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Summary

Protein folding occurs in a co-translational manner while the peptide chain
passes through the ribosomal exit tunnel. The electrostatic potential of the exit
tunnel is mainly negative [155] and positively charged amino acids, including
arginine and lysine can cause translational pausing due to increasing interactions
with the tunnel surface [154]. However, not only the surface of the ribosomal exit
tunnel modulates the translational speed. Translation is a non-uniform process
and the genetic code is degenerated with up to six codons encoding a single amino
acid. The distribution of these synonymous codons is not random and they are
used with varying frequencies within an open reading frame. Codons with higher
tRNA abundance are translated faster than those infrequently used [129]. Rare
codons are often located between domain boundaries or secondary structural el-
ements leading to the separation of folding events [129]. That the exchange of
synonymous codons are not silent mutations was addressed in several studies
[5, 22, 126, 282]. Buhr et al. [22] demonstrated that synonymous codon muta-
tions effected the translation kinetics and unexpectedly influenced the protein
conformation of the bovine eye lens protein yB crystallin (GBC). GBC protein
(U) expressed from the unmodified sequence of B. taurus in E. coli was fully
reduced, while the faster translated harmonized GBC protein (H) adapted to
the codon usage of E. coli was partly (58%) oxidized in the N-terminal domain
(NTD) [22]. This observation was the basis for this thesis. We wondered if disul-
fide bond formation in GBC can occur co-translationally and likely even within
the ribosomal exit tunnel.

Disulfide bond formation is considered a post-translational modification and usu-
ally restricted to distinct compartments within the cell. The E. coli cytosol is
a highly reductive environment due to the tripeptide glutathione (GSH) and
glutathione disulfide (GSSG) and the oxidoreductases glutaredoxin (Grx) and
thioredoxin (Trx). Thus, heterologously expressed proteins in the E. coli cytosol
are typically found in the reduced state, although exceptions have been reported
[8, 230, 111, 10]. Furthermore, it was shown that disulfide bond formation in
proteins can indeed occur during protein translation, while the protein is still
bound to the ribosome [90, 212, 211].

The observed differences in the oxidation state of GBC are the result of variations
in the translation kinetic. The three cysteines Cysl8, Cys22 and Cys78 build a
cluster and are located within a 5.4-6.4 A distance of each other (Figure Ta). A
disulfide bond between Cys18 and Cys22 was previously reported [177]. However,
the torsion angle (¥3) between Cys22 and Cys78, which is defined by the rotation
of the two Cf3 atoms about the disulfide bond is around £90°, a value commonly
obtained in native disulfide bonds [36]. In this thesis the following questions were
addressed:
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I) Is disulfide bond formation already observed in the NTD alone?

IT) Does the ribosomal tunnel provide sufficient space for disulfide bond for-
mation in GBC?

ITT) Is oxidation of the nascent polypeptide chain (NC) detectable in ribosome

nascent chain complexes (RNCs)?

IV) Can disulfide bond formation be visualized inside the ribosomal exit tunnel?

GBCU %

\
30S >

308

Y mRNA pause site

Disulfide bond re-opens due
to slow NTD translation

GBCH s °L \ — o / s — G 1 s
308 308 308 “A

Disulfide bond re-opening occluded
by fast forming NTD contacts

Figure I: Structure of GBC and hypothesis of oxidation occurrence in H. a)
GBC structure with detailed view on Cys18, Cy22 and Cys78 and distances
between these Cys residues. Color according to RNC' chain length. Number-
ing excludes the N-terminal methionine of GBC to be consistent with other
published studies. Residues 1-32 (light blue), 33-43 (blue), 44-78 (dark blue)
and 79-174 (grey) (PDB: JW9B). b) Hypothesis explaining the conforma-
tional differences in gene variants U and H of GBC. A disulfide bond within
the ribosomal tunnel or at an early state of translation is formed in both gene
variants. The disulfide bond is reduced by the E. coli cytosol in the slow trans-
lated version U, while this bond is protected by fast-forming NTD contacts or
the CTD in the gene variant H.

To study whether the cysteine oxidation exists during translation of the NTD,
a single domain construct (amino acids 1-82) was studied. This construct did not
contain the six-residue peptide linker between the two domains, but the most
translational pausing was observed in the translation of the first 70 amino acids
[22]. The 2D 'H-»N BEST-TROSY spectrum displayed well-dispersed signals
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indicating a folded protein structure. Thus, the CTD was not required for the
folding of the NTD. Addition of DTT to both gene variants did not show a severe
effect. In contrast to the full-length protein, where the H variant was partly oxi-
dized, the H variant of the NTD was completely reduced. Only in the U protein,
dimer formation was observed twice and could be removed by addition of DTT.
The dimer was formed including Cys41, Met43, Pheb6 and I1e81, the latter three
are residues of the hydrophobic patch and are responsible for inter-domain inter-
actions [240]. The cysteine oxidation in the NTD of the full-length GBC might
therefore occur at a later state of translation after the expression of the inter-
domain peptide linker or parts of the CTD. In addition, we wondered if disulfide
bond formation could also happen inside the ribosomal exit tunnel or at an early
state of translation when the NC is still attached to the ribosome. Both gene
variants might form an initial disulfide bond and in the slow translated U variant
this disulfide bond gets reduced when exposed to the reductive environment of
the E. coli cytosol, whereas in the faster translated H variant this disulfide bond
is protected by the upcoming CTD (Figure Ib). To verify whether, disulfide bond
formation is indeed possible inside the ribosomal exit tunnel, RNCs with arrested
GBC fragments were investigated using various techniques, including theoretical
simulations, solid-state NMR, enhanced by DNP, mass spectrometry and cryo-
EM.

Theoretical simulation using flexible-meccano [14] demonstrated that the ribo-
somal tunnel is indeed large enough for different disulfide bond formations. In
an U32SecM construct, including the first four cysteine residues of GBC and the
SecM stalling sequence all possible disulfide bonds were detected. This included a
disulfide bridge between Cys15 and Cys18, which are part of the common CXXC
motif found in oxidoreductases and the disulfide bridge between Cys18 and Cys22,
which was observed in a X-ray structure [177]. But also, a disulfide bond between
Cys22 and Cys32 can easily be formed inside the ribosomal exit tunnel.

Using selectively 13C, 15N cysteine labeled RNCs, the chemical shift of cysteine
residues of the NC was detected by solid-state NMR enhanced by DNP. Selec-
tively labeled RNCs were studied for the first time using solid-state NMR. We
could show that no isotopic scrambling into ribosomal proteins occurred. Three
different lengths of RNCs, containing four (U32SecM), five (U43SecM) or six
(U78SecM) cysteine residues were investigated. The four-cysteine RNC construct
was further mutated to contain either only one cysteine residues (Cys18) or the
two cysteines Cyslb and Cysl8 or Cysl8 and Cys22. In all RNCs, even in the
single cysteine construct, CB chemical shifts above 35 ppm were detected, indi-
cating oxidation of the NC (Figure IIa). Hence, an inter-molecular disulfide bond
was formed.

In addition, an o-helix was observed in the shortest construct U32SecM us-
ing solid-state NMR (Figure IIb). LC-MS/MS revealed the occurrence of S-
glutathionylated and S-nitrosylated cysteine (Figure IIla). Both modifications
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Figure II: Spectrum of U32SecM C18 and structural analysis of U32SecM. a)
Cysteine Ca-CB cross-peak region of the 1°C-13C 2D spectrum of U32SecM
C18. CB chemical shifts above 35 ppm are oxidized (light grey) and below
32 ppm reduced (dark grey). b) Ca and CB chemcial shifts from U32SecM

cryo-EM sample compared to values derived from a chemical shift database

[261].

are considered as post-translational modifications and can be mediated by GSH
or S-nitrosoglutathione (GSNO) [76, 2]. To the best of our knowledge, these
modifications have not previously been detected in NCs inside or otutside of
the ribosomal tunnel. Although, S-glutathionylated GBC was formerly reported
[148, 277, 248]. Disulfide bond formation was also observed using LC-MS/MS,
including an intra-molecular disulfide bridge between Cys32 and Cys41 in the
U43SecM and U78SecM construct. In the five cysteine construct (U43SecM) this
disulfide bond is located inside and in the U78SecM outside of the ribosomal
exit tunnel. Furthermore, a disulfide bond between Cys15 and Cys32 as well as
Cys22 and Cys32 were detected by LC-MS/MS in the U32SecM construct. Here,
a trypsin cleavage site between the peptides made it impossible to distinguish
between an intra- and an inter-molecular disulfide bond, which could be formed
after release of the ribosome.

The shortest construct U32SecM was further investigated by cryo-EM. We were
able to obtain a 2.53 A structure with the Gly-tRNA located inside the P-site
and a 3.19 A structure with two tRNAs bound. 35 amino acids were modeled
into the electron density of the NC. The distance between the first and the last
amino acid of the tunnel was 65 A resulting in 1.87 A per residue and indicating
a compact conformation.

An o-helix was formed between Phel50 of SecM and Tyr28 of GBC including one
cysteine residue Cys32. This observation was in line with solid-state NMR results,
showing cysteine signals in an a-helical conformation (Figure IIb). Furthermore,

a disulfide bridge between Cys22 and Cys32 was visible. The non-native o-helix
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Figure III: Cysteine modifications detected by LC-MS/MS and model of
NC. a) Overview of cysteine oxidation states (S-nitrosylation (S-NO), S-
glutathionylation (S-SG), disulfide bonding) of the NCs in RNCs as observed
by LC-MS/MS. b) Model of NC with interactions to ribosomal proteins and
235 rRNA. SecM in grey, GBC in light blue.

is stabilized by interactions to the ribosomal protein .22 and the 23S rRNA,
bringing the cysteine residues in close proximity to form a disulfide bond (Figure
IIIb). Not only the interactions with the ribosomal tunnel surface, but also the
limited access of Trx and Grx to the NC might favor disulfide bond formation
inside the ribosomal exit tunnel.

The coupling of disulfide bond formation and protein folding is described by two
models: in the folded precursor model, cysteine residues are brought into prox-
imity after the structure is fomed. In the quasi-stochastic model cysteines pair
in an unfolded conformation and influence subsequent protein folding [265]. Our
observation is in favor of the quasi-stochastic model, since non-native disulfide
bonds were detected. The disulfide bond between Cys22 and Cys32 might be
shuffeled to Cys32 and Cys41 with further elongation of the NC leading to the
detected disulfide bridge in U43SecM and U78SecM with LC-MS/MS.

Some proteins could use early formed disulfide bonds in the ribosomal exit tunnel
to escape the highly reductive environment of the cytoplasm. Non-native disulfide
bonds, however, need to be reduced and refolded to obtain their native structure.
Oxidation of the isolated, full-length GBC with Cu(II) revealed that most likely
a disulfide bond between Cys22 and Cys78 is formed in this protein. Hence, the
observed difference in the cysteine oxidation state might be either the result of
differences in the translation kinetics when translating the CTD or the observed
non-native disulfide bond in the exit tunnel is reshuffeled and then reduced to
a different extent depending on the translation kinetics. To clarify this question

further experiments with longer RNC constructs and isolated proteins including
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also residues of the CTD will be required.
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Zusammenfassung

Proteinfaltung findet kotranslational statt, widhrend die Peptidkette durch
den ribosomalen Exit-Tunnel geschleust wird. Das elektrostatische Potenzial
des Tunnels ist hauptsichlich negativ [155] und positiv geladene Aminosiduren
wie Arginine und Lysine interagieren verstérkt mit der Tunneloberfliche, was zu
einer Verlangsamung der Translationsgeschwindigkeit fithrt [154]. Aber nicht nur
die Interaktion mit der Tunneloberfliche ist entscheidend fiir die Translations-
geschwindigkeit. Die Translation ist ein nicht-uniformer Prozess und der genetis-
che Code degeneriert mit bis zu sechs Codons, die eine einzelne Aminosiure
kodieren. Die Verteilung dieser synonymen Codons ist nicht zuféllig und diese
werden mit verschiedenen Frequenzen innerhalb eines offenen Leserahmens ver-
wendet. Codons mit einer hoheren tRNA-H&aufigkeit werden schneller einge-
baut als seltene Codons [129]. Diese seltenen Codons sind haufig zwischen Pro-
teindoménen oder Sekundéarstrukturelementen platziert und konnten daher zur
Separierung von Faltungsevents dienen [129].

Dass der Austausch von synonymen Codons nicht ohne Folgen ist, zeigten ver-
schiedene Studien [5, 22, 126, 282]. Buhr et al. [22] zeigte, dass der synonyme
Austausch die Translationsgeschwindigkeit, aber auch die Proteinkonformation
des bovinen Augenlinsenproteins yB crystallin (GBC) beeinflusst. Wéhrend die
unmodifizierte Gensequenz aus B. taurus in E. coli langsamer translatiert wurde
und zu einem vollstdndig reduzierten GBC Protein (U) fithrte, wurde die harmon-
isierte Genvariante, die der Codon-Verwendung in F. coli angepasst war, schneller
exprimiert und resultierte in einem teilweise oxidierten (58%) GBC Protein (H)
[22]. Dieser Befund war der Ausgangspunkt fiir die vorliegende Doktorarbeit in
der untersucht werden soll, ob Disulfidbriicken kotranslational und/oder wom-
oglich sogar im ribosomalen Exit-Tunnel entstehen kénnen.

Disulfidbriicken sind post-translationale Modifikationen, die normalerweise in
bestimmten Kompartimenten der Zelle gebildet werden. Das E. coli Zytoplasma,
in dem die Proteinbiosynthese stattfindet, ist eine extrem reduzierende Umge-
bung mit hohen Konzentrationen des Tripeptids Glutathion (GSH) und Glu-
tathiondisulfid (GSSG) sowie der Oxidoreduktasen Glutaredoxin (Grx) und Thio-
redoxin (Trx). Somit sind heterolog exprimierte Proteine normalerweise voll-
stdndig reduziert und verfiigen iiber keine Disulfidbriicken. Allerdings sind auch
Ausnahmen zu dieser Regel bekannt [8, 10, 111, 230]. Ebenfalls konnten Disulfid-
briicken innerhalb der gebundenen Proteinkette am Ribosom detektiert werden,
also wihrend der Translation des Proteins [90, 211, 212].

Die gemessenen Oxidationsunterschiede basieren auf der unterschiedlichen Trans-
lationsgeschwindigkeit der beiden Gensequenzen. Die N-terminale Doméne (NTD)
des Zweidoménen-Proteins GBC enthélt sechs der insgesamt sieben Cysteinreste.

Nur in dieser Doméne wurde Oxidation detektiert und die drei Cysteine Cysl18,
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Cys22 und Cys78 weisen einem Abstand von 5.4-6.4 A zueinander auf (Abbildung
IVa). Eine Disulfidbriicke zwischen Cysl8 und Cys22 wurde in einer Kristall-
struktur gemessen [177]. Der Torsionswinkel (y3) zwischen den zwei CB-Atomen
von Cys22 und Cys78 liegt jedoch im Bereich von £90°, der in vielen nativen
Disulfidbriicke angenommen wird [36]. In der vorliegenden Doktorarbeit wurden

die folgenden Fragen untersucht:

I) Werden Disulfidbriicken bereits in der eigenstdndigen NTD gebildet?

IT) Ist der ribosomale Exit-Tunnel grofl genug, um die Ausbildung méglicher
Disulfidbriicken in GBC zu erméglichen?

ITTI) Kann Oxidation in der naszierenden Polypeptidkette am Ribosom detek-

tiert werden?

IV) Kann eine Disulfidbriicke innerhalb des ribosomalen Exit-Tunnels visual-

isiert werden?

GBC U 508 — fs 508, — ss"M 50S

308 - 308 308

Disulfid-Offnung durch
langsame NTD Translation

— A2

Disulfid-Offnung durch
schnell gebildete NTD Kontakte
verhindert

GBCH sl .

308

Abbildung IV: GBC Struktur und Hypothese zur Oxidation in GBC Vari-
ante H. a) GBC Struktur des Volllingen-Proteins mit Detailansicht
auf Cys18, Cys22 und Cys78 sowie der Abstinde zwischen diesen. Die
Farbgebung entspricht der unterschiedlichen RNC-Konstrukte. Reste
1-32 (hellblau), 33-43 (blau), 44-78 (dunkelblaw) und 79-174 (grau).
b) Hypothese zur Erklirung der konformationellen Unterschiede zwis-
chen den Genvarianten U und H von GBC. FEine Disulfidbriicke kann
im ribosomalen Exit-Tunnel oder frith wdhrend der Translation gebildet
werden. Im langsam translatierenden U wird die Disulfidbriicke re-
duziert, wihrend diese in der schnell translatierenden Variante H durch
N-terminalen Kontakte geschiitzt wird.
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Um zu untersuchen, ob die Unterschiede bereits wiahrend der Translation der
NTD ausgebildet werden, wurde ein Ein-Doménen-Konstrukt hergestellt. Dieses
Konstrukt beinhaltete die Aminosduren 1-82, aber nicht den Peptidlinker zwis-
chen den beide Doménen. Allerdings wurden die meisten Translationspausen bei
der Translation der ersten 70 Aminosiuren detektiert [22]. Das 2D 'H-!>N BEST-
TROSY-Spektrum wies anhand der unterschiedlichen chemischen Verschiebung
der Signale auf eine gefaltete Proteinstruktur hin. Daher konnte sich die NTD
ohne Beteiligung der CTD eigenstéindig falten. Die Zugabe von DTT zu beiden
Proteinvarianten U und H fiihrte zu keinem messbaren Effekt. Im Gegensatz
zu dem Volllingen-Protein, indem die Variante H teilweise oxidiert war, war
die NTD der Variante H vollstandig reduziert. Nur in der U-Variante konnte
zweimal Dimerausbildung detektiert werden, die durch die Zugabe von DTT teil-
weise aufgehoben werden konnte. Entscheidend an der Dimerbildung beteiligt
waren die Aminosduren Cys42, Met43, Phe56 und Ile81. Die letzteren drei sind
ebenfalls an der hydrophoben Interaktion mit der CTD involviert [240]. Dadurch,
dass kein Unterschied zwischen den beiden Proteinen festgestellt werden konnte,
kénnte der Peptidlinker sowie Teile der CTD entscheidend fiir die Cysteinoxida-
tion im Volll&ingen-Protein sein.

Zusétzlich wurde untersucht, ob die Ausbildung von Disulfidbriicken im Inneren
des Ribosoms moglich ist. Dann konnte sich in beiden Genvarianten eine an-
féngliche Disulfidbriicke bilden und durch die unterschiedliche Translationsge-
schwindigkeit die Disulfidbriicke in der langsamen Genvariante (U) im E. coli
Zytosol reduziert werden, wihrend diese in der schneller translatierten Variante
H von der CTD geschiitzt wird (Figure IVb). Um diese Hypothese zu unter-
suchen, wurden GBC-Fragmente an das Ribosom arretiert und diese Ribosom-
naszierenden Polypeptidketten-Komplexe (RNCs) mit verschiedenen Techniken,
einschliellich theoretischer Simulation, Festkorper-NMR, Massenspektrometrie
und cryo-EM, analysiert. Theoretische Simulation mittels flexible-mecanno [14]
zeigten, dass der ribosomale Tunnel grofi genug fiir die Ausbildung verschieden-
ster Disulfidbriicken ist. In einem U32SecM-Konstrukt, das vier Cysteine und
die SecM-Sequenz beinhaltet, konnten alle theoretisch méglichen Disulfidbriicken
gebildet werden. Dies beinhaltet eine Disulfidbriicke zwischen Cys15 und Cysl8,
die beide Teil des CXXC Motifs sind, welches haufig in Oxidoreduktasen vorkommt,
sowie die Disulfidbriicke zwischen Cysl8 und Cys22, die in einer Kristallstruk-
tur gemessen wurde [177]. Aber auch eine Disulfidbriicke zwischen Cys22 und
Cys32, die sich nicht im nativen Volllingen-GBC formen kann, konnte innerhalb
des ribosomalen Tunnels gebildet werden.

Mithilfe von selektiv 13C, N Cystein markierten RNCs konnte die chemische
Verschiebung der naszierenden Peptidkette innerhalb und auflerhalb des Ribo-
soms mittels Festkorper-NMR gemessen werden. Zum ersten Mal wurden selektiv
markierte RNCs mittels Festkorper-NMR, untersucht. Drei unterschiedlich lange
RNCs mit vier (U32SecM), fiinf (U43SecM) und sechs Cysteinen (U78SecM)
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wurden verwendet. Zusétzlich wurde das Vier-Cystein-Konstrukt (U32SecM)
mutiert, sodass es entweder nur ein Cystein (Cys18) oder aber die zwei Cysteine
Cysl5 und Cysl8 oder Cysl8 und Cys22 enthielt. In allen RNC-Konstrukten,
auch in der Ein-Cystein-Variante wurden Cf3 Signale oberhalb von 35 ppm gemessen,
was auf Cysteinoxidation und in diesem Fall auf die Ausbildung einer inter-
molekularen Disulfidbriicke schlieflen ldsst (Abbildung Va).
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Abbildung V: Spektrum wvon U32SecM C18 wund strukturelle Analyse der
Cystein-Signale von U32SecM. a) Cystein Ca-CB Kreuzpeak-Region
des 13C-13C DQ-SQ-Spektrums von U32SecM C18. CB Signale oberhalb
von 35 ppm sind oxidiert (hellgrau) und unterhalb von 32 ppm reduziert
(dunkelgrau). b) Ca und CB chemische Verschiebungen der U32SecM
cryo-EM Probe wverglichen mit Werten der chemischen Verschiebungs-
datenbank [261].

Zudem wurden im kiirzesten U32SecM Konstrukt Cysteinsignale innerhalb einer
o-helikalen Struktur mittels Festkorper-NMR detektiert (Abbildung Vb). LC-
MS/MS-Messungen detektierten S-glutathionylierte und S-nitrosylierte Cysteine
(Abbildung VIa). Beide Cystein-Modifikationen sind post-translationale Mod-
ifikationen und konnen durch GSH oder S-Nitrosoglutathione (GSNO) [76, 2]
gebildet werden. Uns ist nicht bekannt, dass diese Modifikationen bis dato
in naszierenden Polypeptidketten innerhalb des ribosomalen Tunnels oder auch
auflerhalb gemessen worden sind. An GBC gebundenes GSH wurde allerdings
bereits identifiziert [148, 277, 248]. Mittels LC-MS/MS konnten ebenfalls intra-
molekulare Disulfidbriicken zwischen Cys32 und Cys4l in dem U43SecM- und
U78SecM-Konstrukt detektiert werden. Wéahrend die Disulfidbriicke im ersten
Konstrukt innerhalb des ribosomalen Tunnels lag, befand sie sich im U78SecM
Konstrukt auflerhalb des ribosomalen Tunnels. Ebenfalls, wurde in dem kiirzesten
U32SecM-Konstrukt eine Disulfidbriicke zwischen Cysl5 und Cys32 sowie zwis-
chen Cys22 und Cys32 gemessen. Da aber zwischen beiden Peptiden eine Trypsin-
schnittstelle lag, konnte nicht zwischen inter- und intramolekularer Disulfidbriicke

unterschieden werden. Daher wurde das kiirzeste Konstrukt ebenfalls mittels
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cryo-EM untersucht. Eine 2.53 A Ribosomenstruktur mit einer gebundenen Gly-
tRNA in der P-site und eine 3.19 A Ribosomenstruktur mit zwei gebunden tR-
NAs konnte gemessen werden. 35 Aminoséduren konnten in die Elektronendichte
der NC modelliert werden. Der Abstand zwischen der ersten und der letzten

Aminoséure betrug 65 A, was 1.87 A pro Aminosiure entspricht.
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Abbildung VI: Cysteinmodifikationen identifiziert durch LC-MS/MS wund
Modell der NC. a) Ubersicht der mittels LC-MS/MS de-
tektierten Cysteinozidationszustinde (S-Nitrosylierung (S-NO), S-
Glutathionylierung (S-SG), Disulfidbricke der naszierenden Polypep-
tidkette im Komplex mit dem Ribosom. b) Modell der naszierenden
Polypeptidkette mit Interaktionen zu den ribosomalen Proteinen und
der 235 rRNA. SecM in grau und GBC in hellblau.

Dies weist auf eine kompakte Struktur der Peptidkette innerhalb des Ribosoms
hin. Zwischen den Aminosduren Phel50 aus SecM und Tyr28 aus GBC wurde
eine a-Helix gebildet, die auch das Cys32 von GBC enthélt. Auflerdem wurde
zwischen den beiden Cysteinen Cys22 und Cys32 eine Disulfidbriicke geformt.
Die nicht native a-Helix wird durch Interaktionen zum ribosomalen Protein L22
sowie der 23S rRNA stabilisiert (Abbildung VIb). Durch die Ausbildung dieser
a-Helix werden die beiden Cysteine Cys22 und Cys32 in raumliche Néhe gebracht
und die Disulfidbriicke kann sich ausbilden. Allerdings spielen nicht nur die In-
teraktionen innerhalb des Ribosoms eine Rolle zur Bildung der Disulfidbriicke.
Auch der limitierte Zugang der Oxidoreduktasen Grx und Trx fithrt dazu, dass
die Disulfidbriicke nicht innerhalb des Tunnels reduziert werden kann. Die Kop-
plung zwischen Proteinfaltung und Bildung von Disulfidbriicken wird durch zwei
Modelle beschrieben: Im Gefalteten-Vorginger Modell bildet sich die Protein-
struktur zuerst aus und bringt die Cysteine in rdumliche Néahe, sodass sich eine
Disulfidbriicke formen kann. Im Quasi-Stochastischen Modell paaren sich die
Cysteine in einer ungefalten Konformation, wodurch die weitere Proteinfaltung
beeintrichtigt wird [265]. Die Entdeckung der nicht-nativen Disulfidbriicke im
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ribosomalen Exit-Tunnel entspricht dem Quasi-Stochastischen Modell. Mit weit-
erer Elongation der naszierenden Polypeptidkette konnte die Disulfidbriicke zwis-
chen Cys22 und Cys32 auf Cys32 und Cys4l iibertragen worden sein, was somit
zur Detektion dieser Disulfidbriicke mittels LC-MS/MS fiihrt.

Einige Proteine kénnten diese friith gefalteten Disulfidbriicken innerhalb des ribo-
somalen Exit-Tunnels nutzen, um dem reduzierenden Zytoplasma zu entkommen.
Nicht-native Disulfidbriicken auf der anderen Seite miissen zundchst reduziert
werden, damit das Protein seine native Struktur annehmen kann.

Durch Oxidation des isolierten Volllingen-GBC mit Cu(II) wurde sehr wahrschein-
lich eine Disulfidbriicke zwischen Cys22 und Cys78 im Protein gebildet. Die Aus-
bildung dieser Disulfidbriicke, die vermutlich auch in dem teilweise oxidierten
GBC H-Protein vorlag, basiert somit entweder auf der unterschiedlichen Trans-
lationsgeschwindigkeit, wenn die CTD translatiert wird oder eine nicht-native
Disulfidbriicke wird zu einem unterschiedlichen Ausmafl auf andere Cysteine
iibertagen und reduziert. Um den genauen Prozess zu verstehen, der zur Aus-
bildung dieser Disulfidbriicken fiithrt, miissen noch weitere lingere Konstrukte
der Polypeptidkette am Ribosom aber auch isolierte Proteine mit Sequenzen der
CTD untersucht werden.
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1 Introduction

1.1 Translation

Proteins are synthesized from the N- to C-terminus on the ribosome, a ribonu-
cleoprotein complex, universal in all kingdoms of life. The ribosome consists of
two subunits, the 30S and 50S subunit in prokaryotes and the 40S and 60S sub-
unit in eukaryotes. Both subunits constitute the 70S prokaryotic ribosome and
the 80S eukaryotic ribosome. The prokaryotic ribosome consists of three rRNAs
and 54 r-proteins, with 21 r-proteins and the 16S rRNA within the small subunit
and 33 r-proteins, the 5S and 23S rRNA in the large subunit [266]. The eukary-
otic ribosome consists of 80 proteins and four rRNAs, 28S, 5.8S and 5S rRNA in
the large subunit and the 18S rRNA in the small subunit. The translation can be
divided into four parts: Initiation, Elongation, Termination and Recycling (Fig-
ure 1.1). The focus of this thesis chapter will be set to translation in bacteria, for
additional information on the translation mechanism in eukaryotes the review of
Wilson and Cate [266] is recommended. For most proteins, the rate limiting step

of protein synthesis is the translation initiation.

mRNA
30S PIC 305 IC

- IF-1__ fMET-tRNA
OIF-2jg-3

IF-3

4 [Recycing]
P

RF-1 or RF-2

)

\' La-tRNA-EF-Tu-GTP
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E-site tRNA

Peptide bond
formation

EF-Tu-GDP + Pi

Figure 1.1: Overview of bacterial protein biosynthesis. Translation is divided
into Inititation, Elongation, Termination and Recycling. Aminoacyl-tRNA
(aa-tRNA), elongation factor (EF), inititation factor (IF), release factor
(RF), recycling factor (RRF) are labeled accordingly. Figure adapted from
Javed et al. [115], Keiler [121], Schmeing and Ramakrishnan [225].
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1.1.1 Inititation

Briefly, during initiation the three initiation factors IF1-IF3, the initiator
formylmethionyl-tRNA (fMet-tRNA) and mRNA bind to the 30S subunit of the
ribosome and form the 30S pre-initiation complex (PIC). The mRNA interacts
with its Shine-Dalgarno (SD) sequence (if present) with the 3’ end of 16S rRNA
anti-Shine-Dalgarno sequence. Binding of the initiator tRNA to the start codon,
results in a conformational change leading to the 30S initiation complex (IC).
Finally, assembly of the 50S subunit forms the 70S IC, which is promoted by
the GTPase activity of IF-2 and accompanied by IF-3 release [225]. The elonga-
tion process can start after GTP hydrolysis and phosphate release from IF-2 and
movement of the fMet-tRNA into the peptidyl transferase center (PTC) [225].

1.1.2 Elongation

Elongation is divided into A-site accommodation or decoding, in peptide bond
formation and translocation. The elongation cycle starts with a peptidyl-tRNA
in the P-site and an empty accommodation site (A-site). In a first step, the
elongation factor (EF)-Tu carrying an aminoacyl-tRNA (aa-tRNA) and GTP
binds to the A-site of the ribosome. After proofreading EF-Tu hydrolyzes GTP
and the product EF-Tu GDP dissociates from the ribosome. A new peptide
bond is formed in the PTC, due to a nucleophilic attack on the ester carbon
of the peptidyl-tRNA in the P-site by the a-amino group of the aa-tRNA [213].
This reaction is catalysed within domain V of the 23S rRNA by binding the
CCA ends of both aminoacyl- and peptidyl-tRNA [225]. Further, the ribosomal
proteins L27 and L16 seem to support the RNA components to perform the
peptidyl-transfer activity [225]. Before the A-site tRNA translocates to the P-
site, the ribosome fluctuates between different pre-translocation states (PRE). In
the classical PRE-state (PRE(C)), the peptidyl-tRNA remains in the A-site and
the deacylated tRNA in the P-site. While in the hybrid PRE-state (PRE(H)) the
30S and 50S subunits have rotated by approximately 6 degrees to each other [67],
which is called the ratcheted state. This rotation brings the tRNAs in hybrid
position with the anticodons still in the A- and P-site on the 30S subunit but
the 3’ ends shifted towards the P- and E-site on the 50S [213]. EF-G binds to
both PRE-states and stabilizes the PRE(H) state and hydrolyzes bound GTP to
GDP, thereby bringing the two tRNAs into the A-P and P-E hybrid state. Pi
is released and the tRNAs move to the E- and P-site, respectively. The E-site
tRNA dissociates and EF-G is released. In contrast to the translation initiation,
the elongation proceeds rather fast with an average incorporation of 13-22 aa per
second in E. coli [21]. For further details of the elongation process, the reviews
of Rodnina and Wintermeyer [213] and Schmeing and Ramakrishnan [225] are

recommended.
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1.1.3 Termination

Elongation proceeds until an mRNA stop codon moves into the A-site. In
bacteria, the stop codons UAG and UAA are recognized by release factor 1 (RF-
1), while RF-2 recognizes the stop codons UGA and UAA. Both release factors are
also known as class I release factors. In eukaryotes, however only a single release
factor eRF1 recognizes all three stop codons. The stop codons are recognized by
a tripeptide motif PXT in RF-1 and SPF in RF-2 [109] and a conserved GGQ
motif in both release factors catalyzes the hydrolysis of the peptidyl-tRNA bond
[69, 245]. The class II release factor RF-3 promotes the dissociation of the class I
release factors from the ribosome after peptide release by binding GTP which

induces a conformational change [74].

1.1.4 Recycling

Before another protein can be synthesized, the ribosomes need to be recycled
before reinitiation. RF-3 hydrolyzes GTP and dissociates. The recycling factor
RRF and EF-G bind to the ribosome and GTP hydrolysis leads to dissociation of
the 30S and 50S subunit [225, 121]. Binding of IF-3 to the 30S subunit removes
mRNA and tRNA from the 30S subunit, preparing it for a new round of initiation
[225, 121]. There are several mechanisms, which rescue ribosomes that are stalled
in the middle of the mRNA, however two examples of ribosome stalling exist,
which do not lead to mRNA cleavage and ribosome rescue, namely secM and
tnaC' [121]. These two arrest peptides will be explained in section 1.3.2 and
1.3.3.

1.2 Protein folding

After biosynthesis, proteins need to adapt a folded compact structure in order
to function. Since most proteins can be unfolded to a random coil structure and
refolded again, the information of how a protein finds its unique native structure
is encoded within the amino acid sequence. However, a protein cannot simply try
out all possible conformations until it obtains the right one. Assuming a protein
with n residues and 2n backbone torsion angles, ¢ and ¢), could only adapt three
conformations per torsion angle would already obtain 2™ conformations. For a

0% conformations and if a pro-

066

small 100 amino acid protein this would result in 1
tein samples one configuration in 10°!® seconds it would require 10% years until
all conformations were sampled. Since an average human life time in Germany
is around 8x10' years, almost no protein would have obtained its native confor-
mations in a human body. These calculations are also known as the Levinthal
paradox. Therefore, it became obvious that proteins require a folding pathway
to exclude unfavorable conformations. One mechanism explaining the folding is

the nucleation-condensation or nucleation-collapse mechanism in which a folding
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nucleus forms, with short secondary structure elements like o-helices and 3-sheets
and the remaining structure then condenses first to domain-like structures and
subsequently to the final tertiary structure [63]. Long range contacts and other
native hydrophobic interactions stabilize weak secondary structure elements [39].
The folding of the protein from an isolated denatured conformation into its na-
tive structure is often described using the energy landscape perspective with a
folding funnel (Figure 1.2a). Using the folding funnel, the conformational space
accessible to the protein reduces until the native state is approached [269]. On
the pathway to the native structure the number of native contacts (Q-values) as
well as the number of total contacts (C) increases, while the free energy reduces
during protein folding until the global energetic minimum is reached. The verti-
cal axis of the folding funnel corresponds to the free energy, while the horizontal
axis represents the conformations. The width of the funnel at a certain height

incorporates the entropy of the protein.

1.2.1 Co—translational protein folding

Proteins usually start to fold, while their being synthesized by the ribosome,
hence intermediates are populated, which differ from those obtained by in wvitro
experiments [71, 58, 34]. The newly synthesized polypetpide chain does not ap-
pear all at once, but in a vectorial manner in the cytoplasm [33] in an extremely
crowded and heterogeneous environment. Those conditions cleary differ from
those obtained in in vitro refolding studies. Nevertheless, proteins typically fold
more efficient in vivo than in vitro [58, 227] and at least 67% of all cytoplasmatic
polypeptide chains are capable to fold independently without the requirement
of molecular chaperons [23, 70]. The ribosome is able to accommodate at least
33 amino acids in an extended conformation [152], therefore the conformational
space of a newly synthesized polypeptide chain is very restricted and the fold-
ing funnel will be both narrow and shallow [33]. While the protein elongates
and leaves the ribosomal tunnel, more conformational space becomes accessible
and the funnel width and depth increases [33] (Figure 1.2b and c). To study
co-translational protein folding ribosome nascent chain complexes (RNCs) (see

section 1.3) are commonly used.

1.2.2 Synonymous codon usage

The genetic code is degenerated with up to six codons encoding a single amino
acid, as in the case of serine, arginine and leucine. These codons are termed
“synonymous” or “silent” since the amino acid sequence of the protein remains
the same when one codon is replaced by another synonymous codon. However,
the distribution of these synonymous codons is not random and they are used
with different frequencies, a phenomenon called codon bias. Codon bias exists
in any organism [236] and corresponds to the tRNA abundance [104]. Codons
with higher tRNA abundance are thus faster translated than infrequently used
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Figure 1.2: Protein folding landscape. a) Funnel-shaped landscape of a small heli-
cal protein into its unique native structure. The ensemble of conformations
in the upper part of the funnel start to form a helix, lowering the entropy
(funnel diameter) to obtain its native structure, which is the energetic min-
tmum. The vertical axis of the funnel contains the solvent-averaged en-
ergy E and the fraction of native-like contacts Q. Figure reprinted with
permission from Onuchic et al. [193]. © 1997, Annual Reviews, Inc. b)
Co-translational folding funnel of a polypeptide chain synthesized in vivo.
Funnel shape as a function of polypeptide chain length. Short chains have
a shallow and narrow funnel shape due to limited conformational entropy
and energetic differences between the conformations. c¢) Co-translational
funnel shape overlaid on the in vitro folding and aggregation funnel for a
full-length protein. Figure 1.2b and 1.2c reprinted with permission from
Clark [33]. © 2004 Elsevier Ltd.

codons, which was supported by studies substituting frequently used codons by
infrequently used ones, or vice versa [129]. Therefore, translation is a non-uniform
process and rare codons can lead to translational pausing. In the case of vB crys-
tallin, rare codons are located in the peptide linker between the two domains and
the N-terminal domain is translated faster than the C-terminal domain [131]. Due
to the location of rare codons between domains, the folding of proteins might be
separated by translational pauses.

According to Anfinsen [4], the amino acid sequence contains all necessary infor-
mation for a protein to obtain its three-dimensional structure. However, studies
showed that an additional layer of information might be included in the transla-
tion kinetics and that not only the amino acid sequence is necessary for a protein
to function. A few of these studies are summarized below, giving a glimpse on
the effect of synonymous codon usage on protein folding and function. The re-

views of Komar [129] and Jacobson and Clark [110] are recommended for further
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information. Komar et al. [134] mutated 16 consecutive rate codons in the E. coli
chloramphenicol acetyltransferase into frequent ones, resulting in an accelerated
protein synthesis rate, but also in a 20% lower protein activity. Angov et al.
[5] adapted the gene sequence from the codon usage of the initial host to the
designated heterologous expression host, a process called codon harmonization.
Three harmonized proteins of P. falciparum were expressed in E. coli and the
soluble protein yield was increased by a factor of 4 - to 1000. Replacement of 10
consecutive rare codons to preferred codons in the yeast TRP3 gene encoding a
bifunctional protein with anthranilate synthase II and indoleglycerol-phosphate
synthase activity resulted in 1.5-fold reduction in indoleglycerol-phosphate syn-
thase activity [38]. Kimchi-Sarfaty et al. [126] showed that a few synonymous
codon mutations in the multidrug resistance 1 gene correlated to altered function
and interactions of the P-glycoprotein with substrate and inhibitors, indicating
a conformational change of the protein. Codon optimization in the Neurospora
circadian clock protein FREQUENCY (FRQ) resulted in increased protein lev-
els, but also changes in conformational changes as an altered phosphorylation
profile, stability and impaired functions in the circadian feedback loop [282]. In
a follow-up study, Yu et al. [276] demonstrated in an in vitro expression system
derived from Neurospora and Saccharomyces that the codon sequence rather than
changes in the specific RNA structure determines the elongation rate of the fire-
fly luciferase. While most of these findings detected the conformational changes
with altered protein activity, Buhr et al. [22] showed using NMR spectroscopy
that synonymous codon mutations in yB crystallin resulted in a different oxi-
dation state of the harmonized protein. Two synonymous gene variants were
investigated, one with the gene sequence from B. taurus and one adapted to the
codon usage of E. coli. The harmonized construct (H) was translated faster, more
resistant to protease K digestion and partly oxidized, while the unmodified one
was completely reduced.

All the above mentioned studies show that not only the amino acids sequence
is responsible for the correct function of a protein, but an additional layer of

information might be buried within the translation kinetics of the protein.

1.2.3 The ribosomal exit tunnel

The existence of the ribosomal exit tunnel within the 50S ribosomal subunit
was proven in 1995 by cryo-electron microscopy [68]. The ribosomal tunnel spans
~80-100 A from the PTC to the exit site and is between 10-20 A wide, with an
average diameter of 15 A [189]. This provides sufficient space for around 33 amino
acids in an fully-extended [152] and approx. 67 residues in an a-helical confor-
mation [152, 153]. The narrowest point with a diameter of about 10 A is at the
beginning and at a position 28 A from the exit [189]. Beside a bend between
20-35 A from the PTC, the tunnel is largely straight [189]. The majority of the
tunnel surface consists of 23S rRNA domain I till IV (28S rRNA in eukaryotes)
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and is mainly hydrophilic including hydrogen bonding groups from bases, back-
bone phosphates and polar protein side chains [189]. Therefore, the electrostatic
potential of the tunnel is mainly negative and varies in magnitude along the tun-
nel length [155]. The proteins L4 and L22 form a constriction point in the mid
tunnel region, with a long 3-hairpin of L22 being the largest protein contribution
to the ribosomal tunnel surface [189]. An overview of the tunnel dimensions are

shown in Figure 1.3.
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Figure 1.3: Overview of the ribosomal tunnel dimensions. a) Stereo diagramm
of the ribosomal exit tunnel from H. marismortui including the tRNA bind-
ing sites, the PTC and the nascent chain intercalating ribosomal proteins
L4 (pink) and L22 (orange) relative to the tunnel surface (grey). b) Space
filling model of an a-heliz and ¢) immunoglobulin domain IgG inside the
ribosomal tunnel. d) Overview of a prokayotic and eukaryotic tunnel di-
mensions. E. coli (left) and H. sapiens (right). The eukaryotic tunnel
contains a second constriction site 20 A below the first one. Figure 1.3a-c
reprinted with permission from Voss et al. [260] © 2006 Elsevier Ltd. Fig-
ure 1.8d reprinted with permission from Duc et al. [/6] © 2019, Ozford
University Press.

While in bacteria 1.23 is located near the tunnel exit, this protein is replaced by
two proteins 123 and L39e in eukaryotes [85, 189], which may provide a better
control of the ribosomal tunnel exit. Until recently, the tunnel dimensions of
cytoplasmic ribosomes were considered to be universal through all kingdoms of
life [266]. However, comparison of 20 ribosome structures revealed a second con-
striction site in eukaryotes and to a lesser extent also in archaea, which is absent
in bacteria [46]. This second constriction site occurs through an additional L4
loop in eukaryotes, which reduces the tunnel radius from 5.0 + 0.5 A in bacteria
t0 3.940.6 A in eukaryotes at around 50 A from the tunnel beginning [46]. Addi-
tionally, 31.6 + 2.3 A of the ribosomal tunnel are covered by L39e in eukaryotes,
compared to 19.0 £2.8 A by L23 in bacteria, which reduces the average radius of
the tunnel by approximately 1 A in the last 30 A in eukaryotes [46]. These mod-
ifications might be useful to reduce the PTC from external threats, like higher
resistance to macrolide binding [278, 255]. Increasing evidence indicates that the
ribosomal tunnel is rather involved in protein folding events than being a pas-

sive, teflon-like channel. This has been shown among others by Lu and Deutsch
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[154] by measuring the translation rates of peptides containing each consecutive
arginine, glutamine, glutamate, lysine or aspartate residues. While positively
charged residues, like arginine and lysine, resulted in reduced or paused trans-
lation this effect was not seen with neutral or negatively charged amino acids
[154]. Another effect seems to be not only the charge, but also the geometry
of the tunnel. Kudva et al. [140] showed that the 29-residue zinc-finger domain
(ADR1a) folds within different parts of the tunnel, depending on the presence
of ribosomal proteins L23 and L24. Altogether, the ribosomal tunnel seems to
play an important role in protein folding and several studies address the question
to which extent the nascent chain (NC) can be folded within this tunnel. These
studies are explained in more detail according to the used method in the following

sections.

1.2.4 Co—translational chaperones

Although at least 67% of the proteins can fold independently [23], specialized
proteins exist that are called molecular chaperons. They are known to bind to
non-native states of a protein and assist folding to their native structure. Among
those chaperons there are a few, which can directly interact with the NC. The
probably best studied chaperon is the trigger factor (TF) of E. coli. The dragon-
shaped TF is an ATP-independent chaperone consisting of 432 amino acids with
a ribosome-binding, a peptidyl prolyl isomerase domain and in between those two
domains a discontinuous C-terminal domain able to bind substrates (residues 113
to 149 and 247 to 432) [220]. The TF binds in a 1:1 stoichiometry to the 50S
subunit of both translating and non-translating ribosomes and exists in a 2-fold
molar excess over ribosomes in the cytosol [23]. However, the binding affinity
to NCs is about 50-fold higher than for non-translating ribosomes with a Kq=1-
2 pM [138, 218]. The TF binds to NCs, which are around 110 amino acids long
and expose hydrophobic residues as for example a stretch of eight amino acids
enriched with aromatic and basic amino acids and a positive net charge [138, 197].
A NMR study revealed four contact sites of TF which are mainly composed of
hydrophobic residues [220]. The TF can bind via a charged-loop in its N-terminal
doimain (NTD) to the ribosomal protein L23 [137] and is not only able to as-
sist proper protein folding but also unfolds pre-existing folded structures and
decelerates disulfide bond formation [90]. Beside TF, the ATP-dependent Hsp70
chaperone DnaK can act with its co-chaperones DnaJ and nucleotide exchange
factor GrpE, both co-and postranslationally, to guide protein folding [23, 138].
DnaK is one of the most abundant chaperones within E. coli and does not bind
to the ribosome but acts downstream of TF. While deletion of the genes en-
coding TF or DnaK alone, only leads to minor folding problems, simultaneous
deletion leads to severe aggregation and is lethal at temperatures above 30°C
[43]. In contrast to TF, DnaK with its cofactors cannot postpone or revert co-

translational structure formation and neither decelerate disulfide bond formation



1.3 Ribosome nascent chain complexes (RNCs) 9

[90]. Dnak interacts with at least 700 cytosolic proteins, including approximately
180 relatively aggregation-prone proteins in E. coli and with 1000 proteins in
ATF strains [29]. DnaJ presents non-native substrates to ATP-bound Dnak,
hydrolysis of ATP to ADP leads to closing of a a-helical lid and thereby tight
binding of the substrate. The peptide-binding domain of DnaK recognizes an
extended approximately 7 residue long segment with a hydrophobic core, flanked
by positively charged residues [215, 197]. DnaJ dissociates after ATP-hydrolysis
and GrpE binds to the ATPase domain of DnaK. GrpE catalyzes the release
of ADP and binding of another ATP results in lid opening and substrate re-
lease. The substrate is either transferred to other chaperones, as for instance to
GroEL, or achieves its native conformation. The GroEL chaperonin with its lid-
like cofactor GroES belong to the ATP-dependent chaperones and are found in
bacteria, mitochondria, chloroplasts and in eukaryotic organelles originating from
bacterial endosymbionts [86]. The complex interacts with at least 250 proteins,
corresponding to approximately 10% of the total E. coli cytosolic proteins, with
around 80 proteins relying fully on GroEL for proper protein folding [138, 86]. It
was long assumed that GroEL-GroES act exclusively post-translational, however
studies revealed association of GroEL with nascent polypeptides implementing
also a co-translational function [275]. Protein substrates for GroEL need to be
between 10-55 kDa in size [52]. GroEL is a complex of two heptameric rings
with each subunit of around 57 kDa in size and GroES is a dome-shaped hep-
tameric ring with 10 kDa subunits [86]. Each subunit of GroEL provides an
apical domain with a hydrophobic cleft competent for binding of short hydropho-
bic peptides [86]. The exact mechanism of how the GroEL-GroES complex assists
in protein folding is still not fully understood, the review of Hayer-Hartl et al.
[86] provides three models in which the complex act passively by preventing ag-
gregation or as an active cage promoting protein folding. TF, DnaK and GroEL
guide protein folding in prokaryotes. In eukaryotes the folding-machinery obtains
higher complexity with several ribosome-associated chaperones, like the nascent
polypeptide-associated complex (NAC) Hsp70 Ssb and the ribosome-associated
complex (RAC) [138]. For additional information on the chaperone interactions

in eukaryotes the recent review of Kramer et al. [138] is recommended.

1.3 Ribosome nascent chain complexes (RNCs)

Ribosome nascent chain complexes (RNCs) are macromolecular complexes
consisting of the 70S ribosome and the elongating polypeptide chain. To keep the
NC attached to the ribosome different approaches can be used. Using in wvitro
translation systems, RNCs can be created by either using an mRNA sequence
missing a stop codon or missing release factors or with ribosome arrest peptides
(RAPs), which are needed for RNCs produced in vivo.
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1.3.1 Ribosome arrest peptides (RAPs)

Ribosome arrest peptides (RAPSs) contain specific amino acids that interact
with ribosomal residues inside the ribosomal exit tunnel and thereby keeping
the NC attached to it. The big advantage of RAPs is that they can be used to
produce RNCs in vivo. The translational arrest of those peptides is independent
of the codon usage and mRNA secondary structure [107]. Figure 1.4 shows an
overview of known arresting peptides. The arrest sequences are usually around
20 amino acids long and contain essential residues around the PTC-proximal
element (residues -4 to +1) and in the mid-tunnel region close to the constriction
point (residues -9 to -21) [107]. While RAPs are distinct in their amino acid
sequence, they often contain a proline residue in the A- or P-site, since prolines
are the slowest nucleophilic substrates for peptide bond formation [199]. RAPs
can lead to stalling at three different steps: during elongation at the peptidyl-
transfer step (ErmCl-erythromycin, SecM, VemP and MifM), the translocation
step (CGS1-S-adenosylmethionine (AdoMet)) and at the translation termination
step (TnaC-tryptophan and arginine attenuator peptide (AAP-arginine)) [107].
In the following sections, the focus will be laid on the arresting peptides SecM,

TnaC and VemP since those can be used as RAPs in prokaryotic systems.
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Figure 1.4: Overview of arrest peptides. Sequence positions of arrest-essential
amino acids in RAPs. The arrest point is shown with a red cross, defining
the P-site as position 0 and the A-site as position +1. Residues important
for stalling are highlighted green, if located in the mid-tunnel region and in
blue, if located close to the PTC. Figure reprinted with permission from Ito
and Chiba [107]. © 2013 Annual Reviews, Inc.
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1.3.2 SecM

The E. coli secretion monitor (SecM) is the most widely used RAP in co-
translational folding studies [27, 28, 51, 56, 188] and is a 170 amino acids long pro-
tein encoded by an open reading frame (ORF) preceding secA, which encodes an
ATPase driving protein export across the SecYEG translocon [209, 107]. The es-
sential stalling sequence of SecM is FXXXXWIXXXXGIRAGP (F*°STPVWIS-
QAQGIRAGP!%%) [180]. Two stalling mechanisms of SecM have been identified,
one with the peptidyl-glycyl-tRNA in the P-site and one with this tRNA in the
P/E-site and the prolyl-tRNA in the A/P-site [280]. Due to the occupation of
the A-site, the stalled RNCs are resistant to puromycin [176]. Essential residues
of the SecM peptide are Argl63, Gly165 and Prol66 since mutation of these can
abolish the stalling completely [180]. Argl63 is located at a confined space be-
tween A2451, C2452 and U2506 of the 23S rRNA [280]. While Trp155, Ile156 and
Gly165 are important residues as mutation results in reduced stalling efficiency,
Phel59, Gly161, Ilel62 and Alal64 are only partially required [180]. Strong den-
sity was observable between the carbonyl oxygen of Ile162 and G2505, as well
as the sidechain of Ile162 and C2610 [280]. Mutational studies on the ribosomal
site revealed that residues A2053, A2062, A2503 within domain V of 23S rRNA
are essential and insertion of one adenine residue within the consecutive residues
(A749-A753) in hairpin 35 of domain II also abolished the arrest [259, 180]. Fur-
thermore, the ribosomal proteins L22 and L4 are involved within the stalling
mechanism. Mutations of Gly91 and Ala93 in 122 resulted in release of stalling
[180] and thus problably are involved in SecM binding. In case of L4 Arg61 di-
rectly interacts with Trp155 of SecM [280]. Beside those, the tRNA also plays a
role in efficient SecM stalling. The CCA-end of the P-tRNA forms canonical base
pairs with G2251 and G2252 within the 23S rRNA and the peptidyl bond link-
age between G165 contacts U2585, which is together with U2506 in an uniduced
state that disfavors A-site accommodation [280]. When the ribosome stalls on
the secM-secA mRNA, the SD sequence of secA, which is usually located within
a stem-loop structure (Figure 1.5a) gets exposed (Figure 1.5b) [170].
Translation of secA can proceed and the translation arrest is released when the Sec
machinery tries to export the NC of SecM [181, 25]. Functional SecA, an ATPase,
then recruits the accessible N-terminal region of the SecM nascent peptide to
the SecYEG complex, where it is translocated across the cytoplasm membrane,
thereby the stalling is released and SecM is then proteolyzed in the periplasmic
space [160, 179] (Figure 1.5¢). Therefore, SecM is a cis-specific up-regulator in
its native function and also a cis-chaperone by bringing the secM-secA mRNA
to the membrane, where the localized biosynthesis of SecA, a multi-conformation

protein, may favor its folding into an active conformation [182, 108].
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Figure 1.5: Arrest regulation of SecM. a) The Shine-Dalgarno (SD) sequence of
SecA is hidden within a stem-loop. b) Expression of the SecM mRNA leads
to disruption of the stem-loop and exposes the SD sequenceof SecA, due
to interaction of the nascent peptide with the ribosomal tunnel (red thick
line). ¢) The N-terminal signal sequence (orange) is recognized by the SecA-
SecYEG-complex and translocated across the cytoplasm membrane. The
stalling is released through the pulling force and the completed product of
SecM is proteolyzed within the periplasmic space. Modified after Ito and
Chiba [107], Tto et al. [108].

1.3.3 The tryptophan-sensing TnaC

The tna operon of E. coli encodes the peptide ThaC of 24 amino acids with
the essential residues (WFNIDNKIVDHRP). Tryptophanase (tnaA) and tryp-
tophan permease (tnaB) are located downstream of tnaC and both are inducible
by tryptophan [107]. The translational arrest occurs at the point of termination.
In the absence of tryptophan, transcription terminates prematurely before tnaA
at a Rho-dependent terminator, which is located in the spacer region between
tnaC and tnaA. In the presence of tryptophan, however, the translation contin-
ues into tnaAB and peptide release by RF2 is inhibited [79] (Figure 1.6). The
RNC is created by stalling of Pro24 within the P-site and the UGA stop codon
in the A-site [107] (Figure 1.6).

Bischoff et al. [18] were able to identify two tryptophan molecules within the ri-
bosomal tunnel. They are located 15-20 A from the PTC within two hydrophobic
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Figure 1.6: Arrest regulation of TnaC. a) The tnaCAB operon. b) In the absence
of tryptophan transcription is terminated and Rho can bind to the termi-
nation site. In the presence of tryptophan the ribosome stalls with the stop
codon in the A-site and transcription of tnaA and tnaB is executed. Figure
adapted with permission from Bischoff et al. [18] © 201} Lukas Bischoff,
Otto Berninghausen, Roland Beckmann. Published by Elsevier Inc.

pockets formed by the TnaC peptide between the residues Asp21 and Asnl7 and
nucleotides of the 23S rRNA. The first tryptophan is positioned in a stacking
interaction to the 23S rRNA base U2586, while the second tryptophan is located
in the area of A2058/A2059 and the base pair of U2609/A752 [18]. Additionally,
several contacts between the TnaC and the ribosomal tunnel have been iden-
tified using cryo-EM and mutation studies. These contacts include Thr9-L22
(Arg95), Trp12-L22 (Arg92), Phel3-23S rRNA (A751), Asnl4-L4 (R61), Aspl6-
L22 (K90, R92), Lys18-23S rRNA (U2609/A752), Asp21-23S rRNA (A2062),
His22-23S rRNA (U2505), Arg23-23S rRNA (U2505, C2452, U2506) and Pro24-
23S rRNA (U2585) [228, 107, 18]. The conserved amino acids within the TnaC
peptide appear in specific interactions with the ribosomal exit tunnel, thus two
binding pockets for tryptophan can be formed, which turns the ribosome in a
sensor for tryptophan [18]. Hence, binding of tryptophan results in allosteric
silencing of the PTC [18].

1.3.4 Vibrio export monitoring peptide (VemP)

The export monitoring polypeptide, VemP, from Vibrio alginolyticus acts like
SecM as a cis-up-regulator for secDF2, a membrane protein complex with 12
transmembrane segments and large periplasmic domains [191]. The translation
of SecDF2, is up-regulated if the organism encounters a low Na™ environment (63

mM or lower) and is therefore an essential mechanism for environmental adaption
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in marine bacteria [105] (Figure 1.7). The VemP sequence can be fused C-terminal
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Figure 1.7: Arrest regulation of VemP. a) Representation of the VemP-SecDF2
mRNA with N-terminal signal sequence (SS), VemP gene (green), stem-
loop structure and SecDF2 gene (purple). The ribosomal binding site of
SecDF2 is hidden in a stem-loop structure in Na™-rich environments. b)
In Na™-limiting environments the ribosome is arrested with Gln156 in the
P-site and the incoming aminoacyl-tRNA of Phel57 in the A-site. The
disruption of the mRNA secondary structure leads to accessibility of the
RBS and expression of SecDF2. Amino acid residues within the ribosomal
tunnel are shown in one letter code with critical residues (red underlinied)
and important residues (red) highlighted. The asterisk (*) indicates the stop
codon. Figure modified after Su et al. [249].

to a protein of interest to study RNCs and even be expressed in E. coli. Ishii et al.
[105] argued that at least the 27 C-terminal residues of VemP are required for
the elongation arrest, since an amber stop codon introduced before this sequence
resulted in no translational arrest. Therefore, mutation studies were performed
on those 27 long FI3'YHFTSDHRISGWKETNAMY VALNSQFSA sequence
and revealed the importance for several residues on the translation arrest [105].
Additionally, toeprinting assays revealed that GIn156 is located in the P-site and
Phel57 within the A-site [105], which would make it resistant to puromycin. Su
et al. [249] solved the structure of VemP using cryo-EM showing an extremely
compact formation within the ribosomal tunnel of two a-helices connected by an
a-turn and a loop. Due to this extensive compaction 37 amino acids of VemP are
located within the upper two thirds (approx. 50-55 A) of the ribosomal tunnel
and 51 aa would be required to totally span the exit tunnel, in contrast to 34
aa of SecM [249]. The cryo-EM structure of the arrest peptide was solved with
the full-length VemP sequence lacking only the first 25 amino acids, the signal
sequence, since pulse-chase experiments showed low stalling efficiency for the
residues 131-156 in vivo. Thereby electron density for the residues 120-156 was

detectable within the tunnel.

1.4 Investigating co—translational folding using RINCs

To study co-ranslational protein folding, both in vivo and in vitro produced

RNCs have been used. In the following sections, the studies will be separated by
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the different techniques used. Due to immense number of publications on RNCs

only a selection of studies can be represented here. Table 1.1 shows an overview

of different methods to study co-translational protein folding. For further infor-

mation the reviews of Javed et al. [115] and Komar [130] are recommended.

Table 1.1: Methods for studying co-translational folding. Different methods for
the investigation of co-translational protein folding, schematic illustration
and comments on the requirements and detection for this method. Modified
after Komar [130].

Method

Schematic

illustration

Requirements and detection

Limited proteolysis

Enzymatic activity

Ligand binding

Binding of antibod-

1e8

+ proteased

+ substratee
—-product 3¢

+ ligande

+ mAby)-=

Preparation of stalled RNCs
necessary. Analysis of pro-
teolytic digested NC by SDS-
PAGE. Investigation of NC in-
side and outside of ribosomal

tunnel possible.

Detection of chemi-
luminescence, fluorescence
or proteolytic digest. Suit-
able for in wvivo and in witro
measurements. Not suitable
for investigations inside the

ribosomal tunnel.

Possible for in vivo and in witro
measurements. Analysis of lig-
and binding via liquid scintilla-
tion counting using labeled lig-
and. Not suitable for investiga-

tion inside the ribosomal tunnel.

Preparation and isolation of
stalled RNCs necessary. Suit-
able for in vivo and in vitro de-
tection. Detection of antibody
binding by ELISA, chromatog-
raphy, etc.
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Cysteine accessibil-

ity assay

AP-based force-

measurements

Detection of disul-

fide bonds

FRET

Cryo-EM

-Cys

+ PEG-MAL
(5 kDa)

o
p;

folding drives
GFP translation

[eoccccoccecolioccececceooe)

000000000000 CO0O0OA0C0CCO

Analysis of RNCs in vitro by
mass shift in SDS-PAGE. Suit-
able for investigation of folding

within the tunnel.

Suitable for in vivo and in vitro
studies. Analysis via detected
fluorescence of GFP, cloned to
the C-terminus of the AP. GFP
is expressed, if the NC folds and
applies a force, which releases
the stalling of the AP. Folding
in and outside of the tunnel can

be measured.

Suitable for in vivo detection of
intra- and intermolecular disul-
fide bond fornation. Isolation of
RNCs required, detection of the
NC on non-reducing and reduc-
ing SDS-PAGE. Not suitable for
investigation inside the riboso-

mal tunnel.

Suitable for the detection of NC
in vivo and in vitro. Detection
of FRET efficiency. Suitable for
detection of the NC inside and

outside of the ribosomal tunnel.

Purified RNCs, prepared in vivo
or in vitro, can be measured. Vi-
sualization of the electron den-
sity of the NC inside the tunnel
and outside, if the NC obtains a

rigid structure.
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Isotopically labeled, purified

RNCs prepared in vivo and in

vitro can be measured. De-
| tection of the NC inside the
ribosomal tunnel with solid-
state NMR, enhanced by DNP,
outside of the tunnel also by
solution-state NMR.

NMR spectroscopy

isotopically
labeled NC

1.4.1 Studies using biochemical methods

Biochemical methods to study co-translational folding include, limited prote-
olysis using a proteinase, the detection of enzymatic activity, analysis of antibody
binding or ligand binding as well as cysteine accessibility measurements using pe-

gylation assays and in vitro arrest-peptide based force measurement assays.

1.4.1.1 Limited proteolysis

Limited proteolysis studies analyze the partial digestion of ribosome-arrested
nascent chains using for example proteinase K, trypsin or chymotrypsin. Com-
pact, folded protein structures are resistant to mild concentrations of protease,
thus addition of protease after different time points to a translation system pro-
vides an indication when folding of the nascent protein can occur. For this method
stalled RNCs are required and structure formation within the ribosomal tun-
nel as well as outside can be detected. Netzer and Hartl [184] investigated the
folding of a fusion protein of human H-Ras and mouse dihydrofolate reductase
(DHFR), both monomeric single-domain cytosolic proteins of approx. 20 kDa.
The protease-resistant Ras domain occurred (in a eukaryotic in vitro translation
system and in the cytosol of living cells) before the full-length fusion protein is
synthesized, indicating co-translational folding of Ras [184, 130]. Frydman et al.
[71] investigated the co-translational folding of the 62 kDa firefly luciferase in a
eukaryotic translation system. The formation of the full-length luciferase was ob-
served after 12 min and after 8 min the formation of a 22 kDa protease-resistant
fragment was observed, indicating the independent co-translational folding of
this N-terminal subdomain. The ribosome-arrested P22 tailspike protein, a ho-
motrimer of 72 kDa subunits and yB crystallin were also treated with protease
K, resulting in a protease-resistant fragment of 47 kDa as the intact TMS and
a about 80-90 residues big fragment, corresponding the size of the NTD of vB
crystallin [51, 22].
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1.4.1.2 Enzymatic acitvity

The activity of ribosome-bound enzymes, can also provide an insight in co-
translational folding, since the activity can be measured at different time-points
of translation in a cell-free system or on selectively arrested NCs. Kolb et al.
[128] investigated the co-translational folding of firefly luciferase in a cell-free
system. They were able to monitor the activity of firefly luciferase continuously.
While the ribosome-bound luciferase showed no enzymatic activity, the activity
was recovered after addition of puromycin within seconds. The last 12 C-terminal
amino acids are important for the activity and are covered by the ribosome, the
immediate gain in activity is thus explainable with the fact, that the enzyme is
already completely folded on the ribosome.

The auto-catalytic cleavage of the Semiliki forest virus (SFV) containing a chymo-
trypsin-like protease domain was investigated in vivo in prokaryotes and eukary-
otes [185]. Nicola et al. [185] showed that the cleavage occurred 43 amino acids
beyond the protease domain was translated, concluding that the protein cleaves
itself almost immediately after leaving the ribosome. In addition, it was shown
by Kelkar et al. [122] that sequestration of 10-15 amino acids within the ri-
bosomal tunnel, prevents stable B-barrel formation within GFP. With 10 of 11
B-strands outside of the tunnel, a stable non-native conformation was obtained,

which folded efficiently into the native structure after release from the ribosome.

1.4.1.8 Ligand binding and detection via conformational epitopes

The binding of ligands to ribosome-bound proteins as well as the detection of
structural epitope formation via conformational antibodies provides an additional
method for the investigation of co-translational folding. Komar et al. [132, 133]
showed that the globin NC was able to bind heme, after 86 amino acids have been
synthesized, while shorter chains lengths (34, 65 and 75) were not able to bind
heme. Therefore, the 86 amino acid long ribosome-bound NC acquired a spatial
structure allowing the interaction with heme, or heme attachment promoted the
formation of the proper tertiary structure in the NC [133].

The study from Hamlin and Zabin [83] investigated the binding of anti-B-galactosi-
dase to ribosome bound B-galactosidase. Due to detected binding events they
argued that the NC has to fold before release of the ribosome. However, using a
polyclonal immune serum, the specificity to a native conformation was not given.
Beside using the above mentioned limited proteolytic digestion method on P22
tailspike protein, the conformation of the NC was also studied using monoclonal
antibodies [51, 34]. Both studies detected that antibodies recognizing ribosome-
bound NCs in vivo did not bind to early in vitro intermediates obtained within
dilution of denaturant. However, the antibodies recognizing the in wvitro inter-
mediates, also recognized the in wvivo ribosome-bound intermediates. Thus the

folding pathway in vitro and in vivo seem to follow different routes.
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1.4.1.4 Clysteine accessibility and in vitro arrest—peptide based force—measurement

assays

The accessibility of cysteine residues within RNCs can be studied using polyethy-
lene glycol maleimide (PEG-MAL). PEG-MAL binds to cysteine residues and
increases the size of the peptide by for example 5 kDa, depending on the used
PEG-MAL. This mass shift can be visualized on SDS-PAGE. Depending on the
position of the cysteine residue within the NC and thus in the ribosomal tunnel,
the accessibility of PEG-MAL varies. This method was used in various studies
by Carol Deutsch [151, 152, 153, 135, 256]. Lu and Deutsch [152] showed us-
ing PEG-Mal and calmodulin maleimide (CaM-MAL) and an all-extended NC as
tape measure, that the functional length of the eukaryotic ribosomal tunnel is 99-
112 A and that the S6 transmembrane segment in voltage-gated potassium (Kv)
channels obtains a compact structure within the tunnel. In a following study,
this tape measure was fused with alanine residues located at different positions
inside the NC to follow the relative compaction within different zones inside the
tunnel [152]. The zone nearest to the PTC and closer to the exit supported
compaction of the NC, while the region between did not significantly contribute
compaction [152]. Using a [-hairpin and an a-helical hairpin from the Kv channel
Kosolapov and Deutsch [135] showed that minimalistic tertiary structures were
able to form in the last 20 A of the ribosomal tunnel, the vestibule region. Addi-
tionally, Tu and Deutsch [256] showed that all a-helical segments of Kv1.3 formed
in the vestibule region.

Within Gunnar von Heijnes group an arrest-peptide based force measurement
assay is used to study co-translational folding of proteins. In this approach an
arrest peptide (AP), like SecM, is cloned to a protein of interest and the length
of the linker between the AP and the proteins varies. If co-translational folding
occurs, a pulling-force of the NC is exerted, which releases the NC from the ri-
bosome. Using pulse-chase experiments or a GFP cloned to the C-terminus of
the AP, the release of the protein can be visualized by fluorescent band on SDS-
PAGE. With this method, a model for the membrane integration of a 19-residue
leucine-alanine based segments, fused to the C-terminus of the leader peptidase,
could be generated [106]. A linker length between 30 and 40 residues, showed
an increase in released protein, indicating the formation of secondary structure.
Placing helix-breaking proline residues in the middle part of the 19-residue seg-
ment, reduced the pulling force [106]. Additionally, using pulling-force profiles it
was shown, that the second of the two zinc-finger domains in the yeast ADR1
protein folds co-translationally, which was also supported by cryo-EM demon-
strating o-helical structures deep inside the vestibule [186]. Further, the folding
of nine fast-folding domains with a molecular weight below 10 kDa was investi-
gated with this AP-force measurement assays and showed that all nine domains
initiated folding while located within the ribosomal exit tunnel, regardless of

whether the domains contained o-helical, 3-sheet structure or both [161]. The
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principle of this in vitro arrest-peptide based force-measurement assays including
a force profile are shown in Figure 1.8a-d. The effect of TF, GroEL/ES on di-
hydrofolate reductase (DHFR) was also studied using pulling-force profiles [187].
DHFR folded only after emerging the ribosome and both the TF and GroEL
reduced the pulling-force, thus preventing folding. While the GroEL/ES com-
plex did not have an effect on DHFR and the pulling-force of ADR1 was also
unaffected by the presence of chaperones [187].

1.4.1.5 Disulfide bond formation

Possible disulfide bond formation can be detected within NC as well. Since
this chapter is even of greater relevance for this thesis, co-translational disulfide
bond formation is explained in section 1.6.4 after explanation of disulfide bond

formation in general.

1.4.2 Studies using Flourescence Resonance Energy Transfer (FRET)

Through the incorporation of non-natural amino acids via chemically modified
aminoacyl-tRNAs, a fluorescent dye can be attached to the NC. An advantage
of this technique is the high sensitivity, obtaining reliable measurements with a
sample containing only 1-10 nM fluorophore [117]. The fluorophore is also very
sensitive to its surrounding, changes in the probe emission intensity, lifetime,
energy (wavelength) and rotational freedom can be correlated to changes of the
NC environment [117]. Fluorescence resonance energy transfer (FRET) measure-
ments, a phenomenon which reflects the energy transfer of an excited donor dye
to a sufficiently close appropriated acceptor dye without the loss of a photon,
can be used to study co-translational protein folding. The FRET efficiency of
a NC harboring a donor and acceptor dye will increase if the dyes are close in
space, due to a folding event. An unstructured NC will thus exhibit a lower
FRET efficiency. Woolhead et al. [271] investigated the co-translational folding
of a 20 residue long transmembrane sequence (TMS) using eBOF as donor and
eBOP as acceptor dye, which was incorporated via an amber stop codon located
C-terminal of the donor lysine codon. The TMS formed a compact conforma-
tion near the PTC and also when integrated into the lipid bilayer, indicating
an o-helical structure. However, the TMS unfolded after release from the free
ribosome, indicating that the protein folding is induced and stabilized by the
ribosome. With the same approach, Woolhead et al. [270] were able to describe a
model for the SecM stalling mechanism. Using BOF-Met as the first residue and
BOP-Lys at the beginning of the third helix of the five-helix protein domain of
N5-glutamine methyltransferase HemK of different lengths in a reconstituted in
vitro translation system, the co-translational folding of this protein was monitored
in real-time [101]. Holtkamp et al. [101] identified a non-native, ribosome-bound
compact formation of the HemK70 construct, which unfolded after treatment

with puromycin. Further, the HemK70 NC was also resistant to thermolysin di-
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gestion, since the N-terminal BOF residue was located inside the ribosome exit
tunnel or in close proximity. Holtkamp et al. [101] also used photoinduced elec-
tron transfer (PET) between the N-terminal BOF and a Trp residue at different
positions. If the Trp and BOF residue are in close contact, fluorescence quenching
of BOF by Trp due to van der Waals contacts can be observed. These measure-
ments also supported the existence of a compact transient state, which rearranged
into the native state with increasing chain lengths [101]. A follow-up study on
HemK using the same approach, provided a model for the co-translational folding
showing the formation of compact structures within the ribosomal tunnel (Figure
1.8e-g) [171]. Mercier and Rodnina [171] explained that the formation of helices
is the most parsimonious interpretation, but did not exclude the possibility of
native-like intermediates resembling a molten globule or nonspecific collapse of
the NC. Nevertheless, all these investigations by FRET supported the formation

of compact structures stabilized by the ribosome.

1.4.3 Studies using cryo—Electron Microscopy (cryo—EM)

Using cryo-electon microscopy (cryo-EM) it is possible to visualize the elec-
tron density of the NC within the ribosomal tunnel. The stalling mechanism of
the APs, like SecM [280], TnaC [229] and VemP [249] were all investigated by
cryo-EM and are described in the sections 1.3.2-1.3.4 above. Primarily the group
from Roland Beckmann and Daniel Wilson were involved in the visualization of
a-helical structures within the ribosomal tunnel. Starting with a short peptide
containing five Glu-Ala-Ala-Ala-Lys repeats forming an o-helix within the exit
tunnel, the above mentioned zing-finger domain of ADR1 [186] and the three-
helix bundle of spectrin domains, which obtained an o-helical structure within
the vestibule of the ribosomal tunnel and was also investigated by AP based
force measurements [188] are all structures obtained by these two groups. Re-
cently, Javed et al. [114] showed that the fifth domain of ABP-120 filamin protein
(FLN5), an immunoglobulin-like protein, revealed different states close to the ri-
bosomal exit, assuming that the NC is highly dynamic and adopts a range of
trajectories within the vestibule. The co-translational protein folding of FLN5

was also investigated by NMR spectroscopy [27].
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Figure 1.8: AP-based force measurement assay and structure of HemK with
FRET dyes. a) Schematic principle of the AP-based force measurement
assay. GFP and SecM are cloned to the C-terminus of a protein domain.
After folding, the translation arrest is released and GFP can be expressed.
b) Representative structure of the WW domain and c) the measured GFP
fluorescence of this domain with increasing linker length. d) Representation
of the E. coli ribosomal exit tunnel showing the principle of the AP-based
pulling force measurements and zones suitable for protein folding. e) Rep-
resenatation of HemK 112, with a-helices indicated as colored boxes. f)
Model of co-translational folding for HemK with tertiary structure forma-
tion. FRET donor shown in green, FRET acceptor in red. g) X-ray struc-
ture of the NTD of HemK (PDB: 1T43). Figures adapted with permission
from Marino et al. [161], Mercier and Rodnina [171], Holtkamp et al. [101].
© 2016 Federation of Furopean Biochemical Societies. © 2018, American
Chemical Society. © 2015, American Association for the Advancement of
Science.

1.4.4 Studies using Nuclear Magnetic Resonance Spectroscopy (NMR
Spectroscopy)

Especially the group from John Christodoulou is pioneering in the detection
of RNCs by solution-state NMR and a good overview of the challenges to detect
the NC by NMR is provided by Waudby et al. [262]. The first *C, °N isotopi-
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cally labeled NC studied by NMR spectroscopy was the tandem Ig domain repeat
(domain 5 and 6) from the gelation factor ABP-120, also referred as Ig2-RNC
[103]. The NC was expressed within a coupled transcription-translation FE. coli
cell-free system, supplied with a '3C, " N-labeled amino acid mix. Hsu et al.
[103] demonstrated using SOFAST-HMQC [223] that the Ig2 NTD obtained a
native-like structure, since 45 cross-peaks were resolved in the 'H-°N correlation
spectrum and showed high similarity to isolated Ig2 in the presence of 70S ribo-
somes. The CTD, however, was largely unfolded and flexible, when attached to
the ribosome. The linewidths of the Ig2-RNC were 59 + 29 Hz and are compa-
rable to linewidths of the isolated Ig2 in presence of 70S ribosomes with a value
of 41+ 11 Hz.

In addition to the 'H->N backbone correlation, the 'H-3C correlation of the
methyl groups, reflecting also tertiary structure formation, is a powerful tool
to study the folding of NC. While the residues located within the loop region
showed severely line-broadening in the 'H-'"N correlation spectrum of Ig2-RNC,
the residues affected by line-broadening in the 'H-'3C correlation spectrum were
located within the interior of the domain structure [103, 102]. The line-broadening
of Ile might be an effect of altered ring current effects from nearby aromatic side
chains, since residues without an aromatic residue in proximity were not affected
[102].

Using SecM and an expression system based on autoinduction, Cabrita et al. [28]
were able to express 13C, N-labeled RNCs in wvivo. This approach generated
RNCs with yields of 50-200 pmol/L and significantly reduced the costs of iso-
topically labeled RNCs. This methods was further optimized and the procedure
of the in vivo generation of '3C, 1"N-labeled RNCs with expression, purification
and useful solution-state NMR experiments is described in detail by Cassaignau
et al. [30]. Using this in vivo generated RNCs, the domain 5 of the Ig2-RNC con-
struct (ddFLN5) was arrested to the ribosome, the 'H-'5N correlation spectrum
revealed that the NC of ddFLNS5 is highly dynamic and only a low population of
partially folded species could be observed [28].

Simultaneously to Cabrita et al. [28], Rutkowska et al. [217] also used SecM
for the generation of '3C, N uniformly and selectively labeled RNCs in vivo.
Rutkowska et al. [217] investigated the co-translational folding of ribonuclease
from Bacillus amyloliquefaciens (Barnase) using the 36 C-terminal residues of
SecM and a 50-residue linker derived from RNA polymerase subunit 3 (RpoB).
This BarnaseA50 construct was attached to the ribosome and 72 of 100 residues
could be assigned.

The Src-homology (SH3) domain of a-spectrin, its folding-deficient point mu-
tant m10 and two C-terminally truncated segments of SH3 were also studied by
solution-state NMR [49]. Eichmann et al. [49] obtained negligible average chemi-
cal shift derivations between the ribosome arrested and the released SH3 domain

and line-broadening was distributed along the entire amino acid sequence. Fur-



24 1 INTRODUCTION

ther, with linewidths of the ribsome being > 1000 Hz, the observed increased
line width of approx. 10 Hz by intermolecular interaction of the SH3 NC and
the ribosome indicated that less than 1% of the SH3 domain interacted with the
ribosome. The ribosome-arrested SH3 domain exhibits a compact, native-like
B-sheet structure after the entire sequence emerges from the ribosome, the ribo-
some surface did not stabilize secondary or tertiary structures assuming that the
folding of SH3 appears in a domainwise manner without significant influence of
the ribosome [49].

In 2016 Cabrita et al. [27] investigated the co-translational folding of ddFLN5
using 12 RNCs in which the ddFLNG6 linker varied between 21 and 110 residues
(including SecM). The RNCs were both uniformly °N labeled and Iled1-'3CHj
labeled. With a linker lengths above 47 residues, only the native-like like struc-
ture of ddFLN5 was detectable. Hence, the native structure was only observed
after the entire domain emerged the ribosomal exit tunnel. Cabrita et al. [27]
argued that the ribosome modulated the folding process, in such a way that the
ribosome inhibits the acquisition of a stable structure, since the isolated, trun-
cated versions of ddFLN5 were able to fold.

In addition to the solution-state NMR studies, two publications studying the in-
teraction with the ribosome using solid-state NMR exist at time of writing this
thesis. While Gelis et al. [75] did not use RNCs but studied the interaction of the
I3C-1N His and Tyr-labeled initiation factor IF1 with the ribosome, this pub-
lication used for the first time centrifugal device suitable to pellet the ribosome
into the MAS rotor, which is now used as a standard technique. The only solid-
state NMR enhanced by DNP study using uniformly labeled *C, N RNCs up
to date, was performed in the group of Hartmut Oschkinat [144]. The disulfide
oxidoreductase A (DsbA) signal peptide of 20 amino acids in length was attached
to SecM. The chemical shifts of Ala, Ile, Pro, Val and Ser in a POST-C7 double
quantum to single-quantum (DQ-SQ) spectrum [94] were compared to the av-
erage chemical shifts obtained in o-helical-, 3-strand-, or coil-like conformations.
Mutating the Ser residues within the SecM stalling motif to Ala, Lange et al.
[144] could identify the two remaining Ser residues within DsbA. Together with
the obtained average chemical shift of the above mentioned residues they argued
that the DsbA signal peptide does not obtain an o-helical structure inside the
ribosomal exit tunnel. However, the folding of the RNC could have been influ-
enced by the usage of Ulpl, which might induce a force on the NC.

The RNC constructs studied by NMR, spectroscopy are shown schematically in
Table 1.2. To sum up, the advantage of NMR spectroscopy for the investigation
of co-translational folding is the ability to study the structure and dynamic of
the NC in atomic detail and huge progress was made in the preparation of iso-
topically labeled RNCs. A disadvantage is the low sensitivity requiring sample
concentrations a factor 104 larger than in other biophysical methods as FRET or
cryo-EM.
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Table 1.2: RNC' constructs investigated by NMR spectroscopy.

Study RNC construct
aa aa aa
Cabrita et al. [28] lox His ddFLNS | ddFNGlinker  [secM]
105 aa 90 aa 17 aa
Rutkowska et al.
|Strep|Strep|Strep| TEV | Barnase RpoB | SecM |
[217} 110 aa 50 aa 36 aa

| Strep | Strep I Strep | Smt3

|SH3/SH3 m10| TEV |""'| secM |

ker
97 aa 63 aa 10 aa 27 aa
Eichmann et al. [49] | Strep|5trep|5trep| smt3 | SH3-T2 | SecM |
97 aa 58 aa 27 aa
|Strep|Strep|Strep| Smt3 | SH3-T1 | SecM |
97 aa 41 aa 27 aa

Cabrita et al. [27] lox His ddFLN5 | multiple ddFLNG linker | SecM |
105 aa 0-90 aa 21aa
Dsb
Lange et al. [144] Strep |Strep|Strep SUMO sesdﬁgaceSecM
143 aa 20aa 17 aa

1.5 Model protein yB crystallin (GBC)

The vertebrate eye lens fiber cells consist of three major protein components:

o-, - and y- crystallins. o-crystallins can act as both a molecular chaperone and

as a structural protein like the 3- and y-crystallins [20]. Those lenticular proteins

cannot be replaced; thus they have to remain in their native conformation for

the whole lifetime. Therefore, crystallins need to be thermodynamically stable

and efficiently captured and refolded by protein chaperons [20]. To ensure the

transparency of the eye lens, the crystallins are soluble at high cellular concentra-

tions. yB crystallins are present at concentrations up to 860 mg/ml within bovine

eye lenses to ensure an refractive index of 1.49 [240]. Unfortunately, oxidation,
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deamination or cleavage of the lens proteins can lead to protein aggregation or
non-native protein-protein interactions which results in clouding of the lens and
cataract. About 20 million people in 2010 are suffering from cataract, which
makes this lens altering process responsible for 51% of world blindness (WHO
2019). vy-crystallins are the main component of the core region of the eye lens
with yB crystallin (GBC), also known as y-II crystallin from calf eyes being
very well studied. In contrast to (B-crystallins, which are structural similar to
y-crystalins, GBC is a monomeric protein (174 amino acids, 21 kDa), consisting
of two homolog domains. Each domain consists of two intercalating Greek-key
motifs forming a sandwich of four antiparallel B-sheets [268]. The domains are
connected via a six-residue linker [268] and are further stabilized by hydropho-
bic interaction including the residues Met43, Phe56, 1le81, Vall32, Leul45 and
Vall70 [240]. The C-terminal residues Phel73 and Tyr174 are crucial in prevent-
ing intermolecular dimerization [190]. Figure 1.9 shows the X-ray structure at
1.47 A of bovine GBC, the hydrophobic core between the two domains and the

C-terminal aromatic extension are also depicted.

Figure 1.9: Hydrophobic core of yB crystallin. 1.47 A X-ray structure of bovine
yB crystallin showing the hydrophobic core residues relevant for inter-
domain interaction. N-terminal residues are shown in light blue, C-terminal
residues in darkblue. Aromatic C-terminal residues are highlighted in pink
(PDB: 4GCR) (visualized using UCSF Chimera [204]).

The NTD is not only more stable than the CTD, it also contains six out of seven
cysteine residues. Usually a mammalian intracellular protein of 175 amino acids

would contain around three cysteine residues [55]. The cysteines in GBC are
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namely cysteine 15, 18, 22, 32, 41, 78 in the NTD and cysteine 109 in the CTD
and are shown in Figure 1.10. Although six out of seven cysteine residues are
located in the NTD, the overall sulfur contribution with five methionine in the
CTD and only two in the NTD is nearly evenly distributed between the two
domains [268]. All cysteines except of cysteine 32 are located in a B-strand or are

part of a [3-bridge.

Figure 1.10: 1.47 A X-ray structure of bovine yB crystallin. Cysteine residues
are highlighted in yellow with Cys22 (C22) exhibiting two different con-
formations (visualized using UCSF Chimera [204].)

Table 1.3 shows the solvent accessibility of the cysteine residues, calculated from

crystallographic data [159]. Cys15 exhibits the highest solvent accessibility, while

Cys22 and Cys41 are partly exposed and Cys32 and Cys78 are completely buried

inside the protein [159].

Table 1.3: Solvent accessibility of cysteine residues in GBC [159].

Cysteine residue  Cyslb Cysl8 Cys22 Cys32 Cysd4l Cys78 Cysl09

Solvent 65 2 19 0 12 0 )
accessibility (A?)

The sulfur-containing residues in GBC are located close to aromatic residues and
might undergo S-n interactions. Proteins with alternating aromatic and sulfur-
containing amino acids have been identified in several globular proteins [175].
Those S-n interaction may not only contribute to the overall protein stability
[175], but also protect the UV-sensitive aromatic residues from photo-oxidation
[268]. Since GBC absorbs strongly in the UV region of the radiation spectrum, it
has been considered that it could function as a filter for the retina [241]. Cys22 is
unique to yB crystallins and was able to form a disulfide bridge to Cys18, visible
in two X-ray structures [268, 178]. However, the occurrence of this disulfide bridge
is still under debate. While Wistow et al. [268] argued that the disulfide bridge
might be an effect of the relatively aged crystals, Najmudin et al. [178] interpreted
that during storage or data collection the high energy disulfide bridge is formed

due to rotation of the Cys22 side chain. McDermott and co-workers, were also
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able to detect an intramolecular disulfide bridge of GBC using protein isolated
from calf lens by reaction with 5,5’-dithiobis-2-nitrobenzoic acid (DTNB). This
disulfide bridge is also resistant to reduction with 10 mM 2-mercaptoethanol at
20°C and pH 7.4 [169]. At pH 8.2 the protein was only completely reduced with
2 mM DTT after 4-5 h [169]. Additionally, Pande et al. [196] observed a disulfide
bond using Raman spectroscopy, which disappeared after treatment with 2 mM
DTT. They argued that the most likely candidates for this disulfide bond are
the Cys18/Cys22 or Cys22/Cys78 pairs. The disulfide bridge between Cys18 and
Cys22 has already been observed via X-ray crystallography [268, 178]. But with
an torsion angle (y3) of 94.5° between Cys22 and Cys78 a disulfide linkage, which
usually adopts £90° seems also likely [196]. Also mixed disulfide bridges with
2-mercaptoethanol and oxidized and reduced glutathione can be formed [239].
Slingsby and Miller [239] identified that one to three glutathione can be bound to
GBC as a mixed disulfide. However, this study does not provide any information,
which cysteine residues are involved and only Cys32 and Cys78 can be excluded
due to their inaccessibility to bulky reagents [239]. Comparing these results to
the solvent accessibility of the cysteines in Table 1.3, it is most likely that Cys15,
Cys22 and Cys41 are involved in mixed disulfides. All in all, the behavior of
the cysteine residues within GBC are still not fully understood, but oxidation of
the cysteines is among other factors related to cataract [3]. However, since both
GBC domains fold independently, are rich in disulfide bridges and -sheets, GBC
is an appropriate protein to study co-translational $-strand formation as well as

co-translational oxidation.

1.6 Disulfide bond formation

A disulfide bridge or disulfide bond within a protein is a covalent linkage
between the sulfur atoms of thiol groups (-SH) of two cysteine residues. This
cysteine dimer is also named as cystine. The disulfide bond is formed via oxida-

tion of the two thiol groups. As shown in equation 1.

Rl—SH+R2—SH<—>R1—S—S—R2+2H++267 (1)

Around 40% of the human protein-encoding genes are predicted to contain
either a signal sequence or transmembrane segment and may thus be modified
by disulfide bonds [57]. Disulfide bridges are not correlated to a certain size or
function of a protein, although it has been shown that small proteins (< 50 aa)
contain a larger number of cystines, probably to compensate the low number of
hydrophobic contacts [203]. The prevailing opinion of disulfide bond formation
is that they have been introduced during evolution in order to increase thermal
stability to function also in an extracellular environment [203]. An argument

for this theory is that usually cytosolic proteins do not contain disulfide bridges,
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however certain thermophilic organisms exhibit paired cytosolic cysteine residues
[252, 12, 118]. The disulfide bonds in the bovine pancreatic trypsin inhibitor
(BPTI) led to an increased stability of 2.5-5.1 kcal/mol for each cosslink [251].
Additionally, an introduced disulfide bridge in the T4 lysozyme enhanced the
stability by increasing the Ty, by up to 23.4°C [165]. The increased stability is
associated with the loss of conformational space and thus decrease the entropy of
the unfolded state [45]. The change in entropy upon introduction of a disulfide
bond can be described by equation 2.

AS = —2.1- g ‘R-In(n) 2)

with R as the universal gas constant (R=8.314 JK'mol!) and n the number of
residues between the crosslink. Using equation 2 and 3 the change of the Gibbs
free energy AG upon addition of a disulfide bridge can be determined. If the
effect of the disulfide bonds is only entropic, AAH would become zero and AAG
could be correlated directly to TAAS. But, this assumption neglects the influence
of hydrophobic effects, the effect of the enthalpy on disulfide bridges as well as
the influence on the folding pathway [200]. Therefore, the effect of disulfide bonds
on proteins is more complicated to predict, especially if proteins do not obtain a

two-state model but unfold with different intermediate states [45].
AAG = A(AH —TAS) (3)

The number of possible disulfide bridges (DSBs) within a protein can be deter-

mined by equation 4.
n!

DSB=-—"_ (4)
L. on/2

With n being the number of cysteine residues within the protein. This means
that a protein with six cysteine residues, as in the NTD of GBC, could obtain 15
different disulfide bridges and lysozyme with eight cysteine residues would obtain
already 105 different disulfide bonds. However, it seems unlikely that all different
conformations are sampled by a protein and not all disulfide bridges contribute
to the stability of a protein. Especially if the disulfide bond is located within a
rigid region of the protein, it seems to lower the stability by decreasing the T\,
[164]. Dani et al. [42], analyzed the stability of 47 disulfide bonds introduced by
mutation within 24 proteins. 30 disulfides resulted in increased thermodynamic
stability, 3 showed no change and 14 mutations led to a decrease in stability.

Stabilizing disulfides showed the following features:

1. Location within regions of medium to high mobility
2. Location close to protein surface with depths of 3-5 A

3. > 25 residues located between the crosslink
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4. No steric overlap with surrounding atoms

Further, disulfide bonds exhibit a torsion angle y3, which is defined by the ro-
tation of the two Cf atoms about the Sy-Sy bond, of -87 and +97 degree as
shown by Craig and Dombkowski [36] analyzing 1505 native disulfide bonds in
331 non-homologous proteins. These values differ slightly from the often cited
£90°. The torsion angle 1, which is defined by the N-Ca-C3-Sy bond occupies
values at £60° and +180°, while 2 defined by the Ca-C(3-Sy- Sy peaks at +60°
[45]. In total the five torsion angles (Figure 1.11a) make up 20 possible cystine
configurations, which were identified in 6874 disulfide bonds of 2776 X-ray struc-
tures [226]. Those 20 configurations can be classified and grouped in hook, spiral
and staple (Figure 1.11b). Additionally, the sign of the central angle y3 describes
the disulfide bond as left-handed (LH) or right-handed (RH). An overview of the
classification of the 20 different configurations of disulfide bonds can be found
in Schmidt et al. [226]. Three configurations occur predominantly in allosteric
cystines, which are disulfide bonds that lead to conformational change when they
are formed or broken and thereby control the function of a protein [226]. The most
common configuration is the ~-RHstaple, followed by the -LHhook an -/+RHhook
[93].

a b
R o O

-LHspiral +/-RHhook -RHstaple

Figure 1.11: Classification of disulfide bonds depending on their dihedral bond
angle. a) Five torsion angles that describe the disulfide bond (x1, x2,
X3, x1’, x2°). b) The three basic disulfide groups: spiral, hook and staple
as determined by the torsion angles. The sign of the central torsion angle
X3 is used to distinguish between right-handed (RH) and left-handed (LH)
disulfide bond. PDB entry 1DL5 was used to generate Figure 1.11a, visu-
alized using USCF Chimera [204]. Figure 1.11b reprinted with permission
from Hogg [93]. © 2013, Springer Nature.

Additional to the specific dihedral angles, disulfide bonds exhibit specific bond
lengths between the two cysteines. Petersen et al. [203] identified that the most
frequent Ca-Co distance in left-handed disulfide bridges peaks at 5.8 A, while
right-handed disulfide bonds exhibit values of 5.4 A and 4.0 A. The CB-CB dis-
tances of 72 disulfide bonds within 22 proteins showed a range of 3.5-4.5 A [247].
According to the study from Petersen et al. [203] free cysteine residues seem to
prefer an o-helical structure, while disulfides seem to be located preferentially
in extended conformation of [-sheets. Further, they identified that free cys-
teine residues are close to histidine and methionine residues both sequential and

in space, while the charged residues lysine, glutamate and aspartate as well as
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the polar residue asparagine show a decreased occurrence close to free cysteines.
Cysteine residues which are part of a disulfide bond seem to be located close to
tryptophan and arginine residues. The location close to aromatic amino acids

can result in S-rt interactions as mentioned before.

1.6.1 Prevention of disulfide bond formation and cysteine modifica-

tions in prokaryotes

In prokaryotes disulfide bond formation usually occurs within the periplasm
of gram-negative bacteria. Although some proteins haboring disulfide bonds were
identified in the E. coli cytoplasm, they are rare and several pathways exist to
keep cytoplasmic proteins reduced. These pathways include glutathione (GSH),

glutaredoxin (Grx) and thioredoxin (Trx).

1.6.1.1 Glutathione (GSH)
Glutathione (GSH) is a tripeptide of glutamic acid, cysteine and glycine with

a y-peptide bond between the carboxy side chain group of glutamic acid and cys-
teine (Figure 1.12). This y-peptide bond protects the tripeptide from intracellu-
lar peptidases [243]. The molecular mass of GSH is 307 Da and at physicological
pH the carboxy groups are negatively charged, while the amino group is posi-
tively charged. Since GSH is less prone to oxidation than cysteine, it is an ideal
candidate to maintain the intracellular redox potential and the thiol group of
GSH provides a strong electron-donating character [40]. Through oxidation two
molecules of GSH form a disulfide bridge and the glutathione disulfide (GSSG) is

formed (Figure 1.12). The redox potential of a reaction can be calculated using
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Figure 1.12: Structure of glutathione. Structural formula of glutathione (GSH)
(left) and glutathione disulfide (GSSG) (right).

the Nernst equation (equation 5).

RT = aoy
In

E=FE"+
2eF ARed

()

With EY as the standard electron potential, R the universal gas constant
(R=8.314 JK'mol'!), T the temperature in Kelvin, F the Faraday constant (F=
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96485.33 Cmol™), 7, the number of electron transferred and a the chemical ac-
tivity. The lower the redox potential of an environment the more likely new syn-
thesized compounds get reduced. At room temperature and pH 7.0 the Nernst
equation for the GSH/GSSG redox couple can be written as followed (equation
6)[40]: ,
59.1. [GSH]

E=-240 — 5 log[GSS’G]
GSH is the most abundant low-molecular—-mass thiol with concentrations of 5
mM in the E. coli cytoplasm and the GSH/GSSG ratio can range from 50/1
to 200/1 [8, 41, 173]. This results in a redox potential of -240 mV in E. coli
assuming a GSH/GSSG ratio of 200 and a GSH concentration of 5 mM. The
GSH/GSSG ratio is usually closely regulated, but as can be seen from the Nernst

mV (6)

equation, changes of the GSH concentration can influence the redox potential
without changing the GSH/GSSG ratio [40]. A GSH concentration of 10 mM
or 1 mM within an E. coli cells results in a difference of 29 mV in the redox
potential without change of the GSH/GSSG ratio. GSH is found in prokary-
otic and eukaryotic cells, however gram-positive bacteria usually do not contain
GSH but generate other low-molecular weight-thiols such as mycothiol in Actin-
abacteria [54, 53, 243]. Glutathione is synthesized in the cell via two enzymes
the y-glutamyl-cysteine synthetase (y-GCS) and GSH-synthetase (GS). The first
one catalyzes bond formation between the y-carboxy group of glutamic acid and
cysteine, while the latter catalyzes bond formation between this dipeptide with
glycine [243]. The cellular functions of GSH include the reduction of reactive
oxygen species (ROS) by forming a thiyl radical (-S*), which is unstable under
physiological pH and subsequently forms the GSSG dimer [41]. GSSG reacts eas-
ily with free thiol groups and is therefore highly toxic to cells [243]. To prevent
high levels of GSSG in the cell, glutathione reductase (GOR) catalyzes the reduc-
tion of GSSG to GSH requiring NADPH. The three major forms of glutathione
within a cell are the reduced form GSH, the disulfide GSSG and mixed disul-
fide with protein (GSS-protein or PSSGs), although 99.5% of glutathione exists
in the reduced form and the mixed disulfide does not exceed 1% [54, 242, 243].
The mechanism which creates this reversible bond to protein cysteine residues
is called S-glutathionylation and results in S-glutathionylated proteins (PSSGs)
[41]. S-glutathionylation is considered to be a post-translational modification and
usually occurs in response to oxidative stress, although this modification has also
been observed under physiological conditions [32, 237, 41]. Protein thiols can
also be oxidized to sulphenic (RSOH), sulphinic (RSO2H) or sulphonic (RSO3H)
acid in the presence of ROS and an oxidative environment. Hence, in F. coli this
formation does not usually occur in the cytosplasm but in the periplasm [41].
While sulphenic acid can be reduced by GSH, the oxidation to sulphenic and
sulphonic acids remains irreversible [41]. Next to these modifications, protein

thiols can also form intra- or inter-disulfide bridges. Figure 1.13 shows possible
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mechanisms of protein S-glutathionylation and deglutathionylation within the
cell. Glutathionylation occurs especially at cysteine residues with high accessi-
bility and a low pK,. Several parameter influencing the S-glutathionylation and

S-nitrosylation site are shown in Figure 1.14a.
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Figure 1.13: S-glutathioylation, S-nitrosylation and deglutathionylation
mechanisms.a) S-glutathionylation via GSSG increase in the GSS-
G/GSH ratio. Reactive oxygen species (ROS) catalyze generation of
thiyl radicals (b), sulphenic acid (c), protein dimerization (d) or intra-
disulfide bond formation (e), which then become glutathionylated by GSH
in the absence of GSSG. The glutathionylation via GS* is catalyzed by
glutaredozin (GRX) (f), which usually acts as a reductant (g). Reactive
nitrogen species (RNS) react with cystein residue to form a S-nitrosylated
protein (h). Further reaction with GSH results in a S-glutathionylated
protein. Figure modified after Dalle-Donne et al. [/1].

1.6.1.2 S-nitrosylation/S-nitrosation

Aside from S-glutathionylation as post-translational modification, S-nitrosation
or S-nitrosylation of several proteins (protein-SNO) has also been recorded [163,

87, 82, 88, 125]. A good overview of the S-nitrosylation sites of different pro-
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teins as well as the effect of this modificactions is given in the review by Hess
et al. [88]. S-nitrosylation might not only occur as cellular response to nitrosative
stress, but might also be implicated in the regulation of numerous signaling path-
ways [41, 88].

The terms S-nitrosylation or S-nitrosation are often used synonymously, although
the latter is the proper term for the formation of a nitroso-group (R-NO) by a
one-eletron oxidation from a NO* radical [244]. But also other reactive nitrogen
species (RNS), like N3Oz or TNO are involved in the formation of protein-SNO
[2] (Figure 1.14b). For the reaction of a NO* radical with a thiol an electron sink
(for example oxygen or transition metals) is required [244]. NO* itself can be
produced by nitric oxidase synthases (NOS) and is involved in many physiological
processes as a signaling molecule [2]. Under aerobic conditions NO* can react
to N9Og3, which reacts with water to NOs™ and with a thiolate to S-nitrosothiol
[244]. Thiol radicals can directly react with the NO* to form the protein-SNO.
The measured rate constants for the reaction of NO*® with thiyl radicals of cys-
teine and glutathione are in the range of (2-3) x 10° M-'s’!, and hence only a
factor of 2-3 times lower than the diffusion-controlled limit of water [157]. The
reaction of NO*® with thiols to form nitrosating thiols is impossible in the ab-
sence of oxygen and relatively slow under physiological conditions, resulting in
a very unlikely biosynthetic pathway [78]. The direct S-nitrosylation of GSH to
form GSNO with N2Og is two orders of magnitude slower and in the range of
6.6 x 10" Ms™t [244, 78]. Another mechanism for the formation of protein-SNO
involves binding of NO* to ferric heme. The Fe3t-NO, exhibits a significant
Fe?t-NO™ character, the loss of NO™ results in the formation of nitrosothiol
and heme reduction [244, 2]. Also possible is the transnitrosation of proteins via
GSNO, which was monitored using HPLC by Hogg [92].

The reactivity of the cysteine residues depends on its pK, value. Cysteines with
a low pK, and an exposed environment are more likely to become nitrosylated
than cysteine residues within the inner core of a protein and a high pK, value.
If cysteine residues are adjacent to basic amino acids (His, Lys, Arg) or charged
residues as (Ser, His), this could be a possible site for S-nitrosylation [41]. Pa-
rameter influencing the reactivity of Cys for S-glutathionylation (Figure 1.14a)
are also valid for S-nitrosation.

While the protein-SNO can also react with glutathione forming S-glutathionylated
protein (Figure 1.13), denitrosylation can be carried out by the oxidoreductase
thioredoxin [88].

1.6.1.8 Thioredozin (Trz)

Another mechanism to prevent unwanted disulfide bond formation within the
cytoplasm is the thioredoxin/thioredoxin-reductase system. Thioredoxins (Trx)
are small proteins of around 10-12 kDa and present in all kingdoms of life [16].

Two different Trx are present within E. coli, yeast and mammalian cells [98].
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Figure 1.14: Important parameters for S-glutathionylation and S-
nitrosylation mechanism. a) Parameters influencing the reactivity of
cysteine residues and hence the specificity of protein S-glutathionylation,
but also S-nitrosylation. b) Mechanism of S-nitrosothiol formation in
proteins. Figure 1.14a reprinted with permission from Dalle-Donne et al.
[41]. © 2008 Elsevier Ltd. All rights reserved. Figure 1.14b reprinted
with permission from Alcock et al. [2]. Published by The Royal Society of
Chemistry.

E. coli Trx1 (encoded by trzA) is 12 kDa in size and was first discovered as an
electron donor for ribonucleotide reductase (RNR) in 1964 [146]. The mammalian
Trx1 is localized in the nucleus/cytosol, Trx2 (encoded by trzC) is 15.5 kDa in
size and localized within mitochondria [246, 16]. Intracellular concentrations of
Trx vary between 1-10 pM in bovine tissue and 15 pM in bacteria [99, 222]. Com-
pared to GSH the Trx concentration is therefore 100-1000 fold lower. Trx have
a characteristic tertiary structure, the so-called Trx fold motif, which consists
of four-stranded B-sheets surrounded by three o-helices with the basic BofBa3pBa-
topology found in glutaredoxins [100, 97]. An additional feature of this Trx motif
is a cis-proline located before the third -sheet and the Cys-X-X-Cys active site,
which is located on the loop between 3-sheet one and o-helix one [100]. Depending
on the amino acids between these two cysteine residues, the redox potential can
differ dramatically. The strongest redox potential with AE’(=-270 mV in F. coli
is obtained by the cytosolic Trx with an Cys-Gly-Pro-Cys active site [139]. Re-
duction of a disulfide bond is generated by a ping-pong mechanism [96], where
the N-terminal cysteine (Cys32) in the active site possesses an unusual low pK,
value of 6.7 and the C-terminal cysteine (Cys35) a rather high pK, value of 9.0
[120]. The low pK, value of the N-terminal cysteine in the active site is related
to the proximity of the carboxygroup of Asp26 and the g-amino group of Lys57,
which keep the cysteine residue deprotonated at physiological conditions [47].

The mechanism of disulfide reduction is shown schematically in Figure 1.15a.
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After reduction of the protein, oxidized Trx is reduced by thioredoxin-reductase
(TrxR) using NADPH and FAD. Beside Trx and GSH, glutaredoxins are also

involved in the reduction of disulfide bridges.
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Figure 1.15: Schematic mechanism of the redox cycle of thioredoxins (Trzx)
and glutaredoxins (Grz). a) Trx reduces a disulfide bond within a
protein using both active site cysteine residues. A mized disulfide with
the target protein is formed as intermediate. The oxidized Trx is reduced
by thioredozin-reductase (TrzR). b) Grz reduces a disulfide bond within
a protein forming an mized disulfide. Oxidized Grz is reduced by GSH
leading to a mized disulfide, which is further reduced by another GSH. Grx
can also reduce S-glutathionylated proteins. Figure modified after Berndt
and Holmgren [15].

D

1.6.1.4 Glutaredoxin (Grz)

Glutaredoxins (Grxs) exists in all organisms containing GSH, as GSH is used
as electron donor. Hence Grxs are not found in gram-positive bacteria. Grxs
also belong to the thioredoxin family and exhibit the basic Trx motif of BoBofBa-
structural element [100, 97]. Two different Grxs are distinguished, the dithiol
Grxs with Cys-Pro-Tyr-Cys and the monothiol Grxs with Cys-Gly-Phe-Ser in the
active site [15]. Grxs are general thiol-disulfide oxidoreductases and reduce pro-
tein disulfide bridges but also protein-GSH mixed disulfides [15]. E. coli contains
three dithiol Grxs 1-3 [95, 7, 15], while mammalian cells contain the two dithiol
proteins (Grx1 and Grx2) [98], and one monothiol Grx (Grx5) [267]. While Grx1
is localized within the cytosol of mammalian cells, Grx2 is found in the nucleus
and mitochondria [98]. Monothiol Grxs, reduce GSH-mixed disulfide proteins
only with the N-terminal cysteine residues in the active site, whereas dithiol Grxs
use both active site cysteine residues for the reduction of disulfide bonds [219].
The size of the Grxs varies between 9-13 kDa for Grx1, Grx3 and Grx4 and Grx2
is a larger protein with 24 kDa [15]. Grx2 exhibits an overall GSH-S-transferase
structure and only the N-terminal part forms the classical Trx-fold glutaredoxin
domain [273]. Grx4 is the only essential member of the Trx family proteins in E.
coli [59, 15]. The standard state redox potential for Grx1 and Grx3 from E. coli,
both containing Cys-Pro-Tyr-Cys in the active site were determined to be E®’'=
-233 mV and -198 mV, respectively [6]. The redox potential of human Grx were
also determined to lie in this range, with -232 mV and -221 mV for hGrx1 and
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hGrx2, with Cys-Pro-Tyr-Cys and Cys-Ser-Tyr-Cys in the active site [219]. A
schematic mechanism for the reduction of glutathionylated-protein and a protein
containing a disulfide bridge is shown in Figure 1.15b. Since GSH, Trx, and Grxs
keep the cytosol a reductive environment due to their high redox potential, the

periplasm is a more oxidizing environment favoring disulfide bridge formation.

1.6.2 Disulfide bond formation in prokaryotes

In prokaryotes, disulfide bond formation usually occurs within the periplasm
of gram-negative bacteria, due to the reductive environment of the cytoplasm.
Disulfide bond formation is catalyzed and corrected by proteins named Dsbs (Dsb
for disulfide bond) (Figure 1.16). One of the probably best studied DSB-forming
systems is the DsbAB system of E. coli. DsbA is a 21 kDa monomeric protein
and contains the classical Trx-fold including the CXXC motif [195]. The cysteine
residues within the CXXC motif are in a disulfide form. DsbA catalyzed the
disulfide bond of a protein substrate by a thiol-exchange reaction [119] and is one
of the strongest thiol oxidants with a redox potential of -119 mV arising from the
unusual low pK, of 3.5 for Cys30 [173, 183].

The reduced DsbA is then re-oxidized to its active disulfide state by the inner-
membrane protein DsbB. DsbB, a 20 kDa protein, passes then the electrons it
gained from DsbA to ubiquinone and subsequently to molecular oxygen via the
electron transport chain under aerobic conditions. Under anaerobic conditions,
the electrons are passed to menaquinone and then to fumarate or nitrate reductase
[9, 250]. DsbB does not obtain a Trx-fold, but six cysteines of which four are
essential for the reoxidation of DsbA and two are also located within a CXXC
motif [143, 11, 112]. Since DsbA is a very powerful, but not specific oxidant and
will catalyze even the formation of non-native disulfide bonds. Those proteins
are isomerized back to their native state by the DsbCD system. DsbC, a 23 kDa
homodimeric-protein, consists of two domains, a C-terminal thioredoxin with a
CXXC motif and a N-terminal dimerization domain [168]. In contrast to DsbA,
DsbC is kept in the reduced state within the periplasm, but possesses a similar
redox potential of -130 mV [173]. The reduced form of DsbC interacts with the
misfolded protein via a thiol-disulfide exchange. If the disulfide bond within the
substrate protein is only reshuffled, DsbC remains in its active reduced state. In
case, the disulfide bond within the substrate needs to be reduced, DsbC remains
oxidized until its reduction by DsbD.

Additionally to DsbC a second protein disulfide isomerase, DsbG, is also present
in the periplasm, although with a four-fold less abundance [173]. DsbG shares a
24% amino acid identity to DsbC and a similar redox potential between -127 and
-129 mV [173]. DsbD, an inner-membrane protein, reduces both isomerases by
direct thiol-disulfide exchange. The electrons for this reaction are received from

cytoplasmic Trx.
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Figure 1.16: Disulfide bond forming system in the E. coli periplasm. a) Oz-
idation of a target protein by DsbA via thiol-disulfide exchange. DsbB is
reoxidized by DsbB that transfers the electrons to ubiquinone under aerobic
and to manaquinone under anerobic conditions. b) Non-native disulfide
bonds can be reshuffled by DsbC via thiol-disulfide exchange, remaining the
DsbC in a reduced form. ¢) Reduction of non-native disulfide bonds can
be reduced by DsbC. The oxidized DsbC' is re-reduced by DsbD provided by
electrons from thioredozin (TrzA). Figure reprinted with permission from
Silvers, R., Schlepckow, K., Wirmer-Bartoschek, J. & Schwalbe, H. [238].
© 2011, Springer Science Business Media, LLC.

1.6.3 Disulfide bond formation in eukaryotes

For the sake of completeness, the disulfide bond formation within eukary-
otes should be mentioned here, briefly. In eukaryotes the oxidative folding takes
part in the lumen of the endoplasmic reticulum (ER) with a redox potential of -
180 mV [272]. The oxidative folding pathway of S. cerevisiae requires the two pro-
teins: Erolp (ER oxidoreduction 1 protein) and PDI (protein disulfide isomerase).
Erolp is a 65 kDa, flavine adenine dinucleotide (FAD)-containing, glycosylated
luminal ER protein, which is tightly associated with the ER membrane and func-
tions as a oxidase similar to the bacterial DsbB protein [64, 205, 272, 233]. Erolp
transfers oxidizing equivalents directly to PDI, which then oxidizes substrate
proteins [65, 254, 233]. Both reactions occur via direct thiol-disulfide exchange
reactions [65]. Erolp contains four essential cysteine residues, which form two
active site cysteine pairs: Cys100-Cys105 and Cys352-Cys355 [66].

PDI, a 57 kDa protein is essential for S. cerevisiae viability [272] and contains
two thioredoxin domains with two active sites consisting of a CXXC motif. The
redox potential of those two sites are -188 mV and — 152 mV [158]. Beside the

oxidase function, PDI is also involved in reshuffling of disulfide bonds of misfolded
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proteins. A second pathway, including a small ER oxidase (Erv2) has been iden-
tified in yeast. Erv2, a 22 kDa membrane-associated ER protein binds FAD.
Using molecular oxygen as electron acceptor, Erv2 can catalyze the formation of
disulfide bonds as for example in PDI via the FAD cofactor [232, 233]. Figure
1.17 shows an overview of the redox potentials of the major cellular proteins,

low-molecular weight thiols (DTT, GSH), the cofactor ubiginone and molecular

oxygen.
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Figure 1.17: Redox pontential of major cellular redox components. Redox pon-
tential of magjor cellular redox proteins, low-molecular weight thiols (DTT,
GSH), the cofactor ubiquinone and the Og-Hz0z and Og-HpO redox pair
with +300 and +800 mV, respectively. Figure modified after Sevier and
Kaiser [233].

1.6.4 Disulfide bond formation and protein folding

Two models describing the relationship between protein folding and disulfide

bond formation exist [265]:

(I) the folded precursors mechanism in which cysteine residues are brought in

proximity after a structure is formed

(IT) the quasi-stochastic model in which cysteine residues pair in an unfolded

precursor and influence further protein folding

While Welker et al. [265] argued that the quasi-stochastic mechanism might be
generally favored over the folded-precursor mechanism, especially for folding-
coupled reshuffling steps as in RNase A, Qin et al. [206] showed with coarse-
grained molecular simulations that the bovine pancreatic trypsin inhibitor (BPTT)
follows the folded-precursor mechanism. BPTI is basically the model protein in
the field of oxidative folding. Experiments by Creighton [37] at a pH of 8.7,
thus around the pKa of the cysteine side chain, observed intermediates with non-
native disulfide species. At a almost neutral pH of 7.3, which is below the pKa
of cysteine residues only native disulfide bonds accumulated during the folding
process [264]. These experiments, however, were not able to solve the question if
disulfide bond guides protein folding or not.

Jansens et al. [113] showed with pulse-chase experiments that presumably non-

native inter-domain disulfide bonds are prominent in folding intermediates of the
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low-density lipoprotein receptor (LDL-R), which are re-arranged into the native
intra-domain disulfides. This observation is also in favor of the quasi-stochastic
model. In addition, Land et al. [142] also observed early disulfide bond formation
in glycoprotein gp120 and gpl160, which are then isomerized into the native con-
formation and only after disulfide bond formation in gpl120 the cleavage of the
leader peptide occurred.

In contrast to LDL-R and the glycoproteins, the 27th Ig domain from human car-
diac titin does also contain a non-native inter-domain disulfide at an early stage
in the protein folding pathway, however this disulfide bond is not re-arranged to a
native one and can trigger misfolding [136]. Further, PDI catalyzed the disulfide
bond formation of Ig at a late stage of protein folding, since the mixed-disulfide
bond to PDI remained until Ig had attained its near-native state [136]. These
observations led to the assumption that protein folding drives the disulfide bond
formation in Ig.

While the measurements on Ig were performed by atomic force microscopy on
a full-length protein in vitro, Robinson et al. [212] used an eukaryotic in wvitro
translation system and stalled the B2-microglobulin (32M) with different linker-
lengths on the ribosome. [B2M obtains a disulfide bonds only after the entire
sequence of the protein domain was translocated into the ER. This result is in
favor of the folded-precursor model. However, the cysteine residues involved in
disulfide bond formation within 32M are Cys45 and Cys100 and thus 55 amino
acids apart from each other. In a recent study Robinson et al. [211] investigated
three structurally diverse proteins 32M, prolactin and the disintegrin domain of
ADAM metallopeptidase domain 10 (ADAM10) using a similar approach. Their
results indicated that 32M and prolactin follow the folded-precursor mechanism.
In domains lacking secondary structure, however, disulfide bonds can be formed
also through non-native disulfide bond formation before protein folding occurs,
hence providing evidence for the quasi-stochastic model in the disintegrin domain.
With a lower cysteine content, the quasi-stochastic model was also retained. In
summary, depending on the protein, its secondary structure and the distance of
the cysteine residues within the primary sequence, either one of the model is
observed or even both models can show contributions at different stages of the
protein folding process [156].

Beside the relationship between protein folding and disulfide bond formation,
also the question arises at which state in protein synthesis, co-translationally or
post-translationally, disulfide bond formation takes place. The studies by Robin-
son et al. [212, 211] with arrested NCs, showed that co-translational disulfide
bond formation can occur. Further, Hoffmann et al. [90], who studied the in-
fluence of the TF on disulfide bond formation, were also able to detect disulfide
bonds within translation arrested constructs of -lactamase, barnase and ml0,
the folding-deficient point mutant of the small B-sheet Src-homology 3 (SH3) do-

main of a-spectrin. And also the studies by Bergman and Kuehl [13], Jansens
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et al. [113] and Peters and Davidson [202] were able to detect disulfide bond
formation within nascent protein chains. In addition, PDI was cross-linked to
NC of prolactin [127] and using a PDI-deficient in vitro translation/translocation
system showed that PDI is essential for co-translational disulfide bond formation
in y-gliadin [24]. These two experiments also favor co-translational disulfide bond

formation.

1.7 Motivation

Bubhr et al. [22] showed that codon usage had an influence on the co-translational
folding of GBC. The unmodified version with the gene sequence from B. taurus
was in the fully reduced state and translated with 1.8 aa/s, whereas the har-
monized version, which was optimized to the E. coli codon usage, was partly
oxidized and translated with 2.2 aa/s. Also the resistance to protease K differed,
with 86% protease K resistance for H and 65% for the U variant.

Since, both proteins were treated the same way, the differences might occur dur-
ing translation of the proteins inside the cell. Therefore, we wondered if possible
disulfide bond formation could happen at an early state of translation or even
inside the ribosomal exit tunnel (Figure 1.18). This early disulfide bond might
be protected in the fast-translated variant H and would be reduced by the E. coli

cytosol in the slow-translated variant U.
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Figure 1.18: Model for co-translational GBC oxidation. Hypothesis exlaining the
conformational differences in gene variants U and H of GBC. A disulfide
bond in the ribosomal exit tunnel or at an early state of translation is
formed in both gene variants. The disulfide bond is reduced by the E. coli
cytosol in the slow translated version U, whereas this bond is protected by
fast-forming NTD contacts or the CTD in the gene variant H.

To determine, if the NTD can fold indepedently and whether the CTD of GBC is
required for the observed oxidation in the NTD, the single NTD was studied using
solution-state NMR. To study the oxidation of GBC at an early state of transla-
tion or inside the ribosomal exit tunnel, translation-arrested GBC constructs were

designed. These constructs were studied by mass spectrometry, solid-state NMR
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enhanced by DNP and cryo-EM in respect to their oxidation state. The confor-

mations of the nascent polypeptide chain were simulated using flexible-meccano,

to invesitagte if the ribosomal tunnel provides enough space for disulfide bond
formation. In addition, the full-length GBC was oxidized with CuCls to investi-
gate which disulfide bonds could potentially form. All three topics with addressed

questions in this thesis are summarized in Figure 1.19.
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Figure 1.19: Different topics with questions addressed in this thesis. The NTD
of GBC (light blue) and the full-length GBC' (green) were studied by liquid-
state NMR. RNCs of GBC (dark yellow) were investigated by solid-state
NMR, cryo-EM and mass spectrometry.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals, enzymes and standards

Unless further clarified, all chemicals were obtained from Carl ROTH (Karl-
sruhe, Germany), Sigma-Aldrich (Steinheim, Germany) or Merck KGaA (Darm-
stadt, Germany). Enzymes and DNA ladders were purchased from New Eng-
land Biolabs GmbH (NEB) (Frankfurt, Germany). Low-molecular weight marker
was obtained from Roche (Basel, Switzerland) and the spectra multicolor broad

range protein ladder for western blots was bought from Thermo Fisher Scientific
(Waltham, USA).

2.1.2 FE. coli strains

Competent E. coli strains such as DH5a and BL21(DE3) were obtained from
NEB (Frankfurt, Germany). BL21(DE3)Atig::Kan cells were provided by Bernd
Buckau and JE28 cells by Suparna Sanyal.

2.1.3 Other materials

Gene sequences and primer were obtained by Eurofins Genomics GmbH (Ebers-
berg, Germany) or GenScript (New Jersey, USA). DNA sequencing was per-
formed by Eurofins Genomics GmbH (Ebersberg, Germany). Protein purifi-
cation was carried out on a Aktapurifier, Aktabasic or Atkapure system from
GE Healthcare (Chicago, USA). Consumable material was provided by Sarst-
edt (Nirnbrecht, Germany) and neoLab® Migge GmbH (Heidelberg, Germany).
DNA purification kits were obtained from Qiagen (Hilden, Germany).

2.2 Molecular Cloning

2.2.1 Cloning of the N—terminal domain of GBC

The DNA sequences of the full-length harmonized (H) and unmodified (U)
GBC containing a C-terminal 6x histidine tag on the expression vector pET15b
were provided by Dr. Florian Buhr. The sequences for both full-length constructs
are listed in the appendix. The NTD constructs were designed with Pro83 as last
amino acid performing two consecutive PCRs. Table 2.1 displays the DNA se-
quence and melting points of the forward (.fwd) and two reverse (.rev) primers
used to design the NTD constructs. All primers were ordered at Eurofins (Ebers-
berg, Germany). The PCR was performed using the forward primers and the first
set of reverse primers in Table 2.1 under the conditions shown in Table 2.2. The

total volume of the reaction was 50 pl. The obtained PCR products were loaded
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on a 2% (w/v) preparative agarose gel in TAE buffer (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA). After agarose gel electrophoresis (section 2.2.7.) PCR prod-
ucts of the corresponding size were cut out of the gel and extracted using the
Qiagen gel extraction kit (Hilden, Germany). DNA concentration after the ex-
traction was around 20-30 ng/ul. These DNA fragments were used as a template
for another PCR with the second set of reverse primers. After gel extraction
the purified PCR products were ligated into the linearized and dephosporylated
expression vector pET15b.

Table 2.1: Primers used to design the NTD of GBC. Name, DNA sequence and

melting temperature (Thrr) of primers used for the production of N-terminal
domain of GBC.

Primer name DNA Sequence 5’ —3’ Melting
point (T
in °C)
WT.fwd TATACCATGGGGAAGATCACT 57.5
H.fwd_ corr TATACCATGGGAAAAATCACTTT 55.5
WT83-1.rev ATGATGCGGGATGAGGCGG 61.6
WT83-2.rev GATCCTCGAGTCAATGATGA 79.0
TGATGATGATGCGGGATGAGG

H83-1.rev ATGATGTGGGATTAAGCGACAGC 62.9
H83-2.rev GATCCTCGAGTCAATGATGATGAT 79.9

GATGATGGTGGGATTAAGCGG

Table 2.2: Thermocycling conditions for routine PCR with Phusion. Tem-
perature (°C), time (s) and repetition of each PCR step.

Step Temperature (°C) Time (s) Repetitons
Initial 98 30 1x
Denaturation
Denaturation 98 10 30x
Annealing 55 30 30x
Elongation 72 1min per kb 30x
Final Elongation 72 omin 1x
Pause 4 o0

2.2.2 Restriction enzyme digestion and dephosphorylation

The pET15b expression vector and inserts obtained by PCR were digested us-
ing the restriction enzymes Ncol-HF and Xhol from NEB (Frankfurt, Germany).
The recognition sequences of these enzymes are shown in Table 2.3. For the diges-
tion 0.7-1.5 pg of the insert was incubated for 3-4 hrs at 37°C using 20,000 U/ml
Ncol-HF and Xhol in Cut Smart buffer from NEB (Frankfurt, Germany). To
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prevent ligation of the empty vector, dephosphorylation of the plasmid was per-
formed using CIP purchased from NEB (Frankfurt, Germany). To 1 pmol of
DNA, the corresponding volume of 10x CutSmart buffer and 1 unit of CIP were
added and the volume was adjusted with HoO. The reaction was incubated at
37°C for 1 h and afterwards purified using the QIAquick PCR purification kit by
Qiagen (Hilden, Germany).

Table 2.3: Recognition sequence of Ncol-HF and Xhol.

Restriction enzyme Recognition sequence
Ncol-HF C-CATGG
Xhol C-TCGAG

2.2.3 Ligation

Ligation was performed according to the NEB Ligation protocol with T4 DNA
Ligase. 50 ng of vector were combined with a 3-fold molar excess of insert and
adjusted to 10 pl with HoO, when 2x Quick Ligation buffer was used, or to 18 nl,
when 10x T4 DNA Ligase buffer was used. 10 pl of 2x Quick Liagtion buffer or
2 nl of 10x ligation buffer were added and the reaction was mixed. 1 ul of Quick
T4 DNA Ligase or T4 DNA Ligase (400,000 U/ml) was added and the reaction
was incubated at RT for 5 min or 10 min, respectively. If the T4 DNA Ligase
was used, the reaction was stopped by heat inactivation at 65°C for 10 min. 5 pl

of the liagation mix were used for transformation.

2.2.4 Site directed mutagenesis

To create different mutants, like exchange of cysteine to alanine, site-directed
mutagenesis was carried out using the QuikChange II or QuikChange Lightning
Site-Directed-Mutagenesis Kit from Agilent Technologies (Santa Clara, USA).
Primers used for the mutagenesis reactions are shown in Table 2.4. The primers
were designed using the web-based QuikChange Primer Design tool from Agilent
Technologies (Santa Clara, USA). Volumes and concentrations used for the mu-
tagenesis reactions using the lightning kit are shown in Table 2.5. PCR reaction
was carried out using the heating program shown in Table 2.6. If the QuikChange
IT kit was used, the quicksolution was omitted and the condition shown in Table

2.6 in brackets were used.

2.2.5 Transformation and preparation of overnight cultures

50 pl of chemical competent cells, (DH50, BL21De3 or BL21(De3)Atig::Kan)
were thawn on ice for 10 min. 2 pl (100-150 ng) of plasmid or 5 pl of ligation
reaction were added and mixed by pippeting up and down. The cells were kept
on ice for futher 30 min, and afterwards heat shocked for 30-45 s at 42°C in

a water bath (GFL, Burgwedel, Germany). Cells were placed on ice for 2 min
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Table 2.4: Primers for site-directed mutagenesis. Name, DNA sequence and
melting point (Ty) of primers used for site-directed mutagenesis.

Primer name DNA Sequence 5'—3’ Melting
point (T
in °C)

W32SecM GGG CTT CCA GGG CCA CGC TTA 82.5
C15A.fwd CGA GTG CAG CAG TG
W32SecM CAC TGC TGC ACT CGT AAG CGT 82.5
C15A. rev GGC CCT GGA AGC CC
W32SecM CCC TAT TTC AGC CGC GCT TTC 80.3
C33A.fwd AGC ACG CCC GTC
W32SecM GAC GGG CGT GCT GAA AGC GCG 80.3
C33A.rev GCT GAA ATA GGG
W32SecM GAG TGC AGC AGT GAC GCT CcCC 81.5
C22A .fwd AAC CTG CAG CCC
W32SecM GGG CTG CAG GTT GGG AGC GTC 81.5
C22A.rev ACT GCT GCA CTC

Table 2.5: Reaction mixture for site-directed mutagenesis. Compounds, volume
and concentration of solutions used for site-directed mutagenesis PCR.

Compound Volume (pl) final concentration or
amount
Forward primer 1.25 0.625 pM
Reverse primer 1.25 0.625 pM
dNTPs 1
Quicksolution 0.6
10x buffer 2 1x
DNA Template 2 20 ng
H>O 11.5
Lightning enzyme 0.4

and 450 pl of SOC medium from NEB (Frankfurt, Germany) were added. Cells
were incubated at 37°C for 1 h under continous shaking 160 rpm (Infors HT,
Bottmingen, Switzerland) or at 600 rpm using a thermostat (HLC, BioTech,
Germany). If a ligation reaction or a site directed mutagenesis reaction was
transformed, cells were centrifuged at 5,000 x g at 4°C for 3 mins. 400 pl of
supernatant were discarded and the remaining 100 pl were used to resuspend the
cells. The cells were then placed on agar plates containing 100 pg/ml ampicilin
or 100 pg/ml ampicilin and 30 pg/ml for BL21(De3)Atig::Kan cells. If plasmid
was transformed directly, the centrifugation step was left out and 50-100 nl of
the cells were plated directly on the corresponding agar plates. The cells were

incubated at 37°C overnight in an incubator (Binder, Tuttlingen, Germany).
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Table 2.6: Thermocycling conditions for site-directed mutagenesis. Thermo-
cycling conditions using the QuikChange II or QuikChange Lightning Site-
Directed-Mutagenesis Kit by Agilent. Conditions for the QuikChange kit are
shown in brackets.

Step Temperature (°C) Time (s) Repetitons
Initial 95 120 (30) 1x
Denaturation
Denaturation 95 20 (30) 18x
Annealing 60 (55) 10 (60) 18x
Elongation 68 60 per kb of 18x
plasmid length
Final Elongation n 1x
Pause 4 00

2.2.6 Analytical agarose gel electrophoresis

PCR products and plasmid DNA digested with restriction enzymes were loaded
on a 1-2% (w/v) agarose gel in TAE buffer. DNA samples were mixed with DNA
loading dye (6x) and loaded on the gel. Typically 500 ng DNA were loaded per
lane and the Quick-Load 2-log DNA Ladder (New England Biolabs, USA) was
used as size reference. Agarose gel electrophoreses was performed at 120 V for 30-
45 min. Afterwards the gel was incubated in GelRed staining solution (1:10,000)
(Biotium, USA) for 10 min at RT and visualized on the UV-transilluminator of a
Gel iX20 Imager (Intas Science Imaging, Germany) or o the Molecular Imager®
Geldoc™ XR+ system (Bio-Rad, Hercules, USA).

2.2.7 Preparative agarose gel electrophoresis

For the purification of DNA using preparative gel electrophoresis, a 1-2%
(w/v) agarose gel was prepared in TAE buffer and 1:10,000 GelRed (Biotium,
USA) was added to the gel solution. The DNA samples were mixed with DNA
loading dye (6x) and up to 30 pl/well were loaded on the gel. Agarose gel elec-
trophoreses was performed at 120 V for 30-45 min and bands were visualized with
the UV-transilluminator of a Gel iX20 Imager (Intas Science Imaging, Germany).
Bands of the corresponding size were cut out and purified using the QIAquick
Gel Extraction Kit (Hilden, Germany).

2.2.8 Minipreparation of plasmid DNA

For the isolation of plasmid DNA, a minipreparation was performed using
the Mini-Prep-Kit from Quiagen (Hilden, Germany). 5 ml LB medium with
100 pg/ml ampicilin or 100 pg/ml ampicilin and 30 pg/ml for BL21(DE3)Atig::Kan
cells were inoculated either with freshly plated cells or cryo-cultures and incu-
bated at 37°C at 160 rpm (Infors HT, Bottmingen, Switzerland). The plasmids
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were isolated and purified using the QIAquick Mini Prep Kit (Hilden, Germany).

Plasmids were sequenced by Eurofins Genomics GmbH (Ebersberg, Germany).

2.2.9 Generation of chemical competent cells

Chemically competent cells were produced as described by the Griffitts lab
(Brigham Young University). Briefly, a 5 ml overnight culture of BL21(DE3)Atig
::Kan cells in LB was incubated at 37°C and 160 rpm, as described above. 100 ml
of LB were inoculated with 1 ml of the saturated overnight culture and shaked
at 37°C and 160 rpm until an ODggg nm of 0.4 was reached. The cells were placed
on an ice for 5 min and kept cool from this point on. The cells were divided in
two tubes with approx. 40 ml and centrifuged at 7,600 x g for 10 min. The cell
pellets were resupended with 15 ml of cold Mgt /Ca?* solution (appendix) and
incubated for 30 min on ice. The cell solution was centrifuged at 7,600 x ¢ for
10 min and each cell pellet was resupended with 1.6 ml of cold 100 mM CaCl,
solution and afterwards incubated for 20 min on ice. Both tubes were combined
and 0.5 ml of cold 80% (v/v) glycerol were added to the cells and mixed. 100 pl

aliquots were taken, flash-frozen in liquid nitrogen and stored at -80°C.

2.3 Protein expression and purification of GBC

2.3.1 Expression and purification of full-length GBC and oxidation
of full-length GBC

Uniformly labeled GBC was expressed and purified as described previously
[22]. After backbone assignment experiments, the protein was diluted to 10 nM
and oxidized with 2 pM CuCl; under continuously stirring and air supply overnight.
The protein was loaded on a gelfiltration column (HiLoad 26&60 Superdex 75
prep grade) (GE Healthcare, Chicago, USA) in NMR buffer (50 mM Tris, 200 mM
NaCl, pH 8.0) and the monomeric protein was collected and concentrated to ap-

prox. 0.8 mM.

2.3.2 Expression of the unlabeled N—terminal domain of GBC

Freshly transformed E. coli cells (BL21(DE3)) with pET15b plasmid har-
boring either the U or H sequence of GBC were incubated overnight in 50 mL
LB medium containing 100 pg/ml ampicillin at 37°C and 160 rpm (Infors HT,
Bottmingen, Switzerland). The 2 L main culture, containing 100 pg/ml ampi-
cillin, was inoculated to a start ODggg nm of 0.1-0.2. Expression cultures were
incubated at 37°C and 130-140 rpm (Infors HT, Bottmingen, Switzerland). At
an ODgog nm of 0.7-0.8 the protein expression was induced by addition of 1mM
IPTG. The cells were harvested after 3 hrs of expression by centrifugation (5,000
x ¢, 15 min, 4°C). The pellets were flash frozen in liquid nitrogen and stored at
-80°C.
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2.3.3 Expression of 13C, N and '°N labeled N-terminal domain of
GBC

For the expression isotopically labeled GBC, a 50 mL overnight culture in LB
medium containing 100 pg/L ampicillin was pelleted by centrifugation (4,000 x g,
15 min, 4°C) and resuspended in a small volume of the final expression medium
to achieve a start ODggg nm of 0.1-0.2. For uniformly ®N-labeling the preculture
was either resuspended in 250 mL of a rich medium Celltone Complete (98%,
15N, Cambridge Isotope Labs (Tewksbury, USA)) or in 2 L. M9 minimal medium
containing 1 g/L NH4Cl. For additional '3C labeling, 2 g/L 3C-glucose was
added. The main culture in rich media was incubated at 37°C at 160 rpm and
the 2 L M9 minimal cultures were grown at 37°C at 130-140 rpm. At ODggonm
of around 0.8, expression was induced by addition of 1 mM IPTG. After 3 hrs
of expression (8 hrs in rich medium) the cells were harvested by centrifugation
(5,000 x g, 15 min, 4°C). The pellets were flash frozen in liquid nitrogen and
stored at -80°C.

2.3.4 Cell lysis

The cell pellets were resuspended in GBC lysis buffer (50 mM sodium phos-
phate, 500 mM NaCl, 20 mM imidazole, pH 8.0). One complete EDTA-free
protease inhibitor tablet (Roche, Basel, Switzerland) was added per 100 mL cell
lysate. The cells were disrupted using an M-110P microfluidizer (Microfluidics,
Westwood, USA) at 1000 Bar in approx. 6 cycles. Cell lysate was centrifuged
twice at 20,000 x g, 4°C for 20 min to remove insoluble cell components. The

supernatant was further purified by Ni-NTA affinity chromatography.

2.3.5 Purification of the N—terminal domain of GBC

All purification steps were carried out at 25°C. Cell lysate were loaded on a
5 mL HisTrap HP Ni-NTA column (GE Healthcare, Chicago, USA) equilibrated
with GBC lysis buffer (50 mM sodium phosphate, 500 mM NaCl, 20 mM im-
idazole, pH 8.0) with a flow-rate of 2 ml/min. The column was washed with
GBC lysate buffer until a baseline at 280 nm was reached. 6x His-tagged GBC
was eluted with GBC elution buffer (50 mM sodium phosphate, 500 mM NaCl,
250 mM imidazole, pH 8.0) at a flow-rate of 3 ml/min. Protein fractions were
analyzed by SDS-PAGE, the purest fractions were pooled and concentrated to
a volume of 10 mL using a Vivaspin 20 centrifugation concentrator (Sartorius,
Gottingen, Germany) with a MWCO of 3 kDa. The concentrated protein frac-
tions were loaded on a 320 ml gelfiltration column (HiLoad 26&60 Superdex 75
prep grade) (GE Healthcare, Chicago, USA) equilibrated with GBC NMR buffer
(50 mM Tris, 200 mM NaCl, pH 8.0). Protein fractions were analyzed by SDS-
PAGE and the purest fractions were pooled. The final sample was concentrated

using a Vivaspin 20 and Vivaspin 2 centrifugation concentrator with a molecular
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weight cut-off (MWCO) of 3 kDa to a final concentration between 0.5-1 mM.

2.4 Protein expression and purification of ribosomes and RNCs

2.4.1 Expression and purification of N uniformly labeled 70S ribo-

somes

E. coli (JE28) cells [48] were grown in M9 media containing >N NH,CI (1 g/L)
and 30 pg/ml Kanamycin at 37°C . At an ODgoo nm of around 0.8 the cells were
cooled on ice for 15 min and harvested by centrifugation (5,000 x g, 30 min, 4°C).
Cells were lyzed and purified by Ni-NTA affinity chromatography as previously
described [48]. Ribosome fractions were pooled and loaded on a 10%-40% (w/v)
sucrose gradient. The buffer was exchanged to JE28 buffer (20 mM Tris-HCI,
10 mM MgCls, 150 mM KCI, 30 mM NH4Cl, pH 7.6). The final sample was
concentrated to approx. 20pM and diluted to 111M for the DNP-enhanced solid-
state NMR experiments. 5N labeled ribosomes were used to optimize the glycerol

cushions required for the solid-state NMR experiments.

2.4.2 Expression of unlabeled RNCs

E. coli BL21(DE3)Atig::Kan cells were transformed with the protein encod-
ing plasmids (10x-GBC-SecM derivatives on pET15b). Cells were grown in LB
medium at 30°C at 130-140 rpm. At an ODggg nm of 1, expression was induced
by addition of 1 mM IPTG. After 1h of expression the cells were cooled on ice
for about 15 min and harvested by centrifugation (5,000 x g, 4°C, 20min). Cell

pellets were flash frozen in liquid nitrogen and stored at -80°C.

2.4.3 Expression of 3C, 1N uniformly labeled RNCs

The cells were transformed with the protein encoding plasmids (10x-GBC-
SecM derivatives on pET15b). RNCs were expressed in E. coli BL21(DE3)Atig:
Kan for selectively labeled RNCs or in BL21(DE3) cells for uniformly labeled
RNCs. For uniformly labeling the cells were grown in MDG medium (appendix)
at 30°C and 130-140 rpm according to Cabrita et al. [28] until ODgop nm of 5. The
cells were harvested by centrifugation (2,200 x g, 4°C, 20 min) and resuspended
in M9 media without nitrogen and carbon source. The ODggg nm Was monitored
and after 60 min SNH4C1 (1 g/L), 13C-glucose (2 g/L), 150 mg/L rifampicin and
1mM IPTG were added to the medium. After 1 h of expression the cells were
cooled on ice for about 15 min and harvested by centrifugation (5,000 x g, 4°C,

20 min). Cell pellets were flash frozen in liquid nitrogen and stored at -80°C.

2.4.4 Expression of 3C, 1N cysteine labeled RNCs

For selectively labeled RNCs, the cells were grown in LB medium at 30°C
according to Rutkowska et al. [217] to an ODgoo nm of 1. Cells were cooled
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on ice and harvested by centrifugation (2,700 x g, 4°C, 20 min). Afterwards
the cells were resuspended in M9 salts and centrifuged again. This washing
step was repeated once more. The cell pellet was resuspended in 1/4 of the
volume in M9 media supplemented with all amino acids and 3C, N cysteine
(20 mg/L) (appendix). The expression was induced with ImM IPTG and 150
mg/L rifampicin was added 8 min after induction with IPTG. After 1 h the cells
were cooled on ice and harvested by centrifugation (5000 x g, 30 min, 4°C). The

cell pellets were frozen in liquid nitrogen and stored at -80°C.

2.4.5 Purification of RNCs

RNCs were purified as described by Cassaignau et al. [30] with the excep-
tion of the sucrose cushion step. The cells were resupended in RNC lysis buffer
(50 mM HEPES, 500 mM KOAc, 12 mM MgOAc) supplemented with Dnase
I, lysozyme and protease inhibitor tablet (Roche, Basel, Switzerland). The cells
were disrupted using a M-100P microfluidizer (1000 bar, Microfluidics Westwood,
USA). The lysate was centrifuged twice (38,400 x g, 4°C, 30 min) and the super-
natant was loaded on a 5 ml HisTrap HP Ni-NTA column (Histrap, GE Healtcare,
Chicago, USA) equilibrated with RNC lysis buffer. The column was washed with
4% elution buffer (20mM Imidazole) and RNC were eluted in a linear gradient to
100% elution buffer (50 mM HEPES, 500 mM KOAc, 12 mM MgOAc, 500 mM
Imidazole). RNCs containing fractions were pooled and concentrated using a
100-kDa-~cutoff concentrator (Vivaspin, Sartorius, Gottingen, Germany) at 3,500
x ¢ at 4°C. Approximately 1.6 nmol was loaded on a 10%-40% (w/v) sucrose
gradient (35 ml, 25 x 89 mm tubes, SW28 Beckmann Coulter, Brea, USA). The
concentration was determined by measuring the absorbance at 260 nm, with one
optical unit corresponds to 24 pmol/ml 70S ribosomes [19]. The gradients were
spun at 23,000 rpm (Beckman Coulter, SW 32 Ti) at 4°C for 16 hrs. Afterwards
the gradients were fractionated in 1.13 ml fractions using a Piston Gradient Frac-
tionator (Biocomp Instruments, Fredericton, USA). The fractions were loaded on
a 15% SDS-PAGE gel or NuPAGE Bis-Tris 4%-12% gel with a neutral pH from
ThermoFischer Scientific (Waltham, USA), the purest fractions were pooled and
the buffer exchanged to Tico (10 mM HEPES, 30 mM NH,Cl, 10 mM MgCls,
1 mM EDTA, pH 7.5). The final sample was concentrated to 10-20 pM. Around

7 mg RNCs per L expression culture were obtained.

2.4.6 Purification of 3C, °N cysteine labeled flow-through (FT) ri-

bosomes

The flow-through during the Ni-NTA affinity chromatography of a U24SecM
sample was collected and pelleted for 4 hrs at 225,000 x g and 4°C. The pellet was
resuspended in Tico buffer (10 mM HEPES, 30 mM NH4Cl, 10 mM MgCly, 1 mM
EDTA, pH 7.5) and 1.9 nmol were loaded on a 10%-40% (w/v) sucrose gradient.

70S containing ribosome fractions were pooled and the buffer exchanged to Tico
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buffer (via dialysis as for U32SecM cryo-EM, for all other samples the buffer was
exchanged using protein concentrators). 200 pul with a concentration of 24 1M
were loaded on a 500 pl glycerol cushion with the 15 mM AMUPol and 30% (v/v)
glycerol.

2.5 Biochemical techniques

2.5.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS—
PAGE)

Protein purity was analyzed using SDS-PAGE. Samples were either mixed
with reducing 6x SDS loading buffer (375 mM Tris, pH 6.8, 10% (w/v) SDS, 50%
glycerol, 10% 2-mercaptoethanol, 0.03% bromphenol blue) or 2x SDS reducing
loading buffer (250 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 0.25% bromophenol
blue, 10% 2-mercaptoethanol) or non-reducing 6x SDS or 2x SDS loading buffer
without 2-mercaptoethanol. Typically 10 pl were loaded per gel and as size refer-
ence the low-molecular weight marker from GE Healthcare (Freiburg, Germany)
or the Spectra Multicolor Broad Range Protein Ladder from ThermoFisher Sci-
entific (Waltham, USA) was applied. For the RNCs, NuPAGE Bis-Tris 4%-12%
gels with a neutral pH from ThermoFischer Scientific (Waltham, USA) and for
isolated GBC gels composing of a 5% (v/v) stacking (pH 6.8) and 15% (v/v)
resolving phase (pH 8.8) were used. The bands were separated using constant
voltages of 180-200 V for 40-50 min, the gel was stained with Coomassie Brilliant
Blue staining solution for 20 min and destained with water. Gels were digitalized
using a Gel iX20 Imager (Intas Science Imaging, Germany) or Molecular Im-
ager® Geldoc™ XR+ system (Bio-Rad, Hercules, USA). Buffer recipes required
for SDS-PAGE are listed in the appendix.

2.5.2 Western blotting

After SDS-PAGE the gels were loaded on a western-blot sandwich for specific
protein detection. The setup is shown in Figure 2.1. One filter paper (Thermo
Fisher Scientific, Waltham, USA) was equilibrated in anode buffer (75 mM Tris,
20% (v/v) methanol, pH 7.4) and loaded on the anode plate. The Immobilon-P
PVDF membrane (0.45 pm poresize, Merck, Darmstadt, Germany) was activated
in 100% methanol for 1 min and afterwards equilibrated in cathode buffer (40 mM
aminocaproic acid, 25 mM Tris, 20% (v/v) methanol, pH 9.0). The membrane
was put on the filter paper, equilibrated in cathode buffer. The SDS-PAGE
gel was loaded on the membrane and another filter paper was equilibrated in
cathode buffer and laied on top. The western blotting was performed at 1 mA
per cm? membrane for 1 h at RT. The membrane was blocked with PBS+M (5%
(w/v) milk solution in 1x PBS (10 mM NagHPOy, 1.8 mM KHyPO,, 137 mM
NaCl, pH 7.4)) for 30 min at RT. Afterwards the membrane was incubated with
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the first antibody (Poly-His, Sigma-Aldrich, Merck, Darmstadt, Germany) in
PBS+M (1:3000) at 4°C over night. The membrane was washed three times for
10 min with PBST (10 mM NapsHPOy, 1.8 mM KHyPO,4, 137 mM NaCl, pH
7.4, 0.05% (v/v) Tween-20) at RT and then incubated with the second antibody
(goat-anti mouse-hrp, Jackson ImmunoResearch Laboratories, West Grove, USA)
in PBS4+M (1:5000) for 2 hrs at 4°C. The membrane was washed again for three
times, each for 10 min at RT with PBST and developed using ECL Western
Blotting Substrate (Pierce™, Thermo Fisher Scientific, Waltham, USA) and the
chemoluminescence was visualized on an Intras Advanced flourescence and ECL

imager (Intas Science Imaging, Gottingen Germany).

Cathode (-)
Filter paper (in cathode buffer)

Gel
PVDF membrane

Filter paper (in anode buffer)
Anode (+)

Figure 2.1: Assembly of a semi-dry western blot.

2.5.3 Solid phase peptide synthesis (SPPS)

The U32 peptides were synthesized by solid phase peptide synthesis using
standard Fmoc (Fluorenylmethyloxycarbonyl) chemistry according to Merrifield
[172]. The C-terminal residue attached to the 2-chlorotrityl resin was obtained
from Merck (Darmstadt, Germany). Synthesis was performed in a 0.1 mM scale
using Fmoc-amino acids purchased from Merck (Darmstad, Germany) and 3C,

15N Fmoc-cysteine from Cambridge Isotope Labs (Tewksbury, USA).

2.5.4 Analytical and preparative RP-HPLC

Analytical RP-HPLC runs for the full-length and one-domain GBC protein
were performed on a Jasco HPLC system using a PerfectSil 300 C4-RP column
(250 x 4.6 mm) as described in Buhr et al. [22]. Preparative RP-HPLC runs
for the purification of the U32 peptide were performed on a Shimadzu HPLC
system with diode-array detection using a Orbit 100 C18 column (250 x 20 mm).
Gradient: 20-60% B in 40 min, 29% B isocratic (10 min), flow rate 8 ml/min.
Buffer A: H2O, 0.1% TFA. Buffer B: Acetonitrile, 0.1% TFA. U32 peptides were
characterized using mass spectrometry (MALDI) and analytical HPLC.

2.6 Biophysical techniques

2.6.1 Liquid-state NMR Spectroscopy

Liquid state NMR experiments were performed on Bruker spectrometers (AV600,
AV800, AV900 and AV950) (Rheinstetten, Germany). Backbone assignment of
GBC was done by performing 'H-'N BEST-TROSY and the BEST-TROSY ver-
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sions of the standard triple resonance experiments (HNCACB, HN(CO)CACB,
HNCO, CC(CO)NH) on a Bruker spectrometer (AV600 and AV800) equipped
with a TCI cryo probe. All spectra were recorded at 298 K. The NMR spectra
were acquired and processed using the software Topspin 3.5 (Bruker BioSpin,
Rheinstetten, Germany). The 3D spectra were recorded with an exponential
weighting of sampling scheme and processed with Topspin 3.5. Data was an-
alyzed with Sparky 3.114 [77], Cara 1.8.4.2 [123] or Topspin 3.5-4.08. Sample
concentrations varied between approx. 300 pM for the peptide from solid phase
peptide synthesis and proteins expressed in N rich media to 1.2 mM for protein
expressed in minimal media. The peptides spectra were recorded at 277 K and
the protein samples at 298 K. All samples contained 10% DO and 0.1% DSS.
All spectra were referred to the DSS signal.

2.6.2 DNP-enhanced solid-state NMR Spectroscopy

A 200 pl sample was loaded on a 500 pl cushion of Tico buffer in D8-3C
depleted-glycerol:DoO:HoO (42:45.3:14.5) (v/v) with a total AMUPOL concen-
tration of 15 mM (final volume 700 pl). The sample was sedimented at 28,000 rpm
(Beckman Coulter, SW 28) and 4°C for 15 hrs using a centrifugation device as
previously described [75]. All DNP-enhanced solid-state NMR experiments were
carried out on a Bruker Avance spectrometer operating at 9.4 T (400 MHz as
'H Larmor frequency). Due large molecular weight of the RNCs, only a few
(2-3.4 nmol) can be packed into rotor, which is two orders in magnitude lower
than required for conventional solid-state NMR. Therefore, DNP enhancement is
indispensable to increase signal to noise for ribosome samples that cannot be con-
centrated above 30 pM. The spectrometer was equipped with a customized Bruker
low-temperature HCN triple resonance probehead. The high power microwave
was generated from a CPI gyrotron (Palo Alto, USA) operating at 9.4 T and
was directed to the sample position in the solid-state NMR probe head through
corrugated waveguides. The effective microwave power emitted into the MAS
stator was about 12 W. In all experiments MAS was stabilized at 8 kHz, sample
temperature was kept at about 110 K and an interscan delay of 3 s was used.
TH-13C CP 1D and 3C-13C DQ-SQ experiments were acquired with the similar
parameters as previously reported [116]. Briefly, for the CP step, a ramped (80-
100%) 'H RF field at 52 kHz as maximum power and a *C RF pulse at 48.5 kHz
were applied during 0.8 ms contact time. In the ¥C-3C DQ-SQ experiments, the
DQ coherence was excited and reconverted back to the SQ coherence by a train of
POST-CT7 recoupling pulses of 0.5 ms total length with field strength at 56 kHz.
The DQ evolution period was rotor “synchronized” permitting a large spectral
window of the indirect dimension. During the '3C detection period, SPINAL64
'H decoupling pulses with 100 kHz field strength were applied. The *C-13C DQ-
SQ 2D spectra were acquired with 60 and 2432 points on F1 (DQ, 556 ppm) and
F2 (SQ, 296 ppm) dimension respectively and were processed with a 1024*8192
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(F1*F2) matrix. Qsine (ssb = 2) and Gaussian (Ib = -50 Hz, GB = 0.04) window
functions were used for processing the indirect and direct '3C dimensions, respec-
tively. The 'H-'N CP experiment used for optimizing DNP sample preparations
was acquired with 512 points and a spectral window of 600 ppm. During the
400 ps CP contact time, a ramped (80-100%) 'H RF field at 62 kHz as maximum
power and a N RF pulse at 47 kHz were applied. In the N-13C TEDOR
2D experiment, the recoupling time was set to 0.5 ms (4 rotor periods). In the
I5N-13C DCP 2D experiment, the N-13C magnetization transfer was realized by
applying a ramped (90-100%) '3C RF pulse with 28 kHz field strength and a N
RF pulse with 40 kHz field strength during the 5.6 ms contact time. The ®N-
13C TEDOR spectrum was acquired with 192 and 1024 points on F1 (197 ppm)
and F2 (296 ppm) dimension respectively and were processed with a 1024*4096
(F1*F2) matrix. The N-13C DCP spectrum was acquired with 192 and 2048
points on F1 (197 ppm) and F2 (296 ppm) dimensions respectively, and were
processed with a 1024*4096 (F1*F2) matrix. The Qsine (ssb = 2) and Gaussian
(Ib = -20 Hz, GB = 0.05) window functions were used for processing the indirect
(!N) and direct (}3C) dimensions. respectively. All !3C chemical shifts were
referenced to DSS in water indirectly using an alanine powder sample. All 1N
chemical shifts were referenced indirectly to liquid ammonia. All DNP-enhanced
MAS solid-state NMR experiments were performed by Dr. Jiafei Mao (Prof.
Clemens Glaubitz group, (Goethe University of Frankfurt am Main)). This part

of methods was written by Dr. Jiafei Mao.

2.6.3 Spectral Analysis of DNP—enhanced solid-state NMR

All chemical shift assignments on C-3C DQ-SQ spectra were carried out
in Bruker Topspin 3.5 (Bruker, Rheinstetten) and Sparky [77]. Because the CB3
chemical shift is the mostly indicative parameter for the Cys chemical states and
Ca chemical shift is sensitive to Cys backbone conformation, we have focused
primarily on assigning the signals in the Ca-Cf region in our spectra. We first
assigned those resolved Cf signals in the Co/CB(DQ)-CB(SQ) region and the
resolved Co signals in the Co/CB(DQ)-Ca(SQ) region. Based on these assign-
ments, the correlated Ca and Cf signals were then extracted from the spectra.
The solid-state NMR data analysis were performed together with Dr. Mao. In-
tegration of the Cf region for the determination of the relative integration ratio
was carried out with Topspin 3.5 (Bruker, Rheinstetten) using the a+- mode.
For the calculation of the integration error, the chemical shift region was varied
slightly 42 ppm for the oxidized and -2 ppm for the reduced region in the SQ
chemical shift dimension. The integration region of the oxidized signals, was be-
tween 49.68-35 ppm (SQ), for the overlapping region between 35-33 ppm (SQ)
and for the reduced region signals between 32-23.12 ppm (SQ). The DQ chemical
shift dimension for the integraton regions was between 121-69 ppm. Five differ-

ent integration areas were used and the mean and standard error was calculated
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using R [208].

2.6.4 Chemical shift determination of S-nitroso glutathione, glutathione

and gluathione disulfide

Commercially available S-nitroso-glutathione (Sigma-Aldrich, St. Louis, USA),
glutathione (Carl Roth, Karlsruhe, Germany) and glutathione disulfide (Carl
Roth, Karlsruhe, Germany) was resolved in GBC NMR buffer (50 mM Tris,
200 mM NaCl, 10% D20, pH 8.0) with 1 mM Trimethylsilylpropanoic acid (TSP)
to a concentration of approximately 50 mM. 13C 1D NMR spectrum was acquired
with 2048 scans and 65536 points at 298 K on a Bruker spectrometer (AV500HD).
The spectrum was processed with Topspin 4.08 and the chemical shifts were ref-
erenced to TSP. Ca and CB chemical shifts of the cysteine residue within the

different glutathione variants were determined.

2.7 Secondary structure analysis of cysteine residues within RNCs

The Co and Cf chemical shifts of the cysteine residues within the ¥C-13C DQ-
SQ of the RNCs were extracted and saved as a .csv file. The files were loaded
into R [208]. Chemical shift data of cysteine residues within different structural
elements derived from the Biological Magnetic Resonance Bank (BMRB) [257]
were taken from [261]. The Co chemical shifts were plotted as a function of the
Cp chemical shits. An ellipse containing 90% of the data was drawn around each
structural element. The individual Ca and CB of the RNCs were plotted within
this data set. CB chemical shifts above 35 ppm correspond to oxidized cysteine
residues, CB chemical shifts between 35-32 ppm are in the overlapping region,
and can be either oxidized or reduced and Cf3 chemical shifts below 32 ppm
correspond to reduced cysteine residues. The R script for generating this Co-Cp3

chemical shift plots is shown in the appendix.

2.8 Cryo-EM

2.8.1 Sample preparation, collection of micrographs and image pro-

cessing

A 3.5 pl aliquot of an approximately 50 nM U32SecM sample in Tico buffer
was applied to a glow-discharged (20 s) Quantifoil R1/2 holey carbon grid (Cu
300 mesh, Quantifoil Mirco Tools GmbH, Jena, Germany) coated with an approx.
5 nm thick carbon film [80]. Grids were plunge-frozen in liquid ethane by using a
Vitrobot Mark IV (FEI, Hillsboro, USA) with a blotting time of 8-9 s, a blotting
force of -1 to -5, at 4°C and 100% humidity. Dose-fractionated movie stacks (36
frames, 0.2 s each) were collected at a nominal magnification of 130,000 x (1.05 A
pixel size) with a 300 kV Titan Krios (FEI) microscope in nanoprobe EFTEM
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mode, equipped with a K2 Summit detector (Gatan, Pleasanton, USA) and a
GIF Quantum s.e. post-column energy filter in zero loss peak mode. The defocus
values varied from -0.7 pm to -3.5 pm. Data were recorded using SerialEM [162]
in a semi-automated way. Image processing was done in Relion 3 [224, 283] using
Shawn Zheng’s MotionCor2 [281] for beam induced motion correction and Niko
Grigorieff’s CTFFINDA4.1 [214] to estimate the contrast transfer function param-
eters. 436,999 particles were automatically picked using 2D class references from
manually picked particles. Bad particles were removed using reference-free 2D
classification and the remaining 326,344 particles were further 3D classified in
6 classes with an angular sampling rate of 7.5°. The reference map for the 3D
classification was generated from the 70S Ribosome-SecM (PDB 3JBV) model in
USCF Chimera [204] and low-pass filtered to 60 A in Relion. Classes with low
density for the 30S subunit were removed and 266,000 particles were used for
further 3D refinement using an initial angular sampling of 7.5° and local angular
searches of 1.8°. The refined structure was further post-processed using a soft
mask generated by extending the binarized 15 A lowpass filtered map and addition
of a cosine-shaped edge yielding a structure of 3.52 A. B-Factor for sharpening
of the map was automatically determined by Relion (-102.4). We used the CTF
refinement functionality of Relion 3.1 to estimate per-particle defocus values with
a search range of 200 nm and without beamtilt estimation. CTF refinement was
followed by Bayesian polishing using all frames of the movie stacks and param-
eters that were determined during a training run using 10,000 particles. CTF
refinement and Bayesian polishing improved the resolution of the reconstruction
to 2.98 A. In order to resolve the structural heterogeneity of the reconstruction
we 3D-classified the particles into 4 classes using a mask comprising the large
subunit and all tRNA states, plus a regularization parameter of 4, and without
performing image alignment. Besides one very low-populated class with potential
junk particles, we identified two classes showing clear tRNA density in the P-Site
(196,000 particles and 13,000 particles) and one class that showed clear tRNA
density in the P-site but slightly shifted compared to the other classes (55,000
particles). We refined the highly populated class with tRNA density in the P-site
and the class with shifted tRNA density in the P-site independently. Refinement
of the high populated class converged at 2.83 A resolution, showing the tRNA
located in the P-site, whereas the other class converged at 3.19 A resolution,
showing the tRNA density in P/E and in the A/P* site. To further improve the
resolution of the 2.83 A reconstruction we estimated the magnification anisotropy,
refined the defocus per-particle and the astigmatism per-micrograph followed by
estimation of beamtilt and trefoil with the CTF refinement of Relion 3.1. The
final 3D refinement and reconstruction that corrected these effects converged at
2.58 A resolution. An overview of the processing pipeline is given in Figure 2.2.

This part of methods was written by Linda Schulte and Julian Reitz.
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Figure 2.2: QOverview of the processing-pipeline for cryo-EM structure of

U32SecM. Arrows indicate the direction of processing. The micrograph
shows the expected size of the ribosome particles under cryo conditions.
1,496 particles were picked manually and were further used to generate 2D
classes as template for the auto-picking in Relion. 437,000 particles were
picked and after several rounds of 2D classification, 326,000 good particles
remained. After 3D classification three classes with both 508 subunit (grey)
and 308 subunit (blue) were used for 3D refinement and post-processing.
The obtained 3.52 A structure was CTF-refined and polished to a 2.98 A
structure using Relion. All tRNA sites and the 50S subunit were used as
a mask for masked 3D classification. Four distinct classes were obtained,
with one class showing clear P-site tRNA, one class showing P/E-site and
two classes with low resolved structure or junk. The class with tRNA den-
sity in the P-site was intensively CTF refined and both classes with clear
tRNA density were 3D refined and post-processed using Relion. The final
resolution was 2.58 A for the ribosome with P-site tRNA (green) and 3.19 A
for the ribosome with P/E-site tRNA (pink) and A/P*-site tRNA (cyan).
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2.8.2 Model building

As an initial reference model for the SecM-stalled RNC, the cryo-EM structure
of the 70S E. coli ribosome (PDB 3JBU) was chosen. The model was fitted into
the cryo-EM electron density map of the E. coli BL21(DE3) ribosome using
the Fit in Map tool of UCSF Chimera [204]. To focus in detail on the structural
analysis of the 50S ribosomal subunit, the 30S subunit could be removed from the
model. Therefore, structural dynamics between both subunits were not analyzed.
For an initial real-space refinement of all 50S subunit RNA, tRNA and protein
components the Rigid Body Fit Zone tool of COOT [50] was used. Since the
density of the nascent chain (NC) was rather faint in the B-factor corrected
sharpened map, we mutated the ten N-terminal residues of the NC sequence to the
GBC sequence using COOT. Afterwards, the model was refined using the Real-
space refine (cryo-EM) tool of PHENIX [1]. Model validation and calculation
of FSC curves were carried out using the PHENIX Comprehensive validation
(cryo-EM) tool. Furthermore, the validated model was manually analyzed using
COQOT. Ramachandran outliers, unusual rotamers and potential clashes were
inspected and adjusted if necessary. In addition, protein and RNA sequence
deviations of E. coli K12 and E. coli BL21(DE3) ribosomal 50S subunit were
corrected manually. Subsequently, several cycles of refinement and validation
were carried out using COOT and PHENIX. The cryo-EM electron density maps
of GBC-SecM-RNC (508 subunit) have been deposited in the Electron Microscopy
Data Bank under accession code 4531. Their associated atomic models have been
deposited in the Protein Data Bank under accession code 6QDW. To build the
NC, we then used the unsharpened map, which showed the NC density much more
clear. We rebuilt the previously refined nascent chain (PDB: 6QDW) and added
GBC residues until the density became too faint for proper model building. Model
validation and calculation of FSC curves were carried out using the PHENIX
Comprehensive validation (cryo-EM) tool. Furthermore, the validated model
was manually analyzed using COOT. Ramachandran outliers, unusual rotamers
and potential clashes were inspected and adjusted if necessary. Subsequently,
several cycles of refinement and validation were carried out using COOT and
PHENIX. The cryo-EM electron density maps of GBC-SecM-RNC (50S subunit)
have been deposited in the Electron Microscopy Data Bank under accession code
10891. Their associated atomic models have been deposited in the Protein Data
Bank under accession code 6YS3. Statistical parameters of the two structures

are given in Table 2.7.
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Table 2.7: Experimental conditions of data collection, refinement and model
statistics of 6QDW and 6YSE.

Data Collection 6QDW 6YSE
Particles 196,254 196,254
Pixel size (A) 1.05 1.05
Defocus range (M) 0.7-3.5 0.7-3.5
Voltage (kV) 300 300
Electron dose (¢ /A2 60 60
Model Composition
Protein residues 3127 3136
RNA bases 3091 3091
Refinement
Resolution (A, 0.143 FSC) 2.83 2.58
Map sharpening B-factor -44.45 -34.53
Validation
RMSZ, bonds 1.30 1.24
RMSZ, angles 1.15 1.11
Rotamer outliers (%) 1.0 0.8
Ramachandran outliers (%) 0.1 0.0
Ramachandran favoured (%) 93 93
Correct sugar pucker (%) 100 100
Good backbone conformations (%) 73 73
Scores
MolProbity 1.88 1.81
Clash score, all atoms 6.27 6.44

2.9 LC-MS/MS measurements of RNCs

Purified protein-samples were initially diluted in 50 mM ammonium bicarbon-
ate buffer and treated with 10 pg RNAse A (Qiagen) for 10 min, followed by the
alkylation of free cysteine residues with iodoacetamide (Thermo Fisher, Waltham,
USA) for 20 min in the dark. Proteins were then digested in solution by the ad-
dition of 1 pg trypsin (Serva, Heidelberg, Germany) and incubation for 3.5 hrs at
37°C. Proteolytic digests were finally desalted using C18 ZipTips (Merck, Darm-
stadt, Germany) according to the manufacturer’s instructions, dried in a vacuum
concentrator (Eppendorf, Hamburg, Germany) and reconstituted in water/ace-
tonitrile 95/5/0.1 (v/v) with 0.1% formic acid. Subsequent LC-MS/MS analyses
were carried out either on a nanoElute coupled to an Impact IT mass spectrometer
(Bruker Daltonics, Massachusetts, USA) or an Ultimate3000 RSLCnano coupled
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to a Fusion Lumos mass spectrometer (Thermo Fisher) using the parameters
given in Table 2.8. Mass spectra were acquired over the mass range 150-2200
m/z (Impact II), 350-1600 m/z (Fusion Lumos) and sequence information was
acquired by a computer-controlled, dynamic method with a fixed cycle time of 3 s
and intensity dependent acquisition speed for MS/MS-spectra of the most abun-
dant candidate ions. The resulting files were exported to the open MZML format
(Impact II) and recalibrated, and database-, PTM- and crosslink searches were
performed using the Metamorpheus search engine against a combined database
containing the E. coli proteome (obtained from Uniprot, 11/2019), the respective
SecM constructs and common contaminants.

The search parameters used were as follows: <20ppm mass tolerance for precur-
sor and fragment ions, fully tryptic cleavages with up to two missed cleavages
and heavy labeled cysteine, carbamidomethylation (C), glutathione (C), oxida-
tion (M) as variable modifications. Further modifications were analysed with
GPTMD (common artifacts and biological modifications) as well as disulfide
crosslinks searched for light and heavy labeled cysteines. This part of methods
was written by Jakob Meier-Credo.

Table 2.8: System, columns and experimental conditions for mass spectrom-
etry performance on RNCs.

System nanoElute / Impact II Ultimate3000 / Fusion
Lumos
Columns Triart C18, 5%0.3 mm, Pepmap C18, 20*0.075 mm,
1.9 ym (YMC) Reprosil C18, 3 pm (Thermo Fisher)
16*0.0075 mm, 1.9 pm Pepmap C18, 500%0.075 mm,
(Pepsep) >2 pum (Thermo Fisher)
Mobile A: Water + 0.1% FA A: Water + 0.1% FA
phase B: Acetonitrile + 0.1% FA B: 80% Acetonitrile + 0.1%
FA
Gradient Linear 2-35% B, 90 min Linear 4-48% B, 178 min
Flow rate 300 ng/min
Temperature 55°C

2.10 Simulation of conformational sampling of newly synthesized
polypeptide in the ribosomal exit tunnel

The degrees of freedom available to the nascent polypeptide chain were sim-
ulated using an adapted version of the statistical coil sampling engine flexible-
meccano [14, 194]. Backbone degrees of freedom were defined by amino-acid-
specific potentials derived from loop-regions extracted from a database of high-
resolution crystal structures [150], steric clashes were taken into consideration

using a residue-specific hard sphere model [147]. Conformational sampling of
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U32SecM was initiated at position S151 of SecM and the polypeptide was built
in the direction from C to N, using a self-avoiding algorithm that randomly sam-
ples the backbone potentials. Only self-avoiding conformations and conformers
that avoid steric clash with all heavy atoms from the coordinates of the tunnel
(determined from cryo-EM (PDB: 6YSE and 4UGO0)) are retained for further
analysis. The calculation was repeated for 2,0000 conformations.

The potential of cysteine amino acids (Cys15, Cysl8, Cys22 and Cys32) to form
disulfide bridges was assessed by measuring the distances between cysteine C3
atoms within each conformation, with a threshold of 4.5 A. The same calculations
were repeated in the presence and absence of the tunnel to assess the relative im-
portance of internal degrees of freedom and steric interaction with amino acids
forming the tunnel wall. This part of methods was written by Prof. Dr. Martin
Blackledge.
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3 Results and Discussion

3.1 Investigation of the NTD of GBC

Two synonymous variants of the NTD of GBC were studied to determine if
the NTD itself is responsible for conformational differences as detected in the
full-length protein [22]. The translation frequencies of the two NTD variants are
shown in Figure 3.1. U is translated with a significantly lower frequency in E.coli
than in B. taurus. Especially in the first 28 amino acids, where three of the six
cysteine residues in the NTD are located, are the differences in the translation
speed obvious. The H variant is adapted to the codon usage of the E. coli host

and does not show this slow translation frequency in the first 28 amino acids.
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Figure 3.1: Codon usage of the NTD of GBC. Relative differences in the codon
usage of the variants U (red) and H (blue) expressed in E. coli to the codon
usage of U in B. taurus (grey). Residues 1-83 are shown inluding the N-
terminal methionine.

Purification of the NTD resulted in monomeric and to a lesser extent also in
dimeric protein, especially after concentrating the sample to NMR conditions
(approx. 1 mM) (Figure 3.2a). The dimer formation could not be prevented by
lowering the pH of the purification buffers from 8.0 to 6.5 and increase the salt
concentration from 200 mM to 500 mM NaCl (Figure 3.2b). After concentrating
the sample and recording NMR, spectra at 298K, the protein started to precip-
itate. Addition of DTT to the SDS-loading buffer did not show any effect on
the final NMR sample as detected by SDS-PAGE (Figure 3.3a). Treatment with
100 mM DTT and 3 h incubation at 90°C resulted in only one visible protein
band on the SDS-PAGE gel (Figure 3.3b). Hence, not only disulfide bonds might
be involved in the dimerization of the protein. Both proteins were expressed
several times in LB, M9 minimal medium and in rich medium and the purified
proteins were measured in "H-1°N correlation experiments. In most cases both
protein 'H-'"N BEST-TROSY spectra looked completely identical. Addition of
DTT to the purified protein did not show any changes of the backbone signals,
so we assumed that the protein is in a reduced conformation.

Differences between U and H were recorded twice out of five different protein
samples. Once for protein expressed M9 minimal medium and once expressed in

rich medium. The individual purification steps for the proteins expressed in rich
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Figure 3.2: SDS-PAGE gel of NTD GBC (U) after individual purification
steps under different pH and salt conditions. a) 15% SDS-PAGE
gel of unlabeled NTD of GBC (U) purification steps with purifaction buffer
at pH 8.0 and 200 mM NaCl in final NMR buffer. b) 15% SDS-PAGE
gel of unlabeled NTD of GBC (U) with purification buffer pH 6.5 and 500
mM NaCl in final NMR buffer. Samples from left to right: Protein marker
(M), before Induction (b.1.), samples were taken after 1h, 2h and 3h after
induction. Cell lysate (Lys), pellet (P), flow-through during nickel-affinity
chromatography (FTy), after Ni-NTA affinity chromatography (a.H.), flow-
through during concentrating, before SEC (b. S.), after SEC (a. S.), final
NMR sample (f). Monomeric protein is labeled with a triangle (4) and
dimer with an asterik (*). For the SDS-PAGE the LMW-SDS Marker from
GE Healthcare (Freiburg, Germany) was used.
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Figure 3.3: SDS-PAGE gel of NTD GBC (U and H) after treatment with
DTT. a) 15% SDS-PAGE gel of unlabeled and '°N labeled NTD of GBC
(U) after addition of 100 mM DTT. Samples from left to right: Protein
marker (M), precipitate (Pr) of final NMR sample without DTT, precipitate
(Pr) of final sample with DTT, supernatant of final sample (S) without
DTT and supernatant of final sample with DTT. Same order for unlabeled
and 1°N labeled protein. b) 15% SDS-PAGE gel of 1°N labeled NTD of
GBC (U and H) after treatment with 100 mM DTT and incubation at
90°C. Samples from left to right: Protein marker (M), after SEC (a. S.),
after SEC protein with slightly higher MW (a. S2), final NMR sample
(f). Monomeric protein is labeled with a triangle (4) and dimer with an
asterik (*). For the SDS-PAGE the LMW-SDS Marker from GE Healthcare
(Freiburg, Germany) was used.
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medium are shown on the SDS-PAGE gel (Figure 3.4) and the 1D and 2D NMR
spectra of both are displayed in Figure 3.5. The spectra of the two proteins differ
both in the 1D 'H spectrum in the methyl range and in the amide protein region
(Figure 3.5a) and the latter region is also shown in the 'H-'°N BEST-TROSY
spectrum (Figure 3.5b). The obtained differences could be removed by addition
of DTT (Figure 3.6) and are therefore related to cysteine oxidation. In contrast
to the study by Buhr et al. [22] addition of DTT did not have an effect on H, but
on the spectrum of U. The effect of DTT is both visible in the 1D 'H (Figure
3.6a) and in the 2D 'H-N BEST-TROSY spectrum (Figure 3.6b). Since the
signals in methyl region in the 1D 'H experiment are broader in the U protein
without DTT and the linewidth decreases by addition of DTT, we assumed that
U existed to a higher extent as a dimer than the H protein (Figure 3.4 and that

addition of DTT converted the dimer into monomers.
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Figure 3.4: SDS-PAGE gel of NTD GBC (U and H) NMR samples. a) 15%
SDS-PAGE gel of 1N labeled NTD of GBC U after individual purification
steps. Samples from left to right: Protein marker (M), before induction (b.
L), 8h after inducton (8h), cell lysate (Lys), cell pellet (P), after Ni-NTA
chromatography (a. H.), after size exclusion chromatography (a. S;), before
size exclusion chromatography (b. S.), after size exclusion chromatography
with slightly higher molecular weight (a. Ss), final NMR sample (final). b)
15% SDS-PAGE gel of ;5N labeled NTD of GBC H after individual purifica-
tion steps. Samples from left to right: Protein marker (M), before induction
(b. L), 8h after inducton (8h), cell lysate (Lys), cell pellet (P), after Ni-
NTA chromatography (a. H.), before size exclusion chromatography (b. S.),
after size exclusion chromatography (a. Sp), after size exclusion chromatog-
raphy with slightly higher molecular weight (a. Ss), final NMR sample +
DTT (final) and final NMR sample - DTT. Monomeric protein is labeled
with a triangle (4) and dimer with an asterik (*). For the SDS-PAGE the
LMW-SDS Marker from GE Healthcare (Freiburg, Germany) was used.

The well dispersed signals in the 'H-N BEST-TROSY spectra (Figure 3.5) in-
dicate that both NTDs of U and H are folded. Hence, the CTD is not required
for the protein folding of the NTD as published previously [216, 234]. In a pre-
vious study no dimerization of the NTD alone was observed [167]. However,
the NTD was expressed including the peptide-linker (amino acids 83-88) and the
protein was studied by gel filtration and analytical ultracentrifugation. These
experiments were performed with a significant lower protein concentration (0.4

mg/ml) than during NMR spectroscopy (10 mg/ml). Mayr et al. [166] showed,
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Figure 3.5: Obtained differences by NMR spectroscopy of the GBC NTD

variants U and H. a) 1D 'H NMR spectrum of U82 (red) and H82
(black).  Signals were referenced to DSS. Parameters for acquisition:
NS=82, TD=32768, T=298K. b) 2D 'H-'>N BEST-TROSY spectrum of
U82 (red) and H82 (black). Parameters for acquisition: NS=32, TD=
1176, 512, T=298K. Concentration of the protein U was 1 mM and of the
protein H 0.9 mM. Residual imidazole and acetic acid signals as well as
water, buffer and DSS signals are labeled accordingly.
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Figure 3.6: 1D 'H and 2D 'H-'>N BEST-TROSY spectrum of U82 and US82
after addition of DTT. a) 1D 'H NMR spectrum of US2 (red) and US2
after addition of DTT (black). Signals were referenced to DSS. Parame-
ters for acquisition: NS=32, TD=32768, T=298K. b) 2D 'H-°> N BEST-
TROSY spectrum of U82(red) and U82 after addition of DTT (black). Pa-
rameters for acquisition: NS=32, TD= 1176, 512, T=298K. Concentration
of the protein U was 1 mM. Final DTT concentration was approzr. 38 mM.
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that mutation of the linker peptide did not change the stability of the full-length
GBC and argued that domain-interface rather than the connecting peptide de-
termines the domain association. But, probably the linker stabilizes the NTD
to form a homodimer. To determine which residues were influenced by addition
of DTT to the protein, triple resonance experiments were performed and the
protein 'H-1N BEST-TROSY spectrum could be assigned (Figure 3.7). The
assignment was performed on H protein treated with DTT to obtain only one
reduced conformation. The chemical shifts of the backbone assignment are listed

in the appendix.
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Figure 3.7: Assigned backbone signals in the 2D 'H-> N BEST-TROSY of re-
duced H82. Paramter for acquisition: NS=8, TD= 1024, 200. T=298K.
Protein concentraion of H was 1.1 mM.

After assignment the missing signals in the U spectrum could be assigned to
the amino acids Cys4l, Met43, Leud4, Gln 54, Tyr 55, Phe 56, Leub7, Arg 58
and Ile81 (Figure 3.7). These residues are located at the inter-domain interface
between the NTD and CTD (Figure 3.8a) and Met43, Phe56 and Ile81 are also
involved in hydrophobic interaction [241] (Figure 3.8b). After addition of unla-
beled CTD to the "N labeled NTD, these signals disappeared and addition of
the unlabeled NTD to "N labeled CTD showed also clear interaction between
the two domains (appendix Figure 5.1), although no heterodimer formation was
observed in a previous study adding recombinant CTD to the proteolytically pre-
pared NTD [234]. In this study, the connecting peptide linker was attached to
the NTD, hence the six-residue peptide linker prevents homodimerization of the
NTD, but is not required for inter-domain interaction.

In summary, the NTD is able to fold independently and H is completely redu-

cued. U exists mostly in a reduced form, since addition of DTT did not show
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an effect of the backbone signals in the 'H-N BEST-TROSY spectrum in three
out of five experiments. Twice addition of DTT decreased the dimer formation in
U with Cys4l involved. However, an effect of DT'T addition on Cysl8 or Cys22,
which were shown to be involved in a disulfide bridge in the X-ray structure [177],
was not detected. The CTD is translated significantly slower than the NTD [216]
and most of the translational pauses occur during the translation of the CTD
[131]. The recognized conformational difference between U and H in the full-
length spectrum by Buhr et al. [22] might thus occur while the CTD is translated
(Figure 3.9. Probably the oxidation could also occur at an earlier state during

translation while part of the NTD is still inside the ribosomal exit tunnel.

Figure 3.8: DTT sensitive residues in the NTD of GBC. a) Residues appearing
after the addtion of DTT to the protein U (light blue) shown on GBC struc-
ture (PDB: J9WA). Influenced residues were: Cys41, Met43, Leud4, Glnd4,
Tyr55, Pheb6, Leub7, Arg58 and Ile81. b) GBC structure with hydrophobic
core residues relevant for inter-domain interaction. NTD residues involved
in inter-domain interactions are Met}3, Phe56 and Ile81 (light blue) and
CTD residues are Val132, Leul}6 and Vall70 (dark blue). For better visu-
alization amino acids are labeled in the one letter code. NTD is shown in
grey and CTD in white (visualized using UCSF Chimera [204]).
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Figure 3.9: Codon usage of the CTD of GBC. Relative differences in the codon
usage of the variants U (red) and H (blue) expressed in E. coli to the codon
usage of U in B. taurus (grey). Residues 84-175 are shown inluding the
N-terminal methionine.
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3.2 Disulfide bond formation within the ribosomal exit tunnel

3.2.1 RNC constructs for cryo-EM and solid-state NMR experiments

To study how the oxidation state of cysteine residues change during transla-
tion, different lengths of the NTD of GBC were fused with the 17-aa long SecM
stalling motif [180] (Figure 3.10). The focus was set on the NTD, as six out of
seven cysteine residues are located within this domain and only these cysteine
residues were prone to oxidation [22]. Six different constructs were designed and
studied by solid-state NMR enhanced by DNP, cryo-EM, flexible-meccano sim-
ulations and mass spectrometry. Labeling of the RNC constructs excluded the
N-terminal methionine residue to be consistent with other published studies. The
constructs contained four to six cysteine residues and for the shortest construct
U32SecM cysteine to alanine mutations were carried out using site-directed muta-
genesis (section 2.2.4). DNA sequence and amino acid sequence of all constructs
are listed in the appendix. The mutated RNCs name only the cysteine residues
left, while all other cysteine residues are mutated to alanine, hence U32SecM
C18 contains only Cysl8. The construct lengths are visualized on the structure
of isolated GBC (PDB: 4W9B), reflecting the obtained secondary structure of the
non-ribosome bound GBC (Figure 3.11). The integrity of the RNC was confirmed
by western blot analysis (Figure 5.2).

U32SecM C18 C22 N—{  10xHis | GBC [ SecM J-c 49

A15C18'C22 A32
U32SecM C15C18 N—{  10xHis | GBC SecM l-c 49

C15C18'A22 A32

4
SecM 33

\ a"}j’m’ U32SecM C18 N—|  10xHis | GBC [ SecM l-c 49

acids A15C18'A22 AB2
10 His} u32SecM N[ 10xHis__ | GBC | SecM lc 49

i Ch5C18'C22" c32*

ci5C18°Co2’ cl2*  cdz
C15C18'C22" c32*  cdzr cre

APTC
residues

Figure 3.10: RNC GBC constructs with variable polypeptide chain lengths.
Different lengths of the GBC gene were fused with an N-terminal 10z
histidine purification tag (white) and the 17-amino-acid SecM stalling se-
quence (dark grey). Numbering excludes the N-terminal methionine of
GBC to be consistent with other published studies. Residues 1-32 (light
blue), 33-43 (blue), 44-78 (dark blue). 13C labeled cysteine residues are
marked with an asterisk (*) and a yellow line.
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Figure 3.11: RNC GBC constructs displayed on GBC structure. a) De-
tailed view on Cys18, Cys22 and Cys78 and distances between these Cys
residues. b) Complete structure of full-length GBC with coloring corre-
sponding to RNC' chain length. Numbering excludes the N-terminal me-
thionine of GBC' to be consistent with other published studies. Residues
1-832 (light blue), 33-43 (blue), 44-78 (dark blue) and 79-174 (grey) (PDB:
4W9IB). Residues 79-174 were not used as RNC constructs.

3.2.2 Control of leaky expression

To verify if leak expression of the NC occurs before addition of IPTG and
whether RNCs can be separated from free ribosomes using Ni-NTA affinity chro-
matography, the cell lysate of induced and uninduced cells were loaded onto a
Ni-NTA column. Therefore, BL21(DE3)Atig cells were grown in uninduced and
induced medium with 1 mM ITPG. Two constructs U32SecM C15A C32A and
U79SecM were used for this control experiment. Only one RNC construct is rep-
resentated as both RNC constructs showed similar results. Figure 3.12 displays
the Ni-NTA affinity chromatogram of the RNC U32SecM C15A C32A with and
without induction of IPTG.

This experiment clearly proves that only in the induced sample ribosomes elute
with an absorbance ratio of Aggo nm/A280 nm of ~ 2.0. This absorbance ratio is
characteristic to ribosomes or samples with high nucleotide content such as RNA
and DNA. The undesired DNA was digested by addition of DNase to the cell
lysate and 60% of the ribosomal mass is made out of rRNA, hence RNCs elute.
Thus, leaky expression was successfully suppressed, unspecific binding of free ri-
bosomes to the Ni-NTA column could be ruled out and the purification strategy

is suitable as a first step RNCs isolation.
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Figure 3.12: Control of leaky expression using Ni-NTA affinity chromatog-

raphy. Chromatogram of Ni-NTA affinity chromatography of uninduced
(without IPTG) (a) and induced (with IPTG) (b) U32SecM C15A C32A
cells after cell lysis. Absorbance was recorded at 260 nm (red) and 280
nm (blue). Bound protein or RNCs were eluted by application of a linear
gradient up to 500 mM imidazol.
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3.2.3 Exemplary purification on U78SecM

All RNC constructs were purified by Ni-NTA affinity chromatography and a
subsequent sucrose gradient ultracentifugation step as schematically illustrated
(Figure 3.13). The results of this purification procedure are shown exemplary with
U78SecM in this section. Figure 3.14 displays the Ni-NTA affinity chromatogram
of the 13C, 15N cysteine labeled U78SecM RNC. This longest construct was pu-
rified using 10 mM imidazole within the lysis buffer, which was later excluded
from all other RNC purifications. A strong signal corresponding to the size of
the NC bound to tRNA, is visible within the flow-through (FT) fraction on the
western blot (Figure 3.15b). In order to increase the binding of the RNC to the
Ni-NTA resin, imidazole in the lysis buffer was omitted and the loading speed was
reduced from 2.5 ml/min to 1.5 ml/min. Thereby no RNC signal was detected
in the flow-through fractions of the other purifications. Another approach used

by Cassaignau et al. [30] is the batch procedure.

RBS (
NOX His ;{’ 3
pET15b translation Ni-NTA afﬂnlty
GBC SecM ) — >
in vivo chromatography ; 3

10% 40%

sucrose gradient

A260 nm

ultra centrifugation

absorbance units

elution volume

Fractions

Figure 3.13: Schematical representation of RNCs production. RNC constructs
contain a N-terminal 10x histidine purification tag (white and dashed
line), the GBC segment (light blue) and the C-terminal 17-amino-acid
SecM stalling sequence (dark grey) and are expressed in vivo. RNCs are
purified by Ni-NTA affinity chromatography revealing an absorption ratio
of A260 nm/A2s0 nm of 2, and a subsequent sucrose gradient ultra centrifu-
gation step.

Within the pellet fractions (P1 and P2) and inclusion body fraction (Inc) is free
nascent chain detectable (Figure 3.15b). This is either due to incomplete cell lysis
or insolubility of the released NC in this lysis buffer. The U78SecM NC exhibits
an isoelectric point (pl) of 7.19, the selectively labeled medium has a pH of 7.4
and all purification steps are performed on a pH of 7.5 to keep the ribosome intact.
Therefore, free NC could be localized to inclusion bodies within the E. coli cell
or precipitate after cell disruption. RNC containing fractions elute in fractions

36-54 (Figure 3.14). The highest absorbance increase is detectable in fraction



74 3 RESULTS AND DISCUSSION

4000 [
- 400
D 3000 B
< L%}
E - 300 ﬁ
3 B hel
c —
5 2000 E
2 -200 s
2 €
2 B
< 1000
- 100
04 Amemrmim e T T ' 0
: | | |IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 100 200 300 400 500 600
ml Fractions 36-54
— A280 — A260 —— Fractions

Figure 3.14: Ni-NTA affinity chromatogram of '°C, >N cysteine labeled
U78SecM. The absorbance at 260 nm (red) and 280 nm (blue) was
recorded. Bound protein or RNCs were eluted by application of a lin-
ear gradient (20-500 mM imidazol) Fractions 36-54 were analyzed using
SDS-PAGE.

37 and 38 with an imidazole concentration between 83 and 88 mM. Fractions
48-50 show an intense signal of free NC in the western blot, while absorbance
in this fractions is rather low. Hence, the NC elutes after the RNCs. The free
NC is removed from the RNCs in a subsequent purification subsequent step using
sucrose gradient ultracentrifugation. The pooled fractions are concentrated using
a centrifugation concentrator with a MWCO of 100 kDa, large enough that the
free NC (MW 12.80 kDa) can pass the membrane removing also free NCs from
RNCs.



3.2 Disulfide bond formation within the ribosomal exit tunnel 75

a b

(kDa) M Lys P1IncP2 FT 36 37 38 42 45 48 49 50
97— : i

M LysP1lIincP2 FT 36 37 38 42 45 48 49 50

(kDa) i

100
70—

- ' ~-NC-tRNA

15- |.‘ Iu“«—Nc

Figure 3.15: SDS-PAGE gel and western blot of 1°C, N cysteine labeled
U78SecM after Ni-NTA affinity chromatography. a) 15% SDS
gel of 13C, 1°N cysteine labeled U78SecM after Ni-NTA affinity chro-
matography stained with coomassie blue. b) Western blot of 1°C, 1°N
cysteine labeled U78SecM after Ni-NTA chromatography. Samples from
left to right: protein marker (M), cell lysate (Lys), pellet 1 (P1), inclu-
sion body (Inc), pellet 2 (P2), flow-through (FT), Fractions 36-38, 42,
45, 48-50. Fractions 37-48 were pooled and used for further purification.
For the SDS-PAGE the LMW-SDS Marker from GE Healthcare (Freiburyg,
Germany) and for western blotting the Spectra™ Multicolor Broad Range
Protein Ladder from ThermoFisher Scientific (Waltham, USA) were used.
Size of the NC and the NC bound to tRNA (NC-tRNA) are labeled ac-

cordingly.
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Figure 3.16: Absorbance profile of 1°C, 1°N cysteine labeled U78SecM after
10%-40% (w/v) sucrose gradient ultracentrifugation. Absorbance
was detected at 254 nm. Fractions were collected automatically using a
Piston Gradient Fractionator (Biocomp Instruments, Fredericton, USA).
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The sucrose gradient ultracentrifugation is performed as described in section
2.4.5. Figure 3.16 illustrates the absorbance at 254 nm of one of six centrifugation
tubes used per run. The highest absorbance is detectable in fractions 18-26. On
the SDS-PAGE gel, these fractions show the expected characteristic band pattern
of ribosomes and on the western blot a signal at the size of the NC with bound
tRNA (Figure 3.17). In addition, a faint band at the size of the free NC is also
detectable but probably due to the incubation at 70°C in SDS loading buffer. In
fraction 2 at the top of the gradient, free NC is detectable. Hence, NC and RNCs
could be easily separated by sucrose gradient ultracentrifugation. In summary,
the established purification procedure for RNCs consists of two steps i) using Ni-
NTA affinity chromatography ribosomes from RNCs can be separated ii) using
sucrose gradient ultracentrifugation free NC and RNCs can be separated. The
sucrose cushion step to pellet the RNCs as used by Cassaignau et al. [30] could
be omitted, reducing the purification time and preventing the harsh conditions

to dissolve the ribosomes again.
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Figure 3.17: SDS-PAGE gel and western blot of 1°C, >N cysteine labeled
U78SecM after sucrose gradient ultracentrifugation. a) 15%
SDS-PAGE gel of 13C, 19N cysteine labeled U78SecM after sucrose gra-
dient ultracentifugation stained with coomassie blue. b) Western blot of
130, 1°N cysteine labeled U78SecM after sucrose gradient ultracentifuga-
tion. Samples from left to right: protein marker (M), Fractions 2, 4,
6, 18-20, 22-25, 27-28. Fractions 19-24 were pooled and used for solid-
state NMR enhanced by DNP. For the SDS-PAGE the LMW-SDS Marker
from GE Healthcare (Freiburg, Germany) and for western blotting the
Spectra™  Multicolor Broad Range Protein Ladder from ThermoFisher
Scientific (Waltham, USA) were used. Size of the NC and the NC bound
to tRNA (NC-tRNA) are labeled accordingly.

3.2.4 Optimization of the glycerol cushion for solid—state NMR ex-
periments enhanced by DNP

3.2.4.1 Purification of °N labeled ribosomes from JE28 cells

To get a sufficient amount of RNCs to perform solid-state NMR experiments
and a good signal to noise ratio, different glycerol cushion concentrations were
tested. JE28 cells were grown in minimal media supplemented with "N-NH,Cl

purified according to section 2.4.1 and then used as a test sample to calculate
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the 'H enhancement factor € and signal intensity. Figure 3.18 shows the Ni-NTA
affinity chromatogram of ribosomes containing a 6x His-tag on the ribosomal
protein L12 [48] and Figure 3.19 the corresponding fractions on a 12% SDS-
PAGE gel.
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Figure 3.18: Ni-NTA affinity chromatogram of >N labeled ribosomes from
JE28 cells. The absorbance was recorded at 260 nm (red) and 280 nm
(blue). Bound protein or RNCs was eluted by application of a linear gra-
dient up to 500 mM imidazol.

After affinity purification, the ribosome containing fractions 4-11 were pooled
and approx. 2 nmol per tube were loaded onto a 10%-40% (w/v) sucrose gra-
dient (Figure 3.20a). As these experiments were performed with a SW41 rotor
(Beckman Coulter, Brea, USA) and fractionized manually, the absorbance pro-
file differes from the once performed with a SW32 rotor (Beckman Coulter, Brea,
USA) on the sucrose gradient station. The absorbance was recorded at 254 nm
and normalized to the maximum absorbance value.

The fractions of this exemplary sucrose gradient were loaded on a 12% SDS-
PAGE gel (Figure 3.20b). Fractions 12 and 13 were taken from the bottom of
the centrifugation tube, which could not be reached by the stamp of the gradient
fractionizer. Fractions 8-11 were pooled, sucrose removed and concentrated to
approx. 12 pM for the glycerol cushion experiment. As can be seen from the 12%
SDS silver stained gel, only minor contaminations (visible as thin protein bands
between 40 and 60 kDa) can be detected.
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Figure 3.19: 12% SDS-PAGS gel of °N labeled ribosomes after Ni-NTA
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affinity chromatography. Samples from left to right: Cell lysate (Lys),
flow-through (FT), wash fraction with 5 mM Imidazol (W), Fractions 2, 3,
4, 5, 6, 9, 10-14, protein marker (M). The fractions 4-11 were pooled and
loaded onto a sucrose gradient. The LMW-SDS Marker from GE Health-
care (Freiburg, Germany) was used. The gel was stained with coomassie
blue.
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Figure 3.20: Sucrose gradient ultracentrifugation of !° N labeled ribosomes.

a) Absorbance profile of 1°N labeled ribosomes after 10%-40% (w/v) su-
crose gradient ultracentrifugation. Absorbance was recorded at 254 nm and
normalized to the mazimum value. Fractions were collected manually. b)
Silver stained 12% SDS-PAGE gel of 1°N labeled ribosomes after after
10%-40% (w/v) sucrose gradient ultracentrifugation. Fractions 1-11 frac-
tionized using the fractionizer. Fractions 12 and 13 were taken from the
bottom of the centrifugation tube, protein marker (M). The fractions 8-11
were pooled, sucrose removed and the ribosomes used for further experi-
ments. The LMW-SDS Marker from GE Healthcare (Freiburg, Germany)
was used.
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3.2.4.2 Determination of the H enhancement factor (€) and signal intensity us-

ing different glycerol cushions

The purified N uniformly labeled ribosomes were analyzed by different glyc-
erol cushions varying in AMUPoL and glycerol concentrations (Table 3.1). The
relative N signal intensity (protein and nucleic acid) with and without mi-
crowave (MW) irradiation was normalized to the highest value in each category
(MW off or MW on) and the 'H enhancement factor € was calculated (done by
Dr. Jiafei Mao). Table 3.1 presents the corresponding values and Figure 3.21
shows a plot of the DNP enhancement factor € versus signal intensity without
DNP enhancement. It is obvious that, even though the highest ¢ value (169)
is observed using a glycerol cushion of 40% (v/v), the signal intensity without
DNP enhancement is the lowest within all samples. Indeed, even with such a
high DNP enhancement, the signal intensity of this sample under DNP condition
remains the second lowest in our screening. Therefore, using such a high glycerol
cushion results in a lower concentration of ribosomes within the rotor. On the
other hand, the signal intensity of the sample lacking glycerol shows the highest
value, if the MW is off due to the high concentration of ribosomes within the
rotor, but the DNP enhancement is rather low.

Table 3.1: Optimization of glycerol cushion. Glycerol concentration in % (v/v),
AMUPoL concentration (mM), 'H enhancement factor (€), relative signal

intensity without and with microwave (MW) normalized to the highest signal
intensity in each category.

Sample  Glycerol AMUPol ' H en- Relative Relative
num-  concentra- concentra-  hancement signal signal
ber tion in % tion () intensity intensity
(v/v) (mM) (MW off) (MW on)
I 40 7.5 169 0.20 0.65
IT 40 15 130 0.23 0.59
I11 30 15 131 0.39 1.00
v 20 15 41 0.97 0.78
\Y 10 15 67 0.65 0.85
VI 0 15 35 1.00 0.68

Ravera et al. [210] observed an ¢ of approx. 40 sedimenting the polarizing agent
TOTAPOL with the 480 kDa iron-storage protein complex apoferritin (ApoF)
without any glass-forming agent. Sedimentation resulted in a layer of "glassy-like"
protein, since the frozen but not sedimented sample obtained an enhancement fac-
tor of only 2. The cryo-protected and sedimented sample with glycerol showed an
g of 70 though [210]. In the ribosomes samples, a more than four-fold reduction in
e ranging between 0% (v/v) and 40% (v/v) glycerol concentration is detectable.
Lange et al. [145] investigated the effect of different TOTAPOL concentrations in

uniformly labeled C, N proline by comparing relaxation times, enhancement
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Figure 3.21: Analysis of glycerol cushions. DNP enhancement factor and relative
signal intensity of 1° N labeled ribosomes without microwave depending on
different glycerol cushion conditions.

factor (£) and NMR signal intensity. Signal-to-noise ratio (S/N) was either mea-
sured with a constant number of scans or total experiment time. In the former
the S/N ratio decreased with increasing concentration of TOTAPOL and in the
latter, the maximum S/N ratio was observed at a concentration of 26 mM TO-
TAPOL and decreased with increasing radical concentration. The presence of a
radical also leads to a shortening of the bulk spin-lattice relaxation time T'; and
the spin-spin relaxation T+ [145]. With a short T a faster repetition of rate in
proton-carbon CP experiments is possible, which would increase the S/N per unit
time [145]. Shorter T+ values, however highlight line broadening [145]. Lange
et al. [145] observed no change in the linewidth in a TOTAPOL concentration
range of 0 to 26 mM, which is the commonly used for biological samples. The
authors also estimated that nuclei signals closer than 10 A to a radical center are
bleached due to the paramagnetic effects. These effects would be more severe
in samples with a high concentration of biradical and/or without glass-forming
agent. These samples would thereby show a reduced number of detectable nuclei
in the enhanced spectrum and a reduced apparent DNP enhancement factor. The
obtained ¢ of 130-169 using AMUPol here is approx. 10-times higher compared
to a different RNC sample using a 60% (v/v) glycerol and 30 mM TOTAPOL
[144].

The best DNP enhanced signals for ribosomes samples are obtained using the
30% (v/v) glycerol cushion. A lower AMUPol concentration of 7.5 mM as in

sample I (Table 3.1) could potentially improved € and reduce sample costs, but
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the effect was not studied for 30% (v/v) glycerol and therefore, all subsequent
RNC samples were prepared with 15 mM AMUPol.

3.2.5 Experiments on uniformly 3C, 1N U78SecM

Within the '3C-13C DQ-SQ 2D spectrum of the uniformly 2C, N labeled
U78SecM (Figure 3.22) the chemical shifts of different types of RNA bases, ri-
bose as well as some characteristic amino acids could be assigned. '3C signals
correlating directly bonded carbons (therefore short 13C-13C distance) appear as
a pair at the F1 (DQ) chemical shift as the sum of their SQ chemical shift. For
example, the C1” and C2’ of ribose have a chemical shift around 94 and 77 ppm.
Since they are connected by a bond, both signals appear at a DQ chemical shift of
94 + 77 = 171 ppm. The high signal intensity of ribose is due to the scrambling
of 13C-glucose, even at rather low level, into the highly abundant ribose. The
prokaryotic ribosome contains three different rRNAs, the 5S, 16S and 23S rRNA
consisting of 120, 1500 and 2900 nucleotides, respectively. Hence, 4520 ribose
are compared with 107 amino acids of the NC. Beside the ribose signals also the
carbon atoms of the RNA bases are detectable and are labeled with a lowercase
letter, while the amino acids are labeled with an uppercase letter in Figure 3.22.
The side chain signals of aromatic amino acids are overlapping with the rRNA
bases.

The only residues well resolved from other amino acids are alanine, serine and
threonine. However, since U78SecM consists of two alanines, nine serine and two
threonine residues, those signals cannot be unambiguously assigned. The 3C uni-
formly labeled 20-amino-acids’ long signal sequence of disulfide oxidoreductase A
(DsbA) was used by Lange et al. [144] to study the secondary structure within the
ribosomal tunnel. DsbA was fused to SecM to keep the NC arrested to the ribo-
some. In that study two different mutations of DsbA were used containing each
time two serine residues while the other two were mutated to alanine. With this
approach two serine residues could be identified per experiment and the chem-
ical shift of those serines but also of non-overlapping residues types of alanine,
isoleucine, valine and proline were compared to averaged chemical shifts from the
Protein Chemical shift Database [279]. Although this signal sequence of DsbA
was predicted to obtain an a-helical structure, isoleucine and valine residues were
not involved in an o-helix and only Ser16 and Serl8 showed a minor helical con-
tent. However, the potential structural pertubations on the NC by introducing
Ser/Ala mutations remain unclear. Lange et al. [144] used a different expres-
sion method for the production of RNCs. Starting with IPTG addition to the
LB medium, changing then the medium to minimal medium without ?C-glucose
and »N-NH4CI. After 5 min rifampicin and after additional 10 min incubation,
13C-glucose and >N NH4Cl were added. In theory, this procedure also expresses
unlabeled RNCs. Scrambling of *C-glucose into ribose was also detectable using

this expression procedure, however the spectra region of the rRNA bases were not
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Figure 3.22: POST-C7 3C-°C DQ-5Q 2D spectrum of the uniformly °C,
15N labeled U78SecM. a) Overall spectrum, showing the cross peaks of
RNA bases (small letter code) and aromatic amino acids (capital letter
code), the ribose cross peaks and the cross peaks of the amino acid region.
Aromatic amino acids and RNA bases are shown in a pink box. The ribose
signals can be unambiguously assigned and are shown in a grey box. Ca-
Cy of some characteristic amino acids are displayed in a cyan box. b)
Amino acid region of the 13C-13C DQ-SQ spectrum. Exemplary amino
acid chemical shifts are labeled with the one letter code. Conditions: 10
mM HEPES, 30 mM NH/CI, 12 mM MgCls, 1 mM EDTA, pH 7.5 in
D8-glycerol:D20:H20 (42.5:45.8:14.5). 9.4 T (400 MHz for protons), T =
100 K, MAS frequency = 8 kHz, ns = 256, 4 nmol U78SecM.

shown in this publication. Additionally, Lange et al. [144] recorded impurities of
DNA and peptidoglycan signals, probably due to binding of TOTAPOL to pep-
tidoglycans. Those impurities have not been detected in our samples, indicating
a higher sample quality.

Comparing the alanine, serine and threonine residues to the average chemical
shifts (Table 3.2) provides a hint of the secondary structure. The localization of
the serine and threonine residues in the NTD of GBC is shown in Figure 3.23a
(PDB: 4W9B). The alanine residues are only located within the SecM sequence.
In the structure of the NTD no serine nor threonine residues are arranged in an o~
helical conformation. The averaged chemical shifts from Table 3.2 for secondary
structure elements are shown in the 2C-'3C DQ-SQ spectrum (Figure 3.23b).
Since the DQ dimension is less resolved than the SQ dimension the averaged
chemical shifts were placed only regarding the SQ chemical shift dimension. The

CB chemical shifts of alanine indicates a {-strand, while the Ca chemical shift
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of alanine cannot be assigned. Serine signals could not distinguish different con-
formations, since the signals are strongly overlapping. Seven serine residues are
located within U78 and two are in the SecM sequence. Although the CfB chem-
ical shift of serine overlaps almost exactly with the averaged CB chemical shift
of serine in a -strand, an unambiguous identification of the secondary structure
is impossible. For the threonine residues an o-helical conformation can be ruled
out, since no signal is obtained at the position of the averaged chemical shift.
One threonine is located inside a 3-strand of GBC and the other threonine is lo-
cated in SecM. Since both (3-strand and coil conformation for threonine could be
obtained and the averaged chemical shifts for this two conformations are strongly
overlapping it is not clear whether this sequence of GBC is folded on the ribosome
or not. Therefore, the certainty of this kind of analysis as performed by Lange
et al. [144] is debatable.

Table 3.2: Chemical shifts of alanine, serine and threonine. Averaged '°Ca
and 13 CB chemical shifts values of alanine, serine and threonine (in ppm)
categorized to secondary structure conformation derived from the Protein

chemical shift database [279)].

Amino 3¢ Coil (ppm) o-helix (ppm) B-strand
acid chemical (ppm)
shift of
. Cua 52.65 + 1.64 54.83 + 1.05 51.53 £ 1.91
Alanine
CB 19.06 £+ 1.26 18.26 4+ 0.88 21.14 £+ 2.05
. Ca 53.38 £+ 1.69 60.88 £+ 1.61 57.54 + 1.40
Serine
Cp 64.03 + 1.27 63.08 + 1.12 65.16 + 1.51
. Ca 61.64 + 2.07 65.61 £+ 2.39 61.06 £ 1.59
Threonine
Cp 70.12 + 1.33 68.66 = 1.17 70.75 +£ 1.51

Summing up, some characteristic amino acids within U78SecM could be iden-
itified. The secondary structure of U78SecM is most likely within a (-strand
or random-coil conformation, however an o-helical conformation cannot be ruled
out completely. RNA base signals were detected indicating a certain level of
13C scrambling into these chemical moieties. However, this scrambling were only
detectable within the uniform labeled U78SecM sample but not in selectively
cysteine labeled samples as used in our main work. Although, uniformly labeling
of the NC is in principle possible, the structural analysis using solid-state NMR
enhanced by DNP is difficult due to the severe overlap and weak dispersion of
signals within the 3C-3C DQ-SQ spectrum.

Therefore, we decided to use '3C, 1°N cysteine labeled RNCs and to assign one
specific cysteine residue the neighboring C-terminal amino acid should be labeled
with a "N isotope. The carbonyl carbon chemical shifts of this particular cys-
teine residue can be assigned using a N-C TEDOR experiment [89] (Figure 3.24a).

Additionally, the Ca chemical shifts of all cysteine residues can also be detected
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Figure 3.23: Analysis of secondary structure elements in uniformly labeled
U78SecM. a) Structure of GBC residue 1-78 (PDB: 4W9B). Serine
residues in cyan, threonine residue in blue. b) POST-C7 13C-13C 2D
DQ-5Q spectrum of alanine, serine and threomine region of uniformly
130, 15N labeled nascent chain U78SecM. Averaged chemical shifts [279]
of these amino acids for coil (blue square), a-helical (red circle) and B-
strand (green triangle) secondary structure are shown. Amino acids are
labeled in the one letter code.

using this experiment. For unambiguous identification of the carbon chemical
shifts of the cysteine residue with a "N labeled neighbor a NCOCX experiment
[198] is the way of choice (Figure 3.24b).

Within the NCOCX experiments, the magnetization is transferred from amid pro-
ton to nitrogen, further to the carbonyl carbon of the preceding amino acids and
then via spin diffusion to carbon nuclei in the side chains (Figure 3.24b). Both
experiments were carried out as a first test on the uniformly labeled U78SecM
sample (Figure 3.24c and 3.24d). N-C’, N-Cu correlations of amino acids could be
identified, but also correlations within RNA bases. The intensities of RNA base
signals are comparable to those of the N-C’ or N-Ca signals within the TEDOR
experiment, hence "N and '3C labeling of neighboring atoms within the RNA
occurs. In the NCOCX experiments also correlation between the ribose and N9
of purine or N1 of pyrimide are visible. This is due to the fact, that the N-C’
coupling with around 15Hz [26, 35| is very similar to the N9-C1’ and N1-C1’
coupling with 11 and 12 Hz, respectively [72].

In this uniform labeled U78SecM sample, it was not possible to assign single

amino acids, due to the severe overlap of signals. However, we also tested the
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Figure 3.24: NC-TEDOR and NCOCX correlation experiment on °N, 13C

labeled U78SecM. a) Schematic magnetization transfer in NC-TEDOR
experiment. b) Schematic magnetization transfer in NCOCX experiment.
Depending on the mizing time either the correlation between N; to CO; 4
and carbon atoms of residue i are detected (black arrows) or with longer
mizing times correlation between nearby carbons are detected (grey ar-
rows). Blue atoms are detected, grey atoms are used for sensitivity en-
hancement. ¢) 2D N-C TEDOR and d) 2D NCOCX experiment on 1°N-
13C uniformly labeled U78SecM. Nucleotides are labeled wit lowercase and
amino acids with uppercase letters. Parameters for TEDOR experiment:
NS=128; TD= 1024, 192; MAS frequency = 8 kHz; 100 K. Parameters
for NCOCX experiment: NS=128, TD= 2048, 192; MAS frequency =8
kHz;, 100K.
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NCOCX experiment as a 1D version on a selectively 13C, 1°N cysteine and "N
proline U32SecM sample. Using this labeling method the carbon chemical shifts
of only Cys22 should be detectable. The spectrum of this experiment is shown
in Figure 3.25. Two different mixing times (50 ms and 100 ms) were used and
one signal corresponding to the C’ chemical shift of cysteine can be identified.
However, the other carbon chemical shifts of cysteine cannot be assigned, since
the signals hardly differ from noise. The longer mixing time increases the signal
intensity a bit, but still it is not possible to unambiguously assign a signal to the
Coa and CP chemical shift of cysteine, since more than the expected number of
signals is observed. There might be two oxidized C chemical shift at 43.37 ppm
and 34.79 ppm and reduced C{ chemical shifts at 32.14 ppm, 30.15 ppm and
28.63 ppm. This would mean, that the NC does not obtain a homogenous con-
formation inside the ribosomal exit tunnel. Also the two oxidized CB chemical
shifts would suggest that either different disulfide bonds are formed or that the

cysteine residue is in any other way chemically modified.
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Figure 3.25: 1D NCOCX of °C, >N cysteine and °N proline labeled
U32SecM. 50 ms mizing time (red), 100 ms mizing time (black). Pa-
rameters for acquisition: NS=8192, TD=2048, MAS frequency =8 kHz,
100K.

The 3-4 nmol sample in the rotor are not sufficient enough for a NCOCX exper-
iment even enhanced by DNP. Since the DQ-SQ experiments were sufficient for
identifying the Ca and Cf chemical shifts of cysteine residues, this experiment
was used on different RNC constructs and secondary structure elements and oxi-
dation ratios were compared. First, however, we tested if the detected signals are
indeed NC signals and not isotopically labeled ribosomal proteins. In addition,
different cysteine concentration in the expression medium used for the selective

cysteine labeling were tested in respect to the growth rate of E. coli.
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3.2.6 Optimization of the cysteine concentration in selectively labeled

media

In order to selectively detect only NC cysteine residues, the expression of the
RNCs was performed in a kind of full medium containing all amino acids, nu-
cleosides or bases (appendix). Since the BL21(De3)Atig cells are grown in LB
medium to an ODggg nmm=1 and the expression is carried out in selectively labeled
medium for only one hour as described by Rutkowska et al. [217], the cysteine
concentration used in our initial protocol could be reduced to save costs. To
investigate suitable cysteine concentrations within the medium, BL21(De3)Atig
were grown in selectively labeled media containing different concentrations of cys-
teine and the growth of the cells was monitored. The concentration ranged from
0 mg/L to 50 mg/L, the latter being the concentration used in the initial proto-
col. Figure 3.26 displays the cell growth of BL21(De3)Atig cells transformed with
U78SecM on pET15b in selective media with different concentrations of cysteine.
As can be seen from this figure, there is no influence of the cell growth of any
cysteine concentration. All concentrations of cysteine seem suitable for the cell
viability, since cysteine can also be synthesized from serine if not enough cysteine
is in the medium [263]. Therefore, the cells are only transferred to the selectively
labeled medium directly before induction, which is similar to previous published
methods for selectively labeled FGFR3 kinase domain [258, 221], which used an
excess of unlabeled amino acids and the addition of labeled amino acid only prior
to induction. Although the cells grow in medium lacking one amino acids, the
pathway for synthesis of this amino acid should be already turned on and there-
fore reduce the labeling efficiency. Both studies, however, showed incorporation
of > 90% of the N, 13C selectively labeled amino acid. Neither of all mentioned
protocols above used deficient cells to prevent formation of the amino acids by
another pathway. Due to the short expression time of only one hour and the good
viability of the cells in all concentrations, the cysteine concentration was lowered
slightly to 30 mg/L, which still leads to a reduction of 40% of the cost for this
selective labeled amino acids. Of course, this simple cell growth experiment is
not comparable to a detailed investigation of the isotope incorporation by NMR

spectroscopy. This however, is beyond the scope of this thesis.
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Figure 3.26: Optimization of cysteine concentration. Growth curve of E. coli
BL21(De3)A tig cells transformed with U78SecM on pET15b in selective
medium containing different cysteine concentrations. The ODgoonm was
measured after different time points. Cells were grown at 37°C shaking
with 160 rpm.

3.2.7 Control of 13C scrambling into the ribosome

To confirm that only NC cysteines and not ribosomal proteins are isotopi-
cally labeled, ribosomes from the flow-through fraction of the Ni-NTA affinity
chromatography were used as control. These flow-through (FT) ribosomes were
derived from selectively '*C cysteine labeled medium as the selectively labeled
RNCs. After Ni-NTA affinity chromatography, the FT ribosomes were pelleted by
ultracentrifugation and further purified using sucrose gradient ultracentrifugation
as described in section 2.4.6. The first ultracentrifugation step was performed to
concentrate the ribosomes and to remove all soluble non-ribosomal proteins from
the sample. In the sucrose gradient ultracentrifugation step the integrity of the
ribosomes was confirmed. No signal for the purified FT ribosomes was detected,
hence no RNCs were present in this sample.

Figure 3.27 shows the C-13C DQ-SQ 2D spectrum of FT ribosomes overlaid
with the U32SecM sample. The intensity of both spectra were calibrated ac-
cording to the ribose signal intensity. No Co and Cf chemical shifts of cysteine
residues can be detected as seen in the 1D 3C slice, concluding that no detectable

scrambling occurs to ribosomal proteins.
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Figure 3.27: Analysis of scrambling into ribosomal proteins. Qverlay of POST-
C713C-13C DQ-SQ 2D spectra of the 13C, 15N cysteine labeled nascent
chain U32SecM (black) and flow-through ribosomes grown in selectively
labeled medium (red). 1D 1% slice of Ca-CB cross peak region of cysteine
residues of flow-through ribosomes (red) and U32SecM (black).

3.2.8 Flexible—meccano simulations on U32SecM

To test whether the conformational space of the ribosomal exit tunnel is suffi-
ciently large for disulfide bond formation and multiple conformations of the NC,
and thereby confirming the initial hypothesis, the conformational space of the
NC inside the tunnel was simulated using flexible-meccano [14]. This method
relies on amino-acid-specific (¢/¢) sampling in coil regions of protein structure.
The flexible-meccano simulations were performed by Prof. Dr. Martin Black-
ledge. The dimensions of the ribosomal exit tunnel were taken from our obtained
cryo-EM structure (PDB: 6YS3), and the NC was sequentially built from Ser151
of SecM by adding 26 amino acids of the U32SecM construct to the N-terminal
end. Hence, the simulation of the NC include the amino acids Asp8-Cys32 of
GBC and Phel50-Ser151 or Phel50-Trpl155 of SecM. Indeed, the ribosomal exit
tunnel provides sufficient space for different disulfide bridges to form including a
disulfide bond between Cys22 and Cys32 inside the ribosomal exit tunnel close to
the constriction site (Figure 3.28). Figure 3.28a presents the ensemble of differ-
ent U32SecM NCs and Figure 3.28b-f the different disulfide bridges in U32SecM
that can be obtained. CB-CB distances below 4.5 A were considered as potential
disulfide bonds. Further, we were able to observe that the ribosomal exit tunnel
modulates the sampling of the NC, with Cys32 and Phel50 showing a higher
propensity to sample an a-helical conformation inside the ribosomal exit tunnel
of E. coli than in solution (Figure 3.29). While simulation of the U32SecM NC



90 3 RESULTS AND DISCUSSION

inside the ribosomal exit tunnel of H. sapiens (Figure 3.29) revealed differences
in the sampling of Arg31, Cys32 and Phel50 compared to the E. coli ribosome.
Although all disulfide bridges of U32SecM could also be formed in the eukaryotic
ribosome (Figure 3.30). Hence, disulfide formation within eukaryotic ribosomes
would require further investigation, since different structures might be obtained
inside the ribosomal exit tunnel. Since disulfide bond formation might be possi-
ble in the ribosomal exit tunnel and the cysteine chemical shift of the NC alone
in the ribosome could be identified in 3C-1C DQ-SQ experiments, we tested

whether the oxidation level changes with elongating chain lengths.
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Figure 3.28: Simulation of U32SecM within the ribosomal exit tunnel of
E. coli using flexible-meccano. a) Ensemble of structures within the
tunnel. U32SecM chains with Cys15-Cy18 (b), Cys18-Cys22 (¢), Cysl5-
Cys22 (d), Cys22-Cys32 (e) and Cys15-Cys32 (f) in close proximity for
possible disulfide bridge. Cysteine residues are highlighted with a yellow
ball. SecM in dark grey, U32 sequence in green. Ribosomal proteins L/
(light pink), L22 (light orange) and L23 (light violet) and 23S rRNA (light
grey) shape the ribosomal tunnel. The simulation included residues from
Asp8 in GBC to Trp155 in SecM. The tunnel dimensions of PDB 6YSE
were used.
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Figure 3.29: Ramachandran plots of the simulated U32SecM NC in the ri-
bosomal exit tunnel and free in solution. The tunnel dimensions
of E. coli (PDB: 6YS3) and H. sapiens (PDB: 4UG0) were used for the
simulation of the NC using flexible-meccano [14]. High populated states
of the NC in red and low populated in blue.

3.2.9 Solid-state NMR on '3C, 1°N cysteine labeled GBC RNCs with
different chain lengths

As demonstrated in the previous section, we were able to detect selectively
the 3C NMR signals of NC cysteine residues in RNCs. The ribosomal exit
tunnel seem suitable to accommodate different conformations of the short NC
and different disulfide bonds. We then monitored the oxidation ratio of the
further elongating NC and determined the secondary structure of the NC cysteine
residues.

The different RNC constructs and U32SecM mutants are shown in Figure 3.10.
All samples were treated identically and the '3C-13C DQ-SQ 2D spectra of the
these samples are shown in Figure 3.31. The C chemical shift of the individual
signals were assigned directly on the resolved signals and the corresponding Ca
chemical shift was calculated indirectly from the DQ (Ca + CpB) and SQ (CB)
chemical shift. Vice versa, the DQ and SQ chemical shift of the Ca signal was
used to calculate the CB chemical shift as in U32SecM C18 C22 for Co7 and Cas8.
However, since the Ca chemical shifts are less resolved, signals calculated using
the Ca chemical shift contain a higher error. Cf chemical shifts above 35 ppm
are attributed to oxidized cysteine residues. Reduced cysteine residues show Cp3
chemical shifts less than 32 ppm and in the overlapping region (35-32 ppm) the
oxidation state of cysteine residues are ambiguous. First, in all samples oxidized
species were detected. For the U32SecM C18 C22 mutant (Fig 3.31a) and for
the U32SecM C15 C18 mutant (Figure 3.31b), this might suggest that a Cys18-
Cys22 or Cys15-Cysl8 disulfide bond was formed. A disulfide bond linking Cys15
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Figure 3.30: Simulation of U32SecM within the ribosomal exit tunnel of H.
sapiens using flexible-meccano. a) Ensemble of structures within the
tunnel. U32SecM chains with Cys15-Cy18 (b), Cys18-Cys22 (c), Cysl5-
Cys22 (d), Cys22-Cys32 (e) and Cys15-Cys32 (f) in close prozimity for
possible disulfide bridge. Cysteine residues are highlighted with a yellow
ball. U32 in green and lightgreen. Ribosomal proteins L4 (light pink),
L17 (light orange) and L23 (light violet), L87 (salmon), L39 (cyan), 5.85
rRNA (orange) and 285 rRNA (light grey) shape the ribosomal tunnel.
The ribosomal protein L17 of H. sapiens is the structural equivalent to
L22 in E. coli ribosomes. The simulation included residues from Asp8
in GBC to Trp155 in SecM. The tunnel dimensions of PDB 4UG0 were
used.

and Cysl8 is not compatible with the conformation of the full-length protein, in
which both side chains face different directions and the distance between the Cf8
carbons is above 10 A. Although these cysteines would be part of the common
CXXC motif, as found in oxidoreductases such as thioredoxin. A disulfide bond
between Cysl8 and Cys22 was identified in a previous X-ray structure and both
CB carbons were only 4.8 A (PDB: 4GCR) apart[177]. However, also the single
cysteine mutant U32SecM C18 shows oxidized signals. Since no intramolecular
disulfide bond can form in this mutated NC, the oxidized cysteine is involved
solely in intermolecular disulfide bond formation.

These chemical modifications of cysteine include S-glutathionylation and S-nitro-
sylation. S-glutathionylation, a post-translational modification, includes the ad-
dition of the tripeptide glutathione via an intermolecular disulfide bond. Since
the concentration of reduced glutathione is around 5 mM in the E. coli cytosol
and the ratio between reduced glutathione to glutathione disulfide (GSH/GSSG)
is in a range between 50/1 and 200/1 [173], the addition of glutathione to Cys18
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seems possible in cells. Besides, S-glutathionylation of full-length GBC was in-
deed detected previously [148, 277]. Liang and Pelletier [148] detected one glu-
tathione bound to one GBC molecule and argued that it is most likely bound to
Cysl5, due to the high static accessibility of Cys15 [159] (Table 1.3). Cysl8 is
usually not accessible to glutathione in the full-length GBC (Table 1.3). In the
ribosomal exit tunnel, the short NC is not likely to fold in a similar way as the
full-length protein, therefore Cys18 could be accessible to glutathione addition in
this specific environment. Here, S-glutathionylation of U32SecM C18 indicates
that native-like -strands do not form inside the ribosomal tunnel, which would
otherwise bury the side chain of Cys18. While Liang and Pelletier [148] used
oxidized glutathione (GSSG) for the detection of mixed disulfides in GBC, it was
also shown that reduced glutathione can bind to GBC [277, 239] when added in
26 molar excess and incubated for 1-2 hrs at room temperature. Yu et al. [277]
demonstrated that two cysteine residues might be involved in the formation of
mixed-disulfides with reduced glutathione. In addition, the authors suggested
that the cluster of Cys18, Cys22 and Cys78 might be involved in redox reactions
with glutathione and the mixed-disulfides as intermediates.

S-nitrosylation can be mediated by S-nitrosoglutathione (GSNO) and is also con-
sidered as a post-translational modification which might be an established re-
sponse to oxidative/nitrosative stress [76]. Since the media and buffers did not
contain any nitric oxide, nitrogen dioxide, GSNO or any glutathione, chemical
modifications of cysteine residues must take place within the cell. In general, these
modifications are reduced after release of the ribosome within the highly reduc-
tive environment of the F. coli cytosol. Thus heterologously expressed proteins
can typically be produced only in reduced form in E. coli, although exceptions
have been reported [8, 230, 111, 10]. In addition, S-glutathionylated proteins are
also reduced by Grx[15]. GSH might be small enough to enter the ribosomal
tunnel and thus bind to the NC. Grx with a molecular weight between 9-13 kDa,
however cannot enter the ribosomal exit tunnel and reduce the mixed disulfide
with GSH.

The BC-13C DQ-SQ spectrum of the different RNCs showed not only oxidized
cysteine signals within each constructs, but also the number of cysteine signals ex-
ceed the number of cysteine residues in the NC. This could be attributed plausibly
to the distinct intermolecular single-site modifications, the complex intramolec-
ular disulfide bonds, and multiple sidechain/backbone conformations within the
ribsosomal exit tunnel as modeled with flexible-meccano (Figure 3.28) and also
demonstrated for domain 5 and 6 constructs of ABP-120 filamin protein [114].
The U32SecM and U43SecM constructs exhibit multiple C@ signals (Figure 3.31d
and 3.31e), while U78SecM (Figure 3.31f) shows the same number of signals as
cysteine residues in this construct. U78SecM may adopt a more defined struc-
ture and/or carry less chemical modifications, since some of the cysteine residues

might be already buried within the protein interior.
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Plotting the Ca chemical shift versus the C chemical shift gives a hint about the
obtained secondary structure of the cysteine residues [235, 261] (Figure 3.32). The
cysteine residues within the full-length GBC are mostly located within -sheets,
only Cys22 and Cys32 are located within a random-coil structure (Figure 3.11).
For all RNC constructs, except U32SecM, all signals obtain a Co-Cf chemical
shift in the {-sheet or random-coil region. U32SecM has also one signal within
the region of reduced a-helix (Figure 3.32d). However, the CB chemical shift of
this particular signal was calculated using the DQ and SQ chemical shift of the
Ca signal. Hence, this signal has a higher error. Again, while U32SecM and
U43SecM show a lot of signals, U78SecM shows only six signals as the number
cysteine residues in this construct. These signals are also located within 3-sheet
and coil structure as the full-length GBC. However, four residues are oxidized,
whereas the full-length GBC is fully reduced [22].

The CB chemical shifts of S-gluathionylated or S-nitrosylated cysteine residues
cannot be distinguished from cysteine residues involved in disulfide bonds (Figure
3.33a). This complexity could indeed partially explain the strikingly high hetero-
geneity observed in our solid state NMR spectra. Comparing these chemical shift
dristribution plots of the RNCs to the plots of GSH, GSSG and GSNO shows,
that the signals of the cysteine are also located within the (3-sheet or random-coil
region (Figure 3.33b). Hence, it is not possible to distinguish between inter- and
intramolecular disulfide bonds using this solid-state NMR method.

In principle, the disulfide-bond linked cysteine residues can be identified by in-
terresidue 12CB-13CB contact or through 7"Se-""Se correlation of ""Se (I=1/2)
substituted cysteine residues. The first approach was not successfull, possibly
due to the relatively long CB-Cp distance (4.4 A) in our case and/or the similar
CB chemical shifts. The diselenide bond within a 37-residue spider protein (x-
ACTX-Hvlc) was observed through one bond 7"Se-""Se scalar coupling in a two-
dimensional 7"Se-7"Se COSY experiment in liquid-state NMR [174]. However,
in our case, the amount of sample might not be sufficient for this experiment.
This strategy also needs an auxotrophic FE. coli strain for protein expression,
which often compromise the protein yield. An alternative approach to detect the
connected cysteine residues is mass spectrometry. Here, the RNCs were also sub-
jected to LC-MS/MS analysis (collaboration with Jakob Meier-Credo and Julian
Langer).

In addition, using solid-state NMR, we also studied if the oxidation ratio between
the different constructs changes with elongating chain length (Figure 3.34). The
oxidation ratio was determined by integrating the signal intensity over different
spectral regions characteristic to the oxidized, reduced and ambiguous states and
then deriving the ratio by dividing these values by the total integral over all
cysteine signals. The error bars reflect slightly different integration regions, as
described in the method section. The error of the different integration areas is
negligible with a maximum error of 1.2% for U32SecM C18 (Table 3.3). The
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U32SecM mutants with one and two cysteine residues show a very similar oxi-
dation ratio of 16-19%. The oxidation level increases to 25% for U32SecM with
four cysteine residues and further to 38% for U43SecM carrying five cysteine
residues. UT78SecM with six cysteine residues shows an oxidation level of 34%
similar to that of U43SecM. While 25% oxidation ratio in U32SecM corresponds
to in average one oxidized cysteine per RNC, two cysteine residues would be ox-
idized in the U43SecM and U78SecM, which could possibly be a disulfide bond.
However, also the cysteine modifications with glutathione and a nitroso group
are count into the oxidation ratio. To conclude a more general trend with the
elongating chain length further DNP solid-state NMR studies on more constructs
with varying lengths and cysteine numbers are required, which is not compatible
with the current experimental thorughput. Between U43SecM and U78SecM the
oxidation ratio decreases slightly, further experiments are needed to verify, if the

oxidation ratio would further decrease with longer chain lengths.

Table 3.3: Relative integration ratio (Rel. int. ratio) and standard error of
integration area variation of different RNCs.

Construct name Integration Rel. int. ratio  Standard error
region (mean)

U32SecM C18 oxidized 0.190 0.012
U32SecM C18 reduced 0.599 0.011
U32SecM C18 overlapping 0.211 0.002
U32SecM C18 C22 oxidized 0.163 0.009
U32SecM C18 (€22 reduced 0.636 0.005
U32SecM C18 C22 overlapping 0.201 0.004
U32SecM C15 C18 oxidized 0.186 0.005
U32SecM C15 C18 reduced 0.606 0.007
U32SecM C15 C18 overlapping 0.208 0.002
U32SecM oxidized 0.253 0.002
U32SecM reduced 0.554 0.001
U32SecM overlapping 0.193 0.002
U43SecM oxidized 0.382 0.003
U43SecM reduced 0.434 0.002
U43SecM overlapping 0.184 0.001
U78SecM oxidized 0.343 0.004
U78SecM reduced 0.486 0.003
U78SecM overlapping 0.172 0.002

To study if disulfide bonds can form inside the ribosomal exit tunnel as suggested
by the flexible-meccano simulations (Figure 3.28), a U32SecM construct, carrying

four cysteine residues, was further studied by solid-state NMR and cryo-EM. An
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oxidation ratio of 63% (Figure 3.35 and Table 3.4) was observed, corresponding
to at least two oxidized cysteine residues. This is in line with the formation of a
disulfide bond. However, the single-site chemical modifications of cysteines, such
as S-glutathionylation and S-nitrosylation, could also contribute to this observed
oxidation ratio. The B C-13C DQ-SQ 2D spectrum is represented in Figure 3.35a
and the corresponding Co-Cp chemical shift plot in Figure 3.35b. Due to signal
overlapping, the C3 chemical shifts of signals 7-10 were indirectly determined from
the DQ and SQ chemical shift of Ca and thereby show a lower precision. Some
signals are located in the Ca-Cf region of oxidized a-helix conformation (Figure
3.35). This would implicate that non-native structures are obtained within the
ribosomal exit tunnel, since all cysteine residues are located within 3-sheets and
random-coil in the folded full-length GBC. Non-native compact structures were
also found in the N°-glutamine metyltransferase HemK as studied by FRET and
PET [171]. As mentioned above, to further map the disulfide bond formation or
other modifications in the different constructs, the RNCs were analyzed by LC-
MS/MS. In addition, we also studied the binding of glutathione to U32 peptides
using liquid-state NMR.

Table 3.4: Relative integration ratio (Rel. int. ratio) and standard error of
integration area variation of U32SecM cryo-EM sample.

Construct name Integration Rel. int. ratio Standard error
region (mean)
U32SecM for cryo-EM oxidized 0.629 0.005
U32SecM for cryo-EM reduced 0.190 0.009

U32SecM for cryo-EM overlapping 0.181 0.004
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Figure 3.31: 1°C-1°C 2D DQ-SQ spectrum of all RNC constructs. Cysteine
Ca-CB cross-peak regions of the 1°C-1°C DQ-SQ spectrum of 1°C, 1°N
cysteine labeled RNCs. a) U32SecM C18 C22, b) U32SecM C15 C18, ¢)
Us2SecM C18, d) U32SecM, e) Uj3SecM and f) U78SecM (numbering
scheme as given in Figure 8.10). The cross-peak region for oxidized cys-
teine residues is highlighted in light grey, and for reduced cysteine residues

in dark grey.
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Figure 3.32: Structural analysis of selectively cysteine labeled RNCs. Ca and

CB chemical shifts from RNC constructs compared to values derived from
a chemical shift database [261]. a) U32SecM C18 C22, b) U32SecM
C15 C18, ¢) U32SecM C18, d) U32SecM, e) Uj3SecM and f) U78SecM
(numbering scheme as given in Figure 3.10). Ellipses show 90% of the
corresponding chemical shifts. Secondary structures: H = helix, B = B-
strand and C =coil. The cross-peak region for oxidized cysteine residues
is highlighted in light grey, and for reduced cysteine in dark grey.
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Figure 3.33: Chemical shifts of cysteine modifications. a) 1D *C NMR spec-

Rel. Int. Ratio

trum of S-nitroso glutathione (black), glutathione (GSH) (red) and glu-
tathione disulfide (GSSG) (blue). Ca and CB chemical shifts of cysteine in
odd numbers and even numbers, respectively. (1=55.489 ppm, 2= 36.512
ppm; 8=58.618 ppm, 4=28.492 ppm; 5=55.328 ppm, 6=41.390 ppm). b)
Ca and CB chemical shifts of GSSG, GSNO and GSH compared to val-
ues derived from a chemical shift database [261]. Ellipses show 90% of
the corresponding chemical shifts. Secondary structures: H = heliz, B =
B-strand and C=coil. The cross-peak region for oxidized cysteine residues
is highlighted in light grey and for reduced cysteine in dark grey.
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Figure 3.34: Ozxidation ratios of GBC RNCs. Relative integration ratio (Rel. int.

ratio) of oxidized, reduced or overlapping regions, the last of which does not
allow for differentiation, of all RNC spectra. Constructs contain 1-2 cys-
teine residues (left), 4-6 cysteine residues (right). Signal intensity of ox-
idized cysteine residues (>35 ppm), reduced cysteine residues (<32 ppm)
and the overlapping region (35-32 ppm) was divided by the total signal
intensity of CB chemical shifts. Error bars were calculated using different
integration regions (2.6.53).
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Figure 3.35: Analysis of 1°C-°C DQ-SQ solid-state NMR spectrum of °C,
15N cysteine labeled U32SecM cryo-EM sample. a) Cysteine Ca-
CB cross peak regions of the 13C-13C DQ-SQ 2D spectrum of 1°C, 1°N
cysteine labeled U32SecM. b) Ca and CB chemical shifts from U32SecM
compared to values derived from a chemical shift database [261]. Ellipses
contain 90% of the corresponding chemical shifts within each group [261]
(H = heliz, B = B-strand, C = coil). The spectral region for oxidized
CB cysteines in light grey, and for reduced cysteine in dark grey. c) Rel-
ative integration ratio (Rel. int. ratio) of owxidized (light grey) or re-
duced residues (dark grey) or the overlapping region (white), which does
not allow for differentiation, of U32SecM cryo-EM sample. Signal in-
tensity of oxidized cysteine residues (>35 ppm,), reduced cysteine residues
(<32 ppm) and the overlapping region (35-32 ppm) was divided by the to-
tal signal intensity of CB chemical shifts. Error bars were calculated using
different integration regions (2.6.3).
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3.2.10 Investigation of glutathione binding to U32 peptides

To verify whether glutathione can bind to GBC fragments and to assign the
chemical shifts of reduced and oxidized GBC fragments, U32 peptides containing
two cysteine residues per construct were synthesized using solid state peptide
synthesis (SPPS). One cysteine per construct was 3C, 1°N labeled, while the
other one was unlabeled (Figure 3.36). Another construct containing cysteine
Cysl15 and Cys18 with Cysl5 '3C, N labeled was also synthesized, but could

not be purified as monomer.

U32C18 N—| GBC |-c
A15C18*C22 A32

U32C22 N—| GBC l-c
A15C18 C22' A32

Figure 3.36: Labeling scheme of U32 peptides synthesized by solid phase pep-
tide synthesis. FEach construct contains two cysteine residues (yellow
line) with one cysteine 1C, 15N labeled marked with an asterisk (*).

The chemical shifts of U32 C18 and U32 C22 peptides were detected in a 2D
'H-13C HSQC experiment (Figure 3.37a and 3.37b (black spectrum)) and the
Co chemical shift was plotted as a function of the CB chemical shift (Figure
3.37c). The signals of Cys18 and Cys22 are located within the reduced (3-sheet
or random-coil region and the 1D 'H NMR spectrum of these peptides showed
low chemical shift dispersion and line broadening of the amide protons, both
indications of an unfolded conformation (Figure 5.3 in appendix). Comparing
the Coa-Cp plot of these peptides to the U32SecM RNC constructs, shows that
a signal at the location of C18 can be detected in all RNC spectrums (signal
1 in Figure 3.32a-c, e-f and signal 8 in Figure 3.32d). The signal of Cys22 in
the U32SecM C18 C22 constructs (Figure 3.32a) cannot be identified, and in the
U32SecM construct it likely corresponds to signal 1. However, since the NC is
located inside the ribosome exit tunnel and the U32 peptide is free in solution,
comparing the chemical shifts is problematic.

Oxidation of the cysteine residues was achieved by addition of GSSG/GHS to the
peptides. The chemical shifts of the oxidized cysteines were determined (Figure
3.37a and 3.37b (red spectrum)) and the Ca chemical shift was plotted as a func-
tion of the CB chemical shift (Figure 3.37c). The signals of both cysteines are
also located within the -strand or random-coil region. Oxidized Cysl8 signal
differs from the oxidized signals found in the U32SecM RNC constructs (Figure
3.32a-d). In the U43SecM construct a signal corresponding to the Ca-Cf chemi-
cal shift of Cys18 in U32 can be found (signal 9). A signal at the location of the
oxidized Cys22 is also not visible in the U32SecM RNC constructs. It is likely
that signal 5 in U32SecM C18 C22 (Figure 3.32a) and U32SecM (Figure 3.32d)
could correspond to Cys22, however, since the peptides have different environ-

ments the assignment of the RNC signals using the U32 peptides is not possible.
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Figure 3.37: Ozxidation of U32 peptides after addition of GSSG/GSH. a) 2D

TH-13C HSQC spectrum of 1°C, 1°N C18 labeled U32 peptide (black) and
after addition of GSSH/GSH (red). b) 2D ! H-'3C HSQC spectrum of 1% C,
15N (€22 labeled U32 peptide (black) and after addition of GSSH/GSH
(red). Protein concentration: approz. 100 uM U32, in Tico buffer (10 mM
HEPES, 30 mM NH,Cl, 30 mM MgCly, 1 mM EDTA, 10% D50, 50 uM
DSS, pH 8.1. Acquisition parameters: NS=4, TD=1024, 64, T=277K.
Final GSSG/GSH concentration: 5.77 mM GSSG and 0.57 mM GSH. As-
signment of GSSG is shown in Figure 5.4. ¢) Ca and CB chemical shifts
from U832 peptides C18 and C22 reduced and after oxidation with GSS-
G/GSH compared to values derived from a chemical shift database [261].
d) 4-12% NuPAGE gel of U32 C18 and C22 peptide samples with and
without glutathione. Samples from left to right: Protein marker (M), U32
C22 peptide without GSSH/GSH, U32 C22 peptide in 1:5 dilution with wa-
ter, U32 C22 peptide after addition of GSSG/GSH, U32 C22 peptide after
GSSG/GSH addition in 1:5 dilution with water, U32 C18 peptide without
GSSH/GSH, U32 C18 peptide in 1:5 dilution with water, U32 C18 peptide
after addition of GSSG/GSH, U32 C22 peptide after GSSG/GSH addition
in 1:5 diltion with water. The Protein marker PageRuler Unstained Low
Range Protein Ladder from ThermoFisher Scientific (Waltham, USA) was
used as reference.

The chemical shifts of the free peptides are also located within the same re-

gion of the RNC constructs. The free peptides obtain an unfolded conformation,

whereas the structure of the NC is unknown. Inducing the cysteine oxidation
with GSSG/GSH leads not only to an intra-molecular disulfide bond, but also
to dimer formation and to binding of glutathione (Figure 3.37d and Figure 5.5

in appendix) making it difficult to assign the chemical shift to the real oxidation

state. Using these peptides, we could show that addition of oxidized glutathione
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leads to oxidation of the cysteine residues and that glutathione can indeed bind
to GBC fragments. To determine if intra-molecular or inter-molecular disulfides
with glutathione are also formed in the RNC constructs, the RNC samples were
investigated by LC-MS/MS.

3.2.11 Investigation of cysteine oxidation by mass spectrometry

To differentiate the oxidation states of cysteines within NCs, we investigated
the NC after RNase digestion using liquid chromatography-coupled tandem mass
spectrometry (LC-MS/MS). All measurements were carried out by Jakob Meier-
Credo in the lab of Dr. Julian Langer.

In the absence of reducing agents during sample preparation, peptides with glu-
tathione and nitrosylation adducts of the NC polypeptides were detected together
with intramolecular disulfide bonds (Figure 3.38 and Table 3.5). Glutathione and
nitric oxide bound to the side chain of Cysl8 in the GFQGHAYECSSDAPN-
LQPYFSR polypeptide of the U32SecM C18 construct (Figure 3.38a, b) were
detected. It was previously demonstrated that rifampicin decreases the glu-
tathione concentration within E. coli cells [149]. This could then result in an
increased oxidation of proteins inside the cells. However, S-glutathionylation of
the NC was detected in both, cells expressed in LB medium without addition of
rifampicin and in selectively labeled medium with rifampicin. Also the addition
of cysteine to the medium, as in the selectively labeled medium, increases the
glutathione concentration, counteracting the effect of rifampicin [149]. The ob-
served cysteine modifications are thus not necessarily linked to the cell medium.
The double mutant U32SecM C18 C22 did not contain any disulfide bonds or
cysteine modifications, except the alkylation with carbamidomethyl from the io-
dactamid treatment. The U32SecM C15 C18 double mutant did not show any
cysteine modifications at all (Table 3.5). All cysteine residues in the U32SecM
variant with an oxidation level of 25% can be modified by carbamidomethyl,
hence some residues are in a reduced state. However, also two disulfide bonds
were detected between Cysld and Cys32 and between Cys22 and Cys32. With
a trypsin cleavage site between both peptides, the differentiation between inter-
and intramolecular disulfide bond is impossible.

An intra-molecular disulfide bond, without trypsin cleavage site between the two
peptides, was detected between Cys32 and Cys41 in the polypeptide CNSIRVDS-
GCWMFSTPVWISQAQGIR of the U43SecM (Figure 3.38¢) and in the U78SecM
construct (Table 3.5). Except for S-nitrosylation, none of these modifications was
detected in control samples with reducing conditions. All detected disulfide bonds
are visualized in Figure 3.38d. A non-native disulfide bond between Cys32 and
Cysd1l was also observed in the W42Q mutant of yD crystallin after interaction
with oxidized yD crystallin [231]. This human yD shares 77% sequence identity
to bovine yB crystallin and showed an oxidoreductase function using disulfide

exchange to initiate aggregation of mutant crystallins [207, 231].
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Figure 3.38: LC-MS/MS investigation of RNC fragments. a)Fragment spec-
trum of the tryptic peptide GFQGHAYECSSDAPNLQPYFSR (precur-
sor m/z 695.54 (4+)) of U32SecM C18 with a glutathione modification
on Cys18. b) Fragment spectrum of the tryptic peptide GFQGHAYEC-
SSDAPNLQPYFSR (precursor m/z 835.03 (3+)) of U32SecM C18 with
a nitroso modification on Cysl8. Matched fragment ions are indicated
as dashes in the sequence and respective labels on peaks. c¢) Fragment
spectrum of the tryptic peptide CNSIRVDSGCWMFESTPVWISQAQGIR
(precursor m/z 980.46 (3+)) of U43SecM with a loop-linked disulfide bond
(Cys32-Cys41). Matched fragment ions are indicated by dashes in the se-
quence and respective labels on peaks. d) Overview of cysteine oxidation
states (S-nitrosylation (S-NO), S-glutathionylation (S-SG), disulfide bond-
ing) of the NCs in RNCs as observed by LC/MS-MS. Cys78 in U78SecM
was not involved in any disulfide bond formation. Trypsin cleavage site is
shown as black dashed line, disulfide bond as yellow solid line.

Interestingly, Cys32 is involved in several disulfide bonds, indicating a high re-
activity of this particular cysteine residue. In the full-length GBC, Cys32 is
completely buried inside the protein and has a solvent accessibility of 0 A2 (Ta-
ble 1.3). The neighboring cysteine residues Cys22 and Cys41, which were also
involved in disulfide bond formation, obtain a rather low solvent accessibility of
19 and 12 A2, respectively. Important for disulfide bond formation and cysteine
modifications are also the proximity to basic (His, Lys, Arg) or charged amino
acids (Ser, His) [41] (Figure 1.14). Two serine residues are located between Cys18
and Cys22 and one serine and arginine residue precedes Cys32. Cys78 is also in

sequential proximity to one arginine and two serine residues.
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Table 3.5: Identified loop-linked disulfides and cysteine modifications with
glutathione or nitric oxide in NCs by LC-MS/MS. Free, reduced
cysteines were alkylated with iodacetamid (2.9).

Construct name Identified Trypsin Cysteine modification
disulfide cleavage site
bond between
peptides
U32SecM C18 - - S-nitrosylation
(Cys18),
S-gluathionylation
(Cys18),
Carbamidomethyl
(Cysl18)
U32SecM C15 C18 - - -
U32SecM C18 C22 - - Carbamidomethyl
(Cysl8, Cys22)
U32SecM Cysl15- Carbamidomethyl
Cys32, (Cyslb, Cysl8, Cys22,
Cys22- yes Cys32)
Cys32
U43SecM Cys32- no S-nitrosylation (Cys22,
Cys4l Cysdl),
Carbamidomethyl
(Cysl5, Cys22, Cys32,
Cys4l)
U78SecM Cys32- no S-nitrosylation
Cys4l (Cysdl),
Carbamidomethyl

(Cyslb, Cys22, Cys32,
Cys4l, CysT78)

The disulfide bond prediction tool DISULFIND [31] predicted a possible disul-
fide bond between Cysl8 and Cys32 within the GBC sequence of U32 revealing
also the high reactivity of Cys32. This software tool [31] uses global features like
amino acid composition, number of cysteines and average cysteine conservations
and peptide chain length but does not predict a structure. The other cysteine
residues in this U32 sequence were predicted to be reduced, but with a very low
confidence value. For U32SecM no disulfide bond was predicted, but the predic-
tion was also of low confidence. For U43SecM and U78SecM no disulfide bond was
predicted and each cysteine within prediction revealed a high confidence value.
Another disulfide prediction tool DIANNA [60, 61, 62] predicted a bunch of dif-
ferent disulfide bonds in U32SecM, U43SecM and U78SecM. A disulfide bond
between Cys18 and Cys32 was predicted in most of the sequences, demonstrating
again the high reactivity of Cys32. These results and also the disulfide bonds
detected by LC-MS/MS reveal that all cysteines within the N-terminal domain
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of GBC are highly sensitive to oxidation in the NC.
Since the location of the cysteine residues inside the ribosomal tunnel are not
known, the proximity to ribosomal amino acids is unknown. However, struc-

tural information of the NC inside the ribosomal exit tunnel can be obtained by
cryo-EM.

3.2.12 Cryo—EM on U32SecM

To study if possible disulfide bond formation can occur inside the ribosomal
exit tunnel, the shortest construct U32SecM with in total four cysteine residues
was investigated by cryo-EM. A fully extended peptide, occupying 3.0-3.3 A per
residue needs only 33 amino acid residues to span the 100 A long ribosomal tun-
nel, while an o-helix which occupies 1.5 A per amino acid needs around 67 amino
acids to transverse the tunnel [152, 84]. In the U32SecM construct only 34 amino
acids include all cysteine residues and the SecM stalling sequence. Hence, at least
three of four cysteine residues should be visible inside the ribosomal tunnel after
analyzing the cryo-EM studies.

Actually, 196,000 (77%) out of 266,000 particles, showed the Gly-tRNA within
the P-site of the ribosome, while 55,000 (21%) particles showed the ribosome in
the rotated state with electron density of two tRNAs, the Gly-tRNA in the P/E-
site and the Pro-tRNA in the A/P*-site, as described previously [280] (Figure
2.2). The resolution of the maximum obtained EM density was calculated at
2.53 A with one bound tRNA and at 3.19 A with two tRNAs bound. Zhang et al.
[280] observed a slightly different ratio between the two states, with 60,354 par-
ticles with the Gly-tRNA in the P-site and 41,501 particles with the Gly-tRNA
in the P/E-site and the Pro-tRNA in the A /P*-site. The decreased occupancy of
Gly-tRNA in the P-site might be the result of using an in vitro translation assay,
which may lead to the formation of polysomes, that are not observed when the
RNCs are produced in vivo. To remove the polysomes, Zhang et al. [280] added
20 U of RNase A to the last purification step. If SecM is used as stalling sequence
to investigate RNCs, in vivo produced RNCs seemed to be the preferred choice.
Since 21% of the particles are occupied with Pro-tRNA in the A /P*-site and ad-
ditionally A2602 of 23S rRNA and Argl63 of SecM block the entry of an incoming
aminoacyl-tRNA into the A-site [280] the SecM stalling sequence is resistant to
puromycin [176, 253]. The preferred way to produce RNCs, which can be released
by puromycin, is therefore the use of in vitro translation assays, either by using a
commercial system without release factors or with linearized in vitro translation
template missing a stop codon.

A cross section of the 50S subunit with detail view of the ribosomal exit tunnel
is shown in Figure 3.39a. Overall, 35 amino acids were modeled into the cryo-
EM density including all four cysteine residues of U32SecM. The distance between
Gly165 of SecM and the last modeled amino acid His14 of GBC is 65.59 A, result-
ing in 1.87 A per residue. This value is close to the 1.50 A per residue, obtained
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in an o~ helical conformation and indeed a o-helix is visible in Figure 3.39b.

23S rRNA domains I to V form the majority of the tunnel surface[189]. Further-
more, the ribosomal proteins L4, 22 and L23 also contribute to the ribosomal
tunnel surface, with L22 and its long $-hairpin loop being the highest protein
contribution [189]. The ribosomal protein loops of L4 and L22 compose the con-
striction site at around 34.1 + 4.8 A from the PTC as averaged of 20 different
structures obtained from all three kingdoms of life and at around 32 A in E. coli
[46]. 1.23 is located at the lower part of the tunnel and covers about 19.0 & 2.8 A
of the ribosomal tunnel in bacteria [46]. L23 is also present in eukaryotes but
the segment covering the tunnel is replaced by L39, which covers 31.6 + 2.3 A
[46]. Hence, co-translational protein folding within the ribosomal tunnel might
differ between eukaryotes and prokaryotes, especially with a second constriction
site found in eukaryotes [46]. While the vestibule region of prokaryotes is large
enough to provide a substantial degree of structure, this region might be too nar-
row in eukaryotes [46]. However, the slightly tighter tunnel radius in eukaryotes
might also favor a-helical conformations. Co-translational folding of GBC within

eukaryotes would therefore require further investigation.

R

P

Figure 3.39: Cryo-EM structure of U32SecM. a) Side view of ribosomal 505 sub-
unit with focus on the NC. The surfaces of nucleotides 753, 1323-1325
and 1616 were hidden to gain a full view on the NC. b) U32SecM in the
ribosomal exit tunnel with the surrounding area (within 20 A) shown in

surface and cartoon representation. ¢) cryo-EM density of 2.74 around
the NC with model of U32SecM.

The fusion zone of SecM to GBC in U32SecM is nearby the constriction site.
The amino acids Phel50 of SecM to Tyr28 form an a-helix and Cys32 and Cys22
are generating a disulfide bridge visible in Figure 3.39b and Figure 3.39¢c. Fur-
thermore, this a-helix includes cysteine residue Cys32, which is in line with the
observation made by solid-state NMR, showing signals in an a-helical and oxidized
conformation (Figure 3.35) and the ramachandran plot of the NC simulation us-
ing flexible-meccano [14] (Figure 3.29).

It is unclear if this helix is only formed in this GBC-SecM fusion protein and might
be only obtained, since SecM stalls the NC at this position. Within U43SecM

one signal is located at the border between reduced coil or -sheet formation and
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oxidized o-helix (Figure 3.32). Probably, the formation of the a-helix obtained in
U32SecM is restricted to this construct with its location close to the constriction
site and the interactions to the ribosome at this point. Interestingly, however,
secondary structure prediction using PredictProtein [274] for U32 without SecM
also predicts a o-helix between Cys32 and Lys25, which is not formed in the
native full-length GBC. In a secondary structure prediction using the protein
sequence of U43 without SecM the o-helix is then only predicted between Lys25
and GIn26 and Tyr28 and Phe29 and the a-helix disappears in the prediction
of U78 completely. Hence, the a-helix in U32 could also be formed without the
stalling sequence of SecM and elongation of NC leads to unwinding of this o-
helical conformation.

Interactions of U32SecM within the ribosomal exit tunnel are shown in Figure
3.40. The stalling mechanism of SecM was established before [280, 179, 17]. In
agreement with previous data [114], we detect a compact form of SecM with a
distance of 22.41 A between Argl63 and Trpl55 (Figure 3.40a), which is below
the expected 30 A for an extended SecM chain. Argl63 is located close to U2506
of 23S rRNA, the n-stacking interaction between Trp155 and A753 of 23S rRNA
(Figure 3.40b) is also found [280]. The backbone of Trp155 interacts with Arg61
of L4 (Figure 3.40b), resulting in a different orientation of this Trp side chain as
described by Zhang et al. [280], but similar to Javed et al. [114].

Interactions between GBC and the ribosome involve hydrogen bonds between
Arg31, Ser30 and nucleotides C1259 and U1260 of 23S rRNA (Figure 3.40c) and
between the Asn24 side chain and the phosphate backbone of C461 and C462 of
23S rRNA (Figure 3.40d). Interactions in the lower region of the tunnel include
hydrogen bonds of the carbonyl groups of Serl9 and Ser20 with the side chains
of Arg84 and Arg95 of L22, respectively (Figure 3.40e), and of Tyrl6 with the
phosphate backbone of A508 of 23S rRNA (Figure 3.40f). Arg84 is also involved
in interaction with RNC constructs containing the fifth and sixth domains from
the gelation factor ABP-120 [114] and the Myc-tag [280]. In addition, also the in-
teraction of the nucleotide A508 with the Myc sequence was described previously
[280]. The interactions between the NC and the ribosomal exit tunnel are listed
in Table 3.6 and shown schematically in Figure 3.41a. Most likely, all of these
interactions help to stabilize the a-helical conformation of amino acids Phel50 to
Tyr28 and the loop formed between Cys32 and Cys22, and bring these residues
in close proximity to form a disulfide bridge (Figures 3.39 and 3.41).

Therefore, the ribosomal exit tunnel allows a non-native disulfide bond formation,
since the CB-C@ distance between Cys22 and Cys32 is 12.62 A within the native
full-length GBC (PDB: 4W9A), which is too far away to form a disulfide bond.
Usually the C3-CB distance between cysteine residues involved in disulfide bond
formation is in the range between 3.5-4.5 A [247]. The CB-CB distance between
Cys18 and Cys22 is 6.09 A in the recombinat expressed full-length GBC (PDB:
4W9A) and 4.81 A (PDB: 4GCR) in GBC isolated from bovine eye lenses. In
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the lattter a disulfide bond was observed between Cysl8 and Cys22 [177]. The
distance between Cys15 and Cys18, which form a typical CXXC motif, common
in thioredoxin and oxidoreductases, was measured at 10.20 A and therefore disul-
fide bond formation is impossible in the full-length GBC between both cysteine
side chains that are facing into different directions. A more likely disulfide bridge
could be formed between Cys22 and Cys78 in the full-length GBC, since these
residues are only 5.42 A (PDB: 4W9A) apart from each other and the angle be-
tween these residues is 94.5° approaching the +90° which is commonly obtained
in disulfide bonds [196, 36]. In close proximity to Cys22 and Cys32 are Phel50
from SecM and Arg95 of 122 (Figure 3.40g). Basic amino acids, such as argi-
nine, in the vicinity of cysteine residues can lead to the formation of Cys thiolate
and the high reactivity of this thiolate to further disulfide bond formation [41].
Aromatic amino acids close to Cys residues could undergo S-rn interactions and
thereby contribute to the stability of the native GBC [175], which could increase
the reactivity of the thiol. The formation of the observed disulfide bond between
Cys32 and Cys22 might be enhanced by the tight space inside the ribosome and
the surrounding amino acids.

Although the o-helix within U32SecM is not found in the native full-length GBC,
the loop formed between the residues Cys32 and Cys22 is also partly observable in
the native structure of GBC (Figure 3.41b) with an RMSD of 4.33 A between both
structures. So, probably a part of the native structure is already formed inside
the ribosomal tunnel. Furthermore, the cysteine residues of a flexible-meccano
simulation are located close to the Cys22 and Cys32 of the cryo-EM structure
(Figure 3.41c). The Cys22 residues are located 3.72 A and Cys32 residues 2.98 A
apart from each other. The RMSD between the simulation and the structure be-
tween the His15 and Trp155 is 5.45 A. In summary, by using cryo-EM a non-native
disulfide bond between Cys22 and Cys32 and a non-native o-helix including the
residues Phel50 to Tyr28 could be identified, which might be an intermediate
in the co-translational protein folding of GBC. The coupling between protein
folding and disulfide bond formation is explained by two models: In the folded
precursor model, cysteine residues are brought into close proximity after the
structure is formed. In the quasi-stochastic model, cysteines pair in an unfolded
conformation and influence subsequent protein folding [265]. A coarse-gained
molecular simulation assumed protein folding guides disulfide bond formation in
BPTTI [206]. The oxidative folding of BPTI is pH dependent, while at pH 8.7 close
to the pK, of the cysteine side chain non-native disulfide bonds were observed
[37], only native disulfide bonds were detected at a neutral pH of 7.3 [264]. The
non-native disulfide bond detected in the NC of GBC favors the quasi-stochastic
model. The RNC constructs were measured near physiological conditions at pH
7.5, also below the pK, of the cysteine side chain. Thus, the detected non-native
disulfide bond is rather influenced by interactions with the ribosomal tunnel, in
particular with Arg95 of L22 then by the pH. Co-translational disulfide bond
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Figure 3.40: Interactions between U32SecM and the ribosomal exit tunnel.
a) Compaction of SecM between residues Arg163 and Trp155 (dark grey).
b) n-r stacking between Trp155 of SecM (dark grey) with A7538 of 23S
rRNA (light grey). ¢) Interaction of GBC residues Arg31 (light blue)
with C1259 and U1260 of 23S rNA (light grey) and Ser30 with U1260. d)
Hydrogen bonding between the Asn24 side chain of GBC (light blue) with
the phosphate backbone of C461 and C462 (light grey). e) Interaction
between Ser20 and Serl9 of GBC (light blue) with Arg95 and Arg84 of
L22 (light orange), respectively. f) Hydrogen bonding between Tyrl6 of
GBC (light blue) and the phosphate backbone of A508 of the 23S rRNA
(light grey). g) Close prozimity of Cys22 to Phe150 of SecM (dark grey)
and Arg95 of L22 (light orange). The distance of Cys22 to Arg95 is 4.03
A and to the side chain of Phel50 3.39A. L4 in light pink, L22 in light
orange, L23 in light purple, 23S rRNA in light grey, SecM in dark grey
and GBC in light blue. Nucleotides and amino acids are shown in one
letter and three letter code, respectively.
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Table 3.6: Interactions between U32SecM and the ribosome.

NC Interacting residue or ribonucletide
residues
Atom, Atom, residue Protein or RNA Type of
residue (three letter code) interaction
or ribonucleotide
(one letter code)
0(CO), H(NH3), Arg61 L4 Hydrogen
Trpl55 bonding
Trpl155 AT753 23S rRNA -7
stacking
H (NH), OP1 (POy), C1259 23S rRNA Hydrogen
Arg3l bonding
H (NHy),  OP2 (POy), U1260 23S rRNA Hydrogen
Arg3l bonding
H (OH), OP1 (POy), U1260; 23S rRNA Hydrogen
Ser30 OP2 (POy), U1260 bonding
H2 (NHz), OP1 (POy), C461; 23S rRNA Hydrogen
Asn24 03’, C462 bonding
S, Cys22 S, Cys32 NC Disulfide
bond
O (CO), H (Ng), Arg84 L22 Hydrogen
Ser19 bonding
O (OH), H (NHs), Arg95 L22 Hydrogen
Ser20 bonding
H (OH), O (POy), A508 23S rRNA Hydrogen
Tyrl6 bonding
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Figure 3.41: Cryo-EM structure and structural analysis of U32SecM. a)
Model of NC with interactions to ribosomal proteins and 23S rRNA rep-
resented. Nucleotides and amino acids are shown in lowercase and upper-
case one-letter code, respectively. SecM in grey and GBC in light blue. b)
Overlay of loop between Cys22 and Cys32 of the full-length GBC protein
(PDB: 4W9A) (dark blue) and the nascent chain U32SecM (PDB: 6YS3)
(light blue). RMSD=4.33 A. ¢) Overlay of NC model obtained by cryo-EM
(light blue) and flexible-meccano simulation (green), with possible disulfide
bond between Cys22 and Cys32 (yellow). RMSD=5.45A.

formation in B2-microglobulin in eukaryotes occurred only after the entire pro-
tein domain entered the ER, favoring the precursor model [212]. Support for the
quasi-stochastic model comes from two recent reports: in a cell-free expression
system, arrested translation intermediates of the disintegrin domain of human
ADAM10 formed non-native disulfide bonds [211]. Further, Robinson et al. [211]
showed secondary structure rather than cysteine density influences the mecha-
nism of cysteine coupling. Non-native disulfide bridges between distant cysteine
residues have also been observed in the low-density lipoprotein receptor (LDL-R)
in HeLa cells [113]. The influence of the ribosomal exit tunnel on disulfide bond

formation, however, was not yet studied.

3.3 Investigation of disulfide bonding in the full-length GBC

One of the crystal structures (PDB: 4GCR) of GBC isolated from bovine
eye-lenses contains Cys18 and Cys22 in two different oxidation states: one with
the cysteine residues fully reduced and one with a disulfide bond between Cys18
and Cys22 [177]. In this form the side chain of Cys22 is turned to bring the
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sulfur atoms in close proximity. To investigate the cysteine oxidation states in
solution, liquid-state NMR analysis of full-length GBC expressed and purified
from F.coli was conducted. The full-length protein U was prepared fully reduced
and oxidized with CuCly under continuous stirring and air supply overnight. Buhr
et al. [22] showed that this oxidation of U resulted in a 1°N backbone spectrum
similar to H-P1, which was partly oxidized and could be reduced by addition
of DTT. Figure 3.42a shows the size-exclusion chromatogram and Figure 3.42b
the SDS-PAGE gel with the corresponding fractions of the purified GBC after
oxidation with Cu(II). Only one protein band is visible with a size of the full-
length GBC (MW=23.17 kDa). The fractions were pooled, concentrated to a
final concentration of approx. 800 pM and a 'H-'N BEST-TROSY spectrum
recorded. Without 2-Mercaptoethanol in the SDS-loading buffer, the protein
appeared at a slightly smaller molecular weight, indicating that the protein is
either oxidized or that 2-Mercaptoethanol binds to the full-length GBC as shown
previously [277]. Since this behavior was also observed on the reduced protein,

indeed 2-Mercaptoethanol seems to bind to the protein.
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Figure 3.42: Size-exclusion chromatogram and SDS-PAGE gel showing the
corresponding fractions of GBC after oxidation. a) Size-exclusion
chromatogram of full-length GBC after oxidation with CuCly. Gelfiltration
column HiLoad 26660 Superdex 75 prep grade was used (GE Healthcare,
Chicago, USA). Absorbance at wavelength 280 nm (blue) and 260 nm
(red). Fractions are shown as dark red line. b) 15% SDS-PAGE gel of
size exclusion chromatography fractions of oxidized GBC. Samples from
left to right: Protein marker (M), fractions 1-4 with B-Mercaptoethanol
(B-ME) in SDS-loading buffer, Fraction 4 withouth B-ME in SDS-loading
buffer and Fractions 5-9 with B-ME in SDS-loading buffer. For the SDS-
PAGE the LMW-SDS Marker from GE Healthcare (Freiburg, Germany)
was used.

The 1D 'H NMR spectra for the amide proton range are shown in Figure 3.43a.
Small differences between the amid proton signals are visible, reflecting the same
differences found between the U and H variant by Buhr et al. [22]. In the 2D
'H-15N BEST-TROSY spectrum (Figure 3.43b, c¢) the differences are more pro-
nounced and again the spectrum of the oxidized protein U shows the same signal
distribution as the H variant. Four cysteine residues (Cysl5, Cys22, Cys41 and
Cys78) showed peak doubling in the 'H-'5N correlation spectrum. Except for
CysT78 all these cysteines are solvent accessible. Cysl5 exhibits the highest sol-
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vent accessibility, which is three- to four-times the solvent accessibility of Cys22
and Cy41 (Table 1.3). Buhr et al. [22] also identified peak doubling for Cys32
in the 'H-N BEST-TROSY spectrum using selectively cysteine labeled GBC.
Due to signal overlap with Vall32, the oxidized peak of Cys32 could not be un-
ambiguously identified. Cys109 in the CTD did not show any chemical shift

changes.
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Figure 3.43: 1D 'H and 2D backbone 'H-'>N BEST-TROSY spectrum of full-
length GBC' cysteine residues reduced and after oxidation with
Cu(II). a) 1D 'H spectrum of amide proton region of full-length GBC
reduced (red) and after oxidation with Cu(Il)(black). Parameters for ac-
quisition: NS=8, TD= 8192 for reduced and 32768 for oxidized GBC.
T=298K. b) 2D backbone 'H-1°N-BEST-TROSY spectrum of cysteine
residues of full-length GBC' reduced (red) and after oxidation with Cu(II)
(black) and 1D slice of Cys22 and Cys78 peaks in panel. Positions of
the cysteine residues are labeled in red and black accordingly. Parame-
ters for acquisition: NS=16, TD=1024, 256, T=298K. c) Detail view of
2D backbone 'H-N BEST-TROSY spectrum of reduced (red) and oxi-
dized (black) GBC. Cysteine residues not changing position after oxida-
tion (Cys18, Cys109) or that could not be unambiguously identified due to
overlapping signals (Cys32) were labeled only once. Cu-(II) oxzidation led
to reduction in the protein yield and a decrease in the signal/noise ratio
for the oxidized protein.

To identify which cysteine residues might be involved in a disulfide bond, the
Co and Cf chemical shifts were determined in triple-resonance experiments. The
strip plots of the HNCACB spectra of the cysteine residues in GBC are displayed
in Figure 3.44. The oxidized protein started to precipitate during data acquisi-
tion, resulting in a lower S/N ratio. CB chemical shifts below 32 ppm correspond
to reduced cysteine residues, C3 chemical shifts greater than 35 ppm are oxidized

and between 32 and 35 ppm cysteine residues can be both, oxidized or reduced.
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The Ca and CB chemical shift of Cy22 and Cys78 changed after oxidation with
Cu(II).

Plotting the Ca against the CB chemical shifts indicates secondary structure and
the oxidation state of the cysteine residues (Figure 3.45). Cysl5 appears in the
overlapping region, which could be both reduced and oxidized and also appears in
the B-sheet or coil area. This cysteine residue has the highest solvent accessibility
(Table 1.3) and is located in a B-strand with its side chain exposed to the solvent.
Hence, the location of this signal in the Coa-Cp plot seems reasonable. Cysl8,
Cys32, Cys4l and Cys109 are in a reduced [-sheet or coil conformation in the
reduced protein. This seems also reasonable since all cysteine residues except for
Cys32, which is localized in a coil, are involved in a f-strand within the crystal
structure of GBC (PDB: 4GCR). With the exception for Cys32, for which Ca
and CpB chemical shift could not be identified due to peak overlap with Vall32,
the Ca and CB chemical shifts of these four cysteine residues do not change after
oxidation with CuCl,. The Ca and C chemical shift of Cys22 changes dramat-
ically from Cys22 positioned in a reduced [3-sheet or coil region to an oxidized
o-helical conformation. Cys78 shows also changes in the Ca and C3 chemical
shift and shifts from a reduced B-strand or oxidized o-helix to a position, where
both conformations also overlap with a reduced coil conformation.

Cys78 is positioned indeed in a B-strand in the two crystal structures (PDB:
4GCR and 4W9A). The reactivity of cysteine residues is enhanced if the cysteine
residues exhibit a high solvent accessibility or are located in the vicinity of basic
amino acids like His, Lys and Arg, or charged residues as Ser [41] (Figure 1.14).
The Cys22 in GBC is partly exposed and Cys18 and Cys78 have almost no or no
solvent accessibility at all. These three cysteine residues are located within a CB-
CB range below 6.43 A to each other (Figure 3.11) and Ser20 is placed between
these cysteines, hence disulfide shuffling between these three cysteine residues
could in principle occur. The closest CB-Cf distance is between Cys22 and Cys78
with 5.42 A, but the clostest Sy-Sy distance is between Cys18 and Cys78. How-
ever, since Cys18, which was involved in a disulfide bridge with Cys22 in a crystal
structure [177] (PDB:4GCR), exhibits a CB chemical shift below 32 ppm and did
not show any change in the Ca and C{ chemical shift after oxidation, the in-
volvement of this residue in a disulfide bond seems unlikely. Since Cys22 and
Cys78 are in close proximity in the crystal structure (PDB: 4W9A) with a CB-CB
distance of 5.42 A and exhibit an torsion angle (¥3) of 94.5°, which is the range
of -87 and +97 degree determined by Craig and Dombkowski [36] analyzing 1505
native disulfides, a disulfide bond between these cysteines might occur. A possi-
ble disulfide bond between Cys22 and Cys78 was also proposed by Pande et al.
[196], observing a disulfide bond in GBC using Raman spectroscopy.

Summing up, the disulfide bond which might be formed in the H protein is
probably between Cys22 and Cy78. The most pronounced differences in the

translation speed between U and H were in the first 70 amino acids, with U being
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slower translated than H [22]. Probably, Cys22 is more exposed during translation
in U and becomes reduced in the E. coli cytosol, while H Cys22 in H might be
more reactive and/or protected. However, since synonymous codon usage did not
show an effect on the oxidation states in the NTD alone (section 3.2), also the
linker and CTD might be important for the observed difference between the U and
H protein. Using cryo-EM and mass spectrometry, we showed that a non-native
disulfide bond between Cys22-Cys32 and Cys32-Cys41 can form in arrested NCs.
Although, some of these disulfide bonds might get reduced by the E. coli cytosol
when exposed to the solvent, Cys22 could also rearrange to form a disulfide bond
with Cys78 in the full-length GBC. Hence, future experiments should also focus
on the involvement of the CTD and the linker between the two domains, both on

isolated proteins and RNCs.
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Figure 3.44: 'H-13C strip plots from the BEST-TROSY HNCACB spectrum

of GBC full-length reduced (red) and after oxidation with Cu(II)
(ox). The Ca resonances are phased to yield positive (black) cross-peaks,
whereas the Ca cross-peaks are negative (grey) The corresponding °N
frequencies are at the top. After oxidation with Cu(Il) and additional
purification by size exclusion chromatography, approx. 30% of the protein
yield was lost, leading to a decreased signal/noise ratio.
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Figure 3.45: Structural analysis of full-length GBC reduced and oxidized. Ca

and Ca chemical shifts of the siz cysteines of full-length GBC reduced (o)
and after oxidation with Cu(II) (*) compared to values derived from a
chemical shift database [261]. Ellipses contain 90% of the corresponding
chemical shifts of each group (H = heliz, B = B-strand, C = coil). The
spectral region for oxidized CB cysteines is highlighted in light grey, and
for reduced cysteine in dark grey. The overlapping region of both states is
shown in white.
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4 Conclusion and outlook

The work presented here derives from a number of different samples, experi-
ments and techniques, including liquid-state NMR on isolated proteins and pep-
tides, solid-state NMR and cryo-EM on RNCs and mass spectrometry on tryptic
digested GBC fragments. All techniques required different sample conditions, in-
cluding selective isotopic labeling on the NC without the labeling of the ribosome,
itself. This means 54 r-proteins with a total molecular weight of approx. 900 kDa
[141] needed to be unlabeled, while the 7.2-12.7 kDa NC of GBC should obtain
high yields of isotopic incorporation. Furthermore, solid-state NMR needed large
amounts of RNCs (3 n~mol), while for the preparation of the cryo-EM grids only
a thousandth of this was required. For both techniques various sample conditions
were studied, which together with the long sample preparation and measurement
time for each construct delayed the finalization of this thesis. The discrepan-
cies of the sample conditions and the different outcomes generated by various
techniques had to be compared carefully. Variations in the protein yield of the
different RNCs also affect the mass spectrometry results. With higher concentra-
tions of RNCs more cysteine modifications were observed. Hence, also in RNCs
with low sample concentrations, where no cysteine modification or disulfide bond
was detected, both could still be present.

Nevertheless, the questions addressed in the beginning (Figure 1.19) concerning
the effect of synonymous codon usage on the NTD and cysteine oxidation and
disulfide bond formation inside the ribosomal exit tunnel and could be answered
for the greater part within this thesis (Figure 4.1). An influence of synonymous
codon usage was not observed in the NTD of GBC alone. The NTD was struc-
tured and able to fold independently, hence, the CTD is not required to assist the
folding as expected. However, the CTD or the linker between the two domains
might be important for the differences observed in the full-length GBC by Buhr
et al. [22], although most differences in the translation frequency were observed
in the first 70 amino acids of the NTD. Future experiments should address the
influence of the linker and parts of the CTD with respect to the oxidation state of
the N'TD. In doing so, the region contributing to the observed differences in the
cysteine oxidation states may be localized. Further, the influence of the transla-
tion kinetics on the folding of GBC or other proteins could be studied by varying
the mRNA sequence. In this aspect, also the effect of adjacent codons (bicodons)
should be investigated, as emerging evidence indicated that the elongation rate
might be encoded by these bicodons [81, 73, 44]. These effects could be studied
both on isolated proteins or attached to the ribosome with a linker spanning the
ribosomal exit tunnel.

Since the majority of translational pausing occurred in the NTD [22], the possi-

bility of cysteine oxidation during translation and even inside the ribosomal exit
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Investigation of the
isolated NTD of GBC

Investigation of RNC
constructs

Investigation of
full-length GBC

Influence of synonymous
codon usage?

not observed

Native disulfide bond
in full-length GBC?
most likely
between Cys22 and Cy78
after oxidation with CuCl

Oxidation detectable within
the nascent chains?
yes including cysteine
modifications and disulfide
bonds

2

CTD required for the
folding of the NTD?

no

Sufficient space in ribosomal
tunnel for disulfide bond
formation?

yes

CTD required for oxidation
found in full-length GBC?

Disulfide bond formation within
the ribosomal exit tunnel?

probably since no
oxidation observed
in NTD alone

yes between
Cys22-Cys32 (U32SecM),

Cys32-Cys41
(U43SecM and U78SecM)

Figure 4.1: Topics and observed results discussed in this thesis. The NTD of
GBC (light blue) and the full-length GBC' (green) were studied by liquid-
state NMR. RNCs of GBC' (dark yellow) were investigated by solid-state
NMR, cryo-EM and mass spectrometry.

tunnel was studied using RNCs. For the first time, selective 13C, 1°N labeled
RNCs were studied by solid-state NMR enhanced by DNP. Isotopic scrambling
into TRNA occured in RNCs grown on 3C-glucose and '»N-NH,C], although
rifampicin was added after induction. Using the selective labeling approach de-
scribed by Rutkowska et al. [217], but not further applied by the authors, we
did not observe any labeling of ribosomal proteins or the rRNA. Although the
NCOCX experiment with 13C, 15N labeled cysteine and "N labeled proline was
not successful, additional optimization could make this experiment an elegant
method to assign residues within the NC. The stalling and therefore the protein
yield could be increased using the SecMstrong sequence [124]. Different labeled
amino acids could be used to study the folding of NCs inside or after emerging
the ribosomal tunnel. The small protein domains studied by Marino et al. [161]
with arrest-peptide based force-measurement assays could be studied in the ribo-
somal tunnel and after emerging to determine the point at which these proteins
start to fold and if these proteins obtain a native structure. Further, the co-
translational folding of proteins could be also investigated by real-time FRET as
described previously [101, 171]. With this approach compact structures formed
during translation result in a high FRET efficiency.

All RNC constructs, even one mutant with only one cysteine residue showed

19% of cysteine oxidation. Hence, inter-disulfide bond formation within this
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NC was detected. This was further confirmed by LC-MS/MS, detecting S-
nitrosylated and S-glutathionylated cysteine residues in the NC. S-nitrosylation
and S-glutathionylation are considered as post-translational cysteine modifica-
tions and can be mediated by S-nitroso-glutathione (GSNO) or glutathione (GSH)
[76, 2]. In general, these modifications are reduced after release of the ribosome
within the highly reductive environment of the E. coli cytosol.

Since the purification buffers did not contain glutathione or any nitric oxide-
containing compounds, the observed modifications must have been formed inside
the cell any maybe even during translation. Formation of mixed disulfides of
GSH with distinct proteins was not observed in vivo [243]. However, glutathione
adducts on GBC have in fact been previously reported [148, 277, 248] and in
eukaryotic cells mixed disulfides with GSH are accumulated in certain situations
[243]. Cysteine modifications within the NC could then promote the formation
of an intra-molecular disulfide bond (Figure 4.2).

The ribosomal exit tunnel provides sufficient space for several disulfide bridges
within U32SecM as calculated by flexible-meccano simulation [194]. LC-MS/MS
also revealed different disulfide bonds within the NCs. In U43SecM and U78SecM
one intra-molecular disulfide bond was observed between Cys32-Cys4l.

In U32SecM a disulfide between Cys15-Cy32 and Cys22-Cys32 was detected, but
a trypsin cleavage site was located between the peptides. Cys32 is involved in
several disulfide bonds in the different RNC constructs and also prediction tools
[31, 60, 61, 62] revealed disulfide bond formation including Cys32. Using cryo-EM
a disulfide bond between Cys22 and Cys32 was indeed observed. This disulfide
bridge and the compact formation, including an o-helical structure of the NC are
stabilized by interactions between the NC and the ribosome. The disulfide bond
between Cys22 and Cys32 might be shuffeled to Cys32 and Cys41 with further
elongation of the NC.

A recent study by Duc et al. [46] revealed a second constriction site and a slightly
smaller average radius in the lower part of eukaryotic ribosomes. Hence, disulfide
formation within eukaryotic ribosomes would require further investigation. We
showed, however that the ribosomal tunnel confines the polypeptide chain and
allows disulfide bond formation as well as cysteine modifications (Figure 4.2).
Some proteins or their co-translational folding intermediates could use such early
formed disulfides as a means of escaping the reducing environment of the cyto-
plasm. This finding has implications for the oxidative folding pathway of the
polypeptide chain inside the cell. While part of the chains may already form
native disulfide bonds in the tunnel, non-native modifications will have to be
reduced first and refold in the cytosol to attain the final native structure. The
reduction of disulfide bonds in the E. coli cytosol is realized by the proteins Trx
and Grx and the tripeptide GSH. The disulfide bond obtained in the ribosomal
exit tunnel might be reduced after release to the E. coli cytosol with its high

reductive environment. But as both proteins cannot enter the ribosomal exit
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tunnel this limited access might favor disulfide bond formation at an early state
of translation.

Also, the TF can bind to NCs, thereby delay co-translational folding, unfold al-
ready formed protein domains and postpone disulfide bond formation [91, 138].
Thus, the non-native disulfide bond could also be disrupted with futher elonga-
tion by the TF within the cell. Since the TF binds to NCs after 100 amino acids
have been synthesized [192], only the folding of the longest construct U78SecM
might be influenced by TF binding. Within a future study, involving longer
constructs the influence of the TF should be considered and could be studied.
Further, co-translational disulfide bond formation of different proteins could be
investigated. For example -lactamase, the small 3-sheet Src-homology 3 (SH3)
domain of a-spectrin and barnase designed with two disulfide bonds. All these
proteins were already investigated using an oxidized in vitro translation system
[90]. The authors detected increasing disulfide bond formation with increasing
chain lengths. However, a linker was used to span the ribosomal exit tunnel and

all constructs showed disulfide bond formation.
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Figure 4.2: Disulfide bond formation within NCs and after release. Free thiols
of GBC NC I are modified by glutathione (GSH) II, or S-nitrosoglutathione
(GSNO) III. Such modified cysteine residues with enhanced electrophilicity
can be attacked by thiol groups of neighboring cysteine residues to form
disulfide bonds IV. In the released NC, non-native disulfide are either
reshuffeled to form native disulfide bonds or reduced depending on trans-
lation rate (Cys18-Cys22).

Our investigations unexpectedly revealed that the detected disulfides in the exit

tunnel are different, at least in part, to the disulfides in the native structure of
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GBC where Cys78 is involved. Thus, the disulfide bond formed during translation
has to be reduced and reoxidized and the early formation of a non-native disulfide
will catalyze disulfide bond isomerization once the polypeptide chain is released
(Figure 4.2). Such catalysis can increase the rate of disulfide bond formation
and explain how differences in the rate of translation of proteins expressed from
synonymous codons can be preserved in the native state of proteins.

Folding of the NC was studied inside and outside of the ribosomal exit tunnel.
Since, the stalling sequence SecM is resistant to puromycin, the NC can only be
released by destruction of the ribosome. Investigation of the folding before and
after release needs either RNCs produced in vitro or a stalling sequence with a free
ribosomal A-site, as the TnaC sequence. This stalling sequence was not used for
the generation of isotopic labeled RNCs before, and would hence require further
optimization. Another method would be the incorporation of the photocleavable
2-Nitrophenylalanine [201] into the SecM or SecMstrong [124] stalling sequence.
Upon light irradiation at 365 nm the peptide bound will be cleaved and the NC
released. This would be a very elegant and interesting method to observe protein

folding before and after the release of the ribosome.
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5 Appendices

5.1 Amino acid sequences and DNA sequences of RNCs and iso-

lated GBC and amio acid sequence of the U32 peptides.

Table 5.1: Amino acid sequence of RNC constructs, GBC' full-length and NTD protein

and peptides from SPPS.

Construct name

Amino acid sequence

U32SecM
U32SecM C18

C22

U32SecM C15
C18

U32SecM C18

U43SecM

U78SecM

U174 full-length

U/H83 (NTD)

U/H88-174
(CTD)

Peptide C15
Peptide C18
Peptide C22

MGHHHHHHHH HHMGKITFYE DRGFQGHCYE
CSSDCPNLQP YFSRCFSTPV WISQAQGIRA GP

MGHHHHHHHH HHMGKITFYE DRGFQGHAYE
CSSDCPNLQP YFSRAFSTPV WISQAQGIRA GP

MGHHHHHHHH HHMGKITFYE DRGFQGHCYE
CSSDAPNLQP YFSRAFSTPV WISQAQGIRA GP

MGHHHHHHHH HHMGKITFYE DRGFQGHAYE
CSSDAPNLQP YFSRAFSTPV WISQAQGIRA GP

MGHHHHHHHH HHMGKITFYE DRGFQGHCYE
CSSDCPNLQP YFSRCNSIRV DSGCWMFESTP
VWISQAQGIR AGP

MGHHHHHHHH HHMGKITFYE DRGFQGHCYE
CSSDCPNLQP YFSRCNSIRV DSGCWMLYER
PNYQGHQYFL RRGDYPDYQQ WMGFNDSIRS
CFSTPVWISQ AQGIRAGP

MGKITFYEDR GFQGHCYECS SDCPNLQPYF
SRCNSIRVDS GCWMLYERPN YQGHQYFLRR
GDYPDYQQWM GFNDSIRSCR LIPQHTGTFR
MRIYERDDFR GQMSEITDDC PSLQDRFHLT
EVHSLNVLEG SWVLYEMPSY RGRQYLLRPG
EYRRYLDWGA MNAKVGSLRR VMDFYHHHHH H

MGKITFYEDR GFQGHCYECS SDCPNLQPYF
SRCNSIRVDS GCWMLYERPN YQGHQYFLRR
GDYPDYQQWM GFNDSIRSCR LIPHHHHHH

MGTFRMRIYE RDDFRGQMSE ITDDCPSLQD
RFHLTEVHSL NVLEGSWVLY EMPSYRGRQY
LLRPGEYRRY LDWGAMNAKYV GSLRRVMDFY
HHHHHH

MGKITFYEDR GFQGHCYECS SDAPNLQPYF SRA
MGKITFYEDR GFQGHAYECS SDCPNLQPYF SRA
MGKITFYEDR GFQGHAYECS SDCPNLQPYF SRA
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Table 5.2: DNA sequence of RNC constructs, GBC full-length and NTD protein. Se-
quences include a 5’ Ncol and 3’ Xhol restriction site.

Construct name  DNA sequence

U32SecM CCATGGGGCA TCATCACCAC CATCACCATC
ATCACCATAT GGGGAAGATC ACTTTTTACG
AGGACCGGGG CTTCCAGGGC CACTGCTACG
AGTGCAGCAG TGACTGCCCC AACCTGCAGC
CCTATTTCAG CCGCTGTTTC AGCACGCCCG
TCTGGATAAG CCAGGCGCAA GGCATCCGTG
CTGGCCCTTG ACTCGAG

U32SecM C18 CCATGGGGCA TCATCACCAC CATCACCATC
C22 ATCACCATAT GGGGAAGATC ACTTTTTACG
AGGACCGGGG CTTCCAGGGC CACGCTTACG
AGTGCAGCAG TGACTGCCCC AACCTGCAGC
CCTATTTCAG CCGCGCTTTC AGCACGCCCG
TCTGGATAAG CCAGGCGCAA GGCATCCGTG
CTGGCCCTTG ACTCGAG

U32SecM C15 CCATGGGGCA TCATCACCAC CATCACCATC
C18 ATCACCATAT GGGGAAGATC ACTTTTTACG
AGGACCGGGG CTTCCAGGGC CACTGCTACG
AGTGCAGCAG TGACGCTCCC AACCTGCAGC
CCTATTTCAG CCGCGCTTTC AGCACGCCCG
TCTGGATAAG CCAGGCGCAA GGCATCCGTG
CTGGCCCTTGA CTCGAG

U32SecM C18 CCATGGGGCA TCATCACCAC CATCACCATC
ATCACCATAT GGGGAAGATC ACTTTTTACG
AGGACCGGGG CTTCCAGGGC CACGCTTACG
AGTGCAGCAG TGACGCTCCC AACCTGCAGC
CCTATTTCAG CCGCGCTTTC AGCACGCCCG
TCTGGATAAG CCAGGCGCAA GGCATCCGTG
CTGGCCCTTG ACTCGAG

U43SecM CCATGGGGCA TCATCACCAC CATCACCATC
ATCACCATAT GGGGAAGATC ACTTTTTACG
AGGACCGGGG CTTCCAGGGC CACTGCTACG
AGTGCAGCAG TGACTGCCCC AACCTGCAGC
CCTATTTCAG CCGCTGTAAC TCCATCCGCG
TGGACAGCGG CTGCTGGATG TTCAGCACGC
CCGTCTGGAT AAGCCAGGCGC AAGGCATCCG
TGCTGGCCCT TGACTCGAG
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U78SecM CCATGGGGCA TCATCACCAC CATCACCATC
ATCACCATAT GGGGAAGATC ACTTTTTACG
AGGACCGGGG CTTCCAGGGC CACTGCTACG
AGTGCAGCAG TGACTGCCCC AACCTGCAGC
CCTATTTCAG CCGCTGTAAC TCCATCCGCG
TGGACAGCGG CTGCTGGATG CTGTATGAGC
GCCCCAACTA CCAGGGCCAC CAGTACTTCC
TGCGGCGCGG CGACTACCCC GACTACCAGC
AGTGGATGGG CTTCAACGAC TCCATCCGCT
CCTGCTTCAG CACGCCCGTC TGGATAAGCC
AGGCGCAAGG CATCCGTGCT GGCCCTTGAC
TCGAG

U174 full-length ~CCATGGGGAA GATCACTTTT TACGAGGACC
GGGGCTTCCA GGGCCACTGC TACGAGTGCA
GCAGTGACTG CCCCAACCTG CAGCCCTATT
TCAGCCGCTG TAACTCCATC CGCGTGGACA
GCGGCTGCTG GATGCTGTAT GAGCGCCCCA
ACTACCAGGG CCACCAGTAC TTCCTGCGGC
GCGGCGACTA CCCCGACTAC CAGCAGTGGA
TGGGCTTCAA CGACTCCATC CGCTCCTGCC
GCCTCATCCC GCAACACACC GGCACTTTCA
GAATGAGAAT CTATGAGAGA GATGACTTCA
GAGGACAGAT GTCAGAGATC ACAGACGATT
GTCCCTCTCT TCAAGACCGC TTCCACCTCA
CTGAGGTTCA CTCCCTCAAC GTGCTGGAGG
GTTCCTGGGT CCTCTATGAG ATGCCAAGCT
ACAGGGGAAG GCAGTACCTG CTGAGGCCAG
GGGAGTACAG GAGATATCTT GACTGGGGGG
CAATGAATGC CAAAGTTGGT TCTTTAAGAC
GGGTGATGGA TTTTTATCAT CATCATCATC
ATCATTGACT CGAG

U83 (NTD) CCATGGGGAA GATCACTTTT TACGAGGACC
GGGGCTTCCA GGGCCACTGC TACGAGTGCA
GCAGTGACTG CCCCAACCTG CAGCCCTATT
TCAGCCGCTG TAACTCCATC CGCGTGGACA
GCGGCTGCTG GATGCTGTAT GAGCGCCCCA
ACTACCAGGG CCACCAGTAC TTCCTGCGGC
GCGGCGACTA CCCCGACTAC CAGCAGTGGA
TGGGCTTCAA CGACTCCATC CGCTCCTGCC
GCCTCATCCC GCATCATCAT CATCATCATT
GACTCGAG
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H83 (NTD) CCATGGGAAA AATCACTTTC TATGAAGATC
GCGGTTTTCA GGGTCATTGT TATGAATGTA
GCAGCGATTG TCCGAACCTG CAGCCGTACT
TTAGCCGCTG TAACAGCATC CGCGTTGATA
GCGGTTGTTG GATGCTGTAC GAACGCCCGA
ACTATCAGGG TCATCAGTAT TTTCTGCGCC
GCGGTGATTA TCCGGATTAT CAGCAGTGGA
TGGGTTTTAA CGATAGCATC CGCAGCTGTC
GCTTAATCCC ACATCATCAT CATCATCATT
GACTCGAG

U88-174 (CTD) CCATGGGCAC TTTCAGAATG AGAATCTATG
AGAGAGATGA CTTCAGAGGA CAGATGTCAG
AGATCACAGA CGATTGTCCC TCTCTTCAAG
ACCGCTTCCA CCTCACTGAG GTTCACTCCCT
CAACGTGCTG GAGGGTTCCT GGGTCCTCTA
TGAGATGCCA AGCTACAGGG GAAGGCAGTA
CCTGCTGAGG CCAGGGGAGT ACAGGAGATA
TCTTGACTGG GGGGCAATGA ATGCCAAAGT
TGGTTCTTTA AGACGGGTGA TGGATTTTTA
TCATCATCAT CATCATCATT GACTCGAG

H88-174 (CTD) CCATGGGTAC TTTTCGGATG CGGATCTACG
AACGGGACGA TTTTCGGGGA CAGATGTCCG
AAATCACTGA TG ACTGTCCG TCATTGCAAG
ATCGCTTTCA TTTAACTGAA GTACATAGCT
TAAACGTTCT GGAAGGGAGC TGGGTCTTAT
ACGAAATGCC GAGCTATCGC GGACGCCAGT
ATCTGCTGCG CCCGGGAGAA TATCGCCGGT
ACTTGGATTG GGGAGCTATG AACGCAAAGG
TAGGGTCACT ACGGCGCGTT ATGGACTTCT
ACCACCATCA TCACCACCAC TAATGACTCGAG

5.2 Lists of buffers and media

5.2.1 For electrophoresis and Western-blotting
2x SDS reducing sample buffer 2x SDS non-reducing sample buffer

0.25 M Tris/HCI (pH 6.8) 0.25 M Tris/HCI (pH 6.8)

4% (w/v) SDS 4% (w/v) SDS

20% (v/v) glycerol 20% (v/v) glycerol

10% (v/v) 2-mercaptoethanol 0.25% (w/v) bromphenol blue

0.25% (w/v) bromphenol blue

6x SDS reducing sample buffer 6x SDS non-reducing sample buffer

375 mM Tris/HCL(pH 6.8) 375 mM Tris/HCl(pH 6.8)
10% (w/v) SDS 10% (w/v) SDS

50% (v/v) glycerol 50% (v/v) glycerol

10% (v/v) 2-mercaptoethanol 0.03% (v/v) bromphenol blue

0.03% (v/v) bromphenol blue
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6x DNA sample buffer
60% (v/v) glycerol

0.25% (w/v) bromphenol blue
0.25% (w/v) xylene cyanol FF

5% stacking gel

0.25 M Tris/HCI (pH 6.8)

5% (v/v) acrylamide/bisacrylamide
(29:1)

0.1% (w/v) APS

0.1% (w/v) SDS

Coomassie Blue staining
solution

10% (v/v) ethanol

5% (v/v) acetic acid (glacial)
0.0025% (w/v) Coomassie Brilliant
Blue G250

0.0025% (w/v) Coomassie Brilliant
Blue R250

Anode buffer (pH 7.4)
75 mM Tris/HCl
20% (v/v) methanol

PBS buffer (pH 7.4)
10 mM NagHPO4

2 mM KoHPO4

137 mM NaCl

2.7 mM KCI

PBST
0.05% (v/v) Tween-20
PBS buffer (pH 7.4)

SDS-PAGE running buffer
25 mM Tris

250 mM glycine

1% (w/v) SDS

15% resolving gel

0.375 M Tris/HCI (pH 8.8)

15% (v/v) acrylamide/bisacrylamide
(29:1)

0.1% (w/v) APS

0.1% (w/v) SDS

TAE buffer

40 mM Tris (pH 8.0)

0.1% (v/v) acetic acid (glacial)
1 mM EDTA

1% agarose gel
1% agarose (w/v)
TAE buffer

Cathode buffer (pH 9.0)
25 mM Tris/HCI

40 mM aminocaproic acid
20% (v/v) methanol

PBS+M
5% (w/v) milk powder
PBS buffer (pH 7.4)

5.2.2 Media for protein expression

M9 minimal medium (pH 7.4)
42 mM NagHPO4

22 mM KH>HPO,
8.5 mM NaCl

0.2 mM CaCly

2 mM MgSoy

1x Vitamin mix

1x Trace elements
1g/L PNH,Cl

10 g/L 2C-glucose
or 2g/L 13C-glucose
100 pg/ml ampicillin

5000x Trace elements
50 mM FeCLjy
20 mM CaCl,
10 mM MnCl,
10 mM ZnSOy4

2 mM COC]Q

2 mM CuCly

2 mM NiSOy4

2 mM NaQMOO4
2 mM NaQSeO;:,
2 mM H3B03
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2000x Vitamin mix

100 mM Thiamine (vitamin Bj)
100 mM Biotin (vitamin H)

100 mM Niacin (vitamin Bs)

MDG medium (pH 7.4)
25 mM NaHPO,
25 mM KH2P04

10 mM Cobalamin (vitamin Bjsg) 50 mM NH4Cl
5 mM NasSOy
1000x MDG Trace elements 2 mM MgSOy

50 mM FeCls in 0.1M HCI
20 mM CaClg

1 mM Mn0124 HQO

1 mM ZnSO4-7 H,O

2 mM CoCly-6 H,O

2 mM CuCly-2 HyO

2 mM NiCly-6 HoO

0.4% (w/v) glucose

0.2% (w/v) L-aspartic acid, pH 7.0
1x MDG Trace elements

30 pg/ml kanamycin

100 pg/ml ampicillin

5x M9 salts (pH 7.4)

2 mM NaQMoO4'2 HQO 2.5 g NH4CI
2 mM NaySeO3-5 H,O 2.5 g NaCl
2 mM H3B03 15g KHQPO4

42.29 g NagHPO4-2 HQO
5x M9 salts H+aa -Cys

2.5 g/L Ala 1x M94aa +13C, N Cys final
2.0 g/L Arg medium

2.0 g/L Asp 1x M9+aa -Cys (pH 7.4)

2.0 g/L Gln 100 mg/L Trp

3.25 g/L Glu 100 mg/L NAD

2.75 g/L Gly 50 mg/L Thiamine

0.5 g/L His 20 mg/L 13C, N Cys

1.15 g/L Ile 40 pg/ml Biotin

1.15 g/L Leu 10 g/L glucose

2.1 g/L Lys 20 mM MgSOy4

1.25 g/L Met 100 mM CaCl,

0.65 g/L Phe 100 pg/ml ampicillin

0.5 g/L Pro 30 ng/ml kanamycin

10.5 g/L Ser

1.15 g/L Thr Lysogeny broth medium after Miller
0.85 g/L Tyr (LB)

1.15 g/L Val 10 g/L tryptone

2.5 g/L Adenosine
1.2 g/L Cytosine
3.25 g/L Guanosine
1.0 g/L Thymine
2.5 ghUracile

5 g/L yeast extract
10 g/L NaCl

Mg?* /Ca?t solution
3.25 g MgClg-G HQO

2.5 g NH4CI 0.6 g CaCly-2 HoO
2.5 g NaCl add up to 200 ml with HyO
15g KH2P04

42.29 g NaoHPO4-2 HyO
5.2.3 Buffers for protein purification

GBC lysis/NTA washing GBC NTA elution buffer (pH 8.0)
buffer (pH 8.0) 50 mM sodium phosphate

50 mM sodium phosphate 500 mM NaCl

500 mM NaCl 250 mM imidazole



5.2 Lists of buffers and media

155

20 mM imidazole

GBC IEX A buffer (pH 9.0)
50 mM Tris/HCl

GBC SEC buffer (pH 8.0)
50 mM Tris/HCl
200 mM Na(Cl

JE28 lysis buffer (pH 7.6)
20 mM Tris/HCI

10 mM MgCly

150 mM KCI

20 mM NH4Cl

JE28 overlay buffer (pH 7.6)
20 mM Tris/HCI

60 mM NH,4Cl

5.25-10 mM Mg acetate

0.25 mM EDTA

RNC lysis buffer (pH 7.5)
50 mM HEPES/KOH

500 mM K acetate

12 mM Mg acetate

RNC sucrose gradient buffer
(pH 7.5)

50 mM HEPES/KOH

1M K acetate 12 mM Mg acetate
5 mM EDTA

10% and 40% (w/v) sucrose

GBC IEX B buffer (pH 6.0)
50 mM Tris/HCl
50 mM NaCl

GBC NMR buffer (pH 8.0)
50 mM Tris/HCI

200 mM Na(Cl

10% (v/v) D2O

0.1% (w/v) DSS

Je28 elution buffer (pH 7.6)
20 mM Tris/HCI

10 mM MgCly

150 mM KCl

30 mM NH,Cl

250 mM imidazole

JE28 sucrose gradient buffer
(pH 7.6)

20 mM Tris/HCI

60 mM NH,Cl

5.25 mM Mg acetate

0.25 mM EDTA

10% (w/v) and 40% (w/v) sucrose

RNC elution buffer (pH 7.5)
50 mM HEPES/KOH

500 mM K acetate

12 mM Mg acetate

500 mM imidazole

Tico buffer (pH 7.5)
10 mM HEPES/KOH
30 mM NH,4Cl

10 mM MgCly

1 mM EDTA
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5.3 Parameters of proteins

Table 5.3: Biophysical parameters of GBC proteins and peptides and GBC RNC' con-
structs.

Protein ¢ at 280 nm (M} pl Sequence Molecular weight
cm 1) length (aa) (kDa)
U/HS83 reduced 22920 7.07 89 10.82
(NTD) oxidized 23295
U174 reduced 44350 7.16 181 21.92
oxidized 44725
U/H88-174 reduced 21430 7.10 96 11.70
(CTD) oxidized 21430
U32 C15A reduced 4470 5.46 33 3.82
C32A oxidized 4495
(peptide)
U32SecM - 7.18 61 7.14
U32SecM - 7.19 61 7.08
C15 C18
U32SecM - 7.19 61 7.08
C18 C22
U32SecM - 7.20 61 7.05
C18
U43SecM - 7.17 73 8.49

U78SecM - 7.19 107 12.78
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Figure 5.1: Interaction betwenn the CTD and NTD of GBC determined by
NMR spectroscopy. 2D backbone 'H-'>N-BEST-TROSY NMR spec-
trum of 1°N labeled CTD (red) and 1°N labeled CTD with unlabeled NTD
of U. Protein concentrations: 100 uM CTD, 300 uM NTD in 50 mM Tris,
200 mM NaCl, 10% D20, 100 uM DSS, pH 8.0. Acquisition parameter:
NS=64, TD=1024, 256, T=298K.

Figure 5.2: Western blot of RNC GBC constructs with variable polypeptide
chain lengths. a) Western blot analysis of purified ribosome-bound RNC.
b) Western blot analysis of RNCs after treatment with RNase A. NC was
detected with a poly-histidine antibody (Merck, Darmstadt, Germany). The
western-blots were carried out on different gels after protein purification and
were aligned to the protein marker. U78SecM showed dimer formation after
release from the ribosome even under reducing conditions (*). Variations
of the background are a result of an update of the imaging software.
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Figure 5.3: 1D 'H NMR spectrum of 1°C,'’ N cysteine C18 labeled U32. Pro-
tein concentration approx 164 uM in Tico buffer, 10% Ds0O, 100 uM DSS,

pH 7.2. Acquisition parameter: NS=64, TD=1638/, T=277K.
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Figure 5.4: Assignment of GSSG. Carbon chemical shifts:
33.924 ppm; 3=40.954 ppm, 4=46.108 ppm; 5=56.904 ppm, 6=55.041

ppm,).

1=29.230 ppm, 2=
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Figure 5.5:

MALDI spectrum of U32 peptides before and after addition of
GSSG/GSH.a) MALDI spectrum of U32 C18. b) MALDI spectrum of
U382 C22. Calculated mass of U32 peptides: 3824 Da. Dimer: 7648 Da. c¢)
MALDI spectrum of U32 C18 peptide after addition of GSSG/GSH (final
concentration 5.77 mM GSSG, 0.57 mM GSH). d) MALDI spectrum of
U32 C22 peptide after addition of GSSG/GSH (final concentration 5.77 mM
GSSG, 0.57T mM GSH). Calculated mass with GSH (307 Da) bound: 4131
Da (1 GSH bound), 4438 Da (2 GSH bound).
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5.5 Backbone assignment tables for U174, U174 after oxidation

with Cu(II) and the reduced NTD HS83.

Table 5.4: Backbone assignment of full-length GBC U (not oxidized, natu-

rally in reduced conformation).

No.  Amino NH N Co Cp c

acid (ppm)  (ppm) (ppm) (ppm) (ppm)
2 Lys 8260  122.300  57.460  35.080  174.060
3 Tle 8700 120330  59.110  41.370  172.340
4 Thr 8.000  120.580  61.230  70.030  170.530
5 Phe 8.460  126.120  56.400  40.380  171.870
6 Tyr 8810 118570  56.790  39.190  174.430
7 Glu 8910  118.740  59.440  30.710  177.700
8 Asp 7.900  115.320  52.360  43.690  177.020
9 Arg 8.680  118.810  56.860  30.580  175.720
10 Gly 8780 105770  47.200 177.800
11 Phe 8110 114500  56.000  35.020  174.110
12 Gln 6.180  116.750  53.680  31.970  174.510
13 Gly 8270  104.920  43.950 174.270
14 His 8760  119.280  57.920  31.240  174.200
15 Cys 7.290 118090  53.750  33.100  173.590
16 Tyr 8.330  119.220  57.590  43.490  172.650
17 Glu 7700 128790  54.480  32.040  172.470
18 Cys 9.080 124210  57.720  30.120  173.490
20 Ser 8250  116.000  57.520  66.330  173.150
21 Asp 8180  117.640  55.670  40.580  172.060
22 Cys 9.520 122,500  56.530  29.660  177.770
24 Asn 7.660  116.620  53.200  37.730  175.360
25 Leu 8580  125.920  54.680  42.890  174.000
26 Gln 7.650  118.880  59.570  27.600  176.330
28 Tyr 7.300 114710  58.050  38.860  176.440
29 Phe 7.160 112,720  57.390  38.590  175.820
30 Ser 9.770 114700  59.970 65270  174.070
31 Arg 8.090  119.490  54.940  30.980  174.140
32 Cys 9.660  120.010  58.380  28.000  173.040
33 Asn 8.620  121.600  53.220  43.620  172.280
34 Ser 8420  109.170  60.430  64.400  174.290
35 Tle 9.090 118460  60.630  45.080  172.490
36 Arg 8780 125210  55.730  33.030  175.490
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37 Val 9.580 128.930 62.160 31.840 175.940
38 Asp 8.380 129.940 56.730 43.490 176.000
39 Ser 8.130 107.780 58.120 63.910 175.820
40 Gly 8.920 111.830 43.890 174.660
41 Cys 7.980 116.830 58.180 29.790 171.380
42 Trp 8.870 123.250 55.670 32.240 172.520
43 Met 9.680 122.810 53.150 34.350 174.240
44 Leu 10.030 127.350 52.820 43.950 174.840
45 Tyr 8.410 115.200 56.330 39.780 175.290
46 Glu 9.300 124.150 56.260 34.880 176.760
49 Asn 10.010 113.880 54.210 36.610 175.420
50 Tyr 7.770 112.860 56.260 33.760 173.850
51 GIn 6.220 116.270 53.750 32.570 175.160
52 Gly 8.600 105.950 44.280 174.840
55 Tyr 8.920 117.170 55.470 42.560 175.750
56 Phe 9.160 125.350 56.600 39.720 174.260
57 leu 9.320 132.480 55.870 47.060 175.810
58 Arg 7.030 116.140 53.820 33.360 173.480
59 Arg 8.870 119.990 58.120 31.110 175.400
60 Gly 8.630 112.590 44.480 175.880
61 Asp 8.270 119.490 53.680 42.560 170.640
64 Asp 7.150 115.180 52.950 43.820 173.580
65 Tyr 8.170 118.670 57.590 38.130 176.440
66 Gln 8.100 123.390 58.710 26.880 178.060
67 Gln 7.920 117.990 57.190 27.540 180.320
68 Trp 7.030 115.660 56.930 27.470 176.990
69 Met 7.610 113.610 56.660 29.130 174.230
70 Gly 7.710 104.930 45.610 176.210
72 Asn 7.440 112.740 51.500 37.660 175.210
73 Asp 7.780 114.500 52.950 39.050 171.660
74 Ser 7.990 112.860 57.590 63.880 175.710
75 Ile 8.850 130.360 59.380 38.190 175.190
76 Arg 8.860 121.240 56.260 33.630 174.790
77 Ser 8.310 111.650 60.370 64.800 175.880
78 Cys 9.420 112.240 55.730 32.830 173.540
79 Arg 10.100 121.000 54.210 35.080 171.450
80 Leu 8.910 126.670 53.550 41.110 173.720
81 Ile 8.880 131.930 58.510 38.130 176.210
88 Phe 9.250 127.210 57.120 40.310 174.170
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89 Arg 9.280 119.590 56.790 35.150 175.000
90 Met 9.040 125.370 54.540 36.870 174.480
91 Arg 9.030 121.330 54.610 34.020 172.290
92 Ile 8.600 115.800 59.640 40.510 174.710
93 Tyr 8.200 118.330 57.260 40.510 173.540
94 Glu 8.030 118.940 58.380 32.900 176.460
95 Arg 7.970 113.400 53.950 33.430 176.650
96 Asp 8.550 118.430 53.420 40.310 175.030
97 Asp 9.280 115.870 55.400 40.250 175.270
98 Phe 8.220 109.100 54.150 33.560 173.720
99 Arg 6.510 117.910 54.870 32.570 175.300
100 Gly 8.380 104.790 44.020 175.550
101 GIn 8.820 119.660 57.790 29.460 173.550
102 Met 8.300 127.010 53.550 34.490 175.010
103 Ser 8.270 121.200 58.650 65.200 176.680
104 Glu 8.760 126.710 55.400 32.100 171.370
105 Ile 9.060 125.160 60.630 41.040 174.850
106 Thr 8.860 113.060 60.570 71.160 175.520
107 Asp 7.930 122.840 51.700 43.420 172.990
108 Asp 8.110 116.550 55.730 40.840 173.580
109 Cys 9.360 120.510 56.130 28.930 176.440
112 Leu 8.420 133.780 59.310 41.570 175.390
113 GIn 8.530 121.680 59.510 28.270 178.930
114 Asp 8.000 118.440 56.730 40.580 178.140
115 Arg 7.170 114.470 57.520 31.570 176.940
116 Phe 7.900 113.270 56.930 41.110 176.490
117 His 7.640 115.530 57.120 27.340 174.740
118 Leu 6.980 116.960 54.010 45.540 174.390
119 Thr 8.760 109.160 61.560 69.970 176.230
120 Glu 7.600 119.830 54.680 34.420 174.290
121 Val 8.500 121.340 62.090 34.820 175.270
122 His 7.280 119.700 57.320 34.490 173.410
123 Ser 8.070 108.120 59.900 64.900 176.600
124 Leu 9.840 115.220 55.540 44.350 171.900
125 Asn 9.480 120.510 51.300 40.910 174.300
126 Val 9.410 128.360 63.410 30.780 175.240
127 Leu 7.860 129.330 57.390 42.360 175.000
128 Glu 8.380 116.290 56.530 34.550 177.240
129 Gly 8.130 111.900 44.150 175.940
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130 Ser 6.860 108.480 59.040 64.240 169.660
131 Trp 8.900 121.880 55.730 33.360 173.330
132 Val 9.530 120.040 61.820 34.090 173.410
133 Leu 8.900 129.610 54.280 44.550 173.770
134 Tyr 8.860 121.290 56.400 39.120 174.560
135 Glu 9.470 124.400 58.850 33.630 177.470
136 Met 8.170 110.670 52.360 33.360 174.790
138 Ser 9.510 110.470 58.580 61.030 175.160
139 Tyr 7.850 113.850 55.400 34.090 172.990
140 Arg 6.230 116.160 53.820 34.020 174.530
141 Gly 8.140 106.360 44.480 174.840
142 Arg 8.770 120.100 58.450 31.380 173.870
143 Gln 7.730 118.530 53.820 31.110 174.490
144 Tyr 8.690 115.660 56.260 40.640 175.400
145 Leu 8.860 126.400 56.130 40.780 174.790
146 Leu 9.770 128.650 52.890 43.620 176.300
147 Arg 7.750 121.540 53.090 28.600 175.460
149 Gly 9.170 113.610 44.080 176.560
150 Glu 8.280 115.930 57.320 32.100 171.000
151 Tyr 9.140 122.430 56.860 38.330 177.050
152 Arg 8.680 123.720 59.380 30.250 175.070
153 Arg 8.000 114.330 54.150 32.830 174.000
154 Tyr 7.920 119.360 57.990 37.070 176.950
156 Asp 7.920 117.890 57.190 41.040 180.600
157 Trp 7.280 114.570 57.190 27.930 178.080
158 Gly 7.570 106.910 45.470 175.940
159 Ala 6.370 121.330 51.170 22.310 173.670
160 Met 8.600 114.840 55.010 33.230 176.550
161 Asn 7.480 114.030 51.500 39.050 175.720
162 Ala 7.830 118.810 51.370 18.340 175.880
163 Lys 7.870 118.810 58.180 31.770 175.880
164 Val 7.590 122.150 61.890 35.610 177.040
165 Gly 9.100 111.220 45.410 35.810 174.240
166 Ser 8.300 112.790 58.650 64.740 174.040
167 Leu 8.780 118.470 54.870 47.920 172.570
168 Arg 9.530 121.680 54.280 36.080 174.850
169 Arg 8.500 124.690 55.730 29.590 174.230
170 Val 8.340 123.180 63.810 29.260 176.750
171 Met 7.170 125.910 54.210 36.470 172.740
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172
173

Asp
Phe

8.450
8.390

122.170
120.720

52.950
57.920

41.830 173.680
40.180 175.650

Table 5.5: Backbone assignment of full-length Cu(Il)-oxidized GBC U .

No. Amino Ny N Co Cp
acid (ppm)  (ppm) (ppm) (ppm)
2 Lys 8.250 122300  57.460  35.080
3 Ile 8700  129.330  59.110  41.370
4 Thr 8.000  120.580  61.230  70.030
5 Phe 8.460  126.160  56.400  40.380
6 Tyr 8.810 118570  56.790  39.190
7 Glu 8.910  118.740  59.440  30.710
8 Asp 7.900  115.320  52.360  43.690
9 Arg 8.680  118.810  56.860  30.580
10 Gly 8.780  105.770  47.200
11 Phe 8110  114.500  56.000  35.020
12 Gln 6.180  116.700  53.680  31.970
13 Gly 8.270  104.920  43.950
14 His 8760  119.280  57.920  31.240
15 Cys 7460  116.960  53.750  33.360
16 Tyr 8.330  119.220  57.590  43.490
17 Glu 7700  128.800  54.280  32.100
18 Cys 9.080  124.250  57.720  30.120
22 Cys 9.470 123190  61.100  38.390
24 Asn 7.690  116.750  53.290  37.660
25 Leu 8.620  125.940  54.680  42.890
26 Gln 7.650  118.880  59.570  27.600
28 Tyr 7.300 114710  58.050  38.860
29 Phe 7.160 112720  57.390  38.590
30 Ser 9.770 114720  59.970  65.270
31 Arg 8.000  119.490  54.940  34.090
32 Cys 9.660  119.990  58.450
33 Asn 8.420  109.120  60.430  64.400
34 Ser 9.090 118460  60.630  45.080
35 Ile 8780  125.210  55.730  33.030
36 Arg 9.570  128.680  62.290  32.100
37 Val 8.380  129.930  56.730  43.490
38 Asp 8.000  107.250  58.210  63.820



5.5 Backbone assignment tables for U174, U174 after oxidation with Cu(II)
and the reduced NTD HS83.

165

39
40
41
42
43
44
45
46
50
ol
52
95
56
o7
o8
99
60
61
64
65
66
67
68
69
70
72
73
74
75
76
7
78
79
88
89
90
91
92
93

Ser
Gly

Gln
Gln
Trp
Met
Gly
Asn

8.920
7.910
8.790
9.450
10.030
8.410
9.300
10.010
7.830
6.220
8.600
8.920
9.160
9.320
7.030
8.870
8.580
8.170
7.150
8.170
8.100
7.920
7.030
7.610
7.710
7.440
7.780
7.990
8.850
8.860
8.240
9.260
10.130
9.250
9.280
9.040
9.030
8.600
8.200

111.780
116.490
122.740
122.120
127.350
115.200
124.150
113.860
112.480
116.240
105.950
117.170
125.350
132.480
116.140
119.990
112.250
119.340
115.180
118.670
123.390
117.990
115.660
113.590
104.930
112.740
114.500
112.860
130.360
121.240
111.120
111.850
122.120
127.210
119.590
125.370
121.330
115.800
118.330

43.890
58.310
55.670
53.090
52.820
56.330
96.260
54.210
55.800
53.750
44.280
95.470
56.600
95.870
53.820
57.920
44.350
53.620
52.950
57.590
58.710
97.190
56.930
56.660
45.610
51.500
52.950
57.590
59.380
55.800
59.900
56.790
56.590
57.120
56.790
54.540
54.610
59.440
57.390

29.850
33.100
34.620
43.950
39.780
34.880
36.610
34.090
32.570

42.560
39.720
47.060
33.360
31.110

42.560
43.820
38.130
26.880
27.540
27.470
29.130

37.660
39.050
63.880
38.190
33.630
65.460
32.300
34.880
40.310
35.150
36.870
34.020
40.510
40.580
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94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

Glu
Arg
Asp
Asp
Phe
Arg
Gly
Gln
Met
Ser
Glu
Ile
Thr

Phe
His
Leu
Thr
Glu
Val
His
Ser
Leu
Asn
Val
Leu
Glu
Gly
Ser
Trp
Val

Leu

8.030
7.970
8.550
9.280
8.220
6.510
8.380
8.820
8.300
8.270
8.760
9.060
8.860
7.930
8.110
9.360
8.420
8.530
8.000
7.170
7.900
7.640
6.980
8.760
7.600
8.500
7.280
8.070
9.840
9.480
9.410
7.860
8.380
8.130
6.860
8.900
9.530
8.900
8.860

118.940
113.400
118.430
115.870
109.100
117.910
104.790
119.660
127.010
121.200
126.710
125.160
113.100
122.840
116.550
120.490
133.780
121.680
118.440
114.470
113.240
115.530
116.990
108.950
119.830
121.340
119.700
108.120
115.220
120.510
128.360
129.360
116.290
111.870
108.500
121.920
120.040
129.670
121.370

58.380
53.950
53.420
95.400
54.150
54.870
44.020
57.790
93.550
58.650
55.400
60.630
60.570
51.700
55.600
56.130
59.310
99.510
96.730
57.520
56.930
97.120
54.010
61.560
54.680
62.090
97.320
59.900
55.540
51.300
63.410
97.390
56.530
44.150
59.040
55.730
61.820
54.280
56.400

32.900
33.430
40.180
40.310
33.560
32.570

29.460
34.490
65.200
32.100
41.040
71.160
43.420
40.840
28.930
41.570
28.270
40.580
31.570
41.110
27.340
45.540
69.970
34.420
34.820
34.490
64.900
44.350
40.910
30.780
42.360
34.550

64.240
33.360
34.090
44.550
39.120
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135
136
138
139
140
141
142
143
144
145
146
147
149
150
151
152
153
154
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

Glu
Met
Ser

Phe

9.470
8.170
9.510
7.850
6.230
8.170
8.770
7.730
8.690
8.860
9.770
7.750
9.170
8.280
9.140
8.680
8.000
7.920
7.920
7.280
7.570
6.370
8.600
7.480
7.830
7.870
7.590
9.100
8.300
8.780
9.530
8.500
8.340
7.180
8.460
8.390

124.400
110.670
110.480
113.850
116.160
106.280
120.100
118.530
115.660
126.440
128.650
121.540
113.610
115.930
122.430
123.720
114.330
119.360
117.890
114.570
106.910
121.330
114.840
114.030
118.810
118.810
122.150
111.200
112.790
118.470
121.730
124.690
123.180
125.900
122.120
120.540

58.850
52.360
58.580
95.400
53.820
44.610
58.450
53.820
96.260
56.130
52.890
53.090
44.080
96.730
56.860
59.380
54.150
57.990
57.190
57.190
45.470
51.170
55.010
51.500
51.370
58.180
61.890
45.410
58.650
54.870
54.280
95.730
63.810
54.210
52.950
57.920

33.630
33.360
61.030
34.090
34.020

31.380
31.110
40.640
40.780
43.620
28.600

32.100
38.330
30.250
32.830
37.070
41.040
27.930

22.310
33.230
39.050
18.340
31.770
35.610
35.810
64.740
47.920
36.080
29.590
29.260
36.470
41.830
40.180
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Table 5.6: Backbone assignment of the reduced NTD of GBC HS82.

No. Amino NH N Ca Cp c1

acid (ppm) (ppm) (ppm) (ppm) (ppm)
2 Lys 8.340 122.540 57.370 35.110 173.080
3 Ile 8.700 129.160 59.010 41.240 172.310
4 Thr 8.020 120.650 61.120 69.880 170.530
) Phe 8.420 126.070 56.380 40.450 171.890
6 Tyr 8.810 118.780 56.770 39.130 174.420
7 Glu 8.930 118.780 59.140 30.700 177.650
8 Asp 7.910 115.390 52.300 43.670 176.940
9 Arg 8.700 118.860 56.380 30.370 175.720
10 Gly 8.820 105.870 47.160 177.730
11 Phe 8.090 114.480 95.920 35.050 174.120
12 Gln 6.170 116.700 53.480 32.080 174.510
13 Gly 8.270 104.870 44.000 174.290
14 His 8.770 119.150 57.890 31.030 174.240
15 Cys 7.310 118.190 53.480 33.200 173.580
16 Tyr 8.350 119.200 57.300 43.210 172.590
17 Glu 7.760 128.830 54.400 31.950 172.540
18 Cys 9.100 124.540 57.700 30.040 173.430
19 Ser 8.910 119.160 57.630 65.330 172.870
20 Ser 8.230 116.260 57.300 66.190 173.270
21 Asp 8.160 118.010 55.690 40.380 171.970
22 Cys 9.520 122.540 956.450 29.710 177.470
24 Asn 7.650 116.390 53.350 37.810 175.300
25 Leu 8.540 125.820 54.600 43.080 174.010
26 Gln 7.660 118.780 59.340 27.800 176.330
28 Tyr 7.290 114.630 58.030 38.730 176.440
29 Phe 7.140 112.680 57.300 38.540 175.860
30 Ser 9.720 114.640 59.870 65.140 173.930
31 Arg 8.060 119.400 54.870 31.100 174.140
32 Cys 9.690 120.020 58.220 28.130 173.000
33 Asn 8.650 121.630 53.150 43.470 172.250
34 Ser 8.410 109.000 60.330 64.350 174.270
35 Ile 9.090 118.430 60.670 45.060 172.510
36 Arg 8.780 125.040 55.850 33.010 175.500
37 Val 9.610 129.040 62.110 31.890 175.990
38 Asp 8.280 129.670 56.770 43.610 176.000
39 Ser 8.180 108.160 57.960 63.950 176.040
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40 Gly 8.180 108.660 43.940 63.750 176.840
41 Cys 7.550 115.640 57.700 29.380 171.510
42 Trp 8.610 122.150 55.850 32.410 172.660
43 Met 9.500 121.150 52.820 33.800 174.460
44 Leu 9.510 125.290 52.490 44.260 174.700
45 Tyr 8.400 115.780 56.120 39.850 175.150
46 Glu 9.120 123.770 57.760 33.660 176.630
47 Arg 8.110 112.120 53.550 30.830 175.480
49 Asn 10.010 113.540 54.080 36.500 175.400
50 Tyr 7.750 112.660 55.790 33.660 173.750
51 GIn 6.140 115.770 53.610 32.680 174.880
52 Gly 8.490 105.800 44.070 174.730
53 His 8.220 119.470 58.550 31.230 173.900
54 Gln 7.720 116.760 52.630 32.350 173.330
55 Tyr 8.960 122.660 55.190 41.700 174.880
56 Phe 8.590 124.300 56.580 41.240 173.720
57 leu 9.130 130.540 55.590 46.640 174.710
58 Arg 7.330 117.270 53.550 32.810 174.470
59 Arg 8.380 120.310 57.830 30.640 176.080
60 Gly 8.670 113.140 44.530 175.790
61 Asp 8.250 119.290 53.810 42.620 170.500
62 Tyr 9.240 119.280 54.730 39.390 175.850
64 Asp 7.130 115.310 52.820 43.800 173.580
65 Tyr 8.100 118.770 57.430 38.080 176.370
66 Gln 8.120 123.530 58.550 27.010 177.980
67 Gln 7.890 117.770 57.240 27.740 180.080
68 Trp 7.020 115.640 56.970 27.540 176.750
69 Met 7.630 114.510 56.450 28.590 174.570
70 Gly 7.750 105.130 45.710 176.360
71 Phe 7.810 118.900 59.140 40.510 173.860
72 Asn 7.430 112.890 51.310 37.550 175.150
73 Asp 7.750 114.390 52.560 39.000 171.710
74 Ser 7.920 112.890 57.560 63.950 175.860
75 Ile 8.850 130.140 59.540 38.540 175.140
76 Arg 8.720 121.010 55.850 33.530 174.810
7 Ser 8.250 111.510 60.130 64.810 175.890
78 Cys 9.400 112.510 55.660 33.010 173.520
79 Arg 10.030 120.280 55.000 34.980 171.660
80 Leu 8.690 126.410 53.680 41.430 173.600
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81 Ile 8.490 128.920 57.500 37.680 176.350
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5.6 R script for generation of Ca—C(3 chemical shift plots for
RNCs.

### environment ---—-

## working directory
setwd("E:/PhD projects/RNCs/DNP/Cys_chemical_shifts_R")

## packages

# install.packages("foreach")

# install.packages("extrafont")
library(ggplot2)
library(foreach)

library(grid)
library(extrafont)

# font_import()

loadfonts(quiet = TRUE)

## functions

insert_minor <- function(major_labs, n_minor) {
labs = c(sapply(major_labs, function(x) c(x, rep("", 4))))
labs[1:(length(labs)-n_minor)]

}

#### data processing --—-—-

### new own data

w32 <- read.csv2("W33SecM_final_assignment.csv", skip=1,
header=TRUE)

w32[, 1] = as.numeric(as.character(w32[, 1]))

w32[, 2] = as.numeric(as.character(w32[, 2]))

w32[, 3] = as.numeric(as.character(w32[, 3]))

w43 <- read.csv2("W44SecM_final_assignment.csv", skip=1,
header=TRUE)

w43[, 1] = as.numeric(as.character(w43[, 11))

wa3[, 2] = as.numeric(as.character(w43[, 2]))

w43[, 3] as.numeric(as.character (w43[, 3]1))

w78 <- read.csv2("W79SecM_final_assignment.csv", skip=1,
header=TRUE)

w78[, 1] = as.numeric(as.character(w78[, 1]))
w78[, 2] = as.numeric(as.character(w78[, 2]))
w78[, 3] = as.numeric(as.character(w78[, 3]))

w32cl1bac32a <- read.csv2("W32SecM_C15A_C32A_final_assignment2.csv",
skip=1, header=TRUE)

w32c15ac32al[, 1] = as.numeric(as.character(w32ci15ac32al, 1]))

w32cl1bac32al, 2] as.numeric(as.character(w32c15ac32al, 2]))

w32c1b5ac32al[, 3] as.numeric(as.character(w32c15ac32al, 3]))
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w32c22ac32a <- read.csv2("W32SecM_C22A_C32A_2.csv", skip=1,
header=TRUE)

w32c22ac32al, 1]
w32c22ac32al, 2]
w32c22ac32al, 3]

as.numeric(as.character(w32c22ac32al, 1]))
as.numeric(as.character (w32c22ac32al, 2]))
as.numeric(as.character(w32c22ac32al, 3]))

W32C18 <- read.csv2("W32C18_assignment.csv", skip=1, header=TRUE)
W32C18[, 1] = as.numeric(as.character(W32C18[, 1]))
w32C18[, 2] as.numeric(as.character(W32C18[, 2]))
w32C18[, 3] as.numeric(as.character(W32C18[, 3]))

### wang 2016 —---

## read text file
lns = readLines("Data_Wang_2016.txt", warn

FALSE)

## define and find groups in file
1bl = c(paste("Oxi", C("H", "E", ncn)’ sep s n)
s paste("Red", C(IIHII’ "E", ncn), sep = n, u))

ids = sapply(1bl, function(i) grep(i, 1lns))

## reformat data for each group separately
bnd = do.call(rbind, lapply(l:length(ids), function(i) {

# identify start and end position of current group

st = ids[i]

nd = ifelse(i < length(ids), ids[i+1] - 1, length(lmns))
sbs = lns[st:nd]

# find rows with actual data

rws = grep("([[:digit:111[A-Z]|[[:punct:11){5,}", sbs,
value = TRUE)

rws = gsub(" $", "", rws)

# split by space (’\\s’),
1st = strsplit(rws, "\\s+")

if ('all(sapply(lst, length) == 9)) {
stop("Longer or shorter row identified, please check.")

¥

# ... column bind,

mat = do.call(cbind, lapply(1:9, function(j) {
sapply(1st, "[[", j)

)

# ... and return together with name of current group
cbind(rep(names(ids) [i], nrow(mat)), mat)

)
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## transform columns into numerics and factors
(required for grouping in ggplot)
dat = data.frame(bnd, stringsAsFactors = FALSE)
for (j in 4:ncol(dat)) {

dat[, j] = as.numeric(dat[, jl)
}

dat[, 1] = factor(dat[, 1], levels = names(ids))

## set column names

names (dat) = c("Group", "PDB chain", "BMRB", "Num"
s llcoll s ||Call s Ilell
s ||Hnll s IIHaII , IINhIl)

### visualize data ———-—

## colors, point symbols, and line types

clr c(rep("black", 3), rep("darkslateblue", 3))

pts = rep(c(16, 17, 8), 2)

1ty = rep(c("dashed", "solid", "dotted"), 2)

names (1ty) = names(pts) = names(clr) = levels(dat[, 11)

## create standalone plot

sbsl = subset(dat, Group %in% c("Oxi, H", "Oxi, E", "Red, H",

"Red, E"))

pl = ggplot(aes(x = Cb, y = Ca, shape = Group, color = Group

, linetype = Group), data = sbsl) +
# geom_point(size = 2.5) + # point module
stat_ellipse(level = .9, lwd = 1) + # ellipse module
scale_color manual("", values = clr) +
scale_shape_manual("", values = pts) +
scale_linetype_manual("", values = 1lty) +
scale_x_reverse(breaks = 20:55

, labels = insert_minor(seq(20, 55, by

4)) +
scale_y_reverse(breaks = 50:70

, labels = insert_minor(seq(50, 70, by

4)) +
theme_bw() +
theme (panel.grid = element_blank()) +
#theme (text=element_text (family="Calibri", size=12)) +
labs(x = expression("C"[betal ~ "Chemical Shift (ppm)")

, ¥ = expression("C"[alphal] ~ "Chemical Shift (ppm)"))

## -"- with colored points

5),

5),

jnk = foreach(own = 1list(w32, w43, w78, w32clbac32a, w32c22ac32a,

W32C18 ),

nms = list("w32", "w43", "w78", "w32clbac32a", "w32c22ac32a",

"w32C18"))
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%do% {
own = data.frame(own, Group = "Oxi, E")

p2 = ggplot(aes(x = Cb, y = Ca, shape = Group, color = Group)
data = sbsl) +
# geom_point(size = 2.5) +
geom_polygon(aes(x=coll, y=col2),
data=data.frame(coll=c(35,35,50,50),
col2=c(50,67,67,50)),
inherit.aes = FALSE, color="#99BFA4",
fill= "#99BFA4")+

b

geom_polygon(aes(x=col3, y=cold), data=data.frame(col3=c(24,24,

33,33),
col4=c(50,67,67,50)),
inherit.aes = FALSE, color="#918FB2",
fill= "#918FB2")+

stat_ellipse(aes(linetype = Group), level = .9, lwd = 0.7)
scale_color_manual("", values = clr) +
scale_shape_manual("", values = pts) +
scale_linetype_manual("", values = lty) +
scale_x_reverse(breaks = 20:55
, labels = insert_minor(seq(20, 55, by = 5)
4)) +
scale_y_reverse(breaks = 50:70
, labels = insert_minor(seq(50, 70, by = 5)
4)) +
geom_point(aes(x = Cb, y = Ca), data = own, shape = 19
, size = 3.5, color = "black") +
geom_text(aes(x = Cb, y = Ca, label = number), data = own,
hjust = -.75, vjust = -.75
, show.legend = FALSE, fontface = 2, inherit.aes
, color = "black") +

theme bw() +
theme (panel.grid = element_blank()
, legend.key.width = unit(5, "line")) +
theme (legend.position = "bottom") +
#theme (text=element_text(family="Calibri", size=12)) +
labs(x = expression("C"[beta] ~ "Chemical Shift (ppm)")
, y = expression("C"[alpha] ~ "Chemical Shift (ppm)"))

## write to disk
tiff (pasteO("prediction_wang_", nms, ".tiff"), width = 5.5,
height = 6.5

, units = "in", res = 300, compression = "lzw")

+

s

b

FALSE

#postscript(pasteO("3prediction_wang_", nms, ".eps"), width = 7.8,

height = 5.5)
grid.newpage ()

print(p2, newpage = FALSE)
dev.off ()
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return(p2)
}

## -"- with coils and colored points
jnk = foreach(own = list(w32, w43, w78, w32clbac32a, w32c22ac32a,
W32C18)
, nms = list("w32", "w43", "w78", "w32clbac32a",
"w32c22ac32a", "W32C18")) %dol% {
own = data.frame(own, Group = "Oxi, E")
p3 = ggplot(aes(x = Cb, y = Ca, shape = Group, color = Group),
data = dat) +
#geom_point(size = 2.5) +
geom_polygon(aes(x=coll, y=col2), data=data.frame(coll=c(35,35,
50,50),
col2=c(50,67,67,50)),
inherit.aes = FALSE, color="#99BFA4",
fill= "#99BFA4")+
geom_polygon(aes(x=col3, y=col4), data=data.frame(col3=c(24,24,
33,33),
col4=c(50,67,67,50)),
inherit.aes = FALSE, color="#918FB2",
fill= "#918FB2")+
stat_ellipse(aes(linetype = Group), level = .9, lwd = .7) +

scale_color_manual("", values = clr) +
scale_shape_manual("", values = pts) +
scale_linetype_manual("", values = 1lty) +
scale_x_reverse(breaks = 20:55
, labels = insert_minor(seq(20, 55, by = 5),
4)) +
scale_y_reverse(breaks = 50:70
, labels = insert_minor(seq(50, 70, by = 5),
4)) +
geom_point(aes(x = Cb, y = Ca), data = own, shape = 19
, size = 3.5, color = "black") +
geom_text(aes(x = Cb, y = Ca, label = number), data = own,
hjust = -.75, vjust = -.75

, show.legend = FALSE, fontface = 2,
inherit.aes = FALSE, color = "black") +
theme_bw() +
theme (panel.grid = element_blank()
, legend.key.width = unit(5, "line")
, legend.position = "bottom", legend.direction="horizontal"
# , text = element_text(family = "Calibri", size = 14)) +
, text = element_text(size = 14)) +
labs(x = expression("C"[beta] ~ "Chemical Shift (ppm)")
, v = expression("C"[alpha] ~ "Chemical Shift (ppm)")) +
guides(color = guide_legend(nrow = 2, byrow = TRUE))

## write to disk
tiff (pasteO("4prediction_wang_coil_", nms, ".tiff"), width = 5.5,
height = 6.5 , units = "in", res = 300,
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compression = "lzw")
#setEPS()
#postscript (paste0("3prediction_wang_coil_", nms, ".eps")

#, width = 5.5, height = 6.5)
grid.newpage ()
print (p3, newpage = FALSE)
dev.off ()

return(p3)
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