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Summary

Protein synthesis is a highly regulated process executed by the ribosome. During

translation, the nascent polypeptide chain (NC) gets synthesized in a sequential pro-

cess and moves through the ribosomal exit tunnel to the tunnel exit site (TE) at sur-

face of the ribosome. This exit site functions as a binding hub for many ribosome-

associated protein biogenesis factors. This includes chaperones that assist in folding

(e.g. RAC), proteins that are performing subcellular targeting (e.g. SRP) or enzymes

responsible for early co-translational modifications (methionine cleavage, acetylation).

Even though studied a lot in the past, the spatial and temporal organization of these

exit site factors is still not fully understood.

The focus of this work was on early processing enzymes that have been studied bio-

chemically but structures of the protein complexes were only solved in isolation and

not in context with the ribosome.

One of the first modifying enzymes at the ribosome exit site are methionine aminopep-

tidases (MetAPs) that cleave off the starter methionine. This modification is conserved

among the kingdoms of life and happens in up to 80% of all proteins. The major iso-

form in S. cerevisiae, Map1, was purified in complex with the ribosome using a native

pull out approach. Subsequent cryo-EM analysis allowed for the first time the po-

sitioning of a eukaryotic aminopeptidase on the 80S ribosome. It is located below

the TE interacting with ribosomal RNA (rRNA) and ribosomal proteins. Its binding

involve the highly flexible eukaryotic specific expansion segment (ES) ES27a that is

placed close to the TE in the so called exit position. Biochemical assays revealed ES27a

as the major contributor in Map1-ribsome binding.

Another very common protein modification is the N-terminal acetylation, notably

occurring in 90% of all human proteins. An acetyl moiety is transferred by N-terminal

acetyl transferases (NATs) from acetyl-CoA to the α-amino group of the NC. NatA,

the major NAT, is a heterotrimeric complex (consisting of Naa15, Naa10 and Naa50)

and acetylates NCs with mainly Ser or Ala N-termini after the starter methionine

has been removed by MetAPs. Therefore, MetAPs and NatA need to be coordinated

v



at the ribosome exit site. A similar native pull out approach as for Map1 and cryo-

EM analysis revealed surprisingly that in NatA-ribosome interactions only rRNA is

involved. Here, we verify that the large auxiliary subunit (Naa15) functions as the

anchor for the catalytic subunit (Naa10) to the ribosome. In addition, the third subunit

in yeast, Naa50, which function remained enigmatic so far, was shown to serve as a

second ribosome binding subunit for the NatA complex. Furthermore, three of the

observed binding sites involve eukaryotic specific expansion segments (again ES27a

as well as ES7a and ES39a) which are crucial for binding as we could prove with

binding assays. The triangular geometry of the expansion segments localize NatA

underneath the peptide exit in a flexible manner, allowing NatA to adopt slightly

different positions for sufficient acetylation of different NCs. A minimum length of

the NC of approximately 50 aa is required until it reaches the catalytic center of NatA.

However, an in vitro reconstitution of purified components gives evidence that the NC

does not take the direct way. Instead, it seems to get guided along tetratricopeptide

repeat (TPR) motifs that are part of the auxiliary subunit before it enters the catalytic

center and allows a later acetylation event. These new insights include the idea of a

sequential handover of the NC from Map1 to NatA but also give hints to concomitant

binding of these two enzymes to the ribosome.

The second most common NAT, NatB, transfers the acetyl group directly on the starter

methionine. The dimeric complex with Naa20 as the catalytic and Naa25 as the auxil-

iary subunit comprises a similar architecture as the NatA complex, suggesting a sim-

ilar binding mode to the ribosome. However, in vitro studies and cryo-EM analysis

show that its position on the ribosome differs from that of NatA. The binding does

not include any expansion segments but other rRNA helices as well as a ribosomal

protein. In addition, the NC needs a minimal length of 55 aa to enter the catalytic

center for acetylation by NatB, therefore being in the same range as the minimum

length for NatA acetylation. Nevertheless, NatA and NatB concomitant binding can

be excluded on a structural basis.

Taken together, this data provide first insights on how these three early interactors,

Map1, NatA and NatB are coordinated on the ribosome in order to correctly mod-

ify the NC. Especially the role of ES27a as the global coordinator for these exit factors

came increasingly clear throughout the study as it can adopt specific sub-conformations
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depend of the factor bound to it. Moreover, flexible binding and a dynamic nature

seems to be one of the major characteristics of factors associated at the ribosomal pep-

tide exit site. These results are included into a greater picture of the coordination of

different exit site factors and provides further information about the spatial and tem-

poral organization of various nascent chain interacting factors assembling at the at

the ribosomal tunnel exit.
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Introduction

1 Introduction

Proteins are complex molecules of various sizes that fulfill a wide range of important

functions in the cell. Their roles range from catalyzing reactions as enzymes, acting as

antibodies in immune response, propagating chemical signals, to functioning as en-

zymes in DNA replication or as transporting molecules amongst others. Proteins are

synthesized by ribosomes, large molecular machines that add amino acid by amino

acid to form a growing polypeptide chain. This polypeptide can be chemically mod-

ified or processed by specific enzymes during protein maturation and gets folded at

the end into a fully functional protein adopting its unique 3D structure. The highly

regulated process of protein synthesis catalyzed by ribosomes is called translation.

Here, messenger RNAs (mRNAs), synthesized from a DNA template by RNA poly-

merases during transcription, serve as a construction plan for proteins (Crick 1970).

Via specific interactions of the mRNA with transfer RNAs (tRNAs), the necessary

amino acids (aa) get delivered to the ribosome that in turn builds up newly snythe-

sized proteins.

1.1 Structural architecture of ribosomes

Ribosomes are large macromolecular complexes consisting of ribosomal RNA (rRNA)

and ribosomal proteins (r-proteins) and their function and structural core is conserved

throughout the kingdoms of life. Ribosomes are composed of two subunits each of

which has defined functional sites (fig. 1.1).

The small ribosomal subunit (SSU) comprises the mRNA channel and the decod-

ing center (DC) where the mRNA gets decoded by tRNAs loaded with appropriate

amino acids (aminoacyl-tRNA) (Berg and Offengand, 1958; Crick et al., 1961). Specific

codon-anticodon interactions between mRNA and tRNA ensures a correct incorpora-

tion of the amino acids. The large ribosomal subunit (LSU) contains the peptidyl

transferase center (PTC) where peptide bond formation is catalyzed and amino acids

get connected to each other, therefore building up the growing nascent polypeptide

chain (NC). In addition, the LSU accommodates the peptide exit tunnel, a 100 Å long
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1.1 Structural architecture of ribosomes

and 10-20 Å wide large cavity starting at the PTC and extending towards the solvent-

exposed site of the LSU (summarized in Kramer et al., 2009). It directs the NC out of

the ribosome where it leaves the 60S SU at the tunnel exit (TE) (fig. 1.1). The exposed

NC can then interact immediately with modifying enzymes, chaperones or other pro-

tein factors (see chap. 1.3). The intersubunit space between the two subunits consti-

tutes three binding sites for tRNAs: aminoacyl (A-), peptidyl (P-) and exit (E-) site.

The new incoming aminoacyl-tRNA is accommodated at the A-site, the P-site holds

the NC that is attached to the peptidyl-tRNA and in the E-site the deacylated tRNA

is placed. During translation, tRNAs sequentially translocate from A- over P- to the

E-site (summarized in Melnikov et al., 2012; Weisser and Ban, 2019).

According to their Svedberg coefficients (S) which describes the sedimentation rate

during differential centrifugation, prokaryotic and eukaryotic SSU (30S, 40S) and LSU

(50S, 60S) assemble to a fully functional 70S or 80S ribosome, respectively (Taylor et

al. 1967).

Figure 1.1: Schematic representation of a translating ribosome. Shown is the LSU (gray),
SSU (light yellow), A-tRNA (blue), P-tRNA with NC (green), E-tRNA (yellow), NC (light
green), PTC (circle within LSU) and mRNA (red). TE, tunnel exit.

Despite the conservation of the overall architecture and function of the ribosome, dif-

ferences between pro- and eukaryotic ribosomes have been encountered. On the one

hand, pro- and eukaryotes have their individual sets of specific proteins. On the other

hand, eukaryotic ribosomes exhibit extension and insertions of conserved proteins

and especially rRNA that increase their size compared to prokaryotes (Lecompte et

2



1.1 Structural architecture of ribosomes

al., 2002; Gerbi 1986). This is also reflected in the molecular weight of ribosomes

that varies from 2.3 MDa to 4.3 MDa for bacteria to higher eukaryotes respectively

(fig. 1.2).

Notably, more mass accounts for the additional rRNA than r-proteins. Eukaryotes

harbor an extra rRNA molecule (5.8S rRNA) on top of the other three (5/18/28S rRNA).

The latter are present in prokaryotes as well but at lower mass (5/16/23S rRNA). Fur-

thermore, eukaryotes comprise so called eukaryotic specific expansion segments (ES).

ESs are long, often α-helical rRNA extensions localized at the solvent-exposed side of

the large and small SU and pointing like long tentacles away from the ribosomal core.

These tentacles increase in length progressively in higher eukaryotes. For example,

ES27 in yeast has about 160 nucleotides in total but it reaches a size of ˜ 700 nucleotides

in humans (fig. 1.2, red). Therefore, it is not surprising that ESs contribute to the ma-

jority of the 40% mass increase of the ribosome size from pro- to eukaryotes (Gerbi

1996; Jenner et al. 2012). According to their position and length, ESs tend to be very

flexible. This dynamic nature explains, why these ESs are often not entirely resolved

in X-ray crystallography or cryo-EM structures.

The function of ESs has not yet been fully elucidated. Yet, some have been shown

to play a role in factor binding. Expansion segments of the SSU for example func-

tion as docking sites for initiation factors or viral internal ribosome entry sites (IRES)

(Hashem et al., 2013; Yamamoto et al., 2015). On the LSU, ES7 has been shown to have

a similar role in being the interaction partner for various proteins (Gómez Ramos et

al., 2016). ES27, which is also located on the LSU, seems to be the most flexible ES in

yeast. It consists of ES27a, ES27b and H63 (previously ES27c) (http://apollo.chemistry.

gatech.edu/RibosomeGallery/; Jarasch 2011, see appendix p. 119 for ES assignment).

ES27a is the longest and most flexible segment and can adopt two distinct conforma-

tions in yeast. It either points in the direction of the L1 stalk (L1 position) or towards

the TE (exit position) (Beckmann et al., 2001). Due to its close vicinity to the TE, ES27a

has been already suggested to act as a coordinator of exit site factors binding to the

ribosome (Beckmann et al., 2001). Furthermore, the full ES27 is essential for cell func-

tion as the deletion of the entire ES27 is lethal in T. thermophila (Sweeney et al.,1994)

and it was linked to support ribosome biogenesis as interaction partner for assembly

factors (Bradatsch et al., 2012; Greber et al., 2012; Ramesh and Woolford, 2016; Kater

3



1.2 Translation cycle

et al., 2017).

Figure 1.2: Ribosome composition and evolutional differences. Bacterial and eukaryotic
ribosomes share a conserved core (A). In addition, each species comprises species-specific
rRNA or protein extensions (B-D) increasing the overall mass of the ribosome. B/C/D from
left to right: SSU; LSU; schematic representation indicating the increment of r-proteins and
rRNA during evolution; detailed information about the ribosome composition. Be, beak; Bd,
body; CP, central protuberance; H, head; Lf, left foot; Pt, platform; Rf, right foot. (Adjusted
from Melnikov et al., 2012 and Anger et al., 2013)

1.2 Translation cycle

Translation is a highly regulated and dynamic process divided into four steps. Start-

ing with initiation where the start codon (AUG) is recognized, subsequent elonga-

tion where the polypeptide chain is prolonged sequentially by subsequent addition

of amino acids, followed by termination where the stop codon (UAG, UAA and UGA)

is recognized and recycling by the release of the mRNA and splitting of the ribosome

into its SUs at the very end. The translation process is a conserved mechanism and at

each of the four stages, different factors associate with the ribosome catalyzing differ-

ent reactions. (also summarized in Weisser and Ban, 2019).
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1.2 Translation cycle

Initiation. In prokaryotes, initiation starts with the mRNA bound to the SSU guided

by the Shine-Dalgarno sequence in E. coli (SD, Shine and Dalgarno, 1974). The ini-

tiator tRNA, a specialized tRNA that is charged with a N-formylated methionine

( f Met − tRNA f Met), gets recruited to the SSU-mRNA complex by the interplay of

three initiation factors (IF1-3). Joining of the LSU assembles the 70S ribosomes with

the initiator tRNA located in the P-site. For prokaryotes as well as eukaryotic or-

ganelles (mitochondria and chloroplasts) the formyl group gets co-translationally re-

moved by peptide deformylases (PDF) later on (Mazel et al., 1994).

Initiation in eukaryotes is more complex. Due to the different structure of the eu-

karyotic mRNA (m7cap and poly(A)-tail), initiation proceeds with significantly more

factors than in prokaryotes and at least twelve factors are involved in initiation. In

contrast to prokaryotes, the eukaryotic SSU scans along the mRNA from 5’ to 3’ in

order to detect the start codon. Upon recognition, the initiator tRNA (Met − tRNAi),

gets anchored in the P-site. After the association of the 60S SU, the 80S ribosome is

found in the P/P state and with an empty A-site and is ready to enter the elongation

phase. (Jackson et al., 2010; Hinnebusch and Lorsch, 2012). Notably, the eukaryotic

initiator tRNA does not harbor a formyl group and no PDF is needed to continue the

synthesis of cytosolic proteins.

Since the start codon (AUG) also codes for methionine, most proteins start with a

methionine at their N-terminus. This methionine is also called ‘starter’ or ‘initiator’

methionine (iMet).

Elongation. While initiation varies between pro- and eukaryotes, the following elon-

gation process is basically conserved among the kingdoms of life (Rodnina and Win-

termeyer, 2009) (fig. 1.3A).

The initiator tRNA with the bound starter methionine is present in the P-site. The next

incoming aminoacyl-tRNA is delivered to the empty A-site with the help of elon-

gation factor (EF) EF-Tu in prokaryotes or eEF1A in eukaryotes and is placed at its

correct position via correct codon-anticodon pairing between tRNA and mRNA. The

ribosome is in the so called PRE state (fig. 1.3B). After appropriate accommodation of

the aminoacyl end of the tRNA into the PTC, the subsequent peptide bond formation

elongates the nascent polypeptide chain by transferring the iMet (or the already ex-

isting NC) onto the new amino acid in the A-site (fig. 1.3A), leaving the tRNA in the
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1.2 Translation cycle

P-site deacylated. Upon peptide bond formation, the tRNA acceptor arm repositions

with respect to the LSU, but the anticodon stems at the SSU stay in place. As tRNA

movement is coupled with intersubunit rotations, this state is called the rotated state

where tRNAs are in hybrid positions A/P or P/E (hybrid 1) (Agirrezabala et al., 2008;

Frank and Agrawal, 2000). A short-lived hybrid state 2 intermediate with A/A and

P/E tRNAs is also possible (fig. 1.3B) (Pan et al., 2007; Walker et al., 2008). Binding

of the EF-G/eEF2 stabilizes the hybrid states and promotes the translocation of the

deacylated tRNA by one codon from P- to E-site and the peptidyl-tRNA from A- to

P-site. Followed by dissociation of EF-G/eEF2 the tRNAs are left in the canonical

P/P and E/E states and with a vacant A-site and the ribosome has adopted the POST

state (fig. 1.3B). From here the elongation cycle is repeated, resulting in a continuously

growing NC that is synthesized from N- to C-terminus. The NC leaves the ribosome

through the peptide exit tunnel in the 60S subunit, presenting the N-terminus first to

the cytosol. Elongation is continued until the stop codon is reached and translation

gets terminated.

Termination and recycling. When a stop codon (UAG, UAA and UGA) reaches the

A-site, it cannot be decoded by a regular elongation tRNA. Release factors (RF) are

necessary to recognize the stop codon, to hydrolyze the ester bond in the peptidyl-

tRNA and to release the peptide chain (reviewed in Jackson et al., 2012). This is

performed by RF1/RF2 and RF3 in prokaryotes and eRF1 and eRF3 in eukaryotes.

Subsequent ribosome recycling is executed by the ribosome recycling factor (RRF) in

prokaryotes or by ABCE1 in a coupled process with translation termination in eu-

karyotes (Peske et al., 2005; Pisarev et al., 2010; Shoemaker and Green, 2011; Becker et

al., 2012; Heuer et al, 2017).
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1.2 Translation cycle

Figure 1.3: Schematic representation of translation elongation and corresponding tRNA
states.The growing polypeptide chain is bound to the tRNA in the P-site (A). The new incom-
ing amino acid loaded onto another tRNA is placed in the A-site via interaction of the mRNA
codon with the tRNA anticodon resulting in A/A and P/P tRNA states (PRE translocation
state). Upon peptide bond formation the NC is transferred onto the new aa in the A-site (B,
left). After adopting hybrid states, translocation occurs ending up with the by one aa elon-
gated NC in the P-site (POST translocation state, B right). The deacylated tRNA is moved to
the E-site and the vacant A-site ready to accommodate the next aminoacyl-tRNA.
tRNA exit-site (E-site), peptidyl-tRNA binding site (P-site) and aminoacyl-tRNA binding
site (A-site) are marked with E, P and A, respectively. P-site tRNA is labelled in green,
A-site tRNA in purple and E-site tRNA in blue. PRE translocation state: A/A and P/P;
hybrid 2: P/P moved to P/E; hybrid 1: A/A moved additionally to A/P; POST transloca-
tion state: P/P and E/E with the NC in P-site and a vacant A-site. Figure adapted from
khanacademy (https://www.khanacademy.org/science/biology/gene-expression-central-
dogma/translation-polypeptides/a/the-stages-of-translation) (A) and Matheisl, 2016 (B).
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1.3 Ribosome exit site factors

1.3 Ribosome exit site factors

The result of the translation cycle being repeated over and over is a growing nascent

polypeptide chain that emerges from the ribosome through the ribosome peptide exit

tunnel. It reaches the tunnel exit (TE) after synthesis of approximately 30 aa when

stretched or approximately 60 aa when it adopts an α -helical conformation (Voss et

al., 2006; Picking et al., 1992; Malkin and Rich, 1967).

Having left the exit tunnel means leaving the protective environment inside the ri-

bosome and facing the very crowded environment of the cytosol (Zimmerman and

Trach, 1991). In addition, the NC needs to be folded into its 3D structure to act as a

fully functional protein. For that, some factors, also called ribosome-associated pro-

tein biogenesis factors (RPBs) or exit site factors, are binding at the TE to shield, fold

or modify the NC. This binding hub for RPBs is mainly formed by rRNA (e.g. H24,

H44, H59 and ESs) and in addition comprises the r-proteins uL22, uL23, uL24 and

uL29 (fig. 1.4) (Kramer et al., 2009), where uL23 and uL29 are also referred to as uni-

versal adaptor site 1 (UAS1) (Halic and Beckmann, 2005). Some other proteins around

the exit region are kingdom-specific proteins and only present in bacteria (bL17 and

bL32) or eukaryotes (eL19, eL31, eL39) (fig. 1.4A). A second universal adaptor site

(UAS2) was suggested to be maintained by uL22 and eL31 (Pech et al., 2010). Among

the many exit site factors interacting with the NC or the TE are proteins assisting

folding (chaperones), performing subcellular targeting (e.g. SRP) or are responsible

for modifications of the newly synthesized polypeptide chain (methionine cleavage,

acetylation) (fig. 1.4B). In the following, some of these factors present in eukaryotes

are described in more detail.

1.3.1 Nascent Polypeptide-Associated Complex

The nascent polypeptide-associated complex (NAC) was originally identified as the

first ribosome-associated factor that interacts with the NC (Wiedmann et al., 1994). It

forms a stable heterodimeric complex consisting of the subunits α- and β-NAC and is

conserved among eukaryotes (Wiedmann et al., 1994). Both SUs comprise a homol-

ogous NAC domain forming a β-sandwich-like structure with a hydrophobic core

upon dimerization (Spreter et al. 2005; Liu et al. 2010; Wang et al. 2010). NAC is

believed to play a role in co-translational protein folding as was proposed to have
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1.3 Ribosome exit site factors

Figure 1.4: Exit view of the ribosome and binding sites of exit site factors.
A, View of E. coli (left) and S. cerevisiae ribosome (right) focusing on the tunnel exit marked
with an asterisk and specific exit site proteins highlighted. B, Exit site factors and their
binding sites on the ribosome. The site adjacent to uL23/uL29 r-proteins is also referred to as
universal adaptor site (UAS1). Adopted and modified from Giglione et al., 2015. References:
PDF: Bingel-Erlenmeyer et al., 2008. Map: Sandikci et al., 2013; Bhakta et al., 2019, Wild et al.,
2020, Fujii et al., 2018. NAT: Polevoda and Sherman 2003a; Gautschi et al., 2003; Polevoda et
al., 2008. NAC: Wang et al., 1995; Pech et al., 2010; Gamerdinger et al., 2019; Lin et al., 2020;
RAC: Peisker et al., 2008; Leidig et al., 2013; Zhang et al., 2017; Lee et al., 2016. SRP: Halic
et al., 2004; Halic et al., 2006;, Becker et al., 2009. (extended version including data of this
thesis, see appendix p. 120)

chaperones-like actvities (Bukau et al., 2000; Hartl and Hayer-Hartl, 2002; Rospert et

al., 2002; Wegrzyn and Deuerling, 2005; Koplin et al., 2010).

NAC is equimolar expressed relative to ribosomes (Raue et al., 2007; Preissler and

Deuerling, 2012) and both SUs interact with the NC (Wiedmann et al., 1994; Pech et

al., 2010; Nyathi and Pool, 2015). However, only β-NAC has been shown to be critical

for ribosome binding (Wegrzyn et al. 2006; Pech et al. 2010). Different cross-linking

studies suggested NAC to form contacts to uL23 and uL29 (UAS1, Wegrzyn et al.

2006; Nyathi and Pool, 2015). However, it seems to maintain contacts to the opposite

side of the TE to eL31 and uL22 (UAS2, Pech et al., 2010). This indicates a certain
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1.3 Ribosome exit site factors

degree of flexibility while NAC binds to the ribosome, but a structure of NAC on the

ribosome has not been published at the start of this thesis. NAC is expected to bind

to the ribosome when the NC has a length of about 30 aa (Wang et al., 1995).

While bound to the ribosome, NAC blocks SRP and Sec61 binding site and prevents

unspecific interactions of the ribosome with the translocation machinery, thereby play-

ing an important role in regulating protein transport (Möller et al., 1998; Forte et al.,

2011; Zhang et al., 2012).

1.3.2 Ribosome-Associated Complex

The yeast ribosome-associated complex (RAC) is a chaperone consisting of a Hsp40

(Zuotin) and the Hsp70 homolog Ssz. Even though Hsp40-Hsp70 interactions are

usually transient, in case of RAC they form a stable heterodimeric complex in yeast.

As Ssz as a non-canonical Hsp70 is unable to hydrolyze ATP (Leidig et al., 2013), a cat-

alytically active Hsp70 partner is needed for proper functioning of RAC. In yeast the

additional Hsp70 partner of RAC is Ssb that, like RAC, also binds to ribosomes and

facilitates the folding of aggregation prone, hydrophobic and intrinsically disordered

NCs (Gautschi et al., 2002; Huang et al., 2005; Willmund et al., 2013). The deletion of

RAC/Ssb in yeast causes severe growth defects and protein aggregation (Jaiswal et

al., 2011, Willmund et al., 2013).

The ribosome-RAC interaction takes place on both SUs and specifically with the ribo-

somal proteins eL22 and eL31 close to the TE, as well as H59 on the LSU and ES12/h44

on the SSU (Peisker et al., 2008; Leidig et al., 2013; Zhang et al., 2014). In contrast, Ssb

binds to eL39, uL29 and eL19 (Zhang et al., 2017; Zhand et al., 2020; Gumiero et

al., 2016; Hanebuth et al., 2016). The entire RAC/SSb complex binds to the ribosome

when the NC has a total length of about 40-50 residues (Gautschi et al., 2002; Hundley

et al., 2002; Pfund et al., 1998).

1.3.3 Signal Recognition Particle

The universally conserved signal recognition particle (SRP) is involved in co-translational

targeting of secretory and membrane proteins to the ER in eukaryotes. It recognizes

a hydrophobic signal sequence at the N-terminus of the NC and delivers the ribo-

some to the ER by interacting with the SRP receptor (SR). The subsequent transfer
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of the signal sequence to the protein conducting channel (PCC) Sec61 happens in a

GTP dependent manner allowing the translocation through or insertion into the ER

membrane (reviewed in Rapoport et al., 2017; Aviram and Schuldiner, 2017).

SRP is recruited to ribosomes at NC lengths of about 30 residues (Holtkamp et al.,

2012; Bornemann et al., 2008) and both, SRP and the PCC are interacting with UAS1

(Halic et al., 2004; Pool et al., 2002; Becker et al., 2009). Therefore, they are sharing

the same binding sites on the ribosome as NAC that was shown to act as a negative

regulator in protein targeting (see NAC above).

1.3.4 Methionine aminopeptidases

Methionine aminopeptidases (MetAPs) are metalloproteases that cleave the starter

methionine (iMet) from the N-terminus of the growing polypeptide chain in an irre-

versible process called N-terminal methionine excision (NME). The iMet is cleaved

off when the penultimate residue of the NC is small and uncharged and has a radius

of gyration < 1.2 Å. This is the case for Ala, Cys, Gly, Pro, Ser, Thr and Val (Sher-

man et al., 1985; Moerschell et al., 1990). NME is conserved form bacteria to higher

eukaryotes and happens to up to 80% of proteins through all organisms (Meinnel et

al., 1993). Additionally, in eukaryotic organelles and bacteria methionine deformyla-

tion by protein deformylases (PDFs) precedes the methionine cleavage (Solbiati et al.,

1999). In general, NME is crucial for normal cell growth and it is a critical step during

protein maturation (Giglione et al., 2004; Lowther and Matthews, 2000).

Regarding their molecular structure, all MetAPs contain a conserved ‘pita bread’ or

aminopeptidase (AP) fold and share a conserved catalytic domain (Arfin et al., 1995;

Li and Chang, 1995). The fold comprises a pseudo-2-fold symmetry (fig. 1.5) forming

a center that allows two metal ions to bind (Lowther and Matthews, 2000). More-

over, MetAPs can be classified into different classes dependent on their specific motifs.

Aminopeptidase type I (MetAP1/Map1) and II (MetAP2/Map2) are distinguished by

a helical subdomain inserted within the C-terminal domain of type II MetAPs. In ad-

dition, subclassification into a and b describes the absence (prokaryotes) and presence

(eukaryotes) of an N-terminal extension, respectively. Prokaryotes possess only one

MetAP, interestingly type I in bacteria and type II in archaea (Keeling and Doolittle,

1996; Bradshaw and Yi, 2002). Since its deletion is lethal, this single isoform is essen-
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tial in all prokaryotes (Chang et al., 1989). Eukaryotes as well as humans express two

MetAP isoforms. In yeast, Map1 and Map2 are structurally similar, but share only

little sequence homology (Lowther and Matthews, 2000; Datta, 2000). Notably, Map1

plays the major role in NME of the two isoforms (Giglione et al., 2004; Chen et al.,

2002). Deletion of either Map1 or Map2 results in growth defects, whereas deletion of

both MAP genes is lethal and shows the essential role of the removal of the initiator

methionine from most proteins (Li and Chang, 1995). In addition, the importance of

MetAPs for cell growth in yeast as well as bacteria make them a potential drug target

to inhibit bacterial and fungal infections (Luo et al., 2003).

Figure 1.5: Conserved aminopeptidase (AP) fold. Typical ‘pita bread’ or aminopepti-
dase (AP) fold of E.coli Map type Ia (left) as the simplest model comprising a pseudo-2-fold
symmetry of two α-helices (red) and two antiparallel β-strands (blue) in comparison with
human MetAP1 and MetAP2, as well as yeast Arx1 harboring this MetAP-like fold. Notably,
90 aa and 110 aa of the N-terminus in hMetAP1 and hMetAP2 respectively, are missing in the
structures. Bacterial Map and Arx1 structures are nearly complete. PDBs used are indicated.
(adjusted from Lowther and Matthews, 2000 and Wild et al., 2020).

MetAPs process the very N-terminus of the NC and were shown to be associated di-

rectly with ribosomes. For yeast Map1, the N-terminal extension typical for type I

aminopeptidases comprises two zinc finger domains. One harbors a Cys2-Cys2 zinc

finger motif similar to those from the RING finger family (residues 22-40), the other

comprises a Cys2-His2 motif similar to those found in RNA binding (residues 50-66)

(Chang et al., 1990; Zuo et al., 1995). Since zinc-finger domains are in general in-

volved in protein-protein and protein-nucleic acid interaction, this N-terminal region

is assumed to play a role in ribosome binding (Vetro and Chang, 2002).

Map1 binding to the ribosome is largely independent of the NC and compared to

bacterial Map, yeast Map1 shows no salt sensitivity that disrupts its binding to the
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translation machinery (Sandikci et al., 2013; Nyathi and Pool, 2015). However, the

binding site of yeast Map1 to the ribosome can only be estimated. Cross-linking stud-

ies suggested binding to UAS1 (Nyathi and Pool, 2015) that partially overlaps with

the proposed binding of bacterial Map to uL23 and bL17 (Sandikci et al., 2013). Fur-

thermore, the yeast 60S biogenesis factor Arx1 comprises the AP-fold (fig. 1.5) and

interacts with ES27 as well as proteins at the TE additionally (Greber et al., 2012). A

similar binding mode for yeast Map1 might be derived from this, but no structure of

any eukaryotic MetAP on the translating ribosome is available. The required length

of the NC for proper NME was estimated from bacteria to a total length of 40-45 aa

(Sandikci et al., 2013; Ball and Kaesberg, 1973).

As already mentioned before, bacterial and yeast MetAP inhibitors are used as drug

targets against pathogens (Luo et al., 2003). In humans, the second isoform, hMetAP2

is more extensively studied compared to hMetAP1. It displays higher concentration

in tumor cells than in normal cells (Wu et al., 1993; Kanno et al., 2002) and hMetAP2-

selective inhibitors have been used for cancer and autoimmune diseases treatment

(Wang et al., 2003; Bernier et al., 2004). hMetAP2 seems to be more accessible to

drugs as the pocket in its catalytic center comprises more space than in hMetAP1

(Addlagatta et al., 2015). Therefore, hMetAP2 was identified as the primary target of

fumagillin that act as a potent inhibitor of angiogenesis (Sin et al., 1997). A derivative

of fumagillin, TNP470, was already tested in preclinical and clinical trials to fight

metastatic breast cancer, androgen-independent prostate cancer and acute leukemia

amongst others (Kruger and Figg, 2000; Kudelka et al., 1997).

1.3.5 N-terminal acetyltransferases

These enzymes are described in more detail in the following chapters.

1.4 Protein Acetylation

Before a protein is fully functional it needs to go through different steps of maturation

and modifications. Especially protein modifications exhibit wide spread functions

and are dynamically regulated. They can occur co- or post-translationally, are re-

versible or irreversible and in general enlarge the pool of protein variants in a cheaper,

faster and easier way instead of producing completely new proteins.
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Most extensively studied examples for protein modifications are post-translational

protein modifications (PTM) such as phosphorylation, methylation or ubiquitylation

amongst others. Counterparts are proteases or enzymes that remove these modifica-

tions (e.g. phosphatases). Also combinations of different modifications are possible.

Furthermore, PTMs are crucial for regulating biological functions and influence pro-

tein targeting, stability, folding and signaling (Lothrop et al., 2013; Audagnotto and

Dal Peraro, 2017).

Figure 1.6: Mechanisms of protein acetylation. Schematic transfer of an acetyl group
from acetyl-CoA A, onto the ε-amino group of lysine (N-ε-acetylation) by lysine acetyltrans-
ferases (KATs) with reverse process by lysine deacetylases (KDACs) or B, onto the α-amino
group of proteins (N-α-acetylation) by N-terminal acetyl transferases (NATs), no enzyme
for reverse reaction is known. C, Detailed view on N-α-acetylation. Figures adopted from
Aksnes et al., 2019 and Aksnes et al., 2016.

One of the very wide spread protein modifications is the acetylation that can hap-

pen during or after protein synthesis. It is best known as post-translational histone

modification, a reversible process also called ε-acetylation, that is carried out by hi-

stone or more general by lysine acetyltransferases or deacetylases (HATs/KATs or

HDACs/KDACs respectively). In this process, an acetyl moiety gets transferred on

the ε-amino group of lysines (fig. 1.6A). The whole process is evolutionary conserved,

highly regulated and contributes to gene expression in eukaryotes, archaea and some

bacteria (Menzies et al., 2016).
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Apart from that, another kind of the very important acetylation occurs in the cell,

the N-terminal acetylation (NTA) or N-α-acetylation. NTA is carried out by N-α-

acetyltransferases where the gene is denoted as NAA and the protein as Naa. It was

first discovered as a co-translational process, but later NTA was shown to occur also

post-translationally (see chap. 1.5). Here, an acetyl-group gets transferred from acetyl-

CoA onto the α-amino group at the very N-terminus of the nascent protein (fig. 1.6B,

C). In contrast to ε-acetylation, NTA is an irreversible process as no ‘NDACs’ are

know so far.

Although NTA is a very common and conserved modification in eukaryotes, the de-

gree of acetylation differs between organisms. In humans and plants 80-90% of all

soluble proteins are acetylated, in D. melanogaster 70-80%, and in S. cerevisiae 50-70%

of all proteins carry an acetyl group at the N-terminus (Brown, 1970; Arnesen et al.,

2009a; Bienvenut et al., 2012; Goetze et al., 2009; Van Damme et al., 2011a). Differ-

ences also occur in the acetylation state. Especially in yeast, substrates of the major

NAT (NatA) are partially acetylated, meaning that the copies of the same protein were

found in both, acetylated and unacetylated states. In contrast, the same substrates

were found fully acetylated in humans (Arnesen et al., 2009a).

In contrast, prokaryotic proteins are only rarely acetylated, where the three trans-

ferases RimI, RimJ and RimL, acetylate specifically single ribosomal proteins (Yoshikawa

et al., 1987, Tanaka et al., 1989; Jones and O’Connor, 2011). In archaea only 15% of the

proteins carry this modification (Falb et al., 2006).

1.4.1 Effect of NTA

Adding an acetyl group to the N-terminus of the NC neutralizes the positive charge

at the beginning of the growing polypeptide chain. It is expected to change its electro-

static properties and therefore may modify protein function (Allfrey et al., 1984; Ree

et al., 2018). Moreover, NTA has been shown to lower the isoelectric point and affect a

proteins electrophoretic mobility as well as increase the hydrophobicity of N-terminus

(Polevoda et al., 1999; Asknes et al., 2016). These changes in biochemical properties

seem to be fairly clear but the functional consequences are not well understood yet

and were discussed contrarily.
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1.5 Eukaryotic N-terminal Acetyltransferases

At the beginning NTA was believed to protect proteins from degradation by blocking

N-terminal ubiquitination (Jornvall, 1975; Hershko et al., 1984; Persson et al., 1985). In

contrast, NTA was also found to generate specific degradation signals and therefore

aiming for an opposite effect, also known as Ac/N-end in addition to the Arg/N-

end rule pathway (Shemorry et al., 2013; Hwang et al., 2010; Varshavsky, 2011). As

a consequence, it is difficult to make a general statement about the effect of NTA,

but various studies show how this small modification influences a broad range of

processes. It is involved in protein complex formation (Scott et al., 2011), subcellular

localization (Forte et al., 2011) and protein targeting (Behnia et al., 2004; Setty et al.,

2004) as well as sister chromatid cohesion and chromosome condensation (Hou et al.,

2007; Williams et al., 2003; Pimenta-Marques et al., 2008). It affects protein-protein

interactions and protein half-life (e.g. Aksnes et al., 2016) as well as drought stress

and immune response in plants (Linster et al., 2015; Xu et al., 2015). In humans it

impairs blood pressure regulation (Aksnes et al., 2015a) and certain NAT subunits are

dysregulated in various cancers (Kalvik and Arnesen, 2013). Furthermore, the 2011

discovered X-linked Ogden Syndrome shows server developmental defects and early

death of children having a Ser37Pro mutation in the catalytic SU of the major NAT,

NatA (Rope et al., 2011). In addition, NATs function is related to neurodegenerative

diseases via its involvement in protein aggregation and folding (Holmes et al., 2014;

Weyer et al., 2017a; Arnesen et al., 2010; Bu et al., 2017).

1.5 Eukaryotic N-terminal Acetyltransferases

In total, eight different NAT enzymes (NatA-NatH) are know that carry out NTA in

eukaryotes (fig. 1.7). They differ in their subunit composition and substrate speci-

ficity. Five of them are present in yeast, whereas multicellular eukaryotes addition-

ally harbor NatF for membrane proteins and NatH for actin specific acetylation. In

plants, NatG is responsible for NTA specifically in chloroplasts. The majority of NTA

events takes place co-translationally in association with the ribosome (NatA-E) but

post-translational action has been accounted for the later discovered NATs (NatF-H)

(reviewed in Aksnes et al., 2019).

Each NAT is composed of one catalytic subunit (numbering refers as Naa10-80) and

up to two larger auxiliary, also called ribosome binding subunits that are indicated
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1.5 Eukaryotic N-terminal Acetyltransferases

with higher numbers compared to their catalytic SUs (fig. 1.7). Usually, co-translational

NATs are forming multisubunit complexes which have been shown to be associ-

ated with mono- as well as polyribosomes (Polevoda et al., 2008), whereas post-

translational NATs as well as NatD are active as monomeric enzymes (Starheim et

al., 2012; Aksnes et al., 2019). NatE can function as both, alone and in complex with

the same SUs found in the NatA complex (Hou et al., 2007; Liszczak et al., 2011;

Evjenth et al., 2009). The vast majority of acetylation is performed by NatA and B,

whereas NatC, E and F acetylate to a minor extent. Originally, it was suggested by in

vitro as well as in vivo studies that NATs perform acetylation on the NC when 20-50 aa

residues emerge from the ribosome (Pestana and Pitot, 1975; Driessen et al., 1985) but

a longer NC of around 80 aa has been suggested as well (Gautschi et al., 2003).

By which NAT a protein gets its modification is dependent on the first two amino

acids.

1.5.1 NatA

If the penultimate residue of the NC is small and uncharged, an iMet cleavage pre-

cedes NTA (Frottin et al., 2006). Given a removed iMet and a NC exposing Ser, Ala,

Thr, Val, Cys or Gly, these proteins are substrates for the major and best characterized

NAT, NatA (Arnesen et al., 2005; Arnesen et al., 2009a; Polevoda et al., 1999). Among

these substrates, however, differences in the acetylation state occur. Whereas Ser gets

almost always acetylated, Gly N-termini are rarely modified in yeast and humans.

In addition, for suboptimal substrates and in general for yeast NatA, partial acetyla-

tion is common (Arnesen et al., 2009a; Goetze et al., 2009; Van Damme et al., 2011a).

Nevertheless, NatA is responsible for 40% of NatA mediated acetylation in humans

(Arnesen et al., 2009a; Mullen et al., 1989; Polevoda et al., 1999; fig. 1.7).

The originally discovered NatA complex in yeast and humans comprised two sub-

units (Mullen et al., 1989; Arnesen et al., 2005). The large auxiliary or ribosome bind-

ing subunit Naa15 and the catalytic subunit Naa10 (Liszczak et al., 2013). Later on is

has been shown that a third small subunit, Naa50, is physically associated with the

NatA complex in yeast, human and fruit fly (Gautschi et al., 2003; Arnesen et al., 2006;

Williams et al., 2003) but its function was not characterized yet. Naa50 has the same

fold as the catalytic Naa10 as well as a homologous sequence but is inactive in yeast
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1.5 Eukaryotic N-terminal Acetyltransferases

as it lacks its acetylation activity (Gautschi et al., 2003; Deng et al., 2019; Arnesen et

al., 2006). Nevertheless, it assembles with the other SUs to the heterotrimeric NatA

complex in yeast where all SUs are present in equimolar amounts (Gautschi et al.,

2003).

The auxiliary Naa15 cannot be active alone but it is required for efficient binding of

the catalytic Naa10 to the ribosome (Gautschi et al., 2003). Therefore, Naa15 was

suggested to play a role in positioning of NatA below the ribosomal TE (Polevoda et

al., 2008). Furthermore, binding of NatA to the ribosome has been shown to be salt

sensitive which might be explained by at least partially by electrostatic interactions

(Gautschi et al., 2003; Magin et al., 2017). In addition, NatA was shown to cross-link

to RNCs programmed with a non-NatA substrate and pellets with ribosomes where

NC was released by puromycin treatment in binding assays (Gautschi et al., 2003).

Therefore, NatA’s interaction with the NC is not dependent on a specific aa sequence,

meaning it can bind to non-substrate or non-programmed ribosomes as well.

Knockout of either Naa10 or Naa15 in yeast resulted in temperature-sensitive mu-

tants, whereas ∆Naa50 yeast cells did not show an obvious phenotype. This led to the

conclusion that NatA’s biological function depends on Naa10 and Naa15 and Naa50

has just a supporting role (Gautschi et al., 2003). Triple deletion strains are not lethal

in yeast and show the same temperature-sensitivity as in Naa15 or Naa10 deletion

strains (Liszczak et al., 2013). Here, only co-overexpression of Naa15 and Naa10 could

restore growth at higher temperatures (38°C). In addition, human Naa10 or Naa15

could complement for the corresponding yeast subunits in NatA deletion strains (Ar-

nesen et al., 2009a).

NatA deletion is not lethal in yeast, but tremendous effects occur if NatA is not func-

tioning in humans. One example is the already described Ogden syndrome (chap-

1.4.1, Rope et al., 2011) in addition to other Naa10-related syndroms (Wu and Lyon,

2018). Furthermore, both subunits of NatA are overexpressed in several types of can-

cer (Kalvik and Arnesen, 2013).
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1.5 Eukaryotic N-terminal Acetyltransferases

1.5.2 NatB

NatB acetylates the starter methionine of proteins and carries out the second most

frequent form of N-terminal acetylation. It modifies preferably acidic N-termini and

serves substrates starting with Met-Glx and Met-Asx (MD-, ME-, MN-, MQ-) (Polevoda

et al., 1999; Van Damme et al., 2012). It is responsible for about 20% of the human

acetylome and acetylation occurs to nearly 100% for an affected protein in human

and to 100% in yeast (Polevoda and Sherman, 2003a and 2003b; Arnesen et al., 2009a).

NatB subunits form a stable heterodimeric complex (Polevoda et al., 2003a and 2003b;

Hong et al., 2017; Starheim et al., 2008). It is also able to bind ribosomes and similarly

to NatA, the catalytic subunit Naa20 cannot bind to the ribosome without its auxiliary

subunit Naa25 (Polevoda et al., 2008). In general, knockout strains of Naa20 and

Naa25 show the most prominent phenotypes within the major NATs. This includes

growth defects, suppressed cell motility and abnormal morphology as well as salt

and temperature sensitivity (Polevoda et al., 2003a; Caesear et al., 2006; Yasuda et al.,

2015). Human NatB can at least partially complement for the corresponding yeast

NatB subunits and partially recover its Nt-acetylome (Van Damme et al., 2012).

In addition, NatB is important for cell cycle progression and Naa25 knockouts are

missing visible actin cables (Hermann et al., 1997; Starheim et al., 2008/biochemJ).

This destabilization of actin fibers goes back to the lack of acetylation of tropomyosin

and actin that are both NatB substrates (Polevoda et al., 2003a; Singer and Shaw, 2003).

Another important NatB substrate is α-Synuclein (α-Syn). It has an acetylated N-

terminus and its aggregation is a hallmark for synucleinopathies such as the Parkin-

son’s Disease. An unacetylated α-Syn shows for example a higher rate of pathology-

causing aggregation. In contrast, the presence of the N-terminal acetyl-group deac-

celerates the oligomerization process (Kang et al., 2018; Bu et al., 2017).

1.5.3 NatC-NatH

NatD is the second co-translational NAT where iMet removal is necessary and the

second amino acid gets acetylated. It is highly specific for histones H2D and H4 and

acetylates substrates starting with SGRGK- (Song et al., 2003; Hole et al., 2011). It

consists of the catalytic subunit Naa40 solely and therefore is the only human co-
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1.5 Eukaryotic N-terminal Acetyltransferases

translational NAT that does not have an auxiliary ribosome binding subunit.

Nat C, E and F belong to the hydrophobic/amphipathic group and their substrates are

partially overlapping. They all acetylate the methionine residue in N-termini starting

with ML-, MI-, MF-, MY and MK-. In Addition, NatE also acetylates MS-, MT-, MA

and MV- residues and all together they acetylate 20% of human proteins.

The heterotrimeric NatC complex comprises the catalytic subunit Naa30 and two aux-

iliary subunits, the large Naa35 and the smaller Naa38. Naa30 and Naa35 are ana-

logues to the catalytic and auxiliary subunits in NatA and NatB (Polevoda and Sher-

man, 2001; Starheim et al., 2009/MolCellBiol). There is no structure available of NatC,

but the subunit composition suggests a partially similar organization as the trimeric

NatA complex.

NatE was originally identified as the catalytic subunit Naa50 that acetylates mainly

hydrophobic N-termini of NCs retaining the iMet. It can act alone in humans but

is also physically associated with Naa10 and Naa15 from NatA complex in yeast,

human and D. Melanogasta (Gautschi et al., 2003; Arensen et al., 2006/Gene; Williams

et al., 2003). Whereas in NatA Naa10 is the active catalytic subunit and iMet cleavage

is necessary, in the trimeric NatE complex in higher eukaryotes Naa50 is the active

catalytic subunit. It acetylates NatA-substrates keeping the iMet (MS/MT/MA/MV)

as well as N-termini that are shared between NatC, E and F. (Liszczak et al., 2011;

Evjenth et al., 2009). Please see hints to nomenclature below.

The NATs discovered more recently are acting post-translationally, are also more spe-

cialized NATs compared to the five above and consist of single catalytic subunits.

NatF is the catalytic Naa60 and present in multicellular eukaryotes but not in yeast. It

has the same substrate specificity encountered for NatC and NatE (ML/MI/MF/MY/MK)

but is specialized to acetylate transmembrane proteins (Van Damme et al., 2011a, Ak-

snes 2015b).

NatG is a plant specific NAT consisting of the catalytic Naa70. It is located in the

chloroplast stroma and acetylates N-termini starting with M-, A-, S- and T- (Dinh et

al., 2015).

NatH comprises the catalytic subunit Naa80 and is the only non-ribosome and non-
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organelle associated NAT. It is present in the cytosol and acts selectively on the neg-

atively charged actin N-terminus. Interestingly, actin is an example of a protein, on

which different NATs are acting. First NatB acetylates the N-terminus of class I actins

co-translationally. After the removal of the acetylated methionine by an unidenti-

fied aminopeptidase, NatH acetylates the exposed EEE- or DDD-N-terminal sequence

post-translationally (Drazic et al., 2018; Goris et al., 2018; Berger et al., 1981; Redman

and Rubenstein, 1981; Rubenstein and Martin, 1983). In case of class II actins, the part

of the first acetylation might also be resumed by NatA (Wiame et al., 2018; Drazic et

al., 2018).

1.5.4 A comment concerning NatA/NatE and general nomenclature

In literature the difference between NatA and NatE has never been clearly defined

and its non-consistent use is still confusing.

NatE was originally discovered as a single subunit enzyme called Naa50 in humans

having Nt-acetyltransferase activity, but acting mainly alone and not in complex with

the ribosome (Hou et al., 2007). In contrast to substrates of NatA, NatE substrates

start with an iMet on the N-terminus that is not cleaved (Evjenth et al., 2009; Van

Damme et al., 2011b). Furthermore, however, Naa50 was also found as a part of

the NatA complex in yeast, human and fruit fly, which was at first described as het-

erodimeric complex formed by Naa10 and Naa15 (Gautschi et al., 2003; Arnesen et al.,

2006; Williams et al., 2003). In the trimeric NatA in yeast, the catalytic active Naa10

is responsible for the transfer of the acetyl group to the NC, whereas the associated

Naa50 lacks acetyl transferase activity on iMet (Van Damme et al., 2015; Deng et al.,

2019). Consequently, NatA can be defined as the complex having an active Naa10

and acetylating N-termini after removal of the iMet. On the other hand, NatE de-

scribes the trimeric complex having an active Naa50 and act on NCs retaining the

iMet. Additionally, Naa50 has been shown to also perform ε-acetylation and it shows

autoacetylation activity at lysine residues in human and fruit fly (Evjenth et al., 2009;

Hou et al., 2007) that is not true for NatA (Magin et al., 2016).

Moreover, NAT nomenclature concerning the subunits were standardized after some

confusion of different naming. The old and new names of NATs are shown in the

appendix (p. 5). In this thesis the new NaaXX-nomenclature is used explicitly.
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1.5.5 Non-catalytic role of NATs

The non-catalytic role of NATs will not be discussed here and is reviewed elsewhere

(Aksnes et al., 2019).

1.6 Structural characterization of NAT subunits

1.6.1 Auxiliary subunits

Four NATs are harboring a large auxiliary subunit: NatA (Naa15), NatB (Naa25),

NatC (Naa35) and NatE (also Naa15, if present as trimeric complex).

In 2013, the crystal structure of dimeric S. pombe NatA was solved (Liszczak et al.,

2013). The structure revealed that Naa15 is arranged in 37 α-helices of which 26 are

forming so-called tetratricopeptide repeat (TPR) motifs. A single TPR motif contains

two antiparallel α-helices usually composed of 34 aa. TPRs are not specifically con-

served in sequence, but in size, hydrophobicity and spacing of some aa within the

motif (Lamb et al., 1995; Goebl and Yanagida, 1991). TPRs mostly appear in tandem

arrays forming a right-handed helical spiral that builds up an amphipathic groove.

They often function as a scaffold for protein-protein interactions but were also sug-

gested to play a role in protein-DNA interactions (Goebl and Yanagida, 1991; Sikorski

et al., 1991; Lamb et al., 1995; Blatch and Lassle, 1999) (fig. 1.8A, blue and yellow).

Like other TPR-containing proteins, Naa15 forms a ring-like structure and encloses

the catalytic subunit. The binding is maintained by hydrophobic interactions and hy-

drogen bonds at the interface of the two subunits (Liszczak et al., 2013). An overview

of the TPRs within a secondary structure diagram of the yeast NatA auxiliary subunit

is shown in the appendix (p. 5).

In addition to the described S. pombe structure, dimeric or trimeric NatA in complex

with HypK from C. thermophilum and H. sapiens were published recently (Weyer et al.,

2017a, Gottlieb and Marmorstein, 2018; Deng et al., 2020). Another crystal structure

of yeast NatA is present in the PDB database (4XNH, fig. 1.8B) which was crystallized

as the heterotrimeric complex harboring the additional Naa50 subunit and comprises

a very similar architecture for Naa10 and Naa15 as S. pombe NatA (fig. 1.8A and B).

The NatB auxiliary subunit Naa25 shows a similar fold as NatA’s Naa15. It contains
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12 TPRs within the first 30 α-helices that are wrapping around its catalytic subunit in a

similar way as in NatA (fig. 1.8C). The interaction is mediated also through hydropho-

bic interactions as well as several hydrogen bonds on the interface of the catalytic and

auxiliary subunit (Hong et al., 2017).

There is no structure of NatC available, but it is very likely that Naa35 adopts a sim-

ilar fold as the auxiliary subunits of NatA and NatB especially concerning the TRP

motifs. Secondary structure analysis of yeast Naa35 showed a very similar α-helical

pattern compared to Naa15 and Naa25, only disrupted by three small predicted β-

sheet patches in between (Blatch and Lassle, 1999, appendix p. 5). This shows again

the conservation in the secondary structure of the TPRs but not in the sequence.
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Figure 1.8: General architecture and TPR motifs in NATs. A, NatA from S. pombe (4KVM,
Liszczak et al., 2013) with Naa15 shown in beige but with 13 TPR motifs indicated as tandem
arrays in yellow and blue. Subunit composition of S. cerevisiae trimeric NatA complex from
4XNH (B) and dimeric NatB complex from C. albicans (5K18, Hong 2017) (C) both crystallized
with a bisubstrate inhibitor (cyan). Catalytic SUs in red, auxiliary SU in orange or turquoise,
additional Naa50 in yeast light green. α-helix labelling adjusted from Liszczak et al., 2013,
or according to Hong et al., 2017 respectively. As bisubstrate acetyl-CoA was covalently
linked to a 5 aa (CoA-SASEA, NatA) or 9 aa peptide (CoA-MDSEVAALVID, NatB), for inhi-
bition acetyl-CoA was exchanged to a non-hydrolysable acetyl-CoA analog (acetonly-CoA)
(Liszczak et al., 2013; Hong et al., 2017).
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1.6.2 Catalytic subunits

Whereas not every NAT contains a ribosome binding subunit, all of them have at least

one active catalytic SU. They all belong to a GNAT superfamily harboring the general

GNAT fold (general control non-repressible 5 (GCN5)-related N-acetyltransferases)

that is not restricted to NATs (Neuwald and Landsman, 1997). Therefore, the GNAT

fold is present in many other transferase enzymes e.g. the already mentioned histone

acetyltransferases (HAT) but also others such as aminoglycoside or serotonin acetyl-

transferases (reviewed in Vetting et al., 2005).

The NAT catalytic subunits comprise the highly conserved and central acetyl-CoA

binding motif Q/RxxGxG/A, where x stands for any aa (Wolf et al., 1998). Variations

of the aa composition in ‘x’ as well as the architecture around the CoA-binding motif

might be responsible for the different substrate specificities among the NATs (Rathore

et al., 2016). In addition, the V-shaped arrangement of the parallel β-sheets β4 and β5

plays an important role in acetyl-CoA accommodation and was shown to be the most

rigid feature among all catalytic SUs (Dyda et al., 2000; Abboud et al., 2020) (fig. 1.9A,

green and gold). Furthermore, this semi-open cavity senses the first 4-5 aa of the NC.

In more detail, it is the α1-loop- α2 and the C-terminal β6-loop-β7 (fig I9A) that ensure

substrate specificity (Liszczak et al., 2013; Liszczak et al., 2011).

The acetyl transfer itself happens through a nucleophilic attack of the deprotonated

amino group of the substrate on the carbonyl carbon of acetyl-CoA (Ud-Din et al.,

2016). The residues of the catalytic Naa10 mainly involved in the acetyl transfer are

Leu22/24, Glu24/26, Tyr26/28 and Tyr139/181 in S. pombe/S. cerevisiae respectively

(fig. 1.9B) that interact with the first two aa of the substrate via hydrogen bonds and

van der Waals interactions (Liszczak et al., 2013).
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Figure 1.9: Architecture of the catalytic subunit of NatA. A, Structure of S. pombe Naa10
with secondary structure elements labelled and with the view on the bisubstrate inhibitor
shown in red (NC) and dark blue (Ac-CoA analog). B, Similar view as in A, with important
residues labeled. Catalytic center residues in magenta (Y26/28, E24/26, L22/24, Y139/181),
acetyl-CoA binding motif in cyan (RxxGxxA). Amino acid numbers refer to S. pombe (and
therefore human as well) first and then S. cerevisiae as second. The Ser37Pro (Ser39Pro in
yeast) mutation causing the sever Ogden syndrome in human is labeled in yellow (Rope et
al., 2011).

1.7 Aims of this thesis

The focus of this work was on the protein factors which are responsible for early co-

translational processing of the NC. NME and NTA are very common and wide spread

protein modifications that are performed mainly by Map1 and NatA and NatB re-

spectively among eukaryotes. So far, these exit site factors have been only studied

biochemically and structures of the protein complexes were only solved in isolation,

but not in context with the ribosome (Lowther and Matthews, 2000; Polevoda et al.,

2008; Gautschi et al., 2003; Liszczak et al., 2013; Hong et al., 2017). Thus the architec-

ture of the co-translational protein modification machineries is largely unknown.

The goal of this thesis was to obtain complexes of translating ribosomes with the

nascent chain processing enzymes Map1, NatA and NatB in yeast. Such stable com-

plexes should be subjected to cryo-EM and single particle analysis (SPA) and struc-

tures should be biochemically validated.
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To achieve this goal, two different approaches were chosen.

The first approach was a native pull out based a protocol published in 2007 (Oeffinger

et al., 2007). In this quick purification protocol for ribonucleoprotein particles, har-

vested cells were rapidly frozen and grinded while cooling with liquid nitrogen. This

prevents the damaging action of nucleases and proteases. Mild buffers were chosen

for subsequent rapid thawing before the lysate was clarified. For affinity purifica-

tion antibody-conjugated magnetic beads were used instead of antibody-conjugated

resins. This allowed a fast and efficient purification in conditions that stabilize and en-

rich intact ribosome-bound complexes. The strains used for that approach harbored

a TAP-tagged version of the protein of interest. Via the Protein A domain of the TAP-

tag, the protein was bound to IgG-coupled magnetic beads, resulting in ribosomes

co-purifying with the target protein after an elution with TEV protease. Subsequent

cryo-EM analysis was used to visualize this complexes that were purified under na-

tive conditions.

The second approach was based on in vitro reconstitutions from purified components.

Purified proteins were in vitro reconstituted with ribosome-nascent chain complexes

(RNC) programmed with specific substrates. These were subjected to pelleting assays

and mutational studies in order to validate the binding site of the factors to the ribo-

some obtained in the native structure. Furthermore, in vitro reconstitutions were also

used for cryo-EM analysis and results were compared to the structure received from

the native pull outs.

Obtained structures were then put in context with known structures and biochemical

data about other exit site factors, such as chaperones or proteins involved in the tar-

geting and translocation pathway. Collectively, this study was aiming for the under-

standing of the spatial and temporal organization of various nascent chain interacting

factors assembling at the at the ribosomal tunnel exit.
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2 Material and methods

2.1 DNA template generation

In order to generate ribosomes nascent chain complexes (RNC), ribosomes isolated

from a cell-free translation extract in yeast were programmed with specific nascent

polypeptides. For that, two constructs were designed for this thesis. First, the first

64 aa of the uL4 protein, a 60S ribosomal protein and well-known substrate of NatA

(Gautschi et al., 2003) was used and its nucleotide sequence was modified in the way,

that it contains a T7 promotor, a leader sequence and the start codon, followed by a

octahistidine (His8) for purification, a haemaglutinin (HA)-tag for western blot de-

tection and a TEV cleavage site for tag removal. In addition, a ribosome stalling se-

quence from the upstream ORF of gp48 in human cytomegalovirus (CMV) (Bhushan

et al., 2010; Matheisl et al., 2015) was inserted C-terminally. Second, the first 88 aa of

ABP1 (actin binding protein) were used for the second construct. It has been shown to

be a good NatA substrate by unpublished selective ribosome profiling data supplied

by Bernd Bukaus lab (Heidelberg) and was designed as a truncated version without

a stop codon or any C-terminal stalling sequence. Both constructed were used for in

vitro transcription into mRNA which was then used for in vitro translation to gener-

ate RNCs programmed with 86 aa or 88 aa of the uL4 or ABP1 construct respectively.

Furthermore, both constructs are lacking the starter methionine and carried a serine

at their N-terminus after TEV cleavage.

2.1.1 uL4 DNA template

DNA template for uL4-RNCs was amplified using pEX-A2 plasmid (appendix p. 128)

containing a modified uL4-CMV fragment as template (tab. 1). Used primers were a

NatA-uL4 forward primer (5’-GCAAGCTAATACGACTCACTATAGG-3’) and NatA-

uL4 reverse primer (5’-GAGCAAAAGCAGGTTTAAGGAGGA-3’). For PCR reaction,

a 2x Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher) was used (tab. 2).
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Table 1: Nucleotide sequence of uL4-DNA and corresponding protein se-
quence. 64 aa of the ribosomal protein uL4 were modified to a construct car-
rying a His8-tag for purification, a haemaglutinin (HA)-tag for western blot
detection, a TEV cleavage site and a CMV stalling sequence. The whole se-
quence was in vitro transcribed and afterwards in vitro translated into a NatA
substrate of 86 aa length after TEV cleavage and tag removal.

T7 promotor 5’-TAATACGACTCACTATAGGG
leader ACCAAACAAAACAAATAAAACAAAAAAAAA
start ATG
His8 CATCACCATCACCATCACCATCAC
HA TACCCATACGATGTTCCAGATTACGCT
TEV site plus linker GGATCCGATTACGACATCCCCACTACTGAGAAT

CTTTATTTTCAG
64 aa of uL4 TCCCGTCCACAAGTTACTGTTCACTCTTTGACTGGT

GAAGCTACTGCCAATGCCTTGCCATTGCCAGCTGTC
TTCTCCGCTCCTATCCGTCCAGACATTGTCCACACT
GTTTTCACCTCTGTGAACAAGAACAAGAGACAAGCT
TACGCTGTTTCTGAAAAGGCTGGTCACCAAACCTCC
GCTGAATCCTGG

CMV stalling sequence ATGGAACCGCTGGTGCTGAGTGCGAAAAAACTGA
GCAGCCTGCTGACCTGCAAATATATTCCTCCTTAA-
3’

Total DNA sequence:
TAATACGACTCACTATAGGGACCAAACAAAACAAATAAAACAAAAAAAA
AATGCATCACCATCACCATCACCATCACTACCCATACGATGTTCCAGAT
TACGCTGGATCCGATTACGACATCCCCACTACTGAGAATCTTTATTTTC
AGTCCCGTCCACAAGTTACTGTTCACTCTTTGACTGGTGAAGCTACTGC
CAATGCCTTGCCATTGCCAGCTGTCTTCTCCGCTCCTATCCGTCCAGAC
ATTGTCCACACTGTTTTCACCTCTGTGAACAAGAACAAGAGACAAGCTT
ACGCTGTTTCTGAAAAGGCTGGTCACCAAACCTCCGCTGAATCCTGGAT
GGAACCGCTGGTGCTGAGTGCGAAAAAACTGAGCAGCCTGCTGACCTGC
AAATATATTCCTCCTTAA

Translated into:
MHHHHHHHHYPYDVPDYAGSDYDIPTTENLYFQSRPQVTVHSLTGEATANALPLP
AVFSAPIRPDIVHTVFTSVNKNKRQAYAVSEKAGHQTSAESWMEPLVLSAKKLSS
LLTCKYIPP
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2.1 DNA template generation

Table 2: PCR set up for uL4 DNA amplification. PCR mix using 2x phusion
master mix (Thermo Fisher) (left) and PCR program (right).

Pipetting scheme PCR program

Plasmid (20 ng/µl) 2.5 µl 98°C 20 sec
Forward primer (10 pmol/µl) 2.5 µl 98°C 5 sec
Reverse primer (10 pmol/µl) 2.25 µl 54°C 5 sec 30x
2x phusion master mix 25 µl 72°C 45 sec
ddH2O 17.5 µl 72°C 2 min
Total volume 50 µl 15°C ∞

2.1.2 ABP1 DNA template

After the removal of the starter methionine the unmodified ABP1 protein has an

alanine at its N-terminus. As the cleavage by TEV protease always leaves a serine

(or glycine) at the N-terminal position after cleavage (cleavage site: Glu X X Tyr X

Gln | Gly or Ser), the alanine was exchanged to a serine in order to make a cleavage

by TEV protease possible and to preserve the N-terminus as a NatA substrate. ABP1

was designed as a truncated construct, does not carry any stalling sequence and ends

with a Pro at its C-terminus.

The DNA template for ABP1-RNCs was amplified using pEX-A128 plasmid (appendix

p. 129) containing the adjusted ABP1 fragment as template (tab. 3). Used primers

were a NatA-ABP1 forward primer (5’-AAGCTAATACGACTCACTATAGGG-3’) as

well as a NatA-ABP1 reverse primer (5’-AGGACACCAACCAATGATAATAATC-3’).

For PCR reaction, a 2x Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher)

was used (tab. 4).

31



2.1 DNA template generation

Table 3: Nucleotide sequence of ABP1-DNA and corresponding protein
sequence. 88 aa of ABP1 were modified to a construct carrying a His8-tag
for purification, a haemaglutinin (HA)-tag for western blot detection and a
TEV cleavage site at its N-terminus. This truncated construct does not carry
a stalling sequence and is having a proline at the C-terminus. The second aa
is an alanine that was exchanged by a serine in order to provide a sufficient
TEV cleavage site.

T7 promotor 5’-TAATACGACTCACTATAGGG
leader ACCAAACAAAACAAATAAAACAAAAAAAAA
start ATG
His8 CATCACCATCACCATCACCATCAC
HA TACCCATACGATGTTCCAGATTACGCT
TEV site plus linker GGATCCGATTACGACATCCCCACTACTGAG

AATCTTTATTTTCAG
88 aa of ABP1 TCCTTGGAACCTATTGATTATACTACTCACTCGAGAGAGA

TCGACGCAGAGTACCTGAAGATTGTCAGAGGCTCCGATCC
TGACACCACCTGGTTGATTATTTCACCCAATGCGAAAAAA
GAATACGAACCTGAGTCTACCGGTTCCTCCTTTCACGATT
TCTTGCAATTGTTTGATGAAACCAAGGTCCAGTACGGACT
GGCACGTGTGTCCCCACCAGGGTCAGACGTTGAGAAGATT
ATTATCATTGGTTGGTGTCCT-3’

Total DNA sequence:
TAATACGACTCACTATAGGGACCAAACAAAACAAATAAAACAAAAAAAA
AATGCATCACCATCACCATCACCATCACTACCCATACGATGTTCCAGAT
TACGCTGGATCCGATTACGACATCCCCACTACTGAGAATCTTTATTTTC
AGTCCTTGGAACCTATTGATTATACTACTCACTCGAGAGAGATCGACGC
AGAGTACCTGAAGATTGTCAGAGGCTCCGATCCTGACACCACCTGGTTG
ATTATTTCACCCAATGCGAAAAAAGAATACGAACCTGAGTCTACCGGTT
CCTCCTTTCACGATTTCTTGCAATTGTTTGATGAAACCAAGGTCCAGTA
CGGACTGGCACGTGTGTCCCCACCAGGGTCAGACGTTGAGAAGATTATT
ATCATTGGTTGGTGTCCT

Translated into:
MHHHHHHHHYPYDVPDYAGSDYDIPTTENLYFQSLEPIDYTTHSREIDAE
YLKIVRGSDPDTTWLIISPNAK KEYEPESTGSSFHDFLQLFDETK
VQYGLARVSPPGSDVEKIIIIGWCP
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2.2 In vitro transcription of uL4 and ABP1 mRNA

Table 4: PCR set up for ABP1 DNA amplification. PCR mix using 2x phu-
sion master mix (Thermo Fisher) (left) and PCR program (right).

Pipetting scheme PCR program

Plasmid (20 ng/µl) 2.5 µl 98°C 15 sec
Forward primer (10 pmol/µl) 2.5 µl 98°C 5 sec
Reverse primer (10 pmol/µl) 2.25 µl 55°C 10 sec 30x
2x phusion master mix 25 µl 72°C 45 sec
ddH2O 17.5 µl 72°C 1 min
Total volume 50 µl 15°C ∞

All PCR products were purified using the PCR purification kit from Quiagen and

DNA concentration was measured on a NanoDrop (Implen). Before they were used

for in vitro transcription reactions, samples were loaded onto a 1% agarose gel for

verification. Samples were incubated in a 1:10 ratio with 10x DNA loading dye (50%

glycerol, 1 mM EDTA, 0.25% bromophenol blue, 0.25% xylene cyanol FF) and the gel

was run in 1xTAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA) at 120 V for

25 min. Bands were visualized by blue light excitation on Intas UV system.

2.2 In vitro transcription of uL4 and ABP1 mRNA

DNA templates from above were in vitro transcribed into capped mRNA using T7

mMESSAGE mMACHINE kit (Ambion) according to the manufacturers manual and

using 1 µg of the corresponding purified PCR product for a 20 µl reaction. Incubation

was for 1.5 h at 37°C and RNA was recovered by lithium chloride precipitation at

-20°C o/n. The final product was resuspended in 30 µl nuclease-free water and its

concentration determined at the NanoDrop (Implen).

2.3 In vitro translation and purification of uL4- and ABP1-RNC

Ribosome nascent chain complexes (RNCs) were obtained in a yeast ∆Ski2 cell-free

translation system using uL4 mRNA and ABP1 mRNA. Translation reactions were

performed essentially as described before (Beckmann et al., 2001; Halic et al., 2004). If

not stated different, all steps for the purification were carried out on ice.

1.2 ml in vitro translation reaction mix containing 48 µg uL4 or 68 µg ABP1 mRNA

was incubated for 75 min at 17°C and stopped by adding 200 µg/ml cycloheximid.
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2.4 Purification of non-programmed 80S ribosomes (np80S)

The first purification step was managed by using the DynabeadsTM His-Tag Isola-

tion and Pulldown set (Thermo Fisher). 800 µl His-beads were equilibrated in 2 ml

250 buffer (50 mM Tris/HCl pH 7.0, 250 mM KOAc, 25 mM Mg(OAc)2, 5 mM β-

mercaptoethanol, 250 mM sucrose, 10 µg /ml cycloheximid, 0.1% Nikkol, 0.1% EDTA-

free protease inhibitor cocktail pill (Roche), 0.1% RNase Inhibitor (SUPERase-In, 20U/µl

(Thermo Fisher))) containing 10 µg/ml tRNA additionally. Beads were added to the

in vitro translation reaction mix and incubated for 15 min at 4°C on a rotating wheel.

Beads were harvested on a magnet, the flow through was collected and beads washed

three times with 1 ml 250 buffer. Elution was performed for 5 min in 700 µl 250/350

buffer (250 buffer with 350 mM imidazole) at 4°C. The sample was split into two

halves and each was loaded onto 400 µl high salt sucrose cushion (1 M sucrose, 50 mM

Tris/HCl pH 7.0, 500 mM KOAc, 25 mM Mg(OAc)2, 5 mM β-mercaptoethanol, 10 µg/ml

cycloheximid, 0.1% Nikkol, 0.1% EDTA-free protease inhibitor cocktail pill (Roche)).

Ribosomes were pelleted by centrifugation using a TLA 120.2 rotor (Beckman) for

45 min at 100,000 rpm and 4°C and resuspended in 30 µl 250 buffer on ice for 30 min

while shaking. As RNCs are still containing the N-terminal His8-HA-tag, they were

treated with TEV protease in order to remove the tag. Therefore, the samples were

pooled and diluted to a total volume of 1 ml with 250 buffer. Subsequently, 60 µl

(uL4-RNCs) or 230 µl (ABP1-RNCs) of lab-made TEV protease were added. After in-

cubation at RT for 45 min the mixture was spun through a 600 µl sucrose cushion in

a TLA 100 rotor (Beckman) for 45 min at 100,000 rpm and 4°C. Afterwards, the pellet

was resuspended in 30 µl grid buffer (20 mM Tris/HCl pH 7.0, 50 mM KOAc, 2.5 mM

Mg(OAc)2, 1 mM DTT, 125 mM Sucrose, 100 µg/mL Cycloheximide, 0.05% Nikkol)

on ice while shaking for 30-45 min. The concentration of uL4- and ABP1-RNCs were

measured photometrically where 0.1 A260total correspond to 2 pmol 80S ribosomes.

For analyzing the samples on a 15% SDS-PAGE (chap. 2.6.2), they were heated in

sample buffer to 65°C in order to preserve the peptidyl-tRNA bond.

2.4 Purification of non-programmed 80S ribosomes (np80S)

Ribosomes received from a yeast ∆Ski2 cell-free translation system were treated un-

der high salt and puromycin conditions as described before (Beckmann et al., 2001) in

order to obtain ribosomes not programmed with any nascent chain (NC). 400 µl of the
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2.5 RNase I treatment of ribosome nascent chain complexes (rtRNC)

cell-free translation extract were mixed with 400 µl 2x HP buffer (1mM puromycin,

1M KOAc, 40 mM HEPES pH 7.4, 50 mM Mg(OAc)2, 2 mM DTT, 1 mM PMSF,

0.4 U/µl SUPERase-In) and loaded onto a 500 µl sucrose cushion (1 M sucrose, 20 mM

HEPES pH 7.5, 500 mM KOAc, 25 mM Mg(OAc)2, 1 mM DTT, 0.5 mM PMSF). Ri-

bosomes were pelleted by centrifugation in a TLA 100.3 rotor (Beckman) for 1 h at

100,000 rpm and 4°C. The pellet was resuspenden in grid buffer (20 mM Tris/HCl

pH 7.0, 50 mM KOAc, 2.5 mM Mg(OAc)2, 1 mM DTT, 125 mM Sucrose, 100 µg/mL

Cycloheximide, 0.05% Nikkol) and concentration was determined on a photometer.

2.5 RNase I treatment of ribosome nascent chain complexes (rtRNC)

For selective removal of eukaryotic specific expansion segments, RNCs or non-pro-

grammed ribosomes (np80S) were incubated with 40 U RNase I (Thermo Fisher) per

1 A260 unit of ribosomes for 45 min at 25°C. The reaction was stopped with 0.5 U

SUPERase-In (Thermo Fisher) RNase inhibitor per 1 U of RNase I and the sample was

placed on ice. The RNase I-treated RNCs are referred to as rtRNC.

2.6 Protein analysis

2.6.1 TCA precipitation

Samples for Polyacrylamide-Gel-Electrophoresis (PAGE) exceeding the volume of 20 µl

to be loaded on a gel were precipitated with trichloroacetic acid (TCA) in order to

concentrate the sample and decrease its volume. The sample was filled up to 1 ml

with H2O and subsequently 100 µl 0.15% Natrium-desoxycholate and 100 µl of 72%

trichloroacetic acid (TCA) were added. After incubation on ice for 20 min, samples

were pelleted in a table-top centrifuge at 14,000 rpm for 20 min at 4°C. The SN was

sucked away and the pellet was washed with 1 ml ice cold (-20°C) acetone. A second

round of centrifugation for 10 min was performed, the SN discarded and the sample

dried with lid open under the hood at RT. The dried pellet was resuspended in 10 µl

1x SDS-sample buffer (prepared as 4xSB: 200 mM Tris/HCl pH 6.8, 8% (w/v)SDS,

40% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 100 mM DTT).
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2.6 Protein analysis

2.6.2 Polyacrylamide-Gel-Electrophoresis (PAGE)

To separate proteins according to their molecular weight, Polyacrylamide-Gel-Electro-

phoresis (PAGE) was performed under denaturing conditions and using standard

protocols (Laemmli, 1970).

Separation was either performed using 15% SDS-PAGE in 1x SDS running buffer

(25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) or using Nu-PAGE gels (Life Tech-

nology) that preserve their neutral pH whilst running using 1x MES running buffer

(50 mM MES, 50 mM tris base, 3.5 mM SDS, 1 mM EDTA acid free) or 1x MOPS

running buffer (50 mM MOPS, 50 mM Tris base pH 7.7, 0.1% SDS, 1 mM EDTA). SDS-

PAGE gels were run for 5 min at 180 V, followed by 55 min at 200 V. 4-12% Nu-PAGE

gradient gels or 12% Nu-PAGE gels were run either in 1x MES running buffer or in

1x MOPS running buffer respectively for 40 min to 1 h at 180-200 V.

Denaturation of the samples in 1x SDS-sample buffer (prepared as 4xSB: 200 mM

Tris/HCl pH 6.8, 8% (w/v) SDS, 40% (v/v) glycerol, 0.02% (w/v) bromophenol blue,

100 mM DTT) was performed for 10 min at 65°C to preserve peptidyl-tRNA in case

of RNC samples or otherwise at 95°C for 5 min.

Gels were stained with SimplyBlue SafeStain (Thermo Fisher) according to the man-

ual either directly or after western blot analysis to monitor transfer efficiency.

2.6.3 Semi-dry western blotting

Semi-dry western blot was used to analyze native TAP purification samples (chap. 2.9).

After PAGE, proteins were transferred onto a PVDF membrane soaked in 100% methanol

and pre-incubated in blotting buffer (20% (v/v) methanol, 48 mM Tris/HCl, 39 mM

glycine, 0.037% (w/v) SDS). Blotting was performed for 1 h at a constant current of

150 mA (NatA) or 100 mA (Map). The membrane was stained for 1 min with Amido

Black (0.1% (w/v) naphthol blue black, 7.5% (v/v) acetic acid, 20% (v/v) ethanol) on a

shaker until clear bands were visible and destained afterwards in destaining solution

(40% (v/v) ethanol, 10% (v/v) acetic acid) until a white background was obtained. To

reduce unspecific binding, the membrane was incubated in 5% milk/1xTBS (20 mM

Tris/HCl pH 7.6, 150 mM NaCl) for 30 min at RT or at 4°C o/n. After a short rinse

with 1x TBS, the membrane was incubated with the first antibody (see below) for 1 h
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2.7 Cloning, expression and protein purifications

at RT or at 4°C o/n, followed by three washing steps for 10 min each with 1x TBS. The

horseradish peroxidase (HRP)-coupled secondary antibody was applied for 1 h at RT

and the membrane was washed afterwards three times for 10 min each with 1x TBS-T

(TBS with 0.1% (v/v) Tween).

The following antibodies were used:

• α-CAB (Thermo Fisher)

– 1:5,000 in 5% milk/1xTBS for 1 h at RT or at 4°C o/n

– Goat α-rabbit, 1:2,000 in 5% milk/1xTBS for 1 h at RT

• α-uL29 (polyclonal chicken antiserum, Davids Biotechnolgie)

– 1:2,500 in 5% milk/1xTBS for 1 h at RT or at 4°C o/n

– Rabbit α-chicken, 1:5,000 in 5% milk/1xTBS for 1h at RT

• α-HA probe (Santa Cruz)

– 1:1,000 in 2% BSA for 1h at RT

– Goat α-mouse, 1:5,000 in 5% milk/1xTBS for 1 h at RT

Protein signals were visualized using super signal ECL substrate (Thermo Fisher) on

a AI600 imaging device (GE Healthcare).

2.7 Cloning, expression and protein purifications

2.7.1 Map1

Cloning of yeast Map1 was done by Birgitta Beatrix from our lab and Map1 was

cloned as the full length version including a N-terminal propeptide sequence (Chang

et al., 1992). In brief, MAP1 was obtained from S. cerevisiae genomic DNA using an

upstream primer inserting a His8-tag followed by a linker and a HRV 3C cleavage

site. It was cloned into pET28a (appendix p. 131) using NcoI and EcoRI restriction

sites.

Cells were harvested by centrifugation in a SCL6000 rotor (Sorvall) for 10 min at

4,500 rpm and 4°C. After washing with 1x PBS the pellet was finally resuspended

37



2.7 Cloning, expression and protein purifications

in cold lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM PMSF, 1 EDTA-free pro-

tease inhibitor cocktail pill/50 ml (Roche)) and subjected to mechanical lysis using a

Microfluidizer® (Microfluidics). Clarified lysate (SS34 (Sorvall), 15 min, 15,000 rpm,

4°C) was filtered and purified using a HisTrap HP column (GE Healthcare) equili-

brated with HT-20 buffer (50 mM Tris pH 7.5, 500 mM NaCl, 20 mM imidazol, 10 mM

β-mercaptoethanol). After elution with HRV 3C protease under high salt conditions,

the main fractions were loaded onto a SP FF column (GE Healthcare) equilibrated

with 20 mM HEPES at pH 7.0. Elution was performed by a linear salt gradient up

to 1 M NaCl, the main fractions showing purified Map1 protein were pooled and the

buffer was adjusted to 20 mM HEPES pH 7.5, 100 mM KOAc, 2.5 mM Mg(OAc)2,

1 mM DTT, 0.5 mM PMSF, 10 µg/ml cycloheximide including a protease inhibitor

cocktail tablet (Roche).

2.7.2 NatA

Cloning of the trimeric NatA complex was done by Birgitta Beatrix from our lab. In

brief, NAA15 and NAA50 were obtained from S. cerevisiae genomic DNA. NAA15

was amplified using an upstream primer coding for a His8-tag followed by a linker

as well as a HRV 3C cleavage site and was cloned via NdeI and KpnI into MCS1 of

pETDuet-1 (Novagen, appendix p. 130). NAA50 was cloned via NcoI and PstI into

the MCS1 of pRSFDuet-1 (Novagen, appendix p. 130). For the catalytic SU, NAA10

was synthesized as a catalytic inactive mutant with an E26A mutation (Liszczak et

al., 2013). It was ordered codon-optimized for E. coli at Eurofins Genomics (Ebers-

berg) and cloned via NdeI and XhoI into the MCS2 of pRSFDuet-1 already containing

NAA50. After co-transformation of both plasmids into E. coli ER2566 cells, cultures

were grown on LB medium and induced at 16°C o/n with 1 mM IPTG.

Harvesting and lysate preparation was done as described above (chap. 2.7.1). The

HisTrap purification was also performed as described above but using HT buffer with

40 mM imidazole. After the elution with 500 mM imidazole, the two main fractions

with NatA complex present were pooled, followed by a HRV 3C protease cleavage

to remove the His-tag and was subsequently applied to size exclusion chromatogra-

phy on a Superdex 200 column (GE Healthcare). Trimeric NatA complex eluted in a

symmetric peak and was stored in GF buffer (20 mM Hepes pH 7.5, 200 mM KOAc,
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2.7 Cloning, expression and protein purifications

10 mM Mg(OAc)2, 1 mM DTT).

2.7.3 NatB

Cloning of the wildtype (wt) NatB complex was performed by Birgitta Beatrix from

our lab. Shortly, the auxiliary SU Naa25 was obtained from S. cerevisiae genomic DNA

using an upstream primer inserting a His8-tag followed by a linker and a HRV 3C

cleavage site. This construct was cloned into MCS1 of pRSFDuet-1 (Novagen, ap-

pendix p. 130) using NcoI and SacI restriction sites. The catalytic SU Naa20 was syn-

thesized codon-optimized for E. coli (Eurofins Genomics) with the following muta-

tions. E25A and H74A to obtain inactive mutants (Hong et al., 2017) and M36L to

prevent an internal translation initiation. This modified Naa20 was cloned via NdeI

and XhoI into MCS2 of the same plasmid. To overcome a disproportion of auxiliary

to catalytic SU, Naa20 was cloned into pET21a (appendix p. 132) separately and was

used for co-expression with the dimeric NatB construct. After transformation of both

plasmids into E. coli BL21 cells, cultures were grown in LB medium and induction

was performed with 1 mM IPTG at 16°C o/n.

Harvesting and lysate preparation was done as described above as well as HisTrap

purification (chap. 2.7.1). After HisTrap purification NatB was either subjected to size

exclusion chromatography on a Superdex 200 (GE Healthcare) and stored in 20 mM

HEPES pH 8.0, 500 mM KOAc, 5 mM Mg(OAc)2, 1 mM DTT; or it was loaded onto a

PD10 column (GE Healthcare) to exchange the buffer to the same as above.

2.7.3.1 Site-directed mutagenesis

Based on an in vitro reconstituted structure of NatB with ABP1-RNC, four positively

charged areas within the auxiliary SU that might responsible for NatB interaction with

the ribosome were defined. A site-directed mutagenesis kit (New England BioLabs)

was then used to introduce mutation in the DNA sequence by PCR. To that end, the

plasmid used for Naa25 cloning above was amplified using primers carrying charge

inversions were lysines or arginine were exchanged to glutamic acid (similar to Magin

et al., 2017). Mutations were inserted in pairs and indicated as positive patches PP1-

4, where PPall represents a plasmid with all four mutations at the same time (tab. 5).

Site-directed mutagenesis was performed according to the manufacturers manual and
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2.8 Binding and competition assays

using the primers listed in tab 6. Expression and purification was performed in the

same way as for the wildtype NatB.

Table 5: Mutations introduced in the auxiliary subunit of NatB. Mutation
were intoduced via site-directed mutagegensis to the ribosome binding sub-
unit Naa25 in S. cerevisiae. Mutations comprised charge inversions from ly-
sine (K) or arginine (R) to glutamic acide (E) and are grouped into four posi-
tive patches (PP). PPall contains all mutations of all patches in the same plas-
mid.

Patch 1: PP1 K723E, K725E
Patch 2: PP2 K729E, K736E
Patch 3: PP3 K747E, K751E
Patch 4: PP4 K791E, R794E
PPall: PP1-4 K723E, K725E, K729E, K736E,

K747E, K751E, K791E, R794E

Table 6: Primer used for site-directed mutagenesis. Forward and reverse
primer are listed for PP1-4. For PPall, mutations were introduced sequen-
tially to PP2 by using PP3 and PP4 primer pairs. To introduce PP1 in addi-
tion, PPall fw and rev primer pairs were used.

5’-3’ sequence Tanneal

PP1 fw GAGAATCGAAGATGAGGAAATTCAAAAAAAC 65°C
PP1 rev TTCAAACTGTCTAGTGTTTTTAAGGTTGC
PP2 fw GAAATTCAAGAACTAATCAAAAACTCCCT 68°C

CGAGAAGTTGAGGAG
PP2 rev TTCAAACTGTCTAGTGTTTTTAAGGTTGC
PP3 fw TTCTGAAGCTTTAGTACAAGCATATG 57°C
PP3 rev TAACCTTCAAATACATCATCGCAACAAC
PP4 fw GTAGAAAATTTATGAGAGCTCGGC 60°C
PP4 rev ACTTTCTTGGATGCCTAGTAATGAATTTTTAATG
PPall fw TGAAGAAATTCAAGAACTAATCAAAAAC 57°C
PPall rev TCTTCGATTCTCTTCAAACTGTCTAG

2.8 Binding and competition assays

2.8.1 Binding assay of Map1 to 80S ribosomes

To characterize the binding situation of Map1 to ribosomes, Map1 was in vitro recon-

stituted with uL4-RNC or RNaseI-treated uL4-RNC (rtRNC) (chapters 2.3 and 2.5).
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Binding reactions were performed using 2 pmol of ribosomes and a 30-fold molar

excess of purified Map1 complex. The binding buffer was adjusted to a final con-

centration of 50 mM Tris pH 7.0, 150 mM KOAc and 2.5 mM Mg(OAc)2. After pre-

incubation of all components but ribosomes for 5 min on ice, the 2 pmol ribosomes

were added and the sample was incubated for 15 min at RT. The reaction was loaded

onto 600 µl sucrose cushion (750 mM sucrose, 20 mM HEPES pH 7.5, 150 mM KOAc,

2.5 mM Mg(OAc)2, 1 mM DTT) and spun for 2.5 h in a SW55Ti rotor (Beckman) at

40,000 rpm and 4°C. The tubes were immediately frozen in liquid nitrogen and cut

at 1/3 from the bottom. The upper 2/3 contained the supernatant (SN), whereas the

lower 1/3 contained the pellet fraction (P). After TCA precipitation, Map1 binding to

ribosomes was analyzed by SDS-PAGE. With successful binding both, bands repre-

senting ribosomal proteins and Map1, are visible in the pellet fraction after staining

with SimplyBlue SafeStain (Thermo Fisher).

2.8.2 Binding assay of NatA to 80S ribosomes

Binding of NatA to ribosomes was explored by its in vitro reconstitution with uL4-

RNC, rtRNCs or non-programmed 80S ribosomes (np80S) (chapters 2.3, 2.5 and 2.4).

Two pmol of RNCs were incubated as described before (chap. 2.8.1) with a 10-fold mo-

lar excess of purified and inactive NatA complex. The binding buffer was specifically

adjusted for NatA binding to a final concentration of 50 mM Tris pH 7.0, 150 mM

KOAc, 1 mM acetyl-CoA and 5 mM Mg(OAc)2. In addition, the sucrose cushions

contained 5 mM Mg(OAc)2 instead of 2.5 mM as for Map1 binding assays. Af-

ter pelleting and SDS-PAGE analysis, protein bands were quantified with ImageJ

(https://imagej.nih.gov/ij/). Quantified Naa15 bands were normalized against the

ribosomal band at 50 kDa (appendix p. 134, asterisk). Each reaction was performed

with four replicates. Error bars were calculated using the standard deviation from the

mean.

2.8.3 Binding assay of NatB to 80S ribosomes

Binding assays were executed using wt NatB as well as mutated NatB (chap. 2.7.3)

with uL4-RNC (chap. 2.3), RNaseI-treated uL4-RNCs (chap. 2.5), HA-RNCs (chap. 2.3),

ABP1-RNCs (chap. 2.3) and non-programmed 80S ribosomes (np80S) (chap. 2.4).
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2.8 Binding and competition assays

The binding assays was performed described as before where 2 pmol RNCs or np80S

were incubated with an 20-fold molar excess of the target protein (chap. 2.8.1). The

binding buffer for NatB-ribosome interaction studies was adjusted to final concentra-

tions of 50 mM Tris pH 7.5, 150 mM KOAc, 5 mM Mg(OAc)2 and 1 mM acetyl-CoA.

The sucrose cushion used for co-sedimentation of ribosome-bound NatB contained

750 mM sucrose, 20 mM HEPES pH 7.5, 150 mM KOAc, 5 mM Mg(OAc)2, 1 mM DTT

and 10 µg/ml cycloheximide. Similar to NatA binding behavior, NatB bound to all

RNCs or ribosomes to the same extend, independent weather they carry a substrate or

non-susbtrate or no NC. Therefore, the following binding assays with mutated NatB

were performed using np80S in order to prevent any bias by a NC.

Binding assays with mutated NatB (PP1-4, PPall) were performed the same way as

above but using an alternative centrifugation approach. After finishing the binding

reaction, the sample was loaded onto a 100 µl sucrose cushion and spun for 1 h at

100,000 rpm and 4°C using a TLA 100 rotor (Beckman). The pellet was resuspended

in 10 µl grid buffer (20 mM Tris/HCl pH 7.0, 50 mM KOAc, 2.5 mM Mg(OAc)2, 1 mM

DTT, 125 mM sucrose, 100 µg/ml cycloheximide, 0.05% Nikkol), the SN got TCA

precipitated and samples were loaded on a 12% Nu-PAGE gel using MOPS running

buffer.

2.8.4 Competition assay of Map1-TAP with NatA

To study the possibility of a concomitant binding of Map1 and NatA on the same 80S

ribosomes, competition assays were performed. To 4 pmol of the final elution from

Map1-TAP native pull out (chap. 2.9), recombinantly purified NatA was titrated with

increasing concentration reaching a molar excess of 1:5 to 1:40. Incubation and cen-

trifugation was performed as described above (chap. 2.8.1) and samples were loaded

on a 12% Nu-PAGE gel. Subsequent western blot analysis using an α-CAB antibody

reflects Map1 binding behavior dependent on the signal present in the pellet fraction

or in the supernatant.
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2.9 Native pull outs

A protocol for rapid affinity purification of ribonucleoprotein particles from cell lysates

(Oeffinger et al., 2007) was used for native pull out purifications. Here, harvested cells

were rapidly frozen and grinded while they were cooled with liquid nitrogen to pre-

vent nucleases and proteases to be active. In addition, antibody-conjugated magnetic

beads were used instead of sepharose. This allows a fast and efficient purification un-

der conditions that stabilize and enrich intact ribosome-bound complexes. Based on

this, the protocol was optimized to co-purify ribosomes with Map1 and NatA com-

plexes.

2.9.1 Purification of native Map1-ribosome complexes

A native pull out was performed to trap Map1 on the translating 80S ribosome. To do

that, Map1 was C-terminally tagged in S. cerevisiae using the tandem-affinity purifi-

cation (TAP) tag. The tag comprises a Protein A domain (ProtA), a tobacco etch virus

protease cleavage site (TEV) for elution and a calmodulin-binding domain (CaMBD)

for an optional second purification step (fig. 2.1). The strain was ordered from Eu-

roscarf (SC0000; MATa; ura3-52; leu2-3,112; YLR244c::TAP-KlURA3; accession num-

ber SC1694).

Figure 2.1: Tandem-affinity purification (TAP) tag composition for native
ribosome-Map1 purification.CaMBD, calmodulin-binding domain; TEV, to-
bacco etch virus protease cleavage site; ProtA, protein A IgG binding do-
mains.

If not stated different, the following steps were done on ice.

Yeast cultures were grown in YPD medium to 4.0 OD600 and 5 g of wet cells were re-

suspended in lysis buffer with low magnesium concentration (LB-2.5: 20 mM HEPES

pH 7.5, 100 mM KOAc, 2.5 mM Mg(OAc)2, 1 mM DTT, 0.5 mM PMSF, 10 µg/ml

cycloheximide, protease inhibitor cocktail tablet (Roche)). Cell disruption was per-

formed using a Freezer Mill (6970 EFM). The powder was resuspended in 15 ml LB-
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2.5 and the lysate spun for 15 min at 4°C in an SS-34 rotor (Sorvall) at 15,000 rpm to

clarify the lysate. The SN was loaded onto several 600 µl sucrose cushions (750 mM

sucrose in LB-2.5) and centrifuged for 1 h at 100,000 rpm in a TLA 100.3 (Sorvall)

at 4°C. The pellets were resuspended in LB-2.5 and pooled for subsequent TAP pu-

rification. 150 µl magnetic IgG-coupled Dynabeads M-270 Epoxy (Life Technologies)

were equilibrated with 300 µl LB-2.5 containing 0.5% TritonX-100 (LB-2.5+T) twice

and added to the pooled sample. The sample was incubated with the beads for 1 h at

4°C on a rotating wheel, harvested on a magnet and resuspended in 500 µl LB-2.5+T

(sample: R). After three washing steps with 500 µl LB-2.5+T (sample: W1-3) and three

washing steps with 500 µl LB-2.5 (sample: W4-6), ribosome-Map1 complexes were

eluted in 120 µl LB-2.5 containing 70 units of Ac-TEV protease (Thermo Fisher) for 1 h

at 20°C (sample: E). A concentration of 14 A260/ml was measured on the NanoDrop

(Implen). Due to sufficient purity of the sample, the second purification step using

CaMBD was not necessary.

Samples were subsequently analyzed on a 12% Nu-PAGE gel (chap. 2.6.2). 0.1 A260total

of the elution was loaded on the gel as well as the same fractional amount of the

other samples to monitor the purification process. If sample volume exceeded 20 µl,

a TCA precipitation was performed (chap. 2.6.1). Samples were then further analyzes

by western blot analysis (chap. 2.6.3).

2.9.2 Purification of native NatA-ribosome complexes

For the tandem affinity purification for native NatA-ribosome complexes, the ribo-

some binding SU of NatA (Naa15) was C-terminally tagged in S. cerevisiae using the

tandem-affinity purification (TAP) tag as above (fig. 2.2). The Naa15-TAP tagged

strain was ordered from Euroscarf (SC0000; MATa; ura3-52; leu2-3,112; YDL040c::TAP-

KlURA3; accession number SC0765).

If not stated different, all following steps were carried out on ice.

Yeast cultures were grown to an OD600 of 4.0 in YPD medium, 7 g of wet cells were

resuspended in lysis buffer (LB-10: 20 mM HEPES pH 7.5, 100 mM KOAc, 10 mM

Mg(OAc)2, 1 mM DTT, 0.5 mM PMSF, 10 µg/ml cycloheximide, protease inhibitor
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2.9 Native pull outs

Figure 2.2: Tandem-affinity purification (TAP) tag composition for native
ribosome-NatA purification. Naa15, NatA ribosome binding SU; CaMBD,
calmodulin-binding domain; TEV, tobacco etch virus protease cleavage site;
ProtA, protein A IgG binding domains.

cocktail tablet (Roche)) and disrupted utilizing a Freezer Mill (6970 EFM). The pow-

der was resuspended in 20 ml LB-10 and the lysate clarified by centrifugation for

15 min at 4°C in an SS-34 rotor (Sorvall) at 15,000 rpm. 140 µl magnetic IgG-coupled

Dynabeads M-270 Epoxy (Life Technologies) were washed with 250 µl lysis buffer

containing 0.5% Triton (LB-10+T) twice and added to the lysate afterwards. Incuba-

tion was executed for 1 h at 4°C on a rotating wheel. Beads were harvested on a

magnet and resuspended in 400 µl LB-10+T (sample: R). After six washing steps (3x

with 500 µl LB-10+T, 3x with 500 µl LB-10; sample: W1-6), beads were incubated in

500 µl LB-10 containing 0.8 mM CaCl2 (LB-10+Ca) for 10 min at 4°C on a rotating

wheel (sample: Ca W1). In order to remove polyribosomes and to obtain a mono-

somal fraction, a subsequent S7 digestion was performed. For that, beads were in-

cubated with 500 µl LB-10+Ca containing additional 11 U of S7 micrococcal nuclease

(Roche) for 15 min at RT. The reaction was stopped by adding EGTA to a final concen-

tration of 2 mM. The flow through was collected (sample: S7 FT), followed by three

additional washing steps with 400 µl LB-10 (sample: S7 W1-3). NatA with its three

subunits and all ribonucleoprotein particles were eluted in 140 µl LB-10 and 250 units

of Ac-TEV protease (Thermo Fisher) over a duration of 1 h at 20°C on a rotating wheel

(sample: E). Due to sufficient purity of the sample, the second purification step using

CaMBD was not necessary. Native ribosome-NatA complexes eluted to an absorption

of 5.8 A260/ml.

0.1 A260total of the elution was loaded on a 4-12% Nu-PAGE gel as well as the same

fractional amount of the other samples to monitor the purification process. If sample

volume exceeded 20 µl, a TCA precipitation was performed (chap. 2.6.1).
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2.10 Sucrose density centrifugation

2.10 Sucrose density centrifugation

To study ribosome subunit composition in the elution of native pull outs or to ob-

tain purified 80S RNCs, a polyribosome profile was recorded. Therefor, the sample

was loaded onto a linear 10-40% sucrose gradient (20 mM HEPES pH 7.5, 100 mM

KOAc, 10 mM Mg(OAc)2, 1 mM DTT, 0.5 mM PMSF with 10% or 40% sucrose (w/v))

and spun in a SW40 rotor (Beckman) at 40,000 rpm for 2.5 h at 4°C. Gradients were

collected from top to bottom (Gradient Station ip, BioComp) by monitoring the ab-

sorption profile at 254 nm (Econo UV Monitor, Bio-Rad).

2.11 Cryo-electron microscopy

2.11.1 Cryo-EM Analysis and model of the Map1-ribosome complex

Sample preparation

Four pmol of the freshly prepared samples from the native Map1-TAP pull out were

adjusted to 40 µl total sample volume with LB-2.5 containing Nikkol to a final con-

centration of 0.05% (w/v). For cross-linking glutaraldehyde was added to a final

concentration of 0.02% (w/v) and the sample was incubated for 15 min on ice. After a

short spin of 5 min at 4°C and 14,000 rpm in a table top centrifuge (Eppendorf), 3.5 µl

were applied to 2 nm precoated Quantinfoil R3/3 holey carbon support grids. Before

sample application the grids were glow discharged for 30 sec at 0.3 mbar. Subsequent

vitrification was performed by plunge freezing the grid into liquid ethane using Vit-

robot Mark IV (FEI Company/Thermo Fisher) with an incubation time of 45 sec and

blotting for 2-3 sec at 4°C and a humidity of 95%.

Data collection

Data were collected on a Titan Krios G3 (Thermo Fisher) assembled with a K2 direct

detector (Gatan) at 300 keV using the semi-automated data acquisition software EPU

(Thermo Fisher). 48 frames with a dose of 1.17 e−/Å2 per frame were collected in

a defocus range of -0.5 to -3.2 µm. Magnification settings resulted in a pixel size of

1.059 Å/pixel. Frame alignment was executed with MotionCor2 (Zheng et al., 2017)

and the estimation of the contrast transfer function (CTF) was performed with Gctf

(Zhang, 2016).
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2.11 Cryo-electron microscopy

Data processing

Micrographs were screened manually for ice quality and the resulting 8,358 micro-

graphs were used for automated particle picking in Gautomatch (http://www.mrc-

lmb.cam.ac.uk/kzhang/). After a two-dimensional (2D) classification in RELION 3.0

(Scheres, 2012; Kimanius et al., 2016) to discard non-ribosomal particles, in total 115,082

particles were subjected to an initial refinement round. Subsequent 3D classification

into eight classes led to three classes only containing poorly resolved 80S ribosomes

(7% with 8,234 particles, 1% with 1,226 particles, 0.01% with 149 particles) and one

class showing the 60S subunit only (6%, 6,728 particles). The remaining four classes

had good resolved 80S ribosomes all of which were programmed with tRNAs (mainly

in A/A and P/P) and had the mobile expansion segment ES27a solely in the exit po-

sition. Besides, they already showed a small extra density between ES27a and the

TE. One of this classes (12%, 13,804 particles) contains yeast eRF1 and ABCE1/Rli1

additionally. As individual processing of the four good resolved classes with focus

on the expected Map1 binding site or on tRNA states did not lead to a clear shape or

differences in the additional density below the TE, these four classes were merged

for further processing (86%, 98,745 particles). A subsequent 3D classification us-

ing a binary soft mask enclosing ES27a and the region below the TE revealed one

class (25%, 25,245 particles) that showed a well-shaped ES27a as well as a defined

extra density where Map1 was expected. All other classes had either no good re-

solved ES27a or only showed fragmented densities at the expected Map1 position

(24% with 23,499 particles, 28% with 27,590 particles, 23% with 22,411 particles). The

good-resolved class was refined and subjected to another round of local 3D classifi-

cation, this time with a mask covering only the tip of ES27a together with the Map1

position. The two resulting classes exhibited Map1 in two different conformations,

either tightly connected to ES27a (47%, 11,938 particles) or with a looser connection to

ES27a (53%, 13,307 particles). Both classes were CTF refined to an overall resolution

of 3.9 Å and 3.8 Å according to the gold standard resolution criterion (FSC = 0.143)

and comprising 10% or 12% of the total particle number after 2D classification respec-

tively. Subsequent local resolution calculation were received using RELION.

Yeast Map1 model

As no structure of the yeast Map1 is available, a homology model was created us-
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ing MODELLER (https://modbase.compbio.ucsf.edu/modweb/, Sali and Blundell,

1993). In order to place Map1 model into the electron density, this model was super-

imposed with Ebp1 structure (Wild et al., 2020; PDB 6SXO) that harbors a Map-like

fold after docking of Ebp1 into the cryo-EM map. This was followed by a rigid-body

fit of the Map1 model into the isolated densities.

Cryo-EM structures and models were displayed with Chimera (Pettersen et al., 2004)

and ChimeraX (Goddard et al., 2018).

2.11.2 Cryo-EM Analysis and model of the NatA-ribosome complex

Sample preparation

Freshly prepared samples of the native Naa15-TAP pullout were adjusted to 5 A260/ml

and 3.5 µl were applied to 2 nm precoated Quantinfoil R3/3 holey carbon support

grids as described above (chap. 2.11.1).

Data collection

Data collection was performed on a Titan Krios TEM (Thermo Fisher) equipped with

a Falcon II direct detector at 300 keV under low-dose conditions of about 25 e−/Å2

for ten frames in total and a defocus range of -1.1 to -2.3 µm using the semi-automated

software EM-TOOLS (TVIPS). Magnification settings resulted in a pixel size of 1.084 Å/

pixel. Original image stacks were summed and corrected for drift as well as beam-

induced motion at the micrograph level using MotionCor2 (Zheng et al., 2017). Con-

trast transfer function (CTF) estimation and the resolution range of each micrograph

were performed with Gctf (Zhang, 2016).

Data processing

After manual screening for ice quality and contaminations, 6,600 micrographs were

used for automated particle picking in Gautomatch (http://www.mrc-lmb.cam.ac.uk/

kzhang/). Non-ribosomal particles were discarded by 2D classification in RELION 2.1

(Scheres et al., 2012; Kimanius et al., 2016) beforehand, resulting in a data set with

262,507 particles. After an initial round of refinement, particles were first classified

into eight classes. All of them showed ribosomes programmed with tRNAs, indicat-

ing that ribosomes bound to NatA were stalled during translation elongation. One

class (38,597 particles) displayed the mobile expansion segment ES27a exclusively in
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the L1 position, whereas four classes showed ES27a pointing to the TE (exit position).

The remaining three classes either had low particle numbers or contained low resolu-

tion particles. The four classes with ES27a in the exit position showed an extra density

below the TE which was not present in the class with ES27a in the L1 position. There-

fore, these four classes were merged (183,282 particles, 70%) and further subsorted

on tRNAs to obtain clean tRNA states. The majority of the particles contained tR-

NAs in A- and P-site as well as eIF5A in the E-site as described for native pull outs

before (Schmidt et al., 2016a). These classes (100,625 particles, 55%) were joined and

sorted for the presence of an extra density at the peptide exit site by a local classifica-

tion using a soft mask. One of the three classes harboring one third of the classified

particles showed the most prominent and best-defined density of NatA below the TE

that could not be classified any further. This stable final NatA class containing 26,476

particles (equivalent to 10% of all particles) was refined to an average resolution of

3.4 Å according to the gold standard resolution criterion (FSC = 0.143).

Local resolution was obtained using RELION showing the core ribosome at a resolu-

tion < 4 Å. NatA exhibits a higher conformational heterogeneity as resolution ranges

from 5 Å for parts close to the TE, to 12 Å at the tip of ES27a. Therefore, a local refine-

ment was performed using a soft mask for NatA. This significantly improved local

resolution for NatA density and led to an average resolution of 8 Å for most parts of

the NatA map.

Molecular model of the NatA-ribosome complex

The model of the ribosome in the native NatA-ribosome complex was based on pre-

vious models of the yeast ribosome (PDB 5MC6 and PDB 5GAK, Schmidt et al., 2016b

and 2016a respectively) which were initially fitted as rigid bodies in Chimera. ES27a

was revised based on the model of the LSU rRNA uploaded as PDB 3IZF (Armache et

al., 2010). Specifically, the tip of ES27a was redesigned using a structure of a CUUG-

tetraloop (PDB 1RNG (Jucker and Pardi, 1995) as a template. ES7a was modeled based

on PDB 5EM4 (Kater et al., 2017).

The three NatA SUs were rigid-body fitted in Chimeras using the crystal structure

of S. cerevisiae trimeric NatA in complex with a bisubstrate (PDB 4XNH) with minor

adjustments, such as the ‘basic helix’ (α33) that could be extended towards its riboso-

mal binding site, ES39a. To predict the number of aa between the TE and the catalytic
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center of Naa10, the poly-Ala chain from 5MC6 was extended in COOT (Emsley et

al., 2010) so that it reaches the catalytic center by the shortest route.

Cryo-EM structures and models were displayed with Chimera (Pettersen et al., 2004)

and ChimeraX (Goddard et al., 2018).

2.11.3 Cryo-EM Analysis of RNase I-treated Ribosomes (rtRNCs)

Four pmol uL4-RNCs were treated with RNase I (chap. 2.5), applied to grids and

2,537 micrographs were collected as described above (chap. 2.11.2). RELION-3.0 (Scheres

et al., 2012; Kimanius et al., 2016) 2D classification was used to discard non-ribosomal

particles and the resulting 43,423 particles were refined against an 80S ribosome from

S. cerevisiae. Already at the level of the first initial refinement the ribosomes were

lacking density of large rRNA expansion segments, namely ES3, ES6 and ES 12 (SSU)

and ES7, ES27 and ES39a (LSU). In addition, mobile rRNA such as h16 close to the

mRNA exit or H76 from the L1 stalk of the large subunit were also missing. Particles

were further subclassified into three classes of which one obtained higher resolution,

containing 5,909 particles. This class was refined to a final resolution of 6.7 Å us-

ing three times binned particle images (pixel size: 3.252 Å). A control of non-treated

RNCs were processed similarly. For comparison of both maps, a low-pass filter to

8 Å was applied to the maps and they are shown at the same contour level (3.7σ) (see

chap. 3.1.3.1).

2.11.4 Cryo-EM analysis of the NatA-ABP1-RNC complex

Sample preparation

For cryo-EM samples and in vitro reconstitution, purified ABP1-RNCs were first loaded

onto a 10-40% linear sucrose gradient (chap. 2.10), the 80S peak was collected and

concentrated by centrifugation through a sucrose cushion (750 mM sucrose, 20 mM

HEPES pH 7.5, 150 mM KOAc, 5 mM Mg(OAc)2, 1 mM DTT) for 1 h at 100,000 rpm

and 4°C in a TLA 110 rotor (Beckman). The pellet was resuspended in grid buffer

(20 mM Tris/HCl pH 7.0, 50 mM KOAc, 2.5 mM Mg(OAc)2, 1 mM DTT, 125 mM

Sucrose, 100 µg/ml Cycloheximide, 0.05% Nikkol) and this gradient purified ABP1-

RNCs were used for cryo-EM studies.

For in vitro reconstitution with NatA complex, the same binding condition used in
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binding assays (chap. 2.8.3) but without the centrifugation step were chosen. That is

2 pmol RNCs, excess of trimeric NatA complex and acetyl-CoA to final concentration

of 1 mM. The total reaction volume was 25 µl.

Freshly prepared samples were applied to 2 nm precoated Quantinfoil R3/3 holey

carbon support grids and plunge frozen under the same condition used before with

the same condition described above (chap. 2.11.2).

Data collection

Data were collected on a Titan Krios TEM (Thermo Fisher) equipped with a Falcon II

direct detector at 300 keV to the same conditions described above (chap. 2.11.2).

Data processing

Micrographs were screened manually to reject those with bad ice quality or contam-

inations and those of good quality (13,828 micrographs) were used for automated

particle picking in Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/). Non-

ribosomal particles were separated in RELION 3.0 (Scheres et al., 2012; Kimanius et

al., 2016) by 2D classification resulting in a clean dataset with 294,373 particles. After

a first round of refinement a 3D classification into six classes was performed. Beside

two low resolution classes comprising 6% (17,226 particles) and 5% (15,563 particles)

from all particles, one class only showing 60S subunits (11%, 33,589 particles). The

three other classes contained either ES27a in the L1 position (33%, 97,916 particles),

ES27a in the exit position (38%, 110,353 particles) or ES27a as a mixture of both po-

sitions (7%, 19,726 particles). As known from the native NatA-ribosome structure

(chap. 3.2.2), NatA binds to ribosomes only when ES27a adopts the exit position. In

addition, an already prominent density for NatA was visible below the TE. Therefore,

the class having ES27a solely in the exit position (110,353 particles) and with tRNAs

in the P/P-state was used for a second classification round. A soft mask covering

NatA region was applied and particles were classified into another six classes. One

class contained only low resolution ribosomes (7%, 7,778 particles). Two of them ex-

hibit NatA but missing either the connection to Naa50 (25%, 27,940 particles) or to

ES39a (15%, 15,963 particles). Two classes had no NatA bound but had a small ad-

ditional density near the TE instead, only differing in the positioning of ES27a (20%,

22,560 particles or 18%, 19,838 particles). The class comprising 16,274 particles (15%)
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was the only one showing NatA in the same conformation as observed from native

pull out (Knorr et al., 2019). This class could not be further classified. In order to

reduce the movement of the SSU and to increase the resolution, the 40S SU was re-

moved using the signal subtraction in RELION and the final class with 16,274 particles

(equivalent to 5.5% of all particles) was refined to an overall resolution of 3.7 Å after

CTF refinement according to the gold standard resolution criterion (FSC = 0.143).

2.11.5 Cryo-EM analysis and model of the ribosome-NatB complex

Sample preparation

To study the binding of NatB to the 80S ribosome, gradient purified ABP1-RNCs

(chap. 2.3 and 2.10) were in vitro reconstituted with recombinantly purified inac-

tive NatB complex to the same conditions as described above (chap. 2.8.3) but with

100 mM KOAc final concentration in the buffer and without the centrifugation step.

In more detail, 2 pmol of ABP1-RNCs were incubated with a 20-times molar excess

of wt NatB. The total reaction volume was 18 µl and Nikkol was added to a final

concentration of 0.05% (w/v).

The freshly prepared sample was applied to 2 nm precoated Quantinfoil R3/3 ho-

ley carbon support grids and plunge frozen under the same condition used before

(chap. 2.11.1).

Data processing

Data were collected on a Titan Krios TEM (Thermo Fisher) decorated with a Falcon II

direct detector at 300 keV to the same conditions described above (chap. 2.11.2).

Data collection

A total amount of 8,986 micrographs were screened manually for ice quality and con-

taminations and used for automated particle picking in Gautomatch (http://www.mrc-

lmb.cam.ac.uk/kzhang/). After a 2D classification in RELION 3.0 (Scheres et al., 2012;

Kimanius et al., 2016) to eliminate non-ribosomal particles, 138,579 particles were sub-

jected to an initial round of refinement and subsequently classified into eight classes.

All classes were programmed with tRNAs in P/P state. Two classes either contained

low resolution particles (7%, 9,823 particles) or only the 60S SU (4%, 5,271 particles)

and were discarded. Two other classes had ES27a completely in the L1 position
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(14%, 18,863 particles) or showing a mixture of ES27a in L1 and exit position (18%,

24,500 particles) and no clear extra density was visible. However, four classes dis-

playing ES27a solely in the exit position as well as revealing an extra density below

the TE. These classes were merged (85%, 80,119 particles) and subjected to a focused

classification into two classes using a soft mask on the exit region. Here, 35,247 par-

ticles comprised a defined density within the masked area whereas the second class

only showed noisy density at the tip of ES27a (44,872 particles). The crystal structure

of NatB from C. Albicans (PDB 5K18, Hong et al., 2017) could already be fitted into the

density of the good resolved class to assign NatB’s subunits. This class was then fur-

ther processed. A focused sorting on Naa20 was executed to obtain a balanced ratio

between catalytic and auxiliary SU. The class where both SU were equally distributed

(21,061 particles, corresponding to 15% of all particles) was CTF refined in RELION

to an average resolution of 4.1 Å, showing a good resolved NatB in complex with the

80S ribosome (B1/primary binding site). As a supplementary processing step, this

final class was subsorted using again a mask on the whole exit region. In both re-

sulting classes, NatB was still in the same position as observed before. Surprisingly,

in the higher occupied class (11,186 particles, 53%) another additional and shaped

density behind the first NatB was visible. It is connected to ES27a and might be a sec-

ondary binding site for NatB (B2). As particle numbers decreased and coincide with

lower resolution, a step backward was taken and the class with 35,247 particles were

re-classified with a mask on the potential second binding site of NatB. Particles split

into two almost equal classes showing either NatB in the already known B1 position

(17,435 particles, 49%) or displaying a good resolved density for NatB in its poten-

tial second B2 position in addition to the regular B1 (17,812 particles, 51%). This last

class, containing 13% of all particles from the beginning, was CTF refined to an over-

all resolution of 4.4 Å. All resolutions were obtained according to the gold standard

resolution criterion (FSC = 0.143).

Local resolution was archived in RELION showing the core ribosome at a resolution

< 4.4Å. In contrast, NatB is showing a resolution range starting at 5.5 Å for parts

located closely to the TE and changing to above 12.5 Å at the very rim of NatB that

is in great distance to the ribosome, as well as parts close to the flexible ES27a for B2

position.
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Model building

The model of the ribosome was adapted from NatA-ribosome complex (chap. 2.11.2)

but with appropriate adjustment of ES27a by rigid-body fitting into the density.

A homology model of NatB based on the crystal structure of C. Albicans NatB in com-

plex with a bisubstrate inhibitor (PDB 5K18, Hong et al., 2017) was obtained by us-

ing MODELLER (https://modbase.compbio.ucsf.edu/modweb/, Sali and Blundell,

1993). This model was rigid-body fitted in chimera after minor adjustments, such as

rearranging the C-terminal helices of Naa25. For length prediction of the NC between

the TE and the catalytic Naa20 subunit, the poly-Ala chain from 5MC6 was extended

in COOT (Emsley et al., 2010) accordingly.
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3 Results

3.1 Map1 in complex with the 80S ribosome

Methionine aminopeptidase 1 (Map1) is the major enzyme removing the starter me-

thionine in yeast. This important modification happens in up to 80% of proteins

through all organisms. Therefore, one aim of this project was to determine the cryo-

EM structure of this important enzyme in complex with the ribosome.

By performing a native pull out of the TAP-tagged Map1, endogenous Map1-ribosome

complexes were purified directly from the cell lysate. After stabilizing the complexes

by cross-linking with glutaraldehyde, they were subjected to cryo-EM and single par-

ticle analysis (SPA). Map1 binding to the ribosome was further characterized bio-

chemically by performing in vitro binding assays.

3.1.1 Purification of native Map1-ribosome complexes

To obtain the structure of Map1 bound to translating ribosomes, a purification of

Map1-ribosome complexes was performed using an adjusted protocol of a rapid affinity-

purification to isolate intact ribosomes from cell lysate (Oeffinger et al., 2007; Schmidt

et al., 2016a). For that purpose, a yeast strain with the C-terminally TAP-tagged Map1

was ordered (Euroscarf). After a spin of the cell lysate through a sucrose cushion

for pelleting and subsequent resuspension, ribosomes were co-purified with Map1

via IgG-coupled magnetic beads interacting with the Protein A domain of the TAP-

tag. The final TEV cleavage step resulted in co-elution of Map1, still harboring the

calmodulin-binding domain (CaMBD), and ribosomal proteins. This process was

monitored using the α-CAB antibody that detects the CaMBD (fig. 3.1A, B). A mass

shift of about 20 kDa in the band corresponding to Map1 indicated the successful

elution of Map1-ribosome complexes. The identity of Map1 and presence of riboso-

mal proteins was confirmed by mass spectrometry (Thomas Fröhlich, LMU Munich)

(fig. 3.1C). The final sample at a concentration of 14 A260/ml was used for subsequent

cryo-EM analysis.
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Figure 3.1: Affinity purification of native Map1-ribosome complexes. SDS-PAGE and
Western Blot of the Map1-ribosome purification. A, Amido black stained PVDF membrane
after the transfer from a 12% Nu-PAGE gel with aliquots from each purification step. B,
Western Blot probed with an antibody against the CaMBD (α-CAB) that is still present after
TEV cleavage. Cleavage is monitored as a shift of the α-CAB signal in the elution fraction.
α-uL29 probes against the ribosomal protein uL29. C, 12% Nu-PAGE of the final elution of
purified Map1-ribosome complexes. Ly, lysate; SN, supernatant; P, pellet; FT, flow through;
R, resuspension; W, wash; E, elution; B, boiled beads. 0.1 A260 of E was loaded, for wash frac-
tions 1/17 of the volume was loaded on the gel, for Ly, SN, P and FT 3 µl of the sample were
loaded corresponding to 1/6,000 for L, 1/8,000 for SN and 1/1,000 for P and FT. TAP, tan-
dem affinity purification tap; CaMBD, Calmodulin-binding domain, *, contamination from
a viral protein.
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3.1.2 Cryo-EM structure of the native Map1-ribosome complex

To characterize the binding of Map1 to translating yeast ribosomes, 4 pmol of a freshly

prepared sample from Map1-TAP native pull out were cross-linked with 0.02% (w/v)

glutaraldehyde and applied to holey carbon support grids for cryo-EM measurements

on a Titan Krios G3 (Thermo Fisher) assembled with a K2 direct detector (Gatan) at

300 keV.

3.1.2.1 Data processing

After 2D classification in RELION to discard non-ribosomal particles, in total 115,082 par-

ticles were initially refined and subjected to the first round of 3D classification (fig. 3.2).

Of the eight classes, half of them showed intact ribosomal particles, all predominantly

in the pre-translocation state and programmed with tRNAs present in A- and P-sites.

They all had ES27a fixed in the exit position without exception. These classes made

up the majority of all particles (86%) and showed a fuzzy additional density close

to the TE. After particle joining, a local classification using a binary soft mask cover-

ing ES27a as well as the region below the TE revealed one class with a well-defined

ES27a and an additional globular non-ribosomal extra density that was assigned to

Map1. These particles were subclassified further by applying a soft mask around the

tip of ES27a and Map1. Two stable classes emerged from this step with almost the

same amount of particles, showing the clear additional density for Map1 located be-

tween ES27a and the ribosome while adopting two different conformations. These

final classes were CTF refined to an overall resolution of 3.9 Å or 3.8 Å for confor-

mation 1 (Map1-80S-C1) or 2 (Map1-80S-C2) respectively. Local refinement of these

maps with a mask on Map1 density did not improve the local resolution of Map1 in

neither of the two conformations.

The average resolution for the two Map1 conformations is almost the same and indi-

cating that the ribosome in both cases was refined to below 4 Å. Not surprisingly, the

local resolution of Map1 bound to ES27 varies from 6.5 Å to beyond 12 Å, indicating

a dynamic nature of Map1 when binding to the ribosome (fig. 3.3).
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3.1 Map1 in complex with the 80S ribosome

Figure 3.2: Classification scheme of the native Map1-ribosome complexes. Parti-
cles were picked with Gautomatch followed by RELION 2D classification to discard non-
ribosomal particles. Subsequent refinement and 3D classification into eight classes resulted
in four high resolution classes all showing ES27a explicitly in the exit position also accom-
panied with the most occupied classes. These classes, comprising 86% of all particles, were
joined and subjected to a masked classification on ES27a and the region around the TE. One
quarter of the particles formed a stable class with a defined ES27a and an additional density
for Map1. This class was further subclassified applying a mask covering the tip of ES27a and
the Map1 density. The resulting two stable classes showed Map1 in two conformations (red,
blue), harboring 10% and 13% of all particles. Both classes were CTF refined to an overall
resolution of 3.9 Å and 3.8 Å respectively. All maps are shown at the same contour level,
percentages refer to the previous processing step.
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3.1 Map1 in complex with the 80S ribosome

Figure 3.3: Local resolution and FSC curve of the two Map1 conformations obtained
from Map1-ribosome complexes. A, Cryo-EM maps of 80S-Map1-C1 and 80S-Map1-C2 be-
fore post-processing and colored according to local resolution. The local resolution for Map1
varies from 6.5 to beyond 12 Å in both maps, indicating a high degree in flexibility. B, FSC
curve of the maps displayed in A; the average resolution was calculated according to the
gold standard.
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3.1.2.2 Localization of Map1 on the 80S ribosome

Cryo-EM data processing of native Map1-TAP pull out allowed the overall position-

ing of Map1 on the yeast ribosome. Interestingly, the two conformations present

(Map1-80S-C1 and Map1-80S-C2) shared the same binding sites at the ribosome, but

to a different extent (fig. 3.4). In general, Map1 is positioned between the flexible ex-

pansion segment ES27a and the ribosomal TE, thereby contacting eL22 and the tip of

the 18S rRNA helix H59 on the 60S SU (fig. 3.4A and B). A connection to the UAS1

(uL23 and uL29) is maintained only to a minor extent (fig. 3.4A, shown for Map1-C1).

In addition, Map1 location was coupled with the position of ES27a. In more detail,

ES27a was solely in the exit position, but adopting two sub-conformations. In Map1-

C2 the tip of ES27a was placed below the TE, whereas it was moved backwards in

Map1-C1 conformation (fig. 3.4B). As a consequence, Map1-C2 is located closer to the

60S SU but interferes with ES27a only on single contact sites (black arrows fig. 3.4A).

In contrast, Map1-C1 has uninterrupted contact to ES27a with its bottom side and is

located more centrally underneath the TE (fig. 3.4B).

In the absence of a yeast Map1 crystal structure, the sequence of Map1 was fed into

MODELLER (Sali and Blundell, 1993). With this program a model was built based

on the crystal structures of different human MetAPs. Notably, in the available struc-

tures the N-terminus could not be crystallized, leading to an model for S. cerevisiae

where the first 80 N-terminal aa are lacking as well. Fitting of the obtained model

into the electron density maps was guided by the structure of the ribosome-bound

Map1 homolog ErbB3-binding protein 1 (Ebp1). Just like the already mentioned Arx1

(chap. 1.3.4), Ebp1 also contains the MetAP-like fold and was found in a similar posi-

tion as Arx1 on the TE, interacting with ES27a as well (Wild et al., 2020; Wells et al.,

2020; Greber et al., 2012). The very recently published human Ebp1-80S model was

fitted into the Map1-80S density maps and superimposed with the Map1 homology

model. For a final position, a rigid body fit of Map1 model into the separated densities

was performed for each conformation. It is striking that in both Map1 conformations

the model does not cover the whole electron density. Two extra densities (ED1 and

ED2, fig. 3.4C) were observed. One protruding from ES27a to eL22 and H59 (ED1).

The other one fuses directly with the emerging NC (ED2), but resolution is too low

to assigned if the NC prolongs into the catalytic center of Map1 or ED2 extends into
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3.1 Map1 in complex with the 80S ribosome

the exit tunnel. Nevertheless, these extra densities might represent the missing zinc

finger domains (around 80 aa) at Map1 N-terminus that are not present in the model

but important for the proper functional alignment of Map1 on ribosomes (Vetro et al.,

2002).
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Figure 3.4: Cryo-EM structure of Map1-ribosome complexes. Cryo-EM structure of Map1
in complex with the 80S ribosome filtered according to local resolution. Isolated densities of
Map1 in conformation 1 (Map1-80S-C1) or conformation 2 (Map1-80S-C2) were extracted
after the final CTF refinement. A, Front view and B, bottom view on the peptide tunnel exit
(TE, white dashed ring) as well as a schematic overlay of Map1-80S-C1 and Map1-80S-C2.
Black arrows indicate the single contact sites of Map1-C2 to ES27a. C, Model of the 80S
ribosome is shown in the front view with the isolated densities of the NC (green) as well
as Map1-C1 (left) and Map1-C2 (right). A homology model (orange) for Map1, missing the
first N-terminal 80 aa, was fitted into the Map1 density. Extra densities (ED1 and ED2) that
were not covered by the Map1 model are indicated and may attribute for the N-terminal
zinc-finger domains of Map1. ED1 fuses directly with the NC. Map1-C1: magenta, Map1-
C2: purple, eL22: yellow, H59: green, 40S SU: light yellow, 60S SU: grey, tRNAs: dark blue,
expansion segment ES27a: cyan, TE: tunnel exit. UAS1 shown in blue (uL29) and orange
(uL23).
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3.1 Map1 in complex with the 80S ribosome

3.1.3 Contribution of ES27a in Map1-ribosome binding

3.1.3.1 Ribosomes without important expansion segments

The cryo-EM structure of Map1 bound to 80S ribosomes revealed a strong interaction

of Map1 with the flexible ES27a. To verify this binding the contribution of expansion

segments in ribosome binding should be analyzed. Expansion segments were sug-

gested to play important roles in biogenesis (Greber et al., 2012; Bradatsch et al., 2012;

Ramesh et al., 2016; Kater et al., 2017) or factor binding (Gomez Ramos et al., 2016;

Beckmann et al., 2001; Knorr et al., 2019). Especially ES27 is essential in eukaryotic or-

ganisms. In fact, deletion of the entire ES27 is lethal and leads to defects in ribosome

biogenesis (Sweeney et al., 1994; Jeeninga et al., 1997). Therefore, for a ribosome lack-

ing ES27, a ES27 deletion strain could not be used. Instead, ESs need to be removed

from fully functional ribosomes extracted from a healthy yeast strain. To that end,

ribosomes were extracted from a ∆Ski7 yeast strain and programmed with a NC com-

prising 64 aa of the ribosomal protein uL4 and a sequence coding for a CMV arrest

peptide (termed uL4 ribosome nascent chain complexes, uL4-RNC, see chap. 2.1.1).

At the N-terminus of the NC, a His- and HA-tag was inserted to monitor purification

and to use it for detection respectively. A TEV protease step at the end cleaves the en-

tire tag. To selectively remove ESs, uL4-RNCs were treated with RNase I (40U RNase I

per 1 A260 unit of RNCs), an endoribonuclease that cleaves RNA strands. A cryo-EM

structure of such RNAse I-treated RNCs (rtRNC) showed, that all ESs of the 40S (e.g.

ES3, ES6) and the 60S (e.g. ES27a, ES39a, ES7a) as well as other protruding rRNA (h16

of the 40S or H76 connecting the L1 stalk of the 60S) were cleaved off (fig. 3.5A). Not

affected were rRNA helices that are not extruding from the ribosome, such as H24 at

the TE or H59 on the 60S SU, and ribosomal proteins stayed also intact as RNase I

does not digests proteins.

In addition, digestion conditions were chosen in a way that RNCs still harbored an

intact peptidyl-tRNA and therefore preserved the NC as tested by western blot anal-

ysis (fig. 3.5B). For that, uL4-RNCs that keep their tag were used in order to be de-

tectable by α-HA, and were either directly used for western blot analysis or treated

with RNase I first. The same intensity of the signal of the α-HA antibody detecting

the peptidyl-tRNA in both samples shows that RNase I treatment only affects rRNA,
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3.1 Map1 in complex with the 80S ribosome

does not damage the peptidyl-tRNA and retains the NC.

Figure 3.5: Cryo-EM structures and western blot of intact and RNase I-treated RNCs.
A, Cryo-EM maps of untreated (RNC, orange) and RNase I-treated (rtRNC, gray) uL4-RNCs
shown in the bottom, front and side view (row 1-3 respectively). Statistically significant
differences between RNC and rtRNC are displayed in the right column as an overlay of a
difference map between RNC and rtRNC (red) with the map of the rtRNCs (gray). Missing
rRNA protrusions after the treatment are highlighted in red and comprise mainly expansion
segments such as ES7a, ES27a and ES39a as well as the L1 stalk. Stalk, P1/P2 stalk. All
maps were refined as three-times binned particles to a resolution of 6.7 Å, low-pass filtered
to 8 Å and are shown at the same contour level (3.7σ). B, Amido black-stained PVDF mem-
brane after the transfer of RNC and rtRNC separated on a 12% NuPAGE gel (top). Western
blot of the same samples showing the signal of the α-HA antibody detecting peptidyl-tRNA
(bottom). RNase I treatment does not affect the PTC and preserves the NC. An overlay of
the membrane in A, with the antibody signal is shown.
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3.1.3.2 Binding assays

Based on the results above, rtRNCs (RNase I-treated RNCs) were used to study the

contribution of expansion segments in Map1-ribosome binding. rtRNC are lacking

important ESs including ES27a, that was shown to be involved in Map1 binding to

the ribosome (chap. 3.1.2.2). Therefore, binding assays were performed where recom-

binantly purified Map1 was incubated either with regular RNCs or rtRNCs (fig. 3.6).

After pelleting these samples through a sucrose cushion, the presence of ribosomal

bands as well as Map1 indicate binding. We could show that Map1 binds to regular

RNCs in a stoichiometric manner (fig. 3.6, lane 4). However, the binding of Map1 to

rtRNCs was not completely abolished, but decreased significantly compared to regu-

lar RNCs (fig. 3.6, lane 5). As the NC as well as proteins in general or H59 were not

affected by RNaseI treatment (fig. 3.5A and B), this indicated a strong dependence of

Map1 binding on the presence of ES27a.

Figure 3.6: Contribution of ES27a to Map1-ribosome binding. 15% SDS-PAGE of recom-
binant Map1 (lane 1), uL4-RNCs (lane 2) and the same RNCs after RNaseI treatment (rtRNC,
lane 3). Map1 co-sediments with RNC upon binding (lane 4). A significant decrease in bind-
ing was observed upon removal of expansion segments by RNaseI treatment (lane 5). For
Map1 alone the supernatant (SN) fraction and for all other samples the pellet (P) fraction
was loaded. For uncropped gel see appendix p. 133.
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3.2 NatA in complex with the 80S ribosome

NatA is the most common and best characterized member of the NAT family and has

the highest percentage of N-acetylated substrates. Thus, the aim was to obtain a cryo-

EM structure of NatA bound to the ribosome. This was achieved by two approaches:

native pull out and in vitro reconstitution.

For the native pull out a S. cerevisiae strain harboring a TAP-tagged Naa15 was used

to purify endogenous NatA-ribosome complexes directly from cell lysates. For the in

vitro approach ribosome nascent chain complexes (RNC) programmed with a defined

substrate for NatA (ABP1) were reconstituted with recombinantly purified NatA com-

plexes. In both cases, samples were subjected to cryo-EM and SPA. The obtained

structures were subsequently biochemically verified using in vitro binding assays.

3.2.1 Purification of native NatA-ribosome complexes

To study NatA-ribosome interactions, the ribosome binding SU Naa15 was tagged

in yeast with a C-terminal TAP-tag (Euroscarf). Purification of intact NatA-ribosome

complexes was obtained by an adjusted protocol based on a rapid affinity-purification

for ribonucleoprotein complexes as described and executed already before (Oeffinger

et al., 2007 and chap 3.1.1). Again, the Protein A domain of the TAP-tag was bound to

IgG coupled magnetic beads, resulting in ribosomes co-purifying with NatA complex

after the elution with TEV protease. Subsequent analysis of the sample by a linear

sucrose gradient centrifugation revealed a predominant portion of polyribosomes in

the elution (fig. 3.7A). The presence of polyribosomes was confirmed by screening the

sample on a Tecnai SPIRIT 120 keV microscope (Thermo Fisher), showing ribosomes

organized in groups rather than being present as single 80S monosomes on the mi-

crographs (fig. 3.7A). Furthermore, the NatA complex seemed to dissociate from the

ribosomes upon gradient ultracentrifugation as determined by western blotting (data

not shown). Moreover, NatA seemed not to be associated with every monosome or

ribosome within a polyribosome group. As ribosomes without a bound NatA are also

part of a polysome bundle, non-occupied ribosomes are eluted as well and therefore

decreasing the occupancy with NatA as indicated by an initial cryo-EM measurement

(data not shown). Nevertheless, NatA was initially bound to ribosomes and forming
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3.2 NatA in complex with the 80S ribosome

a stable complex as NatA-ribosome complexes could be purified by a native pull out

on Naa15.

Figure 3.7: Micrographs and linear sucrose gradient profile showing the effect of S7
cleavage. Elution of the native pull out using TAP-tagged Naa15 showing purified ribosome-
NatA complexes in a regular purification (A) and with additional S7 treatment (B). Mi-
crographs from a low resolution Tecnai SPIRIT 120 keV microscope screening microscope
(Thermo Fisher) as well as linear sucrose gradient centrifugation revealed a huge fraction of
polyribosomes after the regular TAP-tag purification. The additional S7 cleavage included in
the purification process cleaves the mRNA and leads to a monosomal fraction. This indicates
an increased ratio between 80S monosome peak and polysome fractions in the sucrose gra-
dient as well as single particles rather than groups of ribosomes visible on the micrographs.

To overcome the occupancy problem, an additional step was included during purifi-

cation. A mild treatment with a nuclease should convert polyribosomes into mono-

somes without the need of a gradient centrifugation. Therefore, after initial incuba-

tion of the sample with magnetic beads and washing steps, a mild digestion with

S7 nuclease directly on the beads was performed. S7 cleaves single stranded RNA
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and therefore cuts apart polysomes connected via their mRNA (fig. 3.7B). In the flow

through, after S7 cleavage, western blot analysis showed the presence of a signal only

for a ribosomal protein, but not for Naa15-TAP (fig. 3.8A, B), confirming that non-

NatA bound ribosomes were removed from the sample. The final TEV cleavage step

resulted in co-elution of Naa15 (still carrying the CaMBD) with the other two NatA

subunits (Naa10 and Naa50) and ribosomal proteins. This process was monitored by

a mass shift of the band corresponding to Naa15 in the western blot using α-CAB

(fig. 3.8A and B) and the identity of the proteins was confirmed by mass spectrometry

(Thomas Fröhlich, LMU Munich) (fig. 3.8C). This is indicative of a successful purifi-

cation of a complete and intact NatA-ribosome complex. Finally, the elution fraction

was adjusted to 5 A260/ml subjected to cryo-EM analysis.
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Figure 3.8: Affinity purification of native NatA-ribosome complexes. SDS-PAGE and
western blot of the NatA-ribosome purification. A, Amido black-stained PVDF membrane
after transfer from a 4-12% Nu-PAGE gel with aliquots from each purification step. B, West-
ern blot probed with α-CAB against the ribosomal protein uL29. S7 nuclease treatment
cleaves polyribosomes into monosomes and therefore (poly)ribosomes not associated with
NatA complex get washed away. C, 15% SDS-PAGE of the final elution of purified NatA-
ribosome complexes. Ly, lysate; FT, flow through; R, resuspension; W, wash; E, elution; B,
boild beadsM IP, regular pull out samples; Ca, Ca2+ wash step to prepare for S7 cleavage;
S7, S7 nuclease cleavage. 0.1 A260total of the E was loaded, for Ly and FT 1/40,000 and for
wash fractions 1/7 of the volume was loaded on the gel.
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3.2.2 Cryo-EM structure of the native NatA-ribosome complex

In order to obtain a cryo-EM structure of NatA bound to the ribosome, a freshly pre-

pared sample of the Naa15-TAP pull out was used at a concentration of 5 A260/ml

and applied to holey carbon support grids. Data were collected on a Titan Krios TEM

(Thermo Fisher) equipped with a Falcon II direct detector at 300 keV.

3.2.2.1 Data processing

In total 262,507 particles remaining after 2D classification were initially refined and

subjected to an initial 3D classification (fig. 3.9). In this first round, all classes dis-

played programmed ribosomes and showed expansion segment 27a (ES27a) either

in its exit or L1 position. The most occupied classes in this data set had ES27a in

the exit position and showed an additional density below the TE which was ab-

sent in the classes with ES27a in its L1 position. These classes were joined and sub-

jected to further sorting on tRNA states. The majority of the classes were in the pre-

translocation state, programmed with tRNAs in A- and P- site as well as eIF5A in the

E-site (Schmidt et al., 2016a). The classes with the same A/A- and P/P-tRNA state

were merged, followed by local classification applying a soft mask on the additional

density at the TE. Two of the three classes showed only fragmented density for NatA

revealing a rather flexible nature of the ribosome-NatA interaction. The most stable

class, however, displayed a map with high occupancy of NatA and could not be sub-

classified further. This final class, comprising 10% of all particles, was refined to an

overall resolution of 3.4 Å, showing a well resolved ribosome but the local resolu-

tion for NatA ranged from 8 Å to beyond 12 Å (fig. 3.10A). This indicates once more

the flexible nature of NatA on the ribosome. In order to improve the local resolu-

tion of NatA, a local refinement focusing on the NatA density only was performed.

The overall resolution dropped to 4.8 Å and the ribosome resolution got worse, but

the resolution of NatA itself improved to an average of 8 Å (fig. 3.10B). This made

it possible to rigid body fit the crystals structure of the S. cerevisiae NatA including

all three subunits (Naa10, Naa15 and Naa50; pdb 4XNH) into the density and with

some minor adjustments a pseudo-atomic model of the ribosome-bound NatA com-

plex was generated. Notably, the first 16 aa at Naa15 N-terminus are missing in the

model (even less than in the crystal-structure) and are also not visible in the electron
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density.

Furthermore, as ribosomes are programmed with A/A- and P/P-tRNAs and harbor-

ing eIF5A at the E-site (Schmidt et al., 2016b), this indicates that only translating ri-

bosomes were associated with the NatA complex. This is supported by the fact, that

only a very small portion of non-programmed ribosomes (0.4% of all 262,507 parti-

cles) are present in this data set.
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Figure 3.9: Classification scheme of the native NatA-ribosome complex. Particles were
picked with Gautomatch and Relion 2D classification was used to discard non-ribosomal
particles. Subsequent refinement and 3D classification into eight classes revealed ES27a in
most of the classes in the exit position showing an additional density below the tunnel exit.
Most prominent classes encompassing 70% of all particles, were joined and subjected to a
masked classification on tRNAs. Particles containing tRNAs in the A/A- and P/P-site were
merged (100,625 particles) and used for further local classification with a mask covering
the exit region. Around one third of the particles formed a stable class with an additional
density at the exit region representing NatA. This class, containing 10% of all particles from
the beginning and was refined to an average resolution of 3.4 Å. All maps are shown at the
same contour level.
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Figure 3.10: Local resolution and FSC curve of the NatA-ribosome complexes. The final
map of the NatA-ribosome complex (fig. 3.9) was further improved by a focused refinement
on NatA region. Maps after regular refinement (A) and masked refinement on NatA (B) are
colored according to their local resolution. The overall resolution for the ribosome is below
4 Å, whereas NatA displays a higher degree of flexibility illustrated by a local resolution
range of 7 to beyond 12 Å. After focused refinement the average resolution of the ribosome
decreased to 4.8 Å but local resolution of NatA improved to an average of 8 Å. C, D, FSC
curve of the maps displayed in A and B respectively.
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3.2.2.2 Contacts sites of NatA to the ribosome

Cryo-EM analysis of a native Naa15-TAP pull out revealed that the trimeric NatA

complex is positioned below and close to the ribosomal TE, exhibiting a similar archi-

tecture as the free NatA in a crystal structure (pdb 4XNH). In agreement with previ-

ously published biochemical data (Gautschi et al., 2003), Naa15 functions as the ribo-

some anchoring SU. It locates the catalytic SU underneath the TE whereby Naa10 it-

self does not contact the ribosome directly. The structure revealed the so far unknown

function of Naa50 in yeast as being a second ribosome binding subunit contributing

to the NatA-ribosome interaction (fig. 3.11).

Figure 3.11: Cryo-EM structure and model of the NatA-ribosome complex. A, Cryo-
EM structure of NatA in complex with a translating ribosome filtered according to local
resolution. Isolated densities for NatA were extracted after focused refinement (Naa15: or-
ange, Naa10: red, Naa50: green). Views are shown onto the peptide tunnel exit (TE, white
dashed ring or black asterisk) (bottom view), rotated 90° horizontally (front view) and ro-
tated 180° vertically (back view). 40S and 60S ribosomal SU are labelled in yellow or grey
respectively, rRNA expansion segments (ES) are shown in cyan. B, Magnified view of the
NatA-ribosome complex molecular model shown as in A, as front and back view.
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In total, NatA maintains four contact sites with the ribosome, all of which contain

rRNA. The first involves the interaction of Naa15 with H24 and H47 of the 28S rRNA

(fig. 3.12A). Remarkably, in all other three contact sites eukaryotic specific rRNA ex-

pansion segments (ES) are involved. Naa15 interacts additionally with ES27a and

ES39a, whereas Naa50 binds to ES7a (fig. 3.12B-D).

In more detail, the N-terminus of Naa15, specifically α2 of TPR1, contains five lysines

(K37, 38, 41, 48, 49; fig. 3.12A) building electrostatic interactions with a pocket formed

by H24 and H47. Ribosomal proteins uL22 and eL31 are in close proximity but no con-

tacts to NatA were determined in the density map. The second interaction of Naa15 is

accomplished on the tip of ES27a with involvement of α10 of TPR5 and α11 of TPR6,

most likely by recognizing the minor groove and CUUG tetraloop of ES27a respec-

tively (fig. 3.12B). The very flexible ES27a is usually observed at a very low resolution

in structures. Here, ES27a is well-resolved completely until the tip as it gets stabi-

lized by NatA binding. The third interaction of Naa15 is established at the shorter

expansion segment ES39a. A previously characterized basic helix (α33) in S. pombe

Naa15 has been shown to play a crucial role in ribosome binding (Magin et al., 2017).

The S. cerevisiae equivalent harbors the same patch of lysines (K648-650; K652-653)

interacting with rRNA helices H98 and H100 (C3154-U3157) and the major groove of

H98-ES39a (fig. 3.12C). The fourth contact of NatA to the ribosome is exhibited by

Naa50. The latter contacts TPRs 8 and 9 of Naa15 and bridges over to expansion seg-

ment ES7a (fig 3.12D) and therefore functions as a second ribosome binding subunit

of the NatA complex. As this subunit has the lowest resolution among the three SU,

its binding mode cannot be characterized in full detail, but the contact site may in-

volve G450, G451 and G474 of ES7a and Ala83, Asn84 (within loop 2, fig. 3.12D) and

His125 (within loop 1, fig. 3.12D) of Naa50, respectively.
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Figure 3.12: Molecular contact sites between NatA and the ribosome. Central panel
as in fig. 3.11B (left) with contact sites indicated. Interactions of Naa15 N-terminus with
H24 and H47 of 28S rRNA (A), Naa15 TPR5 and TPR6 with ES27a (B), basic helix (α33) of
Naa15 with ES39a (C) and loop1 (aa 122-125) and loop2 (aa 81-84) of Naa50 with ES7a (D)
are displayed. Lysines in A, and C, that were shown to contribute in binding are depicted in
magenta (Magin et al., 2017).

In addition, two of the anchor points have also been described biochemically in co-

sedimentation assays (Magin et al., 2017). Reverse charge mutations of lysines in

both the Naa15 N-terminus and the already mentioned basic helix (α33) (Magin et al.,

2017; Varland and Arnesen, 2018) showed a significant decrease in binding but did

not abolish it completely. This can be now explained as interactions of Naa15 with

H24, H47 and ES39a get disrupted, but the two additional binding sites to ES27a and

ES7a still support binding of NatA to the ribosome.

A zoom into the contact sites of NatA-ribosome interaction with models fitted into

the electron density as well as NatA model fitted into isolated densities are shown

separately (fig. 3.13).
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Figure 3.13: Fitting of NatA subunits into cryo-EM map and zoom into contact sites. A,
Molecular contact sites displayed in similar views as shown in fig. R6 with models fitted
into the electron density. B, Isolated densities of NatA shown after focused refinement on
NatA with the model of NatA SUs fitted into the electron density.

3.2.2.3 Contribution of expansion segments to the ribosome-NatA interaction

Structural studies on the NatA-ribosome complex revealed surprisingly that only

rRNA is involved in NatA binding. Two out of the four contact sites were already de-

scribed biochemically to be important for NatA interaction with the ribosome (fig. 3.12A

and C; Magin et al., 2017). In addition, three binding sites involved the eukaryotic

expansion segments ES27a, ES7a and ES39a. To further confirm the contribution

of these ES in ribosome-NatA interaction, in vitro binding assays were performed.

First, recombinantly purified and catalytically inactive trimeric NatA complex (Naa10

(E26A); Liszczak et al., 2013) was incubated with ribosome nascent chain complexes

(RNCs) carrying 64 aa of a well-characterized NatA substrate, the uL4 ribosomal pro-

tein, as nascent peptide (Gautschi et al., 2003). In addition, a C-terminal ribosome

stalling sequence from upstream ORF of gp48 in human cytomegalovirus (CMV) was

used to obtain homogenously stalled RNCs (Bhushan et al., 2010; Matheisl et al.,

2015). Second, RNCs lacking important ES (rtRNC), such as ES27a, ES7a and ES39a,

were generated by a mild digestion of uL4-RNCs with RNase I that selectively cleaved

off protruding rRNA as described in more detail in chap. 3.1.3.1. Digestion conditions

were chosen in the way that RNCs still keeping an intact peptidyl-tRNA bond and

therefore preserve the NC (chap 3.1.3.1).

Both, untreated and rtRNCs were used in binding studies with recombinant NatA in
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near physiological buffer conditions (fig. 3.14A, lane 1-3). Since Naa15 SU is the best

detectable band on a coomassie-stained gel, its intensity was read out by using ImageJ

to examine NatA binding.

NatA binds to regular RNCs in a stoichiometric manner (fig. 3.14A, lane 4 and B up-

per part). However, RNase I treatment and the accompanied loss of important ES

around the peptide exit region reduced NatA binding to these rtRNCs by about 80%

(fig. 3.14C and B lower panel). This clearly indicated that expansion segments ES27a,

ES7a and ES39a make a significant contribution to NatA-ribosome interaction. The

remaining 20% of binding are likely due to the interaction of NatA with H24 and H47

that are still intact after RNase I treatment.

In conclusion, the biochemical data obtained from in vitro experiments largely con-

firmed the native NatA-ribosome structure, which showed NatA mainly anchored to

the ribosome to ES. Hence, attributing a new role of ES in coordinating nascent chain

modifying factors below the peptide exit tunnel.

Figure 3.14: Contribution of ES27a, ES7a and ES39a to NatA-ribosome binding. A, 15%
SDS-PAGE of recombinant trimeric NatA complex (lane 1), RNCs programmed with uL4
NC (lane 2) and the same RNCs after RNase I treatment (rtRNC, lane 3). Pellet fraction of
NatA incubated with regular RNCs (lane 4) and with rtRNC (lane 5). B, Cryo-EM densities of
purified uL4-RNCs (top, RNC) and the same RNCs with RNase I treatment (bottom, rtRNC).
Eukaryotic specific expansion segments (ES) are labelled in cyan. C, Quantification of the
binding situation with N = 4 independent samples for both RNCs and rtRNCs. Error bars
were calculated using the standard deviation from the mean. For source data and full gels
see appendix (p. 134).
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3.2 NatA in complex with the 80S ribosome

3.2.3 Cryo-EM structure of the in vitro reconstituted NatA-ABP1-RNC complex

The structure obtained from the native ribosome-NatA pull out showed a clear bind-

ing of NatA to the ribosome via four contact sites. Nevertheless, NatA binds in a

highly dynamic way especially because of its interaction with the flexible expansion

segment ES27a. This flexibility may be explained by the fact that in native pull outs

ribosomes are programmed with a variety of NCs, likely representing a mixture of

various NatA substrates. Therefore, NatA may adopt many slightly different con-

formations below the TE to adjust its position for efficient acetylation and change its

position dependent on the NC length and chemical property.

In order to improve the rigidity of the NatA-ribosome structure, a homogeneous pop-

ulation of RNCs carrying the same NC with a defined length was used. These RNCS

were then used for in vitro reconstitutions with recombinant NatA as described be-

fore (chap. 2.3). As a substrate, the first 88 aa of actin binding protein 1 (ABP1) were

chosen. The choice was based on yet unpublished selective ribosome profiling data

analyzing NatA’s proteome-wide binding sites in collaboration with the Bukau lab in

Heidelberg. ABP1-RNCs were generated using truncated mRNA instead of mRNA

coding for the CMV arrest peptide. In vitro reconstitution of NatA with ABP1-RNCs

were performed at the same conditions as used in binding assays and subjected to

cryo-EM analysis on a Titan Krios TEM (Thermo Fisher) equipped with a Falcon II

direct detector at 300 keV.

3.2.3.1 Data processing

293,373 particles were used for an initial refinement after 2D classification and re-

moval of non-ribosomal particles (fig. 3.15). Subsequent 3D classification into six

classes revealed two highly occupied classes with either ES27a nearly completely in

the L1 position or exclusively in the exit position, both showing tRNA in the P/P

state. The class with ES27a in the exit position also comprised an additional well

shaped density at the exit region for NatA. This class was subclassified by applying

a soft mask on the exit region leading to one stable class (16,274 particles, 5.5% of all

particles) showing an extra density located below the TE as observed in the native pull
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3.2 NatA in complex with the 80S ribosome

out (’IP-like’). The other classes either showed no NatA or only fragmented density

below the TE. Subsequent signal subtraction of the 40S SU of the IP-like class and a

refinement running it only with local searches lead to an overall resolution of 3.7 Å af-

ter CTF refinement. In order to analyze if using a defined substrate instead of having

a large mixture as present in the native sample led to a substantial gain in rigidity of

the complex, local resolutions were calculated in RELION. Yet, local resolution dis-

tribution appeared similar to the one obtained for ’native’ NatA (fig. 3.16, fig. 3.10),

indicating that even with a single substrate NatA is still rather flexibly bound to the

60S subunit.
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3.2 NatA in complex with the 80S ribosome

Figure 3.15: Classification scheme of NatA in vitro reconstituted with ABP1-RNCs. Par-
ticles were picked with Gautomatch and Relion 2D classification was used to discard non-
ribosomal particles. Subsequent refinement and 3D classification into six classes revealed
one class with ES27a in the exit position and a good shaped density below the TE for NatA
(110,353 particles). This class was subjected to a masked 3D classification on the exit region,
leading to a class showing NatA in the exact same position and conformation as observed
in the native pull out (chap. 3.2.2). This map (’IP-like’), comprising 16,274 particles that cor-
responds to 5.5% of all particles after 2D classification, was used for a subsequent signal
subtraction of the 40S subunit as well as a local refinement on the NatA region resulting in
an overall resolution of 3.7 Å after CTF refinement. ES27 L1, in L1 position; ES27 exit, in
exit position; IP like, same conformation as native pull out received by immunoprecipitation
(chap 3.2.2).
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3.2 NatA in complex with the 80S ribosome

Figure 3.16: Local resolution and FSC curve of ABP1-RNC-NatA complexes. A, Local
resolution of the final map of the ABP1-RNC-NatA complex after signal subtraction of the
40S SU in RELION and CTF refinement (fig 3.15. R10). The overall resolution of the core
ribosome is below 4 Å, whereas NatA shows as before a higher degree of flexibility displayed
by a local resolution range from 5 to above 12 Å. B, FSC curve of the maps shown in A.
Resolution was calculated according to the gold standard.
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3.2.3.2 Additional contact sites of NatA

The binding sites for NatA to the ribosome observed from native pull out data showed

the positioning of NatA below the TE while interacting with three ESs (ES27a, ES7a

and ES39a) as well as H24 at the TE. To counteract the broad mixture of NCs present

in native pull outs, with ABP1-RNCs a defined substrate for NatA was provided and

used for in vitro reconstitution and cryo-EM studies. Notably, the binding sites of

NatA when bound to ABP1-RNCs are exactly the same as observed for the native

structure. In addition, fitting the model of NatA obtained from the pull out into

NatA density in ABP1-RNCs did not reveal any differences in the SU conformations

(fig. 3.17). Therefore, the in vitro conditions reflect perfectly the native situation and

conformation of NatA on the ribosome.

Figure 3.17: Comparison of NatA-ribosome complexes in native pull out and in vitro
reconstitution. Zoom on NatA with model fitted into the density for the structure obtained
by the native pull out of Naa15-TAP (A) and the in vitro reconstitution of NatA on ABP1-
RNCs (B). Conformation and position of NatA in both cases is exactly the same. Map in A„
after local refinement on NatA, map in B after signal subtraction of the 40S SU and global
refinement.

Nevertheless, the reconstituted sample exhibits two small additional densities com-

pared to the native NatA-ribosome complex in the N-terminal region of the auxiliary

SU. First, an extra density protruding from H59 on the 60S SU in the direction of

Naa15’s N-terminus has not been observed before (fig. 3.17A). It might be assigned to

the missing 16 aa at the N-terminus of Naa15 that are not part of the model. Accord-

ing to its size it could bridge over to H59. Second, a prominent additional density

appears close to the first TPRs of Naa15 and directly below the TE. In more detail, it is
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connected to α1 close to the α1/α2-loop of TPR1 and α5 of TPR3 (fig. 3.18B1). As TPRs

comprise a defined geometry and the fitted model is complete within that region, it is

very likely that these additional density does not belong to the NatA complex. How-

ever, by protruding in the direction of the TE (fig. 3.18B2), this density might represent

a fragment of the NC that is per se visible within the TE.

Even though NatA in the reconstitution exhibit nearly the same flexibility as NatA in

the native pull out, a NC of a defined length seems to stabilize NatA binding within

the regions close to the ribosome. The structure obtained from the reconstituted sam-

ple comprises the exact same binding sites for NatA to the ribosome, but in addition

it provides more details on the Naa15 interaction with the ribosome.

Figure 3.18: Additional densities present in the NatA-ABP1-RNC complexes. First panel
shows the back view with additional binding sites indicated. A, Potential additional inter-
action site (red) appears between H59 and the missing 16 aa at the N-terminus of Naa15
occurring at lower contour levels. B, View rotated by about 60°with ES27 in the front (B2) or
rotated additionally by 180° with view from ES7 (B1). Additional density (red) at the height
of the first TPRs of Naa15 points into the TE and might belong to the NC.
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3.2.4 Competition assay of Map1 and NatA

As iMet cleavage by methionine aminopeptidases needs to precede acetylation by

NatA, the question arises if Map1 and NatA can bind concomitantly to the ribosome.

To adress this question on a biochemical basis, competition assays were performed.

In order to simulate native conditions and having ribosomes carrying native Map1

substrates, the elution of Map1-TAP pull out (chap. 3.1.1) was used to incubate it with

increasing amounts of recombinant NatA. After a spin through a sucrose cushion,

supernatant (SN) and pellet (P) fraction were loaded on a gel and ribosome binding

was monitored via α-CAB signal using western blot analysis (fig. 3.19). As the signal

for Map1-CaMBD is present in the pellet fraction at all NatA concentrations and does

not get diminished or pushed to the SN, NatA neither displaces nor disrupts Map1

binding to the ribosome. This suggests that both enzymes can bind at the same time

(see discussion).

Figure 3.19: Competition assay of Map1-TAP with NatA. Four pmol of the native Map1-
TAP elution fractions were incubated with increasing amounts of recombinant NatA protein
and spun through a sucrose cushion. The ratio refers to the molar excess of NatA. A, Amido
black-stained PVDF membrane after transfer of supernatant (SN) or pellet (P) fractions sep-
arated on a 12% Nu-PAGE gel. B, Western blot probed with α-CAB against Map1-CaMBD
and α-uL29 against a ribosomal protein showing that NatA does not displace Map1 from
ribosomes.
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3.3 NatB in complex with the 80S ribosome

The second most common N-terminal acetyl-transferase is NatB which differs from

NatA by a different SU composition as well as substrate recognition. NatB does not

need the action of MetAPs because it acetylates the iMet directly when it is followed

by Asx or Glx residues. The heterodimeric complex lacks a third SU analogous to

NatA’s Naa50, but its similar structural features analogous to those of Naa10 and

Naa15 suggests a similar binding mode to the ribosome. To investigate NatB’s bind-

ing behavior to ribosomes, its interaction was characterized by binding assays using

different types of programmed ribosomes. This knowledge was used to continue with

structural studies by performing an in vitro reconstitution of NatB on ABP1-RNCs fol-

lowed by cryo-EM and SPA analysis and further verifications via mutagenesis studies.

3.3.1 In vitro characterization of NatB binding to 80S ribosomes

The binding of NatB to ribosomes was characterized using recombinantly purified

NatB (fig. 3.20A) that was in vitro reconstituted with different types of programmed

ribosomes. For RNCs carrying a substrate for NatB, uL4-RNCs were purified, but

omitting the TEV cleavage step and therefore having a Met at the NC’s N-terminus,

resulting in a total length of 119 residues (termed substrate RNC/sRNC). As non-

substrate RNCs (nsRNC) fully TEV-cleaved uL4-RNCs were used as they were uti-

lized in NatA binding assays which start with a serine residue, comprising 86 aa in

total. In addition, NatB was also bound to non-programmed 80S ribosomes (np80S)

not carrying any NC. NatB was added in about 20-fold molar excess to 2 pmol of

ribosomes and spun through a sucrose cushion (chap. 2.8.3). The pellet was resus-

pended and applied to SDS-PAGE. Bands representing NatB SUs in the pellet fraction

together with ribosomal bands indicated binding. NatB exhibited binding to any kind

of ribosomes, independent of the presence or type of the NC in a stoichiometric man-

ner as identified by comparing the intensities of the best visible band representing

Naa25 SU with the bands representing ribosomal proteins (fig. 3.20B).

Due to the overall similarity of its SUs, NatB was expected to bind in a similar way

to ribosomes as NatA that includes interactions with eukaryotic specific expansion

segments (ES). To investigate the involvement of ESs in NatB-ribosome binding, NatB

was incubated with RNase I-treated uL4-RNCs lacking important ES (see chap 3.2.2.3).

86
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The removal of ESs had an impact on NatB binding (fig. 3.20C) but to a lesser extent

than for NatA. Therefore, NatB binding to ribosomes seems to be not as dependent on

ESs than in the case of NatA. In fact, this suggests a different binding mode for NatB.

Figure 3.20: Binding Assays of NatB with differently programmed 80S ribosomes.
15% SDS-PAGE of recombinantly purified NatB (A) bound to substrate RNCs (sRNC),
non-substrate RNCs (nsRNC), non-programmed 80S ribosomes (np80S) (B) and to RNase I-
treated RNCs (rtRNCs) (C). For B and C pellet fractions are shown, indicating NatB binding
to ribosomes independent of the composition of the NC in all cases. Only a partially de-
crease in binding was detected using rtRNCs that are lacking eukaryotic specific ES. sRNC,
HA-uL4-RNC containing an N-terminal Met; snRNC, uL4-RNC starting with Ser; np80S,
puromycin and high salt treated ribosomes not programmed with any NC; rtRNCs, RNase I-
treated uL4-RNCs (cf. NatA). Binding was monitored by comparing Naa25 protein band
(black arrow) that shows stoichiometric binding with ribosomal bands.

3.3.2 Cryo-EM analysis of the in vitro reconstituted NatB-ABP1-RNC complex

To investigate the position of NatB on a translating 80S ribosome, NatB was in vitro

reconstituted on the well behaving and gradient purified ABP1-RNCs (chap. 2.3 , ap-

pendix p. 136). Two pmol ABP1-RNCs were incubated with a 20-times molar excess of

NatB under native binding assay conditions and applied to cryo-EM measurements

(chap. 2.8.3).

3.3.2.1 Data processing

Residual 138,576 particles after 2D classification were initially refined and subjected
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to a first round of 3D classification (fig. 3.21). In four of the eight classes, ES27a was

in the distinct exit position. This ES27a conformation previously resulted in a sta-

ble structure in the NatA-ribosome data set and therefore these classes were joined.

Furthermore, they already showed an additional but unshaped density below the TE

and were all programmed with tRNAs in P/P-state. After a focused sorting on the

exit region using a soft binary mask, a class comprising 35,247 particles exhibited a

defined density within the exit region. Already at this stage, the additional density

could be assigned to NatB by fitting a crystal structure of NatB from C. albicans (PDB

5K18, Hong et al., 2017) into the electron density. However, differences in the inten-

sity of the electron density of the two SU indicated a disproportion between catalytic

and auxiliary SU. The catalytic SU seemed to be overrepresented and not in a 1:1 ratio

with the auxiliary SU. Therefore, a further 3D classification with focus on the cat-

alytic subunit was followed leading to a stable class with balanced ratio between the

subunits. This final class, containing 21,061 particles (15% of all particles), was CTF

refined in RELION to a final average resolution of 4.1 Å showing a clear density for

NatB (’B1’/primary binding site). As an additional step, this final class was further

subclassified using again a mask on the exit region. One class contained NatB in the

regular B1 position. The other class showed an additional density between ES27a and

B1, which was assigned as a secondary NatB (’B2’). To obtain a better resolution of

NatB in B2 position and due to the limited number of particles, a step backwards was

taken and the class with 35,247 particles was re-classified with a soft mask covering

B2. Resulting classes showed either NatB in its regular B1 position or with B2 position

in addition to the regular NatB binding site (fig. 3.21, purple). The latter comprised

17,812 particles (13% of all particles) and was CTF refined to an overall resolution of

4.4 Å.

The overall resolution of NatB in B1 position or with an additional NatB in B2 po-

sition shows the ribosome at a resolution below 4.1 or 4.4 Å, respectively (fig. 3.22).

However, the local resolution of NatB ranges from 5 to below 12 Å, indicating the flex-

ible nature of the ligand as already shown for NatA (chap. 3.2.2.1). Parts closer to the

ribosome are less dynamic and better resolved, whereas peripheral regions of NatB

or NatB in B2 position shows a higher flexibility. Especially B2 is associated with the

highly flexible tip of ES27a (fig. 3.22A).
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3.3 NatB in complex with the 80S ribosome

Figure 3.21: Classification scheme of NatB in vitro reconstituted with ABP1-RNCs. Par-
ticles were picked with Gautomatch and RELION 2D classification was used to discard non-
ribosomal particles. Initial 3D classification into eight classes revealed four classes harboring
tRNAs in P/P-state and with ES27a explicitly in the exit position. These classes were merged
and subjected to a focused classification on the tunnel exit region using a soft binary mask,
resulting in a class with a well-shaped additional density for NatB. Further classification
with a mask applied to the catalytic subunit of NatB led to a stable class with balance ratio
of NatB’s catalytic and auxiliary subunit that was not in a 1:1 ratio before. This first final
class contained 21,061 particles (15% of all particles) was subjected to CTF refinement in RE-
LION yielding an average resolution of 4.1 Å (’B1’, red). As an additional step, this class
was subclassified performing a second focused classification on the exit region. One class
contained NatB in the regular B1 position, the other class showed an additional and shaped
density between ES27a and the primary NatB which was assigned as secondary NatB (’B2’,
purple). To obtain a better resolution of NatB in B2 position, a step backwards was taken
and the class containing 35,247 particles was re-classified using a soft mask on B2 position.
Resulting classes showed either NatB in its regular B1 position or with additional B2 posi-
tion. The latter class was CTF refined to an overall resolution of 4.4 Å and contained 13% of
all particles (17,812 in total).
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3.3 NatB in complex with the 80S ribosome

Figure 3.22: Local resolution and FSC curve of NatB-ribosome complexes. A, Local res-
olution of NatB-ribosome complexes with NatB in its regular B1 position only (left) and with
an additional NatB in B2 position (right) with an average resolution of 4.1 and 4.4 Å respec-
tively. Resolution range of 5 to beyond 12 Å for NatB indicates flexibility. B, FCS curves of
the maps shown in A. The average resolution was calculated according to the gold standard.

3.3.2.2 Contact sites of NatB to the ribosome

Cryo-EM single particle analysis of in vitro reconstituted NatB on ABP1-RNCs re-

vealed that NatB binds to the 60S SU and in the proximity of the TE. A homology

model for yeast NatB on the basis of the crystal structure from C. albicans (Hong, et

al., 2017) allowed the assignment of yeast NatB SU into the cryo-EM map. The disk-

like Naa25 serves as a ribosome anchoring SU as suggested before (Polevoda et al.,

2008) and positions Naa20 in a way, that the NC can access the catalytic center. The

catalytic SU itself does not interact with the ribosome directly. Even if ES27a is in the

exit position, well defined and visible until the tip, it does not interfere with NatB

density (fig. 3.23).
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Figure 3.23: Cryo-EM structure and model of the NatB-ribosome complex. A, Cryo-EM
structure of NatB (B1) in complex with translating 80S ribosomes filtered according to local
resolution. Isolated densities of NatB were extracted after the final refinement step (Naa25:
magenta, Naa20: orange). Views are shown on the peptide tunnel exit (TE, dashed ring) (bot-
tom view), rotated 90° horizontally (front view) and rotated 90° vertically (side view). 40S
and 60S ribosomal SUs are colored in yellow or grey respectively, rRNA expansion segments
(ES) are shown in cyan. B, Enhanced view onto NatB-ribosome molecular model shown in
front and side view as indicated in A. Ribosomal RNA involved in NatB binding is shown
in green, ribosomal protein eL31 is labelled in dark blue.

NatB displayed two distinct interaction sites to the ribosome that mainly involved

the C-terminus of the auxiliary subunit as well as ribosomal RNA (fig. 3.24). The

strongest interaction was established between flipped-out bases at the junction of

H100 and H101 of the 25S rRNA and α35 of Naa25 (fig. 3.24A). In more detail, U3317

and G3318 at the tip of H100/101-junction are presumably interacting with several

positively charged aa within α35, where Lys736 is the closest to the rRNA tip. The

second contact site is achieved by C3154 at the junction of H94 and H98 that builds a

connection to Arg794 the third last aa at C-terminus of Naa25 (α36) (fig. 3.24B). No-

tably, the Naa25 C-terminus comprises several positively charged amino acids on its
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surface that possibly further contribute to rRNA binding.

In the first two binding sites, only ribosomal RNA was involved. In addition to these

main binding sites, a third contact site might occur between the Naa25 N-terminus

that is close to the ribosomal protein eL31. This N-terminal part comprises TPRs that

are generally involved in protein-protein interactions and might support binding to

eL31, but the connection is only observed at lower contour levels.

Figure 3.24: Contacts between NatB and the ribosome. The panel on bottom right shows
the same view as the front view in fig. 3.23B with contact sites displayed. Interactions of
a C-terminal helix of Naa25 (probably Lys736) with G3318 and U3317 within H100/101-
junction (A), the Arg794 at the very C-terminus with G3154 within H94/98-junction (B) and
the weaker interaction of Naa25 N-terminus and part of the C-terminus with eL31 (C) are
shown. D, Isolated densities of NatB subunits after the final round of refinement shown in
transparent with the model of Naa20 and Naa25 fitted into these densities.

3.3.2.3 Contribution of positive patches to NatB-ribosome binding

The binding of NatB to the ribosome seems to be maintained mainly by several pos-

itively charged aa located at the C-terminus of the auxiliary SU that interact with

ribosomal RNA.

In order to test their contribution in ribosome binding, four positive patches (PP1-

4) at the C-terminus of Naa25 were defined based on the structural insights above
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(fig. 3.25A). All patches could be in principle involved in ribosome binding or are

located close to the binding sites. Via charge inversion of Lys or Arg to Glu (similar

to Magin et al., 2017) NatB double charge inversion mutants were created and bound

to non-programmed 80S ribosomes to prevent any bias by a specific NC (fig. 3.25).

Whereas mutations of single positive patches only had a minor impact on binding,

NatB carrying mutations of all four patches (PPall) showed a more severe decrease in

ribosome binding (fig. 3.25B). This indicated that the positive charges at the surface

of the Naa25 C-terminus have a rather additive effect on ribosome binding.

Figure 3.25: Contribution of Naa25’s C-terminal positive patches to ribosome binding.
A, Localization of the four positive patches (PP) at Naa25’s C-terminus used for charge in-
versions shown within NatB density (top) or as top view (middle). Specific double charge
inversions are indicated below (bottom) with the only mutation involving an Arg in bold. B,
15% SDS-PAGE of a binding assay using wt or mutant NatB complex and non-programmed
idle 80S ribosomes (np80S). The supernatant fraction is shown for wt NatB (lane 1) and pel-
let fractions of the 80s ribosomes alone (lane 2) or incubated with NatB wt (lane 3), NatB
with K723E and K725E (lane 4), NatB with K747E and K751E (lane 5), NatB with K791E and
R794E (lane 6) and with NatB carrying mutations of all four positive charged patches (PPall,
lane 7).

3.3.2.4 Characterization of the additional second NatB

During cryo-EM data processing an additional second binding site (B2) of NatB was

encountered, located between ES27a, H59 and NatB in its primary B1 position (fig. 3.26).

Connected to the flexible ES27a, it is less well resolved compared to B1. This only al-

lowed a rigid body fit of NatB model into B2 density to estimate its orientation to the
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ribosome. The C-terminus as well as the TPRs at the very N-terminus of Naa25(2) are

interacting with the tip of ES27a. In addition, TPRs located more downstream of the

N-terminus bind to the 60S SU of the ribosome by either interacting with H59 (α3-α6)

or are in close proximity to H24 at the TE (α10). As a consequence, the catalytic SU of

both NatB positions point to each other with both auxiliary subunits facing outside.

Notably, the second Naa25 does not involve the same residues for ribosome binding

as the primary Naa25, antagonizing the idea of unspecific binding. In addition, B2’s

interaction with ES27a might explain why ES27a is coordinated in the exit position in

all observed classes.

Figure 3.26: Cryo-EM structure of a potential additional NatB binding site. Cryo-EM
structure of NatB in complex with translating 80S ribosomes with focused classification on
NatB’s potential secondary binding site. Maps are filtered according to local resolution. Iso-
lated densities of NatB were extracted after the final refinement step (B1 position: Naa25
in magenta, Naa2 in orange; B2 position: Naa25(2) in green, Naa20(2) in yellow). Views
are shown on the peptide tunnel exit (TE, dashed ring) (bottom view), rotated 90° horizon-
tally (front view), rotated 90° vertically (side view) and rotated another 90° vertically (back
view). 40S and 60S ribosomal SU are colored in yellow or grey respectively, rRNA expansion
segments (ES) are shown in cyan.
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4 Discussion

Ribosomes are the molecular machines synthesizing all proteins in the cell. During

translation the nascent polypeptide chain (NC) moves from the peptidyl-transferase

center through the exit tunnel to the tunnel exit (TE) site at the surface of the ribo-

some. As soon as the NC emerges from that site, it gets in touch with a variety of

different factors. Here, the TE serves as a binding hub for a large number of proteins,

so called exit site factors, that assist in co-translational folding, enzymatic processing

or protein targeting. This includes chaperones, such as RAC or the chaperone-like

NAC to support folding, the SRP/SR/Sec61 machinery for targeting and transloca-

tion, methionine aminopeptidases (MetAPs) to remove the starter methionine (iMet)

from the NC and N-terminal acetyltransferases (NATs) that acetylate the N-terminus

of the NC. For some exit factors, sequential processing of the NC is mandatory like

iMet removal by MetAPs and subsequent acetylation by the major NAT, NatA. A

cooperation between these two enzymes would make sense because two processing

steps need to be coordinated. In case of NatB, another major NAT, methionine cleav-

age is not necessary and a coordination of these two enzymes would be incidental.

Whereas for example co-translational targeting and translocation is quite well under-

stood (Halic and Beckmann, 2005; Becker et al., 2009; Berndt et al., 2009; Voorhees and

Hegde, 2016; Wild et al., 2019 amongst others), structural data for the early modifying

enzymes are not yet available. Thus, solving the structure of a yeast MetAP and the

two major NATs bound to the translating ribosome gives new insights into the inter-

play of these enzymes that are responsible for the most common early co-translational

protein modifications. Furthermore, these data can be integrated into the scheme of

exit site factors and extend our understanding of the coordination at the ribosomal

exit site further.
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4.1 Positioning of Map1 on the 80S ribosome

The structure of the major MetAP in yeast, Map1, in complex with the ribosome was

obtained by a native pull out. Since the Map1-ribosome complexes turned out to be

rather unstable and flexible for cryo-EM studies, they had to be cross-linked in or-

der to determine their structure. However, the structure allowed for the first time

the overall positioning of an eukaryotic MetAP below the exit tunnel. As expected,

Map1 binds rather flexible to the 60S subunit and thereby mainly involves the mo-

bile rRNA expansion segment ES27a, while additionally contacting the exit site via

H59 and eL22. Contacts to the UAS1 (uL23 and uL29) are maintained only to a mi-

nor extent. From this rather flexible assembly, two main overall conformations of

Map1 and ES27a could be enriched. While having the same contact sites at the ri-

bosome, they distinguish in the position of ES27a as well as their number of contact

points to the same. For both conformations the density showed the shape of the glob-

ular aminopeptidase (AP) domain with two protruding lobes, one of them showing

a direct contact to the NC (chap. 3.1.2.2). Unfortunately, fitting of a model was not

possible and thus the assignment of this density to Map1 is not ambiguous. Yet, for

several reasons it is very likely that the observed density is indeed Map1.

The obstacle of Map1 being flexibly associated with the ribosome could be overcome

by glutaraldehyde cross-linking. Despite the low local resolution, Map1 binding

mode to ribosomes is similar to related enzymes that comprise the typical MetAP-

like or AP fold, the structures of which were solved during the course of this thesis.

Arx1 (associated with ribosomal export complex protein 1) is a yeast 60S biogenesis

factor that shows sequence homology and structural similarity to MetAPs (fig 4.1A,

1.5) (Bradatsch et al., 2007; Greber et al., 2012; Greber et al., 2016). It is required for the

export of pre-60S subunits from the nucleus into the cytosol (Bradatsch et al., 2007).

In vitro cryo-EM structures showed that the AP fold accomplishes both, the binding

to the ribosome and the interaction of Arx1 with the nucleoporins at the nuclear pore

complex. In more detail, Arx1 interacts with ES27a as well as H59 and therefore shares

the same binding sites to the ribosome as Map1. The binding of Arx1 to ES27a is main-

tained by two of the four α-helices within the AP fold. Furthermore, Arx1 maintains

a strong connection to UAS1 which functions only as a minor binding site for Map1.
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In contrast, Arx1 interacts with additional proteins at the TE (uL24 and eL19) (Greber

et al., 2012).

Ebp1, ErbB3-binding protein 1, the human homolog of Arx1, has been shown to be as-

sociated with different rRNA species and is involved in cell proliferation and human

cancer (Squatrito et al., 2004; Nguyen et al., 2018; Wells et al., 2020; Wild et al., 2020).

It also comprises the MetAP-like fold, binds to the exit region by interacting with

H59 and UAS1 and to ES27a with the same two helices of the AP fold as observed for

Arx1. As Ebp1 has more similarities to the hMetAP2 isoform, the C-terminal insertion

typical for type II MetAPs is building an additional contact to ES27a. Furthermore,

another exit site protein is involved in ribosome-Ebp1 interaction as well (eL19) (Wild

et al., 2020; Wells et al., 2020).

In conclusion, proteins harbouring the MetAP-like fold are likely primarily attached

to the ribosome via their conserved globular AP domain to ES27a as also seen in

our Map1-80S structures. In addition, H59 seems to function as a major contact for

those proteins, whereas UAS1 serves either as minor (Map1) or prominent contact site

(Arx1, Ebp1). Individual interactions characteristic for the protein itself are then es-

tablished by protein-specific insertions or extensions (especially in the C-terminal re-

gion of Arx1 and Ebp1). Along those lines, the observed extra densities near H59 and

TE in our Map1-80S reconstructions can be possibly attributed to the Map1-specific N-

terminal zinc-fingers, which have been shown to play a role in ribosome association

(Vetro et al., 2002).

During the course of this work, the Sengupta group published data on the E. coli

Map (bMap) and its association with the ribosome (Bhakta et al., 2019). Two struc-

ture were obtained by in vitro reconstitutions of the bacterial Map alone and together

with the peptide deformylase (PDF) to the 70S ribosome. Before bMap can cleave

the iMet, PDFs need to remove the formyl group from the starter methionine. Even

though these structures are at a resolution of about 10-15 Å, a comparison with our

data showed that bMap in the Map/PDF sample matches perfectly the yeast Map1

position (fig. 4.1, right). bMap was described to interact with uL23 and H59 (Bhakta

et al., 2019) in agreement with previous cross-linking studies where the binding was

suggested between uL23 and bL17 (Sandikci et al., 2013). Furthermore, this binding

site is in close proximity to H59. Notably, bMap adopts a different position if no other
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factor is present. Its primary binding site was observed close to uL22, bL32 as well

as H24 and H47. If this primary binding site is blocked by, for example PDF, bMap

relocates to an alternative position at the TE. Bacterial ribosomes do not contain ex-

pansion segments, but this behaviour hints to a flexible nature of Map in bacterial as

well.

Figure 4.1: Comparison of yeast Map1 position with other MetAP-fold containing pro-
teins on the ribosome. A, Yeast Map1-C1 (pink, left) followed by yeast Arx1, human Ebp1
and E. coli Map (bMap) that was reconstituted with the peptide deformylase (PDF) on the
ribosome (left to right) labelled in yellow with ES27 if present. B, Overlay of Arx1, Ebp1
and bMap (yellow) with yeast Map1-C1 (pink). Gaussian filtered ribosomes were rigid body
fitted in Chimera and densities of the factors isolated. Map1-C2 conformation would lead to
a comparable result. EMDB: 6610 (Arx1), 10344 and 10609 (Ebp1), 9753 (E. coli Map).

Another study published recently shows the cryo-EM structure of C. elegans NAC in

an in vitro reconstitution on the worm 60S ribosome (Gamerdinger et al., 2019). Inter-

estingly, NAC density fuses with the NC similar to the yeast Map1 (fig. 4.2 left and

middle). This is of special interest, as both exit factors belong to the early interactors

with the NC and the question arises how they are coordinated.

The recent cryo-EM data confirmed previous cross-linking studies suggesting a bind-

ing of NAC to UAS1, therefore sensing the NC within the ribosomal peptide exit tun-

nel and guiding the growing NC to the cytosol (Gamerdinger et al., 2019; Wegrzyn

et al. 2006; Nyathi and Pool, 2015). Even if not mentioned in the publication, NAC

density bridges over to H59 but only forming a weak connection to the ribosome

at this site (Gamerdinger et al., 2019; EMDB 4938). Furthermore, additional cross-

linking studies suggested a concomitant binding of NAC and Map1 at UAS1 (Nyathi

and Pool, 2015), but the comparison of the available structures show the opposite.
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Map1 and NAC would clash into each other when superimposing the structures at

the TE (fig. 4.2 right). Thus concomitant binding of these two factors can be excluded

unless at least one of these factors changes its position as it was discussed for the bac-

terial Map above. This idea is supported by other cross-linking studies where NAC

was also found to interact with eL31 and uL22 on the opposite site of the TE (termed

UAS2, Pech et al., 2010), suggesting that in this case rather NAC then Map1 alters its

position. Indeed, NAC was already observed relocated to a different position in the

presence of the TTC5 protein, a tubulin-specific ribosome-associating factor (Lin et al.,

2020). Having TTC5 bound, NAC was detected on the ribosome shifted into the direc-

tion of H24 and uL22 and away from UAS1. A putative N-terminal extension of the

α-SU was observed and placed as Ala model between eL19 and eL22 (PDB 6T59, Lin

et al., 2020). This would explain the cross-linking results of NAC to UAS2 (Pech et al.,

2010; Zhang et al., 2012; Nyathi and Pool, 2015). In this alternative binding site NAC

would still clash with Map1, but it shows the possibility of a general rearrangement

and dynamic binding of NAC to ribosomes. Nevertheless, based on the structural

data known so far, Map1 and NAC cannot simultaneously bind to the ribosome.

Figure 4.2: Comparison of Map1 and NAC binding to the ribosome. Isolated densities
of yeast Map1-C1 (left) and C. elegans NAC (middle) with yeast 80S or C. elegans 60S in
the background respectively. The overlay of both factors (right) with Map1 in transparent
indicate that a concomitant binding is not possible. EMDB: 4938 (NAC, Gamerdinger et al.,
2019).
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4.2 Binding of NatA on the 80S ribosome and comparison with Map1

NatA acts on the ribosome after MetAPs has cleaved the iMet, in case the new N-

terminus exposes a small aa in the second position. This suggests a sequential action

of the two enzymes on the NC, but binding to the ribosome might be a different

question. To investigate if Map1 and NatA compete or cooperate on processing NatA

substrates, we first determined the cryo-EM structure of NatA-ribosome complexes

and subsequently compared them to our Map1-ribosome structure.

Like Map1-ribosome complexes, NatA-80S complexes were also successfully obtained

via the native pullout approach. Here, however, no cross-linking was necessary to

maintain the intact complex, indicating that the NatA-ribosome assembly is compa-

rably more stable.

Indeed, the sample from the native pull out revealed four stable anchor points of

NatA on the 80S ribosome in yeast. Contrary to previous studies suggesting NatA

binding to UAS1 (uL23 and uL29) as observed by analyzing different TAP-tagged

yeast strains (Polevoda et al., 2008), ribosome binding is exclusively established via

rRNA. Moreover, three of the four sites involved eukaryotic specific expansion seg-

ments and their triangular arrangement positions the trimeric NatA complex directly

below the TE. A model for the trimeric S. cerevisiae NatA complex based on a crystal

structure of the free NatA (PDB 4XNH) was rigid-body fitted into the electron den-

sity without the need of a rearrangement of the SUs. In addition, the model could

be improved especially at the ribosome binding sites. Therefore, our data show that

NatA’s two auxiliary SUs (Naa15 and Naa50) on the ribosome create a position of the

catalytic Naa10 in a way that it faces the ribosomal TE at a distance of about 50 Å.

Considering the distance from the 3’-CCA end of the tRNA to the TE, a minimum

length of 50 aa in total or 20 aa from the TE would be required to reach the catalytic

center of NatA on a direct way (fig. 4.3). This is in the upper range of the 25-55 aa of

the NC for N-terminal acetylation suggested earlier by in vitro studies (Polevoda and

Sherman, 2003a). Furthermore, the minimum length of 50 aa is in agreement with the

required minimal length of 40-45 aa for the iMet removal estimated in bacteria as it

precedes NTA by NatA (Sandikci et al., 2013; Ball and Kaseberg, 1973).

Naa50, with so far unknown function, comprises like Naa10 the GNAT fold for acety-
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lation activity. In humans and fruit fly, Naa50 can act either alone or in complex

with Naa10 and Naa15 (see introduction) and has acetylation activity against NCs

retaining the iMet (Evjenth et al., 2009; Hou et al., 2007; Van Damme et al., 2015;

Williams et al., 2003). In the yeast trimeric NatA-ribosome complex, Naa50 is located

85 Å away from the TE. For this distance a NC length of about 70 aa would be needed

to reach Naa50’s catalytic center and is therefore located significantly further away

than Naa10. In addition, Naa50 in yeast is inactive as it lacks the acetyl-CoA binding

motif (Gautschi et al., 2003; Deng et al., 2019; Van Damme et al., 2015; Arnesen et

al., 2006) and therefore has presumably only a stabilizing role of trimeric NatA to the

ribosome. In conclusion, Naa50 serves as an additional ribosome binding SU but not

as active catalytic SU in yeast.

Figure 4.3: Minimum length of the NC required for acetylation by NatA. Cut view fo-
cusing on the NC and catalytic center of NatA. A minimum length of the NC, shown as Ala
model, of 50 aa in total, or 20 aa from the TE is necessary to reach the catalytic center di-
rectly. Peptidyl-tRNA: green, Naa10: red, Naa15: orange, Naa50: light green, ES27a: cyan,
40S: yellow, 60S: gray.
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The native pull out which was used to purify intact NatA-ribosome complexes in-

cluded an additional S7 digestion step for NatA enrichment. This led to a well re-

solved structure explaining NatA’s interaction with the ribosome. A disadvantage of

this approach is the presence of ribosomes programmed with a broad mixture of NCs

that comprise different lengths and aa compositions. Especially the binding to the

very flexible ES27a allows NatA to adopt slightly different conformations and vary-

ing its position to perfectly ’catch’ different NCs for acetylation. These minimal move-

ments might be the reason for a still low local resolution of the NatA complex com-

pared to the overall 80S ribosome (chap. 3.2.2). To overcome the flexibility of NatA

on the ribosome determined in native pull out data, ABP1-RNCs carrying a NC of a

defined aa composition were incubated with an inactive NatA mutant and subjected

to cryo-EM analysis. Data processing revealed that the binding mode of NatA in the

in vitro reconstituted sample is exactly the same as in the native pull out and reflects

perfectly the native situation and conformation of NatA on the ribosome. Despite

overall similarities, some minor but interesting differences between these structures

were observed. On the one hand, the hitherto invisible N-terminus of the auxiliary

Naa15 seems to be better visible now. On the other hand, an extra density near the

N-terminal TPRs of Naa15 are very likely to originate from the NC. This is interesting

because conceptually it could have an impact on NatA function. TPRs are in gen-

eral protein-protein mediating entities (reviewed in Zeytuni and Zarivach, 2012) and

here they could act as a guide for the NC towards the catalytic center (fig. 4.4). This

was already suggested before by several studies performing protein sequence analy-

ses and predicting TPRs within Naa15, as well as the other auxiliary SUs of the major

NATs (Naa25 of NatB and Naa35 of NatC) (Polevoda and Sherman, 2003b). Contrary

to other in vitro studies suggesting a NC length of 25-55 aa (Polevoda and Sherman,

2003a), an unusual long length of the NCs of 80-100 aa for NatA processing was also

observed by cross-linking experiments (Gautschi et al., 2003). Observing longer NCs

may indicate a ’guiding’ of the NC along the TPRs (fig. 4.4) and a later acetylation

event. In addition, we can even speculate on NatA as being not only a processing en-

zyme but also as kind of a holdase, the may even assist in folding in a chaperone-like

manner.
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Figure 4.4: Possible routes of the NC into the catalytic center of NatA. Additional den-
sity (AD) in the structure of NatA reconstituted on RNCs programmed with 88 aa of ABP1
suggests a guiding of the NC along Naa15’s TPR repeats (purple) instead of entering the cat-
alytic center directly (dark green). Densities are colored according to NatA model obtained
from native pull out with Naa10 in red, Naa15 in orange and Naa50 in light green. ES are
labelled in cyan. Additional density within Naa15 that points towards the TE is left in gray.
The model of the original NC (dark green) was revised using COOT.

Map1-NatA interplay

To assess if Map1 and NatA act in concert or sequentially, both obtained structures

were superimposed. Map1-C1 could in principle bind to the ribosome with NatA at

the same time. If shown in the front view, Map1 is located adjacent to NatA with only

having a minor overlap with the Naa15 N-terminus (fig. 4.5A). In contrast, however,

Map1-C2 would clash with the N-terminal TPRs of NatA’s auxiliary SU (fig. 4.5B).

Notably, both exit factors extensively engage with ES27a and interestingly ES27a is in

clearly distinguishable positions when bound to either factor. This structural analysis

suggests two possible scenarios for the Map1-NatA interplay.

The first is sequential binding of Map1 and NatA that is dictated by the position of

ES27a (fig. 4.5C). Starting with Map1-C1 that might be responsible for the positioning

of ES27a in its exit position. Here, Map1 is tightly bound to ES27a, H59 and eL22.

During the transition from C1 to C2 conformation, ES27a shifts by about 12° closer

towards the position found in the NatA-80S complex. This might lead to a weakening

of ES27a interactions with Map1, which is yet still connected to the ribosome via eL22

and H59 (Map1-C2). Upon binding of NatA, ES27a could move further for about 19°,
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which could lead to the final dissociation of Map1. In total, ES27a shifts by about

30° from Map1-C1 to NatA position, guiding the exit factor binding by its distinct

positions.

However, our structure does not exclude concomitant binding, if the intrinsic flexibil-

ity of Map1 is taken into account. As shown for bacteria, Map is able to in principle

adopt alternative binding site as soon as another exit factor (PDF in bacteria) blocks

its primary binding site (Bhakta et al., 2019). Having another enzyme present, e.g.

NatA, might relocate Map1 on the yeast ribosome as well. This is supported by our

biochemical data, where NatA was not able to replace Map1 in a competition assay

(fig. 3.19). This leads to the second scenario and a handover model for the NC: as

NatA interacts with H24 while Map1 binds on the other side of the TE and already

interacts with the NC, Map1 could transfer the NC after NME to NatA. In turn, NatA

guides the NC along its TPRs into the catalytic center. In addition, having both en-

zymes bound around the TE at the same time, an even more protective environment

for the NC is created during modification and prevents other exit factors to interfere.

Figure 4.5: Possible concomitant binding of Map1 and NatA on the 80S ribosome. Over-
lay of Map1-C1 (A) or Map1-C2 (B) with NatA-ribosome complexes with Map1 shown in
transparent. Naa15 in orange, Naa10 in red and Naa50 in green. C, View on ES27a confor-
mations in Map1-C1-, Map1-C2- and NatA-ribosome complexes (pink, purple and orange
respectively). Angles and distances are indicated in the table below.
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4.3 Binding of NatB on the 80S ribosome and comparison with Map1

and NatA

One of the aims of this work was to study the interplay of the factors responsible for

early processing of the NC. For Map1 and NatA a sequential modification of the NC,

namely first NME then NTA, is known. NatB, the second most common NAT, also

acetylates many proteins, but in contrasts to NatA it acetylates the iMet directly. Nev-

ertheless, both might need to scan the ribosome for sufficient substrate. Therefore, the

question arises how Map1 and NatB are coordinated as they do not need each other’s

action for NC modifications and how the two pathways (Map1/NatA) and NatB can

exclude or integrate each other.

For the NatB-ribosome structure determination, the logic choice would be a native

pull out again, also tagging the auxiliary SU that has been suggested to be involved

in ribosome binding (Polevoda et al., 2008). Unfortunately, a C-terminal TAP tagged

version of Naa25 is not available in the strain collection at Euroscarf, indicating al-

ready that the C-terminus might play an important role in the NatB function. Insert-

ing a different tag C- or N-terminally as well as internally did not lead to a successful

co-purification of ribosomes with the NatB complex. However, an in vitro reconsti-

tution of NatA on specifically programmed RNCs showed that the in vitro approach

mimics the native situation very well (chap. 3.2.3). Therefore, the same experiment

was performed with NatB.

Surprisingly, the in vitro reconstitution of a catalytically inactive NatB on ABP1-RNCs

revealed a complete different binding mode of NatB on the ribosome compared to

NatA, even though the similarities in the architecture of the auxiliary SUs might have

indicated the opposite.

The dimeric NatB complex sits offside the exit tunnel and establishes only two major

contacts to the ribosomes, in contrast to NatA that maintains four. However, similar

to NatA, these contacts again only involve rRNA and are established by positively

charged patches at the C-terminus of the auxiliary SU. Noticeably, NatB binding does

not involve any ESs. Another part of the C-terminus as well as TPRs at the N-terminus

of Naa25 might be involved in a weaker binding to eL31, but this connection was

only observed at lower contour levels. Notably, the close vicinity of Naa25’s N- and
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C-terminus to the ribosome may explain, why N- and C-terminal tagging of Naa25 in

yeast was not successful.

The NatB-ribosome structure revealed, that only the auxiliary Naa25 SU forms con-

tacts to the ribosome as proposed before by deletion studies (Polevoda et al., 2008).

As observed in the crystal structure of C. albicans, Naa25 wraps around the catalytic

Naa20. This structure could be rigid-body fitted basically in the same conformation as

observed in the crystal structure, indicating that major structural rearrangements are

not required to bind the ribosome. Like in the case of NatA, the catalytic SU Naa20

does not contact the ribosome. Naa25 positions it such, that the catalytic center points

towards the TE at a distance of about 65 Å. Also taking the distance from the PTC to

the TE into account, the polypeptide chain would need a minimum length of about

55 aa in total, or 25 aa from the TE to reach the catalytic center on a direct way (fig. 4.6).

The minimal length of the NC for NatA and NatB is therefore in a similar range (50

and 55 aa total), even though NatB most likely requires longer NC than NatA.

Figure 4.6: Minimum length of the NC required for acetylation by NatB. Cut view fo-
cusing on the NC and catalytic center of NatB. A minimum length of the NC (shown as Ala
model) of 55aa in total, or 25aa from the TE is necessary to reach the catalytic center directly.
Peptidyl-tRNA: green, Naa20: orange, Naa25: magenta, ES27a: cyan, 40S: yellow, 60S: gray.

To make comparisons easier, NatB auxiliary SU Naa25 will be shown in teal and NatB

catalytic SU in pink from now on.
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The interplay of NatB with other factors

Even though NatB is located more distant from the TE, NatA and NatB are over-

lapping to a large extent, indicating that both cannot bind at the same time without a

tremendous rearrangement (fig. 4.7). This is rather unlikely, as they acetylate different

substrates and there is no biochemical need for concomitant binding after substrate

recognition. In contrast, Map1 and NatB do not clash when both are bound to the

ribosome, but this would leave Map1 unemployed at the TE as NatB substrates get

not modified by MetAPs.

Figure 4.7: Comparison of NatA and NatB binding to the ribosome. A, Side view from
ES27a direction showing NatB (Naa25 teal, Naa20 hidden) on the ribosome overlaid with
NatA (Naa10 red, Naa15 orange, Naa50 green). Concomitant binding of both ligands is not
possible as the auxiliary SUs are overlapping to a large extent. B, bottom view focusing
the TE (asterisk) of the same composition as in A. C, View as in A, showing the catalytic
SUs only (Naa10 red, Naa20 pink) with the model of a minimum NC length (yellow and
teal respectively) that is required to reach the catalytic centers. Naa20 and Naa25 catalytic
centers have a distance of about 27 Å where NatB is located farer away from the TE. The
minimal length of the NC is 50 aa for NatA and 55 aa for NatB. CoA, acetyl-CoA.

Furthermore, ES27a is in a NatB specific exit positon, but in contrast to NatA or Map1

this ES is not required for anchoring NatB to the ribosome. These issues might be
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explained by the second NatB (B2) that was observed in the data in addition to NatB

in its primary B1 position (fig. 4.8A), but the binding of B2 needs to be evaluated

carefully. Since NatB is reconstituted with a high molar excess, the second NatB might

indeed only be an in vitro artefact and due to unspecific rRNA binding. However,

there are several arguments that speak against this.

First, a pelleting assay of NatB with RNCs lacking important ES only showed a minor

effect on NatB binding compared to the same experiment with NatA and Map1. As

only B2 loses its interaction partner ES27a, the effect is not as severe because B1 bind-

ing is not affected and therefor not the whole binding of NatB to ribosomes abolished.

This shows, that even after pelleting both NatB proteins are stably associated with the

ribosome.

Structurally, B2 is inversely oriented with respect to the first NatB and its auxiliary

SU interacts with ES27a. Therefore, B2 might locate ES27a in its distinct NatB exit

position. Furthermore, in this arrangement B2 blocks the entire binding site below

the TE not only for Map1 but also for any other exit site factor (fig. 4.8A). This would

exclude an accidentally or unnecessary binding of other factors to non-suitable sub-

strates. In addition, B2 shields the NC. In contrast to NatA that contacts H24, neither

of the NatB proteins maintain a direct connection to the TE. Shielding the area below

the TE by B2 creates a protective environment for the NC to find unhindered its way

to the catalytic center. Notably, in both cases the TPRs of the one NatB are in close

proximity of the catalytic center of the other NatB. Therefore they might support each

other in guiding of the NC similar to the guiding in ABP1-NatA complexes.

However, the side where the NC enters the catalytic center of B2 is pointing away

from the TE. The NC would need to leave the protected environment below the TE

in the direction of ES27a and making a detour to reach into the catalytic center of B2.

Therefore, the unfavorably located catalytic center of B2 argues against an executing

role of the secondary NatB and it might perform a more stabilizing role for B1. Fur-

thermore, B1 exists on the ribosome without B2, but not the other way round. This

leads to the assumption that NatB in the primary position is likely responsible for

acetylation. However, exit factors tend to occupy alternative binding sites if the pri-

mary is blocked. This might be another possible scenario for B2 and B1 respectively.
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In conclusion, the secondary NatB seems not be an artefact of the in vitro set up but

its final role still needs to be determined.

Figure 4.8: Possible blocking of the tunnel exit by a second NatB and sub-conformations
of ES27a. A, Bottom view focusing on the TE (asterisk) of NatB-ribosome complexes where
a second NatB (B2) is bound. NatB is shown in B1 position (auxiliary SU in teal, catalytic
in pink) and in B2 position (auxiliary SU in green, catalytic in yellow), overlaid with Map1
shown as contour. B, Schematic overview about the positions of ES27a present in Map1 (pink
and purple), NatA (orange) and NatB (green) maps with angles and distances indicated in
the table below.

Possible role of ES27a as a mediator

The overall question that should be answered is the interplay of different exit site

factors at the ribosomal TE. In context of NatB this question refers to the interplay of

Map1, NatA and NatB. Strikingly, all three enzymes exhibit ES27a in its exit position

but in each case in a specific way. This is interesting since the ribosome may be able

to discriminate different exit factors based on its ES27a position.

Assuming ES27a when NatA is bound as the reference position, ES27a moves in the

direction of the TE for Map1 binding but away from the TE in the opposite direction

for NatB (fig. 4.8B). The shifted position of ES27a when NatB is bound enlarges the

distance even more to 40 or 60 Å when Map1-C2 or Map1-C1 is bound respectively.

This might be a way of the ribosome to exclude concomitant binding of Map1 and

NatB.

Furthermore, NatA and NatB somehow need to check if ‘their’ substrate comes out

of the ribosome, but without the need of concomitant binding (fig. 4.7A and B). In
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an eventual screening process ES27a might function as a mediator being in a more

TE-near position for the Map1/NatA pathway. Here, substrate sensing might be per-

formed by Map1 first as it is more abundant in the cell than NATs. If Map1 recognizes

its substrate, ES27a is positioned properly and allows NatA to join after iMet removal.

If there is no iMet to cleave as the NC is not a substrate for Map1, Map1 would leave

the TE, ES27a is not trapped in a specific subconformation and might help NatB to

associate. Of course, a direct proof for this is still missing.

4.4 Coordination of exit site factors at the ribosomal tunnel exit

With the structures obtained in this thesis and discussed above, the interplay of dif-

ferent exit site factors including chaperones (NAC/RAC), modifying (Map1, NatA,

NatB) and targeting enzymes (SRP/Sec61) can be now discussed in more detail.

In general, they all form contacts to the ribosome via electrostatic interactions to the

negatively charged ribosomal RNA. Positively charged patches are present in NAC

(Wegrzyn et al. 2006; Pech et al. 2010; Shen et al., 2019), NatA (Magin et al., 2017;

Weyer et al., 2017a; Knorr et al., 2019), NatB (chap. 3.3.2.3), Map (Sandikci et al.,

2013 for bacteria), RAC/SSb (Leidig et al. 2013; Zhang et al. 2014; Gumiero et al.

2016; Lee et al. 2016, Weyer et al., 2017b) and SRP (Becker et al., 2017). Furthermore,

all discussed exit factors are binding to the ribosome independent of the NC, either

by binding to non-translating vacant ribosomes (Map1, SRP, Ssb), binding to non-

substrate ribosomes, meaning to ribosomes carrying any NC (NAC) or both is true

for (NatA, NatB) (Map1: Nyathi and Pool, 2015; SRP: Powers and Walter, 1996; Ssb:

Hanebuth et al., 2016; NAC: del Alamo et al., 2011; NatA: Gautschi et al., 2003; Knorr

et al., 2019; NatB: chap. 3.3.1).

Even if it seems that all exit factors can bind at any time to the ribosome indepen-

dently of the NC, it is obvious that not all factors can sit on empty ribosomes and wait

for the NC to test for the presence of the correct substrate to work on. Alone for steric

reasons this is not possible. Furthermore, a study where the copy number and occu-

pancy of different exit site factors was determined and compared for empty ribosomes

and randomly translating ribosomes (tab. 7, Raue et al., 2007) support this finding. It

showed lower abundance of SRP and modifying enzymes (NatA, Map1, Map2) com-
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4.4 Coordination of exit site factors at the ribosomal tunnel exit

pared to chaperones such as RAC or the chaperone-like NAC (Koplin et al., 2010,

Kirstein-Miles et al., 2013). Chaperones exhibit high copy numbers in the cell (Finka

et al., 2013) as they support folding of many proteins they tend to stay longer on the

ribosome. In contrast, transient interactions are shown for bacterial Map (Sandikci et

al., 2013) and are also expected for NATs (Dörfel and Lyon, 2015). This suggests the

idea of a dynamic cycling of different exit factors including re-localization to alterna-

tive binding sites (Map1 chap. 3.1.2.2; NAC, Gamerdinger et al., 2019; Lin et al., 2020),

a flexible nature and high on and off rates at the TE.

In this context, ES27a was suggested to function as a global coordinator of such events

by possibly delivering exit site factors to the ribosome (Beckmann et al., 2001). Re-

cent studies and this thesis are in agreement with this prediction. Contrary to dele-

tion studies showing the absence of the entire expansion segment ES27 being lethal

(Sweeney et al., 1994), it has been uncovered that deleting only the flexible part of

ES27, namely ES27a, is not lethal in yeast (Fujii et al., 2018; Shankar et al., 2020).

Notably, a ES27a deletion strain does not even show any growth phenotype under

normal conditions (Shankar et al., 2020). However, two studies investigated inde-

pendently that N-terminal processing of the NC is influenced upon ES27a deletion

in yeast (Fujii et al.,2018; Shankar et al., 2020). In more detail, Map1, Map2, NatA

and NatB were all shown to be less associated with ribosome ∆ES27a strains based

on quantitative MS and additional polysome mRNA-Seq analysis (Fujii et al.,2018;

Shankar et al., 2020). That ES27a deletion strains showed a de-enrichment of Map1

on ribosomes is in agreement with our in vitro study indicating a significant decrease

of Map1 binding when ES27a was removed by an RNase I treatment (chap. 3.6). This

highlights again that our in vitro approach matches with the published in vivo data. It

is not surprising that in the same studies NatA is downregulated together with Map1

as these processes are dependent on each other. NatA binding is also dependent on

the presence ES27a but also additionally on ES39a and ES7a (chap. 3.2.2.2), but it

would lack substrates when the iMet is not removed because of improper Map1 as-

sociation with the ribosome. Furthermore, the absence of ES27a coincides with an in-

crease of mRNAs encoding for proteins involved in folding and targeting, e.g. specific

chaperones or ER proteins and an increased protein aggregation tendency (Shankar et

al., 2020). In the light of the results of this thesis, this makes sense, as NME and NTA
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4.4 Coordination of exit site factors at the ribosomal tunnel exit

are wide spread protein modifications that are impeded by the removal of ES27a.

In conclusion, the idea of ES27a being responsible for factor recruitment to the ribo-

some is emphasized with this new data and this work proves first evidence for this

hypothesis on a structural basis. It shows how three early exit site factors, Map1,

NatA and NatB are coordinated below the tunnel exit by ES27a that adopt distinct

sub-conformations dependent on the factor bound (fig. 4.8B). Notably, ES27a moves

almost 40° between its extreme positions showing for the first time its high mobility

within the general exit position. However, it remains to be clarified whether ES27a

delivers the factors actively to the TE or whether the position of ES27a only passively

correlates with the position of the factors.

Table 7: Ribosome occupancy and concentration of exit site factors. Molecules per cell
as well as the occupancy to non-translating and randomly translating ribosomes were de-
termined in a logarithmically growing yeast cell culture measured as his-tagged proteins by
quantitative immunoblotting (Raue et al., 2007). For comparison, the copy number of exit
factors measured by quantitative mass-spectrometry are shown in the right column (Kulak
et al., 2014). EGD2 and EGD1 are coding for α- and β-NAC SUs; for SRP, the core compo-
nent of the signal recognition particle SRP68 was used; for NatA copy numbers for all three
subunits are shown separately. n.d., not detected.

Molecules/cell non-
translating
ribosomes

Randomly
translating
ribosomes

Molecules/cell
according to
Kulak et al.,
2014

ribosomal par-
ticles

310,000

NAC 400,000 88% 89% 208,442 (EGD2)/
135,399 (EGD1)

Ssb1/2 280,000 15% 30% 17,606/356,434
RAC 90,000 19% 35% 45,188 (Zuo)/

59,449 (Ssz)
Map1 20,000 2% 4% 22,474
SRP 8,000 n.d. 1% 8,622 (SRP68)
NatA 7,500 2% 4% 6,445 (Naa15)/

3,740 (Naa10)/
9,455 (Nasa50)

Map2 6,000 1% 2% 5,248
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4.4 Coordination of exit site factors at the ribosomal tunnel exit

Taking everything together, a unifying model of the possible coordination of exit fac-

tors binding around TE can be described now on a structural basis (fig. 4.9).

First, the earliest interacting factor NAC (Wiedemann et al., 1994) binds to the ribo-

some. For subsequent acetylation by NatA, NAC needs to dissociate to free the space

for Map1 at the TE. Hereby, Map1 coincides with ES27a in its exit position. Depen-

dent on its conformation, Map1 can either stay on the ribosome once NatA binds, or a

sequential binding of Map1 and NatA is orchestrated by ES27a. Upon NatA binding,

ES27a rearranges into its NatA position to provide a triangular arrangement of three

expansion segments for a dynamic association of NatA with the ribosome. It seems

that there is a competition between the Map1/NatA pathway and SPR and RAC in

accessing the TE. Concomitant binding of both factors with NatA is not possible for

steric reasons. The secretory pathway by SRP and Sec61 would exclude acetylation

by NATs on a structural basis as these factor would clash at the TE. In addition in vivo

and in vitro experiments of acetylated and non-acetylated N-termini used to monitor

ER targeting showed that N-terminal processing inhibits translocation into the ER and

therefore anti-correlates protein targeting with NTA (Forte et al., 2011). Furthermore,

N-terminal processing in general should be a fast event. In yeast, translation speed

is at about 10 aa per second (Boven and Gullov, 1979). Assuming an average protein

size of 467 aa (Harrison et al., 2003), the majority of proteins get synthesized in less

than a minute, meaning that N-terminal modifications need to be completed before.

Therefore, it is likely, that chaperones such as RAC or other Hsp70-like proteins are

binding after NatA dissociated to support further protein maturation and folding.

On the other hand, NAC and SRP or Sec61 cannot bind at the same time. It has

been shown that NAC prevents unspecific association of Sec61 and mistargeting and

therefore regulates co-translational protein transport to the ER (Gamerdinger et al.

2015, Möller et al., 1998). Having NAC bound as the earliest interactor it would need

to leave upon SRP binding. As rebinding of NAC seems to be possible later on (Zhang

et al., 2012; Nyathi and Pool, 2015), a dynamic binding and re-localization of NAC fits

to the concept of flexibility of most of the exit factors.

Cross-linking studies with NAC and the chaperone RAC suggest simultaneous bind-

ing (Nyathi and Pool, 2015) that could be confirmed on a structural basis (Gamerdinger
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4.4 Coordination of exit site factors at the ribosomal tunnel exit

et al., 2019; Zhang et al., 2014; fig. 4.9).

Based on the structures presented here, NatB (as B1) and NAC do not share the same

binding sites and would be able to bind concomitantly. NAC could in principle stay

on the ribosome after NatB joined and might support folding, guiding of the NC

or shielding the NC from unwanted cytosolic interactions. Exactly like NatA, NatB

would need to leave the ribosome before RAC can associate and also negatively affect

SRP-dependent targeting (Forte et al., 2011). The potential second NatB binding site

would block the entire TE and exclude any other factor to bind at the same time when

the both NatB proteins are present (fig. 4.9, table).
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4.4 Coordination of exit site factors at the ribosomal tunnel exit

Figure 4.9: The interplay of different exit site factors. Schematic representation of NAC,
Map1, NatA, NatB, RAC, SRP and Sec61 bound to the translating 80S ribosome in the front
or bottom view and in comparison with NatA and NatB binding sites (top). For NAC the
primary binding site is shown, Map1 is shown in Map1-C1 conformation. EMDB used for
comparisons: 1651 (Sec61), 2844 (SRP), 6105 (RAC), 0202 (NatA).
A matrix (bottom) shows all possible combinations indicating if simultaneous binding is
possible (V), not possible (X) or partially possible (P, only minimal overlap, binding is possi-
ble assuming flexibility of ligands). NACalt, alternative binding found in context with TTC5
protein (EMDB 10380, Lin et al., 2020); NatBB2, having the potential second NatB bound in
addition (chap. 3.3.2.4).
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5 Conclusion and outlook

Protein synthesis happens on the ribosome where the growing polypeptide chain

emerges through the ribosome peptide exit tunnel into the cytosol. During this phase

multiple protein factors bind either to the area surrounding the TE and/or interact

with the NC directly. They are all associated with the ribosome and support folding

(chaperones such as RAC or the chaperone-like NAC), perform N-terminal process-

ing of the NC (Map1, NatA, NatB) or act as targeting factors to the ER (SRP/Sec61).

This thesis gives a more detailed insight into the spatial and temporal coordination of

these exit factors in yeast.

The focus of this work was on the early interactors which are responsible for early

processing of the NC. iMet excision by methionine aminopeptidases and N-terminal

acetylation belong to the most abundant co-translational protein modifications and

start to happen at the stage when the NC has an approximate length of 40-55 aa and

has left the ribosomal peptide exit tunnel.

The binding of these modifying enzymes and other exit site factors to the ribosome

can be summarized under the keyword of flexibility. Map1, NatA and NatB have in

common that the very mobile ES27a is placed in its exit position. Map1 and NatA

both directly bind to ES27a, which turns out to be a crucial interaction partner for

ribosome binding. NatB interacts only with ES27a when a second NatB protein is

present. Depended on the enzyme bound, ES27a adopts defined sub-conformations

and seems to serve as the coordinator of these factors. In total, it moves by about

40° starting from its first Map1 position over to its NatA and then NatB position.

It is likely, that this regulates factor binding to the TE. For example, ES27a in NatB

position is too far away to be bound by Map1. This would exclude Map1 binding

for NME that is not necessary for NatB acetylation. In addition, different exit factors

have been shown to adjust their binding position if other factors are present or their

primary binding site is blocked (chap. 4.1; Bhakta et al., 2019; Gamerdinger et al., 2019;

Lin et al., 2020). The interaction of the early exit factors with the mobile ES27a might

allow them to change their position further and supports the idea of a general flexible
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binding and a dynamic cycling of exit factors at the TE. Furthermore, for interactions

of NATs with the ribosome, unexpectedly mainly rRNA is involved in binding. Here,

electrostatic interactions of the auxiliary subunits with the ribosome support a flexible

and transient binding mode.

Coming back to the spatial and temporal orchestration of exit site factors, three path-

ways can be defined. The chaperone pathway via RAC, a separate targeting pathway

(SRP/Sec61) and another pathway for NTA via Map1/NatA or NatB alone. A sequen-

tial handover is only possible for NTA and RAC. SRP and NTA pathway exclude each

other on a biochemical as well as structural basis. In contrast, the chaperone-like NAC

seems to fulfill its task as the earliest interactor and might precede all other pathways.

The question if Map1 and NatA bind simultaneously or sequentially did not lead to

a final answer. Furthermore, if NatB binds as a single NatB or as a dimer could not

be answered. More research would need to be done to finalize the interplay of exit

factors whilst considering their flexibility.

In case of Map1, the structure on the ribosome was obtained via a native pull out

but the sample needed to get cross-linked in order to stabilize Map1 on the ribosome.

Here, additional structural studies in combination with NatA and NatB might give

further insights into the coordination of these factors and their possible concomitant

binding. Especially the position of ES27a that might be able to engage an intermedi-

ate position to the defined ones found in this studies, would be interesting and would

contribute to the understating of flexible binding.

For NatB a subsequent step would be to get the ribosome binding SU tagged for a

native pull out and to answer the question about the potential second binding site of

NatB and if one or two NatB proteins are associated with the ribosome in vivo. The

challenge will be to find the right tag on an appropriate position to co-purify both

NatB SUs with the ribosome as Naa25 C-terminus for sure and N-terminus likely is

involved in ribosome binding.

In general, further studies on a structural as well as biochemical basis would get ad-

ditional insights about simultaneous binding and interactions of more exit factors,

including possible rebinding as proposed for NAC (Zhang et al., 2012). Suitable

substrates would be needed for in vitro studies that complies with the different re-

quirements of diverse factors. In addition, ribosome profiling data would supplement

117



these results.

Moreover, continuing work on higher eukaryotes or especially humans to study NTA

on a structural basis, might help to fight against diseases that are linked to a malfunc-

tion or misregulation of NATs. However, the human system is more complex and for

example expansion segments are way longer than in yeast. The expected even greater

flexibility of ESs and binding factors will be challenging for structural studies.

In summary, structure and localization of Map1, NatA and NatB gives a new starting

point to study co-translational exit site factor coordination in yeast and the interplay

at the TE further. In addition, it provides the basis for additional research that can

be extended to the human system where especially NTA is linked to various types of

diseases and cancer.
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Appendix

Secondary structure of the 28S rRNA of S. cerevisiae

Expansion segments ES7a, ES27a and ES39a are labeled in blue. Adopted form
http://apollo.chemistry.gatech.edu/RibosomeGallery/.
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Exit site factors and their binding sites to the ribosome (extended)

Figure is on the next page. Exit view of the ribosome and binding sites of exit site

factors, extended by the results of this thesis (Knorr et al., 2019 for NatA), otherwise

according to p. 9.
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Nomenclature of N-terminal acetyltransferases

Table showing the new nomenclature and alternative names for NATs with
the uniprot accession number indicated. Adopted from Polevoda et al., 2009.

NAT Primary name Synonyme Yeast (uniprot) Human (uniprot)

NatA Naa10 Ard1p; TE2 P07347 P41227
Naa11 Ard2p - Q9BSU3
Naa15 Nat1p; NARG1; NATH; TBDN P12945 Q9BXJ9
Naa16 Nat2p; NARG1L - Q6N069

NatB Naa20 Nat3p; hNat5p Q06504 P61599
Naa25 Mdm20p; p120 Q12387 Q14CX7

NatC Naa30 Mak3p; hNat12p Q03503 Q147X3
Naa35 Mak10p; hEGAP Q02197 Q5VZE5
Naa38 Mak31p; hLsm8p P23059 O95777

NatD Naa40 Nat4p; hNat11p Q04751 Q86UY6
NatE Naa50 Nat5p; hNat13p; San Q08689 Q9GZZ1
NatF Naa60 Hat4, Nat15 - Q9H7X0
NatG Naa70 AtNaa70 - -
NatH Naa80 Fus2, Nat6 - Q93015
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TPRs and secondary structure diagram for Naa15

Overview of the ribosome-bound NatA structure. S. cerevisiae Naa15 is shown in beige,
except for the 13 TPR motifs displayed alternating in yellow and blue and numbered ac-
cording to Liscszak et al. 2013 (PDB 4KVM). TPR 11 is not a canonical TPR; instead, it shows
extended α-helices and is therefore labeled with 11-like and 11 ext for extended. Naa10 is
shown in red and Naa50 is shown in green.
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Secondary structure diagram for Naa15. TPR motifs anre indicated and numbered. Interac-
tion sites of Naa15 with ES27a, ES39a and Naa50 are shown as red boxes.
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Secondary structure alignment of NatA, NatB and NatC auxiliary sub-

units
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Secondary structure alignment of NatA, NatB and NatC auxiliary subunits.
Naa15 (NatA), Naa25 (NatB) and Naa35 (NatC) were alinged using praline
(http://www.ibi.vu.nl/programs/pralinewww/) and alignedment was colored according
to secondary structure elements.
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Plasmid maps

pEX-A2

MCS: GGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGC

TGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACcaattgGG TAC-

CgagctcGCGGCCGCAAGC>your_gene>ACCTGCTTTTGCTCGCTTgg atccGAATTC-

CTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACG AGCCGGAAG-

CATAAAGTGTAAAGCCTG
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pEX-A128

GGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCG GGGCTG-

GCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGAAAGG caattgGGTAC-

CgagctcGCGGCCGCAAGC>your_gene>ACCTGCTT TTGCTCGCTTGGATCCgaattcAAAG-

GTGAAATTGTTATCCGCTCACAA TTCCACACAACATACGAGCCGGAAGCATAAAGT-

GTAAAGCCTG
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pETDuet-1

pRSFDuet-1
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pET28a
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pET21a
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Uncropped gels

Map1 binding assays

Binding assay of Map1 with RNase I-treated RNCs. 15%SDS-PAGE after an in vitro binding
assay showing the supernatant (SN) and pellet (P) fractions of RNCs or RNase I-treated
RNCs (rtRNC) incubated with recombinant Map1. See fig. 3.6, page 65.
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NatA binding assays with rtRNC

Binding assay of NatA with empyt and RNase I-treated RNCs. A, 4–12% Nu-PAGE gel
after an in vitro binding assay showing the supernatant (SN) and pellet (P) fractions of either
empty 80S ribosomes or NatA or 80S ribosomes incubated with recombinant NatA, indicat-
ing NatA binding to empty ribosomes independently of an emerging nascent chain. B, 15%
SDS–PAGE with supernatant and pellet fractions of a representative binding assay using ei-
ther uL4-RNCs (RNC) or RNase I–treated uL4-RNCs (rtRNC). A representative ribosomal
band used for normalization is marked with an asterisk. See fig. 3.14, page 78.

134



NatB binding assays

Binding assay of NatB with substrate, non-substrate and non-programmed RNC. 15%
SDS-PAGE after an in vitro binding assay showing the supernatant (SN) and pellet (P) frac-
tions of substrate RNCs (HA-RNC), non-substrate RNCs (L4RNC) or non-programmed 80S
(np80S) incubated with recombinant NatB complex. See fig. 3.20, page 87.

Binding assay of NatB with RNase I-treated RNC. 15% SDS-PAGE after an in vitro binding
assay showing the supernatant (SN) and pellet (P) fractions of RNC (L4) or RNase I–treated
uL4-RNCs (rtRNC) incubated with recombinant NatB. See fig. 3.20, page 87.
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NatB binding to ABP1-RNC

Binding assay of NatB with ABP1-RNC. 15% SDS-PAGE after an in vitro binding assay
showing the supernatant (SN) and pellet (P) fractions of ABP1-RNC incubated with recom-
binant NatB. See fig. 3.21, page 89.

Wildtype and mutant NatB binding assays

Binding assay of wt NatB with NatB mutans carrying charge inversions. 15% SDS-PAGE of
a binding assay using wt or mutant NatB complex and nonprogrammed idle 80S ribosomes
(np80S). Mutations were inserted as double charge inversions indicated as positive patches
(PP) according to fig. 3.25, page 93.
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NAT structures determined to date

NAT structures determined to date. Table of x-ray structures from Gottlieb L, Marmorstein
R. Biochemical and structural analysis of N-terminal acetyltransferases. Methods Enzymol.
2019; 626:271-299 (doi:10.1016/bs.mie.2019.07.016). Neubauer (2012) refers to PDB 4XNH in
addition. The x-ray structure of the NatC complex got published in 2020 after the submis-
sion of this thesie by Grunwald S, Hopf LVM, Bock-Bierbaum T, Lally CCM, Spahn CMT,
Daumke O. Divergent architecture of the heterotrimeric NatC complex explains N-terminal
acetylation of cognate substrates. Nat Commun. 2020;11(1):5506. doi:10.1038/s41467-020-
19321-8. Therefore, it is only NatG of which a x-ray structure is still missing.
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List of Abbreviations

µg Microgram

µl Microliter

µM Micromolar

2D Two-dimensional

3D Three-dimensional

Å (unit) Ångstroem

A. thaliana Arabidopsis thaliana

aa Amino acid

aa-tRNA Aminoacyl-tRNA

ac-CoA Acetyl-CoA

AP fold Aminopeptidase fold

A-site Aminoacyl-site

ATP Adenosine triphosphate

C albicans Candida albicans

C. elegans Caenorhabditis elegans

CMV Cytomegalovirus

cryo-EM Cryo-electron microscopy

C-terminal Carboxyterminal

D. melanogaster Drosophila melanogaster

DC Decoding center

DNA Deoxyribonucleic acid

DTT 1,4-dithiothreitol

E. coli Escherichia coli

ECL Electro chemiluminescence

eEF Eukaryotic elongation factor

EF Elongation factor

EGTA Ethylene glycol tetraacetic acid

EDTA Ethylenediaminetetraacetic acid
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eIF Eukaryotic initiation factor

EMDB Electron Microscopy Data Bank

ER Endoplasmic reticulum

ES Expansion segment

E-site Exit-site

FSC Fourier shell correlation

GNAT General control non-repressible 5 (GCN5)-

related N-acetyltransferases

GTP Guanosine triphosphate

H. sapiens Homo sapiens

HA Hemagglutinin

HAT Histone acetyltransferase

HDAC Histone deacetylase

HRP Horseradish peroxidase

IF Initiation factor

IPTG isopropyl-beta-D-thiogalactoside

KAT Lysine acetyltransferase

kDa Kilodalton

KDAC Lysine deacetylase

LB Lysogeny broth

LSU Large ribosomal subunit

MDa Megadalton

MES 2-(N-morpholino)ethanesulfonic acid

mg Milligram

mM Millimolar

MOPS 3-(N-morpholino)propanesulfonic acid

mRNA Messenger RNA

MW Molecular weight

NAC Nascent polypeptide-associated complex

NAT N-terminal acetyltransferase

NC Nascent chain

NME N-terminal methionine excision
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NTA N-terminal acetylation

N-terminal Aminoterminal

o/n Over night

OD Optical density

ORF Open reading frame

P Pellet

PAGE Polyacrylamide gel electrophoresis

PBS Phosphate-buffered saline

PCC Protein conducting channel

PCR Polymerase chain reaction

PDB Protein data bank

PMSF Phenylmethylsulfonyl fluoride

P-site Peptidyl-site

PTC Peptidyl transferase center

PVDF Polydivinylfluoride

RAC Ribosome-Associated Complex

RF Release factor

RNC Ribosome nascent chain complexes

RNC Ribosome-nascent chain complex

rpm Revolutions per minute

r-proteins Ribosomal proteins

rRNA Ribosomal RNA

RT Room temperature

S (unit) Svedberg unit

S. cerevisiae Saccharomyces cerevisiae

S. pombe Schizosaccharomyces pombe

SD Shine-Dalgarno

SDS Sodium dodecyl sulfate

SN Supernatant

SPA Single particle analysis

SRP Signal recognition particle

SSU Small ribosomal subunit
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T. thermophile Tetrahymena thermophile

TAP Tandem affinity purification

TCA Trichloroacetic acid

TE Tunnel exit

TPR Tetratricopeptide repeat

Tris Tris(hydroxymethyl)aminomethane

tRNA Transfer RNA

U units

wt Wild type

YPD Yeast extract peptone dextrose

[]
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