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Abstract

Serendipity has played a historically significant role in science and especially in the discovery of
new drugs. Chance discoveries have led to important drug developments that characterize the
pharmaceutical industry and our current health care system. Over the last decades, the concept
of rational drug design has developed into one of the key approaches to the research of new and
specific drugs. Nevertheless, the development of inhibitors for protein-protein interactions, especially
oligomeric protein contact surfaces, remains challenging. The bacterial enzyme, tRNA-guanine
transglycosylase (TGT), is an example of a homodimer protein and serves as model target protein in
this work. This thesis summarizes three projects that were created from serendipitous discoveries of
previous studies to develop new approaches for the modulation of the TGT homodimer interface

and thus lay out the basis for alternative inhibition pathways in oligomeric enzymes.

A previous crystallographic study of TGT-inhibitor complexes revealed an unexpected, twisted
arrangement of the TGT homodimer. However, data from the obtained X-ray crystal structures
can neither exclude crystallographic artifacts resulting from crystal packing forces nor study the
transition between the two dimeric end states. Therefore, a method based on electron paramagnetic
resonance (EPR) was established to study this ligand-induced rearrangement mechanism of the TGT
homodimer in a solution equilibrium (Chapter 2). For this purpose, paramagnetic spin markers were
introduced via site-directed cysteine mutations on the protein surface. The following pulsed EPR
techniques enabled the observation of inter-spin distance distributions within the TGT homodimer.
During the study, a pyranose-substituted lin-benzoguanine inhibitor was identified to be superior
in transforming the functional TGT dimer to its twisted state. Thus, the developed method can be
used to distinguish between the functional and twisted TGT dimer species upon ligand addition in

a solution equilibrium.

A second project comprises the search of small molecule fragments that target a newly discovered
transient binding pocket at the homodimer interface of TGT (Chapter 3). In an earlier mutational
study, a new crystal form of the TGT dimer was discovered, in which the two protomers are covalently
linked by an introduced disulfide bridge. This arrangement breaks up the original dimer interface and
exposes a small hydrophobic binding pocket through an extended movement of the nearby plal-loop
motif. Surprisingly, the newly formed pocket was occupied by a dimethyl sulfoxide molecule. In
this work, a further stabilized variant of the disulfide-linked dimer was designed for subsequent

fragment soaking studies to target the interface binding pocket.
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In the course of the soaking experiments, the solvent channels of the covalently linked TGT dimer
were analyzed in silico to estimate the putative cutoff radii of small molecules that are capable of freely
traversing through the protein crystal. The structural characterization of initial fragment hits led to
the rational design of compounds with optimized functionalities which are able to modulate the Blal-
loop. Furthermore, fragment binding studies were attempted by nuclear magnetic resonance (NMR)
techniques. Although no binding could be detected using a ’F-based method, the binding constants
of two fragments were successfully estimated in the micromolar range using diffusion-ordered
spectroscopy (DOSY). While DOSY provides binding data on two of the investigated fragments,
structure determination by X-ray crystallography combined with soaking experiments proves to be
superior in the identification of fragment binding events. This study highlights the difficulties in
characterizing weak binders to a transient interface pocket within the TGT homodimer.

The last project initiated the design of peptide-based modulators derived from the interface of
the TGT homodimer (Chapter 4). The idea for this approach was inspired by a crystal structure
from the second project in which N-terminal residues of TGT, which were usually ill-defined in the
electron density, were structurally resolved and stabilized by the exposed dimer contact surface of a
crystallographic symmetry mate. In the functional dimer, the position of this particular N-terminal
tail is occupied by helix aE, which contains two aromatic residues of the dimer-stabilizing hot spot.
This served as a starting point for the development of helical peptides, that are capable to compete
with the native dimer partner at the contact surface. A peptide microarray was used to determine the
binding epitope to TGT. Subsequently, the most promising peptides were synthesized and character-
ized with respect to their binding properties by fluorescence polarization. An optimization approach
by peptide stapling was attempted. In order to determine the modulation of TGT dimerization, two
biophysical assays each based on MicroScale thermophoresis and isothermal titration calorimetry
were developed to track changes in the dimerization constants of TGT. Furthermore, a Shigella host
cell invasion assay was established to investigate the invasion pathogenicity of a Shigella flexneri
Atgt mutant strain. Henceforth, the established in vitro assays can be further used to characterize
potential peptides and drug candidates for TGT inhibition.

In conclusion, serendipitous discoveries served as a foundation for the projects discussed in this
thesis. It was demonstrated that accidental findings in basic research can be used and acted upon to
uncover novel mechanisms of action or for the design of new small molecule fragments and peptides

as starting points with the common goal of modulating challenging protein—protein interactions.



Kurzfassung

Der Begriff der Serendipitit spielt in der Wissenschaft und insbesondere bei der Entdeckung neuer
Medikamente eine historisch bedeutsame Rolle. So fithrten Zufallsentdeckungen zu wichtigen
Arzneimittelentwicklungen, die die pharmazeutische Industrie sowie unser heutiges Gesundheits-
system pragen. In den letzten Jahrzehnten entwickelte sich das rationale Wirkstoffdesign zu einem
der Schliisselansitze zur Erforschung neuer und spezifischer Arzneistoffe. Dennoch stellt die
Inhibitorentwicklung fiir Protein-Protein-Interaktionen, insbesondere von oligomeren Protein-
kontaktflichen, eine besondere Herausforderung dar. Das bakterielle Enzym, tRNA-Guanin-Trans-
glycosylase (TGT), ist ein Beispiel fiir ein homodimeres Protein und dient in dieser Arbeit als
Modell-Zielprotein. Diese Arbeit fasst drei Projekte zusammen, die aus zufélligen Entdeckungen
fritherer Studien entstanden sind, um neue Ansitze fiir die Modulation der Homodimerkontaktfliche
von TGT zu entwickeln und damit die Grundlage fiir alternative Inhibitionswege in oligomeren
Enzymen zu legen.

Eine friihere kristallographische Studie von TGT-Inhibitor-Komplexen enthiillte eine unerwartete,
verdrehte Anordnung des TGT-Homodimers. Die gewonnenen Informationen aus den Rontgen-
kristallstrukturen konnen jedoch weder kristallographische Artefakte von Kristallpackungskriften
ausschlieflen noch den Ubergang zwischen den beiden dimeren Endzustinden aufkliren. Daher
wurde eine auf der Elektronenspinresonanz (EPR) basierende Methode etabliert, um diesen liganden-
induzierten Umlagerungsmechanismus des TGT-Homodimers in Losung zu untersuchen (Kapitel 2).
Zu diesem Zweck wurden paramagnetische Spinmarker tiber ortsgerichtete Cystein-Mutationen
auf der Proteinoberfliche eingefiihrt. Die folgenden gepulsten EPR-Techniken erméglichten die
Beobachtung von Inter-Spin-Abstandsverteilungen innerhalb des Homodimers. Wahrend der Studie
wurde ein Pyranose-substituierter /in-Benzoguanin-Inhibitor als bester Ligand fiir die Umwandlung
des funktionalen TGT-Dimers in seinen verdrehten Zustand identifiziert. Somit kann die entwickelte
Methode zur Differenzierung zwischen der funktionalen und verdrehten TGT-Dimerspezies bei
Zugabe von Liganden im Losungsgleichgewicht eingesetzt werden.

Ein zweites Projekt umfasst die Suche nach kleinen Molekiilfragmenten, die auf eine neu ent-
deckte transiente Bindungstasche in der Homodimerkontaktfliche von TGT abzielen (Kapitel 3).
In einer fritheren Mutationsstudie wurde eine neue Kristallform des TGT-Dimers entdeckt, in
der die beiden Protomere durch eine eingefiihrte Disulfidbriicke kovalent miteinander verkniipft
sind. Diese Anordnung bricht die urspriingliche Dimerkontaktfliche auf und legt eine kleine

hydrophobe Bindetasche durch eine Konformationsdnderung der nahegelegenen plal-Schleife frei.
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Uberraschenderweise war die neu gebildete Tasche von einem Dimethylsulfoxid-Molekiil besetzt.
In dieser Arbeit wurde eine weitere stabilisierte Variante des Disulfid-gebundenen Dimers fiir
nachfolgende Fragment-Soaking-Studien entworfen, um die neue Bindungstasche zu adressieren. Im
Verlauf der Soaking-Experimente wurden die Solvenskanile des kovalent verkniipften TGT-Dimers
in silico analysiert, um die mutmafilichen Cutoff-Radien kleiner Molekiile abzuschitzen, die in der
Lage sind, frei durch den Proteinkristall zu diffundieren. Die strukturelle Charakterisierung der
ersten Hits fithrte zum rationalen Design von Fragmenten mit optimierten Funktionalititen, die in
der Lage sind, die flal-Schleife zu modulieren. Dartiiber hinaus wurden Bindungsstudien mittels
magnetischer Kernspinresonanz (NMR)-Techniken durchgefiihrt. Obwohl mit einer ’F-basierten
Methode keine Bindung nachgewiesen werden konnte, wurden die Bindungskonstanten zweier
Fragmente mit Hilfe der diffusionsgeordneten Spektroskopie (DOSY) erfolgreich im mikromolaren
Bereich abgeschitzt. Wahrend DOSY fiir zwei der untersuchten Fragmente Bindungsdaten liefert,
erweist sich die Rontgenkristallstrukturbestimmung in Kombination mit Soaking-Experimenten als
tiberlegen bei der Identifizierung von Bindungsereignissen von Fragmenten mit niedriger Affinitat.
Diese Studie verdeutlicht die Herausforderung bei der Charakterisierung schwacher Binder an einer
transienten Bindetasche innerhalb des TGT-Homodimers.

Das letzte Projekt initiierte das Design von peptidbasierten Modulatoren, die von der Kontakt-
fliche des TGT-Dimers abgeleitet wurden (Kapitel 4). Die Idee fiir diesen Ansatz wurde durch
eine Kristallstruktur aus dem zweiten Projekt inspiriert, in der N-terminale Aminosduren, die
zuvor undefiniert in der Elektronendichte vorlagen, durch die exponierte Dimerkontaktflache
eines kristallographischen Symmetriepartners strukturell aufgelost und stabilisiert wurden. Im
funktionalen Dimer wird die Position dieses N-terminalen Anhangs von Helix aE eingenommen,
die zwei aromatische Reste des dimerstabilisierenden Hotspots enthilt. Dies diente als Ausgangs-
punkt fiir die Entwicklung von helikalen Peptiden, die in der Lage sind, mit dem nativen Dimer-
partner an der Kontaktfliche zu konkurrieren. Zur Bestimmung des Bindungsepitops an der
TGT wurde ein Peptid-Microarray verwendet. Anschlieflend wurden die vielversprechendsten
Peptide synthetisiert und durch Fluoreszenzpolarisation in ihrem Bindungsverhalten charakterisiert.
Ein Optimierungsansatz wurde durch konformative Peptidzyklisierung unternommen. Um die
Modulation der TGT-Dimerisierung zu untersuchen, wurden zwei biophysikalische, jeweils auf
MicroScale-Thermophorese und isothermale Titrationskalorimetrie basierende, Assays entwickelt
mit denen Anderungen in den Dimerisierungskonstanten verfolgt werden konnten. Dariiber hinaus
wurde ein Shigella-Wirtszellinvasionsassay etabliert, um die Pathogenitit zweier Shigella flexneri-
Stimme zu untersuchen. In Zukunft konnen die etablierten in-vitro-Assays verwendet werden, um
Peptide und Wirkstoffkandidaten fiir die TGT-Inhibition zu testen.

Zusammenfassend kann gesagt werden, dass Serendipitdt als Grundlage fiir die in dieser Arbeit
diskutierten Projekte diente. Es konnte gezeigt werden, dass zufillige Entdeckungen aus der Grund-
lagenforschung genutzt und umgesetzt werden konnen, um neue Wirkmechanismen aufzudecken
oder um neue kleine Molekiilfragmente und Peptide als Ausgangspunkt fiir das gemeinsame Ziel

der Modulation herausfordernder Protein—Protein-Interaktionen zu entwerfen.
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Amino Acids

The following figures show the uncharged chemical structures of the 20 proteogenic amino acids

including their three- and one-letter codes (shown in parentheses).
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General Introduction

1.1 Serendipity in Drug Discovery

The discovery of penicillin by Sir Alexander Fleming (1881-1955) was unarguably a milestone in
pharmaceutical history. After returning from summer vacation in 1928, Fleming observed a con-
taminated and moldy Staphylococcus aureus culture on a Petri dish, in which no bacteria grew near
the mold area. Further investigations showed that the mold “juice” produced by this fungus, later
identified as Penicillium notatum, also inhibited the growth of other common infectious bacteria.
Fleming named the active ingredient “penicillin” (1.1, Figure 1.1) which launched the era of modern
antibiotic research and represents one of the best known example of a serendipitous discovery.!
Another well-known example of serendipity is the discovery of the potent tranquilizer chlordiazep-
oxide, also known as Librium® (1.2, Figure 1.1) by Leo Sternbach (1908-2005) and chemists from
Hofmann-La Roche during the 1950s. An unexpected chemical rearrangement resulted in the first
synthesis of benzodiazepines with excellent pharmacological characteristics leading to the successful
development of several psychotropic drugs within the pharmaceutical industry.'?! How serendipity
can emerge from a rational drug search context, initially sought for, was impressively shown by the
discovery of sildenafil (1.3, Figure 1.1). Originally, in search of phosphodiesterase inhibitors to treat
angina pectoris, sildenafil was not showing pharmacologically interesting results. However, after the
side effect of distinct penile erection of male patients was recognized, the drug was repurposed to

(3,4

treat erectile dysfunction.>*! Quickly after market launch by Pfizer as Viagra®, sildenafil developed

into a “blockbuster” drug worth billions of dollars.
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These are only three examples from a long list of similar happy accidents in science. Notably, they
all share a common trait: none of them were the product of aimlessness and pure luck but rather
they were acknowledged, reviewed and further advanced by their discoverers thus verifying their
validity towards the statement “le hasard ne favorise que les esprits préparés” [chance only favors the
prepared mind] by Louis Pasteur (1822-1895).1>¢]

N
H H N —
R\n/N =S O QS QL0 HN
0 j/:Nr\>< cl =N* NS SN
(o] : o) N\)
O%OH O e ok
1.1 1.2 1.3
penicillin chlordiazepoxide sildenafil

Figure 1.1: Chemical structures of penicillin (1.1), chlordiazepoxide (1.2), and sildenafil (1.3).

Today, such chance discoveries are explored by modern and more rational techniques such as high-
throughput screening of large compound libraries comprising million of molecular entries. This
allows the systematic identification of so-called “hits” as starting points for further optimization into
potent drug candidates during pre-clinical drug development. Within the early development process,
several binding properties of specific ligands to their target macromolecule, such as binding thermo-
dynamics and kinetics, can be assessed by biochemical and biophysical methods. In combination
with in silico predictions and experimental validations of the ligand binding modes by structural
techniques such as X-ray crystallography, nuclear magnetic resonance (NMR), and cryo-electron
microscopy (cryo-EM), the gained knowledge on the target-ligand interaction can be exploited to
guide the development of drug candidates in the context of structure-based drug design.

Yet, despite the big leap in technology in the last decades, serendipity remains one of the several
contributors in drug discovery and basic research. Nonetheless, the process of a serendipitous
scientific discovery should not be confused with coincidences based on random luck. Quite the
contrary, it depends on the ability to recognize the potential of the chance encounter and subsequently
act upon it based in a critical manner. This highlights the crucial combination of intuition and open-

mindedness based on the past and present experience of the researcher.

1.2 tRNA-Guanine Transglycosylase as a Shigellosis Target

1.2.1 Role of TGT in Shigella pathogenesis

During an epidemic in Japan in 1897, the cause of bacillary dysentery, responsible for >90 000

cases with a mortality rate of ~30 %, was discovered by bacteriologist Kiyoshi Shiga (1871-1957).17:8]
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In his honor, the causative agent, initially termed Shiga bacillus, now belongs to the established
genus Shigella consisting of four species with multiple serotypes within the first three groups: Shigella
dysenteriae (group A), Shigella flexneri (group B), Shigella boydii (group C), and Shigella sonnei
(group D). S. dysenteriae type 1, the bacterium originally discovered by Shiga, causes the most severe
disease. Shigellosis still presents a high disease burden especially in developing countries, responsible
for almost 270 million cases and roughly 212000 deaths from which over 63000 occured among
children younger than 5 years in 2016.1! As few as 10 to 100 Shigella bacteria are sufficient to cause an
infection.!'”) The disease can cause outbreaks in low-resource settings including regions inflicted by
war regions or natural disasters, refugee camps, and generally areas with poor sanitation and hygiene
standards or undersupply of clean water.""! The bacteria are spread predominantly by faecal-oral
contact or ingested with contaminated food and water.''?! After surviving the acidic conditions of

the stomach, Shigella bacteria ultimately penetrate the endothelial cells in the intestinal mucosa.['>*3]

In order to develop the essential virulence factors for mucous cell invasion, a post-transcriptional
incorporation of a modified nucleobase, queuine, into the anticodon wobble position of specific
bacterial transfer RNAs (tRNAs) is required. In a first step, this modification depends on the func-
tionality of the enzyme tRNA-guanine transglycosylase (TGT, EC 2.4.2.29) which catalyzes the
nucleobase exchange from guanine to the queuine precursor preQ, at position 34 of tRNAs specific
for Asp, Asn, Tyr, and His. Further modifications of preQ, by downstream enzymes ultimately yield

the queuine-incorporated tRNA (Figure 1.2).

H,N 0
N
H

N/)\NHZ H,N
TGT

o o} HN o
N NH NH NH
&Y L e T
N /)\ X N N/)\NHZ —_ N N/)\NHz

H

«1QH

L,

/ / /
tRNA (0} tRNA tRNA
tRNA-guanine «NfLNH tRNA-preQ;, tRNA-queuine
PN
N~ N7 ONH,

Figure 1.2: Nucleobase exchange reaction from guanine (blue) to preQ, (green) catalyzed by
TGT and subsequent modification to queuine (dark green).

Recent studies have shown that queuine modification of tRNAs is linked to the maintenance of the
translation process in terms of accuracy and speed.!"#"*! Inactivation of the tgt gene, initially termed
vacC, impairs the efficient translation of the transcriptional regulator-encoding virF messenger RNA
(mRNA) resulting in a decreased expression of the virulence phenotype in S. flexneri.'%7! Thus,
TGT represents a putative target for the rational design of anti-virulence compounds with novel

modes of action to fight shigellosis.
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1.2.2 Structure of TGT and the TGT-tRNA complex

In 1996, the first high-resolution crystal structure of TGT from Zymomonas mobilis was reported
by Romier et al."®! The following series of molecular and structural investigations led to bacterial
TGT becoming one of the most extensively studied tRNA-modifying enzymes to date. The func-
tional enzyme exhibits a homodimeric quarternary structure consisting of two identical subunits
each adopting a (B/a)s-barrel fold (Figure 1.3). The homodimer forms a large continuous interface
spanning a contact area of 1667 A 18] Furthermore, a C-terminal insertion serves as a zinc-binding
subdomain which also contributes to the composition and stability of the TGT dimer interface.
The zinc ion is tetrahedrally coordinated by three cysteines (Cys318, Cys320, Cys323) and one histi-
dine (His349). In addition to the zinc-binding subdomain, a structural loop-helix motif (residues

Gly46-Thr62) largely contributes to the formation of the dimer interface.

loop-helix motif %
Trp326

7/ S FS
fa,
active site

zinc-binding domain

Figure 1.3: Ribbon representation of the homodimeric Z. mobilis TGT crystal structure (PDB
ID: 1IPUD!8)). Important structural motifs are encircled. Zinc ions are shown as dark
gray spheres. The aromatic hot spot residues are shown as sticks in the subpanel.

Seven years later, Xie et al. determined the crystal structure of Z. mobilis TGT in complex with
a 20-mer RNA oligonucleotide mimicking the anticodon tRNA™" stem loop (Figure 1.4).0°! The
structural analysis of the complex provided deeper insights into the binding mode of the tRNA
substrate. The structure revealed that although both subunits each contain a catalytic center capable
of performing the exchange reaction, only one tRNA molecule is able to bind to the enzyme in a
2:1 fashion (TGT dimer-to-tRNA monomer). Later, Ritschel et al. used native nano-electrospray
ionization mass spectrometry (nanoESI-MS) to verify the oligomeric state of TGT and the TGT-
tRNA binding stoichiometry. These findings explain that a second tRNA molecule is unable to bind
due to sterical reasons as both active sites of each TGT monomer are located on the same dimer
surface site.?") This suggests that catalysis is performed only by one monomer subunit while the

other one positions and stabilizes the tRNA substrate in the correct orientation.
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Figure 1.4: Ribbon representation of the Z. mobilis TGT homodimer in complex with a tRNA
stem loop. One monomer subunit performs catalysis (blue) and the other subunit
( ) stabilizes the tRNA stem loop (red) in its orientation (PDB ID: 1Q2S!")).

These results have prompted a number of investigations to dissect the stabilizing forces for the
formation of the TGT homodimer interface. Computational analysis and subsequent validation by
mutagenesis studies revealed a hydrophobic cluster consisting of four aromatic residues, Trp326,
Tyr330, His333, and Phe92] which largely contribute to the stabilization of the dimer interface. While
three out of four residues, Trp326, Tyr330, and His333, are located in close proximity of or in the
a-helix aE of one monomer unit, the aromatic patch is completed by Phe92’ of the adjacent dimer
mate (indicated by an apostrophe (’), Figure 1.3 right). NanoESI-MS experiments of several mutated
TGT variants showed that mutations of the so-called “hot spot” residues resulted in a shift of the
TGT dimer-monomer equilibrium towards the monomeric species./?*??! Additionally, recent studies
indicated a strong dependence of the pH value on the structural stability of the homodimer although
a reduced dimer stability is not directly correlated with a reduction in enzymatic activity.!?*! The
early investigations on the structure and function of TGT as well as the rapid progress in protein
production technology and availability of well-diffracting TGT crystals have led to TGT as a suitable

target for further structure-based drug design efforts.

1.2.3 Mechanism of the nucleobase exchange catalyzed by TGT

The kinetic mechanism of the TGT-catalyzed base exchange reaction was previously described
as a ping-pong mechanism.?#?! After binding of the tRNA substrate to TGT, the guanosine-34
nucleoside unfolds from the tRNA molecule and is specifically recognized in the guanine-34/preQ,
binding pocket by residues Asp102, Asp156, GIn203, Gly230, and Ala232. Asp280 acts as a nucleophile
attacking the carbon ClI of ribose-34 (Figure 1.5a). Subsequently, the glycosidic bond of guanosine-34
is cleaved and a covalent TGT-tRNA intermediate is formed (Figure 1.5b). The cleaved guanine

molecule leaves the binding pocket after a proton is entrapped.
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Originally, Asp102 was assumed to be the proton donor!"! but a more recent mechanistic study
led by Biela et al.!*! suggested a water molecule bound to Ala232 fulfills this function instead.
It was hypothesized that the water molecule is also responsible for the irreversibility of the base
exchange reaction by formation of hydroxide ions (Figure 1.5b) and oxonium ions (Figure 1.5d).
Mutual neutralization removes both ions from the equilibrium thus preventing the reverse reaction.
Additionally, due to the exocyclic amino group of preQ,, the water molecule cannot be located in
the pocket at the same time as the modified base.

After guanine and the water molecule have left the binding pocket, preQ, binds resulting in a flip
of the peptide backbone amide of Leu231/Ala232. The carbonyl group of Leu231 can then act as an
electron donor to form a new hydrogen bond with the exocylic amine of preQ, (Figure 1.5¢c). This
induced-fit adaptation is stabilized by Glu235 which can interact with both, the amide carbonyl of
Leu231 and amide nitrogen of Ala232, depending on the protonation state of Glu235. The release of a
proton, coupled with the formation of an oxonium ion, leads to a nucleophilic attack of the anomeric
carbon of ribose-34 by the basic nitrogen N9 of preQ, (Figure 1.5c). This final step results in the
cleavage of the TGT-tRNA intermediate and release of the preQ,-modified tRNA (Figure 1.5d).

H
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Figure 1.5: Proposed mechanism of the TGT-catalyzed nucleobase exchange reaction by Biela
et al.l®! a, b) Recognition of guanine-34 (blue) and cleavage of guanosine-34 by
nucleophilic attack of Asp280 resulting in formation of a covalent TGT-tRNA inter-
mediate. ¢, d) Exchange by preQ, (green) through nucleophilic attack on anomeric
carbon of ribose-34 by N9 of preQ, yielding the modified tRNA.
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1.3 Structure-based Design of TGT Inhibitors

1.3.1 Competitive inhibition by active-site blocking

In close collaboration with the research group of Frangois Diederich (1952-2020, ETH Ziirich), lin-
benzoguanines have been developed as starting compounds to enhance TGT inhibition and binding
affinity by addressing adjacent hydrophobic pockets. Structural analysis of the TGT-tRNA complex
indicated that in addition to the guanine-34/preQ, binding pocket, the adjacent subpockets, occupied
by the ribose units of uridine-33 and guanosine-34 (Figure 1.6a), can be targeted by adding extended
moieties to the /in-benzoguanine core scaffold 1.4 (K; = 4.1 + 1.0 um). While hydrophobic extensions
to the ribose-33 subpocket yielded inhibitors with improved affinities in the nanomolar range,°!
extensions towards the ribose-34 subpocket unexpectedly led to an affinity decrease. This could be
explained by the disruption of a nearby water cluster, which can be observed in the unsubstituted
lin-benzoguanine 1.4 (Figure 1.6b). The water molecules bridge the hydrophobic subpocket between
Aspl02 and Asp280 and are likely responsible for the solvation contribution while buffering the high
charge of these two polar residues. Hydrophobic moieties addressing the ribose-34 subpocket would
inevitably destroy the water cluster, hence leading to an affinity loss due to entropic penalty.’”) The
introduction of an amino group to the substituted moiety enabled an ionic interaction to Asp280.
The additional salt bridge overcompensated the decrease in entropy, and together these findings led

to the design of the highly potent nanomolar inhibitor 1.5 (K; = 4 + 2 nm, Figure 1.6¢).[*”]

0
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()
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Figure 1.6: Design of lin-benzoguanine inhibitors. a) Detailed view of the substrate binding site
of the TGT-tRNA™" complex with tRNA shown as sticks (PDB ID: 1Q2S!")). b)
Occupation of the guanine-34/preQ; pocket by the core scaffold 1.4 with adjacent
water molecules shown as red spheres (PDB ID: 2BBF[?®!). Positions for moiety
extensions are highlighted as orange spheres in the chemical structure. ¢) Example
of substituted inhibitor 1.5 addressing the adjacent ribose-33 and ribose-34 pockets
(PDB ID: 3EOS!>")). For reasons of clarity, residues Tyr106 and Ser110 are not shown.
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1.3.2 Design of spiking ligands for homodimer destabilization

Since the guanine-34/preQ, binding pocket is not far positioned from the homodimer interface, a se-
ries of “spiking” ligands based on the substituted lin-benzoguanine inhibitor 1.5 were characterized.”!
Further elongated moieties targeting beyond the ribose-34 subpocket were designed to pierce into
the homodimer interface hence disturbing its formation. The destabilizing effect on the TGT homo-
dimer was investigated by native nanoESI-MS with the ethyne-linked pyridyl-substituted ligand 1.6
showing the most promising shift towards monomeric species of TGT (Figure 1.7a). Furthermore,
the mode of action was investigated by X-ray crystallographic analysis. The missing electron density
of the inhibitor pyridyl moiety from the co-crystallized ligand 1.6-bound TGT complex indicated
multiple conformations or high residual mobility of the substituent in accordance with observed
elevated B-factors (Figure 1.7b). Importantly, an induced shift of residues Val45-Thr47 and a collapse
of the loop-helix motif along with changes in the crystal lattice, compared to usual TGT crystals of
the C2 space group, were observed due to the close proximity to the extended inhibitor substituent
(Figure 1.7b). Meanwhile, the adjacent helix-turn-helix motif of the dimer mate (residues Arg328’-
Ser366’) remains largely unaffected. As the results of this proof of concept study suggest, rational
perturbation of the structural loop-helix motif by small molecules represents a potential approach

to modulate the interface formation of bacterial homodimeric TGT.

a) H 0o b)
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Figure 1.7: Perturbation of the TGT homodimer interface dimer by spiking ligand 1.6. a)
Chemical structure of ligand 1.6 and corresponding nanoESI-MS spectrum ata TGT
concentration of 1 um and a TGT-1.6 molar ratio of 1:10. Adapted from Immekus
et al.*”! b) Conformational collapse of the loop-helix motif induced by ligand 1.6
(purple, PDB ID: 4FR6!?°!) compared to the apo structure of TGT (gray, PDB ID:
1PUD). The shift of residues Val45-Thr47 is indicated by a purple arrow. The helix-
turn-helix motif of the dimer mate remains unaffected (cyan, PDB ID: 4FR6[2)).
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1.3.3 Fragment-based screening for the discovery of new hit compounds

Fragment-based screening approaches have been widely used to find new starting points for lead
development or to explore novel ligand binding sites. In the course of a comparative analysis led
by Hassaan et al.’%, TGT was chosen as a target and screened against our in-house 96-fragment
library which was developed in collaboration with the Helmholtz-Zentrum Berlin.®" Out of the 96
library entries, 8 hit compounds were identified by X-ray crystallography (Figure 1.8a) with most of
them binding to the active site while some also bound to the protein surface of the enzyme. Screens
of the same library based on NMR and surface plasmon resonance (SPR) yielded 23 and 10 hits,
respectively. Astoundingly, no hit overlap was detected between all three methods indicating that
X-ray crystallography may be superior in detecting weak binders that would be missed by other
biophysical assays. "

Surprisingly, one fragment hit, L-canavanine 1.7, opened a previously unknown transient sub-
pocket adjacent to the preQ, recognition site by inducing a rearrangement of nearby residues that
enlarged the guanine-34/preQ, binding pocket (Figure 1.8a). This discovery led to the design of
dihydroimidazoquinazoline-based inhibitor 1.7 that is capable of opening the transient pocket and
displacing a conserved water cluster in a favorable manner (Figure 1.8b).1*?] Due to the pocket
opening, Cys158, a cysteine residue only present in bacterial TGTs, becomes addressable, e. g. by elec-
trophilic ligands. This finding provides the basis for the design of covalent inhibitors that selectively
target bacterial TGTs.
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Figure 1.8: From fragment-based screening to addressing a novel transient pocket of TGT. a) Su-
perposition of crystallographic fragment hits (shown as green spheres) by Hassaan et
al. and detailed view of the guanine-34/preQ; pocket extension by L-canavanine 1.7
(green, PDB ID: 5UTI%). b) View of the novel subpocket addressed by dihydroim-
idazoquinazoline 1.8 (cyan) with the adjacent Cys158 (PDB ID: 6RKQP?). For
reasons of clarity, residues Tyrl06 and Serl10 are not shown.
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1.4 Thesis Outline

This thesis compiles the work of three projects based on a series of serendipitous discoveries within
the functional and structural investigation of the TGT homodimer and its inhibitors. A summary
of the key findings and potential directions for future research are discussed in each chapter. The
gained knowledge from these projects display a coherent image and shall ultimately contribute to
the development of novel approaches for rational design of TGT homodimer modulators.

In Chapter 2, an electron paramagnetic resonance-based approach is introduced to investigate a
ligand-induced rearrangement of the functional TGT homodimer. The newly developed method
was used to verify a twisted state of dimeric TGT observed from crystal structures of previous
studies.[>] Site-directed spin labeling and pulsed electron—electron double resonance methods
were applied to measure the distance between two labeled TGT monomers. By adding a twist-
inducing inhibitor, we observed a shift in the interspin distance distributions. In this study, we
identified a pyranose-substituted lin-benzoguanine inhibitor as superior in forming the twisted
species therefore verifying this novel mode of inhibition in a solution equilibrium.

Chapter 3 describes the story of finding new small-molecule binders of the Blal-loop motif of
TGT. A study by Jakobi et al. discovered an alternative crystal structure of a mutant variant of
TGT with a new solvent-exposed interface hence representing a “pseudomonomeric” structure. The
Blal-loop adopts a new conformation thereby opening a transient binding pocket which is occupied
by a dimethyl sulfoxide (DMSO) molecule. Remarkably, DMSO was not part of the crystallization
condition but was soaked into the crystal as part of the cryoprotecting procedure before flash freezing.
We hypothesized that DMSO binds as a fragment to the pocket and stabilizes it. The stabilized loop
conformation would clash into the other dimer mate thus dimer formation could be impaired by
stabilization of the flal-loop motif with small molecules. A fragment-based approach via fragment
soaking was used to screen for hit compounds.

Chapter 4 illustrates the journey to the first peptide-based TGT inhibitors that target the homo-
dimer interface. One structure of the pseudomonomeric TGT mutant showed an extended and
stabilized N-terminal helix. We hypothesized that the sequence is stabilized by binding to the in-
terface of another crystal mate. In comparison with the wild type structure, we identified helix aE
binding to the dimer mate in a similar fashion. Initial peptides derived from helix aE and the
N-terminus were screened using a peptide microarray. The most promising peptides were then
synthesized and their binding to TGT was characterized using fluorescence polarization (FP). To
provide a screening platform for further investigations on the influence of TGT homodimerization,
two assays based on MicroScale thermophoresis (MST) and dissociation isothermal calorimetry
(ITC) were established. Also, the development of an assay to study host cell invasion by S. flexneri is
described, which can be used for cellular screening of dimer-disrupting peptides and other TGT

inhibitors.



Unraveling the Ligand-Induced Twist
of Homodimeric TGT by Pulsed
Electron-Electron Double Resonance

2.1 Introduction

A large number of proteins undergoes a carefully arranged interplay with other macromolecules
in order to perform biological functions accurately. Self-association into oligomeric states via pro-
tein—protein interactions (PPIs) represents one feature to the functional regulation of proteins as, e. g.,
specific enzymes can only perform catalysis in their homooligomeric arrangement.>~3" Disturbing
oligomerization with small molecules and peptides/peptidomimetics is therefore a promising con-
cept to modulate and inhibit the function of such enzymes as could be shown for the dimeric Kaposi’s

3839 Less exploited strategies such as transferring

sarcoma-associated herpesvirus protease (KSHV).|
or stabilizing a protein in a non-functional oligomeric state can represent an attractive approach for
drug design. This concept has been exemplified by the development of the small molecule BI-2852
that successfully stabilizes a non-functional dimeric form of KRAS, a member of the GTPase protein
family and the most frequently mutated proto-oncogene in human cancers.!**) Another example,
displaying the discovery of orthosteric PPI stabilizers of the dimeric N-terminal domain of the
MERS-CoV nucleocapsid protein, demonstrated that the stabilization of non-native PPIs might

serve as targets for the design of novel antivirals. !
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2.1.1 Discovery of the twisted TGT homodimer

In a recent study led by Ehrmann et al., a functionalized lin-benzoguanine inhibitor 2.1 was designed
that is capable of stabilizing a novel “twisted” dimer state of TGT (Figure 2.1a).54 The rational
design of the inhibitor was based on a serendipitous finding during a comparative study of ligand
soaking versus co-crystallization methods of several TGT-inhibitor complexes. Unexpectedly, one
inhibitor of the lin-benzoguanine series (inhibitor 2.2) was found to induce a rearranged dimer
packing and a newly observed P2; crystal space group for TGT (Figure 2.1c).*! Surprisingly, the
sugar-substituted derivative 2.1 co-crystallized with the enzyme in both dimer states, functional and
twisted, side by side in the same crystallization well indicating the presence of a ligand-dependent

equilibrium between both states.

Crystal structure analysis of the twisted dimer revealed a difference by rotation of approximately
130° of a monomer subunit compared to the functional dimer (Figure 2.1b and c). Interestingly, the
dimer interface does hardly differ in size with 1619 vs. 1644 A? for the functional and twisted dimer
interface area, respectively.**! However, while the functional dimer forms a continuous interface
(Figure 2.1b), the interface of the twisted dimer is split into four smaller patches (Figure 2.1c). The
helix aE forms a new aromatic contact with the dimer mate which involves positional adaptations of
the hotspot residues. Phe92’, a hotspot residue complementing Trp326, Tyr330, and His333 in the
functional enzyme (Figure 2.1b), is replaced by Tyr72’ in the twisted arrangement (Figure 2.1c).

a0 U @V &

functional dimer (PDB ID: 1POD) twisted dimer (PDB ID: 5107)
N
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Figure 2.1: a) Chemical structures of twist-inducing lin-benzoguanine inhibitors 2.1 and 2.2.
Structural comparison of the b) functional (PDB ID: 1POD2?!) and ¢) ligand-bound
twisted (PDB ID: 5107(3)) TGT homodimer. Interface residues are shown as spheres.
The bound inhibitor 2.2 is shown in green as a ball-and-stick model. Detailed view
of the hotspot residue compositions (shown as sticks) of both dimer species are
displayed in subpanels.
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By analysis of the twisted TGT dimer structure, Ehrmann et al. hypothesized that the twisted dimer
is not capable to bind and process the tRNA substrates due to steric reasons, hence rendering the
enzyme inactive in this state. Therefore, stabilization of this novel twisted dimer state by small
molecule ligands adds an additional opportunity to inhibit the function of TGT. However, the
detection of subtle changes in the tertiary structure along with the geometrical characterization of

the mechanisms behind the transformation into a non-functional state remains challenging.

2.1.2 Nanometer distance measurements via electron paramagnetic resonance
and pulsed electron-electron double resonance spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy has been applied to give closer insights into
complex biomolecular systems, such as the mechanism behind molecular oxygen formation of the
photosynthetic protein complex photosystem IL.143) The most frequently used EPR spectroscopic
method is continuous wave (CW) EPR, whereby a sample is irradiated with constant microwaves.
This allows the detection and study of molecules containing unpaired electrons. However, the
absence of paramagnetic centers in most biomolecules, such as specific transition metals or naturally
occuring radicals, limited the application to a small subset of biological studies.*] The invention of
site-directed spin labeling (SDSL) provided a way to introduce artificial spin labels to a biological
system thus expanding the application scope when combined with EPR spectroscopy.**#") In
case two or more spin labels are present, pulsed electron-electron double resonance (PELDOR
or DEER) experiments can be applied to capture precise information about inter-spin distance
changes in the range of 15 to 60 A. This provides a powerful tool to investigate conformational
dynamics and transformations of macromolecular systems in solution under static equilibrium
conditions.[*8->%1 Most commonly, nitroxide spin labels such as MTSL (methanethiosulfonate spin
label) are used, which react selectively with the thiol group of cysteines forming disulfide bridges
(Figure 2.2a).1°'>3] Site specificity is achieved by mutating cysteines into the protein sequence at
the desired positions and mutating unwanted cysteines to e.g. alanine or serine. Alternatively,
novel functionalized tetrathiatriarylmethyl (trityl) radicals!>*-5¢] (Figure 2.2b), based on the so-
called Finland Trityl (patented in 1996°”)), extend the repertoire of spin labels allowing distance

[58,59] 54,56,60] ¢ well as

measurements at physiological conditions , and enabling in-cell applications!
orthogonal spin labeling approaches!>¢!),

PELDOR has been successfully applied to resolve structural details within integrative structural
biology approaches, e. g., for the elucidation of SLC26 transporters and their functional dimeric
states.[°?) Tt has to be noted that PELDOR experiments are usually conducted using flash-frozen
solution and, thus, have the potential to study the representative end states of the solution equilibrium.
Furthermore, PELDOR can be used as a complementary method to X-ray crystallography to obtain
data on conformational heterogeneity of protein samples.[%3] Here, we report on a method that uses
a combination of MTSL and trityl labeling together with PELDOR experiments to unravel details

about a ligand-induced dynamic transformation of the TGT homodimer in solution.
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Figure 2.2: Examples of cysteine spin labeling strategies. a) Bioconjugation of MTSL to a
cysteine residue under cleavage of sulfinic acid resulting in the Rl side chain. b,
¢) Bioconjugation of trityl spin labels to a cysteine residue via maleimide-based
Michael addition resulting in the T9 and T1 side chains.

2.2 Results and Discussion

2.2.1 Preface

In this work, PELDOR spectroscopy was applied to unravel the conformational states of TGT in
solution and to study its geometrical transformation from the functional to the twisted state in
dependence of ligand binding. The recombinant expression and purification, nitroxide spin labeling
and biophysical characterization of the protein samples were performed by the author of this thesis.
Distance predictions of ligand-bound TGT are based on co-crystal structures reported by Frederik R.
Ehrmann from the group of Gerhard Klebe (Philipps-Universitit Marburg). In the course of the
present work, an additional co-crystal structure of the ligand 2.2-bound functional TGT dimer
(PDB ID: 6YGR!®¥) has been reported by Andreas Nguyen from the same group. The PELDOR
experiments including the prior in silico distance predictions and data analysis were done by Dinar
Abdullin while trityl spin labeling approaches with TGT were performed by Caspar A. Heubach
from the group of Olav Schiemann (University of Bonn). The used lin-benzoguanine inhibitors
were synthesized by members of the group of Fran¢ois Diederich (ETH Ziirich) including Toni
Pfaffeneder, Luzi J. Barandun and Emmanuel A. Meyer.
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2.2.2 Search for the best spin labeling positions in TGT

To enable PELDOR measurements, the diamagnetic protein was spin-labeled with the nitroxide-
based tag MTSL. Since TGT is overwhelmingly present in solution in its homodimeric form!2%, the
spin labeling of a single TGT residue is sufficient to enable the inter-monomer distance measurements
via PELDOR. Crystal structures of both protein states, the functional state and the twisted state,
allowed the systematic search for the best spin labeling sites using the in silico spin labeling program
MitsslWizard'®®), The following criteria had to be considered for the search:

(1) The selected site has to be accessible for the spin label in both protein states.

(2) The distance r between two spin-labeled sites should be in the range of 15 to 60 A in both

protein states.

(3) rshould differ between the functional and twisted states by more than 5 A.

The first criterion is necessary for obtaining good labeling efficiency and also minimizes the prob-
ability of the local structural changes of the protein due to the introduction of the spin label. The
second ensures that the inter-nitroxide distances will be in the sensitivity range of PELDOR. Finally,
the last criterion allows a clear differentiation between both protein states. The details of the in silico

simulations and the full set of selected spin labeling positions are given in Figure 2.3.

2.2.3 Biophysical characterization of spin-labeled TGT variants

Importantly, two of the selected positions, namely 87 and 319, were used for further experiments.
Each of these positions was mutated to a cysteine to enable labeling via its reactive thiol group.
To avoid the formation of unspecific modifications and intermolecular disulfide linkages between
the TGT monomers, the conservative mutations C158S and C281S were introduced, yielding the
variants TGTG87C/CI38S/C8IS 1y q TGTCIS8S/CBISIBOC Then, Cys87 and Cys319 were spin-labeled
via a covalent attachment of MTSL, respectively. The spin-labeled variants will be denoted in the
following as TGTC¥®! and TGT™R!, where Rl stands for the MTSL-attached cysteine residue
(Figure 2.2a). To ensure comparable structural and oligomerization states, both mutants were
successfully crystallized in the functional state (Figure 2.4a). Only marginal perturbations could be
observed in the overall tertiary structure compared to the functional dimer (PDB ID: IPUD). In case
of TGTS®RL no electron density was observed for the Rl-spin label indicating high residual flexibility

and the existence of multiple conformations whereas in TGTHR!

the spin label could be successfully
resolved after initial refinement (Figure 2.4a). It should be noted that both variants differ in their
crystallization conditions (see Experimental Section 2.4.3). Furthermore, the homodimeric states in
solution of TGTC¥®! and TGTHR! were verified by gel filtration compared to homodimeric wild

type (WT) TGT and the mainly monomeric TGTY*%P mutant!??! (Figure 2.4).
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Figure 2.3: Search for the best spin labeling positions in TGT using the program MtssIWizard. a)
The search algorithm with the search results for b) TGT-2.1 (PDB IDs: 5LPSP*! and
5LPTP%)) and ¢) TGT-2.2 (PDB IDs: 6YGR[®Y and 5107%%1). r denotes the distance
between two spin-labeled sites of two equally single-labeled TGT monomers within
each TGT homodimer. Ar denotes the difference in r between the functional and
twisted states of TGT. Line breaks indicate residues ill-defined in the electron density

of the used protein models.
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Figure 2.4: a) Structural comparison of the functional wild type TGT homodimer (gray, PDB
ID: 1POD!*?) with TGT7®! ( , PDB ID: 7APL) and TGT™*"*R! (blue, PDB
ID: 7APM). Labeling positions are highlighted in subpanels with Rl-label side
chains shown as sticks and corresponding electron densities from 2mF,—DF. map
contoured at 1.0 0. b) Gel filtration elution profiles of TGT variants at 10 pm.

2.2.4 Assignment of PELDOR distance distributions

The PELDOR measurements were carried out on the ligand-free and ligand-bound forms of TGT%R!

and TGTR! (Figure 2.5a). The ligand-bound form was obtained after incubation of each mutant
with either 3 eq. of ligands 2.1-2.4 (Figure 2.5b) or 1.5 eq. of tRNA over 24 h at room temperature. The

[34] and was estimated

amount of added ligands was chosen in accordance to their binding affinities
to be sufficient to completely occupy both preQ, binding pockets of the TGT homodimer. The
amount of added tRNA was half the amount of the ligands, because only one tRNA molecule binds
to dimeric TGT.

The resulting distance distributions of the PELDOR measurements on the ligand-free and ligand-
bound forms of TGT"R! and TGTMR! are depicted in Figure 2.6. The PELDOR time traces are
shown in Figures 2.12 and 2.13 (Experimental Section 2.4.6) and have a good modulation depth, a
clear dipolar oscillation and an excellent signal-to-noise ratio. This allowed an accurate conversion
of the primary PELDOR data into inter-nitroxide distance distributions depicted in Figure 2.6a.

Figure 2.6a reveals that the distance distribution determined for the ligand-free TGTS¥R!

mutant
contains a single unimodal peak at ~54 A, whereas the distance distribution of ligand-free TGT"*!}!
is bimodal and has two maxima at ~28 A and ~34 A. Most likely, the bimodality results from two
different conformational ensembles of the spin labels at the position 319. Importantly, the distance
distributions of both ligand-free mutant variants are in good agreement with the inter-nitroxide
distance predictions obtained from the crystal structure of the functional TGT dimer (Figure 2.6a,
rows 9-11). This allows assigning the obtained distance distributions to the functional state. The same
assignment can also be done for the samples of both mutants incubated with tRNA and ligand 2.4,

because their distance distributions are identical to the ones of both ligand-free TGT variants.
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Figure 2.5: a) The spin labeling sites G87C (red spheres) and H319C (purple spheres) shown
together with the crystal structures of the functional (top, PDB ID: 1POD!*?!) and
twisted (bottom, PDB ID: 5107*)) TGT homodimers. Zinc ions are shown as dark
gray spheres. Yellow dashed lines connect the spin labeling sites, between which the
PELDOR-based distance measurements were carried out. b) Chemical structures
of ligands 2.1-2.4.

A pronounced difference was observed in the ligand-bound versus ligand-free distance distributions
if both mutants were incubated with ligand 2.1. In addition to the distance distribution, found for the
ligand-free state, a further peak appears around 28 A for the variant TGT®®’®1-2.1 and around 46 A
for TGTHRI_2,1, Comparing with the computed distribution of possible inter-nitroxide distances
based on the crystal structures of the functional and twisted TGT homodimer (Figure 2.6a, rows
7-8 and 9-11, respectively), the additional distance peak for TGT¥®1_2.1 can be assigned to the
presence of the twisted homodimer (Figure 2.6a, row 1). For TGT™RL_2.1, an analogous additional
distance maximum is detected that is also assignable to the twisted homodimer. However, it is less
obvious, because the maximum of this distribution is shifted from the computationally predicted
most probable distance by 14 A (Figure 2.6a). A closer comparison of the apo TGT crystal structure
(PDB ID: 1POD!*2) with the ligand 2.1-bound functional dimer (PDB ID: 5LPSP4) reveals that the
zinc-binding subdomain, which hosts residue 319, is very flexible as the residues Glu317-GIn324 are
not resolved in the structure and the zinc ion is only occupied at 21 % (compared to 100 % in the apo
structure). Although the subdomain is resolved in the twisted dimer, it does not exclude that this
results from crystal packing forces of an adjacent crystal mate. Since the conformational flexibility of
the protein was not taken into account in the in silico simulations, the predicted distances might be
affected by this simplification, which could explain the deviation of the predicted from the measured
PELDOR results.
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Figure 2.6: PELDOR measurements on TGTSR! (top) and TGTHR! (bottom) incubated
over 24 h with ligands 2.1-2.4 or tRNA. a) PELDOR-based inter-nitroxide distance
distributions (rows 1-6, gray) and their in silico predictions based on the crystal
structures of the twisted (rows 7-8, ) and functional (rows 9-11, blue) TGT
homodimers. The row numbers are indicated in parentheses. The original PELDOR
time traces and the error estimates for the PELDOR-derived distributions are given
in Figures 2.12 and 2.13 (Experimental Section 2.4.6). b) The relative amount of
the functional (blue) and twisted (rose) TGT homodimers as derived from the
PELDOR-based distance distributions. For TGT®®R!, the inter-nitroxide distances
below and above 40 A were assigned to the twisted and functional homodimers,
respectively. Inversed distance ranges were used for the assignment of the twisted
and functional homodimers of TGTH39RI,



20 | Chapter2

2.2,5 Ligand-dependent formation of the twisted dimer

Finally, all distance distributions, identified for the TGT variants bound to ligand 2.1, are also
observed for those found by binding ligands 2.2 and 2.3 to the corresponding variants (Figure
2.6a, rows 2-3). However, in each case, the relative intensity of the peak corresponding to the
twisted homodimer is strongly dependent on the ligand. For the variants incubated with ligands 2.2
and 2.3, the distance peaks assigned to the functional homodimer are dominant, compared to
the twisted homodimer. Thus, the situation is reversed compared to ligand 2.1, where the twisted
state is higher populated. Since the distance distributions mutually assigned to the two forms do
not overlap, integration over both states allows determining the relative ratio of functional and
twisted homodimers in the different samples (Figure 2.6b). The ligand-free samples contain only the
functional homodimers, which is also the only species populated with bound tRNA and ligand 2.4
(Figure 2.6b, rows 4-6). No twisted dimer formation is observed upon incubation with tRNA as
it only binds and stabilizes the functional TGT homodimer. Obviously, the lack of a substituent,
which penetrates into the ribose-34 binding pocket, avoids triggering the formation of the twisting
rearrangement of the homodimer as observed by the lin-benzoguanine parent scaffold 2.4. In
contrast, ligands 2.1-2.3 induce partial conformational transformation, simultaneously populating
both homodimeric states in solution (Figure 2.6b, rows 1-3). Likely, this also explains why both
homodimeric forms could be crystallized with ligands 2.1 and 2.2 under the same crystallization
conditions.*¥ Surprisingly, the relative population of both states depends on the bound ligand.
With ligand 2.1, the twisted homodimer dominates with 86 + 1%, but it is only minor present for
ligands 2.2 and 2.3 (8 + 5% and 4 + 3 %, respectively).

A further look into the ligand binding site reveals structural details of the rearrangement from
the functional into the twisted TGT homodimer. Notably, the moieties of ligands 2.1-2.3 clash with
the hydrophobic residues Val45, Leu68, and Val282 at the bottom of the ribose-34 subpocket. As a
consequence, the loop-helix motif, which shields the aromatic hotspot from water access, adopts
a perturbed conformation in the ligand-bound functional as well as twisted dimer state (Figure
2.7a—c). Besides the increased flexibility of the loop-helix motif, a tilt movement of helix aA (residues
Glyl05-Leulll) can be observed between the two dimeric end states (Figure 2.7a and b). The helix
hosts residue Tyr106 which recognizes the tricyclic core of the lin-benzoguanine scaffold via n-n
stacking. Furthermore, the structural adaptation allows the formation of a new interface contact
via hydrogen bonding between GInl07 and Glu339’ in the twisted dimer. In the functional TGT
complex structures with ligands 2.2 and 2.3, helix aA adopts a similar conformation as in the apo
structure. However, in case of ligand 2.1, this helix is disordered in the functional TGT form and not
resolved in the structure indicating higher structural flexibility (Figure 2.7a). This can be explained
by a steric clash of residue GIn107 with the anomeric methoxy group of the pyranose substituent
that points toward helix aA (Figure 2.7a and d). Ligands 2.2 and 2.3 lack this extension allowing

GIn107 and helix aA to adopt a stable conformation in the structure.
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Presumably, in addition to the collapse of the loop-helix motif, a destabilization of helix aA aids
the formation of the twisted dimer. Furthermore, the zinc-binding domain becomes increasingly
destabilized when the functional TGT dimer is bound to ligand 2.1 as evidenced by the ill-defined
residues Glu317-Gln324 (Figure 2.7e) and a lower zinc occupancy compared to the complex with
ligand 2.2 (21 % vs. 44 %, respectively). These findings could explain the high population of the

twisted dimer species upon addition of ligand 2.1.

a) functional TGT b) — functional TGT c) == functional TGT
twisted TGT = twisted TGT

-
|Iigand 2.1|

/G
N
N

anomeric OMe
of ligand 2.1

90°

ligand 2.1
== ligand 2.2
== ligand 2.3

Figure 2.7: Structural comparison of the functional apo TGT structure (gray, PDB ID: 1POD[42!)
with the ligand-bound structures of a) TGT-2.1 (functional: , PDB ID:
5LPSP4; twisted: , PDB ID: 5LPT?**)), b) TGT-2.2 (functional: cyan, PDB
ID: 6YGRI®¥; twisted: blue, PDB ID: 5107%]), and ¢) TGT-2.3 (functional: green,
PDB ID: 5LPOP*). Structural movements from the functional to the twisted state
are indicated by gray arrows. Only one of two equally possible conformations of
ligand 2.1 is shown. Ill-defined residues in TGT-2.1 are indicated as yellow dashes.
d) Structural comparison of ligands 2.1-2.3 from their ligand-bound functional
dimer structures. The anomeric methoxy group of ligand-2.1 is encircled and its
steric clash with GInl07 from apo TGT is indicated by red arcs. e) Detailed view of
the zinc-binding subdomain of TGT-2.1 ( , PDB ID: 5LPSP**)) and TGT-2.2
(cyan, PDB ID: 6YGRI®*) compared to the apo TGT structure (gray, PDB ID:
1POD!“2)). Zinc ions are shown as spheres and the zinc-coordinating residues are
shown as sticks. Ill-defined residues in TGT-2.1 are indicated as yellow dashes.
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2.2.6 PELDOR measurements in dependence of incubation time

In order to check whether the incubation time of 24 h was sufficient to reach the equilibrium, the

PELDOR measurements were repeated on ligand-bound samples of TGTR!

24, and 72 h (Figure 2.8 and Figures 2.14-2.16, Experimental Section 2.4.6). Remarkably, the relative

equilibrating for 1,

amount of twisted homodimers increases with incubation time for ligands 2.1-2.3 from 1 to 72 h.
After 24 h, the system seems fully equilibrated as no further increase is recorded. Possibly, the relative
ratio by how much the two states are populated indicates the energetic stabilization of the two TGT
forms with respect to the bound ligand. An explanation for this difference can not be given yet,
however, a ligand with a C4-substituent, which occupies the ribose-34 subpocket, seems to be

essential to induce the transformation between both states.

a) TGTeR1-2.1 b) TGTC8R1-2.2 c) TGTC8R1-2.3
Incubation [ twisted homodimer Incubation [ twisted homodimer Incubation [ twisted homodimer

time | [ functional homodimer time [ functional homodimer time [ functional homodimer

72hb—* 72h 72h
24h-—* 24 h 24 h
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T — T T T T

T T T T T T I T T T T T I T T T T T T T T T T
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Figure 2.8: The relative amount of the functional (blue) and twisted ( ) TGTSR! homo-
dimers bounds to ligands a) 2.1, b) 2.2, and ¢) 2.3 in dependence of the ligand
incubation time. The original PELDOR time traces and the error estimates for
the PELDOR-derived distributions are given in Figures 2.14-2.16 (Experimental
Section 2.4.6).

2.2.7 Orthogonal spin labeling and mixing experiments for the elucidation of
the twisting mechanism

Importantly, the data in Figure 2.8 discloses that the conversion of functional to twisted homodimer
equilibrates slowly within hours. Given the fact that ligand binding to TGT occurs on very short time
scale, ligand accommodation cannot be the rate-determining step. Thus, the observed conversion
rate must agree with a slow structural re-organization mechanism of the TGT homodimers. Two
mechanisms can be considered: (1) an intramolecular twisting rotation of the two TGT monomers
against each other or (2) a dissociation/association process proceeding via intermediately fully sepa-
rated monomers. In order to determine, which of these two mechanisms takes place, an orthogonal

C1585/C281S

spin labeling approach was attempted by labeling the mutant TGT¢/ independently

with two different tags.
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Initial spin labeling attempts with the maleimide-conjugated Finland trityl radical spin label SLIM!®®!,
with the aim to yield the TGT 87 TVCIS8S/C28IS yariant (Figure 2.2¢), failed due to low labeling efficiency
(~15 %, Figure 2.9a). Interestingly, a change of color from the expected trityl brown towards a pinkish
color was observed during the labeling procedure. This led us to additionally investigate the potential
unspecific binding of the trityl core to the protein, e. g. via hydrophobic interaction, by labeling
experiments with a non-bioconjugatable Finland trityl radical on TGT87¢/CI388/C281S Ng absorbance
at 459 nm could be detected after desalting and filtering the reaction mixture, hence unspecific
binding of the trityl core can be excluded. Furthermore, unspecific reactivity of the maleimide
moiety was investigated by incubating an ester-linked maleimide trityl spin label (Figure 2.2b)
with the TGT85/C281 yariant which does not contain addressable cysteine residues. Although, no
reaction was expected between the two components, a similar color change from brown to pink was
observed as in the initial labeling experiments with TGTS87¢/CI585/C281S 54 ST IM. Additionally, the

trityl label could not be completely seperated from TGTC!%85/C281S

in the filtering process through a
desalting column (Figure 2.9b). This indicates that unspecific binding of the label could be related to

its maleimide moiety.
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Figure 2.9: Chromatograms from desalting steps with parallel detection of two wavelengths
for a) TGTG87C/CIS8S/C28IS yith the SLIM trityl label and b) TGT*88/C281 with the
ester-linked maleimide trityl label.

Alternatively, besides the detection of distances between two independently spin-labeled TGT
monomers, a mixing experiment between the TGTR! and TGTH**R! variants also represents
a viable approach. In case of an intra-dimer rotational mechanism, the immediate formation of
a TGTSRI_TGTH3R! heterodimer would be absent, hence, no distance distribution should be
observed for the heterodimeric species upon ligand addition. Likely, the detection of a distance
distribution corresponding to the twisted heterodimeric species would indicate a mechanism based
on the dissociation of the functional dimers followed by the re-association into their twisted states
(Figure 2.10).
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Figure 2.10: Inter-spin distance predictions for the a) TGT*’RI_TGTH3*R! heterodimer as
well as the b) TGTCSRI_TGTC¥R!l and ¢) TGTHPRI_TGTH R homodimers
calculated by MtsslWizard(®!.

2.3 Conclusion

In this study, we designed an EPR-based approach to uncover the twisted TGT dimer formation in a
solution equilibrium. Therefore, potential spin labeling sites were first evaluated in silico and two
spin-labeled mutants, TGT¥®! and TGTHR, were designed. The PELDOR distance distributions
fit well with the predicted distances from previously obtained crystal structures thus verifying that
the twisted dimer exists as a species in solution and is not an artifact resulting from crystal packing
forces. However, under the experimental conditions of the PELDOR measurements, only with
ligand 2.1 the two separated species can be recorded, while ligands 2.2 and 2.3 only marginally show
the transformed twisted state besides the higher populated functional dimer. Contrary, protein-
observed ”F NMR results have demonstrated that ligands 2.2 and 2.3 show a similar effect in the
transformation regulation./®*) Since the PELDOR experiments were performed on flash-frozen
samples after incubation at room temperature, a shift in the equilibrium between the functional and

twisted dimer states during the freezing process cannot be ruled out.
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We hypothesize that a small structural detail of ligand 2.1, the anomeric methoxy group, is able to
displace the nearby helix aA and thereby favor the rearrangement into the twisted dimer. Ligands
with substituents occupying a similar or even larger space as this methoxy group might be worth for
further investigations. The low population of the twisted dimer species in case of ligand 2.2 indicates,
that crystallization conditions might additionally play a role in the equilibrium between both dimer
states. Besides a difference in buffer and salt compositions, the distinct difference in pH between
the crystallization and PELDOR setup (5.5 vs. 7.4, respectively) could explain the low population
of the twisted dimer upon incubation with ligand 2.2. Preceding mutagenesis studies have shown
that the loop-helix motif is destabilized at slightly acidic conditions which is putatively linked to a
destabilization of the TGT homodimer.[2%23! Nevertheless, co-crystal structures of the twisted dimer
species with ligands 2.1 and 2.2 have been obtained and structurally characterized, independent of
the relative population amount as seen in the results of the PELDOR measurements. We suggest
that, once a twist-inducing ligand is present in the TGT solution, the crystallization of the twisted
dimer removes the species from the solution equilibrium. Subsequently, this leads to an increased
transformation of the functional into the twisted dimer in order to restore the equilibrium between

both species.
Ligands 2.1-2.3 are capable of displacing the loop-helix motif by occupation of the ribose-34

subpocket. Moreover, previous ligand binding studies via isothermal calorimetry (ITC) showed
that the binding of ligands 2.1-2.3 is largely entropically driven likely due to the destabilization of
the loop-helix motif. Additionally, a perturbed zinc-binding subdomain is observed. We suggest
that a ligand-induced destabilization of the dimer contact is the first step in the rearrangement
mechanism to form the twisted dimer, which is accompanied by re-localization of helix aA. The
differentiation of the two possible twisting mechanisms by PELDOR spectroscopy remains to be
elucidated. Once the trityl labeling is successful, the PELDOR measurements will be performed with
1:1 mixtures of the nitroxide-labeled TGTG87RVCISBS/CAIS ap the trityl-labeled TGTGETV/C1585/C281S
variants. Alternatively, a mixing experiment with TGT¥"Rl and TGTH*®! could be performed. In
case of a dissociation/association mechanism, mixed distances of a nitroxide-trityl or TGT 7RI
TGTHR! heterodimer should be observed while these should be absent in case of an intra-dimer

rotational mechanism.

To summarize, we demonstrated that PELDOR spectroscopy is a valuable technique to elucidate
structurally observed phenomena of the TGT homodimer. The results verify the ligand-induced
formation of a twisted dimer species in a solution equilibrium, thus, confirming the previously char-
acterized TGT-ligand co-crystal structures. The pyranose-substituted /in-benzoguanine ligand 2.1
proved to be superior, compared to ligands 2.2 and 2.3, in shifting the equilibrium between the two
dimer states towards the twisted dimer form. Combined with our structural analysis, we believe
that an additional displacement of helix aA, which is caused by the geometric orientation of the

pyranose substituent in ligand 2.1, favors the formation of the twisted TGT dimer.



26 | Chapter2

2.4 Experimental Section

2.4.1 Mutagenesis and recombinant production of Z. mobilis TGT

Mutagenesis and expression of the Z. mobilis tgt gene and its mutated variants were performed as
previously described by site-directed mutation and plasmid-based expression of the vector pPR-IBA2
(IBA Lifesciences).[??! Plasmids encoding the required mutated TGT variants were prepared using

TF92C/C1585/C2815 construct, [22]

the PureYield™ Plasmid Miniprep System (Promega). Based on the TG
a reverse C92F and single-site surface cysteine mutations were introduced via the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent) according to the vendor instructions. DNA
primers were purchased from Eurofins Genomics (Ebersberg, Germany) and are summarized in
Table 2.1. In each case, the new construct was re-sequenced by Eurofins Genomics to confirm the
presence of the desired mutations as well as the absence of any further unwanted mutation. The final
constructs were each transformed into Escherichia coli BL21-CodonPlus (DE3)-RIPL cells (Agilent).

A single colony was picked from the freshly transformed agar plate and grown overnight in
100 mL of lysogeny broth (LB) medium supplemented with 100 ug mL ™" ampicillin and 34 ugmL™"
chloramphenicol while shaking at 37 °C. The next day, a large-scale culture in LB medium, supple-
mented with 100 ug mL™" ampicillin and 34 pg mL ! chloramphenicol, was inoculated with 10 mL
of overnight culture per liter. The culture was grown at 37 °C by shaking at 140 rpm until the op-
tical density at 600 nm (ODg) reached a value between 0.6 to 0.7 and was then cooled to 16 °C
while shaking. After 1h, overnight protein expression was induced by the addition of 1 mm IPTG.
The cells were harvested the next day by centrifugation using a JA-10 rotor (Beckman Coulter) at
4°C and 10000 rpm for 10 min. The collected cells were disrupted by sonication using a Branson
Sonifier™ 250 in 100 mL lysis buffer (20 mm TRIS, pH 7.8, 10 mm EDTA, 1 mm DTT and 1 cOmplete™-
Protease Inhibitor Cocktail Tablet (Roche) per 4 L of bacterial culture). Subsequently, the cell debris
was removed by centrifugation using a JA-25.50 rotor (Beckman Coulter) at 4 °C and 20 000 rpm
for 1h. The supernatant was collected and loaded onto a Q Sepharose® Fast Flow anion exchange
column (XK 26/15, GE Healthcare) conditioned with buffer A (10 mm TRIS, pH 7.8, 1mm EDTA,
1mmMm DTT). After washing with bufter A, the target protein was eluted by applying a linear NaCl
gradient from 0 to 100 % (v/v) bufter B (buffer A plus 1 M NaCl). The protein-containing fractions,
endowed with an N-terminal Strep-tag® II, were then loaded onto a Strep-Tactin® Superflow® column
(XK 16/10, IBA Lifesciences) conditioned with buffer W (100 mm TRIS, pH 7.8, 1mm EDTA, 1M
NaCl). After washing the column with buffer W, the protein was eluted with buffer E (buffer W plus
2.5 mM D-desthiobiotin). All chromatographic steps were carried out at room temperature using an
AKTAprime™ plus FPLC system (GE Healthcare). All TGT-containing fractions were combined and
concentrated to ca. 2 mg mL'in high-salt buffer (10 mm TRIS, pH 7.8, 1mm EDTA, 2 M NaCl) using
Vivaspin® 20 centrifugal concentrators (30 000 MWCO, Sartorius). Subsequently, the Strep-tag® II
was chipped off and separated from the target protein by means of the Thrombin Cleavage Capture

Kit (Novagen®) according to the manufacturer’s instructions.
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Table 2.1: DNA primer sequences used for mutagenesis. Nucleobases deviating from the origi-
nal tgt sequence are underlined.

Mutation / Primer ID Sequence
G87C_f 5 -GTATTGCAAAACTGTGTGGTCTGCATAGC-3
G87C_r 5 -GCTATGCAGACCACACAGTTTTGCAATAC-3
H319C_f 5 -GGATAGCGAATGTTGCTGTGCAGTTTGTC-3
H319C_r 5-GACAAACTGCACAGCAACATTCGCTATCC-3
C92F_f 5 -GTGGTCTGCATAGCTTTATGGGTTGGGATC-3’
C92F_r 5-GATCCCAACCCATAAAGCTATGCAGACCAC-3’

2.4.2 Spin labeling of TGT variants
Nitroxide spin labeling

After tag cleavage, the protein was spin-labeled by incubation with 10 eq. of MTSL overnight at room
temperature. In case of TGT®L, prior to spin labeling, the protein was treated with 10 mm DTT for
2h at room temperature and DTT was removed by filtering through an illustra™ NAP™-25 column
(GE Healthcare) pre-equilibrated with high-salt buffer. After spin labeling, the sample was filtered
through the same column to remove unbound MTSL. Spin labeling efficiencies were determined by
mass spectrometry to 100 % and 90 % for TGT®Rl and TGTH*R!, respectively (Figure 2.11). Prior
to the PELDOR experiments, the sample was dialyzed against deuterated PELDOR buffer (50 mm
TES, pH 74, 2 M NaCl in D,0) and concentrated via Vivaspin® 20 centrifugal concentrators to ca.
10 mg mL ™", 100 pL aliquots of the samples were flash-frozen in liquid nitrogen and stored at —80 °C

until further usage.

Trityl spin labeling

Prior to labeling with trityl spin labels, the protein was diluted to a final amount of 12 nmol in labeling
buffer (10 mm HEPES, pH 6.8, 1mm EDTA, 2 M NaCl) and subsequently treated with 1 mm TCEP for
1.5 h at room temperature. The mixture was then desalted through a PD-10 column (GE Healthcare)
and 5 eq. of spin label (from DMSO stock) were added to the eluate. For the binding test between the
trityl core and the protein, the non-bioconjugatable Finland trityl radical was used instead of a spin
label. The labeling reaction mixture was incubated for 1 h at 4 °C or 16 h at room temperature. Excess
label was removed using a PD-10 column and absorbance was tracked at 280 nm as well as at the
absorption maximum of the respective spin label. Labeling efficiency was calculated by measuring the
absorbance at the absorption maximum using the respective extinction coeflicients for the TGT vari-
ants and the spin labels (SLIMP®: g459 = 0.02099 L umol ™ cm™, 589 = 0.05152 L umol ™' cm™; ester-
linked maleimide trityl spin labell4: g467 = 0.0075L pmol_1 cm™L, e580 = 0.0193 L pmol_1 cm™).
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Figure 2.11: Mass spectra and deconvoluted spectra of a) TGTG87RVCISSS/C28IS (ca]cylated mass:
43212.1 Da (labeled), 43 027.8 Da (unlabeled)) and b) TGTC1>88/C281S/H3IORL ((q]cyy-
lated mass: 43132.0 Da (labeled), 42 947.7 Da (unlabeled)).
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2.4.3 Crystallization and structure determination

Crystallization of TGT was performed using the hanging-drop vapor diffusion method at 18 °C. For
the Ri-labeled TGT variants, the protein solutions (10 mg mL ™" in high-salt buffer) were each mixed
with reservoir solution (0.1 M TRIS, pH 8.5, 10 % (v/v) DMSO, 7 % (w/v) PEG 8000 or 0.1 » MES,
pH 5.5,0.5mm DTT, 10 % (v/v) DMSO, 13 % (w/v) PEG 8000) in a 1:1 volume ratio. In case of the
functional TGT-2.2 co-crystallization, the protein solution (31 mgmL™ in high-salt buffer) was
mixed with a DMSO stock containing 10 mM of ligand 2.2 yielding a final ligand concentration of
1.6 mM. The protein-inhibitor mixture was then mixed with reservoir solution (0.1 M MES, pH 5.5,
0.5mMm DTT, 10 % (v/v) DMSO, 13 % (w/v) PEG 8000) in a 1:2 volume ratio. Crystals grew within two
weeks in the presence of 500 or 650 pL reservoir solution in the plate wells. Prior to data collection,
the crystals were transferred to a reservoir solution containing 30 % (v/v) glycerol as cryo-protectant
for a few seconds and vitrified in liquid nitrogen. Diffraction data were collected at a wavelength
of 0.91841 A and temperature of 100 K at the synchrotron beamline 14.1 at BESSY IT (Helmholtz-
Zentrum Berlin). Indexing, processing and scaling of the diffraction images were done using XDS!®®!
and XDSAPP!®"), The structures were determined via molecular replacement using the program
Phaser'®® from the CCP4 suite!®) with the PDB entry 1POD!*?! or IPUD!"! as initial search model.
Model building was done in Coot!”"! and the program PHENIX!"! was used for structure refinement.

Data collection and refinement statistics are summarized in Table 2.2.

2.4.4 Analytical gel filtration

Analytical size exclusion chromatography was performed using an AKTAprime™ plus FPLC system
(GE Healthcare) at room temperature. The protein samples were diluted to 10 um in assay buffer
(10 mm HEPES, pH 7.4, 1M NacCl) and 100 pL of each sample was loaded onto a pre-equilibrated
Superdex™ 200 10/300 GL column. The samples were run at a flowrate of 0.5 mL min~! and protein

absorbance was tracked at 280 nm wavelength. Data were processed with GraphPad Prism 6.

2.4.5 Preparation of tRNATY

The E. coli tRNA™Y" (ECY2[7!) was synthesized by in vitro transcription using T7 RNA polymerase.
The reaction mixture (30 pg of linearized DNA template, 3.75 mMm of NTPs, and 1 pum of T7 RNA
polymerase in 20 mm MgCl,, 80 mm HEPES, pH 7.5, 1 mM spermidine, 5mm DTT, 0.05 U pyrophos-
phatase) was incubated for 4 h at 37 °C. The tRNA transcript was extracted in a 1:1 mixture of acidic
phenol/chloroform, pH 4.5, and precipitated upon addition of a 1:20 mixture comprising 3 M sodium
acetate, pH 5.2, and ethanol. After centrifugation for 10 min at 16 500 g, 4 °C, the supernatant was
discarded. The pellet was dried, dissolved in ddH,O and the tRNA was purified via preparative
denaturing (with 8 M urea) 8 % polyacrylamide electrophoresis (PAGE). The tRNA was eluted from
the excised gel slice in 1 M sodium acetate, pH 5.2, overnight while shaking at 900 rpm, 4 °C. The

purified tRNA was again precipitated using the above described procedure and finally dried in vacuo.
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Table 2.2: Crystallographic data collection, processing and refinement statistics of PDB entries

6YGR, 7APL and 7APM.

Protein / Ligand TGT-2.2 TGTGS7RI/CIS8S/C281S  GC1588/C281S/H3I9RI

PDB ID 6YGR[®Y 7APL 7APM

(A) Data collection and processing

Collection site BESSY II MX 14.1 BESSY II MX 14.1 BESSY II MX 14.1

Wavelength [A] 0.91841 0.91841 0.91841

Unit cell parameters:

Space group C2(5) C222; (20) C2(5)

a b c [A] 83.92 65.02 71.10 64.54 90.95167.82 91.91 65.06 70.81

o By [°] 90.0 93.990.0 90.0 90.0 90.0 90.0 96.3 90.0

(B) Overall diffraction data (values for highest resolution shell in parentheses)

Resolution range [A] 41.86-1.70 44.59-1.99 45.68-1.66
(1.81-1.70) (2.11-1.99) (1.76-1.66)

No. of unique reflections 40707 (6285) 35628 (5311) 47688 (7302)

Rsyma [%] 5.1(49.9) 6.3 (49.8) 7.5 (46.6)

Completeness [%] 97.5(93.4) 97.9 (97.6) 97.6 (92.8)

Multiplicity 3.4 (3.4) 5.1(5.6) 3.4(3.2)

Mean I/o 153 (2.2) 15.2 (2.8) 10.4 (2.1)

Rieas® [%] 6.1(59.3) 7.0 (55.0) 9.0 (56.0)

CCyy5 [%] 99.9 (80.2) 99.8 (88.7) 99.7 (82.0)

Matthews coefficient [A3 Da™!] 2.3 2.9 2.4

Solvent content [%] 454 56.8 49.5

Wilson B-factor [A2] 21.8 33.8 185

No. of proteins in asymmetric unit 1 1 1

(C) Refinement with PHENIX"! (version 1.16_3549)

Resolution range [A] 41.86-1.71 44.59-1.99 45.68-1.66

No. of used reflections 40699 33624 47683

Ryork” / Rerec® [%] 18.2/221 172/ 20.9 13.9/176

No. of atoms (non-hydrogen):

Protein atoms 2698 2913 2960

‘Water molecules 215 173 319

Zinc 1 1 1

Solvent ligand atoms - 12 19

Ligand atoms 23 - -

rmsd from ideal values:

Bond lengths [A] 0.006 0.006 0.008

Bond angles [°] 0.8 0.8 0.9

Ramachandran plot:

Most favored [%] 94.7 94.4 94.4

Additionally allowed [%] 5.0 5.0 5.0

Generously allowed [%] 0.3 0.6 0.6

Mean B-factors® [A?]:

Protein atoms 25.9 425 22.9

Water molecules 335 44.7 31.8

Zinc ion 20.5 28.8 17.4

Solvent ligand atoms - 53.3 33.5

Ligand atoms 217 - -

AR - i 2 ki = {Thia) | R _ T v 5o 2i nii = (o) | (721

o S Silbai 2hit 2i Thidi '

bR o Thia [Fo = Fel (72
WOrk - T = -
it Fo

¢ Riree Was calculated as Ryorx but on 5% of the data excluded from the refinement.

4 Calculated via PROCHECK !,
¢ Calculated via MOLEMANY*,
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2.4.6 PELDOR spectroscopy and data analysis

For the PELDOR experiments, the protein was diluted to a final monomer concentration of 120 um
with deuterated PELDOR buffer (50 mm TES, pH 7.4, 2m NaCl in D,0). In case of the ligand-
bound TGT samples, 3 eq. of one of the ligands 2.1-2.4 (from 10 mm stock in DMSO) or 1.5 eq. of
tRNA (from 3 mm stock in the deuterated PELDOR buffer) were added to the protein to a final
sample volume of 100 uL. If not mentioned explicitly, the samples were incubated for 24 h and then
transferred into a Q-band EPR tube and flash-frozen in liquid nitrogen until further usage.

The PELDOR measurements were carried out on an ELEXSYS E 580 (Bruker) spectrometer using
a FlexLine probe head with a Q-band resonator ER5106QT-2 (Bruker). All microwave pulses were
amplified via a 150 W TWT amplifier (model 187Ka). To obtain the working temperature of 50 K, a
continuous flow helium cryostat CF935 (Oxford Instruments) and a temperature control system
iTC 503S (Oxford Instruments) were employed.

The PELDOR experiments were performed with the standard four-pulse sequence 71/2 (vget) —
71 = T (Vaer) — (11 + 1) = 70 (Vpump ) — (72 — £) = 70 (Vaer) — T2—t-echo. The frequency of the pump
pulse and the magnetic field were adjusted to be on resonance with the maximum of the nitroxide
spectrum, whereas the frequency of the detection pulse was set 100 MHz lower than the frequency
of the pump pulse. All PELDOR measurements were performed with pulse lengths of 12 and 24 ns
for the detection 7t/2- and 7t-pulses, respectively. The pump pulse was 14-16 ns long. The detection
7t/2-pulse was phase-cycled to eliminate receiver offsets. The 7 interval was set to a starting value of
240 ns and was incremented during each experiment 8 times with a step of 16 ns, in order to suppress
deuterium electron spin echo envelope modulation (ESEEM). The 7, interval was set to 5-7 ps. The
position of the pump pulse relative to the primary echo was incremented with a step of 8 ns. All
PELDOR spectra were recorded at 50 K with a repetition time of 3 ms. The signal was averaged over
50-200 runs to achieve a good signal-to-noise ratio.

The PELDOR time traces were converted into the distance distributions by means of the program
DeerAnalysis2019.7%) The background correction was done using a three-dimensional homogeneous
background. The Tikhonov regularization was applied using the L-curve criterion. The optimized
regularization parameter felt into the range of 100-10 000. The error of the DeerAnalysis-based
distance distributions was estimated using the Validation tool. In each validation run, the noise level,
the starting position for the background correction and the background dimension were varied in
the ranges [original noise level, 1.5 original noise level], [1 us, 4 us], and [2.0, 3.0], respectively. Data

were processed with OriginPro 8.
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Figure 2.12: PELDOR measurements on TGT®®’R! incubated over 24 h with ligands 2.1-2.4 or
tRNA. a) Original PELDOR time traces (black lines) and their background fits (red
lines). b) Background-corrected PELDOR time traces and their fits (red lines). )
PELDOR-derived inter-nitroxide distance distributions (black lines). Gray shades
depict the error estimates for the distance distributions.



Echo intensity (a.u.)

Unraveling the Ligand-Induced Twist of Homodimeric TGT by PELDOR | 33

a)

&\TGTHW:

1.0 TGTH1RI_RNA
0.8-
0.6
0.4-

0.4

1.0 TGTHR1_2.4
0.8
061

0.4

T

1

10 TGTHR1_2,3
0.8
0.6

185 TGTHIR1_2,2
0.8
0.6

0.4
104 TGTe™R1-2.1
0.8
0.6
0.4
T T T T ¥ T T 1
01 2 3 4 5 6
t(us)

Echo intensity (a.u.)

b)

7

1.0 TGTH319R
0.8-
0.6-
1.0 TGTHR_RNA
0.8-
0.6
104 TGTHR1_2.4
0.8
0.6
T T T T T 1
145 TGTH 12,3
0.8-
0.6
T T T T T 1
105 TGTHIRI_2,2
0.8-
0.6-
1.0 TGTo™Ri-2.1
N u
0.6-
T T T T T 1
0 3 4 5 6
t(us)

Probability density

0.3

0.2

0.1

0.0-

0.3+

0.3+

0.2

0.1

0.0

c)
TGTHS‘\ 9R1

g

TGTHIRI{RNA

0.2
0.1 I \ T
0.0-

TGTR1_2.4

0.3+

0.2

0.1

TGTHR_2.3

0.0

0.3

TGTHR1_2,2

0.2
0.1 TM
0.0-

0 TGTH1eR1-2.1
0.2
0.1
ool L N
20 30 40 50 60 70
r(d)

Figure 2.13: PELDOR measurements on TGT™*”R! incubated over 24 h with ligands 2.1-2.4 or
tRNA. a) Original PELDOR time traces (black lines) and their background fits (red
lines). b) Background-corrected PELDOR time traces and their fits (red lines). c)
PELDOR-derived inter-nitroxide distance distributions (black lines). Gray shades
depict the error estimates for the distance distributions.
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Figure 2.15: PELDOR measurements on TGT®®! incubated over 1, 24, and 72h with lig-
and 2.2. a) Original PELDOR time traces (black lines) and their background
fits (red lines). b) Background-corrected PELDOR time traces and their fits (red
lines). ¢) PELDOR-derived inter-nitroxide distance distributions (black lines).
Gray shades depict the error estimates for the distance distributions.
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Figure 2.16: PELDOR measurements on TGT®*’R! incubated over 1, 24, and 72 h with lig-
and 2.3. a) Original PELDOR time traces (black lines) and their background
fits (red lines). b) Background-corrected PELDOR time traces and their fits (red
lines). ¢) PELDOR-derived inter-nitroxide distance distributions (black lines).
Gray shades depict the error estimates for the distance distributions.



Targeting a Transient Binding Pocket by
Disulfide-Induced Break-Up of the
Homodimeric TGT Interface

3.1 Introduction

In order to ensure proper cellular functions, a vast number of proteins need to be carefully orches-
trated. A particular form of intermolecular communication between proteins is represented by
protein—protein interactions (PPIs), which play an essential role in the regulation of signaling.'”’]

Accordingly, it is not surprising that malfunctions of PPIs are often linked to the development of
diseases ranging from cancer to infections./”®! Drug research has started to focus on the interference

of PPIs as attractive opportunity for therapeutic intervention.”*-#2! However, due to their lack
of addressable cavities and their usually flat and large interface areas, drugging PPIs with small
molecules has long been considered as “high-hanging fruit” in pharmaceutical drug design.®* The
PPIs of permanent homodimeric proteins are especially difficult to target, since their monomer-
monomer interactions are long-lived and the individual protomer subunits cannot be easily studied

84851 Mutagenesis studies such as alanine scanning can be used to dissect the “hot spot”

86,87]

separately.!
residues as the key determinants of binding free energy that drive oligomer interface formation.|
Using this knowledge, strategies such as covalent fragment tethering!®®! or structure-activity rela-
tionship (SAR) by NMR®°! may be applied to find small molecules that bind near these hot spots
and ultimately facilitate the design of PPI modulators.[*%!
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3.1.1 Discovery of a pseudomonomeric TGT variant

In order to discover new interface binding sites near the aromatic hot spot residues, Trp326, Tyr330,
His333, and Phe92} in homodimeric tRNA-guanine transglycosylase (TGT), specific cysteine mu-
tantions were strategically introduced for a fragment tethering approach.®" An in-house tethering
library consisting of different thiol-containing fragments was screened against a TGTFo2¢/C1585/C281S
variant and the modification rate was tracked via mass spectrometry. Low modification rates (up to
36 %[°V), likely due to the poor accessibility of Cys92, led to the design of a second variant TGTY>30C,
Surprisingly, this mutant crystallized in two different crystal forms resulting in both, the usual
functional dimer in the monoclinic space group C2 and a newly observed covalently linked dimer
in the hexagonal space group P6522 (Figure 3.1). The formation of the new disulfide bridge between
Cys330-Cys330;, which coincides with the crystallographic twofold symmetry axis, involves a tilting
of one monomer subunit against the other, which significantly shrinks the monomer-monomer
contact area from over 1600 A to only 537 A2l This rearrangement is aided by the point mutation
of Tyr330 to a cysteine which decreases the energetic contribution of an essential hot spot residue
and thereby increases the dissociation rate of the functional TGT homodimer to a monomeric
state as evidenced by native nanoESI-MS experiments.!?? Importantly, with respect to the original
interface area, the new dimer formation exposes a large part of the previously inaccessible dimer

interface, thus representing a “pseudomonomeric” TGT structure.

In the C2-symmetrical reduced form, the effect of the Y330C point mutation only shows a
moderate structural effect on the aromatic stacking pattern of the functional dimer, such as a flip of
the Trp326 sidechain by 180° (Figure 3.1a). Contrary, the hot spot residues are placed in a completely
different environment in the oxidized pseudomonomeric structure with the disulfide bridge. The
residues Trp326 and His333 now form a new contact patch with Trp326” and His333’ of the dimer
mate and thereby enclose the Cys330-Cys330’ disulfide bridge (Figure 3.1b). The residue Phe92; that
contributed to the original wild type dimer packing, is found far remote from the other hot spot
residues. Apart from the aromatic hot spot, the opened dimer interface now allows the pflal-loop
(residues Gly46-Lys55), a part of the loop-helix motif, to adopt a new previously not observed
conformation. The conformational multiplicity of this motif was precedingly studied using the wealth

(18] its inhibitor complexes,?>333) and

of crystal structures determined from the wild type enzyme,
mutated variants.[?'23] We hypothesized that this loop is crucial for the establishment and stability
of the dimer interface. Supposedly, in the functional wild type enzyme, the loop-helix motif is
disordered in solution and adopts an ordered geometry upon dimer formation.*" Most likely, the
loop-helix motif operates as an additional shield to further prevent the access of water molecules to
the interface, which otherwise would interfere with the aromatic hot spot. Important enough, the
new conformation of the flal-loop would be incompatible with the functional dimer packing for

steric reasons.
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These findings motivated us to envision a strategy to raise small-molecule binders against this
geometrically morphed motif to stabilize the loop geometry in the conformation incompatible with
interface formation. A similar concept was successfully applied in the development of small-molecule

modulators against interleukin-2 to prevent the binding of this cytokine to its receptor.

a)

' =0l

:

=a ]

b)

Y, 2o

! av.
G0l

s

Trp326'

Figure 3.1: Structural comparison of TGTY®C in the a) functional dimer (PDB ID: 4HTB®!)
vs. the b) disulfide-linked dimer (PDB ID: 4JBR"). The Blal-loop is highlighted
in red and ill-defined residues are shown as dashes. The Cys330-Cys330” disulfide
bridge is shown as sticks and the bound DMSO molecule is shown as a ball-and-
stick model. The hot spot residues are shown as sticks in the subpanels.

3.1.2 Druggability of the f1al-loop

Interestingly, the novel trace of the flal-loop opens a small hydrophobic pocket flanked by amino
acids Gly46-Ala49, Ala53, Pro56, and Trp95. In the crystal structure, the binding pocket is occupied
by a dimethyl sulfoxide (DMSO, 3.1) molecule and an adjacent cluster of four water molecules
(Figure 3.2a). Remarkably, DMSO was not present in the crystallization buffer but must be picked
up from the cryo-buffer used to dip the crystals prior to flash-freezing for the diffraction experiment.
We therefore believe that the pocket exists prior to DMSO accommodation and the bound DMSO

molecule represents a true fragment complex.°!
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Furthermore, the conformational dynamics of the flal-loop was studied in silico by molecular
dynamic simulations.**! The resulting probability distribution suggests that a significant amount of
the extended loop conformation, as shown in the PDB entry 4JBRPY, is present in TGT monomers
at room temperature without the presence of DMSO. Hence, the transient binding pocket, opened
by the Plal-loop extension (Figure 3.2b), should be addressable by small molecules to stabilize
its geometry in this state. Further docking experiments led to the acquisition of 15 commercially
available sulfoxide-containing fragments to be tested crystallographically (Figure 3.2¢).1* The new
findings might provide further structural insights on the conformational stability of the Blal-loop
and ultimately on how the modulation of this loop motif by small molecules could influence dimer
formation in TGT. Long-term perspective of this strategy is to enhance the affinity of a small-
molecule binder to this pocket so that, also without the artificially introduced disulfide bridge, the

interface formation of the TGT homodimer could be blocked by the small molecule.

Figure 3.2: a) Surface representation of the opened interface pocket of TGTY**°C (PDB ID:
4JBRPY) occupied by a DMSO molecule (shown as sticks) and an adjacent water
cluster (as spheres). Electron densities from the 2mF, —DF. map are contoured at
1.0 0. For reasons of clarity, residue Thr47 is not shown. b) Cartoon representation
of the Blal-loop extension from the functional dimer ( , PDB ID: 1PUD!®) to
the disulfide-linked dimer (red, PDB ID: 4JBR[®Y)) which clashes with the functional
dimer mate ( ). The loop movement is indicated by an arrow. The bound
DMSO molecule is shown as a ball-and-stick model. ¢) Chemical structures of the
investigated sulfoxide fragments.
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3.2 Results and Discussion

3.2.1 Preface

This work comprises the structural and biophysical analyses of small molecule fragments bound to
the transient interface pocket of a novel disulfide-linked TGT homodimer. The original disulfide-
linked dimer was discovered and characterized by Stephan Jakobi from the group of Gerhard Klebe
(Philipps-Universitit Marburg). Molecular dynamics simulations and fragment docking experiments
on the Blal-loop were performed Felix Terwesten from the same group. Mutagenesis, recombinant
protein production, biophysical characterization and crystallization experiments were initially
performed by T. X. Phong Nguyen from the same group and continued by Andreas Nguyen and
the author of this thesis. Crystal solvent channels were analyzed in silico by Katharina Holzapfel and
the author of this thesis. NMR experiments were performed and analyzed by Xiulan Xie (Philipps-
Universitat Marburg). The used fragments were purchased from Molport and Enamine. The used
lin-benzoguanine inhibitors were synthesized by Luzi J. Barandun and Levon D. Movsisyan from
the group of Francois Diederich (ETH Ziirich).

3.2.2 Design and characterization of a stabilized disulfide-linked TGT variant

The presence of both TGTY***C dimer crystal structures, in space groups C2 and P6522, points to the
existence of both states, the reduced and the oxidized form, in solution and the predominating redox
conditions, important to establish the disulfide bridge. The reaction to the oxidized disulfide-linked
form could depend on protein concentration as higher concentrations would favor the formation of
a more stable dimer interface. Most likely, the abundant oxygen is sufficient to trigger the reaction.
Apparently, the functional dimer represents the energetically more favorable arrangement due to its
larger interface area compared to the disulfide-linked dimer. The large structural rearrangement in
the disulfide-linked dimer indicates that, in addition to the reduced state of the thiol groups, prior
dissociation of the functional dimer might be required for the successful oxidative formation of

P As a matter of fact, protein concentration will significantly

an inter-monomer disulfide bridge.
exceed locally upon crystallization, thus favoring monomer-monomer association even though the
stability of the formed dimer is weakened by mutagenesis of hot spot residues.

Therefore, we hypothesized that an additional weakening of the aromatic hot spot might further
increase the dissociation of the functional dimer, hence driving the equilibrium towards the disulfide-

(23] was introduced to

linked species. Subsequently, the previously described H333A point mutation
the Y330C construct. Additionally, the conservative mutations C158S and C281S were introduced
to avoid unspecific intermolecular disulfide crosslinks. The resulting TGTC1585/C281S/Y330C/H333A

construct, in the following denoted as TGT*30/3%

, was screened for optimal crystallization conditions
and crystals with hexagonal bipyramidal morphology were obtained from 0.1 M magnesium formate

(Figure 3.3a). No DMSO was used for cryo-protection to yield a DMSO-free structure.
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No significant structural deviation was detected compared to the previously investigated TGTY**0¢
variant (PDB ID: 4JBRI®Y). The Blal-loop adopts virtually the same conformation as in the DMSO-
bound structure, thus indicating that incorporation of the DMSO molecule is not mandatory to
stabilize the loop. Instead, the binding pocket is occupied by a water cluster that mainly interacts
with the amide backbone of residues Thr47, Leu54, and Met93 as well as the hydroxy group of the
Thr47 sidechain (Figure 3.3b and c). The stable conformation of the flal-loop in the DMSO-free
apo crystal structure of TGT>*333 underpins the results from our molecular dynamics simulations
on TGTY33C] (pDB ID: 4JBR[°Y) for the existence of the extended loop conformation in the
monomeric state of TGT. Likely, the loop extension is reverted upon monomer-monomer associa-
tion to adopt a stable conformation within the homodimer interface. More importantly, the new
TGT>%333 variant could be crystallized in conditions (0.1 M TRIS, pH 8.5, 4-5 % (w/v) PEG 6000)
suitable for soaking and diffraction experiments in terms of handling, durability and improved
resolution (up to 1.59 A vs. 2.92 A in PDB entry 4JBRIY)Y.

Furthermore, the new TGT**%3* variant was analyzed by analytical gel filtration compared to the
wild type TGT dimer and the monomeric TGTY*? mutant[??! (Figure 3.3d). In contrast to the two
control variants that represent the mainly populated dimeric and monomeric species, respectively,
TGT*%333 showed two distinct peaks in its elution profile. Although this indicates the presence of
a dimer-monomer equilibrium, the peak for the dimer could amount for a mixture of both, the
functional dimer as well as the disulfide-linked dimer. Nevertheless, the gel elution profile clarifies
the increased dissociation of the TGT homodimer by perturbations within the aromatic hot spot at
positions 330 and 333. This coincides well with the findings from our thermal shift studies (Figure
3.3e) where the mutations in the TGT*%33 variant caused a decrease in protein stability compared
to the wild type enzyme. This is indicated by the decrease of ~6.6 °C in the melting temperature
of TGT®333 (T, = 62.0 £ 0.8°C vs. Ty, = 68.6 + 0.3°C for TGT***333 and WT TGT, respectively)
while it is still ~2.9 °C higher compared to the completely dissociated variant (T}, = 59.1+ 0.2°C for
TGTY33%P), However, the results from the thermal shift assay are ensemble-weighted and only reflect
an averaged value from the melting process without distinguishing between dimer dissociation and

overall protein unfolding.
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Figure 3.3: Structural and biophysical characterization of TGT****** and the interface binding
pocket. a) Hexagonal bipyramidal crystal morphology and resulting structure of
apo TGT*393% (gray, PDB ID: 7ADN) compared to TGTY*C (blue/orange, PDB
ID: 4JBRY). The Cys330-Cys330’ disulfide bridge is encircled. DMSO is not shown
for clarity reasons. b) Detailed view of the interface binding pocket occupied by
water molecules. Electron densities from the 2mF,—DF. map are contoured at 1.0 o.
For reasons of clarity, residue Thr47 is not shown. c) Representation of the water
interaction network in the interface binding pocket. hydrogen-bond interactions
are indicated as red dashes. d) Gel filtration elution profiles of TGT variants at 10 um.
e) Melting curves from the thermal shift assay. Standard deviations are depicted as
gray shades. The respective melting temperatures are marked with dashed lines.
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3.2.3 Soaking of sulfoxide fragments

(93] (Figure 3.2c) were screened via

The 15 previously docked and purchased sulfoxide fragments
crystal soaking experiments. Therefore, new crystallization conditions (0.1 M TRIS, pH 8.5, 4-5 %
PEG 6000) were used for growing the TGT**%333 crystals making them more suitable for the soaking
procedure. If required, the fragments were dissolved and added in crystallization buffer instead of
DMSO to avoid competition with the higher concentrated DMSO for the binding site. In some cases,
fragment soaking was applied in combination with cryo-protection of the crystals in a solution
containing 30 % glycerol as cryo-protectant.

For the sake of comparability, a TGT?33_DMSO (3.1, PDB ID: 7A4X) soaking structure was
solved. Surprisingly, the DMSO molecule adopts a twisted binding mode compared to the TGTY*0¢_
DMSO complex (3.1, PDB ID: 4JBRIY, Figure 3.4a) whereby the sulfoxide oxygen now interacts with
the amide NH of Thr47 (S=O---(H)N: 2.9 A) instead of Ala49 (S=O---(H)N: 3.2 A) (Figure 3.4b). This
can be explained due to the poorer electron density from the 4JBR entry!®" (at 2.92 A resolution)
making the assessment of the sulfoxide oxygen compared to the methyl groups in the model more
difficult (Figure 3.4a). Nevertheless, the conformation of the Blal-loop seems unaltered in both

structures further underpinning that the formed interactions with the bound DMSO molecule are

not mandatory for opening and stabilizing the pocket.
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Figure 3.4: Detailed view of the occupied interface binding pocket and interaction network of
complexes a) TGTY>0€_3.1 ( , PDB ID: 4JBRIY), b) TGT3%/333-3.1 ( ,
PDB ID: 7A4X), and ¢) TGT>9/333_3.2 ( , PDB ID: 7A4K) each compared to
the apo TGT*%3% structure including the bound water cluster shown as spheres
(gray, PDB ID: 7ADN). For reasons of clarity, residue Thr47 is not shown in the
surface representations (top). Electron densities from the 2mF, — DF. map are
contoured at 1.0 0. Fragments and interacting residues are shown as sticks (bottom).
Hydrogen-bonds are indicated as red dashes.
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Out of the 15 tested sulfoxide fragments, only tetramethylene sulfoxide (3.2) could be accommodated
by the binding pocket with a refined occupancy of 80 % (Figure 3.4c). The sulfoxide group forms
a hydrogen-bond to the amide NH of Thr47 (S=O---(H)N: 2.8 A). However, Thr47 is pushed back
around 1.6 A to avoid a steric clash of the backbone with the ring moiety of the fragment. Additionally,
a twisted Thr47 sidechain enables a second hydrogen-bond interaction between the sidechain
hydroxy group and the sulfoxide of fragment 3.2 (S=O---(H)O: 3.6 A). Interestingly, the whole Blal-
loop adopts a deviating conformation which could be explained by the pushback of Thr47. Moreover,
the new loop conformation allows a stabilizing interaction between Ala49 and the Gln7’ sidechain
(N(H)---O=C: 3.0 A) of an adjacent crystal mate. Unexpectedly, the N-terminal tail, which is usually
not resolved in TGT crystal structures, could be modeled up to residue Glu3 (Figure 3.5a), thus,

providing the basis for an additional project which is discussed in Chapter 4.

A closer look into the quaternary structure of the TGT*%333-3.2 complex reveals the interaction
between the crystal mates. The N-terminal tails of the protomers bind onto the opened dimer interface
of an adjacent crystal mate in an interlocking fashion (Figure 3.5b). This interaction is neither
observed in the apo structure nor in the DMSO-bound structure due to the delocalized N-terminal
tail. This indicates that the conformational shift of the Blal-loop, caused by the accommodation of
fragment 3.2 in the interface pocket, drives the stabilization of the residues Glu3-Argll. Interestingly,
the newly established interaction of the N-terminal tail with the Blal-loop of another crystal mate

seems to narrow the accessibility of the pocket which is already flanked by two monomeric subunits.

N-terminal tail

Figure 3.5: Depiction of the stabilizing interaction between the N-terminal tail and the opened
dimer interface in TGT**?333-3.2. a) Cartoon representations of TGT*?/3%_3.2
(orange, PDB ID: 7A4K). Fragment 3.2 is shown in magenta as ball-and-stick model.
Residues Glu3-Argll and Glu3’-Argll’ are highlighted in red. b) Surface represen-
tation of the TGT***3*3_3.2 complex (orange) with two adjacent crystallographic
dimer mates (blue and green).
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3.2.4 Solvent channel and soakability analysis

The reason why only one out of 15 docked fragment could be verified in soaking experiments required
a more detailed investigation. One explanation could be the altered position and interaction of the
DMSO molecule found in the TGT*3%33_3.1 complex (Figure 3.4b). The fragments were originally
selected to displace the nearby water cluster in the TGTY?3%C_3.1 complex by growing the DMSO
molecule at one of its methyl groups (Figure 3.2a). However, the docking was based on the wrongly
assumed pose found in the low-resolution structure and this might have negatively influenced the
selection of promising fragment candidates by the computational method.

Another reasonable explanation for the low hit rate could be an ineflicient soakability of the
obtained TGT?3%* crystals. To test this hypothesis, the lin-benzoguanine inhibitor 3.3 was soaked
into a TGT¥%3% crystal and a diffraction dataset was collected at 3.6 A resolution with an in-
house X-ray source (data not deposited in PDB). Electron densities from the 2mF,—DF, as well as
mF,—DF. maps were observed in the guanine-34/preQ, binding pocket. The ligand model fits well
into the electron density of both maps, thus verifying the soakability of inhibitor 3.3 in the hexagonal
TGT»33 crystals (Figure 3.6). Although this result confirms the soakability of compounds targeting
the active site of TGT, the soakability cannot be generalized for the transient interface pocket since
diffusion to the latter binding site and the catalytic center could emerge from different solvent

channels in the crystal.
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Figure 3.6: Detailed view of the guanine-34/preQ, binding pocket of the TGT***** variant
occupied by lin-benzoguanine inhibitor 3.3 (shown as gray sticks) via soaking (data
not deposited in PDB). Residues within the hydrogen-bond interaction network
of inhibitor 3.3 are shown as sticks. Electron densities from the 2mF, -DF. map
(blue) and mF, -DF. map (green) are contoured at 1.0 ¢ and 3.0 o, respectively.
Hydrogen-bond and charged interactions are indicated as red dashes. For reasons
of clarity, residue Tyr106 is not shown.
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Moreover, since both bound fragments accommodated near the flal-loop are quite low in molecular
size (78.13 gmol ™" and 104.17 gmol ™ for fragments 3.1 and 3.2, respectively), the respective solvent
channel might be too narrow, thus, preventing successful diffusion of larger ligand molecules to
this particular binding site. Therefore, the solvent channels of the apo TGT***3* (PDB ID: 7ADN)
crystal structure were analyzed in silico using the program MAP_CHANNELS.® A projection along
the c-axis revealed three distinct pores A-C traveling through the crystal packing (Figure 3.7a) with
apparent radii of ca. 22.5, 22.5, and 7.0 A, respectively, while the view down the b-axis indicated one
major pore D (Figure 3.7b) with a radius of ca. 14.5 A. However, these pores are suggested from a two-
dimensional projection and no three-dimensional information can be extracted. MAP_CHANNELS
allows the visualization and characterization of three-dimensional solvent channels throughout the

crystal. The resulting solvent channel parameters are summarized in Table 3.1.

Figure 3.7: Two perspectives on the solvent channels in apo TGT***/*33 (PDB ID: 7ADN) along
the a) c-axis and b) b-axis of the unit cell. Protein units are represented as gray main
chain ribbons and the symmetry mates are aligned along the respective unit cell
axis (top). One monomer unit is highlighted in red. The unit cell axes are shown in
green. Apparent pores are noted as A-D. Solvent channels are displayed as distance
maps (shown as orange mesh) in the same orientation as in the ribbon representa-
tions (bottom). The distance maps were calculated via MAP_CHANNELSP* and
contoured at 11.5 A.
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Table 3.1: Solvent channel analysis of the apo TGT*%333 structure (PDB ID: 7ADN) by
MAP_CHANNELS"*.

Solvent content [%] 63
Matthews coefficient [A* Da™] 3.36
Maximum distance to protein [A] 16.35

For 3D / 2D / 1D traversion through the unit cell:

Maximum cutoff radius [A] 10.80 /10.80 / 13.60
Projected effective radius [A] 10.33/10.34 /12.75
For 1D channel along c-axis:

Minimum / maximum tortuosity 112/ 4.19
Minimum / maximum width variation —0.41/1.18

In the case of apo TGT*%*33 (PDB ID: 7ADN), three-dimensional traversion through the crystal
is possible for spherical objects with radii lower than 10.8 A (Table 3.1). At higher radii, solvent
channels along the a-axis and b-axis become inaccessible. To visualize the remaining channels along
the c-axis, distance maps were calculated via MAP_CHANNELS at a contour level of 11.5 A. The
resulting map indicates the surfaces on which a sphere with a radius of 11.5 A can be positioned with
its center without causing steric clashes with the protein. A closer view of the distance map revealed
three continuous and similarly sized channels in the unit cell with maximum radii of 12.6-12.7 A
(Figure 3.7c and d). Two of the three channels, at pores A and B, are characterized with a tortuosity
of 4.2 while the third helical channel around pore C shows a slightly lower tortuosity of 3.8. These
three channel types allow diffusion of spherical objects with radii up to 11.5 A along the c-axis of
the crystal. No solvent channel was observed along the b-axis for the apparent pore D at the given
contouring level. At 13.2 A only the two channels at pores A and B remain up until a bottleneck
radius of 13.6 A after which the last two channels break up into smaller patches (Table 3.1). These
results indicate that spheres with radii larger than 13.6 A are prohibited from entering and traversing

through the crystal.
Figure 3.8 depicts a detailed view on the accessibility of the interface binding pocket by a small

adjacent channel connection between channels B and C ((marked with a yellow sphere). The distance
maps at contour levels of 2.5, 3.0, and 3.5 A indicate that molecules with radii lower than 2.5, 3.0,
and 3.5 A, respectively, can traverse along the map without steric clash with the protein units. An
increase of the contour level from 2.5 to 3.0 A narrows the channel connection near the pocket entry
site (Figure 3.8a and b). At a contour level of 3.5 A, the channel connection is broken into smaller
patches and, thus, no longer traversable (Figure 3.8¢). This suggests that, in a crystallographic soaking
experiment, the entry for the interface binding pocket becomes inaccessible for molecules with radii
larger than ~3 A. However, it has to be noted that the size of the solvent channels including their
cutoff radii could be dynamically influenced by thermal motion of the protein within the crystal,
which has not been included in the calculation of the distance maps as the MAP_CHANNELS tool
assumes a static protein model. The radii of the investigated fragments were estimated using the
program RADI® and are listed in Table 3.6 (Experimental Section 3.4.7).
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Figure 3.8: Detailed view of the interface binding pocket accessibility and the surrounding
solvent channels in the apo TGT**%3% crystal structure (PDB ID: 7ADN). The
distance maps are shown as orange mesh at contour levels of a) 2.5 A, b) 3.0 A, and
¢) 3.5 A. The protein unit is shown as surface representation. The trajectories of
channels B and C are marked with arrows and the channel connection is marked
with a sphere. The interface pocket entry site is highlighted in red.

3.2.5 Soaking of sulfone fragments

The results from the solvent channel analysis suggested that only molecules with radii smaller than
~3.0 A might be capable of diffusing to the interface binding pocket. In the following, additional
small sulfone fragments were screened via soaking. Moreover, the use of sulfones adds an acceptor
functionality and additionally eliminates the chirality center of sulfoxides. Ethyl methyl sulfone (3.4)
bound to the pocket by forming a hydrogen-bond from its sulfonyl group to the amide NH of Thr47
(S=0---(H)N: 3.0 A) in a similar pose to the sulfoxides 3.1 and 3.2 (Figure 3.9a). Unexpectedly, a
second ethyl methyl sulfone molecule was accommodated adjacent to the first molecule by establish-
ing another hydrogen-bond interaction to the amide NH of Leu54 (S=O---(H)N: 2.9 A). This can
be explained by the applied high fragment concentration used for the soaking experiment (0.64 m)

despite short incubation times with the fragment (~2 min).

Additionally, the sulfone derivative of the cyclic sulfoxide 3.2, sulfolane (3.5), was found to occupy
the pocket twice similarly to sulfone 3.4 (Figure 3.9b). A similar interaction pattern is observed
between the first fragment with Thr47 (S=O---(H)N: 3.5 A) and the second fragment with Leu54
(S=0---(H)N: 2.8 A) compared to TGT>%333_3 4. The fragment concentration used for the soaking
experiment was comparably high (0.66 M) although the incubation time was drastically shorter
(~5s). Presumably, the small size of fragment 3.5 allows a quick and efficient diffusion through the
protein crystal. Interestingly, the sulfonyl group of the first molecule is shifted by 1.4 A compared to
the binding pose of sulfone 3.4, likely to accommodate the five-membered ring. The shift weakens
the interaction to Thr47 by increasing the interaction distance and places the first sulfolane molecule

closer to helix al.
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Here, an unusual interaction of the sulfonyl group with the CoH of Pro56 (S=O---(H)Cg: 3.8 A)is
observed in addition to van der Waals interactions. The CoH group of amino acids is considered to be
polarized and can thus act as a hydrogen-bond donor, although interactions of sulfones with classical
hydrogen-bond donors would be preferred.(®®! In fact, sulfonyl groups have been demonstrated to
engage with polarized CH groups of proteins as was shown, e. g., for an inhibitor binding pose within
the S2 pocket of human cathepsin S (PDB ID: 2FRA). The protein-inhibitor complex contained three
$=0---(H)C, interactions with interaction distances of <3.7 A to a single sulfonyl group, which was
maintained in the core scaffold in the course of inhibitor optimization.!””! Contrary to the sulfoxide
equivalent, Thr47 does not get pushed back by the accommodation of fragment 3.5 since the ring
moiety of the first molecule adopts an altered binding pose compared to fragment 3.4. This allows
the fixation of the sulfonyl group between residues Thr47 and Pro56. Residue Thr50 was omitted
from the final model as the residue is ill-defined in the electron density map. Both complex structures
with sulfones 3.4 and 3.5 support the addressability of the interface pocket by displacing the water
cluster with small fragments. Two out of three water network interactions with the surrounding

residues could be mimicked (Figure 3.9a and b).

Figure 3.9: Detailed view of the occupied interface binding pocket and interaction network
of complexes a) TGT**"3*_3.4 (green, PDB ID: 7A9E), b) TGT*%333_3.5 (cyan,
PDB ID: 7A3X), and c) TGT*%33*_3.6 (teal, PDB ID: 7A3V) each compared to
the apo TGT*/3* structure including the bound water cluster shown as spheres
(gray, PDB ID: 7ADN). For reasons of clarity, residue Thr47 is not shown in the
surface representations (top). Electron densities from the 2mF, — DF. map are
contoured at 1.0 0. Fragments and interacting residues are shown as sticks (bottom).
Hydrogen-bonds are indicated as red dashes.
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The backbone carbonyl of the remaining residue, Met93, could be addressed by expanding the
ring moiety of fragment 3.5 at carbon C3 position with a hydrogen-bond donor function such as a
hydroxy group. As a consequence, racemic 3-hydroxysulfolane (3.6) has been tested in a soaking
experiment and the (R)-enantiomer has been identified as a hit fragment (Figure 3.9¢). The binding
pose of fragment (R)-3.6 is similar to the situation in TGT»0333_3 4 although a closer look reveals
minor discrepancies. The added hydroxy functionality at C3 of fragment (R)-3.6 successfully forms
a hydrogen-bond with the amide carbonyl of Met93 (O(H)---O=C: 2.7 A). Yet, the short interaction
distance to Met93 forces a molecular tilt movement of about 19° measured from the sulfur atom
of the fragment. To avoid a clash of the tilted ring moiety with the amide carbonyl of Thr47, the
residue gets shifted by about 2.6 A out the position adopted by fragment-3.5 in the unsubstituted
case. The resulting increased flexibility of residue Thr47 is further underpinned by the existence
of two almost equally occupied conformations (47 and 53 %). Ultimately, the fragment-induced
shift of Thr47 results in a collapse of the flal-loop motif between residues Ala48-Lys52 as the latter
residues become ill-defined in the electron density. The previously observed interaction between the
sulfonyl group and the amide NH of Thr47 is no longer visible due to the delocalization of the loop.
Instead, the sulfonyl oxygen is anchored by another non-classical hydrogen-bond to the polarized
CqH of Gly46 (S=0O---(H)C,: 3.4 A). The other sulfonyl oxygen forms a similar interaction to C,H
of Pro56 (S=0---(H)Cg: 3.5 A) as seen for fragment 3.5. Compared to the S=O---(H)C, interaction
in sulfone 3.5, the interaction distance is shortened due to the molecular tilt movement which is
caused by the establishment of the new hydrogen-bond to Met93.

Moreover, a third molecule of sulfone 3.5 and a second molecule of sulfone 3.6 were found to bind
at a different location on the surface of the protein (Figure 3.10). While sulfone 3.5 only forms one
hydrogen-bond interaction to the sidechain of Glu292 (S=O---(H)N: 3.4 A, Figure 3.10a), sulfone 3.6
is accommodated in a comprehensive hydrogen-bond network of Alag0 (S=O---(H)N: 2.9 A), Glu8l
(S=0---(H)N: 3.1 A), His133 (O(H)---Ns: 2.8 A), and a water-assisted hydrogen-bond to the backbone
of Met134 (O(H)---W: 2.7 A, W---(H)N: 3.0 A, W---O=C: 3.3 A, Figure 3.10b). The latter surface
binding site has already been identified during a fragment-based screen for wild type TGT led by

Hassaan et al.l>!
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Figure 3.10: Detailed view and interaction network of fragments a) 3.5 (cyan, PDB ID: 7A3X)
and b) 3.6 (teal, PDB ID: 7A3V) binding on the surface of TGT***/**, Electron
densities from the 2mF,—DF, map are contoured at 1.0 ¢ (top). Fragments and
interacting residues are shown as sticks (bottom). The water molecule is shown as
a red sphere. Hydrogen-bonds are indicated as red dashes.

3.2.6 Soaking of cyclic diols and other sulfolane derivatives

On the one hand, the binding of fragment 3.6 enabled the designed interaction to the backbone of
Met93 but on the other hand the previous hydrogen-bond interaction with Thr47 was lost. In order
to restore the interaction with residue Thr47, a second hydroxy group was introduced to the C4
carbon in endo position adjacent to the hydroxy group at C3. The resulting 3,4-dihydroxysulfolane
(3.7) was tested in a soaking experiment either as the pure cis isomer or as a racemic mixture
of the trans enantiomers. Only the (R,R)-enantiomer of the fragment 3.7 was accommodated in
the interface pocket of TGT?*%** in a similar fashion as fragment 3.6 (Figure 3.11a). The three
established interactions to residues Gly46 (S=O---(H)C,: 3.5 A), Pro56 (S=0---(H)C,: 3.4 A) and
Met93 (O(H)---O=C: 2.6 A) have been maintained in the TGT***33_(R,R)-3.7 complex. Importantly,
the shift of residue Thr47 observed in the TGT*%333-3.6 complex was reverted by the establishment
of two additional hydrogen-bond interactions with the introduced hydroxy group in fragment
(R,R)-3.7 to the amide NH (O(H)---(H)N: 2.9 A) and to the sidechain hydroxy group of Thr47
(O(H)---(H)O: 3.0 A). The additional interactions with Thr47 rescued the previously disordered
Blal-loop as it adopts a stabilized conformation similarly to the apo structure of TGT*0/333,

In contrast to the non-classical CH interactions, we hypothesize that the interactions formed by
the vicinal diol structure contribute more of the fragment binding free energy. Therefore, a bioiso-

steric replacement strategy for the sulfonyl group was attempted to find additional fragment hits.
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Figure 3.11: Detailed view of the occupied interface binding pocket and interaction network of
complexes a) TGT>3%333_3.7 (blue, PDB ID: 7A0B) and TGT**%3%_3.8 (purple,
PDB ID: 7A6D) each compared to the apo TGT***3** structure including the
bound water cluster shown as spheres (gray, PDB ID: 7ADN). For reasons of
clarity, residue Thr47 is not shown in the surface representations (top). Electron
densities from the 2mF,~-DF, map are contoured at 1.0 o. Fragments and interacting
residues are shown as sticks (bottom). Hydrogen-bonds are indicated as red dashes.
¢) Chemical structures of the investigated fragments 3.7-3.13.

In the first trial, three additional cyclic diols, 4,4-difluorocyclopentane-1,2-diol (3.8), tetrahydrofuran-
3,4-diol (3.9) and pyrrolidine-3,4-diol (3.10), were each tested as racemic mixtures of the respec-
tive trans enantiomers. Surprisingly, only (R,R)-3.8 was accommodated by the interface pocket
of TGT*0333 (Figure 3.11b). The fragment (R,R)-3.8 adopts a comparable binding pose as frag-
ment (R,R)-3.7. Apparently, the gem-difluoromethylene group also forms non-classical CH-bond
interactions with Gly46 (C-F---(H)Cy: 3.6 A) and Pro56 (C-F---(H)C,: 3.4 A), due to the favorable
alignment with the C-F-bond dipole.l*®! The diols 3.9 and 3.10 will not be able to form the expected
interactions with residues Gly46 and Pro56, since both fragments lack a strong polarized group and

cannot satisfy the required interactions in terms of distances and angles.

Similarly to the TGT***/** structures with sulfones 3.5 and 3.6, a second molecule of both diols 3.7
and 3.8 each bound on the surface of the protein. The disubstituted fragment (R,R)-3.7 adopts an
identical binding pose as the monosubstituted equivalent observed in TGT**%3%_3.6. Also, a similar
hydrogen-bond network is formed with residues Ala80 (S=O---(H)N: 2.9 A), Glu81 (S=O---(H)N:
3.1A), His133 (O(H)---Ns: 2.7 A), and Met134 (O(H)---W: 2.6 A, W---(H)N: 3.0 A, W---0=C: 3.5 A,
Figure 3.12a). No apparent interaction was observed for the second hydroxy group of fragment (R,R)-

3.7.
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In case of fragment 3.8, the (S,S)-enantiomer bound on the protein surface between two crystal
mates. The interaction with the surface of TGT***333 is mainly driven by the vicinal diol structure
of fragment (S,S)-3.8 which forms hydrogen-bonds to the backbone NH of Gly94 and Gly94’ of
the adjacent crystal mate (O(H)---(H)N: 2.5 A) as well as to the sidechain of Asp96 and Asp96’
(O(H)---(H)O: 2.9 A, Figure 3.12b).

3 QpQ

o

HO' “OH
(RR)-3.7

~N

a M wd

Figure 3.12: Detailed view and interaction network of fragments a) (R,R)-3.7 (blue, PDB
ID: 7A0B) and b) (S,S)-3.8 (purple, PDB ID: 7A6D) binding on the surface of
TGT?30333 Electron densities from the 2mF, - DF, map are contoured at 1.0 ¢
(top). Fragments and interacting residues are shown as sticks (bottom). The water
molecule is shown as a red sphere. Hydrogen-bonds are indicated as red dashes. In
case of TGT#%/333_(§,5)-3.8, the crystal mate is shown as cartoon representation

( ).

Firstly, the findings from the soaking experiments with the cyclic diols indicate that the classical
hydrogen-bond interactions of the vicinal diol do not alone ensure successful fragment binding
to the interface pocket. Secondly, it also emphasizes the role of the non-classical hydrogen-bond
interactions that are formed by the SO, and CF, groups in fragments 3.7 and 3.8, respectively.
However, contrary to the TGT>3%3%_3.7 complex, the conformation of the plal-loop is destabilized
and ill-defined due to a similar displacement of Thr47, as previously described in the TGT>3%3%_3.6
complex. The hydroxy group at the endo carbon C4 now interacts as a hydrogen-bond donor with
the flipped amide carbonyl of Thr47 (O(H)---O=C: 2.7 A). We suspect that a trifluoroacetic acid
(TFA) contamination of the sample, which is discussed in section 3.2.7, could be able to drastically
reduce the pH in the crystal environment prior to flash freezing. As the crystal was incubated with
the fragment at a final concentration of 0.2 M overnight, the bufter capacity of the crystallization

solution containing 0.1 M TRIS at pH 8.5 has obviously not been able to stabilize the original pH.
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A shift toward a more acidic environment could prove to be detrimental for the stability of the
loop-helix motif that comprises the Pflal-loop. This has been shown in our previous study, that
draws attention to the collapse of the loop-helix motif in TGT crystals that were grown at pH 5.5 in
the presence of a dimer interface-destabilizing mutation.?*!

Additional soaking experiments with the cis isomers of diols 3.7 and 3.8 yielded no bound complex
structure. This underpins the importance of the required stereochemistry within the fragment, as
only the (R,R)-trans isomer was accommodated by the binding pocket in both cases. Furthermore,
derivatives of sulfone 3.7, where one hydroxy group has been replaced by an azide group (3.11), amino
group (3.12), and aminobenzyl group (3.13) have been tested via soaking. None of the fragments

bound to TGT>3%3% under the established experimental conditions.

3.2.7 "F NMR experiments

The discovery of fragment 3.8 as a binder of the transient interface pocket of TGT**?/333

, prompted us
to investigate the potential to use the fragment as a probe for ’F NMR-based screening applications.
The sensitivity of the NMR signal of a nucleus is proportional to the cubic of its gyromagnetic ratio.
The isotope F possesses a gyromagnetic ratio of 94 % of that of a proton. Thus, the sensitivity of the
9F signal is 83 % of that of a "H spectrum, which is followed by *'P with just 6 % the sensitivity of
'H, among all the hetero nuclei. The F NMR spectroscopy is unique that its resonance frequency
and, thus, its sensitivity is much higher than that of the other hetero nuclei. As compared to 'H
spectroscopy, another advantage of I°F is the much larger range of its chemical shifts, about 50 times
that of 'H. As a consequence, signal overlap, which is often the case in 'H spectra, is a rare problem
in F spectra. Recently, another feature of '°F, the large chemical shift anisotropy, which appears as
a second-order effect as observed in the effective linewidth of the resonance signals in solution, has
been developed into an effective assay for ligand-based NMR screening.”81%! The established '°F
detection assay, labeled as fluorine chemical shift anisotropy and exchange for screening (FAXS),
has been used with a fluorinated fragment library designed by Novartis, which has been used for
screening purposes, e. g., against bovine trypsin. In the study led by Vulpetti et al., one fragment of
the library was highlighted as a weak binder as fragment binding could only be validated through
X-ray crystal structure determination and a weak 'F signal attenuation via the FAXS method. This
demonstrated the feasibility of FAXS as a screening method to detect low-affinity binders.!°!

The FAXS approach was carried out on the fluorine-containing fragment rac-trans-3.8 with
TGT mutants TGT™*P and TGTY*P. The mutants were chosen based on the hypothesis that the
interface pocket is only accessible by small molecules in the monomeric state. Point mutations of
the aromatic hot spot residues have been shown to destabilize the dimer interface subsequently
resulting in higher dissociation of the TGT homodimer into its monomeric species in solution,
thereby enabling the Blal-loop to adopt the extended conformation and the opening of the transient

interface pocket.



56 | Chapter3

We believe that the pocket would be buried and, hence, not accessible in the wild type enzyme since
native nanoESI-MS studies revealed a dimer-to-monomer ratio of 98:2 as well as a slow dissociation
rate over many hours.[?>?3 Contrary, the TGTH**P mutant has a dimer-to-monomer ratio of
58:42, while that of TGTY33D s 1:99, according to the results of nanoESI-MS.[22l However, mass
spectrometric experiments were performed at protein concentrations as low as 10 um. Since NMR
measurements could use protein samples at higher protein concentrations, the oligomeric state was
assessed by analytical gel filtration at a concentration of 10 mgmL™" (~233 um). The elution profiles
for wild type TGT and TGTY**P are distinct as previously seen at lower protein concentrations and
can therefore be assessed as the profiles of the dimeric and monomeric TGT species, respectively
(Figure 3.13). Surprisingly, instead of two distinct peaks, the elution profile of the TGTH*P variant
shows a single intermediate peak between the two reference peaks. This indicates a co-elution of
both, the monomeric and dimeric TGT species, which likely results from a rapid monomer-dimer

[102

equilibrium.!"%?! The gel filtration elution profiles correlate well with the native nanoESI-MS data

described above as an increase in dimer dissociation leads to higher elution volumes.
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Figure 3.13: Gel filtration elution profiles of TGT variants at 10 mg mL ™.

A known ligand with a CF, group, the lin-benzoguanine inhibitor 3.14, which binds well to TGT¢4,
was chosen as a positive control. A singlet at —62.2 ppm was observed for the CF; group of in-
hibitor 3.14, which disappeared upon addition of TGTH3*P thus indicating successful binding of
inhibitor 3.14 at 20 um TGT™*33P and a molar ratio of 25:1 (Figure 3.14). The signal at —122 ppm
likely results from an impurity and could potentially serve as a negative control.

For fragment rac-trans-3.8, a quintet signal at —84.3 ppm was observed corresponding to the CF,
group (Figure 3.15a). The quintet pattern results from scalar coupling of the CF, group with the four
neighboring protons at carbons C3 and C5 since °F spectra were recorded without 'H decoupling.
Likely, the additional signal at —75.6 ppm originates from a TFA impurity, as no further impurity

traces can be found in the corresponding 'H spectrum (Figure 3.21, Experimental section 3.4.6).
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Figure 3.14: '°F spectra of a) inhibitor 3.14 (<0.5 mm due to the very low solubility in buffer)
and b) inhibitor 3.14 with 20 um TGT"***P in D, O buffer at 298 K.

In fact, TFA was used in the synthesis of the compound and a subsequent removal was attempted
by the responsible chemist via evaporation, as verified by the vendor (personal communication).
Furthermore, a known fragment, 3-(trifluoromethyl)benzylamine (3.15), which is a non-binder
of TGT was chosen as a negative control. For fragment 3.15, a singlet at —62.4 ppm was observed
(Figure 3.15b and c). T»-filters with echo periods up to 320 ms produced non-observable signal
changes, which revealed reasonable long relaxation (T5) for free ligand in solution.

Mixing of 0.5 mM rac-trans-3.8 with 0.5 mm of fragment 3.15 and addition of the mutant TGT333P
at concentrations of 20 and 40 um in buffer that was 3.8:3.15:TGTH*P at molar ratio of 25:25:1 and
12.5:12.5:1, respectively, resulted in no observable changes to all '°F signals (Figure 7). According to

Vulpetti et al.°%)

, in addition to the binding constant Ky, the concentration of the ligand plays an
important role to the observation of signal changes in the FAXS assay. Therefore, a FAXS assay at
much lower concentration was carried out on the binding of rac-trans-3.8 with mutant TGT Y>3,
Thus, we mixed rac-trans-3.8 and fragment 3.12 at concentrations of 300, 100, and 50 pMm, each
with 25 um of TGTY*P, The respective molar ratios were 12:12:1, 4:4:1 and 2:2:1. Both with and
without T»-filter, no changes, neither in chemical shift nor in signal width, were observed in the *F
signals. We thus concluded that in the case of rac-trans-3.8 binding with TGT mutants TGT333P
and TGTY*%P, where binding was not strong, the FAXS assay failed in producing any information

into the involved binding process.



58 | Chapter3

a) R F R F

e

HO OH HO “oH
(RR-3.8  (55)3.8

WA i WM W iy H‘W.MMWLM‘“‘ o e

T T T | T T [ I I ‘ |
-70 =72 -74 -76 -78 -80 -82 -84 -86 -88 ppm

b)

NH
F3c/©\/ 2

3.15

E I 2 I k [ d I ; [ d I E I ; [ : I : I E I ] I * [ j I " |
-52 -54 -56 -58 -B0 -62 -64 -66 -68 -70 -72 -74 -76 ppm

Figure 3.15: '°F spectra of a) 0.5 mM rac-trans-3.8 and b) 1.0 mm 3.15 in D, O buffer at 298 K.
A T,-filter was used with 27 of 40 ms and an echo period of 160 ms.



Disulfide-Induced Break-Up of the Homodimeric TGT Interface | 59

FF R F

’
HOJ OH HO' :OH
(RR-3.8  (55)-3.8

’ J©\/NH
F3C 2

3.15

3.8 +3.15 + TGT"P

' T T I " T j I i ] j j I ' " ! ) ! "
-62 -64 -66 -68 -70 -72 -74 -76 -78 -80 -82 -84 -86 ppm

3.8+3.15

y ) J

e e e B s B SR B
-62 -64 -66 -68 -70 -72 -74 -76 -78 -80 -82 -84 -86 ppm
Figure 3.16: '°F spectra of 0.5 mM rac-trans-3.8 and 0.5 mm 3.15 mixed with 20 um TGTH33P

and b) without TGT™3**P in D,0 buffer at 298 K. A T,-filter was used with 27 of
40 ms and an echo period of 160 ms.
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3.2.8 PFG diffusion studies

The use of magnetic field gradients across a living body realized the magnetic resonance imaging
technique, which fulfilled the first reconstruction of a hydrogen spin density map into anatomical

(103] Besides this popular medical application, the pulsed field gra-

and physiologically useful pictures.
dients (PFG) play a fundamental role in modern NMR techniques, both in one- and two-dimensional
spectroscopies, where only the coherences of those interesting signals are selected and the remaining
signals are suppressed.'°4) Compared to the classical way of phase cycling of the radio-frequency
pulses, the use of PFG accelerated the experiments and improved the spectral quality tremendously.
A third application of PFG is the measuring of self-diffusion coeflicients of small molecules as well

S. (105,106

as macromolecule I The PFG NMR diffusion experiment was further developed into a new

methodology, the so-called DOSY (diffusion-ordered spectroscopy), which is a pseudo-2D presen-

tation displaying the molecular diffusion coefficients vs. the one-dimensional chemical shifts."”]

[108]

DOSY has proved to be a very powerful method with a wide range of applications,"™' among

which are the analysis of mixtures without a physical separation of the constituents,*®! the study of

110-114] and the characterization of protein-ligand binding interactions.>-11°]

aggregates in solution,|
In the following, the important features of DOSY and its usage in protein-ligand binding studies are
summarized.

In a PFG diffusion experiment, a pair of pulsed field gradients are implemented into a spin-echo
with an echo delay. Due to changes in the molecules spatial position caused by their translational
diffusion, incomplete refocusing of the signal occurs. Such incomplete refocusing results in an
attenuation of the signal intensity, which can be correlated to the duration of the delay, the strength
of the applied gradients, and the diffusion coefficient of the molecule, as described by the Stejskel-

Tanner relation in equation (3.1):

I =1Iyexp [—Dy2 8% ¢ (A—g)] (3.1)

Iy = signal intensity in absence of applied gradient
y = gyromagnetic ratio of the nucleus in concern
& = gradient pulse duration

g = gradient strength

A = total diffusion delay

In a typical DOSY experiment, the signal attenuation is detected by varying the gradient strength
g while holding the gradient pulse duration § and the diffusion delay A constant. By fitting the
experimental data to a non-linear exponential decay using equation (3.1), the diffusion coefficient
D can be extracted. The results are usually presented as a Stejskal-Tanner plot, a typical one being

shown in Figure 3.17.
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Figure 3.17: Stejskal-Tanner plot of the solvent D, O (filled stars), TGT™***P (diamonds), the

free fragment rac-trans-3.8 (circles) and its mixture with TGT™333P (triangles) in
D, O buffer at 298 K.

In a DOSY assay of a protein-ligand interaction study, mixing of an active ligand with its protein

target causes an equilibrium, as shown in equation (3.2),

L+P—=—=1LP (3.2)

where L stands for the ligand, P for the protein and LP for the protein-ligand complex. A dissociation
constant, Ky, is introduced to describe the strength of the protein-ligand interaction depending on

the concentrations of the single equilibrium components, as shown in equation (3.3).

K= (o (33

In the limit of fast chemical exchange on the time scale of NMR measurements, a single set of
resonance signals is observed. The measured spectra represent the average behavior of the ligand in
its free and bound states. Thus, the observed diffusion coeflicient, D,, is the weighted average one

for the ligand in the free and bound states:

D, = F; Ds + F, Dy, (3.4)

Ff + Fb =1 (3.5)



62 | Chapter3

where Fr and F, are fraction of the free and the bound ligands, respectively. Since proteins usually
have masses two orders of magnitude as large as those of ligands, the diffusion coefficient of the
protein can be used to approximate the diffusion coefficient of the ligand in the bound state Dy, The
diffusion coeflicient of the free ligand D¢ can be measured under the same experimental condition
separately. Taking the total concentration of the protein and the ligand Pyt and Ly, respectively,
as the additional known parameters, the dissociation K4 can be readily determined according to

equation (3.6).

D, — Dy, D, — Dy,
K4 = Pyot % = tot X ==
D¢ — D, D¢ - D,

(3.6)
The accuracy in the calculation of Ky is of great challenge. As revealed by equation (3.6), the
inaccuracy in Ky is inversely proportional to the square of (Df — D,,), the difference between the
diffusion coefficient of the free ligand and the observed one of the ligand in a protein-ligand mixture.
Therefore, the error in K rises drastically when the measured diffusion coefficients of the ligand in
the free state and in the protein-ligand mixture become very close. A close inspection of equations
(3.4)-(3.6) revealed that the expected change in the diffusion coefficients AD = D¢ — D, is closely
related to Fy,, which depends on Py, Liot, and Ky in a highly complicated way. These dependencies

are described in equations (3.7)-(3.10).

D,-D
Fr=—2_% (3.7)
D¢ - Dy,
Df-D
F=——° (3.8)
D¢ - Dy,
(Peot + Liot + Kq) — \/(Ptot + Liot + K4)? = 4 Liot Prot
F, = (3.9)
2 Lot
AD = D¢ - D, = F, x (D¢ — Dy,) (3.10)

Simulated curves of F, and AD against Ly for Ky in the range of the binding systems in this study
are shown in Figure 3.18. As revealed in Figure 3.18a, for K4 of 0.1 mM and the ligand concentration
at 0.25 mM, about 10 % of the ligand is in the bound state, whereas this fraction drops to about 3 %
at a K4 of 1.0 mm. The corresponding expected changes in the diffusion coefficients of the ligand
upon binding are 0.7 and 0.2 x 107 m? s}, respectively. According to the DOSY experimental
results, +0.1 x 1079 m? s7! is the error range of those measured values of the diffusion coefficients.
Furthermore, since AKy is proportional to 1/[AD?], we can conclude that the DOSY assay is valid
for the binding studies of protein-ligand systems with a least binding strength of 1 mm. The Stejskal-
Tanner plots in Figure 3.17 show signal attenuation observed in the DOSY measurements on free
ligand, the fragment rac-trans-3.8, the protein TGT™D 3lone, and a mixture of rac-trans-3.8 and

TGT™D at a molar ratio of 6.25:1, with a concentration of rac-trans-3.8 of 0.25 mm in D, 0O buffer.
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Plots in Figure 3.17 cover a range of two orders of magnitude of the diffusion coefficients involved.
Therefore, diffusion coefficients are 1.86 x 1072, 6.7 x 1072, 6.1 x 1072, and 4.3 x 107! m? s, respec-

tively. Nevertheless, the difference between free rac-trans-3.8 and the observed one of rac-trans-3.8

in its mixture with TGTH3¥P is marginally weak, which is the consequence of a binding constant of
0.09 mm.
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Figure 3.18: Simulated dependency of a) the fraction of bound ligand on the ligand concen-
tration, on the basis of equation (3.9), assuming a protein concentration of 40 pm,
and b) the expected change in diffusion coefficient of the ligand (D¢ — D,) on

the ligand concentration, on the basis of (3.10), assuming a protein concentration

of 40 um, a protein diffusion coefficient of 0.43 x 107 m? s™%, and a free ligand

diffusion coefficient of 7.20 x 10719 m?s™",

DOSY assays were carried out on six fragments with two protein mutants, as summarized in Table
3.2. The corresponding 'H and two-dimensional 'H-*C HSQC spectra are displayed in Figures
3.20-3.26 (Experimental Section 3.4.6). All fragments were used in their racemic form except for
the achiral meso-cis-3.8. The analyses of the experiments with racemic samples were done assuming
that only one of the racemates binds to the protein with a single binding mode. The calculated
K4 values range from 0.04 to 0.5 mMm. The DOSY assays were able to observe binding events for
fragments rac-trans-3.8 and trans-3.12 with mutants TGT™3P and TGTY¥P | It seems that the
binding is marginally stronger in the TGT"***" variant compared to TGTY*P, If the binding of
the transient interface pocket is assessed by DOSY, this finding could be explained by the varying
conformational dynamics of the flal-loop in solution. While for the mainly monomeric species, as

TY330D

would be expected in TG , the loop could be able to adopt a high number of disordered states,

TH333D

the rapid dimer-monomer equilibrium in case of TG could result in more pre-formed loop

conformations that favor fragment accommodation.
However, multiple binding of the same fragment to the dimer interface binding pocket or
additional binding events on the surface of the protein, as observed in the crystal structures

with TGT*%333, could lead to an averaged observation in DOSY and, hence, cannot be excluded.
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Furthermore, the sensitivity range of DOSY NMR does not account for binding events with an
affinity weaker than 1 mm. Unexpectedly, no binding could be detected for the sulfone fragment rac-
trans-3.7 as opposed to the observation from the crystal structure. Strangely, the fragment shows
the fastest diffusion in our measurements although in size it is slightly larger than fragment rac-
trans-3.8 and similar to fragment rac-trans-3.12. This behavior could be replicated in samples with
fragment rac-trans-3.7 alone as well as with mixtures including both TGT variants, TGT™*¥P and
TGTY33%P, One explanation would be that the fragment degrades to a molecule of smaller size during
the measurement process, hence, increasing its diffusion rate. This seems, however, less likely, since
sulfolanes are usually quite stable and only degrade at harsh conditions via oxidative ring opening to
their alkyl sulfonate analogues. Accordingly, the true reason for the unaltered diffusion coefficient
between the pure fragment trans-3.7 and the protein—-fragment mixture remains unclear at this

point.

Table 3.2: DOSY results in D, O buffer at 298 K.

Sample D10 m?s™!] K4 [mmM]
rac-trans-3.7 0.74 -
rac-trans-3.7-TGTH333D 0.75 none
rac-trans-3.7-TGTY330D 0.75 none
rac-trans-3.8 0.67 -
rac-trans-3.8-TGTH333D 0.61 0.09
rac-trans-3.8-TGTY330D 0.63 0.13
cis-3.8 0.70 -
cis-3.8-TGTY33P 0.68 none
rac-trans-3.12 0.70 -
rac-trans-3.12-TGTH333D 0.58 0.09
rac-trans-3.12-TGTY33P 0.66 0.54
rac-cis-3.12 0.73 -
rac-cis-3.12-TGTH333D 0.76 none
rac-trans-3.13 0.52 -
rac-trans-3.13-TGTH333D 0.50 none
rac-trans-3.13-TGTY33P 0.50 none

Control measurements:

3.15 0.58 -
3.15-TGTH33D 0.58 none
3.15-TGTY330D 0.59 none
TGTH3D 0.043 -

TGTY330D 0.046 -
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3.3 Conclusion

The design of putative binders raised against a particular conformer of the loop-helix motif requires
reliable information about the geometry of this motif in the monomeric state. Even though some of
the previously investigated TGT variants show complete dissociation in solution, as evidenced by
native nanoESI-MS experiments, we have so far only succeeded in crystallizing the apo enzyme in
space group C2 where the conserved homodimeric arrangement is imposed by a crystallographic
twofold axis. Supposedly, the protein arranges very efficiently with this organization in the solid state.
This fact explains why it is so difficult to develop reliable descriptors to discriminate permanent
PPIs from transient crystal packing contacts by analyzing crystallographic data only. Apart from
this, an additional aspect has to be taken into account. With increasing protein concentration,
dimer formation should be favored under equilibrium conditions. This concentration dependence is
evidenced by our mass spectrometric experiments, which indicate increasing dimer populations at
higher concentrations. At this point, it becomes evident that from an experimental point of view,
the development of small-molecule modulators against a homodimer is much more delicate than
against a heterodimer where the individual components forming the complex can be manipulated
and studied separately. Thus, to successfully study the monomeric form of a homodimeric protein,
an alternative concept is required. In 2006, Banatao et al. reported a method for the synthetic
homodimerization of monomers in crystals by inducing disulfide formation via engineered cysteine
mutagenesis.'?°! In this study, we demonstrate the re-purposing of the mentioned technique using
site-directed mutagenesis to find conditions allowing the crystallization of the TGT enzyme in a
pseudomonomeric state.

Based on intial findings of Stephan Jakobi™!
packing for the TGTY®3C yariant, a new variant, TGT285/C281S/Y330C/H333A 1o ¢ heen designed to

stabilize the disulfide-linked dimer arrangement, which has never been observed before in other

, who discovered a new hexagonal crystallization

crystalline TGT variants. Remarkably, the monomer units of the protein are presented with virtually
conserved structure. However, the loop-helix motif, which shows enhanced flexibility in multiple
crystal structures, adopts a new, previously not yet observed conformation. Important enough, this
conformation would be incompatible for steric reasons with the dimer coinciding with the twofold
axis in space group C2 as seen in the wild type enzyme. With some care, we hypothesize that this
conformer of the loop-helix motif also occurs in solution, however, only with the monomeric form
of TGT. This latter state is artificially captured, once the dimeric protein is geometrically split apart
by the successfully introduced disulfide bridge.

Using the novel disulfide-linked TGT***** variant, the now exposed original homodimer interface,
which supposedly resembles with some feature the monomeric state, facilitated a crystallographic
fragment-based investigation to address a novel transient binding pocket within the dimer interface.
Derived fragments, based on the initial hit of a DMSO-bound structure, were soaked into the crystal

and studied using structural data obtained from X-ray diffraction experiments.
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Including DMSO, in total seven fragments were accomodated by the interface pocket from which two
entities bound in the same pocket adjacent to the first molecule (fragments 3.4 and 3.5) and another
four fragment molecules also on the protein surface or between crystal mates (fragments 3.5-3.8).
Interestingly, the fragment hits are rather low in size containing only <11 non-hydrogen atoms. Likely,
the solvent channels of the crystals impose bottlenecks that exclude larger fragments from entering
and diffusing through the crystal, as analyzed by the MAP_CHANNELS®* software.

Fine-tuning of the functional groups during fragment selection allowed the formation of new
hydrogen-bond interactions with the adjacent amino acids flanking the binding pocket. Moreover,
we demonstrated that the design of an additional interaction between a hydroxy group and Met93, as
seen for fragment 3.6, leads to a tilt of the sulfolane ring moiety, ultimately causing a positional shift
of Thr47 and a subsequent collapse of the flal-loop. Astoundingly, the destabilization of the loop
can be reverted by the design of an additional hydroxy function yielding fragment 3.7, which forms
hydrogen-bonds to the backbone and sidechain of residue Thr47, thereby restoring the residue and
the Blal-loop back to their original conformations. The following investigation on cyclic diols and
other sulfolane derivatives only resulted in a CF,-containing fragment 3.8 as additional hit. Likely,
the bio-isosteric exchange of a SO, to the CF, group increases the lipophilicity of the fragment, which
could be advantageous for later cell permeability applications. The same bio-isosteric replacement
was successfully applied in an optimization process for the development of potent and permeable
ATAD? inhibitors.!?!

Since the obtained fragment hits are considered rather small in size, the biophysical assessment of
fragment binding was challenging due to the presumed low binding affinity. We therefore sought
to investigate a subset of the fragments using NMR techniques. Although the establishment of an
YF_based screening failed, the binding of two fragments, rac-trans-3.8 and rac-trans-3.12, could be
verified and estimated via 2D DOSY NMR measurements. Moreover, the DOSY studies underpin the
importance of the correct stereochemistry for the vicinal diols, as only the trans isomers are capable
to bind to TGT as observed in the complex structures with the pseudomonomeric TGT*33 variant.
According to the DOSY assay, the fragments show a binding constant in the two- to three-digit

micromolar range.

In conclusion, this study provides the experimental prove for the addressability of the transient
interface pocket of TGT using a protein variant with an articially introduced disulfide bridge.
Nonetheless, the described procedure could be a general protocol to obtain structural information
about a pseudomonomeric state of initially homodimeric proteins. The following investigation
of small molecule fragments via soaking experiments yielded seven hits that were structurally
characterized, from which some show the capability to modulate the dynamics of the flal-loop. We
believe that these findings serve as starting points for the development of more potent compounds
targeting the transient interface pocket. These compounds might have the potential to inhibit TGT

using this novel mode-of-action by modulation of homodimer interface formation.
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3.4 Experimental Section

3.4.1 Mutagenesis and recombinant production of Z. mobilis TGT

Mutagenesis and expression of the Z. mobilis tgt gene and its mutated variants were performed as
previously described by site-directed mutation and plasmid-based expression of the vector pPR-
IBA2 (IBA Lifesciences).??) Plasmids encoding the required mutated TGT variants were prepared
using the PureYield™ Plasmid Miniprep System (Promega). The mutations were introduced via the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) according to the vendor instructions.
DNA primers were purchased from Eurofins Genomics (Ebersberg, Germany) and are summarized
in Table 3.3. The primers for the TGTY**%"? and TGTH**P variants are listed in Table 4.2 (Chapter 4,
Experimental Section 4.4.1). In each case, the new construct was re-sequenced by Eurofins Genomics
to confirm the presence of the desired mutations as well as the absence of any further unwanted
mutation. The final constructs were each transformed into Escherichia coli BL21-CodonPlus (DE3)-
RIPL cells (Agilent).

A single colony was picked from the freshly transformed agar plate and grown overnight in
100 mL of lysogeny broth (LB) medium supplemented with 100 ug mL™" ampicillin and 34 ugmL™"
chloramphenicol while shaking at 37 °C. The next day, a large-scale culture in LB medium, supple-
mented with 100 ug mL ™! ampicillin and 34 ug mL ! chloramphenicol, was inoculated with 10 mL of
overnight culture per liter. The culture was grown at 37 °C by shaking at 140 rpm until the optical
density at 600 nm (ODg) reached a value between 0.6 to 0.7 and was then cooled to 16 °C while
shaking. After 1h, overnight protein expression was induced by the addition of 1 mm IPTG. The cells
were harvested the next day by centrifugation using a JA-10 rotor (Beckman Coulter) at 4 °C and
10 000 rpm for 10 min. The collected cells were disrupted by sonication using a Branson Sonifier™
250 in 100 mL lysis buffer (20 mm TRIS, pH 7.8, 10 mm EDTA, I mm DTT and 1 cOmplete™-Protease
Inhibitor Cocktail Tablet (Roche) per 4 L of bacterial culture). Subsequently, the cell debris was
removed by centrifugation using a JA-25.50 rotor (Beckman Coulter) at 4 °C and 20 000 rpm for 1 h.
The supernatant was collected and loaded onto a Q Sepharose® Fast Flow anion exchange column
(XK 26/15, GE Healthcare) conditioned with buffer A (10 mm TRIS, pH 7.8, 1mm EDTA, I mm DTT).
After washing with buffer A, the target protein was eluted by applying a linear NaCl gradient from 0
to 100 % (v/v) buffer B (buffer A plus 1M NaCl). The protein-containing fractions, endowed with an
N-terminal Strep-tag® II, were then loaded onto a Strep-Tactin® Superflow® column (XK 16/10, IBA
Lifesciences) or Strep-Tactin®XT cartridge (IBA Lifesciences) conditioned with bufter W (100 mm
TRIS, pH 7.8, 1mMm EDTA, 1 M or 150 mM NaCl). After washing the column with buffer W, the protein
was eluted with buffer E (buffer W plus 2.5 mm p-desthiobiotin) from the Strep-Tactin® Superflow®
column or with buffer BXT (buffer W plus 50 mm D-biotin) from the Strep-Tactin®XT cartridge.
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All chromatographic steps were carried out at room temperature using an AKTAprime™ plus FPLC
system (GE Healthcare). All TGT-containing fractions were combined and concentrated to ca.
2mg mL7! in buffer W or high-salt buffer (10 mm TRIS, pH 7.8, 1mm EDTA, 2 M NaCl) using
Vivaspin® 20 centrifugal concentrators (30 000 MWCO, Sartorius). Subsequently, the Strep-tag® II
was chipped off and separated from the target protein by means of the Thrombin Cleavage Capture Kit
(Novagen®) according to the manufacturer’s instructions. After tag cleavage, the sample was dialyzed
against buffer W or high-salt buffer and concentrated via Vivaspin® 20 centrifugal concentrators to
ca. 10 mg mL ™!, Successful tag cleavage was verified by mass spectrometry (Figure 3.19; mass spectra
for the wild type TGT, TGTY*P, and TGTH**P variants are depicted in Chapter 4, Experimental
Section 4.4.1). 100 uL aliquots of the samples were flash-frozen in liquid nitrogen and stored at

—80 °C until further usage.

Table 3.3: DNA primer sequences used for mutagenesis. Nucleobases deviating from the origi-
nal tgt sequence are underlined.

Mutation / Primer ID Sequence

C158S_f1??] 5’ -GGCATTTGATGAATCTACCCCGTATCCGG-3’

C158S_rl?? 5’ -CCGGATACGGGGTAGATTCATCAAATGCC-3’

C2818_f12?] 5 -CGATATGTTTGATTCTGTTCTGCCGACCCG-3’

C281S_rl?? 5’ -CGGGTCGGCAGAACAGAATCAAACATATCG-3

Y330C_f12?] 5’ -CAGAAATGGAGCCGTGCCTGTATTCATCATCTGATTCG-3’

Y330C_r(?% 5’ -CGAATCAGATGATGAATACAGGCACGGCTCCATTTCTG-3’
H333A_f 5’ -CCGTGCCTATATTCATGCGCTGATTCGTGCAGGTG-3’
H333A_r 5’ -CACCTGCACGAATCAGCGCATGAATATAGGCACGG-3’

3.4.2 Crystallization and fragment soaking

Crystallization of TGT*%3* and its complexes was performed using the hanging-drop vapor diffu-
sion method at 10 °C. For apo TGT**333 crystals, the protein solutions (10 mg mL ™! in buffer W)
were mixed with reservoir solution (0.1 M magnesium formate or 0.1 m TRIS, pH 8.5, 4-5 % (w/v)
PEG 6000) in a 2:1 volume ratio. Crystals grew within one month in the presence of 500 pL reservoir
solution in the plate wells. For soaking experiments, the fragments were either added directly to
the drop containing the apo crystal or dissolved in reservoir or cryo-protectant solution in which a
crystal was transferred. The final fragment concentration ranged between 0.2 and 0.7 m. To enable
diffusion of the fragment into the crystal, the crystal-fragment mixture was incubated between 5 s
and 16 h. Prior to data collection, if no cryo-protectant was present during the incubation period,
the crystals were transferred to a reservoir solution containing 30 % (v/v) glycerol as cryo-protectant

for a few seconds and vitrified in liquid nitrogen.
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Figure 3.19: Mass spectrum and deconvoluted spectrum of TGTC!388/C281S/Y330C/HIB3A ]y

lated mass: 42 855.6 Da).

3.4.3 Data collection and structure determination

Diffraction data were collected at a temperature of 100 K at the synchrotron beamline P13 or P14 at
DESY (EMBL Hamburg) or at beamline 14.1 at BESSY II (Helmholtz-Zentrum Berlin). Indexing,
processing and scaling of the diffraction images were done using XDS!®®) and XDSAPP!®’!, The
structures were determined via molecular replacement using the program Phaser!®®! from the CCP4
suitel® with the PDB entry IPUD™! as initial search model. Model building was done in Coot!”"!
and the program PHENIX 7! was used for structure refinement. The used beam wavelengths as well

as data collection and refinement statistics are summarized in Tables 3.4 and 3.5.

3.4.4 Analytical gel filtration

Analytical size exclusion chromatography was performed using an AKTAprime™ plus FPLC system
(GE Healthcare) at room temperature. The protein samples were diluted to 10 um in high-salt bufter
(10mMm TRIS, pH 7.8, 1mm EDTA, 2 M NaCl) and 100 uL of each sample was loaded onto a pre-
equilibrated Superdex™ 200 10/300 GL column. The samples were run at a flowrate of 0.5 mL min™"
and protein absorbance was tracked at 280 nm wavelength. Data were processed with GraphPad

Prism 6.
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Table 3.4: Crystallographic data collection, processing and refinement statistics of PDB entries

7ADN, 7A4X, 7A4K and 7A9E.

Protein / Fragment apo TGT?30/333 TGT#033_31 TGT?0333_3.2 TGT?03%_3.4
PDB ID (Fragment ID) 7ADN 7A4X (DMS) 7A4K (QZT) 7A9E (R4W)
(A) Data collection and processing
Collection site DESY BL P14 DESY BL P13 BESSY II MX 14.1 BESSY II MX 14.1
Wavelength [A] 0.97950 0.79990 0.91841 0.91841
Unit cell parameters:
Space group P6522 (179) P6522 (179) P6522 (179) P6522 (179)
a, b c [A] 127.79 127.79 115.46 128.12 128.12 114.41 128.27 128.27 114.97 128.00 128.00 115.38
a By [°] 90.0 90.0 120.0 90.0 90.0 120.0 90.0 90.0 120.0 90.0 90.0 120.0
(B) Overall diffraction data (values for highest resolution shell in parentheses)
Resolution range [A] 42.85-1.92 64.06-2.05 42.81-1.68 42.85-1.75
(2.03-1.92) (2.17-2.05) (1.78-1.68) (1.87-1.75)
No. of unique reflections 43128 (6777) 35368 (5626) 63158 (10078) 55465 (8761)
Rsyma [%] 6.2 (49.3) 10.0 (50.8) 6.8 (174.9) 8.9 (147.8)
Completeness [%)] 99.7 (98.5) 99.9 (95.7) 98.2 (99.2) 99.7 (99.3)
Multiplicity 24.8 (20.0) 21.9 (22.3) 15.6 (15.8) 10.9 (10.4)
Mean I/o 31.6 (6.9) 22.3(5.7) 25.9 (1.6) 16.9 (1.5)
Rineas® [%] 6.3 (50.6) 10.2 (52.0) 7.0 (180.8) 9.4 (155.5)
CCl/z [%] 99.9 (96.3) 99.9 (95.7) 100.0 (61.5) 99.9 (60.7)
Matthews coefficient [A3 Da™!] 3.2 3.2 3.2 3.2
Solvent content [%] 61.3 61.1 61.3 62.1
Wilson B-factor [A?] 31.6 317 277 28.1
No. of proteins in asymmetric unit 1 1 1 1
(C) Refinement with PHENIX!"! (version 1.16_3549)
Resolution range [A] 42.85-1.92 64.06-2.05 42.81-1.68 42.85-1.75
No. of used reflections 43112 35322 63155 55463
Ruork® / Reree® [%] 172/18.8 171/ 20.6 15.4/18.9 18.2/20.5
No. of atoms (non-hydrogen):
Protein atoms 2967 2942 3042 2945
Water molecules 203 184 278 233
Zinc 1 1 1 1
Solvent ligand atoms 15 16 18 16
Fragment atoms - 4 6 12
rmsd from ideal values:
Bond lengths [A] 0.007 0.007 0.008 0.007
Bond angles [°] 0.8 0.8 0.9 0.8
Ramachandran plot¢:
Most favored [%)] 94.7 95.0 93.0 94.2
Additionally allowed [%] 5.0 4.3 6.7 55
Generously allowed [%] 0.3 0.6 0.3 0.3
Mean B-factors® [A2]:
Protein atoms 38.7 38.4 42.4 36.9
Water molecules 459 437 45.9 449
Zinc ion 24.4 23.0 22.6 21.5
Solvent ligand atoms 44.5 41.5 38.1 41.6
Fragment atoms - 40.6 32.6 45.2
f R i X = (T) [ B V5 X okt = (T} | 17
' bkt 2 Inkti 2hi 2 Inkti
bR - Yhit [Fo = Fe| (7
work = T -~ -
Yt Fo

¢ Riree Was calculated as Ryorx but on 5% of the data excluded from the refinement.
4 Calculated via PROCHECK".
¢ Calculated via MOLEMANU*,
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Table 3.5: Crystallographic data collection, processing and refinement statistics of PDB entries

7A3X, 7A3V,7A0B and 7A6D.

Protein / Fragment TGT*0/3%3_35 TGT?33%3_3.6 TGT30333_3.7

TGT330/333—3.8

PDB ID (Fragment ID) 7A3X (QXB) 7A3V (QXE) 7A0B (QTQ) 7A6D (RIE/RGN)
(A) Data collection and processing

Collection site BESSY II MX 14.1 BESSY II MX 14.1 BESSY II MX 14.1 BESSY 11 MX 14.1
Wavelength [A] 0.91841 0.91841 0.91841 0.91841

Unit cell parameters:

Space group P6522 (179) P6522 (179) P6522 (179) P6522 (179)
a, b c [A] 128.29128.29114.86  127.96127.96 115.52  127.86 127.86 115.73 127.87 127.87 115.19
a By [°] 90.0 90.0 120.0 90.0 90.0 120.0 90.0 90.0 120.0 90.0 90.0 120.0
(B) Overall diffraction data (values for highest resolution shell in parentheses)
Resolution range [A] 42.80-1.85 42.87-1.70 42.90-1.77 42.79-1.59
(2.05-1.85) (1.80-1.70) (1.88-1.77) (1.68-1.59)
No. of unique reflections 47943 (7607) 61476 (9767) 54711 (8690) 74885 (11815)
Rsyma [%] 11.1 (160.6) 12.4 (164.1) 8.2 (152.8) 8.0 (205.8)
Completeness [%)] 99.9 (99.9) 99.7 (98.4) 99.9 (99.8) 99.8 (99.1)
Multiplicity 9.9 (10.2) 171 (15.2) 1.0 (11.2) 175 (17.9)
Mean I/ 12.8 (1.4) 135 (1.3) 179 (1.5) 217 (14)
Rumeas® [%] 11.7 (169.1) 12.8 (172.3) 8.7 (160.1) 8.3 (211.9)
CCI/Z [%] 99.8 (61.1) 99.8 (60.1) 99.9 (61.3) 100.0 (60.9)
Matthews coefficient [A3 Da™!] 3.2 33 3.2 3.2
Solvent content [%] 61.3 62.9 61.4 61.2
Wilson B-factor [A?] 315 27.0 29.6 25.1
No. of proteins in asymmetric unit 1 1 1 1
(C) Refinement with PHENIX (71] (version 1.16_3549)
Resolution range [A] 42.79-1.85 42.87-1.70 42.90-1.77 42.79-1.59
No. of used reflections 47939 61290 54710 74767
Ryork® / Rerec® [%] 203/226 18.1/20.0 183/20.2 14.8 /178
No. of atoms (non-hydrogen):
Protein atoms 2798 2918 2934 2974
‘Water molecules 179 213 183 262
Zinc 1 1 1 1
Solvent ligand atoms 12 16 34 26
Fragment atoms 21 16 18 18
rmsd from ideal values:
Bond lengths [A] 0.007 0.007 0.007 0.008
Bond angles [°] 0.8 0.8 0.8 1.0
Ramachandran plot:
Most favored [%)] 96.0 94.3 94.4 94.0
Additionally allowed [%] 3.6 5.4 5.3 57
Generously allowed [%] 0.3 0.3 0.3 0.3
Mean B-factors® [A2]:
Protein atoms 39.6 34.7 37.7 375
Water molecules 44.4 454 45.0 434
Zinc ion 25.4 21.3 23.4 20.4
Solvent ligand atoms 45.8 41.9 472 494
Fragment atoms 50.6 39.9 375 42.4
* Ry = St i Huii — (Tuia) |; s Yhia Vg Zi i = (Thia ) | 7
2hit 2 Inkti 2hid 2 Inkii
bR - Yhit [Fo = Fe| (7
work = T~ -
Yhwt Fo

¢ Riree Was calculated as Ry but on 5% of the data excluded from the refinement.
4 Calculated via PROCHECK".
¢ Calculated via MOLEMAN"4,
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3.4.5 Thermal shift assay

Protein unfolding was monitored via the fluorescence of SYPRO™ Orange (Invitrogen) within a
temperature range between 10 and 100 °C in 320 increments as described by Niesen et al.'??! Thermal
shift experiments were done in triplicate using a QuantStudio™ 3 Real-Time PCR System (Thermo
Fisher Scientific) equipped with a MicroAmp™ Fast Optical 96-Well Reaction Plate (0.1 mL) (Applied
Biosystems). The total volume of each sample was 20 uL with 24 pg of protein diluted in high-salt
bufter (10 mm TRIS, pH 7.8, 1mm EDTA, 2 M NaCl) and 2x SYPRO Orange dye (Invitrogen). The
wavelengths for excitation and emission of the dye were 470 + 15 nm and 575 + 15 nm, respectively.
The melting temperature, Tp,,, was determined as the maximum of the first derivative of each melting

curve. Data were processed with GraphPad Prism 6.

3.4.6 NMR spectroscopy

All measurements were performed on a Bruker AVANCE™ III 500 MHz spectrometer equipped
with a CryoProbe Prodigy BB-H&F-D-05 with Z-gradient at 298 K. The temperature was calibrated
with Bruker standard 4 % methanol in methanol-d,. Stock solutions of fragments rac-trans-3.7,
rac-trans-3.8, cis-3.8, rac-trans-3.12, rac-cis-3.12, rac-cis-3.12 and rac-trans-3.13 at a concentration
0f100 mm in 50 mM of sodium phosphate buffer supplemented with 150 mm of NaCl in D, O at pD of
7.40 were prepared and stored at 4 °C for use. The buffer was triply lyophilized from D, O to fulfill the
hydrogen/deuterium exchange. Control ligands 3.14 and 3.15 were prepared in DMSO-d, at 100 mm
as stock solution and stored at 4 °C for use. As for proteins, the TGT™**3P mutant was prepared in
the same D, O buffer at a concentration of 200 um as a stock solution, while the mutant TGTY330D
was in the same buffer at a concentration of 450 pM. The samples were prepared by diluting those
stock solutions with the D,O bulffer to a final solution of 200 pL and put in Wilmad 3 mm tubes
(Rototec Spintec). For proteins with limited sample amount, a 3 mm Shigemi tube (Shigemi Inc.)
with a sample volume of 100 pL was used.

F NMR spectra were recorded on ligand samples at 0.1, 0.5, and 1.0 mm. Single pulse without
'H decoupling was not possible due to technical restriction of the Prodigy BB-H&F probe, where 'H
and F resonances share one channel. The chemical shift of ’F was referenced to CFCl, externally.
Spectra were recorded with 256 to 4096 transients and a relaxation delay of 3 s.

DOSY experiments were done using the stimulated echo method with bipolar gradient pulses and
long eddy current delay to avoid disturbances in the detection of resonance peaks.[12*124! The pulse
sequence was ledbpgp3s from Bruker pulse program library. The gradient shape used was smoothed
square SMSQ10.100 and gradient length was between 1 and 2 ms, which resulted in 0 of 2 and 4 ms,
respectively. The optimized diffusion delays A were between 30 ms for the ligands and 100 ms for
proteins. Diffusion attenuation was realized with 9 steps in gradient ramp. The DOSY 2D spectra

were recorded with 9 experiments and each with 256 to 512 transients. Relaxation delays were 3 s.
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Figure 3.20: a) 'H spectrum and b) '"H-"*C HSQC spectrum of 1 mm rac-trans-3.7 in D,0
buffer at 298 K.
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Figure 3.21: a) 'H spectrum and b) '"H-"C HSQC spectrum of 1 mm rac-trans-3.8 in D,0
buffer at 298 K.
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Figure 3.22: a) 'H spectrum and b) 'H-'>C HSQC spectrum of 1 mwm cis-3.8 in D,O buffer at

298 K.
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Figure 3.23: a) 'H spectrum and b) 'H-">C HSQC spectrum of 1 mm rac-trans-3.12 in D,0
buffer at 298 K.
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Figure 3.24: a) 'H spectrum and b) "H-">C HSQC spectrum of 1 mm rac-cis-3.12 in D, O buffer
at 298 K.
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Figure 3.25: a) 'H spectrum and b) 'H-">C HSQC spectrum of I mm rac-trans-3.13 in D,0
buffer at 298 K.



Disulfide-Induced Break-Up of the Homodimeric TGT Interface | 79

b)

9 8 7 6 5 4 3 2 1 0 ppm

Figure 3.26: "H spectra of a) 381 um TGT™333P and b) 459 um TGTY**% in D, O buffer at 298 K.
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3.4.7 List of investigated compounds

Table 3.6: Chemical structures and size descriptors of investigated compounds. Only one
isomer structure is shown if two isomers are possible.

. Molecular Molecular Minimal cylindric
ID Chemical structure . o A 123 . b s bors
weight [gmol™]  volume® [A°]  height’ / radius’ [A]
(o]
3.1 ¢ 78.13 80.7+5.4 1.59/2.33
9N
9
3.2 :S: 104.17 104.2 £5.8 2.60/2.24
o
N
3.3 NH 230.23 219.9+7.5 1.74 / 6.02
i m ’
N N NH,
00
3.4 \\s’/ 108.16 109.1+£5.9 2.40/2.93
O
0 0
N/
3.5 :S: 120.17 116.3 + 6.1 2.43/2.22
P
3.6 j ] 136.17 125.7 £ 6.2 2.89/2.37
HO
¥
cis-3.7 : : 152.16 1411+ 6.5 2.85/2.69
HO OH
P
trans-3.7 : ] 152.16 140.9 £ 6.5 2.61/2.71
no' ‘o
FF
cis-3.8 ﬁ 138.11 136.8 £ 6.4 2.89/2.53
HO OH
FF
trans-3.8 é 138.11 1374+ 6.4 2.55/2.69
no' ‘o
0.
trans-3.9 S_7 104.11 112.0 £ 6.0 2.71/2.38
HO  ©H
H
N
trans-3.10 103.12 113.1+ 6.0 2.56/2.68
HO OH
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Molecular Molecular Minimal cylindric

ID Chemical structure . ) Q53 b L bors
weight [gmol™]  volume® [A’]  height’ / radius’ [A]

S10 - K/ 420.56 433.1+9.4 6.71/ 6.30
N
L,

(o}

S11 g 169.24 1725+ 6.9 2.29/4.11
- NH,

2
S12 _S NH, 183.27 187.6 £7.1 3.12/4.30

2
S13 S OH 198.24 191.3+7.1 2.24/4.89

o
2

S14 138.18 1419 £ 6.5 2.53/4.50

@ Calculated via VEGA ZZ!'%],
® Calculated via RADIP?.



Disrupting the Bacterial TGT Homodimer with
Interface-Derived Peptides

4.1 Introduction

Protein—protein interactions (PPIs) are fundamental to a wide variety of cellular processes, as they
are involved in large communication networks between proteins. Rational modulation of PPIs can
interfere with these processes and may ultimately lead to therapeutic intervention.[”>-82] Recent
advancements in our knowledge of PPIs have spurred interest in the design of PPI modulators to
perturb the biological function of proteins that are involved in disease.[>12! Since protein-protein
interfaces are generally flat and lack deep hydrophobic cavities, druggable by small molecules, re-
search has turned its attention to peptides as they can interact with larger surfaces and represent
mimics of natural interaction partners. The advantages of peptides as drug candidates comprise,
inter alia, their structural flexibility and high modularity, thus allowing them to adapt to large
binding surfaces in structurally diverse ways.!'””?8] On the contrary, the use of peptides as po-
tential drug candidates is impaired by challenging drawbacks, such as their low stability against
proteolytic degradation, insufficient membrane permeability and poor oral bioavailability,12512°]
However, several approaches in peptide modifications, such as the introduction of f-amino acids
into peptide backbones,!**! conformational constraints using macrocyclization techniques, 332!
and the development of so-called cell-penetrating peptides (CPPs),[>34 have been successfully
demonstrated to tackle these bottlenecks. Finally, these success stories emphasize the underestimated

potential of peptides as PPI modulators.
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4.1.1 Peptides as homodimer disruptors

Peptide-based approaches have been successfully developed to modulate homodimeric protein-
protein interactions. For instance, Toro et al. investigated a set of peptides derived from an a-helix
within the homodimeric interface of Leishmania infantum trypanothione reductase (Li-TryR).
Supported by molecular dynamics simulations, the peptides were rationally designed and found to
inhibit the enzyme by competitive binding to the interface which led to an increased dissociation
of the dimer.'®>) Further studies led by Ruiz-Santaquiteria et al. optimized the peptides through
cyclization strategies, such as lactam bridging and all-hydrocarbon stapling, resulting in potent
dimer interface modulators with in vitro anti-leishmanial activity.!***”) Another example include
peptides by Cardinale et al. that were derived from an interfacial f-hairpin structure of the human
thymidylate synthase to target its homodimeric interface resulting in growth inhibition of ovarian
cancer cells. Further structural and biophysical studies revealed a new mechanism of action, whereby
the peptide does not act as a dissociative interface inhibitor but rather stabilizes an inactive form
of the dimer.!*®! Another example highlights the use of the protein grafting technique, whereby
essential residues are grafted onto a stable a-helical protein such as avian pancreatic polypeptide
(aPP). With this method, a chimeric peptide was designed that contained essential residues from an
interfacial a-helix of the KSHV protease to disrupt its biologically active homodimeric structure. 38!
The findings from this study led to a high-throughput screening of a helical mimetic compound
library and ultimately to the discovery of DD2, a small molecule capable of inhibit KSHV protease

activity by disrupting its dimerization."!

4.1.2 Discovery of an interface target site in homodimeric TGT occupied by
structural peptide motifs

Since bacterial tRNA-guanine transglycosylase (TGT) is allegedly only active as a homodimer, 12!

disturbing the homodimer formation by peptides represents an attractive approach to modulate TGT
function. In the course of an investigation on a pseudomonomeric TGT variant in which the dimer
interface was broken up due to an introduced disulfide bridge (Chapter 3), one protein—-fragment
complex structure (PDB ID: 7A4K) showed a stabilized N-terminal tail that has never been observed
before in a TGT crystal structure, due to pronounced disorder. However, in this structure, the N-
terminal amino acids could be resolved in the electron density up to residue Glu3” and are stabilized
in an interaction network comprising residues Ala49, Arg77, Arg82, Ser91, and Phe92 (Figure 4.1a).
Interestingly, the position of the N-terminal tail closely corresponds to helix aE (residues Arg328’-
Arg336’) in the functional dimer interface (PDB ID: IPUD!8], Figure 4.1b). Notably, helix aE harbors
two aromatic hotspot residues, Tyr330 and His333, which significantly contribute to the formation
of the stable TGT homodimer. Thus, the N-terminal tail as well as helix oE serve as excellent starting

points for the investigation of interface-probing peptides.
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Figure 4.1: Starting points for the study of putative interface-binding peptides: a) N-terminal
tail ( , residues Glu3’-Argll’) of the crystal mate of the disulfide-linked dimer
(PDBID: 7A4K) and b) helix aE (green, residues Arg328'-Arg336’) of the functional
dimer mate (PDB ID: 1PUDU8!).

4.2 Results and Discussion

4.2.1 Preface

This chapter comprises initial investigations on the search for peptides as disruptors for the TGT
homodimer. The recombinant expression and purification, biophysical characterization of the protein
samples, crystallization experiments and microarray binding assays were performed by the author of
this thesis. Peptide synthesis and initial fluorescence polarization experiments were performed by Lea
Albert from the group of Olalla Vazquez (Philipps-Universitit Marburg). Further peptide binding
studies were continued by Mujia Li (Albert-Ludwigs-Universitdt Freiburg), Raquel Reilly (Fairfield
University), and the author of this thesis. Enzyme kinetic studies were performed by Maurice
Sebastiani and Stefanie Dorr from the group of Klaus Reuter (Philipps-Universitit Marburg). The
assays for the assessment of dimerization constants were conducted by the author of this thesis.
The assay for studying host cell invasion by Shigella flexneri was established by the author of this
thesis together with Harshavardhan Janga and Leon N. Schulte (Philipps-Universitit Marburg).
The S. flexneri strains were provided by Glenn R. Bjork (Umeé University).
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4.2.2 Epitope mapping and peptide design using peptide microarrays

We sought to apply peptide-based approaches to prevent homodimer formation of TGT as an
alternative strategy to hamper the function of TGT. Therefore, the stabilized N-terminal tail observed
in a crystal structure of a disulfide-linked variant (Chapter 3) and helix oE were used as starting
points for a further search using peptide arrays. Peptide arrays consist of custom peptide libraries,

[139

usually synthesized via SPOT synthesis and immobilized on a membrane.>) This enables rapid

1401 To map the binding

binding evaluation of multiple peptide entities to a target macromolecule.!
epitope of the TGT dimer interface, we acquired peptide microarrays from peptides&elephants
(Hennigsdorf, Germany). The array consisted of 27 N-acetylated peptides synthesized in small spots
on a 4,7,10-trioxa-1,13-tridecanediamine (TOTD) membrane. For the determination of the peptide
binding region using an epitope scan, peptides were synthesized with a frame shift between two or
six amino acids starting from a 15-mer peptide derived from helix aE and its flanking amino acids
(residues Lys325-Glu339) and a 10-mer peptide from the N-terminal tail (residues Metl-Aspl0). Also,
a scan of truncated species was applied to determine the minimal binding sequence. In addition
to the peptides based on helix oE and the N-terminal tail, peptides derived from the plal-loop

(141 have been

(residues Thr47-Thr55) and grafted peptide chimeras using a stable helical peptide
investigated with the array. Successful binding between the peptides and the respective protein
tagged with an N-terminal Strep-tag® II, was visualized by a luminol chemiluminesence reaction
caused by the addition of a Strep-Tactin®-horseradish peroxidase (HRP) conjugate, which binds to
the tagged protein. Since the peptides were designed to bind at the homodimer interface of TGT, the
destabilized TGT333A variant, which shows an enhanced proportion of the monomeric form, was
initially used for the assay to ensure proper peptide-TGT binding. Figure 4.2a shows the results
with the first peptide array on TGTH3¥4  The binding affinity of the peptides was estimated from
the spot intensities. Only peptides derived from helix aE and the N-terminal tail indicated binding
to TGTH***A ) with the 13-mer sequence Ac-SRAYIHHLIRAGE (residues Ser327P-Glu339P, peptide
numbering indicated with P) and the 6-mer sequence Ac-TAQETD (residues Thr5P-Aspl0P) being

the most promising binders.

Based on these results, a second round of array design was accomplished including one-residue
frame shifts to locate the precise peptide binding sequence of both parent peptides. Additionally,
an alanine scan was performed in which single residues in the parent sequence were mutated to
alanine to identify the residues essential for binding. Table 4.4 lists the peptide sequences of the
second array design (Experimental Section 4.4.6). Two identical copies of the array were tested
against the predominantly monomeric TGTY**%" mutant and wild type TGT. The results indicate
similar binding behavior of the peptides against the two TGT variants with the 10-mer peptide
Ac-YIHHLIRAGE (residues Tyr330P-Glu339P) derived from helix oE being the superior binding
motif (Figure 4.2b and c).
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Interestingly, the alanine mutational scan revealed a loss of binding upon mutation of residues
Arg328P, Tyr330P, His333P, Arg336F, and Glu339P to alanine. This effect was expected for the point
mutations Y330AP (B4), H333AP (B7), and E339AP (C4), as they have been identified as hotspot

2123601 Contrary, the observed binding loss for the mutations R328AP

residues in previous studies.!
(B3) and R336AP (C2) were rather surprising, as both arginine residues are not oriented towards the
interface and, thus, should not be involved in dimer formation. One explanation could be that the
arginine residues stabilize the helical integrity of the interacting peptide. The reason for this finding
remains to be elucidated. Moreover, none of the peptides derived from the N-terminal tail showed

binding in the microarray and, hence, were not progressed further.
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D1: Ac-TAQETD B1: Ac-SRAYIHHLIRAGE B1: Ac-SRAYIHHLIRAGE

Figure 4.2: Peptide array results with a) TGT™***4,b) TGTY**°P, and ¢) wild type TGT. Binding
strength of the peptides was estimated by spot intensity. The sequences of the two
best binding peptides are displayed. Full sequences of the array are listed in Tables
4.3 and 4.4 (Experimental Section 4.4.6).

4.2.3 Peptide binding by fluorescence polarization

Fluorescently labeled peptides, based on the sequence YIHHLIRAGE, were synthesized for further
characterization via fluorescence polarization (FP, also termed fluorescence anisotropy) binding
studies. The fluorescence polarization method is based on the detection of changes in the effective
molecular volume of a fluorescent protein-ligand complex. After excitation of a fluorophore with
plane-polarized light, FP is measured by the fluorescence emission in two planes. The relation
between the detected intensities in the parallel (1) and perpendicular (I, ) planes and anisotropy

(A) are depicted in equation 4.1142%3] as;

-4
IH +2I,

(4.1
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In literature, the terms polarization (P) or millipolarization (mP) are frequently used which can be

interchanged with anisotropy values using equations 4.2 and 4.3:14’]

3A

pP= 4.2

2+A (42)
2P

A=—— (4.3)
3-P

The measured anisotropy depends on the angle ({) between the excitation and emission dipoles, as

(144 and can reach a theoretical maximum value of A = 0.4 if both dipoles

shown in equation 4.4,
are oriented in parallel ({ = 0°). In such a case, where an excited fluorophore remains immobilized

during the lifetime of its excited state, 60 % of the emitted light will remain polarized.

~ 3cos? (-1
- 5

A (4.4)

However, rapid molecular tumbling of a small-sized fluorophore, such as a peptide in solution, causes
the emitted light to be mainly depolarized with A = 0 when I = I, . This is due to the reorientation of
the fluorophore during its fluorescence lifetime. The degree of anisotropy depends on the rotational
tumbling speed, which is inversely proportional to the molecular volume as described by the Stokes’
equation 4,504

v

P (4.5)

p = rotational relaxation time
1 = viscosity
= molecular volume

= universal gas constant

N <

temperature

If the small fluorophore gets immobilized, e. g, by binding to a larger sized molecule, such as a protein,
the rotational tumbling will be much slower resulting in a smaller degree of fluorophore reorientation
and a higher degree of maintained polarized light. Thus, the observed change in FP can be used to
track bound and unbound fluorophore species and, thus, characterize protein-ligand binding events.
Figure 4.3 summarizes the rationale for using the FP method to study protein-ligand interactions.
The synthesized peptides were fluorescently labeled with 5(6)-carboxyfluorescein (FAM) either at the
N-terminus or near the C-terminus and are referred to as “tracers” in the context of FP experiments.

A summary of the investigated peptides is given in Table 4.1.
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Figure 4.3: Schematic representation of the basic principle behind fluorescence polarization
measurements. a) A peptide tracer ( helix) marked with a fluorophore (green
star) gets excited by plane-polarized light. The rapid molecular tumbling of the tracer
and the associated high reorientation of the fluorophore during its fluorescence
lifetime causes the emitted light to be depolarized. b) The binding of the tracer a
larger interaction partner (gray surface) leads to a slower tumbling, low fluorophore
reorientation, and, therefore, emission of largely polarization-retained light.

Table 4.1: Peptides for FP binding studies. The fluorophore is highlighted in green. Cysteines at
i/i+4 positions are highlighted in red with the linker represented as an arc.

ID Tracer peptide sequence

41 FAM-YIHHLIRAGE-CONH,

42  Ac-YIHHLIRAGE-Ahx-Ahx-K(FAM)-CONH,
43 FAM-YCHHLCRAGE-Ahx-Ahx-K(Ac)-CONH,
4.4 FAM-YCHHLCRAGE-Ahx-Ahx-K(Ac)-CONH,

An initial FP experiment with N-terminally labeled linear tracer 4.1 at a fixed concentration of 1 um
was performed with wild type TGT (Figure 4.4). FP was measured at specific time points with a total
incubation time of 5 h. The lower plateau of the binding curve shows the fraction of unbound tracer.
A measurable signal increase could only be observed at the highest protein concentration, which
indicates that higher concentrations of TGT are needed to bind a substantial amount of the tracer.
Although the signal change can be measured right after mixing the components, a steady increase is
observed over time. This points to a shift in the tracer-TGT binding equilibrium, which could be
explained by the fact that only a small amount of the wild type enzyme is available in its monomeric
state at which the tracer can bind. The tracer binding to the TGT monomer could slowly shift the
dimer-monomer equilibrium towards the monomeric species and, hence, increase the chance for
binding further tracer molecules. Therefore, TGT mutants with greater dimer dissociation rates,

TGTY3D or TGTH33P were used for further experiments.
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Figure 4.4: Saturation binding curve of 1 pum tracer 4.1 with wild type TGT (left) and dose-
response curve for the same FP experiment (right).

A similar approach was pursued by Wang et al., where a phosphorylated variant of the Rho-kinase
was used for FP experiment. The phosphorylation prevented the homodimerization of the kinase,
hence enabling the direct binding of the investigated peptides to the Rho-kinase monomer.[4¢!
Although the point mutations at positions 330 and 333 reside in the hotspot region of the dimer
interface of TGT, the binding site of helix aE, from which the tracers are derived, is located far
remote from the area and, thus, should not substantially influence tracer binding. After optimizing
the experimental conditions, such as lowering the tracer concentration from 1pum to 50 nm and
increasing the maximum protein concentration to 419 um, the FP measurement was repeated with
the same tracer and TGTY**'P (Figure 4.5). Although no second plateau for the completely bound
tracer could be observed, a large FP signal increase could be measured at high protein concentrations
indicating an increased fraction of bound tracer. The dissocation constant of weak-binding tracer 4.1
to TGTY3 can be estimated to Kg > 1.7 mm. Interestingly, a significant time-dependent signal

shift was not observed as in the previous experiment with the wild type enzyme. This could be due

to the missing dimer-monomer equilibrium which is likely not present for the TGTY**" variant.
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Figure 4.5: Saturation binding curve of 50 nm tracer 4.1 with TGTY**%P (left) and dose-response
curve for the same FP experiment (right).
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Furthermore, a C-terminally FAM-labeled tracer (4.2) was synthesized to test an additional fluo-
rophore labeling site and whether one site influences the binding of the tracer to TGT. No measurable
change in FP was detected for tracer 4.2 with the TGTY33%P variant (Figure 4.6). This indicates that
the introduced C-terminal linker including the FAM label either interferes with binding or exhibits
high residual flexibility leading to the so-called “propeller effect” in which the mobile fluorophore
label negatively affects the anisotropy in the bound state.l”! As a consequence, the N-terminal

labeling site was retained in further investigated tracers.
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Figure 4.6: Saturation binding curve of 20 nm tracer 4.2 with TGT"**’P (left) and dose-
response curve for the same FP experiment (right).

In order to increase the binding affinity of the tracer to TGT, a peptide cyclization approach was
attempted since cyclic peptides are more rigid and lower the entropic penalty upon binding. Moreover,
the cross-linked backbone of the peptide is more resistant to proteolytic degradation, thus enhancing
the stability of the cyclic peptide compared to its linear surrogate.3"*?! Since the tracers were
derived from helix aE, we proposed that cyclization via peptide stapling may stabilize the helical
geometry of the peptides, which is required for successful binding to the dimer interface.

Stapled helical peptides have been successfully developed as dimer disruptors, as demonstrated
for the inhibition of homodimeric Li-TryR reported by Ruiz-Santaquiteria et al. A similar stapling
approach for i/i+4 positions, the spacing at which two amino acid sidechains are in close proximity
in an a-helix, was applied on the parent peptide 4.2. Since cyclization approaches via lactam-bridges
failed, cysteine mutations were introduced at residues Ile331P and Ile335P in peptide 4.2 to provide
the precursor peptide 4.3 enabling thiol-based cyclization reactions. The peptide stapling strategy
was facilitated by perfluoroarylation of the two introduced cysteine residues by hexafluorobenzene
yielding the stapled peptide 4.4 (Figure 4.7).148]

FP of the linear parent tracer 4.3 and stapled tracer 4.4 was measured over an incubation time
of 48 h with an additional measurement after 12 d (Figure 4.8). A signal increase at higher protein
concentrations can be observed for both tracers after 48 h and 12 d. After 12 d, stronger deviations in
the signals are measured which become clear in case of tracer 4.3. This can be attributed to irregular

evaporation of the samples, which were stored in a lid-covered, but not sealed, 96-well plate.
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Figure 4.7: Helical wheel diagram of the YIHHLIRAGE peptide sequence (residues Tyr330P-
Glu339P). A i/i+4 stapling by a tetrafluorobenzene linker between the introduced
cysteine mutations I331C and I335C is shown.
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Figure 4.8: Saturation binding curves of a) 20 nm tracer 4.3 and b) 20 nM tracer 4.4 with
TGTY*P (left) and dose-response curves for the same FP experiments (right).
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At a later point, the FP experiments were repeated with another interface mutant variant TGT333P,

In Chapter 3, DOSY NMR studies have shown that two investigated small molecule fragments, which
bind in a transient pocket of the dimer interface of TGT, have a higher binding affinity towards
TGTH3PD than to the TGTY**%P variant. This could be explained by the rapid dimer-monomer

equilibrium of TGTH333D

, which could provide stable interface conformations that would otherwise
be altered in a permanent monomeric species. In this study, we investigated if the findings from
the DOSY NMR studies apply to our interface-binding peptides as well. Therefore, FP of the linear
tracer 4.1 and stapled tracer 4.4 was measured with TGTH3*P (Figure 4.9). The results for the linear
tracer 4.1 are similar to the ones observed with wild type TGT and TGTY**% (Figures 4.4 and 4.5,
respectively) with no measurable saturation and no significant change in FP signal over an incubation
time of 24 h. Remarkably, the results for the stapled tracer 4.4 already indicated a saturation of the
tracer binding after 1h with a measurable dissociation constant of K4 = 9.2 + 2.0 pM. Interestingly
enough, a significant signal shift is observed over time, during which saturation occurs at lower
protein concentrations, thus, shifting the binding constant of the tracer to Ky =4.8 + 0.4, 3.8 £ 0.2,
and 1.0 £ 0.1 um at 2, 3, and 24 h, respectively. This involves an improvement in binding affinity by a

factor ~9 comparing the measurements of incubation times between 1 and 24 h.
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Figure 4.9: Saturation binding curves of a) 20 nMm tracer 4.1 and b) 20 nMm tracer 4.4 with
TGTH33P (left) and dose-response curves for the same FP experiments (right).
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The tracer stock solution of peptide 4.4 was freshly prepared for the FP experiment with TGTY**P,

but was stored in assay buffer at 4 °C for a total duration of ~9 months until the experiment was
repeated with TGT™33P_ To test, whether the signal shift of the previous measurement was an
artifact or caused by long storage time, a comparative FP experiment was performed with the same
old stock and a freshly prepared stock of tracer 4.4, and both stocks were prepared from the same
synthesis batch (Figure 4.10). The time-dependent signal shift of the previous FP experiment could
be reproduced by the use of the old stock solution of tracer 4.4 with a measured K4 =2.6 + 1.1 and
0.5+ 0.1puM at 1 and 30 h, respectively. However, this effect could not be observed when using a
freshly prepared stock solution of the same tracer. For all measured time points, a significant FP
signal change of the tracer could only be measured at high protein concentrations with an estimated
dissociation constant of K4 > 50 um. Notably, the shift observed in the old tracer stock could be
reverted by the addition of a reducing agent, such as tris(2-carboxyethyl)phosphine (TCEP), while
no difference was detected for the freshly prepared tracer stock upon TCEP addition. This shows
that the signal shift in the old stock is based on oxidative effect which might have occured to the

stock solution over the storage time.
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Figure 4.10: Saturation binding curves of 5 nMm tracer 4.4 from a) an old and b) freshly prepared
stock solution with TGTH333D (left) and dose-response curves for the same FP
experiments (right).
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One explanation could be explained by the introduction of cysteine residues to the parent peptide 4.3.
Although the thiol groups are converted to stable thioether groups in the stapled peptide 4.4, a
possible degradation or decyclization of the product cannot be excluded. Free cysteine thiol groups
may undergo oxidation reactions to form unspecific by-products from which one is able to potently
bind to TGT. Another possibility would be the covalent attachment of the peptide through the
formation of intermolecular disulfide bridges between the peptide and TGT, as TGT harbors multiple
cysteine residues on the protein surface, such as Cys158 or Cys281. This hypothesis could be easily
tested by repeating the FP experiments with TGT variants that additionally contain the conservative
Cys-to-Ser mutations, as used in Chapter 2. Potential self-aggregation of the tracer seems unlikely
since all samples contained a constant amount of tracer and no change in FP could be observed for
low protein concentrations. One possible explanation for this result could be that higher protein
concentrations force the bound tracer to adopt a new conformation which subsequently triggers
aggregation of further tracer molecules to the bound tracer.

To investigate the difference between the old and new stock solution of tracer 4.4, we attempted a
comparative study using MS-coupled high-performance liquid chromatography (HPLC-MS). There-
fore, both stock solutions were analyzed each before and after treatment with 10 mm dithiothreitol
(DTT) as a reducing agent (Figure 4.11). The freshly prepared stock of tracer 4.4 showed two elution
peaks of equal mass at 19.1 and 19.7 min (Figure 4.11b), which likely originate from the two isomers
of the 5(6)-FAM mixture used for peptide labeling. Obviously, the 9-month storage of the tracer
stock solution resulted in chemical changes of the stapled peptide 4.4, which can be observed as
multiple peaks at lower retention times in the HPLC chromatogram (Figure 4.11a). Upon addition
of DTT, no observable change could be detected in the chromatogram of the freshly prepared tracer
solution besides the peak at 5.4 min, which corresponds to DTT. In case of the old tracer solution,
only small changes could be detected such as an additional elution peak at 16.2 min and a fading of
the peak at 19.5 min. The late elution peak at 32.8 min can be observed in all chromatograms and

likely corresponds to a component in the assay bufter.
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Figure 4.11: HPLC chromatograms of tracer 4.4 prepared from a) the old and b) new stock
solution each treated without and with 10 mm DT'T. The absorbance was tracked

at 260 nm wavelength.
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Analysis of the corresponding mass spectra (Figure 4.12) revealed a set of four mass-to-charge
ratio (m/z) peaks that originate from different ionic species of the stapled peptide 4.4 (calculated
MW: 2088.2 Da): 696.8 Da ([M+3H]’"), 1044.6 Da ([M+2H]*"), 1055.7 Da ([M+H+Na]**), and
1066.8 Da ([M+2 Na]?*). Potential protonation sites are located at the sidechains of residues His332P,
His333P, and Arg336P. Moreover, it seems that several signals below a m/z of ~650 Da are increased in
the old stock solution compared to the freshly prepared one. The m/z-peaks between 376.2-420.2 Da
and 555.4-643.5 Da can be assigned to ionic adducts of Triton® X-100, which was present in the assay
buffer as a detergent. The observed mass shift of 44 Da correspond to an ethylene oxide monomer unit
of the polymer. Additional m/z-peaks at 1392.0 and 1435.3 Da were found although the identification
of the corresponding species remains elusive. Interestingly, the peak at 1392.0 Da disappears upon
addition of DTT, thus indicating that the species might be redox-sensitive. Furthermore, DTT
treatment results in a second set of peaks observed at 747.6 Da, 1120.7 Da, 1131.7 Da, and 1142.6 Da.
The related mass shift of ca. 152 Da led to the identification of DTT adducts resulting from the ionic
species of the stapled peptide as described above. This observation could be verified in the old as
well as new tracer stock solution.

Another aspect to consider is the stability of the buffer during the storage and its effect on the
integrity of the stapled peptide. Long-time stability studies of TRIS-based buffers have been investi-
gated elsewhere.(*”) Moreover, Song et al. provided evidence for the degradation of TRIS buffers at
elevated temperatures under release of formaldehyde, which is capable to modify tyrosine residues

1501 Iy fact, the reactivity of formaldehyde has been evidenced towards

of a solubilized peptide.
multiple amino acids.[151] Although, the degradation of TRIS to formaldehyde was demonstrated at
70 °C, a similar degradation pathway at lower temperatures over a storage time of 9 months cannot
be excluded. Nevertheless, an active by-product in the old tracer stock solution, that caused the
significant signal shift in the FP measurements, could not be identified by the initial HPLC-MS

experiment and remains to be elucidated.
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Figure 4.12: Mass spectra of tracer 4.4 prepared from a) the old and b) new stock solution each
treated without and with 10 mm DTT. Peaks originating from the ionized peptide
species are marked with an arrow.
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4.2.4 Crystallization trials and characterization of TGTY330D

As no diffracting crystals of the TGTY**°® mutant were obtained in a previous study led by Jakobi et
al.,??) a new crystallization trial was attempted with the aim to generate new putatively monomeric
TGT crystal structure suitable for crystallization with interface-binding peptides. Two needle-like
crystal hits were obtained independently from two different crystallization screens under the same
crystallization condition (0.1 M tri-sodium citrate, pH 5.6, 1M lithium sulfate, 0.5 M ammonium
sulfate, Figure 4.13a). Although the crystallization was successfully reproduced in-house, only crystals
with lattice strains defects were initially obtained (Figure 4.13b), likely due to rapid and uncontrolled
nucleation. The use of crystal seeds combined with the streak-seeding technique(’®?! ultimately
yielded single crystals of TGTY**P (Figure 4.13c).

Figure 4.13: Optimization of crystallization conditions for TGTY**' from a) coarse screen
needle-like hits to b) reproduction in-house with lattice strain defects and c) single
crystals via seeding.

In the following X-ray diffraction experiments, the crystal growth defects became more obvious
as all tested crystals showed splitted reflexes. Thus, the crystals translated to lower data quality,
which was indicated by low resolutions around 3 A, very high overall Ry, values of >17 % and the
presence of pseudotranslation.®>>4 Despite low quality indicators, the structure of TGTY3P was
presumably solved by molecular replacement in space group P2,2,2; using the PDB entry IPUD as a
search model (data not deposited in the PDB). With care, our preliminary structural data show a

TY33% which deviates from the functional wild type dimer

rotated homodimeric structure of TG
(Figure 4.14a). Interestingly, the new dimer packing resembles the dimeric structure of Mus musculus
QTRT1 (PDB ID: 6H62), formed by the catalytic subunit of murine TGT only (Figure 4.14b). The

latter enzyme is functional as a heterodimer formed from two sequentially different monomer units.
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Native nanoESI-MS studies by Behrens et al. have shown that QTRT1 does not form a homodimer in
solution. Likely, the dimeric assembly in the crystal packing is caused by crystal packing forces and
the TGTY33'P variant exists as a monomer in solution, as supported by native nanoESI-MS!?? and
gel filtration experiments (Chapter 3, Figure 3.13). However, an optimization of the crystallization is

required to obtain a dataset of higher quality and to fully characterize the structure of TGTY*P,

y

TGT"3% vs, wild type TGT (PDB ID: 1PUD) TGP ys,

Figure 4.14: Structural comparison of TGTY* (red, data not deposited in PDB) with the
dimeric structures of a) wild type Z. mobilis TGT (blue, PDB ID: 1PUD!"8) and b)
M. musculus QTRT1 ( , PDB ID: 6H62).

Previous mass spectrometric results from the study by Jakobi et al. showed that the TGTY*3°P may
be post-transcriptionally modified, e. g., by methylation, which was indicated by a mass shift of
+14 Da.[?l However, this mass shift was not observed for the variant produced in this study (Figure
4.23, Experimental Section 4.4.1). This can be explained by an altered protein expression protocol in
which the formerly used pASK-IBA13plus was replaced by pPR-IBA2 plasmid (IBA Lifesciences).
While all expression systems described in this thesis are based on the pPR-IBA2 plasmid, it remains

elusive which plasmid was used in the study by Jakobi et al.!?>°!

TY330D

Furthermore, the enzyme kinetics of TG was reassessed (Figure 4.15), as no catalytic

1.22] Unexpectedly, the catalytic activity of the

turnover was reported for this variant by Jakobi et a
TGTY®P yariant is only marginally reduced as kc, is decreased by factor 1.6 compared to the wild
type enzyme (key = (5.7 + 0.5) x 1072 and (9.0 + 0.3) x 107 s7! for TGTY**%P and wild type TGT,
respectively). Furthermore, the Michaelis-Menten constants indicate that the affinity of TGTY**'P for
the tRNA Y substrate is slighty decreased in comparison to the wild type (Ky, (tRNA™) =3.5+ 0.8
and 0.8 + 0.1 umol L™! for TGTY**°P and wild type TGT, respectively). Since this mutant is considered
to exist predominantly in its monomeric form, as supported by native nanoESI-MS and gel filtration
experiments, further investigations are required to examine the cause for the high enzymatic activity

of this particular variant.
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Figure 4.15: Progress curves and the resulting Michaelis-Menten plots of a) wild type TGT and
b) TGTY33OD.

4.2,5 Assessment of TGT dimerization constants

In a number of studies that investigated the influence of mutations and dimer-disturbing inhibitors
on TGT dimerization, native nanoESI-MS has provided a valuable analytical tool which allowed
to quantify the population of the dimeric and monomeric species within the dimer-monomer
equilibrium.222%33 Moreover, the kinetics of the monomer-monomer exchange of the TGT homo-
dimer and its mutant variant could be mass spectrometrically assessed./?*! However, the limitations of
native MS need to be considered, as measurement occurs in the gas phase under vacuum conditions.
In fact, the gas phase environment weakens hydrophobic interactions while charged interaction
become stronger, hence, the detected dimer and monomer populations of TGT might deviate from

(155.156] Furthermore, native MS does not provide direct output on the

those observed in solution.
dimerization affinity in form of dissociation constants. As a consequence, two new assays to assess

the affinity of TGT dimerization in solution were established.
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Dissociation isothermal titration calorimetry

The first assay is based on isothermal titration calorimetry (ITC), which detects changes in heat upon
binding of mixed interaction partners. Several binding parameters, such as reaction stoichiometry,
dissociation constant (Ky), changes in reaction enthalpy (AH), changes in Gibbs free energy (AG),
and, consequently, changes in entropy (AS) can be directly assessed in a usual protein-ligand
titration experiment to estimate the thermodynamic binding strength between the partners.!”’]

Since homodimeric proteins cannot be isolated and studied in a mixing experiment of the individual

monomers, the binding strength can only be measured through a dilution experiment.!>8 Thereby, a

highly concentrated protein solution is stepwise titrated into the calorimetric cell, which contains only
buffer. The high protein concentration in the syringe ensures that the dimer species is predominantly
populated prior to titration. Initial additions of the protein to the buffer result in the dissociation

of the dimer due to the large decrease in concentration, thus, causing a change in heat. Successive

injections lead to a progressive increase of protein concentration in the cell and a shift in the dimer-
monomer equilibrium, which is defined by the dimer dissociation constant. No significant heat
change will be observed when the injected protein dimer no longer dissociates in the cell. It has to

be noted that heat signals resulting from dissociation are subject to background heats from dilution.
The latter can be estimated from constant heat signals at high protein concentrations toward the end

of the titration process and subtracted in the subsequent analysis.

The dissociation ITC method has been applied to characterize the dimer-monomer equilibrium

5 159

of interleukin-8 and to verify its monomeric state under physiological conditions.!'”*! The technique

also proved to be useful in the investigation of superoxide dismutase 1 (SOD1) and the effect of its

s.1160] 1y another

mutants on dimer stability, which is associated with amyotrophic lateral sclerosi
example, Seetoh et al. demonstrated that dissociation ITC experiments can be used to study the
influence of small molecule fragments on the dimer-monomer equilibrium of a mutant variant
of the CK2p homodimer."® It was also shown, that the correct selection of the protein variant is
crucial for the detection of concentration-dependent dimerization as some CK2{ mutants failed to
result in measurable dissociation isotherms.

Three TGT variants, wild type TGT, TGTH3BA and TGTH33P  were tested in dissociation ITC

TH33D showed a well-fitting isotherm in the

experiments at 25 °C. Out of the three variants, only TG
calorimetric data (Figure 4.16). The heat of dilution was not substracted in this case as it requires
further injections for a precise estimation. Analysis of the heat signals by non-linear regression,
yielded a dimerization constant of K4(ITC) = 6.94 + 0.36 um. The calorimetric data shows that
dissociation of the TGT homodimer is linked to negative enthalpy. This result suggests an entropy-
driven dimerization of TGT. An endothermic self-association process was also observed in a study
led by Luke et al. who investigated the oligomerization thermodynamics of co-chaperonin protein
10.19%! Likely, the dimer stability of TGT is temperature dependent as was shown for SOD1.1¢0]

Therefore, additional measurements at varying temperatures are required.
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Figure 4.16: Raw thermogram (top) and integrated raw data with the corresponding isotherm
(bottom) of the TGTH3**P dissociation ITC experiment.

MicroScale thermophoresis

In parallel to dissociation ITC, a second assay based on MicroScale thermophoresis (MST) was
established to study TGT dimerization. The method is based on thermophoresis, a controlled
movement of molecules along a temperature gradient, which depends on a number of molecular
properties, such as molecular size and charge. Changes in these properties are expressed as changes
in thermophoresis which can be tracked against time, e. g., by using a fluorescent label. Binding data
and dissociation constants can be obtained from dose-response curves converted by the measured
time traces at different ligand concentrations. The MST technique has previously been used to
evaluate binding data of lin-benzoguanine inhibitors to TGT.[?*]

By combining mixing experiments of labeled and unlabeled TGT with MST, the dimerization
constant can be estimated. This method has been successfully applied to study the dimer-monomer
equilibrium of the Grb2 homodimer. ¢!

In our study, wild type TGT and TGT™333P were labeled with the amine-reactive RED-NHS
dye (NanoTemper Technologies). After labeling, the structural integrity of the labeled variants was
validated by a thermal shift assay. Moreover, the stability of the unlabeled TGT™3¥P was tested in a
low-salt and high-salt buffer (150 mm and 1 M NaCl, respectively). The wild type enzyme could not

be tested in low-salt conditions due to precipitation.
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The resulting melting curves indicate no significant change of the melting temperature between

the labeled and unlabeled wild type enzyme (T}, =73.1 and 72.9 °C, respectively) as well as the
labeled and unlabeled TGT™33P variant (T, = 73.2°C for both) in high-salt conditions (Figure

4.17). Interestingly, the melting temperature for TG

TH333D

in low-salt buffer is decreased by 4.3 °C to

the high-salt equivalent (T, = 68.9 °C). This indicates that TGT is stabilized in buffers with higher

ionic strengths. As a consequence, MST measurements were performed in high-salt conditions to

ensure stability of both TGT variants.
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Figure 4.17: Validation of structural integrity of labeled and unlabeled TGT variants by analysis
of their a) melting curves and b) corresponding first derivatives.

TH33D resulting in dimerization con-

stants of K4(MST) = 202 + 33nM and 3.6 + 0.6 pMm, respectively (Figure 4.18). The Ky value for
TGTH33D agrees well with the one measured by dissociation ITC (Kq(ITC) = 6.94 + 0.36 um).
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Figure 4.18: Dose-response curves of TGT dimerization measured by MST.
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4.2.6 Development of a Shigella host cell invasion assay

Since mutations of the tgt gene showed a decrease in the expression of the virulence phenotype of
S. flexneri,'®7) a host cell invasion assay was developed to assess the effect of a Shigella mutant strain
containing a deletion of the gt gene (Atgt) on the Shigella invasion pathology. Once established, this
assay could provide the basis for further investigations of potential peptide and drug candidates to
study their effect on the pathogenicity of Shigella. Therefore, the human Caco-2 cell line provided
the host cells for the assay as they are capable to form polarized cell monolayers, hence, mimicking
the environment of the intestinal epithelium.!'®4) In this study, the S. flexneri serotype 2a Atgt strain
was compared to the virulent 2457TU65] strain. The gene locus, that determines Shigella virulence, is
located on a ca. 140 MDa plasmid which encodes for virulence factors that are essential for successful
penetration into the intestinal epithelium.!°®! Shigella virulence and the stability of the virulence
plasmid respond to different environmental conditions."®”) Maurelli et al. demonstrated that the
expression of virulence factors depends on the growth temperature of the bacteria, where Shigella
strains were fully virulent when grown at 37 °C, whereas the bacteria lost their ability to invade
intestinal epithelial cells from the Henle-407 cell linel'®®) when grown at 30 °C.['°! In addition, the
invasion efficiency of Shigella can be increased by supplementation of sodium deoxycholate to the
bacterial growth cultures.!”7?) The experimental procedures can be found in Experimental Sections
4411 and 4.4.12.

In the present study, both strains, S. flexneri 2457T and Atgt, were grown at 37 °C on Congo red
(CR) agar plates, which can be used for phenotypic differentiation of virulent and avirulent Shigella
colonies since they appear as white or red colonies, respectively (Figure 4.19).0772) The growth

173

and invasion protocol was adapted from Koestler et al. and modified accordingly.'”3) Experimental

details can be found in Experimental Sections 4.4.11 and 4.4.12.

Figure 4.19: Congo red agar plates with grown a) S. flexneri 2a 2457T and b) Atgt strains.
Examples for white Shigella colonies are encircled in white.
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(74] analysis

After staining the bacteria with 6-TramTO-3, a novel far-red fluorescent cyanine dye,
and quantification of the invasion assay were enabled by fluorescence-activated cell sorting (FACS).
First, the optimal multiplicity of infection (MOI) was determined. Therefore, the Caco-2 cells were
treated with S. flexneri 2a 2457T at different MOI and subsequently analyzed via FACS (Figure 4.20).
While at a MOI of 100 more than half of the sampled cells are infected by the stained bacteria, a
MOI of 500 resulted in 90 % of measurable Shigella invasion. A MOI of 100 was chosen for further
experiments to keep the bacterial invasion count of the virulent 2457T strain distinguishable from

the Atgt mutant strain.
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Figure 4.20: Representative dot plots of FACS analysis (red2 and yellow channels) of a) un-
treated versus bacteria-treated Caco-2 cells at b) MOI of 100 and ¢) MOI of 500
including quantification of the three independent experiments.

The experiment was repeated with both S. flexneri strains, 2457T and Atgt. Compared to the virulent
2457T strain, which was able to infect almost ~79 % of the Caco-2 cells, the infection rate in the
tgt-deficient Atgt strain was reduced by a factor of ~2.9. Clearly, the established assay shows a

significant decrease in Shigella invasion and, thus, underpins the importance of TGT function for

the expression of virulence factors essential for pathogenicity of Shigella species.117]
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Figure 4.21: a) Infection rate of S. flexneri 2a strains and representative dot plots of FACS
analysis (red2 and green channels) of Caco-2 cells treated with a) 2457T and b) Atgt
each at MOI of 100 including quantification of the two independent experiments.
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4.3 Conclusion

In preceding studies, active-site inhibitor design and fragment-based screening have been applied to
search for novel ways of modulating the TGT homodimer. So far, no peptide-based approaches have
been reported. In this study, a search for dimer-modulating peptides was initiated resulting from a
serendipitous finding of the previous chapter.

A peptide microarray successfully provided sequence information about the binding epitope
within the TGT dimer interface. The most promising peptides, derived from helix aE, were syn-
thesized and their binding affinity to different TGT variants was characterized by FP. To improve
TGT-peptide binding, a peptide stapling approach was performed to constrain and stabilize the heli-
cal structure of the peptide. Further investigations are required to confirm the improved helicity of
the stapled peptide, e. g., by circular dichroism (CD) spectroscopy. Unexpectedly, the stapled peptide
showed a time-dependent shift of the FP signal towards higher K. Although potent binding could
be detected, likely this observation resulted from chemical changes to the peptide stock solution
during a storage of nine months at 4 °C. Treatment with a reducing agent reverted the signal shift
indicating that redox-active species could be the reason for the observation in the FP measurements.
Subsequently, different stock solutions of the stapled peptide were treated with DTT and studied by
HPLC-MS. Yet, the actual cause for the signal shift requires a more detailed investigation.

Also, two assays based on ITC and MST have been established for the estimation of TGT dimer-
ization constants. While ITC allows a label-free measurement, the MST-based method required
labeling of a fluorophore for successful tracking of thermophoresis. Melting curve analysis by ther-
mal shift assays revealed no significant change between the labeled and unlabeled TGT variants.
It was demonstrated that MST can be used to study the influence of interface point mutations on
the dimerization affinity of the TGT homodimer in solution. Likely, both assays can be used to
investigate the modulation of the TGT dimer by peptides and small molecule binders.

Furthermore, a host cell invasion assay was established to study the effect of a Atgt strain in
the pathogenicity of S. flexneri. Quantification of the bacterial infection rate by FACS revealed a
significantly decreased infection in Caco-2 cells for the tgt-deficient S. flexneri 2a strain compared
to the virulent 2457T strain. This finding highlights the importance of TGT function for virulence
development of S. flexneri. Moreover, the established invasion assay provides a platform for the
screening of antibacterial drug candidates that specifically target and inhibit TGT function. It remains
to be elucidated whether the previously developed small molecule inhibitors or potential peptide

candidates are capable of reducing the virulence of Shigella by inhibition of the TGT enzyme.
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4.4 Experimental Section

4.4.1 Preparation of Z. mobilis TGT

Mutagenesis and expression of the Z. mobilis tgt gene and its mutated variants encoding for TGTY*P
and TGTH**3D were performed as previously described by site-directed mutation and plasmid-based
expression of the vector pPR-IBA2 (IBA Lifesciences).[??! The mutations were introduced via the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) according to the vendor instructions.
DNA primers were purchased from Eurofins Genomics (Ebersberg, Germany) and are summarized
in Table 4.2. In each case, the new construct was re-sequenced by Eurofins Genomics to confirm the
presence of the desired mutations as well as the absence of any further unwanted mutation. The final
constructs were each transformed into Escherichia coli BL21-CodonPlus (DE3)-RIPL cells (Agilent).
A single colony was picked from the freshly transformed agar plate and grown overnight in
100 mL of lysogeny broth (LB) medium supplemented with 100 ug mL ™" ampicillin and 34 ugmL™"
chloramphenicol while shaking at 37 °C. The next day, a large-scale culture in LB medium, supple-
mented with 100 pg mL ™! ampicillin and 34 ugmL ™! chloramphenicol, was inoculated with 10 mL of
overnight culture per liter. The culture was grown at 37 °C by shaking at 140 rpm until the optical
density at 600 nm (ODg) reached a value between 0.6 to 0.7 and was then cooled to 16 °C while
shaking. After 1h, overnight protein expression was induced by the addition of 1 mm IPTG. The
cells were harvested the next day by centrifugation using a JA-10 rotor (Beckman Coulter) at 4 °C
and 10 000 rpm for 1 h. The collected cells were disrupted by sonication using a Branson Sonifier™
250 in 100 mL lysis buffer (20 mm TRIS, pH 7.8, 10 mm EDTA, I mm DTT and 1 cOmplete™-Protease
Inhibitor Cocktail Tablet (Roche) per 4 L of bacterial culture). Subsequently, the cell debris was
removed by centrifugation using a JA-25.50 rotor (Beckman Coulter) at 4 °C and 20 000 rpm for 1 h.
The supernatant was collected and loaded onto a Q Sepharose® Fast Flow anion exchange column
(XK 26/15, GE Healthcare) conditioned with buffer A (10 mm TRIS, pH 7.8, 1mm EDTA, I mm DTT).
After washing with buffer A, the target protein was eluted by applying a linear NaCl gradient from 0
to 100 % (v/v) buffer B (buffer A plus 1M NaCl). The protein-containing fractions, endowed with
an N-terminal Strep-tag® II, were then loaded onto a Strep-Tactin®XT cartridge (IBA Lifesciences)
conditioned with buffer W (100 mm TRIS, pH 7.8, 1mm EDTA, 1M or 150 mm NaCl). After washing
the column with buffer W, the protein was eluted with buffer BXT (buffer W plus 50 mm p-biotin)
from the Strep-Tactin®XT cartridge. All chromatographic steps were carried out at room temperature
using an AKTAprime™ plus FPLC system (GE Healthcare). All TGT-containing fractions were
combined and concentrated to ca. 2 mg mL~! in buffer W or high-salt buffer (10 mm TRIS, pH 7.8,
1mmMm EDTA, 2 M NaCl) using Vivaspin® 20 centrifugal concentrators (30 000 MWCO, Sartorius).
Subsequently, the Strep-tag® II was chipped off and separated from the target protein by means
of the Thrombin Cleavage Capture Kit (Novagen®) according to the manufacturer’s instructions.
After tag cleavage, the sample was dialyzed against buffer W or high-salt buffer and concentrated via

Vivaspin® 20 centrifugal concentrators to ca. 15 to 25 mgmL™.
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Successful tag cleavage was verified by mass spectrometry (Figures 4.22-4.24). 100 pL aliquots of the

samples were flash-frozen in liquid nitrogen and stored at —80 °C until further usage.

Table 4.2: DNA primer sequences used for mutagenesis. Nucleobases deviating from the origi-
nal gt sequence are underlined.

Mutation / Primer ID Sequence
Y330D_f{2% 5’ -CAGAAATGGAGCCGTGCCTGTATTCATCATCTGATTCG-3
Y330D_rl22! 5 -CGAATCAGATGATGAATACAGGCACGGCTCCATTTCTG-3
H333A_f 5’ -CCGTGCCTATATTCATGCGCTGATTCGTGCAGGTG-3’
H333A_r 5’ -CACCTGCACGAATCAGCGCATGAATATAGGCACGG-3’

4.4.2 Crystallization and structure determination

Crystallization of TGTY**P was performed using the hanging-drop vapor diffusion method at 18 °C.
The protein solution (19 mg mL™" in buffer W) was mixed with reservoir solution (0.1 M tri-sodium
citrate, pH 5.6, 1 M lithium sulfate, 0.5 M ammonium sulfate) in a 1:1 volume ratio. In case of seeding,
a horse hair was used to crush crystalline material prior to streaking through a crystallization
drop. Crystals grew within a week in the presence of 500 uL reservoir solution in the plate wells.
Prior to data collection, the crystals were transferred to a reservoir solution containing 30 % (w/v)
D(+)-trehalose as cryo-protectant for a few seconds and vitrified in liquid nitrogen.

Diffraction data were collected at a wavelength of 0.91841 A and temperature of 100K at the
synchrotron beamline 14.1 at BESSY II (Helmholtz-Zentrum Berlin). Indexing, processing and
scaling of the diffraction images were done using XDS!®! and XDSAPP!®’). The structures were
determined via molecular replacement using the program Phaser!®®! from the CCP4 suite!®’ with the
PDB entry 1IPUD!®! as initial search model. Model building was done in Coot”"! and the program

PHENIX"Y was used for structure refinement.

4.4.3 Preparation of tRNA™"

The E. coli tRNA™Y" (ECY2"")) was synthesized by in vitro transcription using T7 RNA polymerase.
The reaction mixture (30 pg of linearized DNA template, 3.75 mm of NTPs, and 1 um of T7 RNA
polymerase in 20 mm MgCl,, 80 mm HEPES, pH 7.5, 1 mm spermidine, 5 mm DTT, 0.05 U pyrophos-
phatase) was incubated for 4 h at 37 °C. The tRNA transcript was extracted in a 1:1 mixture of acidic
phenol/chloroform, pH 4.5, and precipitated upon addition of a 1:20 mixture comprising 3 M sodium
acetate, pH 5.2, and ethanol. After centrifugation for 10 min at 16 500 g, 4 °C, the supernatant was
discarded. The pellet was dried, dissolved in ddH,O and the tRNA was purified via preparative
denaturing (8 M urea) 8 % polyacrylamide electrophoresis (PAGE). The tRNA was eluted from the
excised gel slice in 1 M sodium acetate, pH 5.2, overnight while shaking at 900 rpm, 4 °C. The purified

tRNA was again precipitated using the above described procedure and finally dried in vacuo.
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Figure 4.22: Mass spectrum and deconvoluted spectrum of wild type TGT (calculated mass:
43013.8 Da).
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Figure 4.23: Mass spectrum and deconvoluted spectrum of TGTY**°P (calculated mass:
42965.7 Da).
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Figure 4.24: Mass spectrum and deconvoluted spectrum of TGTH3P (calculated mass:

42991.8 Da).
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4.4.4 Enzyme kinetic characterization

Michaelis-Menten parameters of wild type TGT and TGTY**'P

were determined by monitoring
the incorporation of [8-*H]-labeled guanine (1.5 Ci mmol ) into tRNAT". The procedure has been
described by Biela et al.!>! For each measurement, an enzyme subunit concentration of 150 nm was
used and the concentration of [8-3H]—guanine was kept constant at 10 um. The concentration of

tRNATY™ was varied between 0.26-15 um. Data were processed with GraphPad Prism 6.

4.4.5 Analytical gel filtration

Analytical size exclusion chromatography was performed using an AKTAprime™ plus FPLC system
(GE Healthcare) at room temperature. The protein samples were diluted to 10 um in high-salt buffer
(10 mm TRIS, pH 7.8, 1mm EDTA, 2 M NaCl) and 100 uL of each sample was loaded onto a pre-
equilibrated Superdex™ 200 10/300 GL column. The samples were run at a flowrate of 0.5 mL min™
and protein absorbance was tracked at 280 nm wavelength. Data were processed with GraphPad

Prism 6.

4.4.6 Peptide microarray

Peptide arrays (27 to 32 peptides each, small spots, PEG-3-like spacer, TOTD membrane) were
purchased from peptides&elephants (Hennigsdorf, Germany). The membrane was rinsed with
methanol, then washed three times with TRIS-buffered saline (TBS; 50 mm TRIS, 27 mm KCl,
136 mM NaCl) and blocked overnight with blocking buffer (TBS-T with 5% sucrose, 4 % BSA).
After blocking, the membrane was washed twice with TBS-T (TBS with 0.05 % Tween® 20) and
subsequently once with TBS to remove excess BSA. Strep-tag® II-labeled TGT was added to a final
concentration of 1 um and the mixture was incubated at 4 °C overnight. The next day, the membrane
was washed with TBS-T to remove unbound protein and subsequently blocked with blocking buffer at
room temperature for 1 h. After washing three times with TBS-T, Strep-Tactin®-HRP conjugate (IBA
Lifesciences) was added at a dilution of 1:3000 and the mixture was incubated at room temperature
for 2 h. The membrane was washed extensively with TBS-T to remove unbound conjugate. The bound
conjugate was detected via chemiluminescence according to the manual of the Clarity™ Western ECL
Substrate kit (Bio-Rad) using a ChemiDoc™ Imaging System (Bio-Rad). The chemiluminescence
signals were analyzed using Image Lab 5.0 and classified according to normalized intensity values
(“weak” = 5-20 %, “medium” = 20-60 %, “strong” = 60-100 %,).
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Table 4.3: Peptide sequences of the first peptide array design.

Position No. of residues

Peptide sequence

Al 15
A2 13
A3 11
A4 15
A5 13
A6 11
A7 15
A8 13
B1 11
B2 11
B3 9
B4 7
B5 12
B6 10
B7 10
B8 13
C1 13
Cc2 13
C3 13
C4 13
C5 13
Co 13
Cc7 10
C8 8
D1 6
D2 8
D3 10

KWSRAYIHHLIRAGE
KWSRAYIHHLIRA
KWSRAYIHHLI
SRAYIHHLIRAGEIL
SRAYIHHLIRAGE
SRAYIHHLIRA
AYIHHLIRAGEILGA
AYTHHLIRAGEIL
AYTHHLIRAGE
IRAGEILGAML
AGEILGAML
EILGAML
TAATVKALKPET
TAATVKALKP
ATVKALKPET
SSEEWARNYAAHN
SSEEYARNYAAHN
SSEEFARNYAAHN
SSEEWARNWAAHN
SSEEWARNFAAHN
SSEEWARNYAAWN
SSEEWARNWAALN
MVEATAQETD
EATAQETD
TAQETD
TAQETDRP
EATAQETDRP
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Table 4.4: Peptide sequences of the second peptide array design. Mutations for the alanine are
highlighted in red.

Position No. of residues Peptide sequence

Al 10 QKWSRAYIHH

A2 10 KWSRAYIHHL

A3 10 WSRAYIHHLI

A4 10 SRAYIHHLIR
A5 10 RAYTHHLIRA
A6 10 AYTHHLIRAG
A7 10 YIHHLIRAGE
A8 10 ITHHLIRAGEI
Bl 10 SRAYTHHLIRAGE
B2 13 ARAYTHHLIRAGE
B3 13 SAAYTHHLIRAGE
B4 13 SRAATHHLIRAGE
B5 13 SRAYAHHLIRAGE
Bé6 13 SRAYTAHLIRAGE
B7 13 SRAYIHALI RAGE
B8 13 SRAYIHHAIRAGE
C1 13 SRAYTHHLARAGE
C2 13 SRAYTHHLTAAGE
C3 13 SRAYTHHLIRAAE
C4 13 SRAYTHHLIRAGA
G5 6 MVEATA

Co 6 VEATAQ

Cc7 6 EATAQE

C8 6 ATAQET

D1 6 TAQETD

D2 6 AQETDR

D3 6 QETDRP

D4 6 AAQETD

D5 6 TAAETD

Dé6 6 TAQATD

D7 6 TAQEAD

D8 6 TAQETA
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4.4.7 Fluorescence polarization

All FP-based assays were performed in black 96-well microtiter plates (Greiner) and FP was measured
as anisotropy (A) or millipolarization (mP) units on a Spark® 20M plate reader (Tecan) with the
following settings: excitation: 485 nm; emission: 530 nm; gain: optimal; Z-position: calculated from
control well (0 % inhibition: tracer and protein in assay bufter); number of flashes: 30; G-factor: 1.000.
The data was evaluated using GraphPad Prism 6. The concentration of the peptides was calculated
through UV/Vis measurements on a Spark® 20M plate reader (Tecan).

Dilutions of the TGT protein (3- to 5-fold, 90 uL) were added to 10 pL of a final fixed concentration
(between 5nm and 1 pum) of the fluorescently tagged tracer. Both, protein and tracer, were dissolved
in high-salt or FP assay buffer (100 mm TRIS, pH 7.8, 150 mM NaCl, I mm EDTA, 0.01 % Triton®
X-100). The total volume was 100 uL. Each assay included two controls: blank (buffer only) and
tracer only. The plates were incubated at room temperature on a microplate shaker (TiMix Control
TH 15, Edmund Biihler) to reach equilibrium and FP was measured after given timepoints. The
measurements were done in duplicate or triplicate and the standard deviation was calculated.

The dissociation constant (Ky) was calculated by converting the millipolarization (mP) values
into their corresponding anisotropy (A) values. These values were normalized and plotted versus
the respective concentrations of the protein with a nonlinear regression according to the following

equation[m]

(Ltot + Kgq + Prot) — \/(Ltot — K4 = Piot)? = 4 Liog Prot
2 Lot

A= Ar+ (Ap - Ar) x

4.4.8 Isothermal dilution calorimetry

Dissociation ITC was performed using a MicroCal™ iTCy calorimeter (GE Healthcare) at 25°C. A
protein concentration of ~500 pum in ITC assay buffer (50 mm TRIS, pH 7.8, 1 m NaCl) was used in
the syringe solution. The titration was started with an initial injection of 0.3 uL, after which a total
of 19 injections of 2 pL followed every 180 s. Errors for the estimated Ky result from errors of the

curve fitting. Data were processed with Origin 7.

4.4.9 Thermal shift assay

Protein unfolding was monitored via the fluorescence of the RED-NHS dye (NanoTemper Tech-
nologies) within a temperature range between 35 and 95 °C as described by Breitsprecher et al.7°]
Thermal shift experiments were done in triplicate using a Tycho NT.6 (NanoTemper Technologies)
equipped with Tycho NT.6 Capillaries (NanoTemper Technologies). The total volume of each sample
was 10 pL of 2 um protein diluted in MST assay buffer (10 mm HEPES, pH 7.4, 1M NaCl, 0.005 %
Tween® 20). The diluted samples were incubated at room temperature for at least 30 min before
loading the capillaries. The absorbance was tracked at 330 and 350 nm (Figure 4.25). The melting

temperature, Tr,, was determined as the maximum of the first derivative of each melting curve.
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Figure 4.25: Thermal melting curves with intrinsic fluorescence tracked at wavelengths of a)

330 nm and b) 350 nm.

4.4.10 MicroScale thermophoresis

The protein variants were labeled according to the protocol of the Monolith Protein Labeling Kit

RED-NHS 2nd Generation (NanoTemper Technologies). The degree-of-labeling was determined to
0.29 and 0.49 for wild type TGT and TGT™33P, respectively. For the MST experiment, a solution of
unlabeled TGT was serially diluted to 20 um-0.6 nm in MST assay buffer (10 mm HEPES, pH 74,
1M NaCl, Imm EDTA, 0.005 % Tween® 20) in the presence of 10 nm labeled TGT. The samples were

incubated for at least 30 min before loading into Monolith NT.115 Premium Capillaries (NanoTemper

Technologies). The MST measurements were performed at room temperature by using medium

MST power and 20 % excitation power. Data were processed with MO.Analysis.
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Figure 4.26: Capillary scan (left) and time traces (right) of the MST experiment with WT TGT.
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Figure 4.27: Capillary scan (left) and time traces (right) of the MST experiment with TGTH333P,

4.4.11 Shigella host cell invasion

The assay protocol was adapted from Koestler et al. and slightly modified in this study.”>! Three
days prior to infection, Caco-2 cells were seeded on 12-well plates at ca. 100 000 cells per well each
filled with 1 mL MEM (Gibco), supplemented with 20 % FCS, or 1 mL RPMI 1640 medium (Gibco),
supplemented with 10 % FCS, 1% GlutaMAX™ (Gibco) and 1% sodium pyruvate. The plate was
incubated at 37°C in a 5% CO, humidified incubator until the Caco-2 cells are confluent at the
day of infection (population doubling time around 62h). One day prior to infection, S. flexneri
serotype 2a strains (2457TU%) or Atgt) were streaked from a frozen glycerol stock on CR agar plates
(tryptic soy broth, with 0.01% Congo red and 1.5 % agar) and incubated overnight at 37 °C. The
next day, a pre-culture was prepared by suspending red-colored Shigella colonies, that were picked
from the CR agar plate, in ca. 5 mL LB medium, supplemented with 0.1 % sodium deoxycholate. The

3074 from a 20 mm

pre-culture was diluted to an ODggg of 0.2. Subsequently, 2.5 uL of 6-TramTO-
stock (in DMSO) were added to 5mL of the pre-culture. The main culture containing 10 mL LB
medium, supplemented with 0.1 % sodium deoxycholate, was inoculated with 5 mL of the stained
pre-culture and incubated at 37 °C and 160 rpm. After ca. 2 h, the culture reached an ODgg of 1.0
and was washed four times with 10 mL phosphate-buftered saline (PBS) each by centrifugation at
room temperature and 4400 rpm for 5 min and discarding the supernatant at each step. The bacteria
were resuspended and diluted in PBS until an ODgg( of 1.0 was reached. To start infection, Shigella
bacteria were added to each well containing Caco-2 cells according to the desired MOI (in case of
MOI 0f 100, 80 pL of diluted bacteria at ODgg( of 1.0 were added, assuming ODggg of 1.0 is equal to
5 x 108 cells/mL) and centrifuged at room temperature and 600 g for 1 min. The plate was incubated

at 37°Cin a5 % CO, humidified incubator.
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After 2 h, the infection was stopped by addition of gentamicin to a final concentration of 50 ug mL™
and the plate was incubated for another 1.5 h at 37 °Cin a 5 % CO, humidified incubator. The medium
was then discarded and the cells were washed with 1 mL PBS twice. For detachment of the Caco-2
cells, 150 uL Accutase® solution (Gibco) was added to each well and the plate was incubated for
10 min at room temperature. The cells were resuspended after addition of 250 pL PBS to each well.
In case no Accutase® solution was used for cell detachment, the cells were scraped of the wells using
a cell scraper and resuspended in 400 uL PBS. In both cases, the cell suspension was filtered through

a 100 pum cell strainer and stored on ice until further analysis.

4.4.12 Flow cytometry

The washed and filtered cell suspensions were analyzed using a Guava® easyCyte 5 benchtop flow
cytometer (Millipore). Cells were gated in the forward-scatter and side-scatter plot, as shown in
Figure 4.28, to exclude cell debris, followed by quadrant gating in plots using the red2 (RED2-LOG,
652-671 nm) and yellow (YLW-LOG, 570-596 nm) or green (GRN-LOG, 510-540 nm) fluorescence

channels. Data were processed with Flowing Software 2.5.
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Figure 4.28: Representative forward vs. side scatter plot of Caco-2 cells.
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Construct Summary

The following section lists the protein sequence of wild type TGT as expressed using the pPR-IBA2
plasmid (IBA Lifesciences) including the N-terminal Strep-tag® IT (shown in blue), the thrombin
recognition (shown in red) and cleavage site (marked with *) followed by the actual target protein

sequence (shown in black, starting with Metl in new line). The molecular weights (MWs) and molar

extinction coefficients (g,50) of the used constructs are listed in Table S1.

>wild type
MASWSHPQFE
MVEATAQETD
TYHLMLRPGA
IEIQHLLGSD
RQQSADALAE
CVLPTRSGRN
TAFYQQLMQK

TGT

KSGGGGGLVP
RPRFSFSIAA
ERIAKLGGLH
IVMAFDECTP
IGFDGYAVGG
GQAFTWDGPI
IRDSISEGRF

R*GS

REGKARTGTI EMKRGVIRTP AFMPVGTAAT VKALKPETVR ATGADIILGN
SFMGWDRPIL TDSGGYQVMS LSSLTKQSEE GVTFKSHLDG SRHMLSPERS
YPATPSRAAS SMERSMRWAK RSRDAFDSRK EQAENAALFG IQQGSVFENL
LAVGEGQDEM FRVLDFSVPM LPDDKPHYLM GVGKPDDIVG AVERGIDMFD
NIRNARFSED LKPLDSECHC AVCQKWSRAY IHHLIRAGEI LGAMLMTEHN
SQFAQDFRAR YFARNS

Table S1: Summary of recombinant Z. mobilis TGT constructs including molecular weight
(MW) and molar extinction coefficient (¢,50), assuming all Cys residues are reduced
except in case of TGTCIS8/C2IS/YIOC/HIBA MW and ey4) were calculated using
ProtParam.V77)

with Strep-tag® II without Strep-tag® I1

Construct MW [Da] &350 [Lmol'cm™] MW [Da] €50 [Lmol'cm™]
WT TGT 45181.3 39420 43013.8 33920
TGTC87RICIS8S/C281S 45379.5 39420 432121 33920
TGTC1>8S/C281S/H3IORI 45299.4 39420 43132.0 33920
TGTCI8S/C2818 45149.1 39420 42981.7 33920
TGTCP8S/C28IS/YII0C/HIIIA 45023 () 38180 42855.6 32680
TGTY30D 45133.2 37930 42965.7 32430
TGTH333A 45115.2 39420 429478 33920
TGTH333D 45159.2 39420 42991.8 33920







Materials

The following section summarizes the used materials including their respective vendors. Devices

and instruments are listed in Table S2 and chemicals are listed in Table S3.

Table S2: List of used devices and instruments.

Device / instrument type Designation Vendor
Autoclave FVA/2 Fedegari
Biological safety cabinet HERAsafe™ KS15 Thermo Scientific
Block heater TCR 100 Carl Roth

Block heater Thermomixer® comfort Eppendorf
Calorimeter MicroCal™ iTC,gg GE Healthcare
Cell strainer 100 pm Cell Strainer Corning
Centrifugal concentrator Vivaspin® 6 30 000 MWCO Sartorius
Centrifugal concentrator Vivaspin® 20 30000 MWCO Sartorius
Centrifuge Avanti™ J-25 Beckman Coulter
Centrifuge Centrifuge 5810 R Eppendorf
Centrifuge Multifuge® 3S-R Heraeus

Column illustra™ NAP™-25 GE Healthcare
Column PD-10 GE Healthcare
Column Q Sepharose® Fast Flow GE Healthcare
Column Strep-Tactin® Superflow” IBA Lifesciences
Column Strep-Tactin®XT IBA Lifesciences
Column Superdex™ 200 10/300 GL GE Healthcare
Diaphragm vacuum pump LABOPORT® N 811 KN.18 KNF

Drying cabinet UF160 Memmert
Electrophoresis module Mini-PROTEAN® Tetra Cell Bio-Rad

EPR spectrometer ELEXSYS E 580 Bruker
Fixed-angle rotor JA-10 Beckman Coulter
Fixed-angle rotor JA-25.50 Beckman Coulter

FPLC system

Flow cytometer

Gel documentation system
Gel documentation system

Helium flow cryostat

AKTAprime™ plus

Guava® easyCyte 5
ChemiDoc™ Imaging System
FastGene® B/G GelPic Box
CF935

GE Healthcare
Merck Millipore
Bio-Rad

NIPPON Genetics

Oxford Instruments
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Device / instrument type Designation Vendor

Image plate detector mar345 marXperts

Incubator shaker Innova™ 4200 New Brunswick Scientific
Incubator shaker Innova™ 4230 New Brunswick Scientific
Incubator shaker Innova® 43 New Brunswick Scientific

Liquid scintillation analyzer
Magnetic stirrer
Magnetic stirrer
Microbalance
Microscope
Microcentrifuge
Microplate shaker

Mini centrifuge

Mini centrifuge

Mini incubator

MST capillaries

MST instrument

NMR spectrometer
Peristaltic pump

pH meter

Pipetting aid

Platform shaker

Plate reader

Real-time PCR system
Scale

Scale

Scale

Scale

Sonicator
Spectrophotometer
Thermal cycler

Thermal shift fluorometer
Thermal shift capillaries
Ultrasonic cleaning unit
Vacuum filter unit

Water purification system
24-well crystallization plate
96-well plate

96-well plate

X-ray source

Tri-Carb® 2810
Hei-Standard

RH basic 2

CP2P

SZ60

Sigma 1-14K

TiMix Control TH 15
IKA® mini G
ROTILABO®
15110-230V

Monolith NT.115 Premium Capillaries

Monolith NT.115
AVANCE™ III 500 MHz
Pump P-1

913 pH Meter

pipetus®

Polymax 1040

Spark® 20M
QuantStudio™ 3

PCB

SBC 32

SBC 62

Type 404/13

Sonifier™ 250
NanoDrop™ 2000c
MiniCycler™ PTC-150
Tycho NT.6

Tycho NT.6 Capillaries
Transsonic T310
Nalgene™ Rapid-Flow™
PURELAB® 2

VDX™ Plate
MicroAmp™

Nunc™ F96 MicroWell™
IpS

PerkinElmer

Heidolph

IKA

Sartorius

Olympus

Sigma

Edmund Biihler

IKA

Carl Roth

Labnet

NanoTemper Technologies
NanoTemper Technologies
Bruker

Pharmacia

Metrohm

Hirschmann

Heidolph

Tecan

Applied Biosystems

Kern

SCALTEC

SCALTEC

SAUTER

Branson

Thermo Scientific

M]J Research

NanoTemper Technologies
NanoTemper Technologies
Elma

Thermo Scientific

ELGA

Hampton Research
Applied Biosystems
Thermo Scientific

Incoatec
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Table S3: List of used chemicals.

Chemical name Vendor
Accutase® Gibco

Acetic acid Carl Roth
Acrylamide, ROTIPHORESE® Carl Roth
Agar-agar Carl Roth
Ammonium sulfate Carl Roth
Ampicillin sodium salt Carl Roth
D-Biotin IBA Lifesciences
Biotinylated thrombin Merck Millipore
Bovine Serum Albumine (BSA) Sigma Aldrich
Chloramphenicol Carl Roth
Chloroform Merck Millipore
cOmplete™ Protease Inhibitor Cocktail Tablet Roche

Congo red (C.I. 22120) Carl Roth
Deuterium oxide Sigma Aldrich
D-Desthiobiotin IBA Lifesciences
Dimethyl sulfoxide (DMSO) Carl Roth
Dimethyl sulfoxide-dg (DMSO-dy)) Sigma Aldrich
Dithiothreitol (DTT) Carl Roth
EDTA disodium salt dihydrate (Titriplex® III) Merck Millipore
Ethanol Carl Roth

Fetal Calf Serum (FCS) Gibco
Fragments used in Chapter 3 Enamine / Molport
Gentamicin sulfate Carl Roth
GlutaMAX™ Gibco

Glycerol Carl Roth
Glycerol-dg Sigma Aldrich
Guanine [8-°H] American Radiolabeled Chemicals
HEPES, PUFFERAN® Carl Roth
Hydrochloric acid Fisher Scientific
2-(4-Hydroxybenzoyl)benzoic acid (HABA) Sigma Aldrich
Lithium sulfate monohydrate Merck Millipore
Magnesium chloride hexahydrate Carl Roth
Magnesium formate dihydrate Carl Roth

MES, PUFFERAN® Carl Roth
Methanol Fisher Scientific
Minimum Essential Medium (MEM) Gibco

MTSSL (MTSL) Biomol

Phenol Merck Millipore
Phosphate-Buffered Saline (PBS) Gibco
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Chemical name Vendor
Polyethylene glycol 6000 Carl Roth
Polyethylene glycol 8000 Carl Roth
Potassium chloride Carl Roth
Roswell Park Memorial Institute (RPMI) 1640 Medium  Gibco

Sodium acetate trihydrate Carl Roth
Sodium chloride Fisher Scientific
tri-Sodium citrate dihydrate Carl Roth
Sodium deoxycholate Sigma Aldrich
Sodium dihydrogen phosphate dihydrate Carl Roth
Sodium dodecyl sulfate (SDS) Sigma Aldrich
di-Sodium hydrogen phosphate heptahydrate Carl Roth
Sodium hydroxide Fisher Scientific
Sodium pyruvate Sigma Aldrich
Spermidine Carl Roth
Strep-Tactin®-HRP IBA Lifesciences
Sucrose Carl Roth
SYPRO™ Orange Protein Gel Stain Invitrogen

TES, PUFFERAN® Carl Roth
D(+)-Trehalose Carl Roth
3-(Trifluoromethyl)benzylamine Sigma Aldrich
TRIS, PUFFERAN® Carl Roth
Tris(2-carboxyethyl)phosphine (TCEP) Carl Roth
Triton® X-100 Carl Roth
Tryptic soy broth BD
Tryptone/peptone Carl Roth
Tween® 20 Carl Roth

Urea Carl Roth

Yeast extract

Carl Roth
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