 20.5 mLmg*cm* as well as by quantification

of SDSPAGE with the software Imagel}41 (Apache Software Foundatipn
PCR amplifications of DNA template for H/ACA snoRNA

The template DNA for wildype and truncated H/ACA snoRNA snR34 was amplified from
pTZ19rsnR34plasmid DNADby polymerase chain reaction (PCR) using the following primer

pairs:

snR34 wt FAGCTATGACCATGATTACGCC

SnNR34 wt R: WMAATGTAGACTTTCTTCGACATCCC

snR34 T FAGCTATGACCATGATTACGCC

SNR34 T R: mUMCTTGTTTGAAATACTGGCAATTAACTACTG

PCR reactions were carrieditoin 50 uL volumes with final concentrations as follows: Pfu
buffer with MgSQ, 200uM dNTPs, 0.5 uM of each primer, 0.02/ Pfu DNA polymerase,

and 40 nfuL pTZ19-snR34 plasmid DNA. PCR cycle parameters included an initial
denaturation at 98C for 5 min followed by 6 cycles of denaturation at@5for 30 s, touchup
annealing starting for 30 s at 456 with a 1 °C increase in each cycle, and extension at 72 °C for
20 s, with an additional 30 cycles of denaturation at®%or 30 s, annealing aOSC for 30 s,

and extension at 7Z for 20 s followed by a final extension at @ for 11 min. PCR products

were analyzed on a 2% agarose gel and visualized by ethidium bromide q&&jing
In vitro transcription of H/ACA snoRNA

Wild-type and truncated H/ACA snoRNA, snR34, was transcrimeditro from the PCR
amplified DNA template. Transcription reactions were carried out ipl5@r 1.0 mL reaction
volumes with final concentrations as follows: 1x transcription buffer (40 mMHA@kpH 7.5, 15
mM MgCl,, 2 mM spermidine, 10 mM NacCl), 10 mM DT 3 mM of each NTP, 5 mM GMP,
0.01 UL inorganic pyrophosphatase (Sigma), QU T7-RNA polymerase, 0.12 WL
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RiboLock RNase Inhibitor (Fermentas) and 10% (v/v) template DNA. Transcriptions were
performed at 37 °C for 4 hr. The DNA template was degragtedigh the addition of one crystal
of DNase (Sigma) and further incubation for 1 hr at 37 °C. RNA tsdwere analyzed by 11%

ureaPAGE at 300 V for 25 min and visualized by ethidium bromide stai8i8p
Purification of HH/ACA snoRNA

In vitro transcribed wildtype and truncated H/ACA snoRNARB4 (1 mL) were purified with
anion exchange chromatography usindNacleobond AX500 gravity flow columnMachery
Nage). The column was equilibrated with 6 mL of equilibration buffer containing 100 mM Tris
acetate pH 6.3, 10 mM Mggland 15% (v/v) ethahoThe RNA(1 mL)was bound to the column
after dilution with 13 mL of binding buffer composed of 200 mM KCI, 100 mM-&dstate pH

6.3, 10 mM MgC}, and 15% ethanol. The column was washed with 32 mL of washing buffer
containing 100 mM Trisacetate pH 6,310 mM MgC}, 300 mM KCI, and 15% (v/v) ethanol and
eluted in 12 mL high salt elution buffer comprised of 100 mM -&dstate pH 6.3, 10 mM
MgCl,, 1150 mM KCI, and 15% (v/v) ethanol. The RNA was subsequently precipitated with
isopropanol for three days &0 °C and resuspended in 500 pL of ddbl The purified RNAvas

analyzed by 11% uré@AGE and visualized by ethidium bromide staining.
Radiolabeling of H/ACA snoRNA

Wild-type and truncated H/ACA snoRNA snR34 were radiolabeled #h The H/ACA
snoRNAwas first dephosphorylated in a reaction volume of 20 pL containing: 0.2 uM RNA, 1x

SAP buffer (Fermentas), and 1 U/uL SAP (Fermentas). The dephosphorylation reaction was
performed at 37C for 30 min and stopped by heating at°65for 15 min. H/ACA snoRN) was
rephosphorylated in a reaction volume of 30 pL containing: 0.13 uM RNA, 1x SAP buffer
(Fermentas), 5mM DTT, 0.1 mMpser mi di ne, 0. 1 mM> *-BTPA20uQ),. 67 OM

10 U/pL T4 polynucleotide kinase (Fermentas). The phosgétion reaction was carried out at
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37 °C for 30 min and quenched by the addition 0.25 mM EDTA followed by heating°at ftf

10 min. Thedbeled snoRNA was purified using Sephade25diltration spin column. 400 pL of
Sephadex €5 (Pharmacia) was added to a SigmaPrep spin column, the column was washed
with 400 pL ddHO following which labeled snoRNA was loaded and eluted from the column by

centrifugation. The activity of labeled snoRNA was determined by liquid scintillation counting.
Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) were performed to analyze the interaction between
Nhp2 and ?P}-radiolabetd H/ACA snoRNA. snR34 H/ACA snoRNA was incubated af@5

for 2 min and permitted to slowly cool to 3G to promote correct folding. RNA (2 nM) was
titrated with increasing concentrations of Nhp2 (0 to 50 pM) irpll5eaction volumes in 1x
binding buffe (30 mM TrisHCI pH 7.4, 150 mM KCI, 2 mM MgGJ 0.1% (v/v) Triton %100, 1

mM DTT, 20% (v/v) glycerol, 100 ng/uL BSA). Binding was allowed to occur for 30 min at 30
°C. Samples were analyzed on an 8%-gtigine native gel (8% Acrylamide/Bisacrylamid@:1
solution (Biobasic), 0.5x Triglycine buffer) in 0.5x Trigglycine buffer (5 mM Tris pH 8.5 and 5
mM glycine) for 18 hr at 100 V at AC and visualized by autoradiography. By plotting the
concentration of Nhp2 waseksusthe intensity of the shiftedamd (determined by ImageJ) in
Prism GraphPad3a Kp for the interaction was extrapolated using the equation: y =
Bmax* X/(Kp+X), where B« is the maximal binding and Kis the concentration of protein

required to reach hathaximal binding
tRNA competition experiments

tRNA competitionexperiments were performed to analyze the binding specificity of Nhp2 to a
[**P]-radiolabeled H/ACA snoRNA using previously described EMSA conditions. 2 nM of snR34
H/ACA snoRNA was incubated at 8& for 2 min and permittedotslowly cool to 30°C to

promote correct folding. The RNA was then incubated with Nhp2-type (50 nM), Nhp2
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F146H (30 pM), and Nhp2 V122M (30 uM) in the presence and absence jo¥liinlabeled
tRNA in 15pL reaction volumes in 1x binding buffer. Bindinvas allowed to occur for 30 min
at 30°C. Samples were analyzed on an 8%-gtigine native gel in 0.5x Triglycine buffer for

18 hr at 100 V at 4C and visualized by autoradiography.

Isothermal titration calorimetry

All isothermal titration calorimiy (ITC) experiments were performed at 3D on a VP ITC
Microcalorimeter (Microcal). The cell volume was 1.7 nalndthe syringe volume was 300 pL.

All solutions and samples were degassed prior to each experiment. Nhp2 was dialyzed in 2 L of
ITC buffer 0mM HEPES-KOH pH 7.5, 150 mM KCI, and 15 mM Mgglfor 48 hr. After
dialysis, the ITC buffer was saved for the actual ITC experiments. SnoRNA was diluted in ITC
buffer to a concentration of 5 UM (snR34 wt) and 2\8 ($nR34 truncated), themeated to 85C

for 2 min and permitted telowly cool to 30°C to promote correct foldingThe experimental
parameters used in each ITC analysis can be found in Table 1. snR34 concentrations used were
determined by the equation, ¢ =XMyy X n, in which K is theassaiation constant, n is the
stdchiometry parameter, M is the total biomoleculeoncentratiorwithin the cell, and ¢ is
unitless constant which determines the shape of the resulting thermogram. For ideal K
measurementsc should be between B 500. By solving the equation for M, a minimal
concentration of RNA igstimatedor the cell. To determine the concentration of protein needed
for the syringe, the equationXx DV/V = n X My X 1.5, was used whereXis the total
concentration of proteim the syringeDV is the total volume of protein to be injected, and V is

the total volume of the cell. The reference power determines thetealtdch the baseline will
settleonce equilibrium has been reached within the cell. As it was initialhptineszedthat the

system would be largely exothermiclarge reference power was usgd |{Cal/ses.
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Table 1: Experimental parameters used in ITC analysis.

Proteini RNA
W?ter Methanol i | Buffer i | Protein | Buffer i
Water Water Buffer |1 Buffer RNA snR34 snR34
ate wit Truncated
Total No. of
Injections: 30 28 30
Cell
Temperature 30
(°C):
Reference
Power 15 30 15
(uCalls):
'”'t'a('s)[_)e'ay 60 60 60 600 600 | 120 600
Nhp2 Syringe
Concentration 0 0 0 100 0 100 40
(UM):
snoRNA Cell
Concentration 0 0 0 0 5 5 2.8
(LM):
Stirring Speed
(RPM): 450
Feedback Hi
Mode/Gain:
Injection Parameters
Volume 10 10 10 10 10 10 10
(mL):
Duration (3: 20 20 20 20 20 20 20
Spacing (& 300 300 300 300 300 300 300
Filter (9): 2 2 2 2 2 2 2
ITC
Equilibratio n Fast Equilibration, Auto
Options
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After analysis of the wildype systema smaller more conservative reference powks (
pCal/seg was selectedor analysis of the truncated RNAs controls, watewater, methanel
water, bufferbuffer, proteinbuffer, and bufferfRNA controls were performed. Data was fittire

Origin 7 softwargMi cr o Ca |l E S)wsing avtwabirdjngsitennmdel.
LIV Results
Recombinant Expression and Purification of S. cerevisiae H/ACA protein Nhp2

H/ACA structural protein Nhp2 was recombinantly exprddad=. coliBL21 (DE3)Rosettacells

at 37°C. Optical degity readings at 600 nm of tHe. coli BL21 (DE3) Rosettacells containing
pET28aNhp2were plotted in comparison & coliBL21 (DE3)Rosettecells without plasmid to
determine the cell growth éffency of both strains (Fig. 6 A). In parallel, cell samples were
collected upon induction to confirm the expression of Nhp2 by-BBSE. A band of ~ 21 kDa

is observed with increasing intensity over a three hour time period, indicating that the observed

band is Histagged Nhp2 (Fig. 6A).

His-tagged Nhp2 was purified using a tstep purification procedure including i
sepharose affinity chromatography and SP Sepharose Fast Flow cation exchange
chromatographyE. coli BL21 (DE3) Rosettaells containig HissNhp2 were opened in a cell
lysis buffer, and the resulting cellular lysate was loaded onto &epharose affinity
chromatography column. Following washing with cell lysis buffer -Mig2 was subsequently
eluted from the column using a gradient wathincreasing imidazole concentration. A large peak
in absorbance at 280 nm issaoved in the chromatogram 260 mM imidazole (Fig. 6B).
Fractions from this peak were analyzed by SBXSGE. As exgcted, a band of approximately
kDa corresponding to Hislhp2 is observed in fractions corresponding to the peak in the
chromatogram (Fig. 6B)Iin addition to the prominerl kDa band, several larger and smaller

molecular weight bands are visible indicating that further purification of Nhp2 is required.
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Figure 6: Recombinant expression and purification ofS. cerevisiaeH/ACA protein Nhp2. A.
Recombinant expression of Hi¥hp2 wild-type inE. coli BL21 (DE3) Rosettacells. Cells were grown at
37 °C with cell samples taken for three hours after induction. €2ehples were analyzed by SOIFAGE,
and cellular growthtriangles)was plotted in comparison . coli BL21(DE3) Rosettacells (squares)
standard growth. HitsaggedNhp2 has a molecular weight of ~21 kDB. Nickel sepharose affinity
chromatography pification of HisNhp2 wildtype. Collected fractions were analyzed by SPAGE.C.
Cation exchange chromatography purification of-Nigp2 wild-type. Collected fractions were analyzed by
SDS PAGE. D. His-tagged Nhp2 F146H and V122M variants were expreasedpurified in the same
manner as Nhp2 wiltype and were analyzed by SIPAGE.

As Nhp2 has a pl of 9.1a¢ computed from its amino acid composition using the tools
section on the UniProt databgd&awiss Institute of Bioinformatig¢y it is anticipated that it will
interact with a cation ehange chromatography column with a strong affinity at low salt and a
pH 8.0. Therefore, Hitagged Nhp2 was further purified by SP Sepharose Fast Flow cation
exchange chromatography. Nhp2 was eluted from the column using a gradient from low to high
salt. The resulting chromatogram displays a &apgak during Nhp2 elution 800 mM KCI (Fig.
6C). Samples taken from the corresponding fractions displaymipent band of approximately
21 kDa strongly indicatinghat His-tagged Nhp2 was successfully further gedf with the
additional higher and lower molecular weight contaminants significantly reduced (Fig. 6C). The
presence of a single band corresponding teNHip2 indicates that Nhp2 has been successfully

purified.

As mentioned abovehe rare inherited disse DC autosomal form has been linked to three
substitutions found within the human H/ACA structural protein Nhp2: V126M, Y139H, and
X154R[76]. To determine the possible effects such DC substitutions in Nhp2 may have on RNA
recognition, twaS. cerevisia Nhp2 variants, V122M and F146Horresponding to mutations in
human Nhp2 found in DC pants, were created through sitieected mutagenesis and purified.

S. cerevisia®dlhp2 DC variants F146H and V122M were purified using the same procedure as for
wild-type Nhp2. Samples taken from purified and concentrated Nhp2typiéd F146H, and
V122M were analyzed by SBDBAGE (Fig. 6D). Analysis by Image 1141 (Apache Software

Foundatiofindicated that all protein preparations are ~95% pure.
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In vitro Synthesis & S. cerevisia¢i/ACA snoRNA snR34

Eukaryotic H/ACA snoRNAs are composed of two irregular hairpin structures linked by a hinge
sequenc§23]. A secondary structure model f cerevisiadl/ACA snoRNA snR34 is shown in

Figure 7A outlining essential features of all H/ACA snoRNAs. The hinge region (Box H)

(@}

foll owing the 5 hairpin consists ofthead ANAN]
hairpin structure is the Box ACA consisting of an ACA sequdB&g The firststep towards

studying the protedRNA and RNARNA interactions between H/ACA snoRNA snR34 and the

core proteins and substrate RNA isirtovitro synthesize snR34. To thénd the DNA template

for H/ACA snoRNA snR34 wildype was amplified fronppTZ19rsnR3} plasmid DNA by PCR

using appropriate primer pairs which the reverse primer was@met hyl at ed at t he !
2 ®©-methylation prevents the addition of nepecificnuc | eoti des to the 36 e
during thein vitro transcription The amfified DNA template was analyzed by agarose gel
electrophoresis in order to control for the correct template size and to estimate its concentration.

A band of ~250 bp is observed corresponding to the correct saeR@Awild-type gene plus a

T7 promoterregion, indicating that the DNA template for snR34 wilde was correctly

amplified (Fig. 7B). snR34 wildype was then produced in a four haarvitro transcription

reaction. Subsequently, the DNA template was degraded by DN&ke resulting RNA praatt

was purified byan AX500 Nucleobond column (Machelagel). RNA samples were collected

after thein vitro transcription and during purification and were analyzed byiBAGE. As

shown in Figure 7B, significant amounts of RNA product are visible &fbén thein vitro

transcription and the purification leading to the conclusion that snR34ypiddwas successfully

synthesized and purified.

As a first step to determine the specific binding site of H/ACA protédip2\on H/ACA
snoRNA snR34, a trunaad version of snR34 was synthesized. The truncated construct removes

t heh&iér pin structure |l eaving the hinge sequenc
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box in Figure 7A. The snR34 truncation was synthesized using the same experimeptalssst u

for snR34 wildtype. The amplified DNA template has the expected band size of ~200 bp
corresponding to theorrect size of truncated construct with a T7 promoter region (Fig. 7C).
UreaPAGE analysis of the resulting RNA samples collected from theseguentin vitro
transcription and purification showsignificant amounts of RNA product suggesting that
truncated snR34 was successfully synthesized (Fig. 7C). Analysis of the RNA products-by urea
PAGE shows that both RNA preparations consist predomjnahta single RNA species thus
indicating that little degradation of the RNA product took place durindgnthvitro transcription

and purification (Fig. 7EC).
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