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ABSTRACT

The aim of medicinal chemists is the design of the best suitable drug
for a target protein, with efficient allocation of all available resources.
Using structures of protein-ligand complexes generated with X-ray
crystallography or cryo-electron microscopy (cryo-EM) as a starting
point, the ligands are modified in order to achieve the highest binding
affinity and efficacy. As these structures only depict a single snapshot
of the protein-ligand binding event, important information about the
thermodynamic properties of the complex formation gets lost. An ad-
ditional source of information is therefore needed in order to properly
describe the binding complex. Nuclear Magnetic Resonance (NMR)
Spectroscopy is able to detect protein-ligand interactions at atomic
resolution under near-physiological conditions, which delivers impor-
tant data for drug discovery programs by extracting binding site and
kinetic information. Moreover, the usage of selectively labeled pre-
cursors decreases the complexity of protein spectra, as only certain
carbon and hydrogen atoms are isotopically labeled, thus allowing
the investigation of side chain dynamics. Additionally, certain non-
covalent interactions can also be detected by employing selective la-
beling schemes, such as CH-x interactions. Here, two novel precur-
sors for Valine, Leucine and Isoleucine, and their incorporation into
the bromodomain 1 of the bromodomain-containing protein 4 (Brdg-
BD1) are described and their applicability to detect CH-x interactions,
in which the CH groups of the protein serve as the donor and the lig-
and aromatic moieties as 7 acceptors. The direct probing of these non-
covalent interactions by NMR Spectroscopy together with the usage
of computational methods will accelerate drug discovery programs.
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ZUSAMMENFASSUNG

Ziel der medizinischen Chemiker ist es, das am besten geeignete
Arzneimittel fiir ein Zielprotein zu entwerfen und dabei alle ver-
fiigbaren Ressourcen effizient zu nutzen. Ausgehend von Struktu-
ren von Protein-Ligand-Komplexen, die mit Rontgenkristallographie
oder cryo-Elektronenmikroskopie (cryo-EM) erstellt wurden, werden
die Liganden modifiziert, um die hochste Bindungsaffinitat und Wirk-
samkeit zu erreichen. Da diese Strukturen nur eine einzige Moment-
aufnahme des Protein-Liganden-Bindungsvorgangs darstellen, gehen
wichtige Informationen iiber die thermodynamischen Eigenschaften
der Komplexbildung verloren. Daher wird eine zusitzliche Informati-
onsquelle benétigt, um den Bindungskomplex richtig zu beschreiben.
Die Kernspinresonanzspektroskopie (NMR) ist in der Lage, Protein-
Ligand-Wechselwirkungen mit atomarer Auflosung unter nahezu phy-
siologischen Bedingungen nachzuweisen, was wichtige Daten fiir Pro-
gramme zur Entdeckung von Arzneimitteln liefert, indem Informa-
tionen iiber die Bindungsstelle und die Kinetik extrahiert werden.
Dariiber hinaus verringert die Verwendung selektiv markierter Aus-
gangsstoffe die Komplexitdt von Proteinspektren, da nur bestimmte
Kohlenstoff- und Wasserstoffatome isotopisch markiert sind, was die
Untersuchung der Seitenkettendynamik ermdoglicht. Dariiber hinaus
konnen bestimmte nicht-kovalente Wechselwirkungen auch durch se-
lektive Markierungsverfahren nachgewiesen werden, wie z. B. CH-
n-Wechselwirkungen. Hier werden zwei neuartige Vorldufer fiir Va-
lin, Leucin und Isoleucin, und ihr Einbau in die Bromodomaéne 1 des
Bromodomaénen-enthaltenden Proteins 4 (Brd4-BD1) beschrieben und
ihre Anwendbarkeit zum Nachweis von CH-n-Wechselwirkungen, bei
denen die CH-Gruppen des Proteins als Donor und die aromatischen
Ligandenanteile als n-Akzeptoren dienen. Die direkte Untersuchung
dieser nicht-kovalenten Wechselwirkungen durch NMR-Spektroskopie
zusammen mit dem Einsatz von computerunterstiitzten Berechnungs-
methoden wird die Entdeckung von Medikamenten beschleunigen.
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INTRODUCTION

What is the most suitable drug for a target protein? Answering this
question seems like a heavy-handed task and is dependent on mul-
tiple different events that take place in a protein-drug interaction.
These events can range from protein folding/unfolding upon bind-
ing, the binding event itself, domain motions, protein side chain ro-
tations, loop motions, ring flips, and bond rotation. In addition to
the different types of events, they also occur on different timescales,
from ps to s, which are dependent on the thermodynamic proper-
ties of the involved proteins [1]-[5]. Medicinal chemists aim to de-
sign the very best molecule that interacts with the target protein by
putting all the available information together, starting from the struc-
ture of the protein to optimizing the ligand with the goal of achieving
the highest binding affinity and efficacy. To date, three-dimensional
(3D) protein structures are predominately determined by X-ray crys-
tallography and cryo-electron microscopy (cryo-EM). Together with
the new field of artificial intelligence-based structure prediction tools,
like AlphaFold, structural information will be available for every glob-
ular, properly folded protein target, which is a major advantage for
all structure-based drug design programs [6]. Nevertheless, this ap-
proach suffers under the condition that they are static images and
can therefore not include the dynamic properties of the ligand or
protein. Additionally, structures derived from the above-mentioned
methods do not detect hydrogen atoms, and they are therefore added
during processing and refinement according to their expected geome-
tries. This is sufficient for the amide hydrogen (HY) and hydrogens
of the side chains such as tryptophan, asparagine, and glutamine, but
lacks important data or gives only indirect information about other
hydrogen atoms present in the protein, especially in terms of hydro-
gen bond formation [7].

Nuclear Magnetic Resonance (NMR) Spectroscopy has become one
of the most essential techniques in drug discovery programs, as it is
very feasible to probe structural and dynamical properties of protein-
ligand interactions [8]-[13]. As binding events take place at different
time scales, depending on what kind of motions are involved, they
can be probed by different NMR experiments (Figure 1).

This doctoral thesis and the presented papers try to highlight the
importance of hydrogen atoms in the context of ligand binding and
their binding affinity by using selective labeling strategies and robust
NMR experiments. Moreover, it showcases the incorporation of two
novel precursors for leucine and valine methine residues ([3-13C,4,4'-
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Figure 1: Overview of different time scales and NMR experiments adapted
from [2]

2Hg] ketoisovaleric acid) and isoleucine methylene ([3-13C,4,4,4->H3]
2-ketobutyrate) residues into the bromodomain 1 of the bromodomain-
containing protein 4 (Brd4-BD1) and their applicability to probe weak
hydrogen bonds, in particular CH-7 interactions. The following sec-
tion aims to give the reader a short but comprehensive introduction
to the field of protein-ligand interactions by NMR Spectroscopy.

1.1 LIGAND BINDING

Molecular recognition is the mechanism by which two or more molecules
form a specific complex through non-covalent interactions (NCls) and
therefore an essential part of life [14]. In this context, two important
key players have to be mentioned: specificity and affinity of the inter-
action partners. First, binding affinity and its underlying thermody-
namic properties will be discussed briefly.

1.1.1  Binding Affinity

For a one-site binding event, its kinetics are usually described as in
Eq. (1), where the free protein and ligand are in equilibrium with the
formed complex. The formation of the complex is usually dependent
on their assembly and disassembly rate, ko, and ko, respectively. If
the system is in equilibrium, the forward binding reaction is balanced
by the reverse unbinding reaction (Eq. (2)).

[Pl +[L] = [PL] (1)

kon[P][L] = kosf[PL] (2)



1.1 LIGAND BINDING

The binding rate, or association rate (ko,), and the dissociation rate
(koff) form the binding affinity (Eq. 3).

Kp = ];fo €)
on

The above-depicted equations give the impression that protein-ligand
interactions are taking place in "splendid isolation", which is likely
never true in a biological context. It must be considered that the pro-
tein and the ligand are in aqueous matter. Thermodynamically speak-
ing, the process of ligand binding is therefore dependent on various
different factors, such as buffer components, pH, and temperature,
which yield to one simplified read-out, the Gibbs free energy (AG).
The binding kinetics of an interaction is linked to its Gibbs free en-
ergy via its rate constants, k., and koff or dissociation constant Kp.
If thermodynamically controlled, an interaction will only be formed
if AG is negative, and we can therefore assume that these parame-
ters determine the stability of the formed complex [15]. As depicted
in Eq. (4), AG can also be dissected into its enthalpic (AH) and en-
tropic term (-TAS). These two thermodynamic properties are highly
dependent on the system-specific properties.

AG = AH — TAS (1)

In order to have a better understanding of what actually determines
the binding affinity, we shall dissect these two properties even more.
The enthalpy contribution is generally treated as the formation of non-
covalent interactions resulting from the protein-ligand interaction. As
mentioned above, interactions are taking place in a solute, meaning
that pre-existing non-covalent interactions must be disrupted or reor-
ganized in order for the protein binding to a ligand, e.g. gain/loss of
hydrogen bonds [16]-[18]. This is also true for the entropic contribu-
tion to the overall binding free energy. AS can be re-written into these
three terms:

AS = ASsory + DSconr + AS, 5)

All three terms determine the net entropy change that contribute to
favorably or unfavorably binding free energy, in which AS,,, repre-
sents changes in the solvent. AS.,, s describes the contribution that
arises from changes in the conformational freedom of protein and
ligand binding and AS,,; represents the loss of translational and ro-
tational degrees of freedom upon protein-ligand complex formation
[19]-[21]. All of these different kinds of contributions have to be taken
into account when finding the best suitable ligand for a target. Any
given modification on the ligand might be favorable in terms of en-
thalpy, but it might be very unfavorable in terms of its entropy. Pro-
tein folding and protein-ligand complex formation are therefore a
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mixture of attractive and repulsive forces. The Enthalpy-Entropy Com-
pensation, which is a fundamental property in all biological reactions,
is therefore unavoidable when designing a potential drug [22].

Enthalpy and entropy changes determine the sign and magnitude of
the binding free energy and are therefore very closely related. Tight
binding that results from multiple favorable non-covalent interactions
leads to a large negative AH. However, this is usually accompanied by
a negative entropic change, due to decreased mobility of the protein,
ligand, and solute, which then leads to a medium-magnitude change
in the binding free energy or vice versa [23]. As the read-out, AG, does
not change that much, the discrimination between both contributions
is important in the field of drug design. The ideal strategy is to iden-
tify what contributes to which thermodynamic factor and maximize
the favorable enthalpic or entropic contribution, while minimizing its

penalty [24], [25].

1.1.2  Specificity or Non-covalent Interactions

Multiple different non-covalent interactions (NCls) affect the enthalpic
contribution of the binding free energy, and therefore also affect the
binding affinity of a ligand to its target protein [26]. The most promi-
nent NClIs are Van der Waals, hydrogen bonds, and electrostatic in-
teractions. The focus in this section is dedicated to a specific kind
of hydrogen bond, the so-called weak hydrogen bonds. According to
IUPAC [27], a hydrogen bond is formed between a hydrogen atom
covalently linked to a molecule (X-H), in which X is more electroneg-
ative than H, and an atom or a group of atoms (Y) in the same or
different molecule, in which there is evidence of bond formation. The
hydrogen bond acceptor Y is an electron-rich region due to its lone
or 7 electron pair orbital. This definition is also valid for weak hydro-
gen bonds. A study in 2017 by Freitas et. al [28] conducted a search
of all protein-ligand entries deposited in the Protein Data Bank (PDB)
and their underlying interactions. The fourth most frequent interac-
tions found were weak hydrogen bonds. Figure 2 shows all hydrogen
bonds found in protein-ligand interactions in the PDB. It is no coin-
cidence that in this thesis, we focus on the most abundant interac-
tion: the aliphatic CH to aromatic-7 hydrogen bond, in which the CH
group of aliphatic residues acts as the hydrogen-bond donor, whereas
the m-system of the ligand acts as the hydrogen-bond acceptor [29]-

[31].
1.1.3 Fragment-based Drug Discovery (FBDD)
The goal of medicinal chemists is to find the best suitable drug avail-

able for a specific protein target. Usually these drugs were found
through High-Throughput-Screening (HTS) methods, in which thou-
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Figure 2: Types of Hydrogen bonds found in Protein-Ligand Interactions
[28]

sands of different ligands, in so called ligand libraries, are screened
against a target by using different types of biochemical and -physical
methods. While HTS is still very commonly used in drug discov-
ery programs, in the recent years, it seems that there is a paradigm
shift towards FBDD and therefore more difficult protein targets are
now accessible [32]-[34]. The underlying principle of this drug design
method is the usage of a small library of small molecules, called frag-
ments, which are screened against a target and modified throughout
the process. These fragments profit from the fact that they have a low
degree of complexity, are usually smaller than 300 g/mol in size, and
can form a few directed favorable interactions with the target protein
(less than five hydrogen bond donors and less than 10 acceptors). Usu-
ally, identified fragments represent therefore an ideal binding motif
that is the perfect starting point for further optimization. Biophysical
methods to characterize these low affinity binders have to be very
accurate, in contrast to HTS methods, which should be accurate in
identifying false positives. Once a fragment is identified, it will un-
dergo specific chemical modifications to increase its binding affinity
[12], [35]-[37]-

It is of high importance to understand that we will need a method
that can tease apart all the different thermodynamic contributions
of the binding free energy. One single method alone is unlikely to
be able to accomplish this, but a strategic combination of methods
may have a very good chance of elevating drug discovery programs
to the next level: Nuclear Magnetic Resonance (NMR) Spectroscopy
together with computer-aided chemical shift calculations, which can
be derived from Molecular Dynamics (MD) and Quantum Mechanics
(QM/MM) simulations.
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1.2 CHEMICAL SHIFT PERTURBATIONS

NMR Spectroscopy has always been a very useful method in drug dis-
covery programs, as it can detect binding from the perspective of the
ligand or protein using different experiments [38]. Chemical shift per-
turbations (CSPs) is an easy NMR technique to probe binding events
by NMR spectroscopy from the target’s perspective. Usually, a °N
or 13C uniformly labeled protein sample is measured and the ligand
of interest is titrated into the protein. After each titration step, the
effects upon binding are monitored by acquiring two-dimensional
(2D) spectra, in which one observed atom is the hydrogen and the
other one >N or 13C. CSPs can be derived by a set of different 2D ex-
periments, the most prominent being the heteronuclear single quan-
tum coherence (HSQC) or the heteronuclear multiple-quantum coher-
ence (HMQC). The resulting change in the chemical shift is a highly
sensitive reporter of changes in the environment of the investigated
nucleus, which is its sum of magnetic anisotropy around bonds, aro-
matic ring current effects and local electric fields from charged groups
[39]. Using this accurate read-out, it is possible to derive not only the
binding affinity of an interaction but also which part of the protein is
affected upon binding, assuming there is a full chemical shift assign-
ment available. However, this means that the target protein should
not be bigger than 30 kDa (kilo-Dalton) in size to achieve high sensi-
tivity and resolution. In the last decades, major improvements have
been made in terms of both NMR experiments and hardware devel-
opment [40]-[49]. Additionally, selective protein labeling strategies
constantly expand protein analysis and increase the size of attainable
biomolecules, by introducing *C, '°N, and ?H isotope positions in
amino acid side chains . Selective isotope labeling has been developed
for aromatic and aliphatic residues, while stereoselective methyl label-
ing for Leucine and Valine residues has also led to specifically iden-
tifying these residues [50]-[64]. The majority of available aliphatic
precursors focus on introducing the '3C isotope at the methyl posi-
tion of each residue, as the methyl group has favorable relaxation
properties due to the -CHj threefold symmetry, thereby increasing
signal intensities. Moreover, aliphatic residues are highly abundant
in hydrophobic protein cores and binding pockets, making them ben-
eficial reporters of binding events. As the binding affinity is also
highly dependent on solvent-exposed residues and their hydrogen
bond formation with the solute [65], [66]. By extending the labeling
strategy from the methyl to the methylene and the methine group,
solvent exposure of these specific residues is less likely. The methy-
lene group of Isoleucine (Cy;) and the methine group of Valine and
Leucine (Cf3, Cy) were selectively 1*C-'H labeled, whereas other non-
exchangeable protons in the side chain were deuterated to suppress
through-bond coupling effects. Chemical shifts (CS) are strongly de-
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pendent on their chemical environment, especially that of hydrogen.
Depending on the orientation of the observed hydrogen towards aro-
matic ring structures, the observed CS is moving down- or upfield,
due to the additional local magnetic field that is induced by aromatic
ring current effects [31], [67]-[70]. Moreover, the magnitude of the
resulting CSP also correlates well with the binding energy of the in-
teraction [71]. With that, simple 2D experiments provide indirect in-
formation about the binding contribution of individual interactions
and also structural information, resulting in a better understanding
of the Structure-Affinity-Relationship [72].

In order to validate the CSPs upon ligand interaction and therefore
the existence of CH-7 interactions, the measured hydrogen chemical
shift is compared to the calculated one. The chemical shift calculation
of the hydrogen is performed by Eq. (6),

06 ne’a* 3cos” 9 — 1

Ac =1 4mc? r3 ©)

in which Ao is the change of the isotropic nuclear shielding constant
in ppm. The first term of the equation contains constant values; n
is the number of circulating electrons, e is the elementary charge
(Franklin) and a is the diameter of the aromatic ring (cm). The sec-
ond term contains the distance restraint between the hydrogen and
the aromatic ring center (r) and the angular dependency between the
ring normal through the aromatic ring center and the proton to the
ring center vector (6). This approximation describes the effect a single
proton signal is experiencing by a secondary magnetic field, which is
induced by the electric ring current via a magnetic dipole positioned
at the ring center [73].

1.3 SUMMARY OF THE THESIS

This thesis explores the potential of two novel precursors and their ap-
plicability in detecting CH-7 interactions. The precursor [3-13C,4,4,4-

2H3] 2-ketobutyrate to selectively label the methylene group of Isoleucine

is described. Isoleucine Cy;-H; side chain dynamics were studied, as
well as strong ligand binders, illustrating their feasibility in detect-
ing sensitive information. In paper number two, synthesis route of
[3-13C,4,4’->Hg] ketoisovaleric acid was presented and successful in-
corporation into the methine groups of Valine and Leucine residues
was demonstrated. In this paper, a total set of 10 ligands were used
to study CH-r interactions.

9
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SHOWCASE OF PUBLISHED WORK

The central part of this cumulative thesis consists of two
scientific articles about site-specific labeling of different
types of aliphatic residues in the protein Brd4-BD1 and
their applicability to measure CH-7 interactions. The arti-
cles have been published in peer-reviewed scientific jour-
nals. Aside from the continuous page numbering, the orig-
inal layout design should be considered intellectual prop-
erty of the respective journals. Supporting figures and ta-
bles are also included in the original format. Their respec-
tive digital object identifiers (DOIs) are provided together
with a short statement of personal contribution at the be-
ginning of each chapter.
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Abstract

t1,4

In this study, we present the synthesis and incorporation of a metabolic isoleucine precursor compound for selective methyl-
ene labeling. The utility of this novel a-ketoacid isotopologue is shown by incorporation into the protein Brd4-BD1, which
regulates gene expression by binding to acetylated histones. High quality single quantum *C—! H-HSQC were obtained, as
well as triple quantum HTQC spectra, which are superior in terms of significantly increased '*C-T, times. Additionally, large
chemical shift perturbations upon ligand binding were observed. Our study thus proves the great sensitivity of this precursor
as a reporter for side-chain dynamic studies and for investigations of CH-x interactions in protein-ligand complexes.

Keywords Precursor labeling - Transversal relaxation studies - CH-x interaction - Ligand binding

Introduction

Nuclear Magnetic Resonance (NMR) Spectroscopy has
matured into a powerful tool to characterize interactions
between biological molecules and their ligands at atomic
resolution. Although originally described as a versatile
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technique to screen for potential protein binders (Gossert
and Jahnke 2016; Harner et al. 2017; Luchinat et al. 2020;
Gronenborn 2022), more sophisticated detection schemes
have now emerged. Ligand-based detection schemes, such
as waterLOGSY, Saturation Transfer Difference (STD) spec-
troscopy and ""N-'3C-filtered 'H-1D spectra, can reveal
valuable information about site specific interaction patterns
and their mechanistic details (Dalvit et al. 2000; Mayer and
Meyer 2001). Together with protein NMR-based mapping
of ligand binding, this unveils unique information about
the characteristics of protein-ligand complexes. The poten-
tial of protein NMR for drug discovery and design cam-
paigns was realized by the discovery of Structure-Affinity-
Relationship (SAR) by NMR by the Fesik group, in which
'H-'>N-HSQCs on uniformly labeled proteins are recorded
in order to investigate ligand binding interactions (Shuker
et al. 1996). A particularly powerful application of SAR is
Fragment-based drug discovery (FBDD) (Rees et al. 2004).
FBDD starts with small fragments (<300 g/mol) of weak
binders (mM-100 uM), which are then structurally optimized
throughout the process in order to maximize non-covalent
interactions, most importantly the Van der Waals, electro-
static, and hydrogen bond interactions. Despite many past
applications, backbone ("H-'"N) detection schemes do not
fully harness the potential of NMR spectroscopy in drug
design campaigns due to limited experimental sensitivity,
spectral overlap, and the ambiguous relationship between
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ligand binding modes and 'HN-!°N chemical shift pertur-
bations (Williamson 2013). These problems can be largely
overcome by resorting to 'H-!3C side-chain detection
exploiting the exquisite sensitivity and spectral dispersion
obtained with Methyl-TROSY approaches and multiple
quantum coherence experiments, which allow applications
to slowly tumbling, high molecular weight proteins (Tuga-
rinov et al. 2003, 2004). Selective labeling techniques for
aliphatic and/or aromatic residues have been described and
are by now well established (Lichtenecker et al. 2013a, b).
Labeling of the aliphatic amino acids Isoleucine, Valine
and Leucine was one of the first methods of selective *C
incorporation reported in the literature (Cardillo et al. 1977).
These amino acids are highly abundant in the hydrophobic
cores of proteins and thus represent valuable targets to intro-
duce '*C- and *H-nuclei with the intention to reduce signal
overlap, increase signal-to-noise ratio and optimize magneti-
zation transfer pathways. Moreover, metabolic a-ketoacid
precursors can be added to the minimal growth media of
E.coli-based overexpression systems and are effectively
metabolized into the corresponding target aliphatic amino
acids in-vivo within defined metabolic pathways (Gardner
and Kay 1997; Goto et al. 1999). So far, Bc incorporation
in aliphatic residues has mainly focused on methyl groups to
benefit from their advantageous relaxation properties due to
fast C—C bond rotation and the reduction of signal overlap
in the otherwise crowded spectral region of methyl signals.
Methyl CH; groups and aromatic CHs are sensitive reporters
of the ligand binding mode and changes of side-chain struc-
tural dynamics upon ligand binding. A special and particu-
larly interesting case of non-covalent interactions are CH-xt
interactions, in which the CH group of the aliphatic or aro-
matic residue acts as the hydrogen-bond donor, whereas the
n-system is the hydrogen-bond acceptor (Hunter 2004). We
have recently shown that CH-x interactions are determinants
for the affinity of a drug molecule to its target protein and
can efficiently be probed by selective amino acid labeling
(Platzer et al. 2020).

Encouraged by our previously obtained results, we sug-
gest extending the selective labeling methodology to the
methylene group (CH,) of Isoleucine.

Herein, we show that y1-'>C Isoleucine patterns are
effectively induced by the corresponding precursor [3-'°C,
4,4,4-"H,] 2-ketobutyrate (Scheme 1) and can be applied
as sensitive tools to probe interactions between aryl-ligand
CH-r acceptors and protein Isoleucine residue CH-nt donors.

We additionally describe the possibility to use [3-13C,
4,4,4-2H3] 2-ketobutyrate in D,O E.coli overexpression
medium containing U-*H glucose to increase the deutera-
tion grade in the p and y2 positions of the Ile-side chains.
This additional deuteration attenuates line-broadening due to
"H-'H dipolar interaction and reduces the number of signals
resulting from natural abundance methyl correlations.
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Scheme 1 Conversion of [3—13C; 4,4,4—2H3] 2-ketobutyrate in E. coli
minimal media to Isoleucine

Materials and methods
Precursor synthesis

Isotopologues of a-ketobutyric acid are common additives
in minimal media of bacterial protein overexpression to
achieve highly selective Isoleucine labeling. While most of
these methods aim for '*C methyl groups, we established a
novel synthetic route to access an Ile y1-13CH2/6-CD3 pattern
(Scheme 2). Our approach combines a modified literature-
known protocol to synthesize 3-'°C pyruvate (Werkhoven
et al. 1999) with an optimized procedure of dimethylhydra-
zone monomethylation. Starting from fert-butyl bromoace-
tate 1, the phosphorous ylide 2 was formed and subsequently
methylated using '*C-iodomethane. Ozonolysis with care-
ful bulb-to-bulb distillation of the product from the viscous
reaction residue yielded [3-13C] tert-butyl pyruvate 4. This
compound was further converted to the dimethylhydrazone
5, which was then deprotonated at the alpha-position using
sodium hexamethyldisilazane (NaHMDS) and subsequently
transformed to the hydrazone 6 upon [*H;] iodomethane
addition. Short reaction times in this methylation step effec-
tively minimized the formation of side-products (see SI for
experimental details). Alternative protocols using lithium
diisopropylamide (LDA) as a base reported in literature
could not be reproduced in comparable yields (Hajduk et al.
2000). Final hydrazone hydrolysis and ester cleavage under
acidic conditions resulted in the formation of the target com-
pound [3-13C; 4,4,4-2H3] a-ketobutyric acid 8. Compound
8 can be directly applied to protein overexpression as a free
acid or lyophilized to a white powder of the corresponding
sodium salt 9, respectively.

Ligand synthesis

Ligands A (CAS: 1610045-04-9) and B (CAS: 1772600-
27-7) were synthesized as reported in earlier work (Platzer
et al. 2020). The corresponding structural details of these
two compounds are shown in the supporting information.
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Scheme 2 Synthesis of [3-13C; 4,4,4-2H3] sodium o-ketobutyrate
9. Reagents and conditions: a PPhs, toluene, rt, overnight; quant.;
b NaOH,, (1 M), rt, 15 min, quant.; ¢ *CH,I, DCM, rt, overnight;
d O;, —78 °C, DCM, 5 min, then PPhs, 3 h, rt, 70% over two steps;
e H,NNMe,, Et,0, 18 h, rt, 76%; f NaHMDS, CD;I, THF, —78 °C,

Expression and purification of Brd4-BD1

Protein overexpression was performed as described previ-
ously (Schorghuber et al. 2017). Briefly, recombinant human
Brd4-BD1 (bromodomain 1 of Bromodomain containing
protein 4) was expressed in E.coli BL21 (DE3), which con-
tains an N-terminal TEV-cleavable His6-tag (plasmid was
kindly provided by Boehringer Ingelheim GmbH & Co. KG).
Uniformly >N and '*C-labeled Brd4-BD1 was expressed fol-
lowing the expression protocol for efficient isotopic labeling
of recombinant proteins using a fourfold cell concentration
in M9 minimal medium, supplemented with 1 g/L ’NH,Cl,
3g/L 13C6-D-glucose. Uniformly N and selective y,-*C
Isoleucine labeled Brd4-BD1 was expressed following the
same protocol, M9 minimal medium was supplemented with
1 g/L ®NH,CI, 3 g/L '2C¢-D-glucose and 130 mg/L [3-13C,
4,4,4—2H3] 2-ketobutyrate (Marley et al. 2001). Perdeuter-
ated, uniformly 5N, D-Glucose-1,2,3,4,5,6,6-d; and selec-
tive y,-'°C Isoleucine Brd4-BD1 expression (concentrations
in [g/1] used as above) was initialized by taking several col-
onies and inoculating them in a 10 mL M9-H,0O minimal
medium for 8 h at 37 °C shaking. From that culture, 250 pL
were taken and inoculated in 10 mL fresh M9-D,0 minimal
medium, which was shaken overnight at 37 °C. At a cell den-
sity of ~2.5, the culture was taken and transferred to the final
expression culture in a total 300 mL M9-D,0 medium. The
cells were grown until an ODg,, of 0.7 and induced with
0.4 mM IPTG. Cells were harvested by centrifugation, lysed
by sonication and the lysates were subsequently centrifuged.

7< o P/
SN

QT
A,

e

- H313C)Jﬁ( j<
i) ON

— H213(|;)kf( °

5 min, 80%; g HCl,, (1 M), Et,0, 95%; h HCl,, DCM/Et,0 1:1, 18 h,
0 °C-rt, 90%; i NaOH,, (1 M), lyophilisation, quant. Experimental
details, as well as NMR characterization of products and intermedi-
ates are given in the Supplementary Information (SI)

Proteins were purified from the supernatant by Ni** affinity
chromatography. The purified protein was treated with TEV
protease and again loaded onto a Ni** column to bind the
cleaved His6-tag and the His6-tagged TEV protease. The
flow-through containing Brd4-BD1 was concentrated and
stored in 10 mM sodium phosphate buffer pH 7.5, 100 mM
sodium chloride and 1 mM dithiothreitol (DTT). In the case
of perdeuterated Brd4-BD1, after concentrating, the buffer
was exchanged to D,O buffer (10 mM sodium phosphate
buffer pH 7.5, 100 mM sodium chloride and 1 mM DTT).
Purity was analyzed by SDS-Page. NMR samples of Brd4-
BD1 were prepared in 10 mM sodium phosphate buffer
containing 0.1-0.5 mM protein, 100 mM sodium chloride,
10% D,0, and 1 mM DTT. NMR samples of perdeuterated
Brd4-BD1 were prepared in 10 mM sodium phosphate D,0O
buffer containing 0.2 mM protein, 100 mM sodium chloride,
and 1 mM deuterated Tris(2-Carboxyethyl)phosphine:DCl-
D16 (TCEP).

NMR measurements

Carbon relaxation studies. All protein NMR measurements
were conducted at 298 K on a Bruker Neo 600 MHz spec-
trometer equipped with a TXI RT probe head with perdeu-
terated and selective y,-'°C Isoleucine Brd4-BD1 sample
concentration of 200 uM. For '*C relaxation studies, pulse
sequence “hsqcctetgpsp” for the constant time 'H-'>C
HSQC with the constant time delays of 0.0133, 0.0266, 0.04
and 0.0532 s were used (Vuister and Bax 1992). For the
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relaxation measurement of '*C—'H, heteronuclear triple/sin-
gle quantum coherence, the pulse sequence “hmqcctetgp.2”
(slightly modified) for the constant time "H-13C HTQC was
used (Marino et al. 1997). The constant time delays were
set to 0.028, 0.042, 0.056, 0.07, 0.084, 0.098, 0.112, 0.128,
0.14, 0.154 s. To allow direct comparison of intensities,
all spectra in a series were acquired with the same spectral
parameters and the same settings for the receiver gain. Spe-
cifically, spectra were recorded using 106 (f1) x 1024 (f2)
real points (CT-HSQC) and 144 (f1) x 1024 (f2) real points
(CT-HTQC) with acquisition times of 0.06 x0.01 s. 128
scans per fid were recorded with a recycle delay of 1 s. The
pulse scheme of the CH,-TROSY experiment was applied
as described by Miclet et al. (2004) and the corresponding
spectrum recorded with a time delay of 0.028 s.

Protein-Ligand interaction studies. Protein-Ligand inter-
action measurements were conducted at 298 K on a Bruker
Avance HD3 + 800 MHz spectrometer equipped with a TXI
RT probe head with Brd4-BD1 sample concentration of 200
uM and ligand concentration of 1 mM. 2D 'H-'3C HSQC
spectra were acquired using the pulse sequence “hsqcetf-
pgpsi2” of the Bruker library (Palmer et al. 1992; Kay et al.
1992; Grzesiek and Bax 1993; Schleucher et al. 1994). Spec-
tra were recorded using 128 (f1) x 1024 (f2) real points and
acquisition times of 0.05x0.01 s. 32 scans were recorded
per tl increment with a recycle delay of 1 s.

Analysis

NMR spectra were processed and analyzed with NMRPipe
(Delaglio et al. 1995) and SPARKY (Goddard and Kneller
2006) and CCPNmr (Vranken et al. 2005). Unambiguous
sequential assignment of the Isoleucine Cyl signals was
performed with a series of three-dimensional NMR experi-
ments (HNCACB, HN(CO)CACB, hCC-TOCSY-coNH and
Hce-TOCSY-coNH). 13C relaxation studies were performed
by fitting the logarithmic intensities of the peaks to the linear
regression model in RStudio (RStudio Team 2020) by taking
the linearized logarithmic function as log[I(t)] =log(A) — t/
T,.

Results

To demonstrate the potential of our selectively labeled isole-
ucine precursor in protein dynamics studies, we incorporated
[3-13C; 4,4,4-2H3] a-ketobutyric acid 8 into the bromodo-
main 1 of Bromodomain-containing protein 4 (Brd4-BD1).

Brd4-BD1 belongs to the family of bromodomain and
extra-terminal domain (BET) proteins, which act as chro-
matin readers by binding to acetylated histones and there-
fore regulating gene expression (Hu et al. 2022). Brd4-BD1
contains seven Isoleucine residues, theoretically yielding 14
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peaks. The incorporation of the '*C label into Brd4-BD1 was
confirmed by a 'H-'3C-HSQC spectrum (Fig. 1, in red). As
expected, two cross peaks are obtained for the diastereotopic
methylene protons of each Ile Cy,; differing in the hydro-
gen dimension, but with the same carbon chemical shift.
Note that the peaks of two of the Isoleucine Cy, groups are
overlapping (presumably 1100 and 1101). However, spuri-
ous cross peaks are found in the methyl group region of
the 'H-'*C HSQC spectra (Fig. 1). In order to validate that
these peaks are indeed natural abundance correlations of
methyl CH; obtained from the expression with D-Glucose
("2C) in H,0 medium (SI Fig. 1, in black), we incorporated
the [3-13C; 4,4,4-2H3] a-ketobutyric acid also in D,O mini-
mal media (SI Fig. 1, in red). As shown in SI Fig. 1 in red,
the natural abundance peaks are suppressed by deuteration,
and additionally, no metabolic scrambling of the precursor
can be observed.

The availability of *CH, labeled Ile-residues offers the
possibility to create heteronuclear multiple-quantum (triple/
single-quantum, T(S)QC) coherences in a straightforward
manner. It is well-known that triple/single quantum '*CH,
coherences relax more slowly than the corresponding sin-
gle quantum coherences of the individual 1*C and 'H spins
(Grzesiek and Bax 1995; Grzesiek et al. 1995; Marino et al.
1997; Ruschak et al. 2010; Tugarinov and Kay 2013). Effec-
tive relaxation rates were measured by recording a series of
'"H-*C-CT-HSQCs and '"H-"*C-CT-HTQCs spectra (Fig. 2)
with different relaxation delays (see experimental section).
Figure 3 shows a comparison of the rates extracted from the
'H-"C-CT-HSQC and 'H-"*C-CT-HTQC, respectively. It
can clearly be seen that the '°C relaxation times for hetero-
nuclear T/SQC extracted from the '"H-'3C-CT-HTQC were

22
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Fig. 1 Overlay of "H-'3C-HSQC spectra of selectively Ile '*CH,
labeled Brd4-BD1 (red) onto the CT-'H-'*C-HSQC of "*C-uniformly
labeled Brd4-BD1 (*CH and '*CHj signals in black and '*CH, sig-
nals in grey), zoomed into the CH, region
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Fig.2 Comparison between CT-HTQC (ct delay 0.028 s) (a) and CT-HSQC (ct delay 0.013 s) (b) spectra of perdeuterated 5N-Brd4-BD1-Ile-
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Fig.3 Extracted '>C relaxation times for specific Tle residues in perdeuterated Brd4-BD1. Dots represent relaxation times extracted from CT-
HSQC, whereas pyramids represent rates extracted from CT-HTQCs

increased on average by a factor of three compared to the
13C-T, from the "H-'*C-CT-HSQC, as expected from theory
(Grzesiek and Bax 1995; Grzesiek et al. 1995; Marino et al.
1997; Ruschak et al. 2010; Tugarinov and Kay 2013). It

should be noted that data for residues 1110 and 1126 could
not be analyzed as their signals are barely above the noise
level. Interestingly, these two residues are also buried inside
the hydrophobic core of Brd4-BD1, whereas the other five
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Isoleucine residues are found rather on the surface or at the
flexible parts of the protein, thus suggesting the existence
of considerable exchange broadening due to conformational
averaging.

Selectively Ile-labeled and otherwise highly deuterated
samples are moreover particularly interesting for applying
specific transverse-relaxation-optimized NMR spectros-
copy (TROSY) methods, which have been introduced to
improve the sensitivity and resolution of methylene NMR
studies (Miclet et al. 2004). We recorded a corresponding
CH,-TROSY spectrum of the Ile *CH, Brd-BD1 sample
expressed in D,0O/deuterated glucose, which shows addi-
tional gain in spectral resolution — even relative to the
HTQC spectrum (especially in the 'H dimension by virtu-
ally eliminating the large geminal *Jyy) as a result of the
exclusive TROSY selection of the slowest relaxing multiplet
component. Upon comparing the signal-to-noise ratios of
the different experiments, it becomes evident that HTQC
performs better in this regard compared to both CH,-TROSY
and HSQC (SI Fig. 2).

Finally, in order to test whether the methylene group
of Isoleucine can be used as a reporter of CH-x interac-
tions, we decided to measure 'H-!*C-HSQCs with ligands
A and B, which are nanomolar Brd4-BD1 binders (Platzer
et al. 2020). Figure 4a shows the chemical shift changes of
5N-Brd4-BD1-Ile-'*Cy1 with 1 mM ligand A (red) and B
(blue). The ligand induced proton chemical shift perturba-
tion (CSP) of the Ile146 methylene resonances result in 1.71
ppm for ligand A and 1.78 ppm for ligand B for one hydro-
gen atom and 0.59 ppm and 0.66 ppm for the other hydrogen,
respectively. These significant CSPs point towards an ideally

oriented CH-x interaction between the Ile146-C,;H, and the
ligand aromatic system, as favorable CH-r stacking orienta-
tions are correlated with high upfield shifts. Taking a closer
look at the crystal structure of Brd4-BD1 in complex with
both ligands (Fig. 4b), the hydrogen of the methylene group
(pro-S) is directly positioned over the centroid of the triazole
ring, whereas the pro-R hydrogen atom is further away from
the ligand. This information enables us therefore to also
stereo-specifically assign the hydrogens of the isoleucine
methylene groups. In order to correlate the observed CSPs of
the Ile146 methylene resonance with the relative orientation
of the ligand in the binding pocket of Brd4-BD1, we used
the Pople equation (Pople 1956; Platzer et al. 2020). The
geometric parameters were taken from the published X-ray
structures (see SI Table 2), resulting in a calculated CSP for
the pro-S hydrogen of Ile146 of 1.1 ppm and 1.5 ppm for
ligand A and B. For the hydrogen atom in pro-R configura-
tion, the calculated CSPs are 0.5 ppm and 0.6 ppm, respec-
tively. This finding shows that the experimentally derived
CSPs match well with the calculated, again supporting the
presence of a beneficial CH-rn stacking orientation.

Discussion and conclusion

The novel a-ketobutyric isotopologue reported here provides
an economic tool to implement methylene labeling in iso-
leucine side chains. This precursor is directly applicable to
E.coli-based expression systems, as shown by incorpora-
tion into the human protein Brd4-BD1, allowing observation
of seven distinct Isoleucine Cyl-H, pairs in an otherwise
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Fig.4 a 'H-'3C-HSQC overlay of Brd4-BD1-Ile-'3Cy1 (black) with
Ligand A (red) and Ligand B (blue). b Zoom into the Brd4-BDl1
binding pocket with an overlay of Ligand A (red, 6XV3) and B (blue,
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6XUZ). Dashed lines indicate the distances between the ligand ring
center and the two diastereotopic protons of Ile146. The prochiral
designation of the methylene group is indicated in both figures
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crowded 'H-'*C-HSQC spectra (Fig. 1). The incorporation
of the precursor into Brd4-BD1 by expression in D,O mini-
mal media results in simplified protein spectra against a deu-
terated background with favourable *C relaxation properties
and enhanced signal-to-noise ratio. Our experiments fur-
ther exemplify the benefit of the deuterated Isoleucine Cy1
labeled Brd4-BD1 by studying its carbon transverse relaxa-
tion properties by measuring '°C single and '*C/'H hetero-
nuclear multiple quantum coherences. Comparison of the
extracted effective '*C relaxation times shows an increase
by a factor of ~3.5 going from *C SQC to heteronuclear
triple quantum coherences (TQC). The larger *C relaxation
times in the TQC experiment might allow for interesting
applications such as paramagnetic relaxation enhancement
(PRE), residual dipolar couplings (RDC) and conformational
exchange via CPMG-type measurements. In practice, this
has to be balanced against other experimental factors such
as potentially higher overall intrinsic signal intensity in the
HSQC spectra (due to signal improvement by Rance/Kay
type gradient schemes) but holds the promise of application
to large molecular weight systems. Most importantly, how-
ever, the large upfield chemical shift observed for the pro-S
methylene proton in the BRD4-ligand complex convincingly
demonstrates the usefulness of the Isoleucine methylene
group as an excellent reporter for CH-n interactions.

It can thus be anticipated that particularly protein-ligand
binding studies will considerably benefit from the availabil-
ity of the new Isoleucine precursor. The facile and efficient
introduction of this novel precursor to realize new Isoleucine
isotopologues in a target protein represents a valuable and
general tool to fine-tune NMR studies and decipher protein
dynamics, allosteric mechanisms, and binding interactions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10858-023-00427-2.
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General Information — Organic Synthesis

Unless otherwise stated, all reagents and reactants were purchased from commercial suppliers and used without
further purification. All solvents were distilled before use. Iodomethane-'>C and ITodomethane-ds were
purchased by Merck ISOTEC®. Oxygen- and moisture sensitive reactions were carried out under an argon
atmosphere and yields refer to pure compounds. The reactions were monitored via thin layer chromatography
(TLC) on silica gel 60 with fluorescent indicator UV254 by MACHEREY-NAGEL GmbH & Co. KG.
Visualization of the compounds was carried out using an UV-lamp (254 nm) and by application of specific
reagents: H3PMo0120s 10% in ethanol with subsequent heating using a heat-gun. Flash column
chromatography was performed on silica gel 60 (0.040-0.063 mm) from Merck. Freeze-drying was performed
by cooling in liquid nitrogen and subsequent application of high vacuum (oil pump). 'H and *C 1D NMR
spectroscopic data were recorded on a Bruker AVANCE-DRX 400 MHz spectrometer. NMR solvent signals
were calibrated to 7.27 ppm (CDCls), 4.79 ppm (D,0). Chemical shifts (8) are given in ppm (s = singlet, d =
doublet, dd = doublet of doublets, m = multiplet) and reported relative to the residual solvent peaks. Coupling
constants (J) are given in Hertz (Hz). High resolution mass spectrometry experiments were performed using

electrospray ionization (ESI, 3 keV, in the positive or negative ion mode) or electron ionization (EI, 70 eV).

Abbreviations:  PPhs ... Triphenylphosphine, = EtOAc ...Ethyl  acetate,  Et;O ...Diethyl ether,
DCM ...Dichloromethane, RT ...room temperature, THF ...Tetrahydrofuran, NaHMDS ...Sodium
bis(trimethylsilyl)amide, sat ...saturated
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Synthetic Procedures

Synthesis of Compound 2

L
o obiT

The procedure was adapted from literature (Werkhoven et al. 1999). A solution of 12,3 g (1,05 eq) of PPh; in
25 ml of EtOAc, 8,23 g (44,6 mmol) of tert-butyl-2- bromoacetate 1 were added and the solution was stirred
at room temperature overnight. The next day, the white precipitate was filtered off and washed three times
with EtO. After drying, the precipitate was dissolved in DCM and 100 ml of 1 M (2,2 eq) NaOH solution was
added. The mixture was stirred vigorously for 15 min, and the two phases separated. The aqueous phase was
extracted twice with DCM. All organic phases were combined and dried over MgSOs. Evaporating the solvents
in vacuum yielded a yellow solid, which was taken up in a minimum amount of DCM. Precipitation of the
product was promoted by adding a layer of heptane and stirring for one hour at 0 °C. The precipitate was
filtered and washed with heptane to yield tert-butyl 2-(triphenylphosphoranylidene)acetate 2 as a white
powder. Yield: 16.78 g (quantitative) "H NMR (CDCls, 400 MHz) & 7,95 (3H, m), 7.77 — 7.49 (12H, m), 5.67
(1H, m), 1.21 & 0.98 (9H, two broad s).

Synthesis of Compound 3
Q QL5
YO L e
ey 8 O, @
2 3

The experimental procedure was conducted as reported in the literature (Werkhoven et al. 1999). A solution
of 2,9 g (7,7 mmol) (fert-butoxycarbonylmethylene)triphenylphosphorane 2 in 15 ml DCM, 1 g (0,9 eq)
BCH;I was added. After stirring the solution overnight, the solvent was removed under reduced pressure. The
yellow residue was taken up in 30 ml of DCM and shaken vigorously with a solution of 560 mg (2 eq) NaOH
in 10 ml of H,O in a separation funnel. The aqueous phase was extracted 2x with DCM. The combined organic
phases were dried over MgSO;s to afford a clear, yellow product solution, which was used for the next step

without any further purification.
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Synthesis of Compound 4
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A constant stream of O3 from an ozone generator was purged through the solution of the ylid 3 in DCM
(resulting from the preceding reaction) at -78 °C until the solution turned blue. Subsequently, a stream of argon
was then purged through the solution until the blue colour vanished. 2,22 mg (1,2 eq) of PPhs were added and
the solution was stirred under inert conditions for another 15 min at -78 °C. The mixture was then brought to
RT and stirring was continued for two hours. The bulk solvent was carefully removed under reduced pressure.
[3-13C] Tert-butyl pyruvate 4 was obtained by bulb-to-bulb distillation (100 mbar, up to 90 °C) as a colorless
liquid. Yield: 782.3 mg (70 % over 2 steps) 'H NMR (CDCls, 400 MHz) 8 2.42 (3H, d, 1Jcu = 129.2 Hz), 1.56
(9H, s). *C (CDCls, 100 MHz) & 84.13, 26.36, 27.93.

Synthesis of Compound 5
|

N
0 N h
O O
H31SC)H( j< - H3130)\I( j<
4 O 5 O

Compound 5 was prepared similar as reported in (Hajduk et al. 2000). To a solution of 311 mg (2,14 mmol)
[3-13C] tert-butyl pyruvate 4 in 5 ml Et;O, 200 pl (1,2 eq) N,N-dimethylhydrazine were added under argon
atmosphere. The mixture was stirred at RT overnight. The next day, the solution was diluted with Et,O and
then washed 2x with small amounts of H,O. The aqueous phase was extracted 3x with small amounts of Et,O.
The organic phases were pooled, dried over MgSOs, and concentrated under reduced pressure. [3-1*C] Tert-
butyl 2-(2,2-dimethylhydrazono)propanoate 5 was purified by bulb-to-bulb distillation (10 mbar, up to 110 °C)
and obtained as a yellow liquid. Yield: 303 mg (76 %) of two isomers in an approx. ratio of 5:1. 'H NMR
(CDCls, 400 MHz) Isomer 1: 6 2.79 (6H, s), 2.06 (3H, d, 1Jcu = 129.7 Hz), 1.53 (9H, s); Isomer 2: 2.51 (1.2H,
s),2.04 (0.6H, d, 1Jcu = 129.7 Hz), 1.53 (1.8H, s). *C NMR (CDCl;, 100 MHz) § 15.95, 19.48, 26.61, 28.09,
47.06,47.52, 81.64, 82.61. HRMS & (M + Na)+ for Cs"*CH;sN>O; calculated 210.1294; found 210.1298.

Synthesis of Compound 6
| |

N/N\ N/N\
| —_— |
e L0 e
0 CD; O
5 g
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A solution of 303 mg (1,62 mmol) of hydrazone 5 in 15 ml anhydrous THF was set under argon atmosphere
and cooled to -78 °C. 3,25 ml (2 eq) of 1 M NaHMDS in THF/hexanes were added over the course of 30
seconds. Stirring was continued for 2 min and 102 pl (1 eq) CDsl were quickly added. After 5 min of additional
stirring, the reaction was quenched with 5 ml of H,O and brought to RT. After phase separation, the aqueous
phase was extracted 4x with Et,O. The combined organic phases were washed with H,O and dried over MgSOsa.
The solvent and silyl side products were removed under reduced pressure (50 mbar, 40 °C) for several hours
until mass consistency was reached. Bulb-to-bulb distillation (10 mbar, up to 110 °C) afforded [3-'°C; 4,4,4-
’Hs] Tert-butyl 2-(2,2-dimethylhydrazono)butanoate 6 as a clear, yellow liquid. Yield: 264.65 mg of two
isomers in a ratio of approx. 4:1 (80 %) '"H NMR (CDCls, 400 MHz) Isomer 1: & 2.77 (6H, s), 2.53 (2H, d,
cu = 129.7 Hz), 1.52 (9H, s); Isomer 2: 2.50 (1.2H, s), 2.35 (0.5H, d, 1Jcn = 129.7 Hz), 1.52 (2.2H, s); "*C
NMR (CDCls, 100 MHz) & 82.59, 81.71, 47.89, 32.40, 28.45, 26.97, 22.12, 19.93, 18.52, 16.13, 10.28; HRMS
(M + Na)+ for Co'*CH{7D3N,O>+Na calculated 227.1633; found 227.1638.

Synthesis of Compound 7

y

N Q

| )k[(o
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The synthesis of a-ketoester 7 was performed as described in the literature (Lichtenecker et al. 2004). A
solution of 190 mg (0,93 mmol) of hydrazone 6 in 25 ml Et,O was shaken vigorously with 1,12 ml of 1 M HCI
in a separation funnel for 1 minute. The phases were separated, and the aqueous phase was extracted 2x with
Et,0. The combined organic phases were washed 1x with sat. NaHCOj solution and 1x with brine. The solution
was then dried over MgSQO4 and bulk solvent was carefully removed under reduced pressure. The product was
further purified by column chromatography (silica gel, 10 % diethyl ether in pentane), which afforded 230 mg
of a clear, colourless solution of [3-°C; 4,4,4-’H;] tert-butyl-2-ketobutanoate 7. Yield: 143 mg (95 %)
calculated from "H-NMR spectrum. "H NMR (CDCls, 400 MHz) § 2.78 (2H, d, 1Jcu = 127.0 Hz), 1.54 (9H, s)
HRMS (M + Na)+ for C;"*CH;1D;0;s calculated 185.1062; found 185.1054.

Synthesis of Compound 8

The a-ketoacid 8 was prepared as previously described (Lichtenecker et al. 2004). A solution of 143 mg
(0,70 mmol) 7 in 20 ml of a 50:50 mixture of Et,O and DCM was cooled to 0 °C. HCI gas (generated from
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slowly dropping concentrated HCI into concentrated sulphuric acid) was bubbled through this solution for 15
minutes at a moderate rate. Then, the reaction vessel was sealed and stirred at RT for 1 h. The solution was
then cooled again to 0 °C, and the process was repeated 3 times, while stirring was continued overnight after
the last cycle. The solvent was removed under reduced pressure to afford [3-1°C; 4,4,4-H;] 2-ketobutyric acid

as a clear, slightly yellowish viscous liquid. Yield: 66.8 mg (90 %) 'H NMR (CDCls, 400 MHz) & 3.00 (2H,
d, Ucu = 127.6 Hz). HRMS (M-H)- for C3"*CH3D30;3 calculated 105.0466, found 105.0459.

Synthesis of Compound 9

O O
OH ON
S G e

CD; O CD; O
8 9

The a-keto-acid 8 was suspended in 5 ml of H>O and neutralized with 0.1 M NaOH carefully to a pH of 7. The
sodium salt was lyophilised to afford [3-!°C; 4,4,4-*H;] sodium 2-ketobutyrate 9 as a white, powdered solid.

Yield: 72.5 mg (90 %). '"H NMR (D,0, 400 MHz) § 2.73 (2H, d, 1Jcy = 127.1 Hz).

NMR Spectra:
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Compound 6,
1H NMR
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Compound 9,
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Incorporation of [3-1*C; 4,4,4-H3] a-Kketobutyric acid

As mentioned in the main text, spurious cross peaks are found in the methyl group region of the 'H-"*C HSQC
spectra. In order to verify that these peaks are indeed natural abundance correlations of methyl CH3 obtained
from the expression with D-Glucose (*2C) in H,O medium (Figure 1, in red), we incorporated the [3-1°C; 4,4,4-
H;] a-ketobutyric acid also in DO minimal media. As shown in SI Figure 1 in red, the natural abundance

peaks are suppressed by deuteration, and additionally, no metabolic scrambling of the precursor can be

observed.
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SI Figure 1 Overlay of '"H-'3C-HSQC spectra of selectively labeled Brd4-BD1, expressed in H>O (black) and
selectively labeled Brd4-BD1, expressed in D>O (red)
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Analysis of the *C relaxation studies were performed by fitting the logarithmic intensities of the peaks (SI

Figure 1) to the linear regression model in RStudio (RStudio Team 2020). The linearized logarithmic function

was taken as log[I(t)]=log(A)-t/T>. The peak intensities were normed to the maximum intensity of the same

peak in each time step. The extracted T, values are displayed in milliseconds, as well as the residual standard

error and the multiple R-squared of the fit (arbitrary unit).

SI Table 1: extracted T, relaxation times for each peak observed in the CT-HSQC and CT-HTQC.

13C [ppm]

HTQC HSQC
Residue T, [ms] S R? T, [ms] S R?
ILE101 80.6 0.10 | 0.969 14.9 0.06 | 0.998
ILE126 HG12 1443 | 0.13 | 0.850 16.2 0.21 | 0.967
ILE138 HG13 78.5 0.08 | 0.980 27.1 0.04 | 0.997
ILE146 HG13 66.7 0.13 | 0.965 28.4 0.01 | 0.999
ILE161 HG13 73.6 0.11 | 0.966 16.0 0.01 | 0.999
ILE161 HG12 72 0.09 | 0.981 18.1 0.12 | 0.990
ILE100 84.0 0.13 | 0.945 14.9 0.06 | 0.998
ILE146 HG12 67.1 0.13 | 0.965 21.4 0.05 | 0.998
ILE138 HG12 69.2 0.14 | 0.955 28.8 0.18 | 0.945
ILE126 HG13 83.2 0.23 | 0.753 -6.4 NaN 1
ILE110 HG13 113.4 0.2 0.726 14.3 NaN 1
ILE110 HG12 84.6 0.13 | 0.919 11.7 NaN 1
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SI Figure 2 Comparison of '"H-3C-CT-HSQC (a), 'H-'*C-CT-HTQC (b) and CH,-CT-TROSY (c) spectra of
perdeuterated and selectively labeled Brd4-BD1 at a constant time delay of 0.028s sec for each spectra. Signals
in (c) are shifted compared to (a) and (b) due to Jcu coupling. Residual peaks in the CH,-TROSY (c) are
presumably due to incomplete suppression because of J-mismatch (in the S3E filter), imperfections in the
TROSY element and differential 'H relaxation times. ’
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Protein-Ligand Interaction (Pople 1956; Platzer et al. 2020)

For detailed description of the equation, please refer to (Pople 1956; Platzer et al. 2020).

CSP H—X H—Y o [rad] | Ac| |
ra o [ppm
[ppm] [A] [A]
Ligand Structure pro-R pro-R | pro-R pro-R | pro-R
pro-S pro-S pro-S pro-S pro-S
N 0.66 0.41 4.17 0.09 0.50
7
Nt
A WA
7 N-‘(
N7 \/h)?, 1.78 0.97 291 0.32 1.11
[Nj =
o)
N.
~n
N— 0.59 0.28 3.93 0.07 0.61
L 4 NH
e
B [ N-
| {
N._= C\‘t
1.72 0.96 2.55 0.36 1.50

SI Table 2 Structures, chemical shifts and geometrical parameters used in this study
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*CB-Valine and "*Cy-Leucine Methine Labeling To Probe

Protein Ligand Interaction.

Giorgia Toscano+ 9 Theresa Hofurthner®,™ 9 Benjamin Nagl,”) Andreas Beier,
Leonhard Geist,' Darryl B. McConnell,"

Moriz Mayer,

[b]

Harald Weinstabl,

Robert Konrat,*®™ ¢ and Roman J. Lichtenecker*® ©

Precise information regarding the interaction between proteins
and ligands at molecular resolution is crucial for effectively
guiding the optimization process from initial hits to lead
compounds in early stages of drug development. In this study,
we introduce a novel aliphatic side chain isotope-labeling
scheme to directly probe interactions between ligands and

Introduction

NMR spectroscopy has developed into an important source of
information for analyzing protein binding pockets and inter-
action surfaces at atomic resolution, complementing and
extending information obtained by X-ray crystallography.
Experimental NMR data encompasses a wide range of binding
affinities, spanning from strong to weak, with K, values varying
from low nanomolar (nM) to millimolar (mM). In fragment-
based screening approaches, NMR methods are applied to
identify weak binders, which serve as starting points for further
structure optimization."™ In contrast to X-ray crystallography,
NMR can probe the binding surface of a protein closely
resembling physiological conditions. Numerous experimental
techniques observing either the NMR spectra of the ligand or
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aliphatic sidechains using NMR techniques. To demonstrate the
applicability of this method, we selected a set of Brd4-BD1
binders and analyzed 'H chemical shift perturbation resulting
from CH-m interaction of Hy-Val and H,-Leu as CH donors with
corresponding ligand aromatic moieties as © acceptors.

the protein have been developed.*™ The chemical shift of a
protein NMR signal is a sensitive indicator for the chemical
environment of the nucleus observed. Consequently, alterations
in electron density due to ligand interaction lead to chemical
shift perturbation (CSP). CSP studies above a certain protein
size are challenged by the limited resolution and sensitivity of
NMR spectroscopy, which has been addressed in the past by
evolution in NMR experimental techniques and progress in
hardware development.” Moreover, sample preparation, espe-
cially methods of selectively introducing carbon-13, nitrogen-15
and deuterium isotopes, constantly expands the potential of
NMR based protein analysis and increases the size of attainable
biomolecules.”'”

Selective isotope labeling has been developed for both
aromatic and aliphatic residues."""'” a-Ketoisovalerate (2-oxo-3-
methylbutyrate) has been introduced as an additive in E. coli
minimal media to implement certain isotope patterns in
leucines and valines, respectively.'®?” Subsequently, advance-
ments have been made in separating leucine and valine
labeling and exploring alternative precursors for achieving
stereoselective methyl labeling in these target residues.*'*”
The majority of these strategies primarily emphasize methyl
labeling due to the advantageous spectroscopic characteristics
of the —CH; threefold symmetry leading to favorable relaxation
properties and maximum signal intensities. In contrast to these
commonly used isotope patterns, our study explores the
possibilities of the methine C-H system located at the
branching points of the isopropyl valine and the isobutyl
leucine side chains, respectively.

The binding affinity of a ligand towards a protein target
arises from various interactions such as Van der Waals forces,
electrostatic interactions and hydrogen bonds.”® Among these
interactions, the XH—O (X=N,O) hydrogen bond is widely
prevalent and plays a critical role in molecular recognition,
serving as a main stabilizer of active protein conformations.?”
In the case of weaker CH—O hydrogen bonds, the dominance of
electrostatic forces is reduced, and dispersive components gain
influence.”®* |n addition to lone pair carrying heteroatoms,

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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aromatic m-systems are enabled to take on the role of the
hydrogen acceptor. Despite being relatively weak (~1,5 kcal/
mol), these so-called CH-n interactions are recognized as
significant modulators of ligand affinity, and several examples
highlighting their impact on K, values have been reported.**>*
However, in most hit-to-lead structure optimization programs,
the consideration of CH-n bonds is often overlooked, primarily
due to the scarcity of experimental methods that can directly
quantify these weak interactions.

NMR spectroscopy has been used to detect methyl-n
interactions via J-couplings in the past®? Recently, we
presented a novel approach to correlate CSP-values with
favorable CH-n interactions.’*¢ Specifically, we investigated
the geometric parameters between aromatic ligands and
labeled tryptophan residues of the corresponding target protein
(Pl by NMR).” In another application, we could assign the CSP
values to proS and proR hydrogen - ligand interactions in
corresponding  methylene isoleucine labelled protein
samples.”® We have now pursued this concept further to the
aliphatic residues leucine and valine. This extension is moti-
vated by two key factors: Firstly, minimizing the exposure of
nonpolar regions to water is the main thermodynamic driving
force for a protein to fold into a conformation with a binding
pocket enriched in hydrophobic residues. In the case of solvent-
exposed surface amino acids Leu or Val are represented to a
lesser extent, but if present have a high probability to interact
with a molecular binding partner.*’® Secondly, therapeutically
active compounds frequently feature aromatic systems. Recent
statistical analysis of physicochemical and structural properties
reveal that 76% of drugs approved within the last decade
feature one or more heteroaromatic ring structures.®”

Taking these factors into account, along with additional
supporting evidence from the literature, we propose that
C—HieunaTiigana interactions serve as significant criteria in fine-
tuning weak and reversible molecular recognition events "
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Results and Discussion

A literature-based route to access "*C-pyruvate 3 was modified
and adapted to our purpose (scheme 1).*? Methylation of the
ylide 1 was accomplished using "C-iodomethane as an
economic source of carbon-13. Ozonolysis yielded the tert-butyl
pyruvate 3, which was subsequently converted to the two
isomers of the dimethylhydrazone derivative 4 (=major
isomer).”” Subsequent methylation of this hydrazone was
described previously,”? but following this literature reported
procedure using lithium diisopropyl amide (LDA) as a base did
not result in the desired product in our hands. Instead, we
optimized this key step and identified reaction conditions
applying sodium bis(hexamethylsilyllamide (NaHMDS) to ab-
stract the proton in a-position.®® Reduced reaction times were
essential to efficiently perform the conversion of compound 4
to 5 (=major isomer). The remaining steps have been
conducted according to protocols we developed in earlier work,
but now applied on different isotopologues.”” We additionally
established an alternative route to access precursor 7 starting
from [2-"*C] acetone 8 (scheme 1). Condensation with hydantoin
in presence of D,0 yielded compound 9. The target compound
7 was obtained after basic hydrolysis of the hydantoin ring."*"
NaOD was applied in this step to avoid methyl protonation and
the o-position was subsequently protonated by treatment with
1M NaOH at room temperature. This sequence resulted in a
methyl deuteration grade of >97%. This second synthetic
approach features a different source of carbon-13 (acetone
instead of methyl iodide) and is distinguished by a very
effective two-step reaction sequence. [3-"°C, 4,4'->H,] Ketoisova-
leric acid 7 was added to the "NH,Cl supplemented minimal
medium of a BL21(DE3) E. coli based overexpression system for
Brd4-BD1.

We chose the binding domain one of the bromodomain-
containing protein 4 (Brd4-BD1) as our model system and
correlated chemical shift perturbations with the presence of
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Scheme 1. Reagents and conditions: i. *CH,l, CH,Cl,, overnight, then NaOH/H,0; ii. Ozone, CH,Cl,, —78 C, then PPh,, RT, 2 hours, 70% over two steps; iii. N,N-
dimethylhydrazine .., diethyl ether, RT, overnight, 76 %; iv. NaHMDS, THF,,,4, —78 C, CD;l, 5 min, 80%; v. LDA, THF,,,q, —78 C, CDjl, 2 hours; then diethyl
ether, 1 N HCI, RT, 71%; vi. CH,Cl,/diethyl ether 1:1, HCly, 6 h, 90%. vii. Hydantoin, ethanolamine, D,0, overnight, 70 C; viii. NaOD/D,0, 120 C, 5 hours; then

NaOH (1 M), RT, 3 hours, 72%. ix. E. coli overexpression, "NH,Cl.
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CH-n interactions. Brd4 affects oncogene expression and to these two residues. Since our precursor labeling scheme

corresponding inhibitors have already revealed results in clinical
trial tumor treatment.*“? An in-house collection of protein-
ligand co-crystal structures provides extensive structural data to
evaluate our NMR based approach.”” Our novel precursor
enables the introduction of a “C—H spin system at the B-
position of valine and the y-position of leucine (Scheme 1). The
'H-C-HSQC of the resulting protein sample revealed well-
defined signals, which arise from CH methine spin pairs of five
valine- and thirteen leucine residues in the Brd4-BD1 sequence
(Figure 1). While the valine signals have been assigned using a
combination of NMR experiments recorded on a uniformly "C
labeled protein sample (see experimental part), correlations of
methine resonances to the leucine residues are currently not
available. In order to explicitly identify the signals of two
leucine side chains, which are located in the binding site (Leu92
and Leu94; see Figure 1C), corresponding L92A and L94A
mutants were overexpressed and studied by 2D NMR (support-
ing information). Thereby, two peaks (Figure 1D) were assigned

does not feature a chiral carbon center, stereoselective syn-
thesis is not required to further reduce protein spectra complex-
ity, as e.g. in the case of single methyl group labeling. However,
in the case of high molecular weight proteins it might be
beneficial to separate valine from leucine labeling and reduce
signal overlap. In this case, leucine isotope labeling can be
inhibited by adding unlabeled o-ketoisocaproate to the over-
expression medium as described in earlier work.??

Applying a fully "C labeled version of precursor 7 can have
the additional advantage of signal assignment using triple
resonance NMR experiments. It is of special value that both
synthetic routes depicted in scheme 1 may lead to this all-C
precursor 7 if corresponding isotope sources are used. On the
one hand, the stable ylide 1 can be synthesized from
commercially available [1,2-°C,] bromoacetate and be trans-
formed to uniformly "C o-ketoisovalerate by using CH;l as a
reagent in the subsequent reaction steps. On the other hand,
the all-*C isotopologue of 7 is also accessible using [®C;]
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Figure 1. A) Brd4-BD1 sequence featuring 13 leucines (purple) and 5 valines (green). B) Overlay of '"H-"*C-HSQC spectra of selectively Leu and Val >CH labeled
Brd4-BD1 (red) onto the 'H-"*C-HSQC of *C-uniformly labeled Brd4-BD1 ("*CH and "*CH; signals in black and '>CH, signals in grey), zoomed into the CH region.
C) Brd4-BD1 structure (PDB entry 6XUZ shown without ligand for clarity) highlighting leucine- (purple) and valine residues (green). The side-chains of Leu- and

Val residues within the binding site (Leu92, Leu94 and Val87) are depicted top left. D)

minimal medium supplemented with compound 7.
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'H-3C-SOFAST-HMQC of labeled Brd4-BD1 using BL21(DE3) E. coli in M9
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Figure 2. 'H-*C-SOFAST-HMQC of selectively Leu/Val labeled Brd4-BD1 in absence (black) and in presence (red) of ligand 14 (A) or ligand 17 (B). Chemical

shift perturbations >0,25 ppm are indicated with black arrows.

acetone and [1,2-"*C,] hydantoin, with the latter being synthe-
sized from commercially available ['*C,] glycine as described in
literature.”"

Ten different ligands (compounds 10-19, see supporting
information for corresponding structures) were added to the
selectively Val/Leu labeled protein samples and the resulting
CSPs recorded by acquisition of 'H-">C-HMQC SOFAST spectra.
The protein-ligand affinities had been analyzed in previous
studies and the ligands were synthesized following literature
procedures.”>*” The ligands contain strong (nM) and weak (uM)
binders and corresponding structural details are given in the
supporting information. For each of these compounds, the
binding mode to Brd4-BD1 is known and some of them are
available in the PDB database (6XV7, 6XUZ and 6XV3).

In the case of high affinity binders (e.g. the triazolo-
pyrazine/5-azabenzimidazole derivative 14; K, =38 nM), overlay
of the 'H-"*C-SOFAST-HMQC of the protein in the apo-state and
in presence of the ligand displays significant chemical shift
perturbation of two leucine and one valine methine signal
(Figure 2A). This finding corresponds to the reported binding
mode, indicating two leucines (Leu92 and 94) and one valine
(Val87) side chains within the binding site (PDB 6XV3). Taking a
closer look at the binding mode, the distance between the
Leu92 methine proton and the 5-azabenzimidazole ring system
in ligand 14 displays a CH-n interaction, which is detected by
the large CSP observed (Figure 3 top). In the case of the Val87
methine proton, the structural data again corroborates the large
CSP observed. Worth to notice here is the already moderate
upfield position of the Val87 methine resonance, which is due
to the proximal aromatic side chain of Tyr97 (Figure 3 bottom).
An additional upfield shift upon ligand interaction is due to the
positioning of the triazolo-pyrazine system of the ligand, which
leads to additional shielding of the methine group.

In case of weaker binders (e.g. compound 17; K, 8,9 uM),
the absence of the large bicyclic n-system impedes a significant
interaction with Leu92 and a CSP is consequently missing in the
corresponding 'H-"*C-SOFAST-HMQC spectrum (Figure 2B).
Spectra of Brd4-BD1 in presence of ligands 10-19 confirm the

ChemBioChem 2024, e202300762 (4 of 8)

Figure 3. Orientation of ligand 14 to Leu92 (top) and Val87 (bottom)
according to PDB entry 6XV3. Leu92 is in proximity to the 5-azabenzimida-
zole of the ligand, whereas Val87 is oriented close to the triazolo-pyrazine
system, as well as the Tyr97 side-chain.

finding that a Leu92 CSP is only observed in cases where the
ligand structure features a rigid bicyclic aromatic system as
corresponding CH- acceptor (supporting information). Hence,
our method provides an effective and direct tool to answer the
question if certain ligands serve as appropriate acceptors in
noncovalent CH-x leucine/valine interaction.

The extent of chemical shift perturbations caused by CH-n
interactions is determined by the proximity between the proton
donor and the acceptor aryl rings, as well as their spatial
orientation. The effect of an aromatic ring current on a proton
signal CSP can be described by the point-dipole model
introduced by Pople (Figure 4A).“¥ The corresponding structural
parameters in the Pople equation for Leu92 and Leu94 (r and 6,

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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A s deuterated methyl groups. A corresponding isotopologue of
H. /% the metabolic precursor a-ketoisovaleric acid 7 was synthetized
ne?a?  3c0s26-1 \9 in two different approaches using the economic isotope sources
Ac =106 . ) w2 BCH,l/CD;l and [2-C] acetone/D,0, respectively. The com-
4nmc? B
pound was applied in the E.coli-based overexpression of
B selectively labeled Brd4-BD1 resulting in well-resolved C-HSQC
; NMR spectra. CSPs were observed upon addition of ten differ-
031 A™2: 0.94 ent ligand compounds with known binding modes. In this
Intercept: -0.01 .
Siope:  0.84 | study, we could show, that the magnitudes of the observed
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Figure 4. Pople equation illustrating the change in the isotropic nuclear
shielding constant (Ac) of a proton depending on the relative orientation of
a proton to an aromatic -system (A). Parameters: Ac...isotropic nuclear
shielding constant [ppm]; n...number of circulating electrons (=6); e
elementary charge [Franklin] (=4.803207%x107"%); a...radius of the aromatic
ring [cm] (=1.39x10~% for 6-membered ring and 1.18x10® for 5-membered
ring); m...electron mass [g] (=9,1094x107%); c...speed of light [cm s7']
(=2.998x10'%); @...angle between the ring normal through the aromatic
center and the proton to ring center vector [rad] (see Sl for corresponding
values); r...distance from the proton to the ring center [cm] (see SI for
corresponding values). (B) Correlation between the changes in chemical shift
obtained from the Pople equation and the experimentally observed CSP
values for Leu92 and Leu94 residues of Brd4-BD1 in presence of different
ligands.

see table SI1 in the supporting information) have been
extracted from x-ray data.

The correlation of experimental CSP values for Leu92 and
Leu94 with predictions made using the Pople equation for
different ligands is shown in Figure 4B. Overall, the positive
correlation of Ac derived from structural data and the observed
CSP suggests that the observation of methine proton signals
has the capability to serve as an additional tool for evaluating
binding modes within protein-ligand complexes. Interestingly,
the slightly smaller slope of 0.84 for linear regression is
comparable to the value (0.92) for aromatic CH-n interactions.®”
Pople’s approximation describes the secondary magnetic field
induced by the electric ring current via a magnetic dipole
positioned at the ring center. The implementation of this model
offers high simplicity and decreased calculation efforts. How-
ever, more advanced models to represent the ring current
effect considering the current circulating above and below the
ring plane, as well as the Hiickel molecular orbital theory can be
included in future studies to further expand the methodological
possibilities. ="

Conclusions

We developed a method to introduce C-'H spin systems into
the methine positions of valines and leucines in presence of

ChemBioChem 2024, €202300762 (5 of 8)

CSPs correlate with the geometrical arrangement of the
interacting moieties via Pople’s equation and can be exploited
as a valuable data source to characterize protein ligand
interaction. Methine-based CSP experiments can thus comple-
ment methods focusing on methyl resonances, especially in the
case of small to medium-sized proteins and serve as an
additional guiding principle in ligand optimization processes.

Experimental Section

General synthetic procedures: Unless otherwise stated, all reagents
and reactants were purchased from commercial suppliers and used
without further purification. All solvents were distilled before use.
lodomethane-"*C and lodomethane-d, were purchased from Sigma
Aldrich®. Oxygen- and moisture sensitive reactions were carried out
under an argon atmosphere and yields refer to pure compounds.
The reactions were monitored via thin layer chromatography (TLC)
on silica gel 60 with fluorescent indicator UV254. Visualization of
the compounds was carried out using an UV-lamp (254 nm) and by
application of specific reagents: H;PMo,,0,, (10% in ethanol) with
subsequent heating using a heat-gun. Flash column chromatog-
raphy was performed on silica gel 60 (0.040-0.063 mm) from Merck.
Freeze-drying was done with liquid nitrogen and subsequent
lyophilization by inducing high vacuum on an oil pump. 'H and "*C
NMR spectroscopic data were recorded on a Bruker AVANCE-DRX
400 MHz spectrometer. NMR solvent signals were calibrated to
7.27 ppm (CDCl;) and 4.79 ppm (D,0). Chemical shifts (3) are given
in ppm (s=singlet, d=doublet, dd=doublet of doublets, m=
multiplet) and reported relative to the residual solvent peaks.
Coupling constants (J) are given in Hertz (Hz). High resolution mass
spectrometry experiments were performed using electrospray
ionization (ESI, 3 keV, in the positive or negative ion mode) or
electron ionization (El, 70 eV).

Synthesis of precursor (7) starting from
triphenylphosphorane (1)

[3-*C] 1,1-Dimethylethyl 2-
(triphenylphosphoranylidene)propanoate (2): 2,9 g (7,7 mmol) of
(tert-butoxycarbonylmethylene)triphenyl-phosphorane 1 was dis-
solved in 15 ml of dichloromethane (DCM). To this solution, 1g
(0,9 eq) of *CH,l was added. The mixture was stirred overnight, and
the solvent removed under reduced pressure. The resulting yellow
residue was dissolved in 30 ml of DCM and vigorously shaken with
a solution of 560 mg (2 eq) of NaOH in 10 ml of water using a
separatory funnel. The aqueous phase was extracted twice with
DCM. The combined organic layers were dried over MgSO,,
resulting in a clear, yellow product solution, which was used for the
next step without further purification.

[3-C] tert-Butyl pyruvate (3): A constant stream of O, from an
ozone generator was purged through the solution of the ylid 2 in
DCM (resulting from the preceding reaction) at —78 C until the

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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solution turned blue. Subsequently, a stream of argon was purged
through the solution until the blue colour vanished. 2,2 g (1,2 eq)
of triphenylphosphine (PPh;) were added and the solution was
stirred under inert conditions for another 15 min. at —78 C. The
mixture was then brought to room temperature (RT) and stirring
was continued for two hours. The bulk solvent was carefully
removed under reduced pressure. [3-"C] tert-butyl pyruvate 3 was
obtained by bulb-to-bulb distillation (100 mbar, up to 90 C) as a
colorless liquid. Yield: 782 mg (70% over 2 steps) 'H NMR (400 MHz,
CDCl;, ppm): 8=2.42 (d, 'Jeuy=129.2 Hz, 3H; "CH,), 1.56 (s, 9H;
C(CH,);). ®C NMR (100 MHz, CDCl;, ppm) 8=84.1 (C(CHs)), 27.9
(C(CH,)3), 26.4 ("*CH,).

[3-C] tert-Butyl 2-(2,2-dimethylhydrazono)propanoate (4): 200 pl
(1.2 equivalents) of dimethylhydrazine were added to a solution of
311 mg (2.1 mmol) of [3-"C] tert-butyl pyruvate 3 in 5 ml of diethyl
ether (Et,0) under an argon atmosphere. The resulting mixture was
stirred at RT overnight. The following day, the solution was diluted
with additional Et,O and subjected to two washes with small
amounts of water. The aqueous phases where extracted three times
with small portions of Et,0. The organic phases were combined,
dried over magnesium sulfate (MgSO,) and concentrated under
reduced pressure. The resulting yellow liquid, [3-"*C] tert-butyl 2-
(2,2-dimethylhydrazono)propanoate 4, was purified by bulb-to-bulb
distillation (10 mbar, up to 110 Q). The yield was 303 mg (76 %),
consisting of two isomers in an approximate ratio of 5:1. '"H NMR
(400 MHz, CDCly), Isomer 1: §=2.79 (s, 6H; N(CH5),), 2.06 (d, Jcy=
129.7 Hz, 3H; CH,), 1.53 (s, 9H; C(CH,),); Isomer 2: §=2.51 (s, 6H;
N(CH5),), 2.04 (d, "Je,y=129.7 Hz, 3H; *CH,), 1.53 (s, 9H; C(CH,),). "*C
NMR (100 MHz, CDCl;, ppm) Isomer 1 §=15.95 (“CH,), 26.61
(C(CH,)5, 47.06 (N(CH,),, 81.64 C(CH),); lsomer 2 §=13.48 ("*CH,),
28.09 (C(CH5),, 47.52 (N(CH5),, 82.61 C(CH,),).

[3-'*C; 4,4,4-’H,] tert-Butyl 2-(2,2-dimethylhydrazono)butanoate
(5): A solution containing 303 mg (1.62 mmol) of compound 4 in
15 ml of anhydrous tetrahydrofuran (THF) was prepared under an
argon atmosphere. The solution was then cooled to —78 C. Next,
3.25 ml (2 equivalents) of a 1M solution of sodium hexameth-
yldisilazide (NaHMDS) in a mixture of THF and hexanes was slowly
added to the reaction over a period of 30 seconds. Stirring was
continued for 2 minutes, after which 102 pl (1 equivalent) of CD,l
was rapidly introduced. The reaction mixture was stirred for
additional 5 minutes. To stop the reaction, 5 ml of water were
added, and the mixture was brought to RT. After the separation of
the phases, the aqueous layer was extracted four times with diethyl
ether (Et,0). The combined organic phases were washed with water
and dried over magnesium sulfate. The solvent and unwanted silyl
by-products were removed by applying reduced pressure (50 mbar)
and heating at 40 C for several hours until mass consistency. The
resulting product, [3-°C; 4,4,4-?H;] tert-butyl 2-(2,2-dimeth-
ylhydrazono)butanoate 5, was obtained as a clear, yellow liquid by
bulb-to-bulb distillation under vacuum (10 mbar) up to a temper-
ature of 110 C. Yield: 264 mg of two isomers in a ratio of approx.
4:1 (80%) 'H NMR (400 MHz, CDCl,, ppm) Isomer 1: § =2.77 (s, 6H;
N(CH,),), 2.53 (d, 2H; "Jcy=129.7 Hz), 1.52 (s, 9H; C(CH,),); Isomer 2:
8=2.50 (s, 6H; N(CH,),), 2.35 (d, "Jcy=129.7 Hz, 2H; "*CH,), 1.52 (s,
9H; C(CH,);). C NMR (100 MHz, CDCl;, ppm) Isomer 1 §=26.62
(°CH,); Isomer 2 §=21.77 ("*CH,). HRMS (ESI): m/z calcd for
Co"*CH,,DsN,0, + Na*:227.1633 [M+Na*]; found: 227.1638.

[3-*C; 4,4,4-°H,] tert-Butyl 2-keto-3-(methyl-’H,)-butanoate (6):
128 mg (0.68 mmol) of compound 5 were dissolved in 10 mL of
THF under an argon atmosphere. The solution was cooled to
—78 C, and then 0.7 mL of commercial Lithium diisopropylamide
(LDA) (2 M in THF, 1.36 mmol) was added. The mixture was stirred
at —78 C for 30 minutes, followed by the rapid addition of 124 pl
CD;l (1.36 mmol). The progress of the reaction was monitored using
NMR spectroscopy, which showed completion after 30 minutes. The
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solvent was evaporated at reduced pressure at 40 C; the resulting
residue was taken up in ethyl acetate and washed with 10 mL of
water. The water phases were discarded while the organic phase
was vigorously shaken with 3 mL of aqueous HCl (1 M). The organic
phase was dried over MgSO,, and the solvent was evaporated
under reduced pressure. The resulting pale-yellow oil was purified
using bulb-to-bulb distillation to a vacuum pressure of 20 mbar and
a temperature of 90 C, which yielded 87 mg (71%) of [3-"°C;
4,4,4-°H.] tert-butyl 2-keto-3-(methyl-’H,)-butanoate 6 as a colorless
oil. 'H NMR (400 MHz, CDCl,, ppm): §=3.14 (d, Jc,;=129.8 Hz, 1H;
BCH), 1.56 (s, 9H; C(CH5);). *C NMR (100 MHz, CDCl;, ppm): 8=
83.92 (C(CH;)3), 36.53 (*CH), 27.90 (C(CH,)5).

[3-°C; 4,4,4-°H,] 2-Keto-3-(methyl-’H;)-butanoic acid (7). A solu-
tion of 143 mg (0.47 mmol) compound 6 in a mixture of 10 mL
diethyl ether (Et,0) and 10 mL dichloromethane (DCM) was cooled
to 0 C. Gaseous HCl was purged into this solution by adding
concentrated HCl to concentrated sulfuric acid dropwise. The
resulting gas was bubbled through the solution for 15 minutes at a
moderate pace. After that, the reaction vessel was tightly closed
and stirred at room temperature for 1 hour. The solution was then
cooled again to 0 C, and this process was repeated three times.
Stirring was continued overnight after the final cycle. The following
day, the solvent was removed under reduced pressure, resulting in
the formation of 58 mg (99%) of [3-"°*C; 4,4,4-’H;] 2-keto-3-(meth-
yl-*H,)-butanoic acid 7 as a clear, colorless viscous liquid. '"H NMR
(400 MHz, CDCl;, ppm): §=3.45 (d, 'Jo;=131.0 Hz, TH; "CH). *C
NMR (100 MHz, CDCl;, ppm): §=34.76 ("*C), HRMS: m/z calcd for
C,PCH,D¢05: 122.0811 [M-H]~ (100%) and 123.0845 [M-H]~ (4.3 %);
found: 122.0812 (100%) and 123.0851 (4,3 %).

Synthesis of precursor (7) starting from [2-°C] acetone (8)

5-([2-C; 3,3,3,3,3,3'-*H] Propan-2-ylidene)imidazolidine-2,4-di-
one (9). 150 uL (1 eq) of [2-"C] acetone and 120 uL (1eq) of
ethanolamine were added to 306 mg (1.5 eq) hydantoin in 2 mL of
D,0 and the resulting mixture stirred at 70 C over-night. After
product precipitation, the mixture was cooled to 0 C for 30 min.
and the solid separated off by filtration. This product was
redissolved in methanol, which was then removed by rotary
evaporation. The product was dried in vacuo yielding 201 mg (67 %)
of product 9. '"H NMR (400 MHz, CDCl;, ppm): §=10.79 (s, TH; NH),
9.76 (s, TH; NH), 2.05 (s, 0.31H, residual protonation; CH;), 1.17 (s,
0.28H, residual protonation; CH;) *C NMR (100 MHz, CDCl;, ppm):
§=123.90 (*C).

[3-*C; 4,4,4-°H;] 2-Keto-3-(methyl-*H,)-butanoic acid (7). 108 mg
of the hydantoin derivative 9 were stirred at 100 C in 4 mL of
aqueous NaOD 20% (w/w) under an argon atmosphere for 5 hrs.
After addition of 10 ml of water, 10 ml of ethyl acetate were added,
and the phases separated. The aqueous phase was washed one
more time with 10 ml ethyl acetate and the combined organic
phases discarded. The aqueous phase was acidified by addition of
1 ml of HCl, at 0 C. The resulting solution was extracted five
times with 10 ml ethyl acetate and the combined organic phases
carefully evaporated via rotary evaporation >200 mbar. Then, 4 mL
of a 1 M aqueous solution of NaOH were added to the flask. The
mixture was stirred for 3 hours at room temperature. After that,
10 mL of water and 10 mL of ethyl acetate were added, and the
two layers were separated. The organic layer was discarded, and
the remaining aqueous layer was acidified with HCl.,. at 0 C. This
mixture was then extracted five times with 20 mL portions of ethyl
acetate. After that, the combined organic phases were dried over
magnesium sulfate. Evaporation of the solvents in vacuo at
>200 mbar resulted in a pale-yellow oil of a-ketoacid 7 in a yield of
65mg (72%). Proton NMR spectroscopy indicates a methyl
deuteration grade of ~97%. 'H NMR (400 MHz, CDCl;, ppm): 8=

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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3.44 (d, 'Jey=131.1 Hz, 1H; ®CH), 1.23 (s, 0.21H, residual protona-
tion of the two methyl groups; CH,). *C NMR (100 MHz, CDCl,,
ppm): 8 =34.84 (°C).

Expression and purification of Brd4-BD1. Protein overexpression
was performed as described previously.® Recombinant human
Brd4-BD1 was expressed in E. coli BL21(DE3), which contains a N-
terminal TEV-cleavable His6-Tag (plasmid was kindly provided by
Boehringer Ingelheim GmbH & Co KG). Uniformly °N and selective
Leu/Val C/°H labeled Brd4-BD1 (wild-type, L92A, L94A) was
expressed following the expression protocol for efficient isotopic
labeling of recombinant proteins using a fourfold cell concentration
in M9 minimal medium, supplemented with 1 g/L *NH,Cl, 3 g/L D-
glucose and 100 mg/L [3-"C; 4,4,4-"H,] 2-keto-3-(methyl-*H;)-buta-
noic acid 7. Uniformly "N and 'C-labeled Brd4-BD1 for triple
resonance signal assignment was expressed following the same
protocol, M9 minimal medium was supplemented with 1g/L
NH,Cl and 3 g/L *C¢-D-glucose. Cells were grown until an ODgggnm
of 0.7 and protein expression was induced with 0.4 mM IPTG final
concentration. Cells were harvested by centrifugation, lysed by
sonication and the lysates were subsequently centrifuged. Proteins
were purified from the supernatant by Ni** affinity chromatog-
raphy. The purified protein was treated with TEV protease and
again loaded onto a Ni** column to bind the cleaved His6-Tag and
the His6-Tagged TEV protease. The flow-through containing Brd4-
BD1 was concentrated. Purity was analyzed by SDS-PAGE. NMR
samples of Brd4-BD1 were prepared in 10 mM sodium phosphate
buffer containing 0.1 mM protein, 100 mM sodium chloride, 10%
D,0 and 1 mM DTT.

NMR experiments. All protein NMR experiments were conducted at
298 K on a Bruker Avance 600 MHz or Bruker Avance 700 MHz
spectrometer equipped with a TCl cryoprobe with Brd4-BD1 sample
concentration of 100 uM. Ligand concentrations were kept at
2 mM. 2D 'H-*C-SOFAST-HMQC spectra were acquired using the
pulse sequence “Me_sfhmqcf2gpph.2” of the Bruker library. Spectra
were recorded using 128 (t1)x2048 (t2) complex points with
acquisition times of 106 ms (t,) and 14.1 ms (t;). A total of 48 scans
were recorded per t; increment. NMR spectra were processed and
analyzed with NMRPipe,*? SPARKY® and CCPNmr.>* Unambiguous
assignment of the Valine C residues were performed with a series
of three-dimensional NMR experiments (HNCACB, HN(CO)CACB,
hCC-TOCSY-coNH and Hcc-TOCSY-coNH).
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1. NMR data of isotope labeled precursors and intermediates

Compound 3, '"H NMR, CDCls, 400 MHz
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Compound 4, '"H NMR, CDCl;, 400 MHz, Major isomer (*) and minor isomer (°)
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Compound 5, '"H NMR, CDCl;, 400 MHz, Major isomer (*) and minor isomer (°)
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51
Compound 6, '"H NMR, CDCls3, 400 MHz
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Compound 7, '"H NMR, CDCls, 400 MHz
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Compound 9, "H NMR, 6d-DMSO, 400 MHz
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Compound 7 (from [2-13C] acetone 8), 'H NMR, CDCl3, 400 MHz
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2. Structures of Brd4-BD1 ligands
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3. Table of experimental chemical shifts, geometrical parameters and calculated chemical shifts (Table Si1).

Residue | Ligand Nr | CSPexs | CSPpople gsSFF,’;:Ie dis[t;;‘ce Theta
Lo2 10 0569 | 04128 | 01562 | 4932 | 0.179
Lo4 10 01304 | 00786 | 00518 | 7.331 0.451
Lo2 1 0504 | 03955 | 01085 | 5000 | 0.182
Lo4 T 0.1009 | 00808 | 0,0201 7471 0.473
Lo2 12 0503 | 04332 | 00698 | 4.824 | 0.208
Lo4 12 01036 | 00878 | 00158 | 7.140 | 0.431
Lo2 13 0456 | 03791 | 00769 | 5.011 0.236
Lo4 13 01204 | 00808 | 00486 | 7.116 | 0.486
Lo2 14 0397 | 03875 | 00095 | 5005 | 0.210
Lo4 14 0.0815 | 00691 | 00124 | 6782 | 0.674
Lo2 15 0.247 | 028699 | -0,03999 | 4.9709 | 0.4816
Lo4 15 01076 | 0.09142 | 001618 | 7.6060 | 0.3988
Lo4 16 01595 | 01266 | 00329 | 7.1967 | 0.2506
Lo4 17 01664 | 00729 | 00935 | 6526 | 0.692
Lo4 18 01770 | 01361 | 00409 | 57350 | 0.6197
Lo2 19 0.083 | 005038 | 003262 | 6642 | 0.763
Lo4 19 0.0937 | 00531 | 00406 | 6490 | 0.766

Table SI1: Experimental chemical shift perturbation (CSPexp) of methine '*C-H signals in 'H-'*C-SOFAST-HMQC of Brd4-
BD1 leucine 92 (L92) and leucine 94 (L94) residues in presence of ligands 10-19. CSPpqp is the chemical shift perturbation
calculated from the equation shown in Figure 4 of the main text using r (distance in Angstroem) and the angle theta in rad.
R and theta have been deduced from x-ray structures, either published in the RCSB protein data bank (entry 6XUZ for 13;
6XV3 for 14; 6XV7 for 17), or unpublished (for ligands 10, 11, 12, 15, 16, 18 and 19).



13C-METHINE-LABELED VALINE AND LEUCINE PRECURSOR

4. 'H-"3C-SOFAST-HMQC of Brd4-BD1 in absence (black) and presence (red) of ligands.

Additional signals in red spectra (20-23ppm and 1-1.5ppm) are due to alkyl groups of the ligands, especially the

isopropyl groups of ligands 10-14.
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5. Overlay 'H-"3C-HSQC Brd4-BD1 WT/L92A/L94A
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Overlay of "H-"3C HSQCs of WT Brd4-BD1 (black), L94A Brd4-BD1 (red) and L92A Brd4-BD1 (blue). The Leu94 signal
was identified by the absence of the corresponding peak in the spectrum of L94A Brd4-BD1 in red. The Leu92 signal
was identified by interpreting the spectrum of L92A Brd4-BD1 in blue, which shows the absence of the Leu92 signal in a
region of overlapping signals (zoom window). All three protein samples were labeled by adding compound 7 to the
minimal medium as described in the experimental part of the main text.
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DISCUSSION AND OUTLOOK

NMR Spectroscopy has been widely used in structure determination
and dynamical investigations of biomacromolecules. Due to its ability
to detect weak and transient interactions, NMR Spectroscopy became
a powerful tool in drug design programs, especially in the FBDD field.
The papers presented in this thesis clearly show that the chemical
shifts obtained with NMR Spectroscopy are very sensitive reporters to
even little structural changes. Moreover, the chemical shifts reported
here serve as a direct probe for specific directional non-covalent in-
teractions, the CH-7 interactions. Having the feasibility to unwind
different types of non-covalent interactions and their impact on the
complex formation, this type of information is predestined to impact
medicinal chemistry.

Traditional drug design programs are structure- or ligand-based
and require therefore a well-resolved structure of the target protein
bound to ligands. These structures are mainly derived from X-ray
crystallography data and are certainly a good starting point. Nev-
ertheless, there are some drawbacks in structure-based drug design
processes. One major point is that proteins exist as conformational en-
sembles that are not depicted in the crystal structures. The analysis of
non-covalent interactions in the bound state are indirectly estimated
according to the crystal structure, rather than directly probed. More-
over, the contribution to the binding entropy resulting from residual
dynamical movement in the ligand-bound state is an additional im-
portant information in the design and optimization process, which
can also not be derived from a single static structure. Another major
point is the importance of hydration water molecules in the binding
interface and their contribution to the binding energy. An adequate
and precise description of the complex is therefore crucial in drug
design programs, especially in the hit-to-lead optimization stages.

Structure-based drug discovery programs, and in particular FBDD,
were able to find suitable drugs or hit ligands for so-called undrug-
gable protein targets, nevertheless, its success rate in drug discovery
processes has not reached its expectations [33]. One major bottleneck
in structure-based drug design programs is still the generation of
structures of the target proteins. Either the protein does not crystal-
lize or the resolution of the generated structure is too small. Moreover,
the output relies on one stoic and simplified state of the complex for-
mation, which is not appropriate, especially in the case of intrinsically
disordered proteins (IDPs). IDPs play crucial roles in biological pro-
cesses, which makes them plausible drug targets. Contrary to folded
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proteins, IDPs do not have well-defined binding pockets that lead
fragment selection, alternative approaches in drug design programs
based on their conformational ensembles are therefore needed.

The interplay of NMR Spectroscopy and computational biology is a
fruitful strategy to enhance drug discovery programs. With selective
labeling strategies, fundamental NMR experiments, simple chemical
shift calculation approaches and Al-generated structure predictions
(e.g. AlphaFold2), it is possible to determine the relevance of each
contribution to its binding affinity.

Ensemble-averaged structure generation with NMR Spectroscopy
and MD simulations leads to a more adequate and accurate descrip-
tion of the formed complex and its dynamical properties. Moreover,
as shown in the two papers, the simplicity of the Pople model is
sufficient to approximate the effect of the ring current effects onto 'H
chemical shifts of the protein to directly probe CH-7 interactions. The
usage of more advanced QM /MM methods would even improve the
accuracy and is also suitable to calculate 'H ligand chemical shifts in
order to map the binding interactions from the ligand’s perspective
[76].

Taking all these things together, it is possible to form a better un-
derstanding between the affinity, its non-covalent interactions and
structures of protein-ligand binding complexes, thereby accelerating
drug discovery processes. Ultimately, by combining NMR-derived
data and computational methods, we may even be able to target pre-
viously inaccessible protein systems.
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