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Abstract

Abstract

Protein biogenesis entails the synthesis of polypeptides on the ribosome, their co- and post-translational
maturation, folding, and, in the case of membrane proteins, insertion into the lipid bilayer. Bacterial
proteins are synthesized with a formyl group on the N-terminus and the first processing step of the
nascent chain is the removal of this formyl group by peptide deformylase (PDF). The majority of new
proteins undergoes deformylation which is essential in bacteria and a requirement for the subsequent
processing step. Here, we analyzed the kinetic mechanism of deformylation using ribosome nascent chain
complexes (RNCs) and actively translating ribosomes as substrates. Binding and dissociation of PDF and
RNC occur rapidly, allowing for efficient scanning of formylated substrates in the cell. Rapid hydrolysis of
the formyl group stops scanning and is followed by the rate-limiting conformational rearrangement of the
nascent chain. Therefore, release of the RNC by PDF is slow, which limits further N-terminal processing
and may affect folding of nascent proteins. PDF is a promising drug target for antimicrobials, which
prompted us to test whether deformylation can be prevented by novel analogues of the natural PDF

inhibitor fumimycin, however, the analogues had only small effects.

During the biogenesis of inner membrane proteins, deformylation is inhibited by the signal recognition
particle which ensures that the transmembrane helices (TMs) of the nascent membrane protein are co-
translationally inserted into the lipid bilayer where the protein begins to fold. Insertion occurs with the
help of the SecYEG translocon in bacteria but how TMs move into the membrane is not well understood.
To monitor the co-translational insertion of TM1 and TM2 of the model protein EmrD, we performed real-
time FRET experiments with fluorescence labels on the nascent chain and the translocon. We show that
TM1 and TM2 are in close proximity to each other while partitioning into the membrane and that the two
TMS remain close to the translocon afterwards. While the N-terminus resides in a relatively stable
position, TM2 is more dynamic and undergoes conformational rearrangements that indicate the onset of

protein folding before EmrD has been fully synthesized.






Introduction

1 Introduction

1.1 Protein synthesis

Proteins are biological macromolecules that fulfil a variety of functions in a cell. They can be found in all
cellular compartments: in solution, associated to or embedded in membranes. It is crucial for most cells
to synthesize new proteins from amino acids to sustain viability or react to changes in the environment.
The correct amino acid sequence for each protein is encoded in the DNA, which is transcribed into
messenger RNA (mRNA) to be used as a template for protein synthesis. In a process called translation, the
ribosome decodes the mRNA and produces a new protein. During this process, codons are read by transfer
RNAs (tRNAs), which recognize the codon triplets and carry the encoded amino acid to the ribosome. Each
time the new amino acid is incorporated into the nascent peptide chain, the ribosome moves by one

codon until the whole protein is synthesized.

1.1.1 Theribosome

The ribosome is a large ribonucleoprotein complex that is responsible for the synthesis of new proteins
and that is universally conserved in all domains of life. Eukaryotic and bacterial ribosomes share a
conserved structural core that conveys the main functionality, but the two types of ribosomes contain
additional proteins and rRNA extensions (Melnikov et al., 2012). The bacterial 70S ribosome (Figure 1A) is
formed by the small 30S subunit consisting of 21 proteins and the 16S ribosomal RNA (rRNA) while the
large 50S subunit comprises 31 proteins and the 23S and 5S rRNAs. The small ribosomal subunit binds the
mRNA that threads through a 30S tunnel to the decoding center at the interface between the two
ribosomal subunits (Culver, 2001; Demeshkina et al., 2013). The interface between the ribosomal subunits
forms the three binding sites for tRNAs: aminoacyl-tRNA (aa-tRNA) is accommodated in the A site when
it enters the ribosome; the P site harbors the peptidyl-tRNA that carries the nascent peptide chain; and
the E site provides the exit for tRNAs from the ribosome. Parts of the rRNA of the large ribosomal subunit
form the peptidyl transferase center (PTC) which assists the formation of the peptide bond when a new
amino acid is added to the nascent chain by transferring the polypeptide from the P-site tRNA to the aa-
tRNA in the A site (Beringer and Rodnina, 2007). The PTC leads the nascent peptide into the roughly 100 A
long peptide exit tunnel, which guides the new protein out of the ribosome and has a width between 10
and 20 A (Figure 1B) (Liutkute et al., 2020b). At about 30 A distance from the PTC, the universal ribosomal
proteins uL4 and uL22 form a constriction site with a diameter of about 8 A (Dao Duc et al., 2019). The

tunnel ends in the so-called vestibule which is a wider region formed by proteins uL23 and ulL24. About
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30to 40 amino acids, depending on secondary structural elements, are required to span the entire peptide

exit tunnel (Liutkute et al., 2020b).
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Figure 1. The ribosome.

(A) Structure of the 70S ribosome from Thermus thermophilus (PDB: 4V6F). tRNAs in the A site (yellow,
truncated), P site (orange) and E site (red) are bound to mRNA (dark blue) and located at the interface
between the 50S (gray) and 30S subunit (light blue).

(B) The peptide exit tunnel is outlined (black) on a 70S ribosome from E. coli (PDB: 70T5). Ribosomal
proteins uL22 (dark green) and ulL4 (light green) form the constriction site.

1.1.2 Translation

During translation initiation, the ribosome has to be positioned correctly at the start codon of the open
reading frame on the mRNA to ensure productive protein synthesis in the following elongation. The most
common start codon is AUG, but alternatively, two other codons GUG and UUG can be used (Gualerzi and
Pon, 2015). In bacteria, many mRNAs carry a Shine-Dalgarno (SD) sequence in their 5" untranslated region
at a distance of 5-13 bases from the start codon. The SD sequence is complementary to the anti-SD
sequence on the 30S subunit and by base-pairing of the SD and anti-SD sequences, the mRNA is positioned
on the 30S subunit so that the start codon resides in the P site. Some mRNAs do not carry an SD sequence
or do not possess a 5’ untranslated region; the mechanism of initiation on these mRNAs is poorly
understood (Milon and Rodnina, 2012; Rodnina, 2018). In bacteria, the start codon is decoded by the
initiator formyl-Met-tRNA (fMet-tRNA™¢!) that displays the anticodon complementary to the AUG codon.

As a result, the first amino acid in every bacterial protein is fMet. Even though the elongator methionine
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tRNA (tRNAMeY), that is used to decode internal methionine codons, displays the same anticodon, other
regions of the two tRNAs render them distinguishable. Both tRNAs are aminoacylated with methionine by
methionyl-tRNA synthetase but only Met-tRNA™et is formylated by methionyl-tRNA transformylase
(Figure 2). During formylation, a characteristic mismatch in the tRNA™¢t acceptor stem allows to bend the
3’ arm of the tRNA so that the CCA end can reach the active site of the enzyme (Schmitt et al., 1998) and
a formyl group from the formyl donor N*°-formyltetrahydrofolate is transferred to the alpha-amino group
of methionine to form fMet-tRNA™et (Gualerzi and Pon, 2015; Laursen et al., 2005). In Escherichia coli, the
transformylase is not essential, however, a deletion of the corresponding gene leads to a severe reduction
of the growth rate which likely origins from a reduced efficiency in translation initiation (Guillon et al.,
1992). The formyl group facilitates the interaction with initiation factor 2 (IF2) while hindering binding to
the elongation factor Tu (EF-Tu), thereby ensuring selective use of fMet-tRNA™¢t during initiation (Gualerzi
and Pon, 2015; Schmitt et al., 1996). Another feature of tRNA™®t that distinguishes it from tRNAM®tis its

more rigid anticodon stem, allowing for efficient accommodation in the P site during initiation.

Methionyl-tRNA Methionyl-tRNA
Acceptor synthetase transformylase

{*9‘;?&?‘ ft?“" : J\@ :Ei e
A A e

fMet

fMet Met
tRNA Met-tRNA fMet-tRNA

Figure 2. Two step formation of fMet-tRNA™et (PDB: 2FMT).

Three initiation factors IF1, IF2 and IF3 are required for bacterial translation initiation: IF1 acts as an
enhancer for IF2 and IF3; the GTPase IF2 recruits fMet-tRNA™et to the 30S subunit; and IF3 ensures the
selection of fMet-tRNA™et and suitable mRNAs and prevents premature association of the two ribosomal
subunits (Rodnina, 2018). First, the 30S preinitiation complex is formed from the 30S subunit, IF1, GTP-
bound IF2, IF3 and fMet-tRNA™¢t (Figure 3). The order in which the different factors associate with the
small ribosomal subunit is not strictly regulated, however, a kinetically preferred route was determined
from the association kinetics: IF2 and IF3 bind first and are then stabilized by IF1 which is followed by the

recruitment of fMet-tRNA™et (Milon et al., 2012). Binding of mRNA occurs independently and depends
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rather on mRNA concentration and its intrinsic properties (Milon and Rodnina, 2012). With mRNA and
initiator tRNA present, the anticodon loop of fMet-tRNA™¢t recognizes the start codon, which leads to the
formation of a stable 30S initiation complex. Next, the 50S subunit is recruited by interactions with IF2
and the initiator tRNA which induces GTP hydrolysis in IF2 leading to the accommodation of fMet-tRNA™Met
in the P site (Rodnina, 2018). Finally, the initiation factors dissociate, completing the assembly of the 70S

initiation complex (IC) that is ready for translation elongation.

fMet- tRNA
_>
Se -
mRNA

IF1 ) 30S preinitiation  30S initiation 70S initiation
IF3 complex complex complex

Figure 3. Initiation. Translation is initiated by the recruitment if IF3, IF2, and IF1 to the 30S subunit. This
is followed by the recognition of the start codon and the association of the 50S subunit. After
dissociation of the factors, the 70S IC can start translation.

In the process of elongation, amino acids are covalently attached to the growing polypeptide chain
according to the sequence encoded in the mRNA (Figure 4). The first step of elongation is decoding, during
which the codon in the A site is recognized by the matching (cognate) aa-tRNA (Rodnina, 2018). As there
are 20 proteinogenic amino acids that are each carried by one or multiple isoacceptor tRNAs (Berg and
Brandl, 2021), the ribosome has to discriminate against incorrect tRNAs. Elongator aa-tRNAs are delivered
to the A site in a ternary complex with the GTPase EF-Tu and GTP and upon cognate base pairing of codon
and anticodon, the decoding center in the 30S subunit undergoes conformational changes that trigger the
GTPase activity of EF-Tu. As a consequence, aa-tRNA is released from EF-Tu—GDP and positions itself in
the A site, while EF-Tu—GDP dissociates (Rodnina et al., 2017). To bind another aa-tRNA, EF-Tu has to
exchange GDP for a new GTP molecule which is catalyzed by the elongation factor EF-Ts (Wieden et al.,
2002). The next step in elongation is peptide bond formation where the alpha amino group of the A-site
aa-tRNA nucleophilically attacks the ester bond of the P-site tRNA (Rodnina, 2018). Compared to the
formation of a peptide bond in solution, the ribosome increases the reaction rate by a factor of 107 by
lowering the entropy of activation (Sievers et al., 2004). As a result, the peptide chain is elongated by one

amino acid and is now bound to the A-site tRNA, whereas the deacylated P-site tRNA displays a free
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hydroxyl group. Next, during translocation, the ribosome moves one codon forward on the mRNA with
the help of the GTPase EF-G (Rodnina, 2018). GTP-bound EF-G engages the pre-translocation complex and
unlocks the tRNA-mRNA module from the 30S subunit after GTP hydrolysis (Carbone et al., 2021;
Petrychenko et al., 2021; Rodnina, 2018). Conformational changes in the 30S subunit allow the tRNAs to
move to their post-translocation positions in the E and P sites; EF-G acts as a “ratchet” and ensures the
forward directionality of translocation. Then, EF-G and the E-site tRNA dissociate, leaving the ribosome
with the peptidyl-tRNA in the P site and empty A and E sites (Belardinelli et al., 2016; Rodnina, 2018). In a
repetitive cycle of decoding, peptide bond formation and translocation, one amino acid after the other is
added to the growing nascent chain, which moves through the peptide exit tunnel, until the whole protein

is synthesized.

aa-tRNA
B4 . FFG aa-tRNA - N
EE-Tu accommodation EF-G binding Dissociation
> > > E|)>»
P
Initial blndln.g & Peptide l?ond Translocation
codon reading formation

Figure 4. Elongation. aa-tRNA is delivered to the ribosome in complex with EF-Tu. After codon
recognition and dissociation of EF-Tu, the peptide bond is formed between aa-tRNA in the A site and
peptidyl-tRNA in the P site. EF-G promotes translocation of tRNAs to the P and E sites, followed by
dissociation of the deacylated tRNA.

In the mRNA sequence, one of three stop codons signals the end of an open reading frame and initiates
termination by recruiting release factor RF1 or RF2 that recognize the stop codon by forming specific
interactions between the nucleotides of the stop codon and amino acids in RF1/2. In the presence of
either release factor, the PTC catalyzes hydrolysis of the peptidyl-tRNA ester bond which results in release
of the fully synthesized protein through the peptide exit tunnel. Dissociation of RF1 or RF2 proceeds with
the help of the GTPase RF3. After termination, the mRNA and tRNA remain bound to the ribosome
(Rodnina, 2018; Youngman et al., 2008). These are released by the ribosome recycling factor RRF and EF-
G, which promote subunit splitting at the cost of GTP hydrolysis by EF-G (Gao et al., 2005). While the
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mRNA dissociates spontaneously, IF3 induces the dissociation of the tRNA from the 30S subunit (Peske et

al., 2005; Rodnina, 2018).

1.2 Early protein maturation in bacteria

Newly synthesized proteins require assistance to achieve their correctly folded and modified, native state.
The first proteins to interact with the nascent chain and fulfill this purpose are ribosome-associated
protein biogenesis factors (RPBs) (Giglione et al., 2015; Koubek et al., 2021; Kramer et al., 2009). Because
various kinds of polypeptides are being translated on the ribosome, RPBs engage in a number of different
functions. In bacteria, peptide deformylase (PDF) and methionine aminopeptidase (MAP) are responsible
for N-terminal processing, trigger factor (TF) is a chaperone and the signal recognition particle (SRP)
targets inner membrane proteins and secretory proteins to the inner membrane. All RPBs can bind to the
ribosome at the peptide exit tunnel, which allows them to scan translating and non-translating ribosomes
for nascent chain substrates and act co-translationally (Bornemann et al., 2014; Holtkamp et al., 2012;
Sandikci et al., 2013). Thus, the ribosome provides a platform where the timing and action of the different

RPBs is coordinated.

1.2.1 Interplay between RPBs

Even though all RPBs interact with a large variety of different proteins, each RPB recognizes a subset of
client proteins that are determined by cues in the nascent chain. Because RPBs act co-translationally,
these signals are often located close to the N-terminus or in the N-terminal part of the nascent
polypeptide (Figure 5). PDF, for example, interacts directly with the N-terminus as it catalyzes the removal
of the formyl group from the N-terminal methionine. Most proteins in E. coli undergo deformylation,
except for secretory proteins and membrane proteins that recruit SRP preventing the hydrolysis of the
amide bond (Bienvenut et al., 2015; Ranjan et al., 2017). Deformylation is also the first step in N-terminal
processing and a requirement for the subsequent cleavage of the initial methionine by MAP (Solbiati et
al., 1999) which occurs on about 50% of all proteins depending on the nature of the second amino acid
(Frottin et al., 2006; Giglione et al., 2015; Xiao et al., 2010; Yang et al., 2019). N-terminal processing
produces diverse N-terminal amino acids, which modulates the half-life time of the new protein according
to the N-degron pathway (Tobias et al., 1991). Another RPB, the protein-RNA complex SRP, targets inner-
membrane proteins and secretory proteins to the membrane and specifically recognizes the signal
peptide which is a hydrophobic a-helix near the N-terminus of a nascent chain (Kuhn et al., 2017; Mercier
et al., 2022; Pool, 2005; Saraogi and Shan, 2014). As these client proteins are inserted into the membrane

co-translationally, it is crucial that they are rapidly targeted to the membrane. TF acts as a chaperone

8
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mainly for cytosolic and outer-membrane proteins and interacts with short stretches enriched in basic
and aromatic amino acids (Deckert et al., 2021; Koubek et al., 2021; Oh et al., 2011). In contrast to inner-
membrane proteins, most outer-membrane proteins are translocated across the inner membrane post-
translationally and in an unfolded state which is why they require chaperones (Oswald et al., 2021;

Steinberg et al., 2018).

= ( — ( ) Signal

o peptide

Figure 5. RPBs. PDF (green), MAP (blue), TF (purple) and SRP (yellow) interact with ribosomes displaying
nascent chains substrates with their respective cues.

The ribosome provides a binding platform for the factors close to the emerging nascent chain and
improves the organization between RPBs by mutual exclusion as factors that react to similar cues on the
nascent chain show competitive binding. PDF and MAP can bind to the ribosome close to the peptide exit
tunnel at the ribosomal protein ulL22 (Figure 6) (Bhakta et al., 2019) and because their binding sites
overlap, simultaneous binding of the two proteins at their primary binding site on the ribosome is
precluded. MAP, however, interacts with the ribosome via positively charged amino acids which allow the
peptidase to evade to a secondary binding site at uL23 when PDF is present (Bhakta et al., 2019; Sandikci
et al., 2013). Both enzymes rapidly bind to and dissociate from the ribosome while scanning for their
substrates and the competition for the ribosomal binding site enhances the selectivity of PDF and MAP to
their respective substrates (Sandikci et al., 2013). TF binds with its N-terminal ribosome binding domain
to a different site at uL23, (Kramer et al., 2002; Kristensen and Gajhede, 2003), which allows TF to arch
over the polypeptide exit tunnel and accommodate nascent proteins (Ferbitz et al., 2004). In the cell, TF

is in 2-3 fold excess over ribosomes (Lill et al., 1988) and as the dissociation constant (Kg) is around 0.1 pM
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(Bornemann et al., 2014; Raine et al., 2006), nearly all ribosomes likely have one TF bound. TF dissociates
rapidly from non-translating ribosomes, allowing the chaperone to scan for suitable substrates. TF and
PDF can bind to the ribosome at the same time leading to a conformational change in TF (Bhakta et al.,
2019; Bornemann et al., 2014). TF and MAP can also bind simultaneously (Bornemann et al., 2014),
however, concurrent binding of all three RPBs is only observed at very high MAP concentrations and may
impair TF function (Akbar et al., 2021; Bhakta et al., 2019). SRP and TF both interact with hydrophobic
stretches and both bind to uL23 (Gu et al., 2003), displaying partially competitive binding to the ribosome

and the nascent chain (Bornemann et al., 2014; Buskiewicz et al., 2004; Eisner et al., 2006; Ullers et al.,

2006).

k F A 8 : LNy,
Figure 6. RPB binding sites on the ribosome. PDF and MAP bind the 50S subunit at uL22 (dark green)
while SRP and TF interact with uL23 (purple). All binding sites are in close proximity to the peptide exit
tunnel (light blue circle) (PDB: 4V5B).

Furthermore, the timing of RPB binding to ribosome nascent chain complexes (RNCs) is coordinated, as
each RPB favors nascent chains of specific lengths (Figure 7). SRP is the first RPB to sense the nascent
chain at a length of about 25 aa while it is still inside the exit tunnel (Bornemann et al., 2008; Denks et al.,
2017). SRP remains bound to the ribosome in a stand-by mode allowing it to immediately bind to a signal
peptide emerging from the peptide exit tunnel and prevent deformylation (Hainzl et al., 2011; Halic et al.,

2006; Holtkamp et al., 2012; Mercier et al., 2017; Ranjan et al., 2017; Schaffitzel et al., 2006). In the
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absence of a signal peptide recruiting SRP, PDF can deformylate a nascent chain as soon as the N-terminus
becomes accessible around a peptide length of 40-50 aa (Ball and Kaesberg, 1973; Giglione et al., 2015;
Housman et al., 1972). With stalled RNCs, however, maximal PDF activity is achieved when the chain
length is about 70 aa (Ranjan et al., 2017; Yang et al., 2019). Methionine removal by MAP does not show
a preference for a specific nascent chain length but it can only act after the nascent chain is deformylated
(Yang et al., 2019). Even though TF is bound to most ribosomes in the cell, including translating ribosomes
with short nascent chains (Bornemann et al., 2014), a stable engagement of TF starts at a nascent chain
length of 100 aa for most substrates (Oh et al., 2011). Therefore, nascent chains of cytosolic proteins are

first modified by PDF, followed by MAP and then bound by TF.

Figure 7. RPBs interact with nascent chains of different lengths. TF (purple) and SRP (yellow) bind
translating ribosomes with short nascent chains. If the nascent chain contains a signal peptide (red), it
will be targeted to the membrane by SRP. Otherwise, TF remains loosely bound to the ribosome and the
nascent chain undergoes N-terminal processing by PDF (green) and MAP (blue) before TF binds more
tightly.

As TF and SRP both interact with hydrophobic stretches on a nascent protein, the selection of client
proteins by SRP is facilitated by interactions with the SRP receptor FtsY. Binding of SRP—TF—RNC
complexes, that carry a nascent chain displaying a signal peptide, to FtsY displaces TF from the complex
(Buskiewicz et al., 2004). On the other hand, TF slows down the recruitment of FtsY for suboptimal SRP
substrates and reduces the affinity of SRP towards longer substrates, suggesting that if a protein has not
been targeted to the membrane within a certain time, it will remain in the cytosol until it has been fully
synthesized (Ariosa et al., 2015). Thus, interplay between TF, SRP and FtsY leads to efficient selection of

nascent chains for different pathways.
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1.2.2 Deformylation

PDF removes the N-terminal formyl group from nascent chains soon after the N-terminus emerges from
the peptide exit tunnel. This process is essential for bacterial viability except when formylation of Met-
tRNA™et js impaired (Mazel et al., 1994). While the necessity for formylation and deformylation most likely
lies in the process of initiation, it has been suggested that fMet acts as a degradation signal to control for
protein quality (Piatkov et al., 2015). PDF is a small a+B protein that binds to the ribosome at ulL22 via its
C-terminal helix (Figure 8) (Akbar et al., 2021; Bhakta et al., 2019; Bingel-Erlenmeyer et al., 2008; Chan et
al.,, 1997). Two lobes of PDF fold around the active site containing a metal cofactor, Fe(ll), which is
coordinated by cysteine and two histidine residues (Chan et al., 1997; Meinnel et al., 1995; Rajagopalan
et al., 1997b). The histidines are part of a HEXXH motif that is typically found in zinc metallopeptidases,

whereas the cysteine belongs to the conserved EGCLS motif (Meinnel and Blanquet, 1995; Meinnel et al.,

1995; Meinnel et al., 1997).

“ N
Figure 8. PDF bound to the ribosome. An Fe(ll) ion (red) is coordinated in the active site of PDF (black).
PDF (green) interacts with uL22 (dark green) in close proximity to the peptide exit tunnel (light blue circle)
(PDB: 1DFF & 4V5B).
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For in vitro studies, Fe(ll) is commonly replaced with a less oxidation-sensitive metal ion such as Co(ll),
which does not significantly alter the enzyme’s structure or activity (Jain et al., 2005; Rajagopalan et al.,
2000). The metal ion coordinates a water molecule which is deprotonated by a glutamate in the active
site and can execute a nucleophilic attack of the aldehyde carbon of the formyl group (Figure 9)
(Rajagopalan et al., 2000; Xiao and Zhang, 2007). Thus, the enzyme catalyzes the hydrolytic cleavage of
the formyl group from the N-terminal fMet of the nascent peptide, yielding a primary amine on the N-
terminus and formic acid as reaction products. PDF accepts a large variety of different peptides but
strongly prefers formylated over acetylated substrates (Hu et al., 1999; Meinnel and Blanquet, 1995;
Ragusa et al., 1998; Rajagopalan et al., 2000). For efficient deformylation, a methionine is required as first
amino acid which is positioned in a hydrophobic binding pocket of PDF called S1’ cavity (Becker et al.,
1998; Hu et al., 1999; Meinnel and Blanquet, 1995; Ragusa et al., 1999). The following three amino acids
interact with PDF mainly via the peptide backbone so that any N-terminus can be deformylated, however,
a preferred sequence is fMXZ where X is any amino acid apart from aspartate and glutamate and Z is
lysine, arginine, phenylalanine or tyrosine (Becker et al., 1998; Hu et al., 1999; Ragusa et al., 1999;
Rajagopalan et al., 1997a). Additionally, secondary structural elements like a-helices can slow down

deformylation when they are close to the N-terminus (Ranjan et al., 2017).
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Figure 9. Catalytic mechanism of deformylation. A nucleophilic attack of a water molecule (blue)
targeting the formylated peptide (red) is facilitated by a glutamate side chain. The reaction products are
a peptide with a free amino group (red) and formic acid (green).

Recent kinetic measurements of MAP activity, which depend on the preceding action of PDF, suggest that
the rate of nascent peptide deformylation is in the range of 1 s, which is slow compared to the rate of
protein synthesis (in the range of 10 s!) and limiting for the subsequent MAP reaction (Yang et al., 2019).
The low deformylation rate on the ribosome is particularly surprising given that the nascent peptide
directly faces PDF upon emergence from the exit tunnel, which should contribute to a pre-orientation
effect favorable for catalysis (Figure 8) (Bingel-Erlenmeyer et al., 2008). Furthermore, kinetic studies of
PDF-catalyzed deformylation using formylated peptides that mimic the N-terminus of nascent proteins,
such as the chromogenic model substrate formyl-methionyl-leucyl-p-nitroaniline (fML-pNA) (Rajagopalan
et al., 2000; Wei and Pei, 1997), revealed deformylation rates of 20-40 s and up to 1,000 s depending
on the amino acid composition (Guo et al., 1999; Hu et al., 1999; Ragusa et al., 1998; Ragusa et al., 1999;
Rajagopalan et al., 2000; Wei and Pei, 1997). As direct measurement of PDF-catalyzed nascent chain
deformylation on the ribosome has not yet been reported, the kinetic mechanism of deformylation on

the ribosome is not known, and the reasons underlying the slow reaction remain elusive.
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1.2.3 PDF as drug target

Antibiotic resistance is a global health crisis of increasing urgency (Nikaido, 2009; Ventola, 2015). While
bacteria like methicillin-resistant Staphylococcus aureus, multidrug-resistant Mycobacterium tuberculosis
or Neisseria gonorrhoeae acquire resistances against more drugs, only a limited number of new antibiotics
has been approved. Most antibiotics target one of three biological pathways in bacteria: DNA or RNA
synthesis, protein synthesis or assembly of the cell wall (Kohanski et al., 2010). Because bacteria can use
small modifications to existing resistance strategies to develop resistance against new antibiotics, it would
be beneficial to inhibit a different pathway; in this respect, deformylation is a promising target to prevent

rapid development of resistance against new antibiotic drugs.

Deformylation by PDF is essential and conserved in bacteria, which are important criteria for a new
antibacterial target (Guilloteau et al., 2002). Additionally, PDF was long believed to be absent in
vertebrates, as eukaryotic translation is initiated using a non-formylated methionine. Sequence analyses,
however, identified PDF-like proteins in many eukaryotic species including humans (Giglione et al., 2000;
Pei, 2001) which contain an N-terminal extension that targets them to the mitochondria (Lee et al., 2004;
Nguyen et al., 2003; Serero et al., 2003). Even though 12 of the 13 proteins in bovine mitochondria are
not deformylated (Walker et al., 2009), mitochondrial PDF is active in vitro but shows a drastically reduced
activity compared to EcPDF (Lee et al., 2003; Nguyen et al., 2003; Serero et al., 2003). Inhibition of HsPDF
decreases the number of active, mitochondrially-encoded proteins which reduces oxidative
phosphorylation in mitochondria and may induce apoptosis so that PDF inhibitors could potentially also
be used in anticancer treatment (Escobar-Alvarez et al., 2010; Lee et al., 2004; Randhawa et al., 2013;
Sheth et al., 2014). In general, there are five classes of PDFs which are mainly determined by sequence
similarities (Figure 10A) (Giglione et al., 2004). Type 1A is found in plants and animals and contains longer
loops compared to type 1B that is found in plants and gram-negative bacteria. The C-termini of type 1B
PDFs, which includes EcPDF, are folded as a-helices while C-termini of type 2 PDFs, which can be found in
gram-positive bacteria, are part of a B-sheet (Figure 10B). PDFs in archaea are supposedly non-active and
form type 3. The active site and overall fold of active PDFs are well conserved (Baldwin et al., 2002;
Escobar-Alvarez et al., 2009), however, the sequence identity between EcPDf and HsPDF amounts to only
30 % which results in actinonin, a natural PDF inhibitor, having a 100-fold lower 1Cso with ECPDF compared
to HsPDF (Nguyen et al., 2003; Serero et al., 2003). The peptide-like compound actinonin is a competitive
inhibitor that binds to the active site metal with its hydroxamate moiety and to the S1’ cavity with an n-
butyl group (Figures 10C, D) (Chen et al., 2000; Clements et al., 2001). Therefore, it should be possible to
develop inhibitors that specifically inhibit bacterial PDFs (Pei, 2001).
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(A) Phylogenetic diagram of PDF (adapted with permission from Springer Nature (Giglione et al., 2004)).

(B) Comparison of EcPDF (Type 1B, green, PDB: 1G2A) and SaPDF (Type 2, blue, PDB: 1Q1Y). The two PDFs
mainly differ in the C-terminal helix of EcPDF (dark green) and the C-terminal B-sheet of SaPDF (light blue).

(C) Structure of the PDF inhibitor actinonin. The metal binding site (red) and S1’ cavity binding side chain

(blue) are indicated.

(D) EcPDF (green) with actinonin (gray) bound to the metal cofactor (red) (PDB: 1G2A).
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1.4 Biogenesis of membrane proteins

Membrane proteins, which represent about 30% of all proteins and are involved in key metabolic
pathways as well as signal transduction and transport processes, are selected for different biogenesis
pathways with the help of RPBs. Outer membrane proteins are typically B-barrels that are recognized by
TF for post-translational insertion into the lipid bilayer. In contrast, inner membrane proteins consist of
a-helical bundles and are bound by SRP that targets them to the membrane co-translationally. Inner
membrane proteins are inserted into the lipid bilayer via the translocon and start to fold into their native

structure while their synthesis continues on the ribosome.

1.4.1 Targeting

In nascent membrane proteins, usually the first a-helical transmembrane helix (TM) is recognized by SRP
which is then also called a signal anchor sequence (SA) (Schibich et al., 2016). SRP binds the nascent chain
with high affinity depending on the hydrophobicity of the SA (Bornemann et al., 2008; Mercier et al., 2017,
Zhang et al., 2010). Because the dissociation rate of the cognate ribosome-SRP complex is very low, SRP
remains bound to the nascent chain until the complex reaches the membrane and prevents the
hydrophobic SA from aggregation (Holtkamp et al., 2012; Mercier et al., 2017; Noriega et al., 2014; Saraogi
et al., 2014). For efficient membrane targeting, FtsY is activated by binding to the translocon (Draycheva
et al., 2016) and binding of SRP to FtsY brings the RNC in close proximity of the translocon. After a
conformational rearrangement of SRP and FtsY to vacate space at the peptide exit tunnel, the SA is

released from SRP and can insert into the translocon (Draycheva et al., 2018; Jomaa et al., 2016; Jomaa et

FtsY &
—> —>
Cytoplasm
ihilili
Y

Periplasm  ransiocon

al., 2017).

Figure 11. Targeting. An inner-membrane protein (red) is targeted to the translocon (blue) with the help
of SRP (yellow) and FtsY (green).
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The translocon is a ubiquitous membrane protein complex which is formed by SecYEG in bacteria and
Sec6lafy in eukaryotes and is responsible for the co-translational insertion of membrane proteins into
the lipid bilayer. With 10 TMs, SecY is the main protein forming the protein-conducting channel while SecE
and SecG bind at the periphery (Figure 12A) (Breyton et al., 2002; Van den Berg et al., 2004). In its inactive
state, the channelis closed by a plug domain that can open to allow the translocation of secretory proteins
into the periplasm (Van den Berg et al., 2004; Zimmer et al., 2008). In the presence of a TM, the two halves
of the translocon open and the lateral gate helices TM2b and TM7 move apart so that the membrane
protein can partition into the lipid bilayer (Figure 12B) (Egea and Stroud, 2010; Ge et al., 2014; Hizlan et
al., 2012; Park et al., 2014). In general, the lateral gate is highly dynamic and can sample different states
between open and closed conformations (Mercier et al., 2021). The cytoplasmic side of the translocon
binds to the ribosome at the peptide exit tunnel (Bischoff et al., 2014; Frauenfeld et al., 2011; Park et al.,
2014), and two cytoplasmic loops of SecY enter the exit tunnel, substantially reducing the size of the
vestibule and the exit tunnel remains narrow with a range of 5-10 A (Figure 12C,D) (Frauenfeld et al.,
2011). Together, the ribosome and the translocon form a continuous channel through which the nascent
chain is guided towards the membrane. However, there is a gap at the interface between the two
complexes that potentially allows space for cytoplasmic loops of the nascent protein (Park et al., 2014).
Apart from this gap, the nascent membrane protein is shielded from the aqueous environment over a

distance of 140 A from the PTC (Mercier et al., 2022).
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Figure 12. The translocon.

(A) Structure of the closed conformation of the translocon. SecY (blue) forms the main channel with the
lateral gate helices TM2B (orange) and TM7 (green). SecE (gray) and SecG (dark blue) are bound on the
side (PDB: 3J45).

(B) Open state of the translocon (PDB: 3J46).
(C) Lower peptide exit tunnel and vestibule (black) at the ribosome (gray) (PDB: 4V6M).

(D) When the translocon (blue) is bound to the ribosome, a continuous channel is formed (PDB: 4V6M).
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1.4.2 Co-translational protein folding

Classically, protein folding was studied through spontaneous refolding of denatured proteins. However,
proteins start to fold co-translationally inside the peptide exit tunnel soon after the nascent chain passed
the constriction site (Cassaignau et al., 2020; Koubek et al., 2021; Liutkute et al., 2020b; Waudby et al.,
2019). Therefore, folding is directional starting from the N-terminus and begins before the whole protein
or domain is synthesized. Due to the limited size and defined environment inside the peptide exit tunnel,
the ribosome can reshape the folding energy landscape compared to the folding of a full-length protein
in the membrane which may allow the nascent chain to evade kinetic traps. Additionally, the ribosome
can destabilize folding until, for example, the synthesis of a domain is completed (Bitran et al., 2020;
Deckert et al., 2021; Kaiser et al., 2011; Kudva et al., 2018; Liutkute et al., 2020a; Nilsson et al., 2017). In
the case of membrane proteins, the translocon acts as an extension of the ribosome exit tunnel and may
convey a similar function. TMs are retained at the translocon where they start interacting with each other,
suggesting that the translocon could act like a chaperone for membrane proteins (Bischoff et al., 2014;

Frauenfeld et al., 2011; Hou et al., 2012; Park et al., 2014; Sadlish et al., 2005).

Figure 13. Three state membrane protein folding model. TMs are inserted into the membrane, then
assemble into bundles and finally, incorporate cofactors or multimerize.

Inside the exit tunnel, TMs can compact and form a-helices (Robinson et al., 2012; Woolhead et al., 2004)
that seem to be favored by the ribosome because even the B-barrel protein CspA was shown to assume a
helical conformation within the tunnel (Agirrezabala et al., 2022). Furthermore, small domains of cytosolic
proteins can fold inside the vestibule of the exit tunnel (Holtkamp et al., 2015; Mercier and Rodnina, 2018;
Nilsson et al., 2015). Folding of membrane proteins into their native structure, however, has been
proposed to occur according to a three stage model in the lipid bilayer (Figure 13) (Engelman et al., 2003).
First, the TMs are inserted into the membrane, next they start folding into helical bundles and finally the
structure is further stabilized by the folding of loops, binding of cofactors or multimerization. Inside the

lipid bilayer, interactions between TMs are often conveyed by knobs-into-holes packing which is
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characterized by a GxxxG sequence motif (Cymer et al., 2015; Senes et al., 2004). The packing permits the
TMs to form close contacts and formation of extensive van der Waals interactions. Hydrogen bonding
between polar amino acids Asn, Asp, Gln and Glu can further stabilize TM binding (Gratkowski et al., 2001;
Senes et al., 2004; Zhou et al., 2001) as well as the formation of serine zippers (Adamian and Liang, 2002).
Recently, the stabilization of a membrane protein by TM-TM interactions was also shown co-

translationally (Nicolaus et al., 2021).

1.4.3 Insertion into the membrane

Membrane proteins can insert into the membrane in two different orientations. If the N-terminus reaches
into the cytosol, it is an N-in protein while the N-terminus of an N-out protein points towards the opposite
side of the membrane. The topology is mainly determined by positively charged amino acids which are
retained inside the cytosol according to the positive inside rule (von Heijne, 1989, 1992). In the case of an
N-out protein, the N-terminus is negatively charged or neutral and can insert into the translocon head-on
(Mercier et al., 2020). A TM with an N-in topology, however, has to invert for the positively charged N-
terminus to remain in the cytosol. It is not clear how exactly a TM inverts but the positively charged amino
acids are most likely retained by interactions with negative charges on the ribosome (Mercier et al., 2020)
or the lipid bilayer (Dowhan et al., 2019), as well as the membrane potential (Cao et al., 1995). Two
different mechanisms were proposed to explain how inversion and insertion might occur at the translocon
(Figure 14). In the sliding model, TMs first sample the bilayer-water interface until the whole TM is located
outside the peptide exit tunnel (Cymer et al., 2015). Then, the TM inserts into the translocon with the
periplasmic end leading the way, but only the periplasmic loop enters the translocon channel. The
hydrophobic TM slides through the open lateral gate while remaining in contact with the lipids (Martoglio
et al., 1995). Energetically, the translocon resembles the bilayer interface so that there is no barrier for
insertion (Marx and Fleming, 2021). In the translocon-insertion model, the N-terminus inverts early on
inside the ribosome and the nascent chain assumes a looped conformation (Kim and Skach, 2012; Mercier
et al., 2022; Mercier et al., 2020). As soon as the nascent chain is long enough, the inverted TM enters the

translocon pore from where it can partition into the lipid bilayer.
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Figure 14. Insertion of N-in TM.

(A) Translocon-insertion model. N-terminus and TM invert inside the ribosome, insert into the translocon
and partition into the membrane.

(B) Sliding model. The TM first samples the membrane interface before it slides along the lateral gate into
the lipid bilayer.
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Insertion of TMs into the membrane can occur in one of three different fashions (Skach, 2009). Either TMs
enter the lipid bilayer sequentially, one after the other or they form a helix-turn-helix conformation and
insert pairwise (Figure 15). Another option is the formation of larger TM bundles which is less likely due
to the limited size inside the translocon. Even in a dimer, one TM is most likely positioned at the lateral
gate due to size restrictions as suggested by structural studies (Frauenfeld et al., 2011; Park et al., 2014).
Even though the insertion and topogenesis of TM1 was recently probed co-translationally (Mercier et al.,
2020), it is not known how internal TMs are inserted, whether they follow the translocon-insertion or the

sliding model and if TMs enter the lipids in a sequential or pairwise manner.

Figure 15. Membrane insertion.

(A) Sequential insertion. TM1 and TM2 enter the lipid bilayer individually.

(B) Pairwise insertion. TM1 and TM2 form a dimer before they insert into the membrane.

1.4.4 EmrD

For bacteria, one way to achieve antibiotic resistance is the expression of multidrug resistance
transporters that export a large variety of substrates from the cytoplasm (Nikaido, 2009; Putman et al.,
2000). The inner-membrane protein EmrD is such a transporter and part of the major facilitator
superfamily (MFS) which is the largest family of secondary antiporters (Law et al., 2008; Pao et al., 1998).
In contrast to primary transporters or pumps that employ ATP hydrolysis, EmrD uses the electrochemical
gradient over the membrane as energy source for translocation (Paulsen et al., 1996). Substrates of EmrD

are amphipathic substances from the cytosol like detergents or uncouplers of oxidative phosphorylation
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(Naroditskaya et al., 1993; Nishino and Yamaguchi, 2001) and molecular dynamics simulations indicate
that EmrD can also export substrates from the cytoplasmic leaflet of the inner membrane (Baker et al.,
2012). Exported compounds are bound in a mostly hydrophobic internal cavity that is formed between
the two halves of the 12 TM protein and transportation against the proton gradient is facilitated by a
rocker-switch model where EmrD provides alternating access to either side of the membrane (Law et al.,
2008; Yin et al., 2006). Structurally, EmrD is an N-in protein with an 8 amino acid-long N-terminal loop
reaching into the cytoplasm. TMs 1-6 as well as TMs 7-12 form 6 helix bundles that are symmetric to a 2-
fold axis and are connected by a long loop (Figure 16) (Yin et al., 2006). Interestingly, TM4 is positioned
between TM1 and TM2 in the natively folded structure, which raises the questions whether this motif is

formed co-translationally and whether the translocon is required to act as a chaperone during folding.

Periplasmic side

Figure 16. EmrD.

(A) Cytoplasmic and periplasmic view of EmrD as surface representations of the helix backbones. Numbers
correspond to the order of TMs in the sequence (PDB: 2GFP).

(B) Side view of EmrD with TM1-6 colored as in (A) (PDB: 2GFP).
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1.5 Scope of thesis

During the biogenesis of proteins in bacteria, interactions of RPBs with RNCs coordinate nascent chain
processing, folding and targeting. While a nascent protein is synthesized on the ribosome, PDF
deformylates the N-terminus soon after it emerges from the peptide exit tunnel, but the reaction is slow
compared to the rate of translation, even though PDF acts rapidly on formylated peptides. By studying
the kinetic mechanism of deformylation using RNCs, we set out to determine the rate-limiting step in
deformylation on the ribosome to understand why deformylation of RNCs is slow and how this influences
the interplay with other RPBs like MAP. We further performed co-translational deformylation experiments
to analyze how ongoing protein synthesis impacts deformylation and determined the inhibitory effect of

the PDF inhibitor fumimycin and its analogues to resolve whether they are candidates for antibiotic drugs.

Membrane proteins are targeted to the lipid bilayer by SRP which allows them to bypass the slow step of
deformylation so that they are efficiently inserted into the membrane via the translocon. TMs of a
polytopic membrane protein are inserted into the translocon pore first and then partition into the lipids
through the lateral gate region, but the relation between consecutive TMs during co-translational
insertion and folding has not been understood yet. Using the multidrug resistance transporter EmrD as a
model system, we performed co-translational Férster resonance energy transfer (FRET) experiments to
determine whether TMs are inserted into the membrane simultaneously or sequentially, when protein

folding starts and whether the translocon assists in folding.
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2 Results
2.1 Kinetic control of nascent protein biogenesis by peptide deformylase

2.1.1 Rate-limiting step occurs after rapid deformylation

In order to tease apart the kinetic mechanism of deformylation on the ribosome and identify the rate-
limiting step, we first confirmed the presence of a slow step which was indicated by previous studies (Yang
et al., 2019). For this purpose, we determined the rate of nascent-chain deformylation at conditions of
multiple turnover for PDF. As deformylation occurs co-translationally in vivo, RNCs were used to mimic a
nascent protein during its synthesis on the ribosome as opposed to earlier kinetic studies of PDF which
were mainly performed on peptide substrates. We prepared RNCs carrying 75 aa-long nascent chains,
which is an optimal length for deformylation on the ribosome (Ranjan et al., 2017; Yang et al., 2019) and
which were labeled with f[3*S]Met on the N-terminus. After incubation of RNCs with PDF and subsequent
proteinase K (PK) digestion, f[3*S]Met and [**S]Met were separated by thin-layer chromatography (TLC)
and visualized by phosphoimaging (Figure 17A). Oxidized material fMet(ox) and Met(ox) revealed
different deformylation kinetics and was dismissed. We measured time courses of deformylation (Figure
17B) and determined Michaelis-Menten constants ket and Ky from the concentration-dependent initial
velocities of four RNC substrates carrying different nascent peptides, proOmpA, RNaseH, TolB and DnaK
(Figure 17C; Table 1). Previous studies indicated that these substrates are efficiently deformylated albeit
at different rates, making them suitable substrates to study (Ranjan et al., 2017). We also examined the
Michaelis-Menten kinetics of PDF acting on the dipeptide substrate fML-pNA for comparison (Table 1).
For different RNCs, the Ky values are similar within a factor of two, whereas ket values vary about six-fold,
between 0.04 s and 0.26 s*. For all RNCs, kca: values are at least 60 times lower than for model substrates
(Table 1 and (Guo et al., 1999; Rajagopalan et al., 2000; Wei and Pei, 1997)). The variations in k..t observed
for different RNCs can be explained by the effect of the N-terminal amino acid sequence or structure on
deformylation velocity (Hu et al., 1999; Ranjan et al., 2017). The Kw values for the RNCs are about 100-
fold lower than those for fML-pNA (Table 1), which in the simplest model, reflects stabilization of the PDF-
nascent-chain complex by binding of PDF to the ribosome. The ke.t/Kv values are in the same order of
magnitude for RNCs and fML-pNA, and similar to the value obtained with a different RNC substrate (Yang
et al.,, 2019), indicating a similar catalytic efficiency on and off the ribosome, despite largely different kca
and Ky values. The smaller ket values for RNCs compared to fML-pNA point towards a rate-limiting step in

the mechanism of deformylation that is specific to RNCs.
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Figure 17. RNC deformylation at multiple turnover conditions.

(A) Time course of RNaseH75-RNC (100 nM) deformylation by PDF (10 nM) at 37°C monitored by TLC.
fMet and Met as well as the oxidized species fMet(ox) and Met(ox) were detected.

(B) Deformylation time courses of increasing concentrations of RNaseH75-RNC by PDF (10 nM).

(C) Michaelis-Menten plot. Initial velocities (V,) are normalized by the concentration of PDF (10 nM for
RNaseH75-RNC, TolB75-RNC, DnaK75-RNC; 1 nM for proOmpA75-RNC). Michaelis-Menten fits (lines) yield
the parameters summarized in Table 1. Error margins indicate standard errors determined from linear
fitting of individual time courses.

Table 1. Michaelis-Menten parameters of deformylation by PDF. Errors represent standard errors of the
fit (Figure 1C) using the Michaelis-Menten equation. Deformylation of the formylated peptide fML-pNA
was monitored photometrically (Methods).

Substrate Kwm (LM) Keat (s1) Keat/Knm (LM 1s72)
RNaseH75-RNC 0.6+0.5 0.24 £0.09 0.4
proOmpA75-RNC 0.310.1 0.26 £ 0.04 0.9
TolB75-RNC 0.25+0.08 0.04£0.01 0.2
DnaK75-RNC 0.5+0.2 0.05+0.01 0.1
fML-pNA 24+6 16+2 0.7
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To help identify the slow step, the rate of deformylation was measured at conditions where the reaction
is not limited by enzyme turnover. To ensure that the binding of PDF to the ribosome is rapid compared
to the chemistry step and that the substrate is converted to product in a single round, a large excess of
PDF over RNC was used (Figure 18A). The reaction started upon rapid mixing of RNC and PDF in a quench-
flow apparatus and, after the indicated incubation times, samples were quenched and analyzed by TLC to
determine the product:substrate ratio. Reaction end-level values quantified in parallel experiments
indicated that 90 + 2% of DnaK75-RNC and 78 + 4% of TolB75-RNC was converted to product (Figure 18B).
Time courses were fitted with single-exponential functions to obtain deformylation rates of 33 + 8 s for
DnaK75-RNC and 60 + 20 s for TolB75-RNC (Figure 18A) which are not significantly different and were
therefore averaged (kapp = 50 * 20 s!). These rates are comparable to the ke measured with the model
dipeptide off the ribosome (Guo et al., 1999; Rajagopalan et al., 2000; Wei and Pei, 1997) and 1,000-fold
higher than the ket values of the reaction on the ribosome measured at multiple-turnover conditions
(Table 1). Thus, the chemistry step of the PDF-catalyzed deformylation is intrinsically rapid, and the rate-

limiting step of the reaction on the ribosome must take place after hydrolysis.
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Figure 18. Pre-steady-state kinetics of RNC deformylation.

(A) DnaK75-RNC or TolB75-RNC (10 nM final concentration) were rapidly mixed with a saturating
concentration of PDF (25 uM at 37°C and quenched at indicated times. Time courses were evaluated by
fitting to a single-exponential function and error margins represent the standard deviation of three
independent experiments.

(B) End level of deformylation of ToIB75-RNC and DnaK75-RNC (10 nM) after incubation with PDF (25 uM)
for 10 min at 37°C. Error margins represent the standard deviation of four independent experiments.
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2.1.2 Rapid association and dissociation of the PDF-RNC complex

In the turnover reaction, product dissociation can be rate-limiting. To test whether this could explain the
slow turnover of PDF, we incubated TolB75-RNC with PDF to deformylate the nascent chain and then
measured dissociation of the PDF-RNC complex via changes in the fluorescence of Bodipy (Bpy) attached
to the C-terminus of PDF. Upon mixing the labeled PDF(C-term)-RNC complex with an excess of unlabeled
PDF in the stopped-flow apparatus, the fluorescence intensity decreases rapidly, indicating fast
dissociation of PDF(C-term) from the complex. The rate constant of dissociation obtained by single-
exponential fitting of this trace is 27 + 3 s at 10°C (Figure 19A). Following previous studies (Sandikci et
al.,, 2013) we used lower reaction temperatures for these dissociation experiments because no signal
change was observed at 37°C. Assuming the typical temperature dependence of enzymatic reactions, the
dissociation is expected to be faster at 37°C. Since dissociation of PDF from deformylated RNCs is rapid, it
cannot explain the slow PDF turnover observed under multiple-turnover conditions. PDF was found to
dissociate from vacant ribosomes at a rate of 33 = 3 s, which is not significantly different from the rate
observed with deformylated RNCs (Figure 19A). This suggests that here we monitor a step in which PDF

dissociates from its contact site on the ribosome, rather than the release of PDF from the nascent chain.
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Figure 19. Interaction of PDF with TolB75-RNC and vacant 70S ribosomes. In panels (A, B), time courses
are shifted on the Y-axis for clarity.

(A) Dissociation experiments. Dissociation of 70S—PDF(C-term) or RNC—PDF(C-term) (150 nM) upon
addition of excess unlabeled PDF (15 puM) were measured at 10°C. Eight technical replicates were
averaged for each trace and smooth lines represent single-exponential fits.

(B) Association time courses. Binding was monitored upon rapid mixing of PDF(C-term) (300 nM) with 70S
ribosomes or TolB75-RNC (420 nM) at 10°C. Six technical replicates were averaged and evaluated by
single-exponential fitting (smooth lines).

(C) Binding of PDF(C-term) (100 nM) to 70S ribosomes (0.5-2 uM) monitored by fluorescence intensity
changes at 10°C. Each time course represents an average of seven technical replicates. Smooth lines result
from global fitting to a one-step binding model (Table 2).

(D) Binding of PDF to 70S ribosomes monitored by fluorescence anisotropy of PDF(C-term) (200 nM). A
hyperbolic function was fitted to the data.

In order to determine the kinetic mechanism in addition to identifying the slow step, we monitored PDF
binding to formylated TolB75-RNC using fluorescence-based stopped-flow experiments (Figure 19B).
Binding was rapid (40 * 3 s) and indistinguishable from binding to vacant 70S ribosomes (44 + 2 s%)
(Figure 19B) at 10°C, again indicating that association of PDF with the RNC is dominated by interactions
with the ribosome, rather than with the nascent chain. This allowed us to use vacant 70S ribosomes to

determine rate constants for PDF binding and dissociation, which are likely representative for PDF
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recruitment to the RNCs as well as RNC titrations in a comparable concentration range are not feasible.
The use of 70S ribosomes also simplifies the kinetic mechanism, since there is no nascent chain present

to be deformylated, and the system reaches equilibrium after PDF binding.

To determine rate constants of ribosome-PDF complex formation, PDF(C-term) was rapidly mixed with
70S ribosomes at increasing concentrations in the stopped-flow apparatus at 10°C. The Bpy fluorescence
changes accompanying complex formation (Figure 19C) were globally fitted using the KinTek Explorer
software (Johnson et al., 20093, b) according to a one-step binding model. This fitting yielded a binding
rate constant k; of 14 + 2 uMs? and a reverse rate constant k.1 of 29 + 2 s%; the latter is the same as
determined in chase experiments (Figure 19A). The K, for this interaction was determined independently
by equilibrium titration while monitoring changes in fluorescence anisotropy of PDF(C-term) upon
addition of 70S ribosomes (Figure 19D). The measured Kq of 2.1 + 0.2 uM is in agreement with the value
determined from kinetic constants (K4 = k-1/k1 = 2.1 + 0.4 uM) and with values reported in previous studies:
1.5 uM (25°C) (Bornemann et al.,, 2014), 1.8 + 0.9 uM (12°C) (Bingel-Erlenmeyer et al., 2008) or
2.6 uM (10°C) (Sandikci et al., 2013). To facilitate comparison with deformylation rates, rate constants k;
and k.; measured at 10°C were extrapolated to 37°C using a previously established method (Rudorf et al.,
2014), which allows calculation of rate constants using a correction factor obtained from temperature
dependence of a key step on the pathway. As a reference reaction, we used single-round deformylation
with a rate of 24 + 3 s at 10°C compared to 60 *+ 20 s at 37°C (Figure 20). From these values, the
extrapolated rate constants were 40 + 20 uM™s? for binding and 70 * 30 s for dissociation (Table 2),

which are 100-fold larger than the reported k.t values and, therefore, not rate-limiting.
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Figure 20. Temperature dependence of single-turnover deformylation kinetics. TolIB75-RNC (10 nM) was
mixed with PDF (25 pM) at 10°C and 37°C. Single-exponential fitting yields ktols7s (10°C) = (24 *+ 3) st and
ktols7s (37°C) = (60 + 20) s*. Error margins represent the standard deviation of three independent
experiments.

Table 2. Kinetic parameters of PDF binding to 70S ribosomes. Rates measured at 10°C were extrapolated
to 37°C and K kinetic values were calculated from rate constants (Methods). Kd,anisotropy Was measured by
70S ribosomes titration at 10°C (Figure 19D).

10°C 37°C
ki (WM s?) 14 +2 40 £ 20
ki (s?) 29+2 70+ 30
Kd kinetic (M) 2.1+04 2+1
Kd,anisotropy (LM) 2.1+0.2 n.d.

2.1.3 Reversibility of deformylation

We noted that in all of our deformylation experiments, the end levels were consistently around 50% in
multiple-turnover experiments, regardless of the RNC concentration (Figures 17B and 21A) and in
agreement with previous studies (Ranjan et al., 2017; Yang et al., 2019). The 50% end level was not due
to loss of enzyme activity, because addition of new RNC to a multiple-turnover deformylation reaction
that had already reached a plateau resulted in the appearance of more deformylated product (Figure
21B). Also, the RNCs are more than 50% functional, as indicated by the end levels of reactions at high PDF
concentrations, which reached 80-90% for different RNCs (Figure 21C). One possibility to explain the 50%

reaction endpoint is that hydrolysis is reversible, and thus the end level is defined by the equilibrium
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between forward deformylation and backward reformylation. To test this hypothesis directly, we added
product to a completed deformylation reaction, which would drive a reversible reaction in the opposite
direction, causing reformylation. We achieved this by addition of formate to generate small amounts of
formic acid, a product of deformylation, while maintaining a constant pH, in accordance with the
Henderson-Hasselbalch equation. While high formic acid concentrations are unlikely to emerge in vivo,
this approach allowed us to implement a standard approach for investigation of reversibility in steady-
state enzyme kinetics. The internal equilibrium of reversible deformylation would be an inherent property
of the enzyme, reducing the net k.t value by extending the delay prior to PDF turnover. The test was
carried out under multiple-turnover conditions, where deformylation of ToIB75-RNC was performed until
the end level was reached (Figure 21D, “No addition”) and then formate, a deformylation product, was
added. This caused the expected reduction of deformylated product, indicating that deformylated RNC
was partly reformylated, as expected for a reversible reaction. In the presence of actinonin, a competitive
PDF inhibitor (Chen et al., 2000), the effect of formate is reduced substantially, indicating that
reformylation is catalyzed by PDF. The observed residual reformylation can be explained by the slow
binding kinetics of actinonin so that PDF can rapidly reformylate a limited number of RNCs before it is
inhibited when actinonin and formate are added at the same time (Van Aller et al., 2005). In the case of
actinonin being incubated with PDF before addition of RNCs (Figure 21E), PDF is efficiently inhibited. The
high concentration of 2 mM actinonin was chosen to ensure complete inhibition of PDF even though the
ICso value at the experimental conditions was 1.9 + 0.4 uM (Figure 21F). Compared to the reported K; value
of dipeptide inhibition in the low nM range (Chen et al., 2000), this is a relatively high value, but it is only
2-fold higher than the used enzyme concentration of 1 uM. Additionally, RNCs showed a much lower Ky
value compared to dipeptides which increases the expected Ki. For comparison, the addition of buffer or
acetate did not lead to a decrease of the deformylated product (Figure 21D). Thus, peptide deformylation

by PDF on the ribosome is reversible.
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Figure 21. Reversal of deformylation. Legend continued on p. 35.
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Figure 21. Continued from p. 34.

(A) End level of deformylation at different RNC concentrations. TolB75-RNC and RNaseH75-RNC were
incubated with PDF (10 nM) for 20 min at 37°C.

(B) PDF activity. Substrate (50 nM TolB75-RNC) was added to PDF (10 nM) at the start of the reaction, and
again after 30 min (arrows).

(C) RNC reactivity. End levels of deformylation time courses for proOmpA75-RNC, RNaseH75-RNC and
TolB75-RNC (50 nM each) after 30 min at different PDF concentrations.

(D) Reversibility. After incubation of TolB75-RNC (50 nM) with PDF (1 uM) for 10 min (‘No addition’),
additions were made as indicated. The PDF inhibitor actinonin (ACT; 2 mM) was included where indicated.
Deformylation levels measured after 30 min further incubation are depicted. Error margins represent the
standard deviation of three independent experiments.

(E) Inhibition by ACT. TolB75-RNC (50 nM) was reacted with PDF (1 uM) without and with ACT (2 mM).

(F) ACT titration. Increasing concentrations of ACT were added to a reaction of TolIB75-RNC (50 nM) and
PDF (1 uM). The reaction was quenched after 1 min.

2.1.4 Kinetic mechanism of deformylation

Next, we used the combined data to describe a minimal kinetic mechanism of RNC deformylation by PDF
and explain the slow multiple-turnover behavior (Figure 22). In the simplest model, PDF binding to and
dissociation from the ribosome can be described as a rapid one-step process (Figure 19). The following
chemistry step is reversible (Figure 21) and much faster than the slow turnover of PDF measured at
multiple-turnover conditions (Figures 17 and 18), indicating the existence of an additional slow step after
deformylation but prior to dissociation of PDF, which is also rapid (Figure 19A). Finally, reversible formate
dissociation from PDF is considered as a separate reaction, as proposed by mechanistic studies on model
peptides (Becker et al., 1998). We note that this minimal model does not take into account a potential
step at which the nascent peptide is recruited to PDF before deformylation. This step must be fast,
because the following deformylation step is rapid and not rate-limiting, but it may contribute to the

stabilization of PDF on RNC, which is not captured in our model.

K, K, ks K, ks
+ O —_— —_— —_ = + © = O +f
k., t k, t ks k., k.
“\7\6‘- @\e‘ ‘\l\e‘

Figure 22. Minimal kinetic model of deformylation. Binding of formylated RNC (gray) and PDF (green) is
followed by deformylation. After a slow conformational rearrangement, PDF dissociates from the
deformylated RNC and finally, formic acid dissociates from the enzyme. All reactions are reversible with
forward and reverse rate constants as indicated. f represents the formyl group.
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We further estimated the rate constants of individual steps based on the available kinetic information
(Table 3). To describe the kinetics of enzyme binding and dissociation, we used the values for rate
constants k; and k.; determined from binding and dissociation experiments carried out at 10°C (Figure 19),
and extrapolated them to 37°C (Table 2). Since PDF binding and dissociation were indistinguishable for
ribosomes and RNCs, we apply the same values of k; and k.; for all RNCs and, furthermore, we infer the
same rate constants for PDF interaction with ribosomes after deformylation (i.e. ka = k.1, k. = ki). The
forward and reverse rate constants of deformylation, k; and k.,, were determined from the apparent rates
and end levels of deformylation at single turnover conditions, where one can assume that the following
reactions do not contribute significantly (Methods). To estimate deformylation rate constants for the four
different RNCs, we used the average apparent rate of deformylation of about 50 s for all constructs, and
took into account the slightly different end levels for each RNC. For TolB75 and DnaK75, these values were
taken from Figure 18B, while end levels for RNaseH75-RNC (80%) and proOmpA75-RNC (88%) were
determined in PDF titration experiments (Figure 21C). The resulting forward rate constants k, were
statistically indistinguishable for the four substrates, on average 40 s and calculation of the reverse rate
constants k., yielded values of 5-11 s depending on the RNC (Table 3). These values provide reasonable
estimates for deformylation rate constants based on the single-turnover reaction alone and with the
implicit assumption that the following step is slow compared to single-round deformylation. This
assumption is clearly supported by comparison of the single- and multiple-round turnover rates. Values
of k, and k. were therefore fixed in the subsequent global fitting. In order to test the robustness of the
fit, we also fitted the k., values together with all other free parameters and found that the values did not

change, but rather increased the uncertainty of the fit due to interdependence between rate constants.

The remaining rate constants (ks, ks, ks, k:s) could not be determined analytically. To provide values for
these rate constants and assess the feasibility of the proposed kinetic mechanism, we carried out global
fitting using the model in Figure 22, multiple-turnover and single-turnover experiments for all substrates,
and formate-driven formylation of TolB75-RNC, all performed at 37°C. Initial fits with all undetermined
parameters free to change were poorly defined due to the completely reversible reaction and high
interdependence of rate constants in the fit. In particular, global fitting indicated that formate dissociation
from PDF must be fast, although the value could not be determined with precision. As this is clearly not a
ribosome-dependent rate-limiting step, we fixed the respective rate constant to 200 s in subsequent
fitting. Reverse rates ks were then linked (i.e. considered to be identical) for different substrates, because
formate binding to PDF is not expected to differ in the presence of different RNCs. With these constraints,

we obtained good quality fits for all data sets (Figure 23) and defined values for all rate constants, although
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the high interdependence between rate constants ks, k.3 and ks resulted in rather large error margins

(Table 3).

The fitting provides estimates for the rate-limiting step of PDF turnover, which has a low forward rate (ks)
and is readily reversible (ks). This step is about five-fold faster for RNaseH75 than it is for TolB75 and
DnaK75 (Table 3), which reflects the trend observed in ket values measured for these substrates (Table
1). The values for ks are 2-5 times larger than the respective ket values due to the reversibility of the
deformylation step, with the large values of k3 decreasing the net rate in the direction of deformylated
RNCs. Overall, the results of global fitting are consistent with the minimal kinetic model and the presence

of a rate-limiting rearrangement after deformylation.

Table 3. Overview of rate constants obtained by global fitting. Errors represent standard errors from
global fit analysis or error margins determined from experiments ().

TolB75 DnaK75 RNaseH75 proOmpA75
ki (UM1sh) 40 +20
ka(s?)" 70+ 30
ka(sh) " 405
ka(s?)? 11+4 542 10+3 6+2
ks (s™) 0.15+0.04 0.09 £0.02 0.5+ 0.06 ND
ks (s™) 50+ 20 22+8 40+ 10 ND
ka(s)" 70+ 30
ka(uM1s?)t 40 + 20
ks (s1)" 200
ks (UM 1s1)* 200 +20

"Value fixed for fitting.
*Value shared between all RNCs.
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Figure 23. Global fit. All deformylation data of ToIB75-RNC, DnaK75-RNC, RNaseH75-RNC and
proOmpA75-RNC were used for global fitting in KinTek Explorer (Methods). Figure is continued on p. 39.

TolB75-RNC: (A) Multiple-turnover kinetics; (B) PDF titration; (C) Single-turnover kinetics; (D)

Deformylation with addition of formate.

DnaK75-RNC: (E) Multiple-turnover kinetics; (F) Extended time course with PDF (10 nM) and RNC (50 nM);
(G) Single-turnover kinetics. Error margins in (C,G) are standard deviations of independent experiments
(TolB75: n=3; DnaK75: n = 4).
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Figure 23. Continued from p. 38.
RNaseH75-RNC: (H) Multiple-turnover kinetics; (1) PDF titration.
proOmpA75-RNC: (J) Multiple-turnover kinetics; (K) PDF titration.

Solid lines depict the simulated concentrations based on the global fitting results (Figure 22, Table 3).

2.1.5 The nascent chain is deformylated upon emergence from the ribosome

Since deformylation in the cell occurs co-translationally, we also examined whether active translation
influences deformylation kinetics. We translated TolB mRNA encoding 50, 75, or 100 N-terminal amino
acids in the presence of PDF (Figure 24A) and followed nascent chain deformylation concomitantly with
protein synthesis after confirming that the addition of PDF does not alter translation kinetics (Figure 24B).
At cellular PDF concentration (2 uM (Ragusa et al., 1998)), co-translational deformylation is extremely
rapid on about 40% of RNCs (green triangles in Figure 24C), which are deformylated as soon as they reach
the expected length of 50 aa (black triangles in Figure 24A, C). The end level of this rapid deformylation
reaction is independent of the final nascent chain length, suggesting that the action of PDF in this phase
is only limited by the emergence of the nascent chain from the exit tunnel. An additional 25% of RNCs are
deformylated more slowly, and the rate of deformylation is somewhat lower for TolB50- than for TolB75-
and TolB100-RNC, consistent with previous studies that indicated a length-dependent deformylation for
purified RNCs at multiple-turnover conditions (Ranjan et al., 2017; Yang et al., 2019). While rapidly
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deformylated RNCs result from single-round PDF action, it is likely that the slower phase of deformylation
is determined by PDF turnover, as observed on purified RNCs. By analogy with RNCs, the rate-limiting step
of the multiple-turnover reaction is likely a rearrangement of the PDF-RNC complex after deformylation

but before PDF release.
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Figure 24. Co-translational deformylation of RNCs.

(A) Translation time courses of TolB50, 75 and 100.

(B) Influence of PDF on translation. Translation of TolB100 initiation complex (25 nM) in the presence or
absence of PDF (2 uM).

(C) Co-translational deformylation. Translation of TolB mRNA constructs of increasing length (50, 75, and
100 codons) was started with initiation complex (50 nM) by adding the components of the translation
system and PDF (2 uM). Deformylation (colored symbols) is plotted on the left Y-axis, and translation of
TolB50 mRNA (black triangles) on the right Y-axis. Co-translational deformylation time courses were
described by a delay-exponential function with one exponential term and the rates of the multiple
turnover phase were 0.004 + 0.002 s (TolB50), 0.017 + 0.01 s (TolB75), and 0.024 + 0.014 s (TolB100).
Error bars represent the standard deviation of three independent experiments.
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2.2 Biological evaluation of fumimycin and analogues as peptide deformylase inhibitors

Fumimycin (1) was shown to be a moderate inhibitor of Staphylococcus aureus PDF (SaPDF) (Kwon et al.,
2007). To test its inhibitory properties on Escherichia coli PDF (EcPDF), the dipeptide deformylation assay
with fML-pNA as substrate was applied and as reference, the rate of deformylation was measured in the
absence of any inhibitor. Then fumimycin was added to the reaction in a concentration of 4 uM (Figure
25A) which is the ICsp value determined for inhibition of SaPDF (Kwon et al., 2007). A reduction in the
initial velocity of 17% was observed which indicates that the inhibition of EcPDF is less efficient than the
inhibition of SaPDF. Furthermore, synthetic fumimycin analogues (Figure 25B) (Zaghouani et al., 2019)
were added to the deformylation assay for biological evaluation as PDF inhibitors (Figure 25A) and the
well-established PDF inhibitor actinonin (2) was included in the assay for comparison. Overall, neither
fumimycin nor any of the analogues shows a large inhibitory effect, only actinonin demonstrates strong
inhibition. The smaller differences, however, provide some insights in their biological activity. The allylic
side chain of the styrene moiety appears to be important for the stabilization of the compounds in the S1’
cavity as it is present in most of the more strongly inhibiting analogues. Fumimycin contains two potential
metal binding sites, the carboxyl group and the catechol moiety, while other inhibitors like actinonin
possess a hydroxamate that creates a potent metal binding site (Apfel et al., 2000; Chen et al., 2000).
Therefore, fumimycin analogues with hydroxamate, carboxylate or catechol groups were tested. Three of
the six most active compounds contain a catechol moiety (1, 1o, 1k) whereas most hydroxamate
derivatives do not show a significant reduction of PDF activity. This indicates that either binding of the
hydroxamate to the metal ion is sterically not favored or that catechol binding is stabilized by additional
interactions. In the absence of a catechol group, however, the hydroxamate (1n) appears to facilitate PDF

inhibition slightly better than the carboxylate (1h).
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Figure 25. PDF inhibition by fumimycin analogues.

(A) PDF inhibitor screen. fML-pNA was deformylated by PDF in the presence of potential PDF inhibitors.
The initial velocity of deformylation, Vo, was standardized relative to the initial velocity of the DMSO-only
control. Error bars represent standard deviation (n = 3).

(B) Chemical structures of fumimycin (1) and its analogues (1a-10), as well as actinonin (2).
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2.3 Co-translational folding of the membrane protein EmrD

To analyze folding of the N-terminal half of the alpha helical membrane protein EmrD, rapid kinetics
methods using FRET reporters were applied. EmrD was synthesized on ribosomes that were bound to
translocons embedded in nanodiscs so that the nascent membrane protein was co-translationally inserted
into the phospholipid bilayer. In order to monitor this process in real time, the nascent protein and, where
appropriate, the translocon were labeled with fluorophores (Figure 26). The FRET donor Bpy was attached
to the N-terminus of EmrD to mark the position of TM1 or it was incorporated into the nascent chain at
the end of TM2. The fluorophores Atto647N and Atto655 were employed as FRET acceptors and were
positioned either on the translocon or on the N-terminus of EmrD. FRET is a non-radiative transmission of
energy from the FRET donor to the FRET acceptor which is dependent on the distance r between the two
fluorophores (Lakowicz, 2006). As the FRET efficiency increases with r® the closer the fluorescence
reporters are to each other, the distance between two fluorophores can be estimated by determining the
amount of acceptor fluorescence when only the donor is excited. By following the changes in the distance
between different FRET pairs during translation, the co-translational movements of TM1 and TM2 can be

monitored which allows description of the first steps in co-translation folding of EmrD.

Intern
Cyto __— N-term
Qﬁ R A
HY Y
Peri

Figure 26. Schematic of labeling positions. The ribosome (gray) carries a nascent chain with multiple
TMs (red and yellow) that have been inserted into a nanodisc comprising the translocon (blue), lipid
bilayer (gray) and the scaffold protein (brown). Potential labeling positions for fluorophores are on the
N-terminus (N-term), at the end of TM2 (intern) and on the cytoplasmic (cyto) or periplasmic (peri) side
of the translocon.

2.3.1 Efficient translation of Bpy-labeled EmrD
To monitor approach and insertion of TM1 and TM2 into the translocon and the phospholipid bilayer, the
translation of EmrD on the ribosome is established. We produced ribosome complexes carrying N-

terminal EmrD nascent peptides ranging from 50 to 200 aa in length, which allows us to sample different
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stages of the insertion process (Figure 27A). Initiation complexes were formed with mRNAs of the
respective length using Met-tRNA™¢t that carries a Bpy label on the amino group of methionine (Bpy-Met-
tRNA™eY), Translation was started by addition of elongation factors and purified aa-tRNA at conditions
that were optimized for the nascent chain length of 135 aa and then used for all other constructs. N-
terminally labeled peptide chains (EmrD(N-term)) were visualized by TRIS-Tricine-SDS-PAGE (Figure 27B).
The upper band represents the full-length product while lower bands indicate accumulation of shorter,
stalled nascent chain intermediates. The predominant product in most translation reactions is the
respective full-length product, which demonstrates the efficiency of the translation assay and the
homogeneity of the resulting RNC preparations. When translation was performed in the presence of
radioactively labeled [**C]Leu-tRNA'Y, radioactive counting of purified RNCs revealed translation
efficiencies between 40% and 75% relative to the IC amounts. To measure the rate of translation, aliquots
were taken from the translation reaction at defined time points and the amount of full-length product
was determined by quantification of TRIS-Tricine-SDS-PAGE (Figure 27C). Time courses show a delay of
10-40 s which represents the time necessary for the synthesis of the first full-length product followed by
a single-exponential increase in the product amount. From this time dependence, the apparent rate of
translation is calculated, which was 2-3 s, with the highest rate for EmrD100 and EmrD135 peptides
(Figure 27D). The low average translation rate of shorted constructs is most likely explained by the
delaying effect of a translational pause, which was reported to result in accumulation of ribosomes at
amino acid 48 (Mercier et al., 2020; Mohammad et al., 2016). With increasing number of amino acids that
are added after the pause, the average translation rate increases, because the subsequent sequence is
translated rapidly and without any pauses. The decrease in the apparent translation rate after 135 aa may
suggest that an additional pause takes places between amino acids 135 and 175. Indeed, ribosome
profiling data reveal a pause site at codon 137 of EmrD (Mohammad et al., 2016). Thus, the average

translation rate is dependent on the relative position and the strength of translational pauses.
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Figure 27. Translation of EmrD.

(A) Length of EmrD50-200 relative to the ribosome exit tunnel (gray), the translocon pore (blue) and the
lipid bilayer (white).

(B) Translation products of EmrD(N-term)50-200 separated by TRIS-Tricine-SDS-PAGE and visualized by
fluorescence.

(C) Translation time courses of EmrD(N-term)50-200. Data were averaged over three independent
experiments and error bars indicate the standard deviations. Time courses were fitted with a delay-
exponential function with one exponential term.

(D) Average translation rates. Translational pauses are indicated as dotted lines at 48 and 137 aa. Error
margins represent standard errors determined from delay-exponential fitting.

2.3.2 Co-translational retention of N-terminus at translocon

To monitor the co-translational insertion of the N-terminal part of EmrD into the translocon and the lipid
bilayer using real-time FRET changes, an acceptor fluorophore was added to one of two positions in SecY
by labeling a single cysteine introduced by site-directed mutagenesis (Figure 28) (Draycheva et al., 2016;
Mercier et al., 2021; Mercier et al., 2020). SecY(cyto) carries the fluorophore Atto647N (A647N) in position

179 which is on the cytoplasmic side of TM4 and in close proximity of the translocon pore. In the labeled
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mutant SecY(peri), the Atto647N is attached to the cysteine in position 298 which is located in a

periplasmic loop adjacent to one of the helices forming the lateral gate, TM7 (Van den Berg et al., 2004).

Cytoplasm

Periplasm °

Figure 28. Positions of acceptor fluorophores A647N on SecY. Labeled amino acids in position 179 (cyto)
and 298 (peri) are indicated as red spheres. TMs forming the lateral gate are highlighted in green and
orange (PDB: 3J45).

To analyze the co-translational movement of TM1 relative to the cytoplasmic side of the translocon during
translation, EmrD(N-term) was translated in the presence of SecY(cyto)EG nanodiscs (Figure 29A).
Nanodiscs were added in a concentration that well exceeded the K4 of a ribosome-translocon complex of
10-20 nM to ensure efficient complex formation (Draycheva et al., 2016; Ge et al., 2014). When the
ribosome is bound to a translocon, the growing nascent chain can directly insert into the translocon and
the lipid bilayer. Using a stopped-flow apparatus, the start of translation was synchronized for all
ribosomes and the fluorescence intensity of the acceptor was observed over time to monitor changes in
FRET between donor and acceptor fluorophores (Mercier et al., 2020). As controls, fluorescence changes
of donor only and acceptor only measurements were recorded that displayed no changes over time so
that fluorescence changes in the presence of donor and acceptor arise due to FRET (Figure 30). The
distance at which FRET is most sensitive is represented by the Férster radius and amounts to about 45 A
for Bpy and A647N assuming freely rotating dyes (Wu and Brand, 1994). Because this assumption is not
true for the fluorescently labeled proteins used in this study and the parameter describing the rotational
freedom is not readily accessible experimentally, we only report relative changes in the distance between
donor and acceptor fluorophores (Kvietkauskas, 2021). FRET changes were recorded for lengths of EmrD

ranging from 50 to 200 aa (Figures 29B-G) that all show a similar behavior: FRET appears after about 10 s
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and the subsequent FRET intensity increases in a two-phasic fashion, so that the time course can be fitted
to a delay followed by a two-exponential function. When compared to the translation time courses, the
fast phase occurs co-translationally while the slow phase is post-translational. Additionally, the amplitude
of the slow phase is small compared to the maximal co-translational FRET change so that the post-
translational phase was not considered further. When a total of 50 aa is translated, the FRET increase
occurs at the same rate as translation, but the FRET efficiency is low indicating that the fluorophores are
just about to come close enough to each other to undergo FRET. With EmrD70, however, the FRET change
is comparable to the final FRET amplitude obtained with the longer constructs, and the FRET increase is
somewhat faster than the synthesis of the 70 aa nascent chain. This suggests that the the N-terminus
becomes positioned at the cytoplasmic label of the translocon at a length longer than 50 aa, but shorter
than 70 aa. The largest FRET change is reached at EmrD100 which allows to estimate the average nascent
chain length at which FRET increases. Based on the transition time of the fluorescence change (Figure
29H) and the average translation rate (Figure 27D), the FRET change occurs around 60 + 7 aa. The time
during which the 60 aa are translated is represented in the delay of 10 s before the start of the
fluorescence change. The transition times of the co-translational FRET change are the same for all nascent
chain lengths (Figure 29H) which indicates that the FRET increase occurs at the same nascent chain length

independent of the total number of translated amino acids.
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Figure 29. FRET between the N-terminus of the nascent chain and the cytoplasmic label on the
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Figure 29. Continued from p. 48.

(A) Positioning of Bpy (green star) on the N-terminus of the nascent chain and A647N (red star) on the
cytoplasmic side of the translocon.

(B)-(G) Co-translational FRET changes. Fluorescence changes of the FRET acceptor were monitored in a
stopped-flow apparatus (left y-axis) and compared to the formation of full-length translation product
(right y-axis) for EmrD50 (B), 70 (C), 100 (D), 135 (E), 175 (F) and 200 (G). Lines depict fitting with a delay-
exponential function with one (translation) or two (fluorescence) exponential terms. Error bars represent
the standard deviation of three independent experiments.

(H) Transition times obtained by delay-exponential fitting of co-translational fluorescence changes. Error
bars indicate standard error of the fit.
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Figure 30. FRET controls. Fluorescence changes in the acceptor channel were recorded for EmrD200
translation in the presence of acceptor and donor fluorophores as well as with acceptor only and with
donor only. Fluorescence change of the acceptor in the presence of the donor is due to FRET.

We also monitored the positioning of the EmrD N-terminus relative to the periplasmic side of the
translocon using SecY(peri)EG (Figure 31). Similarly to the experiments with the label at the cytoplasmic
side, FRET increased after a 10 s delay in a biphasic way with the fast co-translational phase followed by
the slow post-translational phase. Again, the post-translational phase has a small amplitude compared to
the maximal co-translational FRET change and it was not considered further. Also similar to the
cytoplasmic FRET pair, the periplasmic FRET acceptor displays a fluorescence increase concomitantly with
the appearance of EmrD50. The transition time of the co-translational phase is independent of the nascent
chain length (Figure 31H) and comparable to the transition times obtained with the cytoplasmic acceptor
label (Figure 29H). The average nascent chain length of the FRET increase was calculated for EmrD100 and
amounts to 57 + 7 aa which is the same as for the cytoplasmic label indicating that the N-terminus

approaches the cytoplasmic label and does not move closer towards the periplasmic acceptor dye.
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Figure 31. FRET between the EmrD N-terminus and the periplasmic label on the translocon. The legend
is continued on p. 51.
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Figure 31. Continued from p. 50.

(A) Positioning of Bpy (green star) on the N-terminus of the nascent chain and A647N (red star) on the
periplasmic side of the translocon.

(B)-(G) Co-translational FRET changes. Fluorescence changes of the FRET acceptor were monitored in a
stopped-flow apparatus (left y-axis) and compared to the translation time course (right y-axis) for EmrD50
(B), 70 (C), 100 (D), 135 (E), 175 (F) and 200 (G). Lines depict fitting with a delay-exponential function with
one (translation) or two (fluorescence) exponential terms. Error bars represent the standard deviation of
three independent experiments.

(H) Transition times obtained by delay-exponential fitting of co-translational fluorescence changes. Error
bars indicate standard error of the fit.

To analyze the folding intermediates of EmrD during co-translational folding, the amplitudes of the fast
phases of the fluorescence changes were compared (Figure 32A) which allows to determine the relative
position of the N-terminus to the translocon. While the general trend of the final levels of fluorescence
reached for different lengths of mMRNA was similar for the two labeling positions on the translocon, the
relative fluorescence for the periplasmic acceptor label is consistently lower than for the cytoplasmic.
Therefore, the N-terminus remains on the cytosolic side of the membrane in agreement with the positive
inside rule and previous studies (Mercier et al., 2020; von Heijne, 1992; Yin et al., 2006). The FRET
efficiency between donor and acceptor fluorophores steadily increases from a length of 50 to 100 aa
comparable to previous studies (Mercier et al., 2020). At 70 aa, the normalized amplitudes of the
fluorescence change were significantly different (Figure 32B), indicating a larger distance of the N-
terminus to the periplasmic label compared to the cytoplasmic one. Between 100 and 200 aa, the
fluorescence remains roughly the same. This shows that during translation, the N-terminus of EmrD moves
towards the translocon until it adopts a relatively stable position around a length of 100 aa. Afterwards,
it undergoes only smaller conformational rearrangements but remains in close proximity to the

translocon.
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Figure 32. Fluorescence end levels.

(A) Amplitudes of the co-translational fluorescence change in Figures 29 and 31 were plotted for the
different acceptor positions. Error bars represent the standard deviation of six technical replicates.

(B) Fluorescence amplitudes were normalized to the highest amplitude.

2.3.3 Efficient incorporation of an internal fluorophore after TM2

To monitor the positioning of TM2, a fluorophore needs to be incorporated into the nascent chain of EmrD
around the end of TM2 via the unnatural amino acid eNHs-Bpy-lysine (Bpy-Lys) (Mittelstaet et al., 2013).
To ensure site-specific labeling of the nascent chain, mRNAs containing a single Lys codon were produced.
For this purpose, the only lysine codon in EmrD until a length of 200 aa at position 2 was mutated to an
arginine, and a single lysine codon was added near the end of TM2 in position 67 (EmrD(67K)), position
70 (EmrD(70K)), or by insertion between codons 71 and 72 (EmrD(71.5K)) (Figure 33A). The amino acids
chosen to be mutated were not evolutionary conserved nor positively charged, to avoid influencing the
folding pathway. To test whether the mutations by themselves influence translation, the translation rates
of wild-type EmrD(N-term) and mutated EmrD(N-term/67K) were compared, which showed only minor
differences (Figure 33B). Bpy-Lys was incorporated into the nascent chain co-translationally using Bpy-
Lys-tRNAY which was produced by reacting aminoacylated Lys-tRNAY® with Bpy succinimidyl ester at high
pH (Holtkamp et al., 2015; Mittelstaet et al., 2013; Woolhead et al., 2004).
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Figure 33. Incorporation of a fluorescence reporter at the internal position of the nascent chain.

(A) Structure of EmrD with engineered Lys residues used for fluorescence labeling indicated as spheres
(green) in the loop between TM2 (yellow) and TM3 (green).

(B) Comparison of average translation rates of N-terminally labeled EmrD with and without Lys mutation.
Error bars represent the standard error determined from delay-exponential fitting.

When fluorescence labeled Bpy-Lys-tRNAY was added to the translation reaction instead of Lys-tRNA"Y,
the translation rate decreased (Figure 34A). Previous studies indicate that binding of EF-Tu to Bpy-Lys-
tRNAY is impeded compared to binding to its natural substrates (Mittelstaet et al., 2013), which
prompted us to test higher concentrations of EF-Tu in the translation assay (Figures 34A, B). The
concentration dependence reveals a maximum translation rate at 25 uM EF-Tu, which however does not
reach the wild type translation rate. To optimize the translation conditions further, we varied the
concentration of aa-tRNA (labeled and unlabeled tRNA alike) (Figure 34C) and Bpy-Lys-tRNAY® (Figure
34D). Titration of aa-tRNAs has a large effect on the translation rate which increases with aa-tRNA
concentration. Concentrations of 130 uM aa-tRNA and 0.3 puM Bpy-Lys-tRNAY were chosen because
higher amounts of tRNA did not significantly change the translation rate. Concentrations of EF-G higher
than 1 uM did also not alter the rate of translation so that a concentration of 2 uM was chosen (Figure

34E).
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Figure 34. Optimization of Bpy-Lys incorporation.

(A) Translation time courses of EmrD(70K-Bpy)135 (25 nM) at different EF-Tu concentrations (10-40 uM).
For comparison, a translation time course of EmrD(N-term)135 (25 nM) is shown (black symbols, 15 uM
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EF-Tu). Lines depict delay-exponential fits with one exponential term.

(B) EF-Tu titration. Average translation rates of EmrD(70K-Bpy)135 were determined in the presence of
aa-tRNA (98 uM), Bpy-Lys-tRNAY* (0.3 uM), EF-G (2 uM) and increasing concentrations of EF-Tu. Error bars
represent the standard error from delay-exponential fitting.

(C) aa-tRNA titration. Unlabeled aa-tRNA and Bpy-Lys-tRNAY* were titrated simultaneously in the

presence of EF-Tu (25 uM) and EF-G (2 uM).

(D) Bpy-Lys-tRNAY titration. Increasing amounts of Bpy-Lys-tRNAY* were added to a translation reaction
containing EF-Tu (25 uM), aa-tRNA (130 uM) and EF-G (2 uM).

(E) EF-G titration. EF-G was titrated at optimized translation conditions: EF-Tu (25 uM), aa-tRNA (130 uM),

Bpy-Lys-tRNAY* (0.3 uM).
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To compare translation rate and efficiency of Bpy-Lys incorporation at different incorporation sites,
translation time courses were recorded for the three different positions. As incorporation can potentially
be more efficient after a glycine in the nascent chain (Thommen, 2015), the mRNA codon before the lysine
codon in EmrD(67K) and EmrD(70K) was mutated to a glycine codon and EmrD(66G/67K-Bpy) and
EmrD(69.5G/70K-Bpy) were synthesized to test for improved incorporation. In EmrD(71.5K-Bpy), a native
glycine is in position 71 as defined by the wild type sequence. The intensity of the band representing the
full-length product after 15 min of translation varies between the different constructs (Figure 35A). The
three EmrD variants where a glycine is upstream of Bpy-Lys show the highest incorporation efficiencies of
the fluorophore. EmrD(69.5G/70K-Bpy) and EmrD(71.5K-Bpy), however, display a slower rate of
translation compared to the other internally labeled EmrD variants (Figure 35B), whereas EmrD(66G/67K-
Bpy) shows the best incorporation efficiency and translational velocity. However, for EmrD(66G/67K-Bpy)
constructs of different lengths, some translation rates were faster compared to EmrD(N-term) (Figure
35C). Because similar translation rates are necessary for direct comparison of fluorescence changes
between different FRET pairs, EmrD(67K-Bpy) was chosen for further analysis. Here, translation including
incorporation of the internal fluorophore showed the same rates as the synthesis of wild type
EmrD(N-term) (Figure 35C). Given the chosen fluorophore position at amino acid 67, translation as well
as FRET changes were analyzed starting at a final peptide length of 100 aa. Translation efficiencies
determined by radioactive counting of Bpy-[**C]Lys ranged between 90 and 100% and mainly the full-
length product is visible on the gel (Figure 35D). Thus, translation of EmrD(67K-Bpy) which will be further

referred to as EmrD(intern) will allow a direct comparison to EmrD(N-term).
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Figure 35. Comparison of Bpy-Lys incorporation sites.

(A) Translation products. Translation of EmrD(N-term)135 was carried out for 15 min and nascent chains
were separated by TRIS-Tricine-SDS-PAGE. Analogously, co-translational incorporation of Bpy-Lys was
carried out at an indicated Lys codon with or without a preceding Gly.

(B) Translation time courses. Translation reactions with Bpy-Lys incorporation at different positions were
guenched at indicated time points and fitted to a delay-exponential function.

(C) Translation rates. Translation rates were recorded for different lengths of EmrD(66G/67K-Bpy) and
EmrD(67K-Bpy) and compared to EmrD(N-term). Error bars show the standard error determined by delay-
exponential fitting.

(D) Translation of EmrD(67K-Bpy)100-200 was carried out for 15 min and translation products were
separated by TRIS-Tricine-SDS-PAGE. Lower bands appear at the incorporation site of Bpy-Lys at codon
67.

2.3.4 Dynamic rearrangements of TM2 during co-translational insertion

To follow the insertion of TM2 into the translocon and the lipid bilayer, we monitored FRET between
EmrD(intern) and SecY(cyto) during translation of 100-200 codons (Figure 36A). As above, fluorescence
changes arise due to FRET (Figure 37) and the fluorescence curves show a delay followed by a two-
exponential FRET efficiency increase with a fast, co-translational phase and a slow, post-translational
phase (Figures 36B-E). The co-translational FRET change of ErmD100 coincides with its translation rate

(Figure 36B), which indicates that the fluorophores reach a distance suitable for FRET around this length,
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however, FRET efficiency is low. The 20 s long delay represents the time that is needed to translate the
66 aa until the incorporation site and roughly 30 additional amino acids to allow for FRET. In comparison,
50 aa after the fluorophore were necessary to detect FRET with EmrD(N-term). Given that the distance
between FRET donor and acceptor must be similar to give the same FRET efficiency regardless where in
the nascent chain the fluorophore is attached, a smaller number of amino acids after the incorporation
site is needed to reach the minimal FRET distance of the cytoplasmic translocon label than at the N-
terminal part of EmrD. The average nascent chain length at which the FRET increase occurs, as calculated
for EmrD135, is 91 *+ 3 aa which is only 30 aa later than for EmrD(N-term) even though there are 66 aa
between the incorporation sites. As with the N-terminal label, the fluorescence change occurs roughly at

the same time for all constructs (Figure 36F).
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Figure 36. FRET between TM2 and the cytoplasmic label on the translocon.

(A) Positioning of Bpy (green star) at the C-terminus of TM2 in the nascent chain (yellow) and A647N (red

star) on the cytoplasmic side of the translocon (blue).

(B)-(E) Co-translational FRET changes. Fluorescence changes of the FRET acceptor were monitored in a
stopped-flow apparatus (left y-axis) and translation time courses are shown for comparison (right y-axis)
for EmrD100 (B), 135 (C), 175 (D) and 200 (E). Lines depict fitting with a delay-exponential function with
one (translation) or two (fluorescence) exponential terms. Error bars represent the standard deviation of

three independent experiments.

(F) Transition times obtained by delay-exponential fitting of co-translational fluorescence changes. Error

bars indicate the standard error of the fit.
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Figure 37. FRET controls. Acceptor fluorescence was recorded with EmrD200 in the presence of acceptor
and donor fluorophores as well as with the acceptor alone and donor alone. Fluorescence change
obtained with both donor and acceptor is due to FRET.

When the same experiments were carried out with EmrD(intern) and a label on the periplasmic side of
the translocon, the kinetic signature was very similar. The delay is about 20 s and FRET appears at around
100 aa (Figure 38). The FRET increase occurs at the same time for all nascent chains independent of the
final length (Figure 38F) which is at about 96 + 4 aa and similar to the cytoplasmic label as calculated for

EmrD135.
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Figure 38. FRET between TM2 and periplasmic label on translocon.

(A) Location of Bpy (green star) on TM2 of the nascent chain (yellow) and A647N (red star) on the
periplasmic side of the translocon (blue).

(B)-(E) Co-translational FRET changes. Fluorescence changes of the FRET acceptor were monitored in the
stopped-flow apparatus (left y-axis) and translation time courses are shown for comparison (right y-axis)
for EmrD100 (B), 135 (C), 175 (D) and 200 (E). Lines depict fitting with a delay-exponential function with
one (translation) or two (fluorescence) exponential terms. Error bars represent the standard deviation of
three independent experiments.

(F) Transition times obtained by delay-exponential fitting of co-translational fluorescence changes. Error
bars indicate standard error of the fit.
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To identify folding intermediates of TM2 relative to the translocon, the amplitudes of the co-translational
phases were analyzed (Figure 39). For EmrD 100, FRET efficiency is low and decreased significantly when
the chain length increases to 135 aa. Then, at 175 aa FRET efficiency decreases but it is high again at 200
aa. Because all constructs show high translation efficiencies and no correlation was observed between
translation efficiency and fluorescence change, the measured FRET changes reflect authentic distance
changes between the two fluorophores. This indicates that the cytoplasmic side of TM2 approaches the
translocon, then moves away from it and finally comes close again. The FRET efficiency is consistently
higher for the cytoplasmic label compared to the periplasmic label, which shows that the end of TM2
remains on the cytoplasmic side of the translocon. Compared to the behavior of TM1 (Figure 32), TM2
appears to change its position more and to be more dynamic but the changes are the same relative to the

two labeling positions on the translocon (Figure 39B).
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Figure 39. Fluorescence end levels.

(A) Amplitudes of the co-translational fluorescence change in Figures 36 and 38 were plotted for the
different acceptor positions. Error bars represent the standard deviation of six technical replicates.

(B) Fluorescence amplitudes were normalized to the highest amplitude.

2.3.5 TM2 approaches TM1 upon emergence from the ribosome

To analyze the folding of EmrD, rather than translocon insertion, the distance between the N-terminus
and TM2 was monitored by FRET. The donor fluorophore Bpy was positioned at the cytoplasmic side of
TM2 as described above. Because labeling of Met-tRNA™¢t with A647N was unsuccessful, Atto655 (A655)
was used as acceptor fluorophore and incorporated at the N-terminus via A655-Met-tRNA™¢t, To compare

the Forster radii of the two FRET pairs, EmrD(N-term) was inserted into A647N or A655 labeled
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SecY(179C)EG nanodiscs (Figure 40A). With both acceptors, the change of fluorescence occurs in two
phases and the co-translational phase perfectly overlaps with transition times of 20.4 + 0.2 s for A647N
and 20.3 £ 0.3 s for A655. This indicates that the Forster radii for the two FRET pairs are similar and the
rates of fluorescence changes are directly comparable. The post-translational phases, however, differ
between the two acceptor dyes which might arise from different dye properties. Translation of double-
labeled EmrD(double) with A655 on the N-terminus and Bpy at the end of TM2 can be quantified either
by the donor or the acceptor fluorophore which results in the same translation kinetics (Figure 40B).
Furthermore, the presence of an N-terminal fluorophore does not change the translation kinetics
compared to EmrD(intern). The overall efficiency of Bpy-Lys incorporation as determined by radioactive
counting remains high (>80%) and with this labeling strategy every donor fluorophore in the nascent chain

will also contain an acceptor.
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Figure 40. A655 as FRET acceptor.

(A) Co-translational insertion of EmrD(N-term)200 into nanodiscs containing SecY(179C) labeled with
A647N or A655. Fluorescence changes were fitted to a delay-exponential equation with two exponential
terms and normalized on the amplitude of the fast phase.

(B) Translation time courses of EmrD(intern)135 and EmrD(double)135. Formation of full-length product
was quantified either by Bpy or A655 fluorescence as indicated.

Co-translational folding of EmrD(double) was analyzed by intramolecular FRET changes during the
insertion of the nascent chain into nanodiscs containing wild type SecYEG (Figure 41A). Fluorescence
controls revealed a small decrease in acceptor fluorescence as A655 moves through the peptide exit
tunnel, however this cannot explain the fluorescence changes in the presence of donor and acceptor

fluorophores which result from FRET (Figure 41B). To compensate for the acceptor changes, corrected
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data is analyzed where the acceptor only and donor only traces have been subtracted from the
fluorescence curves (Figures 41C-F). In an extended conformation, the distance between the two
fluorophores is too large for FRET and an increase of FRET efficiency occurs upon folding. As the
fluorescence changes showed a single phase, the fluorescence intensity was fitted to a delay-exponential
equation with one exponential term. FRET increases occur co-translationally which is shown by
comparison to the translation time courses. The fluorescence increases at 110 + 4 aa which was
determined for EmrD135 and which occurs roughly at the same time independent of the final nascent
chain length (Figure 41G). Compared to the FRET change between TM2 and the cytoplasmic label on the
translocon at a nascent chain length of 96 aa, more amino acids have to be synthesized indicating that
TM2 approaches the translocon before the N-terminus. The two fluorophores reach a high FRET state at
135 aa, FRET remains high at 175 aa and decreases at 200 aa which indicates conformational

rearrangements of the nascent chain (Figure 41H).
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Figure 41. FRET between the N-terminus and TM2 of EmrD. The legend is continued on p. 65.

64

Translation

Translation



Results

Figure 41. Continued from p. 64.

(A) Positioning of Bpy (green star) on TM2 (yellow) and A655 (red star) on the N-terminus of the nascent
chain.

(B) FRET controls. Donor only and Acceptor only controls show small co-translational fluorescence
changes which do not account for FRET observed with both labels.

(C)-(F) Co-translational FRET changes. Fluorescence changes of the FRET acceptor were corrected for
changes in the acceptor and donor only controls and smoothed for clarity (left y-axis) and translation time
courses are shown for comparison (right y-axis) for EmrD100 (C), 135 (D), 175 (E) and 200 (F). Lines show
fitting to a delay-exponential function with one exponential term. Error bars represent the standard
deviation of three independent experiments.

(G) Transition times obtained by delay-exponential fitting of fluorescence curves. Error margins indicate
standard errors determined from delay-exponential fitting.

(H) Amplitudes of the fluorescence change in (C)-(F). Error bars indicate the standard deviation of six
technical replicates.

To compare diverse fluorescence reporters for the different nascent chain lengths, the transition times of
the co-translational phase were analyzed (Figure 42) as determined by delay-exponential fitting (Figures
29, 31, 36, 38 and 41). For all constructs, the N-terminal fluorophore requires less time to arrive at the
translocon than the reporter in TM2 at position 67 which is expected, as translation of the peptide up to
the incorporation site takes additional time. The position of the dye on the translocon (cytoplasmic vs.
periplasmic side) has only a small effect on the timing of FRET. The signal change of the intramolecular
FRET pair occurs later than docking at the translocon and thus, TM2 first approaches the cytoplasmic label

on the translocon before it comes in close proximity to the N-terminus.
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Figure 42. Comparison of the different FRET pairs.

(A) Comparison of transition times for different FRET pairs by EmrD length. Rates of co-translational
fluorescence changes are shown with error bars representing the standard error determined by delay-
exponential fitting.

(B) Fluorescence reporter positions depending on nascent chain length relative to the ribosome exit
tunnel (gray), the translocon pore (blue) and the lipid bilayer (white). Fluorophores are positioned on the
N-terminus (black circle), at the end of TM2 (black triangle) or on the translocon (dotted lines
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3 Discussion

3.1 Deformylation in a cellular context

The kinetic analysis of PDF activity on RNCs has revealed a reversible reaction with predominantly fast
steps for binding and dissociation and a slow rearrangement, which takes place after deformylation and
limits the rate of PDF dissociation from nascent peptides (Figure 43). Previous work has indicated that PDF
has a similar affinity to ribosomes and RNCs carrying a short, non-exposed nascent chain in the ribosomal
exit tunnel (Sandikci et al., 2013). Using pre-steady-state association experiments, we show that even
when the nascent chain is accessible for PDF, the initial binding kinetics is the same as with vacant
ribosomes (Figure 19). Docking of the N-terminus into the active site of PDF is apparently rapid since it is
not identified as an additional kinetic step, but it can be slowed or prevented by binding to SRP when the
nascent chain carries an SRP-specific signal anchor sequence (Ranjan et al., 2017; Yang et al., 2019). The
affinity of PDF for ribosomes and RNCs is in the range of 2 uM, so given cellular concentrations of
ribosomes (20-45 uM depending on the growth rate (Rudorf and Lipowsky, 2015)) and PDF (2 uM (Ragusa
et al., 1998)), the majority of the PDF molecules are expected to be bound to ribosomes. However, due to
the large excess of ribosomes, only a small fraction can interact with PDF at a given time but fast
association and dissociation allow PDF to rapidly scan ribosomes for formylated nascent chains. Based on
the rate constants determined here, PDF binds one ribosome every 0.3-2 ms on average, depending on
the ribosome concentration, and the average residence time is 15 ms, allowing each PDF molecule to
sample about 60 ribosomes in one second. At this rate, it takes 0.2 to 1 s for the roughly 1,300 molecules
of PDF to scan all 10,000-70,000 ribosomes in the cell (Bremer and Dennis, 2008; Ragusa et al., 1998).
During this time, a nascent chain can be elongated by up to 20 aa. Since nascent chains suitable for
deformylation are between 50 and 120 aa in length (Ranjan et al., 2017; Yang et al., 2019), scanning is fast
enough to reach all accessible formylmethionines within the available time window. Although the area
around the ribosomal tunnel exit also serves as a binding platform for other RPBs, PDF binding is not
affected by either SRP or TF, indicating that scanning by PDF should proceed unabated in vivo in the
presence of the other factors (Bornemann et al., 2008). MAP, which removes the initial methionine after
deformylation, however, competes with PDF on the ribosome (Bhakta et al., 2019; Sandikci et al., 2013),
which will prevent PDF from rebinding to nascent chains recruited to MAP and, therefore, enhance

scanning of other ribosomes.
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Figure 43. Mechanism of deformylation.

The reversible hydrolysis and existence of a slow rearrangement step after deformylation are, at first
glance, surprising. However, previous studies with model peptides have shown that PDF can transfer the
formyl group from one peptide to another (Becker et al., 1998), indicating that a deformylated peptide
can indeed act as a substrate for PDF. Deformylation as such does not trigger immediate release of the
nascent chain from PDF, probably due to the similarity between the formylated and deformylated nascent
chain. This is consistent with structural work indicating that most of the interactions between the peptide
and PDF involve the peptide backbone and the methionine side chain, all of which remain unchanged
during deformylation (Becker et al., 1998). In addition, the presence of the formyl group is not monitored
stringently by the enzyme, as substrates that are acetylated or carry a different N-terminal amino acid
display a Km value similar to fMet-peptides (Hu et al., 1999). Also, the reversibility of the deformylation
reaction agrees with studies on model peptides showing that adding increasing amounts of deformylated
peptide into the reaction decreased the initial velocity (Lazennec and Meinnel, 1997). Thus, the key
features of the reaction mechanism are conserved between the model substrates and RNCs. The reason
for rapid turnover with model substrates is that their affinity for PDF is low, promoting the dissociation of
the complex, whereas with RNCs, PDF contacts with the ribosome favor retention of the nascent chain at
the enzyme active site, resulting in a ket that is 50-fold lower compared to model peptides. The slow
rearrangement likely involves release of the N-terminus from the active site of PDF, since this step is
followed by rapid dissociation of PDF from the ribosome. Different lengths of the nascent chain as well as
amino acid composition and secondary structure elements near the N-terminus can moderately influence
the velocity of deformylation (Ranjan et al., 2017; Yang et al., 2019). This is consistent with our analysis
indicating that different rates of deformylation among RNC substrates depend on the rate-limiting
conformational rearrangement of the nascent chain which is reflected by the individual rate constants ks

for each RNC substrate in the kinetic model.
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Our co-translational deformylation experiments show that the N-terminus of a nascent protein can be
deformylated as soon as it emerges from the tunnel exit of a translating ribosome, consistent with
previous studies (Giglione et al., 2004; Giglione et al., 2015). This finding becomes important in the context
of co-translational folding, in particular for small N-terminal domains that can fold within the ribosomal
exit tunnel (Holtkamp et al., 2015; Nilsson et al., 2015). For these proteins, it is important that PDF acts
early, before the N-terminus is buried within a folded domain (Koubek et al., 2021; Ranjan et al., 2017).
Rapid deformylation followed by a slow rearrangement step may ensure that PDF holds the N-terminus
of the nascent chain for handover to downstream enzymes in nascent-chain processing. Specifically, the
reversible deformylation and subsequent slow conformational rearrangement are responsible for the
delay in methionine removal by MAP, which was observed in a coupled PDF-MAP assay (Yang et al., 2019).
Rapid PDF dissociation after the conformational rearrangement allows it to effectively vacate the primary
binding site of MAP on the ribosome (Bhakta et al., 2019; Sandikci et al., 2013), and subsequent binding
of MAP is fast (Yang et al., 2019), indicating that pre-organization of MAP or ‘priming’ at a secondary
binding site on the ribosome is not required for efficient exchange of factors. Retention of the N-terminus
by PDF may also prevent folding (or misfolding) of the nascent protein prior to recruitment of the
ribosome-associated chaperone TF, which binds preferentially to longer nascent chains, about 100 aa in
length (Oh et al., 2011). Therefore, PDF might help to bridge the gap between emergence of the nascent
chain from the ribosome and chaperone binding. The slow rearrangement that follows deformylation may
introduce a relatively long pause into any number of events in the life of a nascent protein, including

processing and folding.

3.2 Specificity of PDF inhibitors

Here we show that fumimycin is a weak inhibitor of EcPDF even though previous experiments revealed it
to be a moderate inhibitor of SaPDF (Kwon et al., 2007). The two PDFs belong to different classes of PDFs
that show only small differences in their active sites but their peptide binding clefts are significantly
different which could explain the differential inhibitory power of fumimycin (Baldwin et al., 2002; Giglione
etal., 2004; Yoon et al., 2004). Comparison of crystal structures of another PDF inhibitor, actinonin, bound
to EcPDF or SaPDF confirms that the metal binding hydroxamate moieties overlap very well while the
pyrrolidine is positioned differently (Figure 44) (Clements et al., 2001; Yoon et al., 2004). Additionally, it
has been shown that hydroxamate based inhibitors show a varying activity against different bacterial

species (Apfel et al., 2000). Furthermore, our inhibition studies showed that a strong metal binding motif
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like hydroxamate does not necessarily lead to efficient PDF inhibition depending on the chemical structure
of the inhibitor so that inhibition can be fine-tuned by modifications. Docking studies suggested that in
fumimycin the catechol moiety acts as metal binding motif (Zaghouani et al., 2019) which increases the
variety of potential structural motifs for PDF inhibition. A recent study, for example, characterized
compounds with esters or hydrazides as metal binding sites that inhibit PDF from Mycobacterium
tuberculosis while showing low cytotoxicity against macrophages (Gokhale and Telvekar, 2021).
Therefore, PDF inhibitors have the potential to gain enough specificity to target infectious bacteria
without inhibiting HsPDF in mitochondria and to become a new class of antibiotics. In studies using a
variety of different bacteria, however, resistance against PDF inhibitors was detected at high frequency
(108 - 10°%) (Apfel et al., 2001; Margolis et al., 2001; Margolis et al., 2000). Resistance was achieved by
efflux of the drug, mutations in the peptide deformylase gene or inactivation of methionyl-tRNA
transformylase, the latter being the most common (Margolis et al., 2001; Margolis et al., 2000; Sharma et
al., 2009). Due to the reduced cell growth of the transformylase mutants, PDF inhibitors might still be

effective and PDF a viable antibiotic target (Giglione and Meinnel, 2001).

Figure 44. Actinonin bound to EcPDF (blue, PDB: 1G2A) and SaPDF (yellow, PDB: 1Q1Y). The interaction
with the metal cofactor (red) is indicated.

Similar to the PDF inhibitor actinonin, fumimycin and its analogues are described as competitive inhibitors
that bind to the active site of PDF and form a complex with the metal ion (Chen et al., 2000; Clements et
al., 2001; Kwon et al., 2007). This indicates that binding of inhibitor-bound PDF to an RNC is still possible,
but interaction of the formylated N-terminus with the active site of PDF is impaired. Due to the higher
affinity of PDF towards RNCs compared to model peptides, higher concentrations of inhibitor or more

tightly binding compounds are necessary to efficiently inhibit deformylation of RNCs.
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3.3 Co-translational folding pathway of TMs 1-4 of EmrD

By combining the real-time fluorescence information gained from different FRET pairs, the initial steps of
the co-translational folding of EmrD can be modeled in some detail (Figure 45). Here, we provide insights
into the folding of the first four TMs following the folding pathway from short to long nascent chains and
show how this relates to current models regarding TM insertion into the translocon and the lipid bilayer.
At short nascent chain lengths, the N-terminus approaches the translocon reaching the minimal distance
for FRET around a nascent chain length of 50 aa and moves closer towards the translocon at 70 aa (Figure
32). As the N-terminus remains on the cytoplasmic side of the membrane at all lengths, EmrD assumes an
N-in topology and TM1 has to invert to be inserted correctly into the lipid bilayer. Previous experiments
indicate that inversion occurs due to charge-charge interactions between positively charged amino acids
at the N-terminus of the nascent chain and negative charges in the ribosomal peptide exit tunnel (Mercier
et al., 2020). This inversion is established early on and appears to occur before a length of 50 aa when the
N-terminus is buried deep inside the peptide exit tunnel. Even in the absence of the translocon or a
membrane, formation of a helix-turn-helix in the ribosomal vestibule was observed by crosslinking of TMs
which suggests that the ribosome triggers inversion (Tu et al., 2014). Our results indicate that the number
of amino acids required to span the distance from the PTC to the point where FRET can be detected is
larger for the N-terminal label compared to the label at TM2 (Figures 29 and 31). This supports an early
inversion of the N-terminus inside the ribosome before FRET can be detected. Similarly, previous protease
protection assays show that an N-out helix is protected faster by the translocon than an N-in TM (Mercier
et al., 2020). In contrast, force profile analysis indicates that the same nascent chain length is required to
insert N-in or N-out TMs with minor changes due to charged or hydrophobic residues upstream of the TM
(Nicolaus et al., 2022; Nicolaus et al., 2021). However, most of the studied TMs with N-in topology were
internal and inversion of these TMs might follow a different mechanism. In this case, three instead of two
peptide chains need to be accommodated next to each other, which is more likely at the ribosome
translocon interface (Mercier et al., 2022; Park et al., 2014). Even though TMs were shown to compact
inside the exit tunnel (Bano-Polo et al., 2018; Robinson et al., 2012; Woolhead et al., 2004), short nascent
chains of EmrD (<50 aa) were accessible to proteinase digestion (Mercier et al., 2020) when a fully
compacted nascent chain is still buried within the ribosome (Figure 27A). Furthermore, the limited space
in the exit tunnel, especially with a translocon bound, does not allow a folded helix to invert (Park et al.,
2014). Therefore, TM1 may assume a partially extended conformation during its inversion where folded
and unfolded states are in equilibrium (Agirrezabala et al., 2022; Liutkute et al., 2020b; Mercier et al.,

2022).
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Figure 45. Co-translational folding intermediates of EmrD as derived from FRET experiments.

(A) Folding model. The ribosome (gray) is synthesizing a nascent chain of six TMs (red to purple) that are
inserted into the membrane (gray) via the translocon (blue). TM positions in the amino acid sequence
have been assigned according to the crystal structure (Figure 16, PDB: 2GFP); TM1: 9-36, TM2: 42-68,
TM3: 76-94, TM4: 95-127, TM5: 132-155, TM6: 157-177.

(B)-(D) Structural model. Long nascent chain intermediates EmrD135 (B), EmrD175 (C) and EmrD200 (D)
were modeled using experimentally determined structures (PDB: 4V6M, 2GFP). For clarity, only the area
around the translocon is shown.

From 50 to 100 aa, the N-terminus moves closer towards the translocon and reaches a high FRET state
when FRET-acceptors are positioned on either the cytoplasmic or periplasmic side of SecY (Figure 32). As
the nascent protein is extended beyond 100 aa and the four N-terminal TMs are inserted into the
membrane (Figures 27A and 45), no significant changes are observed relative to the translocon (Figure
32). Therefore, co-translational folding of at least these four helices of EmrD occurs close to the translocon
either due to protein-protein interactions or interactions of positive charges in cytosolic loops with the

ribosome (Bischoff et al., 2014; Hou et al., 2012; Sadlish et al., 2005). At 100 aa, the distance between
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TM2 and either the translocon or the N-terminus is large indicating that the end of TM2 resides inside the

ribosomal peptide exit tunnel (Figures 39 and 41).

This changes at 135 aa when the nascent chain is long enough for TM2 to fully insert into the translocon
and FRET between TM2 and the translocon increases (Figures 39 and 45B). When two TMs have been
inserted into the translocon and/or the membrane, co-translational formation of tertiary structural
elements can begin. For the soluble protein HemK, co-translational folding studies revealed that individual
folding events are faster than translation and can therefore occur at quasi-equilibrium conditions
(Liutkute et al., 2020a; Mercier and Rodnina, 2018). Similarly, co-translational folding intermediates of
EmrD may likely rapidly sample different conformations to find the thermodynamic optimum at each
nascent chain length. The high FRET between the cytosolic side of TM2 and the N-terminus indicates that
TM1 and TM2 are in close proximity and potentially form a helix-turn-helix motif (Figure 41). However,
interactions between the cytoplasmic sides of TM1 and TM2 are not native because in the crystal structure
TM4 resides between them and therefore contacts are most likely transient (Yin et al., 2006). On the other
hand, the short loop of 4 aa between TM1 and TM2 keeps the periplasmic sides of the TMs close together
(Tastan et al., 2009). The lateral gate of the translocon is highly dynamic and assumes a more open
conformation in the presence of TMs allowing hydrophobic helices to partition into the lipid bilayer (Ge
et al., 2014; Mercier et al., 2021). Some studies on eukaryotic translocons also show retention of TMs
inside the translocon (Skach, 2009). Due to limited space inside the translocon pore, TM1 is expected to
reside in the open lateral gate indicating that TM2 displaces TM1 towards the lipid bilayer (Frauenfeld et
al., 2011; Park et al., 2014). This is further supported by our kinetic analysis showing that TM2 approaches

the translocon slightly before it approaches the N-terminus (Figure 42).

Figure 46. Folding of TMs 1-4. The model for the folding pathway of the first four TMs (red-blue)
between 175 and 200 aa at the translocon (dark blue) is shown. The ribosome and subsequent TMs
were omitted for clarity.

73



Discussion

At a length of 175 aa, the N-terminus and TM2 remain in close proximity (Figure 41). The distance of TM2
to the translocon increases compared to 135 aa while the N-terminus stays close to the translocon (Figures
32 and 39). Therefore, TM1 remains roughly at the same location while at least the cytoplasmic side of
TM2 rotates around it and away from the translocon. This movement potentially prepares TM1 and TM2
to split and allow TM3 and TM4 to move in between them at a later stage in folding (Figure 45C). When
the nascent chain reaches a length of 200 aa, TM1 and TM2 assume similar positions relative to the
translocon compared to 135 aa. Their cytosolic sides, however, are further apart, indicating that TM4
resides between them (Figure 45D), as shown in the crystal structure (Yin et al., 2006). On the basis of our
experimental results and the crystal structure, we suggest a pathway connecting the folding intermediates
at 175 and 200 aa and describe the passing of TM3 and TM4 in between TM1 and TM2 as the most
probable way to reach the final fold (Figure 46). In analogy to TM1 and TM2 which are in close proximity
during transition from the translocon to the lipid bilayer, TM3 and TM4 are expected to insert into the
membrane simultaneously, directly passing over the periplasmic loop between TM1 and TM2 which is
facilitated by the short length of TM3. Interestingly, a short TM3 appears to be an evolutionary conserved
feature because a comparison of other proteins from the same MFS family (LacY, GlpT, SotB, YajR) reveals
that, in general, every third helix is shorter than the two before (Figure 47A). When inner membrane
proteins from other families like the major intrinsic protein family (AqpZ), general secretory pathway
family (SecY), the ATP binding cassette superfamily (BtuC) or the resistance-nodulation-cell division
superfamily (AcrB) were analyzed, no such trend was observed (Figure 47B). Therefore, a short TM3 might
be connected to the conserved MFS folding pattern (Figure 47C) and indeed allow threading of TM3
through TM1 and TM2. For the four helices to fold into the correct sterecisomer, TM1 is required to bind
to the outside of the translocon near the lateral gate helix TM2b and the translational pause in EmrD
synthesis around 137 aa (Figure 27D) might allow TM1 to sample the translocon for the optimal binding
site. Previous studies have shown that TMs can assume distinct locations on the translocon (Sadlish et al.,
2005) so that identification of the binding site of TM1 on the translocon, for example via cross-linking
studies, would provide more information on the folding pathway of TM1-4. Another folding mechanism
would be possible that requires TM1 to bind on the other side of the lateral gate but this pathway is not
applicable on the second, symmetric half of EmrD. The suggested threading of TM3 and TM4, however,

can be repeated with TMs 7-10 and most likely also with other MFS members.
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Figure 47. Comparison TM length and folding pattern.

(A) MFS superfamily. Different members of the MFS protein family were compared regarding their TM
lengths.

(B) TM lengths were compared for members of a variety of different membrane protein families.

(C) Comparison of crystal structures. The structures of three MFS members EmrD (red), LacY (blue) and
SotB (yellow) are overlaid and the first 4 TMs are colored.

Our results indicate that insertion of TM1 and 2 into the lipid bilayer occurs simultaneously as they are in
close proximity after TM2 enters the translocon (Figure 45A). Additionally, inversion of TMs inside the
ribosome will lead to an automatic pairing of helices at the translocon. These building blocks can also be
observed in AFM-based protein extraction studies (Jefferson et al., 2018). As with the first two helices of
EmrD that split after they have been inserted into the lipid bilayer, these helix pairs do not necessarily
possess all native contacts obtained in the final fold. The limited space inside the translocon does not
allow dimers to form completely inside the translocon pore so that TM2 dislocates TM1 towards the lipid
bilayer. Therefore, TM1 integrates into the membrane slightly before TM2 potentially resulting in the
sequential insertion of TMs observed in force profile analysis (Nicolaus et al., 2021). Insertion at the
translocon has been suggested to proceed via the translocon-insertion or the sliding model (Cymer et al.,

2015). As discussed above, our data support the inversion of the N-terminus inside the ribosome which
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points towards the translocon-insertion model but does not exclude that TM1 samples the lipid bilayer
before engaging the translocon as suggested in the sliding model. With folded a-helices however, the
short loop after TM1 hinders TM2 in sampling the membrane-water interface and the sliding model is
only feasible for TMs with an N-in topology. As the exact position of the TM during insertion at the
translocon has not yet been observed, either inside the translocon or in contact with the lipids, a
combined model would be possible. Here, an N-in TM would invert inside the ribosome and directly
engage the translocon but slide down the lateral gate while contacting the lipids which would account for
the limited space inside the translocon. The classic three state model for membrane protein folding
(Engelman et al., 2003) has to be further extended in the concept of co-translational folding. The individual
states of TM insertion, folding and oligomerization or cofactor binding are still important milestones in
the maturation of a membrane protein but they can all happen at the same time. Here we show that
already during insertion, TMs like TM1 and TM2 of EmrD can interact with each other and form folding
intermediates before the whole protein is synthesized, and other studies have demonstrated that even

oligomerization can occur co-translationally (Lu et al., 2001).

3.4 Co-translational protein maturation

The actions of RPBs are highly coordinated in relation to the length of the nascent chain (Figure 48) and
because folding, for example, can reduce the accessibility of the new protein for RPBs, it is important that
RPBs act early on. PDF deformylates cytosolic proteins as soon as the N-terminus emerges from the exit
tunnel and MAP can only act afterwards. The retention of the nascent chain by PDF during ongoing
translation on one hand and chaperone binding or nascent-peptide folding as it moves away from the
ribosome surface on the other hand define the time window for MAP to access the N-terminus co-
translationally, which may explain the incomplete methionine removal in some proteins (Yang et al,,
2019). At a length of 100 aa, TF stably engages the nascent chain (Oh et al., 2011), which leaves a sufficient
time window for N-terminal processing of TF client proteins. Binding of SRP inhibits deformylation by PDF
(Ranjan et al., 2017) but the extent of the inhibitory effect seems to depend on the distance between the
signal sequence and the N-terminus (Ranjan et al., 2017; Yang et al., 2019). Even though PDF and SRP can
bind the ribosome simultaneously (Bornemann et al., 2014), SRP has the advantage that it can sense a
nascent chain that is still inside the ribosome (Bornemann et al., 2008; Denks et al., 2017; Mercier et al.,
2017) and bind to a signal peptide before it can be deformylated (Ranjan et al., 2017). Bypassing the

relatively slow process of deformylation leads to an efficient targeting of membrane proteins to the inner
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membrane because long nascent chains tend to remain in the cytosol until translation is finished even if
they contain a signal peptide (Ariosa et al., 2015). After targeting to the membrane, the nascent inner-
membrane protein is inserted into the translocon and then partitions into the lipid bilayer where N-
termini that reach into the cytosol can potentially be deformylated post-translationally, by analogy with

the deformylation of model peptides (Ranjan et al., 2017).
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Figure 48. Co-translational protein maturation. Factors interacting with the nascent peptide chain (dark
gray) at different lengths while the protein folds co-translationally. Cytosolic proteins interact with PDF
(green), MAP (light blue) and TF (purple) whereas inner membrane proteins are targeted by SRP (yellow)
to the SecYEG translocon (blue) and the lipid bilayer (light gray).

As the time window for RPB action and folding events is directly connected to the growth of the nascent
chain, maturation of new proteins is governed by the rate of translation, which is as fast as 10-20 aa/s in
E. coli. Because loop motions and diffusion inside a membrane occur much faster, translation is rate-
limiting to protein folding (Henzler-Wildman and Kern, 2007; Liutkute et al., 2020b; Weiss et al., 2013).
For this reason, it was suggested that translational pauses encoded in the mRNA evolved to slow down
translation at specific moments to facilitate folding (Mercier et al., 2022; O'Brien et al., 2014; Samatova
et al., 2020). In soluble proteins, for example, pause sites are found near domain junctions to help folding
of the individual domains (Makhoul and Trifonov, 2002; Zhang et al., 2009). The pauses in EmrD at 48 and
137 aa could potentially mediate inversion or insertion of TMs into the membrane by giving the nascent
chain more time to equilibrate and find the optimal position in its environment. Additionally, translational

pauses might further facilitate interactions with RPBs increasing their time windows to act.
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3.5 Conclusion and perspective

In summary, we analyzed two processes in the biogenesis of proteins. First, we developed the kinetic
mechanism of deformylation of nascent chains on the ribosome. Binding and dissociation of PDF and RNCs
occur rapidly and are mainly governed by interactions between the enzyme and the ribosome. This allows
PDF to scan translating and non-translating ribosomes for suitable substrates quickly enough to sample
the large excess of ribosomes in the cell. Scanning is stopped by rapid but reversible hydrolysis of a
formylated nascent chain which can occur as soon as the N-terminus emerges from the peptide exit tunnel
and becomes accessible to PDF. Then, a slow conformational rearrangement of the nascent chain that
most likely facilitates the dissociation of the N-terminus from the active site of PDF delays rapid
dissociation from the RNC. To confirm the nature of the rate-limiting step, the dynamics of the nascent
chain when PDF is bound to an RNC may be probed by single molecule fluorescence methods. As slow
deformylation limits the binding of the next processing enzyme, MAP, it will be interesting to test whether
the addition of MAP to co-translational multiple-turnover deformylation experiments increases the rate
of the conformational rearrangement. During co-translational experiments, the formyl group was
removed as soon as the N-terminus becomes accessible while multiple-turnover deformylation was still
slow. The natural compound fumimycin showed only a small inhibitory effect on EcPDF which could not
be improved by chemical modifications and is therefore not directly suitable as antibiotic drug candidate.
Besides fumimycin, actinonin is another naturally occurring inhibitor which indicates that screening of

libraries containing secondary metabolites might yield more PDF inhibitor candidates.

We also analyzed the initial steps in the folding pathway of the inner membrane protein EmrD. The N-
terminus inverts early on and TM1 inserts into the translocon in an N-in conformation. Then, TM1 likely
partitions into the lipid bilayer simultaneously with TM2 and the nascent chain remains close to the
translocon which might assist further folding events. Here, single molecule FRET experiments would reveal
the dynamics of the interactions between TM1 and TM2 as well as with the translocon. Based on our FRET
measurements, we propose a folding mechanism for TM1-4 that involves threading of TM3 and TM4 in
between the first two TMs which could be assessed by positioning the internal fluorophore on TM3, TM4
and the periplasmic loops. Additionally, crosslinking experiments to determine where TM1 and TM2 are
contacting the translocon could provide insights to discriminate between alternative folding pathways
based on the final stereomer reached in each mechanism. Furthermore, the role of the translational pause
at 137 aa in the establishment of the correct positioning of TMs on the translocon could be probed by
changing the codon context and analyzing the effect on FRET and cross-linking experiments. We found

that TM lengths are conserved throughout the MFS superfamily that shares a characteristic folding
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pattern. It would be interesting to test whether other members of this family follow the same folding

pathway as suggested here.
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4 Materials and Methods

Figures were prepared using GraphPad Prism, UCSF ChimeraX, ChemDraw and Microsoft PowerPoint.

Calculation of the Forster radius was performed using the FPbase FRET calculator.

4.1 Deformylation

4.1.1 PDF purification and labeling

PDF was expressed in BL21(DE3)pLysS (New England Biolabs) with a C-terminal Hise-tag from a pET24-
derived vector (Bornemann et al.,, 2014). The enzyme was purified by Cobalt-Talon affinity
chromatography followed by Q-Sepharose ion-exchange chromatography (Nguyen and Pei, 2008; Ranjan
et al., 2017). Purified PDF was stored in buffer A (20 mM HEPES, pH 7.5, 70 mM NH4Cl, 30 mM KCI, 7 mM
MgCl,, 0.2 mM CoCl,, 1 mM TCEP, and 10 % (v/v) glycerol) at -80°C. To prepare fluorescence-labeled PDF,
a fusion protein comprised of PDF, a five amino-acid linker (LEGSY) and a C-terminal Mxe GyrA intein
containing a chitin binding domain was overexpressed from a pTXB1 plasmid in BL21(DE3)pLysS (New
England Biolabs). The fusion protein was affinity-purified on chitin resin in buffer B (20 mM HEPES at pH
7.4, 250 mM NacCl, 5 mM CoCl;) (according to Impact Kit, New England Biolabs) and intein cleavage was
induced by 2-mercaptoethanesulfonic acid (200 mM) overnight in buffer B without CoCl,. After eluting
protein from the column in buffer C (5 mM BIS-TRIS at pH 6.5, 250 mM NaCl), Bodipy-FL (Bpy) labeled
peptide (CSDSK-Bpy, 2 mM) was added in 25-fold excess. The C-terminally labeled PDF(C-term) was then
purified by gel filtration using a Superdex75 column in buffer D (20 mM HEPES, pH 7.5, 70 mM NH4CI, 30
mM KCI, 7 mM MgCl,, and 10 % (v/v) glycerol) and stored in buffer D with CoCl, (0.2 mM) at -80°C.

4.1.2 RNC preparation

RNCs were prepared using a reconstituted in vitro translation system from E. coli as described (Bornemann
et al., 2008). Ribosomes from E. coli MRE6QO; initiation factors IF1, IF2 and IF3; elongation factors EF-Tu,
EF-Ts and EF-G; and initiator fMet-tRNA™¢t were prepared according to standard protocols (Cunha et al.,
2013; Milon et al., 2007; Wieden et al., 2002). Total E. coli tRNA (Roche), was aminoacylated with a mixture
of 19 amino acids plus [**C]Leu (Holtkamp et al., 2015). mRNAs were prepared by in vitro transcription
and purified by anion exchange chromatography (HiTrapQ HP, Cytiva) (Mercier et al., 2020). ICs were
prepared from 70S ribosomes (1 uM), initiation factors (1.5 uM), f[3°S]Met-tRNA™et or f[3H]Met-tRNAMet
(2.5 puM), and mRNA (15 uM) at 37°C for 1 h in buffer E (50 mM TRIS, pH 7.5, 70 mM NH4Cl, 30 mM KCl,

7 mM MgCly). Elongation was carried out in the presence of IC (0.125 uM), elongation factors (EF-Tu:
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15 uM; EF-Ts: 0.02 uM; EF-G: 1 uM) and total aminoacyl-tRNA (100 uM) at 37°C for 1 h in buffer F (50 mM
TRIS, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 3.5 mM MgCl;, 8 mM putrescine and 0.5 mM spermidine). After
completion of translation, RNCs were purified by sucrose gradient centrifugation (Bornemann et al., 2008)
and stored in buffer A. RNC concentrations were determined by radioactive counting of [3°S] and/or

[**C]Leu in the nascent chain.

4.1.3 Colorimetric deformylation assay

Deformylation of the model peptide fML-pNA (Bachem, 25-1500 uM) by PDF (0.01 puM) was monitored in
buffer A at 37°C (Wei and Pei, 1997). For detection, Aeromonas aminopeptidase (0.8 U/ml) was included
to digest the deformylated ML-pNA and formation of pNA product was detected by 405 nm absorbance

in a UV/Vis spectrometer (Lambda Bio+, Perkin Elmer) at 5 s time intervals.

To test potential PDF inhibitors, deformylation was carried out at a fixed concentration of fML-pNA
(180 uM) in buffer A with 0.4 % DMSO. Fumimycin and its analogues were added at the reported I1Cso value
for SaPDF (4 uM).

4.1.4 RNC deformylation assay

RNC deformylation was performed as described (Ranjan et al., 2017). In brief, purified 3*S-labeled RNCs
were mixed with PDF in buffer A and incubated at 37°C. The reaction was quenched by rapid boiling
followed by digestion with proteinase K (Sigma-Aldrich, 20 mg/ml) at 37°C overnight. The resulting amino
acids were separated by thin-layer chromatography (TLC silica gel 60, Merck) with 3:1:1 butanol:acetic
acid:water mobile phase, and a phosphorous imaging screen (imaging plate BAS-IP MS 2040, Fujifilm) was
used for detection (Typhoon FLA 7000, GE Healthcare and Amersham Typhoon, Cytiva). The amounts of
formylated and deformylated species were quantified by densitometry and the fraction of deformylated
product was calculated. Oxidized Met and fMet, which were present in small amounts, were not included
in the quantification. As reported earlier (Ranjan et al., 2017), formylated RNC substrates carrying a
nascent chain with lysine in the second position were less sensitive to proteinase K digestion, resulting in
formylated dipeptides that were included in the quantification. The samples of multiple-turnover time
courses for DnaK75-RNC were quenched with 33% formic acid as described below for single-turnover

experiments; the two quenching methods gave identical results.

To determine the multiple-turnover kinetics of deformylation, an excess of RNC was deformylated by

catalytic amounts of PDF (Figure 17B). The initial velocity, Vo, was determined by linear fitting of the initial
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time points of deformylation time courses. After normalizing the initial velocity to the PDF concentration
[PDF] and plotting it against the RNC concentration [RNC] (Figure 17C), the Michaelis-Menten equation

was used for fitting.

For testing the reversibility of the reaction, TolB75-RNC (50 nM) was reacted with PDF (1 uM) for 10 min.
Then, sodium formate (0.5-2 M) was added to the mixture and the reaction was continued for 30 min.
Workup and analysis were performed as described above. As controls, additions of buffer A, sodium
acetate (1 M), actinonin (2 mM) and actinonin together with sodium formate (2 mM and up to 2M,

respectively) were tested.

4.1.5 Single-turnover deformylation kinetics

Pre-steady-state deformylation kinetics was measured using a quench-flow apparatus (KinTek) at either
37°C or 10°C. *S-labeled RNCs (10 nM) were reacted with saturating concentrations of PDF (25 uM) in
buffer A and quenched with 33% formic acid. Samples were dried under vacuum at 45°C, the resulting
pellets were washed by resuspension in cold 75% acetone (-20°C) and centrifuged at 13.2 x g for 15 min
at 4°C. After removing the supernatant, pellets were dried under vacuum at 45°C and dissolved in buffer
G (20 mM HEPES, pH 7.5, 70 mM NH,4CL, 30 mM KCI, 7 mM MgCl;, 10 mM CaCl,, 2 mM TCEP) with 33
mg/ml proteinase K. Digestion was carried out overnight and Met and fMet were separated on TLC and

guantified as above.

Rates measured under single-turnover conditions are, in principle, dependent on a number of elemental
rate constants in Figure 22. At these PDF concentrations, binding is not rate-limiting and rate constants k;
and k. do not contribute. Because the single-turnover reaction is faster than the multiple-turnover
reaction by three orders of magnitude (kapp = 50 s™ vs. keat = 0.05 s), steps after hydrolysis are too slow
to contribute to the observed rate constant, kap,. Based on this simplifying assumption, kapp for single-

turnover deformylation then reduces to Equation 1:
kapp = kz + k_z (1)

The end level of the reaction observed in the quench-flow experiments is obtained after the second step
has reached equilibrium, but prior to any contribution by step three. This allows elemental rate constants

k, and k-; to be calculated from Equation 2:

Pl _ _k
[Slo  kptk_, (2)
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where [P] and [S]o are the product concentration and initial substrate concentration, respectively.

4.1.6 PDF binding assay

Labeled PDF(C-term) was mixed with TolB75-RNC or 70S ribosomes in buffer A in a stopped-flow
apparatus (SX-20MV, Applied Photophysics) at 10°C. Fluorescence was monitored using an excitation
wavelength of 470 nm (SX LED 470, Applied Photophysics) and a long-pass emission filter (Schott KV550).
To improve the signal-to noise ratio, 6 to 9 traces were averaged for each experiment. For dissociation
experiments, RNCs or ribosomes were mixed with PDF(C-term) and incubated for 2 min to allow complex
formation and deformylation prior to the experiment. Dissociation was then monitored in the stopped-
flow apparatus upon rapid mixing with an equal volume of PDF solution (15 uM, after mixing) or buffer A;
final concentrations of PDF(C-term) and ribosomes/RNCs after mixing were 300 nM and 420 nM,
respectively. To determine the Kq for PDF and ribosomes, PDF(C-term) was mixed with increasing amounts
of ribosomes and the fluorescence anisotropy was measured (FluoroMax-4, Horiba). The data were

corrected for light scattering by ribosomes (ribosome-only control) and fitted to a hyperbolic function.

To determine the rate constants ki and k.1, the time courses of binding and dissociation at different
ribosome concentrations were fitted globally using KinTek Explorer software (Johnson et al., 2009a, b).
The data set used for fitting was comprised of the PDF-70S binding titration and controls reflecting the
extent of light scattering by ribosomes at various concentrations. The fitted rate constants describing the
interaction of PDF with 70S ribosomes or RNCs at 10°C were extrapolated to 37°C as described (Equation

3 (Rudorf et al., 2014)).

283.15K
k;(37°C) _( k;(10°C) )310.151(

kTo175(37°C)  \Kro1B75(10°C)

(3)

The rates of single-turnover deformylation of TolB75-RNC at 37°C and 10°C, krois7s (37°C) and krois7s (10°C)

were used as references to scale other rate constants (Table 2).

4.1.7 Global fitting

Global fitting of multiple- and single-turnover experiments of TolB75-, DnaK75-, RNaseH75- and
proOmpA75-RNCs was performed using KinTek Explorer software (Figure 23) to the minimal model of
deformylation (Figure 22). Rate constants ki, k.1, ka, k-2, ks, k-4 were fixed to values determined by individual
experiments. ks and ks were the same for all substrates; ks was fixed to a rate of 200 s. Even though

formate is added to the reaction to keep the pH constant, the active species is expected to be formic acid.
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The concentration of active compound was fitted during global analysis to be 0.4 uM and 2.2 uM. Standard

errors were determined by linear regression following the simulation of the rate constants (Table 3).

4.1.8 Co-translational deformylation assay

A reconstituted in vitro translation system was used to study PDF-catalyzed co-translational
deformylation. ICs were formed in buffer E with 70S ribosomes, mRNA as indicated and f[3°S]Met-tRNA™Met
for 1 hat 37 °C and purified by sucrose gradient centrifugation (Mercier et al., 2020). To start the reaction,
purified ICs (50 nM) were mixed with the translation machinery and PDF (2 uM) in buffer F with CoCI2 (0.2
mM) and TCEP (1 mM). Translation was carried out in the presence of EF-Tu (15 uM), EF-G (1 uM), EF-Ts
(100 nM), total aa-tRNA (100 uM) containing [**C]Leu-tRNA', GTP (1 mM, Jena Biosciences),
phosphoenolpyruvate (3 mM, Roche) and pyruvate kinase (10 ug/ml, Roche). The reaction was quenched
by rapid heating, and the extent of deformylation was determined as described above. The cellular
concentration of PDF was calculated from the number of PDF molecules per cell (1300) and a cell volume

of 10%°| (Ragusa et al., 1998).

Time courses of co-translational deformylation (Figure 24C) were fitted by exponential functions taking
into account a 40 s delay prior to the slow phase using the method reported previously (Mercier et al.,
2020). Delays of 35 s or 45 s yielded the same rates, indicating the robustness of the fitted values.
Apparent rates were compared using a one-way ANOVA (GraphPad Prism), which indicated a significantly
lower rate for TolB50 than TolB75 and TolB100 (p = 0.013 and 0.0001, respectively), but no significant
difference for TolB75 and TolB100 (p = 0.20).

4.1.9 Translation time courses

To monitor the progress of translation, translation products were analyzed as described previously
(Mercier et al., 2020). ICs were formed with f[3**S]Met-tRNA™¢t or Bpy-[?H]Met-tRNA™et as described
above. Translation was carried out from purified initiation complex at the same conditions as in the co-
translational deformylation assay. The translation reaction was stopped with ammonia (2%) at specific
time points and the peptide was released from the RNC by incubating at 37°C. Afterwards, samples were
concentrated by evaporation and separated by TRIS-Tricine-SDS-PAGE. Peptides were detected using
either radioactive or fluorescence detection (Typhoon FLA 7000, GE Healthcare and Amersham Typhoon,
Cytiva). The relative amount of full-length product was determined by densitometry and traces were fitted

to a delay followed by a one-exponential increase (Equation 4). yo is the starting fluorescence, xo the delay
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time, A the amplitude of the fluorescence increase and t the transition time. From the delay, the transition

time and the nascent chain length N, the translation rate was calculated (Equation 5, GraphPad Prism).

Yo, X < Xg

f&x) = { (4)

Vo +A—A-exp(—%-(x—x0)), X =X

Translation rate =
x0+ T

4.2 Co-translational folding

4.2.1 SecYEG purification and labeling

SecYEG was expressed in E. coli Lemo21(DE3) cells (New England Biolabs) with an N-terminal Hiss-tag on
SecE from a pTRC99a plasmid and purified according to published protocols (Draycheva et al., 2016; Ge
et al., 2014). Cell lysate was cleared for 20 min at 30,000 xg and cell membranes were collected for
120 min at 150,000 xg. To solubilize the protein, the membrane fraction was dissolved in buffer H (20 mM
HEPES, pH 7.5, 1 M NaCl, 5 mM MgCI2, 20 mM imidazole, 1% n-dodecyl-B-D-maltoside (DDM), 10%
glycerol). SecYEG was purified via nickel-affinity chromatography (HisTrap FF, Cytiva) followed by cation
exchange chromatography (HiTrap SP HP, Cytiva) and stored in buffer D with DDM (0.03 %). SecY mutants
SecY(T179C) and SecY(T298C) were previously prepared in the department by site directed mutagenesis
from Cys-less SecYEG (Draycheva et al., 2016; Ge et al., 2014; Mercier et al., 2021). Purification was carried
out as for the wild-type SecYEG complex but stored in buffer | (20 mM HEPES, 150 mM KCl, 10 % glycerol,
0.03 % DDM).

For fluorescence labeling of the translocon, purified SecY(179C)EG or SecY(298C)EG, was incubated with
excess Atto647N-maleimide (Atto-Tec) for 2 h at room temperature (Draycheva et al., 2016; Ge et al.,
2014). The reaction was quenched with DTT (5 mM) and labeled protein was purified by gel filtration
chromatography (Sephadex G-25, GE Healthcare).

4.2.2 Nanodisc preparation

MSP1D1 was used as scaffold protein for nanodiscs and expressed in E. coli BL21(DE3). Purification was
carried out by nickel-affinity chromatography (HisTrap FF, Cytiva) in the presence of Triton-X (1 %) as
described previously (Draycheva et al., 2016). The purified protein was stored in buffer D with DDM
(0.03 %).
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For the assembly of nanodiscs (Draycheva et al., 2016; Ge et al., 2014), SecYEG (or labeled mutants) was
incubated with MSP1D1 and E. coli total lipids (Avanti Polar Lipids) in a ratio of 1:2:30 for 1 h on ice in
buffer D with DDM (0.5 %). Formation of nanodiscs was initiated by removing DDM with BioBeads SM-2
(BIO-RAD). Afterwards, nanodiscs were purified by size exclusion chromatography (Superdex 200 10/300
GrlL, GE Healthcare) in buffer J (40 mM HEPES, pH 7.5, 140 mM NH4Cl, 60 mM KCI, 14 mM MgCl,) with

glycerol (10 %) and stored in buffer D.

4.2.3 Bpy-Lys-tRNAY: purification

BOF-Lys-tRNA was purified following established protocols with a few changes (Crowley et al., 1993;
Mittelstaet et al., 2013; Woolhead et al., 2004). First, tRNAY* was purified from E. coli total tRNA (Roche)
by two rounds of hydrophobic-interaction chromatography (Sepharose 4B and Phenyl-Sepharose, GE
Healthcare) followed by anion exchange chromatography (DEAE Toyopearl 650M, Tosoh Bioscience).
Then, the tRNA was aminoacylated with [**C]Lys using S100 extract (5 %) in buffer J with DTT (2 mM) and
ATP (3 mM) for 30 min at 37 °C. Purification was performed by phenol extraction followed by reversed
phase chromatography (LiChrospher WP300 RP18, Merck) in buffer K (20 mM NH4,OAc, 10 mM MgCl;, 400
mM NaCl) with EtOH (5-15 %). Lys-tRNAY* (40 uM) was then labeled with Bpy-succinimidyl ester (4 mM)
in buffer L (1 M K/PQg, pH 7). To initiate the reaction, the e-NH, of lysine was deprotonated by increasing
the pH to 12 with KOH (47 uM) and the reaction was carried out for 25 s before quenching with AcOH (47
uM). Free dye was removed by repeated ethanol precipitation before Bpy-Lys-tRNAY was purified by
reversed-phase chromatography (LiChrospher WP300 RP18, Merck) in buffer K with 5-40 % EtOH and

stored in H>0.

For calculating the length of the nascent chain including compacted a-helices (Figure 27A), a height of
3.5 A was assumed for extended amino acids while 1.5 A were assumed for amino acids in a helical
conformation. The length of the peptide exit tunnel is 118 A and the translocon adds 57 A (Frauenfeld et
al., 2011).

4.2.4 Translation of EmrD with and without BOF-Lys incorporation

ICs were formed with f[2H]Met-tRNA™¢t, Bpy-[*H]Met-tRNA™et or A655-[*H]Met-tRNA™et and purified as
above. In vitro synthesis of N-terminally labeled EmrD variants was performed with purified IC (25 nM),
EF-Tu (15 uM), EF-G (2 uM) and total aa-tRNA (40 uM) containing [**C]Leu-tRNA* (2.7 uM) in buffer F.
For the incorporation of Bpy-Lys, site-directed mutagenesis was applied to mutate the lysine in position 2

of EmrD to arginine (CGC codon) and a single lysine codon (AAA) was inserted at amino acid position 67,
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70 or 71.5. For translation, different concentrations of elongation factors and tRNA were tested.
Optimized conditions are EF-Tu (25 pM), EF-G (2 pM), total aa-tRNA without Lys-tRNAY* (80 uM) and Bpy-
Lys-tRNAY® (0.3 uM). Translation time courses were recorded as described above; after the release of the
peptide, samples containing Bpy-Lys-tRNAY* were additionally treated with RNaseA (100 pg/mL) at 37°C
for 30 min to remove remaining peptidyl-tRNA. Analysis of translation time courses was performed using

Equations 4 and 5 as described above.

4.2.5 Co-translational folding assay

Co-translational folding was monitored by FRET measurements similar to published methods (Mercier et
al., 2020). Translation in buffer F was started by rapidly mixing ICs with a solution of translation
components and SecYEG nanodiscs (500 nM) at 37°C in a stopped-flow apparatus (SX-20MV, Applied
Photophysics). Fluorophores were chosen as indicated. Donor excitation was performed at 470 nm (SX
LED 470, Applied Photophysics) and acceptor fluorescence was detected using a long-pass filter RG645
and a red-sensitive photomultiplier tube (R2228, Applied Photophysics). 5-6 replicates were averaged for
each experiment to reduce the signal-to-noise ratio. Fluorescence changes were fitted to a delay followed
by a two-exponential increase (Equation 6, GraphPad Prism). The transition time of the fluorescence signal

change is defined as in Equation 7.

Yo, X < X0
= 6
f& {3’0 +A; — Ay eXp(—i' (x —x)) +A4; — A" exp(—%- (x —x0)), x = %o (6)

Transition time = xy + 74 (7)
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