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Introduction

1.1 Preface

Proteins are the most important pillars of our body and the hardest workers
of our cells. Indeed, they specifically bind small molecules, nucleic acids and
multiple molecular interactions like protein-protein, protein-nucleic acid and
protein-ligand interactions control and enable life. Understanding all of these
interactions 1s of crucial importance to restore the normal physiology of
pathological-altered cell pathways. The entirety of approved small-molecule
drugs act through approximately 200 human proteins, a small number
compared to the more than 20000 protein-coding human genes [1].
Therefore, a huge effort has to be done to better identify and modulate
“undruggable” proteins involved in pathways with strong disease

phenotypes.

Most pharmaceutical companies research is based on target-focused drug
discovery, where the goal is to modulate the biological activity of a particular
target to provide a desired response to cure or treat a specific disease. In the
last years, our increasing knowledge of molecular biology and the
development of new technologies and approaches have helped scientists in
their understanding of the molecular mechanisms that underlie disease
processes. Potent, selective, and cell-penetrant small-molecules, often
referred as “chemical probes,” also provide powerful tools to aid elucidation

of protein function inside the cell [2].

Since the late 1990s, within the pharmaceutical industry, significant
investment and efforts have focused in both phenotypic and target based
high-throughput screenings (HTS) of large library collections (>100,000
compounds) [3]. Typically, HTS requires robotized bioassay to screen
thousands of compounds in a whole cell set-up or using purified protein. The

use of this approach turned out to be really fruitful with the approval in the
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market of drugs for different diseases/targets: e.g. gefinitib, lapatinib,
erlotinib to treat cancer; tipranavir, maraviroc for HIV, sitagliptin for diabetes

and many others [3].

Although these approaches succeeded at identifying biologically active
compounds, more recently, significant advances in biophysical and
structural techniques for monitoring weak to moderate binding affinities of
protein—ligand interactions have facilitated the development and success of
other approaches, i.e. fragment-based drug discovery (FBDD). In fragment
screening, compared to HTS, smaller libraries (usually around 1,000) of
compounds of relatively small size (fragments, MW usually <300 Da) are
screened at high concentration (usually >0.5 mM) for direct, non-covalent
binding to a given target [4]. Fragment screening is now firmly established
as an early-stage lead discovery approach, very often performed in parallel
with HTS against any target of interest. The key for the success of fragment
approaches relies in biophysical and structural methods, which were
previously only used for quality controls or during the late stages of lead
optimization and now are being increasingly used for screening and

validation during the early stages of the discovery process [4].

HTS and FBDD, together with computational approaches, have speeded up
the drug discovery pipeline. In parallel, these approaches will continue
providing to us strong information to better understand our cell machinery.
Indeed, progresses made from the drug discovery side have been so far really
helpful to better understand how difficult targets work, how they interact with
other proteins and finally, how they can be activated or inhibited. However,
a lot of work still remain to be done in order to bring to light the “dark
proteome”, to modulate proteins that until now are considered undruggable

and to better understand the secrets hidden by our genetic code, the DNA.
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1.2 A  historical view of the biophysical
techniques: from the resolution of the first
crystal structure to 2020

Since the first three-dimensional protein structures published during the 50s
and 60s, a considerable number of structures of relevant targets have been
elucidated, allowing scientist all over the world to get more insights in the
structural determinants of these targets. The pioneering work of Drs John
Kendrew and Max Perutz in solving the crystal structures of myoglobin and
haemoglobin explained the oxygen-carrying/storing properties of these
proteins and also shed light on the molecular basis of sickle cell anaemia,
and at the same time on potential treatments for this disease [5]. Similarly,
thanks to the determination of the amino acid sequence of insulin by Dr Fred
Sanger and its three-dimensional structure by Dr Dorothy Hodgkin, it was
possible to engineer synthetic insulins for the treatment of diabetes. These
ground-breaking studies demonstrated how important is the identification of
structure-function relationships and furthermore showed the importance of
having in hands the three-dimensional structures of therapeutically relevant
proteins. Moreover, insights on protein fold and structures (Drs Linus
Pauling and Robert Corey proposed the a-helix and 3 -sheet structures in 1951)
[6] and the availability of the three-dimensional structure allowed the
identification and characterization of potential binding sites on targets and

formed the foundation of what we call, structure-based drug design (SBDD)
[5].

During the 80s, structures-guided programs started aiming to find inhibitors
for different targets, leading to the discover of successful drug candidates
like inhibitors of the thymidylate synthase for the treatment of cancer and

inhibitors of the viral neuraminidase to combat influenza [5]. Another great
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achievement of the SBDD approach was the use of the structure of HIV
protease in the design of the four FDA-approved antiviral protease inhibitors
(saquinavir, nelfinavir, indinavir and ritonavir) for the treatment of
HIV/AIDS [7-8]. A major change in the field was during the 90s, when
equipment for X-ray structure determination and computing and graphics
equipment required for the corresponding molecular modelling was available
in most institutions in both academia and industry [9]. Indeed, for X-ray
crystallography the major developments were as a consequence of an
increase in the speed of the structure determination. Currently, synchrotron
radiation, coupled to new faster instrumentation is capable of rapid data

collection.

In parallel to X-ray crystallography, Nuclear Magnetic Resonance (NMR)
gained ground during the 90’s. An Abbott-based group, led by Dr Stephen
Fesik, developed the SAR by NMR approach [10]. NMR has been applied
to design potent, novel leads against a number of targets, including the first
inhibitor of an important target in cancer, the Bcl-2 family (ABT-
737/mavitoclax) [11]. At that time, it became quite clear that structural
insights could not only speed up but, above all, improve the success of drug
discovery efforts. In parallel to X-ray and NMR, other biophysical
techniques such as Differential Scanning Fluorimetry (DSF), Surface
Plasmon Resonance (SPR, as an example, the first SPR instrument was
brought to the market by Pharmacia Biosensor AB in 1990), Isothermal
Titration Calorimetry (ITC) or more recently Microscale Thermophoresis
(MST) and others, have matured during these years to become key
components of drug discovery platforms, enabling drug discovery for more

challenging targets [12-13].
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In the last years, two new promising technologies are taking their place in
structural biology: serial femtosecond crystallography (SFX) using ultra-
short pulses of coherent and extremely intense radiation generated by X-ray
free electron lasers (XFELs) [14] and high-resolution single-particle cryo-
electron microscopy (cryo-EM) [15]. XFELs can be used for targets where
X-ray crystallography fails. Indeed, X-ray suffers from limitations such as
the need for large, well-diffracting crystals and radiation damage that can
hamper native structural determination [16]. Instead, XFELs works on small
crystals that are not commonly suitable for diffraction on regular synchrotron
beamlines and for macromolecules where radiation damage represents a
limitation [17]. Furthermore, it helps to obtain information on molecular
dynamics, since no cryogenic temperature are needed [12]. Cryo-EM,
instead, is a well know technique, that until veryrecent advances in electron
detection and image processing, was limited to large complexes (200—
4,000 kDa) due to its low resolution. In the last years, cryo-EM has
rapidly emerged as a powerful technique for protein structure
determination at high resolution and has come to rival X-ray
crystallography [18]. Due to these improvements, there are a lot of targets
that have been structurally disentangled by cryo-EM, including TRPV1
[19], y-secretase [20] and B-galactosidase [21] for which, for example,a2.2
A-resolution structure was obtained. Furthermore, for some systems, cryo-
EM has been able to achieve the resolution needed to elucidate details of
protein—ligand interactions, and for that reason is considered to be of utility
in drug discovery. Noteworthy, scientists at Astex Pharmaceuticals and
Isohelio demonstrated, using as test systems [3-galactosidase (Bgal) and the
oncology target pyruvate kinase 2 (PKM?2), that cryo-EM can become a
powerful tool for FBDD since it gives sufficient quality data and throughput

to determine unambiguous binding mode for ligands [22]. Today, more than
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in the past, it became clear that SBDD programs will benefit of combining
data obtained from different biophysical techniques and other approaches,

i.e. HTS and computational approaches.

1.3 Biophysical techniques in the drug discovery
process

Drug discovery is a long, complex and expensive process. On average it takes
up to 15 years and 1.5 billion dollars to bring a new drug to market [23]. The
path to obtain a successful drug, indeed, is hard and needs a multidisciplinary
approach and team from both basic and clinical researchers. From an SBDD
perspective, after identifying an unmet medical need, the next step is to
identify the molecular biology behind it, and therefore the target that causes
the disease. Once the target is identified and characterized, the long pathway
to develop a drug starts. In this process, biophysical methods also have an
important part to play and nowadays are firmly combined at several stages.
In order to affect the biology of a specific system, it is of crucial importance
to find a hit compound as a starting point to probe the druggability of the
target. Here, biophysical techniques help to elucidate the binding of a ligand
to a given target, directly (Ks) or indirectly (ICso); providing the basis to
decipher structure-activity relationships. Also, in this stage biophysical
techniques contribute to the elucidation of binding site and binding mode of
ligands, allowing to obtain structural information, even for weak binding
molecules. As mentioned, a plethora of biophysical techniques are available
for this hit identification, and lead development and several parameters should
be considered, including the throughput of the technique, the consumption of
material (recombinant protein and ligand), the requirement of covalent
immobilization, the detectable rage of Kus, and obviously the accessibility of

the instrument [4]. DSF, fluorescence polarization (FP) assays and Forster
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resonance energy transfer (FRET), NMR, SPR, ITC, X-ray crystallography,
MST and Mass Spectrometry (MS) are the most applied techniques in drug
discovery. A possible strategy of compound screening is illustrated in Figure
1.1. In the following subchapters, exclusively the techniques employed in

this thesis will be deeply described.

Compound library
e.g. 1-2k fragments DSF FP
Fast, direct binding, prone to Fast, displacement assay,
false +ves and -ves prone to false +ves
1%-line screenin
& NMR SPR
Slow, material-intensive, Slow, binding on surface,
Hits from 1st_|ine protein vs ligand observed, direct vs competition assay,
R direct vs competition assay prone to false +ves
screening
Ideally <100-200 fragments
NMR SPR
nd_|; i Protein vs ligand observed, Binding on surface, direct vs
Ine screening
ideally displacing partner competition, need assay
available, quality-control optimisation
Validated Hits after
2"-line screening ITC SPR
Ideally 20-30 fragments Slow, materiak-intensive, Binding on surface, direct vs
direct vs competition, can give o Lo
information on . compefutnon, can give
Characterization @ N, K, AH and AS information on Ky, Ko, ko
) N_MR ) Xray crystallography
Time consuming to determine .
Lo liranded structures. low Fast, structure resolution,
Blndlng modes and gance 4 soaking vs cocrystallization,
o R resolution structural data different crystal forms
binding affinities (LE) possible ¥

Figure 1.1. Flowchart of a possible strategy for compound screening, validation, and
characterization using biophysical techniques. Adapted from [4].

1.3.1 Differential Scanning Fluorimetry (DSF) assay

DSF (also named thermal shift and ThermoFluor) is a high throughput
screening, inexpensive, simple and quick method that measures the
progressive denaturation of a protein trough heating. Proteins exist in
thermodynamic equilibrium between multiple conformational states
(folded/native state) that upon slow increase of the temperature undergo

denaturation (unfolded state) since this heating induces changes in the water
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shells and the hydrogen bonds, thus leading to associated adjustments in the
conformation of the protein and exposing to solvent hydrophobic residues
normally buried inside the core of the protein [4]. The assay consists of
combining a protein solution with a fluorescent hydrophobic dye (SYPRO is
the most common) that fluoresces brightly when bound to the hydrophobic
region of a protein. Therefore, as the protein unfolds during heating and
reveals binding sites for the dye (hydrophobic regions), fluorescence
increases proportionally to unfolded protein abundance [24]. Melting
temperature (Tm) is then calculated as the midpoint of the resulting

fluorescence versus temperature (Fig. 1.2).
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Figure 1.2. Examination of differences in the temperature dependent fluorescence profile
of protein plus dye in the presence and absence of a potential ligand (small molecule)
may reveal a change in melting temperature (Tm), the temperature at which there is 50 %
denaturation, to a higher value indicative of binding.

Since the stability of a given protein may be affected by many factors like
buffer condition, protein-protein interaction, mutations, and ligands
binding, DSFis widely used inacademia and in pharmaceutical companies
atthe very early stage of the drug discovery process. Observation of a
change in the melting temperature upon addition of a ligand in the protein

solution to a higher value may be indicative of binding. Indeed, a specific

10
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small ligand can enhance the stability of the protein trough improved
folding thanks to binding or trough more favourable environment of ionic
strength, counterions and others [25]. Therefore, DSF is largely applied
to assess the binding of small molecules or fragments, in HTS or FBDD,
or to validate and characterize hits. Usually, the melting temperature can
be obtained by plotting the derivative of the fluorescence signal against

temperature (Fig. 1.3).

Tm Tm

Temperature P’°Itei" Pfofein-l-igand

-d(Fluorescence)/dT

Figure 1.3. The melting temperature is determined by the point of inflection of the curve
showed in Figure 1.2. This can most easily be assessed by plotting the derivative of the
fluorescent signal against temperature.

Hundreds of runs can be performed in one day using a quantitative
polymerase chain reaction (qQPCR) instrument, making this technique
ideal for high throughput screening in a low-cost manner. Another
advantage of this technique is the versatility of its application and that it
does not require high amounts of materials. DSF can be applied for most
target as purified proteins, however other derivative applications based in
the same physicochemical principle have been developed, i.e. to probe
target engagement (Cellular Thermal Shift Assay (CETSA)) [26]. Of
course, the technique has its own pitfall and can give rise to false positives
and false negatives. Nevertheless, DSF represents a good starting point for
a primary screening in the drug discovery pipeline if then combined with

other orthogonal techniques.

11
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1.3.2 Surface Plasmon Resonance (SPR)

SPR is an optical technique that allows real-time, label-free detection of
biomolecular interactions. SPR phenomenon occurs when a beam of
polarized light is shone, under conditions of total internal reflection (TIR),
through a prism at the interface of a gold layer between two media with
different refractive indices, e.g. the glass of a sensor surface (high refractive
index) and a buffer (low refractive index). The light penetrates some distance
into and beyond the gold (in a phenomenon called evanescent wave
formation) at a particular angle of incidence, then the electrons in the gold
absorb the energy coming from the light and excite charged density waves,
called “surface plasmons” that will start propagating along the surface of the
metal. At the maximum absorption (resonance condition) the reflected light
decreases drastically and sharply and can be detected. The evanescent wave
extends in the solution for approximately 100-300 nm and therefore, only a
change in the refraction index close to the gold-aqueous solution interface,
due for example to something binding at the surface of the sensor, will cause
a shift in the resonance angle. Any change in the refractive index of the
solution is recorded and can be monitored in real time. The gold layer is
functionalized with a dextran matrix that allows immobilization of a protein
and subsequently ligand can be flown across it. The outcome of the analysis
is a sensogram with responses measured in resonance units (RU) vs time in
seconds. The SPR sensogram gives mainly two kinds of information: (a) the
rate of interaction (association, dissociation, or both), which provides
information on kinetic rate constants and analyte concentration, and (b) the
binding level, which supplies data on the affinity constants and can be used
for qualitative or semi-quantitative applications (Fig. 1.4). Kinetic constants
provide valuable data about the dynamics of a biological system, which could

be further applied for the selection and rational design of new molecules of

12
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therapeutic interest [27]. Above all, the use of SPR analysis is taking ground

in order to improve the drug efficacy during the lead optimization process.
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Figure 1.4. A) The polarized light strikes the gold layer through the prism and generates
the evanescence wave that extends up to 300 nm in the solution. The light will be reflected
and recorded at a particular angle of incidence. Once an analyte (red) binds to the
receptor immobilized on the surface (grey) of the gold layer, there will be a shift in the
resonance angle that will be recorded. B) Change in the critical angle of incident light
from the angle a to angle b on binding of an analyte molecule to a receptor molecule. C)
Sensogram that illustrates the association of the analyte once binding to the receptor
(kon), the steady state when all receptors are occupied thus achieving the maximum
response (Rmax) that can be used to extrapolate the binding affinity (Ki) and the
dissociation rate when the binding site become unoccupied (ko). The surface can then be
regenerated to start the experiment again. Adapted from [28].

Drug residence time (1/k,5) emerged as an important factor to predict in vivo
behaviour of a drug and relates to the life-time of drug-target complex.
Therefore, improving kinetic properties can reduce off-target effect and

enhance drug efficacy [29]. Figure 1.5 highlights how drug candidates can
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have different properties (different ko) although the Ks remains unchanged
[30].
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Figure 1.5. On/off rate plots from SPR kinetic analyses provide an informative way to
demonstrate the resolved scale of affinities and how these affinities can be distributed over
a range of on- and off-rates. The ability to characterize slow off-rate ligands is
particularly useful during the optimization of the pharmacokinetic properties of lead
compounds and drugs. Adapted from [30].

The main strengths of SPR reliy on the wide range of binding detection (from
pM to mM) and on the low amount of protein (picograms) and ligand needed,
that makes this technique suitable for both HTS and FBDD. These
advantages make SPR a powerful technique that stands across other popular
techniques such as NMR or ITC. In contrast, the covalent immobilization of
the target to the surface, if needed, represent one of the major of weakness of
this technique.

However, it is important to highlight that depending on the type of experiments
to perform, to overcome the limitation of a covalent immobilization, different
protocols can be followed with several commercial sensor chips containing
different moieties such as biotin-avidin based, antibody based (e.g. antibody
anti-Glutathione-S-Transferase (GST)), affinity immobilization (e.g. Nickel-

Nitrilotriacetic acidic (Ni-NTA) for recombinant proteins containing a poly-
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histidine) or disulphide based (mobile link depending on reducing agent such
as glutathione). In this way, choosing a specific protocol, it is possible to

constrain the protein on the chip as desired.

1.3.3 Fluorescence Polarization (FP) assay

FP is a fluorescence-based technique in which a fluorescent labelled
molecule is excited with polarized light. The related anisotropy reveals
information on the molecular mobility, which is dependent on size and
shape. The principle of FP derives from the fact that the degree of
polarization of a fluorophore is inversely related to its molecular rotation,
itself being largely driven by Brownian motion. Quantitatively, FP/FA is
defined as the difference of the emission light intensity parallel (Fj) and
perpendicular (F1) to the excitation light plane normalized by the total
fluorescence emission intensity and can be expressed in terms of FP (P) or

anisotropy (1):

P=(F—FL)/(Fi+FLl)

r=(Fun—FL)/(Fi+2Fl)

The smaller the rotation of a fluorescent molecule, the higher the
anisotropy. Indeed, FP can be detected once a fluorescent labelled
molecule binds to a target protein, limiting the freedom of rotation of the
fluorophore. Hence, FP can provide a direct readout of the binding
between a fluorescent ligand and a protein. In order to perform FP, usually
a fluorescence dye is used and attached to a fast-rotating molecule like, for
example, a known peptide, substrate of the target protein (in the case of
protein-protein interactions). Therefore, the labelled peptide alone in
solution gives a very low FP signal, since the emission of the fluorescence

i1s randomized, which increases drastically when the peptide binds to the
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protein (Fig. 1.6) [31-32].

Since obviously not all small molecules are fluorescent, FP assays for
screening compound libraries are carried out in a competitive inhibition
mode by titrating different concentrations of small molecules against a
sample containing selected concentrations of the protein and the
fluorescent-version of a known ligand in order to generate a dose—
response curve, which can be used to determine 1Csgs (and through back-
calculation Kys) [4]. The displacement of the fluorescent peptide by direct
binding of the small molecule or by allosteric modulation will be reflected

in a decrease of the FP signal.

Polarized light Rapid rotation

% % Emitted light depolarized
® — O% —

Probe (fluorescent peptide
free in solution)

Polarized light Slow rotation
Emitted light polarized

e =

Probe bound to a protein

Figure 1.6. When the fluorescent probes are free in solution, rapidly rotating in the
absence of their target protein, the FP will result in low signal. Conversely, binding of the
fluorescent probe to a large, slowly rotating protein will result in high FP signal.

Intensive optimization of the experimental conditions is required when
employing FP and several points should be considered. As a ratiometric
method, FP is relatively insensitive to absorptive interferences or inner filter
effects, but can suffer from autofluorescence and light scattering as these
effects can confound sample FP calculation. Additionally, the labelled tag
should not affect the binding with the target protein. To check that, a titration
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of different concentrations of the protein with a known concentration of the
labelled peptide has to be done to extrapolate the Ky of this labelled peptide.
Once the experiment works, a competition experiment with the unlabelled
peptide (in this case without the fluorescent tag) has to be performed. This
second titration yields an “apparent” dissociation constant (Kapp) for the
fluorescent complex that should be larger than that measured in the absence
of the unlabelled peptide. From this Kuapp, it can be calculated the Ky of the
unlabelled peptide, allowing to confirm that the introduction of the
fluorophore has not affected the binding to the protein. An important
parameter that should be checked and can be derived by these preliminary,
but necessary experiments, is the Z factor. The Z factor quantifies the quality

of the assay and can be calculated as following:

3 (Ufrcc + OGbound )

Z'=1-
”’zpbound — mP, free

where Ofree, Tbound, MPfree, and mPpound are the standard deviations and the
means of the negative (free) and positive (bound) controls giving rise to a
polarized light, respectively. A value greater than 0.7 is considered to yield a
good assay format. Once established the right assay conditions, small-
molecules can be screened at an intermediate throughput speed and the ICso
and K4 can be calculated with a moderate accuracy, with a detectable range

“only” down to the K4 of the fluorescent probe [4].

1.3.4 Nuclear Magnetic Resonance (NMR)
spectroscopy

NMR spectroscopy represents a powerful tool for characterizing protein—

ligand interactions in solution under near physiological conditions [33]. It

has a wide range of applications and is routinely applied in almost all drug

discovery pipelines. The advantages that NMR offer are remarkable and
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indeed it allows to assess the affinity and specificity of interactions, to solve
structures of protein—ligand complexes and therefore identify binding
epitopes on proteins and ligands, to characterize structural rearrangements
induced by binding and to detect even very weak interactions (mM range).
This last characteristic fits perfectly with FBDD (to note that FBDD was first
made possible 20 years ago by the development of the so called structure-
activity relationship by NMR) [10]. Moreover, NMR is less prone to artefacts
compared to other biophysical techniques and therefore low incidence of false
positives and false negatives are observed. In contrast, one of the main
limitations of NMR is its low-throughput. However, in the last years, the
NMR field has experienced a radical change in automatization, rendering
faster screenings of compound libraries. Furthermore, the development of
high sensitivity probes (e.g., cryoprobes), new pulse sequences, efficient
isotopic labelling techniques, and more powerful magnets, have all
contributed significantly to minimize the main limitations [33]. NMR
experiments for protein—ligand interactions can be divided in two main
categories: either studying them from the perspective of the protein (Protein-
Observed NMR) or from the perspective of the ligand (Ligand-Observed
NMR).

1.3.4.1 Protein-Observed NMR experiments: chemical
shift perturbations
Protein-observed experiments are much more informative that ligand-
observed experiments because the former can yield structural information.
But isotopic labelling and assignment of the NMR chemical shifts are a
prerequisite. Upon protein-ligand binding, changes in the physicochemical
properties of both protein and ligand can be observed. Once a protein and a
ligand interact there is a rearrangement of the electron density of the atoms

involved in the interaction, that can be due, for example, to differences in the
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hydrophobicity at the interaction surface. These differences have a strong
influence on the chemical shift of magnetic nuclei that can be recorded with
NMR [34]. However, conventional 'H-NMR experiments (1D) are not
generally suitable to resolve the protons signal of the protein and therefore,
2D experiments have to be performed studying actives nuclei rather than
protons, such as N and !*C. The abundance of these nuclei is very low (0.37
% for °N and 1.1% for 13C ), for this reason, isotopic labelling of the protein
1s necessary. A widely used experiment is the two-dimensional proton-
nitrogen correlation ('H,">’N HSQC), which measures 'H,'°N spin pairs..
Heteronuclear 'H-">N correlation NMR experiments generate a spectrum
containing at least one signal per residue (named chemical shift) except for
proline and two extra ones per glutamine and asparagine side-chains. 'H,'°N
pairs are very sensitive to the chemical environment and their chemical shifts
can be monitored upon addition of ligands. The perturbation of each peak
can be measured (chemical shift perturbations or CSPs) to determine ligand

binding sites (Fig. 1.7).
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Figure 1.7. Overlay of "H-’'N HSQC spectra of the 1918HININSIED protein alone
(black spectra) after adding (A) a ligand A9 ( green spectra) and (B) a ligand A22 (red
spectra). Adapted from [35].

One of the limitations of this approach lays in the size of the protein
(usually <40 kDa), since in proteins with high molecular weight the

population of signals is to crowded to be assigned. To overcome this

drawback, selective aminoacid labelling could be performed, and with that
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there will be less noise but also less information and binding event can be
missed. Another important drawback is the quantity of material; huge
amount of protein (>0.1 mM per 200 pl) is often required limiting the use for
proteins expressed with a low yield. Finally, as mentioned, the signals from
the two-dimensional protein NMR spectra have to be assigned (depending
on the complexity of the protein structure it can be a laborious puzzle to solve
and 3D experiments are needed).

CSP can be related to direct ligand binding (short distance effect) or to
conformational changes of the protein structure after allosteric binding (long
distance effect). This can make the interpretation of the chemical-shift
changes ambiguous, even when assignments are available. The differential
CSP method, in which the spectra of the target protein is compared when it
is bound to two slightly different ligands, is an efficient solution to solve this
problem [33, 34, 35, 36]. In spite of these limitations, protein-based NMR
represents a powerful technique in the elucidation of binding of ligands for
“NMR-friendly” targets, with low molecular weight and that can be

expressed in abundance.

1.3.4.2 Ligand-Observed NMR experiments: Saturation
Transfer Difference (STD)
Another important approach in NMR is the ligand-observed NMR in which,
instead of focussing the attention on proteins NMR-signals outcome, the
signals of the ligands are monitored. Crucially, there is no need for
isotopic-labelling of the protein or previous assignment of the protein.
Moreover, in comparison with protein-based NMR, the ligand approach
requires less amount of material and experiments are easier to carry-out
and could be applied to any protein of interest with a molecular weight
>10 KDa. Compounds with different chemical structures can be screened

in mixture, reducing the time of the experiments and speeding-up the
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ligand discovery process. Ligand-observed experiments exploit the
differences in the relaxation properties of a free versus a bound ligand. One
commonly applied experimentis Saturation Transfer Difference (STD)that
is based inthe Nuclear Overhauser Effect (NOE) and relies in transfer of
magnetization (signal) directly from the protein to the ligand, which is
only possible in the bound ligand state, e.g. by exciting the aliphatic
methyl group region of the protein (Ala, Val, Leu, Ile). (Fig. 1.8).

RF Saturation RF = RadioFrequency
Conditions P= Protein

L= Ligand

1H Spectrum
Ligand
alone
Ligand

+
Protein

Figure 1.8. In STD, the protein methyl groups are saturated and magnetization is
transferred to the bound ligand. A decrease in signal intensity is observed. The ' H spectra
before and after protein addition are used to calculate a difference spectrum (STD) that
will reveal only protons involved in the binding.

An STD spectrum is generated by the difference between an on-resonance
spectrum and an off-resonance spectrum. In the on-resonance spectrum a
frequency-selective pulse hits the protein in the range in which only protein
protons are present (e.g., at -1 ppm) to saturate the protein. If there is a ligand
binding to the protein, the magnetization from the protein is transferred to the
ligand and this will result in the nearly complete disappearance of protein
signals and partial attenuation of protons ligand signals (Fig. 1.8).
Interestingly, the degree of saturation received by each ligand proton is not
equal, but rather depends on their proximity to the protein. Therefore, this

property can be used to determine the binding epitope of the ligand [33]. In
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the off-resonance spectrum, no change in signal intensities is observed since
the frequency-pulse is irradiated far from both protein-ligand protons range
(e.g. 40 ppm). Therefore, in the STD spectrum, only the signals of the binding
molecule are visible and STD % can help in elucidating structure-activity

relationship.

1.3.5 Forster Resonance Energy Transfer (FRET)

FRET is a powerful technique capable to inform about dynamic
interactions between proteins and a plethora of biochemical signalling
events based on the development of specific biosensors [37]. This
technique relies on the transfer of energy from a fluorophore-donor
excited at a specific wavelength to a fluorophore-acceptor, recording the
intensity of fluorescence of the emitting acceptor. For transfer to occur,
the two fluorophores must be in close distance (< 10 nm), because the rate
of FRET transfer is inversely proportional to the sixth power of the distance
between the fluorophore and acceptor. Also, the orientation of the two
fluorophores has to allow dipole-dipole pair matching. A parallel
orientation affords 100% transfer efficiency, while there is no transfer if the
orientation is perpendicular (Fig. 1.9). The efficiency of the FRET transfers
also relies on other factors like: 1) quantum yield of the donor, ii) the
refractive index of the solution and 1iii) the spectral overlap between donor
and emissor. FRET represents the simplest way to access intra- and
intermolecular distances on the nanometre length scale. For this reason,
FRET is considered a ‘molecular ruler’ for probing macromolecular
structures [38]. Indeed, although there are other techniques with higher
resolution such as X-ray crystallography, FRET is more accessible, less
technically complex, and do not require restrictive sample preparation (e.g.

crystallization for X-ray) [39].
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Figure 1.9. FRET occurs when the emission spectrum of the donor overlaps the excitation
spectrum of the acceptor. FRET efficiency is maximum when the distance between donor
and acceptor molecules is within 10 nm and the dipoles are with parallel orientation.
Adapted from [37].

FRET has a wide range of applications, including studying protein-
protein interactions, measuring protein activation upon binding of a
positive modulator (e.g. in GPCRs), assessing post-translational
modifications, detecting enzyme cleavage activity and characterising ligand
binding. In the last case, a common approach is to extrapolate binding
indirectly by competition when the ligand of interest is not fluorescent.
Furthermore, if the binding site of the putative ligand is known and a
tryptophan is buried inside the cavity, intrinsic FRET (iFRET) can be
assessed [40]. The advantage of iFRET relies on the possibility of avoiding

laborious labelling of the protein.

1.3.5.1 Time-Resolved FRET (TR-FRET)

Another useful application of FRET is Time-Resolved FRET (TR-FRET)
that allows to eliminate background fluorescence caused by sample

components, but requires more specialised donors fluorophores and
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detection equipment. This background is extremely transient (with a lifetime
in the nanosecond scale) and can be avoided by measuring FRET of
fluorophores with a very long fluorescence lifetime. The peculiarity of the
technique relies in that the donor species used have a fluorescent lifetime
many orders of magnitude longer (from microseconds to milliseconds)
compared to those used in standard FRET, which have a decay of
nanoseconds, where excitation of the sample and measurement of emission
occurs simultaneously. The fluorophores of choice are usually chelates of
lanthanides (most commonly europium, terbium and samarium). Its
fluorescence lifetime is in the range of microseconds (us), while in most
fluorophores the lifetime of its fluorescence is in the range of nanoseconds
(ns). These feature in TR-FRET allows to measure the resulting emission
signal after any interfering signal has completely decayed, greatly reducing
background and thus increasing the signal-to-noise ratio [41] (Fig. 1.10).
Although TR-FRET is not the first technique of choice in a drug discovery
process, it represents a versatile, medium throughput technique capable of

giving important information to better elucidate the binding of a ligand.
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Figure 1.10. Time-resolved FRET measurements. The fluorescent lifetime of most
common fluorophore is in the nanoscale range (100 ns or less). TR-FRET
fluorophores exhibit a long fluorescent lifetime (200 to 1500 us) allowing to avoid the
measure background noise and after a delay time (e.g. 400 us) FRET can be measured
(blue window). Adapted from [41].
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1.4 Introduction to fragment screening

Fragment-based screening, developed within the pharmaceutical industry in
the late 90s, has rapidly established itself as a robust and powerful approach
to identify good quality hits against any protein target. Moreover, fragment-
based screening is also now an established approach for interrogating target
druggability in vitro and in whole cells [42, 43]. Forty-seven fragment-
derived drugs reached clinical trials and 4 candidates are already approved by
the FDA: the BRAF inhibitor vemurafenib, the BCL-2 inhibitor venetoclax,
the FGFR1-4 inhibitor erdafitinib and the last approved, in August 2019, the

CSFIR-KIT inhibitor pexinartinib (Table 1).
Table 1.1. Fragment-based drugs in clinical trials (Nov 2020)

Drug Company Target
Approved
Erdafitinib Astex/J&J FGFR1-4
Pexidartinib Plexxikon CSFIR, KIT
Vemurafenib Plexxikon B-RAFV600E
Venetoclax AbbVie/Genentech Selective BCL-2
Phase 3
Asciminib Novartis BCR-ABL
Lanabecestat Astex/AstraZeneca/Lilly BACE1
Verubecestat Merck BACEl1
Phase 2
AMG 510 Amgen KRASC12¢
ASTX660 Astex XIAP/cIAP1
AT7519 Astex CDK1,2,4,5.9
AT9283 Astex Aurora, JAK2
AUY-922 Vernalis/Novartis HSP90
AZD5363 AstraZeneca/Astex/CR- AKT

UK

AZD5991 AstraZeneca MCL1
CPI-0610 Constellation BET
DG-051 deCODE LTA4H
eFT508 eFFECTOR MNK1/2
Indeglitazar Plexxikon pan-PPAR agonist
LY2886721 Lilly BACEI
1Y3202626 Lilly BACEI
LYS517717 Lilly/Protherics FXa
MAKG683 Novartis PRC2 EED
Navitoclax (ABT-263) Abbott BCL-2/BCLxL
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Onalespib Astex HSP90
PF-06650833 Pfizer IRAK4
PF-06835919 Pfizer KHK

Phase 1

ABBV-744 Abbott BD2-selective BET
ABT-518 Abbott MMP-2 & 9
ABT-737 Abbott BCL-2/BCLxL
ASTX029 Astex ERK1,2

ATI13148 Astex AKT, p70S6K, ROCK
AZD3839 AstraZeneca BACEI1

AZD5099 AstraZeneca Bacterial topoisomerase 11
BI 691751 Boehringer Ingelheim LTA4H

ETC-206 D3 MNK1/2
GDC-0994 Genentech/Array ERK2
HTL0014242 Sosei Heptares mGlu5 NAM
1C-776 Lilly/ICOS LFA-1

LP-261 Locus Tubulin
LY2811376 Lilly BACE1

Mivebresib AbbVie BRD2-4
Navoximod New Link/Genentech IDO1

PLX5568 Plexxikon RAF

S64315 Vernalis/Servier/Novartis | MCL1

SGX-393 SGX BCR-ABL
SGX-523 SGX MET

SNS-314 Sunesis Aurora

Indeed, FBDD is a first in line approach to assess protein-protein interaction,
multicomplex targets, intrinsically disordered proteins and other
unconventional targets in which classical screening of larger libraries (HTS)
failed. One of the advantages of FBDD is represented by the possibility to
explore much more chemical space compared to HTS. It was calculated that
the possible number of small drug-like molecules can be around 10%, more
than the number of stars in the universe [44]. The current HTS libraries of
about 10° small-molecules represent a very tiny fraction of the possible
chemical space and it appears clear that to increase the chances of finding
small molecules it will be necessary to screen libraries that contain billions
of molecules with drug-size (30 non-hydrogen (heavy) atoms) [45]. A
challenge quite difficult to undertake. Instead, in FBDD, since fragments

contain less than 20 heavy atoms with a molecular weight less then 300 Da,
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there are just over 166 billion possibilities for molecules having up to 17
heavy atoms [44]. While this is still a huge number, current FBDD screening
collections (generally in the order of 10° compounds) provide much better
sampling than the equivalent HTS collections.. Noteworthy, the chances of
binding a fragment into a target are much higher compared to drug-like
molecules since they do not have to fulfil as many interaction constraints.
Indeed, the likelihood of compound binding goes up as its complexity goes
down. Ligand Efficiency (LE) represents a good parameter to measure
binding affinity per heavy atoms in order to classify the quality of binding
[46, 47]:

LE = AC"binding — _RTand
#HA #HA

where #HA is the number of heavy atoms, AG binding (Gibbs binding free
energy), R the gas constant, T the absolute temperature and K. the
dissociation constant. It has been demonstrated that fragments can bind to all
possible targets, even to those that have proven to be very difficult with

traditional HTS approaches [47].

1.4.1 The fragment library

In contrast to HTS, the design of a target-direct library is not required and a
small library (700-2000 fragments) can be screened for different targets. The
most important criteria in the design of the library are the purity, the
solubility and the stability of compounds. Avoiding artefacts from the library
is the first rule to succeed in fragment-screening but is not straightforward.
As demonstrated in a recent paper published in J. Med. Chem. by Dr Alessio
Ciulli, Dr Helen Walden and co-workers at the University of Dundee [48],
special attention has to be taken on metal contaminations that can mislead

hit identification. The researchers conducted a screen against a ubiquitin-
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conjugating enzyme, Ubet2T, combining different biophysical technique:
DSF, biolayer interferometry, two-dimensional (HSQC) protein-detected
NMR experiments and ITC. These orthogonal techniques led to a promising
hit with a Ks of 17 uM. After a SAR by catalogue process to improve
potency, they realized there was something wrong since the new fragments
were not giving the desired and expected results. Only after solving the
crystal-structure the mystery was resolved. They found out that a metal, zinc,
was binding to the protein. After addition of EDTA, a metal chelator, the
activity of the fragment was lost and titration of zinc in ITC gave the same
outcome previously observed. Therefore, before starting a fragment
screening, the purity of the library must be confirmed.

Another important property to carefully consider is the solubility. Since
fragments have weak binding affinity for the target (uM-mM range) high
concentrations of fragments are required (>500 uM) and they must be
soluble in a wide range of buffers at different conditions. Furthermore, it is
crucial to avoid pan-assay interference compounds (PAINS) and known
aggregators. PAINS are compounds containing substructures that give rise to
apparent but artefactual activity in assays [49]. There is not a specific
mechanism but in general it includes forming covalent adducts with the
protein or producing hydrogen peroxide [45].

In summary, the use of a good library represents a good starting point to find
hits that can be then optimized to create compounds with higher affinity to
probe the biology of the target or to have the perfect lead compound to be

then evolved in a drug-like molecule.

1.4.2 Fragment screening

Fragments generally bind to target protein with a weak affinity in the range

of 0.1-10 mM. For that reason, it is of fundamental importance the choice of
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a technique that is sensitive enough to detect such week binding, robust to
avoid false detection of fragment hits and with the throughput capacity. The
key for the success of FBDD resides then in the careful selection of a

biophysical screening cascade.

A typical cascade of a fragment library can be divided into a primary and
secondary screening and finally in a fragment characterization step. In the
primary screening, fragments with low-affinities can be identified (K4 in the
range of mM or three digits micromolar). DSF, SPR or even ligand-based
NMR (cocktails) can be selected as biophysical techniques for this primary
screening. The primary screening usually reduces drastically the number of
fragments of the library. Once a subset of fragments candidates has been
identified to bind to the target, a second screening can be performed. The
aim of this secondary screening is to confirm hits for the selected target.
Usually ligand-based NMR (e.g. STD, CPMG, water-LOGSY) or SPR are
applied. The confirmed hits can be then characterised by ITC to get high
content information such as enthalpy (4H,) entropy 4S and stoichiometry
(n). In parallel fragments can be progressed with X-ray crystallography or
CSP-NMR. Structural information, if obtained, can be really useful for the
optimization of the fragments. However, is not always possible to elucidate
the binding mode and binding site of the fragments and therefore

computational analysis can be implemented in the screening.

The hit rate of the screening could correlate with the library size and
composition, but this hit rate strongly depends on how challenging
(druggable) the target is. Hit rates of fragment-based programs could fall in
the range of 3 to 30 % [50-53]. Each company or academic institution has
implemented its own cascade, such as the case of Astex Pharmaceutical that

is applying the Pyramid™ platform that integrates a range of high-
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throughput biophysical techniques for screening such as X-ray
crystallography, NMR, and calorimetry with fragment library design and
computational methodologies. A standard screening cascade strategy is

illustrated in Fig. 1.11.

Fragment
library

Target protein

Primary screening
DSF/SPR/NMR T et
Secondary screening 70 fragments
SPR/NMR (10% Hit rate)

1 1 1 5 1 T 35 fragments
Enzymatic Computational e
X-Ray/NMR ITC - e (5% Hit rate)

Hit to Lead 5 fragments
optimization — (follow-up)

Figure 1.11. Example of a FBDD screening cascade and hit rates for each step.

As mentioned, an important point during the screening process is to detect false
positives or false negatives. Each technique has its own drawback and can
lead to false positive and false negatives. To limit the chances of bringing
forward the wrong hit fragments it is of fundamental importance to identify
the optimal combination of techniques in the cascade. One approach is to
combine two or more screening techniques and follow-up only common hits.
In this manner, the number of false positives will be reduced, but of course the
number of false negatives will increase. An alternative strategy is to select a
primary method that has been shown to work well for a particular target of
interest and rely on this method until the compounds reach an affinity that
allows them to be detected inequivocally with the same or other techniques
[54]. There are not “ready- to-use” guidelines in the choice of the best
screening cascade in FBDD, therefore a correct balance between cost and

benefit, throughput and sensitivity, research goals and facilities access,
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timeline and resources have to be taken.

1.4.3 Fragment optimization

Approaches employed for fragment optimization to achieve more potent
compounds fall into three groups: fragment merging, linking and growing.

Figure 1.12 illustrates the different fragment optimization strategies.

Fragment
Optimisation /

Screen lc SAR by catalog

‘ Virtual screening/
Known binders

Structure Merging
based design

Linking

Figure 1.12. FBDD optimization strategies. Adapted from [13].

Fragment merging involves the incorporation of different regions of
overlapping molecules into a single compound. In fragment linking, the
separate molecules binding at non-overlapping sites in a proximity distance
in the same cavity of the protein, are joined together to create a new bigger
compound. A famous example of this strategy is the discovery of venetoclax
a selective Bcl-2 inhibitor. Venetoclax is the culmination of a discovery
program that was running for more than two decades. Dr Steve Fesik and his
colleagues at Abbott published the X-ray and NMR structure of the protein
Bcl-XL back in 1996. The exploratory “SAR by NMR” work was done on
this protein, leading to ABT-263, which targets both proteins Bcl-XL and
Bcl-2. Subsequent work revealed that a selective Bcl-2 inhibitor might be
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preferable in some cases, and further medicinal chemistry led to venetoclax.
This drug illustrates the power of fragments to tackle a difficult target by

accessing unusual chemical space (Fig 1.13) [55].
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Figure 1.13.Venetoclax development: from the fragment identification to the final drug.
Fragment growing is the most applied method in FBDD, where molecules
are enlarged using chemical synthesis to include additional binding contacts
to fit the cavity of the target and to improve drug-like properties [13] The
discovery of vemurafenib, a selective inhibitor of the B-Raf V600E mutant
kinase, is a good example of this approach [56].

Computational methods can also aid to find less obvious drug fragments
candidates and evolve them in drug candidates. There are two primary
strategies in computational drug design. The first (structure-based) is to
assess the fit of a molecule to the binding site through target-based
scoring functions. The second (ligand-based) is to determine how well a
ligand can recapitulate features of known active binders, evaluated by
ligand-based scoring functions. Structure-based methods can maximize
the possibility of finding binders by exploiting experimentally obtained

or modelled structural information. However, when a structure is not
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available, ligand-based methods have also shown to be successful.
Programs like PINGUI [57], ALTA [58] or DOTS [59] can be used for a

fragment to lead optimization.

Our group is also developing a fragment evolution platform able to
generate new chemical structures. This platform allows to explore the
chemical space, given the binding mode of a fragment, and is able to
produce non-obvious fragments that maintain or improve affinity for the
target, but raising the possibility to obtain new entities as starting point
for a lead optimization or with better physicochemical properties
compared to the identified fragment. Validation of the platform will be

discussed in chapter 6.
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2.1 General Objective

Drug discovery has seen huge changes over the past 20 years, with the advent

of new technologies constantly changing the approach to drug discovery and

design and positioning biophysical techniques as the fundamental tools to

apply for a successful program. In this scenario, using biophysical

techniques, the main objective of this work is the identification and

characterization of small molecules with the ability to bind specific proteins.

2.2 Specific objectives

)

2)

3)

Fbw7 is an E3 ligase with an important role in cancer. However, until now
no Fbw7 small molecules ligands have been identified. In this thesis we
aim to perform a FBDD program in order to identify fragments able
to bind to this E3 ligase. These fragments could be employed as starting
points to elucidate the best strategy to target Fbw7 and to build novel
PROTAC molecules.

Due to the poor aqueous solubility of retinoids, evolution has tuned their
binding to cellular proteins to address specialized physiological roles by
modulating uptake, storage, and delivery to specific targets. In this thesis,
we aim to disentangle the structure—function relationships of these
protein class and disclose clues for engineering selective carriers. The
binding mechanism of one of most abundant retinol-binding isoforms and
its mutant form will be elucidated.

Given the binding mode of fragments to a target of interest, optimization
of the fragments can be laborious, difficult and time consuming. In this
thesis, small molecules binding to Brd4(BD1), identified by the
automated fragment evolution platform developed by our group, will

be assayed and the platform validated.
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3.1 General Materials

3.1.1 Reagents

General reagents were purchased from suppliers Sigma-Aldrich and Fisher
Scientific. Mini-PROTEAN TGX precast gels as well as premixed
electrophoresis running buffers were purchased from Bio-Rad. Protein ladder
was Precision Plus Protein™ Dual Colour Standards from Bio-Rad.
Coomassie Brilliant Blue was used to stain the protein gels. Tobacco etch
virus (TEV) protease and thrombin protease were purchased from Invitrogen

and Sigma-Aldrich, respectively.

3.1.2 Bacterial Strains and Growth Media

XL1 blue competent cells (Agilent) and MC062 cells were used for DNA
preparation. E. coli BL21 and Rosetta (DE3) were used for the
preparation of competent cells and were a kind donation of Dr Raimon
Sabaté Lagunas. Luria-Bertani broth, also named lysogeny broth (LB)and
agar were purchased from Sudelab supplier. M9 medium for '°N labelling

was prepared in house following recipe describe in paragraph 3.6.

3.2 Molecular Cloning

3.2.1 Protein Constructs and Expression Plasmids

The proteins used for this work (unless mentioned otherwise) are given in
table 3.1. The gene encoding Fbw7-Skpl complex (Fbw72%37%"-Skpl) in a
pABLOmut vector is a kind donation of Dr Bing Hao (UConnHealth, USA).
In this plasmid, Skpl contains two internal deletions [60]. Plasmid is
designed to express the protein of interest with a GST-tag and thrombin

protease cleavage site and encodes gene conferring ampicillin resistance.
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The genes encoding rat CRBP-I and CRBP-II constructs in a PV614375 and
PV614379 plasmid, respectively, were provided by Genomics-Online for
expression with a N-terminal His6-GST tag and a TEV protease cleavage
site. Plasmid PV614379 containing rat CRBP-II L78—I construct was
generated in house using QuickChange II site-directed mutagenesis kit
(Agilent). Both plasmids encode gene conferring resistance to
kanamycin. Finally, the gene encoding Brd4(BD1) with a His6-GST tag
and kanamycin resistance site was a kind donation of Dr Alessio Ciulli

(Dundee University, UK).

3.2.2 Kits

QuickChange II site-directed mutagenesis kit for the site-directed
mutagenesis was purchased from Agilent. GeneJet plasmid miniprep kit

for DNA amplification was purchased from ThermoFisher Scientific.

3.2.2.1 Site-directed mutagenesis (CRBP project)

Site-directed mutagenesis was performed using QuickChange II site-directed
mutagenesis kit (Agilent). Primers were designed following the
QuickChange manual and oligonucleotides were synthesized, desalted,
purified and lyophilized. The polymerase chain reactions (PCR) were
performed on 9700 GeneAmp® PCR System (Applied Biosystems®). Upon
digestion of the parental DNA strands by Dpn1 restriction enzyme, the PCR
product was transformed into XL1-Blue competent cells and grown on LB
agar plates containing kanamycin (50 ug/ml) at 37 °C for 24-36 h. Single
colonies were then picked from agar plates and grown for 12h-18 hin 10 ml of
LB medium containing kanamycin (50 pg/ml). DNA was subsequently
extracted and purified using GeneJet plasmid miniprep kit (ThermoFisher

Scientific). Purified DNA was sequenced to confirm the presence of the
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mutation by the Genomics Service (CCTiUB) of the University of

Barcelona.

3.3 Preparation of Competent E.coli cells

A single colony of competent E. coli, grown in an agar plate (without
antibiotic) the night before, was picked and added into 15 ml LB-broth
(without antibiotic) in a 50 ml sterile falcon tube and shacked at 37 °C for 4
h at 170 rpm. When the bacterial culture reached an OD600 value of approx.
0.6, the falcon was removed from the shaker and cooled on ice. After 10 min,
the bacteria culture was transferred to a pre-chilled centrifuge tube and the
cells were harvested by centrifugation at 6000 rpm, 4 °C for 3 min. The cell
pellet was re-suspended in 10 ml ice cold 0.1 M CaCl: and incubated for 20
min. The cells were once again harvested by centrifugation at 6000 rpm, 4 °C
for 3 min. That new cell pellet was resuspended in 5 ml ice cold 0.1 M CaCl;
containing 15% (v/v) glycerol and the cells were dispensed as 200 ul aliquots

into micro-centrifugation tubes and stored at -80 °C until further use.

3.4 Transformation of E.coli cells

Competent E. coli cells were thawed in ice for 30 minutes. Once thawed,
50 pl were mixed with 5 ng of vector-DNA. The mixture was kept on ice
for 30 min, followed by a heat shock for 1 min at 42 °C and then an
immediately 5 min incubation on ice. Transformed E. coli cells were
incubated for 1 h at 37 °C with 0.5 ml LB containing no antibiotics. After
this, the E. coli cells were spread on LB-agar plates containing the
appropriate antibiotic depending on the plasmid resistance (ampicillin for
Fbw7-Skpl construct, kanamycin for Brd4(BDI1) and rat-CRBP

constructs). Subsequent to over-night incubation at 37 °C, E. coli
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transformants were visible as colonies.

3.5 Determination of DNA concentration,
protein concentration and cell growth

DNA has an UV-light absorption maximum at 260 nm due to the aromatic
rings of its bases. Proteins have an UV-light absorption maximum at 280 nm
due to tryptophan. Therefore, DNA concentration and protein concentration
were determined by measuring UV-light absorption at 260 nm and 280 nm,
respectively, using a NanoDrop spectrophotometer (Thermo-Scientific).
Cell growth was determined by measuring the amount of light scattering by
microbial cells (Optical Density) at 600 nm (OD600), using a NanoDrop

spectrophotometer (Thermo-Scientific).

3.6 Preparation of M9 medium broth (Fbw?7-
Skp1 project)

For 1 L of M9 medium, 6 g of NaxHPO4, 3 g of KH2POs4, 0.5 g of NaCl and
1 g of "'NH4CI were mixed, the pH adjusted to 7.4 and the solution obtained
autoclaved. Right after the inoculations of cells, 20 ml of 20% filter-sterile
glucose, 1 ml 0.1 M filter-sterile CaClz, 1 ml 1 M filter-sterile MgSOa, 1 ml
10 mg/ml filter-sterile biotin, 1 ml 10 mg/ml filter-sterile thiamine and 1 ml
100 mg/ml ampicillin were added. Furthermore, in order to boost the
expression of the protein 1 ml of a micronutrient solution was added: Q
solution (40 mM HCI, 25 mM FeCl,4H>0, 1.25 mM CaCl-2H,0, 1 mM
H3BO;3, 0,076 mM CoCl2-:2H20, 2.5 mM ZnCl, 0.023 mM CuClz-2H20,
3mM Na;MoO4-2H20, 0.2 mM MnCl;-4H20) kind donation of Dr Xavier
Salvatella Lab, IRB Barcelona
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3.7 Protein Expression

3.7.1 Fbw7-Skp1 complex

For a typical 4 L E. coli protein expression experiment, 4 flasks, each
containing 1 L of LB-media were autoclaved the day before of the starting
of the experiment. In parallel, 10 ml LB ampicillin-media was inoculated
with a single colony from a LB-ampicillin-agar plate and incubated over-
night at 37 °C and 150 rpm. The next day, the autoclaved LB-media was
supplemented with ampicillin and was inoculated with a ratio of 1 to 100 of
the over-night starting culture. The flasks were shaken at 37 °C and 180 rpm
until the E. coli cell culture density reached an OD600 of 0.6 to 0.8. At this
point protein expression was induced with 1 mM IPTG. After induction, the
flasks were shaken at 18 °C and 180 rpm for 12 tol8 h. The E. coli cell
cultures were then centrifugated at 8000 rpm for 30 min. The cell pellets

were stored at —20 °C or used as source of protein purification.

3.7.2 Fbw7-Skp1l complex !1°N labelled-M9 Marley
expression

For a typical 4 L E. coli protein expression experiment, 4 flasks, 3 containing
1 L of LB-media each and 1 containing M9 broth were autoclaved the day
before starting the experiment. In parallel, 10 ml LB ampicillin-media was
inoculated with a single colony from a LB-ampicillin-agar plate and
incubated over-night at 37 °C by 150 rpm. The next day, the autoclaved LB-
media was supplemented with ampicillin and was inoculated with a ratio of
1 to 100 of the over-night starting culture. The flasks were shaken at 37 °C
and 180 rpm until the E. coli cell culture density reached an OD600 of 0.6
to 0.8. The E. coli cell cultures were then centrifugated at 8000 rpm for 30
min. The cell pellets were added to the 1 L M9 medium broth and the flask
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was shaken at RT at 180 rpm for 1 h. Protein expression was induced with 1
mM IPTG and after induction, the flask was shaken at 18 °C for 12 to 18 h.
The E. coli cell culture was then centrifugated at 8000 rpm for 30 min. The

cell pellets were stored at —20 °C or used as source of protein purification.

3.7.3 Rat-CRBP proteins

For a typical 4 L E. coli protein expression experiment, 4 flasks, each
containing 1L of LB-media were autoclaved the day before starting the
experiment. In parallel, 10 ml LB kanamycin-media was inoculated with a
single colony from a LB-kanamycin-agar plate and incubated over-night at
37 °C by 150 rpm. The next day, the autoclaved LB-media was supplemented
with kanamycin and was inoculated with a ratio of 1 to 100 of the over-night
starting culture. The flasks were shaken at 37 °C and 180 rpm until the E. coli
cell culture density reached an OD600 of 0.6 to 0.8. Protein expression was
induced with 1 mM IPTG. After induction, the flasks were shaken at 18 °C
at 170 rpm for 12 to 18 h. The E. coli cell cultures were then centrifugated at
8000 rpm for 30 min. The cell pellets were stored at —20 °C or used as source

of protein purification.

3.7.4 Brd4(BD1) protein

For a typical 4 L E. coli protein expression experiment, 4 flasks, each
containing 1L of LB-media were autoclaved the day before starting the
experiment. In addition, 10 ml LB kanamycin-media was inoculated with a
single colony from a LB-kanamycin-agar plate and incubated over-night at
37 °C by 150 rpm. The next day, the autoclaved LB-media was supplemented
kanamycin and was inoculated with a ratio of 1 to 100 of the over-night
starting culture. The flasks were shaken at 37 °C and 180 rpm until the E.

coli cell culture density reached an OD600 of 2.5. Protein expression was
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induced with 0.4 mM IPTG. After induction, the flasks were shaken at 18 °C
at 170 rpm for 12 to 18 h. The E. coli cell cultures were then centrifugated
at 8000 rpm for 30 min. The cell pellets were stored at —20 °C or used as

source of protein purification.

3.8 Cell lysis

Cell lysis is a method that disrupts cells and leads to the release of their
proteins into the lysis buffer. Recombinant cell pellets were re-solubilized in
50 ml of Buffer A for Fbw7-Skp1, Buffer E for Brd4(BD1) and Buffer G for
rat CRBPs (table 3.1) implemented with Pierce protease inhibitor cocktail
(ThermoFisher Scientific) and lysed by sonication at 19 °C for 2 min with a
break of 20 seconds every 10 seconds of lysis, followed by double
centrifugation (8600 rpm, 4 °C, 30 min) to remove insolubilities. The

supernatant was then collected for protein purification.

Table 3.1. General Buffers for purification

LOADING BUFFER PROTEIN BUFFER

Buffer A Fbw7-Skpl 50 mM Hepes pH= 8.0, 200 mM
NaCl, 5 mM DTT

Buffer B Fbw7-Skpl 50 mM Hepes pH= 8.0, 200 mM
NaCl, 5 mM DTT, 20 mM
Gluthatione

Buffer C Fbw7-Skpl 50 mM Hepes pH= 8.0, 50 mM
NaCl

Buffer D Fbw7-Skpl 50 mM Hepes pH= 8.0, 1000 mM
NaCl

Buffer E Brd4(BD1) 50 mM Hepes pH= 7.4, 150 mM

NaCl, 30 mM Imidazole, 2 mM
B- mercaptoethanol

Buffer F Brd4 (BD1) 50 mM Hepes pH= 7.4, 150 mM
NaCl, 250 mM Imidazole, 2 mM
B-mercaptoethanol

Buffer G CRBPs 50 mMTris/HCl pH=38.0,250 mM NaCl,
5 mM imidazole
Buffer H CRBPs 50 mM Tris/HC1 pH=8.0,250 mM

NaCl, 250 mM imidazole
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Buffer [ CRBPs 50 mM Tris/HCI pH= 8.0, 50 mM
NaCl

Buffer L CRBPs 50 mM Tris/HCI pH= 8.0, 1000 mM
NaCl

3.9 Purification

Chromatographic methods were performed using a AKTA start system (GE
Healthcare, Uppsala, Sweden).

3.9.1 Fbw7-Skpl complex and Fbw7-Skp115N labelled

After cell lysis, the supernatant was filtered using Millex-AA Syringe Filter
of 0.8 um provided by Sigma-Aldrich and was applied to a 5 ml GSTrap HP
column (GE Healthcare) and washed with Buffer A (table 3.1). Bound
protein was eluted with 20 mM glutathione (Buffer B table 3.1) and
collected. Proteins were identified by SDS-PAGE. Thrombin protease was
added to the fraction and dialyzed overnight at 4 °C against buffer A using
a 3.5 kDa dialysis membrane (Spectra/Por). To remove contaminations
(uncleaved protein), a second GST purification was performed as described
above. The flow-through was collected and dialyzed against Buffer C
(table 3.1). Dialyzed solution was then loaded onto 5 ml anion exchange
Hitrap Heparin (GE Healthcare). The protein was collected from the
flow-through of the purification (Buffer C table 3.1) and identified by
SDS-PAGE. The mass and purity were subsequently verified by mass
spectrometry at the Molecular Characterization and Mass Spectrometry

service (CCTi1UB) of the University of Barcelona.
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3.9.2 Rat-CRBPs proteins

After cell lysis, the supernatant was filtered using Millex-AA Syringe Filter
of 0.8 um provided by Sigma-Aldrich and was applied to a 5 ml HisTrap HP
column (GE Healthcare) and washed with Buffer G (table 3.1). Bound
protein was eluted using Buffer H (table 3.1) with a linear gradient from 5%
to 100%. Fractions containing proteins were identified by SDS-PAGE and
pooled. His-tagged TEV protease was added to the pooled fractions and
dialyzed overnight at 4 °C against Buffer G (table 3.1) using a 3.5 kDa
dialysis membrane (Spectra/Por). To remove contaminations (uncleaved
protein) and the His-tagged TEV protease, a second HisTrap purification was
performed as described above. The flow-through was collected and dialyzed
against Buffer I (table 3.1). The protein sample was then loaded onto 5 mL
anion exchange Hitrap Q (GE Healthcare) equilibrated and the proteins were
eluted with Buffer L (table 3.1) with a NaCl-gradient (50 mM NaClto 1 M
NaCl). Fractions containing proteins were identified by SDS-PAGE and
pooled. The mass and purity were subsequently verified by mass
spectrometry at the Molecular Characterization and Mass Spectrometry

service (CCTi1UB) of the University of Barcelona.

3.9.3 Brd4(BD1)

After cell lysis, the supernatant was applied to a 5 mL HisTrap HP column
(GE Healthcare) and washed with Buffer E (table 3.1). Bound protein was
eluted using Buffer F (table 3.1) with a linear gradient from 5% to 100%.
Fractions containing proteins were identified by SDS-PAGE and pooled.
Mass and purity were subsequently verified by mass spectrometry at the
Molecular Characterization and Mass Spectrometry service (CCTiUB)

of the University of Barcelona.
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3.10 Fragment Library

The fragment library was generated in house with the collaboration of Dr
Sergio Ruiz (Barril Lab). The providers selected to build-up the library were
Specs, Asinex and Princeton Biomolecular based on prices, number of
compounds, easiness of order and shipping compared to other providers.
LigPrep calculations (Schrodinger) were run and the output of LigPrep was
used as input for QikProp (Schrodinger) and MOE (Chemical Computing
group) to obtain physico-chemical properties of the compounds. The

compounds were filtered according to the following features:

140 < molecular weight <300
» -2 <logP <3

* logS >-3

« number of rotable bonds <6
* hydrogen bond donor <3

* hydrogen bond acceptor <7

* topological surface area <70

After the compounds were filtered, using a MOE script the selected
compounds were clustered by Tanimoto fingerprint and the centroids
were selected, as the most representative compounds. The final fragment
library obtained is composed by 700 fragments. Fragments contained
within clinically evaluated compounds appear to have greater 3D
conformations than do those in fragment libraries, which are all biased
towards molecules with limited 3D shape. Building libraries around
fragments with greater 3D is an area of intense current debate. The three-
dimensionality in compound selection was calculated for the final
selected compounds. The principal moment of inertia (PMI) is used to

describe the “low resolution” shape of a molecule in the form of 2D
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triangular plot. The PMI parameters of a molecule, normalized to the
molecule’s longest dimension, display rod-shaped molecules in the top

left, disk-shaped at the bottom and spherical the top right of the triangle.

Spherical

X

Disc-shaped
Figure 3.1. PMI of the fragment library.

3.11Biophysical Techniques
3.11.1 DSF experiments

DSF was used to screen Fbw7-Skpl complex against the in-house fragment
library. The stock solutions were prepared at 100 mM concentration in 100
% DMSO from the commercial compounds. The SYPRO Orange dye
(Sigma-Aldrich) was purchased as 5000x stock concentration and was
diluted 1000x in the protein solution. The protein sample was then dispensed
into the wells of a 96 well PCR plate (Thermo Scientific), followed by the
addition of the fragments solution to give the final volume of 25 ul in each

well. The final protein concentration in the screen was 5 uM and the final
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volume 5 pl of Fbw7-Skpl complex was screened at one single
concentration of fragments 1 mM, 5% DMSO. The screen was run using a
LightCycler 480 PCR instrument (Roche Life Science) at the Genomics
Service (CCTiUB) of the University of Barcelona. The fluorescence
intensity was monitored with excitation and emission wavelengths at 465 nm
and 580 nm, respectively. Plates were scanned from 20 °C to 85 °C with a
heating rate of 0,6 °C min!. Raw data were extrapolated using the
LightCycler 480 software. Wells containing protein solution and dye were
used as the reference Tm. The melting curves and thermal shifts were

visualized using Microsoft Excel spreadsheet.

3.11.2 SPR experiments

All SPR studies were performed at 25 °C using Biacore T200 instruments
(GE Healthcare) located at the Scientific and Technical Services of the
University of Barcelona(CCTiUB). Prior to the start of each new experiment,
the system was cleaned using Biacore maintenance kit and a fresh CM5 or
CM7 chip was inserted, which was preconditioned and normalized according
to the instructions displayed by the software. Proteins were immobilized on
CM7 (Fbw7-Skpl complex) or CM5 (CRBP proteins) sensor chip (GE
Healthcare) using standard amine coupling procedure. The carboxymethyl
dextran matrix of the sensor chip was activated with 0.1 M N-
hydroxysuccinimide (NHS) and 0.4 M 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimidehydrochloride (EDC) at a flow rate of 15 pul'min”! for 7 min.
The immobilization was performed with 10 ug-ml™! protein in 10 mM
sodium acetate at pH= 5.0 at a flow rate of 5 pl-min~'. It was performed
using Phosphate Buffered Saline (PBS, 10 mM Phosphate, pH= 7.4, 150 mM
NaCl) as immobilization running buffer. Unreacted activated groups of the

dextran matrix were deactivated by injection of 1 M ethanolamine
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hydrochloride for 7 min. For GST immobilization, Biacore GST Capture Kit
Instructions were followed. Anti GST-antibody was immobilized at a flow
rate of 5 ul'min"!. Recombinant GST and protein were passed on the surface
of the chip for every cycle, followed by regeneration of the surface of the

chip with glycine-HCI, pH= 2.2.
3.11.2.1 Fbw7-Spk1 SPR screening

The SPR screen was performed using in-house fragment library, which
contain 700 compounds. Protein immobilization was performed according

to GE guidelines:

Protein immobilization

RL = Response level (RU) of immobilized ligand

MWL = molecular weight of Analyte

MWA = molecular weight of ligand

R M WL RMAX RMAX = maximum binding capacity (RU)
L p— X s = number of binding sites per ligand
MW a S

Immobilize an amount of ligand that gives an Rmax value in the range 20-100 RU
( 5-20 RU for Low Molecular Weight Analyte )

Figure 3.2 Formula applied to calculate the amount of protein to immobilize on the
surface of the chip taking in account the molecular weight of the fragments.

In order to get a good signal/noise ratio and to have experimental duplicates,

we decided to immobilize different amount of protein in two channels:

e Low density channel: 7000 RU to get a maximum response of 25 RU
e High density channel: 16000 RU to get a maximum response of 55 RU

The High-density channel resulted the best conditions to perform the
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experiment. Additionally, channel 1 was taken as reference surface where no
protein is presented but where the immobilization protocol was followed and
finally, channel 4 was left empty to discriminate from unspecific dextran
binding. Table 3.2 outlines the main parameters employed in immobilizing
the Fbw7-Skpl complex on the sensor chip’s surface for the fragment

screening.

Table 3.2. Main parameters for protein immobilization

Sensor chip CM7

Channel 1 Reference surface (no protein, same
immobilization protocol)

Channel 2 Low density channel ( 9000 RU)

Channel 3 High density channel (16000 RU)

Channel 4 Empty channel ( to check unspecific dextran
binding)

Flow rate 5 pl-min’!

Fbw7-Skp1concentration 10 pg-ml!

Protein buffer 50 mM Hepes pH=8.0, 50 mM NaCl

Immobilization Buffer PBS, 10 mM Phosphate, pH=7.4, 150 mM NaCl

As primary screening, 10 ul of each fragment at 10 mM concentration in
100% DMSO were dispensed into 96 well plates. 190 pl of the sample
preparation buffer were added later to give a final concentration of 500 uM
5% DMSO. The plates were then sealed and vortexed in a centrifuge to get
solutions to the bottom of the wells and remove the air bubbles. The main

solutions used to set up the fragment screen are presented in table 3.3.

Table 3.3 SPR-Fragment screening Buffers

Running buffer 1x PBS, 10 mM Phosphate pH=7.4, 150 mM NaCl,
0.05% tween-20, 5% DMSO

Sample preparation buffer | 1.05x PBS, 10.5 mM Phosphate pH=7.4, 157.5 mM
NaCl, 0.05% tween-20, 5% DMSO

Solvent correction samples | Sample preparation buffer containing 3%, 3.7%, 4.4%,
5.1%, 5.8%, 6.6%, 7.3%, and 8% DMSO

Preparations of fragments | Stock solutions at 10 mM in 100% DMSO were diluted
to 500 uM in sample preparation buffer
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3.11.2.2 Fragment hit characterization

Titration experiments were performed to confirm and characterize the hit
fragments obtained from the single concentration screening. For determining
the K4 of the fragments a 2-fold dilution series starting from 500 uM were
analysed. A flow rate of 60 pl'min™' was used, and the association was
monitored for 60 s, while the dissociation time was monitored for 180 s. 100
mM stock solutions were prepared by dissolving the fragments (powder) in
100% DMSO. These stock solutions were diluted to 10 mM in 100% DMSO
and then used to prepare several dilutions 100% DMSO from which final
concentrations were obtained adding sample preparation buffer, resulting in
500 uM, 250 uM, 125 uM, 62.5 uM, 31.25 uM, 15.62 uM solutions. For
data analysis, the Biacore T200 evaluation software 2.0 (GE Healthcare) was
used. Signals were corrected for non-specific binding to the surface by
subtracting signals from the reference surface from those of the protein
surfaces. Reference surface interactions with DMSO were performed by
using a series of solvents standard (solvent corrections). Moreover, signals
were corrected from background by subtracting signals from an average of
two blanks injections from those of compound injections (blank subtraction).
The binding affinity was estimated by fitting the data to a single site
interaction model and the steady-state values were extracted from the
sensograms and plotted against the concentration. Furthermore, to increase
the chances of finding positives hit, fragments that gave a Ks <200 uM were
assessed by screening them through a chip surface covered by Fbw7-Skpl
complex immobilized with the GST-tag. Results were corrected and

analysed as previously described for covalent immobilization.
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3.11.3 Retinol Kinetic affinity characterization

Interaction assays were performed in running buffer consisting of 1x Phos-
phate Buffered Saline (PBS, 10 mM Phosphate pH=7.4, 150 mM NaCl,),
0.05% (v/v) tween-20, 5% (v/v) DMSO. Retinol was dissolved as 50 mM
stock solution in pure DMSO and diluted with 1.05x PBS 0.05% (v/v) tween-
20. A flow rate of 60 pl-min™! was used, and the association was monitored
for 90 s, while the dissociation time was recorded for 240 s. For data
analyses, the Biacore T200 evaluation software 2.0 (GE Healthcare) was
used. Signals were corrected for non-specific binding to the surface by
subtracting signals from a reference surface (same immobilization procedure
without proteins) from those of the CRBPs surfaces (reference subtraction).
In addition, corrections for minor differences between CRBPs surfaces and
reference surface interactions with DMSO were performed by using a series
of solvent standards (solvent correction). Moreover, signals were corrected
for background by subtracting signals from an average of two blank
injections from those of compound injections (blank subtraction). For
determining the Ky of retinol a 2-fold dilution series starting from 250 uM
was analysed. The binding affinity was estimated by fitting the data to a
single site interaction model and the steady-state values were extracted from
the sensograms and plotted against the concentration. The binding kinetics

was estimated by taking in account the ko./k.4 ratios.

3.11.4 NMR experiments

NMR was selected as an orthogonal technique to confirm fragment hits
and to check Fbw7-Skp1 folding and stability in the absence and in the
presence of DMSO. A Bruker 600 MHz NMR spectrometer equipped

with a cryoprobe of triple resonance TCI has been used to perform the
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experiments with the help of Drs Margarida Gairi and Teresa Gonzalez of

the NMR unit (CCiTUB) of the University of Barcelona.

3.11.4.1 1D-NMR of Fbw7-Skp1 complex

Proton spectra of Fbow7-Skp1 complex were recorded to ensure protein folding
and stability during time. Standard pulse sequences were used and water
suppression was achieved using the “Excitation Sculpting” scheme. Datasets
were obtained after 1024 scans. 200 pl of Fbw7-Skpl complex, 40 uM in
PBS (50 mM NaCl, 94 mM K;HPO4, 6 mM KH>POs, pH= 8.0) were
transferred to a 2 mm NMR-tube. A first spectrum was recorded after water
suppression and 5% DMSO final volume was added lately to confirm
stability in the presence of DMSO. Furthermore, two spectra were recorder

after 24 and 48 h incubation in the presence of DMSO.

3.11.4.2 Saturation transfer difference (STD)

Standard pulse sequences were used for 1D and STD data acquisition. Water
suppression was achieved using the “Excitation Sculpting” scheme. STD-
NMR experiments were carried out at 25 °C. The 4 s irradiation period
consisted of a train of 50 ms gaussian pulses separated by a 1 ms delay on-
resonance (-1 ppm) and off-resonance (50 ppm). A 40 ms T2 filter was used
to suppress residual protein signals. STD datasets were obtained after 512 or
1024 scans. NMR data were processed in the TOPSPIN version 3.6.1
(Bruker Biospin). Hits coming from SPR were evaluated using STD-NMR.
Different experiments were performed to get the optimal experimental
conditions: protein concentration, % of D>0, fragment concentrations and
detergent concentrations. The best conditions were obtained with the
following conditions. The stock fragment solutions were prepared in DMSO-

d6 at a 2 mM concentration. 12.8 pl of Fbw7-Skp1 complex at 34.3 uM in
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PBS (pH = 8.0, 50 mM NacCl, 94 mM K>HPO4, 6 mM KH>PO4) was mixed
with 319.7 ul of D20O. The resulting solution was then mixed with 17.5 ul of
the fragment stock solution to reach a final volume of 350 pl. The final
solution was then transferred to a 5 mm Shigemi tube (Cortenect). The
protein and fragment concentration were 1.25 uM and 100 uM, respectively,
in 90% D-0, 5% DMSO. For detergent-based STD-NMR, 3.5 uL of a 5x
stock tween-20 solution was added in a final volume of 350 pul to get a final
concentration of 0.05% (maximum amount allowed to break aggregations).
In parallel, a control without protein was prepared in order to discard false

positives.

3.11.5 Fluorescence Polarization (FP) assay

The fluorescence polarization assays were performed on a ClarioStar
reader (BMG LabTech) in NUNC 384-well plates using the excitation
module 482-16 and the dichroic LP 504 filters and emission 530-40 filter.
A fluorophore probe, a 16-mer diphosporilated peptide
(PEVPPpTPPGpSHSAFTK(FICT)) of DISCI, a natural substrate of
Fbw7-Skpl, and its unlabelled form (PEVPPpTPPGpSHSAFTK) was
purchased on demand. For the positive control, each well solution (20 pl)
contained a final concentration of 50 nM of the labelled natural substrate
of the protein, 1% DMSO and serial protein (Fbw7-Skp1) concentrations
from 28 uM to 190 nM. The blank wells were prepared in the same way,
but the protein was not added to the solution. For the competitive assay,
the wells contained 20 pl of a final concentration of 50 nM FITC-Discl, 1
uM of the unlabelled natural substrate of the protein (Discl), 1% DMSO
and serial protein concentrations from 28 uM to 190 nM. The blank wells
were prepared in the same way, but protein was not added to the solution.

For the competitive assay with the confirmed fragment hits, the wells
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contained 20 pl of a final concentration of 50 nM FITC-Discl, 10 uM
Fbw7-Skp1 complex and several concentrations of fragments: 0 uM — 6.25
UM — 12.50 uM— 25 uM - 50 uM — 100 uM — 200 pM — 400 pM — 800 uM
at 8% DMSO. The blank wells were prepared in the same way, but protein
was not added to the solution. The buffer used for these experiments was
50 mM Hepes pH=8.0, 50 mM NacCl, 0.01% tween-20, | mM DTT. All the
solutions were centrifuged at 0.2 rpm for 30 seconds and incubated at room
temperature for 30 min after preparation before testing. Data was obtained
in duplicate by Mars software (BMG LabTech) provided by the
manufacturer and the polarization value obtained were plotted against
concentration to get the corresponding dose-response curves. The
dissociation constants (K4) were calculated from these dose-response curves

for each individual experiment.

3.11.6 TR-FRET assay

The TR-FRET binding assay was used to measure the disruption of
interaction of Brd4(BD1) with [Lys(Ac)5/8/12/16]-Histone H4 (1-21)-
GGK(Biotin) (Eurogentec) with several compounds, accordingly to a
previously described protocol [54]. The experiments were performed in 384-
well black plates (NUNC) in a buffer composed of 50 mM Hepes, pH= 7.4,
50 mM NacCl, 400 mM KF (Sigma), 0.5 mM CHAPS (Sigma), and 0.05%
BSA (Sigma) in a final volume of 100 pl. Brd4(BD1) (100 nM) protein
domain was mixed with 200 nM concentration of the biotin-labelled histone
peptides and incubated for 30 min at room temperature. Two nM Eu3+
cryptate-conjugated streptavidin (CisBio) and 10 nM anti-His6-XL665
(Cisbio) were added to the mix and incubate for 30 min. Compounds were
prepared in 250 mM Hepes pH= 7.4, 250 mM NaCl 20% DMSO at a single

concentration and added to the solution to give a final concentration of 50
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uM, 1% DMSO in a total well volume of 100 pl and incubated for 1 h.
Compounds showing inhibition were then screened at several serial dilution
concentrations. Inhibition (%) at 50 uM was calculated with the following

formula:

competitor FRET ratio % — FRET ratio % of the negative control

100 x 1~ 665 665
FRET ratio 520 of the positive control — FRET ratio 520 of the negative control

where negative control was run without Brd4(BD1) and compound
(inhibitor) and positive control without compound to give the bottom
signal and top signal, respectively. Titration of a known inhibitor ((+)-
JQ1) was used as control for each experiment. ICsy values were
calculated by plotting the log [competitor/compound] versus mean
normalized response data from a single experiment measured in
duplicates and fitting it to a four-parameter equation with variable Hill

slope:

top — bottom

X Hill slope}

using the GraphPad Prism software. The plates were measured in a
CLARIOStar reader (BMG Labtech) using the homogeneous time-
resolved fluorescence module (excitation, 337 nm with 200 flashes;
emission, 620 and 665 nm). The 665 nm/620 nm ratios were converted
to % normalized TR-FRET ratio = Top ratio signal as 100% and bottom

ratio signal as 0% to normalize experiments performed at different days.
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3.12 Synthesis of Brd4(BD1) compounds

Reagents, solvents and starting products were acquired from commercial
sources. NMR spectra were recorded at the NMR unit (CCiTUB) of the
University of Barcelona in CDCl; at 400 MHz ('H and '3C). Chemical
shifts are reported in 6 values downfield from TMS or relative to residual
CDCl; (7.26 ppm, 77.00 ppm), DMSO-d6 (2.50 ppm, 39.52 ppm) or
CDsOD (3.31 ppm, 49.00 ppm) as an internal standard. Data are reported
in the following manner: chemical shift, multiplicity, coupling constant
(J) in hertz (Hz) and integrated intensity. Multiplicities are reported using
the following abbreviations: s, singlet; d, doublet; dd, doublet of
doublets; dm, doublet of multiplets; t, triplet; m, multiplet; q, quadruplet
and bs, broad signal. Evaporation of solvents was accomplished with a
rotary evaporator. Thin layer chromatography was done on SiO2 (silica
gel 60 F254). Chromatography refers to flash column chromatography
was carried out on SiO2 (silica gel 60, SDS, 230—-400 mesh). IR spectra
were performed in a spectrophotometer Spectrum Two FT-IR
Spectrometer, and only noteworthy IR absorptions (cm™!) are listed. The
accurate mass analyses were carried out using a LC/MSD-TOF
spectrophotometer at the Molecular Characterization and Mass
Spectrometry service (CCTiUB) of the University of Barcelona. HPLC-
MS (Agilent 1260 Infinity II) analysis was conducted on a Poroshell 120
EC-C15 (4.6 mm x50 mm, 2.7 um) at 40 °C. Mobile phase (A: H20 +
0.05% formic acid and B: acetonitrile + 0.05% formic acid) using a
gradient elution. Flow rate 0.6 mL/min. The DAD detector was set at 254
nm and the injection volume was 5 pl and oven temperature fixed at 40

°C.
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3.12.1  2-Chloro-N’-(4-phenylthiazol-2-yl)acetohydrazide
(Pre-SSR1)

To a cooled solution (0 °C) of 2-hydrazinyl-4-phenylthiazole (1.50 g, 7.85
mmol) in THF (20 mL) was added dropwise a solution of chloroacetyl
chloride (0.70 mL, 8.85 mmol) in THF (7 mL). The reaction mixture was
stirred at 0°C for 30 min and the precipitate formed was collected by
filtration and washed with water to give PreSSR-1 (1.95 g, 93%) as a white
solid. 'H-NMR Spectral data are coincident with the previously reported [°'].
'H NMR (400 MHz, DMSO-d6) & 4.22 (s, 2H, CH2), 7.28 (s, 1H, SCH),
7.29-7.33 (m, 1H, ArH), 7.38-7.42 (m, 2H ArH), 7.80-7.82 (dd, J = 8.0 Hz,
2H, ArH), 9.17 (bs, 1H, NHCN), 10.92 (bs, 1H, NHCO).

3C NMR (400 MHz, DMSO-d6) & 41.0 (CH2), 103.6 (SCH), 125.8
(2CHAr), 128.0 (CHAr), 128.7 (2CHAr), 133.5 (C-ipso), 148.7 (NCCH),
166.2 (CO), 171.8 (NCS).

IR (ATR) 3163, 2969, 2737, 1723, 1624, 1537, 1485, 1397, 1339, 908, 799,
741, 683 cm™.

HRMS C;1H;:CIN30S [M+H]" 268.0306; found, 268.0307.

3.12.2  3-(Chloromethyl)-5-phenylthiazolo[2,3-c]
[1,2,4]triazole (SSR1)

Cll

7 N AN
N
\N'A\S

A mixture of PreSSR-1 (1.22 g, 4.57 mmol) in xylene (10 mL) and phosphoryl
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chloride (7.65 mL, 82.07 mmol) was heated at 110°C for 4 h. Then, the
reaction mixture was evaporated and neutralized with saturated NaHCO3
solution. The aqueous phase was extracted with EtOAc, the combined organic
phases were washed with brine, dried over Na>SQOs, and evaporated to give a
residue, which was purified by flash column chromatography (EtOAc) to give
SSR-1 as a yellowish solid (824 mg, 72%).

'H NMR (400 MHz, CDCl3) § 4.42 (s, 2H, CH2), 6.89 (s, 1H, SCH), 7.47-
7.53 (m, 3H ArH), 7.73-7.75 (dm, J = 8.2 Hz, 2H, ArH).

13C NMR (400 MHz, HETCOR, CDCl3) § 46.6 (CH2), 103.8 (SCH), 107.0
(C-ipso), 126.0 (2CHAr), 128.8 (CHAT), 129.3 (2CHAT), 129.5, 147.2,
167.8 (NCN, NCCH, NCS).

IR (ATR) 3164, 3111, 2924, 1724, 1603, 1486, 1194, 1095, 1001, 802,
756, 730, 684 cm’.

HRMS C 1 HoCIN3S [M+H]* 250.0200; found, 250.0205.

3.12.3  3-(Hydroxymethyl)-5-phenylthiazolo[2,3-c]
[1,2,4]triazole (SSR-2)

HO\>\

7N AN
N
\NJ\S

A mixture of SSR-1 (400 mg, 1.60 mmol), sodium acetate (400 mg, 4.88
mmol), sodium iodide (16 mg, 0.11 mmol) and DMF (6 mL) was heated
at 100°C for 2 h. The solvent was removed under reduced pressure and
the residue was partitioned between EtOAc and water. The organic phase
was washed with brine, dried over Na>SO4, and evaporated to give the

corresponding acetoxy intermediate (240 mg, 55%) as a brown solid. Then,
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a mixture of acetoxy intermediate (110 mg, 0.40 mmol), MeOH (15 ml) and
a solution of NaOH 3N (1 ml) was heated at reflux for 15 min. The MeOH
was evaporated and neutralized with saturated NaHCOs. The aqueous phase
was extracted with EtOAc, the combined organic phases were washed with
brine, dried over Na;SO4, and evaporated to give a residue, which was
purified by column chromatography (1:0 to 97:3 EtOAc:MeOH) to give
SSR-2 as a yellow solid (32 mg, 34%)).

'"H NMR (400 MHz, CDCI3) § 4.61 (s, 2H, CH2), 6.80 (s,1H, SCH), 7.53-
7.57 (m, 3H ArH), 7.58-7.61 (dd, J = 7.4 Hz, 2H, ArH).

13C NMR (400 MHz, CDCI3) & 54.7 (CH2), 114.2 (SCH), 128.2 (C-ipso),
129.2 (2CHAT), 129.3 (2CHAr), 130.7 (CHAT), 131.6, 148.4, 158.6 (NCN,
NCCH, NCS).

IR (NaCl) 3263, 3105, 2924, 2854, 1704, 1538, 1469, 1442, 1295, 1017,
775, 693 cm™'.

HRMS C1 HioN30S [M+H]* 232.0539; found, 232.0534.

3.12.4  N’-(4-phenylthiazol-2-yl)acetohydrazide (Pre-
SSR3)
e
W \N S
4 H

To a cooled solution (0 °C) of 2-hydrazinyl-4-phenylthiazole (300 mg, 1.57
mmol) in THF (5 ml) was added dropwise a solution of acetyl chloride(0.13
ml, 1.82 mmol) in THF (3 ml). The reaction mixture was stirred at 0°C for
30 minutes and the precipitate formed was collected by filtration and washed

with water to give PreSSR-3 (351 mg, 96%) as a white solid.
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'H NMR (400 MHz, DMSO-d6) & 1.91 (s, 3H, CH3), 7.23 (s, 1H, SCH),
7.26-7.31 (m, 1H, ArH), 7.37-7.40 (m, 2H, ArH), 7.80-7.83 (dd, J=9.2 Hz,
2H, ArH), 9.42 (bs, 1H, NHCN), 10.16 (bs, 1 H, NHCO).

13C NMR (400 MHz, DMSO-d6) & 20.6 (CH3), 103.3 (SCH), 125.9
(2CHAr), 128.1 (CHAT), 128.7 (2CHAT), 133.0 (C-ipso), 147.8 (NCCH),
169.3 (CO), 172.8 (NCS).

IR (ATR): 3365, 3108, 2949, 2835, 1687, 1616, 1499, 1285, 1171,
992,903, 744, 689 cm’!.

HRMS: CH2N50S [M+H]" 234.0696; found, 234.0699.

3.12.5  3-methyl-5-phenylthiazolo[2,3-c|[1,2,4]triazole
(SSR-3)

>\N\

N

N S

A mixture of PreSSR-3 (115 mg, 0.49 mmol) in xylene (2 ml) and phosphoryl
chloride (1.65 ml, 17.7 mmol) was heated at 110°C for 4 h. Then, the reaction
mixture was evaporated and neutralized with saturated NaHCO; solution.
The aqueous phase was extracted with EtOAc, the combined organic phases
were washed with brine, dried over Na>SO4, and evaporated to give a
residue, which was purified by column chromatography (EtOAc) to give
SSR-3 as a yellowish solid (51 mg, 48%).

'H NMR (400 MHz, CDCI®) § 2.23 (s, 3H, CH3), 6.72 (s, 1H, SCH),
7.44-7.46 (dd, J = 8.0 Hz, 2H, ArH), 7.49-7.54 (m, 3H ArH).

13C NMR (400 MHz, CDCls) § 12.6 (CH3), 113.7 (SCH), 128.2 (C-ipso),
128.9 (2CHAr), 129.6 (2CHAT), 130.5 (CHAr), 131.0, 144.9, 157.9 (NCCH,

65



Methods and Materials

NCN, NCS).

IR (ATR) 3028, 2928, 1716, 1492, 1473, 1434, 1378, 1031, 762, 717,
700, 666 cm™'.

HRMS C,HoN3S [M+H]*216.0590; found, 216.0588.

3.12.6  N’-(4-phenylthiazol-2-yl)propionohydrazide (Pre-
SSR4)

Toa cooled solution (0 °C) of 2-hydrazinyl-4-phenylthiazole (500 mg, 2.61
mmol) in THF (8 ml) was added dropwise a solution of propionyl chloride
(0.26 ml, 2.97 mmol) in THF (4 ml). The reaction mixture was stirred at 0°C
for 30 minutes and the precipitate formed was collected by filtration and

washed with water to give PreSSR-4 (551 mg, 85%) as a white solid.

'H NMR (400 MHz, DMSO-d6) 5 1.07 (t, J = 7.6 Hz, 3H, CH3), 2.20 (q, J
=7.6 Hz, 2H, CH2), 7.24 (s, 1H, SCH), 7.29-7.32 (m, 1H, ArH), 7.38-7.42
(m, 2H, ArH), 7.80-7.82 (dm, J = 7.4 Hz, 2H, ArH), 9.70 (bs, 1H, NHCN),
10.36 (bs, 1H, NHCO).

13C NMR (400 MHz, HETCOR, DMSO-d6) & 9.6 (CH3), 26.6 (CH2),
103.1 (SCH), 125.7 (2CHAT), 127.8 (CHAr), 128.6 (2CHAT), 133.7 (C-
ipso), 149.0 (NCCH), 172.8* (CO), 173.0* (NCS).

IR (ATR) 3098, 2978, 2874, 1681, 1635, 1590, 1441, 1333, 1060, 778, 703
cm’l.

HRMS C1,H1sN;0S [M+H]" 248.0852; found, 248.0854.

66



Methods and Materials

3.12.7  3-Ethyl-5-phenylthiazolo[2,3-c|[1,2,4]|triazole
(SSR-4)

\>\N \
N
\N/J\S

A mixture of PreSSR-4 (200 mg, 0.81 mmol) in xylene (4 ml) and phosphoryl
chloride (2.65 ml, 28.43 mmol) was heated at 110°C for 4 h. Then, the
reaction mixture was evaporated and neutralized with saturated NaHCO;
solution. The aqueous phase was extracted with EtOAc, the combined organic
phases were washed with brine, dried over Na>SOs4, and evaporated to givea
residue, which was purified by flash column chromatography (EtOAc) to give
SSR-4 as a yellowish solid (83 mg, 45%).

"H NMR (400 MHz, CDCl3) 6 1.29 (t, J = 7.2 Hz, 3H, CH3), 2.73 (q, J
=7.2 Hz, 2H, CH2), 6.79 (s, 1H, SCH), 7.46-7.52 (m, 3H ArH), 7.72-7.74
(dm, J=8.2Hz, 2H, ArH).

13C NMR (400 MHz, CDCI3) § 32.7 (CH3), 42.8 (CH2), 104.0 (SCH),
126.1 (2CHAr), 128.3 (CHAr), 128.9 (2CHAr), 129.0 (C-ipso), 129.6,
134.0, 167.3 (NCCH, NCN, NCS).

IR (ATR) 3134, 2979, 1699, 1620, 1588, 1524, 1193, 1016, 951, 828,
757, 720 cm™.

HRMS C2H2N3S [M+H]" 230.0746; found, 230.0749
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Chapter 4
Results
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4.1 Identify and confirm the first hits binding to
Fbw'7-Skpl complex

4.1.1 Background: The Ubiquitin Proteasome System
(UPS)
The ubiquitin-proteasome system (UPS) is the major proteolytic system in
eukaryotic cells through which approximately 80% of proteins are degraded
[56]. Protein ubiquitination occurs through a cascade of enzymatic reactions,
involving an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating
enzyme and, finally, an E3 ubiquitin—ligase (of which >700 are known in
humans [62]). Repeated iterations of this ubiquitination process, results in
long chains of ubiquitin repeats on a given substrate and posterior
recognition and degradation by the proteasome [63, 64] (Fig. 4.1). The
therapeutic potential of this system has already been proved by the release in
the market of two proteasome inhibitors, bortezomib and carfilzomib, for the
treatment of multiple myeloma [65]. They act downstream the UPS cascade
blocking all degradation process, therefore upregulating non-desired
substrates that lead to a wide range of side effects. E3 ligases, instead,
represent appealing targets in drug discovery; indeed, they dictate substrate
specificity by holding the substrate in close proximity of the E2 ubiquitin-
conjugating enzyme and thus offer the possibility for specific therapeutic
intervention with less toxic events [66]. Despite the relevant therapeutic
potential they offer, the identification of small-molecules against E3 ligases
to develop novel therapies has been achieved with very limited success. Only
three molecules (thalidomide, lenalidomide and pomalidomide) targeting the
E3 ligase cereblon have been approved by the Food and Drug Administration
(FDA) for the treatment of hematologic malignancies such as multiple
myeloma (MM) and del(5q) myelodysplastic syndrome (MDS) [67]. The

main stumbling block in finding ligands for E3 ligases is the need of
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modulating Protein-Protein interactions (PPI). The contact surfaces involved
in protein-protein interactions are large (1,500-3,000 A?) compared with
those involved in protein small-molecule interactions (300-1,000 A?). In
addition, the contact surfaces of proteins that interact with other proteins are
generally flat and often lack the grooves and pockets present at the surfaces
of proteins that bind to small molecules [68]. Furthermore, competing with
post-translation modifications can result quite challenging, i.e. disrupting
phosphorylation binding is arduous since a small-molecule should be
hydrophobic enough to pass through the cell-membrane and polar enough to
compete with it (drug-like properties not achievable, leading to the idea that
E3 ligases are undruggable targets). Nevertheless, using different strategies,
the scientific community has been able to find small-molecules to target
several of these E3 ligases. For example following a peptidomimetic
strategy, the team lead by Dr Alessio Ciulli was able to identify nanomolar
ligands of the VHL E3 ligase [69]. Performing a virtual screening ligands of
the Skp2 E3 ligase were identified [70]. FBDD has been already used as a
strategy to target E3 ligases, scientists at GSK and Astex were able to
identify fragments able to bind to the E3 ligase Keap1 with moderate potency
[71]. Another approach that is yielding a number of small-molecules binding
to the E3 ligases is the deep study of the mechanism of action or the structure
of already identified drugs. This was the case of the discovery that
thalidomide and other immunomodulatory drugs (IMiDS) bind to cereblon,
[72] promoting the degradation of important non-natives substrates. Finally,

using covalent ligands discovered with proteomic approaches, very recently,
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E3 ligases such as RNF114 and RNF16 have been targeted. [73]

Ubiquitin Proteasome System

B Sl

Proteasome

E3 ligase binders (~700 E3):

* Cereblon ( 3 compounds
approved FDA)

¢ MDM2 inh. (clinical phase 1)

* 1AP (clinical phase I/11)

* XIAP (clinical phase I)

\
/l/\\\/

Proteasome inhibitors: aminoacids

+ Bortezomib (Velcade®,
2003)

« Carfilzomib (Kyprolis,
2012)

Figure 4.1. UPS pathway regulates proteins turnover. A substrate carrying a post-
translation modification (PTM) (e.g. phosphorylation) binds to the recognition site
(degron) of a specific E3 ligase. Once this happens the E2-ubiquitin conjugating enzyme
transfer the ubiquitin (Ub) to a lysine of the substrate. After several iterations of
ubiquitination, the substrate is recognized by the proteasome and destroyed.

4.1.2 Hijacking the UPS: PROTAC technology

In parallel, in recent years, controlling protein level with small molecules to
regulate protein function has attracted much interest as a new therapeutic
modality: PROteolysis TArgeting Chimera (PROTAC) technology. PRO-
TAC molecules are heterobifunctional small molecules designed to induce
intracellular protein degradation. One tail of the PROTAC molecule binds to
a Protein Of Interest (POI), while the other tail recruits a specific E3 ligase
forming a ternary complex that allows ubiquitin transfer from the E3 ligase
to the POI leading to degradation [74, 75] (Fig. 4.2). PROTAC molecules,
stand far from the classical pharmacology in which a compound binds to the
POI and modulates their activity. In the case of classical inhibitors high target
occupancy is required to affect target function (the so-called occupancy-

driven pharmacology) and the effect of the drug will last as long as the
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molecule occupies the protein. Instead, for PROTAC, sub-stoichiometric
drug binding is sufficient and binding anywhere in the protein surface of the
POI can potentially be exploited, as far as the formation of the complex is
effective and leads to degradation. Furthermore, once the protein is degraded
PROTAC molecules can bind another POI, in a catalytic way. In this case,
biological regeneration (turnover) of a new POI is necessary to restore POI
function (event-driven pharmacology) [76]. The potential to redirect protein
degradation by artificially recruiting an E3 ligase has been demonstrated and
several studies have reported the successful development of drug-like
PROTAC molecules able to degrade therapeutically relevant proteins. The
first proof-of-concept of the PROTAC approach was described in 2001 and
2004 as a result of a research collaboration between the groups of Drs Craig
Crews and Raymond Deshaies [78, 79]. This first generation of PROTAC
molecules were mainly peptides either for the E3 ligase or for the POI,
thereby the PROTAC approach remained largely dormant for over a decade.
However, the development of drug-like E3 ligases really flurried the field.
Employing VHL and cereblon as E3 ligases, in May and June 2015, three
teams, led by Ciulli, Bradner (Dana Farber) and Crews, published several
independent studies describing active PROTAC molecules with drug-like
properties [79-83]. Today, dozens of PROTAC molecules have been
developed targeting a plethora of targets, mainly for the treatment of
different cancers in both industry and academia. PROTAC molecules
targeting B-cell lymphoma 6 (BCL6) from AstraZeneca [84], P300/CBP-
associated factor and general control nonderepressible 5 (PCAF/GCNS)
from GSK [85], Bruton’s tyrosine kinase (BTK) from Pfizer [86], focal
adhesion kinase (FAK) from Boehringer Ingelheim [87] and Interleukin-1
receptor-associated kinase 4 (IRAK4) from GSK [88]. In 2019 Arvinas, a
biotechnology company founded around the PROTAC concept, launched the
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first clinical-trial of two candidate-drugs based on targeted protein
degradation: ARV-110 and ARV-471 that target the Androgen and
Oestrogen Receptor, respectively [89]. The first-in-class PROTAC ARV-
110 has clinical activity in pre-treated mCRPC patients who have progressed
on anti-androgen therapy and despite this, ARV-110 demonstrated the first
evidence of antitumor activity in this difficult-to-treat patient population, as
communicated by Arvinas this year. Studies are on-going and scientific
community is excited to see the outcomes of these clinical trials as well as
other discoveries to expand the number of therapeutics to treat huge unmet
medical need.

In parallel to the development of drug-like PROTAC molecules, pushed by
the observation that IMiDs promote the degradation of neo-substrates,
several novel molecular glues have been recently described. Molecular glues
have to promote de novo PPIs, somehow restricting their utility for the
development of drugs for part of the proteome. However, molecular glues
are formed by a unique molecular scaffold and have more drug-like
properties. Until now, the discovery and development of novel molecular
glues have been largely serendipitous. Recently, several structural and
functional strategies have been described to shed light in the discovery of
this type of drugs. [90]. In the next years, surely, a considerable number of
drugs based on target protein degradation (PROTAC molecules and
molecular glues) will be developed for until now considered undruggable
proteins, converting a big part of the undruggable proteome into a druggable
one, and delivering completely novel therapies to cure challenging diseases,

such as cancer or Alzheimer’s disease [91].
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Figure 4.2. PROTAC molecule hijacks the ubiquitin proteasome system. On the top
highlighted natural pathway of the UPS, on the bottom a PROTAC molecule binds in one
side to the E3 ligase and on the other side to the POI that will be ubiquitinated and
destroyed.

4.1.3 Fbw7: a challenging attractive target in drug
discovery

E3 ubiquitin ligases can be divided into different families and subfamilies
depending how they recognize and degrade the corresponding substrates. In
mammals, the best characterized subfamily is the SCF family (S-phase
kinase-associated protein 1 (Skpl)-Cull-F-box protein). In this, the N-
terminus of the Cull interacts with Skp1, which binds to the F-box domain
of an interchangeable F-box protein [92] The F-box proteins typically
recognize unique, short degradation motifs in their substrates (termed
degrons).

Although many F-box protein—substrate pairings have been described and
linked to potential biological functions, the first hurdle to generating SCF-
directed pharmacology therapies remains the therapeutically validation and
manipulation of each pair (for example, through the development of
chemical probes). Nowadays, our expanding knowledge of the SCF family

of ubiquitin ligases indicates that targeting a specific SCF complex may
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result in effective therapies for various disorders such as cancer, sleep
disorders, mood disorders, inflammation and acquired infections.

One of the most commonly deregulated proteins in human cancers is the SCF
E3 ligase Fbw7, which targets a range of substrates for degradation,
including key human oncoproteins such as cyclin-E, c-Myc, Notch and Junk.
Indeed, on the one hand, recent progresses have illuminated Fbw7’s central
role in tumorigenesis: large-scale cancer genome studies have shown that
Fbw7 gene 1s among the most mutated in cancer (6% of all cancers have
mutations in this gene) and its tumour suppressor function has been
demonstrated [93]. On the other hand, Fbw7 has showed an important role
in sensitizing cancer stem cells to chemotherapies [94]. Given this relevance
in cancer, several therapeutic strategies to pharmacologically manipulate
Fbw7 have been envisaged; however, so far, no small molecules directly
targeting Fbw7 have been reported. Another important function attributed to
Fbw7 is its role in neuropsychiatric disease. Indeed, in 2018 it was
demonstrated that Fbw7 dictates the degradation of Disrupted in
Schizophrenia 1 (DISC1), a multifunctional scaffolding protein that
assemble protein complexes to promote neural development and signalling.
Stabilizing DISC1 by mean of Fbw7-DISCI1 disruption could be beneficial

to treat schizophrenia [95].

4.1.3.1 Fbw7-Skpl structure

The first crystal structure of Fbw7 in complex with its adapter protein Skpl
was solved in 2007 by Dr. Bing Hao and collaborators (PDB code 20VP)
[96]. The Fbw7 structure consists of a F-box domain (helices H-1, HO, H1-
H3), an o-helical linker domain (helices H4 and HS5, and H4-H5 loop), a
WD40-repeat domain and a five-residue tail (Fig. 4.3A). The WD40 domain

forms a canonical eight-bladed B-propeller structure, with each blade
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consisting of four antiparallel B strands (strands A through D) (Fig. 4.3B).
As in other WD40-domain structures, the Fbw7 B-propeller resembles a
cylinder with narrow and wide ends and a solvent-filled central channel (Fig.
4.3B). In order to exert its function, Fbw7 has to interact with the other
partners of the SCF RING-E3 family (Fig 4.3C), interacting in one site with
Skp1 (with the F-box domain) and in the other site with the substrate (WD40

domain).

Cul1

Substrates

@ FBW7

Figure 4.3. Overall structure of the ternary Fbw7-Skpl-C-terminal Cyclin E peptide
complex. A) Ribbons representation shows Skpl (blue), Fbw7 F-box, Linker and WD40
domain (red) and phosphorylated C terminal Cyclin E, CycE31pS372/pT380/pS384
(cyan). Dotted lines represent disordered regions. B) WD40 domain with the eight-bladed
b-propeller structure forms a cylinder with a central channel. C) Substrate ubiquitination
by RBXI1-SCF E3 ubiquitin ligase: Cullin-1 at its N-terminus binds to Skp1 and an F-box
protein, which recognizes protein substrates, and at its C-terminus binds to RBX1. RBX]I,
on the other hand, binds to Cullin-1 using its N-terminus and an E2 ubiquitin conjugating
enzyme using its C-terminal RING domain. Together, RBXI-cullin-1 catalyses the
ubiquitin transfer from E2 to protein substrates. Adapted from [96].

4.1.3.2 Fbw7-Skpl substrate recognition and
mutations

The WD40 domain contains the so-called degron site, given the ability to
recognize the Fbw7 substrates. Most of these substrates harbour a conserved

phosphorylation motif (CPD) [97], first identified in the yeast homologue
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Cdc4 of Fbw7. This motif contains conserved residues (L)-X-pT/pS-P-P-X-
pS/pT/E/D (X represents any amino acid) [98] found to be essential for E3
ligase recognition which typically includes threonine or serine (Fig. 4.4) that
once phosphorylated engage three key arginine residues of the WD40
domain [99]. Crucially, according to COSMIC database, the most frequent
mutations of Fbw7 occur in these three residues, Arg465, Argd79 and
Arg505 (Fig. 4.5).

Fbw7 CPD consensus motif

Notch1 TPTLSPPL
CyclinE TPPQSGK
C-myc TPPLSPS
C-jun TPPLSPI

SREBP1 TPPPSDA
SV40LTA  TPPPEPE
DISC1 TPPGSHS
Consensus TPPXS

Figure 4.4. Conserved CPD consensus motif found in all known Fbw7 substrates [95].

>20 mutations labeled in red
350 4

R465
300

250

200
R505

150 -
R479

COSMIC Number of mutation

100 -

50 R278 R367 G423 5582 R689

0 -ttt tmatadnams ot ‘mmwjmmrm.mm—hHhmhmmdnnmmmwﬁmmemmimhmnmnn‘rlWMMMMHmmdr!#mnwmfmsrdrmm Mmmmr.mn.ermJ—Mrhmmm
1 101 201 301 401 501 601 701

Figure 4.5. The distribution of Fbw7 mutations in the FBXW7 genome. The numbers of
FBXW7 genetic alternations are retrieved from the COSMIC database. Fbw?7 residues
with a mutation number higher than 20 are highlighted in red and 3 Fbw7 hotspot
mutations are labelled in blue. Adapted from [100].
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to
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abolish  protein-substrate interaction

mutations

These

dysregulation of substrate activity in cells and are frequently detected in a

wide range of tumours (Fig. 4.6). As already mention above, Fbw7 controls

several oncoproteins and a perfect balance of protein turnover regulated by

B Hematologic malignancy
B Gastrointestinal cancer
M Genital cancer
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UPS and hence by Fbw?7 is crucial to maintain normal cellular homeostasis.
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Figure 4.6. FBXW7 gene mutation frequency for different human cancer types in the

COSMIC database. Cancer types with>100 patients registered are listed. Adapted from

[99].
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4.2 Objective of the Chapter 4

In this chapter we aim to identify and characterize fragment molecules able
to bind to the Fbw7-Skpl multi-subunit complex allosterically and to
develop them into chemical probes and as E3 ligases ligands for PROTAC
development. Indeed, the Labs of Dr Galdeano and Dr Barril aim to expand
the so-called druggable genome by targeting so-far unexploited sites that
elicit a biological response through non-standard mechanisms of action. To
achieve this goal, the Labs employ a multi-disciplinary and question-driven
approach that combines computational, biophysical, chemistry and cell
biology. Given its potential, we envisaged that FBDD could be an optimal
drug discovery approach to find small-molecules of the Fbw7 E3 ligase.
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4.3 Cloning, expression, purification and
characterization of Fbw7-Skp1 complex

4.3.1 Cloning and expression of Fbw7-Skp1 complex
in E.coli

The cloned glutathione S-transferase (GST)-tagged human Fbw7 (residue
263-707) and truncated Skpl was co-expressed as a dicistronic message in
BL21(DE3). It was necessary to co-express Fbw7 with Skp1, because Fbw7
alone was itself insoluble. The co-expression of the recombinant proteins in
E. coli strain BL21(DE3) was started after induction with 1mM IPTG.
(section 3.7.1). The first goal to express the protein was achieved as
illustrated in Figure 4.7, although the overall yield of expression was very
low (0,3 mg/L). A lot of trials were done to improve the yield of the
expression:

. Different bacterial strains such as E. coli BL21, BL2I1(DE3),
BL21(DE3) plys, Rosetta, Rosetta(DE3)

. Different growth culture such as Terrific Broth or Luria Broth

. IPTG induction at 10 h, 18 h or 24 h

. Harvesting time of bacteria cells at OD 0.6 and 2.4

None of these conditions helped us to obtain a higher amount of protein.
Furthermore, the removal of a GST-tag in change of a His-tag in the protein-
construct, made by our collaborator Dr Bing Hao, did not help in achieving
a better result. Therefore, one of the major bottlenecks of this project has
been the low yield of the expression. While SPR has the advantage of a very
low amount of protein needed (in the range of pg), DSF and NMR require a
considerable amount of protein (in the range of mg). Huge efforts have been
dedicated to express the sufficient amount of Fbw7, around 40 L of E. Coli,

to perform all the biophysical experiments described in the thesis. Overall
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this result reflects the difficulties on pursuing a fragment-based screening in

the targets were the protein is produced in a low amount.

4.3 Purification and characterization of Fbw7-
Skpl complex

Fbw7-Skpl complex was purified with the following protocol: cells were
collected and subjected to lysis and the filtered solution was purified by a
glutathione affinity chromatography. The GST-tag was then removed by an
overnight thrombin cleavage. The cleaved complex was then purified again
with glutathione affinity chromatography to separate the GST-tag and
protein with glutathione affinity still present in the solution. Final
purification was performed with an anion exchange chromatography using a
heparin column. Chromatograms of the purification steps are illustrated in

Figure 4.7.

1st GST purification
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Figure 4.7. Chromatograms showing a) Ist GST purification b) 2nd GST purification c)
Heparin purification.

The purification yield to 0.3 mg/l. Purification step were monitored by gel

electrophoresis and protein purity was assessed by mass spectrometry. (Fig.

4.8)

85



Results Fbw7-Skpl

Figure 4.8. a) Electrophoresis gel showing the different steps of purification for Fbw7-
Skpl, stained with Comassie blue. b) Matrix-assisted Laser Desorption/lonization
(MALDI) shows Fbw7 (56 KDa) and Skp1 (16 KDa).

4.4 Fragment Screening

4.4.1 DSF

DSF experiment was selected as a frontline biophysical technique to screen
the in-house fragment library. Since DSF conditions using Fbw7-Skpl
complex had never been described before, buffer screening was carried out
to find the optimal conditions, by testing the stability of the protein using
different buffers, salt concentrations and a range of pHs. Finally, 50 mM Tris
pH= 8.0 and 50 mM NaCl buffer was considered the best buffer to perform
the experiment. Therefore, a primary screening of five fragments at a single
concentration (I mM 5% DMSO) was performed in order to assess assay
feasibility (Fig. 4.9 c, d, e, f, g). A 26-mer peptide (KAMLSEQNRASPL
PSGLL[pT]PPQ[pS]GKK) of the natural substrate cyclin-E (Ks70 nM [96])
was used as positive control (Fig. 4.9a and 4.9b). Crucially, the increasing of
fluorescence was observed in two clear peaks in some cases, hence having
two melting temperatures or just one peak in the other occasions, as
illustrated in figure 4.9a and 4.9b, respectively. Notwithstanding, we were
not able to determine which protein or domain corresponded to each melting

temperature. The screening of the selected five fragments gave in all cases a
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negative shift. Therefore, since the reproducibility of the experiment was not
consistent and given the preliminary and the inconclusive results obtained

we decided to move forward using SPR to screen all the library.

Termal Shift Fow7 alone (blue) and with CyclinE (orange) Termal Shift Fow7 alone (blue) and with CyclinE (orange) b

\J

-(d/dT) Fluorescence (465-580nm)
-(d/dT) Fluorescence (465-580nm)

Temperature (°C) Temperature (*C)

Termal Shift Fbw7 alone (blue) and with Fragment_F1A1 (orange) Termal Shift Fbw7 alone (blue) and with Fragment_F1A2 (orange) d

= = %@
£* £ — Vo
2, 2 £ » R o o o w
¥ n
8, 8
A £
2. 8 \
g g \
g, ]
3 g
5. s
= =
= e
el "
3 3
Temperature (°C) Temperature (°C)
Termal Shift Fbw7 alone (blue) and with Fragment_F1A3 (orange) e Termal Shift Fbw7 alone (blue) and with Fragment_F1A4 (orange) £

\l
I
65-580nm)

cence (465-580nm)
&

(d/dT) FI
‘\\\\\
(d/dT) Fl

Temperature (°C) Temperature (*C)

Termal Shift Fow?7 alone (blue) and with Fragment_F1AS5 (orange)

-(d/dT) Fluorescence (465-580nm)

Temperature (°C)

Figure 4.9. DSF Plots showing a) and b) the melting temperature of Fbw7-Skpl in
complex with a peptide of the natural substrate Cyclin E, c) with F141, d) with F1A42, e)
with FI1A3 f) with F144, g) with F1A45.

87



Results Fbw7-Skpl

4.4.2 SPR experiments

Fbw7-Skpl complex was immobilized on the sensor chip’s surface using the
amine-coupling protocol as described in section 3.11.2. One channel was
used for the immobilization of the protein with approximately 16000 RU. A
blind screening was performed since the peptide of the natural substrate
cyclin E did not give any response, perhaps due to the random
immobilization of the protein in the surface of the chip, limiting the
accessibility of the degron binding site for the peptide or due to solubility
problems. Figure 4.10 shows the response of the fragment library divided in
seven plates of 96 wells. According to the amount of protein immobilized in
the chip and the molecular weight average of the library, 55 RU was
determined as maximum response and the lover cut-off was set at 10 RU.
The two horizontal lines show up the upper and lower cut-off levels. The
green spots represent individual fragments at a single concentration of 500
uM with 5% DMSO. The spots with a response upper than 55 exceed 1:1
stoichiometry, suggesting they either bind to multiple sites or aggregate non-

specifically on the surface of the protein.
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Figure 4.10. Each plot represents the screening of a 96-wells plate. Each fragment at a
single concentration of 500 uM (green dot) corresponds to a different cycle (x axis) that
gives a specific response unit (RU, y axis). Fragments giving a RU between 10 and 55
were considered positive hits.
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4.4.2.1 Dose response curve assessed by SPR: Fbw7
linked by amine coupling reaction
220 fragments out of 672 fragments gave a positive response between 10 and
55 RU. In order to validate these fragments and to extrapolate the K, , a
titration curve was performed as specified in section 3.11.2.2. Of these 220
fragments 48 gave a K4 <2 mM (table 4.1). The 21 most potent fragments
with a K4 <200 uM are highlighted in table 4.1and the dose-response curve
illustrated in the following Figure 4.11. Example of the sensograms of the
most potent fragments is illustrated in Fig. 4.12. Surprisingly, several of the
fragments screened (F1A10, F1CS8, F1C12, F1DS5, F1G4, F1H7, F2Al,
F3A8, F4E10, F4G7, F5G12, F6DS, F6F12, F6H3, F7E2, F7G9) showed a
K4 in the two digits and one-digit micromolar range, which is very potent for
a fragment-sized ligand. Moreover, it is important to point out that we found
fragments with similar chemical scaffolds between the most potent ones. The
overall hit rate of the screening was around 3%, an encouraging rate for a

target that until now was considered undruggable.

Table 4.1 SPR results

FI1A10 7,18E-05 43,10 0,8557
F1C8 2,21E-05 27,67 0,9826
FI1C12 6,49E-05 38,56 0,8002
F1D5 7,96E-05 53,84 0,9060
F1G3 1,58E-04 31,01 0,7621
F1G4 4,48E-05 11,89 0,9840
F1H7 8,87E-05 25,00 0,9538
F2A1 9,80E-05 53,63 0,9423
F2A5 1,81E-04 17,41 0,8669
F2A5 1,81E-04 17,41 0,8669
F3A8 2,06E-05 7,67 0,5725
F4D1 2,01E-04 22,72 0,9684
F4E10 4,98E-05 27,95 0,8282
F4G7 7,20E-05 23,76 0,8482
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F5C11 1,18E-04 29,51 0,8218
FSE10 2,02E-04 24,75 0,9658
F5F12 1,12E-04 17,74 0,9863
F5G12 8,01E-05 12,76 0,9602
F6B12 1,02E-03 64,09 0,9791
F6C5 5,48E-04 36,25 0,9291
F6D5 3,02E-05 43,94 0,7994
F6DI12 4,25E-04 79,94 0,9915
F6F12 3,71E-05 16,14 0,7507
F6H3 9,54E-06 14,23 0,4399
F7A9 4,69E-04 4324 0,9960
F7B1 5,00E-04 54,87 0,9938
F7E2 4,95E-05 14,46 0,9988
F7F7 3,89E-04 29,05 0,9747
F7G1 4,49E-04 71,62 0,9955
F7G5 3,84E-04 23,48 0,9909
F7G9 1,69E-05 22,31 0,9215
F7G10 4,34E-04 36,76 0,9938
F1C9 1,74E-03 192,41 0,9939
FIDI11 2,74E-04 39,31 0,9731
F2A3 1,31E-03 133,09 0,9756
F2A10 8,09E-04 166,80 0,9911
F2D1 4,12E-04 63,91 0,9654
F2ES 1,57E-03 219,12 0,9995
F2F5 7,60E-04 42,41 0,9933
F2F10 7,12E-04 48,62 0,9869
F2G9 2,75E-04 15,68 0,9962
F3A2 5,96E-04 54,19 0,9970
F3F11 1,01E-03 46,16 0,9795
F3G2 1,29E-03 97,47 0,9967
F4C5 4,49E-04 73,07 0,9921
F5D7 9,38E-04 64,05 0,5258
FSE3 2,38E-04 31,86 0,9920
FSE6 9,24E-04 38,89 0,9360
F5B3 1,06E-03 189,49 0,9970
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Figure 4.12. Sensograms of the two best fragments, F348 and F6H3.

4.4.2.2

Dose response curve assessed by SPR: Fbw7
immobilization with a GST tag

The most potent fragments identified in the previous screening were tested

against Fbw7 immobilized in the SPR-chip, in this case through a GST-tag.

An antibody anti-GST was first covalently linked to the surface of the SPR-

chip and later on the GST-protein was passed over the surface of the chip to

get captured by the antibody anti-GST. Molecules were therefore screened

against the immobilized protein. Since the GST-tag is located in the Fbw7-
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N terminal and far from the degron site, Fbw7 is free to expose its binding
site without any restraint that can be generated immobilizing the protein
covalently with its lysine. This strategy could seem better to identify
potential fragments that bind to the degron site of Fbw7-Skp1 based in the
previous result that the Cyclin E peptide did not give any response. GST
immobilization offers the possibility of placing the protein in a specific
conformation (depending on where the GST is located). Specifically, in our
case, this immobilization allowed us to test the peptide positive control and
to confirm previously identified fragments with an orthogonal

immobilization system.

While the experiment is more insidious to establish i.e. the protein has to be
captured every titration cycle, because the binding of GST with the antibody
anti-GST is not strong enough to keep the protein in the chip permanently, it
represents a good way of increasing the level of confidence on the results
obtained with a covalent immobilization. Indeed, there is the risk that a
random immobilization in the chip (covalent immobilization) can hide
“sweet spots” on the surface of the protein and change its conformation state,
giving rise to “new spot” not present in the native conformation of the
protein.

To ensure the right immobilization in the surface of the chip and to confirm
the correct binding site exposure, a l16-mer diphosporilated peptide
(PEVPPpTPPGpSHSAFTK(FICT)) of the natural substrate of Fbw7,
DISCI1, was tested. As mention the DISCI recognition by Fbw7 was
published during this PhD thesis and this is the reason why it was not assayed
before. The Ksobtained (table 4.2), matches the one reported in the literature
[101]. Furthermore, since for further FP assays a fluorophore-peptide would
be needed, we purchased and also tested FICT-DISCI.

Once proved that the Fbow7-Skpl protein was correctly immobilized in the
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chip with GST tag, the 21 most potent fragments from the primary screening
(SPR covalently linked) were screened at several concentrations starting
from 100 uM. Results are shown in table 4.2 and dose response curve in
Figure 4.13. Example of two sensograms of the most potent fragments is
illustrated in Figure 4.14. To note, compared to the sensograms of the same
fragments showed in Figure 4.12, where the protein is covalently attached,
there is not a stable baseline probably due to the leaking of the protein during
time. Noteworthy, all the fragments bind to the protein in a dose-response
manner and the observed K, in all case improved by two orders of magnitude,
compared with the previous Ks observed. However, since the protein is
leaking all the time, the K, values have not to be taken as precise number for
the affinity of the fragment to the protein but more as clear demonstration
that the fragments still bind to the protein when is exposing the native

surface.

Table 4.2 GST-SPR results

DISC1 4,11E-07 10,83 0,9153
FICT-DISC 2,52E-07 12,43 0,968

FIAIO 1,72E-06 7,34 0,9007
F1C8 1,12E-07 9,73 0,9574
FI1C12 2,69E-06 9,19 0,9846
FID5 2,74E-07 10,57 0,787
F1G3 2,98E-06 8,66 0,953
F1G4 3,96E-07 9,39 0,9262
FIH7 3,58E-07 6,19 0,9855
F2A1 2,40E-07 8,10 0,8494
F2AS5 2,02E-07 8,84 0,9594
F3A8 2,77E-07 12,21 0,9607
F4E10 3,72E-06 12,60 0,9517
F4G7 1,96E-06 7,90 0,8694
F5Cl11 7,52E-07 10,27 0,8641
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Fragment concentration (M)

F5SE10 2,81E-07 8,31 0,9015
F5F12 2,79E-07 6,60 0,9247
F5G12 2,85E-07 9,07 0,9291
F6D5 2,83E-06 10,10 0,985
F6F12 1,04E-05 10,88 0,6412
F6H3 2,50E-06 9,06 0,97
F7E2 4,99E-07 8,72 0,8466
F7G9 4,26E-08 10,73 0,9774
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Fragment concentration (M)
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Figure 4.13. Dose-response curves of the most potent fragments with a GST
immobilization protocol.
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Figure 4.14. Sensograms of the two best fragments F3A8 and F6H3 with a GST-
immobilization protocol.

4.4.3 STD-NMR to confirm binding

To further confirm binding of the hits identified with SPR, we decided to
carry out NMR studies and we selected STD as orthogonal technique of SPR
to screen the fragments. 13 out of the 22 most potent fragments were picked
for further investigation and screened as described in section 3.11.4.2 . As
outcome of a preliminary assessment of the technique we found solubility
problems with a fragment concentrations >250 uM. To overcome this
problem we decreased the concentration of the fragments to 125 puM.
Additionally, some of the fragments required the addition of a detergent
(tween-20) to avoid the formation of aggregates, as reported in the literature
[101, 102]. The following figures illustrate the results obtained for the
fragments giving an STD signal (red spectrum) with the STD % calculated

overlaying the STD spectrum with the off-resonance spectrum.
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Figure 4.15. F348 (250 uM) in complex with Fbw7-Skpl (10 uM).
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Figure 4.16. F4G7 (125 uM) in complex with Fbw7-Skpl (2.5 uM).
fid 2 from xba-872-2019 5 1 opt/topspind.2/data/servel/ nmr Sale 1 1LJMesdd  §72-2019_BGOOUSPCE_30052013 FbwT-FEDS 5081 1 ;nn-..ftammn!.s.‘.Jnln.'ﬂl\«nnrem.'E
10,5% STD &
4 -5
10,5% STD
14,8% STD 3 .
10,5% STD 1 14,8% STD 7,5% STD
N\ 7 '
.L .ln \ J\W—-— uJL‘W | s
f Seale § 6085 H72-2019 MGAOUSACE 1005319 FinT-PEod 5000 1 foot/tepspind.s. LidatasSalvatorensn |

T
10

Figure 4.17.

1

F6D5 (250 uM) in complex with Fbw7-Skpl (2.5 uM,

[ppm]

03



Results Fbw7-Skp1

fid 2 from xba-1483-2019 14 1 fopt/topspind.2/data/servei/nmr

10,5% STD

)

9% STD

’

10,5% STD

N

L

4% STD
1

14B3-2019_BESRUSPIR_BA1IELD Foul-FEHI 14080 1 f”‘."'uinlﬂ-E-!(ﬂﬂr’sﬂmt’lml:_
|

) “ I\ J. J ; st 0

1 i 6 H 2" [ Ippem]

Figure 4.18. F6H3 (100 uM) in complex with Fbw7-Skpl (1.25 uM).
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Figure 4.20. F1G4 (100 uM) in complex with Fbw7-Skpl (1.25 uM).
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Figure 4.21. F1D5 (100 uM) in complex with Fbw7 Skpl (1.25 uM).
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Figure 4.22. F6F12 (250 uM) in complex wzth Fbw7- Skpl (1.25 uM) 0 05% tween-20.

The presence of tween-20 allowed us to discriminate between false positives
and true positives. An example is given in Figure 4.23, in red STD spectrum
of fragment FAE10 without protein and in blue off-resonance spectrum. The
presence of aggregates give rise to STD signals, most probably due to the
fact that aggregates get irradiates at the same magnetic field of the protein.
STD signal decrease and almost totally disappear when aggregates break
when adding tween-20 (Fig. 4.24). Therefore, after adding Fbw7-Skpl
complex in the solution, we observed STD signal that comes from the

binding of the fragment F4E10 to the protein (Fig. 4.25)
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in complex with 0.05% Tween20.
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Figure 4.25. F4E10 (100 uM) in complex with Fbw7-Skp1 (1.25 uM) 0.05% tween-20.
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4.4.4 Elucidation of the binding site of the fragments
4.4.4.1 X-ray crystallography

In order to identify the binding site of the hit fragments, a research
collaboration with the group of Dr Bing Hao (Uconn-Health, USA) was
launched. Based in the affinity and the chemical structure, we sent fragments
F3A8, F4G7, F6F12, F6DS, F7G9, F6D12, F2A5 and F4E10 to Dr. Hao.
First attempts to obtain the X-ray structure of the fragments bound to the
Fbw7-Skpl protein with both co-crystallization and soaking were
unsuccessful. With some fragments they did not get crystals and with some
fragment’s crystals did not diffract well enough. However, so far, they have
collected 19 datasets including a native data set so that they can use it as a
negative control. Unfortunately, they did not find any meaningful density
that can be assigned to the fragments. As an example, Figure 4.26 shows the
density map of the degron site of Fbw7 soaked with fragment F3AS. It is
possible to observe in green an unresolved density that do not correspond to
the density of the protein but in this case also do not fit with the fragment
molecule and is probably consistent with a sulphate ion. Work is on-going

to optimize conditions to obtain these structures.

- AR N AN N
Figure 4.26. Density map of Fbw7-Skpl soaked with F3AS8. It is possible to observe the
density map of the degron site of the protein with the corresponding aminoacid and in

green the unresolved density map that in this case does not fit with our fragment F3AS8.
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4.4.4.2 MD simulations

In parallel to crystallography, we run molecular dynamic (MD) simulations
to identify probable binding sites. Ten microsecond MD was performed in
collaboration with a PhD student of Barril’s Lab, Moira Rachman, using a
common scaffold of 3 fragments hits in order to see if it has preference for
any binding site of the protein. In more details, the fragments were analysed
for common patterns and were subsequently deconstructed to contain
common features. Fpocket [103-104] (default settings) identified 13
probable pockets in the surface of Fbw7-Skpl in which a copy of the
fragment was added to each of these putative pockets for the simulation.
Parameters for the fragments were derived with a MOE [105] SVL script
developed to automate DUCKk calculations [106]. It calculates AM1-BCC
charges [107] and assigns parm@Frosst [108] atom types and non-bonded
parameters to the ligand. The System was solvated with the help of
pyMDmix [109] which also provided the equilibration and minimization
setting to perform 10 microseconds of unconstrained MD. Finally, all
trajectories were aligned and cpptraj (dbscan) was used to cluster the density
of the fragments throughout the simulation. Surprisingly we found fragments

binding close to the degron site of the complex as shown in Figure 4.27.
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Figure 4.27. Most probable binding site of the fragments with common scaffold. In grey
degron sites of the WD40 domain of Fbw7 binding to the peptide of the natural substrate
cyclin-E (blue sticks) and fragment density (blue surface).

4.4.4.3 2D-NMR (CSP)

We also applied to the iINEXT discovery program to access Utrecht NMR
facility, in collaboration with Dr Hugo Van Ingen, to perform 2D-NMR
(CSP), to obtain a full mapping where the fragments bind. We now have
ready a sample of "N-labeled Fbw7-Skp1 complex (see protein expression
and purification below) for characterization and feasibility study. The goals
of this first experiment are to 1) assess spectral quality of the Fbw7-Skpl
construct, including temperature and long-term stability, i1) test addition of
two candidate fragments (Ks~ 40 uM and 1 uM) to the sample to see whether
spectra changes can be detected.

We routinely express Fbw7 in complex with Skpl (149 residues), an
essential adapter protein within the E3 complex. The overall mass of this
multisubunit protein is around 70 kDa, quite challenging for NMR, since the
spectrum can result crowdy and difficult to interpret. Fortunately, the
backbone and side chain assignments of Skpl have previously been

determined (BMRB id 26765). Note that even without assignments,
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compounds can likely be clustered based on their induced spectral changes,

which would be very useful to target the crystallisation efforts.

4.4.4.3.1 Cloning, expression and purification of Fbw7-Skp1
complex 1°N labelled in E.coli

The expression of the °N labelled protein was required in order to

elucidate the binding sites of the fragments using 2D-NMR. The same

vector was used to express Fbow7-Skp1 complex °N labelled. M9-Marley

expression was followed as describe in section 3.7.2. We obtained the

same yield of the unlabelled protein expression, 0.3 mg/I.

For this first assessment to perform a sample characterization to probe
the feasibility of studying Fbw7-drug interactions by NMR, 200 ul at a
concentration of 100 uM were needed, which corresponds to 1.4 mg. Since
this protocol was not performed before, optimization was carried out. As
primary trial we followed a standard '°N labelling procedure as specified in
section 3.7.2, but with the only exception of not including solution Q. In
fact, we first wanted to assess whether the protein could be expressed
using a standard M9 protocol. This first trial led to a very low yield
(0.08mg/1). In order to boost the production of the protein we decided to
use a micronutrient solution, known as solution Q. As result we managed
to reach at least the same yield of the unlabelled peptide (0,3mg/1). The
purification was performed following the same procedure described in
section 4.4. Purification steps were monitored by gel electrophoresis and
protein purity was assessed by mass spectrometry (Fig. 4.28). To date, 12 L
of E. coli have been produced with a total amount of 3,6 mg of protein,
which ensure us that at least two fragments at one single concentration

(200 uM) will be assayed by our collaborators.
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Figure 4.28. a) Electr¢ . .. _ .. o . . ., f . onfor Fbw7-
Skpl °N labelled, stained with Comassie blue. b) Matrix-assisted Laser
Desorption/lonization (MALDI) shows Fbw7 (56 KDa) and Skpl (16 KDa).

4.5 Mechanism of action elucidation

4.5.1 Fluorescence polarization Assay

FP assays were performed in order to evaluate the mechanism of action of
the hit fragments. This technique would help us to disentangle if the hit
fragments are able to disrupt the PPI between the Fbw7 E3 ligase and their
substrates by direct interaction in the degron site or allosterically. In fact,
Orlicky et. al by screening a library of compounds using FP discovered SCF-
12, a biplanar di-carboxylic acid fragment that is able to bind to Cdc4 protein,
the yeast homolog of Fbw7 [97]. Structural studies revealed that SCF-12

intercalates between the adjacent blades 5 and 6 of the conserved WD40
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domain of Cdc4 and in this way induces formation of its own binding pocket
located at 25 angstroms of distance from the degron-recognition site (PDB
3MKS). Interestingly, this new pocket is not found in the apo Cdc4-Skpl
complex (PDB code INEX), but the interaction of the SCF-12 with this new
allosteric pocket is enough to inhibit the recognition of the corresponding
degrons in the degron-recognition site. The authors propose that similar
allosteric approaches could be employed for developing ligands of other
similar WD40 domains proteins that serve as substrate recognition subunits

within the SCF-E3 ligase family.

Since the FP experiment was not still implemented in the Lab, first we
needed to set up the optimal conditions, in collaboration with a PhD Student
in the Lab, Andrea Bertran. We tested PBS, Hepes, BSA, tween-20, DTT
and different pHs. At the end, the established conditions were: 50 mM Hepes
(pH= 8.0), 50 mM Nac(l, 0.01% tween-20 and finally 1 mM DTT, the last to
be added to avoid aggregation and protein absorption onto the plate wells.
The incubation time was imposed at 30 min because it was enough not only
to let the components homogenize between them, but also to avoid
fluorescence loss. In order to extrapolate the K, of the labelled peptide
(substrate of Fbw7, FICT-DISC1), a dose response curve was performed
with a fixed label-ligand concentration of 50 nM and different increasing
protein concentrations: 0 pM — 0.19 uM — 0.39 uM— 0.78 uM — 1.56 uM —
3.125 uM — 6.25 uM — 14 uM — 28 uM, as it is shown in Figure 4.29. The
resulting K, obtained from different experiments performed at different days
was between 1 and 4 uM, according to the one of the unlabelled peptide
reported in the literature [95].
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Figure 4.29. Curve replicates showing binding of the labelled peptide FICT-DISCI to
Fbw7-Skpl.

The labelled peptide (or positive control) was also tested at 50 nM with a
serial protein concentration from 28 uM to 190 nM in the presence of the
unlabelled substrate DISC1 at 1 uM (in excess) to achieve a notable
displacement of the labelled one during the competition. The results are
shown in Figure 4.30, proving the feasibility of the experiment once a

competitor is added.

FICT-DISC1 vs DISC1
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Figure 4.30. The plot shows the average of the two replicates, the curve of the labelled

peptide alone (blue curve) and the competition of labelled and the unlabelled peptide
(vellow curve).

To assess fragments competition, a dose-response curve was performed by
fixing Fbw7-Skpl concentration at 10 uM according to the quality of the
assay calculated using Z’ factor extracted from previous experiments
performed and several concentrations of fragments: 0 uM — 6.25 uM — 12.50
uM—25 uM — 50 uM — 100 uM — 200 uM — 400 uM — 800 uM. No inhibitions
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were recorded for the fragments tested as illustrated in the following picture

(Fig. 4.31).
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Figure 4.31. ICsg of FICT-DISCI in the presence of different fragments.

To avoid fragments aggregation and precipitation at the highest
concentration (800 uM), 8% of DMSO was used in this case. As a positive
control of the assay, an ICso of FICT-DISC1 was run at different
concentration of DISC1 with 8% DMSO: 0 uM — 0.023 uM — 0.047 uM-—
0.093 uM — 0.1875 uM — 0.375 UM — 0.75 uM — 1.5 uM — 3 uM. FICT-
DISC1 was maintained at 50 nM and the protein was fixed at 10 uM. Result
is shown in Figure 4.32 and proves that the increase in DMSO does not affect

either the stability or the protein or the binding of the natural substrate
DISCI.
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FICT-DISC1 vs. DISC1
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Figure 4.32. ICso of FICT-DISC1 in the presence of different concentrations of DISCI
once using a high percentage of DMSO (8%.).

4.6 Folding and stability of Fbw7-Skp1 complex

DMSO is the standard solvent for preparing stock solutions of compounds
for drug discovery. The assay concentration of DMSO is normally 0.1% to
5% (v/v) or 14 to 715 mM. Thus, DMSO is often one of the principal
additives in assay buffers. This standardization of stock solutions does not
eliminate possible pitfalls associated with the effect of the DM SO-containing
solutions on individual proteins, leading to a partial or total protein
denaturation [110]. Therefore, a proton spectrum of 40 uM Fbw7-Skpl
complex in PBS (50 mM NaCl, 94 mM K;HPO4, 6 mM KH>PO4, pH= 8.0)
with 10% D>0 was recorded at different hours in order to check the stability
and folding of the protein, in the absence and in the presence of 5% of
DMSO. As it appears in Figure 4.33, the proton spectrum is not affected by
the addition of DMSO, indeed the signals remain unchanged. After 24 h of
the addition of DMSO another proton spectrum was acquired, showing that
the signals start to give a different shape of proton signals. Since the presence
of sharper picks are common to smaller system and they become clearly
visible at this time, they may suggest that there is a partial unfolding after
certain time or even partial degradation, confirmed then by a further

acquisition of the spectrum at 48 h after the addiction of DMSO (Fig. 4.34).
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Figure 4. 34 On the left 'H- Fbw7 Skp1 complex in PBS 5% DMSO pH= 8.0 after 24h.
On the right 'H-Fbw7-SkpI complex in PBS 5% DMSO pH= 8.0 after 48h.

4.7 Summary and future perspective

FBDD represents a useful tool to assess the ligandability of a protein since
fragments are efficient probes to explore the chemical space at protein
surfaces [111] and fragment hits can be an effective starting point for a drug
discovery programs [112]. The success of the fragment-based approach is
depicted by the release in the market of four fragment-derived compounds
treating patients: erdafitinib, pexidartinib, vemurafenib and venetoclax.
Many other fragment-derived drugs are under investigation in clinical phase
1 and 2 and another drug, asciminib is close to touch the market, being
already in clinical phase 3.

Given the importance of Fbw7 E3 ligase, we embarked on a fragment

campaign in order to explore the propensity of Fbw7 protein surface to bind
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fragments that can be used as starting point to obtain chemical probes or
PROTAC molecules.

In parallel, Miriam Martinez, a PhD in the Galdeano Lab, has designed a
computational approach to identify small-molecules able to bind to Fbw7
and other undruggable E3 ligases. She identified druggable sites at the Fbw7-
Skpl protein surface using MDMix [109]. Virtual screening of the
previously found regions was performed with the open-source docking
software rDock [50]. 7 vendor libraries (around 7 million drug-like
compounds) were docked with pharmacophoric restraints derived from
MDmix simulations. The top-scoring molecules were re-evaluated using
dynamic undocking (DUck), a recently developed method based on
molecular Dynamics that removes a large proportion of docking false
positives [106].

In this PhD thesis, to screen the in-house fragment library, we decided to
pick as primary technique DSF, that has the advantage of being a fast (high-
throughput) and cost-effective (real-time thermal cycler widely available and
cheap reagents) technique and the equipment easy to use. DSF represents a
powerful technique in early drug discovery programs to assess protein
ligandability as it is described by Molly Chilton et al [113]. Unfortunately,
DSF, as showed in Figure 4.9, was not the best technique to explore Fbw7-
Skpl complex either for the complexity of the protein since it has different
domains and two different proteins that make difficult the interpretation of
the melting temperature or because DSF is not sensitive enough to reliably
detect the binding of compound with a K, close to 1 mM.

We then selected SPR to screen the in-house library of approximately 700
fragments. SPR, indeed, together with NMR and X-ray crystallography is
one of the most applied biophysical techniques in FBDD since it is fast, cost-

efficient and quantitative [114]. Since we were interested in finding

117



Results Fbw7-Skpl

fragments binding in all possible sites of Fbw7-Skpl complex and not
specifically to the degron site, we first decided to immobilize Fbw7-Skpl
complex with an amine coupling reaction. With the aid of a blind fragment-
screening we were able to find 220 fragments as positive fragments to be
further investigated with a dose-response curve. All of them were screened
at several dilutions and 500 uM 5% DMSO was selected as the maximum
concentration to use to avoid aggregation at higher concentration.
Surprisingly 21 fragments gave a K4 < 200 uM with an overall hit rate of the
screening of approximately 3%, an encouraging number for a target that until
now was considered undruggable.

Motivated by these promising results we then decided to change the
immobilization protocol of the protein in SPR. Indeed, since in the previous
screening most of the fragments showed saturation with a lower response
than expected (Rmax= 55, see Fig 4.10), we thought that, due to the random
immobilization, part of the protein present on the surface of the chip could
be not active for that specific binding site, therefore we proceeded
immobilizing Fbw7-Skp1 complex with a GST-immobilization protocol. In
this way the protein is free to expose its entire surface avoiding the constraint
generated by linking the protein with its lysine. With that, it was possible to
detect binding of the peptide of a natural substrate of Fbw7 (DISC1) and its
labelled fluorescent form (FICT-DISC1) since GST-immobilization allows
the correct solvent exposure of the degron site of the protein and as expected
all the fragments displayed binding (table 4.2 and Fig. 4.13). Best practice
for finding fragments includes the use of orthogonal techniques and for this
reason 13 hit fragments out of 21 were also tested with STD-NMR.
Impressively, nine fragments confirm binding, making us envisage that they
can be good starting point for the optimization into lead compounds.

Noteworthy, in order to ensure that the high percentage of DMSO employed
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(5%) was not affecting the folding of the protein, we carried out a proton
spectrum analysis of Fbw7-Skp1 complex in the absence and presence of 5%
DMSO. We observed that after 24 h of the addition of DM SO there is a slight
difference in the proton signals suggesting a partial unfolding of the protein
that seems to remain unchanged after 48 h.

In order to elucidate a putative mechanism of action of the fragments, we
asked whether the most potent hit fragments could affect the binding of the
peptide of the natural substrate DISC1 to Fbw7. Unfortunately, we did not
observe disruption with DISC1 peptide, probably due to the fact that
fragments are too small to inhibit directly or by an allosteric modulation the
peptide or they may bind to a different domain of Fbw7 or to Skp1, therefore
not affecting the activity of the protein.

Finally, we should not discard the possibility of a conformational change of
Fbw7 that may not affect the binding of the natural substrate but it may affect
the orientation of substrates that will be reflected in an increase or decrease
of ubiquitination made by the E2 enzyme. Work is on-going in the lab to
dive deep into this mechanism with an in vitro ubiquitin-assay or cell-based
assays.

One of the mayor questions that arises after identifying a fragment is what
to do with it. Before answering this question, it could be worth it to know
exactly where the fragment binds, how it binds and if it could influence the
function of the protein. Based on this, optimization can be followed up to
have a “lead compound” able to modulate the function of the protein as
inhibitor or enhancer. Willing to assign a binding site and a binding mode of
the fragments we established a collaboration with Dr Bing Hao
(UconnHealth, USA) that first elucidated the crystal structure of Fbw7 in
2007 [96]. Furthermore, we applied to the iNEXT program in order to
establish a collaboration with the group of Dr Hugo Van Ingen (Utrecht) with
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the aim to obtain a full mapping where the fragments bind by 2D-NMR
(CSP). Work is undergoing and probably soon important information will be
unveiled.

In parallel we run MD simulations to identify probable binding sites. Ten
microsecond MD was already performed in collaboration with Dr Moira
Rachman and as first outcome we found a probable binding site for a
fragment close to the degron site of the complex as showed previously in
Figure 4.27. Based on this preliminary results coming from MD simulation
we could assume that growing these particular fragments with common
scaffold to a larger molecules could somehow interfere with the binding of
the natural substrate or it could be a good starting point to develop molecular
glues able to enhance the binding of the natural substrates, as demonstrated
recently by researchers at Nurix, where they were able to discover and
rationally design, small-molecule molecular glues that enhance a substrate-
ligase interaction to induce substrate degradation. These molecules
potentiate the binding of S37A mutant B-catenin to B-TrCP [115].

In this scenario we can also consider the possibility to use the fragments to
hijack the ubiquitin proteasome system by recruiting Fbw7 with PROTAC
molecules where in one hand we will have a fragment binding to Fbw7,
probably allosterically, and in the other hand a ligand of a POI connected by
a linker.

PROTAC opens up the advantage of employing fragments although they do
not show any activity for the modulation of the protein function. What
matters is the possibility to anchor PROTAC to an E3 ligase for POI
ubiquitination. Indeed, once the ternary complex is formed (E3-PROTAC-
POI) the UPS machinery will lead to the destruction of the POI. Furthermore,
it has been proven that although a ligand is promiscuous with no high affinity

or high selectivity for a protein, once assembled in a PROTAC molecule is
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able to selectively destroy a POI due to the unique protein-protein
interactions between the E3 ligase and the POI [116].

Allosteric ligands of E3 ligases would confer unique opportunities in the
targeted protein degradation field since they (i) do not compete with the
natural substrates of E3 ligases, and hence do not require a potent affinity,
(11) are less likely to interfere with the natural function of the E3 ligase, (iii)
can be as selective as the ligands that bind to the substrate binding site. The
use of allosteric ligands can increase the number of E3 ligases used for
targeted-protein degradation purposes pushing the development of tissue-

and disease-specific PROTAC molecules.
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5.1 Examine the thermodynamics and kinetics
of the retinol binding to Cellular Retinol
Binding proteins (CRBPs)

5.1.1 Background: Cellular retinol binding protein

Retinol (Vitamin A) is an important micronutrient that plays an essential role
in physiological processes like vision, embryonic development, cell growth
and differentiation. Since retinol has a pour aqueous solubility, it needs to be
bound to carriers in body fluids and in cells for its transport and delivery to
specific targets tissues. The two most abundant intracellular retinol-binding
proteins (CRBP; isoforms I and II) have distinct tissue distribution and
binding affinity for retinol, reflecting the specialized adaptation of CRBP-I
as retinol storage in the liver and the uptake of retinol from the intestinal
lumen and release into the blood by CRBP-II in epithelial cells. The two
proteins have a high structural identity: 56% residue identity and 70%
residue homology and the structure fold consist of a B-barrel formed by two
almost orthogonal five-stranded B-sheets (AE and FJ) and two short helices
(I and II) inserted between BA and BB strands. The entry portal site is a
crucial element formed by helices I and II and turns BC-BD and BE-BF that
enables retinol to enter into the cavity (Fig. 5.1). Despite the high structural
identity between CRBP-1 and CRBP-II the retinol dissociation constant (Kq)
for CBRP-I is smaller relative to CRBP-II, the ratio between binding
affinities varying from 100-fold according to NMR measurements to 3.3-
fold based on fluorometric assays [117]. It is unclear whether the affinity
difference between the two isoforms stems from the few residue
substitutions that line the binding pocket in the interior of the B-barrel or
alternatively to differences in the dynamics of CRBP-I and CRBP-II, which

might affect the entry/release of retinol to/ from the binding cavity.
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Figure 5.1. The structural fold of CRBP consists of 10 antiparallel p-strands (AJ) and
two short helices (I and Il). The regions that define the entry portal site are highlighted
in yellow. Retinol (RTL) is shown as blue sticks. Adapted from [118].
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5.2 Objective of the Chapter 5

To investigate the binding mechanisms in rat CRBP-I and-II and explore
their functional implications, in collaboration with the group of Dr F. Javier
Luque (University of Barcelona) a detailed analysis of apo- and holo- forms
was performed by combining extended atomistic molecular dynamics (MD)
simulations and parallel-tempering metadynamics (PT-metaD) (published
article, see Annex 1). Overall, the results point out that the difference in the
interaction energy with retinol can be mainly attributed to the conservative
mutation of [le78 in CRBP-I to Leu78 in CRBP-II.

In order to validate these calculations experimentally, SPR was used to
obtain the kinetic and binding information of retinol for CRBP-II and its
corresponding mutation Leu78—lIle, that recalls the structure and the main
difference of CRBP-I, to confirm this unexpected effect related to the methyl

1somerism between the side chains of these two residues.
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5.3 Cloning, expression, purification and
characterization of CRBPs

5.3.1 Site-directed mutagenesis

The Leu78— Ile single-mutated plasmid variant of CRBP-II was obtained
performing a single site-directed mutagenesis as described in section 3.2.2.1.
Primers were designed following the recommendations in the QuickChange
Manual (Agilent). Both of the primers contained the desired mutation and
anneal to the same sequence on opposite strands of the plasmid. In order to
increase the efficiency of the mutagenesis reaction, primers of 39-mer were
designed carrying the mutation site in the central region of the primer and
presenting a GC content of 40% and ending in C or G bases to ensure a strong
annealing. The leucine corresponding codon CTG, was mutated to the
isoleucine codon ATT. Sequencing of the mutated plasmid is showed in
Figure 5.2. The predicted sequence with the mutated codone (highlighted in

blue) overlaps the sequence coming from the sequencing of the new plasmid.

Sequence of the CRBP-I1, ;5 plasmid predicted:

GAGTTTGACGAACACACAAAGGGTATTGATGGCCGGAACGTCAAGACCCTAGTCACCTGGG

ACCTAGATTTCACAG TGGGGGTGBAGTITGACGAACACACAAAGGGTATTIGATGG
280 290 300 £
“ [

GG AACGTCAAGACCCTAGTICACC TGGG AAGG AAACA
330 340 350 360

]\/ Il (I \|_
L L LA T ) & LL‘ i

Figure 5.2. In the top the predicted sequence of CRBP-1117s;1 with the codon in blue
corresponding to the L78—I178 mutation. In the bottom part the results of plasmid
sequencing after single point mutation with the matching sequence highlighted.
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5.4 Purification and characterization of CRBPs

CRBP-I, CRBP-II and its Leu78— Ile mutant were purified with the
following protocol: cells were collected and subjected to lysis and the filtered
solution was purified by a histidine affinity chromatography. The His-GST
tag was then removed by an overnight TEV cleavage. The cleaved complex
was then purified again with His affinity chromatography to separate the His-
GST tag and protein with Ni3" affinity still present in the solution. Final
purification was performed with an anion exchange chromatography using
an Hltrap QFF column. The purification yields to a final amount of 3 mg/I
for CRBP-II, 0.2 mg/l for CRBP-II Leu78— Ile single-mutated variant and
0.1 mg/l for CRBP-I. Purification steps were monitored by gel
electrophoresis and protein purity was assessed by mass spectrometry (Fig

5.3)
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Figure 5.3. Purification of CRBP proteins. Electrophoresis gel showing the presence of
the different purified CRBP proteins.

5.5 SPR: titration of retinol

The binding affinity and kinetic were analyzed using SPR. A CM5 chip was
used to immobilize the protein. Retinol was dissolved as 50 mM stock

solution in pure DMSO and diluted with 1.05x PBS 0.05% (v/v) tween-20 at
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different concentration to get a dose response curve. The results depicted in
Figure 5.4 show that the k., remains essentially unaltered for both CRBP-II
and its mutated variant. However, the k., of retinol is slowed down by a
factor of 2.2 in the mutated protein. The increased residence time originated
from the single-point mutation Leu78—lle agrees with the expected
strengthening of the interaction of retinol with the mutated residue in CRBP-
I (Ile) relative to CRBP-II (Leu), as deduced from the PT-metaD simulations
and the decomposition analysis performed by the Javier Luque’s group.
Furthermore, the dissociation constant (Ks) decreased by 2.8-fold in the
mutated CRBP- II, which compares with the lower limit of the experimental

ratio between CRBP-I and CRPB-II (3.3-fold).

CRBP- 11

RETINOL Conc: KINETIC:

125 uM Kon241.5 M1 71
62.5 UM Ko 17.9 X 103571
3125 uM Ky 7.4 X10°M
15.625 pM

7.781 M

3.9 M

"1 RETINOL Conc: KINETIC:
125 M Kop312.4 M1 571
625 UM Ko 8.1 X 103571
3125 uM Ky 2.6 X105M
15625 pM
7.781  uM

*+ 3.9 UM

Figure 5.4. Top) Kinetic fitting of retinol binding to CRBP-II wild-type. Bottom) Kinetic
fitting of retinol binding to CRBP-1I L78—1.

131



Results CRBPs

In order to extrapolate the kinetic and affinity data for the CRBP-I isoforms,
SPR experiment was also performed with these proteins. Not conclusive
results could be obtained, probably due to a different immobilization of the
protein in the surface chip as illustrated in Figure 5.5. Indeed, according to
the amount of protein immobilized, the RU coming from retinol binding was
expected to be in the same range of the one of CRBP-II and its mutant form
(around 40 RU), instead we observed an 8-fold decrease in RU. Definitely,
the shape of the sensogram made us envisage that the protein could not
behave as well as the corresponding isoforms (blocked entry portal for
retinol binding). Indeed, the retinol binds to a hydrophobic cavity of the
protein that is shielded from solvent exposure. Once retinol is close to the

protein surface, the portal needs to be opened to allow retinol binding.

CRBP- |

RETINOL Conc:

125 uM
62.5 uM
3125 uM
15.625 uM
7.781 uM
3.9 uM

Figure 5.5. Sensogram of retinol binding to CRBP-I.

5.6 Summary

To confirm the impact of the Ile/Leu mutation at position 78 on the binding
of retinol to CRBP-I and -II, CRBP-II was expressed and purified and its
mutant form was obtained successfully following the procedure reported in
the site mutagenesis kit. SPR was used to characterize the kinetic rate
constants for the association (k.») and dissociation (ko) of retinol to CRBP-

IT and its Leu78 — Ile single-mutated variant. As reported in the paper
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(Annex 1), the results show that the k., remains essentially unaltered for both
CRBP-II and the mutated variant. However, the ko5 of retinol is slowed down
by a factor of 2.2 in the mutated protein. The increased residence time
originating from the single-point mutation Leu78—lle agrees with the
expected strengthening of the interaction of retinol with the mutated residue
in CRBP-I (Ile) relative to CRBP-II (Leu), as deduced from the PT-metaD
simulations and the decomposition analysis. Furthermore, the dissociation
constant (Ky) decreased by 2.8-fold in the mutated CRBP-II, which compares
with the lower limit of the experimental ratio between CRBP-I and CRPB-
IT (3.3-fold). The net effect is the enhanced free energy penalty associated
with the closed — open transition, which would disfavour the release of the
ligand and increase the residence time of retinol in the interior of the B-barrel.
Noteworthy, the affinity for the two isoforms is finely modulated by the
differential interaction of the B-ionone unit of retinol with the residue
(Ile/Leu) at the top of the loop EF, suggesting an unexpected role of the
methyl isomerism between the two similar residues. Finally, these findings
demonstrate that conservative changes in specific residues at remote sites
distinct from the binding pocket, which should not alter the gross structural
and physicochemical features of the protein, may result in fine-tuning of the

ligand’s binding properties.
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6.1 Automated fragment evolution platform:
Validating small-molecule binding to
Brd4(BD1)

6.1.1 Background

There is an abundance of software that have been useful in FBDD to guide
fragment optimization, for instance programs like PINGUI [57], ALTA
[58] or DOTS [59] can be used for a fragment to lead optimization.
However, in silico methods are most often used to rank optimized fragments,
whereas the design strategy is guided by expertise and intuition of the
medicinal chemists that ensure the synthesizability of the designs. This
common practice may unconsciously lead to biased and scaffold centric
chemical designs, thereby limiting the chemical search space. In silico
strategies for chemical space exploration involve de novo drug design and
virtual screening methods that address synthetic accessibility implicitly or
explicitly.

Our group has developed an automatic protocol of iterative virtual screening
using massive commercial libraries to evolve fragments to more potent drug-
like compounds. Since the automatic protocol has been developed by two
PhD students in the Barril Lab, Serena Piticchio and Dr Moira Rachman, the
computational protocol will not thoroughly be described here. In abstract,
given an initial fragment, which binding mode is known (e.g. by X-ray
crystallography), the protocol searches virtual libraries for molecules that are
chemically related and slightly bigger in size. These are then fethered docked
to the target protein to identify those that are complementary. Dynamic
undocking [106] is then applied to filter out false positives and top
candidates are selected. The process is repeated until drug-sized molecules

are attained. This protocol has been applied to several and different drug
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discovery programs in-house or in collaboration, including the target of
interest in this PhD thesis, the epigenetic reader Brd4(BD1).

In recent years, there has been an explosion of interest in targeting epigenetic
proteins, exemplified by the developing of small molecules binding to
bromodomains. Bromodomains are well known for their roles of readers of
acetyl-lysine modifications and their functions have been largely reviewed
[116, 117, 118, 119]. This post-translational modification (PMT) occurs in
histones and regulates DNA replication. Thus blocking the acetyl-lysine
binding site of bromodomains prevents recognition of acetylated histone tails
and alters the process of chromatin remodelling [123], opening up the
possibility to treat cancer, cardiovascular diseases and many other diseases
[121, 124, 125]. The human genome encodes 46 of such bromodomain-
containing proteins (BCPs). Each of the 46 proteins contains one to six
bromodomains, giving a total number of 61 unique individual human
bromodomain sequences. Over the past 5 years, many inhibitors that target
the BET subfamily of bromodomains have emerged. The BET subfamily,
which comprises four members in humans (Brd2, Brd3, Brd4 and BrdT),
take their name from the presence of two related tandem bromodomains
named BDI1 and BD2, able to specifically recognize different acetylation
patterns in H3 and H4 histone tails. Noteworthy, deregulation of Brd4 has
been strongly linked to acute myeloid leukaemia [126], ovarian carcinoma
[127], chronic obstructive pulmonary disease [128] and siRNA knock down
of Brd4 induced upregulation of apolipoprotein A1 (ApoAl), which protects
from atherosclerosis progression and other inflammatory processes [129].
Bromodomains bind to acetylated lysine residues through a network of
interactions that involve the acetyl group, the conserved side chains of the
Bromodomains and a set of structurally conserved and surprisingly inert

water molecules [125] as illustrated in Figure 6.1.
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Figure 6.1. Structure and molecular recognition of BET bromodomains A) X-ray
structure of the di-acetylated H4 peptide (double acetylation at H4K5acK8ac, in blue)
bound to the BET bromodomain Brd4(BD1) (in grey, PDB 3UVW). B) Highlighted the
conserved Y97, N140 and the ZA channel of BRD4-BD1(PDB 3UVW). Adapted from [87].

As mentioned above, two PhD students in our Lab, Dr Moira Rachman and
Serena Piticchio developed an automated platform in order to generate new
chemical structure from a known fragment binding to the protein of interest.
The general aim of the project is to find novel and different scaffolds for
Brd4(BD1) and validate the automate protocol using a known, reported
fragment able to bind Brd4(BD1) as reference. Currently, there are a lot of
examples in the literature of studies reporting bromodomains inhibitors
containing several chemical scaffolds. The major part of these inhibitors
disrupts the main key interaction of histone acetylated lysine with Asn140.
One of this example includes fragment 1 XA (PDB 4RL6 Fig. 6.2), showing
an ICso of 33 uM [130]. Applying the automated fragment platform
evolution, starting from fragment 1XA, the protocol searched in a database
for molecules that are chemically related and slightly bigger in size. These
molecules were then tethered docked to the target protein to identify those
that were complementary. DUck was then applied to filter out false positive
and top candidates were selected. The process was repeated until drug-size

molecules were obtained and a total of 29 new compounds were generated.
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6.2 Objective of the Chapter 6

From the fragments identified by the automated platform with the different
iterations, 23 of these fragments were commercially available and six
required in-house synthesis. Therefore, in the present thesis the objectives
are to 1) synthetize the non-commercial fragments and i1) set-up a TR-FRET
experiment and assay all the optimised compounds, purchased and

synthesised, for their ability to bind to the Brd4(BD1) protein.

Figure 6.2. X-ray structure of 1XA in complex with Brd4(BD1) (PDB 4LR6).
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6.3 Synthesis of SSR3, SSR4, SSR1 and SSR2

Synthetic procedure for compounds SSR3, SSR4, SSR1 and SSR2 is de-
scribed in chapter 3 and general overview is given in Figure 6.3. Synthesis
was obtained taking as reference the reported procedure in the literature [61].

Compounds were characterized as specified in section 3.12.

L0 O
)J\CI &—/ pocl; )\ % A
/
THE H )ﬁf\\ Xylene, 110 °C N‘/ JN,g
\I.r ﬁ S N=—g
° SSR3
Pre-SSR3
=\ \\f )
N A o]
\VJ‘LQ N“\s \>/\N
N~ - o, L H p POC, N _L_\
HZN‘N)I\S THF T N s Xylene, 110 °C N=~g
! 0 SSR4
Pre-SSR4
."{‘_—
N = _
i N’x &l \\——} 1) AcONa, Nal HO (>
CI\)J\Cl Gl oy /‘1\5 poCl, \B\ o, l
———————— N. N ——————l -\ _
Hf N s Xylene, 110°C N"’T ‘% _— NN
THF o NT g 2) NaOH 3N, Nl
MeOH
Pre-SSR1 SSR1 ssR2

Figure 6.3: Synthetic route of SSR3, SSR4, SSR1 and SSR2.

In the case of Pre-SSR3 and Pre-SSR4 the synthesis was straightforward, the
high nucleophilicity of the hydrazine group of the starting material and the
high reactivity of the acetyl chloride and propionyl chloride allow us to
achieve the desired pure compounds with excellent yields, 96% and 85 %,
respectively. However, we encountered several problems in the synthesis of
Pre-SSR1. We first decided to perform the reaction between the hydrazine
and the 2-chloracetyl bromide to ensure the nucleophilic attack of the starting
material to the carbonyl group of the reagent, which bears a good leaving
group (bromide). Surprisingly, we observed the formation of different
chemical species coming from the addition of the hydrazine group either to

the carbonyl group or to the alkyl chain (Fig. 6.4).
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And other chemical structures

Figure 6.4. Possible side reactions during Pre-SSR1 synthesis.

The purification of the mixture obtained was tedious. For that, we then
decided to change the 2-chloracetyl bromide for a less reactive reagent, 2-
chloroacetyl chloride. Amazingly the reaction allows us to obtain the desired
compound, Pre-SS1, with an excellent yield (93% of yield) without further
purification.

The next step was to obtain the final SSR1, SSR3 and SSR4 through a
cyclization reaction. Using a protocol described in the literature [61] which
employs exclusively POCI; and high temperature 110 °C, we attempted to
force the cyclization process at several times (4, 8 and 12 h). Unfortunately,
it was not possible to obtain the desired compound. Since the reaction was
conducted without solvent, we then thought to select a solvent with a high
boiling point to perform the reaction. Therefore, we decided to use either
toluene (boiling point 110 °C) or xylene (boiling point 139 °C). Xylene
resulted in the best choice to succeed in this reaction. Cyclization of Pre-
SSR1, Pre-SSR3 and Pre-SSR4 gave SSR1, SSR3 and SSR4 with moderate
to good yields (72% for SSR1 , 48% for SSR3 and 45% for SSR4) after
column chromatography purification. Noteworthy, in order to understand the

low yields obtained for SSR3 and SSR4 compared to SSR1, we chose SSR3
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as the compound to further investigated and to analyse its side products.
According to NMR spectra and mass spectrometry we found as main product,
the side compound that is showed in figure 6.5. The mechanism of the

reaction remains unknown.
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Figure 6.5. a) Side product of Pre-SSR3.
SSR1 was also used as starting point for the synthesis of SSR2. First with a
mixture of SSR1, sodium acetate and sodium iodide in DMF at 100 °C for 2
h the corresponding acetoxy intermediate was obtained with 34% yield. The
acetoxy group (good leaving group) in the presence of NaOH facilitated the

formation of the corresponding desired alcohol, SSR2.

6.4 Cloning, expression and purification of
Brd4(BD1) in E.coli

The cloned Histidine (His)-tagged BRD4(BDI1) was expressed in
Rosetta(DE3). The expression of the recombinant proteins in E. coli strain
Rosetta(DE3) was started after induction with 0.4 mM IPTG as described in
section 3.7.4. Brd4(BD1) was purified with the following protocol: cells
were collected and subjected to lysis and the filtered solution was purified
by a histidine affinity chromatography. Fraction 24 to 27 (Fig. 6.6) of elution
were collected and subjected to buffer exchange (50 mM Hepes, pH= 7.4, 50
mM NaCl) to remove the high concentration of imidazole. The overall yield
was of 4 mg/l of growth broth. Given the high amount of protein achieved
with 1 L of growth broth, only 4 L were expressed. Furthermore, only one

purification step was needed since to perform Tr-FRET experiment the
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protein needed His-tag to interact with the labelled antibody anti-his.

Injected HIS
E F}acﬁon 24
E Fraction 36

~ EFraction 39

il Shadl il

Figure 6.6. Brd4(BD1) his-tag purification.

6.5 Time-resolved Fluorescence Resonance
Energy Transfer (TR-FRET) experiment

The experiment was set-up following a procedure described in the
literature [131]. Several attempts were done in order to find the right
conditions to perform the assay. One of the biggest problems encountered
in the assay was the preparation of the buffer. It resulted really important

how the different components are mixed together and at which time.

As a first attempt, Brd4(BD1) (100 nM) in 50 mM HEPES pH= 7.5, 50
mM NaCl buffer, was mixed with 200 nM of the tetra-acetylated histone
H4 peptide biotinylated in the same buffer and the mixture was left
equilibrating for 30 min. Subsequently, 3 nM of europium cryptate
labelled streptavidin and 6.67 nM XL-665-labeled anti-6His antibody
(Cisbio 61HisXLA) in 50 mM HEPES pH="7.5, 50 mM NaCl buffer were
added and incubated for 30 min. Finally, a solution of the compound in
250 mM HEPES pH= 7.5, 250 mM NaCl 20 % DMSO was added and
the final volume of the assay (100 ul) was achieved in the 96-wells plate
with a buffer containing 4 M KF, 5 mM CHAPS and 1 % BSA. Several trials

were done but not consistent results could be observed using a known
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inhibitor ((+)-JQ1) as positive control.

To optimize the experiment, we change the 96-well plates used. We replaced
the black NUNC plate (ref 10692202) by white GREINER plates (ref.
784904). In spite of the change of these plates, we could not obtain the

desired result.

Since the preparation of the buffer with KF, CHAPS and BSA resulted often
in the formation of a white colloidal solution hard to remove, we decided to
change the preparation of the buffer. As a result of this change, Brd4 (BD1)
was prepared in a buffer containing 50 mM HEPES pH= 7.5, 50 mM NaCl
but with the addition of 2.5 mM CHAPS. The compounds to test were
prepared adding 250 mM HEPES pH 7.5, 250 mM NaCl 20 % DMSO and
1 % BSA and, finally, 8 M KF was added alone in the last step of the assay
set-up assay. These changes resulted in the right conditions to perform the
assay. Once the experiment was set-up, a competition assay between
Brd4(BD1) and a peptide of a natural substrate [Lys(Ac)5/8/12/16]-
Histone H4 (1-21)-GGK(Biotin) treated with different compounds
coming from the automated platform has been performed to get the ICsg. In
table 6.1 are summarized TR-FRET results. Compounds were first
assessed at a single concentration (50 uM) and measurements were done
immediately after preparing the solutions and later on after equilibration
of approximately 2 h. Potent compounds are highlighted in table 6.1 in
orange and the starting fragment 1XA (of the automated platform) in red
and were then screened at several concentration in order to obtain a dose-
response curve. Each ICs value is presented with its own 95% Confident

Interval (Clys). Dose-response curves are depicted in Figure 6.7.
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Table 6.1 TR-FRET results

Compound | % inhibition at % inhibition at ICso (uM) t=0 h ICso (uM) t=1h30’
50 uM =0 h 50 uM =2 h [Clos (uM)] [Clos (uM)]
2 No inhibition No inhibition n.d n.d
1 No inhibition No inhibition n.d n.d
8 No inhibition No inhibition n.d n.d
16 No inhibition 59.9 ICso = 490.6 ICs0 = 1197
[Clos= 198.8-3419] [Clos=n.d]
22 No inhibition No inhibition n.d n.d
6 No inhibition No inhibition ICs0=191.4 No fitting
[Clos= 36.3-2990]
17 No inhibition No inhibition n.d n.d
14 No inhibition 26.8 ICso=191.9 ICso=133.4
[Clos= 54.4-1420] [Clos=41.7-601.9]
5 No inhibition No inhibition n.d n.d
19 No inhibition No inhibition n.d n.d
21 No inhibition No inhibition n.d n.d
12 7.5 21.1 No fitting No fitting
10 4.2 62.9 No fitting No fitting
11 No inhibition 334 ICso = 644.4 ICs0=152.1
[Clos=n.d] [Clos=48.5-735.9]
20 No inhibition No inhibition n.d n.d
7 44.9 77.5 No fitting No fitting
4 No inhibition 8.5 No fitting No fitting
15 No inhibition No inhibition n.d n.d
13 No inhibition 17.3 n.d n.d
18 18.3 44.1 No fitting No fitting
SSR4 n.d n.d ICso=25.6 ICs0=11.8

[Clos= 12.1-55.8]

[Clos= 5.9-23.9]
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149

3 n.d n.d ICs0=72.4 ICs0 =202.4
[Clos= 35,7-68,2] [Clos= 111.7-475.3]
9 n.d n.d ICs0 =30.23 ICs0 =24.4
[Clos= 15.1-63.8] [Clos= 8.3-76.4]
1XA n.d n.d ICs0=90.7 n.d
Clos=n.d
SSR2 n.d n.d ICs0 = 66.8 ICs0=471.9
[Clos=4.8 to 1077] [Clos=n.d]
SSR3 n.d n.d ICs0 = 60.3 ICs0 = 55.9
[Clos=26.15-143.6] [Clos=20.4 -163.1]
SSR6 n.d n.d ICs0 = 156.6 ICs0 =421,5
[Clos=49.3-623.4] [Clos= 163.6-2586]
SSR7 n.d n.d ICs0 = 84.5 ICs0=116.9
[Clos=36.5-210.5] [Clos= 44.6-357]
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Figure 6.7. Normalized TR-FRET assay showing dose-dependently displacement of a
tetra-acetylated H4 peptide from Brd4(BD1) in the presence of each compound at
time 0 and after equilibration of 1 h 30 min.

6.6 Summary

As Dr Gisbert Schneider highlights “Automation of science bears the
promise of making better decisions faster” [132] reflecting the importance
of speeding up the drug discovery pipeline to solve more efficiently and
rapidly unmet medical needs. Therefore, the automated platform represents
a powerful tool able to give new chemical entities, in a fast manner,
preserving the main interaction with the target, with more potency and with
new chemical features that otherwise would not be considered. In order to
address the reliability of the platform, compounds proposed were screened
biophysically. Most of the compounds generated by the platform were
commercially available, instead, few of them needed in-house synthesis. With
the aim of getting the new chemical structure, SSR1, SSR2, SSR3, SSR4
were synthesized successfully in the lab. After expressing and purifying the
protein (Brd4(BD1)) with its His-tag, a TR-FRET experiment, already well
established for bromodomains protein, has been set-up in our lab. Out of
29, three compounds (SSR3, 9, SSR4) showed better potency compared to
the starting fragment (1XA) capable of displacing the peptide at a
concentration < 50 uM. Compounds 16, 6, 14, 11, 7, 3, SSR2, SSR6, SSR7
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were able to compete with the peptide, but with a lower potency compared
to the starting fragment (1XA). In order to know the binding mode of the
new compounds, X-ray structures were solved for SSR4, SSR2 and SSR3.
The different binding mode observed can somehow explain the differences
observed of these compounds in disrupting the interaction between
Brd4(BD1) and the peptide. As it appears clear, indeed, the 3 compounds
preserve a similarity structure of >90% but SSR2 binds in a different manner.
Indeed, while in SSR4 and SSR3 the alkyl group is pointing inside the
binding site, in SSR2 the presence of an -OH in the alkyl chain rearrange the
binding mode of the structure making the -OH solvent exposed and therefore
flipping the structure in a different position, resulting in a loss of activity.
Overall, these results showed that combining a computational and a
biophysical approach enhance the possibility of finding ligands that bind to
a specific protein like Brd4(BD1) or any other target and prompt the possibility
of using the automated platform for other targets once known a specific

ligand that need to be optimized.
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Figure 6.6: X-ray structures of SSR4, SSR2 and SSR3 in complex with Brd4(BD1).
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7.1 General discussion

We are now facing a new era of incredible changes in science, that is
evolving at breakneck speed. After the important and remarkable event 70
years ago of the discovery of the genetic code with the elucidation of the
DNA helix made by Drs Watson and Crick; the understanding of protein
structures and their roles in modulating cell functions, the elucidation of the
human genome at the beginning of this century and more recently the new
advances in gene therapy, with the first drug approved by EMA in 2012
(Glybera®), represent important and big steps in how we understand science
and drug discovery. More recently, new genetic approaches i.e., gene editing
with CRISPR-Cas9 system (2020 Chemistry Nobel Prize for Drs Jennifer
Doudna and Emmanuelle Charpentier) has changed how we understand
molecular biology, and more specifically, the target validation process in
drug discovery. All breakthrough changes have seen as protagonists
dedicate-passionate people that have spent their life and huge efforts in
understanding the right combinations of pieces to complete a complex
puzzle. Academic-basic science remains the right propeller to start projects
that can become the "revolutionary science" to discover novel therapies that

will allow in the future to treat difficult, until now incurable, diseases.

With the aim to contribute to the elucidation and validation of novel protein-
ligand interactions and in the identification of molecules for until now
considered undruggable proteins, in the present PhD thesis the use of
different biophysical techniques has been discussed and applied for different

therapeutic relevant proteins.

Biophysical techniques have seen an increasing role in recent years in drug
discovery programs. In general, when using biophysical techniques in drug

discovery, combination of these techniques has to be considered. Of course,
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the more information you have, the most accurate and precise will be the
outcome of the study, but it is always a good practice to select techniques
that fit with your project, but most important that can be easily implemented
in your Lab. In the following paragraphs, a deep discussion will be done for

each project included in this thesis.

As underlined in chapter 4, FBDD represents a useful approach to assess the
ligandability of a protein, since fragments are efficient probes to explore the
chemical space at protein surfaces [109] and fragments hits can be an
effective starting point for a drug discovery project [110]. Given that, we
selected FBDD to start the arduous goal to find molecules able to bind to the
E3 ligase Fbw7, considered undruggable until now. Using this approach, we
could find fragments that show different MoA: 1) allosteric inhibition, ii)
competitive inhibition, iii) molecular glue effect, iv) or simply silent ligands,

that can be developed in the future for PROTAC molecules construction.

After a laborious time spent to optimize the expression and purification
protocol of Fbw7-Skpl complex with the aim to increase the low yield that
we were obtaining, we decided to further proceed to screen the fragment
library. Aware of the limitation of the protein amount, we decided to apply
DSF as the first primary screening, for the ease to implement the assay in the
Lab. After testing different small-molecules coming from a different project
led by Miriam Martinez and some of the fragments of the library and
demotivated by the misleading results of the positive control (the peptide of
the natural substrate cyclin-E), we decided to drop-out DSF and select
another biophysical technique. We then decided to screen the fragment
library using SPR. Indeed, SPR positions itself as the most versatile, low
material consumption and exhaustive technique to use in a drug discovery

pipeline. Its applicability depends on the purpose of the project and probably
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the most important advantage of the technique is the possibility to obtain
both thermodynamic and kinetic information. The screening of
approximately 700 fragments led to 220 positives that were tested at different
concentrations to extrapolate dose-response curves with the purpose to
shrink the number of fragments identified. In total 48 fragments gave a dose
response curve with a K; <2mM and interestingly 21 fragments had a K4
<200uM. Intrigued by the results obtained, we analysed 13 fragments out of
21 with STD-NMR, selecting the most potent and relevant structures for
further optimizations. Nine fragments resulted positive binders. Excited by
these results and to have more insights into the mechanism of action we set-
up and performed FP assay to help to address this objective. Using FP, none
of the fragments tested showed to be a modulator of PPI interaction between
Fbw7-Skpl and the natural substrates. This result made us think that our
fragments bind allosterically to Fbw7. However, we have also to consider
that some of the fragments could be too weak to compete with peptide
binding. Noteworthy, the fragment could influence the ubiquitination
pathway and therefore a ubiquitination assay can unveil this MoA. Work is
on-going with this purpose. In parallel, to guide the project in a more specific
direction, it is quite crucial to elucidate the binding site (and, if possible, the
binding mode) of the fragments either by the resolution of a X-ray structure

or by NMR.

Unlike other of protein classes, in which a ligand is active if acts as positive
or negative modulator of the activity of the protein, E3 ligases open the
ground to exploit the possibility to hijack the ubiquitin-proteasome system
to destroy a POL. In this scenario, a fragment or an optimized derivate can
be, therefore, integrated in a PROTAC molecule to selectively guide the
degradation of a specific protein, either to kill its deleterious activity in the

cells or to study and probe its function. A long journey has still to be travelled
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but for sure great promises arise from the aforementioned work and the best
has still to come....Fbw7-based PROTAC molecules are being developed in
the Lab!

Millions of years of evolution have tuned the structure of proteins to elicit
specific functions in the cell. As a result, proteins orchestrate the dynamics
of cellular and extracellular activities that allow life. Each protein is
characterized by a defined sequence of aminoacids that all together give
shape to a structured entity able to exercise its role in the cell. The
conformational stability of the protein is made possible by the harmonic
“packaging” of each single aminoacid. Change in one single aminoacid can
alter, in a deleterious way, the function of the protein. This is illustrated, for
instance, in disease such as sickle cell anaemia in which [B-hemoglobin
function is disrupted by a single mutation from a valine to a glutamic acid or
with the gain of function of RAF protein in cancer, in which the cause must
be linked again to the single mutation from a valine to a glutamic acid.
Proteins can also present a very high structural identity such as the case of
CRBP-I and CRBP-II (56% residue identity and 70% residue homology) but

address different specialized physiological functions.

In order to investigate the binding mechanisms in CRBP-I and CRBP-II and
to explore their functional implications, a detailed analysis of apo- and holo-
forms was performed in collaboration with the Lab of Dr F.J. Luque,
combining extended atomistic molecular dynamics (MD) simulations and
parallel-tempering metadynamics (PT-metaD). These studies revealed that
the difference has to be linked with the Ile/Leu mutation at position 78 on
the binding of retinol to rat CRBP-I and -11. As described in Chapter 5 of this
thesis, in order to verify what has been found computationally, rat CRBP-I,

rat CRBP-II and its Leu78 — lle single-mutated variant were expressed and
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SPR was used to characterize the kinetic rate constants for the association
(kon) and dissociation (kop) of retinol. Unfortunately, it was not possible to
compare directly CRBP-I and CRBP-II since no retinol binding was
observed in the case of CRBP-I, probably due to the restrain generated from
the covalent linking of the protein to the sensor chip, that may block the entry
portal of retinol. To overcome this problem, since in the case of rat CRBP-
IT it was possible to extrapolate retinol K4, we decided to express and assess
with SPR its Leu78 — Ile single-mutated variant that recalls the difference
between CRBP-I and CRBP-II in the entry portal of retinol. The results show
that the ko, remains essentially unaltered for both CRBP-II and the mutated
variant. However, the ko of retinol is slowed down by a factor of 2.2 in the
mutated protein. The increased residence time originated from the single-
point mutation Leu78 —Ille agreed with the expected strengthening of the
interaction of retinol with the mutated residue in CRBP-I (Ile) relative to
CRBP-II (Leu), as deduced from the PT-metaD simulations and the
decomposition analysis presented in the paper (Annex). Furthermore, the
dissociation constant (Ks) decreased by 2.8-fold in the mutated CRBP-II,
which compares with the lower limit of the experimental ratio between
CRBP-I and CRPB-II (3.3-fold). To conclude, SPR helped significantly to
understand that the main difference between the isoform is related to a
methyl isomerism between the two similar residues Leu78 —Ile found in the

entry portal of the two isoforms.

Once a molecule is found to bind to a protein pocket, a common practice is
to optimize the structure, improve its binding strength and its
physicochemical properties. In this process medicinal chemists are chased to
make the perfect magic modifications that can drastically increase the
potency of the molecule, resulting in a lead molecule to bring to the next

steps. Often the optimization can be complicated, with unproductive
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synthetic pathways. In this scenario, our group decided to implement an
automatic fragment evolution platform, not only able to simplify the
medicinal chemists work on finding the best substitution to make to increase
potency, but also to find different molecules that preserve the main
interaction of the starting molecule but with novel scaffolds, that otherwise

would not be considered.

In order to address the reliability of the platform, we used a benchmark
protein (Brd4(BD1). A TR-FRET experiment was set-up and affinity assays
were carried out. Most of the compounds proposed by the platform were
commercially available, instead, few of them needed in-house synthesis.
With the aim of getting the new chemical structure, SSR1, SSR2, SSR3,
SSR4 were synthesized successfully in the lab by myself.

Out of 29, three compounds showed better potency compared to the starting
fragment. Other nine compounds were able to compete with the fluorophore
peptide but with a lower potency compared with the starting fragment. X-ray
structures of 3 compounds with the same scaffold were obtained, which
allowed us to elucidate the difference in potency seen in the TR-FRET assay.
Overall these results showed that combining computational and biophysical
approaches enhance the possibility of finding ligands that bind to a specific
protein, like Brd4(BD1), and highlight the possibility of applying the
automated platform for other proteins of interest to get new and diverse

chemical structures.
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8.1 Fbw7-Skpl project (Chapter 4)

We were able to express and purify the Fbw7-Skpl multisubunit-
protein in low yields.

After several attempts and conditions assayed, we concluded that DSF
was not a reliable screening approach for the Fbw7-Skp1 system.
Using SPR screening (protein immobilized covalently), out of 700
fragments that contains our in-house fragment library, 22 fragments
gave a dose response curve with a K4< 200 uM by its ability to bind to
the Fbw7-Skp1 protein.

To confirm the positive fragments from the primary SPR screening, a
different immobilization of SPR was performed, and positive fragments
assayed.

Additionally, nine of the positive fragments were confirmed by STD-
NMR.

In order to obtain structural information of the binding sites of these
fragments able to bind Fbw7, a plethora of approaches are being
assayed.

Until now, no X-ray structure of the fragments bound to Fbw7-Skpl
has been obtained.

MD simulations gave us some hints about where the fragments bind.
A challenging 2D-NMR has been started. Crucially for this experiment,
we were able to express and purify the labelled "N Fbw7-Skp1.

We set-up a FP assay in order to disentangle if the identified fragments
disrupt the PPI between Fbw7 and its substrates. We have not been able

to observe any disruption of the natural PPI.
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In summary, the combination of several biophysical techniques aided
to find fragments that bind a target that have been considered
undruggable until now, the E3 ligase Fbw7-Skpl.

These fragments could be employed to elucidate the best
pharmacological strategy to target the Fbw7 E3 ligase.

These fragments could also be employed as a head-ligands of Fbw7-
based PROTAC:S.

8.2 CRBPs project (Chapter 5)

We were able to express and purify CRBP-1 and CRBP-II proteins.
We were also able to perform site directed mutagenesis to obtain
CRBP-II Leu78— Ile variant plasmid and express and purify the mutant
protein.

Using SPR screening (protein immobilized covalently), we were able
to characterize the kinetic rate constants for the association (ko.) and
dissociation (ko) of retinol to CRBP-II and its Leu78 — Ile single-
mutated variant.

SPR attempts were also done to obtain kinetic information of CRBP-I,
but unfortunately, we have not been able to observe any relevant
outcome.

SPR result suggests an unexpected role of the methyl isomerism Leu78

—lle between CRBP proteins.

8.3 Brd4(BD1) project (Chapter 6)

We were able to express and purify His-Brd4(BD1) protein.
We successfully synthetized and characterized SSR1, SSR2, SSR3 and
SSR4, new chemical structures coming from the automated fragment

platform evolution.
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We set-up a TR-FRET experiment and we tested 29 compounds coming
from the automated platform.

Three compounds showed better inhibitory potency against Brd4(BD1)
than the starting fragment, 1XA.

Nine compounds were able to compete with the peptide but with lower
potency than the starting fragment (1XA)

The results of Chapter 6 demonstrated the capacity of the automated

platform to suggest potent and diverse molecules from a given fragment.
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ABSTRACT: Due to the poor aqueous solubility of retinoids, evolution has tuned CRBP 1 A~
their binding to cellular proteins to address specialized physiological roles by ! ~/ y’
modulating uptake, storage, and delivery to specific targets. With the aim to

disentangle the structure—function relationships in these proteins and disclose clues
for engineering selective carriers, the binding mechanism of the two most abundant
retinol-binding isoforms was explored by using enhanced sampling molecular
dynamics simulations and surface plasmon resonance. The distinctive dynamics of the
entry portal site in the holo species was crucial to modulate retinol dissociation.
Remarkably, this process is controlled to a large extent by the replacement of Ile by
Leu in the two isoforms, thus suggesting that fine control of ligand release can be achieved through a rigorous selection of
conservative mutations in accessory sites.

Retinol is essential for many physiological processes like specialized adaptation of CRBP-I as retinol storage in the liver
cell growth and differentiation, morphogenesis, and and the uptake of retinol from the intestinal lumen and release
vision.! However, the poor aqueous solubility makes the into the blood by CRBP-II in epithelial cells.* The impact of
assistance of plasma and cellular binding proteins necessary for residue substitutions selected by evolution in tuning the
the delivery to target tissues and the uptake and transport to thermodynamics and kinetics of retinol binding to these
specific partners in the cell.”™* In fact, the efficient transport of isoforms is a conundrum. Hence, understanding the ability of
hydrophobic molecules has been solved by evolution through CRBPs to sequester and protect retinol from the cellular milieu
selection of specialized binding protems, such as the calycin and to direct it to dedicated targets is essential for furthering
and SEC14-like superfamilies.”” Although amino acid metabolic engineering through selective nanocarriers and for
homology between the members of this widely distributed drug discovery in retinoid-related diseases.'*”"*
protein family is typically low, they share a similar f-barrel The structural fold of CRBP-I and -II consists of a f-barrel
fold.*” Many of these proteins contain only this structural formed by two almost orthogonal five-stranded f3-sheets (A—E
domain and can presumably be involved in transport of and F—J) and two short helices (aI and all) inserted between
hydrophobic compounds, while others may have other PA and B strands (Figure 1)."" The entry portal site is a
domains, reflecting the involvement in a variety of cellular crucial element formed by helices al and all and turns fC—fD
functions, such as signal transduction and regulatory roles. and ﬁE_QF that enab}gs retinol to enter into the cavity. Both
Nevertheless, precise knowledge of the mechanisms of NMR">™" and X-ray © data show that the binding mode of
recognition and binding is required to understand the roles retinol is highly Simil;‘r";(’t only in human CRBP-I and -II but
in the cell, as illustrated by the ligand exchange mechanism also in rat CRBPs. =" Despite the high structural identity
that couples transfer of a-tocopherol and phosphatidylinositol between rat CRBP-I and -II (56% residue identity and 70%
phosphate lipids between the endosome and plasma residue homology), the retinol dissociation constant (Kp) for
membranes.'”"!

The two most abundant intracellular retinol-binding Received: September 27, 2019
proteins (CRBP; isoforms I and II) have distinct tissue Accepted: November 12, 2019
distribution and binding affinity for retinol, reflecting the Published: November 12, 2019

ACS Publications — © xxxx American Chemical Society 7333 DOI: 10.1021/acs jpclett. 9602861

h:4 J. Phys. Chem. Lett. 2019, 10, 7333-7339

174



Annex

The Journal of Physical Chemistry Letters

Figure 1. Representation of the retinol-CRBP complex. The
structural fold of CRBP consists of 10 antiparallel f-strands (A—])
and two short @ helices (I and IT). The regions that define the entry
portal site are highlighted in yellow. Retinol (RTL) is shown as blue
sticks.

CBRP-I is smaller relative to CRBP-II, the ratio between
binding affinities varying from ~100-fold"” according to NMR
measurements to 3.3-fold based on fluorimetric assays.” At
present, it is unclear whether the affinity difference between
the two isoforms stems from the few residue substitutions that
line the binding pocket in the interior of the f-barrel (SI Figure
S1) or alternatively to differences in the dynamics of CRBP-I
and -II,'* which might affect the entry/release of retinol to/
from the binding cavity.

To investigate the binding mechanisms in rat CRBP-I and
-II and explore their functional implications, a detailed analysis
of apo and holo forms was performed by combining extended
atomistic molecular dynamics (MD) simulations and parallel-
tempering metadynamics (PT-metaD). We characterized the
conformational flexibility of the two isoforms as well as the free
energy surfaces for the opening/closing of the portal site in
both apo and holo forms and the formation/breaking of
interactions between retinol and protein in the holo species.
Furthermore, surface plasmon resonance (SPR) was used to
examine the thermodynamics and kinetics of retinol binding.
Overall, both theoretical and experimental results provide
detailed insight into the binding mechanism, disclosing a
linkage between retinol binding and the flexibility of the entry
portal, particularly regarding the methyl isomerism between Ile
and Leu in this accessory site of the two isoforms.

The conformational flexibility of apo and holo forms of
CRBP-I and -II was examined from three independent MD
simulations (5, 3, and 3 ps) performed for each system,
covering a total of 44 us. The root-mean-square deviation
profiles supported the structural stability of the simulated
systems along the trajectories (SI Figure $2). In both isoforms,
the presence of retinol reduced the structural fluctuations of
the protein, as expected from the interactions formed with
residues in the binding cavity (Figure 2; see also SI Figures
$3—86). However, the pattern of residue fluctuations differed
in the two isoforms. While apo-I showed increased fluctuations
in loops fE—fiF, fG—fH, and to a lesser extent JC—fD, apo-II
exhibited larger fluctuations in helices al—all and to a lesser
extent in loops JC—pD and fD—pE (Figure 2A). Remarkably,
most of these elements define the entry portal site, suggesting
that the two isoforms differ in the dynamics of key structural
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Figure 2. (A) Difference in residue fluctuations (ARMSF) observed along S us MD trajectories between apo and holo states for (top) CRBP-I and
(bottom) CRBP-II. Highlighted regions correspond to structural elements of the entry portal site: helices al and all (magenta), loop SC—pD
(blue), and loop SE—fF (orange). (B) ED analysis of (top) CRBP-1 and (bottom) CRBP-II derived from the § s MD simulation. Only the first

projection of the whole system is shown for apo and holo forms.
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elements implicated in the entry/release of retinol to/from the
binding cavity.”***

Essential dynamics (ED) analysis was employed to gain
insight into the distinct flexibility of CRBP-I and CRBP-IIL. The
analysis was performed for the backbone atoms of residues 7—
134 to avoid the noise due to the mobile parts at the N-and C-
termini. The first essential mode (Figure 2B) accounted for
15—25% of the entire structural variance and generally was 2-
fold larger than the contribution explained by the second
mode. The apo systems exhibited larger structural deforma-
tions, especially in the entry portal site, although helices al and
all were stiffer in apo-I than in apo-1I. On the other hand, holo
systems were more rigid than their apo forms, as noted in the
lower extent of the backbone motions. However, the decrease
in conformational flexibility of the protein backbone did not
affect similarly the two isoforms. In fact, the rigidification of
the entry portal site was more important in holo-I than that in
holo-II (SI Table S1). At first sight, these results seemed to be
in contrast with NMR H/F exchange experiments'” that
suggested a larger flexibility in both apo and holo states of
CRBP-II relative to CRBP-1. However, it is worth noting that
residues in the fE—fF loop of apo-I could not be assigned,
while present results reveal that this structural element has a
crucial influence on the dynamics of the portal site. Indeed,
upon exclusion of the JE—fF loop in ED analyses, CRBP-II
was slightly more flexible than CRBP-I in both apo and holo
states (SI Table S1 and Figure S7), thus reconciling the
experimental findings about the dynamics of the two isoforms
and our results from MD simulations.

To estimate the differences in the dynamics of apo and holo
systems, the conformational entropy was evaluated for the
whole system as well as separately for the entry portal site and
the protein core, formed mainly by the f-barrel, using the
procedure by Harris et al. (see the SI for details).”® As
expected, the results (Table 1; see also Table S2 and Figure
$8) confirmed that holo systems were less flexible than apo
ones and pointed out that the decrease in entropy was larger
for CRBP-I (0.56 kcal mol™" K™') than that for CRBP-II (0.14
kcal mol™ K™'). Furthermore, the conformational entropy
(5™) obtained for apo-I was larger (by 0.35 keal mol™ K')
than that for apo-II, whereas the difference between the holo

Table 1. Entropy ($*) and Entropy Difference (AS) of the
Whole Protein, and Its Core and Entry Portal Site,
Determined from the Analysis of the Sgs MD Trajectory”

system protei.nb core” portal site
5=(apo-T)* 297 1.76 1.21
5% (holo-I) 241 159 0.81
5% (apo-IT) 262 1.68 0.94
5% (holo-IT) 248 1.61 0.87
AS (apo-I and holo-I) 0.56 0.17 0.38
AS (apo-II and holo-II) 0.14 0.07 0.07
AS (apo-I and apo-II) 035 0.08 027
AS (holo-I and holo-1I) -0.07 —0.02 —0.06

“Values (kcal mol™' K™') were determined considering only the
backbone atoms. “Residues 7—134. “Excluding the structural elements
of the entry portal site. “Helices al and all and loops SC—fD and
PE—PF. “The error of the conformational entropy was estimated from
the standard deviation of $* obtained in the fitting at increasing
simulation windows, with an upper value of 0.008 kcal mol™' K™' for
the whole protein and the portal site and 0.005 keal mol™" K™ for the
protein core.

7335

176

species was reduced to 0.07 kcal mol™" K™’ Noteworthy, the
entropy difference between apo-I and apo-II and between holo-
I and holo-II was mainly due to the differences in the entry
portal site (apo: 0.27 kcal mol™ K™'; holo: —0.06 kcal mol™’
K™'). Overall, these results confirm that the distinct patterns of
conformational flexibility between the two isoforms primarily
arise from the entry portal site.

Because the stiffness of the portal site in holo-I was higher
than that in holo-II, we hypothesized that the difference in
binding affinity between CRBP-I and -II might arise from a
larger residence time of retinol in the former isoform. To
address this question, PT-metaD was used to evaluate the free
energy landscape for the opening/closing of the entry portal
site in apo and holo systems and the binding/unbinding of
retinol to/from the holo systems. In order to take into account
the larger structural flexibility of the open state compared to
the closed one, the free energy change for the npening/ clnsing
of the entry portal site was estimated by averaging the values
determined from three separate calculations, each relying on
the use of distinct open structures chosen as reference systems
(SI Figures S9—511). The results pointed out that the opening
of the portal site in the apo state of CRBP-I and -II was very
similar and close to 5.5 + 02 kcal mol™ (Figure 3A).
However, the presence of retinol in the f-barrel had a marked
influence on the opening of the portal site in holo-I as this
process was disfavored by 3.8 keal mol™ compared to apo-I.
Remarkably, the presence of retinol led to a modest increase in
the cost of opening the portal site in holo-II (by only 0.7 kcal
mol™") relative to apo-II. These findings agree with the larger
decrease in conformational entropy found for CRBP-I relative
to CRBP-1I upon retinol binding (see above and Table 1).

The analysis of the structures sampled during the opening of
the portal site reveals that there is a slight rearrangement of
retinol in the binding pocket, although the ligand remains
trapped in the interior of the f-barrel after opening of the loop
in both CRBP-I and -II (Figure 4). However, whereas the
rearrangement of retinol occurs in a fast process during the first
100 ns of the loop opening for CRBP-IL, a slower process that
involves a gradual rearrangement of retinol is observed for the
loop opening in CRBP-L This suggests the presence of
stronger interactions between the ligand with the residues of
the portal site in this latter isoform, as will be discussed later.

PT-MetaD simulations were also used to estimate the free
energy for retinol binding/unbinding from the open state of
the two isoforms. Calculations were started from suitably
chosen holo structures characterized by the presence of a portal
site open enough to enable the release of retinol from the
protein cavity without steric clashes. Similar events were
involved in the release of retinol from CRBP-I and -II (SI
Figure S12). Briefly, retinol unbinding involves first the
breakage of the hydrogen bond formed by the terminal
hydroxyl group and subsequent release of the polyene tail,
which becomes progressively more exposed to water
molecules, followed by the breakage of the van der Waals
interactions with the f-ionone ring, leading to immersion in
the aqueous environment. The free energy surfaces determined
for CRBP-I and -II (Figure 3B) pointed out that the energetic
cost for retinol unbinding is only 1 keal mol ™ higher in holo-IL.

Overall, the combination of the free energy estimates
obtained for the opening/closing in apo and holo states and the
binding/unbinding of retinol from holo species indicates that
the affinity of CRBP-I for retinol is 2.4 keal mol™ more
favorable relative to that of CRBP-II (Figure 5). Noteworthy,

DO 101021 /acs.jpelett. 5b02861
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Figure 3. (A) Free energy surface for the opening/closing of the entry portal site in apo and holo forms of CRBP-I and -II. Closed and open states
are indicated by symbols I and II, respectively. Contour lines are drawn every 1.5 kcal mol ™", Values in the plots are the average of three estimates
generated by using different reference structures for the open state. (B) Free energy surface for the binding/unbinding of retinol from holo-I and

holo-I1. Bound and unbound states are indicated by symbols I and 11, respectively. Contour lines are drawn every 2 keal mol™.
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Figure 4. RMSD (A) of retinol along the opening of the portal site in (left) CRBP-I and (right) -IL. The RMSD was determined relative to the
arrangement of retinol in the energy-minimized structure of holo-I and holo-II species, after alignment of the protein core. The snapshots were taken

during the 500 ns of the pT-metaD simulation at 300 K.

this agrees with the experimentally observed greater affinity of
retinol for CRBP-I as the predicted affinity lies between the
range of experimental values, which vary from an upper
threshold of <~100fold'” to a lower limit of 3.3-fold greater
affinity for CRBP-L”® Remarkably, our results also revealed
that the difference in binding affinity is mainly determined by
the opening/closing of the entry portal site in the holo state.
This suggests that the larger cost of opening the holo-I complex
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cannot be attributed to the interactions formed by the portal
site with the rest of the protein as the free energy changes
determined for the opening of the portal site in the apo species
are highly similar in the two isoforms (Figure 5; see also SI
Figure S13). Therefore, it may be speculated that the
interactions formed between retinol and the entry portal site
in the holo species are more favorable in CRBP-I than those in
CRBP-II, thus providing a basis to justify the larger decrease in

DOI: 10.1021/acs.jpdlett. 9b02861
. Phys. Chem. Letr. 2019, 10, 73337339
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Figure 5. Thermodynamic cydle for the opening of the entry portal site for apo states, the binding of retinol, and the closure of the portal site in

holo systems in (A) CRBP-I and (B) CRBP-IL Values are in kcal mol™.

conformational flexibility observed upon retinol binding to
CRBP-I relative to CRBP-IL

This assumption was confirmed from the analysis of the
interaction energies between retinol and the structural
elements that define the portal site in holo-I and holo-IT
(Table 2). Whereas the interaction energy with helices al and

Table 2. Interaction Energies (E,,; kcal mol™) and Its
Electrostatic (Eg,; kcal mol™) and van der Waals (E,q,)
Components between Retinol and the Entry Portal Site for
holo-I and holo-I1

system” Epp By, Eoa
holo-I (el and olI) —10.6 02 —108
holo-II (al and all) —1L.0 —04 —106
holo-I (fC—fiD) 6.4 0.1 6.5
holo-1I (fC—pD) —-6.0 03 —6.3
holo-I (PE—FF) —6.4 -02 -62
holo-IT (fE—fF) -3.8 -04 —34

“Calculations performed for 50 snapshots taken regularly in the last
microsecond of the 5 us MD simulations. Helices al and all comprise
residues Glul5—Leu37, and loops C—pD and PE—fF involve
residues Ser55—AsnS9 and Glu73—Cys/Val83, respectively.

all and loop SC—fD was similar in the two holo systems, the
interaction of retinol with loop SE—fF was 2.6 kcal mol™

more stabilizing in holo-I. Further decomposition into pairwise
ligand—residue contributions revealed that the energy differ-
ence was mainly due to the interactions with Gly77 and Ile78
in CRBP-1, which were 2.1 keal mol™" more stabilizing than the
interactions with Gly77 and Leu78 in CRBP-II (SI Table S3).
In contrast, other residue substitutions located in the loop
PBE—PF contributed less than 0.2 keal mol™, even though this
can be justified from either the solvent-exposed arrangement of
the side chain of these residues or the large distance from the
mutated residue to retinol. In contrast, residues at position 78
(Ie in CRBP-1, Leu in CRBP-II) are located at the top of the
loop JE—fF, pointing toward the interior of the f-barrel, and
form van der Waals contacts with the f-ionone ring and the
unsaturated chain of retinol (Figure 6). Overall, these results
point out that the difference in the interaction energy with
retinol can be mainly attributed to the conservative mutation
of Ile78 in CRBP-I to Leu78 in CRBP-II, disclosing an
unexpected effect related to the methyl isomerism between the
side chains of these two residues.

To confirm the impact of the Ile/Leu mutation at position
78 on the binding of retinol to CRBP-I and -II, SPR was used
to characterize the kinetic rate constants for the association
(k,,) and dissociation (k,z) of retinol to CRBP-II and its
Leu78 — Ile single-mutated variant (SI Figures S14 and S15
and Table S4). The results show that the k,, remains

on

essentially unaltered for both CRBP-II and the mutated

A)holo-I

B) holo-Il

Figure 6. Representation of (A) holo-I and (B) holo-Il. Residues in the fE—SF loop with higher contribution to the interaction energy with retinol
(RTL) are highlighted as spheres, and retinol is shown as sticks (f-sheets C and D are not shown for the sake of clarity).
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variant (Table 3). However, the k. of retinol is slowed down
by a factor of ~2.2 in the mutated protein. The increased

Table 3. Kinetic Rate Constants (ko, M~ s7'; ko, s7') and
Dissociation Constant (Kp; M) for the Interactions between
Retinol and CRBP-II and Its Leu78 — lle Single-Mutated

Variant

CRBP-1I kon ko Kp
wild-type 2415 17.9 x 1073 74 % 107%
Leu78 = Ile 3124 81x 107} 26 x 107°

residence time originating from the single-point mutation
Leu78 —lle agrees with the expected strengthening of the
interaction of retinol with the mutated residue in CRBP-I (Ile)
relative to CRBP-II (Leu), as deduced from the PT-metaD
simulations and the decomposition analysis presented above
(Table 2 and SI Table S3). Furthermore, the dissociation
constant (K;,) decreased by ~2.8-fold in the mutated CRBP-1],
which compares with the lower limit of the experimental ratio
between CRBP-I and CRPB-TI (~3.3-fold).*

The selectivity of different members of cytosolic binding
proteins toward distinct retinoid-like compounds has been
related to the presence of specific residues in the f-barrel.”’**
Furthermore, other studies have identified hydrophobic
contacts between ligands and structural elements of the mobile
gate in SEC14-like family members.”” " Present results,
however, point out that a seemingly minor chemical change
related to the methyl isomerism between Ile and Leu at the
portal site modulates the binding properties of retinol between
closely related CRBP isoforms. The net effect is the enhanced
free energy penalty associated with the closed — open
transition, which would disfavor the release of the ligand and
increase the residence time of retinol in the interior of the fi-
barrel. Noteworthy, the affinity for the two isoforms is finely
modulated by the differential interaction of the f-ionone unit
of retinol with the residue (Ile/Leu) at the top of the loop
PE—PF, suggesting an unexpected role of the methyl
isomerism between the two similar residues.

From a functional point of view, these results unveil a subtle
regulation mechanism that underlies the distinct physiological
role of the two isoforms. In enterocytes, CRBP-II plays an
important, but not essential, role in assisting the transient
exchange of retinol from the intestinal lumen to the lymph,
making it necessary to have an efficient delivery system. In
contrast, CRBP-1 is highly expressed in hepatic cells, where it
participates in the storage of retinol and controls its
mobilization to ensure a steady supply in the blood plasma.
Therefore, the strengthened interaction of retinol with the /-
barrel lid may have evolved as a mechanism to self-regulate
long-term retinol mobilization subject to specific requirements
of active retinoid metabolites to the target cells without being
affected by the fluctuations of the dietary intake.

Finally, these findings demonstrate that conservative changes
in specific residues at remote sites distinct from the binding
pocket, which should not alter the gross structural and
physicochemical features of the protein, may result in fine-
tuning of the ligand’s binding properties. Thus, a thoughtful
selection of residue variations may be instrumental for
engineering a gradual evolution of structure—function relation-
ships in nanomolecular devices.
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