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Preface

Ribosomes are the organelles that synthesize proteins according to the genetically encoded
information. Whereas prokaryotic ribosomes were even reconstituted in vitro, eukaryotic
ribosomes are more complex. In yeast—as a eukaryotic model organism—about 5-10% of
the genomic capacity is needed for the biogenesis of a ribosome. Worldwide a remarkable
number of laboratories is investigating all aspects of ribosome biogenesis. As shown by the
increasing number of participants in the respective meetings, approximately 3,000 scientists
are working on structural, functional, and biomedical aspects of ribosome biogenesis. This
book covers most of the significant steps during eukaryotic ribosome biogenesis. The
research areas are introduced by reviews followed by chapters covering the respective
methods of investigation.

A comparative survey about the unity and diversity of ribosome biogenesis in pro- and
cukaryotic cells is provided in Part I (Chapter 1). The genomic organization of eukaryotic
rDNA and the role of RNA polymerase I in ribosome biogenesis are summarized in Part 11
(Chapters 2 and 3). In vitro methods to study RNA polymerase I structure and its function
are outlined in Part III (Chapters 4-6). Ribosome assembly in the nucleolus and a method
to analyze the nucleo-cytoplasmic transport of assembled ribosomes and RNP complexes are
dealt with in Part IV (Chapters 7 and 8). Various modifications increasing the complexity of
rRNAs and the methods to analyze these modifications are given in Part V (Chapters 9-12).
Finally, Part VI provides a review of eukaryotic translation and several methods to analyze
translation éz vivo (Chapters 13-16). Remarkably, for the first time a fully reconstituted
cukaryotic yeast translation system is described together with the methods to purify the
respective proteins.

This book is a valuable resource for scientists and all those interested in key questions in
ribosome biogenesis. It provides an overview of the abundant literature and is supposed to
stimulate collaborations.

Frankfurt am Main, Hessen, Gevmany Kavl-Dieter Entian
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A Comparative Perspective on Rihosome Biogenesis: Unity
and Diversity Across the Tree of Life

Michael Jiittner and Sébastien Ferreira-Cerca

Abstract

Ribosomes are universally conserved ribonucleoprotein complexes involved in the decoding of the genetic
information contained in messenger RNAs into proteins. Accordingly, ribosome biogenesis is a fundamen-
tal cellular process required for functional ribosome homeostasis and to preserve satisfactory gene expres-
sion capability.

Although the ribosome is universally conserved, its biogenesis shows an intriguing degree of variability
across the tree of life. These differences also raise yet unresolved questions. Among them are (a) what are, if
existing, the remaining ancestral common principles of ribosome biogenesis; (b) what are the molecular
impacts of the evolution history and how did they contribute to (re)shape the ribosome biogenesis pathway
across the tree of life; (c) what is the extent of functional divergence and/or convergence (functional
mimicry), and in the latter case (if existing) what is the molecular basis; (d) considering the universal
ribosome conservation, what is the capability of functional plasticity and cellular adaptation of the ribosome
biogenesis pathway?

In this review, we provide a brief overview of ribosome biogenesis across the tree of life and try to
illustrate some potential and/or emerging answers to these unresolved questions.

Key words Ribosome biogenesis, Ribosome assembly, rRNA, Maturation, RNA modifications,
Eukaryotes, Archaea, Bacteria, Tree of life, Comparative biology, Evolution, Adaptation

1 In Search of Unity?

From an historical perspective, the search for unifying concepts in
Science in general and in Biology in particular has been a key step to
our fundamental and general understanding of molecular processes
across the tree of life [1-7]. This idea can be easily grasped by
famous aphorism variations around this theme: “From the elephant
to butyric acid bacterium—it is all the same!” ([8], cited in [2]) or
“Anything found to be true of E. coli must also be true of
elephants” (attributed to Jacques Monod, 1954 [2]). However,
there are also valid arguments to think that elephants and bacteria
are characterized, to some extent, by distinguishable biological
properties. Accordingly, molecular processes, including ribosome

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
https://doi.org/10.1007/978-1-0716-2501-9_1, © The Author(s) 2022

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-2501-9_1&domain=pdf
https://orcid.org/0000-0002-0522-843X
https://doi.org/10.1007/978-1-0716-2501-9_1#DOI

4 Michael Juttner and Sébastien Ferreira-Cerca

biogenesis, have been dissected from two albeit different and in
part contra intuitively but cross-fertilizing viewpoints: a unifying
and a dividing functional perspective [9-11]. As such compara-
tive—ribosome biogenesis—biology may be torn apart between
defining the real weight of functional similarities and differences
which biological systems may adopt. In any case, these similarities
and differences can only be appreciated in the light of detailed
knowledge about the scrutinized biological system across a larger
number of entities.

In this chapter, we attempt to provide a short comparative
overview on the molecular principles required for ribosome bio-
genesis. In addition, we like to highlight few challenges and sur-
prises that may alter our unifying/differential view on ribosome
biogenesis across the tree of life.

2 Ribosome Biogenesis

2.1 Once Upon a
Time . .. Ribosome
Basic Facts

Ribosomes are universally conserved ribonucleoprotein particles
allowing the decoding of the genetic information carried within
messenger RNAs into amino-acid chains, the proteins [12]. Cyto-
solic ribosomes are composed of two ribosomal subunits, the small
and the large ribosomal subunit (SSU and LSU, respectively)
[12]. Strikingly, ribosomes are formed around a universally con-
served structural core composed of three ribosomal RNA (rRNAs)
molecules and 33 universally conserved ribosomal proteins (r-pro-
teins) [13, 14]. Cytosolic ribosomes isolated from prokaryotic and
eukaryotic organisms differ by the numbers and composition of
their structural components, the r-proteins and rRNAs. Typically,
cytosolic bacterial and archaeal 70S ribosomes are formed by the
30S (SSU) and 508 (LSU) ribosomal subunits [15-17]. Those are
themselves composed of varying amounts of r-proteins (Figs. 1 and
2) which interact with the SSU 16S rRNA and LSU 23S and 58
rRNAs. These rRNAs also present various degree of organism’s
specific sequence size variations [54-56].

In eukaryotic cells, cytosolic 80S ribosomes are formed by the
408 (SSU) and 60S (LSU) ribosomal subunits [57, 58 ]. Concerning
the amounts of ribosomal proteins, eukaryotic ribosomal subunits
show also some, however less pronounced intra domain variations,
compared to those observed across the bacterial and archaeal king-
doms (Figs. 1 and 2) [13, 14]. A striking feature of eukaryotic
ribosomes is the presence of longer and additional rRNAs, the SSU
18S rRNA and the LSU 25 /28S, 5.8S and 5S rRNAs [44, 59, 60].

In eukaryotes, rRNAs size expansion occurs by virtue of incor-
poration of additional rRNA sequences, the expansion segments,
within the universally conserved prokaryotic-like rRNA core
[23, 24, 61]. These expansion segments are varying in size and
composition across eukaryotes [23, 24, 61, 62] and may have
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a
Bacteria ) Archaea ) Eukarya
rDNA repeats numbers’ 1-16 1-4 150-200 (> 1,000 in plants)
rRNAs 16S, 23S and 58 H 168, 23S and 58 i 18S, 25/28S, 5.8S and 5S
N 2 yes yes
ERNAYCXpansichiseoments yes (uncommen) (variable - only few) variable amounts and length)
ribosomal proteins? 33 universal r-proteins
=49-59 ~58-68 =78-80
44 ubiquitous 54 ubiquitous / 71 described 78 ubiquitous
in vitro reconstitution?* yes H yes H no*
rRNA modifications® protein-based ( =36 modif) : protein- and sSRNP-based protein- and sRNP-based
. ) - Sso (67/9); Hv (4/2) )
- 411 49); Hs (94
2°0-Methylation / Pseudourydilation / 7127 C/D box SRNA Sc (55/49); Hs (94/95)
additional "stand-alone" base modifications =20 i Hv (7)/Tko (>100) i 12
Ribosome biogenesis factors® =50 >40? >200
b c
Eukaryotes (~78-80) Eukaryotes (>200)
BAE
33
BA
0
Bacteria (~49-59) Archaea (~58-68) Bacteria (~50) Archaea (>40?)

Fig. 1 | Ribosome and ribosome biogenesis key features overview across the tree of life. (@) Summary of
ribosome and ribosome biogenesis key features. Modified from [18] according to ' [19-22]; ? [23-27]; 3
[13, 14, 28]; * [29-35]; ° [36-43]; ° [10, 44-48]. Sso—Saccharolobus solfataricus, Hv—Haloferax volcanii;
Tko—Thermococcus kodakarensis; Hs—Homo sapiens; Sc—Saccharomyces cerevisiae. (b, ¢) Summary of
shared ribosomal proteins (b) and ribosome biogenesis factors (¢) across the three domains of life. Numbers of
r-proteins and putative ribosome biogenesis factors sequence homologues shared between bacteria, archaea,
and eukarya (BAE); bacteria, archaea (BA), archaea and eukarya (AE), bacteria and eukarya (BE), or unique to
bacteria (B), or archaea (A), or eukarya (E), are indicated [based on [10, 13, 14, 28, 41, 44-51] and our
unpublished results]. (Modified from Londei and Ferreira-Cerca [52])

originated early on during rRNA evolution, since some progenitors
of these expansion segments have been traced within modern
archaeal but also in some case in bacterial rRNAs [23-25, 63-66].

The diverse composition of r-proteins which is, up to now,
apparently more predominant in bacteria and archaea [13, 14,
55], could indicate that in these cellular contexts, ribosome assem-
bly, that is, the assembly of r-proteins with the rRNAs, and ribo-
some function may tolerate a higher degree of flexibility than in
most eukaryotes. It is also interesting that reductive evolution (loss)
of r-proteins seems to prevail in archaea [13, 14, 25].
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Fig. 2 | Exemplary conservation of selected ribosomal proteins and putative ribosome biogenesis factors involved
in small ribosomal subunit biogenesis in archaea. (a) Exemplary repartition of selected archaeal ribosomal
proteins shared between archaea and eukaryotes across two major archaeal Phyla. Black circle denotes the
presence, and open circle denotes the absence of sequence homologue for the indicated ribosomal protein of the
small (S) or large (L) ribosomal subunits, respectively (adapted from [13, 14] using the nomenclature proposed in
[49]). (b) Phylogenetic conservation profile of the indicated known or putative small ribosomal subunit ribosome
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a large group of organisms, in contrast to the more widespread distribution of KsgA/Dim1, Rio1, and Nob1
archaeal homologs. Modified from Londei and Ferreira-Cerca [52]
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From a compositional point of view archaea and eukaryotes do
share common r-proteins which are absent in bacteria, whereas
bacteria do possess domain specific r-proteins [49, 61]. This corre-
lates with the increased structural similarities between archaeal and
eukaryotic ribosomal subunits in comparison to their bacterial
counterparts [25, 61, 67].

This structural similarity has been observed early on by the
group of James Lake, using electron microscopy, thereby, suggest-
ing a closer evolutionary relationship of archaea and eukaryotes
[15, 67, 68]. Recent phylogenetic analysis [69-71] and higher
resolution structure analysis of ribosomal subunits [25, 61, 67]
essentially confirm this idea but also provide additional insights
into structural differences between the different domains of life,
like for example differences in the peptide exit tunnel geometry
[72], or species-specific structural alteration which may be related
to organism-specific environmental adaptations [62, 73].

3 The Ribosome Assembly Process

The ribosome assembly process, that is, the assembly of r-proteins
with rRNAs, has been analyzed very early in the history of ribosome
research. Early work from the Nomura laboratory in the
1960-1970s aiming to understand the individual contribution of
the r-proteins /rRNA to the protein synthesis process, has led to the
first in vitro reconstitution of bacterial ribosomal subunits from its
isolated structural components [29, 30, 74-77]. These studies
were then followed by r-proteins omission experiments which cul-
minated in the establishment of the first ribosomal proteins assem-
bly maps describing r-proteins assembly dependencies [29-
31]. Beyond being biochemical masterpieces, these studies have
revealed key features of the ribosomal assembly process in bacteria.
Notably, the self-assembling nature of ribosomal subunit forma-
tion, and the fact that ribosome assembly proceeds via a combina-
tion of cooperative and hierarchical mechanisms [29-31, 78,
79]. However, these in vitro assembly experiments have been miti-
gated by the fact that they occur under nonphysiological condi-
tions, thereby suggesting the existence of in vivo facilitating
mechanisms which were discovered later [29-31, 78, 79]. Remark-
ably, in vitro reconstitution of ribosomal subunits has not only been
achieved using structural components isolated from different bac-
terial sources, but also from two evolutionary divergent representa-
tive archaea [32—-34]. In contrast, similar in vitro reconstitution of
eukaryotic ribosomal subunits solely using purified structural com-
ponents has not been accomplished to date.

Despite this fundamental biochemical difference, some aspects
of ribosome assembly in bacteria and eukaryotes follow rather
similar molecular principles, for example the hierarchical and
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cooperative assembly, or stepwise stabilization of r-proteins
[18, 78-87]. Together these similarities suggest that ribosome
assembly has likely evolved around a self-assembling (presumably
self-replicating) ancestor ribosome [26, 88], which has retained
some of its original assembly properties and constraints. Not sur-
prisingly, some of these ancestral properties/constraints are most
probably universally shared. In addition, existing molecular
mechanisms have been modified (adapted or optimized), new
ones implemented, or some maybe lost, due to organisms or com-
mon ancestor specific requirements. All these evolutionary contri-
butions are not trivial to disentangle, but functional and structural
analysis of the ribosome assembly pathway, in model and probably
most importantly in nonmodel organisms, will help us to further
clarity the inherited molecular constraints and properties underly-
ing the assembly of ribosomal subunits.

4 Facilitating Ribosome Assembly

As mentioned above, efficient ribosome assembly in vivo depends
on ribosome biogenesis factors which are collectively believed to
facilitate various aspects of the ribosome biogenesis process [44, 59,
60, 78, 79]. These ribosome biogenesis factors can be subdivided
into difterent protein classes according to their respective structural
organization and/or enzymatic activity. For example, ribosome
biogenesis progression depends on the presence of energy consum-
ing enzymes, like GTPases, ATPases (AAA ATPase, RNA helicase,
etc.). However, it is important to note that the ensemble of ribo-
some biogenesis factors differs in numbers and nature from bacteria
to eukaryotes [10, 18,44, 59, 60, 78, 79] (Fig. 1). Accordingly, the
relative domain-specific repartition of structural features and/or
enzyme activities implicated in ribosome biogenesis progression
may vary considerably between different groups and may reflect
functional adaptations within the ditferent domains of life. For
example, GTPases seem to be enriched in the bacterial ribosome
biogenesis pathway, whereas ATP-dependent processes, or
B-propeller containing proteins are enriched in the eukaryotic ribo-
some biogenesis context [10, 18, 44, 59, 60, 78, 79].

In fact, and with the exception of the (almost) universally
conserved dimethyl-transferase KsgA/Diml [89, 90], ribosome
biogenesis factors are not well conserved between bacteria and
archaea or between bacteria and eukaryotes [18, 45]. In contrast,
a substantial portion of eukaryotic ribosome biogenesis factors are
found in archaeal genomes even though our understanding of their
respective functions in archaea remains still limited [45 ]. Neverthe-
less, we and others could demonstrate some functional analogy
with their eukaryotic counterparts in vivo and/or in vitro
[18, 91-93]. These observations suggest that probably more
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(if not most) of these eukaryotic-like ribosome biogenesis sequence
signatures present in archaea might be authentic ribosome biogen-
esis factors shared between archaea and eukaryotes. In comparison,
eukaryotic ribosome biogenesis is characterized by a large increase
of eukaryotes-specific ribosome biogenesis factors (>200) [46, 59,
60]. The functional requirements for this “sudden” increased com-
plexity of eukaryotic ribosome biogenesis remains to be fully under-
stood (Fig. 1).

In addition, to composition and number variations observed in
bacteria, archaea, and eukaryotes, organisms specific variations can
be observed [18, 36, 45, 90, 94, 95]. For example, the set of
ribosome biogenesis factors vary across the archaeal phylum and
seems to follow the general trend of reductive evolution previously
observed for archaeal r-proteins (Fig. 2) [13, 14, 52]. In cukar-
yotes, ribosome biogenesis factors diversity further increases from
unicellular to multicellular eukaryotes with the addition of factors
implicated in ribosome biogenesis [46, 59, 60]. Moreover, recent
studies have provided new insights into ribosome biogenesis plas-
ticity thereby suggesting that the order of functional requirement
of some assembly factors/r-proteins can vary or be functionally
bypassed in some conditions [90, 96-100].

These observations have various implications for our under-
standing of ribosome biogenesis evolution and plasticity. For one,
the presence/absence of certain molecular components can be
tolerated owing that the proper rescue mechanisms are implemen-
ted (coevolving). Furthermore, these imply a higher functional
plasticity of the order of events within the ribosome biogenesis
pathway, whereby an alternative assembly landscape might be
used or kinetically favored depending on the cellular context
[81, 87,98, 101]. However, it should be noted that this apparent
diversity /plasticity may still converge to the formation of essential
assembly intermediates that are functionally and/or structurally
equivalent, thereby fulfilling critical inherited molecular events
required for ribosome biogenesis.

Accordingly, and despite differences in the nature and amounts
of the ribosome biogenesis factor ensemble, it is conceivable that
the core function supported by some or all ribosome biogenesis
factors are functionally equivalent across the tree of life, thereby
suggesting evolutionary constraints which would have favored the
establishment of dedicated functional mimicry rather than func-
tional divergence around the universal ribosome core [18]. It is for
example striking, that some divergent ribosome biogenesis factors
implicated in the formation of the SSU in model bacteria, archaea
and eukaryotes, are binding at very similar locations within the
nascent pre-ribosomal subunits and may fulfill similar molecular
tasks (see further discussion in [18]). For instance, the SSU rRNA
3’ end processing follows a very similar pattern which involves a
KH-domain containing ribosome biogenesis factor which interact
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and presumably stabilized the 3’ end of the 16S/18S rRNA,
thereby enabling efficient and presumably controlled endonucleo-
lytic cleavage. In E. coli, the Era GTPase, which contains a KH-do-
main [102-104] interact with the endonuclease YbeY and the
r-protein uS11 [105], thereby facilitating 3’ end maturation. In
eukaryotes, Pnol /Dim2, a KH-domain containing protein, inter-
acts with the endonuclease Nobl and both are located in proximity
of uS11. Moreover, mutational analysis revealed functional impli-
cation of uS11, Pnol /Dim2 and Nobl for 18S rRNA maturation
[106-110]. Furthermore, archacal homologues for Pnol /Dim2,
Nobl and uS11 are present in most archaeal genomes [111]. Con-
sidering that both the endonucleases and KH-domains (type
I vs. type II) are evolutionary distinct and presumably unrelated,
these observations suggest a functional convergence/mimicry at
the basis of the maturation of the 16S/18S rRNA 3’ end. Whereas,
the origin of this divergence at the molecular level is poorly under-
stood, evolutionary constraints have remarkably selected a very
similar mode of action in its principle (see further discussion in
[18]).

Further supporting the existence of functional convergence
enabling ribosomal subunit synthesis, we and others have proposed
that pseudocircularization events might represent an early common
feature of ribosomal subunits biogenesis [82, 112, 113]. However,
the implicated molecular machineries are to some extent very
different.

In prokaryotic organisms, stabilization of the 5'-3" mature ends
of the nascent rRNA precursors in a topologically limited environ-
ment is enabled by the formation of double-stranded RNA struc-
tures, the processing stems [114-121]. In all archaeal organisms
analyzed so far, this environment is further stabilized by the forma-
tion of a true covalent circularization of the pre-rRNA, in form of
precircular rRNA intermediates [112, 122, 123]. Finally, in eukar-
yotes, recent cryo-EM studies have revealed stabilization of a pseu-
docircular intermediate of the pre-LSU [124]. The formation of
this intermediate requires the participation of a distinct eukaryotes-
specific ribosome biogenesis subcomplex which may stabilize the
LSU root helix bundle prior to the assembly of the universally
conserved r-protein ul.3 [ 124, 125]. Noteworthy, early maturation
of the pre-23S rRNA by mini-RNase III, which liberates the
nascent 23S rRNA from its processing stem in B. subtilis, is stimu-
lated by the presence of ul.3 [126]. In addition, ul.3 is critical to
initiate in vitro assembly of bacterial 50S [127, 128].

In the case of the SSU, the snoRNA U3 and its associated
proteins provide a scaffold that brings distant rRNA elements in
close proximity within an encapsulated environment described as
for the 90S/SSU Processome [129-131]. However, the relative
orientation of the future mature 5'-3’ ends in these structures is not
resolved.
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Finally, the formation of the SSU central pseudoknot is a
universal feature required for SSU biogenesis and function
[132, 133]. In eukaryotes, its formation is facilitated by the
snoRNA U3, which is not present in bacteria and archaea
[44, 59, 60, 134, 135]. However alternative (U3-independent)
mechanisms, enabling the formation of the SSU central pseudo-
knot in these cellular contexts have been proposed [135-138]. For
example, sequences present in the 5’ end of the pre-16S rRNA
show potential complementarity, similar to U3, which could
hybridize with the region required for central pseudoknot forma-
tion [136, 139-141].

5 Processing and Modifications of Ribosomal RNA

Concomitantly to the assembly process, rRNAs are matured by
ribonuclease activities and modified at various positions [18, 37,
44,59,060,78,79, 114, 142].

Despite billion years of independent evolution most rRNAs are
predominantly transcribed as a polycistronic operon [19]. It is
believed that this organization is required for the efficient coordi-
nated assembly of ribosomal subunits. However, this idea has been
challenged on the one hand by the presence of naturally occurring
independent rDNA production units, and on the other hand, by
early genetic engineering experiments which have successfully sepa-
rated the polycistronic eukaryotic SSU and LSU rRNAs
[143, 144]. The immature precursor-rRNA contains flanking
regions that need to be matured by the action of various ribonu-
cleases. These maturations events are timely ordered during the
ribosomal subunit biogenesis process. This relative ordering pre-
sumably depends on specific ribosomal subunit assembly statuses
which in turn control substrate accessibility or its relative position-
ing [18, 37, 44, 59, 60, 78, 79, 114, 143, 145]. The inherent
irreversible property of these processing steps may also impose
various degrees of “quality control” constraints to the ribosome
biogenesis process in order to avoid the irreparable formation of
improperly assembled pre-ribosomal subunits.

Similar to the ribosome biogenesis factors, the set of ribonu-
cleases used in bacteria, eukaryotes and presumably in archaea are
not well conserved between these domains [18, 37, 44,59, 60, 78,
79,94, 114, 142]. In bacteria, whereas promiscuous ribonucleases
are used, eukaryotic cells have developed a set of specific enzymes to
mature their rRNAs, some of which are also present in archaea
[18, 37, 44, 52, 59, 60, 78, 79, 94, 114, 142]. Based on our
current knowledge, it is difficult to properly extract functional
similarities between the different biological systems. However, we
have previously noticed some peculiar common molecular
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principles required for the maturation of the SSU rRNA 3’-end (see
above and [18]). However, additional structural and functional
information capturing these events “in action” will be necessary
to provide invaluable insights into the structural properties of their
respective substrates [145].

Since the 1950s, ribosomal RNA modifications, which are
mostly concentrated within or closed to the ribosomal subunit
functional centers, have been known [37, 146, 147]. These mod-
ified rRNAs residues are found, to various extents, in all domains of
life [37—40]. However, the mechanisms by which these modifica-
tions are added diverge across the tree of life. On the one hand,
bacterial rRNAs are modified by stand-alone enzymes that are
dependent on a specific assembly status to recognize and modify
their respective substrates. On the other hand, and in addition to
stand-alone enzymes, archaea and eukaryotic organisms utilize an
RNA-guided modification machinery, whereby RNA-protein com-
plexes carrying methyltransferase or pseudouridylation activity are
formed (C/D and H/ACA snoRNPs, respectively). In this context,
the RNA part, which contains a sequence complementary to the
targeted rRNA region, guides the enzymatic activity to its substrate
[37, 39, 40, 148-150] (Fig. 1).

These different modes of action have important consequences
regarding substrate recognition, timing of modifications and struc-
tural constraints that may be imposed by the formation of
snoRNA::rRNA duplexes during ribosome assembly, and have
thereby probably (re)shaped several aspects of the ribosome bio-
genesis pathway [18, 37]. Whereas the relative positions of the
conserved modified residues are usually similar, the nature of the
modification itself may vary across the tree of life [ 18, 151]. Finally,
rRNA modifications appear to be dynamic across the tree of life,
whereby significant variation in nature and number of modifica-
tions is observed, and may also vary during the organisms life time
[36, 38, 39, 41, 90, 152, 153]. These variations may not only
influence ribosome function but also the ribosome biogenesis path-
way itself [18, 38, 39,90, 154].

6 Learning from Organelle Ribosome Biogenesis?

Eukaryotic organelles also contain ribosomes, which are very dis-
tinct from cytoplasmic ribosomes. Organelle’s ribosomes and their
ribosome biogenesis pathways, which have not been discussed so
far, may represent important resources to better extricate key ribo-
somal subunits biogenesis features. Organelle ribosomal subunits
are interesting from several perspectives. First, the ribosomal sub-
units composition is rather diverse across different organisms. Sec-
ond and in contrast to cytosolic ribosomal subunits, organelle
ribosomal subunits contain a reduced amount of rRNA over
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r-proteins. Third, organelle ribosomal subunits contain organelle-
specific ribosomal proteins, expending the possible diversity of the
ribosome assembly landscape. These r-proteins may replace lost
rRNA elements or stabilize the reduced rRNA core. Fourth, organ-
elle ribosomal subunits have followed complicated independent
evolutionary trajectories enabling the formation of ribosomal sub-
units optimized for the translation of a limited set of mRNAs
[49, 155-157]. In addition to ribosome biogenesis factors shared
between bacteria and organelles, recent studies have revealed the
existence of specific dedicated multiprotein machineries required
for the progression of organelle ribosome biogenesis [155, 158-
166]. Despite this apparent sequence/structural specificity,
intriguing functional similarity between cytosolic and organelle
ribosome biogenesis pathway has been proposed. Altogether,
these results suggest that despite very different evolutionary path
ribosomal subunits biogenesis may proceed via functionally equiv-
alent assembly intermediates and requires similar but diverse func-
tional innovations facilitating ribosomal subunits assembly
[155, 158-166]. Lessons from these and future studies will cer-
tainly reveal new insights on the evolution and adaptation of ribo-
somal subunit biogenesis.

7 Concluding Remarks

Despite undeniable differences between the ribosome biogenesis
pathways as known from various model organisms, it is striking that
some (key) ribosome biogenesis features have been maintained
across billions of years of evolution. However, the evolutionary
events which have led to components diversification while conserv-
ing functional similarities instead of consolidating a core of con-
served ribosome biogenesis components remain rather enigmatic.
Moreover, the extent of true functional divergence or functional
convergence, along the ribosome biogenesis pathway, needs to be
properly identified, promising exciting perspectives and challenges
for comparative ribosome biology analysis in the future. Corre-
spondingly, in the recent years metagenomics have revealed an
unexpected microbial biodiversity [ 167 ], which awaits its biochem-
ical and functional examination, and will certainly provide new
insights into conserved principles of ribosome biogenesis.

In addition, our increased understanding of supposedly simpli-
fied ribosome biogenesis pathway present in symbionts, organelles,
and organisms harboring reduced genomes, which for simplicity is
not discussed in depth, will provide supplementary functional
insights into common and specific principles of ribosome biogene-
sis [47, 55, 62, 160-162, 168].
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Finally, thanks to the massive development in the field of
genetic engineering we are probably at the very beginning of a
massive biological revolution, which will ease the characterization
of nonmodel organisms, to develop synthetic biology approaches,
and to uncover some of the most fundamental secrets of life. How
we will deal with this information will however be crucial to lever-
age the significance of these discoveries for our understanding of
ribosome biogenesis. When reaching this point, emphasis toward
functional similarity and diversity of the ribosome biogenesis pro-
cess, or its plasticity, will have to be carefully appreciated and will
require to understand the genuine functional implication of these
molecular features across different organisms’ lifestyle and organ-
isms’ specific evolutionary history [169].
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Abstract

In growing eukaryotic cells, nuclear ribosomal (r)RNA synthesis by RNA polymerase (RNAP) I accounts
for the vast majority of cellular transcription. This high output is achieved by the presence of multiple copies
of rRNA genes in eukaryotic genomes transcribed at a high rate. In contrast to most of the other transcribed
genomic loci, actively transcribed rRNA genes are largely devoid of nucleosomes adapting a characteristic
“open” chromatin state, whereas a significant fraction of rRNA genes resides in a transcriptionally inactive
nucleosomal “closed” chromatin state. Here, we review our current knowledge about the nature of open
rRNA gene chromatin and discuss how this state may be established.

Key words Nucleolus, Nucleolar organizer region (NOR), Ribosomal DNA, Ribosomal RNA genes,
RNA polymerase I, Transcription, Chromatin, Nucleosome, Preinitiation complex (PIC), High
mobility group (HMG) box proteins, Upstream binding factor (UBF), Hmol, Psoralen cross-linking,
Chromatin immunoprecipitation (ChIP), Chromatin endogenous cleavage (ChEC), Electron micros-
copy (EM)

1 Introduction

This short review aims at summarizing research which has contrib-
uted to our current understanding of characteristic chromatin
states at eukaryotic rRNA gene loci sharing many conserved fea-
tures from yeast to human. This subject has also (partly) be covered
by other reviews in the past, which are recommended for further
reading [1-5]. The regulation of RNAP I transcription by epige-
netic mechanisms (including posttranslational covalent modifica-
tions of histones and other components of the RNAP 1
transcription machinery, as well as DNA-methylation) has been
reviewed in great detail in the past [6-9] and will not be subject
of this article.
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In the nucleus of eukaryotic cells, the genetic information
encoded in the DNA is assembled in the structure of chromatin.
The basic unit of chromatin is called the nucleosome and consists of
approximately 146 bp of DNA wrapped around a histone octamer
(reviewed in [10-12]). The tight wrapping of the nucleic acid
around the protein core renders the DNA in part inaccessible
which plays an important role for the regulation of essential nuclear
processes like replication, DNA-repair, and transcription. To deal
with nucleosomal DNA, eukaryotic cells developed mechanisms
altering chromatin structure at distinct loci in specific situations
(reviewed in [13, 14]). Accordingly, characteristic changes in chro-
matin structure and posttranslational covalent modification state of
chromatin components correlate with transitions in the transcrip-
tional status of individual genes. Understanding the relationship
between chromatin structure and transcription will be essential to
fully comprehend the complex process of eukaryotic gene
expression.

2 \Visualization of rRNA Transcription

2.1 Actively
Transcribed rRNA
Genes Are Prominent
Structures in Nuclear
Chromatin Spreads

In eukaryotes, there are at least three different nuclear RNAPs,
numbered I-III, each of which has a distinct set of target genes
(reviewed in [15], see also short reviews by Merkl et al. and Pilsl
et al., this issue). Whereas RNAP II transcribes all protein coding
genes, RNAP III is dedicated to the synthesis of small noncoding
RNAs including the 5S rRNA and tRNAs. In all organisms—with
only one known exception [16]—RNAP I has only one acknowl-
edged genomic target locus from which it synthesizes a large pre-
cursor transcript encompassing the sequences of three out of four
rRNAs (hereafter called rRNA gene). Remarkably, rRNAs pro-
duced by RNAP I account for more than 60% of cellular RNA
synthesis in exponentially growing S. cerevisine cells (hereafter
called yeast, reviewed in [17]). This is achieved by a strong pro-
moter with a stably bound preinitiation complex (PIC) (reviewed in
[18]), as well as the multimerization of the genomic templates
(reviewed in [19]). Thus, rRNA genes exist as clusters of repeated
transcription units, the so-called nucleolar organizer regions
(NORs), at one or more genomic locations depending on the
organism. Actively transcribed NORs are part of the nucleolus,
the dominant nuclear substructure of early ribosome biogenesis,
whereas inactive NORs do not associate with nucleoli (reviewed in
[20]).

Even slightly before the different nuclear RNAPs were bio-
chemically defined [21, 22 ], it was possible to visualize the enzymes
transcribing their target loci in chromatin spreads by electron
microscopy (EM) [23-25]. The first transcription units that were
unambiguously identified by this method were the actively
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transcribed extrachromosomal ribosomal RNA genes isolated from
amphibian oocytes [25]. These transcription units showed a char-
acteristic “Christmas-tree” like appearance with tightly packed
elongating RNAPs forming the stem, and protein-coated nascent
rRNAs extending from the polymerases forming the branches of
the trees. Depending on the preparation, Christmas trees can be
decorated with “terminal balls” representing preribosomal assem-
bly intermediates [26]. Ever since, rRNA gene Christmas-trees
have been observed in chromatin spreads from different cell types
of many organisms (reviewed in [27, 28]). These studies yielded
important insights in aspects of RNAP I transcription at the single
molecule level. More recently, the spreading technique combined
with cryo-EM tomography allowed to obtain more detailed struc-
tural information about yeast RNAP I transcribing its native tem-
plate [29]. In fact, shortly after the first Christmas trees had been
described, the conserved repeated “beads-on-the-string” nature of
nontranscribed eukaryotic chromatin came into the focus of the
researchers [30, 31]. The beads-on-the-string seen in EM were
biochemically defined as complexes of DNA and histone octamers,
the fundamental units of chromatin named nucleosomes [32-34].

The above analyses of chromatin spreads provided first insights into
how different RNAPs deal with the chromatin template (reviewed
in [27]). Thus, nonribosomal chromatin moderately transcribed by
(presumably) RNAP II remained at least partially covered with
nucleosomes [35-37]. This indicated that nucleosomes may either
persist or are reestablished upon RNAP II transcription. In con-
trast, there was evidence that RNAP I and RNAP III transcription
occurred exclusively on nucleosome depleted templates even in
situations when transcription rate was reduced (reviewed in
[27, 38—40]). Complementing EM analyses, endonucleases were
used as molecular probes to investigate chromatin structure
(reviewed in [41—43]). Endonucleases can only poorly access
DNA assembled into a nucleosome. Therefore, endonuclease cleav-
age at a genomic region of interest can be used to deduce informa-
tion about local nucleosome occupancy. In such assays, DNA in
actively transcribed rRNA gene chromatin was more accessible than
DNA in nontranscribed rRNA gene chromatin, supporting the
view of nucleosome depletion at RNAP I transcribed regions
[44, 45]. This notion was corroborated by in vivo and in vitro
cross-linking of chromosomal DNA with psoralen (reviewed in
[46] and references therein). Psoralen is a parent compound of
naturally occurring substances which can intercalate in DNA
(reviewed in [47] and references therein). Upon exposure to long-
wave ultraviolet (UVA) radiation, psoralen incorporation leads to
DNA-interstrand cross-links. As observed for nucleases, nucleo-
some formation prevents psoralen intercalation into nucleosomal
DNA tightly interacting with the histone octamer
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2.3 [rRNA Genes
Coexist in At Least
Two Different
Chromatin States

[48,49]. Therefore, psoralen cross-links are restricted to accessible
nucleosome-free DNA regions. After DNA isolation from psoralen
cross-linked chromatin, nucleosomes leave a characteristic foot-
print of approximately 146 bp of non—cross-linked DNA sur-
rounded by cross-linked linker DNA. This can be analyzed by EM
of the cross-linked DNA under denaturing conditions, in which the
non—cross-linked DNA regions are visualized as single stranded
DNA bubbles. Consistent with nucleosome depletion, DNA
isolated from psoralen treated actively transcribed rRNA gene chro-
matin was heavily cross-linked and largely devoid of single-stranded
DNA bubbles [50].

Psoralen cross-linking alters the mobility of deproteinized DNA
fragments in native agarose gel electrophoresis [50]. A high-degree
of psoralen incorporation in nucleosome-depleted DNA leads to a
strong retardation of the corresponding fragment, whereas lower
psoralen incorporation in nucleosomal DNA yields faster migrating
fragments. In combination with Southern blot analysis this tech-
nique can be used to monitor nucleosome occupancy at specific
restriction fragments obtained from psoralen cross-linked chromo-
somal DNA [50-52]. DNA-fragments deriving from psoralen
cross-linked transcribed regions of rRNA genes from a human cell
line and yeast cells migrated as two major bands with low and high
mobility in native agarose gel electrophoresis, indicating that these
genes adapt at least two different chromatin states [51, 52 ]. Nascent
RNA was exclusively cross-linked to the fragment of low mobility,
suggesting that nucleosome occupancy at actively transcribed
rRNA genes is strongly decreased [51, 52]. This led to the model
that rRNA genes may coexist at least in a nucleosome depleted,
“open” chromatin state and a transcriptionally inactive nucleoso-
mal “closed” chromatin state. It should be noted, that psoralen
cross-linking measures nucleosome occupancy at selected loci, but
does not allow straightforward conclusions about the transcrip-
tional state of a gene (reviewed in [2, 3] and references therein).
Therefore, open rRNA genes are not necessarily actively tran-
scribed, although actively transcribed rRNA genes appear to be
always in an open chromatin state. To date, no other chromosomal
locus with a psoralen accessibility similar to open rRNA genes has
been identified. Strikingly, psoralen cross-linking of heavily tran-
scribed RNAP II-dependent genes did not yield fragments with the
low mobility expected for fully cross-linked DNA [53]. This may
corroborate the observations in EM that RNAP II transcribed gene
regions retain a significant number of nucleosomal particles
[35, 37]. Thus, the open rRNA gene chromatin state is probably
unique regarding the extent of nucleosome depletion and the size
of the nucleosome depleted region.

With the advent of chromatin immunoprecipitation (ChIP) the
nucleosome-depleted nature of actively transcribed rRNA genes
was challenged (reviewed in [2, 3]). In ChIP experiments, histone
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molecules coprecipitated rRNA gene fragments from extracts
obtained from vyeast cells carrying a reduced number of rRNA
gene copies [54]. Because under these conditions, the majority of
rRNA genes were transcribed [55], it was concluded that RNAP 1
transcribes a dynamic, nucleosomal chromatin template. A
subsequent study based on chromatin endogenous cleavage
(ChEC) experiments in yeast supported rather the model of robust
histone /nucleosome depletion at actively transcribed rRNA genes
[56]. ChEC is performed in yeast strains in which a protein of
interest is expressed in fusion with Micrococcal nuclease (MNase)
from Staphylococcus anrens [57]. MNase is a secreted DNA and
RNA endo- and exonuclease which has long been used to study
chromatin structure (reviewed in [41, 43], see chapter of Teubl
et al. in this issue). MNase activity strictly depends on calcium.
Thus, due to the low intracellular calcium concentrations recombi-
nantly expressed MNase fusion proteins are not active. After isola-
tion of crude nuclei from cells expressing MNase-fusion proteins
and addition of calcium, the tethered nuclease will cut neighboring
DNA. Specific cleavage events in genomic DNA can be monitored
by Southern blot analysis, primer extension or high-throughput
sequencing to reveal which DNA regions were in the proximity of
the MNase fusion proteins [58, 59]. ChEC experiments can also be
performed in combination with psoralen cross-linking to determine
if a factor of interest preferentially associates with the open or the
closed rRNA gene chromatin state [56, 60]. Using this method, it
could be shown that RNAP I subunits fused to MNase specifically
degraded the highly psoralen cross-linked fragments derived from
open rRNA gene chromatin in yeast. In contrast, histone-MNase
fusion proteins preferentially degraded the poorly psoralen cross-
linked fragments derived from closed rRNA gene chromatin. These
results supported the hypothesis that RNAP I transcribes a his-
tone/nucleosome depleted chromatin template [56]. The apparent
contradiction of these results to the conclusions derived from ChIP
experiments [54] may be explained by the notion that the term
histone depletion does not exclude that a few histone molecules
occasionally associate with open rRNA gene chromatin. Addition-
ally, even in yeast cells with a lower rRNA gene copy number, a
small subpopulation of rRNA genes resides in the closed nontran-
scribed nucleosomal chromatin state [55, 61]. This nucleosomal
subpopulation might then be detected in ChIP analyses, which—
unlike the combination of ChEC with psoralen cross-linking ana-
lyses—does not distinguish between DNA fragments derived from
open or closed rRNA gene chromatin. In higher eukaryotes ChEC
combined with psoralen cross-linking analyses have not been con-
ducted so far. Nevertheless, endonuclease accessibility of human
rRNA gene loci combined with high throughput sequencing
(HTS) suggested that nucleosome occupancy is reduced at rRNA
genes when compared to intergenic regions [62]. More recently, a
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2.4 HMG-Box
Proteins Are
Architectural
Components of Open
rRNA Gene Chromatin
States

deconvolution histone ChIP-HTS analysis combined with genetic
manipulation of RNAP I transcription in mice strongly supported
that histone depletion at active rRNA genes is conserved from yeast
to mammals [63, 64].

The high mobility group (HMG) box is a structural motif first
described in eukaryotic proteins with a high electrophoretic mobil-
ity (reviewed in [65]). HMG box proteins are involved in the
regulation of many important DNA-dependent processes in the
nucleus presumably due to their acknowledged function as archi-
tectural chromatin components. Along these lines, HMG-box pro-
teins are conserved constituents of open rRNA gene chromatin
(reviewed in [2, 63, 66, 67]). In vertebrates, the upstream binding
factor (UBF) was initially identified to be required for proper
recruitment of the basal RNAP I PIC at the rRNA gene promoter
[68-70]. UBF has a characteristic arrangement of up to six tan-
demly repeated HMG-boxes (reviewed in [71]). Upon dimeriza-
tion UBF may wrap DNA in one single loop in a structure called the
“enhancesome” in vitro [72]. It was suggested that this structure
establishes a characteristic architecture at the rRNA gene promoter
(reviewed in [71]). In vivo, UBF molecules spread along the entire
rRNA gene region transcribed by RNAP I [62, 63, 66, 73,
74]. Additionally, UBF is preferentially recruited to repetitive
enhancer DNA elements preceding the rRNA gene promoter in
higher eukaryotes [62, 63, 69, 73, 74]. UBF was shown to localize
to NORs harboring active rRNA genes [75]. During the cell divi-
sion cycle, UBF stays associated with NORs which have been
transcriptionally active even upon RNAP I transcription shutdown
at mitosis [76-78]. In this condition, UBF likely maintains NORs
bearing active rRNA gene clusters in a hypocondensed, open chro-
matin state leading to “secondary constrictions” visualized by light
microscopy in plant mitotic chromosomes early in the twentieth
century [79-81]. Yeast contains a bona fide UBF homologue
Hmol [82, 83]. As UBF, Hmol is a chromatin component of
actively transcribed rRNA gene regions but has only one
HMG-box and—in contrast to UBF—no reported role in RNAP
I PIC formation [56, 84-86]. Both murine UBF and yeast Hmol
are required to maintain the nucleosome depleted open rRNA gene
chromatin state in the absence of RNAP I transcription [61, 63]. In
agreement, both UBF and Hmol can destabilize nucleosomal
templates in vitro [87, 88]. Furthermore, Hmol mediated DNA
compaction, bridging and looping observed in vitro was suggested
to be implicated in the maintenance of the nucleosome depleted
rRNA gene chromatin state in vivo [89]. UBF and Hmol bind to
various DNA sequences in vitro [90-92] and genome wide ChIP
analyses suggested that both proteins additionally associate with
nucleosome depleted promoter regions of highly transcribed
RNAP II dependent genes [84-86, 93]. This indicates that UBF
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and Hmol may generally recognize structures associated with
highly transcribed DNA templates. This hypothesis was substan-
tiated in in vitro studies in which Hmol bound preferentially to
DNA templates thought to mimic transcription intermediates
[91]. Along these lines it has also been suggested that Hmol
protects negatively supercoiled DNA at gene boundaries in vivo
[94], indicating that (r)DNA topology may be important for
Hmol recruitment. Whereas there is evidence that recruitment of
Hmol to rRNA gene sequences is dependent on prior RNAP I
transcription [61, 86], RNAP I transcription may not be required
to recruit UBF to the rRNA gene promoter or enhancer elements
[95]. Thus, integration of rRNA gene enhancer repeats from Xeno-
pus lnevis at different loci in human chromosomes led to the forma-
tion of “pseudo-NORs” resulting in secondary constrictions in
mitotic chromosomes (reviewed in [67, 96]). These structures
were bound by human UBF, other components of the basal
RNAP I transcription machinery and ribosome biogenesis factors
[95, 97] but appear to be transcriptional inactive. Although, pso-
ralen accessibility at pseudo-NOR sequences has not been tested to
date, it is assumed that they reside in an open chromatin structure.
Taken together, both Hmol and UBF are architectural proteins of
open rRNA gene chromatin and involved in the maintenance of the
nucleosome depleted state [56, 61, 63, 73]. Additionally, UBF
binding at the rRNA gene promoter (and likely at enhancer
regions) is likely related to its role in RNAP I PIC formation
(reviewed in [18, 66]). As an essential PIC component, UBF—
but not Hmol—is required for the establishment of the open
rRNA gene chromatin state in vivo [56, 63, 73].

As indicated above, there is a tight correlation between RNAP 1
transcription and the establishment of the open chromatin state. In
fact, studies in yeast indicated that the equilibrium of open and
closed chromatin states observed in asynchronously dividing cells
may be explained as the result of RNAP I transcription dependent
opening and replication dependent closing of rRNA genes [61]. In
cach synthesis phase of the cell division cycle, replication leads to
nucleosome deposition and chromatin closing at rRNA genes on
both sister chromatids [98]. After rRNA genes have been repli-
cated, opening of rRNA genes correlates with the onset of RNAP 1
transcription. In higher eukaryotes, cell division cycle dependent
rRNA gene chromatin transitions were likely dismissed in early
psoralen cross-linking studies in which interphase cells were com-
pared with metaphase cells [51]. However at least in one study,
time course experiments during the cell division cycle in a human
cell line revealed very similar rRNA gene chromatin state transitions
to those observed in yeast [99]. In agreement with a requirement
for RNAP I transcription for establishment of the open rRNA gene
chromatin state in replicating yeast cells, all rRNA genes adapt the
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closed chromatin state when RNAP I transcription is impaired
[61]. In addition, there was good correlation between downregu-
lation of RNAP I transcription and closing of rRNA gene chroma-
tin in various physiological relevant situations. Thus, rRNA gene
chromatin closing occurs when cells grow to stationary phase
[51, 52, 100, 101], upon UV-damage [102, 103], or when cells
differentiate [104]. On the other hand, upregulation of RNAP I
transcription upon transfer of stationary yeast cells in fresh growth
media correlates with rapid opening of rRNA genes [100, 101 ]. Fur-
thermore, the observed opening of rRNA genes when replication-
mediated chromatin closing was prevented strictly depends on
ongoing RNAP I transcription [61].

It remains unclear it RNAP I transcription alone suffices to
establish open, nucleosome-depleted rRNA gene chromatin.
Thus, additional factors may assist RNAP I to convert genes from
the closed to the open chromatin state. The “Facilitates Chromatin
Transcription” (FACT) complex, known to support RNAP II tran-
scription, was shown to associate with rRNA genes in yeast and
human, copurified with human RNAP I and enhanced RNAP I
nonspecific transcription from chromatin templates in vitro
[39, 105]. In yeast, the chromatin remodeling factors Ino80,
Iswl, and Isw2, as well as the Swi/Snf complex associate with
rRNA genes in vivo and ex vivo and may modulate rRNA gene
chromatin structure [106-108]. Furthermore, bona fide RNAP II
transcription (elongation) factors TFIIH, Pafl, Spt4 /5, Spt6, and
THO were reported to support RNAP I transcription [109-
114]. In addition, early ribosome biogenesis factors might be
components of rRNA gene chromatin in yeast and higher eukar-
yotes perhaps supporting efficient RNAP 1 transcription
[97, 115]. Finally, a constantly growing number of factors which
are involved in (epigenetic) posttranslational covalent modifications
of chromatin components (including proteins and nucleic acids), as
well as noncoding RNAs may influence RNAP I transcription and
the establishment of rRNA gene chromatin states (reviewed in [6—
9]). Since most of the above factors have acknowledged roles in
various nuclear processes, it is, however, often difficult to distin-
guish between direct and indirect effects on RNAP I transcription
and rRNA gene chromatin structure.

3 Conclusions

Our current knowledge of molecular mechanisms required for
establishment of the open rRNA gene chromatin state is mostly
based on in vivo observations or ex vivo analyses of relatively crude
cellular fractions. In the future, analyses with defined in vitro recon-
stituted chromatin will probably allow to stringently test current
hypotheses and to describe molecular mechanisms which are
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responsible for chromatin opening (see [116] and chapter by Merkl
et al., this issue). One promising approach may involve the investi-
gation of isolated native rRNA gene chromatin templates. Chro-
mosomal rRNA gene domains in their native chromatin context can
be purified from yeast, and initial analyses indicate that important
features of the in vivo chromatin structure are maintained upon
isolation [107]. The purified chromatin can be subjected to func-
tional biochemical assays, or single molecule structural analyses
[107, 117]. The reconstitution of transcription using highly pur-
ified components of the RNAP I transcription machinery and the
native chromatin template in vitro might closely reflect the in vivo
situation. Together, these studies may help to derive a detailed
understanding about the interplay between chromatin structure
and transcription on a molecular level. Given the tight connection
between RNAP I transcription and early steps in ribosome biogen-
esis [115], it should be attempted to include selected ribosome
biogenesis factors in the purified system. Perhaps, this may lead us
soon to the first Christmas trees “grown” in vitro.
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Abstract

Nuclear eukaryotic RNA polymerases (RNADPs) transcribe a chromatin template in vivo. Since the basic unit
of chromatin, the nucleosome, renders the DNA largely inaccessible, RNAPs have to overcome the
nucleosomal barrier for efficient RNA synthesis. Gaining mechanistical insights in the transcription of
chromatin templates will be essential to understand the complex process of eukaryotic gene expression. In
this article we describe the use of defined in vitro transcription systems for comparative analysis of highly
purified RNAPs I-1III from S. cerevisine (hereafter called yeast) transcribing in vitro reconstituted nucleo-
somal templates. We also provide a protocol to study promoter-dependent RNAP I transcription of purified
native 35S ribosomal RNA (rRNA) gene chromatin.

Key words Transcription, Chromatin, Nucleosomes, Histones, RNA polymerase I, RNA polymerase
II, RNA polymerase III, Ribosomal RNA gene chromatin, Rrn3, Core factor, Netl, In vitro assays,
Saccharomyces cerevisine, Yeast

1 Introduction

In all eukaryotes there are at least three different nuclear multi-
subunit RNAPs (RNA polymerases) termed I-III (reviewed in [1],
see also short reviews from Merkl et al., and Pilsl et al. in this issue).
The enzymes share common subunits and a similar core structure
but clearly differ in their composition and function (reviewed in
[1], see also short reviews from Merkl et al., and Pilsl et al. in this
issue). The template transcribed by RNAPs I-III in vivo is chroma-
tin. In chromatin, approximately 146 bp of DNA are wrapped
around an octameric core of histone proteins forming a basic
repeating unit called the nucleosome (reviewed in [2—4]). This
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leads to compaction and impairs access to the genetic information.
Therefore, chromatin structure must be transiently altered allowing
transcription at defined genomic loci. Accordingly, characteristic
chromatin transitions have been observed in vivo, when genes
switch from an transcriptionally inactive to an actively transcribed
state (reviewed in [5, 6]). There is evidence that RNAPs I-1II deal
differently with the chromatin template ([7], see also short reviews
from Merkl et al. and Schichner et al. in this issue).

Defined in vitro systems including purified components con-
tributed substantially to our current understanding of mechanisms
of eukaryotic transcription (reviewed in [8]). The possibility to use
in vitro reconstituted nucleosomal templates provided a minimal
model system for transcription in the context of chromatin
(reviewed in [9]). Here, we describe a protocol for comparative
analyses of yeast RNAPs I-III in promoter-independent transcrip-
tion of in vitro reconstituted chromatin templates. To this end, we
developed a purification procedure for affinity purification of the
three enzymes under identical conditions [10, 11]. The purified
enzymes were devoid of cross-contamination with other RNAPs or
transcription factors. For promoter-independent transcription,
tailed DNA templates containing a 3’ overhang can be employed
(Fig. 1a) [12]. From 3’ overhangs all RNAPs can initiate transcrip-
tion without additional transcription factors. These templates in
combination with the strong 601 nucleosome positioning
sequence (601 templates) [13] were used for nucleosome assembly
at defined positions (Fig. 1b). To determine the transcription effi-
ciency through an assembled nucleosome, radioactively labeled
RNA synthesized by the different RNAPs from the nucleosomal
601 templates are detected and quantified (Fig. 1c, d). Each tran-
scription reaction contains another nucleosome-free reference tem-
plate of different size, which serves as an internal control for the
transcriptional activity of the respective RNAP. Additionally, tran-
scription reactions are performed containing the naked 601 tem-
plates and the reference template (Fig. lc). The transcription
efficiency through a nucleosome is then calculated by dividing the
quotient of transcripts from nucleosomal 601 template to reference
template by the quotient of transcripts from naked 601 template to
reference template. These analyses revealed marked differences
between transcription of nucleosomal templates by RNAPs I-I11
((Fig. 1d), and [7]). Whereas RNAPs I and III could readily tran-
scribe through an in vitro assembled nucleosome RNAP II tran-
scription was strongly impaired.

Nucleosomal templates obtained after salt dialysis have the
advantage that they are fully defined. However, it is unclear in
how far they reflect endogenous chromatin, the native template
of nuclear transcription. Thus, we established a technique allowing
the excision of a genomic region of interest in its native chromatin
context by site-specific recombination in specifically engineered



RNAP | Transcription In Vitro 41

M Poll Polll  Pollll
Tailed template overview + - + - + = 601 nucleosome
Kast [ EcoRV g EcoRl Baml /Hindin Pl 500 nt
| 601 full length

601 300 nt
—
2130/183nt

Lo = | reference
601
200 nt

1601

ratio normalized transcripts

|

Pol | Pol Il Pol 1l

M

M
chromatin - _ﬁ histones:DNA :
template \__ 0.8

e e

—

vector backbone —— = 06
e ~— 1500 bp 0.4
DMNA fragment with 0.2

601 sequence s ' 500 bp

= free template ==+ nucleosome

Fig. 1 Promoter-independent transcription of in vitro assembled nucleosomal templates by RNAPs I-ll. (a)
Schematic representation of the template for nucleosome assembly containing a 601 nucleosome positioning
sequence (601 template). The reference template lacks the nucleosome positioning sequence but is otherwise
identical. Restriction sites used to release the templates from plasmids K1253 and K1573 are indicated. (h)
Electrophoretic mobility shift assay after nucleosome assembly. Purified core histones H2A, H2B, H3, and H4
from chicken erythrocytes were assembled on the 601 template shown in (a) by salt gradient dialysis.
Assembly reactions with different histone to DNA ratios (Table 7) were analyzed in a native polyacrylamide gel
as described in Subheading 3.2. The position of the nucleosome-free template and the K1253 vector
backbone and the chromatin template after assembly are indicated on the left. Sizes of selected DNA
fragments in DNA markers (M) are indicated on the right. (¢, d) Purified RNAPs I-lll transcribe through a
nucleosome on tailed templates with different efficiencies. (c) Transcription reactions were performed in the
presence of a reference template and the 601 template before (—) or after (+) nucleosome assembly. The
cartoon on the left indicates the length of the transcripts derived from the different templates. In vitro
transcription assays were performed using 7.5 nM of purified RNAPs, identical buffer conditions and 10 nM of
each of the different templates. Radiolabeled transcripts were separated on a denaturing polyacrylamide gel
and visualized as described in Subheading 3.5.2. Sizes of selected RNA fragments in an RNA marker (M) are
indicated on the left. (d) Quantification of the experiments shown in (c) was performed as described in
Subheading 3.5.3

yeast strains (Fig. 2a) [17-19]. To assist affinity purification of the
released chromatin domain, the genomic region of interest contains
a cluster of DNA binding sites for the bacterial LexA protein. In the
yeast strains used for recombination, recombinant LexA
C-terminally fused to a tandem affinity purification (TAP) tag is
constitutively expressed. The protein binds to its binding sites
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Fig. 2 Promoter-dependent transcription of purified native rRNA gene chromatin by RNAP I. (a) Schematic
representation of purification and restriction enzyme digest of yeast native 35S rRNA gene chromatin. (b) DNA
analysis of samples withdrawn during the purification procedure (shown in a, and described in Subheadings
3.3.1 and 3.3.2). DNA of the indicated fraction of individual samples depicted on the top was isolated as
described in Subheading 3.3.4, linearized with Sacll and separated by electrophoresis in a 1% agarose gel. An
image of the agarose gel stained with SYBR safe is shown on the top. The same gel was subjected to the
Southern blot procedure with a radioactively labeled probe described in Subheading 2.3. The autoradiogram of
the blot is shown at the bottom. The positions and respective length of DNA marker fragments (NEB 1 kb
ladder, not shown) are depicted on the left of the gel picture. The position of the rDNA fragment derived from
the 35S rRNA gene chromatin domain in the gel and on the blot is depicted on the right. (c) Quantitative
Southern blot analysis of the “beads post EcoRV digest” sample (BpD) together with a titration from 0.1 to
1 fmol of plasmid K375. The isolated DNA was digested with Pflml prior to electrophoresis in a 1.5% agarose
gel which was subjected to the Southern blot procedure. The positions and respective length of DNA marker
fragments (NEB 1 kb ladder, not shown) are depicted on the left of the autoradiogram. The positions of Pfiml
fragments derived from the EcoRV digested or undigested 35S rRNA gene chromatin domain, as well as from
the Pflml/EcoRV digested plasmid K375 are depicted on the right of the autoradiogram. (d) Promoter-
dependent in vitro transcription of native rRNA gene chromatin. Promoter-dependent in in vitro transcription
was performed as described in [14] using either 10 nM of EcoRV (E) or Pvull (P) linearized plasmid K375 or
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within the chromatin domain and serves as bait for subsequent
affinity purification of the genomic target region (Fig. 2b). The
isolated native chromatin domains are suitable substrates for com-
positional analysis by mass spectrometry, structural analysis by elec-
tron microscopy or biophysical molecular tweezer analysis [20-
23]. Furthermore, they can be used in functional assays to study
transcription factor binding, chromatin remodeling, or transcrip-
tion on native templates in vitro [ 18, 24, 25]. Here, we show that
purified native 35S rRNA gene chromatin can be used as template
for promoter-dependent RNAP I transcription. To this end, the
chromatin domain bound to the affinity matrix is linearized by
restriction enzyme digest to produce transcripts of a defined length
(Fig. 2¢). Promoter-dependent transcription of the purified chro-
matin domain requires at least purified RNAP I, as well as two
components of the RNAP I transcription machinery, the three-
subunit core factor (CF) and the initiation factor Rrn3 (Fig. 2d).
We find that the Netl protein, which has previously been charac-
terized as an activator of RNAP I transcription in vitro and in vivo
[15,26], leads to a robust stimulation of RNAP I dependent native
chromatin transcription (Fig. 2d).

In summary, combining analyses involving strictly defined
in vitro assembled nucleosomal templates and ex vivo purified
native chromatin will likely help to gain further insights in mechan-
isms of nuclear transcription by eukaryotic RNAPs.

2 Materials

2.1 Preparation of Details about construction of plasmids K1253 (pUCI19 tail g—

Tailed Templates 601) and K1573 (pUCI19 tail g—w /0 BS) can be found elsewhere
[10, 11]. Plasmids and related sequence information are available
upon request.

1. Plasmid K1253 for nucleosome reconstitution, and reference
plasmid K1573.

2. Nb. Bsml, Kasl, Pvull, and respective buffers (NEB).
3. RNase-free water.

4. Competitor oligo 02207, with the same sequence

Fig. 2 (continued) 10 nM of EcoRV linearized rRNA gene chromatin as template. Note that only 20% of the
chromatin template were properly digested by EcoRV and produce transcripts with a defined length. Individual
transcription reactions were performed in the presence or absence of RNAP | (5 nM), CF (20 nM), Rrn3 (70 nM),
and the RNAP | transcription activator Net1 (20 nM) [15, 16], as indicated on top. Radiolabeled transcripts were
separated on a denaturing polyacrylamide gel and visualized as described in Subheading 3.5.2. The positions
and respective lengths of RNAs synthesized from Pvull or EcoRV digested plasmid K375 or chromatin
templates are indicated on the left and the right of the autoradiogram
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Table 1

Buffers for chromatin assembly

Buffer Ingredients Concentration/percentage

High salt buffer Tris pH 7.6 10 mM
NaCl 2M
EDTA 1 mM
NP40 0.05%
2-mercaptoethanol 1 mM

20x low salt buffer Tris pH 7.6 200 mM
NaCl 1M
EDTA 20 mM
NDP40 1%
2-mercaptoethanol 20 mM

6% loading buffer Glycerol 60%
Orange G

2.2 In Vitro
Nucleosome Assembly

2.3 Purification and
Restriction Enzyme
Digest of Native Yeast
Chromatin

A

(5'- CGAGTAAGTATAGGGTAAGGTGAT -3') as the
24 nt overhang generated by Nb.BsmI /KaslI digest of plasmid
K1253 or K1573.

Thermocycler.

. NanoDrop spectrophotometer (Thermo Fisher Scientific).

Purified core histones H2A, H2B, H3 and H4 from chicken
erythrocytes (prepared as described in [27]).

Bovine serum albumin (10 mg/mL), RNase free.
DNA template (see Subheading 3.1).

Siliconized micro tubes (Eppendort).

Bufters see Table 1.

Polyacrylamide gel for electrophoretic mobility shift assay
(EMSA) (Table 2).

7. 6x EMSA buffer (60% glycerol, Orange G).

o)

9.
10.

. FLA3000 (Fuji) Imager or equivalent imaging system for Ethi-

dium bromide staining.
Gel dryer (Drystar).
Whatman filter paper (Macherey-Nagel, MN 827 B).

Materials for strain construction, cell growth and harvesting (prep-
aration of yeast cell “spaghetti”), as well as for coupling of rabbit
immunoglobulin G (IgG) to epoxy-activated magnetic beads, and
protein analysis have been described elsewhere [19, 20]. Strain
y2381 used for the purification of a 35S rRNA gene chromatin
domain and plasmid K375 which contains an entire rDNA repeat
were used in the experiments shown in Fig. 2 and have been
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Composition of native polyacrylamide gel for EMSA

Component Volume [mL]
Rotiphorese Gel 30 AA/Bis-AA solution (37.5:1) (Roth) 2

5x TBE 0.8

Water 7.2

APS (10% w/v) 0.08
TEMED 0.008

2.3.1 Preparation of
Cellular Lysates

2.3.2 Affinity
Chromatography of Native
Chromatin Domains

2.3.3 Restriction Enzyme
Digest of Purified Native
Chromatin Domains

described earlier [20, 28]. The template to obtain the radioactively
labeled probe in the Southern blots shown in Fig. 2b, ¢ was
obtained by PCR from plasmid K358 (pM49.2) [17] with primers
0597  (5-GAAACAGCTATGACCATG-3') and 0598 (5-
'-GCCTGACTGCAGAAC  GTACTACTGTACATATAAC-3).
Strains, plasmids as well as related sequence information are avail-
able upon request.

1. Coftee grinder (Tefal Prep’Line).
2. PARAFILM® M.

3. Proteinase inhibitors (100x PIs): benzamidine (33 mg/mL),
PMSF (17 mg/mL) in ethanol p.a., stored at —20 °C.

4. Dry ice pellets (150 g per purification).

92

Frozen yeast cell “spaghetti” (3 g per purification).

6. Magnetic bead buffer (MB100): 20 mM Tris-HCI pH 8.0,
100 mM KCl, 5 mM MgAc, 0.5% Triton X-100 (w/v), 0.1%
Tween 20 (w/v). Buffer MB (without additives) can be stored
at room temperature and should be cooled to 4 °C prior to use.
2-Mercaptoethanol (final concentration 1.5 mM) and protein-
ase inhibitors (final concentration 1x Pls) should only be
added prior to use.

7. Bio-Rad Protein Assay Dye Reagent Concentrate.

1. IgG coupled to magnetic beads, prepared as previously
described [19].

2. BcMag Separator (Bioclone Inc., MS-04).
3. Rotating wheel or alternative rotation device.

4. Magnetic bead Buffer (MBI100), as described in
Subheading 3.3.1.

1. Restriction enzymes and respective buffer (NEB).
2. Thermomixer® Dry Block Heating Shaker (Eppendorf).
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2.3.4 DNA Analysis

2.4 Purification of
RNAPs I, I, and Ill from
S. cerevisiae

Table 3

1.

Buffer IRN: 50 mM Tris-HCI, pH 8.0, 20 mM EDTA,
0.5 M NaClL

2. Buffer TE: 10 mM Tris-HCI, pH 7.5, 1 mM EDTA.

. RNase A (20 mg/mL) (Invitrogen).

4. Proteinase K (20 mg/mL) (Sigma), dissolved in 50 mM Tris-

HCI pH 8.0, 1 mM CaCl, and stored in aliquots at —20 °C.

. Yeast tRNA (10 mg/mL) (Sigma), dissolved in nuclease-free

water.

. Roti® phenol-chloroform-isoamyl alcohol (25:24:1) (Roth),

stored at 4 °C in the dark.

. Ethanol p.a., stored at room temperature.

. Restriction enzymes and respective buffer (NEB).

. Vibrax-VXR (IKA), rotary shaker.
. IgG coupled to magnetic beads, and BcMag Separator, rotat-

ing wheel as described in Subheading 3.3.2.

. Thermomixer® Dry Block Heating Shaker (Eppendorf).

4. Glass beads (¢ 0.75-1 mm) (Roth).

. YPD medium: 2% (w/v) Bacto™ Peptone, 1% (w/v) Bacto™

Yeast Extract, 2% (w/v) Glucose.

. Proteinase  inhibitors  (100x), as  described in

Subheading 3.3.1.

. Purified recombinant 6x His-tagged Tobacco Etch Virus

(TEV) protease produced in E. coli.

. Yeast strains (Table 3).
. Buffers (Table 4).

Yeast strains used for RNA polymerase purification

# Name

Genotype Reference

y2423 BY4741 A135-

TEV-ProtA

y2424 BY4741 Rpb2-

TEV-ProtA

y2425 BY4741 C128-

TEV-ProtA

MATa, his3-Al leu2-A0 metl5-A0 ura3-A0 rpal35:: [10]

RPA135-TEV-ProtA-kanMX6

MATa, his3-Al leu2-A0 metl5-A0 ura3-A0 rpb2::RPB2- [10]

TEV-ProtA-kanMX6

MATa, his3-Al leu2-A0 metl5-A0 ura3-A0 c128::C128- [10]

TEV-ProtA-kanMX6
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Buffers for RNA polymerase purification
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Buffer Ingredients Concentration/percentage

P1 KOAc KOAc 200 mM
Hepes pH 7.8 20 mM
MgCl, 1 mM
Glycerol 20%
PIs 1x

P2 KOAc KOAc 200 mM
Hepes pH 7.8 20 mM
MgCl, 1 mM
Glycerol 20%
NP40 0.1%
(PIs) (1x)

P1 KCl KCl 200 mM
Tris/HCI pH 8 20 mM
MgAc 5 mM
Glycerol 20%
PIs 1x

P2 KCl KCl 200 mM
Tris/HCI pH 8 20 mM
MgAc 5 mM
Glycerol 20%
NP40 0.1%
(PIs) (1x)

2.5 In Vitro . Butffers for in vitro transcription (Table 5).

Transcription of
Chromatin Templates

. Buffers for denaturing polyacrylamide gel electrophoresis

(Table 6).

. GelSave (Applichem).

3 Methods

3.1 Preparation of
Tailed Templates

. Fragments for tailed template preparation are released from

10 pg plasmid K1253 or the reference plasmid K1573 using
restriction enzymes Pvull and Kasl for 1.5 h at 37 °C in a total
volume of 100 pL, followed by heat inactivation of these
enzymes at the appropriate temperature as indicated by the
manufacturer.

. DNA is precipitated by the addition of 0.1 volume of 3 M

sodium acetate and 2.5 volumes of 100% EtOH and incubation
at —20 °C for at least 30 min. The template DNA is pelleted by
centrifugation at 16,000 x g for 20 min at 4 °C, washed with
70% EtOH and resuspended in RNase-free water to result in a
final concentration of 2 mg/mL.
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Table 5

Buffers for in vitro transcription experiments

Buffer

Ingredients

Concentration/percentage

10x new transcription buffer (NTB)

Proteinase K storage buffer

Proteinase K buffer

Proteinase K mix (20 reactions)

TBE

Denaturing RNA loading buffer

Hepes pH 8
MgClZ
EDTA
EGTA

DTT

Tris=HCI pH 7.5
CaC12
Glycerol

NaCl

Tris/HCIl pH 7.5
EDTA

SDS

Proteinase K (20 mg/mL)
Proteinase K buffer

Tris
Boric acid
EDTA

Formamide deionized
TBE

Bromophenol blue
Xylene cyanole

200 mM
100 mM
50 mM
0.5 mM
25 mM

20 mM
1 mM
50%

300 mM
10 mM
5 mM
0.6%

110 pL
4.7 mL

50 mM
50 mM
1 mM

80%
0.5x%
Spatula tip
Spatula tip

Table 6

Composition of denaturing polyacrylamide gel for RNA electrophoresis

Component

Volume/weight

Rotiphorese gel 30 AA/Bis-AA solution (37.5:1) (Roth)

5x TBE
H,O
Urea
TEMED
20% APS

3.3 mL
2 mL
8 mL
64g
20 pL
100 pL

3. The template DNA is incubated with the sequence-specific
nicking endonuclease Nb.BsmlI at 65 °C for 1.5 h in the buffer
recommended by the manufacturer.

4. Nb.Bsml is heat-inactivated by incubation at 80 °C for 20 min
in a thermocycler.
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Assembly reaction setup
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Ratio: Histones: DNA
High salt buffer

BSA (10 mg/mL)

DNA template (2 pg/pL)

Chicken histones (0.8 mg,/mL)

Total volume

0.4:1 0.6: 1 0.8:1 1:1

44 pL 42.75 pL 41.5 pL 40.25 uL
1 pL

2.5 uL

2.5 pL 3.75 pL 5 uL 6.25 pL
50 pL

3.2 In Vitro
Nucleosome Assembly

5. 10 min after starting the heat inactivation, competitor oligo

02207 is added in molar excess to anneal with the 5’ single
strand DNA fragment which is released upon the nicking
reaction.

6. After incubation at 80 °C for 10 min, the sample is slowly

cooled down to room temperature using a shallow gradient
from —1 °C/min in a thermocycler.

. EtOH precipitation is performed as described above and DNA

concentration is adjusted to 2 mg/mL.

Nucleosomes are reconstituted on tailed templates which contain
one or multiple 601 positioning sequences [ 13]. The 601 sequence
directs precise nucleosome positioning upon assembly, which is a
prerequisite to obtain homogeneous chromatin templates.

1.

For in vitro transcription, only fully assembled template DNA is
used. To determine optimal assembly conditions, several
assembly reactions with different histone to DNA ratios are
prepared (Table 7).

Dialysis chambers are prepared by removing the conical tip of
siliconized 1.4 mL micro tubes (Eppendorf) and perforation of
the cap with a hot metal rod (approximately 0.5 mm in
diameter).

Dialysis membrane (molecular weight cutoff 6-8 kDa) is equi-
librated in high salt buffer. The equilibrated dialysis membrane
is fixed between tube and cap to build a dialysis chamber.

Dialysis chambers are placed in a floater in a 5 L beaker contain-
ing 300 mL high salt buffer and air bubbles at the bottom of
the dialysis chambers are removed with a Pasteur pipette that
was bent in the flame of a Bunsen burner.

. The assembly reactions (step 1) are transferred into the dialysis

chambers. The volume in the mini-dialysis chamber should not
be below 40 pL and the DNA concentration should be above
100 ng/pL to obtain reproducible assembly reactions.
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6. Using a peristaltic pump 3 L of low salt buffer containing
1 mM 2-mercaptoethanol are transferred at 200 mL/h into
the 5 L beaker with the dialysis chambers overnight at 4 °C
(or at room temperature). This results in a slow reduction of
the salt concentration from 2 M NaCl to 0.23 M NaCl.

7. The floater is transferred to a 500 mL beaker with 300 mL of
low salt buffer containing 1 mM 2-mercaptoethanol. Air bub-
bles at the bottom of the dialysis chambers are removed with
the Pasteur pipette and the assembly reactions are dialyzed for
an additional hour.

8. The assembly reactions are transferred to a siliconized micro-
tube and stored at 4 °C. Nucleosomes are stable for at least
6 months in the fridge and should not be frozen.

9. To verify successful nucleosome reconstitution, 5 pL of the
assembly reaction (about 0.2 pg template) is supplemented
with 1 pLL 6 x EMSA bufter and analyzed on a native TBE gel.

10. After electrophoresis the gel is stained for 15 min in 0.4x TBE
containing 0.5 pg/mL ethidium bromide at room temperature
and fluorescence is visualized using a FLA3000 imaging system
(or equivalent). The fraction where the free DNA band has just
vanished is then further used in in vitro transcription
experiments.

3.3 Purification and Details on strain construction, cell growth and harvesting (prepa-

Restriction Enzyme ration of yeast cell “spaghetti,”) as well as instructions for coupling

Digest of Native Yeast ~ of rabbit IgGs to epoxy-activated magnetic beads analyses, and

Chromatin protein analysis can be found elsewhere [19, 20]. Subheadings
3.3.1, 3.3.2, and 3.3.4 have been adapted from [19] with
modifications.

3.3.1  Preparation of Unless noted otherwise all manipulations are carried out at 4 °C.

Cellular Lysates

1. A commercial coftee grinder (Tefal, Prep’Line) is precooled by
grinding 30-50 g of dry ice pellets under strong shaking two
times for approximately 30 s. The resulting dry ice powder is
used for cell lysis (see Note 1).

2. 3 g of cells are added to roughly 50 g of the dry ice powder in
the coffee mill (see Note 2).

3. The junctions between lid and coffee mill are sealed with
PARAFILM to prevent leaking of the yeast/dry ice powder
during grinding.

4. Yeast cells are ground for 3 x 1 min under strong shaking with

1 min interruptions to prevent heating of the coffee mill (see
Note 3).

5. The resulting fine powder can be stored at —80 °C prior to use
or is transferred directly to a 25-50 mL plastic beaker with a stir
bar. Gentle stirring of the powder using a magnetic stirrer
accelerates evaporation of the dry ice (see Note 4).
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Chromatography
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. After evaporation of most of the dry ice 1 mL of cold buffer

MB100 supplemented with 1.5 mM 2-mercaptoethanol and
1 x proteinase inhibitors per 1 g of ground yeast cells are added
to the frozen yeast cell powder.

7. The cellular lysate is stirred for another 5-15 min.

10.

11.
12.

13.

14.

15.

. The cellular lysate is transferred to a 15 mL conical tube. The

beaker is rinsed once with 0.5 mL of MB100 to recover residual
crude extract which is added to the 15 mL conical tube.

. Samples for DNA and protein analysis are withdrawn from the

cellular lysate (sample “C,” 20 and 10 pL, respectively). Sam-
ples can be stored at —20 °C prior to analysis (see Note 5).

The cellular lysate is transferred into several 2 mL micro tubes
and cellular debris is sedimented by centrifugation (30 min,
16,000 x gat 4 °C).

The clear supernatant is transferred to a 15 mL conical tube.

The protein concentration in the supernatant is determined
using Bio-Rad Protein Assay Dye Reagent Concentrate,
according to the manufacturer’s instructions (se¢ Note 6).

Samples for DNA and protein analysis are taken from the
supernatant (sample “S,” 20 and 10 pL, respectively).

Cellular debris in the pellet remaining in the 2 mL tubes after
centrifugation is suspended in the same volume, which has
been removed as supernatant.

Samples for DNA and protein analysis are withdrawn from the
pellet suspension (sample “P,” 20 and 10 pL, respectively).

Unless noted otherwise all manipulations are carried out at 4 °C.

1

. Magnetic beads coupled with IgGs (around 6.8 x 10® beads,

200 pL of the magnetic bead slurry when prepared as previ-
ously described [19]) are transferred in a fresh 1.5 mL
reaction tube.

. The tube is placed in the BcMag separator until all the beads are

captured at the side of the magnet. The clear supernatant is
removed.

The beads are washed two times by suspension in
0.5 mL MB100. After each washing step the supernatant is
removed as described in step 2.

. The beads are equilibrated in 0.5 mL MB100 for 30 min on a

rotating wheel. After equilibration the supernatant is removed
as described in step 2.

. The beads are suspended in 0.5 mL of the supernatant defined

in Subheading 3.3.1, step 11 and transferred to the rest of the
supernatant in the 15 mL conical tube.
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6.

10.

11.

12.

3.3.3 Restriction Enzyme 1.

Digest of Purified Native
Chromatin Domains

3.3.4 DNA Analysis 1.

Magnetic beads and supernatant are incubated on a rotating
wheel for at least 1 h.

. After affinity purification, the flow-through is collected in a

fresh 15 mL tube.

. Samples for DNA and protein analysis are withdrawn from the

flow-through (sample “F,” 20 and 10 pL, respectively).

. The beads containing the purified chromatin domains are sus-

pended in 0.5 mL of MB100 supplemented with 1.5 mM
2-mercaptoethanol and transferred into a 1.5 mL micro tube.
The supernatant is removed as described in step 2.

The beads are washed five times by suspension in
0.5 mL. MB100 and incubation for 10 min on a rotating
wheel. After each washing step the supernatant is removed as
described in step 2.

The beads are suspended in 0.5 mL of the 1x NEB buffer
suggested for the respective restriction enzyme.

Samples for DNA and protein analysis are withdrawn from the
bead suspension (sample “B,” 20 and 10 pL, respectively).

The 1x NEB buffer is removed from beads as described in
Subheading 3.3.2, step 2.

2. The beads are suspended 100 pL of fresh 1 x NEB buffer.

The respective restriction enzyme is added to the bead suspen-
sion to a final concentration of 0.2 u/pL.

The bead suspension is incubated under shaking with
1000 rpm in a Thermomixer at 37 °C for 30 min. After
incubation the supernatant is removed as described in Sub-
heading 3.3.2, step 2.

. The beads are washed twice with 0.5 mL of MB100. After each

washing step the supernatant is removed as described in Sub-
heading 3.3.2, step 2.

The beads are suspended in 0.5 mL MB100.

Samples for DNA and protein analysis are withdrawn from the
bead suspension (sample beads post digest “BpD,” 20 and
10 pL).

. The beads are stored at 4 °C until use in in vitro transcription

(see Note 7).

Samples are adjusted to a total volume of 100 pL using TE
bufter, followed by the addition of 100 pL of IRN buffer.

Samples are supplemented with 10 pL of 10% SDS and 2 pL of
Proteinase K (20 mg/mL), mixed and incubated for 1 h at
56 °C.
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10.

11.

12.

13.

14.

15.
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. Nucleic acids are extracted by the addition of 150 pL of cold

phenol-chloroform-isoamyl alcohol.

. Samples are thoroughly mixed on a VORTEX mixer for 10 s

and are centrifuged (5 min, 16,000 x g at room temperature).

. Aqueous phase is removed carefully and is added to 2.5

volumes (500 pL) of ethanol p.a.

. Samples are supplemented with 1 pL of yeast tRNAs (10 mg/

mL), mixed and nucleic acids are precipitated at —20 °C for at
least 20 min (se¢ Note 8).

. Nucleic acids are sedimented by centrifugation (20 min,

16,000 x gat 4 °C).

. The supernatant is removed and the nucleic acid pellet is

washed once with 150 pL of 70% ethanol p.a.

. Nucleic acids are sedimented by centrifugation (20 min,

16,000 x g at 4 °C).

The supernatant is removed, and the nucleic acid pellet is
air-dried for 15 min at room temperature.

Nucleic acids are suspended in 50 pLL TE containing 50 pg/mL
RNase A.

The samples are incubated under shaking in a Thermomixer at
37 °C for 30 min.

Before analysis, the DNA samples are digested with appropriate
restriction enzymes.

The amount of the specific DNA region within the purified
native chromatin domain can be quantified by Southern blot
analysis or quantitative PCR (se¢ Note 9).

Standard methods for nucleic acid separation in native agarose
gel, capillary transfer, and hybridization with radioactively
labeled probes are employed for Southern blot analysis
[29-31].

Wild-type RNAPs I, I1, and III are purified from yeast strains y2423
(RNAP I), y2424 (RNAP II), and y2425 (RNAP III) (Table 3) via
IgG-protein A affinity purification [10, 11]. In each strain, the
second largest subunit of the respective RNAP is expressed as a
C-terminal fusion protein with protein A tag. A recognition site for
TEV protease located between the C-terminus of the RNAP sub-
unit and the protein A tag enables efficient elution of the different
RNAPs (see below).

1. A 20 mL YPD culture is grown to stationary phase at 30 °C.

From this culture, 2 L of YPD are inoculated to an OD600
such that it results in an OD600 of 1.5 after overnight cultiva-
tion at 30 °C.
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2.

At OD600 1.5, the cells are harvested (4000 x g, 6 min, room
temperature) and washed in 200 mL ice cold water. Cells are
split in aliquots representing 400 mL culture volume and again
sedimented (4000 x g, 6 min, 4 °C). The supernatant is dis-
carded, and the cell aliquots are frozen in liquid nitrogen and
stored at —20 °C.

. All subsequent steps are carried out in a cold room or refriger-

ated centrifuges at 4 °C unless stated otherwise.

4. RNAP purification is performed with 14 cell aliquots.

10.

11.

12.

13.

14.

. Cells are thawed on ice, washed in 5 mL P1 + protease inhibi-

tors (PIs) and sedimented (4000 x g, 6 min).

. The supernatant is discarded, the pellet is weighed and sus-

pended in 1.5 mL of the respective P1 + PIs per gram.

. 0.7 mL of this solution are added to 2 mL reaction tubes

containing 1.4 g glass beads. Cells are lysed on an IKA Vibrax
VXR basic shaker at maximum speed for 15 min, followed by
5 min cooling of the samples on ice. This procedure is repeated
four times.

. To collect the cell lysates, the bottom and cap of microtubes are

pierced with a hot (syringe) needle and placed in a 15-mL tube.
After centrifugation (130 x g, 1 min) the glass beads remain in
the microtubes and are discarded. The crude cell lysates, which
are collected in the 15-mL tubes, are transferred into new 1.5-
mL microtubes.

. Cell debris is removed by centrifugation at 16,000 x g4 for

30 min. The protein concentration in the supernatant is deter-
mined with the Bradford assay, and should be between 20 and
50 mg/mL.

The lysate is supplemented with NP40 to a concentration of
0.5% and 100x PIs are added to achieve a final concentration
of 1x.

Equal protein amounts (usually 1 mL cell extract, 3040 mg)
are incubated with 200 pL of IgG coupled magnetic beads
slurry for 1 h on a rotating wheel.

The beads are washed three times with 700 pL of P2 + PIs and
then washed three times with 700 pL P2 (KOAc).

For elution, the beads are suspended in 25 pl. P2 (KOAC)
supplemented with 10 pg of TEV protease. Cleavage is per-
formed for 2 h at 16 °C in a Thermomixer at 1000 rpm. The
supernatant is collected, the beads are washed with 25 pL. P2
(KOACc) and both fractions combined.

This elution fraction containing either RNAP I, I1, or I11 is split
in 10 pL aliquots, frozen in liquid nitrogen and stored at
—80 °C. RNAP concentration is usually between 100 and
200 nM.
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Composition of a standard in vitro transcription reaction

Substance

Final concentration/quantity

Template DNA

~200 fmol (30-100 ng)

a-32P]-CTP (400 Ci/mmol, 10 uCi/pL, Hartmann Analytic) 1.25 uM (1 pL)

Cold CTP (100 pM)

24 pM (4.8 pL)

Mix of cold ATP, UTP, and GTP (10 mM each) 0.5 mM each (1 pL)

2.5 M KOAc 50 mM /150 mM (0.4 pL /1.2 pL)

10x new transcription buffer (NTB) 1x (2 pL)

RNasin 1020 U (0.5 pL)

RNA polymerase (100-150 nM) 1 uL

RNase-free H,O to 20 pL
3.5 InVitro Transcription from tailed templates containing a 3’ overhang starts
Transcription of precisely at the nucleotide where the DNA becomes double

Chromatin Templates stranded again. RNAP I promoter dependent transcription starts
within the core element (CE I) [32].

3.5.1 Reaction Setupand ~ All components are kept on ice until the start of the reaction. Filter
RNA Extraction tips are used for pipetting.

1.

Transcriptions reactions are assembled as detailed in Table 8. If
multiple reactions are carried out, prepare a master mix from
the constituents except chromatin and RNAPs.

The transcription reaction is started by adding the RNAP (final
concentration 5-10 nM), thorough mixing, and incubation for
30 min at 30 °C.

The transcription reaction is stopped by adding 200 pL Pro-
teinase K mix and incubation at 37 °C for 15 min.

To precipitate RNA, 22 pL. of 3 M NaOAc, 2 pL glycogen
solution (5 mg/mL, Ambion), and 750 pL ethanol p.a. are
added and samples are incubated —20 °C overnight.

RNA is sedimented at 16,000 x 4 for 20 min at 4 °C.

. The supernatant is discarded. Pellets are washed with 50 pL

70% EtOH, centrifuged at 16,000 x g for 20 min at 4 °C.

. The supernatant is discarded, and pellets are dried at 90 °C for

15s.

. RNA is dissolved in 9 pL of loading buffer, by heating the

sample at 70 °C for 10 min.

. Samples are kept at 4 °C until analysis or stored at —20 °C.
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3.5.2 Denaturing Gel
Electrophoresis and
Visualization of
Radiolabeled Transcripts

3.5.3 Transcript
Quantification

1

Transcripts are separated in a denaturing polyacrylamide gel
(20 cm x 0.3 cm x 17 cm).

. Before pouring the gel, glass plates, spacers and the comb were

treated with 0.1% SDS to remove RNases, and SDS is washed
away with RNase free water and 70% ethanol.

. One plate is silanized with GelSave. This allows for smooth

removal of the gel from the plates after electrophoresis.

. After assembly of plates and spacers in an appropriate casting

device a denaturing polyacrylamide gel solution is prepared
(Table 6) and rapidly transferred between the glass plates.

. The gel is prerun gel at 25 W for 1 h, until the temperature at

the surface of the glass plates is above 40 °C.

. After loading the samples RNAs are separated at 25 W for approx.

30 min, until the bromophenol blue dye has left the gel and the
xylene cyanole dye migrates within the lower third of the gel.

. The gel is transferred to Whatman filter paper and dried at

80 °C for 45 min.

. The gel is exposed to an imaging plate. Phosphorescence from

the imaging plate is recorded by a FLA3000 imaging system
(or equivalent).

. To determine the efficiency of chromatin transcription each

transcription reaction contains equal molar amounts of the
601 template of interest and a reference template of different
size (e.g., template generated from plasmids K1253 and
K1573, respectively) in every reaction for normalization. This
results in two radioactively labeled transcript populations
per lane.

. The relative radioactive signal intensity of a single band is

background corrected and divided by the signal area.

. Relative signal intensities of transcripts derived from 601 tem-

plates with and without assembled nucleosome are divided by
the signal intensities of transcripts derived from the reference
template. This yields the normalized transcript levels derived
from nucleosomal and nucleosome-free 601 templates. The
quotient of the normalized transcript levels derived from the
nucleosomal 601 template and derived from the nucleosome-
free 601 template is taken as measure for the efficiency of
transcription through a nucleosome.

4 Notes

. Strong shaking of the coffee mill prevents sticking of the dry ice

powder to the inside wall of the grinder. (Cryo-)gloves should
be used to protect the hands during grinding.
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. The amount of dry ice needed for a grinding cycle depends on
the coffee grinder and should be determined in pilot experi-
ments. Dry ice evaporates during the procedure, and at least
10 g of dry ice/yeast powder should remain in the coftee-
grinder at the end of the grinding cycle. If tested before, the
grinding procedure may be performed at the laboratory bench
at room temperature, which can be more convenient.

. Grinding of yeast cells with dry ice in a coftee mill is a relatively
mild lysis procedure. Shearing forces on genomic DNA are
significantly lower than in the glass-bead mediated cell disrup-
tion described in Subheading 3.4. This reduces the amount of
contaminating chromosomal chromatin fragments in the
supernatant after centrifugation of the crude lysate.

. This step critically depends on the performance of the magnetic
stirrer since the dry ice/yeast powder may be spilled if the stir
bar rotation is not properly adjusted.

. Protein analysis by the Western blot procedure is described
elsewhere [33, 34]. The Western blot analysis is performed to
detect the TAP-tagged LexA bait protein, which binds to its
recognition sites within the recombined chromatin domain of
interest. Good retention of chromatin domains is only guaran-
teed if the LexA-TAP protein is largely depleted in the flow-
through obtained after affinity purification. LexA-TAP can be
either detected via an antibody directed against the calmodulin
binding peptide (CBP) [19], or peroxidase—anti-peroxidase
soluble complex (Sigma-Aldrich, Inc., P 1291) which interacts
with protein A. CBP and protein A are components of the
TAP-tag [35].

. Using the ratio of cells to bufter indicated in Subheading 3.3.1,
step 6, a protein concentration of 15-20 mg/mL is routinely
obtained. If protein concentrations are significantly lower the
grinding procedure needs to be optimized.

. Restriction enzyme digestion of the native chromatin bound to
the beads is usually incomplete, since the respective restriction
site may occasionally be protected by nucleosomes (se¢ Fig. 2c,
undigested 35S rRNA gene).

. Yeast tRNAs act as a carrier molecule upon ethanol precipita-
tion and are required for quantitative recovery of nucleic acids
from the “B” and “BpD” samples.

. For absolute quantitation of the linearized DNA region within
the purified native chromatin domains, a titration series of
distinct amounts of an isolated DNA fragment containing the
DNA region of interest (e.g., from plasmid DNA, or a purified
PCR product) should be included in the analyses (see Fig. 2¢).
Note that only the digested 35S rRNA gene chromatin will
produce a transcript of the expected size.
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Abstract

In archaea and bacteria the major classes of RNAs are synthesized by one DNA-dependent RNA polymerase
(RNAP). In contrast, most eukaryotes have three highly specialized RNAPs to transcribe the nuclear
genome. RNAPD I synthesizes almost exclusively ribosomal (r)RNA, RNAP II synthesizes mRNA as well
as many noncoding RNAs involved in RNA processing or RNA silencing pathways and RNAP III
synthesizes mainly tRNA and 5S rRNA. This review discusses functional differences of the three nuclear
core RNAPs in the yeast S. cerevisine with a particular focus on RNAP I transcription of nucleolar ribosomal
(r)DNA chromatin.

Key words RNA polymerase I, RNA polymerase II, RNA polymerase III, Transcription, Chromatin,
Nucleosomes, Ribosomal RNA genes, Transcription factors, Gene expression, Yeast, Saccharomyces
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1 RNA Polymerase | Has Only One Essential Genomic Target

Nuclear yeast RNAPs are protein complexes consisting of
12 (RNAP II), 14 (RNAP I) and 17 (RNAP III) subunits. They
all share a conserved architecture of the RNAP core, which cata-
lyzes the highly accurate polymerization of RNA from single NTP
molecules [1-3] (see review by Pilsl and Engel in this issue). Based
on structural analyses and on functional in vitro assays, on the one
hand the molecular mechanisms driving the RNA polymerization
appear to be similar in all RNAPs. On the other hand, all three
enzymes have special features, supporting their specific in vivo tasks
[1, 2]. Thus, RNAP II has to transcribe thousands of different
genes and produces transcripts from a few hundred to several
thousand of bases in length. To account for dynamic changes in
cellular gene expression RNAP II has (a) to recognize many
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promoters, (b) to access differently modified chromatin templates,
which probably requires to adjust its elongation and termination
properties. To fulfill these multiple tasks, RNAP II interacts with
many different factors at each step of the transcription process
[4, 5]. In contrast, RNAP III recognizes only three distinct classes
of promoters and has probably a distinct transcription termination
mechanism [6]. RNAP III synthesizes mainly short noncoding
RNAs (typically <200 bp) with high efficiency in rapidly growing
cells. Accordingly, the RNAP III transcription machinery is rather
well defined [7-10]. Finally, the yeast RNAP I transcription
machinery has only one known genomic target, the multicopy
9.1 kb 35S rRNA genes [11]. The rRNA genes are transcribed at
very high rates accounting for up to 60% of RNA synthesis upon
cellular growth [12]. Accordingly, electron micrographs of chro-
matin spreads show an extremely high density of RNAP I molecules
at rRNA genes, whereas most RNAP II-dependent genes are only
sparsely covered with polymerases [13-15]. Furthermore, RNAP I
and RNAP III-dependent genes are constitutively transcribed in
actively dividing cells and—as opposed to the majority of RNAP 11
transcribed genes—apparently devoid of nucleosomes (see as
review [16—-18] and Schichner et al., within this issue).

2 RNA Polymerase | Contains Additional Subunits Resembling Transcription Factors
of RNAP I

RNAPs I, II, and III contain ten conserved subunits which form
the catalytic core. In addition, all three enzymes contain a 2-subunit
stalk structure, which is distantly related and consists of subunits
Al4/A43, Rpb4/Rpb7 and C17/C25 in RNAPs I, II and III,
respectively. In RNAP III an additional heterotrimer C82/C34/
C3 connects the stalk with the RNAP III clamp, which probably
helps to open the DNA duplex [19]. The overall architecture of the
three RNAPs differs mainly in vicinity of the lobe structure, which
is formed by the second largest subunits Rpal35, Rpb2 and
Rpcl28, respectively. Only one subunit—Rpb9—is bound to the
RNAP II lobe, whereas the heterodimer A34.5/49 and subunit
A12.2 bind to the lobe of RNAP I, and the homologous C17 /C25
and C11 subunits to the lobe of RNAP III. RNAP I subunits A34.5
and A49 consist of three subdomains: a dimerization module
formed by A34.5 and the N-terminal part of A49 (full length
A34.5 and aa 1-110 of A49); the A49 linker (aa 105-187 of
A49); and the C-terminal part of A49 (aa 187—415). The dimeriza-
tion module binds to the “lobe” and “external” domains of the
second largest Pol I subunit A135 on the core module side [20-
22]. In contrast, the C-terminal part of A49 which contains a
tandem winged helix can be detected at the upstream face of the
clamp core in several states of transcriptional active RNAP 1
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molecules and seems to be flexible attached [20, 21, 23-31]. Bio-
chemical and cell biological experiments showed that A34.5/A49
support transcription initiation, enhance RNAP I elongation and
stimulate the intrinsic RNAP I RNA cleavage activity [26, 28, 32—
36]. RNA cleavage activity depends on the dimerization module
which is located in close proximity to A12.2 whose C-terminal part
is also important for efficient RNA cleavage [26]. Deletion of
A12.2 results in growth inhibition at elevated temperature, sensi-
tivity to nucleotide-reducing drugs, and inefficient transcription
termination; hampers the assembly of the RNAP I enzyme; and
leads to incorporation of wrong NTPs [37—40]. The lack of A12.2
may also lead to the loss of A34.5/A49, and might influence the
intrinsic  stability of elongation and termination complexes
[40,41].

Based on amino acid sequence similarities, position on the
enzyme and function, the heterodimer formed by A34.5 and the
N-terminus of A49 was suggested to be homologous to the RNAP
IT transcription factor TFIIF [26, 33]. TFIIF is predominantly
found at promoter-proximal regions suggesting a crucial role in
transcription initiation [42, 43]. On the other hand, TFIIF was
suggested to leave the promoter—at least transiently—in complex
with RNAP 11, likely supporting early elongation [42—45]. A role of
TFIIF in RNAP II elongation is further corroborated by in vitro
studies, where it increases transcription rates by suppressing RNAP
II pausing [46—48]. Several studies propose that TFIIF promotes
transcription elongation in concert with the RNA cleavage support-
ing factor TFIIS, which structurally resembles the C-terminus of
the RNAP I subunit A12.2 (reviewed in [3, 48-51]. In the RNAP
IT system, TFIIF and TFIIS are independently capable to release
arrested RNAP II to resume productive elongation. However,
these factors may synergistically enhance resumption of RNAP II
transcription especially in conditions when the paused enzyme has
additionally backtracked on the template [49]. Backtracked RNAP
I requires the C-terminal, RNA cleavage activating part of A12.2 to
resume clongation [52]. It is, however, unknown if the heterodi-
mer A34.5/A49 participates in this process.

Finally, the C-terminus of A49 structurally and functionally
resembles the tandem winged helix of TFIIE [33]. As TFIIE in
RNAP II transcription, the C-terminal domain of A49 binds DNA
and supports promoter-dependent transcription initiation in vitro
[28]and RNAP I promoter recruitment in vivo [ 32 ]. In contrast to
TFIIE, the A49 subunit stays associated with the enzyme after
promoter clearance in vivo [32], and supports elongation of RNA
from a DNA /RNA scaffold in vitro [33]. Recent studies suggest a
more dynamic association of the heterodimer A34.5/A49 to the
RNAP I lobe, since the heterodimer was absent from the core
enzyme and Al2.2 C-terminus was rearranged when RNAPD I
elongation was artificially blocked by addition of a nonhydrolyzable
nucleotide [53].
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A specific challenge for all elongating RNAPs is the transcrip-
tion of chromatin templates. Since RNAP I and III transcribe
nucleosome-depleted chromatin templates ( [13-15] see short
review of Schichner et al. this issue). This indicates that nucleo-
somes are displaced from the chromatin template in the initial
round of transcription, and it is possible that the lobe associated
subunits of RNAP I and III may be involved in the process of
nucleosome depletion.

3 Nuclear RNAPs Transcribe Chromatin Templates

In eukaryotic cells, nuclear DNA is assembled into repeated units
called nucleosomes consisting of 146 bp of DNA wrapped around
an octameric complex of histone proteins [54]. Nucleosomes gen-
erally provide a strong barrier for elongating RNAP II in vitro
[46,55,56]. DNA attached to nucleosomes recoils on the octamer,
locking the enzyme in an arrested state [57] thereby providing four
major superhelical pausing sites [58]. Additional factors are
required for passage of RNAP II through this barrier (see below).
The mechanism how purified RNAP II complexes passes nucleo-
somes in vitro was thoroughly studied [59, 60]. Whether assem-
bled nucleosomes stay associated or are evicted during RNAP II
transcription depends on the formation of a small intranucleosomal
DNA loop and on the transcription efficiency (rate) [61]. Accord-
ingly, various RNAP II complexes can remodel chromatin to a
different extent [59, 60].

It was suggested, that RNAP II can only pass nucleosomes if
uncoiling of the DNA from the surface of the octamer is facilitated
and if transcription elongation factors keep the polymerase in a
transcriptionally competent state [62]. TFIIF and TFIIS may pre-
vent the release of RNAP II at nucleosomal barriers and thereby
support transcription through a nucleosome in a synergistic man-
ner [63]. Passage of purified RNAP II through in vitro assembled
nucleosomes was also supported by elongation factor Spt4/Spt5
[64] and in the presence of TFIIS together with Spt4/5 and
elongation factor Elfl [65]. Insights in the molecular mechanism
how Spt4 /5 together with Elf] facilitate progression of RNAP 11
through a nucleosome were recently obtained using high resolu-
tion structures by cryo-EM of different stalled elongation com-
plexes [65]. Other factors that were reported to partially
disassemble nucleosomes similar to Spt4/Spt5 are the histone
chaperone FACT and Paflc [66-68].

Much less is known about how RNAP I and RNAP IIT interact
with nucleosomes in vitro. However, in vivo there is ample evidence
that RNAP I and RNAP III genes are largely devoid of nucleo-
somes (reviewed in [16-18], see short review of Schichner et al. in
this issue). It is an open question how RNAP I and RNAP III deal
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with nucleosomal genes in the initial round of transcription. In
contrast to RNAP II which has only subunit Rpb9 associated to
the lobe structure, yeast RNAP I and RNAP III have the TFIIF-
and TFIIS-homologous subunits A34.5/A49, A12.2 (RNAP I),
and C37/C53, C11 (RNAP III) tightly associated to the lobe.
Similar to TFIIF and TFIIS in RNAP II transcription, the homolo-
gous Pol I subunits A34.5/A49 and Al2.2 facilitate RNAD I
passage through nucleosomes [35]. Depletion of either the hetero-
dimeric subunits A34.5/A49 or the cleavage supporting activity of
A12.2 resulted in both reduced Pol I processivity and impaired
passage though nucleosomes [35]. It is tempting to speculate that
the homologous RNAP III subunits could play a similar role in
RNAP III chromatin transcription. Furthermore, additional factors
like FACT, Spt4 /Spt5, or Paflc have all been suggested to support
RNAP I elongation [69-72]. Appropriate in vitro transcription
system using highly purified factors and defined nucleosome tem-
plates will be the key to elucidate details of the molecular mechan-
isms of RNAP I and RNAP III transcription in the context of
chromatin (see chapter by Merkl et al. in this issue).
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Abstract

Technical advances have pushed the resolution limit of single-particle cryo-electron microscopy (cryo-EM)
throughout the past decade and made the technique accessible to a wide range of samples. Among them,
multisubunit DNA-dependent RNA polymerases (Pols) are a prominent example. This review aims at
briefly summarizing the architecture and structural adaptations of Pol I, highlighting the importance of
cryo-electron microscopy in determining the structures of transcription complexes.

Key words RNA polymerase I, Cryo-electron microscopy, Pre-rRNA transcription

1 Cryo-Electron Microscopy: The New Standard in Transcription Research

The visualization of macromolecular complexes is essential to our
understanding of their function. This is especially true for eukary-
otic RNA polymerases (Pol) I, II, and III. These enzymes play a
pivotal role within the central dogma of molecular biology by
synthesizing the 35S ribosomal RNA precursor (Pol I), messenger
and many noncoding RNAs (Pol II), and tRNAs, 5S rRNA, U6
snRNA as well as other small, structured RNAs (Pol III).

Almost 20 years ago, advances in cryo-crystallography allowed
solving the structure of RNA polymerase II, first in its 10-subunit
form [1], later comprising all 12 subunits [2], providing insights
into the function of this molecular machine at an unprecedented
level of detail. This gave rise to a number of follow-up studies,
resulting in structures of an actively elongating Pol II form [3, 4]
and elongation [5, 6] or initiation [7, 8] factor-bound Pol
II. Thereby, the molecular mechanisms of transcription, as well as
regulatory and catalytic functions of transcription factors, could be
deciphered.

However, X-ray diffraction analysis relies on the availability and
quality of the analyzed crystals. It is therefore not surprising that a
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number of transcription factors could never be successfully studied
in complex with their respective polymerase by crystallography.
This includes the general Pol II initiation factors TFIIF and
TFIIE, which are involved in initiation complex formation and
promoter DNA melting [9]. A crystal structure of Pol I was solved
10 years after Pol II in an inactive conformation [10, 11], a Pol III
crystal structure is still lacking to date. Crystallization depends on
high amounts of purified material. Whereas conformational hetero-
geneity usually is problematic for crystal formation, cryo-EM allows
for visualization of different functional states of proteins in vitrified
ice, therefore capturing close-to-native states. Technical improve-
ments such as the development of direct electron detectors [10],
highly stable microscopes and improved processing software
[11, 12] pushed previous limitations of the technique and led to
the often quoted “resolution revolution” in cryo-EM [13]. Within
this book, we describe protocols for a sample preparation and
single-particle cryo-EM screening workflow, adapted to RNA poly-
merase complexes (Chapter 6 ).

Here, we aim to briefly outline the benefits and limitations of
single-particle cryo-EM for the analysis of transcription complexes
at the example of RNA polymerase I in the context of functional
characterization reviewed by Merkl et al. in the same issue.

2 Pol | Specific Subunits Resemble Built-in Transcription Factors

Yeast Pol I has a molecular weight of 590 kDa and consists of
14 protein subunits. A core of ten subunits includes the large
subunits A190 and Al135, the subcomplex AC40/AC19 (shared
with Pol III), the common subunits Rpb5, Rpb6, Rpb8, Rpbl10,
and Rpbl2 (also included in Pol II and Pol IIT) and the subunit
Al12.2. Pol I also contains the specific subunit complex Al14,/A43
forming the “stalk” and the specific heterodimer subcomplex
A49/A34.5. In Fig. 1, we present a “hybrid model” of Pol I,
constructed using the software package COOT [14]. The model
combines structural information obtained from cryo-EM recon-
structions of elongation and initiation complexes and the dimer
crystal structure (see below). The Pol I subunit complex
A49/A34.5 structurally and functionally resembles a built-in ver-
sion of subunits Tfgl /2 constituting the Pol II initiation factor
TFIIF [15] and is involved in open complex stabilization as well as
promoter escape. Nevertheless, subcomplex A49/A34.5 may also
contribute to transcript cleavage activity [ 16] and may play a role in
elongation [17], as reviewed by Merkl et al. in this book. The Pol I
subunit A12.2 displays features of the Pol I subunit Rpb9, as well
as the Pol II elongation/cleavage factor TFIIS, explaining the
intrinsic ability of Pol I for transcript cleavage [18] and efficient
recovery from deep backtracks [19].
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Fig. 1 Ribbon model of RNA polymerase | highlighting specific subunits and —domains. Hybrid model
constructed using COOT [14] for demonstration purposes. The structure of the Pol | elongation complex
(PDB 5M3F) was extended by adding (a) a model of the C-terminal domain of subunit A12.2, (b) the
“connector” domain of subunit A43 from the crystal structure (both from PDB 4C2M) and (c) the linker and
tandem-winged helix domains [15] from an ITC reconstruction (PDB 5 W66). The “front view” looks along the
incoming (“downstream”) DNA. Subunits not visible in the front view but present in the model are AC19,
Rpb10, and Rpb12. Cyan spheres depict coordinated zinc atoms

The constitutive association of subunits A12.2 and A49 /A34.5
may be a symptom of the enzyme’s adaptation to transcribing one
specific, extraordinarily long gene. A differential regulation of Pol 1
transcription similar to the conditional, gene-specific regulation of
Pols II and III is most likely not required. Instead, a binary activity
switch can be achieved by posttranslational modification of the
polymerase or its initiation factors [20-23].
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3 The Pol | Transcription Cycle Visualized In Vitro

Throughout transcription of a DNA template, Pols pass through
three main phases, which are more or less conserved throughout
various organisms. First, the Pol is recruited to the template
sequence, melts the DNA duplex with or without the help of
additional factors and begins the synthesis of an RNA strand (initi-
ation). Thereafter, the initial RNA is extended according to the
DNA template strand (elongation). Finally, Pol dissociates from its
DNA template and releases its RNA product (termination) [24].

The Pol I transcription cycle requires few basic transcription
factors [25, 26]. Basal initiation in yeast can be achieved with only
the factor Rrn3 and the Core Factor (CF) complex, consisting of
proteins Rrn6, Rrn7; and Rrnl1 [27, 28]. Elongation may involve
regulatory factors in vivo, but can commence in vitro without them
[25, 26]. Termination finally requires a Myb-domain containing
protein, Nsil in yeast [29, 30]. Pol I can adopt a dimeric state
specific to this enzyme, [31], in which both molecules are inacti-
vated [32] and prevented from binding initiation factors Rrn3 and
CF [33-35]. Dimerization is reversible [ 33] and may play a role in
storage of Pol I molecules during starvation [36, 37]. Using cryo-
EM in many variations, our understanding of the Pol I transcription
cycle has been significantly improved in recent years. A structural
description of the Pol 1 transcription cycle allowed a detailed
structure—function analysis and the comparison to other transcrip-
tion systems [38—41].

Specifically, single-particle cryo-EM analyses showed how Pol 1
monomers are bound by the initiation factor Rrn3 [42], which
allows for recruitment of CF subunit Rrn7 [37, 43, 44] that is
related to the general Pol II initiation factor TFIIB [45, 46]. The
interaction with Rrn3 prevents the formation of transcriptionally
inactive Pol I dimers. In baker’s yeast (Saccharomyces cerevisine) Pol
I dimerization depends on the specialized, nonconserved “connec-
tor” domain of subunit A43, suggesting that this mode of regula-
tion is specific to S. cerevisine [37]. However, recent cryo-EM
studies of Pol I from fission yeast (Schizosaccharomyces pombe)
demonstrated that inactive dimers can form independent of the
connector domain utilizing divergent structure elements [47]. It
is therefore possible that different organisms evolved different
dimer interfaces, but use the same strategy of Pol I hibernation by
dimerization during periods of starvation.

Monomeric Pol I bound to Rrn3 can be recruited by promoter-
engaged CF. Whereas the structure of CF was determined by X-ray
crystallography [48], its interaction with the Pol I-Rrn3 complex
was apparently too flexible for this method to succeed. Instead,
three independent studies used cryo-EM to visualize a reconsti-
tuted initially transcribing complex (ITC) that relies on an
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artificially stabilized, mismatched transcription bubble with a short
initial product RNA [48-50]. Comparison of these studies shows
that seemingly similar experimental cryo-EM approaches may yield
different, though highly complementary results. This demonstrates
the influence of sample preparation and experimental conditions on
the outcome of a cryo-EM experiment and the strength of single-
particle cryo-EM to elucidate dynamic processes. Specifically, some
complexes exist in conformations that fail to bind Rrn3 [49], which
is required essential to the initiation process and dissociates after
promoter escape [42, 51, 52]. These complexes may represent later
initiation intermediates. In another structure, the RNA primer is
lost and the C-terminal domain of subunit A12.2 is inserted into
the funnel domain of Pol I, as would be expected during RNA
cleavage events [50]. A third reconstruction showed local resolu-
tion differences suggesting high flexibility in distal CF regions
[48]. More recently, consolidating structures of close-to-native
preinitiation complexes were reported [53, 54]. A closed and an
open complex could be reconstructed from a small fraction of
recorded particles but yielded important information about the
roles of a flexible loop in Rrn3 in CF engagement, and the role of
the linker /tWH domain of subunit A49 in template DNA melting,
open bubble stabilization, and Rrn3 dissociation [53].

Following initiation, Pol I adopts an actively elongating con-
formation. This conformation was never successfully crystallized
but was reconstructed by single-particle cryo-EM [55, 56]. It is
still under debate, whether dissociation /transient association of the
A49/A34.5 heterodimer and formation of a 12-subunit polymer-
ase has a physiological function under some circumstances. Chro-
matin immunoprecipitation (ChIP) data does not suggest subunit
depletion along the 35S gene body in vivo [57], although a lack of
density in cryo-EM reconstructions of S. cerevisine and S. pombe Pol
I EGCs suggests that subdomain relocation can take place
[47,58]. Upon initiation, the central DNA-binding cleft contracts
and tightly binds downstream DNA and the DNA-RNA hybrid
region, thus facilitating processive elongation. Contraction upon
activation is apparently common to Pol I regulation in different
organisms [47 ] but differs from Pol II [3] and II1 [59]. The various
Pol I EC reconstructions demonstrated the versatile nature of the
specific subunits A12.2, A49, and A34.5 [47, 55, 56, 58], and the
importance of a Pol I-specific arginine residue in the “bridge-helix”
in stalling at DNA lesions caused by UV radiation [60]. Further-
more, the physiological relevance of a contracted Pol I state was
confirmed by the 3D-reconstruction of the enzyme from ex vivo
purified, actively transcribing Pol I using electron cryo-tomography
[55]. Interestingly enough, the underlying preparation technique
has been used to describe Pol I functionality since the 1960s [61].

Structural information on transient and highly dynamic states
of the Pol I transcription cycle, such as termination, are still lacking
to date.
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4 Qutlook

Continuing investigation of the Pol I transcription system currently
aims at defining the structural basis of promoter recruitment in the
context of TATA-binding protein [62] and yeast upstream activat-
ing factor (UAF) which are important to achieve full initiation
levels under physiological conditions [27, 63]. The structural inves-
tigations of these complexes and their interplay with the Pol I
enzyme will be the key to understand this initiation systems in
comparison with Pol II [64, 65] and Pol III [66, 67]. Ultimately,
such comparative structure—function analyses will enable us to
understand the particular adaptation of the Pol I transcription
system to pre-rRNA transcription.

Cryo-EM has now firmly established itself as the method of
choice to analyze the structure of such mega-Dalton sized,
dynamic, macromolecular complexes. However, the method has
also proven to be prone to certain errors. Especially the lack of
tools for intrinsic validation of density interpretation may be an
issue for initial sequence assignment at resolutions worse than 4 A.
Continuing method development at the experimental and the
computational level continues and may soon overcome issues of
flexibility and density assignment. For the time being, however, the
interpretation of cryo-EM reconstructions should be carefully eval-
uated and supported by functional data or mutational analysis.
Results can also be strengthened by crystallization or small angle
X-ray scattering analysis of flexible domains [68], native mass spec-
trometry [15], hydrogen—deuterium exchange mass-spectrometry
evaluation [69], or single-molecule FRET analysis [70]. Especially
distance restrains obtained from protein crosslinking coupled to
mass spectrometry provides architectural information and may
assist low-resolution density assignment [71, 72].
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Abstract

Recent technological progress revealed new prospects of high-resolution structure determination of mac-
romolecular complexes using cryo-electron microscopy (cryo-EM). In the field of RNA polymerase (Pol) I
research, a number of cryo-EM studies contributed to understanding the highly specialized mechanisms
underlying the transcription of ribosomal RNA genes. Despite a broad applicability of the cryo-EM method
itself, preparation of samples for high-resolution data collection can be challenging. Here, we describe
strategies for the purification and stabilization of Pol I complexes, exemplarily considering advantages and
disadvantages of the methodology. We further provide an easy-to-implement protocol for the coating of
EM-grids with self-made carbon support films. In sum, we present an efficient workflow for cryo-grid
preparation and optimization, including early stage cryo-EM screening that can be adapted to a wide range
of soluble samples for high-resolution structure determination.

Key words RNA polymerase I, Preparation of transcription complexes, Single-particle cryo-electron
microscopy, Grid preparation, Plunge freezing, Negative staining

1 Introduction

During the past years, development of more sophisticated micro-
scopes, new direct electron detectors, and advances in computa-
tional image processing caused a “resolution revolution” [1] in the
field of cryo-electron microscopy (cryo-EM). This culminated in
the award of the Nobel Prize in Chemistry to three scientists
driving these developments: Joachim Frank, Richard Henderson,
and Jacques Dubochet in 2017. Recent developments have been
summarized in detail [2-8]. With its increasing popularity, the
technique is now more easily accessible and widely used in many
areas of structural biology research, such as the analysis of transcrip-
tion complexes [9]. Among many others, cryo-EM studies on RNA
polymerase (Pol) I complexes became possible and advanced our
understanding of the molecular mechanisms employed by this
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highly specialized enzyme [10-19]. Here, we describe the work-
flow of biochemical purification and sample preparation of Pol I
complexes and the optimization of cryo-grid preparation contain-
ing frozen, hydrated single particle specimens with the goal of
acquiring high resolution images for structure determination. We
focus on grid preparation, quality control, and EM screening in an
iterative manner. We also emphasize the steps necessary for estab-
lishment of a customized workflow that can be tailored to the needs
of any sample suitable for single-particle analysis.

The success of structure determination by single-particle cryo-
EM depends on high-quality biochemical preparation and charac-
terization of the molecule(s) of interest. Buffer optimization and
stabilization of complexes should be done in the initial phase of a
project, strategies are described in detail [20]. We previously pre-
sented protocols for the purification of 14-subunit, 590 kDa Pol I
complexes and their characterization in vitro [21, 22]. Starting
from this, we detail the specimen features which are important for
successful structure determination using single-particle cryo-EM
and suggest approaches for their optimization. For this purpose,
we compare complex preparation- and assembly strategies using
endogenously purified Pol I and recombinant transcription factors
on nucleic acid templates. Transcription factor complexes can be
(a) assembled on a biotinylated DNA, enriched using the interac-
tion with bead-coupled streptavidin and eluted with restriction
enzymes [23]. Alternatively (b), size exclusion chromatography
(SEC) may yield homogenous and stable complexes that are well-
suited for cryo-grid preparation. Large macromolecules can also be
enriched using density gradient centrifugation protocols (c). As
such, the gradient-fixation (GraFix)-method relies on a sedimenta-
tion step coupled with an intra- and intermolecular cross-linking
step combining purification and complex stabilization [24, 25 ]. Fol-
lowing GraFix, a buffer exchange is required to remove sucrose or
glycerol that would otherwise interfere with the subsequent freez-
ing process and may increase background noise in cryo-EM images.
Generally, cross-linking of protein-protein or protein-nucleic acid
complexes can improve their stability during the grid preparation
process. This cross-linking can be coupled to a purification step
(as in GraFix), or performed directly before grid-plunging (d).
These preparation techniques can also be combined, for example,
carrying out an SEC run after batch cross-linking. Such a strategy
combines the advantages of sample stabilization and purification
while directly including the transition to a suitable buffer system
but requires larger quantities of sample.

In addition to sample preparation and stabilization, we discuss
the use of different grid types and support materials. General cryo-
EM sample preparation techniques applicable to a wide range of
samples were described in detail [26, 27]. Adsorption of particles to
a thin support film can aid sample concentration, alter bias in
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orientation distribution, or protect fragile particles from denatur-
ation on air—water interfaces [28]. To this end, grids covered with
thin carbon layer substrates are commonly used. Additionally, gra-
phene oxide or hydrogenated graphene were reported to be well-
suited support materials as they are almost transparent to electrons
[29-31]. While holey carbon grids covered with ultrathin support
layers are commercially available (see Subheading 2), many support
types can be manually prepared more economically at similar or
higher quality. We also describe a technical gadget to float an
ultrathin carbon film on holey carbon grids. This is similar to
other floatation techniques [32], but allows for sample adsorption
on precoated grids directly prior to plunging and may thus be
helpful to some users. This device is based on [33] and is commer-
cially available in a modified form (SKU 10840; LADD Research
Industries, Williston, VT, USA).

In addition to sample optimization and the choice of grid type,
various physical parameters influence the preparation of cryo-EM
grids. Glow discharge settings, grid type variation, bufter choice,
and the mechanics of the blotting device should be carefully con-
sidered for each individual sample.

In general, we recommend initial optimization using negative
staining EM, followed by two stages of cryo-EM screening (Fig. 1).
The first cryo-screening stage aims at an evaluation of grid types,
support films, or blotting conditions and gives information on
sample behavior in ice. In a second phase of cryo-screening,
intermediate-resolution single-particle maps may be reconstructed.
Phase I cryo-screening results yield insights into sample behavior,
whereas results of the second cryo-screening phase indicate
whether the sample is suitable for high-resolution data collection
by identifying flexibilities within the macromolecular complex and
bias in orientation distribution.

For screening, we recommend the acquisition of
low-magnification grid maps for navigation and evaluation of over-
all ice distribution. Low dose acquisition strategies to avoid beam-
induced particle damage are used. This workflow includes focusing
and exposure-dose measurement at higher magnifications on grid
areas adjacent to the foil-hole of interest using image /beam shift
functions, as for the acquisition of high-resolution images. Over-
views of sample preparation, the use of cryo-holders and imaging
strategies have been described [34—37]. For automated data collec-
tion, the SerialEM software includes many more features that have
been recently summarized [38]. The open-source software is freely
available and can be adapted to a wide range of microscopes and
camera systems. Recent developments include the implementation
of “on-the-fly” data processing and evaluation strategies into the
software packages RELION, Warp, cryoSPARC, and SPHIRE, that
may be useful in sample evaluation [39—-42]. Here, we focus on the
sample and grid preparation, as well as phase I cryo-EM screening
approaches for multisubunit RNA polymerases.
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Fig. 1 Overview of a workflow for (cryo-)EM sample screening and grid optimization. We suggest five phases,
starting with sample preparation and iterative evaluation of screening results. Detailed protocols for individual
steps are referenced and listed in Subheadings 3.1-3.6
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2 Materials
2.1 Assembly of Pol |
Gomplexes

2.1.1 Materials

2.1.2 Buffers

2.2 Negative
Staining

2.2.1 Materials

2.3 Preparation of
Ultrathin Carbon Film
Coated Grids

—

. Amicon Ultra Concentrators 100 kDa MWCO (Millipore).
. Superose 6 Increase 3.2 /300 column (GE Healthcare).
. Microvolume FPLC system (e.g., Ettan LC or Ackta Micro;

GE Healthcare).

. Bis(sulfosuccinimidyl)suberate (BS3) crosslinker (Thermo

Fisher Scientific).

. Quenching buffer: 2 M ammonium hydrogen carbonate.

2. HO buffer: 20 mM HEPES-KOH pH 7.8, 5 mM DTT.

92N NS I S R

0 X N

10.

. Glow discharge device, (Harrick: Plasma Cleaner/Sterilizer

. SEC buffer: 20 mM HEPES-KOH pH 7.8, 150 mM potas-

sium acetate, 1 mM magnesium chloride, 10 pM zinc chloride,
5 mM DTT.

. Parafilm M (Bemis Flexible Packaging).

. Uranyl Formate (powder; Science Services).

. Bidest. water (unfiltered).

. Filter paper grade 1 (Whatman).

. Carbon coated EM grid (e.g., Plano S160 or homemade on

300 mesh copper grids).

Glow discharge device (Harrick: Plasma Cleaner/Sterilizer
PDC-3xG, or Pelco ‘EasiGlow’ plasma cleaner (Ted Pella), or
similar).

Cressington 208 carbon coater (Cressington) or similar.

Self-made Floatation device (acrylic glass chamber, foldback
binder clip, metal support mesh) (see Fig. 2).

Carbon rods (6.15 x 305 mm; Elektronen-Optik-
Service GmbH).

Freshly cleaved mica (Glimmer “V3” 75 x 25 mm;
PLANO GmbH).

Glass slide (for light microscopy; Menzel-Gliser or similar).
Filter paper grade 1 (Whatman).

Reverse forceps (‘“N5’; Dumont).

Petri dish (glass; ~90 mm diameter).

EM grids (Quantifoil R 2 /1 or 2 /2).

Bidest. water.

PDC-3xG).
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Fig. 2 Schematic representation of carbon film transfer onto EM grids as detailed in Subheading 3.4 (QF:
Quantifoil, EM: Electron Microscopy)

2.4 Cryo- 1. Liquid nitrogen.
Grid Preparation 2. Ethane (3.5, Linde).

3. EM grids: “R 1.2 /1.3” (Quantifoil ); “R 2 /1” (Quantifoil ); “R
2/1 + 2 nm Carbon” (Quantifoil); homemade ultrathin carbon
film floated on “R 2 /1” (Quantifoil).

4. Cryo grid storage boxes (Plano).

ul

. Pelco “EasiGlow” plasma cleaner (Ted Pella), or similar.
6. Vitrobot Mark IV (Thermo Fisher Scientific).
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2.5 Cryo-Electron 1. JEM 2100F (JEOL) operating at 200 kV equipped with a
Microscopy 4 k x 4 k CMOS camera (TemCam-F416, TVIPS GmbH) or
similar.

2. Liquid Nitrogen.

3. Gatan 626 Cryo Transfer Holder (Gatan), or similar.

4. Clip Ring (Gatan).

5. Clip Ring Tool (Gatan).

6. SerialEM software package [43].

3 Methods

3.1 Assembly of Pol | 1. Equilibrate Superose 6 Increase 3.2/300 column with two

Complexes column volumes (CVs) SEC buffer on micro-volume SEC
system.

2. Mix proteins and nucleic acids (stoichiometry, assembly and
incubation conditions subject of optimization). We typically
load ~100 pg protein to the SEC column for non—cross-linked
samples and start with ~200 pg if the complex will be cross-
linked before the SEC run.

3. Adjust salt concentration of the assembly reaction with buffer
HO to 150 mM potassium acetate (SEC buffer).

4. Incubate for 30 min at 4 °C (up to 25 °C).

5. Add BS3-crosslinker to a final concentration of 1 mM and
incubate for 30 min at 30 °C (see Note 1).

6. Quench cross-linking reaction with ammonium hydrogen car-
bonate at a final concentration of 100 mM for 15 min at 30 °C
(see Note 2).

7. Concentrate the sample to a final volume of 20-50 pl using the
Amicon Ultra Concentrators 100 kDa MWCO (Millipore) if
necessary.

8. Centrifuge sample 5 min at 15,000 x g to remove large aggre-
gates. Transfer supernatant to fresh tube.

9. Load sample onto the equilibrated Superose 6 Increase 3.2/
300 column and collect 50 pl fractions.

10. Evaluate 260 and 280 nm UV spectra for comigration of

nucleic acids, pool peak fractions (se¢ Note 3).
3.2 Negative 1. Prepare saturated uranyl formate solution: Add ~10-20 mg of
Staining uranyl formate in 1.5 ml tube, add 400 pl bidest water, vigor-

ously vortex for 2 min and centrifuge for >10 min at
15,000 x g (see Note 4).

. Glow discharge EM grid(s) for 30 s.
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3.3 Preparation of
Ultrathin Garbon Film

3.4 Carbon Film
Transfer onto EM Grids

. Prepare a drop of 500 pl bidest. Water on a clean surface

(Parafilm).

. Apply 5 pl sample to a freshly glow-discharged, carbon-coated

EM grid and adsorb for 30 s (see Note 5).

. Wash the grid for 20 s in the droplet of bidest. Water.
6. Add 5 pl of uranyl formate, incubate for 20 s and blot liquid

from the edge of the grid (Whatman filter paper). Repeat this
step two more times (three staining steps in total) (sec Note 6).

. Dry grid for >5 min before storage. Grids can be directly

imaged or long-term stored in a dry place but must be pro-
tected from dust.

. We evaluate the negative stain image for homogeneity, complex

stability, and concentration. Collection of small datasets com-
prising at least 10,000 negatively stained particles (20-100
images should be sufficient at magnifications of
30,000-50,000x) can be wused to calculate initial
low-resolution 2D and 3D classes (see Note 7).

. Fix freshly cleaved mica halves on glass slide using small strips of

tape on both ends. Slide a piece of filter paper under mica (see
Note 8).

. Vent and open the carbon coater and place glass slide with mica

on stage.

. Check carbon rods: left rod should have a smooth tip, right rod

should have a plain face, both rods have to be in physical
contact.

. Close the recipient chamber. Turn on Cressington carbon

coater device and wait for the vacuum to be under
4 x 107° mbar.

. Degas carbon rods: Slowly turn up voltage to 2 V, hold until

carbon rod glows red. Wait for vacuum to recover and repeat
two more times.

. Switch on the thickness monitor and evaporate carbon at 3.6 V

for 10 s. Do not remove shield to ensure indirect evaporation.
Wiait at least 30 s before reading the carbon film thickness from
the monitor, the film should be ~2 nm. Repeat evaporation if
necessary (see Note 9).

. Vent the recipient chamber, wait at least 5 min before opening

it (evaporation source will become hot during evaporation).
Store carbon films on mica carrier for >3 days (ideally >10 days)
in a petri dish before use (see Note 10).

. Construct a floatation chamber well in advance (compare

Fig. 2). The design was described in [ 33 ] and should be adapt-
able in a scientific workshop. A commercial version (SKU
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10840) of a similar apparatus is available from LADD Research
Industries (Williston, VT, USA). We also use this flotation
chamber to transfer surface assembled graphene oxide [44]
onto EM grids.

Prepare a sheet of filter paper that is slightly bigger than the
carbon film produced in “Preparation of ultrathin carbon film”
and mark the rough outline of the carbon film on this filter
paper with a pencil.

Place metal support mesh on beams in floatation chamber and
place marked filter paper on top of metal mesh. Close the
flexible outlet tube at the chamber bottom using a clip or
connect to peristaltic pump.

Fill the chamber with bidest. Water to about 0.5 cm above the
filter paper.

Carefully place freshly glow-discharged EM grids (30 s on
setting “low”) on the filter paper (see Note 11).

Pick up the carbon-covered mica sheet (see above) with forceps
at a position previously covered by tape (no carbon film).

Slowly slide the mica sheet into the water with the carbon film
facing upward and monitor carbon film detachment on the
surface. Slowly and continuously slide the mica into the water
until fully submerged (see Fig. 2).

Carefully position the floating carbon film on top of the grids
using the forceps.

Slowly drain the water by opening the clip on the outlet tube
and continue to guide the carbon film over the grids.

Place the filter paper (with the wet, now coated grids on top) in
a petri dish containing an additional filter paper at the bottom.
Cover and allow to dry over-night.

Check carbon film under binocular reflection microscope: Are
holey Quantifoil film and the carbon support on the same side?
Only one layer of untorn support must be visible on a grid (this
can also be checked in a transmission electron microscope) (see
Note 12).

Prepare the Vitrobot Mark IV plunge freezer according to
manufacturer’s instruction (Thermo Fisher): Fill water reser-
voir of the humidifier with 60 ml water, place new filter papers
and cool down humidity chamber of the Vitrobot to 4° for
~45 min. Set humidity to 100% after 30 min and enable the
humidifier, to moisten the filter paper (se¢ Note 13).

Check Vitrobot settings and perform a test run without grid or
forceps. Vitrobot settings: 4 °C, 100%, Blotting settings: wait
0s, blot 5 s, drain 0 s, Blot force 12 (see Note 14).
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3.6 Cryo-Electron
Microscopy

10.

11.

12.

13.

1.

. Cool the cryogen container with liquid nitrogen for 5 min.

. Condense ethane (handle with caution under fume hood, wear

eye and skin protection) (sec Note 15).

. Wait until solid ethane precipitates at the edges of the cryogen

container, remove cooling “spider” apparatus and transfer the
cryogen-containing assembly to the Vitrobot (see Note 16).

. Glow discharge EM grids (carbon side up, if applicable), for

holey carbon grids: 2 x 100 s, 15 mA, 0.4 mbar; for grids
coated with ultrathin carbon film: 30 s, 15 mA, 0.4 mbar.

. Label and place grid storage boxes in cavities inside the cooling

container.

. Pick up a freshly glow-discharged grid with the Vitrobot twee-

zers, be sure you only touch the rim of the grid and mount the
tweezers with the grid on the Vitrobot plunging rod.

. Click “continue” to lift the forceps into the humidity chamber

and the Styrofoam nitrogen cup with the cryogen container.

Apply 3-5 pl of sample and start the blotting and plunging
process (see Note 17).

Once the grid was plunged into the ethane container and
automatically retracted from the humidity chamber, carefully
slide the tweezer from the plunging rod. Make sure to keep the
grid covered with liquid ethane while removing the Styrofoam
container from its holder in the Vitrobot (se¢ Note 18).

Transfer the grid from liquid ethane to liquid nitrogen and into
the storage box. Close full storage boxes and store in nitrogen
at the bottom of the Styrofoam container until transfer to a
storage container (se¢ Note 19).

Store grid boxes in a liquid nitrogen tank (see Note 20).

Place Gatan 626 cryo holder in transfer station and fill the
transfer station with liquid nitrogen. Fill the holder Dewar
(which will keep the specimen cold during the transfer and
microscopy process) with liquid nitrogen directly afterward
(see Note 21).

. Wait for ~15 min until station is equilibrated (nitrogen stops

boiling). Optional: Connect the temperature control unit to
the holder and confirm stable temperature is around —180 °C.

. Precool all tweezers and other tools used from here on in liquid

nitrogen to avoid heating of the vitreous sample.

. Transfer EM grid to the slot at the tip of the holder and fix it

with the clip ring (se¢ Note 22).

. Close the shield over the sample by sliding the lever on the back

for the holder Dewar to protect it during grid transfer to the
microscope.
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Optional: Prepare electron microscope by tilting the stage
30° to avoid spilling liquid nitrogen during holder insertion.

. Insert holder into the microscope and evacuate the lock. Wait

until vacuum recovers.

. Start Serial EM software [43] and check microscope alignment,

low-dose mode settings and imaging states and determine the
eucentric height of the specimen (see Note 23).

. Create a map of the entire grid at low magnification

(80-100x). If using the FEI Vitrobot for plunging, a gradient
in ice thickness should be visible. Ice in some regions may be
too thick for electrons to pass through and appear black, while
regions on the opposite side of the grid may be almost dry.

. Start the Serial-EM “Navigator” function. Create a map from

the atlas and select grid squares with different ice appearance to
be screened at higher magnifications. Using the ‘add points’
feature of the navigator to save coordinates may be helpful.

Acquire images at intermediate magnification (2000x) to cor-
relate overall ice appearance with local distribution. Eventually
make maps at this intermediate magnification, this could help
navigating on the grid-square and is useful, if some more
micrographs should be collected.

Image areas with distinct ice thickness and distribution. We
acquire images at 40,000 x magnification (2.7 A/pixel) using
the low dose mode setup in SerialEM, taking focus images at
the carbon support foil. Ensure the illuminated area for the
focus does not overlap with the area to be imaged. Relying on
the calibration of our electron beam we acquire images at
20-50 ¢ /A%

We evaluate the grid atlas based on ice distribution, to eventu-
ally adjust blotting or glow discharge parameters. Higher mag-
nification images are evaluated on sample heterogeneity,
stability, behavior of the sample in thinner and thicker ice,
and particle concentration and distribution.

4 Notes

2.

. Optimal concentration of crosslinker can be determined with a

titration experiment, depending on temperature and time we
suggest 0.1-5 mM for BS3.

A short prior quenching with lysine, aspartate or a mixture of
amino acids will modify surface properties and could influence
orientation distribution.

. For quality control, we compare cross-linked/non—cross-

linked SEC fractions using negative stain EM and SDS-PAGE
(silver stain).
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10.

11.

12.

13.

14.

. Solution should have a dark yellow color with precipitation at

the bottom of the tube. Optional addition of NaOH drops
could improve staining, but also lead to more precipitation.

. Longer absorption times will increase the particle density, but

may lead to evaporation effects (precipitation of salts on grid).

. Do not blot completely dry, leave a thin film of staining solu-

tion on surface of the grid between the staining steps. Particles
should be embedded into the heavy metal stain, complete
blotting of the stain may introduce artifacts such as positive
staining of the particles.

. Although the resolution will be limited by the stain, one may

obtain important information about factor occupancy and par-
ticle damage. However, the heavy metal staining at low pH
values may introduce artifacts. Therefore, this serves only as a
first insight into the quality of your sample.

. The filter paper serves as internal control whether the coating

has worked and also as optical thickness comparison with other
batches.

. The carbon film is not as transparent as alternatives described

above, introduces some background signal and might be prob-
lematic to use with smaller particles with low intrinsic signal to
noise ratio. However, the carbon support works well for Pol I
complexes, which have molecular masses of >600 kDa.

Carbon films on mica sheets can be stored in petri dishes over
years. 2 nm films are used for cryo-grid preparations, thicker
films (5-8 nm) can be used for negative staining.

Take care that they do not turn; the holey film should face
upward. Grids must not overlap.

Holy film and carbon will appear shiny, rainbow-like colored;
backside should not have this appearance.

During the cryo-grid preparation process, surface effects play
an important role. The behavior of protein complexes at air—
water and grid support-water interfaces can hardly be pre-
dicted. Evaporation effects may lead to increasing salt concen-
trations and surface saturation resulting in protein aggregation
[26]. We recommend using low temperatures at 100% humid-
ity as described.

We initially used apo ferritin and Pol 1 [45, 46] to find starting
conditions on our Vitrobot. Adaptation of blot force (—20 to
+20), wait time (<2 min), sample volumes of 2-8 pl, blotting
times from 1 to 10 s, and glow discharge conditions may be
worth screening. For our machine and sample types, 5 s blot-
ting at blot force 12 without wait or drain time for a 3 pl sample
seem to work well as starting conditions.
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We hold the tip of the ethane outlet to the lower bottom edge
of the ethane container and slowly lift it near the surface of
liquid ethane in the pot. A slurping sound will ensure the right
flowrate of ethane gas.

Liquid ethane is the mostly used cryogen for cryo-grid freez-
ing. The temperature of the cryogen is critical for the vitrifica-
tion process. At temperatures higher than 133 K (—140 °C),
vitreous water will be transformed into cubic or hexagonal ice,
the grid is no longer usable. Ethane should be used close to its
melting point (90.4 K; —182.8 °C) but is still liquid at higher
temperatures (boiling point ethane: 184.6 K; —88.4 °C) not
suitable for sample vitrification [47]. To achieve this, we wait
until we observe some freezing ethane on edges of the ethane
container. However, too much solid ethane can damage grids
or forceps. Addition of 10% propane will lower the melting
temperature and the cryogen will stay liquid. Alternatively, the
use of a cryostat system to control the ethane/cryogen tem-
perature can be an option and applied to most plunge freezing
systems [48]. [Boiling point nitrogen: 77.4 K (-195.8 °C),
Melting point ethane: 90.4 K (—182.8 °C), Boiling point
ethane: 184.6 K (—88.4 °C)].

For Cryo-EM grid preparation, only little sample amounts are
required. If the sample is adsorbed to a thin carbon film,
concentrations as low as 50 ng/pl of sample concentration
are sufficient. Even lover amounts can be used in customized
humidity chambers if adsorption times are significantly
increased [19]. Negative stain quality control is recommended
to monitor particle homogeneity and distribution. For prepa-
ration of unsupported holey carbon grids, the required sample
concentration is 2-5x higher to yield similar particles
densities.

Use of a face mask may help to prevent surface ice contamina-
tion, as nitrogen atmosphere will not be disturbed. Avoid
contact of ice-covered tools with liquid nitrogen or ethane to
prevent sample contamination.

Even though the procedure is not fully reproducible in our
hands, the blotting procedure introduces a gradient and the
method is robust enough to generate vitrified ice of different
quality. Depending on grid types, high-resolution data collec-
tion usually requires no more than 20 squares with suitable ice.

Visible ethane contamination on the grid surface will sublimate
within one or two days of storage in liquid nitrogen tank.
During storage, ice flakes in the liquid nitrogen may start
contaminating your grids. Thus, we use cryo-grids no longer
than 3 months following plunging.
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21. Measures to reduce ice contamination may be helpful: Work
should be carried out in a low-humidity environment. A pro-
tective mask can be worn. Dewars should be covered with lids
while equilibrating. Start filling of liquid nitrogen at the tip of
the holder, then the Dewar, to avoid ice formation at the
specimen tip. Each tool used should be heated and dried after
use in nitrogen.

22.

First-time users may practice at room temperature and with
empty grids first.

23. Our screening workflow is highly compatible with the Seri-
alEM software package. We recommend setup of the low-dose
mode to avoid exposure-induced damage by unnecessary illu-
mination of the sample. The software is freely available, con-

stantly updated and can be adapted to most microscopes and

cameras.
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Abstract

The process of eukaryotic ribosome assembly stretches across the nucleolus, the nucleoplasm and the
cytoplasm, and therefore relies on efficient nucleocytoplasmic transport. In yeast, the import machinery
delivers ~140,000 ribosomal proteins every minute to the nucleus for ribosome assembly. At the same time,
the export machinery facilitates translocation of ~2000 pre-ribosomal particles every minute through ~200
nuclear pore complexes (NPC) into the cytoplasm. Eukaryotic ribosome assembly also requires >200
conserved assembly factors, which transiently associate with pre-ribosomal particles. Their site(s) of action
on maturing pre-ribosomes are beginning to be elucidated. In this chapter, we outline protocols that enable
rapid biochemical isolation of pre-ribosomal particles for single particle cryo-electron microscopy (cryo-
EM) and in vitro reconstitution of nuclear transport processes. We discuss cell-biological and genetic
approaches to investigate how the ribosome assembly and the nucleocytoplasmic transport machineries
collaborate to produce functional ribosomes.

Key words Budding Yeast, Ribosome Assembly, Nuclear Import, Nuclear Export, preribosome
structure

1 Introduction

Eukaryotic ribosome assembly takes place across multiple cellular
compartments: the nucleolus, the nucleoplasm and the cytoplasm
(Fig. 1). This dynamic and energy consuming process requires the
coordination of three RNA polymerases (I, II, and III), the RNA
splicing, and nucleocytoplasmic transport machineries [ 1]. Despite
this complexity, ribosome biogenesis is an incredibly efficient pro-
cess, with yeast producing up to 60 ribosomes every second [2].
The small subunit (SSU) processome is the first ribosome
precursor assembled cotranscriptionally in the nucleolus through
stepwise association with UTP-A, UTP-B, and UTP-C complexes

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
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Fig. 1 Current model for eukaryotic ribosome assembly. Transcription of primary 35S rRNA transcript, the
common precursor of 18S, 5.8S, and 25S rRNAs, by Pol | from rDNA repeats together with cotranscriptional
joining of U3 snoRNP, r-proteins and 40S assembly factors form the 90S ribosomal precursor. 5S rRNA is
transcribed separately by Pol lll for assembly of 5S RNP before joining the 60S pre-ribosome. Cotranscriptional
cleavage of 35S rRNA at A2 site separates the 60S and 40S r-subunit maturation pathways. Pre-ribosomal
particles undergo a cascade of maturation steps in the nucleoplasm by transient association with assembly
factors until reaching nuclear export competency. Once exported to the cytoplasm, last maturation events and
quality control steps can occur resulting into functional r-subunits production. (Adapted from Pefia et al. 2017)

and U3 snoRNP [1, 3]. Cryo-electron microscopy (cryo-EM)
studies are revealing how UTP-A, UTP-B complexes, U3 snoRNP
and additional biogenesis factors encapsulate and guide pre-rRNA
folding in a hierarchical 5’-to-3'-oriented manner [4-7]. During
nucleolar maturation, the 5 domain of the 18S rRNA achieves a
mature conformation, and the central domain is correctly posi-
tioned relative to the 5’ domain. In contrast, the 3’ major domain
is buried within the SSU processome core, and its conformation is
distinct as in the mature 40S subunit. Release of the 40S
pre-ribosome requires endonucleolytic cleavages within the
pre-rRNA [8-11], the release of U3 snoRNA and associated pro-
teins catalyzed by the RNA helicase Dhrl and its cofactor Utpl4
[12, 13]. The RNA exosome mediates degradation of 5'-ETS
(external transcribed spacer) rRNA within the 5-ETS rRNA-
UTP complex to disassemble and recycle the UTDPs for a new
round of 40S assembly [14].

Following 408 preribosome release the growing 278 pre-rRNA
associates with 60S-specific r-proteins and maturation factors to
initiate 60S pre-ribosome assembly. Cryo-EM structures of early
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states of the 60S pre-ribosome suggest a sequence of events during
nucleolar 608 assembly. Early states the nucleolar 608 pre-ribosome
show a characteristic arch-like morphology, whereas the later states
adopt a compact shape closer to a mature 60S subunit. The 5’
domains (I and II) within 27S pre-rRNA adopt a near mature
conformation, and connect with the 3’ terminal domain VI, thus
forming the solvent-exposed backside of the 60S subunit. In all
states, the pre-rRNA spacer ITS2, located in the 27S pre-rRNA
between 5.8S and 25S rRNA, and the associated ITS2 factors form
the “foot” structure. The central domains III, IV and V, which
form the subunit interface, are not visible in the early states.
Although cotranscriptional assembly of the 60S pre-ribosome
occurs in a sequential manner, it undergoes nonlinear compaction
of domains I, IT, and VI, which then allows domains III, IV, and V
to fall onto the arch-like structure, thus preparing the
pre-ribosomal cargo for nuclear export [15-17].

In yeast, before every cell division, ~200,000 pre-ribosomes are
transported to the cytoplasm through ~200 NPCs (nuclear pore
complexes) by the exportin Crm1 that recognizes nuclear export
sequences (NESs) on cargos and interacts with the FG-rich (phe-
nylalanine /glycine-rich) meshwork of the NPC transport channel
[18-22]. Nmd3 is the only identified essential adaptor for Crml-
mediated 60S pre-ribosome export [23, 24]. In contrast, no essen-
tial NES-containing export adaptor has been identified for 40S
pre-ribosome export. 408 pre-ribosome bound shuttling assembly
factors Ltv]l and Rio2 can recruit Crml1 in the presence of RanGTP
through a leucine-rich NES. Pre-ribosomes also employ multiple
export factors (Mex67-Mtr2, Arxl, Ecml, Bud20) that directly
interact with the FG-meshwork of the transport channel [1, 21,
22]. In addition, a non-FG pathway involving the mRNA export
factor Gle2 also facilitates 60S pre-ribosome export [25].

Exported pre-ribosomes undergo final maturation and proof-
reading before initiating translation [26]. Cytoplasmic proofread-
ing of 60S pre-ribosomes involves release of assembly factors that
block binding of r-proteins, interactions with translation factors, or
pairing with the 40S. Tif6 prevents binding of immature 60S
pre-ribosomes to mature 40S subunits, ensuring that only properly
assembled subunits engage in translation. Quality control of the
408 pre-ribosome relies on assembly factors that prevent the pre-
mature binding of initiation factors, mRNA, tRNA, and the 60S
subunit. Ltvl and Enpl directly bind uS3 on its solvent side,
thereby blocking the mRNA channel opening. Rio2, Tsrl, and
Diml bind the subunit interface, thus preventing joining of the
mature 60S subunit and translation initiation factor eIF1A. Nobl
and Pnol block the binding of eIF3, thereby interfering with
translation initiation [27]. After release of Rio2, Tsrl, and Diml
initiated by the reorganization of the beak structure, the 40S
pre-ribosome becomes competent to interact with a mature 60S
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subunit. This translation-like interaction is thought to test the
ability of a 40S pre-ribosome to engage with a mature 60S subunit,
and only then triggers Nob1 to cleave 208 pre-RNA to mature 18S
rRNA in vitro [28, 29]. Cryo-EM studies are revealing how these
late factors interact with the 40S pre-ribosome and have provided a
structural framework for the ordering of cytoplasmic maturation
events [30-32].

In addition to >200 assembly factors, ribosome assembly relies
on efficient nucleocytoplasmic transport [1]. All r-proteins and
assembly factors need to be imported into the nucleus, and cor-
rectly assembled pre-ribosomal particles need to be transported
through nuclear pore complexes into the cytoplasm. How the
ribosome assembly machinery collaborates with the cellular traf-
ficking pathways is currently under intense investigation. Here, we
outline biochemical approaches that permit rapid screening and
analyses of pre-ribosomal particles for single particle cryo-EM
studies, and reconstitution of nucleocytoplasmic transport pro-
cesses. We discuss genetic and cell-biological approaches that will
enable the unveiling of the functional interface between the ribo-
some assembly and nucleocytoplasmic machineries.

2 Materials, Reagents, and Yeast Media

2.1 Material (Listed
in Alphabetical Order)

1. 15 mL Centrifuge tube (Greiner Bio-One, 188271)

2. 20 mL Luer Solo, Inject (Braun, 4606205V)

3. 50 mL Centrifuge tube (Greiner Bio-One, 227261)

4. 50 mL Magnetic Separation Rack (New BioLabs, S1507S)
5. Centrifuge 5804 R (Eppendorf, 5805 000.327).

6

. Centrifuge Sorvall RC3BP with H-6000A Rotor (Thermo-
Scientific, 75007530, 11250).

7. Cover glasses (VWR, 631-0137).
DynaMag™—Spin Magnet (Invitrogen, 12320D).

9. Fluorescence microscope Leica DM6000 B (Leica).
10. Incubator IFE 600 (Memmert).
11. Incubator shaker ISF1-X (Kuhner).
12. Inoculation loop (Greiner, 731101).
13. Membrane filters 0.45 mm (Millipore, HAWP04700).
14. Microcentrifuge 5415R (Eppendorf, 022621408).
15. Microscope slides (VWR, 631-1550).
16. Planetary mill Pulverisette 6 (Fritsch, 06.2000.00).

17. Spectrophotometer Ultrospec 2100 pro (GE Healthcare,
80-2112-21).

i



2.2 Reagents (Listed
in Alphabetical Order)

18.
19.
20.
21.
22.
23.
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12.
13.
14.
15.
16.
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22.

23.
24.
25.
26.
27.
28.
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Stainless Steel Grinding Balls (Fritsch, 55.0200.10).

Stainless Steel Grinding Bowls, 80 mL (Fritsch, 50.4100.00).
Sterifil Aseptic System (Millipore, XX1104700).

Syringe filter, pore size: 2.7 pm (GE Healthcare, 6888-2527).
Syringe filter pore size: 1.6 pm (GE Healthcare, 6882-2516).

Thermomixer comfort (Eppendorf).

. Acetone (Merck, 1.00014.1000).

. ACTEV protease (Invitrogen, 12575015).

. Beta-mercaptoethanol (CalBioChem, 444203).

. CaCl2(Sigma-Aldrich, 22,350-6).

. cOmplete protease inhibitor cocktail tablets, EDTA free

(Roche, 11873580001),

. Coomassie Brilliant Blue R-250 (ThermoScientific, 20,278).
. Difco Agar (BD, 214530).

. Dithiothreitol (DTT) (AppliChem, A1101).

. Dynabeads™ M-270 Epoxy (Invitrogen, 14301).

10.
. Glutathione Sepharose 4 Fast Flow (GE Healthcare, 17-5132-

Glucose (Sigma-Aldrich, G8270).

01).

Glycerol (AppliChem, A1123).

HEPES (Sigma-Aldrich, H4034).

IgG from rabbit serum (Sigma-Aldrich, 15006).
KOACc (Sigma-Aldrich, P1147).

LDS sample buffer (Invitrogen, NP000S).
MgCl, (Fluka, 63072).

Mg(OAc), (Sigma-Aldrich, M5661).

NaCl (Merck, 1064045000).

NH,CI (Sigma-Aldrich, A9434).

NuPAGE 4-12% Bis—Tris (Novex, NP0321BOX).

Phenylmethanesulfonyl  fluoride (PMSF) (AppliChem,
A0999).

Polyvinylpyrrolidone (K90) (AppliChem, A6393).
Sodium phosphate (Sigma-Aldrich, 342483).
TCA (Sigma-Aldrich, T6399).

Tris—HCI (Sigma-Aldrich, T3253).

Triton X-100 (Merck, 1086431000).

Tween 20 (Sigma-Aldrich, P9416).
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2.3 Yeast Media

1. Synthetic complete (SC) media: 0.69% yeast nitrogen base
without amino acids (ForMedium, CYN0410) 2% glucose
(Sigma-Aldrich, G8270) 0.6-0.8% appropriate drop-out sup-
plements complete mixtures (ForMedium).

2. SC plates (SC, 2% agar).

3. Yeast-extract peptone dextrose (YPD) media: 1% yeast extract,
(ForMedium, YEMO03), 2% peptone (ForMedium, PEP03), 2%
glucose (Sigma-Aldrich, G8270).

4. YPD plates (YPD, 2% agar).

3 Pre-ribosome Isolation for Single Particle Cryo-Electron Microscopy

3.1 Preparing Yeast
Gells for Cryogenic
Lysis (Modified from
Rout Lab Protocol:
Harvesting Cells and
Making Yeast Noodles

[43])
3.1.1 Buffers and
Solutions

3.1.2  Yeast Cell
Preparation

During the last decade, affinity-purification protocols combined
with sensitive mass spectrometry have dramatically altered our
understanding of eukaryotic ribosome assembly [33]. By employ-
ing the powerful “tandem affinity-purification” (TAP), several
groups have unravelled the compositions of the 90S, 60S, and
408 pre-ribosomes and thus expanded the inventory of the assem-
bly machinery and ordered the 40S and 60S maturation pathways
[34-40]. Recently, improvement in these biochemical approaches
together with advances of cryo-EM have driven structural studies
of pre-ribosomal particles, thus providing high-resolution snap-
shots of the process of eukaryotic ribosome assembly [4-6, 15—
17, 30-32, 41, 42] (Fig. 2a, b).

Resuspension Buffer: 1.2% PVP-40 (polyvinylpyrrolidone), 20 mM
HEPES pH 7.4, Supplemented with 1:100 complete protease
inhibitor cocktail tablet (Roche), 2 mM PMSF, 1 mM DTT (see
Note 1).

1. Grow cell culture to ODgp9 = 2.5-3.5 in complete media/
1.5-2.0 in synthetic media.
2. Spin cultures down (4500 x g, 15 min, 4 °C).

3. Resuspend pellet in 50 mL ddH,O on ice. Put resuspended
solution into 50 mL Falcon tube(s) and spin down (4500 x g,
5 min, 4 °C). Repeat this step.

4. Resuspend pellet on ice in a volume of resuspension buffer
equal to the volume of the pellet. Spin down (4500 x g,
15 min, 4 °C). Aspirate all liquid from the pellet.
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cytoplasmic pre-40S

Fig. 2 Purification and structure of a late 40S pre-ribosome. (@) Protein composition of 80S ribosomes Nob1-
D15N particles, purified via ProteinA (pA)-tag. Proteins were separated by SDS-PAGE and visualized by silver
staining. Labelled protein bands were characterized by mass spectrometry. (b) Front and back view of cryo-
EM structure of a cytoplasmic 40S preribosome (PDB: 6FAIl). The 20S rRNA is shown in light gray, r-proteins in
dark gray—except of uS3 in yellow. Assembly factors are shown in color: Tsr1 in orange, Rio2 in blue, Pno1 in
green, Ltv1 in purple, and Enp1 in red. (Adapted from Scaiola et al. 2018)

10.

11.

. Spin just the pellet down again (4500 x g, 2 min, 4 °C) to

remove the residual buffer (repeat if needed).

. Pellet should be fairly dry and resemble a thick paste.

. Fill up a Styrofoam box with a liquid nitrogen and prepare a

metal holder next to it.

. Use a metal clamp to precool and fill up completely a 50 mL

Falcon tube with liquid nitrogen using and fix the tube to a
metal holder.

. With a spatula, scoop out cell paste and place into a 20 mL

syringe. Press out the cell paste into the liquid nitrogen in the
Falcon tube. Avoid touching the liquid nitrogen directly with
the tip of the syringe to prevent syringe clogging.

When all cell paste is gone, remove liquid nitrogen from the

tube (poke holes into cap of Falcon tube, screw on the cap and
turn tube upside down to pour out the liquid nitrogen).

Do not tighten the tube completely, in order to allow liquid
nitrogen vapor to escape. Store tubes at —80 °C.
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3.1.3 Cryogenic Lysis of
Yeast Cells (See Also Note
2) (Modified from Rout Lab
Protocol: Cryogenic Lyses
of yeast Cells [43])

3.1.4 Isolating Pre-
ribosomes Using Magnetic
Beads (Modified from
Oeffinger et al. 2007 [43])

Buffers and Solutions

Method (See Also
Notes 5-8)

10.

11.
12.

Michaela Oborska-Oplova et al.

. Fill a rectangular ice bucket with liquid nitrogen.

. Pre-chill everything. Immerse the 80 mL stainless steel grind-

ing jars, the stainless steel lid, the grinding balls, steel spoon
and the storage tube, with the frozen yeast noodles, in the
liquid nitrogen.

. Pre-cooling is finished when nitrogen bath is no longer bub-

bling vigorously.

. Once everything is chilled pour the noodles into the

grinding jar.

. Weigh the grinding jar with noodles and then adjust the coun-

terbalance weight.

. Use 7-8 of the 20 mm stainless steel balls based on the amount

of noodles.

. Be sure no liquid nitrogen is in the grinding jar prior to

grinding to avoid an explosion.

. Grinding is done in 4 cycles, each cycle composed of 500 rpm,

3 min and in reverse rotation 500 rpm, 2 min (see also Note 3).

Between each cycle the jars are removed and cooled in liquid
nitrogen. Do not remove the lid (removal of lid may result in
cell loss). To ensure lid is chilled use an empty Falcon tube to
pour liquid nitrogen over the top of the grinding jar while the
bowl of the grinding jar cools in the liquid nitrogen bath. Do
not submerge the jar completely as this will allow liquid nitro-
gen into the grinding bowl and may also result in cell loss.

When 4 cycles are complete, carefully remove powder from the
balls with a pre-cooled spatula and transfer the powder into a
new prechilled 50 mL Falcon tube (if there is powder stuck to
the side of the jar repeat 1 grinding cycle) (see Note 4).

Jars and balls are cleaned with warm water.

Frozen ground cells are stored at —80 °C.

M-IgG Buffer: 20 mM HEPES pH 7.4, KOAc, 40 mM NaCl, 0.5%
Triton-X, 0,1% Tween 20.

Supplemented with (se¢ Note 1) 2 mM PMSF, 1 mM DTT,

2-10 mM MgCl, (optional).

. Transfer 2-5 g of ground yeast cells, to a pre-cooled 50 mL

falcon, and put it into liquid nitrogen.

Pour 40 mLL M-IgG Buffer + Detergents into cooled sterile
glass beaker with sterile magnet fish and start mixing.

. Cool down and sterilize metal sieve in liquid nitrogen.
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. Add yeast powder slowly through the sieve into mixing buffer

(avoid freezing of clumps).

. Allow powder to resuspend completely in bufter (5-10 min).
. Transfer yeast lysate to 50 mL Falcon tube. Spin down

(4500 x g, 5 min, 4 °C) to get rid of big chunks.

. Meanwhile take 100 pL bead slurry and wash 3 x with 1 mL M-

IgG Buffer + Detergents using Magnet rack to wash away
buffer and resuspend in 1 mL M-IgG Buffer + Detergents.

. Filter lysate with 60 mL syringe through 2.7 pM Whatman

filter slowly into new 50 mL Falcon (do not push too hard,
rather exchange the filter for new one).

Repeat with 60 mL syringe through 1.6 pM Whatman filter
into new 50 mL Falcon (stop as soon as white foam comes out).
Add beads to clarified yeast lysate, seal with parafilm and incu-
bate 30 min at 4 °C on rotating wheel.

Collect beads with magnetic rack, wait for complete bead
binding (solution clears up).

Collect flow-through in a new Falcon tube and repeat bead
collection to avoid loss of the beads.

Resuspend all collected beads in 1 mL M-IgG Buffer + Deter-
gents and transfer it into 1.5 mL tube.

Wash the beads 3x with 1 mL M-IgG Buffer + Detergents
using magnetic rack.

Wash the beads further 3-5x with 1 mL M-IgG Buffer with-
out Detergents (to get rid of foaming).

Resuspend beads in 50-75 pL M-IgG buffer without
Detergents.

Add 0.5 pL (10 U) TEV protease (Sigma, 20 U /L), seal with
parafilm and incubate overnight at 4 °C on rotating wheel.

Collect flow-through (purified sample) in new tube using
magnetic rack.

Use 5 pL sample per EM Copper Grid.

To analyze samples, proceed with TCA precipitation, RNA
extraction, Silver gel, or RNA gel.

Boil beads in 25-50 pLL 2x LDS and collect LDS in new tube
(using magnetic rack) for TEV cleavage control.

It is assumed that like a typical import cargo, RanGTP dissociates
the r-protein from the importin after arriving in the nuclear com-
partment. However, r-proteins contain disordered regions, which
make them prone to non-specific interactions with other nucleic
acids, aggregation and degradation in their non-assembled state.
During a single 90 min generation time ~14 million r-proteins
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3.2.1 A RanGTP
Mediated Disassembly of a
Pse1-SIx9 Complex

Buffers and Solutions

Method

synthesized in the cytoplasm, need to be targeted to the yeast
nucleus and handed over to the ribosome assembly machinery
[1, 44]. Thus, safe and efficient transport of r-proteins to their
rRNA binding site is a logistical challenge.

A number of groups have uncovered dedicated chaperones that
interact with newly synthesized r-proteins in the cytoplasm [44-
55]. The dedicated chaperone-r-protein complexes recruit the
import machinery and are transported to the nucleus where they
are released by the action of RanGTD.

A different mechanism is employed by the r-protein ¢S26 to
reach the 90S pre-ribosome. Like a typical import cargo protein,
€S26 uses importins for targeting to the nucleus. However, after
reaching the nuclear compartment, ¢S26 is removed from the
importin by an unloading factor, the escortin Tsr2, without the
aid of RanGTP. Tsr2 shields ¢S26 from proteolysis and enables its
safe transfer to the 90S pre-ribosome [56]. Below, we outline a
step-by step protocol to investigate the canonical RanGTP depen-
dent disassembly of a Psel-SIx9 complex (Fig. 3a), and
non-canonical Tsr2 dependent disassembly of a Kapl23-eS26
complex (Fig. 3b). SIx9 is a predominantly nuclear localized pro-
tein, yet it shuttles between the nucleus and the cytoplasm
[57, 58]. The import receptor transports SIx9 to the nuclear com-
partment, where SIx9 facilitates assembly of a Crm1-export com-
plex and efficient export of 40S pre-ribosomes from the nucleus

[57-60].

PBS-KMT butfter (pH 7.3): 150 mM NaCl, 25 mM Sodium phos-
phate, 3 mM KCI, 1 mM MgCl,, 0,1% Tween 20.

1. Pipet 50 pL of GSH-Sepharose slurry (per reaction) into a
1.5 mL reaction tube and wash 3 times with 1 mL PBS-KMT
buffer, spin down in between for 30 s at 850 x g . Wash
GSH-Sepharose beads for all reactions together.

2. Meanwhile thaw recombinant GST-Psel and GST-alone sam-
ple on ice.

3. Centrifuge the GST-Psel and GST-alone or lysates for 10 min
at4 °Cat 16,000 x g to pellet aggregates and store the tubes on
ice until use.

4. Add 12 pg GST-Psel or GST-alone (per reaction) to washed
GSH-Sepharose beads suspended in 500 pL of PBS-KMT
bufter.

5. Incubate on a rotating platform for 1 h at 4 °C to immobilize
GST-Psel or GST-alone on GSH-Sepharose beads.
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Fig. 3 In vitro binding assays for nuclear import. (a) RanGTP-dependent release of SIx9 from Pse1 importin.
Left panel: Workflow overview of the importin binding assay. POl = protein of interest. Right panel: GST-Pse1
complex formation with SIx9 dissociated in the RanGFP-dependent manner. GST-Pse1 (lanes 1-6) or GST
alone (lanes 7-8) was immobilized on Glutathione Sepharose, washed with PBS-KMT and incubated with
4 uM SIx9 for 1 h at 4 °C (lanes 2—4 and 6). Pse1-SIx9 complex was subsequently incubated with 1.5 uM
RanGTP under same conditions (lane 5). After washing with PBS-KMT, bound proteins were eluted in SDS
sample buffer, separated by SDS-PAGE and visualized by Coomassie Blue staining and Western analyses
using a-SIx9 antibodies. L = input. (b) RanGTP-independent release of €526 from Kap123 importin.
Immobilized GST-Kap123 on Glutathione Sepharose was washed and incubated with 4 pM eS26™¢ for
1 hat 4 °C. GST-Kap123:e526™"¢ complex was washed and incubated with either buffer alone (lane 2 and 8),
0.375 pM Hisg-Ran®-GTP (left panel lanes 3-6) or 0.375 pM Hisg-Tsr2 (right panel lanes 9—12). Samples were
withdrawn at the indicated time points and washed with PBS-KMT. Bound proteins were eluted in SDS sample
buffer, separated by SDS-PAGE and visualized by Coomassie Blue staining and Western analyses using
a-e526 and a-RanGTP antibodies. L = input. GST-Kap123 is indicated by asterisk. (Adapted from Schiitz et al.

2014)

6. Wash samples as indicated in step 1 to remove unbound pro-
tein. Keep samples on ice between each washing step.

7. To assess the amount of GST-Psel or GST-alone bound to the

GST-Sepharose beads remove supernatant completely. Add
30 pL 2x LDS sample buffer, mix and heat up at 70 °C for
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322 Tsr2 Mediated
Disassembly of a Kap123—
€526M4¢ Complex (See
Also Notes 9-14)

11.

12.

13.

14.

10 min to elute the bound proteins. Separate the eluted dena-
tured proteins on an 12-15% SDS-PAGE and analyze by Coo-
massie Blue staining.

. To form an importin—protein complex, add 3—6 pM SIx9 to the

immobilized GST-Psel or GST-alone on GSH-Sepharose
beads suspended in 500 pL. PBS-KMT bufter (from step 6).

. Incubate on a rotating platform for 1 h at 4 °C.
10.

Wash samples as indicated in step 1 to remove unbound pro-
tein. Samples are kept on ice between each washing step.

To assess the amount of GST-Psel-SIx9 complex bound to the
GST-Sepharose beads remove supernatant completely. Add
30 pL 2x LDS sample buffer, mix and heat up at 70 °C for
10 min to elute the bound proteins. Separate the eluted dena-
tured proteins on a 12-15% SDS-PAGE and analyze by West-
ern blotting using antibodies directed against SIx9.

To investigate RanGTP sensitivity, incubate the GST-Psel-
SIx9 complex with 500 pL. PBS-KMT containing 1.5 pM
Ran?“GTP for 1 h at 4 °C on a rotating wheel. In parallel
incubate GST-Psel-SIx9 in 500 pL PBS-KMT buffer without
Ran“GTP to assess whether SIx9 is released by buffer alone.

Wash samples as indicated in step 1 to remove released protein.
Keep samples on ice between each washing step.

Remove supernatant completely, and add 30 pL. 2x LDS sam-
ple buffer, mix and heat up at 70 °C for 10 min to elute the
bound proteins. Separate the eluted denatured proteins on a
12-15% SDS-PAGE and analyze by Coomassie Blue staining
and Western blotting using antibodies directed against SIx9.

. Pipet 50 pL of GSH-Sepharose slurry (per reaction) into a

1.5 mL reaction tube and wash 3 times with 1 mL PBS-KMT
buffer, spin down in between for 30 s at 850 x g4. Wash
GSH-Sepharose beads for all reactions together.

. Meanwhile thaw recombinant GST-Kapl23 and GST-alone

sample on ice.

. Centrifuge the GST-Kapl23 and GST-alone or lysates for

10 min at 4 °C at 16,000 x g to pellet aggregates and store
the tubes on ice until use.

.Add 12 pg GST-Kapl23 or GST-alone to washed

GSH-Sepharose beads suspended in 500 pL. of PBS-KMT
bufter.

. Incubate on a rotating platform for 1 h at 4 °C to immobilize

GST-Kap123 or GST-alone on GSH-Sepharose beads.

. Wash samples as indicated in step 1 to remove unbound pro-

tein. Keep samples on ice between each washing step.
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. The amount of GST-Kapl23 or GST-alone bound to the

GST-Sepharose beads can be assessed at this stage. For this,
remove supernatant completely. Add 30 pl. 2x LDS sample
buffer, mix and heat up at 70 °C for 10 min to elute the bound
proteins. Separate the eluted denatured proteins on a 12-15%
SDS-PAGE and analyze by Coomassie Blue staining.

. To form importin—protein incubate the immobilized

GST-Psel or GST-alone on GSH-Sepharose beads with
3-6 pM €S26"4% in 500 pL PBS-KMT buffer from step 6.

Incubate on a rotating platform for 1 h at 4 °C.

Wash samples as indicated in step 1 to remove unbound pro-
tein. Samples are kept on ice between each washing step.

To assess the amount of GST-Kapl123-eS26"*“ complex
bound to the GST-Sepharose beads, remove supernatant
completely. Add 30 pL 2x LDS sample buffer, mix and heat
up at 70 °C for 10 min to elute the bound proteins. Separate
the eluted denatured proteins on a 12-15% SDS-PAGE and
analyze by Western blotting using antibodies directed against
FLAG tag.

To investigate Tsr2 dependent disassembly of the complex
from step 10, incubate the GST-Kap123-eS26"*S complex
with 500 pL PBS-KMT containing 1.5 pM Tsr2. In parallel,
incubate GST-Kap123-¢S26"4¢ with 500 pL of PBS-KMT
buffer as a control to assess whether ¢S26"2€  is released by

buffer itself.

Wash samples as indicated in step 1 to remove released protein.
Keep samples on ice between each washing step.

Remove supernatant completely, and add 30 pLL 2x LDS sam-
ple buffer, mix and heat up at 70 °C for 10 min to elute and
denature the bound proteins. Separate the eluted denatured
proteins on a 12-15% SDS-PAGE and analyze by Coomassie
Blue staining and Western blotting using antibodies directed
against FLAG tag.

It is complicated to monitor the nuclear targeting of r-proteins
in vivo since at steady state they reside in the cytoplasm. Therefore,
one strategy is to uncouple r-protein nuclear import from their
export by selectively impairing recruitment to the pre-ribosome.
Fusing GFP to either the N- or C- terminus can prevent r-protein
incorporation into the pre-ribosome. These non-functional proxy
constructs can be employed to determine nuclear localization sig-
nals within r-proteins [56]. Further, by monitoring their misloca-
lization to the cytoplasm in different importin-deficient (Table 1)
and/or mutant strains, these non-functional r-protein fusions
(listed in Table 3) can pinpoint their nuclear pathway(s).
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Table 1
Yeast strains used for ribosomal nuclear import studies

Source

Name Genotype

srpl1-31/kap60- MATn ade2-1ura3-1bis3-11trpl-1len2-3,112can]-100A srpl:
31 ts LEU2 +316-srpl-31

srp1-54/kap60- MATn ade2-1ura3-1bis3-11trpl-1len2-3,112can]-100A srpl:

54 ts LEU2 +316-srpl-54

rsil-1/kap95-1  MAToa ura3-52 leu2deltal ade2 ade3 rsll-1 rnal-1 ts

kapl04A MATa trpl ura3 len2 lys2 KAP104::HIS

som1A/kapl084A  MATa ura3-52 his3A200 trpl-1 len2-3,112 lys2-801 sxm1::

his3:: TRP1
mirlO/kaplll  MATa, ade2, his3, len2, trpl, ura3, mtrl0:HIS3 +pRS316-
shuffle URA3-MTRI10
kapl 14A MATa, ura3-52, len2A 1, his3A200, trplA63, kapll14::TRPI
nmd57/ MATx ura3-52 his3A200 trpl-1 len2-3,112 lys2-801 nmd5::
kapll9A HIS3
kapl20A MATa ura3 len2 his3 trpl KAP120::TRP1

psel-1/kapl21-1 MATn len2 trpl URA3::psel-1 PSEL::HIS3

Yano et al. 1994 [61]

Yano et al. 1994 [61]

Koepp et al. 1996
[62]

Aitchison et al. 1996
[63]

Sydorskyy et al. 2003
[64]

Senger et al. 1998
[65]

Greiner et al. 2004
[66]

Sydorskyy et al. 2003
[64]

Schlenstedt
laboratory

Seedorf et al. 1997
[67]

Open Biosystems

Schlenstedt et al.

paAr6A/kapl22A  MATn ura3 his3 leu2 pdr6:: KANMX
kapl23A MATo ura3 len2 his3 KAP123::TRP1

1997 [68]
msnd/kapl42 MATw; ura3A0 len2A0 his3A 1 met15A0 delta-msn5:: KANMX6 Euroscarf

3.3 Nuclear Export

Assays for Pre-
ribosomes

3.3.1  Monitoring Nuclear

Export of Pre-ribosomes
(See Also Notes 15 and
16)

Transport of 60S and 408 pre-ribosomes from the nucleus into the
cytoplasm can be investigated by monitoring the localization of
r-protein fusions with GFP (uL23-GFP, uL5-GFP, uL18-GFP for
the 60S subunit and uS5-GFP for the 40S subunit) in distinct
mutant strains [72-75]. These r-protein fusions are stably
incorporated into pre-ribosomes, and their steady-state localization
in wild type (WT) cells is cytoplasmic. Nuclear accumulation of
these reporters indicates either an early pre-ribosome assembly
and/or export defect. Next to the r-protein GEP reporters, nuclear
accumulation of GFP fused export adaptor factors serve as
reporters for impairment in late assembly steps and/or of export
of 60S (Nmd3-GFP) and 40S (Rrpl2-GFP and Rio2-GFP)
pre-ribosomes, respectively (Fig. 4).
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Fig. 4 Monitoring ribosome export defect by fluorescence microscopy. GFP-reporters for large r-subunit
(uL18-GFP or Nmd3-GFP) and small r-subunit (uS5-GFP or Rrp12-GFP) were transformed into WT or indicated
mutant strains and they localization was analyzed by fluorescence microscopy. Scale bar = 5 um. Output of
the experiment is indicated on the left scheme: accumulation of the reporter in the nucleus in case of export
defect as seen for bud20A and yrb2A

Method 1. Transform yeast strains with the reporter plasmids (uL18-GEFD,
uS5-GFP) and plate on appropriate media.

2. The transformants expressing reporters are grown in appropri-
ate liquid media (for mutants at permissive temperature) until
saturation (overnight).

3. The next day, dilute cells into 10 mL fresh media and grown
until mid-log phase for at least 2—-3 divisions. (In the case of
cold or temperature sensitive mutants, shift the cultures to the
appropriate restrictive temperature after 2-3 divisions of
growth at permissive temperature).

4. Pellet cells by centrifugation in a 15 mL Falcon tube ( 450 X g,
3 min) and wash once with 10 mL dH,O.

5. Pour off the supernatant and resuspend the cell pellet in
remaining liquid.

6. Place 2 pL of cell suspension on a slide, press a coverslip over
before inspection under a fluorescence microscope.
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3.3.2 Reconstitution of
Crm1-Nuclear Export
Complexes In Vitro

Buffers and Solutions

Method (See Also Notes
17-21)

In actively growing yeast cells, every minute ~25 pre-ribosomal
particles are exported into the cytoplasm [2]. The exportin Crm1l
(yeast Xpol) plays an essential role in transporting pre-ribosomes
into the cytoplasm. To initiate export, Crml, in the presence of
RanGTP recognizes a nuclear export signal (NES) on adaptor
proteins bound to pre-ribosomes, and cooperatively forms a
Crm1l-export complex [1, 23, 24, 76, 77]. In vitro binding assay
with recombinant Crm1 and Ran?" are used to analyze potential
NES containing export adaptors of preribosomal subunits
[58]. Here, using Ltvl:Crm1:Ran?“GTP as an example to outline
a protocol for assembly of a trimeric Crm1-export complex in vitro
(Fig. 5a).

PBS-KMT bufter (pH 7.3): 150 mM NaCl, 25 mM sodium phos-
phate, 3 mMKCI, 1 mM MgCl, Tween-20.

1. Pipet 50 pL of GSH-Sepharose slurry (per reaction) into a
1.5 mL reaction tube and wash 3 times with 1 mL PBS-KMT
buffer; spin down in between for 30 s at 850 x g. Wash
GSH-Sepharose beads for all reactions together.

2. In meanwhile thaw GST-fusion proteins (GST-Ltvl,
GST-Ltv1*™*%) and GST sample on ice.

3. Centrifuge the GST-Ltvl and GST-alone or lysates for 10 min
at 4 °C at 16,000 x g to pellet aggregated proteins and store
the tubes on ice until use.

4. Add 12 pg GST-Ltvl protein or GST-alone to washed
GSH-Sepharose beads suspended in 500 pLL PBS-KMT butffer.

5. Incubate on a rotating platform for 1 h at 4 °C to immobilize
GST-Ltvl and GST-alone on GSH-Sepharose beads.

6. Wash samples as indicated in step 1 to remove unbound pro-
tein. Keep samples on ice between each washing step.

7. The amount of GST-Ltvl or GST-alone bound to the
GST-Sepharose beads can be assessed at this stage. For this,
remove supernatant completely, add 30 pL 2x LDS sample
buffer, mix and heat up at 70 °C for 10 min to elute the bound
proteins. Separate the eluted denatured proteins on a 12-15%
SDS-PAGE and analyze by Coomassie Blue staining.

8. Thaw on ice and centrifuge substrate proteins (Ran?“GTP and
Crml) at 10 min at 4 °C at 16,000 x g to pellet aggregated
proteins.

9. Add simultaneously 2 pM Ran®"GTP and 50 nM Crml to
GSH-Sepharose beads immobilized GST-Ltvl or GST-alone
and suspended in 500 pL. PBS-KMT buffer. In parallel, as
controls, incubate immobilized GST-Ltvl with Crml and
Ran?“GTP separately.

10. Incubate on a rotating platform for 1 h at 4 °C.
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Fig. 5 In vitro binding assays for nuclear export. (A) Ltv1 NES-dependent export complex formation. Left panel:
Workflow overview of the binding assay. POl = protein of interest. Right panel: GST-Ltv1 or GST-Ltv1 lacking
NES sequence (450-463aa) was immobilized on the Glutathione Sepharose, washed with PBS-KMT and
incubated with buffer alone (lanes 1 and 5), buffer with 2uM His6-Ran®-GTP (lanes 2 and 6), 50nM Crm1-His6
(lanes 3 and 7) or 50nM Crm1-His6 and 2uM His6-Ran®-GTP simultaneously (lane 4 and 8) for 1h at 4°C.
Bound proteins were washed with PBS-KMT, eluted in 2XLDS sample buffer, separated by SDS-PAGE and
visualized by Coomassie Blue staining and Western analyses using a-RanGTP and a-Crm1 antibodies. L =
input. Adapted from Fischer et al., 2015. (B) Heterodimeric transport receptor Mex67-Mtr2 interacts with FG
repeat sequences of different nucleoporins. Left panel: Workflow overview of the binding assay. POl = protein
of interest. Right panel: Indicated GST-Nucleoporin fusion proteins were immobilized on Glutathione Sephar-
ose and washed with PBS-KMT before 1 h incubation with 3.6 pg His6-Mex67-Mtr2 at 4°C. Bound proteins
were washed, eluted with 2X LDS buffer and analyzed by SDS-PAGE followed by Coomassie staining or
Western blotting using a-Mex67/Mtr2 antibody. L = Load; Asterisks indicate Mex67 bands. Adapted from
Altvater et al., 2012
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3.3.3 FG-Repeat Binding
Assay

Buffers and Solutions

Method (See Also
Notes 22-28)

11. Wash samples as indicated in step 1 to remove unbound pro-
tein. Keep samples on ice between each washing step.

12. Remove supernatant completely. Add 30 pL. 2x LDS sample
buffer, mix, and heat up at 70 °C for 10 min to elute and
denature the bound proteins.

13. Separate proteins on a 12-15% SDS-PAGE and subject them to
Coomassie Blue staining and Western blot analysis using
directed antibodies against Ran and Crm1.

40S and 60S pre-ribosomes are transported through NPC into the
cytoplasm by export factors that interact transiently with FG-repeat
lining nucleoporins that line the transport channel. In addition to
RanGTP-dependent exportins such as Crm1 and Exp5 [23, 24, 78]
several shuttling factors such as Mex67-Mtr2, Arx1, Ecm1, Bud20,
and Rrpl2 promote nuclear export of pre-ribosomes by directly
interacting with FG-rich meshwork of NPC [1, 57, 71, 79—
82]. Here, we outline a protocol that demonstrates interactions
between the heterodimeric transport receptor Mex67-Mtr2 with
FG-rich nucleoporins (Fig. 5b).

Universal buffer (Kiinzler and Hurt, 1998 [83]): 20 mM HEPES-
KOH, pH 7.0, 100 mM KOAc, 2 mM Mg(OAc, 0,1% Tween
20, 10% glycerol. Supplemented with (see Note 1) 1 complete
protease inhibitor cocktail tablet (Roche) per 100 mL 5 mM
B-mercaptoethanol.

1. Wash 80 pL of GSH-Sepharose slurry (per reaction) into a
1.5 mL reaction tube and wash 3 times with 1 mL universal
buffer; spin down in between for 30 s at 3000 rpm at 4 °C.
Wash GSH-Sepharose beads for all reactions together.

2. Meanwhile thaw lysates containing GST-nucleoporins (Nupl,
Nupl00, Nupl16, Nup42) or GST alone on ice.

3. Centrifuge the lysates for 10 min at 4 °C at 16,000 x 4 to
pellet aggregated proteins and store the tubes on ice until use.

4. Add 1 mL of each lysate to washed GSH-Sepharose beads
(combine GSH-Sepharose beads for reactions with same
GST-fusion protein) (see Note 22).

5. Incubate tubes on a rotating platform for 1 h at 4 °C to
immobilize GST and GST fusion protein on GSH-Sepharose
beads.

6. Wash samples 3x (850 x g, 30 s, 4 °C) with 1.5 mL universal
buffer and resuspended in 1 mL bufter each.

7. Split beads, by pipetting 500 pL, into two new 1.5 mL eppen-
dorf tubes.
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8. Add 1-5 pg of recombinant atfinity-purified Hisg-tagged pro-
tein (3.6 pg for Mex67-Mtr2) or respective volume of buffer as
negative control to the GST-/GST-nucleoporin-coated beads
and fill up to 1 mL with universal buffer.

9. Incubate tubes on a rotating platform for 1 h at 4 °C.

10. Wash beads 3x (850 x g, 30s, 4 °C) with 1 mL universal
buffer, remove supernatant completely. Elute the bound pro-
teins by adding 80 pL. 2x LDS butffer and heating at 70 °C for
10 min.

11. Spin down beads and analyze the supernatant by SDS-PAGE,
Coomassie Blue staining and Western analysis using directed
antibodies against Mex67-Mtr2 (sec Note 28).

Pre-ribosomal particles are among the largest and most abundant
cargoes that need to cross the permeability barrier of the NPC.
Rapid transit through the NPC is especially important, as any delay
within the channel may hinder transport of other cargoes. There-
fore, pre-ribosomal particles deploy a set of multiple redundant
export receptors for their transport to the cytoplasm
[1, 21]. High-copy suppressor screens and synthetic lethal interac-
tions and in budding yeast have uncovered ancillary factors that also
mediate efficient pre-ribosome nuclear export. These approaches
have proved to be powerful tools to either discover new compo-
nents of the ribosome export machinery or to directly test func-
tional overlap of a factor of interest with the process of nuclear
export.

The essential export adaptor Nmd3 was identified as a high
copy suppressor of the &ud20A mutant slow growth and 60S
pre-ribosome export defect [72]. Further, the sud20A strain exhi-
bits synthetic lethal or synthetic enhanced growth defects when
combined with mutants of established 60S pre-ribosome export
factors (nmd3ANES1, xpol-1, arxIA, gle2-1, and ecm1A), included
mex67 and mitr2 mutant alleles (mex67kran and mtr2-33) that are
specifically impaired in 60S subunit [72]. These analyses culmi-
nated in the discovery of new FG-repeat binding proteins that
functions directly to the process of nuclear export of 60S
pre-ribosomes.

Similarly, a high-copy suppressor screen aimed at identifying
genes that suppress the impaired growth of the six9A mutant, led to
the discovery of the mRNA and 60S export receptor Mex67-Mtr2
as an auxiliary export receptor for in 40S pre-ribosome export
[57]. Mex67-Mtr2 mutants that fail to bind to the 40S
pre-ribosome were synthetically lethal when combined with the
six9A mutant [57]. Further, the six94 mutant displayed a synthetic
growth defect when combined with a strain expressing Rrp12-GEFD.
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Table 2

Yeast strains used for ribosomal nuclear export studies

Name Genotype Source
arxlA MATn ura3 his3 len2 arxl:: KANMX6 Open Biosystems
bud20A MATa ura3 his3 len2 metl5 TRPIL bud20::KANMX Altvater et al. 2012 [72]
ecmIA MATn ura3 his3 len2 metl5 ecml:: KANMX6 Open Biosystems
yle2-1 MATw gle2-1 ade2-1 ADE3 ura3-1 his3-11,15 Murphy et al. 1996 [84]
len2-3,112 trpl-1 LYS2 canl-100
mex67 MATo ura3 leu2 trpl mex67::HIS3MX +pRS316-MEX67 Occhipinti et al. 2013
shuftle [25]
mir2 shuffle MATr ura3 his3 len2 trpl ade2 mitr2::HISSMX +pRS316- Santos-Rosa et al. 1998
MTR2 [85]
nmda3 MATn ura3 his3 len2 metl5 delta-nmd3:: KANMX6 +pRS316- Panse laboratory
shuffle NMD3
slx9A MATo ura3 his3 len2 TRPI six9::KANMX Faza et al. 2012 [57]
yrb2A MATn bis3 len2 ura3 yrb2:: KANMX6 Open Biosystems

Rrpl2 is a 40S pre-ribosome export factor that directly interacts
with FG-rich nucleoporins [79]. Finally, Yrb2 that stimulate the
assembly of Crml-export complexes on certain NES-containing
cargos by cooperatively binding Crm1 and RanGTP also showed
a strong genetic interaction with SIx9 [57]. This genetic link cul-
minated in the identification of a new type of RanGTP binding
protein that binds to a specific NES-containing cargo and RanGTP
and promotes Crml recruitment.

Tables 2 and 3 provide a comprehensive list of mutants and
their sources to investigate 60S and 40S preribosome export using
standard yeast genetic approaches.

4 GConclusions

Diverse approaches in budding yeast have greatly advanced our
understanding of ribosome assembly and transport. Genetic per-
turbation of energy-consuming enzymes can now be combined
with biochemical affinity purifications to obtain high-resolution
snapshots of the ribosome assembly pathway. We also anticipate
that traditional genetic, biochemical, and cell-biological approaches
will provide eagerly awaited integration of the ribosome pathway
with other biological pathways including nucleocytoplasmic trans-
port, cellular quality control and signaling.
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Plasmids for genetic studies of nucleo-cytoplasmic transport

Name

Description

Source

pRS425- ARX1
pRS426-BUD20
pRS426- ECM1
pRS425-GLE2
pRS425-KAPI114
pRS426-MEX67
pRS425-MTR2
pRS426- NMD3
pRS426-RRPI2
pRS425-SLX9
pRS425-YRB2
pRS426-XPO1/CRM]I
pRS315-mex67AC1
pRS314-mex67Aloop
pRS314-mzr2Aloop
pRS314-nmd3A NESI
pRS315-7202A NES
pRS315-s/x9-1

ARXI1 2y LEU2 AMPR

BUD20 2u URA3 AMPR

ECMI 2u URA3 AMPR

GLE2 2u LEU2 AMPR

KAP114 2y LEU2 AMPR

MEX67 2y URA3 AMPR

MTR2 2y LEU2 AMPR

NMD3 2y URA3 AMPR

RRPI2 2u URA3 AMPR

SLX9 2u LEU2 AMPR

YRB2 2u LEU2 AMPR

XPO1/CRMI1 2y URA3 AMPR
mex07(A525-599a0) CEN LEU2 AMPR
mex67(A409-435a0) CEN TRPI AMPR
mtr2(A116-137aa) CEN TRPI AMPR
nmd3ANESI CEN TRP1 AMPR
7202ANES CEN LEU2 AMPR

six9-1 CEN LEU2 AMPR

Panse laboratory

Panse laboratory

Panse laboratory

Panse laboratory

Panse laboratory

Hung et al. 2008 [69]
Panse laboratory

Panse laboratory

Panse laboratory

Panse laboratory

Panse laboratory

Hung et al. 2008 [69]
Strisser et al. 2000 [70]
Yao et al. 2007 [71]
Yao et al. 2007 [71]
Yao et al. 2007 [71]
Fischer et al. 2015 [58]
Fischer et al. 2015 [58]

5 Notes

. Add just before use.

. Outlined below is a step-by-step protocol to lyse frozen yeast

noodles using a planetary ball mill (Pulverisette 6, Fritsch).

. You MUST hear the balls rattling around in the jar!

If there is no rattling: add or remove balls to the jar until
you hear it rattle. It is not considered a grinding cycle unless

there is rattling.

procedure.

. Typically, ~90% of yeast cells can be disrupted in such

. Use cryoprotective gloves for harvesting cells.
6. Work on ice or cold room as much as possible.

. Prepare powder stock from big culture, store at —80 °C and

weight only necessary amount for an experiment.
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8.

10.

11.

12.

13.

14.

15.

16.

The M-IgG beads are prepared by conjugation of Dynabeads
(Invitrogen) with rabbit IgG (Sigma) according to the standard
protocol.

Plasmids encoding GST-Kapl23 and GST-Psel [86],
Ran?“GTP mutant [87] originate from Schlenstedt laboratory.
SIx9 [58] and €S26™¢ (Hiss-¢S26"44; [56]) can be requested
from Panse laboratory.

GST recombinant proteins were expressed in E.co/z and lysed in
PBS-KMT (150 mM NaCl, 25 mM sodium phosphate, 3 mM
KCI, 1 mM MgCl2, 0.1% Tween, pH 7.3) buffer. His-tagged
proteins were purified in buffer containing 50 mM HEPES
pH 7.5, 50 mM NaCl, 10% glycerol. It is possible to use
directly E.coli lysates containing recombinant proteins without
purification steps [56, 86]. Hiss-tagged importins and
Ran?“GTP (Hise-GsplQ71L-GTP) were expressed and pur-
ified as previously described [86-88].

To prepare E. coli lysate BL.21 cells was grown overnight in
100 mL LB media at 37 °C and 220 rpm. Diluted in 1 | of LB
media to ODgpo 0.2 and again incubated at the same condi-
tion. Cells were harvest at logarithmic growth phase and resus-
pended in PBS-KMT. After cell lysis and centrifugation
supernatant is used for the experiment.

To prevent unspecific interactions with GST-tagged proteins or
GST itis possible to add E. coli lysate to the incubation reaction
(100 pL is usually sufficient).

The Ran protein mutant used in this assay, Ran?"
(GsplQ71L), is a GTPase deficient mutant originating from
Schlenstedt laboratory. Hise-Ran?" is stored in KPi buffer
(24.8 mM KH,PO,, 25 mM, K,HPO,, 20 mM KCl, 5 mM
MgCl,, 2 mM imidazole, 5 mM B-mercaptoethanol, pH 6.8).

Antibodies against FLAG tag are commercially available
reagent from Sigma (F1804).

This assay can be performed with strains containing the repor-
ters growing on solid selective media. In this case, strains
typically in stationary phase, are spread on fresh YPD plates
to induce ribosome production. After growing the cells for
4-8 h at the appropriate temperature, cells can be scraped
from plate using an inoculation loop, mixed with 2 pL. H,O
placed on a glass slide and analyzed under a fluorescence
microscope.

The ul.23-GFP and uS5-GFP reporter plasmids with different
selection markers (LEU2, URA3, TRP1, and HIS3) originate
from the Hurt laboratory [73, 74], the ulL5-GFP reporter
(LEU2) originates from the Silver laboratory [75], and the
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22.

23.

24.

25.

26.

27.

28.
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ulL18-GFP reporter plasmids (LEU2, URA3, TRPl and
HIS3) can be requested from the Panse laboratory [72]. All
the above reporters are expressed under the endogenous pro-
moters. The ribosomal protein ul.l8 can be C-terminally
tagged with GFP at the genomic locus for monitoring the
nuclear export of the large pre-ribosomal subunit.

Plasmids for yeast Crml (Xpol-Hiss) and Ran?" mutant
(Hise-GsplQ71L) originate from Schlenstedt lab [87],
GST-Ltvl and GST-Ltv1*™® can be requested from Panse
lab [58].

Recombinant proteins were expressed in E. coli and either
purified in PBS-KMT or used as lysate.

GST-tagged proteins and Hiss-GsplQ71L was expressed in
E. coli as described in [87, 88]. Crm1-Hiss was expressed in
E. coli as described in [58]. GST, GST-Ltvl and
GST-Ltv1*NESand  Crml-Hisg proteins are stored in
PBS-KMT buffer. Hisg-GsplQ71L is stored in KPi bufter
(24.8 mM KH,PO,, 25 mM, K,HPO,, 20 mM KCl, 5 mM
MgCl,, 2 mM imidazole, 5 mM p-mercaptoethanol, pH 6.8).

To prevent unspecific interactions with GST-tagged proteins or
GST it is possible to add E.coli lysate to the incubation reaction
(100 pL is usually sufficient).

Antibodies against Ran and Crml can be requested in Panse
laboratory.

For the load: Respective amount of affinity-purified Hise-
tagged Mex67-Mtr2 is added to final 100 pL 2x LDS, heated
at 70 °C for 10 min.

All the steps should be carried out at 4 °C or on ice.
Cut pipette tip when pipetting beads.

Recombinant Hiss-tagged protein  (Mex67-Mtr2) was
expressed in BL21 E. coli strain, lysed by sonication in lysis
buffer (500 mM NaCl, 20 mM Tris—HCI pH 8.0, 0.1% Triton
X-100, 1 mM PMSF) and purified using Ni-Sepharose
(GE Healthcare) following a standard protocol.

The lysates containing GST-tagged nucleoporins (Nupl,
Nupl100, Nupl16, Nup42) or GST alone were expressed in
BL21 E. coli strain lysed by sonication in universal buffer.

Due to different expression levels, different volumes of
GST-NUPs lysates may need to be used to uniformly load
GSH-Sepharose beads.

The antibody directed against Mex67-Mtr2 can be requested
from the Panse laboratory [72].
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Abstract

Micrococcal nuclease (MNase) originating from Staphylococcus aurens is a calcium dependent ribo- and
desoxyribonuclease which has endo- and exonucleolytic activity of low sequence preference. MNase is
widely used to analyze nucleosome positions in chromatin by probing the enzyme’s DNA accessibility in
limited digestion reactions. Probing reactions can be performed in a global way by addition of exogenous
MNase, or locally by “chromatin endogenous cleavage” (ChEC) reactions using MNase fusion proteins.
The latter approach has recently been adopted for the analysis of local RNA environments of MNase fusion
proteins which are incorporated in vivo at specific sites of ribonucleoprotein (RNT) complexes. In this case,
ex vivo activation of MNase by addition of calcium leads to RNA cleavages in proximity to the tethered
anchor protein thus providing information about the folding state of its RNA environment.

Here, we describe a set of plasmids that can be used as template for PCR-based MNase tagging of genes
by homologous recombination in §. cerevisine. The templates enable both N- and C-terminal tagging with
MNase in combination with linker regions of different lengths and properties. In addition, an affinity tag is
included in the recombination cassettes which can be used for purification of the particle of interest before
or after induction of MNase cleavages in the surrounding RNA or DNA. A step-by-step protocol is
provided for tagging of a gene of interest, followed by affinity purification of the resulting fusion protein
together with associated RNA and subsequent induction of local MNase cleavages.
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1

Introduction

Numerous methods have been developed over the years to chemi-
cally or enzymatically probe the structure of chromatin and of
ribonucleoprotein (RNP) complexes, two major manifestations of
nucleic acid—protein complexes in eukaryotic cells [1-4]. Depend-
ing on the respective agent or enzyme applied, the accessibility,
flexibility, secondary structure, or tertiary fold of the respective
nucleic acid components can be analyzed either in vitro or in vivo.
Combined with a high throughput sequencing readout these ana-
lyses can be performed genome- or transcriptome wide,
respectively.

One of the enzymes which are routinely used to characterize
nucleosome positions and chromatin states is the micrococcal
nuclease (MNase) which is secreted by the bacterium Staphylococcus
aurens. MNase has endo- and exonucleolytic activity which is
strictly dependent on the presence of calcium. It cleaves both
DNA and RNA with some preference for single stranded and for
A/T- and A/U-rich regions (reviewed in [5-7]. In a typical nucle-
osome mapping experiment exogenous MNase is added to chro-
matin to perform a limited digest. Subsequently, positions of DNA
cleavages and regions which were less accessible to the enzyme are
determined. Information on the exact positioning of nucleosomes
on DNA can be deduced if the size of a protected fragment is close
to 146 base pairs which are typically protected by a nucleosome
core particle [8-10].

Laemmli and colleagues have introduced a variation of this
approach which is termed “chromatin endogenous cleavage”
(ChEC)[11]. Here, a DNA-binding protein of interest is expressed
in S. cerevisiae in fusion with MNase which remains inactive in the
cell due to low calcium concentrations. Increasing the calcium
concentration after cell breakage activates the enzyme which cleaves
then close by accessible DNA. The resulting cuts at specific geno-
mic loci can be analyzed by Southern blotting, or by high through-
put sequencing for obtaining a genome wide data set [11-
14]. ChEC and related MNase tethering approaches [15, 16] pro-
vide a valuable alternative to techniques as CHIP-Seq or DAM-1D
[17, 18] for mapping of DNA binding sites of specific proteins. In
addition, occupancies of fusion proteins at selected genomic loci
can be analyzed in a quantitative way [13].

Protein components of RNPs have been as well expressed in
fusion with MNase in yeast. They are potentially assembled in vivo
at their endogenous location in the respective RNPs. The activation
of MNase after cell breakage by the addition of calcium leads then
to specific RNA cleavages in proximity to the fusion proteins which
can be mapped with nucleotide resolution either by local [19] or by
transcriptome wide primer extension analyses [20]. Experiments
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using a ribosomal model substrate showed that the radius of the
enzymatic probe can be customized through introduction of dif-
ferently sized linkers between the RNP-protein and MNase
[19]. Cleavages up to around 6 nm surface distance from the
anchor protein could be observed with longer linkers while more
proximal cuts were strongly favored when using a short linker.
Thus, in analogy to the ChEC methodology, probing of the RNA
in proximity of a MNase fusion protein can reveal if, and in which
region this protein binds to cellular RNPs. Importantly, additional
information about the RNP’s folding state in the surrounding of
the MNase fusion proteins can be obtained. In this regard, the
general accessibility of the substrate for the enzyme’s active center
and the preference of MNase for single stranded and A/U-rich
regions seem to be major determinants of spatially restricted cleav-
age positions [19, 20]. Consequently, a low number of defined
cleavages can be expected in RNP’s with a compact fold and
thereby low accessibility. A/U-rich loops of spatially flexible hair-
pins which are often hardly detectable in structural analyses by
X-ray crystallography or single molecule cryo-electron microscopy,
were observed to be preferred substrates of MNase tethered to
RNPs [20].

To further facilitate the application of MNase fusion proteins
for both chromatin and RNP research we established a set of
vectors that can be used as templates for PCR based chromosomal
N- or C-terminal MNase tagging of genes by homologous recom-
bination in S. cerevisine. The tagging cassettes include regions
coding for a variety of protein linkers, the MNase itself, a
3x-FLAG affinity tag as well as a heterologous selection marker
(see Tables 1, 2 and 3). The cassettes were designed in a modular
way allowing for straightforward exchange of each of the individual
functional elements. This can be used to replace for example the
rather strong RPS28B promoter present in the N-terminal tagging
cassettes with other promoters better reflecting the endogenous
expression level of the protein to be tagged. Too high expression
levels might cause an excess of free MNase fusion proteins not
assembled in RNPs or chromatin. This in turn could favor the
appearance of nontethered cleavages. The plasmids further code
for a set of different linker regions separating the anchor protein
from the MNase in the fusion protein. The resulting protein linker
regions vary in length from 6 to 63 amino acids and contain
elements of different predicted conformational flexibility
[22]. Finally, the cassettes contain sequences coding for the strong
3x-FLAG affinity tag which can be used for detection of the fusion
proteins by Western blotting. In addition, the tag enables efficient
affinity purification of the fusion proteins before MNase activation.
This can be useful to facilitate the downstream analyses of the
resulting cleavages in RNDs.
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Table 1

Plasmids containing tagging cassettes

Database Linker Marker Affinity
number Linker modules length? Tagging  gene tag Promoter
K2372 - 12 aa C-terminal KIURA3  3xFLAG -
K2373 No MNase encoded! - C-terminal KIURA3  3xFLAG -
K2515 2xHA 30 aa N-terminal hph® 3xFLAG pRPS28B
K2628 = 8 aa N-terminal hph® 3xFLAG pRPS28B
K2488 Flexible linker + long helical 63 aa C-terminal KIURA3  3xFLAG -
linker
K2489 Flexible linker + short helical 48 aa C-terminal KIURA3  3xFLAG -
linker
K2490 Flexible linker 3] aa C-terminal KIURA3  3xFLAG -
K2491 - 6 aa C-terminal KIURA3  3xFLAG -
K2510 Long helical linker 42 aa C-terminal KIURA3  3xFLAG -
K2511 Short helical linker 27 aa C-terminal KIURA3  3xFLAG -

*The total length of the region between the protein of interest and the tethered MNase is indicated. This includes amino
acids encoded by the priming sequences needed for PCR of the tagging cassettes. K2373 does not contain the MNase-
coding sequence. Hence, no linker length is indicated for K2373

"Hygromycin resistance gene with TEV promoter and CYCI terminator

Table 2

Amino acid sequences of linker modules referred to in Table 1

Linker

Amino acid sequence of the linker

Flexible linker
Long helix
Short helix
2xHA

LGGGGSGGGGSGGGGSAAA
LAEAAAKEAAAKEAAAKEAAAKEAAAKAAA
LAEAAAKEAAAKAAA
YPYDVPDYAGYPYDVPDYA

In the following, we provide instruction for PCR based MNase
tagging of a gene of interest in S. cerevisiae using the described
plasmid set. We then outline a step-by-step protocol for the analysis
of MNase tagged RNPs, including their purification using the
built-in 3x-FLAG tag and the subsequent activation of the tethered
MNase to induce local RNA cleavages. For the use of generated
fusion protein expressing strains in chromatin analyses we refer to
recently published protocols [13, 14, 16, 23].



Table 3

Tethered MNase Structure Probing 131

Primer design for PCR based homologous recombination

Size of the PCR

Database Upstream priming Downstream priming amplicon

number sequence (5’ to 3') sequence (5’ to 3')? without overhangs®

K2372 TCCA TACGACTCACTA 2.15 kb
TGGAAAAGAGAAG TAGGG

K2373 TCCA TACGACTCACTA 1.69 kb
TGGAAAAGAGAAG TAGGG

K2515 GACATGGAGGCCCAGA AGCCATGGATCCCC 2.67 kb

TAG
K2628 GACATGGAGGCCCAGA AGCCATGGATCCCC 2.61 kb
TAG

K2488 TCCA TACGACTCACTA 2.31 kb
TGGAAAAGAGAAG TAGGG

K2489 TCCA TACGACTCACTA 2.26 kb
TGGAAAAGAGAAG TAGGG

K2490 TCCA TACGACTCACTA 2.21 kb
TGGAAAAGAGAAG TAGGG

K2491 TCCA TACGACTCACTA 2.14 kb
TGGAAAAGAGAAG TAGGG

K2510 TCCA TACGACTCACTA 2.24 kb
TGGAAAAGAGAAG TAGGG

K2511 TCCA TACGACTCACTA 2.20 kb
TGGAAAAGAGAAG TAGGG

*The priming sequences for all vectors except K2515 and K2628 are the same as the ones described in [21]
*The sizes of the 5’ regions of the oligonucleotides used for PCR which are homologous to the respective genomic
sequence have to be added to these rounded values (see Subheading 3.1)

2 Materials

2.1 Template
Plasmids for PCR
Based Amplification of
Tagging Cassettes

1. Plasmids which can be used as templates for amplification of

recombination cassettes by PCR are described in Tables 1, 2,
and 3. These plasmids and the corresponding sequence infor-
mation are available upon request. Tables 4 and 5 provide more
detailed information on how these plasmids were constructed.

. Synthetic oligonucleotides required for PCR-based amplifica-

tion of recombination cassettes are to be designed as outlined
below in the methods section. Several manufacturers offer
oligonucleotide synthesis services in the required size range
(45-80 nucleotides) with sufficient quality in terms of purity
and error rate. As example, EXTREmers offered by Eurofins/
Genomics were successfully used for the tagging procedure
described below.
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Table 5

Oligonucleotides used for plasmid construction

Database

number Sequence (5’ to 3')

04299 GCGCGGATCCATGGAAAAGAGAAGCCCTAGGTTGGGTGGTGG

04300 ACACGCGCGGATCCATGGAAAAGAGAAGCAACGCAACTTCAACTAAAAAA

TTACA

04301 TCGTTTACCATTTTTCCATCAGC

04246 TTTTTTGCATGCAATCTGGGGACTGTATTAATC
2.2 Generation by 1. Proofreading DNA Polymerase for PCR reactions with bufters
PCR of Tagging provided by the manufacturer.
Cassettes for 2. dNTP solution mix containing each dNTP in 10 mM concen-
Homologous tration (NEB), stored at —20 °C.
Recombination 3. 10 M lithium chloride.

4. >99.8% ethanol (p.a.).

2.3 Transformation 1. Material required for transformation of yeast cells and denatur-

of Competent Yeast

Cells and Screening for 2

Positive Glones

ing extraction of proteins as described in detail in [25].

. Material for size separation of DNA by native agarose gel

electrophoresis according to [26].

. YPD-Hygromycin plates: 1% (w/v) yeast extract (Difco

Laboratories), 2% (w/v) Bacto Peptone (Difco Laboratories),
2% (w/v) glucose, 2% (w/v) agar. The medium is autoclaved
for 20 min and supplemented with 200 pg/mL hygromycin B
(ThermoFisher Scientific) before casting the plates. A 200 mg/
mL stock solution of hygromycin B can be sterilized by filtra-
tion through a filter with a pore size of 0.22 pm (Sarstedt) and
stored at —20 °C.

. SC-URA plates: 0.67% (w/v) YNB with nitrogen (Sunrise

Science Products), 0.062% (w,/v) CSM Ura-Leu-Trp powder
(Sunrise Science Products), 2% (w/v) glucose, 2% (w/v) agar.
The medium is autoclaved for 20 min and supplemented with
100 mg/L leucine (Sunrise Science Products) and 50 mg/L
tryptophan (Sunrise Science Products) before casting the
plates. Stock solutions (50x) of these amino acids can be ster-
ilized by filtration through a filter with a pore size of 0.22 pm
(Sarstedt) and stored at 4 °C.

. YPD medium: 1% (w/v) yeast extract (Difco Laboratories), 2%

(w/v) Bacto peptone (Difco Laboratories), 2% (w/v) glucose.
The medium is autoclaved for 20 min.



2.4 Yeast Culture
and Preparation of
Cellular Extracts

2.5 Purification of
Preribosomal Particles
from Cellular Extracts
and Induction of
MNase Cleavage

10.

11.
12.
13.

o NN O U
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. Material for SDS polyacrylamide electrophoresis and

subsequent transfer of proteins to a PVDF membrane by the
Western blotting approach according to [26].

. Immobilon-P  PVDF membrane for Western blotting

(Carl Roth).

. Primary anti-Flag-Tag antibody: Rat monoclonal anti-

DYKDDDDK antibody, clone L5, 2 mg/mL (Agilent
Technologies).

. Peroxidase coupled secondary antibodies: Peroxidase-

AffinityPure goat anti-rat IgG + IgM (H + L) (Dianova).

Buffer PBS: 137 mM sodium chloride; 2.7 mM potassium
chloride, 10 mM disodium hydrogen phosphate, 2 mM potas-
sium dihydrogen phosphate.

Bufter PBS-T: PBS with 0.05% Tween 20.
Dry milk powder.

BM-Chemiluminescence blotting substrate (Sigma-Aldrich)
and an appropriate imaging system for chemiluminescence
reactions.

. YPD medium: 1% (w/v) yeast extract (Difco Laboratories), 2%

(w/v) Bacto peptone (Difco Laboratories), 2% glucose. The
medium is autoclaved for 20 min.

. Protease inhibitor stock solution (100x concentrated):

200 mM benzamidine and 100 mM PMSF in ethanol p.a.,
stored at —20 °C.

. Buffer AG100: 20 mM Tris—HCI pH 8.0, 100 mM potassium

chloride, 5 mM magnesium acetate, 5 mM EGTA. Cool down
the buffer to 4 °C and adjust it to 1x protease inhibitor con-
centration shortly before usage.

. 40 U/pL recombinant RNasin ribonuclease inhibitors (Pro-

mega), stored at —20 °C.

. Glass beads with 0.75-1.0 mm diameter (Carl Roth).

. Vibrax-VXR rotary shaker (IKA).

. Protein assay dye reagent (Bio-Rad), stored at 4 °C.

. Buffer AE+: 20 mM EDTA, 50 mM sodium acetate pH 5.3,

stored at 4 °C.

. Buffer AG100++: 20 mM Tris—HCI pH 8.09, 100 mM potas-

sium chloride, 5 mM magnesium acetate, 5 mM EGTA, 0.1%
(w/v) Tween, 0.5% (w/v) Triton X-100. Cool down the buffer
to 4 °C and adjust it to 1 x protease inhibitor concentration (see
Subheading 2.4) shortly before usage.

. Buffer AE+: see Subheading 2 .4.
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3. Poly-Prep chromatography columns with 10 mL reservoir
(Bio-Rad).

. Buffer AG100: see Subheading 2.4.

. 0.25 M calcium chloride.

. 1 mL spin columns with 35 pm filter (MoBiTec).

. Water bath.

. Turning wheel.

. ANTI-FLAG ® M2 Affinity Gel (Sigma-Aldrich).

O 00 N O\ Ul

3 Methods

3.1 Primer Design
and Choice of the
Template Plasmid for
PCR Reactions

Table 1 provides an overview on different plasmids which were
created as templates for PCR based amplification of different tag-
ging cassettes. Some of the plasmids are designed for N-terminal
and others for C-terminal MNase tagging of a gene of interest in
S. cerevisine. Otherwise, the MNase cassettes encoded by the differ-
ent plasmids differ by the linkers between MNase and the target
protein and by the yeast selection markers. Two oligonucleotides
have to be designed after choosing one of the plasmids as template
for PCR based amplification of a recombination cassette (see for an
overview [25, 27, 28]). These two oligonucleotides, in the follow-
ing referred to as upstream and downstream oligonucleotide, are
designed to contain at their 3’-end vector specific priming
sequences indicated in the respective columns in Table 3. The
priming sequences hybridize with corresponding regions on the
plasmid which flank the tagging cassette and thus serve to amplify
these cassettes in the PCR reaction. Sequence stretches of the gene
of interest are added at the 5-end of the primers. They should
target cellular homologous recombination reactions of the ampli-
fied cassette to the gene of interest. For N-terminal tagging more
than 40 nucleotides upstream of the start codon of the gene of
interest are added 5’ to the upstream priming sequence to generate
the upstream oligonucleotide. The start codon of the gene and
more than 40 following nucleotides are added in reverse comple-
ment orientation to the 5’-end of the downstream priming
sequence. Thus, the priming sequence in this downstream oligo-
nucleotide directly follows 3’ after the reverse complement
sequence of the start codon (5’-CAT-3'). For C-terminal tagging
a stretch of more than 40 nucleotides ending with the last codon
before the stop codon of the gene of interest is added 5’ to the
upstream priming sequence in the upstream oligonucleotide. For
the downstream oligonucleotide, more than 40 nucleotides of
sequence just 3’ of the genes stop codon are added 5 of the priming
sequence in reverse complement orientation. Thereby the priming
sequence continues directly 3 after this reverse complement stretch
of the genes 3’ untranslated region.



3.2 Generation of
PCR-Based Tagging
Cassettes for
Homologous
Recombination

3.3 Transformation
of Competent Yeast
Cells and Screening for
Positive Clones
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. Approximately 25 ng of the selected plasmid is used as template

in PCR reactions.

. PCR reaction mixtures are prepared with a pair of upstream and

downstream oligonucleotides and a proofreading DNA poly-
merase according to the manufacturer’s instructions (se¢ Note
1). To obtain sufficient amounts of the desired PCR product
two to six reactions can be performed in parallel, each with
50 pL reaction volume (see Note 2).

. The quantity and size of the PCR products are determined by

native DNA agarose gel electrophoresis using 5 pL of the PCR
reaction mixture. The expected sizes for tagging cassettes
amplified from the different plasmid templates are indicated
in Table 1.3.

. Identical PCR reactions performed in parallel are pooled (see

step 1) and supplemented with 0.1 x volume of 10 M lithium
chloride and 2.5 volumes of ice-cold ethanol.

. The samples are incubated for at least 30 min at —20 °C and

subsequently centrifuged at 14,000 x g at 4 °C for at least
20 min.

. The supernatant is discarded, and the remaining DNA pellet is

resolved in 20 pL of water. Native DNA agarose gel electro-
phoresis [26] using about 10% of the DNA solution can be
performed to confirm successful precipitation and to quantify
the amount of obtained DNA.

. Yeast strains used for transformation with tagging cassettes

based on plasmids K2515 and K2628 should not carry a hygro-
mycin resistance marker gene. Yeast strains used for transfor-
mation with tagging cassettes based on K2372, K2373,
K2488, K2489, K2490, K2491, K2510, and K2511 should
have an inactivated URA3 gene. Strains expressing only Flag-
tagged bait proteins without MNase can be generated using
plasmid K2373. The latter strains can be included in the down-
stream RNP probing analyses as a negative control testing for
MNase independent cleavage events in the RNP of interest.

. Yeast cells are made chemically competent for transformation

as outlined in detail in [25].

. For homologous recombination, 50 pL of competent yeast cell

suspension are transformed with 10 pg of the PCR amplified
tagging cassette (see Subheading 3.2). Yeast transformation is
performed as described in [25].

. Cells transformed with recombination cassettes based on plas-

mids K2515 and K2628 are plated on YPD-Hygromycin
plates. For all other recombination cassettes, cells are plated
on SC-URA plates. Before spreading on YPD-Hygromycin
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3.4 Yeast Cell
Culture and
Preparation of Cellular
Extracts

10.

11.

plates, the transformed cells should regenerate for at least 6 h in
10 mL of liquid YPD medium at 30 °C with shaking. Plates are
incubated upside down at 30 °C until appearance of colonies
(2-5 days depending on the strain background and
plates used).

. Several [4-10] colonies are individually streaked out in about

1 cm x 1 cm large patches on respective new selective plates
and incubated for 16-24 h at 30 °C.

The resulting cellular material is used for denaturing protein
extraction which is performed according to [25].

Proteins extracted from the different clones are then separated
by size using SDS polyacrylamide gel electrophoresis followed
by Western blotting to a PVDF membrane [26].

. The membrane is incubated for 1 h at room temperature in 5%

(w/v) dry milk powder in PBS.

Immunodetection of fusion proteins is performed using rat
anti Flag-Tag-antibodies (1:1000 diluted in PBST containing
1% dry milk powder) as primary antibodies and peroxidase
coupled goat anti-rat antibodies as secondary antibodies (1:
5000 diluted in PBST containing 1% dry milk powder). The
membrane is washed three times for 5 min in PBST after each
antibody incubation step.

Fusion proteins are visualized on the membrane using the BM
Chemiluminescence Blotting Substrate according to the man-
ufacturer’s instructions.

Clones expressing MNase fusion proteins of the expected size
can be inoculated in YPD medium starting from the yeast cells
streaked out in step 5 (see Notes 3 and 4).

. Yeast strains expressing MNase fusion proteins are cultured in

YPD medium at 30 °C to an ODgqp of approximately 0.8-1.2.
For probing of (pre)ribosomal particles we routinely use cul-
ture volumes of 14 L for the subsequent analyses. The culture
volume should be optimized for other RNPs depending on
their respective expression level.

Cells are pelleted for 8 min with 9000 x g at room
temperature.

The supernatant is discarded and the cells are resuspended in
20 mL of ice-cold water per liter of cell culture.

. The suspension is transferred to a 50 mL reaction tube and

centrifuged for 3 min at 4200 x gat 4 °C.

. The supernatant is discarded. The cell pellet can be frozen at

this stage at —20 °C and stored until usage. In this case the cells
are thawed on ice before continuing with the next step.



3.5 Purification of
RNPs from Cellular
Extracts and
Activation of MNase

11.

12.

13.
14.

15.
16.

17.
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. At this point all buffers should be ready and cooled down to

4 °C. All subsequent steps are performed at 4 °C, unless stated
otherwise.

. The cells are resuspended in 10 mL of bufter AG100 per liter of

cell culture.

. The cells are centrifuged for 3 min at 4200 x gand 4 °C and

the supernatant is discarded.

. The wet weight of the cellular pellet is determined.
10.

For each gram of cells 1.5 mL of buffer AG100 supplemented
with RNasin (0.04 U/pL) is added and the cells are
resuspended.

The cell suspension is distributed in portions of 800 pL to
precooled 2 mL reaction tubes loaded with 1.4 g of glass beads.

For mechanical disruption of the cells, the tubes are shaken for
7 min at 4 °C on an IKA Vibrax basic shaker at maximum
speed. Afterward, the cell suspensions are chilled on ice for
3 min. The procedure is repeated at least three times (see Note
5).

The cell lysate is centrifuged for 5 min at 14,000 x gand 4 °C.

The supernatant is pooled in a new 1.5 mL reaction tube and
centrifuged for 10 min at 14,000 x gand 4 °C.

The supernatant is transferred to a new 1.5 mL reaction tube.

The protein concentration of the cleared cell extract is deter-
mined with the Bio-Rad protein assay according to the manu-
facturer’s instructions.

Here, samples can be taken for downstream RNA analyses. For
this, a volume of cellular extract containing 300 pg of protein
(= input sample) is added to 500 pL of ice-cold buffer AE+ and
stored at —20 °C until usage (se¢ Note 6).

. The cellular extract prepared in 3.4 is supplemented with 0.1%

(w/v) Tween and 0.5% (w/v) Triton X-100 (see Note 7).

. Prior to affinity purification, the Anti-Flag M2 affinity matrix is

equilibrated with buffer AG100++. For preribosomal particles
we usually use 200 pL of matrix suspension containing about
100 pL matrix for cellular extracts prepared from 1 L of yeast
cell culture. The suspension is transferred to Poly-Prep chro-
matography columns, washed once with 10 mL water and four
times with 3 mL of buffer AG100++.

. The equilibrated affinity matrix is transferred to the tube con-

taining the cellular extract (step 1) and incubated for 1 h at
4 °C on a turning wheel.

. The suspension is transferred into a Poly-Prep chromatography

column and washed twice with 2 mL of buffer AG100++ and
once with 10 mL AG100++.
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10.

. The affinity matrix is suspended in 1 mL AG100 and trans-

ferred into a 1.5 mL reaction tube (see Note 8).

The bead suspension is centrifuged for 2 min at 2000 x g4 and
4 °C. A part of the supernatant is carefully taken oft such that
the affinity matrix remains in a volume of 200 pL in the
reaction tube.

In order to activate the MNase, calcium chloride is added to a
final concentration of 8 mM.

. The reaction tube is incubated with gentle shaking. The opti-

mal temperature and incubation time for the RNP analyzed is
to be determined in pilot experiments (see Note 9).

500 pL of ice-cold AE+ is added to stop the reaction. The
sample can then be stored at —20 °C until subsequent RNA
analyses.

RNA extraction and the analyses of MNase-dependent RNA
cleavages by either Northern blotting, targeted primer exten-
sion reactions or random primer extension analyses followed by
high-throughput sequencing can be performed on samples
thawed on ice as described in [20].

4 Notes

. For PCR reactions we use routinely Herculase II Fusion DNA

Polymerase (Agilent) according to the manufacturer’s instruc-
tions with the thermocycler programmed to the following set-
tings: Initial melt for 2 min at 95 °C followed by a 35 cycles of
20 s melting at 95 °C, 20 s annealing at 45 °C and elongation
for 2 min at 72 °C. Lastly, a final elongation step is performed
for 5 min at 72 °C.

The template plasmids are designed in a modular way such that
respective stretches of homology with the genomic region of
interest can be cloned 5" and 3’ of the plasmids tagging cas-
settes. Usage of gene fragments of 100-500 nucleotides size,
whose synthesis is offered by several companies, and either
classical [26] or more recent [29, 30] molecular cloning stra-
tegies allow to easily integrate these larger complementary
sequence stretches into the plasmids listed in Table 1. In this
way, PCR based amplification of the cassette can be avoided.
Instead, the newly generated plasmid is amplified in E. col,
purified, and the cassette together with the flanking homology
stretches can be excised with the appropriate combination of
restriction enzymes. Due to larger stretches of homology with
the target gene region a clear increase in the number of positive
transformants can be expected when using this approach.
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. At least two clones expressing fusion proteins of the expected
size should be chosen for further analyses. Identical cleavage
pattern among these biological replicates minimizes the risk
that the probing results are due to unexpected rare genetic
events during homologous recombination.

. Integration at the expected genomic locus can be further con-
firmed by PCR analyses on genomic DNA of the selected clone,
using one primer pairing in the tagging cassette and another
one pairing in reverse orientation at the endogenous genomic
locus. In case that in the downstream analyses no cleavage
pattern can be observed, the primers should be designed such
that the MNase coding sequence is amplified. The identity of
the MNase coding sequence can then be confirmed by DNA
sequencing.

. The protein concentration in the crude cell extract can be
measured using the Bio-Rad protein assay according to the
manufacturer’s recommendations, to test the disruption effi-
ciency. Usual protein concentrations at this step should yield
>10 mg/mL. If the concentration is lower, the procedure
should be repeated until no significant further increase in pro-
tein concentration is observed.

. At this point it is possible to perform RNP probing experi-
ments in cellular extracts without prior affinity purification of
the RNP of'interest. For this, the cellular extract is supplemen-
ted with calcium chloride to a final concentration of 8 mM.
After incubation at the desired temperature and time periods
(see Note 9) a volume of cellular extract containing 300 pg
protein is transferred to a new tube containing 500 pL of
ice-cold buffer AE+. These samples can be stored at —20 °C
or directly used for RNA extraction and downstream analyses.

. For better handling, prepare 10% (w/v) stocks of both Triton
X-100 and Tween 20 and use them to adjust the concentra-
tions in the cellular extract.

. At this point the suspension can be split into two equal volumes
which are distributed to two 1.5 mL reaction tubes. They are
treated in parallel as described below except that for one of the
two reaction tubes step 7 (addition of calcium chloride) is
omitted. This reaction serves then as control to determine
calcium and MNase independent cleavages in the RNP
analyzed.

. To determine the optimal temperature and time period for
incubation in the presence of calcium several reactions can be
performed in parallel for which these parameters are varied. For
preribosomal particles with intermediate maturation state we
use 15 min incubation at 16 °C. At optimal incubation condi-
tions a substantial amount of target RNA (>20%) should be
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cleaved as determined by RNA extraction and northern blot-
ting. Excessive cleavage conditions should be avoided since
they may favor disintegration of the analyzed RNP and accu-
mulation of nontethered cleavages.
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Abstract

Cellular RNAs in all three kingdoms of life are modified with diverse chemical modifications. These
chemical modifications expand the topological repertoire of RNAs, and fine-tune their functions. Ribo-
somal RNA in yeast contains more than 100 chemically modified residues in the functionally crucial and
evolutionary conserved regions. The chemical modifications in the rRNA are of three types—methylation
of the ribose sugars at the C2-positionAbstract (Nm), isomerization of uridines to pseudouridines (¥), and
base modifications such as (methylation (mN), acetylation (acN), and aminocarboxypropylation (acpN)).
The modifications profile of the yeast rRNA has been recently completed, providing an excellent platform
to analyze the function of these modifications in RNA metabolism and in cellular physiology. Remarkably,
majority of the rRNA modifications and the enzymatic machineries discovered in yeast are highly conserved
in eukaryotes including humans. Mutations in factors involved in rRNA modification are linked to several
rare severe human diseases (e.g., X-linked Dyskeratosis congenita, the Bowen—Conradi syndrome and the
William—Beuren disease). In this chapter, we summarize all rRNA modifications and the corresponding
enzymatic machineries of the budding yeast.

Key words rRNA modification, Ribose methylation, Pseudouridylation, Base methylation, Amino-
carboxypropylation, Acetylation of cytidines, Methyltransferase

1 Introduction

RNA modifications are present in all three kingdoms of life and
detected in all classes of cellular RNAs. RNA modifications are
diverse, with more than 100 types of chemical modifications iden-
tified to date [1]. Ribosomes are molecular assemblies of RNA and
proteins and are responsible for the synthesis of all proteins in the
cells [2]. Structural and functional analyses of ribosomes have
revealed that it is the ribosomal RNA (rRNA) that makes the
structural framework of ribosomes and catalyzes the joining of
amino acids (peptidyl transfer) during translation, hence making
the ribosome a ribozyme [3]. Though the chemical composition of
RNA seems to be rather insufficient to provide the structural com-
plexity to RNA, the composition analysis of rRNA has shown that
rRNA contains different chemical modifications that are added

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
https://doi.org/10.1007/978-1-0716-2501-9_9, © The Author(s) 2022
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both co- and posttranscriptionally [4, 5]. Ribosomal RNA (rRNA)
contains three types of chemical modifications, methylation of the
ribose sugars at the C2-position (Nm), isomerization of uridines to
pseudouridines (¥), and base modifications (methylation (mN)
such as acetylation (acN) and aminocarboxypropylation (acpN))
[6]. Mutations in factors involved in rRNA modifications are asso-
ciated with several rare severe human diseases (e.g., X-linked dys-
keratosis congenita, the Bowen—Conradi syndrome, Hutchison
Gilford syndrome, and the William—Beuren disease) [7-
13]. Emerging evidences indicate that some bases are not always
completely modified providing heterogeneity with respect to RNA
modification [14-16]. Heterogeneity in rRNA modification has
been correlated with disease etiology (cancer) and shown to play a
role in cell differentiation (hematopoiesis) [17]. Remarkably,
alterations in rRNA modification patterns profoundly affect the
preference of ribosomes for cap- versus IRES-dependent transla-
tion having major consequences on cell physiology [18, 19]. Here,
we summarize all known rRNA modifications of the budding yeast
with an emphasis on base modifications (see Tables 1, 2, 3 and 4).

In Sacchavomyces cevevisine, 18S rRNA of the small subunit
contains 14 Ws, 18 Nms (2'O-methylated Ns), 4 mNs (methylated
Ns), and 2 acNs (acylated Ns) (Tables 1 and 2), whereas 25S rRNA
of the large subunit contains 30 ¥s, 35 Nms, and 6 base methyla-
tions (Tables 3 and 4). Mapping of these modifications has revealed
that these modifications cluster in the functionally conserved
regions of the ribosomes like the intersubunit and the peptidyl
transferase center [6, 20, 21]. Due to technical limitations, the
chemical modification profile of rRNA, especially for the base
modifications, remained poorly characterized for a long time.
Using state-of-the-art RP-HPLC and mass spectrometry together
with “reverse genetics,” we and others have recently completed the
characterization and mapping of the complete set of yeast rRNA
modifications, and have identified the corresponding enzymatic
machinery involved in adding these modifications to the RNA
[16,22,23].

2 Ribose Methylation

Methylation of 2'-OH of ribose sugar to a 2’-O-methyl-ribose is a
characteristic modification in mRNA and many noncoding RNA
(ncRNA) including tRNA, rRNA and siRNAs (Fig. 1). Ribose
methylation favors a 3'-endo conformation of the ribose and since
3’-endo conformations are known to stabilize A-form helices, meth-
ylation of ribose increases the rigidity of the RNA by promoting
base stacking. Furthermore, ribose methylation provides RNA sta-
bility against base and nuclease hydrolysis by insulating the other-
wise active 2'-OH group. Our recent analyses together with other



Table 1

18S rRNA modifications catalyzed by snoRNPs
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Modified residue snoRNA Modified residue snoRNA
2'0-A28 snR74 ¥ 106 snR44
2/0-A100 snR51 ¥ 120 snR49
2/0-C414 Ul4 (snR128) P211 snR49
2/0-A420 snR52 ¥ 302 snR49
2/0-A436 snR87 ¥ 466 snR189
2'0-A541 snR41 ¥ 632 snR161
2/'0-A562 snrR40 ¥ 759 snR80
2/0-U578 snR77 ¥ 766 snR161
2'0-A619 snR47 ¥ 999 snR31
2'0-A796 snR53 ¥ 1181 snR85
2'0-A974 snR54 ¥ 1187 snR36
2'0-C1007 snR79 ¥ 1191 snR35
2/0-G1126 snR41 ¥ 1290 snR83
2'0-U1269 snR55 ¥ 1415 snR83
2'0-G1271 snR40
2/0-G1428 snR56
2'0-G1572 snR57
2'0-C1639 snR70

Table 2

18S rRNA modifications catalyzed by specific enzymes
Modified residue Enzymes snoRNAs
m’G1575 Bud23
m'acp®¥1191 Nepl, Tsr3 snR35
m®,A1781 Diml
m®,A1782 Diml
ac*C1280 Kre33 snR4
ac*C1773 Kre33 snR45




Table 3
25S and 5.8S rRNA modifications catalyzed by snoRNPs

Modified residue snoRNA Modified residue snoRNA
2'0-A649 U18 (snR18) 2’0 G2922 SPB1
2/0-C650 U18 (snR18) 2'0 A2946 snR71
2'0-C663 snR58 20 C2948 snR69
2'0-G805 snR39 2'0 C2959 snR73
2'0-A807 snR59 Y776 snR80
2'0-A817 snR60 Y960 snR8
2'0-G867 snR50 Y966 snR43
2'0-A876 snR72 Y986 snR8
2'0-U898 snR40 Y990 snR49
2'0-G908 snR60 ¥1004 snR5
2/0-A1133 snR61 P1042 snR33
2'0-G1142 ? Y1052 snR81
2'0-C1437 U24 (snR24) Y1056 snR44
2'0-A1449 U24 (snR24) Y1110 snR82
2'0-G1450 U24 (snR24) Y1124 snR5
2/0-U1888 snR62 P2129 snR3
2'0-C2197 snR76 ¥2133 snR3
2/0-A2220 snR47 Y2191 snR32
2/0-A2256 snR63 Y2258 snR191
2'0-A2280 snR13 P2260 snR191
2'0-A2281 snR13 P2264 snR3
2'0-G2288 snR75 Y2266 snR84
2'0-C2337 snR64 Y2314 snR86
2'0-U2347 snR65 Y2340 snR9
2'0-G2395 snR190 (predicted) Y2349 snR82
2/0-U2417 snR66 P2351 snR82
2'0-U2421 snR78 P2416 snR11
2'0-G2619 snR67 Y2735 snR189
2'0-A2640 snR68 P2826 snR34
2'0-U2724 snR67 Y2865 snR46
2'0-0U2729 snR51 ¥2880 snR34
2'0-G2791 snR48 ¥2923 snR10
2'0-G2793 snR48 ¥2944 snR37
2'0-G2815 snR38 Y2975 snR42
2'0-U2921 snR52

58S RNA snR43

Y73




2.1 G/D Box snoRNPs
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Table 4
25S and 5S rRNA modifications catalyzed by enzymes

Modified residue Enzyme

258 yRNA

m'A645 Rrp8 (Bmtl)
m'A2142 Bmt2
m°C2278 Reml (Bmt3)
m°C2870 Nop2 (Bmt4)
m3U2634 Bmt5
m3U2843 Bmt6

58 rRNA

¥ 50 Pus7

groups have identified several partial rRNA modifications in eukar-
yotes including humans. These observations suggest the existence
of a heterogeneous population of ribosomes supporting the
“specialized” translation model, which could possibly play an
important role during embryonic development [14-16, 22,
24, 25].

All 2'-OH ribose methylation occur at distinct positions in eukary-
otic rRNAs (Tables 1 and 3). The respective positions are targeted
v specific C/D box snoRNAs having complementary guide
sequences to the respective rRNAs together with distinguishing
sequence elements called boxes C and D.

The methylation guide sequence is located upstream of the box
D/D’ element and consists of 10-21 nucleotides. The guide
sequences direct ribose methylation to the nucleotide base paired
to the fifth nucleotide (nt) upstream of the box D or D’ sequence
(box D + 5 rule) [26]. The C/D box snoRNPs consist of four
common core proteins: Fibrillarin (human)/Nopl (yeast), Nop58,
Nop56, and Snul3 [27]. Interestingly, C/D box snoRNPs
involved in functions apart from catalysis like U3, Ul4, U8, U22,
snR4, and snR45 also contain additional proteins [27,28]. Nopl is
a S-adenosyl methionine (SAM) dependent methyltransferase and
catalyzes the 2’-O methylation reaction. Snul3 binds to the kink-
turn (loop-stem structure that includes the canonical C/D ele-
ments in the loop portion) in the C/D box of snoRNAs. Nop56
and Nop58 are characterized by extensive coiled-coil domains,
likely responsible for heterodimerization and providing stability to
the snoRNA.
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3 Pseudouridylation

N'-methyl-N*-(3-amino-3-carboxypropyl) o=r—o0
pseudouridine (m'acp®¥) |

0

\
Q Fi
\\1‘“ = NH;
m'acp$
-
5C (s}

Pseudouridylation (y) is a C-glycoside rotation isomer of uridine
(Fig. 1). Due to rotation, the nitrogen atom at position
1 (N1) forms no longer a glycosidic bond to the ribose and is
protonated at physiological pH. Compared to uracil, in pseudour-
acil both N1 and N3 participate in hydrogen bonding. The N1
proton makes hydrogen bonding with a phosphate group from the
same or neighboring nucleotide and provides stability of the
structure.

Furthermore, like ribose methylation, pseudouridine also
favors a C3-endo sugar pucker (the conformation preferred by an
A-form RNA helix) and has been shown to increase the thermal
stability of RNA by up to 2 °C [29]. Therefore, the presence of ¥
also plays an important role in RNA stability that may not be
essential, but seemingly provides a significant advantage [5].
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Fig. 1 Chemical structure of modified bases and 2'0-methylation in yeast rRNAs
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The majority of pseudoridines in rRNAs are added via specific
H/ACA box snoRNPs having complementary guide sequences to
the respective rRNAs and contain small sequence elements referred
to as boxes H and ACA [30]. Similar to C/D box snoRNAs,
substrate targeting involves base pairing through two short guide
sequences in a loop portion of the duplex structures (Tables 1
and 2). The guide sequences are 14-15 nucleotides from the H
or ACA box. The binding of the substrate places the target uridine
in a pseudouridylation pocket between the flanking paired
regions [30].

H/ACA snoRNPs contain four core proteins in yeast: Cbfbp
(Dyskerin in humans), Garl, Nhp2, and Nopl10. Cbf5 is the cata-
lytic pseudouridine synthase. Although the crystal structure from
the eukaryotic H/ACA snoRNP is still missing, the archaeal
H/ACA structure has provided noteworthy details about the orga-
nization of various core proteins [31]. Cbf5 has been shown to
contact the ACA motif and both P1 and P2 stem. Nhp2, the yeast
homolog of archaeal L7Ae binds to the K loop structure in the
upper half of the RNA. Garl does not bind to the RNA directly but
rather joins the complex through its interaction with Cbf5. Further
structural analyses of Cbf5 have revealed that its interaction with
Garl is essential for substrate binding and release [27].

4 Base Modifications

4.1 Base Methylation

The rRNAs contain three different types of base modifications—
methylation (m), acetylation (ac), and aminocarboxypropylation
(acp). Methylation is the most common base modification in
rRNA. All four nitrogenous bases of RNA undergo methylation
either at nitrogen (N) or carbon (C) atoms. On the other hand,
only cytosine bases are acetylated, and aminocarboxypropyl is
added either to a uridine or pseudouridine residues in yeast. The
base modifications of RNA are primarily catalyzed by snoRNA-
independent enzymes with only exception being 18S rRNA acety-
lation that requires particular C/D box snoRNAs (Tables 2 and 4).

Methylation of nitrogenous base strongly affect their physical and
chemical properties. Methylation promotes base stacking by
increasing the hydrophobicity and the polarizability. Furthermore,
methylation also influences the structure by increasing steric hin-
drance, blocking canonical (Watson—Crick) hydrogen bonding and
fostering noncanonical Hoogsteen base paring. This presumably
helps ncRNA like rRNA to attain and maintain specific conforma-
tions, essential for their corresponding function—both with respect
to their structure and their enzymatic activity.
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4.2 Methyl
transferases

4.3 N4- Acelylation
of Cytidine (ac*C)

Methyltransferases are the enzymes that catalyze specific transfer of
methyl group form a methyl donor to various substrates. S-adeno-
syl-methionine (SAM or AdoMet) is the most common methyl
donor by virtue of the presence of a charged methylsulfonium
center [32]. Methyltransferases that utilize the methyl group of
SAM for the methylation reaction are called SAM dependent
methyltransferases. Based on their structural analysis, all currently
known SAM dependent methyltransferases have been divided into
five distinct classes (Class I to Class V) [33].

Class I methyltransferases are characterized by a Rossmann-fold
like domain and methylate a wide variety of substrates (DNA, RNA
and proteins along with other small molecules). Rossmann folds are
nucleotide (especially NAD(P)) binding domains that also contain
an alternating o/ strands topology in which two Rossmann fold
domains are linked into 6 parallel p stands sandwiched by a pair of
a-helices [32]. The Rossmann-like fold comprises of alternating
pB-stranded and a-helical regions, with all strands forming a central
relatively planar p-sheet, and helices stuffing two layers, one on each
side of the plane.

Class II methyltransferases are characterized by a methionine
synthase activation domain. The Met synthase activation contains
an unusual fold with long, central, antiparallel $-sheet flanked by
groups of helices at either end, which makes it structurally distinct
from Class I methyltransferases [32].

Class 111 methyltransferases act on ring carbons of the large,
planar precorrin substrates during cobalamin biosynthesis (e.g.,
CbiF) [32].

Class IV methyltransferases belong to the SPOUT family and
methylate either RNA or proteins [32, 34]. These enzymes contain
a six- stranded parallel f sheet flanked by seven a-helices. Interest-
ingly the first three strands of these methyltransferases form half of a
Rossmann fold. The active site of SPOUT methyltransferases is
located near the subunit interface of a homodimer.

Class V methyltransferases contain typical SET domains, discov-
ered originally as conserved domain shared by chromatin remodel-
ing proteins Su (var) 3-9, E (Z) (short for Enhancer of Zeste) and
Trithorax [32]. Most of the currently known SET methyltrans-
ferases methylate lysine residues of various nuclear proteins
involved in chromatin remodeling and transcriptional regulation.
The SAM binding site and the catalytic center of SET domains
contains all-p (eight curved p strands forming three small sheets)
and knot-like structures like Class IV methyltransferases but based
on a different topology [32].

Acetylation of cytidine residues is a highly conserved base modifi-
cation present in 18S rRNA, as well as leucine and serine tRNAs of
yeast [35, 36]. Molecular dynamics simulation and in vitro studies
using the noninitiator methionine-accepting tRNA of E. coli have
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reported that acetylation of cytidine residues stabilize the C3’-endo
puckering conformation of ribose, and stabilizes the G—C base
pairing in the RNA, which has been highlighted as an important
function of this modification in counteracting mistakes that may
occur during translation due to misreading of the isoleucine AUA
codon by tRNAM* [37-39]. Interestingly, in the 18S rRNA both
ac*C residues [ac*C 1280 (helix 34) and ac*C1773 (helix 45)] are
also involved in C-G base pairings that are fundamental for ribo-
some functionality [6,40]. The disruption of these base pairing was
found to be lethal for yeast cells (unpublished data).

Structural and functional analysis of bacterial RNA acetyltrans-
ferase TmcA has revealed that RNA acetyltransferases utilize acetyl-
CoA as an acetyl group donor, which is transferred in an
ATP-dependent manner to the cytosine residues [41]. RNA acet-
yltransferases contain an N- terminal RNA helicase domain similar
to that of DEAD-box RNA helicases paired with a C- terminal
Genb-related N-acetyltransferase (GNAT) fold. TmcA is a stand-
alone enzyme and does not necessitate auxiliary factors for sub-
strate specificity, which is likely due to similar substrates that it
acetylates [42].

In contrast to TmcA, the yeast and higher eukaryotes
TmcA homologs Kre33/NAT10 utilize protein factors Tanl and
THUMPDI, respectively, for tRNA acetylation and snoRNAs
snR4 and snR45 for 18S rRNA acetylation [28, 43, 44].

The addition of 3-aminocarboxypropyl (acp) to the RNA is another
highly conserved modification in eukaryotic cellular RNAs derived
from S-adenosyl-L-methionine (SAM) [45]. This modification is
mostly added to the uridine and pseudouridine residues and
impacts the ability of these bases to establish hydrogen bonding
with otherwise complementary adenosine residue [46, 47].

RNA aminocarboxypropyl transferase is a novel class of SAM
dependent acp transferase with a significant homology to the
SPOUT-class RNA-methyltransferases ~ [46, 47]. Structure anal-
ysis of its archaeal Tsr3 homologs has revealed that these enzymes
contains the same fold as in SPOUT- class-RNA methyltransferase
[34], but due to a discrete SAM binding arrangement acp trans-
ferases transfer the acp instead of the methyl group of SAM to its
substrate [47].

5 Base Modifications of 18S rRNA

The 18S rRNA of ribosome small subunit (SSU) contains four base
methylation: one m'acp3¥1191, two m°®,A1781, m®,A1782, and
asingle m”G1575, and two base acetylation—ac*C 1280 and 1773
(Fig. 1 and Table 3).
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5.1 Dim1 Catalyzes
m62A1781 and
m62A1782 dimethyla-
tion

5.2 Bud23 Catalyzes
m’G1575 Methylation

5.3 Nepi1 (Emg1) and
Tsr3 Catalyze ¥ 1191
Modification (m’
acp3¥r 1191)

The first base methylation analyzed in rRNAs of S. cerevisine were
the m®,A1781 and m®,A1782 dimethylations [48]. Both dimethy-
lations of adenine residues at carbon atom 6 (C-6) in the 3'of SSU
rRNA are highly conserved and are catalyzed by universally con-
served orthologous methyltransferases. In . cerevisiae, Diml cata-
lyzes the methylation of both adenine residues [48,49]. Dim1 is an
essential protein and plays a key role in 40S biogenesis. Interest-
ingly, both these dimethylations of 18S are performed in the cyto-
plasm and it has been shown that 40S subunits lacking
dimethylated 18S rRNA are not competent for translation in vitro
[48,49].

Nevertheless, further analysis of this methylation and its
corresponding enzymes revealed that the methylation deficient
mutant of dzm 1 is viable albeit influences the 35S rRNA processing,
suggesting that methylations are dispensable for ribosome function
in vivo [48, 49].

Bud23 catalyzes the methylation of nitrogen atom 7 in the guano-
sine residue at position 1575 (m”G1575) of 18S rRNA [50]. Resi-
due G1575 is highly conserved and interacts with the anticodon
loop of the P-site tRNA [40]. Bud23 is a eukaryote specific enzyme
and no orthologs have been detected in prokaryotes. It is a nucleo-
lar protein and has been shown to be critical for the efficient export
of the small subunit and its cytoplasmic maturation [50]. Intrigu-
ingly, as observed for Dim1, the m”G1575 methylation also turned
out to be not the essential function of Bud23 as the loss of methyl-
ation does not exhibit any 40S processing and export defects.
Conspicuously, Bud23 needs the assistance of methyltransferase
adaptor protein, Trm112 for the methylation of G1575 [50-52].

The most interesting modification in the rRNA result in 1-methyl-
3-(3-amino-3-carboxypropyl)-pseudouridine (m'acp3¥1191)
[4]. S. cerevisine 18S rRNA contains a single m*acp3¥ hypermodi-
fication at residue 1191, located in the decoding center of the 40S
subunit, proximal to the P site-tRNA [40]. The m'acp3¥1191
modification comprises of three reactions: (1) pseudouridylation,
(2) methylation, and finally (3) the addition of 3-amino-3-carbox-
ypropyl [8, 47, 53]. During maturation of 18S rRNA, these mod-
ifications are added sequentially. First, snR35 snoRNDP catalyzes the
pseudouridylation of U1191, thus unlinking the N1 of the U1191
from the glycosidic bond with the ribose sugar [30]. Next, Nepl
(Emgl) methylates this N1 of ¥1191. Nepl, also described as
Emgl is a highly conserved and an essential pseudouridine-N1-
specific methyltransferase [8] with an extended SPOUT-class
methyltransferase fold and a pre-organized SAM-binding site
[9, 54, 55]. Remarkably, a point mutation in
the human Nepl (Emgl) protein (D86G) has been shown to be
responsible for Bowen—Conradi syndrome (BSC mutation) [7]. As
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already observed in case of Bud23 and Diml, the methylation
appeared not to be the essential function of the Nepl. Instead,
the BSC-mutated yeast Nepl protein showed enhanced dimeriza-
tion propensity and increased affinity for its RNA-target in vitro.
Furthermore, the BCS mutation prevented nucleolar accumulation
of Nepl, which could be the reason for reduced growth in yeast and
the Bowen-Conradi syndrome [8]. Furthermore, loss of methyla-
tion leads to defects in 40S subunits and affects antibiotic sensitivity
[8, 56, 57]. Genetic analysis of Nepl has provided understanding
of its possible essential function [56, 58]. Overexpression of Rps19
protein has been demonstrated to suppress the deletion of other-
wise essential Nepl [58]. This has led to the hypothesis that per-
haps the essential function of Nepl is to assist the incorporation of
Rpsl9 protein during 40S biogenesis. Nevertheless, this model
awaits the biochemical experiments in its support [59].

Whereas ¥ (snR35) and N1-CHj3 (Nepl) are introduced in
the nucleus, it was shown that the addition of 3-amino-3-carbox-
ypropyl to the W1191 takes place in the cytoplasm [53]. The
enzyme responsible for the transfer of 3-amino-3-carboxypropyl
(acp) to the N3 atom of W1191 was recently identified as Tsr3
[47]. A homologous enzyme was also identified in E. cols that
catalyzes acp>U modification at position 47 in the variable loop of
eight E. coli tRNAs [46].

Eukaryotes contain only one cytidine acetyltransferase Kre33
(yeast) and NAT10 (human) that catalyzes both rRNA and tRNA
cytidine acetylation [28, 43, 44]. Kre33 contains a N terminal
helicase domain fused to the C terminal acetyltransferase domain
related to GCN5 [42, 44 ]. In S. cerevisine Tanl was initially identi-
fied as a protein that is required for acetylation of ac*C formation at
position 12 of tRNA-Ser (CGA) [36]. Nevertheless, Tanl does not
contain any catalytic (acetyltransferase) domain for ac*C formation
but rather contains the THUMP domain, responsible for tRNA
binding.

Interestingly, the acetylation of two cytosine residues in 18S
rRNA catalyzed by Kre33 are guided by the two box C/D snoR-
NAs snR4 and snR45 which are not known to be involved in
methylation [28]. This is in contrast to tRNA acetylation where
protein Tan] likely guides Kre33 to the acetylated cytidine [28, 43,
44]. These results highlighted yet another example of an incredible
cellular modularity, where a single enzyme is targeted to diverse
substrates by means of either protein or RNA adaptors. Both snR4
and snR45 establish extended bipartite complementarity around
the cytosines targeted for acetylation [28].

The viability of catalytically deficient Kre33 mutants demon-
strated that acetylation of 18S rRNA is dispensable for cell viability.
Although both catalytic deficient mutants, kre33-H545A and
kre33-R637A exhibited severe growth defects at 37 °C, similar to
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what was observed previously for the Tanl deletion mutant
[36, 44]. Since snoRNA deletions did not exhibit this phenotype
at 37 °C, we concluded that this is probably due to the loss of tRNA
acetylation.

6 Base Modifications of 25S rRNA

6.1 Rrp8 (Bmt1)
Catalyzes m' A 645
Methylation

6.2 Bmi2 Catalyzes
A2142 Methylation
(m'A2142)

The 25S rRNA of the ribosome large subunit (LSU) in yeast
contains 6 base methylation: two m'A (1-methyl adenosine), two
m®C (5-methyl cytosine), and two m*U (3-methyl uridine) (Fig. 1
and Table 4). Two m°U (5-methyl uridine) methylations were also
reported previously but the presence of these in the 25S rRNA have
been disproven.

Rrp8, a protein previously shown to be involved in the processing
of 358 rRNA at site A2 [60]. Rrp8 catalyzes m'A645 base methyl-
ation of 258 rRNA and is a Class I SAM dependent rRNA methyl-
transferase [61]. The mapping of m'A645 on the ribosomal RNA
revealed that this residue is present in helix 25.1 of domain II of the
258 rRNA. Helix 25.1 is highly conserved in eukaryotes including
humans [62]. The in vivo structural probing of 25S rRNA, using
both DMS and SHAPE, revealed that the loss of the Rrp8-catalyzed
m'A modification alters the conformation of domain I of yeast 25S
rRNA causing translation initiation defects detectable as halfmer
formation, likely because of incompetent loading of 60S on the
43S-preinitiation complex [62]. Surprisingly, quantitative proteo-
mic analysis of the yeast A77p8 mutant strain using 2D-DIGE have
exhibited that loss of m'A645 impacts production of a specific set
of proteins involved in carbohydrate metabolism, translation, and
ribosome synthesis [62]. These findings in yeast point to a role of
Rrp8 in primary metabolism. In conclusion, the m*A modification
is crucial for maintaining an optimal 60S conformation, which in
turn is important for regulating the synthesis of key metabolic
enzymes.

Bmt2 catalyzes the m'A2142 methylation located in helix
65 (H65) of the 258 rRNA [63]. H65 belongs to domain IV of
25S rRNA, which makes most of the intersubunit surface of the
large subunit. Interestingly, L2, a highly conserved protein makes
physical contact with H65, especially with its SH3-f barrel globular
domain. Like Rrp8, Bmt2 also belongs to Class I Rossmann-like
fold methyltransferases family [63].

A deletion mutant of BMT2 was previously identified to extend
hibernating life span and to exhibit peroxide sensitivity [64]. A
methyltransferase dead mutant (bmt2-G180R) and rDNA point
mutants (A2142G, A2142C, and A2142T) also exhibited hydro-
gen peroxide sensitivity. Taken together this indicates that the
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biosynthetic pathways of this modifications interact with the cellu-
lar response toward oxidative stress stimulated by hydrogen
peroxide.

Yeast 258 rRNA contains two m°C residues at positions 2278 and
2870 [65]. Rem1 and Nop2 were shown to be responsible for two
distinct m>C methylations of 258 rRNA at position C2278 and
C2870, respectively [66]. Both Rem1 and Nop2 belong to Class 1
methyltransferases characterized by Rossmann-like folds. Interest-
ingly, biochemical and structural analyses of other RNA cytosine
methyltransferases have provided an important insight into their
catalytic mechanism [67]. All known RNA cytosine methyltrans-
ferases utilize two highly conserved cysteine residues in the motif
IV and motif VI for the addition of methyl group at C5 of cytosine
[65, 67]. The cysteine in motif VI makes a nucleophilic attack on to
the C-6 of cytosine and form a covalent adduct with the RNA,
whereas the cysteine of motif IV is important for the release of the
substrate [67]. For both Rem1 and Nop2 exchange of cysteine in
motif VI with the alanine led to methyltransferase-dead mutants,
whereas replacement of cysteine in motif IV with alanine turned out
to be lethal [66].

The lethality of both rem1 and nop2 motif IV cysteine mutant
proteins suggested that due to substitution of cysteines in motit IV,
the mutant proteins fail to separate themselves from their
corresponding targets and forms a stable protein-rRNA complex.
This fixing of the mutant protein then blocks the 258 rRNA pro-
cessing and probably causes cell death. This model was further
supported by suppression of this lethality upon exchange of both
motif IV and motif VI cysteine residues together in case of Reml
and also Nop2, as this precluded the formation of any covalent
complex [66].

Nop2 is an essential protein in S. cerevisiae [68]. Previous
biochemical analyses using the hypomorphic expression system
have shown that Nop2 depletion causes severe defects in the
rRNA processing and 60S biogenesis. The viability of the nop2-
C478A methyltransferase-deadmutant demonstrated, that methyl-
ation at C2870 is not the essential function of Nop2. In other
words m°C2870 is not essential for viability. Nevertheless, the
polysome profiles and Northern-blotting analysis of the
methyltransferase-dead mutant of Nop2 demonstrated that loss of
m°C2870 strongly impairs the 35S rRNA processing and 60S
biogenesis; the phenotypes observed previously upon depletion of
Nop2 [66]. Therefore, this suggested that the Nop2 depletion
phenotypes observed previously are apparently the result of
reduced m°C modification.

Absence of m®C2278 causes anisomycin hypersensitivity
[66]. In contrast to m®C2870, loss of m°C 2278 did not exhibit
any defects in 60S biogenesis and 35S rRNA processing. As far as
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6.4 Bmi5 and Bmt6
Catalyze m°U2634 and
m°U2843 Methylation

6.5 25S rRNA of
Yeast Does Not
Contain any m°U
Residues

the biological role of m®C2278 is concerned, loss of m®*C2278 in
helix 70 (H70) causes anisomycin hypersensitivity, indicating that
the loss of this methylation disrupts its optimal conformation.
Together with the data from the m'A2142 base modification in
helix 65, the anisomycin hypersensitivity after the loss of m>C 2278
also suggests that the conformation of domain IV of 258 rRNA is
crucial for anisomycin sensitivity as both m'A2142 and m*C 2278
reside in the domain IV of the 258 rRNA [66].

To understand how 25S/28S rRNA cytosine methylation
(m°C) and its corresponding enzyme (Recml/NSUNS5) impact
biological functions, in a collaboration with Johannes Grillari’s
lab, we found, that reduced levels of the enzyme increase the life
span and stress resistance in yeast, worms, and flies [69]. Loss of
m°C alters the structural conformation of the ribosome and pro-
motes translational reprogramming by favoring translation of a
distinct subset of oxidative stress-responsive mRNAs [69]. Thus,
rather than merely being a static molecular machine executing
translation, the ribosome exhibits functional diversity by modifica-
tion of just a single rRNA nucleotide, resulting in an alteration of
organismal physiological behavior, and linking rRNA-mediated
translational regulation to the modulation of life span, and ditfer-
ential stress response.

Bmt5 and Bmt6 catalyze the m*U methylations at positions 2634
and 2843 of the 25S rRNA [70]. Both enzymes belong to the
Rossmann-like fold protein family. The substitution of highly con-
served glycine residues in the SAM binding motif of both Bmt5 and
Bmt6 with arginine abolished their catalytic activity. Surprisingly,
m>U methylation in the 16S rRNA of E. coli is catalyzed by proteins
of the SPOUT methyltransferase family which had led to the
assumption that m*U methylation could only be performed by
SPOUT methyltransferases [71]. With the identification of Bmt5
and Bmt6 this convention is no more valid.

Both Bmt5 and Bmt6 are highly conserved in lower eukaryotes
including yeasts like Schizosaccharomyces pombe, Neurospora crassa,
and Kluyveromyces lactis. The Bmt5 and Bmt6 homologs are likely
performing the same function in these organisms.

Yeast 258 rRNA was predicted to contain two m°U residues at
position 956 and 2924 [20, 72]. Using both RP-HPLC and mass
spectrometry this was disproved [70]. Similarly, the 258 rRNA of
C. albicans and S. pombe also did not contain any m°U residues
[73]. This has been also confirmed for higher eukaryotes, whereas
m®U residues have been only observed in tRNAs, which is in
consent with the presence of only one m°U methyltransferase,
Trm2 (in yeast and its homologs), responsible for m*>U modifica-
tion of tRNAs at position 54. Up till now, Trm2 has not been
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observed to display any interaction with the rRNA in yeast. Taken
together, this would apparently suggest that during the course of
evolution m°U methylation have disappeared in rRNA of
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Abstract

Deoxyribozymes are artificially evolved DNA molecules with catalytic abilities. RNA-cleaving deoxyribo-
zymes have been recognized as an efficient tool for detection of modifications in target RNAs and provide
an alternative to traditional and modern methods for detection of ribose or nucleobase methylation.
However, there are only few examples of DNA enzymes that specifically reveal the presence of a certain
type of modification, including N°®-methyladenosine, and the knowledge about how DNA enzymes
recognize modified RNAs is still extremely limited. Therefore, DNA enzymes cannot be easily engineered
for the analysis of desired RNA modifications, but are instead identified by in vitro selection from random
DNA libraries using synthetic modified RNA substrates. This protocol describes a general in vitro selection
stagtegy to evolve new RNA-cleaving DNA enzymes that can efficiently differentiate modified RNA
substrates from their unmodified counterpart.

Key words RNA, Deoxyribozymes, Modified RNA nucleotides, Catalytic DNA, Epitranscriptomics,
In vitro selection, RNA cleavage

1 Introduction

Cellular RNAs can be modified posttranscriptionally through
chemical modifications on nucleobases or the ribose-phosphate
backbone. The flourishing field of “epitranscriptomics” explores
the modifications that are functionally relevant to RNA structure,
stability, base pairing, and binding potential to proteins and other
ligands [1, 2]. Besides the reversible chemical modifications of
DNA and proteins, posttranscriptional RNA modifications provide
another layer of regulation for gene expression [3]. Although mod-
ified nucleotides are found in many different types of coding and
noncoding transcripts and the precise roles are far from being
completely understood, several tRNA and rRNA modifications
are expected to play specific structural and functional roles
[4]. For example, since ribosomal rRNA modifications are installed
early in rRNA processing, it is possible that they assist RNA folding
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or are involved in the recruitment of chaperone proteins [5]. Inter-
estingly, many ribosomal RNA modifications are evolutionary con-
served but individual modifications are often not essential, while a
global lack of rRNA modifications diminishes viability. Recently it
was found that some rRNA modifications are installed substoichio-
metrically, resulting in different subpopulations of ribosomes with
altered fitness or fine-tuned activity for translation of specific
mRNA [6, 7].

Although more than 120 different modifications in various
types of RNAs are known for decades, the field is still lagging on
technologies for transcriptome-wide mapping for most of these
modifications. Several techniques such as two-dimensional thin
layer chromatography (2D-TLC), high-resolution liquid chroma-
tography coupled to mass spectrometry (HPLC-MS), methylated
RNA immunoprecipitation, and reverse transcriptase—based signa-
tures followed by deep sequencing have been used to map mod-
ifications in RNA [8-12]. These techniques, however, suffer from
various limitations such as the loss of sequence information upon
digestion into mononucleotides as required for TLC and MS
approaches, and from low specificity and selectivity of antibodies
used for immunoprecipitation. Therefore a combination of differ-
ent methods is necessary to obtain reliable insights into presence,
distribution and abundance of certain modified nucleotides, and
simple analytical tools are needed for validation [13].

Deoxyribozymes (alternatively called DNA enzymes) are
attractive tools to expand the repertoire of methods for detecting
RNA modifications in a sequence-specific manner. Deoxyribo-
zymes are in vitro selected DNA molecules that have the potential
to catalyze various chemical reactions, including protein modifica-
tions, DNA/RNA ligation, and DNA/RNA cleavage [14-
16]. Among these, DNA enzymes that catalyze a site-specific
RNA cleavage reaction are the most prominent group [17, 18].

Deoxyribozymes have a catalytic core that originates from a
random region of 20—40 nucleotides and that is flanked by two
binding arms complementary to the RNA substrate. DNA enzymes
require metal ions (Mg®*, Mn?*, Zn?*) for their catalytic activity.
RNA-cleaving deoxyribozymes catalyze the cleavage reaction by
mediating the attack of the 2’-hydroxyl group onto the adjacent
phosphodiester linkage, which results in the formation of 2',3-
'-cyclic phosphate and 5’-hydroxyl termini [18, 19]. This reaction
gives the possibility to detect modifications that directly block the
functional group in the cleavage reaction, such as 2'-O-methyla-
tion. In fact, this resulted in the first application of DNA enzymes
to analyze ribosomal RNA modifications [20]. Alternatively, deox-
yribozymes have been used to detect RNA modifications on the
5’-terminus of the cleavage site. DNA enzymes 8-17 and 10-23
[21] oriented to cleave various dinucleotide junctions served as tool
tfor cleavage of phosphodiester linkage followed by radioactive
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labeling and 2D TLC for site-specific analysis of pseudouridine
[22], one of the most important ribonucleotide modifications in
rRNA. Recently, deoxyribozymes have been explored to sense
other modifications such as N°-methyladenosine (m®A) and N°-
isopentenyladenosine (i°A) [23, 24]. The mC®A-sensitive DNA
enzymes have been shown to be generally applicable to analyze
the presence of m°®A in DGACH sequence motifs, as demonstrated
for IncRNAs and a set of C/D box snoRNAs that function as guides
for 2’- Oribose methylation of ribosomal RNA. These recent exam-
ples demonstrated that catalytic DNA can likely be developed for
various modifications as a tool to differentiate modified from
unmodified RNA in a sequence-specific manner.

Deoxyribozymes are identified through in vitro selection based
on the systematic evolution of ligands by exponential enrichment
(SELEX) technique from a random pool of DNA through repeti-
tive cycles of selection and amplification as shown in Fig. 1.

This chapter gives a detailed protocol for the gel-based SELEX
technique to evolve catalytically active DNA species from a random
pool that is capable of specifically detecting RNA modification, thus
leading to an enhanced/reduced cleavage of the target RNA
depending on the modification state. The in vitro selection cycle
begins with the ligation of the DNA pool to the RNA substrate
containing the desired RNA modification by T4 DNA ligase using a

ligation selection C U

DNA splint 5

_— & RNA PAMEr A7\ 5
——

primer

amplification

Fig. 1 Overview of the in vitro selection scheme for the generation of modification-sensitive RNA cleaving
deoxyribozymes. The red dot represents the modified nucleotide in the RNA substrate (green), in between
Watson—Crick-base-paired regions. The constant regions of the DNA are shown in light blue, and the random
region of the DNA library in dark blue. The yellow star represents a 5'-label on the DNA facilitating detection
on PAGE
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DNA splint. The ligated product is then incubated with Mg?* at
37 °C to initiate the cleavage reaction. The active fraction is isolated
by PAGE due to the change in size. Active DNA enzymes are then
amplified through PCR using a 5'-labeled forward primer (fluores-
cein or **P-labeled for detection of bands on PAGE) and a tailed
reverse primer containing a nonextendable ethylene glycol spacer
to allow separation of sense and antisense strands. After isolation of
the single-stranded PCR product through denaturing PAGE, the
enriched active species are ligated to the RNA substrate to initiate
the next round of selection. To increase the specificity of the
resulting deoxyribozymes, negative selection rounds are intro-
duced, in which the DNA library is challenged with the unmodified
RNA. Other factors that can be adapted to enhance specificity are
metal ion concentration, selection time and temperature. After
several rounds of in vitro selection, the enriched pool is tested for
its ability to discriminate modified from unmodified RNA. Finally,
individual deoxyribozymes are identified by traditional cloning and
Sanger sequencing and /or from Illumina NGS datasets that allow a
deeper analysis of the enrichment of certain sequence motifs. New
candidate DNA enzymes are characterized by analyzing cleavage
kinetics for modified and unmodified RNA substrates and muta-
tional analyses are performed to identity key sequence motifs
responsible for recognition of the RNA modification. In excep-
tional cases, the modified nucleotide in the RNA may lead to switch
in the cleavage site of the endonuclease deoxyribozyme, providing
an additional opportunity for quantitative readout of the modifica-
tion level [24].

2 Materials

2.1 Oligonucleotides

1. Use ultrapure water for all oligonucleotides, buffers, and
reactions.

2. Purify oligonucleotides by denaturing PAGE before use and
store all oligonucleotide solutions and buffers at —20 °C.

3. RNA substrates with and without modification (for counter
selection), prepared by solid-phase synthesis on 0.5-1 pmol
scale, using commercially available or in-house synthesized
phosphoramidites of modified nucleotides. A fraction of RNA
substrate is labeled at 3'-end or 5’-end for kinetic assays.

4. Deoxyribozyme library: 0.5 pmol synthesis scale, 100 pM stock
solution.

5. Primers: 5'-fluorescein labeled forward primer and PEG;-
linked tailed reverse primer. 0.5 pmol synthesis scale, 100 pM
solution.

6. Splint DNA for ligation of DNA library to RNA substrate.
0.5 pmol synthesis scale, 100 pM solution.



2.2 Denaturing
Polyacrylamide Gel
Electrophoresis

2.3 In Vitro Selection

2.3.1 Phosphorylation of
RNA Selection Substrates

2.3.2 Splint Ligation

2.3.3 Selection Step

2.3.4 PCR Amplification
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. 10x TBE butffer: 89 mM Tris—HCI, pH 8.0 at 25 °C, 89 mM

boric acid, 50 mM EDTA.

. Acrylamide gel stock solution: acrylamide solution (10% and

20%), 7 M Urea, 1 x TBE (see Note 1).

. 25% ammonium persulfate (APS). Store at 4 °C.
. N,N,N,N'-tetramethyl ethylenediamine (TEMED). Store at

4°C.

. PAGE loading buffer: 70% formamide, 1 x TBE buffer, 50 mM

EDTA, 0.4 mM bromophenol blue, 0.4 mM xylene cyanol,
pH 8.0.

. Elution buffer: 10 mM Tris, 1 mM EDTA, 300 mM NaCl,

pH 8.0.

. Absolute ethanol and 70% ethanol. Store at —20 °C.
. Glass plates (20 cm x 20 cm and 20 cm x 30 cm), combs, and

spacers.

. T4 PNK enzyme (10 U/pL).
. T4 PNK buffer A: 500 mM Tris-HCl, 10 mM MgCl,

500 mM DTT, 1 mM spermidine.

. 10 mM ATP.

4. Roti® phenol—chloroform-isoamyl alcohol for extraction of

RNA.

. Roti® chloroform.

. T4 DNA ligase enzyme (5 U/pL). Store at —20 °C.
. T4 DNA ligase buffer: (10x) 400 mM Tris-HCI, 100 mM

MgCl,, 100 mM DTT, 5 mM ATP, pH 7.8. Store at —20 °C.

. 10x Annealing buffer: 40 mM Tris-HCI, 150 mM NaCl,

1 mM EDTA, pH 8.0.

. 10x Selection buffer: 500 mM Tris—=HCI, 1500 mM NaCl,

pH 7.5.

. 400 mM MgCl, (stock solution).

. DreamTaq DNA polymerase. Store at —20 °C.
. DreamTaq buffer®™: (10x) 20 mM MgCl,, KCI, (NH,),SOy,).

Store at —20 °C.

. dANTPs mixture (20 mM each dANTP).
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2.3.5 Kinetic 1. 10x Kinetic assay buffer: 500 mM Tris—HCI, 1500 mM NaCl,
Characterization of pH 7.5.
Deoxyribozymes 2. 400 mM MgCl, (stock solution).
3. Quench buffer: 70% formamide, 1x TBE buffer, 50 mM
EDTA, pH 8.0.
3 Methods

3.1 DNA Library
Design

3.2 Denaturing
Polyacrylamide Gel
Electrophoresis

. Select RNA sequence with target modification, inspired by

natural sequence context of the modification, for example, in
tRNAs or rRNA (or conserved motifs such as DRACH for
m°A).

For DNA library, select a random region of about twenty
nucleotides (see Note 2). Add flanking sequence complemen-
tary to RNA substrate upstream and downstream of the cata-
lytic core, maintain two nucleotides in the vicinity of modified

nucleotide unpaired, and add 3’-overhang for splinted ligation
to RNA substrate (see Fig. 1).

. Splint DNA should be complementary to 3’-end of deoxyribo-

zyme library and 5’-end of RNA substrate (see Note 3).

Synthesize or custom order appropriately designed deoxyribo-
zyme library (0.5 pmol scale), RNA substrate with and without
desired modification, splint DNA and primers.

Purification of ligated DNA-RNA product, separation of active and
inactive fraction of the DNA library, and separation of PCR pro-
ducts into single strands is performed by denaturing polyacryl-
amide gel electrophoresis.

1.

Calculate the volume (x) of gel solution needed to pour gel of
desired size, that is, 40 mL for 20 x 20 cm gel size.

. Assemble the glass plates with spacer of 0.4 mm thickness.

. Mix x mL of gel solution of desired percentage with X/

400 mL of 25% APS and x /2000 mL of TEMED.

4. Pour the gel and insert the comb with well size of 3—4 cm.

. Allow the gel to polymerize for 30 min.

. Remove the comb and rinse wells thoroughly with ultrapure

water.

. Assemble the gel apparatus and prerun the gel for 30 min to

equilibrate the temperature. Set the power to a constant value
ot 25-35 W depending on the size of the glass plates (25 W for
20 cm x 20 cm and 35 W for 20 cm x 30 cm).

. Heat the sample for 2 min at 95 °C and then allow it to cool

down to 25 °C for 5 min.



3.3 In Vitro Selection

3.3.1  Phosphorylation of
RNA Selection Substrates

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.
20.

21.
22.
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Switch off the power supply and wash the wells thoroughly
with 1x TBE buffer and load the samples to the gel.

Run the gel at the same setting as used for prerun for 1-2 h
until bromophenol blue reaches the bottom of the gel.

Disassemble the gel and transfer the gel between two layers of
Saran Wrap.

Visualize the bands using fluorescein gel documentation (Gel
Doc) imager or UV-transilluminator.

Cut the bands with a scalpel and transfer the gel piece to a
1.5 mL test tube for recovery of DNA by crush and soak.

Crush the gel pieces by centrifugation at 21,000 rcf for 5 min.

Add elution buffer to completely immerse the gel and incubate
it at 37 °C for 4 h at 700 rpm.

After incubation, transfer the elution buffer to another
test tube.

Precipitate the oligonucleotide by adding 3 volumes of
ethanol.

Mix properly by vortex and freeze the sample using liquid
nitrogen.

Centrifuge for 30 min at 4 °C.

Carefully separate the supernatant and wash the pellet with
75 pL of 70% ethanol.

Centrifuge for 10 min at 4 °C and dry the pellet in vacuum.

Dissolve the pellet in an appropriate volume of ultrapure water.

In order to ligate RNA selection substrates with DNA library, RNA
has to be phosphorylated at 5’-end.

1.

Calculate the concentration of RNA and take 5 nmol of the
RNA in 0.7-mL test tube.

. Add 5 pL of 10x PNK buffer A, 5 pL of ATP (10 mM), 4 pL of

T4 PNK enzyme (10u/pL) and adjust the volume to 50 pL.

. Incubate the reaction mixture at 37 °C for 5 h.

. Afterward, dilute the reaction mixture to 300 pL with 1x

elution buffer.

. Add equal volume of Roti® phenol—chloroform—isoamyl alco-

hol to the reaction mixture and vortex it for 1 min followed by
centrifugation for 1 min.

. Carefully separate the supernatant and transfer it to a new

test tube.

. Add equal volume of chloroform and vortex the sample for

1 min followed by centrifugation for 1 min.
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3.3.2 Splint Ligation of
RNA Substrate to
Deoxyribozyme Selection
Pool

3.3.3 DNA-Catalyzed
Cleavage of DNA-RNA
Hybrids (Key Selection
Step)

8. Carefully separate the supernatant and add 3 volumes of chilled
absolute ethanol.

9. Vortex to mix properly and freeze the sample using liquid
nitrogen.

10. Centritfuge the sample for 30 min at 4 °C.

11. Carefully separate the supernatant and wash pellet with 75 pL
of 70% ethanol.

12. Centrifuge the sample for 10 min at 4 °C and dry the pellet in
vacuum.

13. Dissolve the pellet in an appropriate volume (50 pL) of ultra-
pure water.

Ligation of ssRNA substrate with ssDNA library is facilitated by
complementary DNA splint in the presence of T4 DNA ligase.

1. Take 5’-phosphorylated RNA (2 nmol), DNA selection pool
(1.6 nmol) and complementary DNA splint (1.8 nmol) in a
total volume of 10 pL.

2. Add 1.5 pL of 10 x annealing buffer and incubate the reaction
mixture at 95 °C for 4 min. After denaturation, allow the
solution to cool down to 25 °C for 15 min.

3. Add 1.5 pL of ligase buffer, 2 pL of T4 DNA ligase (5 U/pL)
and incubate the sample at 37 °C for 16 h.

4. Add 15 pL of PAGE loading bufter to the reaction mixture.

5. Purify the ligated product (DNA-RNA hybrid) using denatur-
ing PAGE as mentioned under Subheading 3.2.

Selection of active DNA enzymes is based on a change in size upon
cleavage of the RNA substrate in the vicinity of the modified
nucleotide.

1. Take 250 pmol (in a total volume of 7.5 pL) of DNA-RNA
hybrid in the first round of selection, and approximately
10-30 pmol in further rounds.

2. Add 1 pL of 10x selection buffer and incubate at 95 °C for
4 min and at 25 °C for 15 min.

3. Add MgCl, to a final concentration of 5 mM in a final volume
of 10 pL and incubate at 37 °C for 16 h.

4. Add 10 pL of PAGE loading dye to the reaction mixture.

5. Separate the active fraction of DNA enzymes using denaturing
PAGE and determine the area corresponding to cleaved prod-
uct by size marker (see Note 4).

6. Cut the bands and extract the DNA enzymes as mentioned
under Subheading 3.2.

7. Dissolve the pellet in 30 pL of ultrapure water.



3.3.4 PCR Amplification
of Active DNA Enzymes

PCR-1

PCR-Il

3.3.5 Continuation of
Selection and Identification
of Deoxyribozyme
Sequences
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The cleaved fraction of the DNA library containing active DNA
enzymes is amplified through two subsequent asymmetric PCRs.
To visualize the PCR product, the forward primer is labeled with
fluorescein at 5’ end and reverse primer has a tail connected
through PEG; linker to separate sense from antisense strand by
denaturing PAGE. Forward primer and reverse primer are used in a
ratio of 4:1 to preferentially amplity forward strand with fluorescein
label.

1. Use 30 pL of the solution from the previous step (containing
active DNA enzymes) as template.

2. Assemble the reaction: 30 pL of DNA template, forward
primer (100 pmol), reverse primer (25 pmol), 0.625 pL of
20 mM dNTP? mixture, 5 plL. of 10x Dream taq bufter,
0.25 pL of Dream taq DNA polymerase (5 U/plL) and water
up to 50 pL.

3. PCR conditions are: 95 °C for 4 min [10x (95 °C for 30 s,
60 °C for 30 s, 72 °C for 1 min), 72 °C for 5 min].

4. Use an aliquot of the sample for PCR-II and store the rest at
—20 °C.

1. Take an aliquot of PCR-I product (2-5 pL) as the template.

2. Assemble the reaction: 5 pL of DNA template, forward primer
(200 pmol), reverse primer (50 pmol), 1.25 pL. of 20 mM
dNTP mixture, 10 pL of 10x Dream taq buffer, 0.5 pL of
Dream taq DNA polymerase (5 U/pL), and water up to
100 pL.

3. PCR conditions are: 95 °C for 4 min [30x (95 °C for 30 s,
60 °C for 30 s, 72 °C for 1 min), 72 °C for 5 min].

4. Purity the PCR product using denaturing PAGE.

5. Isolate the fluorescein labeled forward strand by extraction and
precipitation as described under Subheading 3.2.

Take the single-stranded PCR product from the previous step and
ligate it to the RNA substrate using the DNA splint (see Note 3)
and T4 DNA ligase, essentially as described under Subheading
3.3.2, but on a smaller scale (i.e., use only 100 pmol of RNA and
75 pmol of DNA splint in a final volume of 10 pL for the ligation
reaction). The isolated ligation product is then subjected to the
next round of incubation as described under Subheading 3.3.3.
After 6-8 rounds of in vitro selection, include negative selec-
tion rounds to enrich DNA enzymes having high selectivity toward
modified RNA and eliminate DNA enzymes that can cleave both
modified and unmodified RNA. For this purpose, ligate the DNA
pool with the unmodified analog of the RNA substrate. During the
selection step, perform all steps in identical manner and analyze the
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Inactive fraction

Active fraction

DNA pool Size marker DNA pool Size marker
_________ %
Positive selection Negative selection

Fig. 2 Schematic presentation of polyacrylamide gel electrophoresis (PAGE) for positive and negative selection
rounds. The diagram presents the area of the gel from which the corresponding cleaved (positive selection

round) or uncleaved fraction

3.4 Kinetic
Characterization of
Deoxyribozymes

(negative selection round) is isolated

catalytic activity of the DNA pool by denaturing PAGE. Note that
the uncleaved fraction on gel corresponds to the specific DNA
enzymes that remain inactive toward unmodified substrate (see
Note 5). The band signal observed at the height of the size marker
corresponds to non-specific DNA enzymes that can cleave both
modified and unmodified substrates. Therefore, in the negative
selection round, the uncleaved fraction is isolated from the gel
(Fig. 2) and amplified by PCR as described above. Each negative
round is followed by a positive round (during these positive rounds,
increase the stringency of the selection by decreasing the incubation
time, i.e., 6 h, 3 h, and 1 h) and continue the cycle at least for four
rounds of alternating negative and positive selections.

Afterward, amplity the active DNA pool through PCR. Due to
non—template-dependent terminal transferase activity of Tag poly-
merase, the product will contain a 3'-A overhang that allows
TOPO-TA cloning (commercially available kit). Select the individ-
ual clones and subject them to Sanger sequencing. Each sequence
obtained from Sanger Sequencing data corresponds to individual
deoxyribozyme candidates. These sequences are then synthesized
by solid-phase syntheses and their catalytic potential and discrimi-
nation power for RNA modification are assessed by kinetic assays.

Kinetic characterization analyzes the trams-activity of individual
deoxyribozyme to cleave modified and unmodified RNA (that are
not ligated to the DNA library). Therefore, for each deoxyribo-
zyme, the assay is performed in parallel with both, modified and
unmodified RNA substrates of otherwise the same sequence. This
allows to compare the cleavage rates and to determine calibration
curves that are needed for quantitative estimation of modification
levels.

1. Take 100 pmol of deoxyribozyme, 10 pmol of fluorescent
labeled RNA substrate and adjust to a final volume of 7.5 pL.
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. Incubate at 95 °C for 4 min and 25 °C for 15 min.
. Add 1 pL of 10x selection buffer and 0.5 pL of 400 mM

MgCl, (final concentration 20 M) to start the reaction.

. Incubate at 37 °C and take aliquots (1 pL) at different time

points (e.g., 0, 10 min, 30 min, 60 min, 120 min, 180 min,
360 min).

. Quench the reaction with 4 pL of quench buffer and analyze by

denaturing PAGE. Take an image of the gel on a gel documen-
tation system, determine the band intensities of cleaved and
uncleaved RNA, and calculate cleavage yield and the observed
rate constant (k) (see Note 6).

4 Notes

. For all in-vitro selection steps in this protocol use 10% acrylam-

ide gel solution and for the analysis of #rans-activity of individ-
ual DNA enzymes use 20% acrylamide stock solution.

. For new selections, keep the catalytic core sequence completely

random. The choice of 20 randomized positions allows a large
fraction of the sequence space to be covered in one experiment.
Larger random regions of 40 or more nucleotides have also be
used successfully in earlier deoxyribozyme selections. To
improve the selectivity of the obtained catalysts, reselection
can be initiated from partially randomized DNA libraries.
Also, the number and identity of the unpaired nucleotides
around the desired cleavage site next to the modified nucleo-
tide can be varied.

. After PCR amplification, DNA library has 3’-A overhang due

to the non-template dependent terminal transferase activity of
Taq polymerase which reduces ligation efficiency. To overcome
this problem, insert an extra T to the splint to base pair with
3’-A overhang and use it for all further rounds of selection
starting from round 2, following a strategy introduced by [25].

. Size marker is the oligonucleotide corresponding to the length

of product size expected to be obtained after the selection
round. It is prepared by ligating only the 5'-part of the RNA
sequence without modification (corresponding to the expected
cleavage product) to the DNA library. However, note that the
selection strategy does not enforce a particular cleavage site,
but due to the small number of 2—-3 unpaired RNA nucleotides
around the modification, cleavage usually happens near the
modified base in RNA. The exact cleavage site then needs to
be identified for each obtained deoxyribozyme by analyzing the
size of the cleavage product next to an alkaline hydrolysis
ladder.
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5. As described in this protocol, the obtained DNA enzymes are

trained to recognize the modified nucleotides in the positive
selection round, that is, preferentially cleave the RNA substrate
only when it contains the modification, but leaves unmodified
RNA intact. However, the strategy can also be reversed, such
that a modified nucleotide completely inhibits the DNA-cata-
lyzed cleavage of the RNA target. For such a scenario, the
positive selection is performed with unmodified RNA, and
the modified RNA is used in the negative selection round. In
this way, DNA enzymes were identified that are strongly inhib-
ited by m°A [23].

6. Analyze the cleavage yield by determining fluorescence inten-

sities of the corresponding bands. Plot cleavage yield versus
time (min). Determine ks (observed cleavage rate) and, V.
(maximum yield) by using the first order kinetic equation:

T= Tmax X (1 -

e kobs x t> )
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Mapping of the Chemical Modifications of rRNAs

Jun Yang, Peter Watzinger, and Sunny Sharma

Abstract

Cellular RNAs, both coding and noncoding, contain several chemical modifications. Both ribose sugars and
nitrogenous bases are targeted for these chemical additions. These modifications are believed to expand the
topological potential of RNA molecules by bringing chemical diversity to otherwise limited repertoire.
Here, using ribosomal RNA of yeast as an example, a detailed protocol for systematically mapping various
chemical modifications to a single nucleotide resolution by a combination of Mung bean nuclease protec-
tion assay and RP-HPLC is provided. Molar levels are also calculated for each modification using their UV
(254 nm) molar response factors that can be used for determining the amount of modifications at different
residues in other RNA molecules. The chemical nature, their precise location and quantification of
modifications will facilitate understanding the precise role of these chemical modifications in cellular

physiology.

Key words rRNA, Chemical modifications, Ribosomes, RP-HPLC, Mung bean nuclease assay

1 Introduction

Chemical modification of biomolecules is an impressive way of
nature to expand their functional diversity. Like DNA and proteins,
RNA molecules also undergo a variety of chemical modifications
that allow them to enrich their topological potential and perform a
variety of functions that go beyond their capacity to encode pro-
teins [1, 2].

Around 163 different chemical modifications of RNA has been
cataloged [3]. Both ribose sugar and the heterocyclic ring of the
nucleobases are targeted for these chemical additions. Although the
presence of these modifications was first acknowledged by some
elegant studies in the middle of last century, it is only very recently
that we have started compiling modification profiles for the cellular
RNAs of model organisms, and explore the functions of few of
these modifications [4]. This time lag has been primarily due to
unavailability of advanced technology in studying these modifica-

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
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tions, which has been revolutionized in last two decades by intro-
duction of both high-performance liquid chromatography
(HPLC), mass spectrometry (MS), and RNA sequencing (RNA
Seq) [5-8].

Ribosomes are highly conserved ribonucleoprotein complexes
that synthesize cellular proteins. Eukaryotic ribosomes comprise of
4 ribosomal RNAs (rRNAs) and around 80 ribosomal proteins
(r-proteins). Both enzymatic reactions of ribosomes, namely, pep-
tidyl transfer and peptidyl hydrolysis are performed by rRNA
[9]. In eukaryotes including Saccharomyces cerevisine, a functional
ribosome contains two asymmetric subunits, a small 40S and a large
60S. A small subunit (SSU) of the ribosome (the 40S) in yeast
contains a single 18S rRNA of 1.8 kb together with 33 ribosomal
proteins [10]. The 60S or the large subunit (LSU) of the yeast
ribosome contains three rRNAs; 25S, 5.8S and 5S, and 46 ribo-
somal proteins. The 408 decodes the genetic information carried by
mRNA, whereas the 60S catalyzes the joining of amino acids
[11, 12]. Ribosomes have always been seen as homogeneous, con-
stitutive protein-synthesizing machine, lacking any significant con-
tribution in regulating gene expression. Typically, the efficiency of
translation is suggested to be determined either by features intrinsic
to the mRNAs or assisted by protein or RNA adaptors (translational
factors). However, in contrast to this view, several recent studies
have underscored the undeniable roles of ribosomes in gene regu-
lation [13-17]. Emerging data have buttressed the notion that the
ribosome population in cells is heterogencous by virtue of its
different components, including ribosomal proteins, rRNAs and
their chemical modifications. It becomes more and more evident
that this ribosomal heterogeneity provides a further regulatory level
to the translation.

Ribosomal RNA contains three types of chemical modifica-
tions, 2’-O methylation of ribose sugars (Nm), base isomerization
(pseudouridylation (¥)), and base modifications (methylation
(mN) and acetylation (acN), aminocarboxypropylation (acpN))
[1, 2]. Methylated ribose sugars and pseudouridines represent the
majority of rRNA modifications [18]. A methylated sugar is gener-
ated by the addition of one methyl group at the 2’-OH position of
the ribose on the nucleoside and is independent of the nature of the
base. Pseudouridylation results from uridine isomerization, involv-
ing a 180° rotation around the N3-C6 axis [19].

Box C/D snoRNPs (small nucleolar ribonucleoproteins) cata-
lyzes site-directed methylation at the 2’-OH position on the sugar
of the targeted nucleotide, whereas the box H/ACA snoRNPs
isomerize targeted uridine to pseudouridine [20]. Remarkably,
the substrate specificity for both ribose methylation and pseudour-
idylation is dictated by the RNA component of these snoRNP
complexes [21, 22]. Here the complementary sequences in the
guide RNA base pair with target RNAs to decide the nucleotide
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for modification [21, 22]. The catalytic activities are provided by
the methyltransferase (Nopl or Fibrillarin) or the pseudouridine
synthase (Cbf5), respectively [23, 24 ]. In contrast, majority of base
modifications are catalyzed by “protein only” enzymes with only
exception being rRNA cytosine acetylation (ac*C) [25].

To analyze and explore the significance of these modifications
in ribosome biogenesis and ribosome function, a comprehensive
analysis of their chemical nature and precise location on the ribo-
some is central. In this chapter, a detailed protocol for mapping
these modifications on to the ribosomal RNA by mung bean nucle-
ase (MBN) assay and RP-HPLC (reversed phase high-performance
liquid chromatography) is provided [26].

MBN is a single strand specific nuclease, and can be used to
isolate specific fragments of RNA by utilizing synthetic comple-
mentary DNA. These RNA fragments can then be subjected to
RP-HPLC or LC-MS/MS analysis to identify the modification or
modifications they harbor (Fig. 1) [26, 27]. This method also
allows to achieve a single nucleotide resolution for mapping these
modifications by isolating overlapping fragments [28, 29].

Although MBN assay and LC-MS/MS are work intensive,
these are so far the only methods for a direct analysis of these
chemical modifications. All other RNA sequencing based methods
relies either on antibodies, which most of the time have issues with
cross-reactivities or on the chemical reactivities of the modified
residues, which are not very specific and are similar among many
different modifications [30, 31]. The major limitation of the
LC-MS/MS, on the other hand, is that it cannot be applied in a
high throughput manner to reveal both the modification and the
sequence context as in case of RNA Seq based methods. Oxford
nanopore sequencing appears to be an ideal method of choice for
the  direct  transcriptome-wide  sequencing of  these
modifications [32].

2 Materials

2.1 Isolation of Intact
18S and 25S rRNA

1. Acid phenol-chloroform-isoamyl alcohol, pH 4.5 (25:24:1)
(Invitrogen™, Catalog number: AM9720).

2. TEN bufter.
100 mM Tris—-HCIl pH 7.8.
1 mM EDTA.
100 mM NaCl in nuclease-free water.
3. 5% and 25% sucrose solutions (w/v) in TEN buffer.
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Fig. 1 Reversed phase high-performance liquid chromatography (RP-HPLC) analysis. (a) Sucrose gradient
sedimentation profile of yeast total RNA separated on 5% to 25% sucrose gradient. Fractions corresponding to
tRNA (predominantly)), 18S rRNA, and 25S rRNA were collected and the rRNA was isolated using 95% ethanol
precipitation at —80 °C. (b) A representative 1.5% Agarose gel showing the rRNA recovered after ethanol
precipitation. (¢) RP-HPLC chromatogram of different commercially available nucleosides, showing peak
corresponding to major nucleosides (adapted from [26])

2.2 Mung Bean 1. Hybridization buffer.
Nuclease Protection 250 mM HEPES pH 7.0.
Assay

500 mM KClI in nuclease-free water.

2. Mung bean nuclease (New England BiolLabs (NEB), Catalog
number: M0250L).

3. RNAse A DNase and protease free (Thermo Scientific’™ Cat-
alog number: EN0O531).

4. 8M LiCl.
5. 3M sodium acetate (NaAc), pH 5.3.
6. GlycoBlue™ (Invitrogen™, Catalog number: AM9515).
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UltraPureTM Formamide (Invitrogen™, Catalog number:
15515026).

2x RNA loading buffer (Thermo Scientific™, Catalog num-
ber: R0O641).

. Novex™ TBE-Urea Gels, 10% (Invitrogen™ Catalog

number: EC68755BOX).

. Millipore Water (18 MQ-cm resistivity at 25°C).

Reversed Phas_e High' 2. Nuclease P; from Penicillium citvinum (Sigma-Aldrich, Cata-
Performance Liquid log number: N8630) (200 units per mL in 30 mM sodium
Chromatography (qRP- acetate, pH 5.4).
HPLC) 3. Phosphatase, Alkaline from Escherichia coli (Sigma-Aldrich,
Catalog number: P4252).
4. 10mM ZnSOy.
5. 0.5M Tris—HCI, pH 8.3.
6. HPLC grade Methanol (AppliChem, Catalog number:
361091).
7. HPLC Grade Acetonitrile (AppliChem, Catalog number:
221881).
8. Buffer A (10 mM of NH4H,POy, 2.5% of methanol, pH 5.3).
9. Buftfer B (10 mM of NH4H,POy, 20% of methanol, pH 5.1).
10. Buffer C (66% acetonitrile).
11. All canonical and modified nucleosides standard—Carbosynth.
3 Methods

3.1 [Isolation of Intact
18S and 25S rRNA

. Harvest yeast cells at OD 499 0.8 (see Note 1).

Extract the total RNA with hot acidic phenol exactly as
described before [33].

. To isolate intact 18S and 258 rRNA, layer 500 pg of total RNA

onto a freshly prepared 5-25% sucrose gradient in TEN
bufter (see Note 2). Prepare the sucrose gradients using Gradi-
ent Master 107 (Biocomp).

. Centrifuge the samples at 67,000 x g for 25 h at 4 °C in an

SW40 rotor in an L-70 Beckman ultracentrifuge.

. Fractionate the gradients by using a Teledyne Isco density

gradient fraction collector. Collect 18S and 258 rRNA fractions
in separate tubes and to each add 2.5 x volume of chilled
ethanol. Incubate them overnight in a —20 freezer.

Next day, centrifuge the rRNA samples at 16,000 x g4 for
30 min at 4 °C, air-dry the pellet, and resuspend it in
nuclease-free water.
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3.2 Mung Bean
Nuclease Protection
assay (MBN Assay)

3.2.1 Hybridization

3.2.2 Mung Bean
Nuclease Digestion

3.2.3 Purification of the
rRNA Fragments

7. For the quantification of modified residues, it is very important

to have intact rRNA. Since rRNA are abundant species, the
quality (integrity) of purified 18S and 258 rRNA could be easily
assesed by using 1.5% agarose gel stained with ethidium
bromide.

1. Mix the following components in a 1.5 mL Eppendorf tubes.
DNA oligos listed in Table 4 have been used for mapping yeast
rRNA modifications [26].

Components Amount

18S or 258 rRNA (see Note 3) 100 pmoles

DNA oligo (Table 4) 1000 pmoles

-DMSO 3uL

Nuclease-free water Up to 100 pL

Hybridization buffer 30 pL

2. Heat the mixture to 90 °C for 5 min, and let it cool down to
45 °C on heating block (approximately 1.5 h). When the
temperature drops down to 45 °C, move to the next step.

1. Mung bean nuclease digestion are carried out by mixing fol-
lowing components.

Components Amount (pL)

RNA oligo mix 130

10x MBN buffer 20

RNAse A (0.05 pg/pL) 14

Mung bean nuclease 10

Nuclease-free water 26

2. Incubate the reaction at 35 °C for 1 h.

1. After the MBN digestion, purify the rRNA fragment using

phenol-chloroform extraction. Add 250 pL of acid phenol-
chloroform—isoamyl alcohol, pH 4.5 (25:24:1) mixture to the
200 pL reaction mixture and vortex it for 1 min.

. Centrifuge the Eppendorf tubes at 4000 x g for 5 min at 4 °C.
. Precipitate the rRNA fragments overnight at —20 °C by adding

350 pL of 8 M LiCl and 1 mL ethanol in 2 mL Eppendorf
tubes.



3.2.4 Mapping of
Chemical Modifications to
a Single Nucleotide
Resolution

3.3 Quantitative
Reversed Phase High-
Performance Liquid
Chromatography (qRP-
HPLC)

3.3.1 Preparation of
Nucleosides

10.

11.

12.

13.

14.
15.
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. Next day, centrifuge the tube at 16,000 x g for 30 min at 4 °C,

air-dry the pellet and resuspended the rRNA fragments in
30 pL nuclease-free water—formamide (1:2).

. Add 30 pL of 2 x RNA loading buffer to the tubes and heat the

samples to 70 °C for 10 min.

. Load the samples on a Novex™ TBE-Urea Gels, 10% and run

the gels as per manufacturer’s instructions. Use DNA oligo and
DNA oligo + total RNA as marker (see Note 5).

. Slice out the gel containing the protected rRNA fragment

using a fresh blade (see Note 5).

. Wash gel slices with Millipore water 2-3 times with a pipette,

do not crush the gel.

. Add 450 pL nuclease-free water and 50 pL of 3 M NaAc

pH 5.3 (final conc. = 0.3 M NaAc).

Elute the rRNA fragment from the gel slices by rotating on the
rotor overnight at 4 °C (see Note 6).

Transfer the eluate into a 2 mL Eppendorf tube (Keep the gel
slices in the old Eppendorf tube).

Add 1.25 mL (2.5x% elution), 100% EtOH, and 0.5 pL Glyco-
Blue™ to the eluate, and incubate the mix at —80 °C for at
least 12 h for efficient precipitation.

Next day, centrifuge the tube at 16,000 x g for 30 min at4 °C,
air-dry the pellet and resuspend in 45 pL of nuclease-free water.
Store the samples at —20 °C.

Repeat the elution step. We get a better yield with two elution.
Quantify the rRNA fragment using a nanodrop.

As illustrated in Fig. 2, MBN assay could be easily used to achieve
single nucleotide resolution by designing overlapping fragment
around the modifications (see Note 4).

Nucleosides for RP-HPLC are prepared as described by Gehrke and
Kuo, and adapted for rRNA as described previously [7, 26].

1.

2.

3.

Heat the rRNA fragments isolated after MBN assay as
described above to 90 °C for 2 min on a heating block followed
by rapid cooling on ice.

Add 5 pLof 10 mM ZnSO,4 and 10 pL. of P1 nuclease. Incubate
the samples for 16 h at 37 °C.

After 16 h, add 10 pL of 0.5 M Tris—HCI buffer, pH 8.3, and
10 pL of bacterial alkaline phosphatase and incubate the tubes
at 37 °C for 2 h.

Next, before loading on the HPLC column clarify the nucleo-
sides hydrolysates by centrifugation at 16, 000 x 4.
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DNA oligos 111" 69-‘ g
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Mung bean nuclease digestion

l % | protected fragment
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Mty debris

l Gel purification

UREA-PAGE gel
Analysis of the compaosiiton of fragment by RP-HPLC

Fig. 2 Mung bean nuclease protection assay. (a) Schematic illustration of mung bean nuclease protection
assay (MBN). (b) Representative Urea PAGE gel for the MBN assay showing an intact protected fragment
retrieved after the mung bean nuclease digestion. The synthetic antisense oligonucleotide used for the
protection is used as a marker (see Note 5) (adapted from [26])

Table 1
RP-HPLC elution protocol

Buffer composition (%)

Step no. Step time (min) A B C Gradient type
1 12 100 0 0 Isocratic
2 8 90 10 0 Linear
3 5 75 25 0 Linear
4 7 40 60 0 Linear
5 4 38 62 0 Linear
6 9 0 100 0 Linear
7 35 0 0 100 Linear
8 10 0 0 100 Isocratic
332 RP-HPLC 1. Load the nucleosides hydrolysates on Supelcosil LC-18-S

HPLC column (25 cm x 4.6 mm, 5 mm) equipped with a
precolumn (4.6 x 20 mm) at 30 °C on an Agilent 1200 HPLC
system.

2. Use the following elution protocol (Table 1) described by
Gehrke and Kuo for resolving majority of canonical and mod-
ified nucleosides in the rRNA (Fig. 1) [7]. For some
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Table 2
UV 254 nm Molar Response factors for canonical and modified nucleo-
sides (see Note 8) [26]

Molar response factors
(area/nmole)—254 nm

Nucleosides (Yang et al. 2016)
C 209
U 278
m'A 387
m°C 163
Cm 199
m’G 333
G 461
m*U 306
Gm 490
ac*C 177
A 479
Am 348

modifications like m*U protocol has to be adjusted for better
separation. In contrast to gradient elution for rest of the mod-
ified nucleosides, the elution conditions for m*U are changed
to an isocratic mode using 50% bufter A and 50% buffer B.

Approximate modification levels for each ribose and base modifica-
tions can be calculated from HPLC peak areas (UV,54,, absorp-
tion). For the quantification, the peak areas are divided by the
standard molar response factors. Table 2 contains the UV2*™
molar response factors calculated in our previous study. Similarly,
mole % (Seq) for yeast (S. cerevisine) are calculated assuming that
18S rRNA (1800 nts) contains 473 unmodified adenosines (A),
494 unmodified uridines (U), 453 unmodified guanosines (G), and
343 unmodified cytidines (C), and similarly for 258 rRNA (3396
nts) assuming that it contains 885 unmodified adenosines (A),
828 unmodified uridines (U), 956 unmodified guanosines (G),
and 653 unmodified cytidines (C) Table 3. Likewise, for MBN
protected fragments residues per moles or extent of modifications
for each residue can be established using the sequence of the
isolated fragment and its comparison to the residues/moles calcu-
lated from the 18S rRNA or 258 rRNA (see Note 7).
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Table 3

RP-HPLG quantification of Nucleosides in S.cerevisiae 18S and 25S rRNA [26]

18S rRNA 25S rRNA

Nucleosides Mole % (Seq) Mole % (HPLC) Mole % (Seq) Mole %(HPLC)
C (cytidine) 19.1 19.5 £ 0.48 19.2 19.4 £ 0.56
U (uridine) 27.4 27.1 £0.30 24 .4 24.9 £ 0.39
G (guanosine) 25.2 25.7 £0.12 28.2 27.5+0.17
A (adenosine) 26.3 26.6 + 0.68 26.1 26.8 £ 0.64

Residues/ Residues/ Residues/ Residues/

mole mole (calculated) mole mole
(predicted) (predicted) (calculated)
m'A (N1-Methyladenosine) 0 0 2 1.98 +£0.10
m°C (C5-Methyleytidine) 0 0 2 1.81 £ 0.17
Cm (2'-O-Methylcytidine) 3 3.1+0.26 7 6.74 + 0.31
m’G (N7-Methylguanosine 1 0.72* £ 0.16 0 0
m°U (C5-Methyluridine) 0 0 0 0
Um (2'-O-Methyluridine) 2 1.89 £0.33 8 7.1 £0.31
m>*U (N3-Methyluridine) 0 0 2 2.1+£0.17
Gm (2'-O-Methylguanosine) 5 491 +£0.27 10 9.3 +£0.39
ac*C (N4-Acetylcytidine) 2 2.12 £0.11 0 0
Am (2’-O-Methyladenosine) 8 7.33 £0.43 12 11.8 + 0.48
m®A (N6,N6- 2 nd 0 0
Dimethyladenosine)

*m’G has been shown to undergo partial-degradation during hydrolysis

4 Notes

. Make sure that the yeast cells are grown for at least 6-7

generations.

. Always prepare fresh TEN buffer and sucrose solutions. For

isolation of rRNAs from higher eukaryotes including humans,
the sucrose gradient should be adjusted—the one used here is
optimized for both budding and fission yeast.

. Instead of purified 18S and 258 rRNA, MBN assay can also be

performed using total RNA, although the yield and efficiency
was significantly higher with purified 18S and 25S rRNA.

. Since several modifications impact the hydrogen bonding, iso-

lation of fragment using MBN assay from highly modified
regions of the rRNA is sometime challenging. The best oligo
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List of oligonucleotides used for mapping base modifications (methylation and acetylation) and
ribose methylation in S. cerevisiae rRNA using the MBN assay

No. Sequence (5'-- > 3')

18S-01 -GGCTTAATCTTTGAGACAAGCATATGACTACTGGCAGGATCAACCAGATA
18S-02 -GCCATTCGCAGTTTCACTGTATAAATTGCTTATACTTAGACATGCATGGC
18S-03 TAGTAAAGGAACTATCAAATAAACGATAACTGATTTAATGAGCCATTCGC
185-04 AAGCATGTATTAGCTCTAGAATTACCACAGTTATACCATGTAGTAAAGGA
18S-05 TTATCTAATAAATACATCTCTTCCAAAGGGTCGAGATTTTAAGCATGTAT
185-06 GTTATTATGAATCATCAAAGAGTCCGAAGACATTGATTTTTTATCTAATA
18S-07 GAATGAACCATCGCCAGCACAAGGCCATGCGATTCGAAAAGTTATTATGA
18S-08 CACTATCCTACCATCGAAAGTTGATAGGGCAGAAATTTGAATGAACCATC
185-09 CGAACCCTTATTCCCCGTTACCCGTTGAAACCATGGTAGGCCACTATCCT
18S-10 CTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCTT
18S-11 CTGAATTAGGATTGGGTAATTTGCGCGCCTGCTGCCTTCCTTGGATGTGG
18S-12 CCGAATGGGCCCTGTATCGTTATTTATTGTCACTACCTCCCTGAATTAGG
18S-13 GTTAAGGTATTTACATTGTACTCATTCCAATTACAAGACCCGAATGGGCC
185-14 CGCGGCTGCTGGCACCAGACTTGCCCTCCAATTGTTCCTCGTTAAGGTAT
18S-15 CTGCAACAACTTTAATATACGCTATTGGAGCTGGAATTACCGCGGCTGCT
185-16 CCGGCCAACCGGGCCCAAAGTTCAACTACGAGCTTTTTAACTGCAACAAC
18S-17  GAAAGGCCCCGTTGGAAATCCAGTACACGAAAAAATCGGACCGGCCAACC
18S-18 GGTTCGCCAAGAGCCACAAGGACTCAAGGTTAGCCAGAAGGAAAGGCCCC
18S-19 GCCTGCTTTGAACACTCTAATTTTTTCAAAGTAAAAGTCCTGGTTCGCCA
18S-20 TCCTATTCTATTATTCCATGCTAATATATTCGAGCAATACGCCTGCTTTG
18S-21 CATTACGATGGTCCTAGAAACCAACAAAATAGAACCAAACGTCCTATTCT
18S-22 CAATTGAATACTGATGCCCCCGACCGTCCCTATTAATCATTACGATGGTC
18S-23 GTAGTTAGTCTTCAATAAATCCAAGAATTTCACCTCTGACAATTGAATAC
18S-24 TTCTTGATTAATGAAAACGTCCTTGGCAAATGCTTTCGCAGTAGTTAGTC
18S-25 CTACGACGGTATCTGATCATCTTCGATCCCCTAACTTTCGTTCTTGATTA
18S-26 CACCACCCGATCCCTAGTCGGCATAGTTTATGGTTAAGACTACGACGGTA
18S-27 CTTTGATTTCTCGTAAGGTGCCGAGTGGGTCATTAAAAAAACACCACCCG
18S-28 GTTTCAGCCTTGCGACCATACTCCCCCCAGAACCCAAAGACTTTGATTTC
18S-29 AGGCTCCACTCCTGGTGGTGCCCTTCCGTCAATTCCTTTAAGTTTCAGCC
18S-30 GACCTGGTGAGTTTCCCCGTGTTGAGTCAAATTAAGCCGCAGGCTCCACT

18S-31

CAAGAAAGAGCTCTCAATCTGTCAATCCTTATTGTGTCTGGACCTGGTGA

(continued)
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Table 4

(continued)

No. Sequence (5'-- > 3')

18S-32 CACCAACTAAGAACGGCCATGCACCACCACCCACAAAATCAAGAAAGAGC

18S-33 GGTCTCGTTCGTTATCGCAATTAAGCAGACAAATCACTCCACCAACTAAG

18S-34 GATAACCAGCAAATGCTAGCACCACTATTTAGTAGGTTAAGGTCTCGTTC

18S-35 CTTCCATCGGCTTGAAACCGATAGTCCCTCTAAGAAGTGGATAACCAGCA

185-36 GAACGTCTAAGGGCATCACAGACCTGTTATTGCCTCAAACTTCCATCGGC

18S-37 GACTCGCTGGCTCCGTCAGTGTAGCGCGCGTGCGGCCCAGAACGTCTAAG

185-38 GGAGTTTCACAAGATTACCAAGACCTCTCGGCCAAGGTTAGACTCGCTGG

185-39 TTGAAGAGCAATAATTACAATGCTCTATCCCCAGCACGACGGAGTTTCAC

185-40 CAACGCAAGCTGATGACTTGCGCTTACTAGGAATTCCTCGTTGAAGAGCA

18S-41 ACTAGCGACGGGCGGTGTGTACAAAGGGCAGGGACGTAATCAACGCAAGC

18S-42 CTAAGCAGATCCTGAGGCCTCACTAAGCCATTCAATCGGTACTAGCGACG

185-43 GTCCAAATTCTCCGCTCTGAGATGGAGTTGCCCCCTTCTCTAAGCAGATC

185-44 CTTGTTACGACTTTTAGTTCCTCTAAATGACCAAGTTTGTCCAAATTCTC

18S-45 TAATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGACTTTTAG

255-01 CCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTACTCCTACCTGATTTGAGG
TCAAAC

2558-02 GCTTTTGCCGCTTCACTCGCCGTTACTAAGGCAATCCCGGTTGGTTTCTTTTCC
TCCGC

255-03 CCCTCTCCAAATTACAACTCGGGCACCGAAGGTACCAGATTTCAAATTTGAGC
TTTTGCC

255-04 CTCTATGACGTCCTGTTCCAAGGAACATAGACAAGGAACGGCCCCAAAG
TTGCCCTCTCC

25S8-05 CGAAGGCACTTTACAAAGAACCGCACTCCTCGCCACACGGGATTCTCACCCTC
TATGACG

255-06 GATGGAATTTACCACCCACTTAGAGCTGCATTCCCAAACAACTCGACTC
TTCGAAGGCAC

25S5-07 CATCACTGTACTTGTTCGCTATCGGTCTCTCGCCAATATTTAGCTTTAGATGGAA
TTTAC

255-08 CAATTTCACGTACTTTTTCACTCTCTTTTCAAAGTTCTTTTCATCTTTCCATCAC
TGTAC

255-09 GAGCAGAGGGCACAAAACACCATGTCTGATCAAATGCCCTTCCCTTTCAACAA
TTTCACG

255-10 CACCAAAACTGATGCTGGCCCAGTGAAATGCGAGATTCCCC

TACCCACAAGGAGCAGAGG

(continued)
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Table 4

(continued)

No. Sequence (5'-- > 3')

25S-11 GGCTATAATACTTACCGAGGCAAGCTACATTCCTATGGATTTATCC
TGCCACCAAAACTG

258-12 CCTTGACTTACGTCGCAGTCCTCAGTCCCAGCTGGCAGTATTCCCACAGGCTA
TAATAC

258-13 CCTTGGTCCGTGTTTCAAGACGGGCGGCATATAACCATTATGCCAGCATCC
TTGACTTAC

25S8-14 CTTTCATTACGCGTATGGGTTTTACACCCAAACACTCGCATAGACGTTAGACTCC
TTGGT

25S8-15 CATCAGGATCGGTCGATTGTGCACCTCTTGCGAGGCCCCAACCTACGTTCAC
TTTCATTAC

2558-16 CCATCTTTCGGGTCCCAACAGCTATGCTCTTACTCAAATCCATCCGAAGACA
TCAGGATC

25S8-17 GAGCCTCCACCAGAGTTTCCTCTGGCTTCACCCTATTCAGGCATAGTTCACCATC
TTTCG

25S8-18 CGCCCCTATACCCAAATTCGACGATCGATTTGCACGTCAGAACCGCTACGAGCC
TCCACC

255-19 GAGGGAAACTTCGGCAGGAACCAGCTACTAGATGGTTCGATTAGTC
TTTCGCCCCTATAC

255-20 CTAATCATTCGCTTTACCTCATAAAACTGATACGAGCTTCTGCTATCC
TGAGGGAAACTTC

25S8-21 CATATTTAAAGTTTGAGAATAGGTCAAGGTCATTTCGACCCCGGAACCTCTAA
TCATTCG

258-22 GCTCTTCATTCAAATGTCCACGTTCAATTAAGTAACAAGGACTTCTTACATA
TTTAAAG

258-23 CGGTITCATCCCGCATCGCCAGTTCTGCTTACCAAAAATGGCCCACTAAAAGCTC
TTCATTC

25S8-24 CCTTTTGTGGTGTCTGATGAGCGTGTATTCCGGCACCTTAACTCTACGTTCGG
TTCATCC

258-25 GCGGATTCCGACTTCCATGGCCACCGTCCGGCTGTCTAGATGAACTAACACC
TITTGTGG

255-26 CCATTTTCAGGGCTAGTTCATTCGGCCGGTGAGTTGTTACACACTCC
TTAGCGGATTCCG

25S-27 CATCATATCAACCCTGACGGTAGAGTATAGGTAACACGCTTGAGCGCCATCCA
TTTTCAG

258-28 CTTACGGTCTAGGCTTCGTCACTGACCTCCACGCCTGCCTACTCGTCAGGGCA
TCATATC

258-29 GAATATTTGCTACTACCACCAAGATCTGCACTAGAGGCCGTTCGACCCGACC
TTACGGTC

(continued)
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Table 4

(continued)

No. Sequence (5'-- > 3')

25S8-30 CTGCTGTTGACGTGGAACCTTTCCCCACTTCAGTCTTCAAAGTTCTCATTTGAA
TATTTGC

258-31 CTTTGAAACGGAGCTTCCCCATCTCTTAGGATCGACTAACCCACGTCCAACTGC
TGTTGAC

258-32 CGGAATCTTAACCGGATTCCCTTTCGATGGTGGCCTGCATAAAATCAGGCC
TTTGAAACG

25S8-33 CGTCTCCACATTCAGTTACGTTACCGTGAAGAATCCATATCCAGGTTCCGGAATC
TTAAC

25S8-34  GGTGATAAGCTGTTAAGAAGAAAAGATAACTCCTCCCAGGGCTCGCGCCGACG
TCTCCAC

258-35 GTGCTGGCCTCTTCCAGCCATAAGACCCCATCTCCGGATAAACCAATTCCGGGG
TGATAAG

258-36  CTTCCTGTGGATTTTCACGGGCCGTCACAAGCGCACCGGAGCCAGCAAAGGTGC
TGGCCTC

258-37 CCTTGGAGACCTGCTGCGGTTATCAGTACGACCTGGCATGAAAACTATTCCTTCC
TGTGG

258-38 GCCGACTTCCCTTATCTACATTATTCTATCAACTAGAGGCTGTTCACC
TTGGAGACC

25S8-39 CTACCCGACCCTTAGAGCCAATCCTTATCCCGAAGTTACGGATCTA
TTTTGCCGACTTCC

258-40 CCCACCAAGCAGTCCACAAGCACGCCCGCTGCGTCTGACCAAGGCCCTCAC
TACCCGACC

255-41 CAAGGCCGTCTACAACAAGGCACGCAAGTAGTCCGCC
TAGCAGAGCAAGCCCCACCAAGC

258-42 GTTCTAAGTTGATCGTTAATTGTAGCAAGCGACGGTCTACAAGAGACC

TACCAAGGCCGTC

258-43 CGCAATGCTATGTTTTAATTAGACAGTCAGATTCCCCTTGTCCGTACCAGTTC
TAAGTTG

2558-44 CAGAGCACTGGGCAGAAATCACATTGCGTCAACATCACTTTCTGACCATCGCAA
TGCTATG

258-45 GTTACTCCCGCCGTTTACCCGCGCTTGGTTGAATTTCTTCACTTTGACA
TTCAGAGCACTG

258-46 GCGCGTCACTAATTAGATGACGAGGCATTTGGCTACCTTAAGAGAGTCATAG
TTACTCCC

258-47 GTTTCGCTAGATAGTAGATAGGGACAGTGGGAATCTCGTTAATCCATTCA
TGCGCGTCAC

2558-48 CAGGGTCTTCTTTCCCCGCTGATTCTGCCAAGCCCGTTCCCTTGGCTGTGG
TTTCGCTAG

(continued)
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Table 4
(continued)

No. Sequence (5'-- > 3))

258-49 GAAGACCCTGTTGAGCTTGACTCTAGTTTGACATTGTGAAGAGACATAGAGGG
TGTAG

258-50 GAAACTATAAAGGTAGTGGTATTTCACTGGCGCCGAAGCTCCCACTTATTC
TACACCCTC

258-51 CTAGAACGTGGAAAATGAATTCCAGCTCCGCTTCATTGAATAAGTAAAGAAACTA
TAAAG

258-52 CCACCTGACAATGTCTTCAACCCGGATCAGCCCCGAATGGGACCTTGAATGC
TAGAACGTG

258-53 CTTAGGACATCTGCGTTATCGTTTAACAGATGTGCCGCCCCAGCCAAAC
TCCCCACCTGAC

258-54 GCTTTTACCCTTTTGTTCTACTGGAGATTTCTGTTCTCCATGAGCCCCCC
TTAGGACATC

258-55 GGCCACACTTTCATGGTTTGTATTCACACTGAAAATCAAAATCAAGGGGGC
TTTTACCC

258-56 GTAACTTTTCTGGCACCTCTAGCCTCAAATTCCGAGGGACTAAAGGATCGA
TAGGCCACAC

258-57 GCAATGTCGCTATGAACGCTTGACTGCCACAAGCCAGTTATCCCTGTGGTAAC
TTTTCTG

258-58 CGAATTCTGCTTCGGTATGATAGGAAGAGCCGACATCGAAGAATCAAAAAGCAA
TGTCGC

258-59 CCCAGCTCACGTTCCCTATTAGTGGGTGAACAATCCAACGCTTACCGAATTCTGC
TTCGG

258-60 GGTAACATTCATCAGTAGGGTAAAACTAACCTGTCTCACGACGGTC
TAAACCCAGCTCAC

258-61 CAATTATCCGAATGAACTGTTCCTCTCGTACTAAGTTCAATTACTATTGCGG
TAACATTC

258-62 CCAGCGGATGGTAGCTTCGCGGCAATGCCTGATCAGACAGCCGCAAAAACCAA
TTATCCG

258-63 GAAATCACCGCGTTCTAGCATGGATTCTGACTTAGAGGCGTTCAGCCATAA
TCCAGCGGATG

258-64 GACGCCACAAGGACGCCTTATTCGTATCCATCTATATTGTGTGGAGCAAAGAAA
TCACCG

258-65 CCCAAGGCCTTTCCGCCAAGTGCACCGTTGCTAGCCTGCTATGG
TTCAGCGACGCCACAAG

258-66 CAAATGATTTATCCCCACGCAAAATGACATTGCAA
TTCGCCAGCAAGCACCCAAGGCC

258-67 CAAGGCTACTCTACTGCTTACAATACCCCGTITGTACATCTAAGTCGTATACAAATG

258-68 ACAAATCAGACAACAAAGGCTTAATCTCAGCAGATCGTAACAACAAGGCTACTC

TACTGC




set may have to be empirically determined by altering the Tm,
either by increasing the length or sequence.

. After MBN assay, fragments must be PAGE purified using

appropriate marker—(DNA oligo used for the reaction can
also be used). Often we see the protected fragment running a
little higher than the expected size.

. Instead of passive elution of the rRNA fragments, one can also

use electro elution using Model 422 Electro-Eluter (BioRad).

. MBN assay in combination with RP-HPLC is a valuable tool

for both qualitative and quantitative of relatively abundant
RNA species. For low abundant RNAs it is advised to use
more sensitive methods like LC-MS/MS or upcoming Oxford

. Molar response factors given here (Table 2) are calculated for

NHH,PO, buffer system. NH4H,POy4 has a low UV absorp-
tion and higher solubility as compared to the potassium or
sodium salts [7]. If other buffer system is used, the molar
response factors should be recalculated.
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i Chapter 12

Non-radioactive In Vivo Labeling of RNA with 4-Thiouracil

Christina Braun, Robert Kniippel, Jorge Perez-Fernandez o,
and Sebastien Ferreira-Cerca

Abstract

RNA molecules and their expression dynamics play essential roles in the establishment of complex cellular
phenotypes and/or in the rapid cellular adaption to environmental changes. Accordingly, analyzing RNA
expression remains an important step to understand the molecular basis controlling the formation of
cellular phenotypes, cellular homeostasis or disease progression. Steady-state RNA levels in the cells are
controlled by the sum of highly dynamic molecular processes contributing to RNA expression and can be
classified in transcription, maturation and degradation. The main goal of analyzing RNA dynamics is to
disentangle the individual contribution of these molecular processes to the life cycle of a given RNA under
different physiological conditions. In the recent years, the use of nonradioactive nucleotide /nucleoside
analogs and improved chemistry, in combination with time-dependent and high-throughput analysis, have
greatly expanded our understanding of RNA metabolism across various cell types, organisms, and growth
conditions.

In this chapter, we describe a step-by-step protocol allowing pulse labeling of RNA with the nonradioac-
tive nucleotide analog, 4-thiouracil, in the eukaryotic model organism Saccharomyces cerevisine and the
model archacon Haloferax volcanii.

Key words 4-thiouracil, RNA, Pulse labeling, RNA tagging, Haloferax volcanii, Saccharomyces
cerevisine

1 Introduction

RNA homeostasis is a fundamental process for the regulation of
gene expression and therefore for the physiology of living organ-
isms [1, 2]. Several methods enable the characterization of the
cellular RNA composition in a quantitative (relative amount) and
qualitative manner (specific molecule identity) [1-3]. Classically,
the presence and the relative amount of an RNA of interest can be
easily assessed by northern blot or quantitative RT-PCR analyses

Christina Braun and Robert Kniippel contributed equally to this work.

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
https://doi.org/10.1007/978-1-0716-2501-9_12, © The Author(s) 2022

199


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-2501-9_12&domain=pdf
https://orcid.org/0000-0002-0018-5493
https://orcid.org/0000-0002-0522-843X
https://doi.org/10.1007/978-1-0716-2501-9_12#DOI

200

Christina Braun et al.

[1-3]. More recently, the emergence of high-throughput technol-
ogies, like DNA microarrays [4—-6] or next generation sequencing
analysis [7, 8], have leveraged our capacity to obtain a faithful
qualitative and quantitative overview of the ensemble of RNA
molecules present at equilibrium in varying conditions. However,
all these methods are inherently lacking temporal resolution and
hardly permit in depth systematic analysis of the relative contribu-
tion of the individual molecular processes underlying the life cycle
of an RNA [9, 10].

This problem was recognized very early in the history of molec-
ular biology. Pioneering studies have ingeniously taken advantage
of metabolic labeling to reveal the importance of RNA dynamic for
gene expression. For example, the seminal work of Brenner, Jacob,
and Meselson in 1961 enabled the discovery of mRNA as a dynamic
intermediate molecule required for protein synthesis [11]. Meta-
bolic labeling of RNA using radioactively labeled molecules, like
nucleotides/nucleosides, has been the method of choice to explore
RNA dynamics. However, country-dependent administrative reg-
ulations of radioactive isotopes constrain the use of metabolic
labeling using radioactive-labeled nucleotides. In addition, the
inherent difficulty of this technique to analyze dynamics of individ-
ual RNAs in a global and systematic fashion, has often confined this
methodology to assess global transcription output or production
and maturation of abundant cellular RNA (like ribosomal RNA
maturation [12-19]). Alternative methods using nonradioactive
nucleotide analogs for the metabolic labeling of RNA were
explored early on [20]. However, it is only recently, thanks to
improvement of chemistry, labeled-RNA enrichment and detection
methods, that the full potential of this approach is unfolding
[9,21-24].

Several nonradioactive nucleotide analogs providing different
advantages/disadvantages have been described in the literature
[9, 21]. Among them, uracil derivatives have been widely used
[9]. Due to their versatile chemical properties, thiouracil /uridine
and uracil /uridine derivatives compatible with click-chemistry have
emerged as molecules of choice to perform RNA dynamic analysis
[9]. These uracil /uridine derivatives allow for orthogonal chemis-
try with a large battery of reagents to facilitate downstream visuali-
zation, isolation and system-wide characterization of labeled RNA,
thereby providing an unprecedented time and resolution depth of
RNA metabolism [9, 10, 21-28].

Furthermore, the chemical properties of the uracil/uridine
derivatives can be further harnessed in combination with other
methodologies (e.g., UV cross-linking, structure probing, mass
spectrometry, next-generation sequencing) to investigate the
dynamics of structure and composition of ribonucleoprotein parti-
cle (RND) [23, 24, 28-34]. Overall, the potential of using chemical
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biology strategies and their combinations is still emerging and will
undoubtedly provide new molecular insights into the life cycle of
RNA molecules.

In this chapter, we describe step-by-step conditions to success-
fully perform 4-thiouracil labeling in two model organisms, Saccha-
romyces cevevisine and Haloferax volcanii, and provide general
technical advice, which should facilitate application of this method-

ology (Fig. 1).

2 Materials

2.1 Microbiological
Cultures

2.1.1 Strains
2.1.2 Haloferax Volcanii

Enhanced Casamino Acids
(Hv-Ca™)

There are no specific preferences of sources of chemical reagents or
materials, unless stated otherwise. Use ultrapure water with
18 MQ-cm resistivity at 25 °C, unless stated otherwise.

1. Haloferax volcanii H26 [35].

2. Saccharomyces cevevisine (any genetic background prototroph
for uracil).

1 M Tris—-HClI pH 7.0.
1 M Tris—-HCI pH 7.5.
1 M KOH.

30% (w/v) salt water: 4.1 M NaCl; 147.5 mM MgCly;
142 mM MgSOy; 94 mM KCI; 20 M Tris—HCI pH 7.5.

5. 10x casamino acids solution: 10 g/L casamino acids.

L s

6. Haloferax volcanii minimal carbon source: 10% sodium-Dr-
lactate; 9% succinic acid; 1% glycerol; pH 7.5. Sterilize by
filtration.

7. Haloferax volcanii minimal salts: 417 mM NH,4Cl; 250 mM
CaCly; 152 pM MnCly; 127 pM ZnSOy; 689 pM FeSOy;
16.7 pM CuSOsy. Sterilize by filtration.

8. Hv-Trace elements solution: 1.8 mM MnCl,; 1.53 mM
7ZnS0y; 8.27 mM FeSOy; 0.2 mM CuSOy.

9. 0.5 M KPOy buffer, pH 7.0.
10. 1 mg/L thiamine solution. Sterilize by filtration.
11. 1 mg/L biotin solution. Sterilize by filtration.
12. Uracil stock solution (500 mM in DMSO).
13. 4-thiouracil stock solution (500 mM in DMSO).
14. Sterile filters (0.22 pm) and syringes.
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Fig. 1 Exemplary 4-thiouracil (4-TU) labeling of total RNA in S. cerevisiae and H. volcanii: (@) Workflow
summary of 4-TU labeling. 4-thiouracil labeling and biotinylation workflow is briefly depicted. Growing cells
(see Subheading 3.1.) are pulse labeled with 4-thiouracil as described in Subheading 3.2. After RNA extraction
(see Subheading 3.3), sulfhydryl groups are specifically biotinylated in the presence of methylthiosulfonate
activated Biotin derivate (MTS-Biotin) (see Subheading 3.4). After biotinylation RNA are separated by gel
electrophoresis and visualized as described in Subheading 3.5 and below. (b and ¢) Exemplary 4-TU labeling
applied on the eukaryotic model organism S. cerevisiae. The indicated yeast cells, wild-type (WT), cells
depleted for the small and large ribosomal subunit biogenesis factors Pwp2 (GAL::PWP2) and Pol5 (GAL::
POL5), respectively [39, 40] were labeled for 20 min with 4-thiouracil as indicated in Subheading 3.2. Labeled
total RNA were separated by denaturing agarose (b) or polyacrylamide (c) gel electrophoresis, respectively.
Biotinylated RNA was detected as described in Subheading 3.5. Ribosomal RNA precursors (35S, 27S, and



2.1.3 Saccharomyces
cerevisiae Minimal Medium
(See Note 1)

2.2 Chemical
Reagents and
Materials for RNA
Extraction

2.3 Chemical
Reagents for

1.

2.
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0.65 g/L Complete Supplement Mixture w/o histidine, leu-
cine, uracil (CSM —His -Leu -Ura).

6.7 g/L yeast nitrogen base containing ammonium sulfate as a
nitrogen source (5 g/L) (YNB).

(a) 20 g/L glucose (D) or galactose (G).

(b) 0.1 g/L histidine.

(¢) 0.1 g/L leucine.

(d) Uracil stock solution (500 mM in DMSO).

(e) 4-thiouracil stock solution (500 mM in DMSO).

. AE bufter (50 mM Na-acetate pH 5.3; 10 mM EDTA pH 8).
. AE buffer-saturated phenol (see Note 2).
. 10% sodium dodecyl sulfate (SDS) solution.

3 M Na-acetate pH 5.3 solution.

. RNA Precipitation mix (96% ecthanol; 120 mM Na-acetate

pH 5.3).

. RNA sample solubilization buffer (95% deionized formamide,

20 mM EDTA, 0.05% bromophenol blue) (see Note 3).

. Chloroform p.a.
. Thermomixer.
. 1.5 mL Safe-Lock tubes.

. MTSEA-Biotin-XX (Biotium—Cat Number:90066) (1 mg/

mL solved in N, N-dimethylformamide).

Biotinylation of 4TU- 2. 10x biotinylation buffer (100 mM Tris—-HCI 7.4; 10 mM
Labeled RNA EDTA pH 8).

3. RNase-free H,O.

4. Dark box.

Fig. 1 (continued) 20S rRNA) and mature ribosomal RNA (25S, 18S, 5.8 and 5S rRNA) are indicated. Please
note that depletion of the small ribosomal subunit biogenesis factor, Pwp2, for 14 h leads to the reduction of
small ribosomal subunit pre- and mature rRNAs (20S and 18S rRNA, respectively) [39]. In contrast depletion of
the large ribosomal subunit biogenesis factor, Pol5, for 9 h leads to the reduction of the common large
ribosomal subunit precursor and corresponding mature rRNA (27S, 25S, and 5.8S, respectively) [39—
41]. Additional application examples using this protocol and S. cerevisiae is described in [41]. (d) Exemplary
4-TU labeling applied on the archaeal model organism H. volcanii. Haloferax volcanii wildtype cells were
labeled for 3 h with 4-thiouracil as indicated in Subheading 3.2. Labeled total RNA was separated by
denaturing agarose electrophoresis. Biotinylated RNA was detected as described in Subheading 3.5. Mature
ribosomal RNA (23S, 16S, and 5S rRNA) observed in these conditions are indicated. Additional application
examples using this protocol and H. volcanii has been described previously [36]



204 Christina Braun et al.

2.4 Separation and
Immobilization of RNA

2.4.1 Agarose Gel
Electrophoresis and
Capillary Transfer

2.4.2 Polyacrylamide Gel
Electrophoresis and Electro
Transfer

2.5 Detection of 4-TU
Labeled RNA

. RNase-free agarose.

2. 10x MOPS buffer (0.2 M MOPS, 20 mM Na-acetate, 10 mM

EDTA, pH 7).

. 37% tormaldehyde p.a.

4. Running buffer (20 mM MOPS, 2 mM Na-acetate, 1 mM

O 0 NN O U

EDTA, 2% formaldehyde, pH 7).

. Power pack.

. Gel Chamber (20 x 25 cm gel tray).

. 0.05 M NaOH.

. 10x SSC (1.5 M NaCl, 0.15 M sodium citrate, pH 7).
. Whatman paper.

10.

. UV cross-linking device.

Positively charged Nylon membrane.

1. Urea.

[\

N Ul R W

. 5x TBE buffer (445 mM Tris, 445 mM boric acid, 10 mM

EDTA pH 8).

. 30% acrylamide mix (acrylamide—bisacrylamide 37.5:1).

. N,N,N,N'-tetramethyl ethylenediamine (TEMED).

. 10% ammonium persulfate (APS) solved in H,O.

. Gel system apparatus including glass plates (20 x 10 cm),

comb, spacers.

7. Power pack.

o)

. Whatman paper.

. Positively charged nylon membrane.
10.
11.
12.
13.

Wet blot transfer cell with cassette clamping system.
Magnetic stirrer.
Magnetic stir bar.

UV cross-linking device.

. Blocking solution: 1x PBS pH 7.5, 1 mM EDTA pH 8; 10%

SDS.

2. IR-dye conjugated Streptavidin (1 mg/mL).

. Wash solution I: 1 x PBS pH 7.5, 1 mM EDTA pH 8; 1% SDS.
. Wash solution II: 1x PBS pH 7.5, 1 mM EDTA pH 8; 0.1%

SDS.

. Infrared detection system.
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3 Methods (See Notes 4 and 5)

3.1 Microbiological
Methods (See Note 6)

3.1.1 Haloferax volcanii
Medium and Cultivation

1.

Prepare 30% (w/v) Salt water by dissolving in 4 L of Millipore
water 1200 g NaCl; 150 g MgClL-6H,0; 175 g
MgS0O,4-7H,0; 35 g KCI; 100 mL 1 M Tris-HCI, pH 7.5.
Fill up with HO to 5 L. Autoclave and store at room
temperature.

. Prepare Hv-Min carbon source by dissolving in 150 mL H,O:

41.7 mL 60% sodium-p1-lactate, 37.5 g succinic acid Na, salt-
-6H,0; 3.15 mL 80% glycerol. Carefully adjust to pH 7.5 with
first 5 M NaOH and then 1 M NaOH. Fill up with H,O to a
final volume of 250 mL and sterilized by filtration. Aliquot in
50 mL and store at 4 °C.

. Prepare Hv-Trace elements solution by adding to 100 mL

water a few drops of 37% concentrated HCI. Dissolve the
following salts one by one in the following order: 36 mg
MnCl,-4H,0; 44 mg ZnSO4-7H,0; 230 mg FeSO4-7H,0;
5 mg CuSO4-5H,0. Sterilize by filtration and store at 4 °C (see
Note 7).

. Prepare Hv-minimal salts by mixing 30 mL 1 M NH,CI;

36 mL 0.5 M CaCl, and 6 mL Hv-Trace elements solution
(see step 3). Sterilize by filtration and store at 4 °C.

. Prepare 0.5 M KPO, buffer (pH 7.0). Mix 61.5 mL 1 M

K;HPOy4 and 38.5 mL 1 M KH,PO,4. Check pH and adjust
to pH 7.0, if required. Add an equal volume of HO (100 mL).
Autoclave and store at room temperature.

. Prepare thiamine-biotin mix by combining 9.5 mL thiamine

(1 mg/mL) and 1.2 mL biotin (1 mg/mL).

. Prepare 10x casamino acids solution. For 100 mL dissolve

5.1 g casamino acids in ~75 mL H,O. Add 24 mL 1 M
KOH. Fill up to 100 mL with H,O. Sterilize by filtration.

. Prepare Hv-Ca® medium. For 1 L medium mix 600 mL 30%

salt water, 225 mL H,O and 30 mL Tris-HCI pH 7.0. Auto-
clave. When cooled down add 100 mL 10x casamino acids
solution (see step 7), 25.5 mL Hv-Min Carbon Source (see step
2), 12 mL Hv-Min Salts (see step 4), 1.95 mL 0.5 M KPO4
bufter pH 7.0 (seestep 5), 900 pL thiamine—biotin mix (see step
6). Store at room temperature in a dark cupboard.

. Scratch the surface of an Haloferax volcanii glycerol cryo-stock

with a sterile inoculating loop and inoculate 5 to 10 mL
Hv-Ca® medium supplemented with Uracil (end concentra-
tion = 400 pM) as a start culture. Incubate at 42 °C under
agitation. Dilute with prewarmed medium or let grow until the
culture  has  reached the desired cell density
(ODGOOnm = 05_08)
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3.1.2 Saccharomyces 1.
cerevisiae Medium and
Cultivation
2
3
4
5
3.2 In Vivo Pulse 1.
Labeling with 4-TU
(See Note 9)
3.2.1 Uracil and 4- 2
Thiouracil Stocks
3.2.2 Haloferax volcanii 1.
Labeling

Prepare SCG-Ura medium for precultures (see Note 8). For
300 mL medium dissolve 0.195 g CSM-His-Leu-Ura, 2.01 g
YNB, 6 g galactose, 0.03 g histidine, and 0.03 g leucine in
250 mL H,O. Fill up to 300 mL with H,O. Aliquot in 50 mL,
autoclave, and store at room temperature.

. Prepare SCD-Ura medium for main cultures. For 800 mL

medium dissolve 0.52 g CSM-His-Leu-Ura, 5.36 g YNB,
16 g glucose, 0.08 g histidine, and 0.08 g Leucine in 700 mL
H,O. Fill up to 800 mL with H,O. Aliquot in 200 mL, auto-
clave, and store at room temperature.

. Inoculate uracil prototroph yeast strains in 50 mL SCG-Ura

medium with a sterile inoculating loop by picking one single
colony from agar plate and grow yeast cells overnight at 30 °C
under shaking.

. Measure absorbance at 600 nm (ODgggnm) of overnight cul-

tures and dilute them to OD¢ponm = 0.2 in 50 mL SCG-Ura
medium. Let cells grow to exponential phase to
ODgoonm = 0.5-0.8.

. Inoculate main cultures in 200 mL SCD-Ura medium to the

appropriate cell density using exponentially growing precul-
tures (see above step 4). Incubate yeast cells until the culture
has reached the desired cell density.

Prepare 500 mM uracil stock solution. For 5 mL, dissolve
280.2 mg uracil powder in 3 mL DMSO. Fill up to 5 mL
with DMSO. Store aliquots at —20 °C.

. Prepare 500 mM 4-thiouracil stock solution. For 5 mL, dis-

solve 320.4 mg 4-thiouracil powder in 3 mL DMSO. Fill up to
5 mL with DMSO. Store aliquots at —20 °C.

Grow H. volcanii cells in Hv-Ca® medium containing 400 pM
uracil.

. Centrifuge cells for 8 min at 4,500 x 4.

. Resuspend cell pellet in prewarmed Hv-Ca™ supplemented with

100 pM uracil.

4. Split the cells in an appropriate number of cultures.

ul
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. Add 300 pM uracil (mock control) or add 300 pM 4-thiouracil

(pulse).

. Incubate at 42 °C under agitation.

. Centrifuge cells (~2 ODgoonm €quivalent) 5 min at 10,000 x g.
. Discard supernatant.

. Freeze the cells in liquid nitrogen.

10.

Proceeds with RNA extraction (see Subheading 3.3).
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Take a volume corresponding to 30 ODggonm Of exponentially
growing yeast culture and centrifuge for 3 min at 1,700 x g.

. Discard supernatant and resuspend cell pellets in 40 mL

SCD-Ura medium and transfer to 100 mL Erlenmeyer flasks.

. Add either 100 pM uracil (mock control) or 100 pM 4-thio-

uracil (pulse).

. Incubate for 20 min at 30 °C under agitation.

. Centrifuge cells for 5 min at 3,000 x 4.

. Discard supernatant.

. Freeze the cells in liquid nitrogen.

. Proceed with RNA extraction (see Subheading 3.3).

3.3 RNA Extraction Perform all RNA extractions as fast as possible in a controlled
[36] RNase-free environment (see Note 10).

1.

[S2NN NG I S )

Label a total of four 1.5 mL safe-seal tubes (1-4) for each
sample condition.

. Prewarm Thermomixer to 65 °C.

. Add reagents as described in Table 1.

. Dissolve cell pellets in 500 pL AE buffer and keep on ice.

. Add the dissolved pellet to the corresponding prepared Tube

1 (see Table 1).
Close the tube properly and vortex briefly. Keep at room
temperature until all the Tube 1 series is completed.

. Incubate at 65 °C (Thermomixer) for 5 min with full speed

agitation.

. Vortex all the samples and keep on ice for 1 min.

. Centrifuge 2 min at 18,000 x g, room temperature (see

Note 11).

. Transfer ~450 pL aqueous phase (upper phase) (se¢e Note 12)

to the corresponding prepared Tube. Vortex briefly. Keep at
room temperature until all the Tube 2 series is completed.

Table 1
Tube series required for RNA extraction (see Subheading 2.2)

Sample X
Tube 1 500 pL AE buffer-saturated phenol
50 pL 10% SDS
Tube 2 500 pL AE buffer-saturated phenol
Tube 3 500 pL chloroform

Tube 4 780 pL RNA precipitation mix
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3.4 4-TU-Labeled
RNA Biotinylation

3.5 Separation and
Immobilization of RNA
(See Note 11)

3.5.1 Preparation of
Denaturing Agarose  Gel

3.5.2 Preparation of
Denaturing Polyacrylamide
Gel

10.
11.

12.
13.

14.
15.
16.

17.
18.

19.

Centrifuge for 1 min at 18,000 x g, room temperature.

Transfer ~360 pL aqueous phase (upper phase) (see Note 12)
to the corresponding prepared Tube 3. Vortex briefly. Keep at
room temperature until all the Tube 3 series is completed.

Centrifuge 1 min at 18,000 x g, room temperature.

Transfer ~300 pL aqueous phase (upper phase) (see Note 12)
to the corresponding prepared Tube 4. Invert to mix and
precipitate the RNA at least 60 min at —20 °C.

Centrifuge for 20 min at 18,000 x gat 4 °C.
Discard supernatants.

Optional recommended step: wash pellets with cold (—20 °C)
75% Ethanol. Centrifuge if necessary and discard supernatants.

Let the pellet dry at room temperature.

Dissolve RNA pellet in 20—40 pl. RNase-free water. Store at
—20°Cor —80 °C.

Measure RNA concentration.

. Mix 25-50 pg extracted RNA, 5 pL. MTSEA-Biotin-XX (5 pg),

25 pL 10x biotinylation buffer in a total volume of 250 pL.

2. Incubate for 30 min in the dark at room temperature.

N N o

. Add 250 pL AE buffer (se¢ item 1 Subheading 2.2).
. Proceed with RNA extraction by adding the sample to a

prepared tube containing 500 pL. AE buffer-saturated phenol
and 50 pL 10% SDS (see Subheading 3.3).

. Dissolved RNA pellet in RNA loading buffer (see item 6

Subheading 2.2).

. Mix 1.3% agarose in 0.85 final volume of H,O.
. Dissolve the agarose by heating the mixture in the microwave.

. Let cool down under agitation (~50 °C) and add 0.1 volume of

10x MOPS running buffer and 0.054 volume of 37% Formal-
dehyde (final concentration 2%).

. Cast the gel.
. Prepare running buffer (1 x MOPS, 2% formaldehyde).
. Load the RNA samples (obtained in Subheading 3.4).

. Run the gel overnight at 40 V and room temperature.

. Prepare urea—polyacrylamide gel solution (6% acrylamide, 7 M

urea solved in 0.5 x TBE). Mix by stirring at room temperature
until urea is properly dissolved.

. Add 0.001% (v,/v) TEMED and 0.1% (v/v) ADS.



3.5.3 Northern Blotting
(Agarose Gel)

3.5.4  Northern Blotting
(Polyacrylamide Gel)

3.5.5 Detection of
Biotinylated RNA
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. Cast gel immediately and store it after polymerization at 4 °C

overnight.

. Prepare running buffer (0.5x TBE).
. Load the RNA samples (obtained in Subheading 3.4). Prior to

sample loading, flush pockets very well with 0.5 x TBE using an
hollow needle to remove urea.

. Run the gel for 1 h and 15 min at 150 V.

. Rinse gel in 5 gel volumes of H,O for 5 min.
. Hydrolyzed RNA in 5 gel volumes of 0.05 M NaOH for

20 min under mild agitation.

. Rinse twice with 5 gel volumes of 10x SSC for 20 min under

mild agitation.

4. Prepare nylon membrane, Whatman paper, and soaking paper.

. Transfer RNA overnight onto the Nylon membrane by capil-

lary transfer.

. Cross-link RNA to the membrane by exposing the membrane

twice with 0.5 J /cm?.

. Rinse gel in 5 gel volumes of 0.5x TBE for 5 min.

. Equilibrate Nylon membrane, Whatman paper, and clamping

nets in 0.5x TBE.

. Set up blotting sandwich and fill transfer tank with blotting

buffer (0.5x TBE).

. Transfer RNA at room temperature for 1 h and 20 min at 50 V.

Blotting buffer should be stirring constantly with the help of a
magnetic stir device.

. Cross-link RNA to the membrane by exposing the membrane

twice with 0.5 J /cm?.

. Incubate membrane for 20 min in blocking buffer under mild

agitation.

. Add IR-dye conjugated Streptavidin (0.1 pg/mL) and incu-

bate for 20 min under mild agitation in the dark.

. Wash the membrane twice 10 min with blocking buffer under

mild agitation in the dark.

. Wash the membrane twice 10 min with washing buffer I under

mild agitation in the dark.

. Wash the membrane twice 10 min with washing buffer II under

mild agitation in the dark.

. Visualized biotinylated RNA with an infrared detection system

(Fig. 1b-d).
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4 Notes

. Increased labeling is obtained when using a prototroph yeast

strain. When using an uracil prototroph yeast strains, all used
media lack uracil.

. AE butffer-saturated phenol is obtained by equilibrating phenol

water 3 times with 1/10th volume of AE buffer (50 mM
Na-acetate pH 5.3; 10 mM EDTA pH 8). The equilibrated
phenol solution should be stored at 4 °C in the dark in a safety
cabinet. Phenol can cause severe burns. Always work with
phenol in a fume hood and wear safety glasses, gloves, and a
lab coat. Avoid direct contact.

. Deionized formamide is essential to resolve RNA correctly on

polyacrylamide gel and can be purchased from most providers.
For agarose gel deionized formamide is not required. Form-
amide is a moderate irritant and is hazardous for health. Handle
using the necessary safety precautions.

. Use ultrapure water with 18 MQ cm resistivity at 25 °C unless

stated otherwise.

. All solutions/media should be autoclaved, unless stated
otherwise.
. Use standard microbiological practices required for the culti-

vation of noninfectious or low-risk microorganisms (Risk
Group 1 applies for H. volcanii and S. cerevisiae). In other
cases, apply specific additional safety measures related to the
organism used and according to biological safety law. In case of
doubt, contact your local biology safety officer. Ensure that
glassware used for the cultivation of H. volcaniiare well cleaned
and do not contain residual traces of detergents,/chemicals.

7. Order is critical to ensure proper solubility of the chemicals.

. In this example, precultures must necessarily be cultivated in

galactose containing medium to avoid premature depletion of
proteins of interest in glucose containing medium. Otherwise,
SCD medium containing 2% dextrose instead of galactose can
be used.

. 4-thiouracil is toxic at different concentrations depending on

the organism used [36-38]. Make sure to determine the opti-
mal amounts of uracil analog for the organism used. H. volcanii
cells can tolerate up to 75% of thiouracil as uracil source (total
concentration of uracil and analog 400 pM) [36]. In absence of
uracil, uracil prototroph . cerevisine cells can tolerate up to
200 pM of thiouracil in 24 h cultures with only a 15% decrease
on cell growth.
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10. For best results keep all reagents free of RNases. If possible,
keep glassware and materials separated and, set up a dedicated
area for RNA work only. Keep the working place tidy.

11. Temperature is critical to allow correct phase separation. Do
not use a cooled centrifuge since SDS will tend to precipitate.

12. For best results avoid phase contamination by collecting the
upper phase using 3 fractions of equal volumes (3x 150 puL, 3%
120 pL, and 3x 100 pL, respectively).

13. To avoid high level of autofluorescence background, avoid
staining the gel with staining reagents like ethidium bromide
and SYBR Safe.
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Chapter 13

Translation Phases in Eukaryotes

Sandra Blanchet and Namit Ranjan

Abstract

Protein synthesis in eukaryotes is carried out by 80S ribosomes with the help of many specific translation
factors. Translation comprises four major steps: initiation, elongation, termination, and ribosome recycling.
In this review, we provide a comprehensive list of translation factors required for protein synthesis in yeast
and higher eukaryotes and summarize the mechanisms of each individual phase of eukaryotic translation.

Key words Translation, Ribosome, mRNA, tRNA, Yeast

1 Introduction

In all domains of life, information encoded in mRNA is translated
to protein by a supramolecular machine called ribosome. Eukary-
otic ribosome consists of a small subunit (40S) and a large subunit
(60S) that together form the 80S ribosome. The ribosome reads
the information one codon (three nucleotides) at a time using
aminoacyl-tRNAs as adaptor molecules that recognize each codon
to insert the appropriate amino acid. Ribosomes from bacteria,
archaea, and eukarya share a high degree of sequence and structure
conservation, indicating a common evolutionary origin. Further-
more, they share a similar central core where mRNA decoding,
peptidyl transfer, and translocation of tRNA and mRNA by one
codon take place. The process of translation can be divided into
four main phases: initiation, elongation, termination, and ribosome
recycling. During the initiation phase, eukaryotic translation initia-
tion factors (elFs) promote the assembly of 80S ribosomes at the
AUG start codon with an initiator methionyl-tRNA bound to the P
site (Table 1). During elongation, 80S ribosomes move proces-
sively along the mRNA, synthesizing the encoded protein through
the coordinated actions of aminoacyl-tRNAs and the eukaryotic
translation elongation factors (¢EFs) (Table 2). At the end of the
open reading frame, the ribosome encounters a termination codon
recognized by eukaryotic release factors (eRFs) (Table 2), which
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Table 1
Eukaryotic translation initiation factors

Number of subunits and their molecular mass (kDa)

Name Yeast

Higher eukayotes

Function

Initiation factors

eIF1  1(12.3)

IF1A 1 (17.4)

elF2

IF3  a(110.3)

cIF4A 1 (44.6)

cIF4B 1 (48.5)

cIF4E 1 (24.2)

cIF4F A (24.2)
E (44.6)
G (103.9)

IF4G 1 (103.9)

elF4H None

IF5 1 (45.2)

eIF5B 1 (112.2)

1(12.7)

1(16.5)

a (36.1)
B (38.4)
v (51.1)

a(166.6), b (92.5)
¢ (105.3), d (64)

e (52.2), £(37.6)
g (35.6), h (39.9)
i(36.5)

i(29.1)

k (25.1),1(66.7)
m (42.5)

1(46.1)

1(69.3)

1 (24.5)

A (24.5)
E (46.1)
G (175.5)

1(175.5)

1(27.4)

1(49.2)

1(138.9)

Facilitates recognition of the initiator
codon, modulates translation
accuracy at the initiation phase

Stimulates eIF2-GTP-Met-tRNAM"
binding to 40S subunits and
promotes ribosome scanning and
initiation codon selection together
with eIF1

Forms an eIF2-GTP—Met-tRNA;M®*
ternary complex and delivers
Met-tRNAM to the 40S subunit

Is involved in the preinitiation complex
assembly and start codon selection,
stimulates the binding of mRNA and
Met-tRNAM to the ribosome

DEAD-box ATPase and
ATP-dependent RNA helicase

RNA-binding protein that enhances
eIF4A helicase activity

mRNA cap-binding protein

Cap-binding complex that unwinds
the 5" UTR of mRNA, mediates the
binding of 43S complexes and assists
the ribosomal complexes during
scanning

Platform protein that binds eIF4E, A,
3; PABP; and mRNA, and enhances
the helicase activity of eIF4A

RNA-binding protein that enhances
eIF4A helicase activity; is
homologous to a fragment of ¢eIF4B

GTPase-activating protein that induces
hydrolysis of eIF2-bound GTP upon
initiation codon recognition

Mediates ribosomal subunit joining in
a GTP-dependent manner

(continued)
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Table 1
(continued)
Number of subunits and their molecular mass (kDa)
Name Yeast Higher eukayotes Function
elF2B «a (34) a(33.7) Guanosine nucleotide exchange factor
B (42.5) B (39) that promotes GDP-GTP exchange
Y (65.6) v (50.2) on elF2
5 (70.8) 5 (59.7)
e (81.1) € (80.3)
Table 2

Eukaryotic translation elongation and termination factors

Number of subunits and their molecular mass (kDa)

Name Yeast Higher eukayotes Function
Elongation factors
¢EF1A 1 (50) 1(50.1) Forms an eEF1A-GTP-aa-tRNA

ternary complex that delivers
aa-tRNA to the 80S ribosomes
during elongation

cEF2 1 (93.3) 1 (95.3) Ribosome-dependent GTPase that
facilitates tRNA-mRNA
translocation

eIF5A 1 (17.1) 1(16) Is involved in translation elongation,
promotes the translation of stalling
sequences

¢cEF3 1 (115.9) Not known Ribosome-dependent ATPase
involved in elongation

Termination factors

¢RF1 1 (48.9) 1(49) Directs the termination of nascent
peptide synthesis and the release of
polypeptide upon eRF3 GTP
hydrolysis

eRF3 1 (76.5) 1 (68.8) GTPase that stimulates ¢eRF1 activity
and polypeptide release

Recycling factors

ABCE1 Rlil (68.3) 1 (67.3) Promotes peptide release and is
involved in ribosomal subunits
recycling

elF2D 1 (64) 1(64.7) Potentially promotes dissociation of

deacylated tRNA and mRNA from
post-termination complexes
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promote the release of the nascent protein from the ribosome.
Finally, during the recycling phase, the ribosome complex is
recycled to the 40S and 60S subunits to begin a new round of
translation. In this review, we describe the four phases of eukaryotic
translation and function of translation factors (Tables 1 and 2). In
the accompanying methods chapter, we focus on in vitro reconsti-
tution of initiation and elongation phases of translation. Detailed
aspects of translation termination and recycling are discussed in
recent reviews [1, 2].

2

Initiation

The initiation phase leads to the formation of 80S ribosomes where
the initiator tRNA (Met-tRNA;M") and the start codon are posi-
tioned in the P site. This process requires at least ten eukaryotic
initiation factors, eIFs (Table 1), and comprises two major steps. In
the first step, Met-tRNA;M binds to the start codon in the P site of
the 40S subunit to form the 48S initiation complex. In the second
step, the 60S subunit joins the 48S complex to form the 80S
initiation complex that is ready for elongation (Fig. 1) [3, 4].
Formation of 48S preinitiation complex. During this step, eIF3,
elF1, and eIF1A are recruited to 40S subunits, followed by
subsequent attachment of eIF5 and eIF2-GTP-Met-tRNAM" to
form 43S complexes. eIF3 binds to the 40S subunit side that faces
the solvent in the 80S ribosome [5], whereas eIF1 binds between
the platform of the 40S subunit and Met-tRNAM" to the 408 side
that will form the interface to the 60S subunit [6]. The structured
domain of eIF1A resides in the A site, forming a bridge over the
mRNA channel, and its N- and C-terminal tails extend into the P
site. Binding of eIF1 and eIF1A to the 408 subunit induces confor-
mational changes [7, 8], which result in the opening of the mRNA
entry channel and the establishment of a new connection between
the head and body domains of the 40S subunit on the solvent side
between helix 16 of 18S rRNA and the ribosomal protein uS3.
Although 43S complexes can bind model mRNAs with completely
unstructured 5" UTRs in the absence of e¢IFs [9], attachment of
natural mRNAs requires a coordinated activity of eIF4F protein
complex, which unwinds the 5’ cap-proximal region of mRNA.
Following mRNA attachment, the 43S complex scans the mRNA
downstream of the cap in search for the initiation codon. During
the scanning process, the secondary structures in the 5" UTR
unwind and the 43S complex moves until the initiation codon is
recognized. elF1 and eIF1A play key roles in the 43S complex
formation and scanning; omission of either or both reduces or
suppresses the scanning ability, indicating that the movement of
43S complexes requires the scanning-competent conformation
induced by eIF1 and eIF1A [7]. eIF3, which is indispensable for
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Fig. 1 Translation initiation. elF2-GTP-Met-tRNA;™®! binds to the 40S ribosomes in presence of elF1, elF1A,
elF3, and elF5 to form 43S PIC. Then mRNA is recruited with the help of elF4F complex to form the 48S PIC.
After mRNA scanning and recognition of the start codon, the 60S subunit joins with the help of elF5B to form

the 80S IC [4, 59, 60]
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48S complex formation, forms an extension of the mRNA-binding
channel that might contribute to scanning [10]. The fidelity of start
codon recognition is ensured by the discriminatory mechanism that
promotes recognition of the correct initiation codon and prevents
premature Met-tRNA;Y*" landing at near-cognate triplets in the 5’
UTR. The bona fide start site is usually the first AUG triplet in an
optimum nucleotide context GCC(A/G)CCAUGG, with a purine
at the —3 and a G at the +4 position relative to A of the AUG codon
[11]. eIF1 has an important role in initiation codon recognition: it
enables 43S complexes to select the correct AUG in a poor initia-
tion context or an AUG located within 8 nucleotides of the mRNA
5" end, and promotes dissociation of the ribosomal complexes that
aberrantly assemble at such triplets in the absence of eIF1 [9, 12,
13]. Following start codon recognition and GTP hydrolysis, D; is
released from eIF2—-GTP + P; and eIF1 dissociates from the ribo-
some [14-16].

Ribosomal subunit joining. elF5B, a ribosome-associated
GTPase, facilitates the joining of the 60S subunit and the dissocia-
tion of elF1A, elF5, and eIF2-GDP [17]. GTP hydrolysis by
elF5B is essential for its own release from assembled 80S ribo-
somes. eIF5B occupies the region in the intersubunit cleft [18]
and promotes subunit joining by burying large solvent-accessible
surfaces on both subunits [19]. After the 60S subunit joining and
dissociation of initiation factors, the 80S initiation complex with
the anticodon of Met-tRNA;M" in the P site base-paired with the
start codon becomes elongation competent.

3 Elongation

The elongation phase comprises three steps: decoding of mRNA
codons by the cognate aminoacyl-tRNAs, peptide bond formation,
and translocation of the tRNA-mRNA complex, resulting in move-
ment of peptidyl-tRNA from the A site to the P site and presenting
the next codon in the Assite [1] (Fig. 2). Four elongation factors are
required the three steps (Table 2).

The eukaryotic elongation factor eEF1A binds aminoacyl-
tRNA in a GTP-dependent manner and delivers the aa-tRNA to
the A site of the ribosome (Fig. 2). Codon recognition by the
aa-tRNA triggers GTP hydrolysis by eEF1A, releasing the factor
and enabling the aa-tRNA to accommodate in the A site, presum-
ably following the same pathway as described for bacterial ribo-
somes [20-24]. However, decoding appears to take place more
slowly and accurately than in bacteria, particularly in higher eukar-
yotes [25]. eEF1A is a member of the GTPase superfamily that
binds and hydrolyzes GTP. The dissociation of GDP from eEF1A is
accelerated by a guanine nucleotide exchange factor (GEF), eEF1B,
which is composed of two subunits, eEF1Ba and eEF1By in yeast,
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Fig. 2 Translation elongation. During decoding, eEF1A delivers aa-tRNA to the A site. After peptide bond
formation, the A-site peptidyl-tRNA and P-site tRNA are translocated to the P and E sites, respectively, with the
help of eEF2. Deacylated tRNA is released from the E site and the elongation cycle repeats until a stop codon is
reached. In yeast, an additional factor eEF3 is required during elongation [1]

the first one containing the catalytic domain necessary for nucleo-
tide exchange. eIF5A, which was originally identified as initiation
factor, functions globally in translation elongation, especially when
ribosome encounter polyproline sequences [2].

Following the accommodation of the aminoacyl-tRNA into the
A site, the peptide bond formation with the P-site peptidyl-tRNA
occurs rapidly in the peptidyl transferase center (PTC). The PTC
consists mainly of conserved rRNA elements of the 60S subunit
that position the substrates for catalysis. Structural studies have
revealed that the rRNA structure of the PTC is nearly superimpos-
able between the eukaryotic and bacterial ribosomes [26-28], sup-
porting the notion that the mechanism of peptide bond formation
is universally conserved.

The pretranslocation complex formed as a result of peptide
bond formation is dynamic and can spontaneously fluctuate
between several conformations, in prokaryotes and eukaryotes
alike [29, 30]. The ribosomal subunits undergo a ratchet-like
motion from the so-called classical to rotated state triggering move-
ment of the tRNAs to adopt hybrid states. In this state, the antico-
don ends of the tRNAs remain positioned in the P and A sites of the
408 subunit, while the tRNA acceptor ends are positioned in the E
site and P site of the 60S subunit (P /E and E /P states, respectively)
[31-33]. Translocation of the mRNA-tRNA in the ribosome
requires elongation factor eEF2, which facilitates the return of
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hybrid tRNAs to the classical state, E/E and P/P (canonical E and
P sites). eEF2 in its GTP-bound state facilitates and stabilizes the
hybrid rotated state. Conformational changes in eEF2 upon GTP
hydrolysis and Pi release unlock the ribosome allowing tRNA and
mRNA movement and then lock the subunits in the posttransloca-
tion state. In that state of the ribosome, a deacylated tRNA occu-
pies the E site and the peptidyl-tRNA is in the P site, leaving the A
site vacant and available for binding of the next aminoacyl-tRNA in
complex with eEF1A [34, 35]. In addition to ¢eEF1A and eEF2, a
third factor, eEF3, is essential for elongation in fungi [36]. The
elongation cycle is repeated until a complete protein has been
synthesized and a stop codon is encountered by the ribosome.

4 Termination

Termination occurs when the ribosome reaches a stop codon
(UAA, UGA, or UAQG) [1, 37-39] (Fig. 3). Termination is cata-
lyzed by two protein factors, eRF1, which recognizes all three stop
codons, and the GTPase ¢eRF3, which facilitates termination at a
cost of GTP hydrolysis [39—41]. eRF1l contains a structural
Asn-Ile-Lys-Ser (NIKS) motif and several other conserved ele-
ments, including the Gly-Thr-Ser (GTS) and YxCxxxF motifs,
which are involved in the recognition of the termination codons
[42—46]. In addition, the central domain of eRF1 contains a Gly-
Gly-GIn (GGQ) motif that extends into the peptidyl-transferase
center to promote peptidyl-tRNA hydrolysis and the release of
nascent peptide [47-50]. eRF1 requires e¢RF3 (a specialized
GTPase) for proper function (Table 2). eRF1 and e¢RF3 bind to
one another with very high affinity and probably enter the

eRFS GTP
CO ABCE1/RIi1

Release factors
eRF1 blndmg
EPA
eRF3 GDP
Peptide
release [ g

Fig. 3 Translation termination and recycling. Termination occurs when a stop codon enters the A site of the
ribosome and is catalyzed by eRF1 and eRF3. Peptide release is promoted by ABCE1 which also induces
subunits dissociation [1]

Subunits

dissociation ) ‘
e
9
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ribosome as a complex [51]. GTP hydrolysis positions the GGQ
region of eRF1 in the peptidyl transferase center and triggers
peptidyl-tRNA hydrolysis. eRF3 strongly enhances peptide release
by eRF1 in the presence of GTP, but not GDP or nonhydrolyzable
GTP analogs [ 39]. Moreover, other trans-acting factors are known
to affect translation termination. ABCEL (RIil in yeast) interacts
with eRF1 to stimulate its catalytic activity by stabilizing the active
conformation of eRF1 [52-55].

5 Ribosome Recycling

During recycling the ribosomal subunits dissociate and the mRNA
together with the deacylated tRNA are released to regenerate the
necessary components for subsequent rounds of translation. Recy-
cling of ribosomal subunits is achieved by the ATPase ABCE1 (Rlil
in yeast), an essential protein which contains two nucleotide-bind-
ing domains and an amino-terminal iron—sulfur cluster (Fe-S) and
induces subunits dissociation at the cost of ATP hydrolysis [53, 54,
56]. Upon binding and hydrolysis of ATP, the Fe-S cluster under-
goes a conformational change that drives eRF1 into the ribosomal
intersubunit space, leading to dissociation of posttermination ribo-
somes into 40S and 60S subunits. Deacylated tRNA and mRNA are
then released from the 40S subunits, which may be additionally
promoted by Ligatin (eIF2D) [57] (Table 2). Initiation factors
elF1, eIF1A, and eIF3j can also promote tRNA and mRNA disso-
ciation from the 40S subunit in vitro [54]. Following termination,
in some cases full dissociation of the ribosomal complex will occur,
whereas in other cases partial dissolution of the complex will allow
for reinitiation, a term used to describe a process wherein ribosome
translates two or more ORFs in a transcript without undergoing
complete recycling between these events [58 ]. However, the mech-
anism of reinitiation is not fully understood.
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Differential Translation Activity Analysis Using
Bioorthogonal Noncanonical Amino Acid Tagging (BONCAT)
in Archaea

Michael Kern and Sébastien Ferreira-Cerca

Abstract

The study of protein production and degradation in a quantitative and time-dependent manner is a major
challenge to better understand cellular physiological response. Among available technologies bioorthogo-
nal noncanonical amino acid tagging (BONCAT) is an efficient approach allowing for time-dependent
labeling of proteins through the incorporation of chemically reactive noncanonical amino acids like L-
azidohomoalanine (L-AHA). The azide-containing amino-acid derivative enables a highly efficient and
specific reaction termed click chemistry, whereby the azide group of the L-AHA reacts with a reactive alkyne
derivate, like dibenzocyclooctyne (DBCO) derivatives, using strain-promoted alkyne—azide cycloaddition
(SPAAC). Moreover, available DBCO containing reagents are versatile and can be coupled to fluorophore
(e.g., Cy7) or affinity tag (e.g., biotin) derivatives, for easy visualization and affinity purification,
respectively.

Here, we describe a step-by-step BONCAT protocol optimized for the model archacon Haloferax
volcanii, but which is also suitable to harness other biological systems. Finally, we also describe examples
of downstream visualization, affinity purification of L-AHA-labeled proteins and differential expression
analysis.

In conclusion, the following BONCAT protocol expands the available toolkit to explore proteostasis
using time-resolved semiquantitative proteomic analysis in archaea.

Key words BONCAT, r-Azidohomoalanine, L-AHA, Archaea, Time-dependent, Translation, Trans-
latome, Proteostasis, Haloferax volcanii, Sulfolobus acidocaldarvius, Escherichin coli, Click chemistry

1 Introduction

Cellular adaptation depends on efficient and timely controlled
variation of the cellular protein synthesis and degradation capacity
[1-3]. Accordingly, the resulting qualitative and quantitative
ensemble of proteins present at a given time, in a given cell or
tissue, or in a given environmental condition is instrumental for
proper cell fate determination. Hence, proteome plasticity is a key
feature in enabling suitable gene expression modulation.
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Depending on the nature of intra- and extracellular cues, changes in
the protein repertoire and individual protein levels may occur at
different time-scales, and need to be experimentally captured with
accuracy to understand the underlying cellular and physiological
mechanisms [1-3].

Over the last decade(s) various approaches have been used to
explore protein synthesis and degradation dynamics [ 1-3]. Among
these methods, ribosome profiling, which takes advantage of high-
throughput sequencing of ribosome associated mRNA, has
emerged as the method of choice to assess the translational capacity
and properties of various cellular systems across different condi-
tions [ 1-3]. Even though extremely powerful, this method remains
an indirect measurement of protein synthesis, as it fails to directly
measure the product of translation itself. Moreover, protein degra-
dation is not monitored using this experimental setup. An alterna-
tive, but still emerging method, is the use of time-dependent
semiquantitative proteomic approaches, which allow for analysis
of both protein synthesis and degradation [1]. While less popular,
and still technically challenging, various mass spectrometry—based
approaches have been developed and significantly improved over
the years and are now able to provide semiquantitative and direct
analysis of cellular protein composition in a time-dependent man-
ner [1,4-8]. To achieve such in-depth analysis various experimental
setups can be used depending on the time resolution and desired
extensiveness of the analyses [1, 3]. Early on, time-dependent
proteomics have relied on isotope labeling (e.g., SILAC), whereby
differential incorporation of heavy and light isotope metabolites
like amino acids are used over a specified time to sort protein
populations [1, 3, 9-11]. However, isotope labeling strategies
have different drawbacks: (1) some labeled metabolites can be
rather expensive, (2) efficiency of labeling is highly dependent on
cellular uptake and metabolism capacity, and usually requires
defined synthetic growth medium, (3) multiplexing is limited due
to the lack of different reagents, (4) short kinetic pulse,
low-abundant or proteins with a high turnover rate are difficult to
be properly analyzed due to the lack of a specific enrichment step of
the isotopically labeled peptides [1, 3, 9-11].

An emerging complementary strategy allowing to circumvent
some of these limitations and facilitating time-dependent proteo-
mic analysis is bioorthogonal noncanonical amino acids tagging
(BONCAT) [12, 13]. In brief, BONCAT exploits the power of
in vivo incorporation of bioorthogonal molecules into polypeptides
and of click chemistry which enables enrichment and /or visualiza-
tion of the labeled proteins synthesized over a defined time window
[4, 5, 8, 13-18]. Most importantly, BONCAT can be easily com-
bined with isotope labeling and/or multiplexing (e.g., [4, 5, 8,
171), thereby allowing to fully harness the potential of time-depen-
dent proteomic analysis.
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Fig. 1 Optimized BONCAT workflow in H. volcanii. (a) Chemical structures of L-methionine and L-azidoho-
moalanine (b) Click chemistry: Strain Promoted Alkyne—Azide Cycloaddition (SPAAC) reaction. Azide-
containing polypeptide, DBCO derivate, and the results of click chemistry reaction are schematically depicted
(c). Workflow summary of BONCAT in H. volcanii. Typical workflow as described in this protocol. The
numbering below the different steps refers to the corresponding protocol steps described in the Methods
section (see Subheading 3)

Most commonly BONCAT experiments utilize, r-azidoho-
moalanine (L-AHA), a methionine analogue containing a func-
tional azide group (Fig. la). L-AHA is recognized, albeit with less
efficiency, by the methionyl-tRNAM acyl transferase, and is
charged onto tRNAM®' thereby allowing for incorporation of
L-AHA into polypeptides instead of methionine during protein
synthesis [19]. The resulting L-AHA-modified polypeptides can
be further altered using strain-promoted alkyne—azide cycloaddi-
tion (SPAAC) as outlined in Fig. 1b [20]. Alkyne derivative of
biotin or various fluorophores can be efficiently and quantitatively
coupled to the azide-containing proteins, thereby facilitating their
turther visualization and/or subsequent specific enrichment for
downstream analysis (Fig. 1b) and exemplary results shown in
Figs. 2, 3 and 4).

Interestingly, BONCAT has been successfully applied in a wide
variety of organisms and/or tissues across the tree of life, thereby
highlighting its potential [4, 5, 8, 13-19]. However, despite its
broad application potential, proteomics analysis in general and
time-dependent analysis of protein synthesis and degradation in
particular, remains in its early days in archaea.

Haloferax volcandi, an extreme halophile Euryarchaeota, has
emerged as a very powerful model organism to perform genetic
and functional analysis in archaea [21, 22]. Its handling simplicity
has attracted several scientists who aim to push the
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Fig. 2 Exemplary BONCAT of prokaryotic cells. (a) L-AHA-based labeling of proteins in E. coli and H. volcanii.
The corresponding cells (E. coliK12 and H. volcanii H26) were grown in synthetic medium lacking methionine
(M9 and Hv-min, respectively) and pulse labeled with increasing amounts of L-AHA (0.1 mM and 1 mM) or
1 mM Methionine for 3 h. Cells were lysed, proteins were extracted and subjected to SPAAC click chemistry
with DBCO-Cy7 as described in Subheading 3. Around 150 ug of proteins were subsequently fractionated on a
4-12% polyacrylamide gradient gel and the fluorescence signal was acquired with an Odyssey Infrared
Imager (right panel). Coomassie staining (loading control) is depicted in the left panel (b) Inhibition of L-AHA-
based labeling in presence of translation inhibitor in H. volcanii. Same as in (a) except that cells (H. volcanii
H26) were grown in synthetic medium lacking methionine and supplemented with 0.1 mM methionine or
0.1 mM of L-AHA with or without 2.5 uM of the translation inhibitor Thiostrepton (Th) [31] for 1 h. (c) Short-
time L-AHA labeling in H. volcanii. Same as in (a) except that cells (H. volcanii H26) were grown in synthetic
medium lacking methionine and supplemented with 1 mM L-AHA for the indicated time. The depicted
fluorescence signal intensities across single lanes were quantified using Fiji [32] and visualized in Microsoft
Excel. Adapted from [33] under CC-BY License

experimentational limits of this organism and crack open its molec-
ular biology. Efforts in proteomics analysis do not escape this trend.
In fact, proteomics analyses in H. volcanii have been making signif-
icant progress over the last years [23-27], and are currently being
improved by a concerted action of several groups working on
H. volcanii (see Archaeal Proteome Project—ArcPP—https://
archaealproteomeproject.org and https://github.com/arcpp/
ArcPP—([28]). Finally, recent methodological breakthroughs
using isotope labeling, SILAC reagents or '*N-labeled nitrogen
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Fig. 3 Enrichment of L-AHA-containing protein by affinity purification. H26 cells were grown in synthetic
medium lacking methionine and supplemented with 0.1 mM of L-AHA or methionine (Met) for 5 h. Cells were
lysed and proteins were extracted and subjected to click chemistry with 1 uM DBCO-PEG4-Biotin as described
in Subheading 3.4. Affinity purification was performed as described in Subheading 3.6. Sample aliquots for
input, unbound fraction (Flow), wash fraction and elution were taken at each step of the AP. Elution was
performed as described in Subheading 3.6.4. 0.5% of the input, unbound (Flow) and 0.25% of the wash
fraction and 20% of the eluate were loaded on two SDS-PAGE gels respectively. The fractionated proteins
were visualized by silver staining (a) and transferred onto a nylon membrane (b). Membrane was incubated
with IRDye-coupled streptavidin to visualize the biotinylated proteins. Images were acquired either with the
Epson Scanner (silver staining) (a) or the Li-COR Odyssey Infrared Imager (IRDye signal) (b). Asterisk indicates
streptavidin monomers that are coeluted

source, in H. volcanii [24, 27] offer a unique opportunity to
perform cutting-edge time-dependent proteomics analysis in this
model archaeon.

Here we expand the H. volcanii proteomics toolkit and
describe a step-by-step BONCAT protocol and downstream visual-
ization/enrichment procedures of labeled proteins optimized for
H. volcanii (summarized in Fig. 1c). In addition, this protocol has
been validated in another model archaeon (i.e., Sulfolobus acidocal-
darius—Ferreira-Cerca lab unpublished), another model bacterium
(i.e., Escherichin coli—see below) and is likely to be suitable for
various additional biological systems [4, 5, 8, 13-19].

Together with the isotope-labeling strategy mentioned above
and additional multiplexing [4, 5, 8], the following BONCAT
protocol allows for global inspection of protein synthesis capacity
in Haloferax volcanii and paves the way to time-dependent proteo-
mics analysis in this ever more versatile model archacon
[21, 22]. Moreover, these additional experimental possibilities
position H. volcanii as a unique experimental system to explore
the molecular principles of proteostasis in archaea.
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Fig. 4 Differential 2D gel analysis of L-AHA-labeled proteins. (a) Differential 2D gel experimental workflow.
Exponentially growing wildtype (WT) and A yfg (your favorite gene mutant/or perturbation) cells grown in
Hv-min lacking methionine were pulse-labeled with 1 mM L-AHA for 45 min (representing approx. 20% of the
H. volcanii doubling time in these growth conditions). Cells were lysed, protein were extracted and subjected
to click chemistry with DBCO-Cy7 and DBCO-Cy5.5 as described in Subheading 3.4. Equal protein amounts of
WT cells labeled with DBCO-Cy7 and A yfg cells labeled with DBCO-Cy5.5 and vice versa (dye swap to control
fluorescence bias) were mixed cells with DBCO-Cy5.5 and vice versa to control fluorescence bias. Sample
mixtures were used to rehydrate immobilized pH stripe and isoelectric focusing as describe in Subheading
3.7.2. Second dimension was resolved using 4-12% polyacrylamide gradient gel and the fluorescence signals
were acquired with the Li-COR Odyssey Infrared Imager. (b) Exemplary results of differentially expressed
proteins. Full gel scan (upper part) for the 2D gel analysis obtained for the wild-type (Cy7-red channel) and
mutant H. volcanii cells (Cy5.5-green channel) mixture are provided. Zoom in of the 2D gel (boxing) showing
representative differential expression between wildtype and exemplary mutant cell used in this study is
provided in the lower part. Note that the dye-swap experiment (WT-Cy5.5/Ayfg-Cy7) provided very similar
results (data not shown). (Adapted from [33] under CC-BY License)

2 Materials

There are no specific preferences of sources of chemical reagents or
materials, unless stated otherwise. Use ultrapure water with
18 MQ-cm resistivity at 25 °C.

2.1 Microbiological 1. Haloferax volcanii H26 [29].
Cultures 2. Escherichia coli K12 [30].
2.1.1 Strains

2.2 Haloferax 1. 1 M Tris—-HCl pH 7.0.
volcanii Minimal 2. 1 M Tris-HCI pH 7.5.
Medium (Hy-min) 3. 30% (w/v) Salt Water: 4.1 M NaCl; 147.5 mM MgCly;

142 mM MgSOy4; 94 mM KCI; 20 mM Tris—-HCI pH 7.5.

4. Haloferax volcanii minimal carbon source: 10% sodium pr-lac-
tate; 9% succinic acid; 1% glycerol; pH 7.5. Sterilize by filtration.
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2.6 Acetone
Precipitation of Total
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. Haloferax volcanii minimal salts: 417 mM NH4Cl; 250 mM

CaCly; 152 pM MnCly; 127 pM ZnSOy4; 689 puM FeSOy;
16.7 pM CuSOy. Sterilize by filtration.

. Hv-Trace eclements solution: 1.8 mM MnCl,; 1.53 mM

ZnSOy4; 8.27 mM FeSOy4; 0.2 mM CuSO4 (see step 4
Subheading 3.1).

. 0.5 M KPO, buffer, pH 7.0.

. 1 mg/L thiamine solution. Sterilize by filtration.
. 1 mg/L biotin solution. Sterilize by filtration.
10.
11.
12.

1,000 uracil stock solution (50 mg,/mL in DMSO).
200x methionine stock solution (10 mg/mL in H,O).
Sterile filters (0.22 pm) and syringes.

. L-azidohomoalanine (L-AHA) stock solution (100 mM).

2. 200x methionine stock solution (10 mg/mL in H,O).

N SN Uk W

. Haloferax volcanii methionine free minimal medium (see

Note 1).

. Extraction Butffer (EB) + 1% SDS: 150 mM NaCl, 100 mM

EDTA, 50 mM Tris—-HCI pH 8.5, 1 mM MgCl,, 1% SDS.

. Extraction Buffer (EB) without detergent: 150 mM NaCl,

100 mM EDTA, 50 mM Tris-HCI pH 8.5, 1 mM MgCl,.

. Thermoblock.

. Benchtop centrifuge.

. p-mercaptoethanol.
. Dark box.

. Precooled (—20 °C) Acetone p.a.
. 2 mL reagent tubes.

. Precooled benchtop centrifuge.

. Extraction Buffer (EB) + 1% SDS: 150 mM NaCl, 100 mM

EDTA, 50 mM Tris—HCI pH 8.5, 1 mM MgCl,, 1% SDS.

. Extraction Buffer (EB) without detergent: 150 mM NaCl,

100 mM EDTA, 50 mM Tris-HCI pH 8.5, 1 mM MgCl,.

. 10x Alkylation buffer: 10x PBS, 2 M 2-chloroacetamide.
. Thermoblock.

. Benchtop centrifuge.

. Black 1.5 mL reagent tubes.

. Rotating wheel.
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2.8 Click-Chemistry
Reagents—Strain-
Promoted Alkyne—
Azide Cycloaddition
(SPAAC)

2.9 Methanol-
Chloroform Extraction
of Proteins

2.10 Affinity
Purification

2.11 1D/2D Gel
Electrophoresis and
Detection

1.

NeREEC BN BoN

11.
12.

13.
14.

[N N I S R

Extraction Buffer (EB) + 1% SDS: 150 mM NaCl, 100 mM
EDTA, 50 mM Tris-HCI pH 8.5, 1 mM MgCl,, 1% SDS.

. Extraction Buffer (EB) without detergent: 150 mM NaCl,

100 mM EDTA, 50 mM Tris—HCI pH 8.5, 1 mM MgCl,.

. Stock solution (100 pM) DBCO-reagents for strain-promoted

alkyne—azide cycloaddition (e.g., DBCO-Cy5, DBCO-Cy7,
DBCO-PEG4-Biotin) (see Note 2).

. 1.-Azidohomoalanine (L-AHA) stock solution (100 mM).

. Methanol p.a.
. Chloroform p.a.

. Benchtop cooled centrifuge.

. AP bufter: 300 mM NaCl, 10 mM MgCl,, 50 mM Tris-HCl

pH 8.4.

. AP buffer + 2% SDS: 300 mM NacCl, 10 mM MgCl,, 50 mM

Tris—HCI pH 8.4, 2% SDS.

. AP butffer + 1% SDS: 300 mM NacCl, 10 mM MgCl,, 50 mM

Tris-HCI pH 8.4, 1% SDS.

. HiAP bufter + 1% SDS: 1 M NaCl, 10 mM MgCl,, 50 mM

Tris—-HCI pH 8.4, 1% SDS.

. HiAP buffer + 0.1% SDS: 1 M NaCl, 10 mM MgCl,, 50 mM

Tris—-HCI pH 8.4, 0.1% SDS.

. BSA Fraction V.

. Streptavidin-bound agarose beads.

. Gravity flow chromatography column.
. DBCO-PEG4-Biotin.

10.

2x HU-bufter: 100 mM Tris-HCI pH 6.8, 0.5 mM EDTA
pH 8, 4 M wurea, 0.75% B-mercaptoethanol, 2.5% SDS,
bromophenol blue.

1 M DTT.

2x HU-buffer + DTT: 100 mM Tris—-HCI pH 6.8, 0.5 mM
EDTA pH 8,4 M Urea, 200 mM DTT, 2.5% SDS.

0.1 mM NH4OAc, 0.1 mM MgCl,.
Competitive elution buffer: 1 mM biotin, 1% NH,OH.

. 2x HU buffer (see item 10 Subheading 2.10).

. Immobilized pH strip and 2D gel reagents (se¢ Note 3).

. Low-melting agarose.

. Gel fixation solution: 40% methanol, 10% acetic acid.

. Blocking bufter + 10% SDS: 1x PBS, 1 mM EDTA pH 8, 10%

SDS.
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Blocking buffer + 1% SDS: 1x PBS, 1 mM EDTA pH 8, 1%
SDS.

Blocking buffer + 0.1% SDS: 1 x PBS,1 mM EDTApH 8,0.1%
SDS.

. IRDye-coupled streptavidin (1 mg/mL).

3 Methods (Workflow Is Summarized in Fig. 1c)

Use ultra-pure water with 18 MQ-cm resistivity at 25 °C.

3.1 Microbiological All solutions/media should be autoclaved, unless stated otherwise.
Methods
3.1.1 Haloferax volcanii 1. Prepare 30% (w/v) salt water by dissolving in 4 L of Millipore

Media and Cultivation

water 1,200 g NaCl; 150 g MgClL-6H,0; 175 ¢
MgSO4-7H,0; 35 g KCI; 100 mL 1 M Tris—-HCI pH 7.5. Fill
up with H,O to 5 L. Autoclave and store at room temperature.

. Prepare Hv-Min Carbon Source by dissolving in 150 mL H,O:

41.7 mL 60% Sodium bpr-lactate, 37.5 g Succinic acid Na,
salt-6H,0; 3.15 mL 80% Glycerol. Carefully adjust to pH 7.5
with first 5 M NaOH and then 1 M NaOH. Fill up with H,O
to a final volume of 250 mL and sterilized by filtration. Aliquot
in 50 mL and store at 4 °C.

. Prepare Tris—-HCI pH 7.0.
. Prepare Hv-Trace elements solution by adding to 100 mL

water a few drops of 37% concentrated HCI. Dissolve the
following salts one by one in the following order: 36 mg
MnCl,-4H50; 44 mg ZnSO4-7H,0; 230 mg FeSO4-7H,0;
5 mg CuSO4-5H,0. Sterilize by filtration and store at 4 °C.

. Prepare Hv-minimal salts by mixing 30 mL 1 M NH,CI;

36 mL 0.5 M CaCl, and 6 mL Hv-Trace elements solution
(see step 4). Sterilize by filtration and store at 4 °C.

. Prepare 0.5 M KPO, bufter (pH 7.0). Mix 61.5 mL 1 M

KyHPO4 and 38.5 mL 1 M KH,PO,, Check pH and adjust
to pH 7.0, if required. Add an equal volume of HO (100 mL).
Autoclave and store at room temperature.

. Prepare Thiamine /Biotin mix by combining 9.5 mL Thiamine

(1 mg/mL) and 1.2 mL Biotin (1 mg/mL).

. Prepare Hv-minimal medium (Hv-min). For 1 L. medium mix:

600 mL 30% salt water, 330 mL H,O and 30 mL Tris—-HCI
pH 7.0. Autoclave. When cooled down add 25.5 mL Hv-Min
Carbon Source (see step 2), 12 mL Hv-Min Salts (see step 5),
1.95 mL 0.5 M KPOy4 buffer pH 7.0 (see step 6), 900 pL
Thiamine /Biotin mix (see step 7), 1 mL 1,000x Uracil stock
solution (see item 10 Subheading 2.2). Store at room temper-
ature in a dark cupboard.
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3.2 In Vivo Pulse
Labeling with L-AHA

3.3 Protein
Extraction

3.4 Click-Chemistry
3.4.1 Reduction

3.4.2 Acetone
Precipitation

3.4.3 Alkylation

9.

Scratch the surface of an Haloferax volcanii glycerol cryo-stock
with a sterile inoculation loop and inoculate 5 to 10 mL
medium as a start culture. Incubate at 42 °C under agitation.
Dilute with prewarmed medium or let grow until the culture
has reached the desired cell density /volume (ODggonm = 0.6).

. Prepare a fresh stock solution of L-AHA (see item 1

Subheading 2.3).

. Pulse label 5 mL of cells at ODggppm = 0.6 with 0.1-1 mM

L-AHA (or methionine as negative control) at the desired
temperature and time (see Note 4).

. Fractionate cells in two 2 mL aliquots and centrifuge for 3 min

at 6,000 x g.

4. Discard supernatant.

QN Ul N

—

. Snap-freeze cell pellet in liquid nitrogen.

. Resuspend cell pellet in 500 pL Extraction Buftfer (EB) supple-

mented with 1% SDS (see item 1 Subheading 2.4 and Note 5).

. Boil the samples for 13 min at 95 °C.

. Cool for 5 min at RT.

. Centrifuge at 16,000 x g for 5-10 min RT.
. Transfer supernatant into a fresh cup.

. Optional: Freeze supernatant at —20 °C or proceed with click

chemistry (see Subheading 3.4).

. Add 10 pL of p-Mercaptoethanol (final concentration 2%).
. Incubate the lysate for 1 h in the dark (RT).

1. Afterward, split the 500 pL of cell lysate into two cups.

[\

O NN O\ Ul B W

. Add 4 Volume (1 mL) of acetone precooled at —20 °C (acetone

end concentration = 80%).

. Vortex and let proteins precipitate for 1 h at —20 °C.

. Centrifuge for 10 min at 16,000 x gat 4 °C.

. Discard the supernatant without disturbing the protein pellet.
. Wash the pellet with 1 mL of acetone precooled at —20 °C.

. Centrifuge for 10 min at 16,000 x gat 4 °C.

. Discard the supernatant and air-dry the protein pellet (see Note

6).

. Resuspend pellet in 25 pL. of EB + 1% SDS (see item 1

Subheading 2.7).

.Add 225 pl. EB without detergent (see item

2 Subheading 2.7).
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. Vortex and denature proteins for 5 min at 95 °C.
. Let cool down at RT.
. Merge the corresponding supernatant together in a fresh cup.

. Measure protein concentration with a NanoDrop or equivalent

(vortex samples before measuring).

. Prepare 200 pL of extracted protein at a protein concentration

1-2 pg/pL.

. Optional: use black tubes to keep the samples in the dark.

. Depending on protein concentration and the L-AHA pulse,

aim for 200—400 pg of proteins.

Equalize the volumes of added protein with EB without deter-
gent (see item 2 Subheading 2.7).

Add 20 pL of freshly prepared 10x concentrated alkylation
solution (10x PBS, 2 M 2-chloroacetamide) (see item 3 Sub-
heading 2.7 and Note 7).

Incubate for 1 h on a rotating wheel in the dark.

Afterward, precipitate the proteins via acetone precipitation as
described above (see Subheading 3.4.2).

. Resuspend the pellet in 20 pL. of EB containing 1% SDS (item

1 Subheading 2.8).

. Add 180 pL of EB without detergent (item 2 Subheading 2.8).
. Denature samples for 5 min at 95 °C.

. Let cool down to room temperature.
. Add 2 pL of 100 pM solution DBCO reagent (1 pM final

concentration) to allow for strain-promoted cycloaddition to
the L-AHA azide group (e.g., DBCO-Cy5, DBCO-Cy7,
DBCO-PEG4-Biotin) (see Note 8).

. Incubate on a rotating wheel for 30 min at room temperature

in the dark.

. Eliminate unreacted DBCO reagent by adding excess of

L-AHA to 0.1-1 mM.

. Add 480 pL methanol, 160 pL chloroform to the sample

(~200 pL).

. Vortex vigorously and add 640 pL. H,O.

. Vortex and centrifuge for 5 min at 16,000 x 4 RT.

. Suck oft and discard the aqueous phase (upper phase).

. Add 300 pL methanol.

. Vortex and centrifuge for 30 min at 16,000 x 44 °C.

. Discard supernatant and shortly air-dry the protein pellet.
. Proceed with the desired step.
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3.6 Affinity
Purification of
Biotinylated Protein

3.6.1 Sample
Preparation

3.6.2 Streptavidin Beads
Preparation

3.6.3 Affinity Purification

. Performed PEG4-Biotin cycloaddition of 400 pg protein as

described in Subheading 3.4.4.

. After the final methanol-chloroform extraction (see Subhead-

ing 3.5) resuspend protein pellet in 100 pL of AP bufter + 2%
SDS (see item 2 Subheading 2.10).

. Denature for 5 min at 95 °C.
.Add 900 pL AP buffer without SDS (se¢ item 1

Subheading 2.10).

. Take and store an aliquot as Input (5% of total volume).

. For each purification prepare 100 pL of slurry streptavidin-

bound agarose beads. Centrifuge for 1 min at 100 x g to
discard the supernatant.

. Wash the beads twice with 1 mL AP buffer + 1% SDS (se¢ item

3 Subheading 2.10) for 5 min on a rotating wheel. Centrifuge
for 1 min at 100 x g to discard the supernatant.

. Block the beads twice with 500 pL AP buffer + 1% SDS (see

item 3 Subheading 2.10) and 1 mg/mL BSA for 5 min on a
rotating wheel. Centrifuge for 1 min at 100 x g to discard the
supernatant.

. Wash the beads with 1 mL AP buffer + 1% SDS (see item 3

Subheading 2.10) for 5 min on a rotating wheel. Centrifuge for
1 min at 100 x g to discard the supernatant.

. Mix the sample (see step 4 Subheading 3.6.1) with the prepared

streptavidin beads (see Subheading 3.6.2).

2. Incubate for 30 min on a rotating wheel at room temperature.

. Transfer the material onto a gravity flow column. Collect and

store the flow-through (= unbound fraction) (5% of total
volume).

. Wash the beads 3 times with 2 mL HiAP buffer + 1% SDS (see

item 4 Subheading 2.10). Collect all the wash in a single
15 mL tube and store 10% of the resulting pooled wash
fractions.

. Wash the beads twice 1 mL AP buffer + 0.1% SDS (see item 5

Subheading 2.10).

. Beads were collected with 1 mL AP buffer + 0.1% SDS (se¢item

5 Subheading 2.10) and transfer to a fresh cup.

. Centrifuge for 1 min at 100 x g and discard as much of the

supernatant as possible.



3.6.4 Elution See Note
9) (an Exemplary Result Is

Provided in Fig. 3)

Fast-Elution for Gel
Electrophoresis

Competitive Elution for
Downstream Processing

3.7 Gel
Electrophoresis and
Detection

3.7.1 SDS-PAGE

3.7.2 2D Gel
Electrophoresis (an
Exemplary Result Is
Provided in Fig. 4)

Isoelectric Focusing (See
Note 2)

Second Dimension SDS-
PAGE
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. Add 50-100 pL. 2x HU butffer + DTT (se¢ item 12 Subhead-

ing 2.10) to the beads.

. Incubate for 10 min at 95 °C.

. Collect supernatant.

. Wash twice the beads with 0.1 M NH4OAc, 0.1 mM MgCl,

solution.

. Centrifuge for 1 min at 100 x g and discard as much of the

supernatant as possible.

. Elute bound material twice with 500 pL. Competitive elution

bufter (see item 14 Subheading 2.10) for 10 min at 95 °C.

4. Collect and pool the supernatants.

. Vortex

. Split the collected supernatant into 2 unequal fractions

(80-90%) and (10-20%).

. Fill up the splitter eluate with competitive elution buffer.
. Lyophilized overnight using a speed-vac.
. Resuspend the 10-20% eluate fraction in 40 pL. 2x HU butffer

+ DTT (see item 12 Subheading 2.10). Denature sample and
check pull-down efficiency (see Subheading 3.9).

. If desired, proceed with the 80-90% ecluate fraction with

desired downstream analysis.

. Resuspend pellet in 2x HU buffer + DTT (see item 12

Subheading 2.10).

. Denature samples for 5 min at 60 °C.

firmly before loading 15-25 pL. on an

SDS-polyacrylamide gradient gel.

. Separate samples for around 1 h at constant 170-190 V.

. Sample (see Subheading 3.5) are solubilized in sample buffer

containing 7 M urea, 2 M thiourea, 4% CHAPS, 40 mM DTT,
and 0.4% ampholytes (pH 3-10) as suggested by the
manufacturer.

. Isoelectric focusing is performed overnight using an immobi-

lized pH gradient strip (pH 3-6) using the run parameters
described below (Table 1).

. Immobilized pH gradient strip is incubated in equilibration

solution 1 (6 M urea, 30% glycerol, 2% SDS, and 0.05 M
Tris—-HCI pH 8.5) for 10 min.

. The strip is incubated for 10 min in equilibration solution

base mix.
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Table 1

Parameters for isoelectric focusing

Voltage Ramp Time

250V Hold 15 min
4,000 V Gradient 1h

4,000 V Hold 20,000 VHr
500 V Hold 00

3.8 In-Gel Detection
(Exemplary Results
Are Provided in Figs.
2 and 4)

3.9 Detection of
Affinity Purified L-
AHA-Labeled Proteins

2.
3.

. The strip is shortly immersed in SDS-PAGE running buffer.
. Load the strip on a 4-12% polyacrylamide gradient gel (keep

the strip in place by adding 40 °C warm low-melting agarose).

. The gel was run for 15 min at 80 V followed by 1 h at 160 V.
. Proceed with gel fixation (see Subheading 3.8).

. Incubate the gel in gel fixation solution (see item 4 Subheading

2.11) for at least 20 min under agitation.
Wash the gel 3 times with H,O for 5 min under agitation.

Scan the gel using a compatible fluorescence imager.

(an exemplary result is provided in Fig. 3).

1.

Proceed with gel electrophoresis as described in
Subheading 3.7.1.

. Transfer and immobilized proteins on Nylon-Immobilon

membrane using your favorite transfer protocol.

. Incubate the membrane for 20 min in blocking bufter + 10%

SDS (see item 5 Subheading 2.11) under agitation.

. Incubate with 0.1 pg/mL IRDye-conjugated Streptavidin in

blocking bufter + 10% SDS for 20 min under agitation (see
Note 10).

. Wash twice the membrane with blocking bufter + 10% SDS (see

item 5 Subheading 2.11) for 20 min under agitation.

. Wash twice the membrane with blocking buffer + 1% SDS (see

item 6 Subheading 2.11) for 20 min under agitation.

. Wash twice the membrane with blocking buffer + 0.1% SDS (see

item 7 Subheading 2.11) for 20 min under agitation.

. Use compatible imaging system to record fluorescent (chemi-

luminescent) signals (se¢ Note 10).
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4 Notes

10.

. Culture in methionine-free medium is critical for the efficiency

of L-AHA labeling.

. There is a multitude of DBCO reagents available which offer

various advantages for downstream analysis. The DBCO
reagents should be wisely selected depending on the experi-
mental goals.

. Use commercial immobilized strips and follow the protocol

recommended by the manufacturer.

. Depending of the doubling time of your experimental system

and the time of labeling use concentration of 0.1-1 mM
L-AHA. At this point *>’NH,-salt or SILAC based labeling
(see [24, 27], respectively, for procedure suitable for
H. volcanii) can be simultaneously performed to improve con-
fidence of downstream identification of neosynthesized pro-
teins by mass spectrometry.

. No reducing agent, such as dithiothreitol (DTT) or

p-mercaptoethanol, should be added to avoid reduction of
the L-AHA azide group.

. Do not overdry pellets, otherwise the proteins will be difficult

to solubilize.

. Various amounts of 2-chloroacetamide powder can be fractio-

nated into 1.5 mL black cups and stored at RT. Prior to use add
the necessary volume of 10x PBS to such aliquot and mix well
(make sure the reagent is completely dissolved). Use only
freshly solubilized 2-chloroacetamide.

. The end concentration of DBCO derivate may be optimized

empirically. For H. volcanii we typically used 1 mM DBCO
reagents as it provided the best signal-noise ratio in our hands.

. Streptavidin—biotin complexes are extremely stable. The elu-

tion procedure should be selected according to the down-
stream analytical procedure. The experimenter should be
aware about the pros and contras of the different elution pro-
cedures. The following procedures are exemplary elution pro-
cedures that were qualitatively well performing in our hands.
Alternatively, on beads protease digest can be directly per-
formed and further processed for mass spectrometry. However,
note that in this condition biotinylated-AHA peptides will
remain attached to the affinity purification matrix. Therefore
additional labeling, using SILAC or '°N; is essential to distin-
guish neosynthesized proteins from background (e.g., [4, 5,
8)).

As alternative HRP-conjugated streptavidin can be used and
detected by chemiluminescence. Please refer to manufacturer
manual for experimental conditions.
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Thermofluor-Based Analysis of Protein Integrity and Ligand
Interactions

Sophia Pinz, Eva Doskocil, and Wolfgang Seufert

Abstract

Thermofluor is a fluorescence-based thermal shift assay, which measures temperature-induced protein
unfolding and thereby yields valuable information about the integrity of a purified recombinant protein.
Analysis of ligand binding to a protein is another popular application of this assay. Thermofluor requires
neither protein labeling nor highly specialized equipment, and can be performed in a regular real-time PCR
instrument. Thus, for a typical molecular biology laboratory, Thermofluor is a convenient method for the
routine assessment of protein quality. Here, we provide Thermofluor protocols using the example of
Cdc123. This ATP-grasp protein is an essential assembly chaperone of the eukaryotic translation initiation
factor eIF2. We also report on a destabilized mutant protein version and on the ATP-mediated thermal
stabilization of wild-type Cdc123 illustrating protein integrity assessment and ligand binding analysis as two
major applications of the Thermofluor assay.

Key words Thermofluor, Thermal shift assay, Differential scanning fluorimetry, SYPRO Orange,
Protein stability, Ligand binding, ATP, Cdcl123, eIF2

1 Introduction

Recombinant proteins are widely used for biochemical analyses,
and frequently the question comes up whether the purified or
stored protein is still stable. Methods suitable to give an answer,
such as CD spectroscopy or differential scanning calorimetry, typi-
cally require large protein amounts and expensive specialized
instruments, which are not available in many laboratories. In con-
trast, Thermofluor is a low-cost and straightforward technique well
suited as a routine protein quality control in most molecular biol-
ogy laboratories. Such quality control is a must for batch-to-batch
comparisons and to improve experimental reproducibility.
Thermofluor, a thermal shift assay also known as differential
scanning fluorimetry (DSF), has become a versatile technique for
the measurement of protein stability. Thermofluor makes use of an
environmentally sensitive fluorescent dye, mostly SYPRO Orange

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
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Fig. 1 A typical Thermofluor profile. Data shown were obtained with SpCdc123-his6 in the presence of 5x
SYPRO Orange. (a) At low temperatures the protein is well-folded (gray sphere). The fluorescent dye SYPRO
Orange is quenched in the aqueous environment. Thus, only basal SYPRO Orange fluorescence emission is
measured at 555 nm upon excitation at 470 nm (1). As the protein gradually unfolds (gray ravel), SYPRO
Orange bhinds to exposed hydrophobic regions. This leads to a strong increase in fluorescence emission (2).
The protein’s melting temperature (7, arrow) is given by the inflection point where 50% of the protein is
unfolded. Following the peak of fluorescence intensity (protein is completely unfolded), a decrease of intensity
is observed (3). This is probably due to protein aggregation, which removes protein from the solution and
prevents SYPRO Orange from interacting with hydrophobic patches. (b) First derivative of the fluorescence as a
function of temperature. The protein’s melting temperature (7., arrow) is easily identified as the peak of the
curve (see Note 13)

[1, 2], to monitor the thermal unfolding of proteins. The dye is
quenched in an aqueous environment, but undergoes a pro-
nounced increase in fluorescent quantum yield upon binding to
exposed hydrophobic regions of the protein as the protein unfolds
(Fig. 1). The gradual increase of temperature as well as the con-
comitant detection of the fluorescent signal can be performed by
standard real-time PCR instruments. Data fitting using the real-
time PCR instrument’s accompanying software quickly provides
the melting temperature (71},,) of the protein under various condi-
tions. The T;, serves as a measure of protein stability [1, 3] and the
shape of the curve as an indicator for protein integrity ( [2, 4] and
Fig. 2).

Upon its first description in 2001 for high throughput drug
discovery [5], dyes such as l-anilino-8-naphthalenesulfonate
(ANS) or dapoxyl sulfonic acid were used, but eventually the dye
with the most favorable characteristics for Thermofluor turned out
to be SYPRO Orange [1, 6]. It has a high increase in quantum
yield, and its excitation and emission maxima of ~500 nm and
~600 nm, respectively [1, 6], are compatible with standard filter
sets of most real-time PCR instruments [2].

The simplicity and economical protein requirement make Ther-
mofluor very attractive for the routine quality control of purified
recombinant proteins. Thermofluor allows to easily evaluate any
adverse effects on the protein of choice that might occur during
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Fig. 2 Thermal destabilization of a mutant protein. Thermofluor was performed using 5x SYPRO Orange and
2 ug (2 uM) SpCdc123-his6 wild-type (WT, black line) or two SpCdc123-hisé mutants: mutant 1 (M1, dark
gray line) and mutant 2 (M2, light gray line). In the thermal denaturation profiles shown, fluorescence emission
is plotted versus temperature to monitor protein unfolding. (a) Proteins in imidazole-containing buffer (50 mM
Tris—HCI pH 8.0, 500 mM NaCl, approximately 160 mM imidazole) before dialysis. (b) Proteins in imidazole-
free buffer (50 mM Tris—HCI pH 7.5, 500 mM NaCl) after dialysis (see Note 3). Shown is one representative
curve per condition. The T, (calculated from duplicate reactions) was derived as the peak of the first derivative
of the fluorescence as a function of temperature, calculated by the melting curve analysis of the Rotor-Gene Q
Software 2.3.4. Mutant 1 is similarly stable as wild-type SpCdc123-his6. Both proteins are essentially
unaffected by imidazole. Mutant 2 is less stable than wild-type SpCdc123-his6. In imidazole-free buffer, it
does no longer show a defined unfolding transition. Together the data indicate that amino acid replacements
can affect protein stability and sensitize a protein toward buffer composition

affinity purification, protein concentration, buffer exchange
(Fig. 2), freezing or prolonged storage. In particular for mutant
proteins, Thermofluor quickly shows whether or not amino acid
exchanges do influence protein stability (Fig. 2). Thermofluor
analysis therefore provides valuable data for the interpretation of
downstream assays.

Ligand interaction usually stabilizes the native protein [1, 7, 8],
thus leading to an increase in melting temperature. This can be
employed, on the one hand, for ligand screenings in drug design
[5, 8-10], and on the other hand, to characterize the binding of
natural ligands, such as nucleotides, to proteins [11, 12] (Fig. 3).
Even an approximation of Ky values is possible [9, 13—-15], which
provides useful preinformation for biophysical methods like iso-
thermal titration calorimetry (ITC) that consume larger quantities
of protein. Thermodynamic parameters obtained from Thermo-
fluor assays correlate well with those determined by other biophysi-
cal methods [4, 9, 16, 17]. Not only ligands but also solvents and
additives affect the stability and thus the T}, of proteins. Accord-
ingly, Thermofluor is a popular method for the determination of
optimal buffer conditions for protein purification, storage and
structural studies such as crystallization or NMR [2, 3, 16, 18-20].
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Fig. 3 Stabilization of hD123 through ATP. Thermofluor was performed using 2 pg hD123(1-290)-his6
(2.3 uM) and 5x SYPRO Orange without nucleotide (no, black line), or with 1 mM ADP (ADP, dark gray
line) or 1 mM ATP (ATP, light gray line). One representative curve is shown. (a) In the thermal denaturation
profiles shown, fluorescence emission is plotted versus temperature to monitor the unfolding of hD123
(1-290)-his6. (b) The first derivative of the fluorescence as a function of temperature was exported from the
Rotor-Gene Q Software 2.3.4 and plotted using Microsoft Excel. The Ty, is represented as the peak of the
curve. The T,, values shown in the legend were calculated as an average of duplicates from three independent
experiments. The data indicate that ATP-binding stabilizes hD123 by more than 10 degrees

Recombinant proteins are critical tools in biochemical studies
such as the analysis of ribosome biogenesis and mRNA translation.
Recently it has become clear that the well-studied eukaryotic trans-
lation initiation factor 2 (eIF2) requires a dedicated assembly factor
[21]. This protein called Cdcl23 is conserved among eukaryotic
organisms and indispensable for the viability of yeast and human
cells [21-24]. Protein structure analysis revealed that Cdcl23 is
related to ATP-grasp enzymes [25]. Here we use Cdcl23 as an
example to present Thermofluor protocols for the analysis of pro-
tein stability and nucleotide binding. We show data illustrating a
mutant protein that became unstable after removal of imidazole by
dialysis, while generating a proper unfolding curve before dialysis
(Fig. 2). Furthermore, as an example of a nucleotide-binding assay,
we show that Cdcl23 is stabilized strongly by ATP, and to some
extent also by ADP (Fig. 3). While several of the technical aspects
discussed here are specific to the real-time PCR machine Rotor-
Gene Q 2plex Platform (Qiagen), the method can be applied to any
standard real-time PCR instrument [2, 3, 9, 10, 13, 15] typically
available in molecular biology laboratories.

2 Materials

1. SYPRO Orange Protein Gel Stain, 5000x concentrate in
DMSO (e.g., Thermo Scientific) (see Note 1), diluted 1:5 in
DMSO to yield a 1000 x working dilution in DMSO (see Note
2). The 1000x SYPRO Orange stock is stored at 4 °C.
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Fig. 4 Fluorescence dye optimization. Melting curves are shown using different
SYPRO Orange concentrations as described in Subheading 3.1. Thermofluor was
performed using 2 pg his6-SpCdc123 (2 uM) together with 1x (light gray line),
5x (gray line), 10x (dark gray line), or 20 (black line) SYPRO Orange. The gain
was set to 9.33. In the thermal denaturation profiles shown, fluorescence
intensity is plotted versus temperature to monitor the unfolding of his6-
SpCdc123. The melting curve with the best dynamic rage was obtained with
5x SYPRO Orange

2. Purified recombinant proteins dialyzed against 2x Thermo-
fluor (TF) bufter (see Note 3).

We used Cdcl23 from Schizosaccharomyces pombe (Sp),
carrying a six histidine affinity-tag (his6) at the N- or
C-terminus, as indicated: his6-SpCdc123 (39.1 kDa) (Fig. 4)
and SpCdcl23-his6 (37.9 kDa) (wild-type (wt), mutant
1 (Ml) with 2 amino acid exchanges, and mutant
2 (M2) with an additional third exchange) (Figs. 1 and 2). In
addition, a C-terminally truncated version of the human
homolog hDI123 (hD123(1-290)-his6; 34.8 kDa) (Fig. 3)
was used. All proteins were expressed in E. coli BL21-
CodonPlus and purified on an AKTA system using Ni-NTA
columns (GE Healthcare). An imidazole gradient
(20-350 mM) was used for elution of the proteins from the
column.

3. 2x Thermofluor (TF) bufter (see Note 4): 50 mM Tris/HCI
pH 7.5, 400 mM NaCl.

4. 500 mM magnesium acetate.

5. Ultrapure water.

6. 100 mM ATP (pH adjusted with NaOH, e.g., Thermo Fisher
Scientific) stored at —20 °C in small aliquots to avoid
refreezing.

7. Real-time PCR instrument such as Rotor-Gene Q 2plex Plat-
form (Qiagen) with Rotor-Gene Q Software 2.3.4; 0.1 ml
4-strip PCR-tubes and caps, or plates, as suitable for the real-
time PCR instrument.
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Unless indicated otherwise, all steps are performed on ice.

3 Methods

3.1 Optimization of 1.
Protein Amount and

SYPRO Orange 2

Concentration (See
Note 5 and Fig. 4)

Table 1

Each reaction is prepared in duplicate. The final volume of each
reaction is 25 pl.

. Clear the protein sample from aggregates and precipitates (see

Note 6) by filtration or centrifugation (4 °C, 20 min,
16,000 rcf [max speed]).

. Protein master mixes for 2 pg and 5 pg protein per reaction are

prepared, each for 9 reactions, according to Table 1.

. 1000x SYPRO Orange in DMSO is diluted in H,O to 5x,

25x%, 50x and 100x SYPRO Orange (for 1x, 5%, 10x, and
20x SYPRO Orange in the final reaction). Prepare dilutions in
H,O fresh each time.

. Distribute 20 pl of each protein mix from step 3 to 8 x 0.1 ml

PCR tubes (see Note 7).

. For duplicate reactions, add 5 pl of each SYPRO Orange dilu-

tion from step 4 to 2 aliquots of each protein mix from step 5.
Mix by pipetting up and down three times.

. Close the tubes, place in a 72-well rotor of a real-time PCR

instrument (Rotor-Gene Q 2plex Platform, Qiagen) and shake
the liquid to the bottom of the tubes (see Note 8).

. Run the melt program with the 470 nm source and 555 nm

detector filter (see Note 9) using different gain settings (see
Note 10). Ramp from 28 °C to 75 °C (se¢e Note 11) rising
by 1 °C each step. Wait for 90 s of premelt conditioning on first
step. Wait for 15 s for each step afterward.

. Melting curves as shown in Fig. 4 are obtained. Choose the

condition with the lowest protein amount that gives a good
signal to noise ratio and sharp unfolding transition (sec Notes 5
and 12).

Protein mix for optimization of SYPRO Orange and protein concentration

In final reaction (25 pl) Stock 1x 9x

2 pg or 5 pg protein in 2x Thermofluor buffer xpg/ul ypl

1x Thermofluor buffer 2x 12.5—ypl

20 mM magnesium acetate 500 mM 1pl 9 ul
H,0 to 20 pl 6.75 ul 60.8 ul
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Buffer mix for protein stability assay

In final reaction (25 pl) Stock 1x 9x

20 mM magnesium acetate 500 mM 1wl 9 ul

5x SYPRO Orange (conc. as optimized) 1000 x 0.125 pl 1.13 pl
H,O to 12.5 pl 11.38 pl 102.4 pl

3.2 Protein Stability
Assay

3.3 Nucleotide
Binding Assay

. Each reaction is prepared in duplicate. The final volume of each

reaction is 25 pl. This example is calculated for the analysis of
three different proteins (wild-type SpCdcl23-his6 and two
mutants).

. Clear the protein sample from aggregates and precipitates (see

Note 6) by filtration or centrifugation (4 °C, 20 min,
16,000 rcf [max speed]).

. Per reaction, complete 2 pg protein to 12.5 pl with 2x TF

buffer. A master mix for 3 reactions is prepared for each
protein.

. The buffer-mix is prepared as a master mix for 9 reactions as

described in Table 2.

. 12.5 pl protein-mix from step 3 or 2x TF buffer is distributed

in duplicate to 0.1 ml PCR tubes (see Note 7). 2x TF buffer
serves as a negative control to measure background
fluorescence.

. 12.5 pl buffer-mix from step 4 is added to the proteins and

buffer control and mixed by pipetting three times up and
down. The final reaction condition is 2 pg protein (= 2 pM
SpCdcl23-his6), 25 mM Tris pH 7.5, 200 mM NaCl,
20 mM magnesium acetate, 5x SYPRO Orange.

7. Continue as described in Subheading 3.1 steps 7 and 8.

. Analyze the data using the instrument’s accompanying soft-

ware (Rotor-Gene Q Software 2.3.4) to obtain the 7;,. The
first derivative of the fluorescence is plotted as a function of
temperature (dF/d7T). The maximum peak of the curve repre-
sents the 7}, (see Note 13).

. The result for wild-type SpCdcl23-his6 and two mutants is

shown in Fig. 2. The data indicate that mutant M2 is thermally
destabilized and sensitive toward buffer exchange.

. Proceed as described in Subheading 3.2, except that in addition

to Subheading 3.2 step 4 two more buffer mixes are prepared
containing 1 mM ATP or ADP (Table 3). Accordingly, a pro-
tein master mix for 7 reactions is prepared as described in
Subheading 3.2 step 3.
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Table 3

Buffer mix for nucleotide binding assay

In final reaction (25 pl) Stock 1x 9x

20 mM magnesium acetate 500 mM 1wl 9 ul

5x SYPRO Orange (or conc. as optimized) 1000x 0.125 pl 1.13 pl
1 mM ATP or ADP 100 mM 0.25 pl 225 ul
H,0 to 12.5 pl 11.13 ul 100.1 ul

. The melting curves of wild-type hD123 (hD123(1-290)-his6)

in the absence of nucleotide and in the presence of ADP and
ATP are shown in Fig. 3. The data indicate that ATP stabilizes
hD123 by more than 10 degrees.

4 Notes

. SYPRO Orange is light sensitive and should therefore be kept

in the dark.

. To avoid DMSO concentrations above 2% in the final reaction,

the SYPRO Orange working stock solution should be as highly
concentrated as possible. The SYPRO Orange dye (Invitrogen)
is provided as 5000x solution in 100% DMSO. We found a
1000x SYPRO Orange in DMSO working stock dilution to be
optimal. For 5x SYPRO Orange in the final reaction, DMSO is
at 0.05%, while pipetting volumes are still acceptable.

. The dialysis serves to remove the imidazole, which is in the

elution butffer of our Ni-NTA—purified recombinant proteins.
Imidazole influences the 7}, and the imidazole concentrations
differ in each gradient-eluted protein fraction. After dialysis
against a defined buffer, T}, values are well reproducible. Fur-
thermore, the dialysis against 2 x TF buffer has the advantage,
that even if high protein volumes have to be added to the
reaction (in case of low initial protein concentrations) it is
easy to keep the final buffer composition identical in all condi-
tions. Half of the final reaction volume corresponds to protein
volume plus 2 xTF butffer.

. The Thermofluor buffer composition can be adjusted to the

protein’s needs [3, 16, 18-20]. Tris is used here because of
additional downstream assays.

. We recommend the optimization of protein and SYPRO

Orange concentration. The SYPRO Orange concentration
strongly influences the increase in fluorescence upon protein
denaturation (Fig. 4). Too much or too little SYPRO Orange
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11.

12.

Protein Analysis by Thermofluor 255

relative to protein leads to reduced quantum yield (see Fig. 4
20x and 1x SYPRO Orange). Choose the lowest protein
amount that uses the full dynamic range of the photomultiplier,
a good signal to noise ratio and sharp unfolding transition.
Another approach, starting with a fixed 10x SYPRO Orange
concentration and adjusting only protein amount, will in many
cases consume more protein than necessary. We found that for
most proteins optimal conditions are at around 2 pg protein
(0.08 mg/ml) and 5x SYPRO Orange. However, in some
cases protein concentrations might have to be varied from
0.01 to 0.2 mg/ml and SYPRO Orange from 1x to 20x to
obtain suitable conditions.

. Removing denatured protein from the sample is essential, since

it might otherwise produce high background fluorescence.

. Place the liquid approximately 3/4th down the tube to leave

enough space above to add the SYPRO Orange-
containing mix.

. After placing the tubes in the 72-well rotor and attaching the

locking ring, shake all liquid to the bottom of the tubes.
Otherwise, no fluorescent signal will be collected at the begin-
ning of the run, until the centrifugal force of the rotor forces
the liquid to the bottom of the tube.

The emission and excitation peaks of protein-bound SYPRO
Orange are at approximately 500 nm and 600 nm, respectively
[1]. Using the standard 470 + 10 nm excitation and
557 £ 5 nm emission filters provided with the Rotor-Gene Q
2plex Platform (Qiagen), we obtained substantial fluorescence
increases: around 13-fold for lysozyme (3.8 pg)in 10x SYPRO
Orange or around 22-fold for his6-SpCdcl23 (2 pg) in 5x
SYPRO Orange.

The gain determines the sensitivity of the photomultiplier that
converts fluorescence photons to electronic signals. The gain
setting is a means to modulate the signal amplification. If the
gain is too high, the signal will be oversaturated. If the gain is
too low, the signal will disappear in the background noise. To
use the complete dynamic range of the photomultiplier, it is
best to acquire the data on three to four channels with different
gains in parallel. In the optimal gain setting, fluorescence values
will approach the maximum threshold. We usually work with
gains between 7.67 and 9.33.

For very stable proteins (e.g., lysozyme T, = 72 °C) increase
the temperature range of the melting curve.

If the protein fails to generate a melting curve, the protein
(1) might be already denatured, which results in high fluores-
cence, (2) might contain intrinsically disordered regions, which
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13.

also results in high background fluorescence, or (3) might lack
hydrophobic regions. The latter is often the case for small
proteins, for example, ubiquitin (data not shown) and [2].

Here, the Tj, is determined by plotting the first derivative of
the fluorescence as a function of temperature, where the 7, is
represented as the peak of the curve. Alternatively, the T}, as
midpoint of the unfolding transition, can be determined by
nonlinear fitting to a Boltzmann equation [ 3, 17]. The data can
be easily exported from the real-time PCR instrument’s soft-
ware as a text file and analyzed with a method and software of

choice.
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In Vitro Assembly of a Fully Reconstituted Yeast Translation
System for Studies of Initiation and Elongation Phases
of Protein Synthesis

Sandra Blanchet and Namit Ranjan

Abstract

Protein synthesis is an essential and highly regulated cellular process. To facilitate the understanding of
cukaryotic translation, we have assembled an in vitro translation system from yeast using purified compo-
nents to recapitulate the initiation and elongation phases of protein synthesis. Here, we describe methods to
express and purify the components of the translation system and the assays for their functional
characterization.

Key words Translation, Ribosome, mRNA, tRNA, Yeast

1 Introduction

Protein synthesis in yeast is carried out by the 80S ribosomes that
translate genetic information from messenger RNA (mRNA) into
functional proteins with the help of aminoacyl-tRNAs (aa-tRNA)
and a large number of specific translation factors. Translation entails
four steps, initiation, elongation, termination, and ribosome recy-
cling [1, 2]. During the initiation phase, the ribosome selects a start
codon and an open reading frame for translation. Eukaryotic initi-
ation factor 2 (elF2), in its active GTP-bound form, binds to
initiator methionyl-tRNA (Met-tRNA;") to form a ternary com-
plex that delivers the tRNA to the small ribosomal subunit (40S).
The 40S subunit together with eIF2-GTP-Met-tRNAM, eIF1,
elF1A, and eIF3 forms the 43S preinitiation complex (43S PIC),
which then interacts with the mRNA that is recruited by the eIF4/
PABP complex to form the 48S complex (48S PIC). Following
scanning and start codon recognition, eIF2 hydrolyzes GTP using
elF5 as a GTPase activating protein, allowing the dissociation of
elF2-GDP and recruitment of eIF5B. After large ribosomal sub-
unit (60S) joining, eIF5B hydrolyzes GTP, the initiation factors

Karl-Dieter Entian (ed.), Ribosome Biogenesis: Methods and Protocols, Methods in Molecular Biology, vol. 2533,
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Fig. 1 Schematic of components required to in vitro reconstitute yeast mRNA translation initiation and
elongation using a short unstructured mRNA, which overcomes the requirement of elF4F complex

dissociate and the 80S initiation complex (80S IC) is ready to enter
elongation (Fig. 1). eIF2-GDP is recycled to its active GTP-bound
form with the help of the nucleotide exchange factor eIF2B,
whereas the nucleotide exchange in eIF5B occurs spontaneously
[2—4]. In the subsequent step of elongation, the eukaryotic elon-
gation factor eEF1A binds aa-tRNA in a GTP-dependent manner
and delivers the aa-tRNA to the A site of the ribosome. Codon
recognition by the aa-tRNA triggers GTP hydrolysis by eEF1A,
releasing the factor, and enables the aa-tRNA to accommodate in
the A site. Then, peptide bond forms between the peptidyl-tRNA
in the P site and the aa-tRNA in the A site. In most cases, peptide
bond formation occurs spontancously at the peptidyl transterase
center of the ribosome, but with some amino acids, for example,
strings of consecutive prolines, it requires the help of eIF5A.
eEF1A-GDP is recycled to its active GTP-bound form with the
help of nucleotide exchange factor eEF1B. Following peptide bond
formation, the ribosome moves along the mRNA by one codon in a
process called translocation, which is facilitated by eEF2 in the
GTP-bound state and the fungal-specific eEF3 in its ATP-bound
state. Once the stop codon is reached, translation is terminated
with the help of the release factors eRF1 and eRF3 (Fig. 1)
[1, 5]. Ribosome recycling, which requires Rlil, Ligatin and can
also be promoted by eIF3j [6-8], results in the disassembly of the
ribosome posttermination complex into ribosomal subunits,
tRNA, and mRNA.
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In this chapter, we describe the reconstitution of yeast transla-

tion system to study the initiation and elongation phases. In detail,
we provide updated purification protocols for individual translation
factors, ribosomes, and aa-tRNAs. Furthermore, we describe sev-
eral assays for testing the activity of the purified components, the
efficiency of the initiation complex formation and of peptide bond
formation. This in vitro translation system utilizes an unstructured
model mRNA, which overcomes the requirement for mRNA cap-
ping and for auxiliary cap-binding proteins.

2 Materials

2.1 Media

2.2 Antibiotics,
DNase, and IPTG

2.3 Buffers

Ul N

—

. YPD media: 10 g/L yeast extract, 20 g/L peptone, 2% glucose

(1.8% agar-agar for plates).

. Selective media: 5.1 g/L (NH4),SOy, 1.7 g/L yeast nitrogen

base, 2% glucose, 0.67 g/L minimal media powder (-LEU
-URA or -LEU) with 1.8% agar-agar for plates.

. LB-media: 10 g/L tryptone; 10 g/L NaCl; 5 g/L yeast

extract.

. 100 mg/mL ampicillin sodium salt.
. 34 mg/mL chloramphenicol.
. 2 units/pL. DNase.

1 mM puromycin.

. 1 M Isopropyl p-p-1-thiogalactopyranoside (IPTG).

. Buffer 1: 10x Ribo Buffer A: 200 mM HEPES-KOH pH 7.5,

1 M KOAg, 25 mM Mg(OAc),.

. Buffer 2: 1x Buffer 1, 1 mg/mL heparin sodium salt,

2 mM DTT.

. Buffer 3: 1 x Buffer 1,400 mM KCl, 1 M sucrose, 2 mM DTT.
. Buffer 4: 1x Buffer 1, 400 mM KCI, 1 mg/mL heparin

sodium salt, 2 mM DTT.

. Buffer 5: 50 mM HEPES-KOH pH 7.5, 500 mM KCl, 2 mM

MgCl,, 2 mM DTT.

. Buffer 6: Same as buffer 5 with 5 mM MgCl,, 0.1 mM ethy-

lenediaminetetraacetic acid (EDTA) pH 8.0, 5% or 30%
sucrose.

. Buffer 7: 50 mM HEPES-KOH, 100 mM KCl, 250 mM

sucrose, 2.5 mM MgCl,, 2 mM DTT.

. Buffer 8: 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 5%

glycerol, 4 mM f8-mercaptoethanol (f-me).

. Buffer 9: Same as buffer 8 with 1 M NaCl.
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20.
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24.

25.

26.

27.

28.

29.

30.

31.

Buffer 10: 20 mM HEPES-KOH pH 7.5, 200 mM KCl,
2 mM DTT.

Buffer 11: Same as buffer 8 without NaCl and glycerol.
Buffer 12: 20 mM HEPES-NaOH pH 7.5, 500 mM NaCl,
5% glycerol, 4 mM f8-me.

Buffer 13: Same as buffer 12 with 150 mM NaCl.

Buffer 14: Same as buffer 13 with 30 mM r-glutathione
reduced.

Buffer 15: Same as buffer 12 with 1 M NaCl.

Buffer 16: 20 mM HEPES-KOH pH 7.5, 100 mM KCl,
2 mM DTT.

Buffer 17: 50 mM HEPES-NaOH pH 7.5, 400 mM NacCl,
5% glycerol, 4 mM f-me.

Buffer 18: 20 mM HEPES-NaOH pH 7.5, 500 mM NaCl,
30 mM r-glutathione reduced. 5% glycerol, 4 mM {3-me.
Buffer 19: 20 mM HEPES-NaOH pH 7.5, 275 mM NaCl,
5% glycerol, 4 mM f8-me.

Buffer 20: 20 mM HEPES-KOH pH 7.5, 200 mM KCl,
2 mM DTT.

Buffer 21: 20 mM HEPES-KOH pH 7.5, 500 mM KCI, 10%
glycerol, 3 mM f8-me.

Buffer 22: Same as buffer 21 with 30 mM L-glutathione
reduced.

Buffer 23: 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 10%
glycerol, 2 mM DTT.

Buffer 24: 20 mM HEPES-KOH pH 7.5, 100 mM KCI, 5%
glycerol, 2 mM DTT.

Buffer 25: 20 mM 3-( N-morpholino)propane sulfonic acid
(MOPS)-KOH pH 6.7, 500 mM KCI, 10% glycerol, 3 mM
f-me.

Buffer 26: Same as buffer 25 with 30 mM L-glutathione
reduced.

Buffer 27: 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 10%
glycerol, 2 mM DTT.

Buffer 28: 20 mM HEPES-KOH pH 7.5, 100 mM KCl, 5%
glycerol, 2 mM DTT.

Buffer 29: 75 mM HEPES-KOH pH 7.6, 100 mM KCl,
100 puM GDP, 10 mM f{3-me.

Buffer 30: 20 mM HEPES-KOH pH 7.6, 500 mM KCI,
20 mM imidazole, 10% glycerol, 0.1 mM MgCl,, 10 pM
GDP, 10 mM f8-me.

Buffer 31: Same as buffer 30 with 250 mM imidazole.
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Buffer 32: 20 mM HEPES-KOH pH 7.6, 100 mM KCl, 10%
glycerol, 0.1 mM MgCl,, 10 uM GDP, 2 mM DTT.

Buffer 33: Same as buffer 32 with 1 M KCI.

Buffer 34: 20 mM HEPES-KOH pH 7.6, 100 mM KOAc,
0.1 mM Mg(OAc),, 10% glycerol, 2 mM DTT.

Buffer 35: 20 mM HEPES-KOH pH 7.6, 2 mM DTT,
10 pM GDP.

Buffer 36: 20 mM Tris—-HCI pH 7.5, 350 mM KCI, 5 mM
MgCl,, 1 mM PMSE, 10% glycerol, 20 mM imidazole,
0.5 mM f3-me.

Buffer 37: Same as buffer 36 with 450 mM KCI.
Buffer 38: Same as buffer 37 with 250 mM imidazole.

Buffer 39: 20 mM Tris-HCI pH 7.5, 75 mM KCI, 10%
glycerol, 2 mM DTT.

Buffer 40: 50 mM Tris-HCI pH 7.5, 5 mM MgCl,, 50 mM
NH,CI, 0.2 mM PMSE, 10% glycerol, 0.1 mM EDTA pH 8.0,
1 mM DTT.

Buffer 41: 20 mM Tris—=HCI pH 7.5, 50 mM KCI, 0.1 mM
EDTA pH 8.0, 0.2 mM PMSEF, 25% glycerol, 1 mM DTT.

Buffer 42: Same as buffer 41 with 500 mM KClI.

Buffer 43: 20 mM Tris-HCl pH 7.5, 0.1 mM EDTA pH 8.0,
200 mM KCl, 25% glycerol, 1 mM DTT.

Buffer 44: 50 mM potassium phosphate pH 8.0, 1 M KCl,
0.2 mM PMSF, 1% Tween 20, 10 mM imidazole.

Buffer 45: Same as buffer 44 with 20 mM imidazole.
Buffer 46: Same as buffer 44 with 500 mM imidazole.

Buffer 47: 20 mM Tris-HCI pH 7.5, 100 mM KCl, 0.1 mM
EDTA pH 8.0, 10% glycerol, 0.2 mM PMSF, 1 mM DTT.

Buffer 48: 20 mM HEPES-KOH pH 7.5, 500 mM KCl,
20 mM imidazole, 10% glycerol, 2 mM f-me.

Buffer 49: 20 mM HEPES- KOH pH 7.5, 100 mM KCl,
250 mM imidazole, 10% glycerol, 2 mM 8-me.

Buffer 50: 20 mM HEPES- KOH pH 7.5, 100 mM KCl, 10%
glycerol, 2 mM DTT.

Buffer 51: 20 mM TrissHCl pH 7.5, 100 mM KCl,
1 mM DTT.

Buffer 52: 20 mM HEPES- KOH pH 7.5, 100 mM KCl,
2 mM DTT.

Buffer 53: Same as buffer 52 with 250 mM imidazole.

Buffer 54: YT buffer: 30 mM HEPES-KOH pH 7.5, 100 mM
KOAc, 3 mM MgCl,.
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2.4 Strains and
Plasmids

55. Buffer 55: YT9 buffer: 30 mM HEPES-KOH pH 7.5,
100 mM KOAc, 9 mM MgCl,.
56. Buffer 56: YTO buffer: 30 mM HEPES-KOH pH 7.5,
100 mM KOACc.
57. Buffer 57: 30 mM Bis-Tris pH 6.0, 10 mM MgCl,,
300 mM NaCl.
58. Buffer 58: Same as buffer 57 with 1 M NaCl.
59. Buffer 59: HAKM;: 30 mM HEPES-NaOH pH 7.5, 70 mM
NH,CI, 30 mM KCl, 7 mM MgCl,.
60. Buffer 60: HPLC purification buffer: A 20 mM NH4OAc,
10 mM MgCl,, 400 mM NaCl, 5% ethanol.
61. Buffer 61: HPLC purification buffer B: 20 mM NH4OAc,
10 mM MgCl,, 400 mM NaCl, 15% ethanol.
62. Buffer 62: HPLC-buffer A: 0.1% trifluoroacetic acid (TFA).
63. Buffer 63: HPLC-buffer B: 0.1% TFA; 65% acetonitrile.
Expression
Protein host Genotype/Description References
elF1 E. coli P17; eIF1 cloned Ndel /Xhol; Kind gift
Ap® from
Dr. Ralf
Ficner
elF1A E. cols Prac; GST-tag; eIF1A cloned  This work
BamHI/Xhol; ApR
elF5 E. coli Pi.c; GST-tag; eIF5 cloned This work
BamHI /Xhol; ApR
e¢IF5B E. coli Piac; GST-tag; eIF5B cloned  This work
BamHI /Xhol; ApR
clF2 S. cerevisine MATao len2-3 len2-112 ura3- [9]
52 inol gen2A pep4::LEU2
sui2A HIS4-lncZ pAV1089
[SUI2 SUI3 His-tagged
GCDI11 URA3]
elF3 S. cerevisine MATa/o ura3-52/ura3-52 [10]
trpl/trpl len2-Al/len2-A1
his3-D200/his3-A200 pep::
HIS4/pep:: HIS4 pro1-A
1.6/prb1-A1.6 canl/canl
GAL*(pLPY-PRT1His-
TIF34HA-TIF35Flag)/
(pLPY-TIF32-NIP1)
eIF5A E. coli Prac; GST-tag; eIF5A cloned  This work
(see Note 1) BamHI /Xhol; ApR

(continued)
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Expression
Protein host Genotype/Description References
DYSI-LIAL E. coli Prac; His-tag; DYS1 and LIA1 This work
cloned Pacl/Swal; ApR
cEF2 S. cerevisine MATa ade2 len2 ura3 his3 [11]
len2 trpl eftl:: HIS3 eft2:
TRPI pEFT2-6xHis LEU2
CEN
e¢EF1A and S. cevevisine MATa len2-3112 bis4-539 trpl [12]
Ribosomal ura3-52 cupl::LEU2/
subunits PGKIpG/MFA2pG

(YAS2488)

3 Methods

3.1 Purification of
Ribosomal Subunits
from S. Cerevisiae

1. Streak the YAS2488 strain on a YPD plate and incubate for

2 days at 30 °C (see Note 2). Inoculate a preculture of 200 mL
YPD media overnight in a shaker at 30 °C with 180 rpm.
Inoculate 100 L YPD culture with the preculture at a starting
ODyggp of 0.1 and grow until mid-log phase in a bioreactor.
Harvest the cells, wash the pellets with MilliQ water and sus-
pend the cell pellets in 1 mL/g of cells in buffer 2. Prepare
frozen cell droplets by dropping the lysate using a syringe or
serological pipette in liquid nitrogen. Grind the cell droplets
using an ultracentrifugal mill prechilled with liquid nitrogen.
Collect the powder and store in —80 °C freezer.

. Thaw 200 g (~400 mL lysate) of grinded powder, add 100 pL

DNase to the lysate and incubate for 30 min on ice. Add one
EDTA-free Protease Inhibitor tablet dissolved in 1x buffer
1. Centrifuge at 25,364 x g at 4 °C for 30 min to clear the
lysate. Collect the supernatant carefully without disturbing the
pellets and note the exact volume. At this point, bring the KCI
concentration to 500 mM and filter the lysate using 1 pm glass
fiber filters or equivalent. Chill Ti45 ultracentrifuge tubes. Add
7 mL of sucrose cushion (buffer 3) into each tube. Carefully
layer 55 mL of cleared lysate onto each sucrose cushion. Cen-
trifuge at 235,418 x gfor 2 h at 4 °C. Immediately remove the
lipids layer on top of each tube and carefully swipe the tubes to
get rid of leftover lipids and extra supernatant. The ribosomal
pellet should be transparent. Add 1 mL of buffer 4 to each tube
and incubate on ice for 15 min. Dissolve the pellets by gently
pipetting using a P1000 pipette. Pool the ribosome solution
and bring the final volume to 10 mL with buffer 4. Stir at a
moderate speed with a micro-stir bar for 1 h at 4 °C.
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3. Add 200 pL of sucrose cushion (buffer 3) in chilled MLA

130 tubes and carefully layer 1 mL of ribosome solution in
cach tube, on top of the sucrose cushion. Centrifuge at
603,000 x g4 for 30 min at 4 °C. Discard the supernatant by
inverting the tubes. Add 400 pL of buffer 5 to each tube and
incubate on ice for 15 min. Dissolve the pellets carefully, pool
the solution in a 15 mL falcon tube and bring the total volume
to 6 mL with buffer 5. Add 60 pL of 100 mM puromycin and
incubate for 15 min on ice and then 10 min at 37 °C.

. Gradient preparation and ribosome layering: Prepare 5%-30%

sucrose gradient in SW32 tubes. Pipet 25 mL of 30% sucrose
solution (buffer 6) at the bottom and carefully layer 15 mL of
5% sucrose solution (buffer 6) on top. Close the gradient tube
with caps without any bubbles. Prepare the gradient using
Gradient Master. Remove the caps from the gradient tubes
and take 1 mL out from the top of each SW32 tube. Carefully
layer 1 mL of ribosome solution on each SW32 gradient tube.
Centrifuge at 106,750 x gfor 16 h at 4 °C.

. Gradients are fractionated either using a peristaltic pump

connected to an FPLC system or gradient fractionation system.
Collect the fractions from the bottom of the tube and measure
OD,gp of each fraction. The first peak with higher sucrose
concentration corresponds to the 60S subunits peak and the
second large peak corresponds to the 40S subunits peak. Pool
the fractions corresponding to 40S and 60S subunits and con-
centrate using a 100 kDa MWCO Vivaspin concentrator.
Exchange to buffer 7 using the same concentrator. Measure
the OD540 of concentrated 40S and 60S subunits solutions and
calculate the concentrations using the extinction coefficients
2 x 10" M~' em™! for 408 subunits and 4 x 107 M~! em ™! for
60S subunits [13].

. Quality control for rRNA integrity: Prepare solutions contain-

ing 3 pmol of 40S or 60S subunits with 60% formamide and 1x
loading dye (50 mM Tris-HCI pH 7.6, 0.25% bromophenol
blue, 60% glycerol). Load on a 1% agarose gel premixed with
SYBR gold dye. Run the gel at 70 V (10 V/cm of gel) for 1 h
(dye should reach two-thirds of the gel). Visualize 28S and 18S
rRNA for 60S and 40S subunits under UV gel scanner. 5S and
5.8S are too small to be visualized on the gel.

Unless specified otherwise, all purifications are performed using an
FPLC system.

1. elF1

Express eIF1 from pETT22b plasmid (no tag) in BL21
E. coli cells. Inoculate a preculture of 200 mL LB with
100 pg/mL carbenicillin and grow at 37 °C overnight. Next
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day, inoculate 6 L of LB with 100 pg/mL carbenicillin with the
overnight preculture at a starting ODggg of 0.1 and grow in a
shaker at 37 °C with 180 rpm. Induce expression with 0.5 mM
IPTG when ODyggg reaches 0.8 and incubate at 37 °C for
additional 3—4 h. Harvest the cells at 7000 rpm for 10 min at
4 °C and store at —80 °C. Resuspend the cell pellet in buffer
8 (3 mL /g of cells) complemented with 100 pL of DNase and
one protease inhibitor tablet. Homogenize the cell suspension
on ice and use Emulsiflex to lyse the cells. Centrifuge at
180,800 x gfor 1 h at 4 °C. Collect the supernatant and filter
it through 1 pm glass fiber filters or equivalent. Equilibrate the
HiTrap SP column with buffer 8. Load the sample onto the
column in buffer 8. Wash the column with buffer 8. Elute with
a linear gradient from 0% to 100% of buffer 9 over 60 mL.
Collect 2 mL fractions, analyze on a 15% SDS-PAGE and pool
the fractions containing eIF1. Dilute the pool to decrease the
salt concentration to 150 mM NaCl with buffer 11. Equilibrate
the HiTrap Heparin column with buffer 8. Load the diluted
sample and wash the column with buffer 8. Elute eIF1 with a
linear gradient from 0% to 100% of buffer 9 over 60 mL.
Collect 2 mL fractions, analyze on a 15% SDS-PAGE and
pool the fractions containing eIF1. Concentrate eIF1 and
load on a HilLoad 26 /600 Superdex75 pg size-exclusion chro-
matography column preequilibrated with buffer 10. Collect
2 mL fractions, analyze on a 15% SDS-PAGE and pool the
fractions containing eIF1. Concentrate the eIFl using a
5 kDa MWCO Vivaspin concentrator. Check the final concen-
tration at the spectrophotometer (OD,gg, extinction coeffi-
cient 3105 M~' ecm™!), flash-freeze aliquots, and store at
—80 °C.
. eIF1A

Express eIF1A from pGEX-6P1 plasmid (GST tag) in BL21
E. colicells. Inoculate a pre-culture of 200 mL LB with 100 pg/
mL carbenicillin and grow at 37 °C overnight. Next day, inocu-
late 6 L of LB with 100 pg/mL carbenicillin with the overnight
preculture at a starting ODggo of 0.1 and let it grow in a shaker
at 37 °C with 180 rpm. Reduce the temperature from 37 °C to
16 °C when ODygpq reaches 0.4, induce expression with 0.5 mM
IPTG when ODygqg reaches 0.8 and grow for additional 16 h.
Harvest the cells at 7000 rpm for 10 min at 4 °C. Resuspend the
cell pellets (30-50 g) in 2 mL/g with buffer 12 complemented
with 100 pL of DNase and one protease inhibitors tablet.
Homogenize the cell suspension on ice and use Emulsiflex to
lyse the cells. Centrifuge at 180,800 x gfor 1 hat 4 °C. Collect
the supernatant and filter using 1 pm glass fiber filters or equiv-
alent. Equilibrate the GSTrap column with buffer 13. Load the
lysate and wash the column with buffer 13. Elute eIF1A with
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100% of buffer 14 and collect 2 mL fractions. Analyze the
fractions on a 15% SDS-PAGE. Pool the elution fractions and
add PreScission protease (1 pM final) to cleave the tag while
dialyzing overnight at 4 °C against 2 L of buffer 13. Load the
dialyzed sample on a Resource Q column and elute with 0 to
100% buffer 15 over 60 mL. Analyze the fractions on a 15%
SDS-PAGE, pool the fractions containing eIF1A. Concentrate
eIF1A and load on a HilLoad 26/600 Superdex75 pg size-
exclusion chromatography column preequilibrated with buffer
16. Collect 2 mL fractions, analyze on a 15% SDS-PAGE and
pool the fractions containing eIF1A. Concentrate proteins
using a 5 kDa MWCO Vivaspin concentrator. Check the final
concentration at the spectrophotometer (OD,gq, extinction

coefficient 10,095 M~ ecm ™), flash-freeze aliquots, and store
at —80 °C.

. eIF5

Express elF5 from pGEX-6P1 plasmid (GST tag) in BL21
E. coli cells. Inoculate a preculture of 200 mL LB with 100 pg/
mL carbenicillin and grow at 37 °C overnight. Next day, inocu-
late 6 L of LB with 100 pg/mL carbenicillin with the overnight
preculture at a starting ODggo of 0.1 and let it grow in a shaker
at 37 °C with 180 rpm. Reduce the temperature from 37 °C to
16 °C when ODggg reaches 0.4, induce expression with 0.5 mM
IPTG when ODggg reaches 0.8 and grow for additional 16 h.
Harvest the cells at 7000 rpm for 10 min at 4 °C. Resuspend the
cell pellets (30-50 g) in 2 mL /g with buftfer 17 complemented
with 100 pL. of DNase and one protease inhibitors tablet.
Homogenize the cell suspension on ice and use Emulsiflex to
lyse the cells. Centrifuge at 180,800 x gtfor 1 hat4 °C. Collect
the supernatant and filter using 1 pm glass fiber filters or equiv-
alent. Equilibrate the GSTrap column with buffer 17. Load the
lysate and wash the column with buffer 17. Elute eIF5 with
100% of buffer 18 and collect 2 mL fractions. Analyze the
fractions on a 15% SDS-PAGE. Pool the elution fractions and
add PreScission protease (1 pM final) to cleave the tag while
dialyzing overnight at 4 °C against 2 L of buffer 19. Perform a
second GSTrap column and elF5 remains now in the flow-
through as the GST tag is cleaved. Concentrate eIF5 and load
on a Hiload 26,/600 Superdex75 pg size-exclusion chroma-
tography column preequilibrated with buffer 20. Collect 2 mL
fractions, analyze on a 15% SDS-PAGE and pool the fractions
containing eIF5. Concentrate proteins using a 10 kDa MWCO
Vivaspin concentrator. Check the final concentration at the
spectrophotometer (OD>sgo, extinction coefficient
30,285 M~ ! em ™), flash-freeze aliquots, and store at —80 °C.
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4. eIF5A

Express eIF5A from pGEX-6P1 plasmid (GST tag) in
Rosetta 2 cells. Inoculate a preculture of 200 mL LB with
100 pg/mL carbenicillin and 34 pg/ml chloramphenicol,
and grow at 37 °C overnight. Next day, inoculate 6 L of LB
with 100 pg/mL carbenicillin with the overnight preculture at
astarting ODgg of 0.1 and let it grow in a shaker at 37 °C with
180 rpm. Induce eIF5A expression with 0.5 mM IPTG when
ODgog reaches 0.8 and incubate at 37 °C for additional 3—4 h.
Harvest the cells at 7000 rpm for 10 min at 4 °C. Resuspend
the cell pellets (30-50 g) in 2 mL/g with buffer 21, comple-
mented with 100 pl. of DNase and one protease inhibitors
tablet. Homogenize the cell suspension on ice and use Emulsi-
flex to lyse the cells. Centrifuge at 180,800 x gfor 1 hat4 °C.
Collect the supernatant and filter using 1 pm glass fiber filters
or equivalent. Equilibrate the GSTrap column with buffer 21.
Load the lysate and wash the column with buffer 21. Elute
eIF5A with buffer 22 and collect 2 mL fractions. Analyze the
fractions on a 15% SDS-PAGE. Pool the elution fractions and
add PreScission protease (1 puM final) to cleave the tag while
dialyzing overnight at 4 °C against 2 L of buffer 23. After
dialysis, load eIF5A on a HilLoad 26/600 Superdex75 pg
size-exclusion chromatography column preequilibrated with
buffer 24. Collect 2 mL fractions, analyze on a 15%
SDS-PAGE and pool the fractions containing eIF5A. Concen-
trate proteins using a 5 kDa MWCO Vivaspin concentrator.
Check the final concentration at the spectrophotometer
(OD3g0, extinction coefficient 3105 M! cmfl), flash-freeze
aliquots, and store at —80 °C.

5. eIF5B-397C

Express eIF5B-397C from pGEX-6P1 plasmid (GST-tag)
in BL21 E. coli cells. Inoculate a preculture of 200 mL LB with
100 pg/mL carbenicillin and grow at 37 °C overnight. Next
day, inoculate 6 L of LB with 100 pg/mL carbenicillin with the
overnight preculture at a starting ODggg of 0.1 and let it grow
in a shaker at 37 °C with 180 rpm. Induce eIF5B-397C expres-
sion with 0.5 mM IPTG when ODgg reaches 0.8 and incubate
at 37 °C for additional 3—4 h. Harvest the cells at 7000 rpm for
10 min at 4 °C. Resuspend the cell pellets (30-50 g) in 2 mL/g
with buffer 25, complemented with 100 pL of DNase and one
protease inhibitors tablet. Homogenize the cell suspension on
ice and use Emulsiflex to lyse the cells. Centrifuge at 180,800 x
gfor 1 hat4 °C. Collect the supernatant and filter using 1 pm
glass fiber filters or equivalent. Equilibrate the GSTrap column
with buffer 25. Load the lysate and wash the column with
buffer 25. Elute eIF5B-397C with 100% of buffer 26 and
collect 2 mL fractions. Analyze the fractions on a 15%
SDS-PAGE. Pool the elution fractions and add PreScission
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protease (1 pM final) to cleave the tag while dialyzing overnight
at 4 °C against 2 L of buffer 27. After dialysis, load ¢IF5A on a
Hil.oad 26 /600 Superdex200 pg size-exclusion chromatogra-
phy column preequilibrated with buffer 28. Collect 2 mL frac-
tions for each, analyze on a 15% SDS-PAGE and pool the
fractions containing eIF5B-397C. Concentrate proteins using
a 30 kDa MWCO Vivaspin concentrator. Check the final con-
centration at the spectrophotometer (OD,g(, extinction coef-
ficient 46,215 M~ cm™ '), flash-freeze aliquots, and store at
-80°C.

. elF2

Streak eIF2 strain on a selective media (-LEU -URA) plate
and incubate for 2 days at 30 °C. Inoculate a preculture of
200 mL selective media (-LEU -URA) overnight in a shaker at
30 °C with 180 rpm. Inoculate 100 L selective media (-LEU
-URA) with the preculture at a starting ODggp of 0.1 and grow
until mid-log phase in a bioreactor. Harvest the cells, wash the
pellets with MilliQ water and suspend the cell pelletsin 1 mL/g
of cells in buffer 29. Prepare frozen cell droplets by dropping
the lysate using a syringe or serological pipette in liquid nitro-
gen. Grind the cell droplets using an ultracentrifugal mill pre-
chilled with liquid nitrogen. Collect the powder and store in
—80 °C freezer. Thaw the grinded yeast cell powder (~200 mL
lysate in buffer 29) on ice and add one protease inhibitor tablet.
Centrifuge at 180,800 x g for 30 min at 4 °C. Collect the
supernatant into a fresh beaker and note down the volume. Stir
the supernatant on ice or in the cold room. While stirring,
gradually add grinded solid ammonium sulfate to 75% satura-
tion (48.3 g ammonium sulfate /100 mL of lysate) and stir for
1 h. Centrifuge at 235,418 x g for 1 h at 4 °C. Discard the
supernatant and resuspend the pellet in at least 200 mL of
bufter 30. Filter the lysate through 1 pm glass fiber filters or
equivalent. Equilibrate HisTrap columns with buffer 30. Load
the sample onto the columns, wash the columns with buffer
30 and elute the proteins with 100% buffer 31. Collect 2 mL
fractions, analyze on a 15% SDS-PAGE and pool the fractions
containing elF2. Dilute the pooled fractions five times by
slowly adding buffer 35 with constant mixing to avoid precipi-
tation. Equilibrate the Heparin column with buffer 32. Load
the diluted sample immediately onto the Heparin column and
wash with bufter 32. Elute eIF2 with a linear gradient from 0%
to 100% of buffer 33 over 60 mL. Collect 2 mL fractions,
analyze on a 15% SDS-PAGE and pool the fractions containing
elF2. Decrease the salt concentration of the pool to 100 mM
KCI. Spin the sample for 20 min at 13,200 rpm at 4 °C.
Equilibrate the HiTrap Q column with buffer 32. Load the
diluted sample and wash the column with buffer 32. Elute eIF2
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with a linear gradient from 0% to 100% of buffer 33 over
60 mL. Collect 2 mL fractions, analyze on a 15% SDS-PAGE
and pool the fractions containing eIF2. Concentrate the eIF2
protein with a 10 kDa MWCO cutoft concentrator and
exchange the bufter with buffer 34. Check the final concentra-
tion at the spectrophotometer (OD5gg, extinction coefficient
59,010 M~! cm™!), flash-freeze aliquots, and store at —80 °C.

. elF3

Streak eIF3 strain on a selective media (-LEU -URA) plate
and incubate for 2 days at 30 °C. Inoculate a preculture of
200 mL selective media (-LEU -URA) overnight in a shaker at
30 °C with 180 rpm. Inoculate 100 L selective media (-LEU
-URA) with the preculture at a starting ODgg of 0.1 and grow
until mid-log phase in a bioreactor. Harvest the cells, wash the
pellets with MilliQ water and suspend the cell pelletsin 1 mL/g
of cells in buffer 36. Prepare frozen cell droplets by dropping
the lysate using a syringe or serological pipette in liquid nitro-
gen. Grind the cell droplets using an ultracentrifugal mill pre-
chilled with liquid nitrogen. Collect the powder and store in
—80 °C freezer. Thaw the grinded yeast cell powder (~200 mL
lysate in buffer 36) on ice and add one protease inhibitor tablet.
Centrifuge at 88,180 x g for 15 min at 4 °C. Collect the
supernatant and filter through 1 pm glass fiber filters or equiv-
alent. Equilibrate two HisTrap columns with bufter 36. Load
the lysate on the columns; wash the columns with buffer
36 then with buffer 37. Elute the proteins with 100% buffer
38. Collect 2 mL fractions, analyze on a 15% SDS-PAGE and
pool the fractions containing eIF3 subunits. Load eIF3 on a Hi
Load 26,/600 Superdex200 pg size-exclusion chromatography
column preequilibrated with buffer 39. Collect 2 mL fractions,
analyze on a 15% SDS-PAGE and pool the fractions containing
elF3. Concentrate the eIF3 with a 10 kDa MWCO Vivaspin
concentrator. Check the final concentration at the spectropho-
tometer (OD,g0, extinction coefficient 365,210 M~! ecm™!),
flash-freeze aliquots, and store at —80 °C.

. eEF1A

Streak the YAS2488 strain on a YPD plate and incubate for
2 days at 30 °C. Inoculate a preculture of 200 mL YPD media
overnight in a shaker at 30 °C with 180 rpm. Inoculate 100 L
YPD culture with the preculture at a starting ODggp 0of 0.1 and
grow until mid-log phase in a bioreactor. Harvest the cells,
wash the pellets with MilliQ water and suspend the cell pellets
in 1 mL/g of cells in bufter 40. Prepare frozen cell droplets by
dropping the lysate using a syringe or serological pipette in
liquid nitrogen. Grind the cell droplets using an ultracentrifu-
gal mill prechilled with liquid nitrogen. Collect the powder and
store in —80 °C freezer. Thaw grinded yeast cell powder
(~200 mL lysate in buffer 40) on ice and add one protease
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inhibitor tablet. Check the pH of the lysate and adjust it to
pH 7.7 by adding dropwise untitrated 1 M Tris to avoid
protein precipitation. Centrifuge the lysate at 180,800 x
g for 1 h at 4 °C. Collect the supernatant and filter it through
1 pm glass fiber filters or equivalent. Connect HiTrap Q col-
umn on top of HiTrap SP column as a tandem and equilibrate
with buffer 41. Load the lysate onto the columns in tandem.
Disconnect HiTrap Q column and wash HiTrap SP column
with buffer 41 (eEF1A will bind to HiTrap SP and most
impurities will bind to HiTrap Q). Elute the protein from the
HiTrap SP column with a linear gradient of buffer 42 from 0%
to 100% over 30 mL. Collect 2 mL fractions, analyze on a 15%
SDS-PAGE and pool the fractions containing ¢EF1A. Load
¢EF1A on a Hi Load 26,/600 Superdex200 pg size-exclusion
chromatography column preequilibrated with buffer 43. Col-
lect 2 mL fractions, analyze on a 15% SDS-PAGE and pool the
fractions containing eEF1A. Concentrate the eEF1A pool with
a 10 kDa MWCO Vivaspin concentrator. Check the final con-
centration at the spectrophotometer (OD,g(, extinction coef-
ficient 45,295 M~' cm™ '), flash-freeze aliquots, and store at
—80 °C (see Note 3).

. ¢eEF2

Streak eEF2 strain on a selective media (-LEU) plate and
incubate for 2 days at 30 °C. Inoculate a preculture of 200 mL
selective media (-LEU) overnight in a shaker at 30 °C with
180 rpm. Inoculate 100 L selective media (-LEU) with the
preculture at a starting ODggp of 0.1 and grow until mid-log
phase in a bioreactor. Harvest the cells, wash the pellets with
MilliQ water and suspend the cell pellets in 1 mL /g of cells in
buffer 44. Prepare frozen cell droplets by dropping the lysate
using a syringe or serological pipette in liquid nitrogen. Grind
the cell droplets using an ultracentrifugal mill prechilled with
liquid nitrogen. Collect the powder and store in —80 °C
freezer. Thaw grinded yeast cell powder (~200 mL lysate in
buffer 44) on ice and add one protease inhibitor tablet. Check
the pH of the lysate and adjust it to pH 7.7 by dropwise
addition of untitrated 1 M Tris to avoid protein precipitation.
Centrifuge the lysate at 18,900 x g for 20 min at 4 °C. Collect
the supernatant carefully, it should be as clear as possible.
Centrifuge a second time in ultracentrifuge at 235,418 x
gfor 1 hat4 °C. Collect the supernatant and filter it through
1 pm glass fiber filters or equivalent. Equilibrate two HisTrap
columns with buffer 44 and load the lysate onto the columns.
Wash the columns with buffer 45. Elute the protein with 100%
bufter 46. Collect 2 mL fractions, analyze on a 12% SDS-PAGE
and pool the fractions containing eEF2. Load eEF2 on a Hi
Load 26,/600 Superdex200 pg size-exclusion chromatography



3.3 In Vitro
Hypusination of elF5A

3.3.1 Purification of
elF5A Hypusination
Enzymes Deoxyhypusine
Synthase (Dys1) and
Deoxyhypusine
Hydroxylase (Lial) (See
Note 5)

3.3.2 InVitro
Hypusination [14, 15]
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column preequilibrated with buffer 47. Collect 2 mL fractions,
analyze on a 12% SDS-PAGE and pool the fractions containing
¢EF2. Concentrate the pool of ¢eEF2 using 30 kDa MWCO
Vivaspin concentrator. Measure the final concentration at the
spectrophotometer (OD3g0, extinction coefficient
74,300 M~ cm ™), flash-freeze aliquots, and store at —80 °C
(see Note 4).

Coexpress the proteins from pQLinkH plasmid (His tag) in BL21
E. coli cells. Inoculate a preculture of 200 mL LB with 100 pg/mL
carbenicillin and grow at 37 °C overnight. Next day, inoculate 6 L
of LB with 100 pg/mL carbenicillin with the overnight preculture
at a starting ODgop of 0.1 and grow it in a shaker at 37 °C with
180 rpm. Induce the expression with 0.5 mM IPTG at 0.8 ODygg
and incubate at 37 °C for additional 4 h. Harvest the cells at
7000 rpm for 10 min at 4 °C. Resuspend the cell pellet in 3 mL/
g buffer 48, add one protease inhibitor tablet and 100 pL of DNase
solution. Homogenize the cell suspension on ice and use Emulsiflex
to lyse the cells. Centrifuge at 180,800 x 4 for 30 min at 4 °C.
Collect the supernatant and filter it through glass fiber filters or
equivalent. Equilibrate two Protino Ni-IDA 2000 columns sepa-
rately with buffer 48. Load the lysate over two tandem columns.
Separate the columns and wash them with buffer 48. Elute each
column with buffer 49 and collect 1 mL fractions in 1.5 mL
Eppendorf tubes. Analyze the fractions on a 15% SDS-PAGE and
pool the fractions containing Dysl and Lial. Dialyze the pool
against 2 L of buffer 50 overnight at 4 °C with stirring. Next day,
perform a second dialysis with fresh 2 L of buffer 50 for 2-3 h at
4 °C. Concentrate the pool using a 10 kDa MWCO Vivaspin
concentrator. Measure the final concentration at the spectropho-
tometer (OD,g0), flash-freeze aliquots, and store at —80 °C (see
Note 6).

This is performed in a two-step process. In the first step, the
synthesis of deoxyhypusine is catalyzed by deoxyhypusine synthase
Dysl using the reaction described in Table 1.

Mix components as indicated in Table 1 and incubate at 37 °C
for 1 h. Exchange the buffer on a NAP-column equilibrated with
buffer 51. Load the sample and collect the flow-through. Add 1 mL
of buffer 51 and collect the eluent. Repeat the elution step once
more. Analyze the eluents on a 15% SDS-PAGE and pool the
fractions containing eIF5A.

In the second step, the deoxyhypusine hydroxylase Lial cata-
lyzes the final step of hypusination.

Mix the components indicated in Table 2 and incubate at 37 °C
for 2 h. Purify modified eIF5A from the enzyme mix using Protino
Ni-IDA 2000 column. Equilibrate the column with buffer 52.
Load the reaction sample and wash the column two times with
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Table 1

In Vitro Hypusination Step 1

Components Final concentration Unit
Glycine-NaOH, pH 9.2 0.2 M
DTT 1.0 mM
BSA 2.5 mg/mL
NAD 1.0 mM
Spermidine 7.5 pM
eIF5A 9.0 pM
Dysl /Lial 0.2 pM
Table 2
In Vitro Hypusination Step 2
Components Final concentration Unit
Tris—-HCI, pH 7.5 20 mM
DTT 6 mM
BSA 1 mg,/mL
eIF5A from reaction 1 6 pM
Dysl /Lial 6 pM

3.4 RNA Synthesis
and Purification

4 mL of buffer 52. Elute three times with 3 mL buffer 53 with a
fraction size of 1 mL. Analyze the fractions on a 15% SDS-PAGE
and pool the fractions containing eIF5A.

Load eIF5A on a Superdex75 10,/300 GL size exclusion chro-
matography column preequilibrated with buffer 52. Collect frac-
tions of 250 pL, analyze on a 15% SDS-PAGE and pool the
fractions containing eIF5A. Concentrate the pool using a 5kDA
MWCO Vivaspin concentrator. Measure the final concentration at
the spectrophotometer (OD,g¢), flash-freeze aliquots, and store at
-80°C.

Prepare initiator tRNA (tRNA;M") by in vitro transcription using
T7 RNA polymerase. A plasmid containing a 92 nucleotides-long
DNA with the T7 promoter (underlined) and the initiator tRNA
sequence was purchased from Eurofins.
5'TAATACGACTCACTATAAGCGCCGTGGCGCAGTGG
AAGCGCGCAGGGCTCATAACCCTGATGTCCTCGGA
TCGAAACCGAGCGGCGCTACCA3Z'.
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In Vitro Transcription Setup

Components Final concentration Unit
Transcription buffer 1 x
DTT 10 mM
NTP mix 3 mM
Pyrophosphate, inorganic (PPase) 0.005 U/pL
RNase inhibitor 0.1 U/pL
Amplified DNA 0.5-1.0 pg,/pL
T7 RNA polymerase 0.05 U/pL

Amplify the DNA using the following forward and reverse
primers for in vitro transcription.

Forward primer: 5" TAATACGACTCACTATAAGCGCCG3'.

Reverse primer: 5"'T"G"GTAGCGCCGCTCGGTTTC3' (see
Note 2).

Perform in vitro transcription using the reaction components as
described in Table 3:

Purify the transcription product on a HiTrap Q column. Load
the transcription product on a HiTrap Q column preequilibrated
with bufter 57. Elute the product with a linear gradient from 0% to
100% buffer 58 over 120 mL. Collect 2.5 mL fractions, analyze on
a 12% UREA-PAGE and pool the fractions containing tRNA;M<",
Precipitate tRNA;M by adding 1,/10 volume of 200 mM KOAc
pH 5 and 2.5 volumes of'ice-cold ethanol at —20 °C overnight. The
next day, centrifuge at 3901 x g for 60 min at 4 °C to pellet
tRNAM®". Dry and dissolve the pellet in water.

Perform the aminoacylation reaction at 37 °C for 30 min using
the components indicated in Table 4.

Quench the reaction by adding 1/10 volume of 200 mM
KOAc pH 5. Extract Met-tRNA;M" by adding 1 volume of phenol
(RNA grade) and collect the upper aqueous phase after 10 min
centrifugation at 3901 X g at room temperature. Precipitate
Met-tRNAM* by adding 1,/10 volume of 200 mM KOAc pH 5
and 2.5 volumes of ice-cold ethanol at —20 °C overnight. The next
day, centrifuge at 3901 x g for 60 min at 4 °C to pellet Met-tR-
NAM<®, Dry and dissolve the pellet in water. Purify Met-tRNAM<*
by HPLC using a LiChrospher WP 300 RP-18 (5 pM) reverse
phase column preequilibrated with buffer 60. Load the product
and elute with a linear gradient from 0% to 100% buffer 61 over
255 mL. Collect 3 mL fractions and count the radioactivity of each
fraction. Pool the fractions containing radioactivity and precipitate
as before. Finally, dissolve the pellet in water and measure
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Table 4

Aminoacylation Reaction Setup

Components Final concentration Unit
Buffer 59, HAKM, 1 %

MgCl, 4 mM
DTT 2 mM
ATP 3 mM
[3H]-Methionine 15 pM
tRNAMet 1 pM
Yeast extract 1 %

3.5 Nucleotide
Binding and
Dissociation Assay for
elF5B-397C and eEF1A

concentration by dividing obtained [*H] radioactivity by the spe-
cific activity of [ °H]-Methionine to obtain the pmol of methionine
incorporated. Divide obtained pmol by the volume of water used to
dissolve the final pellet to obtain the final concentration of [*H]
Met-tRNAM [16].

Perform aminoacylation of individual tRNAY and tRNA"™
using the components indicated in Table 4 with ["*C]Valine or
['*C]Phenylalanine, respectively. Purify aa-tRNA by HPLC as
described for Met-tRNAM<T,

The mRNA used was purchased from IBA; the unstructured 5’
UTR is underlined, the initiation codon is indicated in bold and is
followed by the valine and phenylalanine codons.

5'GGUCUCUCUCUCUCUCUCUAUGGUUUUUUCU-
cucucucucs'.

To monitor the nucleotide binding and dissociation ability of
elF5B-397C and e¢EF1A, we used a fluorescence change that is
observed upon mant-GTP binding to and dissociation from
elF5B-397C or ¢EF1A [17]. The experiments were carried out in
a stopped-flow apparatus. Fluorescence of mant was excited at
363 nm and measured after passing KV408 long-pass filters. We
collected 5-7 individual traces for each experiment, averaged them
and plotted against time.

For nucleotide binding assay, prepare 800 pL of 1 pM eIF5B-
397C or 0.2 pM eEF1A and 800 pL of 1 pM mant-GTP in YT
bufter (buffer 54). In a stopped-flow apparatus, rapidly mix the
protein with mant-GTDP solutions. Follow the time course of reac-
tion for 10 s (eIF5B-397C) or 100 s (¢EF1A) by monitoring the
fluorescence change.

For nucleotide dissociation assay, incubate 0.2 pM eIF5B-
397C or eEF1A with 5 pM mant-GTP in YT buffer (buffer 54)
with 3 mM PEP and 1% PK, for 10 min at 26 °C. Prepare 800 pL of



3.6 elF2-GTP-Met-
tRNA®" Ternary
Gomplex Formation
Assay

3.7 808 Initiation
Complex Formation

3.7.1 Method 1: Size-
Exclusion Chromatography

3.7.2 Method 2: Sucrose
Cushion Centrifugation
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1 mM GTP in YT buffer (buffer 54). In a stopped-flow apparatus,
collect the traces over 10 s (eIF5B-397C) or 100 s (¢cEF1A) by
rapidly mixing equal volumes of reactants and monitoring the time
courses of fluorescence change.

Incubate 4 pM elF2 (2% over tRNA) in YT buffer conditions with
3 mM PEP, 1% PK, 1 mM DTT, 2 mM GTP for 10 min at 26 °C.
Start the reaction by adding 2 pM of [*H]Met-tRNAM and
incubate at 26 °C. Collect 10 pL samples before the addition of
Met-tRNAM" at (0 time) and after different incubation times
points. Spot them on 0.2 pM nitrocellulose filters presoaked in
YT butfter (buffer 54) and wash with 5 mL of YT buffer. Transfer
the filters into a polyethylene scintillation vials, add 10 mL of
Quickszint 361 (Zinsser Analytic) scintillation cocktail to each
tube, mix well and count the radioactivity in a scintillation counter.

Prepare the ternary complex by incubating 4 pM of elF2 with
3 mM PEP, 1% PK, 1 mM DTT, 1 mM GTP in YT bufter (buffer
54)in a 80 pL reaction volume for 10 min at 26 °C. Add [*H]Met-
tRNAM to 2 pM and incubate for additional 5 min at 26 °C.
Separately, prepare 80 pL of 48S IC by mixing 1 pM 40S subunits
with 5 pM mRNA (5% over 40S), 5 pM eIF1 (5x over 40S), 2 uM
elF3 (2x over 40S), 2.5 pM eIF1A (2.5 x over 40S), 2.5 uM eIF5
(2.5% over 40S), 2 mM DTT, 0.25 mM spermidine, and 1 mM
GTP in YT bufter. Incubate for 5 min at 26 °C. Add 1.5 pM 60S
subunit (1.5x over 40S) and 3 pM eIF5B (2x over 60S) and
incubate for additional 5 min at 26 °C. Mix the ternary complex
to 48S IC and load on a Biosuite450 (WATERS) size-exclusion
chromatography column preequilibrated by YT bufter (buffer 54)
on a HPLC. Run the sample at 0.8 mL/min for 25 min in YT
buffer (buffer 54) and follow the absorbance at 290 nm. Collect
0.5 min fractions (0.4 mL) and count the radioactivity for each
fraction. Pool the fractions containing 80S IC, count the radioac-
tivity, calculate the concentration (obtained [*H] radioactivity
divided by the specific activity of [*H]-Methionine to obtain the
pmol of methionine incorporated. Divide obtained pmol by the
volume of 80S IC to obtain the final concentration), flash-freeze
aliquots, and store at —80 °C.

This method allows preparing larger quantities of complexes; all
concentrations are doubled compare to Method 1. Prepare 500 pLL
of ternary complex by incubating 8 pM of eIF2 with 3 mM PEP, 1%
PK, 1 mM DTT, 2 mM GTP for 10 min at 26 °Cin YT bufter. Add
4 pM [*H]Met-tRNAM" and incubate for additional 5 min at
26 °C. Separately, prepare 500 pL of 48S IC by mixing 2 pM 40S
with 10 pM mRNA (5x over 40S subunits), 10 pM elF-mix
(mixture of initiation factors eIF1, eIF1A, eIF3, eIF5) (5% over
40S), 2 mM DTT, 0.25 mM spermidine and 1 mM GTP in YT
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3.8 Peptide Bond
Formation Assay

bufter (buffer 54). Incubate for 5 min at 26 °C, then add 3 pM 60S
subunits (1.5x over 40S) and 6 pM eIF5B (2x over 60S) and
incubate for 5 min at 26 °C. Mix the ternary complex with the
48S IC and adjust the MgCl, to a final concentration of 9 mM to
stabilize the 80S IC.

On ice, add 300 pL of 1 M sucrose (prepared in buffer 55 con-
taining 9 mM MgCl, (YT9 butfter)) into TLS-55 centrifuge tubes
and carefully layer 1 mL of 80S IC reaction on top without dis-
turbing the sucrose. Centrifuge in a TLS-55 rotor at 259,000 x
g tor 2 h at 4 °C. Invert the tubes to remove the supernatant and
carefully wipe off excess of liquid without perturbing the pellet.
Place the tubes on ice and dissolve the pellets in buffer 55 contain-
ing 9 mM MgCl,. Resuspend the pellet gently, count the radioac-
tivity, calculate the concentration (as in Method 1), flash-freeze
aliquots, and store at —80 °C.

Prepare the ternary complex ¢eEF1A-GTP—['*C]Val-tRNAY by
incubating 1 pM eEF1A, 0.1 pM eEF1Ba, 3 mM PEP, 1% PK|
1 mM DTT, 0.5 mM GTP in YT buffer (buffer 54) for 15 min at
26 °C. Add 0.2 pM [**C]Val-tRNAY (5 ¢EF1A:1 aa-tRNA) and
incubate for 5 min at 26 °C. Then add 2 pM modified eIF5A to the
ternary complex. Separately, prepare 1 pM 80S IC in YT buffer
containing 3 mM MgCl, by diluting 80S IC by YTO buffer (bufter
56). Mix equal volumes of 80S IC containing [*H]Met-tRNAM
with the eEF1A-GTP-["*C]Val-tRNAY™ ternary complex. After
the desired incubation times quench the reaction by adding KOH
to a final concentration of 0.5 M. Release the peptides by alkaline
hydrolysis for 45 min at 37 °C, separate the reaction products by
LiChrospher 100 RP-8 (5 pm) reversed-phase HPLC using bufter
62 and buffer 63, and quantified by double-label ([*H] and [**C])
radioactivity counting [17]. To form tripeptides, additionally pre-
pare the eEF1A-GTP-['*C]Phe-tRNA™ ternary complex by
incubating 1 pM of eEF1A, 0.1 pM of eEF1Ba, 3 mM PEP, 1%
PK, 1 mM DTT, 2 mM GTP for 15 min at 26 °C, in YT buffer
(buffer 54). After incubation add 0.2 uM of [**C]Phe-tRNA"™
(5 eEF1A:1 aa-tRNA) and incubate for additional 5 min at 26 °C.
Then add 1 pM e¢EF2 and 4 pM ¢EF3 to ternary complex. Mix
equal volumes of ribosomes containing dipeptidyl-tRNA with the
ternary complex. After the desired incubation times, quench the
reaction and analyze the peptide products as described above for
the dipeptides.

4 Notes

1. eIF5A contains the uncommon amino acid hypusine, which is
derived from lysine in two modifying steps (deoxyhypusine
synthase and deoxyhypusine hydroxylase).
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. Use fresh plates; plates older than 2 weeks result in decreased

ribosome yields.

. eEF1A is sensitive to freezing and thawing as it loses activity.

Prepare small aliquots.

. Do not concentrate eEF2 above 100 pM to avoid precipitation

and activity loss.

. T™ and G™ are 2’-O methylated nucleotides to reduce the

occurrence of 3’ heterogeneity due to the addition of nontem-
plated nucleotides by T7 polymerase.

. The purification of these proteins does not require the use of an

FPLC system.
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