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SUMMARY

Ribosome biogenesis is one of the most important and energy-consuming processes
in the cell. However, the vast majority of the events and factors that are involved in the
synthesis of ribosomal subunits are not well understood. Ribosome maturation comprises
multiple steps of rRNA processing that require sequential association and dissociation of
numerous assembly factors. These proteins establish a complex network of interactions that
are essential for the pathway to continue. Extensive studies in Saccharomyces cerevisiae
allowed to identify some of the genetic and functional correlations between the pre-
ribosomal factors that could be organized into interdependent clusters or sub-complexes. A
heterotrimer formed by Nop7, Erbl and Ytm1 (PeBoW complex in mammals) is crucial for
the proper formation of the 60S subunit. Depletion of any of the three proteins is inviable
and certain truncations result in aberrant processing of 27SA2 rRNA thus impairing cell
proliferation. Nop7 and Erbl have been shown to bind RNA and are recruited to the pre60S
before Ytml. It is also known that the trimer has to be removed from the nascent particle in
order to promote its normal maturation. Despite its relevance in the cell, the exact role of
PeBoW is not clear and the interactions within the complex have been poorly characterized.

In this study we carry out an extensive biochemical and structural analysis of Nop7-
Erbl-Ytml trimer from S. cerevisiae and from a thermophilic fungus Chaetomium
thermophilum. We have been able to reconstitute a stable complex in vitro that was then
used in crystallographic trials. We have solved the structure of the C-terminal domain of
Erbl from yeast that folds into a seven-bladed B-propeller. We prove that this part of the
protein binds RNA in vitro, a property that might be important for its function. Moreover, in
spite of previous reports suggesting that the B-propeller domain of Erbl would not be
essential for ribosome biogenesis, we could solve the crystal structure of Ytm1 bound to the
carboxy-terminal portion of Erbl from C. thermophilum. That finding led us to redefine the
macromolecular interactions that hold the complex together. First, we have verified that the
N-terminal region of Nop7 interacts with Erbl. Furthermore, we have shown that a good
affinity binding takes place in vitro between WD40 domain of Ytml and the B-propeller of
Erbl. Upon careful analysis of the interface involved in dimer formation we have designed a
mutant of Erbl that exhibits weaker association with Ytm1l. We confirm our structural and
biophysical data using S. cerevisiae. We prove that a point mutation that decreases the
affinity between propellers of Erbl and Ytml negatively affects growth in yeast because it
interferes with 60S production. We show that a very conserved interface of protein-protein
interaction could be targeted in order to hinder cell proliferation.
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RESUMEN






El ensamblaje de ribosomas es uno de los procesos mas importantes y costosos
energéticamente en una célula eucariota. A pesar de ello, se sabe relativamente poco acerca
de la gran mayoria de los eventos y factores implicados en la sintesis de las subunidades
ribosomales. La maduracion de ribosomas comprende numerosos pasos de procesamiento
del rRNA que requieren la asociacion y disociacion de mas de doscientos factores de
ensamblaje. Esas proteinas establecen una compleja red de interacciones que son esenciales
para que el proceso pueda llevarse a cabo. Los estudios realizados en Saccharomyces
cerevisiae han permitido la identificacion de algunas correlaciones genéticas y funcionales
entre los factores prerribosomales. Es el caso del heterotrimero formado por Nop7, Erbl e
Ytm1 (complejo PeBoW en mamiferos), que es imprescindible para la correcta formacion
de la subunidad 60S. La ausencia de cualquiera de las tres proteinas es inviable y también se
conocen ciertas variantes truncadas que alteran el procesamiento del rRNA 27SA,; y de este
modo afectan la proliferacion celular. Se ha demostrado que Nop7 y Erbl se asocian al
rRNA y que su reclutamiento al pre60S ocurre antes de la uniéon a Ytml. Ademas se sabe
que el trimero tiene que separarse de la particula prerribosomal emergente con el fin de
favorecer su maduracion. A pesar de su gran relevancia en la célula, no esta claro el papel
exacto del complejo PeBoW y tampoco se dispone de conocimientos suficientes acerca de
las interacciones intermoleculares que lo mantienen.

Durante el desarrollo de este proyecto se ha llevado a cabo un exhaustivo analisis
bioquimico y estructural del trimero Nop7-Erbl-Ytm1 procedente de S. cerevisiae y del
hongo termofilico Chaetomium thermophilum. En este trabajo hemos sido capaces de
reconstituir el complejo estable in vitro que posteriormente se ha utilizado en los ensayos de
cristalizacion, con los que hemos podido resolver la estructura del dominio carboxi-terminal
de Erbl de levadura, cuyo plegamiento corresponde a una hélice enrollada (S-propeller) de
siete hojas. Gracias a la informacion estructural, hemos demostrado que esa parte de la
proteina es capaz de unir RNA in vitro, lo que puede ser una propiedad importante para su
funcién. Ademas, a pesar de los estudios anteriores que sugerian que la hélice enrollada de
Erb1 no era esencial en la biogénesis del ribosoma, hemos resuelto la estructura cristalina de
la proteina Ytml unida al dominio C-terminal de Erbl de C. thermophilum. Ese
descubrimiento nos ha permitido redefinir las interacciones macromoleculares que
mantienen el complejo. Inicialmente hemos confirmado que el extremo amino-terminal de
Nop7 interacciona con Erbl. A continuacion, hemos demostrado que el dominio WD40 de
Ytml se une al fS-propeller de Erbl con una buena afinidad. Después de un detallado
analisis de la superficie involucrada en la formacion del dimero, hemos sido capaces de
disefar una variante mutada de Erb1 que se asocia mas débilmente con Ytm1. Los hallazgos
estructurales y biofisicos se han confirmado in vivo usando S. cerevisiae donde hemos
demostrado que una mutacion puntual que disminuye la afinidad de uniéon entre los
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dominios C-terminales de Erbl e Ytm1 manifiesta un efecto negativo sobre el crecimiento
de levadura porque interfiere con la sintesis de 60S. Nuestros resultados establecen un buen
ejemplo de una superficie conservada involucrada en interacciones proteina-proteina, que
podria considerarse una buena diana para inhibir la proliferacion celular eucariota.
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L’ensamblatge de ribosomes és un dels processos més importants i
energeticament costosos en una cel-lula eucariota. Tot i aix0, es coneix relativament
poc de la majoria dels factors implicats en la sintesi de les subunitats ribosomals. La
maduracio de ribosomes compren moltes etapes de processament del rRNA que
requereix 1’associacid 1 dissociaci6 de més de dos-cents factors d’ensamblatge.
Aquestes proteines estableixen una complexa xarxa de interaccions que soOn
essencials perqué el procés es pugi dur a terme. Els estudis realitzats en
Saccharomyces cerevisiae han permes la identificacid de algunes correlacions
genctiques 1 funcionals entre els factors pre-ribosomals. Aquest és el cas del
heterotrimer comprés per Nop7, Erbl 1 Ytm1 (complex PeBoW en mamifers), que
¢s imprescindible per a la correcta formacié de la subunitat 60S. L’abséncia de
qualsevol de les tres proteines ¢és inviable i també és coneixen certes variants
truncades que alteren el processament del rRNA 27SAj3 i que d’aquesta manera
afecten a la proliferacié cel-lular. S’ha demostrat que Nop7 1 Erbl s’associen al
rRNA 1 que el seu reclutament al pre60S té lloc abans de 1’'uni6 a Ytml. A més a
més, es sap que el trimer ha de separar-se de la particula pre-ribosomal emergent per
tal que es produeixi la seua maduracio. Malgrat la seua rellevancia en la cél-lula, no
s’ha aclarit el paper exacte del complex PeBoW i tampoc n’hi ha coneixements
suficients de les interaccions intermoleculars que el mantenen.

Durant el desenvolupament d’aquest projecte s’ha dut a terme un exhaustiu
analisi bioquimic 1 estructural del trimer Nop7-Erb1-Ytm1 de S. cerevisiae i del fong
termofilic Chaetomium thermophilum. En aquest treball hem estat capagos de
reconstituir el complex estable in vitro que posteriorment s’ha utilitzat en el assajos
de cristal-litzacid, amb els que hem pogut resoldre 1’estructura del domini carboxi-
terminal de Erbl de llevat i que té un plegament corresponent a una helix enrotllada
(B-propeller) de set fulles. Gracies a la informacio estructural, hem pogut demostrar
que aquesta part de la proteina té la capacitat d’unir RNA in vitro, el que pot ser una
propietat important per a la seua funcié. A més a més, malgrat que els estudis
anteriors suggerien que la helix enrotllada de Erbl no era essencial en la biogenesis
del ribosoma, hem pogut resoldre la estructura cristal-lina de la proteina Ytm1 unida
al domini C-terminal de Erbl de C. thermophilum. Aquest descobriment ens ha
permes redefinir les interaccions macromoleculars que mantenen el complex.
Inicialment, hem confirmat que 1’extrem amino-terminal de Nop7 interacciona amb
Erbl. A continuacid, hem demostrat que el domini WD40 de Ytm!l s’uneix al fS-
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propeller de Ertbl amb bona afinitat. Després d’un analisi detallat de la superficie
involucrada en la formaci6 del dimer, hem estat capacos de dissenyar una variant
mutada de Erbl que s’associa més debilment amb Ytml. Les dades estructurals i
biofisiques s’han confirmat in vivo utilitzant S. cerevisiae on hem demostrat que una
mutacio puntual que disminueix 1’afinitat d’uni6 entre els dominis C-terminals de
Erbl 1 Ytml manifesta un efecte negatiu en el creixement del llevat perqué
interfereix amb la sintesi del 60S. Els nostres resultats estableixen un bon exemple
de una superficie conservada involucrada en interaccions proteina-proteina, que es
podria considerar una bona diana per a inhibir la proliferaci6 cel-lular eucariota.
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INTRODUCTION

The central dogma of molecular biology (Fig. 1.1) stated by Crick in 1956 is a
very concise description of the essential flow of information that takes place in all
living organisms.

That 1s, we may be able to have

DNA — ,>RHA -——————-—-.._? Protein

r

ir-:-..__...._.. e
O. \. - . U

but never

’_,’—/ '\
DNA &< RNA £ —————— Protein

oJ
Figure 1.1. Central dogma of molecular biology.

A diagram representing the initial idea regarding the flow of information in living organisms. (From
Crick, 1956)

Three types of macromolecules are involved in this most fundamental
biological phenomenon (Berg et al., 2002). Deoxyribonucleic acid (DNA) is the
carrier of the genetic code which can be copied during DNA replication. The
functional information encoded in the sequence of DNA can be deciphered and
transcribed into ribonucleic acid (RNA) that, on its own, can perform a certain range
of functions. Nevertheless, the last step described by the dogma, that can evidence
the full functional potential conserved in the genes, is the synthesis of proteins using
mRNA as a template. This complex process called translation is carried out by
ribosomes, large particles formed by rRNA and ribosomal proteins (r-proteins), that
efficiently extract the information encrypted in the nucleic acid and convert it into
polypeptides that finally will fold into functional proteins. Ribosomes are present in
all organisms and are formed by two subunits: Small Ribosomal Subunit (SSU) that
first binds to mRNA and controls the recognition of the genetic code by tRNAs and
Large Subunit (LSU) that contains the peptidyl transferase center, where the peptide
bond is formed (Melnikov et al., 2012; Ramakrishnan, 2002; Steitz, 2008). In
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Prokaryotes the subunits are 30S (Svedberg, sedimentation rate) and 50S,
respectively (Fig. 1.2). SSU 30S is made of 16S rRNA and 21 r-proteins, whereas
50S contains 5S rRNA, 23S rRNA and 31 r-proteins. More complex, Eukaryotic
SSU, 40S, is formed by 18S rRNA and additional 33 r-proteins. 5S, 5.8S and
25S/28S rRNAs associate to 46 proteins to give a complete eukaryotic LSU, 60S.
Fully functional ribosomes are one of the most complex macromolecular machines
in the cell and constantly produce proteins that are essential for cell survival, growth
and proliferation. The number and the activity of ribosomes is an important point of
regulation of translation and gene expression in general (Barna, 2013; Deana, 2005).

Bacterial ribosome Eukaryotic ribosome
70S 80S
M, 2.7 X 108 M, 4.2 X 108
/// \\\ / \
( | /
\T\ . j = /
505 60S . . .
_ — Figure 1.2. Comparison of prokaryotic
/ \ \-, and eukaryotic ribosomes.
w. . Composition and molecular mass of the
M, 1.8 X 10° M, 2.8 X 10° particles that form part of the ribosomes.
55 rRNA 55 rRNA (From Lehninger principles of biochemistry,
(120 nucleotides) (120 nucleotides) 2008)
235 rRNA 28S rRNA
(3,200 nucleotides) (4,700 nucleotides)
36 proteins 5.85 rRNA
(160 nucleotides)
47 proteins
\ ) 305 40s D
-—
M09><1o° M, 1.4 X 108
165 rRNA 18S rRNA
(1,540 nucleotides) (1,900 nucleotides)
21 proteins 33 proteins

Thanks to the recent advances in structural biology we now have a clear
picture of the architecture of procaryotic and eukarotic ribosomes (Ben-Shem et al.,
2011; Ramakrishnan, 2002; Wimberly et al., 2000; Yusupov et al., 2001). It has
been possible to crystallize and study in details the spatial organization of both
subunits. X-ray crystallography has helped to explain the mechanism of translation,
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its regulation, the basis of codon-anticodon recognition and finally the effect of
diverse antibiotics that stall the translation by interfering with ribosome function
(Jenner et al., 2013, 2010; Schmeing and Ramakrishnan, 2009). We have learned a
lot about ribosomes in their final, mature and fully functional form but, in spite of
their relevance in the cell, it is not yet fully understood how these large
nucleoprotein macro complexes are correctly assembled during ribosome biogenesis,
how is this process controlled and what are the factors that affect ribosome synthesis
in the cell.

1.1. Eukaryotic ribosome biogenesis

The vast majority of studies regarding ribosome assembly have been done
using Saccharomyces cerevisiae as a model organism thus this chapter mainly
focuses on the process in yeast that, although generally conserved, presents some
important differences when compared to higher Eukaryotes. The maturation of the
ribosomal subunits is spatially divided between the nucleus and the cytoplasm. This
compartmentalization introduces an additional step of regulation, thus indicating
how tight is the control of the highly coordinated events that eventually will give
rise to the mature 40S and 60S subunits. In general, production of the ribosomes is
one of the most energetically expensive pathways in the cell (Warner, 1999). It
requires a sequential participation of over 200 factors that allow proper rRNA
processing and structural arrangement of the nascent subunits. Many of the trans-
acting proteins are enzymes that provide activities such as GTPase, ATPase, exo-
and endonuclease and helicase (Fig. 1.3) (Kressler et al., 2010; Matsuo et al., 2014;
Rodriguez-Galén et al., 2013; Woolford and Baserga, 2013). Other factors constitute
a structural scaffold that serves as a platform where the enzymes and the rRNA can
interact in order to complete their functions. There are also described several types
of snoRPNs that chemically modify nucleotides from rRNA or act as rRNA
chaperones (Lafontaine, 2015). The association and dissociation of different factors
is coupled to the shift of the pre-ribosomal particle from the nucleolus to the
nucleoplasm and, finally, its export to the cytosol (Henras et al., 2008; Johnson et
al., 2002; Nissan et al., 2002; Zemp and Kutay, 2007). The maturation of both
subunits starts at the same time with the synthesis of a large precursor rRNA that
will give rise to 5.8S, 18S and 25S/288S. In yeast, this firstly synthesized 35S rRNA
is flanked by 5’ and 3° External Transcribed Spacers (ETS) and contains two
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Internal Transcribed Spacers: ITS1 that separates 18S from 5.8S and ITS2 that lies
between 5.8S and 25S. The 5S rRNA is processed independently (Fernandez-Pevida
et al., 2015; Woolford and Baserga, 2013).

Nucleolus

Ssf1

60S Biogenesis Pathway

Nucleoplasma

Figure 1.3. LSU assembly in Eukaryotes.
Sequential steps during biogenesis of 60S require participation of many assembly factors (AFs).
rRNA species present at each step are depicted as blue lines, GTPases are shown in orange, ATPases
in pink, helicases in green, export factors in red and important sub-complexes are depicted in violet
and yellow. (From Kressler et al., 2010)
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1.1.1. Transcription of rDNA and initiation of processing

The genes of ribosomal DNA (rDNA) are clustered in tandem repeats
(approx. 9 kb long each) that, in yeast, encode all 4 rRNAs (Ganley and Kobayashi,
2007). As mentioned previously, 18S, 5.8S and 25S rRNAs are transcribed together,
in the nucleolus, by RNA polymerase I (pol I) as one polycistronic chain that
requires many steps of processing to give the mature, trimmed and modified rRNA
particles (Fig. 1.4) (Moss et al., 2007).

<2 ~ 0 <2
R R
$ & & 3
= Ag Aq D ByLE Cy Bs By 55
188 , 588 258 T Tss.
rDNA repeat / N\ o G
~9.1kb / N KO

/ BiL Bys

\
/D Ao Ag E Cp Gy M
L e

Figure 1.4 Organization of rDNA repeat in yeast.

A long transcript synthetized by pol I gives rise to 18S, 5.8S and 25S. 58S is transcribed separately by
pol III. Red arrows indicate start of transcription. Removed spacers are marked (ETS, ITS). Cleavage
sites that are targeted during rRNA processing are denoted with one-letter code. (From Fernandez-
Pevida et al., 2015)

5S rDNA is also present in the repeats but is transcribed separately, in the
opposite direction, by RNA polymerase III. This is only true for yeast because in
higher Eukaryotes 5S rDNA is located in different unrelated loci and its
transcription does not occur in the nucleolus (Ciganda and Williams, 2011; Serensen
and Frederiksen, 1991). It has been questionable if 5S rRNA associates with pre60S
particles early or rather in the final steps of ribosome maturation but recent studies
seem to indicate that 5S rRNA joins 90S pre-ribosome in the initial stage of
biogenesis. RNA pol I is the most active from the three Eukaryotic RNA
polymerases because rRNA represents approximately 50% of all RNA synthesized
in the cell (Albert et al., 2012; Russell and Zomerdijk, 2006). Before the
transcription of polycistronic rDNA by pol I terminates, 5’ end of the nascent 35S
rRNA starts to associate with proteins and forms the first “processome” that will
further develop into 90S pre-ribosomal particle (SSU processome) (Phipps et al.,
2012). Although initially it was believed that the processing of rRNA would start
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upon release of the transcript from pol I that is catalyzed by Rntl ribonuclease,
recent findings have shown that in yeast first cleavage within ITS1 can occur co-
transcriptionally thus quickly separating 40S and 60S maturation (Kos and

Tollervey, 2010).
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Figure 1.5 Processing of rRNA in yeast.

Detailed scheme of the nucleolytic events that produce mature forms of rRNA. Known enzymes
involved in RNA cleavage are shown in the corresponding steps. For further details see text. (From

Fernandez-Pevida et al., 2015)
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1.1.2. SSU rRNA processing

SSU contains mature 18S rRNA and 33 r-proteins. rRNA fragment
corresponding to 18S particle is flanked by 5’ETS and ITS1 on its 3” end. Pre-18S is
separated from pre-5.8S/23S part of the transcript by a cleavage at site A, within
ITS1 that can occur either co-transcriptionally or post-transcriptionally (Fernandez-
Pevida et al., 2015) (Fig. 1.5). Rcll protein has been proposed to be involved in the
process although the exact mechanism of A, cleavage is not yet clear (Horn et al.,
2011). The removal of 5’ETS depends on the cleavage at Ay and A; sites that
require many factors including U3, snR30 and U14 snoRNAs and SSU processome
(Lafontaine, 2015). The cleavages at Ay and A; sites can occur almost
simultaneously and in any order although the A, cleavage is dispensable. At the
same time, cleavage at site A; has been functionally linked to that at A, within ITS1.
In general these three events lead to formation of a 43S particle that contains yet
immature prel8S rRNA. This pre40S complex is then exported to the cytoplasm
where the last pre-ribosomal factors are released and rRNA processing is
accomplished by Nobl endonuclease that cleaves at site D and yields definitive 3’
end (Lamanna and Karbstein, 2009). The last step of maturation seems to be LSU-
dependent as it has been postulated that the Nobl-mediated cleavage is triggered
within pre-40S/60S complex (Turowski et al., 2014).

1.1.3. LSU rRNA processing

Upon separation of pre-18S by cleavage at site A,, resulting 27SA,; particle is
further processed to form mature 25S and 5.8Ss/5.8S; rRNAs. It is not clear how 3'-
ETS is trimmed to give rise to the final 3' end of 25S but it has been suggested that
3'-ETS and ITS1 processing occur concomitantly (Fernandez-Pevida et al., 2015). A
recent study in mammals has proposed that DDX27 helicase (Drsl in yeast) is
indispensable for the 3’ end maturation of 27S rRNA (Kellner et al., 2015). In
eukaryotes there are known two pathways involved in 5.8S formation. A short 5.8S
(5.8Sy) is generated by the major pathway whereas the minor pathway (15% of the
processing) produces long 5.8S rRNA (5.8Sy) that retains 7-8 additional nucleotides
on its 5' end (Fernandez-Pevida et al., 2015; Henras et al., 2008; Woolford and
Baserga, 2013). It is not yet understood what is the role of this heterogeneity of 5.8S
but both are functional and found in mature 60S subunits (Henry et al., 1994). The
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major pathway starts with a cleavage at A; site that is mediated by MRP
endonuclease with a subsequent trimming done by Ratl and Rrpl7 that produces
final 5.8Sg 5' end (Oeffinger et al., 2009). In the minor pathway, A; cleavage does
not occur and unknown factor(s) perform endonucleolytic cut at site B;p directly
producing 5' end of the long 5.8S rRNA. Next, both particles 27SBg and 27SBp
undergo the same processing that starts with the cleavage at site C, that splits 5.8S
and 25S precursors (Fernandez-Pevida et al., 2015). This step is complex and
requires many pre-ribosomal factors but no known nuclease involved in the process
has been identified up to date. Once separated, 25.5S is quickly shortened on its 5'
end by Ratl exonuclease and gives a mature 25S rRNA (Granneman et al., 2011).
The processing of the 3' end of remaining 7Ss/7S;, rRNA is much more complex and
requires a coordinated action of several nucleases. First, the exosome trims over 100
nt from the 3' end and then Rrp6 exonuclease continues until 6S particle, containing
an overhang of 6-8 nt, is formed. At this stage, the pre-5.8S is exported to the
cytoplasm where its 3' end is finally processed into the mature form by Ngl2
nuclease (Thomson and Tollervey, 2010).

1.1.4. Elements involved in 60S biogenesis.

In this work we will mainly focus on the formation of the LSU although the
initial stages of the process, those that take place before first cleavage in ITSI, are
common for both subunits. Given the complexity and relevance of the molecular
events that occur during rRNA remodeling, it is not surprising that it requires the
participation of numerous factors that coordinate and regulate ribosome biogenesis.
Moreover, a sequential assembly of r-proteins with the nascent rRNA is
indispensable to guarantee the particular architecture of the mature ribosome
(Ohmayer et al., 2013).

1.1.4.1. r-proteins

Mature fungal ribosome contains 79 proteins, 64 of them are essential for
growth (Steffen et al., 2012). The importance of r-proteins is affirmed by the fact
that 59 of them possess a paralog copy encoded by a second gene (Korobeinikova et
al., 2012). It also opens a possibility for ribosome specialization because it has been
shown that the knock-out of one paralog does not always manifest the same
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phenotype as the loss of function of its paralogous gene (Horiguchi et al., 2011;
Schuldt, 2011; Wong et al., 2014; Yelick and Trainor, 2015). Moreover the
expression of some of the paralogs has been correlated to specific tissues indicating
again, that different forms of r-proteins may give rise to specific types of ribosomes
(Xue et al., 2015). This is in line with the evolutive conservation of the minor
pathway in 5.8S processing that provides additional variability. Ribosomal proteins
play an important role in the assembly as they attach to rRNA modifying its
structure, they serve as potential docking surfaces for binding of pre-ribosomal
factors and in several cases they connect distant parts of the arising macro-complex
through long extended motifs (Korobeinikova et al., 2012). Importantly, depletion of
many r-proteins causes severe defects at different stages of ribosome biogenesis.
Some of them associate with pre-rRNA early in the nucleolus whereas others join
the subunit late, in the cytoplasm (Woolford and Baserga, 2013). Hierarchical
attachment of ribosomal proteins to rRNA allows the creation of structural elements
that will be present in the final 60S. It has been proposed that the position of each r-
protein in the mature ribosome determines the step of biogenesis in which it might
be involved (Woolford and Baserga, 2013). Several of the r-proteins have their pre-
ribosomal counterparts that have similar sequence and structure but assemble earlier
during ribosome biogenesis and are exchanged for the corresponding r-protein
throughout the process. Those factors are so-called “place-holders” and occupy the
position of specific r-proteins to prevent their premature association that could
deregulate the pathway or produce aberrant, partially active complexes (Rodriguez-
Mateos et al., 2009; Saveanu et al., 2003).

1.1.4.2. trans-acting factors

Proper rRNA processing, chemical modifications, association of r-proteins
and spatial rearrangement of the forming ribosome strictly depend on an extremely
complex and dynamic network of assembly factors (AFs) that, in many cases, are
essential for growth and cell proliferation (Bassler et al., 2014; Gamalinda et al.,
2014; Saveanu et al., 2003; Talkish et al., 2012). In general, during ribosome
biogenesis, the composition of the earliest precursors is much more complex and the
number of associated AFs gets reduced towards final steps of maturation. It is
challenging to understand how all these factors work in an ordered and sequential
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manner and how their action is controlled and linked to other cellular processes.
From a functional point of view, the pre-ribosomal components involved in 60S
synthesis can be classified into several groups:

a) snoRNPs: these small nucleolar ribonucleoproteins are formed by proteins and
short RNAs that base-pair with compatible segments of nascent rRNA (Decatur et
al., 2007; Henras et al., 2008; Lafontaine, 2015). Two different families of snoRNPs
are responsible for nucleic acid modifications (Fig. 1.6). Box C/D snoRNA contains
Nopl methyltransferase (in yeast) and performs 2'-O-methylations of ribose. Box
H/ACA is associated with Cbf5 that manifests pseudouridine synthase activity. Both
types of modifications are found approximately 100 times in each ribosome and are
believed to regulate its function. The processing of ITS1 at site Az is dependent on
Mitochondrial RNA Processing (MRP) snoRNP that contains a short RNA and at
least 10 proteins.

snoRNA Class
U3 Box C/D
ui4 Box C/D
snR30 Box H/ACA
snR10 Box H/ACA
RMNase MRP Unique

Figure 1.6 snoRNAs involved in RNA processing in yeast.
(From Woolford & Basegra, 2013)

b) nucleases: as already mentioned, a high number of exo- and endonculeolytic
cleavages take place during rRNA processing (Fernandez-Pevida et al., 2015;
Henras et al., 2014; Woolford and Baserga, 2013). Although many of the enzymes
involved in the process have been identified, there are still some missing elements of
the nucleolytic machinery that trim rRNA (see sections 1.2 and 1.3 for more details)

¢) NTPases: hydrolysis of ATP and GTP provides energy and can trigger a range of
macromolecular events occurring during pre60S maturation (Kressler et al., 2012,
2008; Matsuo et al., 2014; Ulbrich et al., 2009). Several essential GTPases are
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involved in different stages of the pathway. They induce conformational changes
that allow dissociation and association of other proteins. Moreover, GTPase activity
may also play role in the surveillance of the process marking check-points for
important regulatory events. Three members of AAA-ATPase family have been
shown to be crucial for the removal of assembly factors from pre-ribosomal
particles. Rix7, Drgl and Real hydrolyze ATP and translate resulting energy into
mechanical forces responsible for stripping off of several components during 60S
biogenesis. Interesting mechanism of action has been proposed for Real thanks to
the structural information obtained by cryo-electron microscopy combined with
biochemical analysis.

d) helicases: at least 10 RNA helicases participate in LSU maturation (Bernstein et
al., 2006; Granneman et al., 2006; Kellner et al., 2015; Rodriguez-Galan et al.,
2013). All of them, except one, belong to SF2 DExD/H-box family. Mrt4 is included
into Ski2 family. In general, these enzymes present RNA-dependent ATPase activity
and are able to unwind dsRNA, remodel ssRNA, facilitate nucleolytic cleavage of
RNA chains and modulate RNA-protein associations. Interestingly some of these
RNA-helicases are known to interact with AFs that can stimulate their ATP and/or
unwinding activity.

e) functional clusters of non-enzymatic proteins: only a part of the assembly
factors involved in LSU present enzymatic activities mentioned previously.
Remaining pre-ribosomal proteins are believed to organize into sub-complexes that
participate in different steps of rRNA processing and 60S maturation. Some of them
act as, already described, place-holders that mimic r-proteins thus impeding their
precocious association. Groups of AFs bind to pre-ribosomal particle and rearrange
its architecture, stabilize rRNA, modulate the activity of the enzymes and perform
quality control of the undergoing process. In many cases these proteins contain
RNA-binding motifs or domains that are known to mediate high-affinity protein-
protein interactions, like RRM or WD40 domains. This unambiguously indicates
that a network of specific interactions must be maintained throughout the assembly
pathway, probably due to its highly hierarchical organization. Several clusters or
sub-complexes of functionally related proteins have been already associated with
specific steps of ribosome biogenesis:
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e Dbp6 helicase forms part of a complex with, at least, other 4 proteins (Npal,
Npa2, Nop8, Rsa3) and is indispensable for early steps of pre-60S maturation
(de la Cruz et al., 2004).

e Nogl GTPase has been shown to stably associate with Rlp24 protein that, in
turn, binds Makl11 and these interactions are required for 27SB processing
(Matsuo et al., 2014; Saveanu et al., 2007, 2003; Talkish et al., 2012).
Actually, the three factors are members of a larger functional group of so-
called B-factors that cooperatively lead to the loading of Nog2 GTPase on
the nascent particle that will have decisive role in pre-60S export to the
cytoplasm (Talkish et al., 2012).

1.1.4.3. Cluster of Aj-factors

Another well-described subset of factors is involved in processing of the
27SAs rRNA and guarantee correct maturation of 5' end of 5.8Ss rRNA thus
facilitating its association with 25S rRNA in the mature ribosome (Fig 1.7)
(Granneman et al., 2011). The cluster of Aj-factors includes: Nop7, Erbl, Ytml,
Nopl2, Cicl/Nsa3, Nopl5, Rlp7 and Rrpl and has been tightly related with the
function of ribosomal proteins L7 and L8 (Harnpicharnchai et al., 2001; Jakovljevic
et al., 2012; Mccann et al., 2015; Miles et al., 2005). Moreover, As-factors cooperate
with exonucleases Ratl and Rrpl7, helicases Has1 and Drsl1 in order to promote the
trimming of the nascent 5.8Ss (Dembowski et al., 2013). While Ratl binds to the
early pre-60S particle in an independent manner, Rrpl7 association is clearly
conditioned by previous assembly of Aj; factors into the nascent complex
(Granneman et al., 2011; Woolford and Baserga, 2013). In fact, although these AFs
act within 27SA3 processing step, they join pre-ribosome much earlier. Surprisingly,
when the binding of Aj factors to rRNA was checked, it was discovered that they
associated close to the area comprised by 5.8S 3'end — ITS2 — 258 5'end (Ben-Shem
et al.,, 2011; Granneman et al., 2011). This arose several hypotheses about the
possible role of these 8 non-enzymatic proteins found in pre-60S processing. The
binding of As-factors to ITS2 might prevent processing of this site before the
complete removal of ITS1 occurs on the 5'end of 27SAs, a fact that, once again,
could prove how ordered and sequential is the assembly pathway. At the same time
it is known that As-factors must associate with pre-ribosome to stabilize the binding
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of four r-proteins: L17, L.26, L35 and L37 (Sahasranaman et al., 2011). It is then
possible that Aj-cluster and r-proteins cooperatively remodel the architecture of
27SAs-containing particle thus promoting subsequent maturation events.

B-factors @
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Pwp1-subcomplex interdependent proteins 5'-5.85 rRNA
A,-factors

Figure 1.7 Functionally related clusters of proteins involved in early and middle steps of 60S
assembly.

A complex network of functional interactions is established between numerous assembly factors.
Pwpl complex (blue) is required for a stable association of As-factors (green) that, in turn, condition
the function of helicases (light blue) and binding of B-facotrs (red) and ribosomal proteins (purple)
(From Woolford & Basegra, 2013)

It has also been shown that A; AFs should dissociate from the pre-ribosome in
an interdependent manner in order to allow correct ribosome biogenesis. Null
mutants for 7 members of Aj cluster are inviable and only Nopl2 protein is non-
essential although it enhances 25S processing. It has been proposed that when Aj
factors work properly leading to a stable association of r-proteins, L17 binds close to
the 5> end of 5.8Sg rRNA and physically blocks its further trimming by Ratl.
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According to a model, when the Aj; cluster fails to carry out its function, L.17 cannot
stably bind and halt the exonucleolytic cleavage at B;s site, therefore Ratl continues
to degrade 5’ end of 27SB and initiate rRNA turnover (Sahasranaman et al., 2011).
It is still to be elucidated how the proteins interact with each other during 27SAj;
processing, what is the regulation of the process, which function corresponds to each
member of the As cluster. It was shown that within As-factors, three of them: Nop7,
Erbl and Ytml form a discrete heterotrimer that can be detected apart from the pre-
ribosomal context (Miles et al., 2005; Tang et al., 2008). Nop7 sub-complex and its
mammalian counterpart called PeBoW are essential in ribosome biogenesis but its
exact role in the process is still under investigation.

1.2. Nop7 sub-complex

The trimer formed by Nop7, Erbl and Ytml was firstly identified when Nop7
from yeast was studied (also known as Yphlp) (Du and Stillman, 2002). It was
shown that it formed part of two complexes, while the larger one was formed by
several r-proteins and a set of pre-ribosomal factors, the one corresponding to lower
molecular weight contained, in addition to Nop7, only Erbl and Ytml.

1.2.1. Nop7

Nop7 (Nucleolar protein 7), called Pesl (Pescadillo-homolog 1) in higher
Eukaryotes, was firstly identified in zebra fish by pescadillo (pes) gene disruption
that caused severe alterations in developing embryos and resulted in lethal
phenotype (Auende et al., 1996). Further studies showed that the gene was highly
conserved in all Eukaryotes and was essential for cell viability (Kinoshita et al.,
2001; Sakumoto et al., 2001). Involvement of Pesl in embryonic development has
also been shown in Xenopus laevis (Tecza et al., 2011), whereas in plants it has been
correlated to root morphogenesis (Zografidis et al., 2014). In Candida albicans it
was described to be important in hypha-to-yeast switch and in yeast proliferation
(Shen et al., 2008). Frequently the effect of pes disruption was tissue specific and the
most striking phenotype was observed in areas of fast proliferation. In mammals,
higher expression patterns have been detected in different types of cancer cells
(Cheng et al., 2012; Kinoshita et al., 2001).
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Finally, studies in Saccharomyces cerevisiae definitely associated Nop7 to
ribosome biogenesis because a mutation within the gene had synthetically lethal
phenotype together with a mutant Drs1 helicase (Adams et al., 2002). Subsequently
it was co-purified with several pre-ribosomal complexes and its functional
involvement into 5’end maturation of 5.8S was established (Oeffinger et al., 2002).
Nop7 has been UV-crosslinked to domain III of 25S rRNA, close to L25 binding
site. Tagged Nop7 co-precipitated 27S, 7S and 6S rRNAs indicating that its release
from pre60S would occur late, after the cleavage at site C, from ITS2 (Granneman et
al., 2011).

Nop7 has a BRCT domain in its central part which is believed to mediate
protein-protein interactions and is required for nucleolar localization of the protein
(Holzel et al., 2007; Sakumoto et al., 2001). It also contains two predicted coiled-
coils and a well conserved amino-terminal region (Pfam: 06732). Sequence
inspection identified a nuclear localization sequence (NLS) and acidic regions
towards the C-terminal part of the protein (Haque et al., 2000). Extensive mutational
analysis of the human and the murine Pesl have determined several segments which
are essential for the function of the protein (Lapik et al., 2004). Interestingly, it was
showed that mutant Pesl would only exert a dominant negative phenotype if its
association to Bopl (Erbl in yeast) was not abolished (Grimm et al., 2006; Holzel et
al., 2007).

Several binding partners of Pesl have been described in mammalian cells
including estrogen receptor (ERa and ERP) (Cheng et al., 2012), Peter Pan (Ssfl in
yeast) (Fatica et al., 2002; Tecza et al., 2011) and B23 (Zhang et al., 2009). In a few
studies, BRCT domain of Pesl have been shown to interact with a protein-
phosphatase Yvh1 and Pesl overexpression could suppress slow-growing phenotype
of Yvhl loss-of-function (Sakumoto et al., 2001). Interestingly, it has been also
reported that Nop7 sub-complex was found to be dissociated from pre-ribosomal
particles when total cell extracts were treated with phosphatase inhibitors (Miles et
al., 2005). The most recent reports on Nop7 function have suggested that it could act
as a co-factor of Drsl helicase because, at least under certain conditions, it was
found to form part of the same small sub-complexes, tightly related to Nop7 (Merl et
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al., 2010). Moreover, the human ortholog of Drs1, Ddx27 has been shown to interact
with Pesl in total cell extracts (Kellner et al., 2015).

From a structural point of view, Nop7/Pesl is the only protein from the
PeBoW complex with previously available information (Fig. 1.8). The structure of
BRCT domain of human Pesl in solution has been solved by Nuclear Magnetic
Resonance (NMR) and deposited in Protein Data Bank with accession code 2EP8
(unpublished). It shows a B-sheet formed by four parallel B-strands with two short o-
helices attached on one side of the sheet. This is a typical fold found in BRCT
domain-containing proteins and superposes well (RMSD 1.9A) with the BRCT
domain of BRCA1 protein (PDB: 1T15) (Clapperton et al., 2004). Interestingly,
BRCT domains have been predominantly found in proteins involved in DNA
damage repair and cell cycle checkpoints (Gerloff et al., 2012). Pesl/Nop7,
however, is not known to participate in any of these pathways.

Figure 1.8 NMR structure of BRCT domain
from human Pescadillo homolg 1.

The central domain of Pesl is the only part of
PeBoW complex with available structural
information. (From PDB: 2EP8).

1.2.2. Erbl

Erbl, Eukaryotic ribosome biogenesis 1, (Bopl, Block of proliferation 1, in
higher Eukaryotes) was firstly identified in mouse because an N-terminally
truncated variant of the protein (BoplA) induced a reversible growth arrest
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(Strezoska et al., 2000). Further studies showed that this evolutionary conserved
protein was predominantly found in the nucleolus and its possible role in ribosome
biogenesis was investigated. BoplA overexpression affected maturation of 28S
rRNA (258 in yeast), led to the accumulation of the 36S precursor but did not show
any effect on 18S processing (Pestov et al., 2001a; Strezoska et al., 2002). Those
findings unambiguously indicated that Bopl was involved in 60S biogenesis. bop 1
overexpression has been correlated with slower growth in mammalian cells and it
increases the number of multipolar spindles during mitosis (Killian et al., 2004).
Moreover, truncated Bopl induced a reversible growth arrest through the p53
pathway thus it was proposed that Bopl could link ribosome biogenesis to the cell
cycle control (Pestov et al., 2001b). Deeper analysis of how Bopl participated in
rRNA processing was carried out upon identification of its locus in Saccharomyces
cerevisiae (Harnpicharnchai et al., 2001; Horsey et al., 2004). Erbl was quickly
functionally correlated with other factors involved in 5.8Sg formation and was found
to form part of pre-ribosomal complexes that also included Nop7, Rpl4, and Drsl,
among others. Finally, Erb1 was shown to establish a tight physical interaction with
Nop7 and Ytml proteins giving rise to Nop7 sub-complex formation (Lapik et al.,
2004).

Initially, the sequence of Erbl/Bopl indicated that it would harbor several
WD40 repeats on its carboxy-terminal segment and that a highly conserved domain
was present towards the N-terminal end (Pestov et al., 2001a). Moreover, a PEST
sequence has been identified in the central region of the protein (Strezoska et al.,
2000). PEST sequences are believed to appear in nuclear proteins that are tightly
controlled by its fast turnover (Chevaillier, 1993). They contain a stretch of amino
acids that is rich in proline, glutamic/aspartic acid, threonine and/or serine. These
segments are quite flexible and might be easily accessible by proteases that can
quickly degrade the protein. Interestingly, it has been shown that the stability of
PeBoW complex depends on the stability of the individual factors so that the
turnover of one of the proteins would affect the levels of the other two (Rohrmoser
et al., 2007).

Similarly to Nop7, Erbl has also been shown to UV-crosslink rRNA. In this
case, it was found to bind helices H21 and H22 within the Domain I of 25S rRNA.
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Co-precipitation experiments using HTP-tagged Erbl demonstrated that it would
efficiently link to 27S rRNA but the binding to 7S and 25S rRNA was weaker than
the one observed for other Az factors (Granneman et al., 2011). This suggested that
Erbl would disassociate from the pre-ribosome right after C, cleavage but before
Nop7 release. Since Nop7 and Erbl directly interact on pre60S but their RNA
binding sites are distant in the mature subunit it is believed that both proteins bring
domains I and III of 25S rRNA together, thus allowing proper processing of the
particle.

The most recent data have been pointing toward a possible association of Erbl
with Drsl helicase (already known to be functionally linked to Nop7) and a large
scale yeast two-hybrid analysis revealed that both proteins can interact (Mccann et
al., 2015). Moreover, Ddx27 (mammalian counterpart of Drsl) has been co-
precipitated with Bop1 in cellular extracts (Kellner et al., 2015). Nevertheless, it has
not been show in vitro, without any possible secondary factors such as rRNA, that
the binding between Drs1 and Erb1 or Nop7 takes place.

1.2.3. Ytml

Ytml (Wdrl2 in higher Eukaryotes) was first described in yeast as a microtubule
binding protein that would affect chromosome stability when overexpressed
(Ouspenski et al., 1999). Next, its murine counterpart, Wdrl2, was identified as a
novel WD-repeat protein found in the nucleus (Nal et al., 2002). Subsequent analysis
showed that it contained a well conserved Notchless-like domain within its amino-
terminal portion followed by 7 WD40 repeats that were predicted to fold into a
seven-bladed B-propeller domain. Initially the function of Wdrl12 was correlated to
Notch signaling pathway and its association with Notchl protein was tested. The
sequence of the N-terminal domain of Wdrl2 is similar to the amino-terminus of
Notchless protein homolg 1 (Rsa4 in yeast) (Bassler et al., 2010). Recently, it has
been shown that the N-terminal portion of Rsa4 is actually an Ubiquitin-like Domain
(UBL) (Bassler et al., 2014). Eventually, studies on the pre-ribosomal complexes
revealed that Ytm1 was found in Nop7-containing pre60S particles thus shedding
light on its involvement in ribosome biogenesis. Polysome profiling upon Ytml
depletion showed that 60S synthesis was heavily impaired (Miles et al., 2005).
Moreover, Ytml remained bound to Nop7- and Erbl-containing low molecular
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weight sub-complex even when ribosome biogenesis was altered in a temperature-
sensitive mutant (nop4-3) (Harnpicharnchai et al., 2001).

Studies in the mammalian cells showed that a truncated Ytm1 lacking the UBL
Domain (Wdrl2ANle) was still found in the nucleolus and inhibited cell
proliferation and rRNA processing in a dominant manner (Holzel et al., 2005).
Additional observations indicated that the disruption of the WD40 repeats from C-
terminal domain induced a dispersed cytoplasmic and nucleoplasmic localization.
Finally it has been confirmed that the mammalian Wdrl2, likewise its fungal
counterpart Ytm1, formed a stable complex with Pesl and Bopl (Nop7 and Erbl in
yeast) (Miles et al., 2005). Temperature-sensitive mutant ytml-I altered the
maturation of the pre-ribosome in yeast and decreased the association of Ytm1 with
Erbl and with pre60S. Ytml-1 contained two mutations G398D and S442N, both
within WDA40 repeats of its C-terminal domain. That was the first indication that the
B-propeller domain of Ytm1 mediated the interaction with Erbl and was sufficient
for the nucleolar localization of the protein (Tang et al., 2008).

Further studies in Saccharomyces cerevisiae provided an explanation for the
role of the ubiquitin-like domain of Ytml. Biochemical and functional analyses
showed that a conserved glutamic acid present within the N-terminal segment was
crucial for its interaction with MIDAS (Metal Ion Dependent Adhesion Site) domain
of Real (Bassler et al., 2010). Real (Midasin in mammals) is a large AAA-ATPase
that is essential in ribosome assembly because it transforms chemical energy into
mechanochemical forces necessary for the removal of some pre-ribosomal factors
(see section 1.4.2). A glutamic acid residue (E80 in S.cerevisiae) from UBL of Ytm1
(and Rsa4 in a subsequent step of ribosome biogenesis) coordinates a Mg®" ion
altogether with other 5 residues from MIDAS of Real (Kressler et al., 2012; Ulbrich
et al., 2009). The relevance of this interaction has been supported by the fact that
Ytm1 carrying ESOA mutation causes dominant-lethal phenotype by interfering with
the 60S assembly. The same study demonstrated that Real was involved in the
release of Ytml, Erbl and (at least partially) Nop7 from the nascent ribosome and
that the dissociation of the sub-complex was indispensable for the maturation to
continue.
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1.2.4. Nop7 sub-complex formation

Several studies were carried out to shed light on the interactions between
Nop7, Erbl and Ytm1 and their function in ribosome biogenesis (Holzel et al., 2005;
Miles et al., 2005; Rohrmoser et al., 2007; Tang et al., 2008). Erb1 is considered to
be the core of the complex because it physically interacts with both, Nop7 and
Ytml. It has been proposed that the association of the proteins with pre-ribosomal
particles was interdependent and a fully functional trimer had to be assembled in
order to promote its stable binding to pre60S. Investigations in mammalian cells and
yeast led to a conclusion that Nop7 and Erbl joined the pre-ribosome before Ytml,
which was then incorporated in order to stabilize the binding (Rohrmoser et al.,
2007).

An elegant study done in mammals showed that the amount of each protein in
the cell was highly dependent on the other two components of the complex.
Rohrmoser et al. demonstrated that any alteration in the amounts of free Bop1 (Erbl
in yeast) would exert an effect on the stability of its binding partners. It has been
proposed that Bop! interacts with Pesl in order to shift to the nucleus and that Bop1
alone or Bopl-Wdrl2 is trapped in the cytoplasm. Moreover, overexpression of
Bopl had a negative effect on cell growth probably because the excess of Bopl in
the cytosol would bind Wdrl12 and prevent its transport to the nucleoplasm resulting
in lack of PeBoW recruitment onto nascent ribosomes. This deleterious phenotype
was rescued upon Wdrl2 overexpression indicating the importance of the relative
amounts of each protein for the proper function of the PeBoW. Interestingly,
endogenous Bopl would undergo a rapid degradation upon exogenous Bopl
overexpression. Therefore, Bopl was proposed to play a central role in controlling
the stability and degradation of the trimer, a fact that is line with the presence of
PEST sequence in Erbl/Bop1 (Rohrmoser et al., 2007).

At last, several studies tried to explain which regions of the proteins were
responsible for their physical interactions (Fig. 1.9). Final conclusions were made
using different methods that allowed the co-purification and co-precipitation of the
Nop7 sub-complex from yeast or PeBoW from mammals (Hélzel et al., 2007; Miles
et al.,, 2005; Tang et al., 2008). Overexpression of mutants that lacked the N-
terminal domain of Pes1 disrupted its incorporation into PeBoW and clearly showed
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that this well conserved segment of the protein was required for the interaction.
Ytml-1 mutant in yeast and a set of mutants of Wdrl2 that lacked WD40 repeats
were shown not to bind Erbl (or the association was severely destabilized), thus the
B-propeller domain of Ytm1 was described to be involved in the interaction. It has
been further confirmed by pull-down assays because GST-tagged N-terminally
truncated Ytm1 was still able to co-elute with Erbl. In case of Bopl/Erbl it was
proposed that the central segment of the protein, close to the PEST sequence was
sufficient for its interaction with Nop7 and Ytml but no direct evidence for the
binding of this fragment of Erbl to Nop7 and/or to Ytmlhas been demonstrated
(Tang et al., 2008). Moreover, it was suggested that the B-propeller domain of Erbl
was not involved in the Nop7 sub-complex assembly because initially it was
described to be dispensable for Erbl function.

WD40 repeats

Ytm1: N JNeTT- 1 -2 -3 — 4 -5 -6 -7 C

e//—*’

WD40 repeats

Erb1: N — Neienminal conserved region I — NSl AR ISR SN A0 C

Sy

coiled-coil coiled-coil

Nop7: N Pescadillo domain B [ERCTT EEE C

Figure 1.9 Summary of interactions proposed to occur between Nop7, Erb1 and Ytml.

Erbl is the core of the trimer and interacts with Nop7 through a region within its N-terminal domain.
The exact site within Nop7 involved in binding to Erbl is not yet known. The interaction of Ytml
and Erbl has been proposed to occur through the B-propeller domain of Ytm! and a central segment
of Erbl. Domain organization of each protein is shown. Green block depicts the segments responsible
for Erb1/Nop7 interaction. Regions essential for Ytm1-Erb1 binding are shown with pink rectangles.
(From Tang et al., 2008).

Although the role of this large domain (44 kDa) of Erbl in the context of
ribosome biogenesis has remained unknown it is remarkable that two proteins within
PeBoW complex carry a seven-bladed B-propeller. Moreover, other 20 AFs involved
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in ribosome biogenesis contain WD40 repeats that fold into B-propeller structure and
may mediate high-affinity protein-protein interactions that are extremely important
in such a complex pathway (Henras et al., 2008).
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1.3. WD40 domain

There are known many different structural motifs that appear in proteins and
allow them to interact with each other. Among them, B-propeller domain formed by
a repetition of segments called WD40 repeats is one of the most common
(Stirnimann et al., 2010). Although it is not frequent in Bacteria, it became one of
the most abundant protein domains in S. cerevisiae and remained widespread
through the evolution (Chaudhuri et al., 2008). WD40 repeats are 40-50 residues
long and often contain a conserved tryptophan-aspartic acid dipeptide (WD). Each
repeat folds into 4 anti-parallel B-strands that eventually form blades of the propeller
(Fig. 4.10) (Chen et al., 2011; Smith et al., 1999).

bottom

Figure 1.10 General features of WD40 repeats and B-propellers.

TOP: HMM logo of WD40 repeat representing the frequency of amino acids at given position within
the motif and the corresponding f-strands that are formed upon folding. BOTTOM: An example of a
seven-bladed P-propeller. The side view indicates the top/bottom orientation of the domain. Blade
numbering is shown in the middle (top view). A canonical fold of a whole WD40 repeat
demonstrates that strand D belongs to one blade whereas strands A, B and C form part of the
following blade. (From Stirnimann et al., 2010).
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By convention the first strand, called d, forms part of the blade n-1 whereas
the next 3 strands a, b and c belong to the subsequent blade (n). The strands are
connected by loops that can be very heterogeneous and, if long enough, may fold
into additional motifs that flank the blades and contribute to the enormous diversity
of the B-propellers (Xu and Min, 2011). The blades tend to close around an axis that
remains hollow and becomes the central channel of the domain. Geometrical
organization of the propeller allows to differentiate three well defined areas: the top
face formed by loops connecting strands “d-a” and “b-c”, the bottom face that
includes loops “a-b” and ““c-d”, being both faces perpendicular to the central axis,
and the circumference that comprises the lateral surface of the domain. From a
functional point of view, the top face has been described as the one that most
frequently interacts with binding partners, hence it contains a set of, so called, “hot
spot” residues that are most likely to be involved in intermolecular interactions (Wu
etal., 2012).

The number of WD40 repeats and, consequently, of the blades in a B-
propeller is variable although members of WD40 family usually contain six, seven
or eight blades. It is worth noting that there are other conserved families that fold
into propeller-like structures but do not possess WD40 repeats. Historically it has
been quite challenging to identify WD40 patterns in uncharacterized proteins
because, in spite of a highly similar structure, the sequence of the domain is
sometimes poorly conserved and in many cases the eponymous WD dipeptide is
missing (Wang et al., 2013). Actually the most conserved feature of the family, at
sequence level, is another aspartic acid residue (Garcia-Higuera et al., 1998). It
appears in the “b-¢” loops and is involved in maintaining blade organization by a
network of electrostatic interactions with other conserved residues. It forms part of a
structural triad that also involves a histidine that usually appears within a conserved
GH motif in the loop “d-a” and a serine/threonine from strand “b”. Triad formation
is not indispensable for the correct folding of B-propellers but it is present in the vast
majority of the cases.

Another particular feature of the domain is the way the circular structure is
closed, in other words, how the N-terminal and C-terminal ends are brought
together. The most common type of closure is achieved in a “velcro-like” manner
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which leads to a formation of the last blade by strands coming from the first and the
last WD-repeat. Often, the strand “d” of the first repeat joins strands “a”, “b” and “c”
from the last repeat and generates the closing blade (3+1 velcro). In several cases a
2+2 velcro or a closing that involves disulfide bridge formation have been described.

In general, the large surface of the domain, its compact structure and rigidity
make it a perfect platform to establish high-affinity interactions with other
macromolecules. Recently, it has been proposed that additional insertions or
extensions that appear between the blades can modulate the binding to different
ligands and confer the specificity of interactions (Xu and Min, 2011). The grade of
conservation of the WD40 domains and their involvement in a wide range of
molecular processes demonstrate the relevance and the versatility of B-propellers.
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OBJECTIVES

Nop7-Erbl-Ytm1 trimer has been studied for the last 15 years and its relevance
in eukaryotic ribosome biogenesis has been demonstrated. Striking phenotypes
caused by depletion of the corresponding genes led to functional studies that have
tried to elucidate the role of the complex in 60S assembly. However, only a limited
amount of information has been obtained so far, probably due to an incredible level
of complexity found in the pre-ribosomal complexes. In recent years a novel
approach, based on the cryo-electron microscopy (cryo-EM), has been developed in
order to study synthesis of the ribosome. Nevertheless, it requires high-resolution
structures of the involved proteins that can be placed into cryo-EM models and then
visualized in the context of the whole machinery.

Moreover, recent reports suggest that ribosome biogenesis plays crucial role
in cancer cells because it provides means for high levels of protein synthesis that are
required by fast proliferating cells. In fact, the genes coding for proteins of PeBoW
complex (mammalian ortholog of Nop7-Erbl-Ytm1) over-express in certain types of
tumors. Thus, one way of interfering with the development and growth of quickly
dividing cells could be achieved by altering ribosome assembly pathway. In order to
do so, a detailed knowledge about macromolecular interactions that occur during the
process is fundamental.

Given the available partial information on the assembly of the complex and
practically inexistent structural data regarding its architecture, the objectives of this
work were:

1. Reconstitute Nop7-Erb1l-Ytm1 trimer in vitro using heterologous expression
systems

2. Study the properties of the individual proteins and the interactions that occur
between them

3. Confirm previous findings regarding the segments of each protein involved in
complex formation

4. Solve the structure of the components of the complex, their domains and the
full trimer by means of X-ray crystallography

5. Corroborate any new structural information in the context of the cell

6. Investigate possible implications of altered association between Nop7, Erbl
and Ytm1 on cell proliferation and ribosome biogenesis.
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MATERIAL AND METHODS
3.1. Cloning

Plasmids used in this study were generated using commercially available
empty vectors: pOPIN vector suit was a gift from Dr. R. Owen’s (OPPF, Oxford)
and Dr. V. Rubio’s (IBV, Valencia) labs, pET28-NKI/LIC 6His/3C vector was
obtained from Dr. A. Perrakis group (NKI, Amsterdam), pNIC28-Bsa4 was received
from Dr. A. Marina’s lab (IBV, Valencia) and YCplac33/YCplacl11 vectors were
provided by Dr. Jesus de la Cruz (IBiS, Sevilla).

3.1.1. Preparation of pGKI vector

In order to switch from 6xHis-tag to GST-tag pET28-NKI/LIC 6His/3C vector
was modified. Nhel restriction site was generated by mutagenesis (detailed
description of the procedure is available in Section 3.3), after the sequence coding
for 6xHis-tag, using pNKI Nhel F and pNKI Nhel R oligos (Table 3.1). Resulting
plasmid was digested with Ncol and Nhel restriction enzymes (NEB) for 1h at 37°C
to remove the fragment corresponding to 6xHis-tag. GST-tag was amplified from
pGEX-6P-2 vector using GST Ncol F and GST Nhel R primers (Table 3.1).
Resulting PCR product was then cloned into Ncol/Nhel site of pET28-NKI/LIC
backbone. Created vector, called pGKI allows the expression of proteins with N-
terminal GST-tag that can be removed by 3C protease.

3.1.2. Preparation of constructs

The genes codifying proteins of interest were amplified by PCR using
oligonucleotides listed in Table 3.1. The primers included overhangs specific for the
chosen method of cloning (lower case letters in the sequences from Table 3.1) as
described later. The PCR reaction volume was 25 pl and contained: 5 pl Reaction
Buffer, 0.75 ul dNTPs mix (10mM each), Forward Primer 0.75 pl, Reverse Primer
0.75 pl, 1.25 pl DMSO, 0.25 pl of template DNA, 0.5 ul Kappa HiFi polymerase
and 15.75 pl of MQ-water. PCR reaction was performed with the following setup:

3 min at 95°C followed by 30 cycles of amplification (20 sec at 98°C; 20 sec at
desired Tm; 30 sec/kb at 72°C) and finally the reaction was incubated for additional
5 min at 72°C. Tm temperature and extension time varied depending on the
oligonucleotides used and on the size of the amplicon.
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Table 3.1 Oligonucleotides used to prepare the constructs described in this work.

The sequences of the overhangs compatible with corresponding vectors are shown in lower case.

Primer name
NOP7 LICF
NOP7 LIC R
NOP7 NKI F
NOP7-465 NKI R
NOP7-278 NKI F
ERBI1 NKI F
ERB1 NKI R
YTM1 pOPINE F
YTMI1 pOPINE R
YTMI pOPIN F
YTMI pOPIN R
Cht NOP7NKI F
Cht NOP7 NKI R
ChNOP7-350 NKI R
ChNOP7-350 NKI F
ChNOP7-466 NKI R
ChERB1 NKI F
ChERB1 NKI R
ChERB1-433 NKI F
ChYTM1 pOPIN F
ChYTMI1 pOPIN R
Erblwt Pstl F
Erblwt BamHI R

Sequence
5'-tacttccaatccatgAGAATCAAGAAGAAAAAC-3'

5'-tatccacctttactgCTATTTCTTGGAATCTAGTTT-3'

5'-cagggacccggt ATGAGAATCAAGAAGAAAAACACCAGAG-3'
5'-cgaggagaagcccggtta ACCAATAGCATCACCCCATGG-3'

5'-cagggacccggt ACTGAGATTGAGGAAGACGTAAAAG-3'

5'-cagggacccggt ATGATGGCTAAGAACAACAAAACTACCGAGG-3'
5'-cgaggagaageecggttaGGTGGTCCATAAGCGAGCCGTATTATC-3'
5'-aggagatataccatgACAGAAGATAAATCGCAGGTTAAAATCAGG-3'

5'-gtgatggtgatgttt GTTTTTGAAAATGTTGTCTCCTTTATTTATTTGAATC-3'
5'-aagttctgtttcagggcccgACAGAAGATAAATCGCAGGTTAAAATCAGG-3'
5'-atggtctagaaagctttaGTTTTTGAAAATGTTGTCTCCTTTATTTATTTGAATC-3'
5'-cagggacccggt ATGGGCAAGGCCAAGAAGAAGGG-3'
5'-cgaggagaageecggtta AGCCTTCTTCGCTGCCATTTCCTTC-3'
5'-cgaggagaagccecggttaGCCGCCGGGCGCG-3'
5'-cagggacccggtGGCGACGTACTCCCTCAACCC-3'
5'-cgaggagaagcccggttaGTTGATGCTGTCCCACACCCAC-3'

5'-cagggacccggt ATGGGGTCAAAAATAGTTGAAAAGAAGCG-3'
5'-cgaggagaagcccggttaCATCCATAACCTCGCCGTCCCATC-3'
5'-cagggacccggtCCCTCACCCGATGAGCTG-3'
5'-aagttctgtttcagggcccgATGGACGCCCCCATGGAGGACG-3'
5'-atggtctagaaagctttal TTTTGCTCGGTAACAATATTTCTTC-3'
5'-ccaagcttgcatgcCTGCAGGGCGAAATTTTTCTC-3'
5'-cggtacccggGGATCCAACCGCAATTACAGC-3'

PCR products were visualized on 1% agarose gels and purified using E.Z.N.A.
Cycle Pure Kit (Omega bio-tek). Resulting DNA fragments were then ligated into
corresponding plasmids using one of the three methods (as explained in Table 3.2)

e Ligase Independent Cloning (LIC): Vectors were linearized by
corresponding digestion with restriction enzymes and then both, vectors and
inserts were treated separately with T4 DNA polymerase (NEB) in 20ul
reaction mix that contained:
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Vector PCR product
T4 DNA polymerase Buffer 4ul T4 DNA polymerase Buffer 4ul

dTTP 0.5pul dATP 0.5pl
DNA 15.3ul DNA 15.3ul
T4 DNA Polymerase 0.2ul T4 DNA Polymerase 0.2ul

The mixtures were incubated 5 minutes at room temperature and then 10
minutes at 70°C in order to inactivate the enzyme. Next, 2ul of vector and
2ul of insert were mixed and left 5 minutes at room temperature.
Subsequently 1pl of 50mM EDTA was added and the reaction was
transformed into chemically competent E. coli DH5a cells

e In-Fusion Cloning was performed using In-Fusion Kit from Clontech
according to the manufacturer's manual and the resulting products were
transformed into E. coli DH5a.

e Sequence and Ligase Independet Cloning (SLIC): 2l of vector linearized
by restriction enzymes were mixed with 2ul of purified PCR product. Then
1ul of T4 DNA polymerase Buffer and 0.2pl of T4 DNA polymerase were
added. The mixture was incubated for exactly 1 minute at room temperature
and the immediately placed on ice and transformed into E. coli DH5a.

Table 3.2 summarizes the details of each construction described in this work and the
ligation method used in each case.

The transformation in each case was carried out according to the following protocol:

Sul of the reaction mixture were added to 100ul of cells and left on ice for 20
minutes. The cells were shifted to 42°C for 1.5 minutes and then placed on ice for
another 2 minutes. 0.5ml of fresh LB was added at the end and the resulting mix was
left for 1h at 37°C on rocking platform. Cells were pelleted down and resuspended in
50ul of fresh LB and plated on LB-agar containing antibiotics compatible with the
resistance provided by the plasmid. Successful cloning was confirmed by colony
PCR and two positive colonies from each transformation were picked and used to
inoculate 3ml of LB containing appropriate antibiotics which then was left over-
night at 37°C. The plasmid extraction was done using QuickGene-Mini80 device and
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QuickGene Plasmid kit S from FujiFilm. Resulting constructions were sequenced
and used for protein expression.

Table 3.2 Constructs prepared in the course of this work.

Primers as shown in Table 3.1 Method: Ligation Method used in each case.

Construct name

Nop7-pNIC
Nop7_465-pNKI
Nop7_278465-pNKI
Erb1-pNKI
Ytml-pOPINE
Ytm1-pOPINF
Ytm1-pOPINM
Ytml1-pOPINS3C
ChNop7-pNKI

ChNop7_350-pNKI

ChNop7_350466-
pNKI

ChErb1-pNKI
ChErb1_432Ct-pNKI
ChYtm1-pOPINF
ChYtm1-pOPINJ
Erb1-YCplac33

Erb1-YCplacl11
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Primers used
NOP7 LIC F
NOP7 LICR
NOP7 NKI F
NOP7-465 NKI R
NOP7-278 NKI F
NOP7-465 NKI R
ERB1 NKI F
ERB1 NKI R
YTM1 pOPINE F
YTM1 pOPINE R
YTM1 pOPIN F
YTM1 pOPIN R
YTM1 pOPIN F
YTM1 pOPIN R
YTM1 pOPIN F
YTM1 pOPIN R
Cht NOP7 NKI F
Cht NOP7NKI R
Cht NOP7NKI F
ChNOP7-350 NKI R
ChNOP7-350 NKI F
ChNOP7-466 NKI R
ChERB1 NKI F
ChERB1 NKI R
ChERB1-433 NKI F
ChERB1 NKI R
ChYTM1 pOPIN F
ChYTM1 pOPIN R
ChYTM1 pOPIN F
ChYTM1 pOPIN R
Erb1wt Pstl F
Erb1wt BamHI R
Erb1wt Pstl F
Erb1wt BamHI R

Template
genomic DNA
S.cerevisiae

Nop7-pNIC

Nop7-pNIC

genomic DNA
S.cerevisiae

Ytm1-pNKI
Ytm1-pNKI
Ytm1-pNKI

Ytm1-pNKI

genomic DNA
C. thermophilum

ChNop7-pNKI

cDNA C.
thermophilum

cDNA C.
thermophilum

ChErb1-pNKI

cDNA C.
thermophilum

cDNA C.
thermophilum

genomic DNA
S.cerevisiae

genomic DNA
S.cerevisiae

Vector
pNIC28-Bsa4
pET28-NKI/LIC
6His/3C

pET28-NKI/LIC
6His/3C

pET28-NKI/LIC
6His/3C

pOPINE

pOPINF

pOPINM

pOPINS3C
pET28-NKI/LIC
6His/3C

pET28-NKI/LIC
6His/3C

pET28-NKI/LIC
6His/3C

pET28-NKI/LIC
6His/3C

pET28-NKI/LIC
6His/3C

pOPINF

pOPINJ

YCplac33

YCplaclll

Method
LIC

LIC

LIC

LIC

In-
Fusion

In-
Fusion
In-
Fusion

In-
Fusion

LIC

LIC

LIC

LIC

LIC

SLIC

SLIC

SLIC

SLIC



MATERIAL AND METHODS
3.2. Generation of cDNA library from Chaetomium thermophilum

Since several genes of interest from Ch. thermophilum contained introns it
was necessary to prepare a library of cDNA in order to amplify those genes. The
strain CDS144.50 was purchased from Fungal Biodiversity Center/CBS, Utrecht,
The Netherlands. The fungus was grown in Eggins&Pugh medium as described in
(Mushtaq and Jamill, 2012). Resulting mycelium was collected by centrifugation at
4000 x g at 4°C.

First, total RNA was extracted from the mycelium using “SV total RNA
Isolation Kit” from Promega with the following adaptations:
1. 100 mg ground mycelium were resuspended in 600 ul lysis buffer by pipetting
100 times up and down in a 2 ml test-tube
2. 1200 pl of dilution buffer were added and incubated for 3 minutes at 70°C in a
water bath
3. The lysate was centrifuged 10 min / 20000 x g/ RT
4. The supernatant was split into two Eppendorf tubes (900 ul each)
5. 375 pl of 100% ethanol were added and mixed by inverting
6. Both solutions were transfered onto one Kit column (step by step)
7. 1000 pl of RNA wash solution were passed through the column
8. DNAse treatment was done as described in the manual
9. 75 ul nuclease free water were used to elute the RNA and it was stored at -80°C
(measured concentration with Nano Drop was 1 ug/ul approximately)

The quality of the extracted RNA was assessed by agarose gel
electrophoresis and resulting nucleic acid was used as a template for reverse
transcription: Total reaction volume of 20 pl (2 reactions were carried out at the
same time in order to produce higher amount of cDNA) contained: 7 pl total RNA
(approx. 7ug), 1 ul Oligo d(T) primer (50mM), 4 ul dNTPs (2.5 mM) and 2 ul MQ-
water. The reaction was incubated for 5 minutes at 65°C and then placed on ice for 1
minute. Then the mixture was completed with 4ul 5x Superscript Buffer
(Invitrogen), 1ul 0.1 M DTT and 1ul Superscript-IlI-Reverse Transcriptase
(Invitrogen)

Reverse transcription was done in a thermal cycler with the following setup: it
was left for 5 minutes at 30°C followed by 5 hours at 52°C and finally it was
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incubated for 15 minutes at 70°C. When completed, the reaction was purified with
E.Z.N.A. Cycle Pure Kit (Omega Bio-tek) and eluted cDNA was stored in Mili-Q
water at -20°C.

3.3. Site-directed mutagenesis

All mutants described in the present work have been generated by site-directed
mutagenesis using oligonucleotides resumed in Table 3.3. Whole plasmid
amplification by PCR was done in the following manner. Reaction mixture was set
up as for insert amplification described in 3.1.2. Reaction conditions were: 3 min at
95°C followed by 16 cycles of amplification (20 sec at 98°C; 20 sec at desired Tm;
30 sec/kb at 72°C) and finally the reaction was incubated for additional 5 min at
72°C. The PCR products were visualized on 0.8% agarose gels and the template
plasmid was removed by addition of 1.5 pl of Dpnl and subsequent incubation at
37°C for 1 h. 5 pl of the resulting mixture were used to transformed chemically
competent E. coli DH5a. The transformation and plasmid extraction were carried out
as described in 3.1.2. DNA was sequenced using suitable primers in order to confirm
successful mutagenesis.

Table 3.3 Primers used in mutagenesis.
The sequence corresponding to the mutated codon is underlined.

Primer name Sequence
ChERB E481RF  5-GTCAGAGTGTGGAGACTGCTTACAGG-3'
ChERB E481RR  5-CCTGTAAGCAGICTCCACACTCTGAC-3'
ChE E481D F 5-GTCAGAGTGTGGGATCTGCTTACAGGT-3'
ChE E481D R 5'-ACCTGTAAGCAGATCCCACACTCTGAC-3'
ChERB T484EF  5-TGGGAACTGCTTGAAGGTCGGCAGG-3'
ChERB T484ER  5-CCTGCCGACCITCAAGCAGTTCCCA-3'
ChE T484Q F 5"TGGGAACTGCTTCAAGGTCGGCAGGTT-3'
ChE T484Q R 5'-AACCTGCCGACCTTGAAGCAGTTCCCA-3'
ChERB R486AF  5'-GCTTACAGGTGCGCAGGTTTGGTC-3'
ChERB R486A R 5-GACCAAACCTGCGCACCTGTAAGC-3'
ChE R486E F 5-GCTTACAGGTGAGCAGGTTTGGTC-3'

ChE R486E R 5-GACCAAACCTGCTCACCTGTAAGC-3'
ChE V488W F 5-ACAGGTCGGCAGTGGTGGTCTGTCAA-3'
ChE V488W R 5'-TTGACAGACCACCACTGCCGACCTGT-3'
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MATERIAL AND METHODS
3.4. Protein expression in Escherichia coli

E. coli (DE3) BL21 CodonPlus (RIPL) was used to express all the
constructions of Nop7, Erbl, ChNop7 and ChErbl. The plasmids of interest were
transformed into chemically competent cells in a following manner:

0.5 pl of DNA was added to 50 ul of competent cells which were then incubated on
ice for 20 minutes. A heat-shock pulse of 45 seconds at 42°C was performed and the
cells were placed back on ice for another 2 minutes. 1 ml of LB was added to the
cells that were then incubated for 1 hour at 37°C. 100 pl of the cells were plated on
LB-agar containing appropriate antibiotics. The plates were left over-night at 37°C.

The general procedure that was carried out in order to check soluble protein
expression consisted in small-scale expression tests and small-scale affinity
purification. If satisfactory amount of protein was recovered, expression and
purification were scaled up.

3.4.1. Small-scale expression assays
Two colonies from E. coli (DE3) BL21 CodonPlus transformants were picked,
one to be tested for expression in LB medium and the other one in ZY medium.

e PTG expression test: 10ml of LB with antibiotics were inoculated
with one colony from LB-agar plate and left for 8h at 37°C. Then OD
was measured and adjusted to 0.5 by addition of fresh LB medium.
After another 30 minutes at 37°C the expression of the protein of
interest was induced with IPTG (final concentration of 0.5mM). The
culture was left at 20°C over-night.

e Auto-induction method: 10 ml of ZY containing MgCl,, NPS, 5052
and antibiotics were inoculated with one colony of E. coli and were
left at 37°C until OD of 1 was reached. Then it was changed to 20°C
and left over-night.

In both cases, the cells were collected by centrifugation 4°C / 4000 x g/ 15
minutes and washed with 1ml of PBS.

In order to assess expression levels and solubility of the proteins, small-scale
batch purifications were performed for each construction using Ni-NTA (for His-
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tagged proteins), Glutathione Sepharose 4B (for GST-tagged proteins) or amylose
(for MBP-tagged proteins) resins.

1. The pellet was resuspended in 300uL of the Lysis Buffer.

2. The sample was sonicated in a 1,5mL Eppendorf tube using UCD-
200 Bioruptor (Diagenode) at medium intensity (200W) with 30
seconds ON/30 seconds OFF cycles during 15 minutes

3. The sample was then centrifuged for 4°C / 21000 x g / 20 minutes in
order to separate the soluble protein fraction

4. The supernatant (approx. volume 300uL) was then added to SOuL of
beads which had been previously washed with 1mL of water and
equilibrated with ImL of corresponding wash buffer. (Ni-NTA beads:
Buffer A (HS); Glutathione Sepharose 4B beads and amylose beads:
Buffer SE)

5. The sample was left on a nutator at 4 °C for 15 minutes to allow
protein binding to the beads

6. The beads were then washed three times with 1mL of wash buffer
each

7. Finally, 50uL of elution buffer were added in order to elute the
protein

30uL of the sample were taken at each step and the presence of soluble
protein was analyzed on by SDS-PAGE.

3.4.2. Large-scale expression

Those proteins that were successfully expressed at small-scale were
subsequently scaled-up in order to carry out large-scale purification. Depending on
the result of the beads-based purification either expression in LB induced with IPTG
or ZY/auto-induction was chosen (Table 3.4 summarizes expression method used in
each case).

e [PTG expression: 50ml of pre-culture were inoculated with
corresponding strain and were left over-night at 37°C. Next day,
950ml of fresh LB were mixed with the pre-culture and left at 37°C
until the OD was 0.6-0.8. At this point, 0.5ml of 1M IPTG were
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frozen in liquid nitrogen and stored at -80°C until use.

MATERIAL AND METHODS

added to the culture and the flasks were left at 20°C over-night.

Auto-induction: The large-scale protocol was adapted from Studier
(Studier, 2005). Single colony was inoculated in 5ml of pre-culture
containing ZY medium, ImM Mg,SOy, 0.8% of glucose, 1x NPS and
atibiotics. It was left over-night at 37°C and subsequently it was
transferred into 500ml of inducing media that contained: ZY, ImM
Mg,SOy4, 1x 5052, 1x NPS and antibiotics. It was incubated at 37°C
and once it reached OD of 1 it was shifted to 20°C and left over-night.
In each case, resulting cultures were centrifuged 4°C / 3500 x g / 1h and the pellets
were washed with 50ml of PBS, centrifuged 4°C / 4000 x g / 30 minutes and then

Table 3.4 Summary of expression conditions and purification methods of the proteins used in

this study.

Host column shows the organism that has been used for protein production (BL21 C+: E. coli (DE3)
Codon Plus strain; Sf9: Spodoptera frugiperda cells). The last column indicates the purification steps
that were performed for each protein and are explained in section 3.6 (His: Affinity chromatography
of His-tagged proteins; Hep: Affinity chromatography using HiTrap Heparin HD column; GST:

Affinity chromatography of GST-tagged proteins; SE: Size exclusion chromatography).

Protein
Nop7
Nop7.465
Nop727s.465
Erbl
Ytml
Ytml
ChNop7
ChNop7,.350
ChNop7350.466
ChErbl
ChErb143;-801
ChYtml
ChYtml

Residues
1-605
1-465
278-605
1-807
1-460
1-460
1-679
1-350
350-466
1-801
432-801
1-495
1-495

Tag (cleavage site)

6xHis (TEV) — Nterm
6xHis (3C) — Nterm
6xHis (3C) — Nterm
6xHis (3C) — Nterm
6xHis (3C) — Nterm
6xHis (NO) — Cterm
6xHis (3C) — Nterm
6xHis (3C) — Nterm
GST (3C) — Nterm
6xHis (3C) — Nterm
6xHis (3C) — Nterm
6xHis (3C) — Nterm

Host
BL21C+
BL21C+
BL21C+
BL21C+
SO
SO
BL21C+
BL21C+
BL21C+
BL21C+
BL21C+
SO

6xHis-GST (3C) - Nterm  Sf9

Expression method

0.5mM IPTG /20°C /16h
Autoinduction
Autoinduction
Autoinduction
Baculovirus / 72h
Baculovirus / 72h
0.5mM IPTG / 20°C/16h
Autoinduction
Autoinduction
Autoinduction
Autoinduction
Baculovirus / 72h

Baculovirus / 72h

Purification
His-SE
His-SE
His-SE
His-SE-Hep
His-SE
His-SE
His-SE
His-SE-Hep
GST-SE
His-Hep-SE
His-Hep-SE
His-SE
GST-SE
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3.5. Protein expression in insect cells using baculovirus.

Both, Ytml from Saccharomyces cerevisiae (ScYtml) and Ytml from
Chaetomium thermophilum (ChYtml) could not be expressed in a soluble form in E.
coli. It required a eukaryotic expression system and insect cells were the method of
choice. A high-throughput method developed at OPPF (Oxford Protein Production
Facility, UK) allowed to clone and test expression levels of ScYtm1 using pOPIN
vectors suite. ScYtml was cloned into pOPINE (C-terminal, non-cleavable 6xHis-
tag), pOPINF (N-terminal 6xHis-tag removable with 3C protease), pOPINM (N-
terminal 6xHis-tag followed by an MBP-tag and 3C cleavage site) and pOPINS3C
(N-terminal 6xHis-tag followed by SUMO-tag removable with SUMO-specific
protease) plasmids and protein expression was tested in Escherichia coli, ST9 cells
and HEK293T cells (transient expression).

0.5ul of Py baculovirus stock of ScYtml (N- or C-terminally His-tagged)
produced at OPPF (UK) were amplified in 30ml of Sf9 cells (1.5x10%ells/ml)
grown in Sf900II medium (Life Technologies) at 27°C for 5 days. Resulting P; virus
were used for protein expression at large-scale. 10ml of P; stock were added to
300ml of Sf9 cells at 1.5x10%ells/ml and the culture was left at 27°C for 72h.
Infected cells were collected by centrifugation at 4°C / 1000 x g / 15 minutes and
washed with PBS with a subsequent centrifugation step with the same setup.
Resulting pellets were frozen in liquid nitrogen and kept at -80°C until use.

ScYtm1-pOPINJ, ChYtmI-pOPINJ and ChYtm1-pOPINF were generated by
In-Fusion cloning as previously described and used for Sf9 cells transfection as
follows:

1. Ian Jones bacmid (Zhao et al., 2003) preparation:

e The bacmid was extracted from 5Sml E. coli culture using
Qiaprep Spin Miniprep Kit (Qiagen)

e 150 pg of bacmid were digested with Bsu36I for 3h at 37°C
and then incubated for 20 minutes at 72°C to inactivate the
enzyme

e aliquots of 1 pg of bacmid were prepared and stored at -20°C
until use
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2. 2 ml of Sf9 cells were disposed on a six-well plate (1x10° of
cells/well) and the plate was left at 27°C for 1h

3. Transfection mix was prepared (per well): 200 pl of Sf900II medium,
1 pg of Ian Jones bacmid, 1 — 1.5 pg of pOPIN-derived plasmid and 4
ul of FugeneHD (Promega) and was left for 30 minutes at room
temperature

4. Transfection mix was added to each well containing Sf9 cells

The plate was left at 27°C and was visually inspected each 24h.

b

6. Approximately 5-6 days after transfection, the supernatant containing
Py virus was collected from each well

The cells from each well were lysed using 100 pl of FastBreak Cell Lysis
Reagent (Promega) and the lysate was centrifuged at 4°C / 21000 x g / 15
minutes in order to separate the soluble fraction. Both, soluble and insoluble
fractions were then loaded on an SDS-PAGE gel and then blotted on a
nitrocellulose membrane that was subsequently incubated with Anti-6xHis
Antibody (Roche) in order to assess successful transfection by detection of
recombinant proteins.

Py virus were further amplified and used for large-scale protein expression in
300ml of SOO0II medium as described previously.

3.6. Protein purification

The composition of the buffers used in different purification steps is listed in
Table 3.5.

3.6.1. Protein extraction

Soluble proteins were recovered in a similar manner for both, E. coli and S{9,
cultures. Frozen cell pellet was thawed on ice and resuspended in 30ml of cold Lysis
Buffer supplemented with one pill of Complete EDTA-free Protease Inhibitor
Cocktail (Roche) and 10mM imidazole (His-tagged proteins only). The cells were
lysed by sonication during 30 minutes (15 minutes in case of Sf9 cells) (1 second
ON + 1 second OFF pulses) using W75042 Sonicator (Fisher Scientific). The sample
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was centrifuged for 35 minutes at 17000rpm (Sorvall SS-34 Rotor) at 4°C and
resulting supernatant was passed through 0.45um filter (VWR).

Table 3.5 Buffers used in protein purifications.
Low-salt buffers (LS) are identical as high-salt buffers (HS) except for NaCl concentration. LS
buffers were used when Heparin HiTrap column was included in the purification scheme.

Buffer Name Component Buffer Name Component
Lysis Buffer Hepes pH 7.5 50 mM  Buffer A (LS) Hepes pH 7.5 50 mM
NaCl 500 mM NaCl 150 mM
glycerol 10.00% glycerol 5.00%
Triton X-100 0.10% imidazole 20 mM
B-mercaptoethanol 5 mM B-mercaptoethanol 2 mM
Buffer A (HS) Hepes pH 7.5 50mM  Buffer B (LS) Hepes pH 7.5 50 mM
NacCl 500 mM NacCl 150 mM
glycerol 5.00% glycerol 5.00%
imidazole 20 mM imidazole 500 mM
B-mercaptoethanol 2 mM B-mercaptoethanol 2 mM
Buffer B (HS) Hepes pH 7.5 50 mM
NaCl 500 mM
glycerol 5.00%
imidazole 500 mM
B-mercaptoethanol 2 mM
Buffer SE Hepes pH 7.5 20 mM
NacCl 150 mM
glycerol 5.00%
B-mercaptoethanol 2 mM
Buffer BGH Hepes pH 7.5 20 mM
NaCl 150 mM
glycerol 5.00%

reduced gluthathione 20 mM
B-mercaptoethanol 2 mM

3.6.2. Affinity chromatography of His-tagged proteins.

IMAC chromatography was performed using 5ml HisTrap FF (GE
Healthcare) columns. Initially, the column was washed with 10 colum volumes
(CVs) of water and then it was equilibrated with 10 CVs of Buffer AHS. Filtered
lysate was then loaded on the column. Next, additional 40 ml of Buffer AHS were
passed in order to wash the column. The protein of interest was eluted from the
column using FLPC system AKTAPurifier (GE Healthcare). Increasing
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concentrations of Buffer BHS initially allowed to remove contaminants that attach to
Ni2+ with low affinity. Eluted fractions were checked on SDS-PAGE and those that
contained protein were mixed and concentrated using Amicon Ultra (Milipore) with
30 kDa or 50 kDa cutoff until the volume was of 1 ml.

Described procedure was slightly modified for proteins that tend to bind
nucleic acids. After they were loaded on the column and washed with 40ml of
Buffer AHS, a second step of wash was done using buffer with lower amount of
NaCl (Buffer ALS). Elution was performed with buffer BLS so that the osmotic
pressure would not interfere with the subsequent purification on HiTrap Heparin
column. Eluted fractions that contained protein of interest were mixed.

3.6.3. Affinity chromatography of GST-tagged proteins.

Cleared lysate was loaded on a 5 ml GSTrap FF column (GE Healthcare)
previously washed with 10 CVs of water and another 10CVs of Buffer SE. 30 ml of
Buffer SE were passed through the column in order to remove unbound proteins.
The elution was done using Buffer GSH. Eluted fractions were then analyzed on a
10% SDS-PAGE and those that contained GST-protein were concentrated in a 50
kDa Amicon Ultra. When the removal of GST tag was convenient the fractions
containing GST-tagged protein were pooled, Prescission Protease (PP) was added to
a final concentration of 1 pg/ml and the mixture was left over-night at 8°C. Then it
was passed again through GSTrap column in order to remove uncleaved protein,
GST tag alone and PP protease. The flow through of the column was then
concentrated and injected in gel filtration column.

3.6.4. Affinity chromatography using HiTrap Heparin HD column.

Proteins that co-purified with nucleic acids were subjected to additional
purification steps after they were eluted from HisTrap. The column was washed with
10CVs of water and the equilibrated with 10CVs of Buffer SE. The sample
containing protein eluted from HisTrap was loaded on the column which was ten
washed with 30ml of Buffer SE. The elution was achieved increasing NaCl
concentration (Buffer BHEP) in a linear manner. The absorbance at 260 and 280 nm
was constantly monitored in order to detect nucleic acid-free protein fractions that
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were then checked on a SDS-PAGE gel. Fractions containing the protein were
mixed and concentrated up to 1 ml.

3.6.5. Size exclusion chromatography (gel filtration).

After affinity chromatography, concentrated protein was injected into
Superdex 200 16/60 column (GE Healthcare) previously equilibrated with Buffer
SE. Elution of the protein was monitored by absorbance at 280 nm. Fractions
corresponding to the peaks were run on a 10% SDS-PAGE in order to confirm
protein presence. Those containing pure monomeric protein were mixed and
concentrated using Amicon Ultra until the volume was below 500 pl (depending on
the amount and solubility of each protein). The concentration of the protein was
measured using Bradford reagent (Bio-Rad). The sample was then aliquoted and
flash-frozen in liquid nitrogen.

3.7. Protein stability assays

In order to check thermal properties of the proteins and to confirm enhanced
stability of those corresponding to Chaetomium thermophilum Thermofluor assay
(Pantoliano et al., 2001) was performed as follows: The protein was diluted to the
final concentration of Img/mL in Buffer SE up to 198uL of the total sample volume.
2uL of SyproOrange Protein Gel Stain (Sigma) were added. 4uL of the mix were
added to each of the 48 wells of the PCR plate (Rows A to D) (Table 4.6). 20uL of
the sample from each well from rows A to D were transferred to the corresponding
wells in rows E to H. The plate was sealed with a plastic film and it was centrifuged
1 minute at 4000rpm/4°C. The plate was then analyzed in the Fast 7500 Real Time
PCR system (Appiled Biosystems). The run was set up to start at 20°C and the final
temperature reached after 65 cycles was 85°C; the fluorescence emission was
measured at 550 nm. The data were analyzed using GraphPad Prism software and
the wells with the highest V50 score were considered to contain the optimal
conditions to enhance the protein stability.
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Table 3.6 Schematic organization of the conditions tried in Thermofluor assays.
The variable component of each condition is shown in red

1 2 3 4 D) 6 7 8 9 10 11 12
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3.8. Native gel electrophoresis

Total amount of 20 ug of protein was mixed with 5X Sample Buffer (0.3M
Tris-HCI pH 8.5, 0.05% (w/v) bromophenol blue, 40% (v/v) glycerol) and loaded in
an 8% native polyacrylamide gel. The gel vas previously pre-ran for 40 minutes in
Tris-Glycine running buffer at pH 8.3. The samples were run on the gel at 4°C for 3h
and the voltage used was 100V.

3.9. Measurement of binding in vitro
3.9.1. Poly(U)-agarose beads binding.

Approximately 20ul of the polyuridylic acid-agarose (polyU) were used by
assay. The beads were equilibrated 5 times with 500ul of reaction buffer each
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(50mM Tris pH 8; 100mM NaCl; SmM MgCI2; 3mM DTT; 0.1% Triton-X100 and
0.1 mg/ml BSA) then 500ul of the sample containing 200pg of protein diluted in the
reaction buffer were loaded on the beads and incubated at room temperature for 30
minutes. Unbound protein was removed by washing the beads five times with wash
buffer (50mM Tris pH 8; 100mM NaCl; 5SmM MgCI2; 3mM DTT; 0.1% Triton-
X100). The bound fraction was eluted by addition of 30ul of 6x loading buffer and
boiling for 5 minutes at 95°C. The samples were then analyzed on 10%
polyacrylamide gel. The saturation was studied by incubating the protein sample
with 0.1mg/ml or 1mg/ml of free polyuridylic acid for 30 minutes before it was
loaded onto the beads.

3.9.2. Electrophoretic mobility shift assay (EMSA)

30ng of dsDNA (120 base pairs) were incubated alone or with different
amounts of ChErb143,.50; in SE Buffer for 30 minutes on ice. Then the samples were
mixed with 6X Sample Buffer and run on 1% agarose gel at 4°C to avoid protein
denaturalization. In order to visualize nucleic acids 1X GelRed (Biotium) was added
to the gel.

3.9.3. Pull-down.

100pg of bait protein in Buffer SE were loaded onto 50ul of beads
equilibrated with the same buffer. After 15 minutes of incubation on ice the beads
were extensively washed with Buffer SE and equimolar amounts of putative binding
partner were added to the beads and left on ice for 15 minutes. Free protein was
removed in three wash steps (1ml of Buffer SE each) and the bound fraction was
eluted with corresponding elution buffer. Samples from the input, final wash and
elution steps were analyzed on SDS-PAGE gel. For 6xHis-tagged proteins NTA
Agarose Beads (ABT) were used, Sepharose Glutathione 4B beads (GE Healthcare)
were chosen for GST-tagged proteins and in case of MBP-tagged molecules
Amylose Resin from NEB was applied.

3.9.4. Bio-layer Interferometry.

Biolayer interferometry system (BLItz, PALL) was used to calculate KD
values for the interaction between ChYtml and ChErbl or ChErb1432-801 versus
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ChErbl mutants. A sample containing 40ng/ul of GST-ChYtml1 in SE Buffer was
loaded onto Anti-GST Biosensor (ForteBio) during 180s which was followed by 60s
of equilibration in Buffer SE. Next, association and dissociation steps (180s each)
were carried out using different concentrations of binding partners also diluted in SE
Buffer. Curve fitting and KD calculation were done using BLItz Pro 1.2 Software.

BioLayer Interferometry also served to determine dissociation constant for
the interaction between ssSRNA and ssDNA and the B-propeller domain of ChErbl.
A sample containing 50ug/ml of 15 nucleotide-long 5’-biotinylated polyU or 20
nucleotide-long 5’-biotinylated DNA from Sigma-Aldrich was immobilized on
Streptavidin biosensors (Forte Bio) previously hydrated with sample buffer (50mM
Hepes pH 7.5; 150mM NaCl; 5% glycerol and 2mM B-mercaptoethanol). Increasing
amounts of ChErblas;.g0; (were used in association and dissociation steps. Curve
fitting of triplicates and Kp calculation were carried out with BLItz Pro 1.2 software.

3.9.5. Isothermal Titration Calorimetry (ITC).

Nano ITC from TA Instruments was used to perform the measurements. The
experiments were done at 20°C and consisted of 24 serial injections of 1.5ul of
280uM 6xHis-ChYtml into the cell compartment containing 170ul of 23uM 6xHis-
ChErbl43;.501. Both samples were diluted in Buffer SE. The heat was corrected by
subtracting heat of dilution measured by injecting 280uM 6xHis-ChYtml into the
cell compartment containing 170ul of SE Buffer only with the same experimental
setup. Base-line correction was done with Nitpic and for data fitting and binding
kinetics calculation Sedphat software was used (Houtman et al., 2007; Keller et al.,
2012). The graphs were generated with GUSSI .

3.10. Protein crystallization
3.10.1. Crystals of Erb1416_807

After size exclusion chromatography, concentrated samples of Nop7 and
Erbl were mixed in equimolar amounts and injected into Superdex200 16/60
column equilibrated with SE Buffer. The 5ml fractions corresponding to the
heterodimer were mixed, concentrated and used for crystallization. Initial
crystallization trials were performed at 21°C, the concentration of Nop7-Erbl
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complex was 80mg/ml and drops containing 0.3ul of protein sample and 0.3ul of
reservoir were set up. Crystals diffracting up to 2.9A were obtained in 0.1M Hepes
pH 7.5; 10% Polyethylene glycol 8000 and 8% ethylene glycol. In order to improve
crystal size and resolution we performed an optimization screen based on the
Hampton Additives kit, the protein concentration used was 60mg/ml and the drop
size of 0.5ul for protein sample, 0.5ul for reservoir and 0.1ul of additive was added.
Crystals obtained in the original screening and from the Hampton Additives
screening were flash-cooled in liquid nitrogen and diffracted at Diamond Light
Source (Harwell, UK) 124 and 103 beamlines. The maximum diffraction up to 1.6A
was obtained with crystals grown with addition of 30% of ethanol. The crystals
contained one molecule per asymmetric unit and the space group was P 21 21 21
with the following unit cell parameters: a = 52.026A, b = 62.432A, ¢ = 158.22A;
a=B=y = 90.00°. The data were processed using XDS (Kabsch, 2010), merged and
scaled in CCP4 (Winn et al., 2011). Molecular replacement was done in parallel
using MR module of Phenix (Adams et al., 2010) and Balbes on-line MR suite
(Long et al., 2008). The search model used in phenix.mr was a poly-Ala B-propeller
based on the input model chosen by Balbes database search (PDB: 2H13), which
corresponds to an unrelated WDA40 protein, WDRS5, engaged in histone binding.
Obtained model and initial phases were then used for additional model building
cycle by AutoBuild module from Phenix. The final structure was then refined
combining phenix.refine suite and manual refining in Coot (Emsley et al., 2010)
until the final r factors were R = 16.0% and R free = 17.4%. Data collection and
refinement statistics are shown in Table 1. The model and structure factors were
deposited in Protein Data Bank with PDB ID: 4U7A.

3.10.2. Crystals of ChErb1432_801-Chth1

ChErb1457.50-ChYtml dimer in P6s 2 2 space group. Hexagonal crystals
were obtained upon crystallization trials of ChErbl full-length mixed with ChYtml
(1:1 ratio, final concentration 38 mg/ml). Initial sitting-drop crystallization
screenings were performed at 294K. The best resolution was achieved for crystals
that grew in 15% PEG 4000; 0.1M sodium citrate pH 5.6; 0.2M Ammonium Sulfate
that diffracted up to 3.2A in XALOC beamline of ALBA Synchrotron (Spain). Data
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were processed using iMosflm (Leslie and Powell, 2007) and CCP4 and the phasing
was done using a combined Molecular Replacement approach. In the first step
Balbes server was used to place the B-propeller of ChYtml. Resulting model,
altogether with the PDB of previously solved Erbl4;s.g0; from yeast, were used as
input for Phaser-MR module from Phenix. Next, AutoBuild from Phenix partially
placed residues corresponding to both propellers. The final model was completed by
manual fitting of missing loops and regions of the UBL domain of ChYtml. Cycles
of phenix.refine and manual refinement were performed in order to obtain the final
structure with its R and Ry, factors of 19.4 and 23.9 (%) respectively

ChErb1 435.501-ChYtml dimer in P2; 2; 2 space group. Orthorhombic crystals
appeared in sitting drops that contained ChNop7-ChErbl1-ChYtml trimer (35
mg/ml) and the best diffracting crystals were obtained in 20% PEG 8000 and 0.1M
Hepes pH 7.5 at 294K. The crystals were cryo-protected by adding 10% ethylene
glycol to the crystallization condition and flash-cooled in liquid nitrogen. The data
were collected at100K at 104 beamline at DLS facility (UK) where automated data
processing was performed by xia2 pipeline (Winter, 2009). The highest resolution
dataset (2.1A) was used for phasing with Phaser-MR from Phenix and the refined
3.2A structure served as the input model. The resulting model was refined and the
position of UBL domain of ChYtml was manually corrected in Coot. The final
structure was refined manually and with phenix.refine, until the values of R and Ry
of 16.4% and 21.3% were reached.

ChErbl 435.501/R468]-ChYtml dimer in P65 2 2 space group. Crystals grew in
a drops containing 0.3pul of ChErb1R486E43,.50;/ChYtm1 at 6 mg/ml with 0.3ul of
0.IM Hepes pH 7.5 and 2M ammonium sulfate. They were flash-cooled in liquid
nitrogen and diffracted at 100K at 102 Beamilne of DLS Synchrotron (UK).
Acquired data were automatically processed and scaled with xia2. Phenix.refine was
used for phasing and the P65 2 2 structure of ChErbl4s7.501/ChYtm1 was used as
input. Resulting model was manually inspected with Coot and refined using
phenix.refine. Final R and Ry values were 20.2% and 26.2%, respectively.
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3.11. Bioinformatics tools used for structure and sequence analyses and
representation.

PISA Server was used to assess biological assembly of the PDB models in
solution and to compute buried area of the dimer (Krissinel and Henrick, 2007).
CONTACT module from CCP4 served to identify residues involved in dimer
formation. Similarity searches were done against PDB Database using Dali
webserver and iPBA server (Gelly et al., 2011; Holm and Rosenstrém, 2010).
Electrostatic potential was assigned by APBS tool in Chimera (Baker et al., 2001;
Meng et al., 2006). Superimposition of structures and RMSD calculation was
performed with MatchMaker module from Chimera. Chimera suite was also used to
generate structure figures. Sequence multi-alignments were done using T-coffee
webserver tool integrated in JalView (Notredame et al., 2000; Waterhouse et al.,
2009), which was also used to depict protein sequences. WDSP server was used to
predict WD40 repeats and hot-spot residues in Erbl and Ytm1 (Wang et al., 2013).
Docking of polyA into Erb1Ct structure was performed with HADDOCK server (de
Vries et al., 2010).

3.12. Functional assays in S. cerevisiae
3.12.1. Yeast strains and plasmids used.

The strains discussed in this study have been prepared in the laboratory of
Dr. Jesus de la Cruz at Instituto de Biomedicina de Sevilla (IBiS), Seville, Spain.

BY4741 was used as the parental strain (Brachmann et al., 1998). Strain
JDY 1232 (BY4741 but erbl::kanMX4) is a haploid segregant of Y26184
(Euroscarf) that requires a plasmid-borne copy of erbl for cell viability.

To generate YCplacl11-Erbl and YCplac33-Erbl, a 4150 kb Pstl/BamHI
fragment containing the Erbl ORF and 1000 bp up- and downstream the ATG and
stop codons, respectively, was amplified from genomic DNA of the BY4741 strain
and cloned into the Pstl/BamHI-restricted vectors YCplacl11 and YCplac33 (for
details regarding oligonucleotides and cloning procedure check section 3.1.2). Both
constructs apparently complemented the erb1 null allele to the wild-type extent.
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The mutant erbI[R470E] was generated by site-directed mutagenesis in
YCplac111-Erbl with appropriate primers (Table 3.1) and confirmed by sequencing.
This construct and YCplacl11-Erbl were transformed into the shuffle strain
JDY1232-YCplac33-ERB1 and subsequently the YCplac33-Erbl was counter-
selected on plates containing 5-fluoroorotic acid (5-FOA).

3.12.2. Yeast transformation

For each transformation to be done 1 ml of corresponding medium was
inoculated with yeast and was grown over-night until the OD was 0.9-1. The cells
were pelleted, washed with sterile water and pelleted again. 100 pl/transformation of
Solution I (10mM Tris-HCI pH 7.5, ImM EDTA pH 8, 100mM lithium acetate)
were added to the cells. For each transformation 5 pl of salmon sperm (10mg/ml)
were dispensed in an Eppendorf tube and it was mixed with approximately 1 pg of
plasmid. Then 100 pul of cells were added to each tube and the mixture was vortexed.
Next 600 pl of Solution II (10mM Tris-HCI pH 7.5, ImM EDTA pH 8, 100mM
lithium acetate, 40% PEG 3350) were added and gently mixed with the cells.
Transformation reaction was incubated for 30 minutes at 30°C in a thermomixer and
then it was kept at 42°C for 15 minutes. Finally, the cells were pelleted down,
resuspended in 80 pul of sterile water and plated on selective media.

3.12.3. Protein extraction from yeast

Extraction of proteins from yeast was done as follows: 20ml of suitable
medium were inoculated with one colony and grown until log phase. The cells were
centrifuged for 5 minutes at 4000 rpm, washed with water and then pelleted again.
100 pg of glass beads and 100 pl of Lysis Buffer (50mM Tris-HCI pH 7.5, NaCl
100mM, 1.5mM MgCl,, 0.15% NP40) were added to the pellet. The cells were lysed
during 40s using FastPrep. Resulting lysate was centrifuged for 10 minutes at 13000
rpm/4°C in order to separate soluble proteins from the glass beads and cell debris.
Protein concentration was measured in the supernatant which was then used for
western blotting.
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3.12.4. Immunoblotting

Purified Nop7, Erbl and Ytm1 were used for rabbit immunization at “Centro
de Produccién y Experimentacion Animal” facility (Sevilla, Spain) in order to
produce antibodies. Gel electrophoresis of 10% SDS-PAGE was done during 1h at
100V, next the proteins were transferred to nitrocellulose membrane for 2h at 80V.
The membranes were blocked with 5% (w/v) nonfat dry milk for 1h, incubated with
the primary antibody (1:10 000 dilution) over-night, washed with TBST and
incubated with Goat Anti-Rabbit antibody (GE Healthcare, 1:5000 dilution) for one
hour. Subsequently the membranes were washed with TBST and the presence of
HRP conjugated antibodies was detected using ECL Western Blotting Substrate
(Pierce).

3.12.5. Polysome profiling.

200ml of YPD medium were inoculated with yeast and were grown until the
OD was 0.5. Iml of cyclohexamide was added to the culture and it was left on ice
for 5 minutes. Next, the cells were collected by centrifugation for 5 minutes / 5 000
x g / 4°C and washed with 20 ml of Lysis Buffer (10mM Tris-HCI pH 7.5, 100mM
NaCl, 30mM MgCl,, 100 pg/ml cyclohexamide, 200 pg/ml heparin, 0.2 ul/ml
DEPC) and pelleted again for 5 minutes / 5 000 x g / 4°C. Finally, the pellet was
resuspended in 1ml of Lysis Buffer and transferred to a 1.5 ml Eppendorf tube and
spun down for 1 minute. Approximately 400 pl of Lysis Buffer and the same
volume of glass beads were added to the cells that were then disrupted by vortexing
for 8 minutes at 4°C. The lysate was separated from the beads by filtration and the
insoluble debris were removed by centrifugation for 10 minutes / 13 000 x g /4°C.
The supernatant was collected and flash-frozen in liquid nitrogen upon use.
Polysome extracts were loaded on 10-50% sucrose gradient and ultra-centrifuged for
2h 45 / 39000 x g / 4°C. Gradient analysis was performed using ISCO UA-6
gradient UV-detection and gradient collection system with continuous monitoring at
Ajss. If required 500 pl fractions were collected from the gradients and then
subjected to trichloroacetic acid (TCA) protein precipitation. Briefly, 50 ul of TCA
were added to each 500 pl fraction. After centrifuging for 10 min at 4°C / 13 000 x
g, the pellets were washed twice with cold acetone. Finally, Sample Buffer was
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added to the pellet and it was boiled at 95°C for its subsequent use in SDS-PAGE
and Western Blotting.

The following methods were not directly performed by PhD candidate but in
collaboration with Dr. Jests de la Cruz and the results of the experiments are
presented as a part of this work.

3.12.6. Ribosomal subunits fractionation

Cells were grown as in 3.12.5. They were treated with ImM of NaN3 for 20
minutes and cyclohexamide was omitted. The lysis buffer used in this case was
50mM Tris pH 7.5, 50mM NaCl and 1mM DTT. Cell lysis and subsequent steps
were performed as in 3.12.5 with the only difference being the ultra-centrifugation
time which in this case was 4h.

3.12.7. RNA extraction, northern blot and primer extension.

RNA extraction, northern blot hybridization and primer extension analyses
were carried out according to standard procedures (Venema et al., 1998). In all
experiments, RNA was extracted from samples corresponding to 10 ODgg units of
exponentially grown cells. Equal amounts of total RNA (5 pg) were loaded on gels
or used for primer extension reactions. Specific probes, whose sequences are
described in (Rosado and de la Cruz, 2004), were 5'-end labelled with [y32-P] ATP.
Signal intensities were quantified using a FLA-5100 imaging system and Image
Gauge (Fujifilm).

The following oligonucleotides were used: 5'A, (5'-GGTCTCTCTGCTGCCGG-3'),
D/A; (5'-GACTCTCCATCTCTTGTCTTCTTG-3"), Ay/A; (5'-TGTTACCTCTGGGCCC-
3", E/C, (5'-GGCCAGCAATTTCAAGTTA- 3'), C/C, (5'-GAACATTGTTCGCCTAGA-
3, 18S (5'-CATGGCTTAATCTTTGAGAC-3"), 5.8S (5'-TTTCGCTGCGTTCTTC ATC-
3", 5S (5'-GGTCACCCACTACACTACTCGG-3)
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RESULTS

4.1. Reconstitution of Nop7-Erb1-Ytm1 from S. cerevisiae
4.1.1. Expression and purification of Erb1

6xHis-Erbl (94 kDa) was successfully expressed in Escherichia coli (DE3)
BL21 CodonPlus strain using autoinduction protocol. Soluble protein was purified
using HisTrap column followed by size exclusion chromatography and HiTrap
Heparin (Fig. 4.1). The protein co-purified with large amount of nucleic acids that
were removed in Heparin purification step. Large amounts of bacterial proteins were
co-purifying with Erbl after HisTrap column but they were efficiently removed by
HiTrap Heparin. In gel filtration two distinct peaks were observed and corresponded
to higher oligomers or aggregates and monomeric forms of Erbl. Recombinant
protein resulted to be highly soluble and the fractions of Erbl eluted from Hitrap
Heparin column could be concentrated up to 50mg/ml.
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Figure 4.1 Purification of Erb1.

a) Chromatogram showing elution profile from gel filtration column. The monomer of Erb1 eluted at
68ml, volume equivalent to 135 kDa b) 10% SDS-PAGE shows fractions corresponding to the
chromatogram. Black bar indicates fractions corresponding to higher oligomerization states or
aggregates of Erbl. Red bar marks fractions containing monomeric Erbl that were then passed
through HiTrap Heparin in order to remove contaminations. c) 10% SDS-PAGE representing
fractions eluted from HiTrap Heparin column. Molecular weight of each band in the MW marker is
shown in kDa.
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4.1.2. Expression and purification of Nop7

6xHis-Nop7 (72 kDa) expression was achieved using E. coli (DE3) BL21
CodonPlus in LB medium induced with IPTG. The protein was purified combining
IMAC chromatography (HisTrap) and gel filtration (Fig. 4.2). In size exclusion the
protein eluted as a single, monomeric peak and was concentrated up to 45 mg/ml.
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Figure 4.2 Purification of Nop7.

a) Chromatogram showing elution profile from gel filtration column. The monomer of Nop7 eluted
at 77ml, volume equivalent to 85 kDa b) 10% SDS-PAGE shows fractions corresponding to the
chromatogram. Red bar marks fractions containing monomeric Nop7

4.1.3. Expression and purification of Ytm1

Ytml could not be expressed in a soluble form in E. coli. Different
expression condition, strains and media were tested but 6xHis-tagged protein
remained in insoluble fractions. Re-folding protocol showed that high urea
concentration (4M) was required to solubilize the inclusion bodies of 6xHis-YtmI.
Neither co-expression nor co-solubilization with Erbl, binding partner of Ytml,
yielded soluble protein. MBP-Ytm1 was soluble when expressed in bacteria but
protein aggregation was detected in gel filtration probably due to improper folding.
In a high-throughput screening for optimal conditions for protein expression at
OPPF facility it was seen that soluble Ytm1 could be expressed with 6xHis-tag using
Eukaryotic expression systems (Fig. 4.3). Small-scale transient expression in HEK
cells and baculovirus-induced over-expression in Sf9 cells yielded soluble, non-
aggregated protein. It was also seen that longer over-expression time (more than
72h) resulted in Ytm1 degradation.
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Figure 4.3 Small-scale expression tests of Ytml.

a) SDS-PAGE of soluble protein extract. Sf9 insect cells were infected with 5 pl of Py stock of
baculovirus carrying Ytml derived from 1: pOPINS3C 2:pOPINM 3:pOPINF 4:pOPINE. Soluble
protein expression was checked after 72h (left) or 96h (right) upon infection. After 96h of expression
severe protein degradation was detected. b) Western blot of transient expression in HEK293T cells
using 1: Ytm1-pOPINS3C 2: Ytm1-pOPINM 3: Ytml-pOPINF 4: Ytml-pOPINE. Overexpressed
proteins were detected with antiHis antibody.

After scaling up, 6xHis-Ytm1 (54kDa) was expressed in Sf9 cells, the protein
was purified using IMAC chromatography and size exclusion column (Fig. 4.4). It
eluted as a monomer and was concentrated up to 30 mg/ml.
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Figure 4.4 Purification of Ytm1.

a) Chromatogram showing elution profile from gel filtration column. The monomer of Ytm1 eluted at
82ml, volume equivalent to 55 kDa b) 10% SDS-PAGE shows fractions corresponding to the
chromatogram. Red bar marks fractions containing monomeric Ytm1.
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4.1.4. Complex formation and co-purification

Different approaches have been made in order to obtain pure, homogeneous
ternary complex. Initially, Nop7 and Erbl were purified separately, mixed in
equimolar amounts and resulted to co-elute together in gel filtration giving a stable
Nop7-Erbl complex that was used for crystallization trials. Upon successful
expression of soluble Ytml in Sf9 cells, the complete trimer was seen to hold

together in size exclusion chromatography (Fig. 4.5).
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Figure 4.5 Reconstitution of Nop7-Erb1-Ytm1 complex.

a) Chromatograms showing elution profiles of the three proteins separately (Ytml in blue, Nop7 in
brown and Erbl in green) compared to the one of the trimer (pink line). Noticeable shift in elution
volume indicated a stable heterotrimer formed by the proteins. Elution volume of 61ml was
equivalent to 320 kDa b) 10% SDS-PAGE of the fractions corresponding to the chromatogram of
Nop7-Erbl-Ytml confirmed that the proteins co-eluted together. Pink bar marks fractions that were

pooled and concentrated up 30 mg/ml.

Additionally, in order to prevent protein degradation from the very initial
stages of purification, co-purification was performed and consisted in simultaneous
lysis of the cells that had over-expressed Erbl, Nop7 and Ytml separately. This
robust approach did not allow to exactly determine the initial amount of each protein
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in the cell pellets that were mixed together. Nevertheless, the HisTrap column used
in the first step purification retained with higher affinity the trimer because Erbl,
Nop7 and Ytm1 had 6xHis-tag. Finally, any excess of free-protein could be removed
in gel filtration due to the difference in size between the ternary complex (220 kDa)
and monomeric species of the proteins, however higher oligomerization states were
also detectable (Fig 4.6). Pure Nop7-Erbl-Ytml complex was then used for
crystallization assays.
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Figure 4.6 Co-purification of Nop7-Erb1-Ytm1 complex.

Chromatogram and SDS-PAGE of Nop7-Erbl-Ytml that was previously co-purified on HisTrap
column. First peak (black bar) corresponds to a higher MW species and its intense absorbance at
280nm could indicate presence of nucleic acid in the sample. The second peak (red bar) eluted at
61ml (325 kDa) indicating that a stable heterotrimer was formed.

4.2. Crystal structure of Erbl416.307 from Saccharomyces cerevisiae:
4.2.1. Crystallization and crystal optimization

Stable dimer formed by Erbl and Nop7 was used in a set of crystallization
screenings that after 4 to 5 days yielded diamond-shaped small crystals (Fig. 4.7).

Figure 4.7 Crystallization
trials of Nop7-Erbl.
Diamond-shaped crystals grew
in 0.IM Hepes pH 7.5, 8%
ethylene glycol and 10% PEG
8000 and diffracted poorly to
2.9A
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Those crystals diffracted poorly at 2.9A and the collected dataset did not
allow us to obtain phases. Nevertheless, unit cell dimensions already suggested that
the entire dimer would not fit into asymmetric unit.

Table 4.1 Crystals grown with additives.

A set of different additives were added to the mother liquor from the original crystal screen. Crystals
appeared in several conditions and those that grew with addition of ethanol diffracted to the highest
resolution

Additive Concentration Resolution (A)
Taurine 0.1 M 5.4
y-Butyrolactone 40% v/v 2.5
Ethanol 30% v/v 1.6
Methanol 30% v/v 1.8
1-Butanol 7% viv 2.04
1,4-Dioxane 30% v/v 2.09
Dichloromethane 0.75% v/v 5.2

In order to improve diffraction quality an optimization screening with
additives was set up and gave rise to a number of similar crystals. Table 4.1
summarizes obtained diffraction depending on the additive used in the screen.
Crystals that grew with addition of ethanol diffracted up to 1.6 A and the collected
dataset was used for phasing. Data collection statistics are shown in Table 4.2.

Erbl,;¢.507
Wavelength (A) 0.9763

Resolution range (A)* 58.07 - 1.6 (1.657 - 1.6) Table 4.2 Data collection statistics of

Space group P212121 Erb146.507-
Unit cell * Statistics for the highest-resolution shell are
a, b, ¢ (3) 52.02, 62.43, 158.22 shown in parentheses.

® Mean [Z/s(D)] is the average of the relation

o, B,7 () 90, 90, 90
Total reflections 446057 (43775) between the intensity of the diffraction and
Unique reflections 67582 (6545) Ehe background. o

Multiplicity 6.6 (6.7) Rueas = A{Zw [INAN-D)]" Zi |[i(hkl) -
Completeness (%) 98.07 (96.78) <I(hkD>1} | Zpia Zi I(hkl), where I(hkl) are
Mean Usigma(l)® 19.48 (2.16) the obsgrved '1ptens1t1es, '<1(hkl)> are the
Wilson B-factor 2285 average 1.ntens1t1es and N is the multiplicity
R-merge 0.04807 (0.8424) of reflection hkl.

R-meas¢ 0.0523

CC1/2 0.999 (0.834)

CC* 1(0.954)



RESULTS

4.2.2. Crystallization of Nop7-Erb1 dimer yields crystals of Erbl6.507 due to
sever degradation of Erbl

Since the volume of the unit cell was not high enough to accommodate the
dimer of Nop7 and Erbl (128442.9 A*) we asked if any fragment of those proteins
could have been crystallized. In order to predict the potential degradation of
macromolecules we assessed the stability of Nop7, Erbl and Nop7-Erbl dimer
incubating the samples at 4°C and we observed that the concentrated sample of Erbl
and Erb1/Nop7 presented a pattern of sever degradation corresponding to Erbl (Fig.
4.8). In order to understand the nature of the degradation we analyzed the sequence
of the protein and confirmed the presence of a PEST motif that precedes the
sequence of the B-propeller. PEST regions are often flexible, exposed and easily
accessible by proteases and are implicated in a fast turnover of eukaryotic proteins.
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Figure 4.8 Erb1 suffers severe proteolytic degradation.

a) SDS-PAGE of a sample containing Erbl that was left over-night at 4°C shows that approximately
50% of the protein cleaved into two peptides that were identified by MALDI-TOF as N-terminal and
B-propeller domains of Erbl. b) Prediction of protein disorder indicates that the N-terminal end of
Erbl, the central region around residues 330-360 and the flexible segment within B-propeller domain
exceed the threshold (red line) suggesting possible areas prone to suffer proteolysis.

Because the C-terminal domain of Erb1 was predicted to contain 7 WD repeats
that would form a B-propeller domain we performed molecular replacement using
models of other seven-bladed B-propellers. Successful phasing confirmed that the
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crystals only contained the carboxy-terminal fragment of Erbl. Obtained phases
allowed us to trace good quality model of the propeller (Table 4.3 and Fig 4.9).

Erb1,6.507
R-work 0.1602 (0.2678)?
R-free 0.1740 (0.2891)°
NimiberoEnonzhydroge 3302 Table 4.3 Refinement statistics of
e Rewvore Sy 1F kD] - o (WD)
~WOTK = Spp obs - calc
TR 2928 I St [Funs( KD, where £, (hki)
1SAIes 17 and F,(hkl) are the structure factors
water 357 observed and calculated, respectively.
Protein residues 356 > R-free corresponds to Ry calculated
RMSD! (bonds) 0.006 using 2 % of the total reflections
RMSD! (angles) 1.07 sei‘ected ratlndomly and excluded during
refinement.

Ramachandran favored (%) 97 ¢ Ligands: glycerol, ethylene glycol,
Ramachandran outliers (%) 0 ethanol
Average B-factor (A) 31.10 YRMSD is the root mean square

Macromolecules () 30.00 deviation

Ligands (A) 44.60

Solvent (A) 39.10

General case

Figure 4.9 Ramachandran plot of

‘% . Erb1432_807 model.
97% of residues were found to fall into
Y favored region whereas 3% was in
Q

allowed regions. No Ramachandran
Phi

180

Psi —

outliers were seen in the model.

-180 /
180

-180 0
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RESULTS

4.2.3. Structural details of Erb146.507

The crystal structure of Erb1Ct confirmed that it folded into a seven-bladed
B-propeller. The seventh blade is formed by three B-strands from the last WD repeat
and one strand from the first WD repeat forming so-called “velcro” closure of the
propeller (Fig. 4.10). In general, the domain superposes well with other B-propellers
formed by seven WD repeats. Structural analysis done with Dali Server showed that
over 200 structures deposited in PDB superimposed with Erbl416.307 with RMSD <
2.5 A. In spite of the generally well conserved architecture of WD40 domain,
Erb1Ct presented a series of important differences that could be associated with its
specific function.

Figure 4.10 Cartoon representation of the p-propeller domain of Erb1.

Seven B-sheets form the circular shape of the propeller. Blade numbering is shown in the center;
strand nomenclature is represented for blade 4. Velcro-like closure appears within blade 7 and
comprises strand “d” from WDI1 and strands “a”, “b” and “c” from WD?7.
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The sequence of the domain is well conserved within Erb1/Bop1 family (Fig.
4.11) but is quite dissimilar to other B-propeller containing proteins. Curiously, none
of the seven WD repeats harbors the eponymous WD di-peptide at the end of strand
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Figure 4.11 Sequence multi-alignment of the C-terminal domain of Erb1.

Sequences corresponding to the B-propeller domain of Erb1 have been aligned using T-coffee server.
Sc: Saccharomyces cerevisiae, Cht: Chaetomium thermophilum, Hs: Homo sapiens, Mm: Mus
musculus, Dr: Danio rerio. Conserved residues are depicted with shading. Elements of secondary
structure elucidated from the model of Erblye.g0; are shown over the alignment and are colored
according to the WD repeats. Conserved amino acids that form part of the structural triad are marked
with red squares. Red rectangles show aspartic acids from “b-c¢” loops. The green rectangles
correspond to the conserved residues that form positively-charged pocket on the surface of the
propeller
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RESULTS

From an evolutionary point of view, the most conserved feature of WD40
repeats is the presence of an aspartic acid residue in a loop between strands “b” and
“c” that is involved in structural triad formation. This triad is necessary for a proper
organization of each blade and includes, in addition to aspartic acid, a histidine from
“d-a” loop and a serine/threonine from strand “b” (Fig. 4.12). The three residues
establish a network of electrostatic interactions that make the loop “d-a” more rigid
thus stabilizing interblade organization.

p\ade e

ASP744

Figure 4.12 Structural triad present between blades 5 and 6 of Erb1;6.s¢7-

An example of a canonical triad that guarantees proper blade organization shows hydrogen bonding
between a histidine from “d-a” loop, a serine from strand “b” and an aspartic acid from “b-c” loop.
The length of bonds is shown in A.

In Erbl five “b-c” loops contain an aspartic acid but only four of them are
conserved (WD repeats 1, 5, 6 and 7) (red rectangles on Fig. 4.11). The canonical
triad appears in blades 1, 6 and 7. “b-c” loop from WD2 contains a glutamic acid
and in WD4 there is a glutamine, both residues are conserved and are involved in
stabilization of the blades but the network of interactions is not similar to the one
that takes place in the structural triad described previously. WD3 does have an
aspartic acid in the “b-¢” loop but it is not conserved and in human Bopl there is a
glutamine in its place. At last, in the WDS5 repeat fully conserved aspartic acid does
not form triad because the corresponding histidine is not present in the “d-a” loop.

91



4.2.4. Erb1 contains a long insertion within WD repeat 2

As described in Wegrecki et al., the most distinctive feature of the core of the
B-propeller in this study is the blade 2 which due to an insertion contains five, and
not four, B-strands and shows a protrusion attributed to two a-helices (H2 and H3 on
Fig. 4.11). Electron density map allowed us to trace and build model for residues
515-534 and 571-594, being the rest of the insertion unmodeled. This missing part
seems to be Fungi specific as it becomes much shorter in higher eukaryotes (Fig.
4.11). Helix H2 (residues Y520-D532) appears between strands “2¢” and “2e” and is
attached to the base of the propeller (Fig. 4.13a).

a)

Figure 4.13 WD2 contains a long
insertion.

a) The insertion (in red) forms additional p-
strand and an o-helix that protrudes from
the globular B-propeller. b) Position of the
insertion (red) in the context of the second
blade only. Residues corresponding to
WD?2 are represented in light blue and the
strand “d” of WD3 is shown in dark blue
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In general, the sequence of the helix is poorly conserved, but it contains two
invariable non-polar residues: 1522 that makes hydrophobic contacts with the
backbone of “2a-2b” loop and 1530 which interacts with the C-terminal fragment of
strand “3d”. The B-sheet corresponding to this blade is formed by strands “2a”, “2b”,
“2¢”, “3d” and “2e” clearly indicating an alteration of a standard WD40 pattern (Fig.
4.13b). Whereas strand “3d” unambiguously indicates the beginning of WD3, the
sequence of WD repeat 2 does not show any significant conservation but still
contains strategic residues that allow formation of hydrophobic and electrostatic
interactions with neighboring blades. Initial sequence-based analysis suggested that
between WD repeats 2 and 3 there was an approximately 80-residue long segment
which did not contain any WD pattern. Surprisingly, when we aligned the sequence
of Ct domain of Erbl with other non-Erb1/Bop1 B-propeller-containing proteins we
could clearly see that W575 from strand “2e” corresponded to tryptophan residue
from WD dipeptide that typically appears in strand C (as in human WDRS protein,
PDB: 2H14) (Fig. 4.14).

Figure 4.14 Conserved tryptophan is
misplaced due to insertion.

Comparison of blades 1 and 2 of WDRS
from H. sapiens (PDB:4CY2; pink) and
Erbl (blue). Side chains of conserved
tryptophan corresponding to the strand “c”
(in canonical WD repeats) are shown for
both proteins. Black arrows indicate the
position of “2d-2a” loops

This fully conserved residue establishes important hydrophobic interactions
with 1592 from strand “2d” and H629 located in “3d” that are likely to be required
for a proper conformation and attachment of the insertion to the side of the blade 2.
We conclude that from an evolutionary point of view strand “e” corresponds to
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strand “c” from a canonical blade although displaced, in the second blade of Erbl,
by a segment containing “2c”-loop-“H2”. This insertion produced an important
reorganization of the whole blade, altering the position and function of W-D
dipeptide (W-N in this case). As a result, the second blade lacks the important
tryptophan residue at the end of strand “2¢” that would guarantee correct approach
between blades 1 and 2. We observe that in this case there is a different interaction
network, conserved in Erbl/Bopl family but not in other WD repeat-containing
proteins, that involves strand "2d” from blade 1 and a short a-helix, H3, from blade
2 (Q580-K585). This helix inserts between strands “2e” and “3d” and possesses two
non-conserved lysine residues (K581; K585) that interact with loop “2d-2a” through
hydrogen bonds. In consequence of this arrangement, a-helix H3 forms a lid that
orientates close to a very hydrophobic area in blade 2 created by a segment of well
conserved polar residues from strand “2b”. It is important to keep in mind that loop
“2d-2a” is quite flexible and its vertical orientation makes the whole interface
between blades 1 and 2 more opened when compared with the gaps between other
blades which are completely covered by “d-a” loops ( black arrows in Fig. 4.14).

4.2.5. Conserved residues form putative ligand binding areas on the surface

The best known and most obvious function of B-propellers is their capacity
to establish multiple interactions with other proteins. The intrinsic rigidity and the
shape of the domain create three well defined zones where the binding partner can
attach: the top, the bottom and the circumference of the propeller. We searched for
conserved residues on the surface of Erb1Ct which could indicate a region important
to preserve protein interaction interface. There is a very clear division between a
poorly conserved area, that includes blades 1, 2 and the upper part of blade 3, and a
less variable surface of blades 4, 5, 6 and 7. In the bottom part, between blades 3 and
4 we identified a well conserved pocket which is a good candidate as a possible
place of association with a binding partner.

In addition, it has been proposed that the central channel of WD domains
could work as a scaffold that adapts for recognition of different ligands through side-
chains of three residues from each blade: the one right before the strand “a” (A-1),
the one just after strand “b” (B+1) and the second residue in the strand “a” (A2),
thus making this portion of the propeller an universal but variable binding motif.
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When we inspected these positions in Erb1Ct a strong conservation, especially in
blades 1, 5, 6 and 7, was observed. Our findings were confirmed by WDSP web
server which predicted hot-spot residues on the surface that were likely to be
responsible for high-affinity interactions with other proteins (Fig. 4.15a). Moreover,
those conserved positions seem to be related to Erbl/Bopl function because they
vary when compared to seven-bladed propellers from other families. Nevertheless,
three of these superficial conserved amino acids, D457, R727 and D743 are also
invariable in another family of WD repeat-containing proteins called Lisl where
they were shown to be involved in recognition of other macromolecules (Fig. 4.15b).

b) \

Figure 4.15 The top entrance of the p-propeller contains “hot spot” residues.

(a) Top face of the propeller showing the position (in red) of the residues most likely to participate in
macromolecular interactions as predicted by WDSP server (http://wu.scbb.pkusz.edu.cn/wdsp/). (b)
Superposition of Lisl (pink, PDB: 1VYH) with Erb1 B-propeller. The side chains of the conserved
positions are shown and labeled

4.2.6. The surface of Erb1416.507 is positively charged

Calculated theoretical isoelectric point (pI) of the B-propeller was 8.7
meaning that the protein was slightly alkaline. When we analyzed the electrostatic
potential of the domain, a large stretch of positively charged residues could be
visible on the major part of the surface (Fig. 4.16). We also used the PatchFinder
Plus algorithm to identify the biggest positive patch on the surface of the domain.
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Indeed, as seen for the electrostatic surface analysis, the tool found a big region of
basic residues on the surface that included five blades and the entrance to the central
channel on the top face of the propeller. Those amino acids were predominantly
located on one side of the propeller. We checked the conservation of the residues
and we observed that seven of them were invariable in higher Eukaryotes (green
rectangles in Fig. 4.11), thus the large positively charged area could have a
functional relevance.

Figure 4.16 Surface of Erb1 p-propeller is positively charged.

Surface representation of the electrostatic potential of the domain (from red (-10) to blue (+10)kb T
ec-1) as calculated with APBS. The top face is shown on the left and the most positively charged
area formed by blades 4 and 5 is visible on the right panel. The red oval indicates the position of
Trp682.

Because previous studies in yeast have shown that full-length Erb1 was able to
bind rRNA within pre-ribosomal particle, we decided to assess whether the carboxy-
terminal domain of Erbl could be involved in the binding. We used HADDOCK
server (http://haddock.science.uu.nl/index.html) to dock a 6-nucleotides long
fragment of RNA and we could observe that the single stranded poly(A) was nicely
fitted into the positively charged area (Fig. 4.17). In order to empirically test if the
protein could bind nucleic acids we used the B-propeller domain of Erbl from
Chaetomium thermophilum due to its enhanced expression levels and stability as
described later. Detailed results of RNA bidning experiments are described in
section 4.4.
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HADDOCK score -79.9 +/- 6.3
Cluster size 29

oro ot cimmge, L0
Van der Waals energy -24.0+/-6.3
Electrostatic energy -410.6 +/- 50.0
Desolvation energy 24.7+/-8.4
Restraints violation energy  14.8 +/- 24.29
Buried Surface Area 731.2+/-129.8
Z-Score -1.6

Figure 4.17 Six-nucleotide long poly(A) was docked into electropositive patch of Erb1,4.597.
HADDOCK server was used to perform docking of RNA and the -propeller and proved that ssRNA
molecule can fit into the area formed by conserved positively charged residues (shown in blue) on the
surface of Erb1,;6.497. Docking results for the best cluster are shown on the right.

4.3. Reconstitution of Nop7-Erbl-Ytml complex from Chaetomium
thermophilum

4.3.1. Generation of cDNA library of Chaetomium thermophilum

Since the availability of a complete genome of a thermofilic fungus has been
considered promising for structural studies of eukaryotic proteins (Amlacher et al.,
2011), an attempt to reconstitute Nop7-Erbl-Ytm1 complex from C. termophilum
has been made. We decided to generate the cDNA from the transcriptome of the
fungus because many of its genes, unlike in S. cerevisiae, contain introns. The
organism was grown in laboratory conditions until a considerable amount of
biomass was reached and was sufficient for the extraction of RNA. Agarose-gel
electrophoresis showed that the quality of the material was satisfactory to perform
reverse transcription (Fig. 4.18a).

Resulting cDNA was then used as a template for several PCR reactions in
order to amplify genes of interest. Successful amplification was achieved for erbl
and yrml genes but not for the full ORF of nop7 gene (Fig. 4.18b). Nevertheless
fragments of the gene were amplified and allowed expression of certain domains of
ChNop7 protein. Because nop7 gene was predicted not to contain introns, whole
genomic DNA extraction was performed and resulting DNA was successfully used
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to amplify nop7 ORF. The genes were subsequently cloned into expression vectors
as described in section 3.1.2.

Figure 4.18 RNA extraction from C. thermophilum.

a) 3 pul of extracted sample were loaded onto agarose gel to assess the quality of the obtained RNA.
b) cDNA library was used to amplify erb! (lane 3) and ytm ! (lane 4) genes. nop7 gene (lane 2) could
not be obtained in the same way. DNA ladder is shown in lane 2 of panel a) and lane 1 of panel b)

4.3.2. Expression and purification of ChErb1, ChNop7 and ChYtml.

The full-length proteins were over-expressed in the same manner as their
counterparts from yeast although the yield was higher in each case. Proteins were
purified according to the protocols optimized for Nop7, Erbl and Ytml from S.
cerevisiae. 6xHis-ChNop7 (80kDa) and 6xHis-ChYtm1 (55.5 kDa) were highly
monodisperse and appeared as monomers in gel filtration whereas 6xHis-ChErbl
(93 kDa), as in case of Erbl from yeast, resulted to form monomers, dimers and
larger oligomers (Fig. 4.19). The multimeric state of ChErbl was also checked by
native gel electrophoresis as described later.

Figure 4.19 Final results of purifications of full-length proteins from C. thermophilum.

a) Elution profile and corresponding SDS-PAGE of ChNop7 in Superdex 200 16/60 column. Mild
protein degradation is visible. b) Elution profile and corresponding SDS-PAGE of ChErbl in
Superdex 200 26/60 column. Peaks corresponding to monomer, dimer and larger oligomer are
visible in the chromatogram. c) Elution profile and corresponding SDS-PAGE of ChYtml in
Superdex 200 26/60 column. Highly homogenous and pure sample was obtained

98



RESULTS

a)

mAu

300
200
100

0

b)
mAu
40.0

30.0
20.0
10.0
0.0

¢)

mAu

40.0
30.0
20.0
10.0

0.0

125

= . . o3 ChNop7
A4 N
72
53
20 40 60 20 100 ml
ChErb1
: . 170 { _
A e o s g 125 [l
93 | 1 |
- | 72 | |
53 !
42
50 100 150 ml
128
- 93
- | 72
i h.hh wa | 53 ..' | ChYtml
- a2 5
— 31 II
- 24 |
Ii
|
50 100 150 200 250 ml 300

4.3.3. Proteins from Chaetomium thermophilum are more thermo-stable

In order to verify if proteins from a thermophile would present higher degree

of stability we performed thermal shift assay (Thermofluor) that allowed us to
measure the melting temperature (Tm) of a given protein in different chemical
conditions. Then, we compared resulting Tm with that calculated for proteins from

S. cerevisiae.
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As seen for Nop7 and ChNop7, the ortholog from C. termophilum showed an
overall higher thermal stability. In the conditions tested, from those that resulted in a
melting curve suitable for Tm calculations, ChNop7 was more stable than Nop7 in
100% of cases (Fig 4.20a).Similar effect of enhanced thermal stability was observed
when we analyzed Ytml/ChYtml. Again, the protein from Chaetomium
thermophilum unfolded at higher temperatures. Only in presence of 0.1M sucrose
and 0.5M urea, Ytm1 from yeast resulted to be more stable than its counterpart from
the thermophile (Fig. 4.20b).
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Figure 4.20 Proteins from C. thermophilum are more thermostable.

Thermofluor assay was performed in order to measure the melting temperature of the proteins in
Buffer SE (50mM Hepes pH7.5, 150mM NacCl, 5% glycerol, 2mM B-mercaptoethanol). Increase in
fluorescence was measured for Nop7/ChNop7 (a) and Ytm1/ChYtml (b). The proteins from yeast
are depicted in green whereas their thermophilic counterparts are shown red.

4.3.4. Reconstitution of ChNop7-ChErb1-ChYtm1 complex in vitro

Initially we were able to express and reconstitute the dimer formed by
ChErbl and ChYtml. The proteins were purified separately, mixed in equimolar
amounts and co-eluted from gel filtration confirming their stable association. Upon
successful cloning of ChNop7, we performed a co-purification and we obtained
ChNop7-ChErb1-ChYtm1 trimer (220 kDa) that was used in crystallization trials. In
order to completely remove nucleic acids that could have been co-purified with the
complex, we included a HiTrap Heparin column step in purification. Size exclusion
chromatography indicated that approximately 50% of the complex was in a higher
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oligomerization state (Fig. 4.21a and b). The stoichiometry of the oligomer was
difficult to estimate because the separation range of Superdex 200, resin we used for
gel filtration, is not optimal for particles with such a high MW.
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Figure 4.21 Stable trimer is formed by ChNop7, ChErbl and ChYtml1 in gel filtartion.

Elution profiles in size exclusion chromatography (Superdex 200 16/60 column) of ChYtml (blue),
ChNop7 (brown) and ChErb1 (pink) were superimposed with the one of the trimer (green). b) SDS-
PAGE of the peaks from the chromatogram of the trimer (green) is shown and indicates that both
peaks contain the complex. The second peak corresponds to the trimer (elution volume of 61 ml is
equal to 320 kDa approx., green bar); the first one contains larger oligomer and excess of ChErbl
(red bar). ¢) native gel electrophoresis was done to check the oligomerization state of ChErb1 and the
complex in solution. As seen in lane 1, monomeric form of ChErb1 is predominant (pink arrow) but
at least 4 different oligomers (blue arrows) are also present. Lane 2 shows that ChNop7-ChErbl-

ChYtml appears mainly as heterotrimer (green arrow) although small amount of larger complexes
are also detectable (red arrows).
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We performed native gel electrophoresis to check if we could observe
different oligomers (Lane 2 Fig.4.21c) and we detected only very small amount of
complexes larger than the trimer. The presence of higher MW oligomers was much
more prominent in case of ChErb1 alone (Lane 1 Fig. 4.21c¢)

4.3.5. The amino-terminal domain of ChNop7 binds ChErb1

Previous studies have suggested that, in yeast, Nop7-Erbl dimer was formed
by the amino-terminal segment of Nop7 and a central region of Erbl. Based on those
observations we decided to design truncated version of Nop7 or ChNop7 that would
still bind to Erb1 or ChErbl1, respectively, in vitro but would lack disordered regions
and coiled-coli domains predicted on their C-termini (Fig. 22a).

o2 Yl 44 gL, ! *-
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01 v ¥V s VAL J vy
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50 100 150 200 250 300 350 400 450 500 550 600
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34—
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1 350

PescNt cc1| | BRCT cc2

Figure 4.22 The C-terminal segment of Nop7 is disordered.

a) Disorder prediction plot for Nop7 from S. cerevisisae (identical plot was obtained for ChNop7)
shows that only the most amino-terminal region and the BRCT domain are predicted to be ordered in
solution. b) A scheme of domain organization of Nop7 and the truncated peptides that were assayed
for its ability to bind Erb1. Blue bars indicate those fragment of the protein that efficiently interacted
with Erbl in gel filtration, whereas red bars depict those that did not (compare Fig. 4.23).
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We were able to express and purify truncated versions of Nop7 and ChNop7:

Nop7i.465, Nop7278-465, ChNoOp7,.350 that contained the conserved N-terminal domain
of unknown structure and ChNop73s0.466 that corresponded to the BRCT domain of
ChNop7. All, except ChNop73s50.466, carried an amino-terminal 6xHis tag. The
BRCT domain of ChNop7 was expressed as GST-fusion protein that was then
cleaved and used without any tag for further experiments. Gel filtration confirmed
that only Nop7;.46s and ChNop7;.350 were able to stably associate with Erbl (Fig.
4.22b and 4.23). Because Holzel et al. observed that some point mutations within
BRCT domain of Nop7 affected its binding to Erb1, we checked if BRCT domain of
Nop7/ChNop7, although not essential for the interaction, could play role in
Erb1/ChErbl recognition. Using gel filtration we did not detect any binding between
ChErbl and ChNOp7350_466 (Flg 423C)

20.0
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0.0
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10.0
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0.0

aggregation

v

Erb1/Nop7(1-465)

(ml) 100
Nop7 (278-465)

100 (ml)

ChErb1/ChNop7(1-350)

S0

Figure 4.23 The amino-terminal
domain of Nop7 is required for
its interaction with Erbl.

Erbl or ChErbl were incubated
with different truncated versions of
Nop7 or ChNop7 and theirs stable
association was then checked by
gel filtration. Erbl interacted with
Nop7 that lacked its most C-
terminal segment (residues 466-
605) (' a) ), but stable binding was
disrupted when the amino-terminal
part was removed (residues 1-277)
( b) ). Whereas ChErb1 did not co-
elute with the BRCT domain of
ChNop7 (amino acids 350-466) (
¢) ), it did associate with the N-
terminal portion of ChNop7
(residues 1-350) (d) ).
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4.4. Carboxy-terminal domain of ChErb1 binds RNA in vitro

Our first attempts to perform in vitro binding assays failed because the C-
terminal domain of Erbl (residues 422-807) from yeast expressed poorly in E. coli
and rapidly degraded during purification (Fig. 4.24a up). We decided to try whether
the same domain from the thermophile would be stable enough to carry out the
experiments. Since the sequence of the domain is well conserved between S.
cerevisiae and C. thermophilum, including the basic residues from the putative
RNA-binding area (shown with green boxes in Fig. 4.11), we considered ChErb14s,.
g01 to be suitable for validation of our findings based on Erbl46.807 structure from
yeast.
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Figure 4.24 The B-propeller domain of Erb1/ChErbl.

a) SDS-PAGE shows fractions that contained Erbl;,.307 (top) or ChErblys,.50; (bottom) that eluted
from gel filtration column. Both proteins were purified from a 0.5L culture of E. coli. b) Thermal
stability assays of ChErb1,3,.40; showed that citrate at pH 5.6 resulted in higher Tm (blue line). This
effect was produced not by the lower pH but rather by citrate itself because SPG buffer at similar pH
did not enhance protein stability (green line)

ChErbly4s;.501 expressed well in E. coli and large amount of protein eluted
from HisTrap and gel filtration columns (Fig. 4.24a bottom). Nevertheless, the
solubility of the molecule was not satisfactory as it tended to precipitate at
concentrations higher than 5 mg/ml. Moreover, we observed that the protein was
more stable when the maximum concentration did not exceed 1 mg/ml. Thermofluor
showed that 0.1M citrate pH 5.6 produced an important shift in thermal stability of
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RESULTS

the domain (Fig. 4.24b) but when the buffer composition was modified we did not
observe any significant improvement in protein solubility. Finally we decided to
maintain low concentration of the stock of ChErblazs.g01 because further
experimental setup did not require concentrated samples.

Initially, we checked the affinity of the B-propeller of chErbl for RNA in
vitro using poly(U) agarose beads. As shown in the figure 4.25a the propeller
appeared in the eluate from poly(U) beads. To investigate whether the interaction
occurred through a well-defined surface that could be saturated, we incubated the
protein with free poly(U) before it was loaded on the beads. The amount of the
protein that could stably bind the poly(U) beads decreased in presence of 0.1mg/ml
and 1mg/ml free poly(U), indicating saturation of the binding site (Fig. 4.25b).
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Figure 4.25 The pB-propeller of ChErb1 binds nucleic acids in vitro.

a) ChErbl,s,40; was incubated with poly(U)-agarose beads (1l:input) and after extensive washing
(2:wash) it was detected in the elution (3) b) free polyuridilic acid (final concentration of 0.1 or 1
mg/ml) was added to the sample before it was loaded on the poly(U)-beads. Saturation of the binding
site was detectable because lower amount of ChErblys;.g); remained bound to the beads. 1:Input,
2:Wash, 3:Elution. ¢) Fluorescence emission spectra were acquired for ChErbl,3,.40; alone (black)
and in presence of 5 uM poly(U) (blue). Binding of RNA decreased the fluorescence intensity of
ChErb1Ct. As a control 5 uM poly(U) alone was also measured (green).

Fluorescence experiments were carried out in order to confirm the binding
between the protein and the nucleic acid. Emission spectrum of intact ChErb143530;
showed a maximum at 330 nm (black line in Fig. 4.25¢). We acquired spectrum
upon addition of 5 uM polyU (blue line in Fid. 4.25¢), and we could observe a
decrease in fluorescence intensity. In order to prove that the change in the spectrum
of ChErbl was due to the binding of RNA we showed that polyU alone did not
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present emission upon excitation at 280nm (green line Fig. 4.25¢). The fact that an
exposed tryptophan (Trp682, red oval in the Fig. 4.16) is at the vicinity of the
positively charged stretch (likely to participate in RNA binding), provides a good
indication that the interaction takes place through the proposed area and could
explain the change in fluorescence upon binding of the nucleic acid.

We next asked if the positively charged B-propeller domain would also bind
DNA and using EMSA (Electrophoretic mobility shift assay) in native agarose gel
we could detect binding between a 120bp long dsDNA and ChErblss;go in a
concentration-dependent manner (Fig. 4.26a).
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. 0.1 pM

150 200 250 300 350 400 150 200 250 300 350 400
Time (sec) Time (sec)

Figure 4.26. The B-propeller of ChErb1 binds preferentially to RNA.

a) agarose gel shows that upon addition of increasing amounts of the protein a clear shift in the
electrophoretic mobility of a dsSDNA (30ng) probe could be observed. In order to estimate bidning
affinity Biolayer interferometry was performed: b) association and dissociation steps of different
concentrations of ChErb1432-801 (3, 1.5, 0.5 and 0.1 uM) to a biosensor previously loaded with 15-
nt long biotinylated poly(U). ¢) 20-nt long biotinylated DNA was loaded on a biosensor and then
association of ChErb1432-801 (5, 2.5, 1.25 uM) was measured.
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Finally, in order to precisely measure the binding affinity between
ChErbl43;.301 and RNA or DNA we used biolayer interferometry. RNA binding was
assessed by a 15 nucleotide-long biotinylated poly(U) immobilized on a Streptavidin
Biosensor. The dissociation constant (Kp) was ~170 nM (Fig. 4.26b). In the second
experiment, ssDNA fragment composed of 20 nucleotides carrying a biotin moiety
on its 5 was used (Fig. 4.26¢). Calculated Kp was ~400 nM and indicated that the
C-terminal domain of ChErbl bound to RNA with higher affinity than to DNA.
Therefore, our in vitro binding assays have confirmed that the B-propeller domain
binds preferentially ribonucleic acid.

4.5. Crystal structure of ChYtm1-ChErb1Ct dimer

4.5.1. Crystallization trials of ChErb1-ChYtm1 show that binding of ChYtml
does not prevent degradation of ChErb1

Crystals of Erbly4i6.507 from yeast indicated that when Nop7-Erbl dimer was
used for crystallization experiments Erb1 underwent sever degradation in a segment
between Nop7 binding site and WD40 domain. Because that area of Erb1 (residues
383-419) was described to bind Ytm1, we expected that stable association of Ytml
(or ChYtml in case of C. termophilum complex) would occlude the sequence that
was recognized by the protease(s) present in the crystallization drop. Upon
successful reconstitution of ChErbl-ChYtml dimer we attempted to produce
crystals of the complex. Initial screenings yielded rod-shaped, flexible crystals that
diffracted poorly up to 3.2 A (Fig. 4.27a and Table 4.4).

Figure 4.27. Crystallization of
b) ChErb1-ChYtml.
a) Crystallization screenings of ChErbl-
ChYtml yielded rod-shaped crystals
that grew in 15% PEG 4000, 0.1M
sodium citrate pH 5.6, 0.2M
Ammonium Sulfate and diffracted up to
3.2A.
b) Crystallization trials of ChNop7-
ChErb1-ChYtml trimer resulted in
crystals 0% PEG 8000 and 0.1M Hepes
pH 7.5 and diffracted at 2.1A.

a)
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Diffraction pattern indicated primitive hexagonal crystals (space group P 652
2). Thanks to high symmetry of the crystal and in spite of the poor diffraction we
were able to process the data and calculate the unit cell parameters.

ChErbl435_801-Chth1 ChErb1432_301'Chth1

Wavelength (A) 0.979 0.976

Resolution range (A)* 48.82-3.1(3.31-3.1) 48.53-2.1(2.175-2.1)
Space group P6522 P21212

Unit cell

a, b,c(A) 169.11,169.11, 154.04  86.443, 108.149, 108.618
a, B,y (°) 90, 90, 120 90, 90, 90

Total reflections 944854 (173208) 390408 (38570)
Unique reflections 24180 (4313) 60041 (5923)
Multiplicity 39.1(40.2) 6.5(6.5)
Completeness (%) 100.00 (100.00) 99.90 (99.97)

Mean I/sigma(I)” 17 (2.5) 18.69 (2.18)

Wilson B-factor 96.98 44.67

R-merge 0.282 (2.838) 0.05838 (0.924)
R-meas® 0.285 0.06359

CC1/2 0.998 (0.781) 0.999 (0.757)

Table 4.4 Data collection statistics of ChErb1Ct-ChYtml1.

* Statistics for the highest-resolution shell are shown in parentheses.

® Mean [/s(I)] is the average of the relation between the intensity of the diffraction and the background.
 Rueas = (S [N/(N-D)]"2 % |[I(hk]) - <I(hkly>|} | Sy % I(hkl), where I(hkl) are the observed
intensities, </(hkl)> are the average intensities and N is the multiplicity of reflection Akl.

Initial phasing using B-propeller models showed that two WD40 domains were
present in the asymmetric unit (Table 4.5). Surprisingly, upon model building and
manual inspection, we observed that the crystals contained full-length ChYtm1 and
only the C-terminal B-propeller domain of ChErb1 thus indicating that the binding of
ChYtm1 would not prevent degradation of ChErbl during crystallization trials. In P
65 2 2 space group we were able to trace residues 13-487 of ChYtm1 and 427-801 of
ChErb1 (ChErbl4;7.801) with exceptions of several regions likely to be flexible.
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ChErb1435_801-Chth1 ChEl‘b1432_801-Chth1

R-work® 0.1936 (0.2940) 0.1639 (0.2386)
R-free” 0.2390 (0.3557) 0.2132 (0.2703)
Number of non-hydrogen atoms 6170 6631
macromole cules 6168 6279
ligands 2 26°
water 0 326
Protein residues 800 817
RMSD‘ (bonds) 0.006 0.008
RMSD* (angles) 1.26 1.18
Ramachandran favored (%) 94 96
Ramachandran outliers (%)  0.13 0.25
Clashscore 11.87 6.77
Average B-factor (A) 102.40 63.20
Macromolecules (A)  102.40 63.40
Ligands (A) 96.10° 76.70°
Solvent (A) 57.80

Table 4.5 Refinement statistics ChErb1Ct-ChYtm1.

* R-work = Sy {[Fops(hkD)] - [Feac(hkD)1} / Spis [Fops(hkl)], where F,u(hkl) and F,.(hkl) are the
structure factors observed and calculated, respectively.

® R-free corresponds to Ry calculated using 2 % of the total reflections selected randomly and
excluded during refinement.

¢ Ligands: Chloride ion

d Ligands: glycerol, ethylene glycol, ethanol

® RMSD is the root mean square deviation

4.5.2. ChYtm1-ChErbl43;.80; dimer crystallizes in P 2; 2; 2 space group in
presence of ChNop7

When expression and purification of ChNop7 were carried out with success,
the complete heterotrimer was used in crystallization trials. After 3 to 5 days we
observed crystal growth in several conditions and we were able to collect a dataset at
2.1 A (Fig. 4.27b and Table 4.4). Although, the space group and unit cell parameters
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differed from those grown in presence of ChYtm1-ChErbl only, asymmetric unit
content resulted to be identical. However, in this case, spatial organization of
ChYtm1-ChErb1Ct dimer was different and crystal packing did not involve the most
amino-terminal region of the B-propeller of ChErbl. Hence, we were able to build
model for residues 12-487 of ChYtml and 432-801 of ChErbl (ChErbla3;.501).
Proteolytic cleavage in a site preceding P-propeller domain of ChErbl was not
prevented neither by binding of ChNop7 nor ChYtml. Moreover, when PMSF
0.5mM was added to the crystallization drop we did not observe any crystal growth
meaning that random proteolysis was necessary for the nucleation to occur. Since P
2y 2; 2 crystals yielded the best diffraction pattern and diffracted at highest
resolution, we used the resulting model for all the structural analyses described in
following chapters (Table 4.5).

4.5.3. Structural details of ChYtm1

Because no previous information regarding architecture of Ytm1 was available
we analyzed the structure of the protein. ChYtml folded into two domains, a small
N-terminal Ubiquitin-like Domain (UBL) followed by a seven-bladed B-propeller.
Sequence alignment showed that Ytm1 from C. thermophilum presented insertion
that were traced in the electron density map (Fig. 4.28).

Figure 4.28. Multiple sequence alignment of Ytml.

Sequences corresponding to Ytml/Wdrl2 member from Chaetomium thermophilum
(Ct),Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Homo sapiens (Hs), Rattus
norvegicus (Rn) and Danio rerio (Dr) were aligned. Secondary structure elements as seen in the final
model of ChYtm1 are represented above the alignment. B-strands are marked with arrows, a-helices
are depicted with coils.. Conserved residues are marked with shadows. The part of the protein
corresponding to UBL domain is depicted in purple. Sequential WD repeats are colored and
numbered by B-strands from 1d to 7c. Red squares show conserved residues within UBL that
maintain the hydrophobic core of the fold. Conserved glutamic acid proposed to bind MIDAS
domain of Real is marked with a green box. The sequence corresponding to the knob-like structure is
shown with orange line
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Ct/1-495 1 MD APMED AP APV KVIFETTTEPDLELPESKRQLLVPADIRRYG RILNSESMLD----TGSIPF63
Sc/1-460 1MTE--=-=-=-=-- DKS KIRFFTREKDELLHVQDTPMY ISLKRYG EIVNHLL -GS - - - -EKPVPE 55
Sp/1-440 1 MDAQ- - - -SAPSG| QVRF TTRNEDL - - AVGDTP IFVPTSLKRYG| QIVNHLL -KT----EKPTPF 56
Hs/1-423 1TM-----eee e e n LQTR DNKKY - - AVDDVPFS | PAASE | AD NIl INKLL -KDKNEFHKHVEF 53
Rn/1-423 ITM----e e am L QAR ENKKY - - AVDDVPFS IPATSEV AD NIl INKLL -ETKNELHKHVEF 53
Dr/1-422 = AM-----cce--- SQLQARFFTENKKY - -LVDDVPFS IPASSEVAD GV INKLL -E AKNAGHKHVEF 53
Ct/1-495 EDYL TSNG TTLTL RSLIP YE ASFEHD AVDVLS ATSP AGRWS 130
Sc/1-460 HD YL TKKG ASLNVEYTRAILPPS YLNSFSNE
Sp/1-440 DEYIVQNG SILDIEYIQSTLPPAYL ASFSHD 1
Hs/1-423 DKHME MEN ZVVEIE EKYT ‘QPEQCMFHD 1
Rn/1-423 KHMELED! ZVVELE EKYT ‘QPEQCMFHD 1
Dr/1-422 DKHIETEN ZVVEIE EKFT QPEEC | MHD 1
Erp—H—o 66—y — - - -
Ct/1-495 131 SAANSS AAVQPGQERV.S 1 SV I ATSPSGSHGGHTAS | KAAKFL -TS - - - -DRL A192
Sc/1-460 DGSKHI I SG GIVRTWDLSGNVQKQ- - - - - YSGHSGP IRAVKYI -SN- - - -TRLV159
Sp/1-440 TS G| ARVWDKSGE | KFQ- - - - - STGCGSSLKSASWHIPN- - - -QSFL 159
Hs/1-423 TG KTSRIWSLEGKS IMT - - - - - IVGHTDVVKDV AWV - KKDSLSCLLL 159
Rn/1-423 110 = = = = = = = = = = = G KTSRIWSLEGKS IMT - - - - - IVGHTDVVKDV AWV - KKDSLSCLLL 159
Dr/1-422 110 = = = = = = = = = = = TGSYDKTAR IWSMEGKAVMT - - - - - \" HADVVKDV AWV - KRDGLNSVLL 159
b—arp—m - 3d 3a 3b
Ct/1-495 193 SAG RTVR YTESDHFTG-E-=--=-=--ccccnoann L -KPTLEL TGSVDWLDVDGHSKHIL TA243
Sc/1-460 160 SAGNDRTLRL TKNDDLKL TSQQQAQEDDDDEVNIEDGKTLAILE KAP SIDVSD-NSRILSA225
Sp/1-440 160 T LDQKIF IEEPESMLDAEKKS SGILQTLFV KD IVERVRSLESSSVF ISA215
Hs/1-423 160 S MDQTILL WNVERNKV - - - - - - - - -KALHCCR! AGSVDS | AVDGSGTKFCSG207
Rn/1-423 160 T QTILL WNIERNKV - - - - - - - - -KALHCCR AGSVDAI AVDSSGTKFCSG207
Dr/1-422 160 T LDQTVML WNSERNKV - - - - - s e e e e e e e e e e m a KARHCCR! AGSVDTI AVDPTRTKFCSG207
 3c =R XOOOXXXXXXX —{fip——Hd ———
Ct/1-495 244 IGAI GF ASKASAP - - -EPDASLLP - - - -GAHVSKRRKATSS -VS TAQRG| GLWS IHTAP ATA302
Sc/1-460 226 NS | GF TI YKEMTVVDPLED INNPNNK IS TAARKRRKL TMKDGT IRR SLLESHTAPVEQ292
Sp/1-440 216 NTVGI FERSPET---TLESFSS----- S ISKKRRRKNAEF TPQAG S ILCEGHTGPVMD 274
Hs/1-423 208 KMLK | TVPTD- - - - - EEDEMEE - - - - -STNRPRK-KQKTE -QLGL TRTP I VTLSGHME AVSS 262
Rn/1-423 208 KMLK | TVPTD- - - - - EEDEIQE - --- -PTNRPRK-KQKTE -QLGL TRT TLSGHTEAISS 262
Dr/1-422 208 KMLK | AVPTE - - - - - EEDEIEE - - - - - P -NRPRK-KQKTE -QMGL TRT MTLSGHNE AVSS 261
{4c’ {5d. —{ 5. ———1{5b, —rs‘
Ct/1-495 303 AIFDPRDRTVA RTL LTTIQVVSTL TL THPLLSLSALTRAGTTSPLLA 1 TM369
Sc/1-460 293 VIFDSTDNTVG IK LVTARCIDTRTTSYSLLSIAQLS----TLNLLAC s 1 TL 355
Sp/1-440 275 IVFSDDPS -VA L1 TGQNVDSKI| TKAPLLCVEKLT----DLHLVIC S 1VV 336
Hs/1-423 263 VLWSDAEE --1C AS IR ESGSLKSTL TGNKVFNCISYSP - - - -LCKRL AS I RL 323
Rn/1-423 263 VLWSDADE - -VCS AS R ESGGLKSTL TGNKVFNCISYSP - - - -LCKRL AS IRL 323
Dr/1-422 262 VLWMD ADE - -LCS AS IRL AE TGGQKS TLSGSKVFNCISYSP - - - -LCRRL ASIS TD RL 322
»
s XXX
Ct/1-495 370V ASSATTS - VMT K SLSPSPENEYSLVSGSHDGTCR L VRP ATKEEGSLGGVS 435
Sc/1-460 356 H GASSKVTQQ KNFVSSLDTCPENEYILCSGSHDGTVK
Sp/1-440 337 H AGSDKIV -SHT] KNL SGLS ASPENP YMF HDNTCR
Hs/1-423 324 TKDGSLV -SLS TSVKWSP THEQQL | SGSLDN | VKL! T
Rn/1-423 324 TKDGSLV -SLS TSVKWSP THDQQL | SGSLDNMVKL T
Dr/1-422 323 SKDGSLV-LLS TAVRWAPSHEHQLVSGSLDNVVKL T
- .—.—xxxxxxxxxx
Ct/1-495 436 EPV ERESWASKGKKKRPVAGDGC KL -GIFS EDKKVQVNRGRNIVT-EQK 495
Sc/1-460 409 SP T AEKVGI | S KKIQINKGDNI - - -FKN 460
Sp/1-440 390 GSI YT KSIG Ti TDKQLQINQSSSF -G-KSE 440
Hs/1-423 377 APLYD TDTGLLLS NKL YSYRYSPTTSHVGA 423
Rn/1-423 377 APLYD TDTGLLLS NKL YSYRYSPTTSHVGA 423
Dr/1-422 376 APLYD TENGLILS NKLYTYRYAACVSDAGA 422
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4.5.3.1. Ubiquitin-like domain of ChYtm1

The amino-terminal sequence of Ytml protein has been annotated as NLE
domain (Pfam: PF08154) and the crystal structure of ChYtm1 showed that the first
97 residues folded into an ubiquitin-like domain formed by two short a-helices and
four antiparallel B-strands. In general the sequence of the UBL within Ytm1/Wdr12
family is poorly conserved and only residues that maintain the fold are invariable.
The domain appears attached to the bottom side of the B-propeller (Fig. 4.29a). The
inner face of the PB-sheet contains several fully conserved residues (F63, F65 and
Y95) (red squares in Fig. 4.28) that maintain a network of hydrophobic interactions
with the first a-helix (residues 43-51) (Fig. 4.29b). Interestingly, the position of
UBL with respect to the B-propeller domain was different between P 65 2 2 and P 2,
2, 2 space groups indicating conformational flexibility of the amino-terminal motif
of ChYtml, as discussed later.

UBQ1/1-76 1 -MQIFVKTLTGKT I - - - - - TLRVEP - - = - = - = - s@21
Ch¥tm1/12-97 12 -VAQVKVIFTTTEP- - - - - DLELPESKRQLLVPARA40
ChRsa4/33-126 33 DLGSFKANF | DSDGNQMTDVVEINF = = = = = - = - AR 59

Ch¥tm1/12-97 41 IRRYGLSRILNSESMLBTGSIPF-DFL - - INGSFL 72

ChRsa4/33-126 60 ATEKNISNLLNTLLGREREEFTPYRFRIHIPGKDL 84 &g
L3

uBQ1/1-76 51 EDGRT - - - - - - - LSDYNIQK - ISILHLVLRLRGG?B
T
T

UBQ1/1-76 22 TIENVKAK - - - - - - IQIK EGIPPDQQRL | FAGKQL 50

ChYtm1/12-97 73 R--SSLEDY---LTSNGLS--L LTLQ---YVRO7
ChRsa4/33-126 95 | IDQYPNDLLSLLQKHGVTNPF ITLS- - -AEP 126
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Figure 4.29. Ubiquitin-like domain of Ytml.

a) Firs 97 residues of ChYtm1 fold into UBL domain (purple) that is attached to the bottom side of a
seven-bladed B-propeller (pink). b) Conserved buried residues establish a network of hydrophobic
interactions that maintain UBL fold. ¢) Sequence alignment of ubiquitin (residues 1-76), UBL
domain of ChYtml (residues 12-97) and UBL of ChRsa4 (residues 33-126) shows that only few
residues are conserved between the proteins. Glutamic acid important for function of ChYtml and
CHRsa4 is marked with red asterisk. d) Superimposition of the structures of UBL of ChYtml
(purple) with ubiquitin (PDB:UBQI,green) and UBL of ChRsa4 (PDB:4WIJS, blue) shows that the
ubiquitin-like fold is well preserved. Side chains of glutamic acid involved in binding to MIDAS are
shown for ChYtm1 and ChRsa4.

Although the structure of the domain highly resembles the fold of ubiquitin
(RMSD between both structures is 1.2 A), the sequence between both proteins is
mostly dissimilar, thus proving that the ubiquitin-like motif is difficult to predict
from the sequence (Fig 4.29¢). At the same time UBL of ChYtm1 superimposes well
with the N-terminus of Rsa4 from C. thermophilum (Fig. 4.29d) (RMSD from iPBA
server: 1.75A) although only few residues are fully conserved between both
proteins, mainly those that maintain the hydrophobic core of UBL. Similarly to
Rsa4, ChYtml-Nt contains a conserved glutamic acid (E88) that mediates
interaction with MIDAS domain of Real. Moreover, like in case of ChYtml, two
different orientations of UBL were seen in crystal structure of Rsa4. This flexibility
and structural similarity between both UBLs point out toward a similar role of the
N-terminal region from Ytml and Rsa4 in ribosome biogenesis as previously
suggested by functional studies.

4.5.3.2. Ubiquitin-like domain shows conformational flexibility

As already mentioned, one of the main differences that we found between the
two types of crystals of the dimer ChYtm1-ChErb1Ct was the relative position of
UBL (Fig. 4.30a). To better understand this phenomenon we analyzed the
interactions that are present between the N-terminal and B-propeller domains of
ChYtm1 in each arrangement. Whereas the part of UBL (L66-F71) that contacts the
extension from the blade 6 of the propeller (S4220-R422) does not change
significantly from one space group to another, the loop that connects the first two
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strands of UBL (T21-K32) appears much closer to the bottom face of WD40 domain
in P 65 2 2 space group. This approximation pushes R419 toward N400 and induces
a 90° rotation of the side chain of Y402 that in consequence coordinates with T22
from UBL (Fig. 4.30b).

Figure 4.30. Ubiquitin-like domain of Ytml is flexible.

Model obtained with P 65 2 2 crystal is represented in green and the one corresponding to P 2, 2, 2
space group is shown in pink/purple. a) Relative position of UBL changes between different types of
crystals. b) When the last B-strand of UBL gets closer to the propeller, in P6s 2 2 crystals, V96
pushes R419 towards Y402 inducing rotation of its side chain so that it can establish contacts with
T22 from UBL that orientates much closer to the propeller than in P 2, 2, 2 crystals.

4.5.3.3. B-propeller domain of ChYtm1

The carboxy-terminal domain of ChYtml is formed by 7 WD repeats that
arrange in a tight propeller structure (Fig. 4.31a). Only WD6 contains a fully
conserved WD di-peptide at the end of strand “c”. The core of the domain highly
resembles other 7-bladed B-propellers and superimposes well (RMSD < 2A) with
more than 100 proteins from PDB as calculated by Dali Server (Fig. 4.31b). The
main difference can be attributed to the loops between B-strands (blue segments in
Fig. 4.31b) that, in several regions, fold into additional secondary structures.
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RESULTS

Figure 4.31. B-propeller domain of ChYtml.

a) Top view of the B-propeller of ChYtml represented with rainbow coloring. Blade numbering is
indicated. The velcro-like 1+3 closure of the domain is marked with red arrow. Blades 2 and 5
contain additional B-strand in their folds. A short a-helix inserted between blades 1 and 2 can be seen
to partially occlude the central channel of the propeller. b) Top 3 most similar structures from PDB
(as calculated by Dali Server) were superimposed to the one of ChYtm1¢g.457. (Chains were colored
as follows: 4d6v:A- dark red, 2ymu:A-grey, 4esg:A-orange)

Noticeably, some of these extended loops seem to be fungi specific and are
lost during evolution (Fig. 4.32). In the bottom part of the domain, arising from the
first blade appears a short a-helix (residues 125-131) that partially occludes the
central aperture (A in Fig.4.32).

Figure 4.32. Insertions within
p-propeller domain of
ChYtml.

C-terminal domain of ChYtml
(light pink) contains several
extensions that fold into
additional motifs on the surface
of the propeller (magenta) and
tend to disappear during
evolution. A: residues 121-144,
B: 422-436, C: 260-269, D:
444-461.).
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The segment can only be found in certain group of fungi and is absent in
yeast or higher Eukaryotes. A long non-conserved loop between WD6 and WD7
(418-436) contains a B-strand that becomes the fifth strand of blade 5 (B in Fig.
4.32). Only the initial fragment of this “c-d” loop can be observed in yeast and
mammals and, as seen in the structure, establishes important contacts with the UBL
thus modulating its position. The second blade is also built by five and not four -
strands, but in this case the strand “e” is conserved in higher Eukaryotes. In Fungi it
is covered by additional unstructured fragment that covers the area between blades 2
and 3 (C in Fig. 4.32). The last extended loop connects blades 6 and 7 (residues 444-
461) and forms a protrusion on the upper face of the propeller (D in Fig. 4.32). This
knob-like structure has been previously observed in Ascl protein which is known to
bind 40S.

When we analyzed the conserved patches on the surface of the propeller it
was clearly noticeable that the least variable area corresponded to the ChErbl-
interacting face (Fig. 4.33). Regarding the most conserved feature of the -
propellers, the aspartic acid residue from the “b-c” loops (b-c Asp), in case of
ChYtml1 is present in 6 blades. Only the fifth blade lacks the aspartic acid and
possesses a conserved arginine that, interestingly, is located in the area that is close
to the B-propeller of ChErb1 although the residue itself does not seem to be directly
involved in the interaction.

Figure 4.33. Conserved residues on the surface of ChYtml1.
Surface view of ChYtml rendered by conservation as calculated from the multi-alignment made with
ClustalO. Top face of the propeller contains more fully conserved residues than its bottom surface
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RESULTS

The structural triad, essential for the B-propeller folding and described
previously, is present in all, except one, blades that have conserved “b-c” Asp. The
WD repeat 7 has a long insertion between strands “d” and “a” which lacks the GH
motif in the “d-a” loop. Instead, it has an arginine (R443) that mimics the role of the
histidine in the triad formation and makes electrostatic contacts with S475 and D479
that allow proper blade organization. Curiously, this arrangement is found in fungi
but higher Eukaryotes recover the GH motif and the canonical histidine-containing
triad.

Another peculiarity of the B-propeller of ChYtml is the unusual length of the
B-strands “c” and “d” from the second blade (2¢ and 3d). These strands project
toward the bottom part of the first blade. R145 from the beginning of 1b makes a salt
bridge with E207 from 2c thus forming a clasp that completely closes the breach
between blades 1 and 2.

4.5.4. B-propeller domains of Erb1 from C. termophilum and S. cerevisiae are
highly similar

The C-terminal domain of ChErb1 superposed well with the previously solved
B-propeller of Erbl from yeast (Fig. 4.34a) (RMSD from iPBA server: 0.98A). The
most dissimilar area between both proteins corresponded to the insertion that
appeared within blade two, as described previously for S. cerevisiae, and an adjacent
loop that connected strands “2d” and “2a” (marked with red arrow in Fig. 4.34a). It
is also worth noting that the most flexible fragment of the insertion that could not be
traced due to the missing electron density was much shorter in case of C.
termophilum (17 residues) when comparted to the same region in Erbl from yeast
(36 residues). As mentioned previously, the low-resolution structure from P 65 2 2
crystals allowed us to trace an additional fragment of the B-propeller that extended
towards the N-terminal region of the protein. This probably flexible segment
(residues 427-432) became rigid and traceable because it packed against the same
chain from the symmetrically related monomer. Interestingly, the large positively
charged area described for S. cerevisiae Erb1Ct is maintained in ChErb1Ct which
had been shown to bind RNA in vitro (Fig. 4.34b).
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Figure 4.34. ChErb1432_801
superposes well with its
counterpart from yeast.

a) The structure of ChErb1,3;.g0;
(blue) is well conserved when
compared to Erbly4.507 (green).
Main difference between both
domains resides in the “2d-2a”
loop (red arrow) and the length
of the insertion. b) The
positively charged area on the
surface of ErblCt is well
conserved between species as
shown for C. thermophilum
(left) and S. cerevisiae (right).

4.5.5. ChYtml interacts with the B-propeller domain of ChErbl1

The unexpected disposition of full-length ChYtm1 bound to the C-terminal
domain of ChErbl in the asymmetric unit led us to further investigate the possibility
of a direct interaction between both B-propellers. Since previously published data
suggested that the binding of Ytm1 to Erbl in yeast did not involve the B-propeller
of Erbl (Tang et al., 2008), we first computationally checked whether the dimer was
stable in solution.

Multimeric state
Copies in unit cell
AG™ (keal/mol)®
AG®** (kcal/mol)®
Formula
Composition

Dissociation pattern
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Assembly Summary
2 Surface area (A%
4 Buried area (A2)
-8.5 TAS (kcal/mol) ¢
43 Symmetry number
AB
AB
A+B

32738.2
2457.6
13.8

1

Table 4.6. The most probable assembly
as calculated by PISA Server.

Stability of the dimer in solution was
computationally confirmed.

* AG™ indicates the solvation free energy
gain upon formation of the assembly

> AG%* indicates the free energy of
assembly dissociation

¢ TAS®™ indicates the rigid-body entropy
change at dissociation



RESULTS

PISA server confirmed that the complex formation was energetically
favorable, being the buried area between both monomers 2458A% (Krissinel &
Henrick, 2007). According to PISA 43 residues of ChYtml and 34 from ChErbl

were engaged in the dimer formation (Table 4.6).

4.5.5.1. High-affinity binding occurs between ChYtml and ChErblys; s in
vitro

We performed in vitro binding assays using ChYtml and truncated ChErbl
(residues 432-801). Both proteins were mixed and injected into size exclusion
chromatography column. ChYtml and ChErblas;.50; co-eluted from gel filtration
and we could observe approximately 1:1 binding on SDS-PAGE (Fig. 4.35a).
Elution volume indicated that both proteins formed a dimer. Moreover, we
performed a pull down assay using Glutathione Sepharose beads. First, GST-tagged
ChYtm1 or GST alone were attached to the resin and then 6xHis-tagged ChErb143;.
go1 was added to the beads. After extensive washes, the proteins were eluted with
glutathione-containing buffer. Whereas, we did not observe any 6xHis-ChErb143;.g0;
in the control elution, it was present in the sample that contained GST-ChYtml
clearly suggesting that the B-propeller of ChErbl was stably associating with
ChYtml (Fig. 4.35D).
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Figure 4.35. B-propeller of ChErbl and ChYtml interact in vitro.

a) SDS-PAGE of the fractions corresponding to gel filtration elution profile where one wide peak was
observed. Both, ChYtm1 and ChErbl,3,40; were found to co-elute together. b) Pull-down experiment
showed that 6xHis-tagged ChErbly;,.g0; co-purified with GST-tagged ChYtml but not with GST
alone on Glutathione Sepharose beads. 1: Input, 2: Elution
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Because ChYtml and ChErblasys0; held together in gel filtration we
expected the binding to occur with a good affinity. In order to quantify the strength
of the interaction we calculated the dissociation constant (Kp) using biolayer
interferometry. GST-ChYtml was immobilized on Anti-GST biosensor and then
increasing concentrations of either ChErb1 or ChErb143,.50; were used in association
and dissociation steps. We observed a good binding between ChYtml and both
ChErbl1 constructs and we could measure the affinity. Comparable Kp of ~4 nM and
~3 nM, for ChErbl and ChErblys;go; respectively, indicated that the binding
occurred with high affinity in both cases (Fig. 4.36a). Moreover, since the -
propeller alone bound ChYtm1 with the same strength as the full-length protein, the
N-terminal portion of ChErb1 was dispensable for the stable association to occur.
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RESULTS

Figure 4.36. p-propeller of ChErb1 and ChYtm1 interact in vitro.

a) Biolayer Interferometry experiment showed that both ChErbl (top) full-length and ChErb143,.50
(bottom) bound ChYtml with a good affinity. b) ITC was done to validate high-affinity binding
between ChYtml and ChErbly;;.0;. Raw heat of each injection is shown in the upper panel. Curve
fitting allowed to confirm that the binding affinity was in low nanomolar range (Kp ~10nM).
Calculated thermodynamic parameters for the ITC experiment are shown in the table.

Next, we performed an isothermal titration calorimetry (ITC) assay to get an
insight into the kinetics of the interaction between ChYtml and ChErblas;.30;. The
association of the proteins resulted in heat release and the measured peaks were
integrated and thermodynamic parameters calculated. Strong interaction, with Kp in
a low nanomolar range (~9nM), was confirmed to occur between ChYtm1 and the
carboxy-terminus of ChErb1 (Fig. 4.36b).

4.5.5.2. Details of ChYtm1-ChErb1,3,.80; dimer interface

As calculated by PISA Server, there are 18 hydrogen bonds and 11 salt bridges
across the dimer interface. Manual inspection of the model confirmed that the dimer
was mainly maintained by electrostatic forces although several hydrophobic regions
were also involved in the interaction. ChYtm1 uses the extensive top face of its -
propeller to establish contacts with the bottom part and the circumference of
ChErbICt (Fig. 4.37).

Figure 4.37. Top face of the B-propeller of
ChYtml1 binds ChErbl1.

Ribbon representation of the dimer shows that
ChYtml (pink) binds to the C-terminal domain
of ChErbl (blue) through the top surface of the
propeller (red arrow). UBL domain of ChYtml
(purple) does not participate in the interaction.
Side chains of interacting residues are shown.
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The manner in which both propellers interact is quite unusual as the axis of
one of the domains is tilted 55° with respect to the other (Fig. 4.38).
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First interacting region includes the last B-strand (“1d”) of blade 7 in
ChErbICt that contacts loop “6d-6a” and a long extension that appears between
strands “7d” and “7a” of ChYtml (the knob formed by residues 444-460) (A in
Fig.4.39). Since this extended loop is not conserved in other Fungi or higher
Eukaryotes it is possible that the way both proteins interact at this point is
Chaetomium specific. Blade 7 of ChErb1 is also engaged in another contact through
its “7a-7b” loop, which contains E785 that forms salt bridge with fully conserved
H320 from ChYtml.

Figure 4.39. Three areas of
ChErbl;,5 contact the pB-
propeller of ChYtml.

A) Strand 1d from the blade 7
contacts the knob that appears
between blades 6 and 7 of ChYtml.
B) Conserved loop “c-d” from blade
1 of ChErbl binds to the central
channel of ChYtml. C) The
insertion from blade 2 of ChErbl
mediates binding to an extended
loop from ChYtml on one side of
the propeller.
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RESULTS

The entrance of the central tunnel of ChYtml serves as place of docking for
a loop between strands “lc-2d” from the first blade of ChErb1Ct (481-486) (B in
Fig. 4.39). The loop contains three well conserved residues: E481, T484 and R486
that establish a network of electrostatic interactions with also conserved amino acids
from blades 1, 2, 3 and 7 of ChYtml. A salt bridge is formed between R486 of
ChErbl and D112 from ChYtml. Two additional residues of ChYtml: W113 and
Y151 ensure the proper orientation of R486 side chain thus promoting electrostatic
contacts. Interaction with ChYtml actually induces conformational reorganization
that allows salt bridge formation because in the structure of Erb1Ct alone (from S.
cerevisiae) the residue corresponding to R486 (R470 in S. cerevisiae) is coordinated
by E481 (E465 in S. cerevisiae) (Fig. 4.40). Upon binding, E481 forms hydrogen
bonds with K181 and Y151 from ChYtml and the side chain of R486 is forced to
move toward D112.

Figure 4.40 Residues involved in R486-D112 salt bridge formation.

ChYtml is shown in pink and ChErbl in blue. Superimposition of monomeric B-propeller of Erbl
from S. cerevisiae (in green) shows the conformation switch that forces R486 (R470 in yeast) toward
salt-bridge formation. Electrostatic interactions are shown as black lines. Labels corresponding to
residues from yeast Erbl are underlined.

At last, our crystal structure showed the importance of the insertion that
appeared within the second blade of the B-propeller of Erbl. We observed that in
ChYtm1-ChErb1Ct dimer this region provided additional surface of interaction
because it made important contacts with the loops from blade 2 and 3 of ChYtml
and with another long extension, between strands “3¢” and “4d” that projects out of

123



the plane formed by the top surface of ChYtm1 thus increasing dimerization area (C
in Fig.4.39). In conclusion, the central part of the propeller of ChYtml provides a
large docking surface for the bottom face of blades 1, 2 and 7 from ChErb1Ct that is
additionally held in place by two lateral extensions from ChYtm1.

4.5.5.3. Electrostatic repulsion induced by R486E mutation affects the binding
affinity

In order to validate the structural information provided by our model we
attempted to prove that the B-propeller of ChErbl played crucial role in binding to
ChYtml. We analyzed the conservation of the interfaces that participate in the dimer
formation and we found an area that was fully conserved in both proteins (Fig. 4.41).

ChErb1,3,.501

ChYtm1

Figure 4.41. Conservation of the surface involved in ChErb1,;, 30;-ChYtml1 interaction.

The colored surfaces of ChErblCt (top) and ChYtml (bottom) show the area that mediates the
binding between both molecules. The most variable residues are shown in blue and the most
conserved one are depicted in red. Green circles mark the region that was chosen for mutant
generation.
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This region corresponded to the previously described salt bridge between
R486 and D112 and adjacent residues. We designed a set of ChErb1 point mutations
that altered the most conserved residues from that area of interaction (Fig. 4.42).
Two of the mutants (E481R and T481E) expressed as inclusion bodies indicating
misfolding of the nascent propeller. Those that were soluble upon expression were
purified and assayed for their binding to ChYtml. Initially, we checked whether any
mutant of ChErbl would lose its ability to co-elute with ChYtml in gel filtration
thus indicating lack of binding or at least an important decrease in its affinity. Only
one of the tested proteins, ChErb1[R486E], did not hold together with ChYtml in
size exclusion column.

Mutant S. SE K; (M)
E481R NO X -

E481D YES + 5x10°
T484E NO X -

T484Q YES + 3x10°
R486A YES + 7x10°

R486E YES - 249x10?
V488W YES + 7x10°

Figure 4.42. “1¢-2d” loop of ChErb1,3, 39; was mutated to disrupt the binding.
Side chains of modified residues of ChErb1 (blue) are labeled and corresponding mutations are listed
on the right. Soluble variants (YES in S. column) were injected with ChYtml in gel filtration (SE
column: X: not checked, +: bound, -: no binding) and interaction affinity was measured by
interferometry.

Next, we carried out a pull-down experiment to assess if this point mutation
was disrupting the binding completely and we observed that there was still a
detectable amount of 6xHis-ChErb1[R486E] co-purifying with GST-ChYtml on
Sepharose Glutathione beads suggesting that both proteins were still associating but
not as stably as in the case of wild-type ChErbl. Finally we decided to quantify the

decrease of affinity produced by the mutant (Table in Fig. 4.42). The Kp measured
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by interferometry using ChYtml with full-length ChErb1[R486E] or ChErblys,.
301[R486E] resulted to be two orders of magnitude lower (Kp ~250nM) than
ChErb1-ChYtm1 interaction described previously. At the same time we confirmed
that other mutations did not significantly affect the binding and presented Kp values
within wild-type range (~3-7 nM). Interestingly, disruption of the salt bridge by
R486A mutation was not sufficient to weaken the binding (Erb1-R486A co-eluted
with ChYtml in gel filtration) and only an electrostatic repulsion induced by R486E
had an important effect on the interaction.

4.5.5.4. R468E mutation does not affect the B-propeller architecture

To further investigate the impact of R486E mutation on the binding we
checked if the decreased affinity was not a side effect of aberrant B-propeller folding
or its reduced stability in vitro but was directly related to the repulsion between
E486 and D112 from ChYtml. Using Thermofluor we confirmed that thermal
stability of R486E B-propeller was not compromised and its melting temperature
was comparable to the one of wild-type ChErblas;g0; (Fig. 4.43a). We performed
crystallization trials with ChErblysg01[R486E]-ChYtml. Four very similar
conditions yielded crystals of comparable morphology that was pH-dependent (Fig.
4.43b). The highest resolution was achieved for the crystals that appeared in the
condition that contained 0.1 M Hepes pH 7.5 and 2M Ammonium Sulfate. A
complete dataset allowed us to solve a 3.0A structure of the dimer (Table 4.7) that
verified that the overall architecture of the C-terminal domain of Erbl was not
altered in the context of the mutation (RMSD between ChErb14;7.801 and ChErb143;.
g01[R486E] was 0.48A). As expected, mutant protein still interacted with ChYtm1 in
vitro at the concentrations used in the crystallization drops and the electron density
for E486 from ChErbl clearly showed a lack of coordination with D112 from
ChYtml1 (Fig. 4.43c¢).
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a)

200000 -
150000 -

—WT
100000 -

——=R486E
50000 -

Figure 4.43. The stability and structure of ChErbl,;,.4; are preserved in the context of R486E
mutation.

a) Thermal stability of ChErb143,.40)[R486E] (blue) is equivalent to the wild-type protein (red).

b) Crystals containing mutant ChErbl and ChYtml grew in 2M ammonium sulfate supplemented
with buffers at different pH ¢) Upon successful crystallization of ChErbl,3,40;[R486E] we proved
that the B-propeller structure was intact and the only difference between both structures was the lack
of D112-R486 salt bridge (left) between D112 and E486 (right). Electron density is shown with 1.5c.
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Interestingly, ChYtm1-ChErbly4s;50[R486E] formed crystals with exactly
the same symmetry and unit cell parameters as those of ChYtm1-ChErbl in P 652 2
space group. It was surprising because, as mentioned in the section 4.5.4, the most
amino-terminal end of the B-propeller of ChErb1 (residues 427-431) seemed to be
involved in crystal contacts with the same region of the symmetrically related
molecule. However, the sample used for the crystallization of the mutant-containing
dimer did not have full-length ChErb1[R486E] but only the B-propeller itself
(residues 432-801), thus lacked the N-terminal extension. Obviously there was no
electron density in the area corresponding to 427-432 segment of ChErbl which
indicated that the loss of one of the crystal contacts did not impede crystal formation

inP6s522.
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94

0.13

13.72
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Table 4.7 Data collection and refinement statistics of ChErb1,3, 30;[R486E]-ChYtml1.
* Statistics for the highest-resolution shell are shown in parentheses.
b-ede 2] jke in Tables 4.4 and 4.5

"Ligands: chloride ion
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RESULTS
4.6. Functional studies corroborate the structural findings.

By disrupting of the fully conserved salt bridge between R486 of ChErbl and
D112 of ChYtm1 we managed to weaken the binding between both proteins in vitro.
We decided to check whether a similar mutation would have an effect in
Saccharomyces cerevisiae, the model organism for studying eukaryotic ribosome
biogenesis. We inserted erbl gene into YCplac33 vector which we then used to
complement null erbl strain. Next, we cloned erbl with its native promoter into
YCplacl1l and used it as a template to generate erblR470E mutant which
correspond to Erb1R486E from C. termophilum. Finally we investigated the impact
of the mutation on the phenotype of yeast.

4.6.1. Erb1[R470E] impairs growth in yeast

We used Erbl or Erb1[R470E] cloned into YCplac111 to investigate whether
we could rescue the lethal phenotype of the null erbl strain. For that reason we
transformed Aerbl/YCplac33-Erbl with either wild-type or mutant copy of Erbl-
YCplacl11. Once transferred to FOA-containing medium the cells lost YCplac33-
Erbl and their growth was dependent on the gene expressed from YCplaclll
constructs. As shown by spot assay, at 30°C, normal growth was fully restored by
the wild-type Erbl whereas Erb1[R470E] resulted in only slightly smaller colonies
indicating a very mild growth defect (Fig 4.44).

erb1[R470E]

30 °C 37°C

Figure 4.44. Erb1[R470E] impairs growth in yeast.

At 30°C Aerbl strain complemented with erbl[R470E] grew only slightly slower than the one
carrying wild-type erbl, however a significant growth alteration in the context of the mutation was
observed at 37°C.

At 37°C the strain complemented with Erbl still grew normally but the one
containing Erb1{R470E] clearly showed altered growth rate.
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4.6.2. 60S subunit biogenesis is affected in the context of Erb1[R470E]

To further explore the impact of the mutation on the yeast cells we asked if
the slower growth could be correlated to abnormalities during ribosome synthesis.
We extracted the polysomes and subjected them to fractionation on sucrose
gradients. As seen in the profiles, the wild-type Erbl showed unaffected peaks
corresponding to the ribosomal subunits, 80S assembly and translating ribosomes.
On the other hand, there was a clear effect of Erb1[R470E] (Fig. 4.45). Once again,
it resulted to be less prominent at 30°C and became more sever at higher
temperature. In both cases there is a visible decrease in 60S subunits and half-meres
arising in the peaks corresponding to the 80S and in the polysomes. The profile of
ErbI[R470E] at 37°C shows much more drastic lack of functional ribosomes which
seriously hinders translation.

Erbl Erb1-R470E
A260
80S 80S y
30° 60S 60S
80S "
sos\],
37° 60S
408 408 -

Figure 4.45. Erb1[R470E] results in altered 60S biogenesis.

At 30°C the effect of the mutation was less prominent than at 37°C. In both cases, there is a clear
deficit of 60S subunit; halfmeres (black arrows) appear in 80S and polysomal fraction. Decreasing
polysomes levels in Erb1[R470E] at 37°C indicate altered translation.

To better quantify the reduction of LSU particles in the context of the
mutation we analyzed the amount of each subunit in yeast grown at 37°C and we
observed that whereas in Erbl the ratio 60S/40S was 2.2 it decreased to 1.4 in the
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strain carrying Erb1[R470E] (35% less), once again confirming that the mutation
interfered with LSU assembly. We performed a western blot analysis of the resulting
fractions in order to determine the localization of Nop7, Erbl and Ytml in the
context of wild-type Erbl or Erb1[R470E] (Fig. 4.46).

Using anti-Erb1, anti-Nop7 and anti-Ytm1 antibodies we were able to detect
the three proteins in the extracts. In the strain expressing Erbl, the proteins were
mainly found in those fractions that sediment lower than 60S subunit and most likely
correspond to pre-ribosomal particles with MW slightly higher than LSU. When
compared to Erbl, in the context of Erb1[R470E], Nop7 did not show changes in its
localization. Erb1[R470E] variant clearly tended to accumulate as free protein or
was forming low MW complexes and sedimented with the pre-60S particles only to
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Y : , = P — — Erbl
4 D R e = - — Nop7
T e s ———— — —— — — Ytml
- ---’ P e - - — L1
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erbI1[R470E]

40S 60S
et 4 0 0 ——— _ — Erb1[R470E]
'ﬂ-'”! —— L —— s e s — Nop7

——— ' — Ytml
—— = - G — — L1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516

Figure 4.46. Erb1[R470E] disrupts the association of Ytm1 with pre-ribosomal particles.
Ribosomal subunits were separated by ultra-centrifugation on sucrose gradients and collected
fractions were subjected to Western Blot. In the mutant, higher amounts of Erb1[R470E] appeared as
free protein not associated with pre-ribosomal fractions and almost all Ytm1 was detected at the top of
the gradients dissociated from pre-60S. Ribosomal L1 protein was included as a control.
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a lesser extent suggesting that the association between pre-ribosomes and mutant
protein is weakened. Strikingly, Ytm1 protein was found only at the top of the
gradient indicating that Erb1[R470E] drastically disrupted the recruitment of Ytml
to the pre-60S.

Finally, we performed a northern blot analysis of the rRNA species
detectable in wild-type or Erb1[R470] expressing strains. As in previous
experiments, the effect of the mutation was more prominent at higher temperature.
Erb1[R470E] led to a weak accumulation of 35S rRNA with concomitant reduction
of 27SA,, 25S and 20S species (Fig. 4.47). This pattern of altered rRNA processing
resembles the one previously described for other proteins that act at the same stage
of ribosome biogenesis as Erbl (Aj; factors).
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DISCUSSION

Nop7, Erbl and Ytm1 proteins bind to each other in order to assure the correct
60S assembly. The role of the trimer in the process is still poorly understood but it
has been previously demonstrated that it is essential for cell viability in yeast and
mammals. We have focused our efforts on the structural and biophysical
characterization of the complex and then confirmed our findings using
Saccharomyces cerevisiae as a model organism. Because many results in this work
were obtained using proteins from S. cerevisiae or Chaetomium thermophilum, in
this section, I will refer to the proteins as Erbl, Nop7 and Ytm1 indistinctly, unless
otherwise specified.

5.1. Biophysical and biochemical characterization of the proteins
5.1.1. Production of Ytm1 requires eukaryotic expression system.

After our laborious attempts to over-express soluble Ytm1 in E. coli resulted
unsuccessful, we managed to produce a highly homogeneous protein using insect
cells. Since we could obtain UBL domain alone using bacteria, it became clear that
the proper folding of the B-propeller of Ytm1 was the limiting step. Interestingly, it
has been known that the seven-bladed WD40 domain of the 3 subunit of the trimeric
G-protein relies on a eukaryotic chaperone CCT to acquire its final conformation
(Kubota et al., 2006). It is tempting to think that a similar scenario takes place in the
case of Ytml. In addition, Rsa4 protein, which also contains an UBL and a C-
terminal B-propeller domain and is structurally and functionally related to Ytml, is
also insoluble when produced in prokaryotic expression system (Bassler et al.,
2014).

A high-throughput study searched for proteins that were binding co-
translationally to SSB chaperone in yeast and both, Ytm1 and Rsa4, were identified
(Willmund et al., 2013). SSB is known to facilitate correct folding of proteins that
present slower translation rates. Moreover, co-chaperones of SSB and SSA called
Zuol and Jjjl1, respectively, that are known to stimulate its ATPase activity, have
been shown to act during ribosome biogenesis (Albanese et al., 2010; Meyer et al.,
2007). Actually, yeast strains lacking Zuol or Jjj1 exhibit defects in 27S RNA
processing, as when Ytml or its binding partners are depleted (Kaschner et al.,
2015). Furthermore, Jjj1 is involved in the recycling of a ribosome assembly factor
Arx1 through its interaction with Reil (Kressler et al., 2010; Ohmayer et al., 2013).
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Zuol or Jjj1 might be able to recognize the nascent Ytml and/or Rsa4 polypeptide
and bind to it in order to promote its folding. The UBL domain of both proteins
might be involved in this kind of recognition because there are examples of
chaperones that can selectively bind ubiquitin (Parcellier et al., 2003; Xu et al.,
2013). As a matter of fact, Zuol can interact with ubiquitin as demonstrated in a
high-throughput analysis (Phillips et al., 2013). The ability of Zuol or Jjj1 to assist
folding of pre-ribosomal factors and maybe their association to pre60S still needs to
be investigated.

A different possibility regarding the folding of Ytm1 and Rsa4 should also be
taken into consideration. It has been proposed that the amino-terminal UBL domain
could act as a chaperone that enhances the expression and proper spatial
organization of the fused polypeptide (Karbstein, 2010). It has been shown that in
several cases fusion of ubiquitin to certain proteins improved their heterologous
expression and solubility in E. coli (Catanzariti et al., 2004). Therefore, it is possible
that the N-terminal domain of Ytml assists the folding of the P-propeller but
considering that ubiquitin and UBL alone can be expressed correctly in bacteria, this
chaperoning activity would be expected to promote soluble expression of the full-
length Ytm1 and, as shown by our expression assays, it does not. Thus it is highly
probable that even if UBL makes a contribution to Ytml folding there should be
additional mechanism, found exclusively in eukaryotes, that guarantees the
expression of the functional protein.

5.1.2. Proteins from Chaetomium thermophilum are more stable in vitro

Upon expression of the proteins of interest we were able to compare the
stability of Ytm1 and Nop7 from yeast with their counterparts from the thermophilic
fungus. As expected, in both cases, proteins from C. thermophilum resulted to be
more thermostable. Whereas, the mean Tm for Ytm1/Nop7 from yeast was 45°C
approximately, the thermophilic macromolecules presented Tm values close to 58-
60°C. This important shift in melting temperature had a beneficial effect on the
expression levels and could positively affect crystallization of the macromolecules
(Canaves et al., 2004). Indeed, we were able to obtain crystals of ChErb1-ChYtm1
and not of their counterparts from yeast. It is not easy to clearly explain the reasons
behind the great thermal stability improvement in case of Ytml and Nop7. One
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obvious difference between the proteins is their length; Ytm1 from yeast (51.4 kDa)
has 35 residues less than ChYtml (52.9 kDa) and Nop7 (69.9 kDa) is 74 residues
shorter than ChNop7 (77.1 kDa). In both cases the additional residues in the
thermophilic proteins tend to accumulate in certain segments of the polypetide and,
as seen in ChYtm1 structure, form extra motifs on the surface that could somehow
stabilize the fold of adjacent regions or occlude flexible, less stable parts of the
protein (Fig. 5.1). However some of those insertions are also present in other groups
of Fungi that are not necessarily thermophilic, thus it is difficult to unambiguously
explain the contribution of those sequences to the thermal stability of the protein.

Figure 5.1 Additional elements within p-
propeller of ChYtml appear on the
surface of the domain.

All  inserted loops (magenta) form
protrusions on the surface of the B-propeller
(pink) and do not distort the overall fold of
the domain. UBL is shown in purple

Curiously, Erbl from yeast (91.7 kDa) does not follow the rule established
for Nop7/Ytm1 and is 8 residues longer than ChErbl (90.7 kDa). The thermophilic
protein does contain two extra segments within its N-terminal domain but in the C-
terminal B-propeller it loses an important fragment of the insertion that occurs within
WD?2 as well as a part of the loop that connects blades 1 and 2. In this case, this loss
of residues might not be related to the enhanced thermal stability but just to a lack of
function and removal of dispensable segments during evolution, as discussed later.
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5.1.3. Intrinsic lack of stability of Erbl promotes crystallization of the -
propeller domain.

Previous studies on Erbl in vivo have proposed that the levels of the protein
could be an important point of control during ribosome biogenesis (Rohrmoser et al.,
2007). In this work we show that Erbl produced in vitro lacks stability and suffers
sever proteolytic degradation in the crystallization drop, even in presence of its
binding partners, Nop7 and Ytm1, suggesting that none of them bind to the cleaved
area. There is a predicted PEST sequence in the central region of Erbl, between the
conserved N-terminus and the B-propeller domain. PEST motifs are known to appear
in proteins that undergo fast turn-over thus allowing a tight control of their levels in
the cell. The PEST sequence and its effect on protein stability have been extensively
studied in Eukaryotes. Although it has not been found in Bacteria, high content of
proline - glutamic acid — serine - threonine can significantly increase the flexibility
and disorder of the region which may make it easily accessible for proteases from E.
coli. Random proteolysis events occurring during protein purification and
crystallization yielded crystals of the B-propeller domain alone and in complex with
Ytm1. High protein concentration used in crystallization trials probably accelerated
proteolytic cleavage because during protein over-expression and purification Erbl
degraded only to a lesser extent. We could observe that, once concentrated up to 40
mg/ml and incubated for 24h at 4°C, the protein degradation was much more
prominent. Moreover, when PMSF 0.5mM was added to the sample used in the
crystallization screens, we could not detect any crystal growth in the conditions that
originally yielded crystals of truncated Erbl1.

Another interesting issue regarding the proteolysis is the fact that upon
addition of ChNop7, the dimer containing ChYtml and ChErblas;.g0; formed
crystals with different morphology, packing and diffracting to a higher resolution. In
yeast, Nop7 has been proposed to bind Erb1 through a central region of the protein
(265-383). The same region in ChErbl corresponds to residues 280-396. It is
plausible that in presence of ChNop7 the proteolytic cleavage occurred in a different
point, closer to the B-propeller domain, than when ChNop7 was absent. As a result,
the carboxy-terminal fragment of ChErbl remained flanked by a shorter peptidic
fragment on its N-terminus that could pack in a different manner than in the
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hexagonal crystals, where the N-terminus of the propeller points toward a gap
between the symmetry related chains and is not traceable.

5.1.4. The pB-propeller domain of Erb1 binds nucleic acids.

Previous studies have demonstrated that Erbl could be UV cross-linked to
rRNA within pre-ribosomal particles. Once we solved the structure of Erbl4i6.307 we
realized that it contained a large positively charged patch on the circumference of the
domain. The size of the area and its degree of conservation led us to investigate
whether it could be important from the functional point of view. Manual inspection
in Coot confirmed that it was large enough to bind single-stranded RNA or DNA.
We have also used HADDOCK to computationally check if there was enough space
on the surface of the propeller, in the basic region, to accommodate a nucleic acid
chain. We then decided to check if the interaction could be detected in vitro. We used
the B-propeller domain of ChErbl because it resulted to be more stable and
expressed in higher amounts than its counterpart from yeast. The binding to
unspecific RNA was confirmed by poly(U)-agarose beads, fluorescence and biolayer
interferometry. The latter allowed us to calculate the binding affinity that resulted to
be in a high nanomolar range (~170nM). Although we produced a set of ChErbl
variants containing single mutations of the conserved basic residues to alanine, we
were not able to disrupt its interaction with RNA, probably because a more
prominent modification of the patch is required to destabilize the binding.

Moreover, electromobility shift assay showed that ChErb1Ct was also able to
associate to a fragment of dsDNA causing its retardation in agarose gel.
Nevertheless, when we measured the affinity of the interaction between ChErbl43;.
go1 and biotynilated-ssDNA, it resulted to be lower than in the case of ssSRNA. In
addition, Nop7, Erbl and truncated fragments of both, tend to co-purify with large
amounts of nucleic acids from E. coli giving further evidence that the binding takes
place between the proteins and RNA and/or DNA. Given the presence of the
complex within pre60S and its higher affinity for RNA, we consider that the binding
to DNA might not be relevant from the functional point of view and could occur due
to electrostatic attraction between negatively charged nucleic acid and the proteins.

We have not measured the interaction affinity between ErbICt and the
specific rRNA sequence described by Grannenman et al but we prove that the -
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propeller can bind RNA regardless of its sequence. The specificity of the binding in
the context of pre60S could be provided by Nop7 that is required for the recruitment
of Erb1 to the pre-ribosomal complex. The ability of WD40 domain of Erb1 to bind
RNA could play secondary role and stabilize the association.

5.1.5. Erbl1 oligomerization in solution

When members of the PeBoW complex from S. cerevisiae and C.
thermophilum were expressed and purified we realized that Erbl, and to a lesser
extent Nop7-Erb1-Ytm1, formed higher MW oligomers in gel filtration.

In case of Erbl, it tends to form dimers and higher MW oligomers in a
concentration-dependent manner. Gel filtration pattern clearly shows peaks that
correspond to oligomers and we have confirmed this behavior by native gel
electrophoresis. Moreover, when the monomer-containing sample is concentrated
and re-injected into Superdex column, oligomeric species appear. The lack of
homogeneity in the sample has a negative effect on the crystallization of Erbl and
might explain why the full-length protein did not crystallize when the random
proteolysis was inhibited. Moreover, we have not been able to measure the binding
affinity between Erbl and Nop7 by ITC probably due to a highly dynamic
equilibrium occurring between the different oligomers in solution. Since we have
seen that when Erbl is incubated with Nop7 and Ytm1 a heterotrimeric species is
predominant, we believe that Erb1-Erbl interaction is less favorable in the context
of the complex. Still, as seen in gel filtration, Nop7-Erb1-Ytm1 particle also presents
oligomerization states in which the 1:1:1 ratio is altered. Given the ability of Erbl to
dimerize it is logical to think that it could induce the formation of hexamers, or even
larger complexes, composed of Nop7-Erbl-Ytml1 proteins in vitro. As seen in gel
filtration and crystal structure of Erbl4;6.307 the B-propeller domain of Erb1l does not
form dimers thus the propensity to oligomerize could be attributed to the N-terminal
domain of the protein. It is also possible that the dimers of Erbl are formed due to
the electrostatic interactions, in a head-to-tail fashion, between the positively
charged C-terminus (theoretical pl = 8.7) and highly acidic N-terminal region (pl =
4.5).
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5.2. Structural analysis of Erb1, Ytm1 and their interaction
5.2.1. The sequence and structure of the B-propeller of Erb1 are well conserved

From a structural point of view the B-propeller of Erbl highly resembles
other seven-bladed WD40 domains. Although its sequence is well conserved within
Erb1/Bopl family, it is not very similar to other WD repeats-containing proteins.
Initially it was difficult to unambiguously recognize seven WD repeats mainly due
to the long insertion that appears within WD2. Actually this fragment is the most
distinguishable feature in the structure of the domain. Additional alpha-helices and a
B-strand form an important protrusion that alters the globularity of the WD40 fold.
We observe an interesting rearrangement of the interactions between the blades 1-2
and 2-3 in order to maintain the stability of the domain. As a result, the insertion
increases the area of the bottom part of the propeller that, as discussed later, is
important for the interaction with Ytml. In the context of the conservation, the
sequence of the extension is the most variable part of the domain although when we
compare the structure of Erbl from S. cerevisiae with the one of C. thermophilum,
they are not significantly different. It is important to bear in mind that the crystal
structure of ChErb1Ct has been solved in presence of ChYtml and the binding of
both macromolecules might have an effect on the relative position of the loop
between strand “2c”and the a-helix 2. In any case, the superimposition of both
domains shows that the overall architecture is perfectly preserved between both
organisms. When we compare the sequence of the insertion itself, it clearly tends to
be shorter in higher Eukaryotes (Fig. 5.2). As already mentioned, the flexible part of
the B-propeller that could not be traced in our crystal structures is much shorter in
ChErbly4syg0; than in Erblsiego; and if we compare it with higher eukaryotes, it
practically disappears in Bop1 from mammals. Therefore it is possible that initially a
long insertion appeared within WD2 and it has been sequentially shortened during
evolution suggesting that the part that cannot be seen in the structure lacks
functional relevance.

Another well conserved feature seen in the structure of ErblCt is the
electrostatic potential. In both, Erblajs.307 and ChErblas;.g01, we could observe a
long breach of positively charged residues that presumably bind nucleic acids. The
size and the shape of the area are large enough to bind ssSRNA as shown by docking.
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The low variability in this region of the propeller may, once again, indicate that the
RNA binding is not just an artifact and could have an important role in Erbl
association with pre-ribosomes

Ca/551-616 551 RIESGWGYDTFGNKKK-DLKISSQKEEDNKESDNEDEDEEEDNDDDDDDDEPETSSTVEPKKEVAKW_ 616

S¢/529-575 529 KIEDGFGYDTFGTVKKSNLE - ==« == = - m v memaaan s VNENGDGDEDGENE - SAKNAVKKQVAQW 575
Sp/493-506 493 LE TS « v - v s v e et e e e s s APYQESSAIW 506
C/542-569 542 IENAGFGHATNGKQ - -« = = = = == s s s cscuacamnoncncncnccncnnnnsns Q-ANLPPGKEPPGKW 569
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Dm/531-553 531 DELAEAP - - + =8 Q- = s s e s s et m e e mm et e m e mm e an e mneaa D-VIESERIKTAVQW 553
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Figure 5.2 The insertion within WD2 of Erb1 disappears during evolution.

The part of the insertion that could nor be traced in our models (dashed red line) is much shorter in
higher eukaryotes. Conserved residues are colored. Ca: Candida albicans, Sc: Saccharomyces
cerevisiae, Sp: Schizosaccharomyces pombe, Ct: Chaetomium thermophilum, Cg: Chaetomium
globosum, Nc: Neurospora crassa, Dm: Drosophila melanogaster, At: Arabidopsis thaliana, Dr:
Danio rerio; Hs: Homo sapiens, Rn: Rattus norvegicus, Mm: Mus musculus, Ce: Caenorhabditis
elegans

5.2.2. The structure of Ytm1 manifests that highly variable sequence can render
perfectly conserved folds.

The structure of Ytml from Chaetomium thermophilum confirmed the
predicted architecture of the protein. The N-terminal ubiquitin-like domain is
followed by a seven-bladed B-propeller and both domains are essential for the
function. The WD40 domain in case of Ytml is more unusual than the one of Erbl.
It means that even though the core of the propeller superimposes well with other
WD40 folds, it is decorated by many insertions and extended loops that adopt
secondary structures on the surface of the domain. While some of these extra motifs
can be related to certain groups of fungi, the rest seems to be evolutionary conserved
and also appear in mammalian Wdr12 proteins. Unsurprisingly, all inserted segments
appear on the surface of the protein, in different parts of the propeller (as already
shown in Fig. 5.1). Interestingly, none of those extra residues are found on the top
face of the B-propeller domain, which is the hot-spot area involved in the interaction
with Erbl. One of the insertions forms a B-strand, one folds into an a-helix and the
other three are parts of more less extended loops between the strands of the
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propeller. The presence of additional elements in the B-propeller structure is not
surprising taking into account the great number of eukaryotic proteins that carry
similar domains. The most known function of WDA40 repeats is to mediate protein-
protein interactions and it is clear that there must exist a way to provide specificity
to those large folds. Whereas, the canonical arrangement of the B-sheets gives rise to
the typical propeller, the loops and extra helices can play an important role in the
selective binding to other macromolecules.

Curiously, the insertion that appears between blades 6 and 7 resembles a
similar segment in another B-propeller, the one of Ascl (Rackl in higher eukaryotes)
(Coyle et al., 2009). It has been described to form a knob structure that appears in
the interface that is involved in binding of Ascl to SSU in order to control
translation (Fig. 5.3a). For the crystal structure of Ascl it has been shown that this
fold is maintained due to a network of hydrophobic interactions. In case of ChYtml
we can observe an important salt bridge between E442 and R454 (Fig. 5.3b).

Figure 5.3 A knob-like element between blades 6 and 7 also appears in Rackl.

a) The insertion between blades 6 and 7 forms a knob-like structure (red arrow) on the top face of the
B-propeller of ChYtml (pink) that has been described in Rackl protein from yeast (orange,
PDB:3frx). b) The knob of ChYtml! is maintained mainly by a salt bridge between E442 and R454
although these residues are not conserved.

Since the deletion of the knob did not impair binding of Ascl to the
ribosome, it has been proposed that it could be important for a specific recognition
of other ligands, especially because it lies close to the hot-spot top face of WD40
domain. This is the case of ChYtml because the knob does establish a series of
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contacts with ChErb1Ct and contributes to the binding. It is noteworthy that two
proteins that carry a seven-bladed B-propeller and bind to ribosome (Ytml to pre-
60S and Rackl to 40S) share a very characteristic element in the same position
within their tertiary structure.

In the crystal structure of ChYtm1 some of the extended loops that appear in
the B-propeller could not be modeled with high accuracy or present high B-factors
due to their flexibility. Given the clear degradation pattern of Ytm1 upon expression
carried out for more than 72h, it is also possible that some of those fragments suffer
proteolytic cleavage that does not disrupt the propeller structure but explains the
lack of electron density in several regions of the asymmetric unit.

One of the parts that could not be traced in our model is the segment between
V272 and S283. It belongs to a long fragment that separates WD3 and WD4. Unlike
the insertion from ErbICt, this sequence of ChYtml contains several fully
conserved amino acids (Fig. 5.4a).

a . .

) - Figure 5.4 Partially
Cl/254-290 254 ASKASAP - - -EPDASLLP----GAHVSKRREATSS -vSTAQRGPL 290 . .

Sc/236-280 236 TIYKEMTVVDPLED INNPNNK | STAARKRREL TMKDGT | RR L2s0 conserved insertion between
Sp/226-262 226 FERSPET - - -TLESFSS----- S| SKKRRRENAEFTPQAGA 2

Hs/218-250 218 TVPTD- - - - - EEBEMEE - - - - - STNRPRK -BQKTE -QLGLT 0 WD3 and WD4 of ChYtml

o forms a cross-like fold.

=249 a) Alignment of the sequences
corresponding to the region
that separates WD3 and WD4
shows that few residues are
fully conserved (shown in
color). It contains an NLS that
overlaps with the region that is
not visible in the crystal
(dashed blue line). b) The
inserted fragment (blue) forms
a long loop parallel to the axis
of the  propeller and
perpendicular to the 5™ strand
of blade 2.

Rn/218-250 218 TVPTD - - - - - EEPEIQE--- - - PTNRPRK -BQKTE -QLGLT

Dr/218-249 218 AVPTE - - - - - EEMEIEE - - - - - P-NRPRK-KakTE-amcL TRTPL

The part of the insertion that we traced folds in a very peculiar way. It forms
a cross-like arrangement because first it goes from the strand “3c” out of the core of
the propeller forming a long loop and then it becomes the fifth B-strand of the blade
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2. Finally it goes through the gap between the propeller and the loop until it reaches
the strand “4d”, this way tiding the knot (Fig. 5.4b).

On one hand, the uppermost part of the insertion is involved in binding to
ChErbl (box C in Fig. 4.38). On the other hand, the missing fragment of the
structure contains a potential Nuclear Localization Sequence (NLS) which probably
is important for the nuclear import of Ytm1. Given the localization of the insertion
on the surface, its characteristic fold might be recognized by importins or other
factors that could translocate Ytml to the nucleus. This is in line with the fact that
shuttle of Ytm1 to the nucleus is independent of Nop7-Erbl.

Similarly to the B-propeller, ubiquitin-like domain of Ytml constitutes
another good example of a domain whose structure is well preserved in spite of a
poor sequence conservation. It is remarkable how the whole ubiquitin-like fold can
be assembled even though the composition of the N-terminal part of Ytm1 has very
little in common with ubiquitin. Even when we compare UBL from Ytm1 with the
same domain of Rsa4, we observe only a small number of residues that match. From
the functional point of view, the most documented role of UBL from Ytml is its
binding to the MIDAS domain of Real. The crystal structure shows that E8S8, the
residue described to be fundamental for this interaction to occur, appears in a loop
that acquires similar orientation as the one from Rsa4 that also is known to bind
Real. The interaction of Ytm1 with AAA-ATPase has been described as necessary to
remove Nop7-Erbl-Ytml1 from pre60S (at least a partial release of Nop7 has been
observed). It has been proposed that the energy obtained from the hydrolysis of ATP
is then transformed into a mechanochemical force that, through UBL domain of
Ytm1, induces conformational changes required for the dissociation of the factors.
The fact that we found two different orientations of UBL in two different crystals of
ChYtm1-ChErbl complex is line with this hypothesis and confirms that a certain
degree of flexibility is allowed between the N-terminal and the C-terminal domains
of Ytm1. Since similar observations had been made previously in the case of Rsa4,
our findings once again prove functional parallelism regarding both proteins.
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5.2.3. Erb1-Ytm1 dimer is maintained through a large interface between their
C-terminal domains.

Undoubtedly, the most remarkable finding reported in this work is the fact
that the B-propeller domain of Erbl binds to Ytml protein. In recent years it has
been postulated that the carboxy-terminal region of Erbl was not involved in
ribosome biogenesis and no other evident function has been proposed. When we first
solved the structure of the B-propeller alone, we showed that it could bind RNA and
that it had a very conserved area on the surface that could be involved in association
to other molecules. In order to prevent Erbl degradation through its central
fragment, which was believed to bind Ytml, we re-constituted the trimer and
surprisingly still observed proteolysis. When crystallization trials of ChNop7-
ChErb1-ChYtml yielded good quality crystals, we surprisingly discovered that
ChYtml appeared bound to the B-propeller domain of ChErbl. Taking into account
previous reports regarding the interactions required for Nop7-Erbl-Ytm1 complex
formation, we carefully investigated if the content of the asymmetric unit was not an
artifact induced by the crystal. We were able to confirm the interaction in vitro and
we proved that that both macromolecules associated with a good affinity (Kp ~
5nM). We further characterized the interaction in vitro and showed that there was no
need for the N-terminal domain of Erbl to facilitate or enhance the assembly of
ChErb1-ChYtml dimer.

Both B-propeller domains bind in a unique manner that has not been
described previously for WD40-WD40 interaction. Even though the B-propellers are
large platforms that mediate protein-protein contacts, there are not many examples
of structures where two of them directly interact (Mylona et al., 2006). In the case of
ChYtm1-ChErb143;.30; dimer we observe that the top face of ChYtm1 is attached to
the lower part of the B-propeller of ChErbl which result in approximately 55° angle
between the central axes of both domains.

We have learned from the structure that the binding takes place through a
large surface comprising the top face of the B-propeller of ChYtm1 and the bottom
part of ChErbl. The hot-spot area surrounding the central channel of ChYtml
recognizes a platform created mostly by blades 1, 2 and 7 as well as by the insertion
attached to blade 2 from ChErbl. From a functional point of view we should
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remember that it has been proposed that Erb1 is recruited to the pre-ribosome before
it interacts with Ytm1, thus the area of contact between both B-propellers should be
exposed and ready for the docking of Ytml. There may exist a mechanisms of
regulation of such an interaction in the sense that when Nop7-Erbl resides in a
pre60S particle that has not yet reached maturation level at which the complex
should be released, the area of Erbl that is recognized by Ytm1 might be occluded
or present modifications that would impede strong interaction with Ytml.
Alternatively, Ytm1 could bind shortly after loading of Erbl on the pre-ribosome
and the liberation of Nop7-Erbl-Ytm1 could depend on the interplay between Ytml
and Real. Both mechanisms are not mutually exclusive and may occur at two
sequential stages of ribosome maturation.

5.2.4. Mutational analysis of ChErb1-ChYtm1 binding

After a detailed manual and computational analysis of the binding interface
we have selected those residues that seemed to have major impact on the interaction.
We prepared a set of ChErbl variants that contained single point mutations in the
most conserved region involved in the association. We investigated the impact of
those mutations on the binding and we identified that a single substitution R486E
was able to decrease the affinity of the interaction by two orders of magnitude (Kp ~
249nM). It was an important finding because we proved that altering only one salt-
bridge we could strongly affect the interaction between two large protein surfaces.
Moreover, R486E mutant manifested the relevance of the high degree of
conservation that we had observed within ChErbl area (residues 481-487) that
contacts ChYtm1 through its central channel.

We crystallized the dimer of ChYtm1 and ChErbl43;.301[R486E] in order to
prove that the mutation did not destabilize the domain and, at the same time, we
confirmed that thermal stability of ChErb1R486E B-propeller was not reduced. This
observation is relevant because any mutation that alters the architecture of WD40
domain could exert an indirect negative effect on the association to Ytml. This
situation has been described by Miles et al. (Miles et al., 2005) who identified a
temperature-sensitive mutant of Ytml in yeast, ytmi-1, that contained G398D and
S442N mutations. Those residues correspond to G411 and S475 in C. thermophilum,
respectively. Ytm1-1 could not stably associate with Erbl in vitro and it affected the
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stability of Nop7-Erbl dimer in yeast. Although, as seen in ChYtm1-ChErb1Ct
structure, G411 and S475 residues are not directly involved in binding to ChErbl,
they are located close to the interface between blades 6 and 7 of ChYtml that
interacts with blade 7 of ChErbl. Moreover, S475 contributes to the blade stability
through a network of hydrogen bonds with neighboring residues. Thus, it is possible
that the mutations in this region affect proper folding of blades 6 and 7 and perturb
the area of interaction with ChErbl.

5.3. Re-defining the role of the B-propeller domain of Erbl in Saccharomyces
cerevisiae

The structural information gathered from the analysis of Erbl-Ytml dimer
from C. thermophilum was then translated into functional studies in vivo using
Baker's yeast. We propose that if the B-propeller domain of Erb1 does bind Ytm1 in
the cell, a mutation within the domain that decreases the biding affinity should affect
negatively the association between both proteins. Secondly, if the interaction
between Erbl and Ytml is relevant during LSU assembly, we should observe an
effect if that association is altered in vivo. Since ChErb1[R486E] resulted to have
lower affinity for ChYtml than the wild-type protein we decided to study if the
corresponding mutation in Erbl from yeast (R470E) would have any effect in vivo.

To confirm our hypothesis we used a diploid strain erbl/Aerb1 that allowed
us to generate a Aerbl strain complemented with YCplac33-Erb1l. We then checked
if YCplacl11-Erbl or YCplacl11-Erb1[R470E] were able to complement the
depletion of Erbl in Aerbl strain upon loss of YCplac33-Erbl in a medium
containing 5-FOA. As expected, the wild type copy of Erbl from Ycplaclll could
rescue the lethal phenotype of Erbl depletion at 30°C and 37°C. Whereas
Erb1[R470E] - complemented strain grew nearly as well as the wild-type at 30°C, at
37°C it clearly showed slower growth in YPD. These findings led us to further
investigate the effect of the mutation in the cell. The most obvious reason for slower
growth in the context of Erb1[R470E] could be altered ribosome biogenesis due to
defective binding of Ytm1 and ErbI1[R470E]. We performed polysome profiling and
we could observe an effect of the mutations that manifested in reduced levels of 60S
subunit and aberrant translation. Once again, the phenotype was stronger at 37°C and
confirmed that LSU assembly was not fully functional. Actually, the polysome
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profiles were strikingly similar to the one seen previously for yfm/-1 mutant that
also affects the interaction between Ytml and Erbl. Upon separation of ribosomal
subunits on sucrose gradients we performed a western blot of the collected fractions
and we observed that Erb1 wild-type, Nop7 and Ytm1 mostly appeared associated to
the pre-60S. When we analyzed the strain expressing Erb1[R470E] Nop7 presented
the same pattern as in the case of the wild-type starin. Erb1[R470E], however, was
predominantly found as free protein because its stable association with pre60S was
less efficient. More interestingly, the binding of Ytm1 to the pre-ribosomal particles
was almost completely disrupted. This observation is in line with previous reports
regarding the stability of Nop7-Erbl-Ytm1 trimer. It has been shown that, in the
context of ytml-1 mutation the binding of Erbl to the pre-60S is less efficient.
Similar situation may take place when the binding alteration is induced by a
mutation in Erbl (R470E). Even though Erb1[R470E] can still bind Nop7 as well as
the wild-type protein and is efficiently recruited to the pre-ribosome, this association
i1s more transient because the binding of Ytm1 is not effective. In this scenario the
stability of the whole trimer is diminished. Moreover, for obvious reasons, if Ytml
and Erbl do not interact properly, Real-dependent removal of Nop7-Erbl-Ytml
from pre60S is defective. Altogether, these phenomena result in abnormal, less
efficient ribosome production that reduces translation rates which consequently
delays cell growth. Because we observed that the B-propeller domain that carries
R486E mutation was properly folded and as stable as the wild-type domain, it was
highly unlikely that the effect of Erb1[R470E] in yeast was caused by misfolded
protein.

This was an important proof of concept because previous functional studies
in yeast seemed to indicate that the total lack of the C-terminal domain of Erbl
would not exhibit any effect on ribosome biogenesis or cell growth. Given our
structural findings which suggested that the B-propeller of Erbl was relevant for
Nop7-Erb1-Ytm1 complex formation, we hypothesized that if a mutation within the
domain interfered with the assembly of the trimer, we should be able to observe its
consequences. On the other hand, if the B-propeller had no role in binding to Ytml
or in ribosome biogenesis in general, mutations of its amino acids should not cause
any irregularities. Another possibility to consider was the scenario in which R470E
mutation would not be sufficient to alter Erbl1-Ytm1 binding in vivo.
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5.4. Summary of the interactions that hold Nop7-Erb1-Ytm1 complex together

Our biophysical, structural and in vivo analysis has allowed us to describe
the way Nop7, Erbl and Ytm1 interact. Nop7 uses its N-terminal domain to interact
with the central region of Erbl. Nor the BRCT domain of Nop7, nor its two putative
coiled-coils are required for this binding. From previous studies and from the results
of this work, it seems obvious that the amino-terminus that harbors well conserved
PES1-Nt domain of unknown architecture is responsible for the association between
both factors to occur (Fig. 5.5).

1 460
NLS

Ytm1 |[LUBL | [won[woz] [wos| [] [wod]wos] wos|[Wer]

Erbl R470

Bop1-Nt wD1|| wp2 WD3 ||WD4|(WD5 | (WD6| [ WD7

1 807

PESC-Nt cc1 | BRCT CC2 | Nop7

1 605

Figure 5.5 Summary of the interactions between Nop7, Erb1 and Ytml.

Diagram representing Nop1, Erbl and Ytm1. Domain organization of each protein is shown. The area
of interaction between Nop7 and Erbl is indicated with red lines. Segments of Ytml and Erbl that
interact and have been crystallized and described in this work are marked with red rectangles. The
position of the arginine that has been modified in Erb1[R470E] mutant is shown and labeled.

Regarding the C-terminal domain of Erbl, altogether, our results clearly
indicate that this large B-propeller may act as an important platform that binds
several macromolecules within pre60S particle. When we represent at the same time
the Ytm1 binding area and the positive patch on the surface, they localize on the
opposite sides of the domain (Fig. 5.6). Therefore, simultaneous interaction with
both, Ytm1 and rRNA is perfectly compatible. Moreover, in several occasions we
have seen that upon binding to Ytml, Erb1Ct can still bind nucleic acids.
Interestingly, recent studies regarding Drs1 helicase and its mammalian counterpart
Ddx27 have shown that it interacts with Erbl. There is not enough evidence to
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confirm that both proteins associate physically because they bind RNA, which could
mediate some sort of indirect interaction. Nevertheless, it has been shown that the N-
terminally truncated Bopl (mammalian orthologue of Erb1) still interacts with Drsl
in total cell extracts, whereas the same protein lacking the B-propeller domain does
not. These findings seem to suggest that the C-terminal half of Erbl, once again,
might be responsible for a specific macromolecular interaction. Further investigation
should be carried out to address this interesting hypothesis.

Figure 5.6 Electrostatic surafce view of the -propeller of Erbl.
Electrostatic surface potential of ChErb1Ct represented as mesh shows that highly electropositive area

possibly involved in binding to RNA (red arrow) is located on the opposite side to ChYtm] binding
site (in green)

Although the exact role of Nop7-Erb1-Ytm1 trimer in ribosome assembly is
not well understood, it has been proposed to act as a scaffold necessary for the
structural reorganization of the nascent ribonucleoprotein. If we consider that Erbl
and Nop7 might interact with Drs1 modulating its function on the pre-ribosome, it is
plausible that upon initial binding of Nop7-Erb1l to pre60S, the dimer performs a
Drsl1-related task, which once accomplished allows the recognition of Erbl by Ytml
and the liberation of the trimer from the machinery. The removal of Nop7-Erbl-
Ytm1 seems to be important for the assembly to continue; therefore it is likely to
induce important conformational changes within emergent LSU. Further
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investigations need to be carried out in order to shed light on the exact role of Nop7
sub-complex, its architecture and the regulation of its assembly.

At last, we have proven that by affecting highly conserved interface between
two proteins that are essential in ribosome biogenesis it is possible to alter cell
growth. It is an interesting observation if we imagine how deleterious effects could
have the disruption of ribosome synthesis in quickly proliferating cells. The area of
the interaction that we targeted in our mutational analysis is invariable. However, as
seen in the structure, there are some points of contact that are not preserved in higher
eukaryotes. Thus, it would be interesting to assess the effect of a mutation analogous
to R470E from yeast, in mammalian cells. If the disruption of the salt bridge
between Bopl and Wdrl2 in mammals also diminishes their association rate and
produces negative effect on the cell growth, it will open a whole new range of
possibilities to target cell proliferation at ribosome biogenesis level.

The results of this work clearly demonstrate how the structural information
provided by protein crystallography can lead to the functional re-evaluation of the
protein complexes. At the same time it becomes obvious that biophysical and
structural methods are a powerful tool to verify results obtained by genetic and
functional studies.
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6. CONCLUSIONS
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CONCLUSIONS

The carboxy-terminal domain of Erbl is a seven-bladed B-propeller that has
the ability to bind nucleic acids in vitro. It can bind both, RNA and DNA, but
manifests higher affinity for RNA.

Ytm1 protein requires a eukaryotic expression system for its proper folding
and this requirement is caused by the C-terminal domain of the protein.

Ytm1 carries an ubiquitin-like domain (UBL) on its amino-terminus that
possesses a well conserved glutamic acid residue (E88 in C. thermophilum)
on an exposed loop that mediates its binding to the MIDAS domain of Real.
UBL domain is attached by a flexible linker to the carboxy-terminal segment
of the protein, which folds into a seven-bladed B-propeller structure and
contains a large number of additional motifs that significantly modify the
surface of the domain.

Crystal structure of Ytml1-Erbl dimer from C. fermophilum shows that the
top face of the B-propeller of Ytm1 binds with high affinity to the bottom
part of the B-propeller of Erbl, through a large interface. The way both
domains interact has not been previously seen for associating B-propellers.
The interaction between Ytml and Erbl does not depend on the amino-
terminal segment that precedes the B-propeller of Erb1, as suggested before.
A point mutation on the surface of the B-propeller of Erbl (R486E) that
disrupts the salt bridge between R486 and D112 (in C. thermophilum)
decreases its affinity for Ytm1 by two orders of magnitude in vitro but does
not affect structural or biophysical properties of the domain.

Erb1[R470E], a mutation equivalent to R486E from C. thermophilum, in S.
cerevisiae does not rescue the lethal phenotype of Aerbl to the wild-type
extent and induces slow growth.

60S subunit biogenesis and rRNA processing are affected in the context of
ErbI1[R470E] mutation in S. cerevisiae, as shown by polysome profiling and
northern blot analysis.

Erb1[R470E] associates with pre-ribosomal particles less efficiently than
Erbl wild-type and in consequence higher levels of free Ertb1[R470E] can be
detected in yeast.

. The B-propeller domain of Erb1 is involved in the stable recruitment of Ytml

to the nascent pre-60S particle. Thus, Erb1[R470E] drastically reduces pre-
ribosomal incorporation of Ytml.
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8.1. Abbreviations

3C: Human Rhinovirus protease

40S: Small Eukaryotic Ribosomal Subunit (SSU)
6xHis: 6x Histidine tag

60S: Large Eukaryotic Ribosomal Subunit (LSU)
APBS: Adaptive Poisson-Boltzmann Solver

BSA: Bovine serum albumin

CCP4: Collaborative Computational Project Number 4
ChErb1: Erbl protein from C. thermophilum
ChErb1Ct: Carboxy-terminal domain of ChErb1 protein from C. thermophilum
ChNop7: Nop7 protein from C.thermophilum
ChYtml: Ytm]l protein from C. thermophilum
CRAC: UV cross-linking and analysis of cDNA
C-terminal, C-term, Ct: Carboxy terminal

DNA: Deoxyribonucleic acid

dNTP: Deoxyribonucleotide triphosphate

DTT: Dithiothreitol

Erb1Ct: Carboxy-terminal domain of Erb1 protein
fl: Full length

5-FOA: 5-fluoroorotic acid

GST: Glutathione S-transferase

HMM: Hidden Markov Model

IMAC: Immobilized-metal affinity chromatography
IPTG: Isopropyl B-D-1-thiogalactopyranoside

Kp: Dissociation constant

LB: Lysogeny Broth

LSU: Large Eukaryotic Ribosomal Subunit (60S)
pI: Isoelectric point

MBP: Maltose Binding Protein

MR: Molecular replacement

MW: Molecular Weight

Ni-NTA: Nickel-nitriloacetic acid

NMR: Nuclear magnetic resonance

N-terminal, N-term: Amino terminal

OD: Optical density at 600 nm

PCR: Polymerase chain reaction

PDB: Protein data bank

PEST: proline, glutamic acid, serine and threonine rich sequence
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PolyU: Poly uridylic acid

RMSD: Root mean square deviation

RNA: Ribonucleic acid

S: Svedberg unit (sedimentation)

SDS-PAGE: Sodium dodecyl sulphate polyacrylamide gel electrophoresis
SSU: Small Eukaryotic Ribosomal Subunit (40S)

SUMO: Small ubiquitin-like modifier

TEV: Tobacco Etch Virus protease

TLS: Translation-libration-screw

Tm: Melting temperature

UBL: Ubiquitin-like Domain

UV: Ultra violet

WD40: 40-residue long repeat containing tryptophan-aspartic acid dipeptide
YPD: yeast extract, peptone, dextrose containing medium
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Abstract

Erb1 {Eukaryotic Ribosorne Biogenesis 1) protein is essential for the maturation of the ribo-
somal 605 subunit. Functional studies in yeast and mammalian cells showed that altogether
with Nop7 and Ytm1 it forms a stable subcomplex called PeBoW that is crucial for a correct
rRNA processing. The exact function of the protein within the process remains unknown.
The N-terminal region of the protein includes a well conserved region shown to be involved
in PeBoW complex formation whereas the carboxy-terminal half was predicted to contain
seven WD40 repeats. This first structural report on Erb1 from yeast describes the architec-
ture of a seven-bladed 3-propeller domain that revealed a characteristic extra motif formed
by two a-helices and a B-strand that ins ert within the second WD repeat. We performed
analysis of molecular surface and crystal packing, together with multiple sequence align-
ment and comparison of the structure with other 3-propellers, in order to identify areas that
are more likely to mediate protein-protein interactions. The abundance of many positively
charged residues on the surface of the domain led us to investigate whetherthe propeller of
Erb1 might be involved in RNA binding. Three independent assays confirned that the pro-
tein interacted in vitro with polyuridilic acid {polyl), thus suggesting & possible role of the
domain in rRNA rearrangement during ribosome biogenesis.

Introduction

Erbl/Bopl is a eukaryotic protein that was firstly described as an evolutionary conserved factor
involved in large ribosotnal subunit biogenesis in yeast and mammals respectively [1.2]. Its
function is essential in the processing of rRNA precursors that give rise to the mature 5.85 and
25/288 particles [1-3]. Knock-down of Erb1 impairs ribosome assembly, leading to accumula-
tion of immature rRNA species in yeast, whereas the overexpression of Bopl negatively affects
cell proliferation in mammals [1.3.4]. In addition, an N-terminally truncated mutant of Bopl is
able to induce a reversible growth arrest through p53 response, suggesting a possible role ofthe
protein in ribosome biogenesis control [1,3]. Moreover, over-expression of bopl increases the
number of multipolar spindles, implying a correlation with colorectal cancer [5].
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dasign, data collsction and analysis, decision to In Saccharomyces cerevisiae Erbl contains 807 residues and catries a well conserved N-terminal
publish, or preparation of the manuscript. domain called BOPINT which plays role in the recruitment of the protein to pre-ribosomes [6].
Competing Interests: The authors have dedared The C-terminal region of Erbl was predicted to contain seven WD repeats that form a B-propeller
that o competing interests exist domain of unclear function [1]. Additional work on the exact role of Erbl in ribosome assembly

showed that it formed part of a functional cluster of processing factors, called A3, that were re-
sponsible for the cleavage of ITS1 {Internal Transcribed Spacer 1) [7,8]. It has been also demon-
strated that the full length protein binds to Domain I of 255 rRNA [9]. Erbl directly interacts with
Nop7 and Ytm]1 proteins {Pes1 and Wdrl2 in mammals, respectively) forming Nop7 sub-com-
plex (called PeBoW in mammals) that co-purifies with pre60S particles but remains stable even
after its dissociation from pre-ribosomes [7,10,11]. Nop7 complex has to be removed from the na-
scent ribosome by the AAA-ATPase Real in order to promote normal ribosome maturation [12].
Since Ytm1 and Nop7 do not physically interact, Erbl is considered to be the core of the complex
and the ratio of Nop7/Erbl and Erbl/Ytml heterodimers is important in controlling the assembly
and function of Nop7 complex (as shown for PeBoW complex in mammals by Rohrmoser [4]).
The invelvement of the complex in ribosonie biogenesis was reviewed by Henras [13].

‘While several studies regarding Erbl function and interactions focus on the BOPINT do-
main, the role of the propeller is still under investigation. It was shown that in yeast a truncated
Erbl lacking the C-terminal domain would not cause growth arrest but presented only a mild
defect in rRNA processing [6]. Despite the fact that the B-propeller domain of Erbl has been
proposed as dispensable for ribosome assembly, it still presents a high degree of conservation in
all eukaryotes. It is worth noting that the binding partner of Erb1, Ytm] is also predicted to con-
tain alarge 7-bladed B-propeller region on its C-terminus [14]. Furthermore, there are described
additional 20 proteins that contain f-propeller domains in their sttuctures and form part of the
tibosome assembly pathway in eukaryotes, thus indicating that it is a common fold required to
establish a high-affinity protein-protein interaction network within this complex pathway [13].

In recent years, there has been an increasing interest in the architecture of pre-ribosomes in
order to get a better understanding of the dynamics of the process. However, there is very limited
amount of information regarding the pre-ribosomal particles from a structural point of view.
The main challenge in the field is the lack of stability of the individual components of this enor-
mous machinery as well as the difficulty when trying to obtain homogenous samples for structur-
al studies [15]. Thanks to the recent advances in cryo- EM technique it has been possible to get
an insight into the organization of the late-stage pre-ribosome, nevertheless the structure of the
majority of the factors that participate in ribosome maturation still remains unknown [16,17].

Here we present the structure of the B-propeller domain of Erbl at 1.6A resolution that was
obtained during crystallization trials of Erb1/Nop7 dimer. The structural information allows us
to exactly define the boundaries of the domain and to describe its particular features, being the
presence of along insertion within the second WD repeat the most distinctive characteristic.
‘We consider a possible role of this extra fold in protein-protein interactions based on its itnpor-
tance for crystal packing. At the same time, sutface analysis helps us to predict other areas that
are likely to be involved in recognition of proteins or nucleic acids therefore making the C-ter-
minal domain of Erbl a motif capable of binding to additional factors within pre60S network.
At last, we demonstrate that, indeed, the B-propeller of Erb1 is able to bind non-specifically
RNA in vitro through a saturable surface.

Materials and Methods
Cloning

Since the genes of nop7 and erbl do not contain introns, they were cloned from the genomic
DNA of Saccharomyces cerevisine. A second PCR was performed in order to add ovethangs
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suitable for ligase independent cloning (LIC) cloning and compatible with vectors of interest.
Nop7 was cloned into pNIC28-Bsa4 vector which contains a sequence for N-terminal 6xHis tag
followed by TEV (T obacco Etch Virus protease) cleavage site. Erbi was introduced into
PET28-NKI/LIC 6His/3C vector obtained from Dr A. Perrakis group (NKI, Amsterdam), con-
taining the N-terminal 6xHis tag followed by 3C protease (Human Rhinovirus protease) cleavage
site. Both ligation reactions were performed according to the standard LIC protocol using T4
DNA polymerase from Fermentas. The DNA coding for yeast Erbig; 56 containing LIC suitable
overhangs was purchased from Life Technologies and the gene of Etblysy.s01 from Chaetomium
thermophilum var thermphilum (ChErbl) was cloned from the cDNA library prepared as de-
scribed in [18]. Both genes were cloned into pET28-NKI/LIC 6His/3C as described above.

Protein expression and purification

The 6xHis-Nop7 was expressed in BL21 Codon Plus strain of E. coli grown in LB. The expres-
sion was induced with 0.5mM IPTG and the culture was incubated overnight at 20°C. E. coli
BL21 Codon Plus strain was also used for the expression of 6xHis-Erbl. Protein production
was performed overnight at 20°C using ZY medium and autoinduction strategy described by
Studier [19]. After 16h of expression the cells were collected by centrifugation and the resulting
pellets were frozen in liquid nitrogen and stored at -80°C. Both proteins were purified separate-
ly following a protocol that involved IMAC (Immobilized-Metal Affinity Chromatography)
and size exclusion chromatography. The cell pellet was resuspended in 40ml oflysis buffer con-
taining 50mM Hepes pH 7.5; 0.5M NaCl; 10% glycerol; 5mM -mercaptoethanol and 10mM
of imidazole. One pill of Roche EDTA-free protease inhibitor cocktail was added to the buffer.
The cells wete disrupted by sonication and the soluble fraction was separated from the debris
by centrifugation at 4°C/20000 x g for 45 minutes. The supernatant was filtered and loaded
onto a 5ml HisTrap column {GE Healthcare) previously equilibrated with 10 volumes of Wash
Buffer {20mM Hepes pH 7.5; 0.5M NaCl; 2mM B-mercaptoethancl; 5% glycerol and 20mM
imidazole). The wash and elution steps were performed using the AKTA purification system
{GE Healthcare) by following absorbance at 280 nm. First, the column was washed with 10 col-
umn volumes of Wash Buffer and then the protein was eluted in 5ml fractions using a step gra-
dient of 3%, 12%, 40% and 100% of elution Buffer {20mM Hepes pH 7.5; 0.5M NaCl; 2mM 3-
mercaptoethanol; 5% glycerol and 500mM imidazole). The fractions containing the protein of
interest were concentrated and injected into a Superdex200 16/60 column which was equili-
brated with 1.5 column volutne of SE buffer {20mM Hepes pH 7.5; 0.25M NaCl; 2 mM B-mer-
captoethanel, 5% glycerol). The 5ml fractions were collected and those containing non-
agpregated protein were concentrated.

Expression and purification of ChErbl 45, g5, were performed as described for Erblfrom 5.
cerevisiae except for the size exclusion chromatography step. The buffer used for ChErblys; s
was 50mM Tris pH8; 100mM NaCl and 5mM MgCl,. The fractions containing the protein
were concentrated up to 4mg/ml.

Protein expression and purification of Erb1s15.536

The 6xHis-NKI was expressed in C41 {Lucigen, USA) strain of E. coli grown in 5] of LB. The
expression was induced with 1mM IPTG, when the dispersion at 600 nm reached a value of
0.6-0.8, and the culture was incubated overnight at 37°C. After 16h of expression the cells were
collected by centrifugation and the resulting pellets were frozen in liquid nitrogen and stored at
-80°C. The cell pellet was resuspended in 50ml of lysis buffer {20 mM Tris pH 8.0; 0.5 M NaCl;
1mM B-mercaptoethanol; 0.1% Triton X-100 and 5mM of imidazole), supplemented with one
tablet of Sigma protease inhibitor cocktail {EDTA-free). The cells were distupted by sonication
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(10 burst of 45 5 at the maximum power of the sonicator, Model 102-C, Branson, USA), in ice,
and the soluble fraction was separated from the debris by centrifugation at 4*C/20000g for 45
minutes. The supernatant was filtered and added to a 5 ml of His-select nickel affinity gel
(Sigma). The resulting mixture was incubated for 30 minutes at 4°C; after that time it was
added to a Biorad empty column and the supernatant was separated by gravity. The resin was
washed with 20 ml of 20 mM Tris pH 8.0; 0.5 M NaCl; 1mM B-mercaptoethanol and 25 mM of
imidazole for 10 minutes. The supernatant was removed from the column by gravity. The pro-
tein was eluted from the resin with 20 ml of 20 mM Tris pH 8.0; 0.5 M NaCl; 1mM B-mercap-
toethanol and 500 mM of imidazole. The presence of the protein in the eluate was confirmed
by 18% SDS-PAGE gels. The protein was concentrated in Amicon centrifugal devices (Amicon,
MW cutoff 3000 Da) and loaded into a gel filtration column Superdex 75 16/600 {GE Health-
care) coupled to a FPLC purification system {GE Healthcare), by following the absorbance at
280 nin. The column was equilibrated in buffer 50 mM Ttis {(pH 7.5) with 150 mM NaCl. For
"“N-labelled samples, the M9 minimal medium was used to express the protein. Purification
protocols were cartied out as in LB medium.

Complex formation and co-crystallization

After the size exclusion chromatography step, concentrated samples of Nop7 and Erbl were
mixed in equimolar amounts and injected into Superdex200 16/60 column equilibrated with
SE Buffer. The 5ml fractions cotresponding to the heterodimer were mixed, concentrated and
used for crystallization. Initial crystallization trials were performed at 21°C, the concentration
of the Nop7/Erbl complex was 80mg/ml and drops containing 0.3l of protein sample and
0.3l of reservoir were set up. Crystals diffracting up to 2.9A were obtained in 0.1M Hepes pH
7.5; 10% Polyethylene glycol8000 and 8% ethylene glycol. In order to improve crystal size and
resolution we performed an optimization screen based on the Hampton Additives kit, the pro-
tein concentration used was 60mg/ml and the drop size of 0.5y for protein sample, 0.5l for
reservoir and 0.1l of additive was added.

Data collection and processing

Crystals obtained in the original screening and from the Hampton Additives screening were
flash-cooled in liquid nitrogen and diffracted at Diamond Light Source {Harwell, UK) 124 and
103 bearnlines. The maximum diffraction up to 1.6A was cbtained with crystals grown with ad-
dition of 30% of ethanol The crystals contained one molecule per asymmetric unit and the
space group was P 21 21 21 with the following unit cell parameters: a= 52.0264, b = 62.4324,
c=158.224; 0= B =+ =90.00°. The data were processed using XDS, merged and scaled in
CCP4 [20,21]. Molecular replacement was done in parallel using MR module of Phenix and
Balbes on-line MR suite [22,23]. The search model used in phenixmr was a poly-Ala B-propel-
let based on the input model chosen by Balbes database search {PDB: 2H13), which corre-
sponds to an unrelated WD40 protein, WDRS, engaged in histone binding. Obtained model
and initial phases were then used for additional model building cycle by AutoBuild module
from Phenix. The final structure was then refined combining phenix. refine suite and manual
refining in Coot until the final r factors were R = 16.0% and R free = 17.4%. Data collection and
refinement statistics are shown in Table 1. The model and structure factors were deposited in
Protein Data Bank with PDB ID: 4U7A.

Circular dichroism

Spectra of Erbls g 555 were collected on a Jasco J810 (Japan) spectropolarimeter connected to a
Peltier unit. The instrutment was periodically calibrated with {+)-10-camphorsulfonic acid.
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Spectra were acquired at 25°C in phosphate buffer at pH 7.0 {10mM). For each experiment,
corresponding blank solutions were subtracted. The response time was 2 s, and experiments
were averaged over 6 scans, with a scan speed of 50 nm/min. The step resolution was 0.2 nm,
and the band-width was 1 nm. Molar ellipticity was obtained as described [24]. We explored a
wide range of protein concentrations {10-80 pM) to ascertain whether shape or intensity of the

Table 1. Data collection and refinement statistics.

Wavelength (A} 0.9783
Rasolution range (A) 58.07-1.6 (1.657-1.6)%
Space group P212121
Unit cell
a, b, c(A) 52.02, 62.43, 158.22
o, B, ¥ (%} 90, 90, 90
Total reflections. 446057 (43775)
Unigue reflections B7582 (8545)
Multiplicity 5.6 (6.7)
Completeness (%) 98.07 (96.78)
Mean I/sigma(l) 19.48 (2.16)°
Wilson B-factor 22.85
R-merge 0.04807 (0.8424)°
R-meas 0.0523
ceip 0.666 (0.834)
cec# 1 (0.054)
R-work 0.16 (0.27)°
R-free 0.17 (0.29)°
Numker of nan-hydrogen atoms 3302
macromalecules 2628
ligands' 17
water 357
Pratein residues 366
RMSD? (bonds) 0.008
RMSD® (angles) 1.07
Ramachandran favorad (%) 97
Ramachandran outliers (%) 0
Average B-factor (&) 31.10
Macromolecules (A) 30.00
Ligandsf (A) 44.80
Salvent (A) 38.10

* Statistics for the highest-resolution shell are shown in parentheses.

5 Mean [#a(i}] is the average of the relation between the intensity of the diffraction and the background.
 Breas = {Zae [NAN-1)]"2 Z; Wbk —<t (b=} / Ty Z; (i), where I{hkT) are the observed intensities, </
{hih)> are the average intensities and N is the multiplicity of reflection Akl

FR-WOrK = ¥ {[Fo RN —{Fac (RN} T Tpr [FonslPANT, whete Fop.(kd) and Fo..(hih are the structure
factors observed and calculated, respectively.

*® R-free comesponds 10 Rt Galculated using 2% of the total reflections selected randomly and excluded
during refinement.

"Ligands: glycerol, ethylene glycol, ethanol.

9 RMSD is the root mean square deviation.

doi:10.1371joumal.pone.012 3483.1001
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far-UV CD (circular dichroism) spectra were protein-concentration dependent; in that range,
we did not observe variation in any spectral parameter. The cell path-length was 0.1 cm. Every
experiment was repeated three times with new samples.

Fluorescence

Spectra were collected on a Cary Eclipse spectrofluorotmeter {Agilent) interfaced with a Peltier
system at 25°C. A 1-cm-path-length quartz cell {(Hellma) was used. The proper blank solutions
were subtracted in all cases. Samples were prepared by taking the corresponding amount ofa
concentrated stock solution of Erbls g s34 protein to yield a final protein concentration of
1pM. Spectra of Erblg5.555 in aqueous solution {pH 7.0, 10mM Hepes and 0.150M NaCl) wete
acquired by excitation at 280 and 295nm; the emission spectra were collected between 300 and
400 nm. The excitation and emission slits were set to 5 nm, and the response was set to 1 nm.

NMR spectroscopy

The 1D-'"H-NMR and 2D- {'H, "*N) HSQC experiments of Frbls5 555 were acquired at 25°C
on a Bruker Avance DRX-500 spectrometer (Bruker GmbH, Germany), equipped with a triple
resonance probe and z-pulse field gradients. Processing of spectra was catried out with TOP-
SPIN software. Spectra were calibrated with external TSP for the 'H dimension, and for the !N
dimension as described [25]. All spectra were acquired in phosphate buffer {pH 7, 50 mM).

1D-1H-NMR experiments. Protein concentration was 80 pM. Water was suppressed with
the WATERGATE sequence [26]. A number of 512 scans were acquired with a spectral width
of 12 ppm, with 16 K data points in the time domain. The data matrix was zero filled to 32 K
during processing.

2D 15N-HSQC experiments. Spectra of **N-labeled Erblsgpsgs were acquired in the
phase-sensitive mode; frequency discrimination in the indirect dimension was achieved by
using the echo/antiecho-TPPI method. The 2D “*N-HSQC experiment [27] was acquired with
4K data points in the *H dimension and 200 scans in the *“N axis. The spectral widths were 15
and 35 ppm in the "H and **N dimensions, respectively. Carrier frequency of "H was setat
4.8 ppm and that of "N was 120 ppm. Water was suppressed with the WATERGATE sequerice
[26]. The concentration of Erblsg, sgs was 200 pM.

In vitro RNA binding assays

Poly(U)-agarose beads binding. Approximately 20pl of the polyuridylic acid-agarose
{polyU) were used by assay. The beads were equilibrated 5 times with 500pl of reaction buffer
each (50mM Tris pH 8; 100mM NaCl; 5mM MgCly; 3mM DTT; 0.1% Triton-X100 and 0.1
mg/ml BSA) then 500yl of the sample containing 200pg of protein diluted in the reaction buffer
were loaded on the beads and incubated at room temperature for 30 minutes. Unbound protein
was removed by washing the beads five times with wash buffer {50mM Tris pH 8; 100mM
NaCl; 5mM MgCly; 3mM DTT; 0.1% Triton-X100). The bound fraction was eluted by addition
of 30yl of 6x loading buffer and boiling for 5 minutes at 95°C. The samples were then analyzed
on 10% polyacrylamide gel. The saturation was studied by incubating the protein sample with
0.1mg/ml or Imgiml of free polyuridylic acid for 30 minutes before it was loaded onto the
beads. 1mg/ml of heparin was added to the protein sample prior to the pely{U) agarose binding
in order to estimate the strength of the interaction.

Determination of the ChFrb1432-801-polyU binding constant. Spectra of isolated
ChErblyss-sp1 and of the complexes of ChErblyss-go1/polyU, at different polyU concentrations,
were acquired by excitation at 280 or 295 nm; the emission was collected between 300 and 400
nim. The excitation and emission slits were set to 5 nin, and the response was 1 nim.
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Binding experiments of the polyU to ChErblyss ss1 were carried out as described [28]. Brief-
ly, increasing amounts of polyl, in the range 0.5-5 uM, were added to a solution containing
1.5 pM of ChErbl, in 20 mM Hepes (pH 7.5), 150 mM NaCl, 5% glycerol and 2 mM B-mercap-
toethanol; the fluorescence was measured at 25°C, after preparing the samples. The apparent
dissociation constants of the ChErbl-polyU complex, KD, was calculated by fitting the fluores-
cence change in intensity [29], versus the concentration of added polyU to:

F,... = F+ AF, (([polyU] + [ChErb1] + K,)

— 3/ (lpolyU] + [ChE1] + K,)° — 4[ChErb1] [polyU]) m

where [polyU] is the concentration of ribonucleic acid; [ChErbl] is the concentration of the
protein; Fmeas is the measured fluorescence parameter at each concentration of added polyU;
AFmax is the change in that parameter, when all ChErblys; g5, is forming the complex; and F
is the fluorescence parameter of the mixture of the complex Fitting to Eq {1) was cartied out
with Kaleidagraph (Abelbeck software).

Biolayer interferometry. Dissociation constant (KD} was determined more accurately by
BioLayer Interferometry using BLItz system {ForteBio). A sample containing 50pg/ml of 15
nucleotide-long 5-biotinylated polyU from Sigma- Aldrich was immobilized on Streptavidin
biosensors {Forte Bio) previously hydrated with sample buffer (S0mM Hepes pH 7.5; 150mM
NaCl; 5% glycerol and 2mM B-mercaptoethanol). Increasing amounts of ChErbl s 501 (OpM;
2pM; S5pM; 7.5 uM; 15 pM and 23pM) were used in association and dissociation steps. Cutve
fitting of triplicates and Kp calculation were catried out with BLItz Pro 1.2 software.

Results

Crystal unit cell suggests crystallization of a fragment produced by
proteclytic cleavage

Initial analysis of the diffraction data showed that the asymimetric unit volune was
125433.9A°, not large enough to accommodate Erb1/Nop7 complex nor Erb1 alone. For Nop?
alone the Matthews coefficient and sclvent content were 1.78A*Da and 31% respectively,
lower than expected [30]. In addition, the Xtriage module from Phenix estimated 470 residues
as the most probable in the asymmetric unit which led us to investigate whether the full length
Nop7 or a fragment of any of the two components had been crystallized.

In order to confirm if the crystals from initial screenings contained Nop? or a fragment of
Erbl, 15 crystals were analyzed by SDS-PAGE and, after staining with Coomassie Blue, only a
single faint band of approximately 45 kDa could be observed on the gel. When the stability of
Nop?, Erbl and the Nop7/Erbl coniplex was assayed, it was seen that after 24h of incubation
at 4°C Erbl started to show a clear pattern of degradation that was visible even upon binding to
Nop7 and led to the apparition of the 45kDa band as seen for the crystals {Fig 1a). The mass-
spec analysis confirmed that the lower MW band corresponded to the C-terminal region of
Erbl and contained the whole B-propeller domain of the protein.

The carboxy-terminal demain of Erb1 is a 7 bladed B-propeller

The solved structure of the C-terminal domain of Erbl has confirmed that it folds into a seven-
bladed B-propeller as previously predicted [1]. The blade organization and the nomenclature
are shown on the Fig 1b and 1c. Structure analysis led us to slightly extend exact boundaries of
the domain {residues 427-807) towards the N-term, when compared to the sequence-based
prediction {residues 435-807) because the strand D {outermost} of blade 7 {most C-terminal)
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181



o
@ % PLOS | ONE Crystal Structure of C-Terminal Domain of Erb1

(@

Erb1y S = m

:G!
] 83
Erb1-Ct -7 T st 41

Erb1-Nt-»

- 32

- g

- 14

(©)

Sc/416-807 IRCST I¥A EVYRTTL IDDEENPDYH 487
Cht/432-801 TVQQT | FR VWSVKLNG- - - - -
Hs/392-746 TCQAL VYR ARCVRTVPVG- - -

Mm/378-732 VCQAL VYR ARCMKTVHVG- - -

Di/422-777 TTQSL VYR ARCLKTVQVG- - - - - - -

Se¢/416-807 488 | EC | E! ANNG KQVA KPSQKQLEKD ICHT,
Cht/432-801 499 VNTVR [TKDTFILE EPPGKWARPGTRLEDEGVLLR!
Hs/392-746 457 VKSVA SPAVCLV, LQPARWLEASEEERQVGLRLRICH 533
Mm/378-732 443 VRS | Al NPT IC . LQPARWL EVSEEEHQRGLRLR!
Dr/422-777 487 VKGVA NPS ICLVAVSYEDSVL EQPV! VSEGEGHEQGHRLV|

S¢/594-807 594 KKTVKKL KGRYFVT

Cht/588-801 588 RST IKA| HFATVSPSGQ-RSS
Hs/534-746 534 GKPVTQV YLAVVLATQG- HTQ!
Mm/520-732 520 SKPVTQV YLAVVLSSQE - HTQVLL
Di/564-777 564 PKAVRQV YLACMLPDSSSSVQVL K

Sc/594-807 666 DLSQQ |
Cht/588-801 660 DLQKLE!
Hs/534-746 606 HLLRQE
Mm/520-732 592 HLLRQE!
Dr/564-777 637 NL | KQE

w>>>0n

Sc/594-807 738 FSSA I HVFRATVYDBMMK T 807
Cht/588-801 733 FADA LQIFHGKVP LE| | M 801
Hs/534-746 678 FAS| V1 VC YNBIL L -T 746
Mm/520-732 664 FASI iV 1VC YNBL L s 732
Dr/564-777 709 L A. iV I1VC YNBL L T 77
Fig 1. Erb1 degradation and B-propeller general f {a) Cc ie—stained SDS-PAGE showing a severe degradation pattem of ful-length Erb1

when incubated at 4°C ovemight. The N-terminal and C-terminal degradation products are marked. MW in kDa is shown nextto the ladder. (&) Ribbon
representation of the B-propeller comain of Erb 1 seen from the top (by conventionthe top face is described as the one that contains loops B-C and D-A). The
blades numbering is counterclockwise and the B-strands nomenclature follows as shown for blade 4. Black arrow indicates the Velcro-like closure of the
domain. {c) Sequence multi alignment of the carboxy-terminal domain of Erb1/Bop1 from Saccharomyces cerevisiae (Sc), Chaetornium thermophilum (Cht),
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Homo sapiens (Hs), Mus musculus (Mm) and Danio rerfo (Dr}. For clarity only the residues prasent in the final peb model are shown. Conserved amino acids
are marked with shadows. Secondary structure assignment is shown on the top of the alignment. Numbers of B-strands comespond to the WD repeals of the
protein. Red rectangles mark conserved Asp in B-C loops and red squares indicale residues forming His-Thr/Ser-Asp triads. Green rectangles show basic
residues that form a putative RNA-binding site.

doiz10.1371Journal.pone. (123463.g001

is actually formed by residues 427-433 which participate in the “velcro-like” closure of the do-
main {Fig 1b}. Curiously, none of the WD repeats contains the eponymous WD motif but they
rather present HD/YD dipeptides at the end of the strand C. Similarly to other WD40 domains,
no clear pattern can be observed between the sequences of the repeats, although the hydropho-
bic core of the domain is well conserved and forms intra-molecular interactions necessary for
proper folding. Cne of the most conserved features comumon for the f-propeller folds is the
presence of a non-variable Asp in the loops that connect strands B and C of each blade. This
residue is involved in stabilization of the domain as it forms a triad with a conserved His from
the GH motif and a Ser/Thr residue placed in strand B. In Erbl, five of B-Cloops contain an
Asp residue but only four of them are truly conserved {red boxes Fig Lc) and the triad appears
only in blades 1, 6 and 7 {Fig 2 and red squares in the alignment from Fig 1c). Inloop 2B-2C
there is a glutamic acid {Glu508) and in loop 4B-4C a glutamine (Gln659), both are conserved
and establish a network of interactions that stabilizes the folding but is not similar to the ca-
nonical Asp-His-Ser/Thr triad. In the third blade, non-conserved Asp615 seems to be impor-
tant for inter-blade interactions as it establishes hydrogen bonds with neighboring residues
(Lys595 and Ile641), but it is rather to be substituted by a Gln in higher eukaryotes {Gln556 in
human Bopl). It has been proposed that the consetvation of the Asp residue could be correlat-
ed with the interacting His which means that ifa WD repeat lacks the Asp it would also loose
the His during evelution [31]. This seems to be true for Erbl as the His from D-A loop is only

s ®

HIST22

Fig 2. A canonical Asp/His/Ser triad necessary for carrect blade organization. Conserved residues participating in the crucial hydrogen bond formation
are shown and labelled. The distances between the atoms directly involved in H-H bonding are also represented.

doiz10.1371 Journal.pone. (1234639002

PLOS GNE | DO 10.1371/joumal.pone.0123463  April 16, 2015 &/22

183



o
@' PLOS ‘ ONE Crystal Structure of C-Terminal Domain of Erg1

conserved in the three repeats that form the triad with Asp. At last, Asp701 from B-Cloop of
blade 5 is fully conserved but the His is not present, thus the triad cannot be formed. Instead,
this residue altogether with conserved Arg703 makes electrostatic and hydrogen-bonds that
stabilize the fifth blade.

The overall architecture of Erb1Ct superposes well with other 7-bladed propellers and is
structurally highly similar to the B-propeller domain of the transducin-like enhancer proteinl
(PDB: 2CE9) with the RMSD (Root-Mean-Square Deviation) score of 2.24 as calculated by
Dali Server [32]. The main difference between these characteristic propeller folds lies in the
presence of loops that connect 3-strands and contribute to the functional specialization of the
domain by creating surfaces that will enable specific protein-protein interactions. Regarding
Erbl, some of these loops are quite long and might be very flexible as reflected by high temper-
ature factors corresponding to the residues 478-488 that connect strands 2D and 2A, neverthe-
less when compared to Erbl/Bopl in higher eukaryotes, a clear tendency to loop shortening
may be observed {Fig 1c). Interestingly, we detected a big variation regarding the conservation
of the loops that connect the blades. In general, the loops between strands A-B {(bottom side of
the propeller) are more variable in sequence, whereas those on the top face, connecting strands
B and C {which contain Asp residues highlighted in Fig 1c), present a higher degree of conser-
vation thus indicating an important region for the B-propeller stability or a conserved protein-
protein interaction surface.

From a crystallographic point of view, unlike in several crystal structures of B-propellets
[33-35], the extensive top or bottom areas of the domain do not form many contacts with sym-
metry-related molecules but the interactions are rather maintained laterally through the outer-
most loops and strands {Fig 3a). Manual inspection of the unit cell and analysis by Pisa Server
[36] showed that a single monomer contacted six other molecules making three small inter-
faces involved in crystal packing. Two of them arose in the bottom part of the propeller where
the alpha-helix H2 orientates in proximity of blades 1 and 7 from one symmetry related monoe-
mer and the loops 5B-5C and 6D-6A from another propeller {Fig 3b). The third area corre-
sponds to the long 6C-7D loop which forms an important extension and introduces Asp757,
Met758 and Met759 into a cavity formed between Phe635, Tyr665 and Gln670 from blades 3
and 4 {Fig 3¢). Both the loop and the cavity are well conserved within Erbl family and may
constitute additional elements involved in protein binding. The central axis of the propeller is
filled with solvent {water) molecules.

The B-propeller domain of Erb1 contains a long insertion within blade 2

Undoubtedly, the most distinctive feature of the core of the B-propeller in this study is the blade
2 which due to an insertion contains five, and not four, B-strands and shows a protrusion attrib-
uted to two c-helices (FH2 and H3 on Fig Lc). Electron density map allowed us to trace and
build model for residues 515-534 and 571-594, being the rest of the insertion unmodeled. This
missing part seems to be Fungi specific as it becomes much shorter in higher eukaryotes {Fig
1c). Helix H2 (residues Tyr520-Asp532) appears between strands 2C and 2E and is attached to
the base of the propeller (Fig 4a). In general, the sequence of the helix is pootly conserved, but it
contains two invariable non-polar residues: Ile522 that makes hydrophobic contacts with the
backbone of 2A-2B loop and Ile530 which interacts with the C-terminal fragment of strand 3D.
The B-sheet corresponding to this blade is formed by strands 24, 2B, 2C, 3D and 2E cleatly in-
dicating an alteration of a standard WD40 pattern {Fig 4b). Whereas strand 3D unambiguously
indicates the beginning of WD3, the sequence of WD repeat 2 does not show any significant
conservation but still contains strategic residues that allow formation of hydrophobic and elec-
trostatic interactions with neighboring blades. Initial sequence-based analysis suggested that
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Fig 3. Analysis of crystal packing. (a) Overview of crystal contacts of Efa1 monomer {plue) with symmetry
related molecules (grey) shows that the top and bottom areas of the propeller are not involved in
crystallographic interactions. (o) Helix H2 interacts with symmetrically related molecule (shown in pink). (c)
6C-7D loop penetrales deeply into a conserved cavity of another monomer (in pink). The residues directly
involved in crysial packing are labelled in {b) and {(c).

doiz10.1371/joumal.pone.0123463.9003
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Fig 4. Insertion within WD repeat 2. (a) The insertion {red) forms an important protrusion on the bottom of the domain. (o) Position of the insertion {red} in
the context of the second blade only. Residues comesponding to WD repeal 2 are representedin light blue and the strand D of WD repeal 3 is shown in dark
blue. {c) Comparison of blades 1 and 2 of WDRS from H. sapiens (PDB:4CY2; pink) and Er1 {blue). Side chains of conserved tryptophan corresponding to

the strand C (in canonical WD repeats) are shown for both proteins. Black arows indicate the position of 2D-2A loops. The letters in (b) and (¢) indicate the
position of each strand.

doiz1 0.1371 fournal.pone. 0123463.9004

between WD repeats 2 and 3 there was an approximately 80-residue long segiment which did
not contain any WD pattern. Surprisingly, when we aligned the sequence of Ct domain of Erbl
with other non-Erbl/Bepl B-prepeller-containing proteins we could clearly see that Trp575
trom strand 2E corresponded to Trp residue trom WD dipeptide that typically appears in
strand C {as in human WDRS protein, PDB: 2H14) (Fig 4c) [37]. This fully conserved residue
establishes important hydrophobic interactions with 1le592 from strand 2D and His629 located
in 3D that are likely to be required for a proper conformation and attachment of the insertion
to the side of the blade 2. We conclude that from an evolutionary point of view strand E corre-
sponds to strand C from a canonical blade although displaced, in the second blade of Erbl, by a
segment containing 2C-loop-H2. This insertion produced an important reorganization of the
whole blade, altering the position and function of Trp-Asp dipeptide {Trp-Asn in this case). As
aresult, the second blade lacks the important Trp residue at the end of strand 2C that would

PLOS GNE | DOE10.1371/joumal.pone. 0123463 April 16, 2015 12/22
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guarantee correct approach between blades 1 and 2. We observe that in this case there is a dif-
ferent interaction network, conserved in Erb1/Bop1 family but not in other WD repeat-contain-
ing proteins, that involves strand 2D from blade 1 and a short o-helix, H3, from blade 2
{GIn580-Lys585). This helix inserts between strands 2E and 3D and possesses two non-con-
served lysine residues (Lys581; Lys585) that interact with loop 2D-2A through hydrogen bonds.
In consequence of this arrangement, o-helix H3 forms a lid that orientates close to a very hy-
drophobic area in blade 2 created by a segment of well conserved polar residues from strand 2B.
It is important to keep in mind thatloop 2D-2A4 is quite flexible and its vertical orientation
makes the whole interface between blades 1 and 2 more opened when compared with the gaps
between other blades which are completely covered by D-A loops {Fig 4c).

The isolated insertion, Tyr518-Asp586 (Erb1514 5a5), is disordered in
solution

‘We studied the conformational propensities of the isolated insertion, the fragment comprising
residues Tyr518- Asp586 of Erbl, in solution. Fluorescence spectrum showed the maximum at
345 nm, suggesting that the sole Trp, Trp575, was highly solvent-exposed {Fig 5z). Further-
more, its far-UV CD spectrum had an intense minimum at 200 nm, and a shoulder at 222 nm
(Fig 5b), which suggests the presence of helical or turn-like conformations. Those structured
conformations, howevet, were not stable enough, since thermal denaturations followed by far-
UV CD did not show any sigmoidal behavior (data not shown). The 1D-"H-NMR spectrum
had all the amide protons clustered between 8.0 and 8.5 ppm. Moreover, the indole proton ap-
peared at 10.19 ppm, close to the expected value ofa random-coil indole moiety [38], and thus
further supporting the fluorescence results. In the 1D-"H-NMR spectrum, there was no down-
field shifted H, protons {suggesting the absence of B-strands); however, there were a few up-
field shifted methyl protons, which are probably close, in the primary sttucture, to some of the
atomatic groups { Fig 5c). Finally, the 2D-**N-HSQC experiments {Fig 5d) had a very narrow
dispersion in the amide proton region of 0.4 ppm that is centered around the random-coil
chemical shift values for NHs {between 8.2 and 84 ppm), confirming the 1D-NMR results. In
addition, there was a lower number of cross-peaks than we should expect {79); the absence of
the peaks is either probably due to chemical exchange broadening or rapid amide exchange, as
expected in natively unfolded proteins [39].

Evolutionary conserved clusters on the surface of the propeller form
putative ligand binding pockets

The best known and most obvious function of B-propellers is their capacity to establish multi-
ple interactions with other proteins. The intrinsic rigidity and the shape of the domain create
three well defined zones where the binding partner can attach: the top, the bottom and the cir-
cumference of the propeller. We searched for conserved residues on the surface of Erb1Ct
which could indicate a region important to preserve protein interaction interface. There is a
very clear division between a poorly conserved area, that includes blades 1, 2 and the upper
part of blade 3, and a less variable surface of blades 4, 5, 6 and 7. In the bottom part, between
blades 3 and 4 we identified a well conserved pocket which is a good candidate as a possible
place of association with a binding partner.

In addition, it has been proposed that the central channel of WD domains could work as a
scaffold that adapts for recognition of different ligands through side-chains of three residues
from each blade: the one right before the strand A (A-1), the one just after strand B (B+1) and
the second residue in the strand A {A2), thus making this portion of the propeller an universal
but variable binding motif. When we inspected these positions in ErblCt a strong conservation,
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Fig 6. Top face of the B-propeller contains “hot spot” residues. (a) Top face of the propeller showing the position {in red) of the residues most likely to
participate in macromolecular interactions as predicted by WDOSF server (htip://wu.scbb. pkusz. edu.cn/wdsp/). {b) Superposition of Lis1 (pink, PDB: 1¥¥H)
with Er2 1 p-propeller. The side chains of the conserved amino acids are shown and labeled.

doi10.1371 Journal pone. 0123463 9006

especially in blades 1, 5, 6 and 7, was observed. Qur findings were confirmed by WDSP web
server which predicted hot-spot residues on the surface that were likely to be responsible for
high-affinity interactions with other proteins [40] (Fig 6a). Moreover, those conserved posi-
tions seetn to be related to Erb1/Bop] function because they vary when compared to seven-
bladed propellers from other families. Nevertheless, three of these superficial conserved amino
acids, Asp457, Arg727 and Asp743 are also invariable in another family of WD repeat-contain-
ing proteins called Lis1 where they were shown to be involved in recognition of other macro-

molecules [41] (Fig 6b).

The carboxy-terminal domain of Erb1 binds RNA in vitro

Erbl is known to bind rRNA as shown by UV -crosslinking experiments. It is possible that the
B-propeller is involved in such a binding due to its highly positive charge {Fig 7). We used the
PatchFinder Plus algorithm [42] to identify the biggest positive patch on the surface of the do-
main. Indeed, as seen for the electrostatic surface analysis, the tool found a big region of basic
residues on the surface that included five blades and the entrance to the central channel on
the top face of the propeller. Curiously, one of the few known structures of a WD domain
bound to a nucleic acid is the one of DDB1-DDB2 complex with a DNA chain binding the
protein through a cavity formed by the arginine and lysine residues oriented around the cen-
tral tunnel of the propeller [43]. In Erbl this area also contains well conserved basic amino
acids: Arg441, Lys598 and Arg727.

Initially, we checked the affinity of the B-propeller of Erbl for RNA in vitro using poly{U)
agarose beads. Our first attempts to perform in vitro binding assays failed because the C-termi-
nal domain of Erbl (residues 416-807) from yeast expressed poorly in E. coli and rapidly de-
graded during purification. We decided to try whether the same domain from a thermophile
would be stable enough to carry out the experiments. Finally, a truncated Erbl from Chaeto-
mium thermophilum, comprising residues 432-801 {ChErblys;.se1 ), was used for the assays
due to its enhanced stability and higher expression levels in E. coli.Since the sequence of the do-
main Is well conserved between §. cerevisine and C. thermophilum, induding the basic residues
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00"

Fig7. Surface of Erb1 B-propeller is positively charged. Surface representation of the electrostatic potential of the domain {from red (-10) to blue {(+10)k,
Te."). Thetopface is shown on the left and the most postitively charged area formed by blades 4 and 5 is visible on the right panel. The red oval indicates the
position of Tp682.

doiz10.1371 fournal.pone. (123483.9007

from the putative RNA-binding area (shown with green boxes in Fig 1c), we consider

ChErbl 35501 to be suitable for validation of our findings based on Erbl,, 5 457 structure from
yeast. As shown in the Fig 8a the propeller appeared in the eluate from poly(U) beads. To in-
vestigate whether the interaction occurred through a well-defined surface that could be saturat-
ed, we incubated the protein with free poly{U) before it was loaded on the beads. The amount
of the protein that could stably bind the poly(U) beads decreased in presence of 0.1mg/ml and
1mg/ml free poly(U), indicating saturation of the binding site (Fig 8b). The binding affinity
was good because it was still detectable even when heparin was added to the reaction mixture
(Fig 8c). Fluorescence experiments were cartied out in order to estimate the binding affinity.
Emission spectrum of intact ChErbls;.301 shows a maximum wavelength at 340 nm (Fig 8d),
indicating that the tryptophans in the structure are partially buried, as shown in the X-ray
structure. Therefore, if the RNA binding occurred in the proximity of the indole moiety, we
should expect changes in the fluorescence spectra upon addition of polyU, and therefore we
could use these changes to measure the affinity constants by using Eq (1). We acquired spectra
at growing concentrations of polyU (Fig 8e), and the changes in the fluorescence emission
spectra at 315 nim allowed us to determine the constant {similar changes were observed at
other wavelengths either by excitation at 280 or 295 nm). The apparent Kp, of the complex was
3+ 2 pM. The fact that an exposed tryptophan (Trp682, red oval in the Fig 7a) is at the vicinity
of the positively charged stretch (likely to participate in RNA binding), provides a good indica-
tion that the interaction takes place through the proposed area and explains the change in fluo-
rescence upen binding of the nucleic acid. We also calculated binding affinity between
ChErblys; gp; anda 15 nucleotide-long biotinylated poly(U) using biolayer interferometry.
The dissociation constant {Kp) was 0.17 uM {Fig 8().

Discussion

Our initial studies on Erbl show that it is an unstable protein that rapidly undergoes proteolyt-
ic degradation when overexpressed in E. coli even upon binding to its functional partner Nop?7.
Since the interaction of Nop7 and Erbl is strong {they co-elute in size exclusion chromatogra-
phy), the proteolytic cleavage occurs somewhere between Nop7 binding site and the £8-
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Fig 8. ChErb1Ct (residues 432-801) binds RNA in vitre. (a) Coomassie-stained SDS-PAGE showing the binding of Er1 p-propeller from Ch.
thermophiium 1o polyU agarose beads. (b) The saturation of the binding is visible upon addition of 0.1 mg/ml or 1 mg/ml of free polyuridilic acid. {c) The
binding is still detectable upon addition of 1 mg/ml of heparin to the binding buffer. (a) {b) and (c) 1: Input, 2: Wash, 3: Elution; {d) Fluorescence spectra of
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fluorescence intensity at 315 nm. The line is the fitting to Eq (1). {f) Association and dissociation curves of 15nt-poly (U) with different concentrations of
ChEr1,452.501 measured by biolayer intederometry.
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propeller domain. In fact, Bopl, mammalian ortholog of Erbl, was predicted to possess a PEST
(proline, glutamic acid, setine and threonine rich sequence) element in its central region that
overlaps with the predicted Nop? binding sequence [2]. The SitePrediction tool [44] confirmed
the presence of a conserved PEST sequence in Erbl in the same position as for Bopl. PEST mo-
tifs are clusters of charged amino acids that form flexible and solvent exposed loops that are
linked to protein destabilization and degradation in eukaryotic systems [45]. Erbl protein used
in our study was expressed in bacteria where no PEST-related protein degradation mechanism
has been described but it is possible that, despite Nop7 binding, the region is easily accessible
for E. coli proteases, leading to a rapid Erb1 cleavage. It is known that Nop7/Erbl complex is
only stable when bound to Ytml and the predicted Ytm]1 binding site is located in proximity of
the PEST sequence and the B-propeller domain [6]. The interdependent stability of these fac-
tors could matk one of the many contrel checkpoints during ribosotme assembly, in which the
proteasome pathway might be involved.

The structure of the carboxy-terminal domain of Erbl from Saccharomyces cerevisiae re-
veals that it adopts the classical seven-bladed B-propeller conformation but, at the same time, it
presents a series of features that makes it distinguishable from the rest of the WD repeat-con-
taining proteins. The sequence of the propeller is well conserved within the members of Erbl/
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Bopl family but is quite dissimilar to other proteins with the same domain resulting in another
good example of how the propeller fold is maintained throughout the evolution in spite of poor
sequence conservation.

Even though, there is no clear evidence for Etb1Ct function in the cell, it is likely to be in-
volved in mediating protein-protein or protein-rRNA interactions in eukaryotic ribosome as-
sembly. Search of possible binding interfaces showed that the -propeller of Erbl contains
several regions that might bind various ligands. These patches are conserved and appear in
areas that, in other WD40-containing proteins, were shown to participate in binding to differ-
ent targets. Since the charge on the surface of the propeller suggests that it could bind RNA, we
confirm this hypothesis in vitro proving that a good-affinity binding tekes place between the
C-terminal domain and polyuridylic acid. Although we could also observe interaction between
the B-propeller and DNA (data not shown), from a functional point of view RN A binding
seems more likely to occur in vivo. The specificity of the interaction might be provided by
Nop?/Erb] attachment site on the nascent ribosome which results in proximity of Erbl C-term
to rRNA. This binding could contribute to the stability of Nop7 sub-complex association with
pre-ribosome. We identified a region close to the central channel opening, on the narrow side
of the propeller, that includes few conserved residues that mediate protein-protein interactions
and appear in the same position as in Lis] protein, a platelet-activating factor that binds to dy-
nein and other ligands through this conserved surface [41]. In addition, in several B-propellers
the satme region was shown to be responsible for binding to other proteins or ligands and it was
proposed as one of the most common interaction sites within the domain [46].

Recently, it has been postulated that the WD40 proteins can also establish interactions by ad-
ditional extensions or insertions that can occur between blades of the propeller [47]. It could be
valid for Erbl because, as we show here, it contains a long region that is introduced into WD2
and forms two visible oi-helices and an additional strand. Residues in the propeller, outside the
insertion, can contribute to the folding of the cbserved secondary motifs in this area. While the
extra strand in blade 2 is probably necessary for structural stability of the inserted region and
the propeller, the helices form an important protrusion that could serve as recognition motifs
that selectively bind aligand. In fact, the part that is not visible in the model {residues 535-570)
—probably due to its flexibility and lack of secondary structure {as shown by the spectroscopic
findings observed with the isolated region)—could become ordered and more rigid upon bind-
ing to a protein or nucleic acid. Since the top entrance of the tunnel and the helices from the in-
sertions are located on opposite sides of the propeller, it is possible that the domain recruits two
different binding pattnets at the same time {for a summary of the putative binding sites see Fig
9}. Tt is also worth to note that C-D loop in blade 6 noticeably projects out of the bottom plane
of the propeller in order to penetrate into a cavity of a symmetry-related molecule providing ad-
ditional segments capable of interacting with other proteins. Moreover, if we take into consider-
ation that Erbl carries Nop7 and Ytm1 binding motifs towards its N-terminus it is plausible
that the full length protein can establish multiple interactions within pre-ribosomal particles
acting as a scaffold that plays an essential role in 60S maturation.

Taken together, our observations demonstrate that the C-terminal domain of Erbl is likely
to form part of a protein complex and is capable of binding RN A unspecifically through a de-
fined surface. Although Granneman ef al. showed that Erbl bound to a specific region of 258
rRNA [2], they did not define the exact portion of the protein invelved in the interaction. CGur
findings clearly suggest that the B-propeller domain might mediate this union. The size of the
domain, its degree of conservation and the ability to bind nucleic acids supports the idea that
Erbl requires its carboxy-terminus to associate with other factors. Further functional studies
need to be carried out in order to review the role of Erb1Ct in ribosome biogenesis especially if
its propensity to bind RNA is considered.
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Fig 8. Summary of the areas of Erb1Ct that are more likely to mediate protein-protein or protein-RNA interactions. The region correspending to the
conserved hot-spot residues is shown in green, the positively charged stretch of amine acids that might interact with RNA is highlighted in magenta, navy
blue and red areas comespond to the conserved parts of the domain that establish important crystal contacts with symmetrically related molecules.

doi:10.1371 journal.pone. 0123463.9009
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