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Abstract

ABSTRACT

This doctoral thesis, carried out in two Basque institutions of excellence, CIC-bioGUNE and Tekniker, has

addressed a project divided in two complementary sections:

The first section, comprises Chapter I, and was mainly developed in the facilities of Tekniker and
subsequently tested at CIC bioGUNE. Its aim was to develop an advanced polymeric material whose
covering surface favors the nucleation and crystallization of proteins of great biomedical interest.
Macromolecule crystallography is currently the most powerful technique for determining the three-
dimensional structure of proteins at atomic resolution. However, despite its enormous level of technical
development achieved, it is still limited by the great difficulty of obtaining crystals that, after exposure to
X-rays, allow a high-resolution diffraction pattern from which the structure of the target protein can be
elucidated. Even today, the crystallization process is a trial-and-error procedure that requires enormous
experimental effort and high economic costs. This part of the thesis has focused on the development of
multiscale surface topographies (micro and submicrometric) on polycarbonate that act as a
heteronucleating agent that favors, enhances or induces the growth of protein crystals. The use of these
polymers made it possible to improve the resolution of some of the crystals described in the following

section.

The second section of the project, comprises Chapters Il to IV, and was entirely developed at CIC-
bioGUNE. Its main objective was the crystallographic characterization of the two enzymes of the reverse
transsulfuration pathway from two human pathogens: Toxoplasma gondii and Pseudomonas aeruginosa.
The transsulfuration pathway is a metabolic process involving the interconversion of homocysteine and
cysteine via the intermediate cystathionine. The first enzyme in the pathway, cystathionine B-synthase,
catalyzes the condensation of L-serine with L-homocysteine to form cystathionine. The second enzyme,
cystathionine y-lyase, hydrolyzes cystathionine yielding cysteine, a-ketobutyrate, and ammonium. Both
enzymes catalyze alternative reactions leading to the biosynthesis of hydrogen sulfide (H,S), a major
gasotransmitter associated with numerous pathologies, including neurological disorders and various
cancers. Recently, it has been shown that inactivation of these enzymes in multidrug-resistant bacteria
and pathogenic organisms increases their sensitivity to oxidative stress and to a variety of antibiotics (in
the case of bacteria). Therefore, the structural information obtained in this work is key to understand the
implication of transsulfuration pathway in regulating the intracellular redox homeostasis in pathogens

and will facilitate the rational structure-guided design of specific inhibitors.
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General Overview

GENERAL OVERVIEW

The World Health Organization estimates, nearly 50,000 men, women, and children died every day
from infectious diseases in 1996 (an estimated 17 million people per year)!. Today, diseases caused by
bacteria, fungi, or parasites continue to challenge the health care system. In the ranking of the 10 leading
causes of death worldwide reported by WHO in 2019, two were infectious or parasitic diseases. Deaths
from lower respiratory infections (4th cause of death) and diarrheal diseases (8th cause of death) were

estimated at 2.6 million and 1.5 million people, respectively.

Given their nature, infectious agents are evolutionarily dynamic, and the list of diseases they cause is
constantly changing and growing. Even preexisting or established infectious diseases can reappear in
different forms, such as the extensively multidrug-resistant bacterias >3 or emerging infectious diseases
45 The emergence and spread of antimicrobial resistance (AMR) (https://www.who.int/news-room/fact-
sheets/detail/antimicrobial-resistance) is increasing worldwide, with new mechanisms of resistance
emerging that threaten the ability to treat common infectious diseases. A growing number of infections
such as pneumonia, tuberculosis, gonorrhea, septicemia, and foodborne iliness are becoming increasingly
difficult, if not impossible, to treat as antibiotics become less effective. Remarkably, foodborne diseases
represent a major problem health in the United States (U.S.). The Center for Disease Control and
Prevention (CDC) expect that each year 31 pathogens acquired in US caused 9.4 million episodes
foodborne illness, 55961 hospitalizations and 1351 deaths 7. Toxoplasma gondii, causative agent of
toxoplasmosis, is the second most common cause of death due to foodborne iliness and the fourth leading
cause of hospitalization in the middle 2000s at the United States 2. The number of people infected is
estimated over 8-22% in US and United Kingdom, while in Central America, South America and continental
Europe estimated infection rates are even higher, ranging from 30% to 90% °. While toxoplasmosis is
usually asymptomatic or causes only mild symptoms in immunocompetent individuals, it may cause
severe diseases in immunocompromised patients. Infection in pregnancy may be even fatal to the fetus
10 Moreover, multiple lines of evidence indicate that toxoplasmosis is related to a higher risk of many

mental health disorders, including schizophrenia !

. Despite intense efforts, effective vaccines are
practically unavailable for humans and, consequently, chemotherapy represents the mainstay of disease
control and treatment. However, recommended drugs require prolonged treatments and have high rates
of toxic side effects. Moreover, the treatment has become complicated by the emergence of drug

resistant parasites.
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General Overview

On the other hand, especially alarming is the rapid proliferation of resistant bacteria known as
“superbugs” that cause infections that cannot be treated with current antibiotics. It is estimated that by
2050, 10 million lives a year is at risk due to the AMR. Pseudomonas aeruginosa is a ubiquitous Gram-
negative bacterium classified by the WHO as a critical priority on which to research, discover and develop
new antibiotics. This opportunistic pathogen cause devastating infections in blood and lung (pneumonia),
with an estimated 32 600 infections among hospitalized patients and 2700 estimated deaths in US 2,
Pseudomonas aeruginosa infections are generally treated with antibiotics. Unfortunately, infections
caused by this bacteria are becoming increasingly difficult to treat in people exposed to healthcare

facilities such as hospitals or nursing homes due to increasing antibiotic resistance 3.

Put all together, alternative therapies and new drugs are urgently needed. Recently, inhibition of
endogenous H,S production has emerged as one of the strategies against these pathogens 416, Hydrogen
sulfide plays a very important role as a protective agent against oxidative stress 7. This function has been
implicated in bacterial defense against reactive oxygen species (ROS) and antibiotic-induced oxidative
damage . This gasotransmitter is mainly produced within the transsulfuration pathway by two enzymes,
namely cystathionine B-synthase (CBS) and cystathionine y-lyase (CGL). Another enzyme related to
cysteine catabolism, is 3-mercaptopyruvate sulfurtransferase which also produces H.S, which will not be

addressed in this thesis.
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1.1. INTRODUCTION

X-Ray crystallography, the most successful and widely used technique to determine the three-
dimensional structure of macromolecules at high resolution, benefits from the ability of crystals to diffract
X-rays. However, the crystallization process still is a trial-and-error and labor-intensive screening effort
that represents the bottleneck of this method. In the face of so much uncertainty to obtain quality
diffraction crystals, many authors have historically considered protein crystallization as an art 3%, The
first stage in any crystallization process is nucleation, which requires overcoming an energy barrier to form
aninitial assembly or primary nuclei, where molecules become sorted following a bi- or three-dimensional
pattern characteristic of a crystalline solid. Depending on the solution environment, this primary nuclei
can either dissolve, or alternatively become stable thus forming a critical nuclei that continues growing to

yield a large crystal.

1.1.1. Nucleation and nucleant agents.

In general, two different types of nucleation can be distinguished: The first one, known as primary

homogeneous nucleation *°

, is defined as a spontaneous formation of crystalline material from a
previously crystal-free solution (Fig. 1.1, A). In the case of proteins, this random event is difficult to control
and reproduce by the experimentalist due to the intrinsic characteristics of the biomolecules (irregular
shape, surface charge distribution, dynamic properties, co-existence of oligomeric species) and depends
on a wide variety of factors. Among them are the solution supersaturation level, temperature, pressure,
pH, ionic strength, concentration of metal ions or precipitants, and the presence of traces of other
molecules. All these factors may either induce and speed up the nucleation process, or alternatively
prevent a successful outcome of the crystallization experiment. In probabilistic terms, nucleation always
occur in supersaturated solutions, and never below the solubility curve (Fig. 1.2), where the nucleation
probability is zero 2. Between the extreme circumstances represented by the full solubility and the
supersaturation condition, is the so-called metastable zone, where nucleation does not take place but
growth of a pre-existing crystal is favored 2%, Importantly, the metastable zone varies for each particular
protein in solution, what makes unpredictable the exact conditions in which a particular protein will
nucleate. Frequently, too fast homogeneous nucleation causes unfavorable effects as the formation of a

shower of small-sized crystals with poor diffraction capacity. The faster a crystal grows, the more defects

it presents, and thus the poorer quality its diffraction pattern offers. High-quality protein crystals are
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ideally grown at low supersaturation levels, where crystal growth is slow 2% Thus, finding potential agents
that favor nucleation at low saturation levels has been intensively pursued by the biomedical industry. To
satisfy this demand, researchers have historically tried to exploit the potential of the second type of
nucleation, known as heterogeneous nucleation %, which starts at the surface of a solid foreign particle
that acts as a seed (Fig. 1.1). These initiating surfaces, known as "heterogeneous nucleants" or

"heteronucleants" 192526

, are thought to decrease the nucleation energy barrier and the time to obtain
crystals, and require lower starting protein concentration to promote crystallization 2. Growth of crystals
on a heterogeneous surface may in turn promote the birth of new crystals in remote areas of the
crystallization droplet (Fig. 1.1, A). This event is known as Secondary homogeneous nucleation and can
occur at much lower supersaturation levels than primary nucleation (Fig. 1.2). Attrition, fracture caused
by mechanical stress or fluid shear resulting in the separation of crystal surface clusters, have been

proposed as possible causes of secondary nucleation 272,

A wide variety of materials have been tested as potential heteronucleants (Fig. 1.1, B), which can be

classified in two well-distinguished classes:

(i) Nanoscale heteronucleants. The first group encompasses nanoscale structured surfaces showing
topography templates that are either in the range of the hydration radius of the macromolecule to be
crystallized 2%, or match the lattice spacing of the target crystals (Fig. 1.1, C). The nanoscale
heteronucleants are considered the most efficient agents to promote and enhance crystal growth via

30-35 This type of materials

epitaxy, and have raised interest in the field of macromolecule crystallization
have important applications in biopharmaceutical bioseparation or biocrystallization processes, for

example of monoclonal antibodies 3¢. Among the used heterogeneous nucleants are complex thin films

18,26,37-39 30,45

, chemically altered surfaces #®*4, carbon nanotubes 3%%, molecularly imprinted polymers (MIPs)

44 46-48

, microgels and three-dimensional nanotemplates % (Fig. 1.1, B). The weakness of nanoscale
heteroagents lies in their specificity and their trend to work only for few specific molecular targets.
Additionally, manufacturing of such nanostructural nucleants is not straightforward, leading to

industrialization concerns.

(i) Microscale heteronucleants. The second type of heteronucleants comprises materials whose
surface contains pores, rugosities, or topographic motifs with dimensions that are closer to the micro- or
submicrometric scale, thus significantly larger than the crystal lattice parameters (which range in the

Angstroms and nanometers scale (1A=10"°m; 10%cm; 10*uM; 0.1 nm; 100 pm) *. Some examples
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49 31,51-57

reported in the literature include dried seaweed %°, animal hairs *°, minerals and carbon
nanomaterials 34558 (Fig. 1.1, B). Several theoretical models have tried to explain the impact of surface
roughness on the crystallization of macromolecules #53>55%-61 and generally conclude that roughness and
porosity enhance the effective area producing an increase in the local concentration of the proteins in
solution that favors nucleation in the valleys of the rough surface 5%6%%3 |t has also been shown that
surface hydrophobicity tuned by roughness modification processes 8, can enhance or alternatively hinder
the interaction with a crystalline solution %. On the other hand, charged surfaces whose interfacial
concentration of ions may cause electrostatic interactions with protein molecules of opposite charge may
also enhance nucleation 3% (Fig. 1.1, C). In a recent study, Ye et al. demonstrated that protuberances,
grooves and cavities with micrometer-scale sizes could serve as promising nucleation agents . In this
direction, some authors including ourselves, have recently investigated the effect of submicro- and micro-

scaled surface features on the macromolecular crystallization 678,

Manufacturing of those submicro- and micro-scaled engineering surfaces count with the advantage of
the enrolment of well-stablished high throughput microfabrication technologies, which enables the

production of micro-patterned surfaces on flat flexible substrates as well as 3D-shaped components.

Although a priori less efficient than the nanoscale heteronucleants, the micro- or submicroscale
heteroagents have shown very promising results on the crystallization of a wider variety of proteins, thus

functioning much closer to the long-awaited universal nucleants.
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Figure 1.1. Nucleation
agents. (A) Nucleation types.
(B) Representation of
common heteronucleants
used in protein crystalization:
Microporous synthetic
zeolites, carbon nanotubes,
functionalized gold particles,
animal hairs, porous/rugous
minerals, and  molecular
imprinted surfaces (MIPs).
The packing shown in the
midle corresponds to that
found in crystals of the human
cystathionine [-synthase
enzyme (HsCBS; PDB ID 4L0D)
9. The dimensions of the unit
cell and the corresponding
size scales for the different
materials are indicated for
comparative purposes. HsCBS
associates in tight dimers,
whose subunits are colored in
blue and orange, respectively.
(C) Graphical representation
of three different types of
nanoscale  nucleants: (i)
surfaces with a geometrical
distribution of cavities with
size  within the protein
molecules scale; (i) Chemically
functionalized nanosurfaces;
and  (iii)  Surface  with
nanoscale charged cavities.
The molecules represented
are HsCBS dimers, colored
according to their surface
electrostatic potential.
Positive and negative charges
are colored in blue and red,
respectively.
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1.1.2. Fabrication of micro and nano- patterned heteronucleants for protein
crystallization

As mentioned above, various materials have been employed as heteronucleants in recent research

such as mineral substrates 7%, chemically modified mica %%, bioglass 3°?, carbon-nanotube-based materials

30,58 40,72-

, nanoporous gold 7 or polymers 74 The latter have shown highly promising in inducing protein

nuclei, ranging from ionized gelatin films or silk fibers %° to protein imprinted-polymers %474,

The success of polymers lies primarily in their manufacturability, enabling them to be modeled into a
vast variety of products. By controlling their synthesis and processing, these materials can be designed
and synthesized with a wide variety of chemical and mechanical properties 7°. Those properties can be
optimized by selecting the appropriate monomer, additives, or processing conditions. Additionally,
polymer degradation depends on their own physico-chemical properties, as well as the environmental
conditions (temperature, pH). All these properties make them an ideal, chameleon-like material with
numerous possible applications, not only as potential heteronucleants for protein crystallization:
Biodegradable polymers are used as temporary barriers (artificial skin, surgical sutures), drug delivery, or
temporary scaffolds (vascular grafts, orthopedic devices) 76, Synthetic polymers show great potential in

numerous fields, such as biomedical engineering 77, aerospace engineering 78, sensor fabrication ”° or as
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thermal insulators. Their thermoplastic properties allow easy and reproducible production by
conventional hot-melt processes. With the prior knowledge, these materials are a suitable aiding in the
current research on heteronucleant manufacturing with the aim of finding an engineered device by easy-
to-process, which expands structural knowledge of therapeutic targets and set the basis for drug-

discovery by X-ray technique.

As mentioned earlier, the success of a large number of heteronucleants lies in the surface properties
of the material, such as porosity, topography, or roughness 33516064 Micro- and nanoscale surface
patterns have a great impact on nucleation and promotion of protein crystals 345516680 \Many techniques
have been investigated for the fabrication of micro- and nano-patterned polymeric surfaces. In the
following, we will discuss those that allow the fabrication of patterns with controlled shape and size

characteristics.

- Photolithography-based methods are processes in which geometric patterns from mold
containing and inverse of the desired patterns are pressed onto a substrate to replicate the
patterns via mechanical deformation . There are two fundamental types of process: thermal NIL
8 and UV NIL. Currently, the most widely used is UV NIL in which the substrate is coated on the
surface with a photosensitive organic polymer (photoresist) and exposed to UV light through a
mask containing a specific pattern ® (Fig. 1.3). This technique can be used to produce a wide range
of patterns in the nanometer range with high resolution. However, it is an expensive process that
requires clean rooms and expensive equipment.

- Rapid prototyping (RP) techniques are used to rapidly fabricate 3D components by deposition. RP
is an additive process that is built up in layers step by step until the desired geometry is achieved.
It consists of two steps: a virtual phase where the physical model is developed using 3D Computer
Aided Design (CAD) #. Then, this model is cut into very thin layers (0.01 to 0.07 mm thick) and the
manufacturing team uses this geometric data to build each layer in turn by adding and merging
with the previous layer (Fig. 1.3). The main advantage is that the manufacturing process is very
controlled. However, it is a long process that release high temperatures and toxic gases.
Additionally, production of micro-scale features on the XY-plane is not straightforward. Another
additive technology is the photo-polymerization based technique, which uses the photosensitivity
of polymer resins to cure them and create 3D structures (Fig. 1.3). The major limitation is the

availability of the raw material.
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- Ultrashort-pulsed Laser Ablation is considered as universal tool for surface micro-structuring of a
wide range of materials, from metals to biopolymers. Depending on the laser configuration,
micro- and nano-scale structures can be produced on flat and 3D surfaces. The main advantage
of this technology corresponds to the onset of the “cold” ablation process, which turns solid into
plasma (material laser ablation), minimizing the thermal effects and without changing the
properties of the material. Laser ablation is the process in which material is removed from a
surface as a result of photo absorption. Laser photo absorption in polymers produces electronic
excitation that is converted to heat and bond cleavage. This phenomenon triggers the ablation of

85 |n

the polymer by two main mechanisms: photochemical and photothermal ablation
photochemical ablation, the covalent bonds in the polymer chain are broken by the incident
photons. Particularly, laser ablation of polymers with short wavelengths and ultrashort laser
pulses is considered an example of photochemical ablation process 8. While in the photothermal
ablation, the incident energy is transfer to the lattice following a thermalization process (heat
transfer), resulting in polymer bond breaking ® (Fig. 1.3). The decomposition mechanisms of
polymers under laser ablation depends on their method of synthesis 2. In 2001, Serafetinides et
al. reported that ultra-short laser pulses, such as picosecond and femtosecond pulses offer more
advantages in terms of surface quality than the use of nanosecond and microsecond laser pulses.
The main advantage is that the energy loss is minimized resulting in a high precision patterning
without thermal damage of the surroundings . In this context, it is worth to note the previous
works of our group where picosecond laser micromachining technology were applied to poly-L-
lactide (PLLA) (a biopolymer) to generate different microstructures (microgrooves and
microcavities) that control cell growth and regeneration 868992 |n those studies, the effects of

laser wavelength, energy, and material microstructure were analyzed in detail, which provides a

solid knowledge for further studies %2 including our own work.
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Figure 1.3. Fabrication techniques of
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nonspecific interactions and trigger the nucleation event 2. Nevertheless, the mechanisms underlying this
process still remain poorly understood. In the case of protein crystals, essentially two main theories have

been proposed (Fig. 1.4):

(i) The first one, known as the Classical Nucleation Theory (CNT), assumes that fluctuations in the
concentration within the protein solution result in the formation of small crystalline clusters that grow
until they reach a critical size that makes the cluster stable (Fig. 1.4). The higher the saturation level, the
smaller the clusters size is, and the higher is their number. Oppositely, low saturation levels favor the
formation of fewer, larger clusters. Once formed, these critical nuclei keep adding individual molecules

little by little until they become large crystals.

(ii) The second nucleation theory is known as the "("Two-step nucleation model") and proposes that

97—

nucleation takes place in two well-differentiated steps 97719, The first step consists in the formation of a
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highly dense drop in which protein concentration is significantly higher than in the rest of the droplet. This
step is limitant and is followed by a second step in which the crystal nuclei are born within this dense drop
and grow to form a large crystal. Based on this theory, several authors have suggested that the
heterogeneous agents do not neccesarily act by decreasing the nucleation energy barrier, but increasing
protein concentration locally by adsorbing the protein molecules in the cavities and pores of their surface
103,102 The jncrease in local concentration leads to the formation of tiny crystalline clusters that
subsequently evolve into crystal nuclei that finally become large crystals (Fig. 1.4). The general idea behind
this model is the formation of intermediate stages (clusters), which conceptually are equivalent to the
reaction intermediates characteristic of an enzymatic reaction. An important aspect of the Two-steps
theory is that it predicts the nucleation rate more realistically, and explains more convincingly the

formation of crystalline nuclei from a liquid solution.

Protein in solution Molecular Critical size Single Crystal

clusters nuclei

Protein in solution (1) Dense liquid (2) Critical size Single Crystal
droplet nuclei

Figure 1.4. Main mechanisms proposed for protein crystallization. (A) Classical Nucleation Theory (CNT), postulates
the formation of molecular clusters by fluctuations in the protein concentration within the droplet. These clusters
reach a critical size and become stable (critical nuclei) and then grow to become a large crystal. (B) The "Two-Steps
mechanism", proposes two well-differentiated steps consisting in (1) formation of a dense liquid drop where protein
is highly concentrated and (2) the formation of critical nuclei within the dense drop that subsequently grow little by
little adding individual protein molecules, thus becoming a large crystal.
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1.2. HYPOTHESIS AND OBJECTIVES

The research developed in this chapter is based on the following hypothesis:

- Protein crystallization requires the formation of critical nuclei that subsequently grow little by
little adding individual protein molecules, until a large crystal is formed. The nucleation process
needs to overcome an energy barrier.

- Some materials known as heteronucleants may decrease such energy requirements.

- Surfaces containing micro- and submicrometric cavities, can promoted nucleation.

- Plastic polymers are ductile inert materials that can be easily molded, generating rough surfaces
with micro- and submicrometric patterns, thus offering an excellent opportunity to developed

new heteronucleants.
The chapter | of the present doctoral thesis focuses on the following objectives:

1. Design and development of multi-scaled dimensional patterns on two well-known thermoplastics:

Polycarbonate (PC) and Polysulfone (PSU).

2. Correlation between manufacturing technologies selected (Nanoimprint Lithography and
ultrashort pulsed laser ablation) and pattern quality based on microscopic characterization

methods.

3. Correlation between pattern designs, materials, manufacturing technologies and crystallization
outcomes considering different proteins. In this context, the polymer film must be adapted to the
experimental requirements of the technique without losing the surface quality and the precision

of the microstructures and promoting the crystallization of macromolecules.

4. Determination of design rules for the manufacturing of patterned polymeric heteronucleants that

promote the crystallization of proteins of different nature.

5. Application of the developed technology in crystallization and determination of the three-

dimensional structure of at least one protein of biomedical interest.
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1.3. MATERIALS AND METHODS

1.3.1. Proteins expression and purification

1.3.1.1. HsCNNM4s;s.730

The CNNM4 construct containing the cNMP domain (Homo sapiens) includes residues 545 -730 and
discards the last 45 residues of the protein, which belong to the potentially unstructured region. The
construct was cloned into the pHis-parallel2 vector contributing a six-histidine tail at the N-terminal end,
followed by a TEV protease recognition sequence using the same protocol described in 1%, The vector
containing the protein of interest was transformed by heat shock using the competent E. coli BL21 (DE3)
cell strain (Thermofisher). 10 ng of the vector was mixed with 50 uL of competent bacteria and the mixture
was kept on ice for 30 minutes. The cells were then heat shocked at 315K for 42 seconds and then placed
on ice for 2 minutes. Then, 500 uL of the medium previously tempered to 310K was added to Luria-Bertani
(LB). Cells were shaken for 1 hour at 310K in an Excella E24R incubator (New Brunswick Scientific) and
then centrifuged at 18 000 g for 1 minute in a Microfuge 22R centrifuge (Beckman Coulter) at 277K. The
supernatant was discarded and the pellet containing the bacteria was seeded onto a LB agar plate
containing 100 ug mL™* ampicillin. The plates were incubated overnight at 310K in an oven. The next day,
a pre-inoculum was prepared from a colony grown on the plate and allowed to grow overnight in 150 mL
LB containing 100 ug mL™* ampicillin at 310K with agitation. The pre-inoculum was then used to grow the
protein on a large scale. For this purpose, 20 mL of the pre-inoculum was added per 2L of the previously
autoclaved LB medium with a final concentration of 100 pg mL™* ampicillin. Cultures were allowed to grow
at 310K until an approximate optical density (ODsoo) of 0.8 was reached as measured by a WPA Biowave
C=8000 cell Density Metre spectrophotometer. Cultures were induced by addition of isopropyl-B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. The bacteria were allowed to grow
overnight (O/N) at 293K. The next day, cultures were centrifuged in an Avanti J-26 XP centrifuge (Beckman
Coulter) at 277K, 5053g for 20 minutes. The supernatant was discarded and the pellet was frozen at a

temperature of 253K.

Protein purification started with bacterial lysis, in which the pellet was resuspended in lysis buffer (50
mM Tris pH 8, 300 mM NaCl, 1 mM dithiothreitol (DTT), 1 mM benzamidine, 0.1 mM
Phenylmethylsulfonium Fluoride (PMSF), DNAse). After dissolution in the lysis buffer, the bacteria were

sonicated with a Sonics Vibracell VCX500 Sonicator for 10 cycles of 15sec and 60% amplitude, always
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cooling the lysate at 277K. Then, the cell lysate was clarified by ultracentrifugation at 186 009 g for 1 hour
in an Optima L-90K ultracentrifuge (Beckman Coulter) with a 45Ti rotor (Beckman Coulter). The
supernatant was recovered and loaded to immobilized nickel (Ni%**) affinity chromatography (IMAC) using
a His Trap HP 5 (Cytiva) connected to an AKTA-FPLC system previously equilibrated with 10 column
volumes (CV) of buffer 50 mM Tris pH 8, 300 mM NaCl, 50 mM imidazole and 1 mM DTT, at 277K. The
protein was eluted by applying a 20 CV gradient of elution buffer containing 50 mM Tris pH 8, 300 mM
NaCl, 300 mM imidazole and 1 mM DTT. The presence of CNNM4yvp was confirmed by SDS -PAGE (Section
1.3.2.1.). The construct was designed with a six-histidine tail at the N-terminal end and a TEV protease
recognition site was inserted into the vector. To remove the histidine tail from the protein, 1 mg of TEV
protease was used per 30 mg of target protein and dialyzed overnight at 277K against a buffer containing
50 mM Tris pH 8, 150 mM NaCl and 1 mM DTT. The next day, the protein was eluted in a second affinity
chromatography equilibrated with 50 mM Tris pH 8, 300 mM NaCl, 50 mM imidazole and 1 mM DTT to
separate CNNM4nwe from the 6xHis tail proteolyzed by the TEV protease, which also contains a six-
histidine tail. The volume of protein-containing solution that was not retained in the nickel column
stationary phase was concentrated to approximately 2 mL by centrifugation at 3901g using an Amicon
Ultra-15 10K (Milipore). The concentrated solution containing the target protein was injected onto a
HiLoad 16/60 Superdex-75 molecular exclusion column (Cytiva) previously equilibrated in 20 mM HEPES
pH 7.4, 200 mM NaCl and 1 mM DTT. Protein was eluted isocratically with a flow rate of 0.3 mLmin*at 1
CV. The presence and purity of CNNM4we was confirmed by SDS -PAGE and mass spectrometry. The
purest fractions were selected for concentration on Amicon Ultra-15 10K and left at a concentration of 25

mg mL1.

1.3.1.2. HsCBSA516-525

The cystathionine-B-synthase from human construct containing a deletion in region 516-525 was

104 containing a six-histidine tail at the

cloned into the pET28 vector according to the protocol described in
C-terminal end of the protein. The protein vector of interest was transformed into BL21- GOLD competent
cells (DE3) according to the protocol described in previously section 1.3.1.1. A colony was grown with 150
mL LB containing 50 ug mL?! kanamycin at 310K overnight. The culture was inoculated in four 5L
Erlenmeyer flask (20 mL of inoculum were added in each flask) containing 2L of LB supplemented 0.1 mM
ferric chloride (FeCls), 0.0025% pyridoxine-HCl, 0.001% thiamine-HCIl, 0.3 mM &-aminolevulinic acid and

50 ug mL? kanamycin. Cultures were allowed to grow at 310 K until ODego of approximately 0.8 was

reached, then they were induced with 0.5 mM IPTG and shaken overnight at 310K.
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The pellet obtained by centrifugation of the cultures was placed in lysis buffer (50 mM Tris pH 8, 300
mM NaCl, 50 mM imidazole, 1 mM TCEP (tris (2-carboxyethyl)phosphine), 0.1 mM PMSF, 100x Triton (1x), 1
mM benzamidine and DNAse) and sonicated, keeping the sample on ice, following the same protocol as
in section 1.3.1.1. Thereupon, the sample was ultracentrifuged at 186 009 g for 1 hour in an Optima L-90K
ultracentrifuge (Beckman Coulter) with a 45Ti rotor (Beckman Coulter). The supernatant was injected onto
a 5 mL HisTrap HP affinity column containing immobilized nickel (Ni**) (IMAC), taking advantage of the
presence of a histidine tail previously equilibrated with10 CV of 50 mM Tris pH 8 buffer, 300 mM NaCl, 50
mM imidazole and 1 mM TCEP. Protein was eluted by applying a 20 CV gradient and using 50 mM Tris pH
8, 300 mM NacCl, 300 mM imidazole, and 1 mM TCEP buffer. The presence of HsCBSA516-525 was
confirmed by SDS-PAGE.

Fractions containing the protein of interest were pooled and injected onto a HiTrap Q HP anion
exchange column (Cytiva) previously equilibrated with 10 CV of 50 mM HEPES pH 7.5 and 1mM TCEP and
connected to an AKTA-FPLC at 277K. Impurities were removed while protein was retained on the column,
the latter was eluted with buffer containing 50 mM HEPES pH 7.5, 1M NaCl and 1mM TCEP. The presence
of HsCBS was confirmed by SDS-PAGE. The protein was concentrated to 10 mL using Amicon Ultra-15 10K
to prevent protein precipitation. Three Hiload 16/600 Superdex-200 (Cytiva) molecular exclusion
chromatographies were performed, previously equilibrated in 20 mM HEPES pH 7.4, 200 mM NaCl and 1
mM TCEP, and an isocratic flow rate of 1 CV at 0.3 mL min’* was maintained. The presence of the protein
of interest was confirmed by SDS -PAGE followed by mass spectrometry. The purest fractions were
selected and concentrated to a concentration of 15 mg mL? using Amicon Ultra-15 30K. Aliquots were

frozen by immersion in liquid nitrogen and stored at 193K.

1.3.1.3. MJ1004

The amplified DNA encoding MJ1004 protein was cloned into the pET101/D- TOPO vector (Invitrogen)
and transformed into the Rosetta strain according to the protocol in section 1.3.1.1. The starter cultures
were grown at 310K overnight in a flask containing 150 mL of LB supplemented with 100 ug mL* ampicillin
and 25 pg mL? chloramphenicol. The protein growth was scaled up to 12L of LB distributed in six
Erlenmeyer flask. Each flask contains 2L LB medium, 20 mL of starter culture, 100 ug mL* ampicillin and

25 pg mL? chloramphenicol.
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Purification was performed in the following steps: 1) Bacterial lysate; the pellet was resuspended in a
buffer containing 50 mM HEPES pH 7, 1 mM TCEP, 0.1 mM PMSF, 1 mM benzamidine and DNAsase and
then sonicated, keeping the sample at 277K to avoid overheating the sample, following the same protocol
as in section 1.3.1.1. The mixture was ultracentrifuged at 186 009 g for 1 hour at 277K using a 45 Ti rotor.
2) Anion exchange chromatography: the supernatant was injected onto a 5 mL HiTrap SP HP column
previously equilibrated with 50 mM HEPES pH 7 and 1 mM TCEP buffer. Subsequently, the protein was
eluted by applying a 20 CV gradient of buffer with 50 mM HEPES pH 7, 1 mM TCEP and 1M NaCl. The
presence of the protein of interest was confirmed by SDS -PAGE followed by mass spectrometric analysis.
Fractions were pooled and concentrated using an Amicon Ultra-10K. 3) Heat shock; since this is a
hyperthermophilic protein, we heated the sample at 348K and centrifuge at 18 000g for 5 minutes.
Impurities precipitated at the bottom of the Eppendorf and we removed the supernatant containing the
target protein. 4) Molecular exclusion chromatography Hi Load 16/60 Superdex-75 (Ge Healthcare). The
supernatant was filtered with a 0.22 um filter and injected into the gel filtration column previously
equilibrated with 50 mM HEPES pH 7, 200 mM NaCl and 1 mM TCEP. The sample was eluted isocratically
at 1 CV. The presence and purity of MJ1004 was confirmed by SDS -PAGE and mass spectrometric analysis.
The purest fractions were selected and concentrated using an Amicon Ultra-10K to a protein

concentration of 37 mg mL?. Subsequently, the protein was aliquoted and stored at 193K until use.

The suitable concentration for the crystallization assays of each protein was decided after evaluating
their solubility in testing solutions of the PCT Pre-crystallization Test from Hampton research
(https://hamptonresearch.com/product-PCT-Pre-Crystallization-Test-10.html). The final concentration of
the target proteins was 9.45 mg mL?, 13 mg mL and 37 mg mL?, for HSCNNM44s.730, HsSCBSA516-525 and
MJ1004 respectively.

1.3.2. Complementary techniques associated with protein purification

1.3.2.1. Protein electrophoresis

Analysis of the studied proteins in the different purification steps was confirmed by acrylamide gel
electrophoresis in presence of sodium dodecyl sulphate (SDS-PAGE). Depending on the protein to be
visualized, gels with a polyacrylamide percentage of 10 to 15% (w/v) were used. Samples were mixed with
Laemmli loading buffer 2x (Bio-Rad) which contains 126 mM Tris-HCI pH 6.8, 20% glycerol, 4% SDS and

0.02% bromophenol blue. 10mM of 2-mercaptoethanol was added into the samples. The samples were
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heated at 368 K during 5 minutes and centrifuged at 18 000 g at room temperature previously to be loaded
into the gel. Precision Plus Protein ™ All Blue Standards (BIO-RAD) was used as molecular weight marker.
Electrophoresis was performed at 200V with a standard running buffer (25 mM Tris, 190 mM glicine and

0.1% (w/v) SDS). Gels were stained with ProBlue Safe Stain@ (Giotto Biotech).

1.3.2.2. Determination of standard protein parameters

Standard protein parameters, such as the isoelectric point (pl), molecular weight (Mw), or extinction
coefficient (g280) (Table 1.1) were determined using the online available ExPASy Bioinformatic Resource

Portal (https://web.expasy.org/protparam/) 1%.

Table 1.1. Number of aminoacid residues, molecular weight (Mw), pl and £2s0 of the purified proteins

Protein # of amino acids Mw (Da) s] €250 (M1 cm )
C-HsCBSA516-525 548 60522.4 6.19 54430
CNNM4cnwe (545-730) 186 20900 9.01 17880
MJ1004 214 24584.97 9.01 25440
TgCBSA466-491 488 53057.05 6.21 42400
TgCGL 417 45926.62 6.36 30370
TgCGLN360S 417 45899.59 6.36 30370

1.3.2.3. Determination of protein concentration

Purified protein concentration was determined by Nanodrop. This method calculates the
concentration from the absorbance of the protein at 280 nm using its theoretical molar extinction
coefficient provided by the ProtParam tool ExPASy Portal (Table 1.1). The extinction coefficient in an
aqueous solution was calculated from aminoacids composition; number of tryptophanes (nwp), number

of tyrosines (ntyr) and number of cysteines (ncst) (Equation 1).

Eprot= (nTyr- eTyr) + (nTrp-ETrp) + (Ncst-Ecst) Equation 1

Where at 280 nm &7= 1490, 1p= 5500 and gcst= 125. The protein absorbance at 280 nm was measured

using a Nanodrop and the protein concentration was determined by the Lambert-Beer Law (Equation 2):

Absprot= Eprot. C. | Equation 2
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1.3.2.4. Sequence comparison

The amino acid sequence of CBSs and CGLs across different organisms and the comparison with other
members of the family of PLP dependent enzymes was done with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The graphic representation of sequence alignments was

done with Chimera %,

1.3.3. Protein crystallization

Taking into account the enormous difficulties encountered in previous studies to get the first positive
crystallization hits of the three selected proteins, and to reduce the cost and time of the experiments, we
focused our experimental approach on a commercial screen of solutions that yielded positive hits for the
three target molecules, and from which optimal conditions were further tuned. The protein crystallization
experiments were repeated three times for each of the model proteins and type of surface. All
experiments were performed on the same day, with the same solutions, and subjected to the same
external conditions. The crystallization scans were done using the PEG RX 1, 2 screen from Hampton
Research Corp (REFs HR2-082 and HR2-084). The selection of this commercial screen is based on previous
studies of our group showing that the buffered solutions are within the range of pH, precipitant and salt
concentrations that yield well-diffracting crystals for the three analyzed proteins 104107.108_ Crystallization
drops were setup using the sitting-drop vapor-diffusion technique in 96-well MRC crystallization plates
(Molecular Dimensions Ltd.). One prisma-shaped tablet of the corresponding surface (1000x500x200
micrometers) was placed manually in the seat of each plate with the help of fine-tip forceps. The
precipitant solutions were subsequently dispensed in the reservoirs with the help of a TECAN Freedom
EVo robot (Tecan Group Ltd.). Finally, 100 nL of protein solution at a fixed concentration were mixed with
100 nL of precipitant solution and placed in each well using a MOSQUITO liquid handling robot (TTP
Labtech Ltd.). The resulting 200 nL drops were equilibrated over a reservoir volume of 50 L at a constant
temperature of 291K and covered entirely the surface tablets. The trays were sealed with ClearVue Sheets
(Molecular Dimensions Ltd.). The presence of crystals was visually inspected using a MZ12.5 light

stereomicroscope (Leica).
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1.3.4. Manufacturing of patterned polycarbonate and polysulfone surfaces

Two high throughput manufacturing technologies: Thermal roll to roll nanoimprint lithography (T-
R2RNIL) and Laser Ablation (LA) were considered for producing surface patterns on polycarbonate (PC)
films (0.150 mm thickness) selected as substrate for protein crystallization. The PC film (Lexan 8010MC,
175 um thickness) was provided by PTMTEC and surface patterning was performed on both sides of the
film. T-R2RNIL process was carried out by a laboratory scale roll to roll imprinting machine, composed of
a thermal module (R2R100UV_T Table, PTMTEC Oy). The imprinting speed was set to 0.08 m/min while
temperature and pressure values were tuned to reach high-quality replication. Due to its Tg (around 150
°C), a temperature value and an imprinting force of 190°C and 5,000 N was applied, following the
manufacturing parameters considered in our previous work %, Laser Ablation (LA) of PC sheets was
carried out by means of a picosecond pulse Nd:YVO4 laser (RAPID: Lumera Laser), which is integrated in a
micromachining workstation by 3D-Micromac. LA was carried out considering a laser wavelength of 355
nm, pulse energy of 7 wJ, frequency of 250KHz and laser scanning feed rate of 600 mm/s. The principal
advantage of LA technology or “cold” ablation process, which turns solid into plasma, lies in minimizing
the thermal effects without changing the properties of the material. The extreme intensities and short

10111 3llows contactless and single step process, and

timescale at which ultrashort pulsed laser operate
it is not require an expensive vacuum equipment. Laser technology was also applied to cut the PC films

in the final dimensions used for the protein crystallization tests (1 x 0.5 mm?).

Four different pattern geometries were manufactured for this work, covering the submicro- and micro-
scale (see results section 1.4.1). In the case of T-R2RNIL, the pattern geometries of the nickel stamps (0.1
mm thickness) used for the replication process are the following: (i) Shark-skin (SS) (depth: 3 um, width:
2 um, pitch: 4 um) mold (provided by Sharklet Technologies [https.//www.sharklet.com/]; (ii) Hexagonally
ordered Moth-eye (ME) shaped holes (provided by NIL Technology ApS [https://www.nilt.com/]) of 350
nm depth and 250 nm pitch; (iii) Laser Grooves: A hierarchical groove-pattern (25 um width, 16 pm
interdistance and 8 um depth) was produced directly on the PC or the PSU substrate. This pattern

contained micro and submicro-scale features as it has been reported in previous studies 8912,
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1.3.5. Stamps antisticking treatment.

The nickel stamp was treated by oxygen plasma and immersed for 2 h in a solution of perfluoro-
octanephosphonate (Sigma-Aldrich) diluted in tert-Butyl methyl ether (tBME) (Sigma-Aldrich) to a
concentration of 10 mg mL™2. After that, the stamp was thoroughly rinsed with tBME and dried in a stream

of nitrogen.

1.3.6. Characterization of Surface patterns

Surface patterns on PC surfaces were characterized by scanning electron microscopy SEM (Karl Zeiss
XB1540, Jena, Germany), Atomic Force Microscopy AFM (Solver P-47 PRO, NT-MDT Spectrum

Instruments, Moscow, Russia) and confocal microscopy (Sensofar SNEOX, Barcelona, Spain).

1.3.7. Interfacial energy (Contact angle) of the engineered surfaces

A goniometer (SURFTENS Universal, OEG GmbH, Frankfurt, Germany) was used to characterize the
wettability properties of the patterned PC surfaces by measuring the contact angle (8) of a protein
crystallization solution (HsCBS protein) droplet of 5 uL. After 1 min of stabilizing, a digital camera was used

to record the shape of the droplet.
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1.4. RESULTS

1.4.1. Surface Patterning and characterization of polycarbonate (PC) and
polysulfone (PSU) heteronucleants.

In 2001, a pioneering work by Chayen et al. was first in bringing attention on the properties of porous
materials as nucleation-inducing agents 5. Since then, numerous studies have confirmed their findings
323857 However, the mechanisms underlying the heteronucleant-induced crystallization remain poorly
understood %. Some authors have postulated that hydrophobic and rough surfaces showing topographic
irregularities, facilitate the adsorption of molecules on their pores and crevices, thus favouring local

concentration increases that in turn promote clustering and crystal growth 4%-56:63,

Taking into account that thermoplastic polymers can be selected based on their optical transparency,
manufacturability and aging resistant to a variety of external factor such as pH, temperature and UV
radiation, we found reasonable to hypothesize that materials such as polycarbonate (PC) or polysulfone
(PSU) might be attractive cost-effective and inert heteronucleants suitable for the buffered conditions
commonly used in protein crystallization. PC is a durable transparent amorphous termoplastic known for
its high chemical and impact resistance and advantageous optical properties

(https://www.sciencedirect.com/topics/chemical-engineering/polycarbonate).

o n
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PSU shares many of the physicochemical properties of PC but shows a lower negative surface charge
magnitude and slightly higher glass transition temperature
(https://www.sciencedirect.com/topics/chemical-engineering/polysulfones) 3. To confirm our
hypothesis, we evaluated the effect of incorporating specifically designed patterned PC and PSU surfaces
in vapour diffusion crystallization experiments for three challenging proteins. The outcomes were
compared with parallel experiments obtained in (i) standard homogeneous conditions (absence of foreign
agents); (ii) the presence of smooth (unpatterned) PC and PSU surfaces; and (iii) with the commercially
available Naomi’s nucleant (NN, from now on) (www.moleculardimensions.com/products/nucleants-

seeding-and-phasing-kits), which corresponds with a porous bioglass ( shown in Fig. 1.5, F).
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PC films were patterned considering five different topography designs, baptized as Moth-eye (ME),
Shark-Skin (SK), Laser Ablated Grooves (LA), Ripples and Micropillars (Fig. 1.5, A to D). The manufacturing
technologies and protocols applied to the production of those surfaces are described in section 1.3.4.
While the ME and SK topography were manufactured via Nanolmprint Lithography (NIL) technique,
considering industrially available stamps and optimizing the replication process on the polymer surface,

the LA was directly patterned on the polymeric surface by considering the Laser Ablation technology.
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Figure 1.5. SEM characterization of PC patterned surfaces manufactured. (A) Moth-eye (ME); (B) Shark-Skin (SK);
(C) Ripples; (D) Micropillars; (E). Laser ablated grooves (LA); (F) Naomi’s Nucleant (NN).
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Before proceeding with crystallization experiments, we first characterized each of the patterned
surfaces in terms of light transparency, hand ability and wettability, evaluating their suitability for
standard vapour diffusion protein crystallization experiments. The main features we took into account
were: the transparency under optical magnification with white light, the birefringence of the surface, the
electrostatic properties in normal laboratory handling, the faculty to place with fine tweezers, and
wettability considering a specific protein solution. The transparency of a surface is crucial to be able to
evaluate the occurrence of crystalline nuclei when analyzing crystallization droplets under the
microscope. On the other hand, a birefringent surface under white light makes the identification of
possible microcrystals uncomfortable, due to the continuous emission of colored flashes when the
crystallization boxes are manipulated under the microscope. In addition, due to the millimeter size of the
droplets and tablets, a highly electrostatic surface also makes it very difficult to handle the tablets with
tweezers. The same applies to a surface that is too soft, that is deformed or altered in topology when
manipulated by the experimentalist. Finally, and due to the fact that crystallization is carried out by vapour
diffusion experiments, thus a controlled evaporation of water from a drop, the hydrophobicity of the

surface plays an important role in the evaporation rate, and consequently in the crystallization outcome.

The hydrophobicity of a particular surface can be measured in terms of its wettability, defined as the
ease of spreading of liquid on a surface. This ability is directly related to the intermolecular forces between
the phases in contact #11>, Typically, wettability can be estimated by contact angle measurements. The
contact angle () indicates the degree of wetting when a solid and liquid interact, and is defined as the
angle formed by the intersection of the liquid-solid interface and the liquid-vapor interface (geometrically
acquired by applying a tangent line from the contact point along the liquid-vapor interface in the droplet
profile) 1 (Fig. 1.6). A complete spreading ideally surface shows a 6= 0°. Good wetting, and incomplete
wetting occur at values of 6<90° and 6=90°, respectively. Thus, small contact angles (6<<90°) indicate
wetting favorable surfaces, where the drop spreads on over a large area. In contrast, large contact angles
(>90°) indicate incomplete wetting, where the liquid beads on the surface, so the fluid barely contacts
the surface. In the latter case the wetting of the surface is unfavorable so the fluid forms a compact liquid
droplet. In general, surfaces with 6< 90° are considered hydrophilic, while those with 6> 90° are typical

hydrophobic materials. Superhydrophobic surfaces show 6>> 150°, and nonwetting occurs at 6> 180°.
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Figure 1.6. Wettability of the surfaces. Contact angles (CA, 6) formed by liquid drops on the target surfaces were
lower than 120°, but in the unprinted smooth polycarbonate film, which shows a contact angle =75°. @ values < 90°
classify the films as hydrophilic. The liquid used to measure the values of contact angle was a protein solution of
HsCBSA516-525 (13 mg mL™) in 20 mM HEPES pH 7.4, 200 mM NaCl and 1mM TCEP.

Table 1.2. Contact angle of the imprinted surfaces.

Patterned surfaces Measure contact angle (°) Average contact angle (°)

107.5

Laser Ablated Grooves 104.5 102.9+5.7
96.6
70.6

PC unpatterned 77.5 76.3+53

80.9
108.5

Shark-Skin 105.8 108.3 +2.4
110.5
114.6

Moth-eye 111.1 111.3+3.2
108.1
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Two additional parameters used to describe the texture of a surface and its ability to interact with
other materials or fluids, are the Roughness (Sa) and the Aspect Ratio (AR). Any surface embodies a
complex shape made of a series of peaks and troughs of varying heights, depths, and spacings. Surface
roughness is defined as the shorter frequency of real surfaces relative to the troughs. Metrically,
roughness is typically considered to be the high-frequency, short-wavelength component of a measured
surface. Overall, roughness quantifies the deviations in the direction of a normal vector of the surface
from its ideal form. The surface is considered rough if these deviations are large, while the surface is

described as smooth if the deviations are small (Fig. 1.7).

On the other hand, the Aspect ratio (AR) of a solid surface is defined as the average ratio of the depth
to the width of its protuberances and cavities (considering a homogeneously patterned surface) and it is
related with topography (Fig. 1.7). The aspect ratio directly influences the wettability of the surface, and
consequently the shape of a liquid drop deposited on it ®>7, This is particularly important in protein
crystallization, as the kinetics of water evaporation from a drop in a vapour diffusion experiment directly

affects the nucleation event and the diffraction quality of the grown crystals.

width

— -

Arithmetical mean
height of a line (5a)

depth d
AR= —" epth
width P

Figure 1.7. Descriptive scheme of the measurements of roughness (Sa) and aspect ratio (AR). Line profile of a
hypothetical patterned surface showing the geometric parameters such as depth and width (used to calculate the
aspect ratio). The roughness of the tablet is represented with blue peaks, present along the whole surface. The region
framed in red represents the roughness measured at the bottom of a cavity and is calculated from the average of the
absolute heights values of the peaks. Note: roughness is determined by optical profilometry methods, corresponding
to an isolated area of the surface.
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Accordingly, and aimed to broaden the characterization of our surfaces, we measured their roughness
and aspect ratio (Table 1.3). The analysis confirmed the higher AR value was obtained for the SK
topography. It should be noted that the roughness values for Moth-eye and Shark-skin are the same as
PC unpatterned, because the same roughness values of this material and the stamp considered during the

NIL replication process.

Table 1.3. Roughness and aspect ratio values of the patterned and unpatterned PC surfaces.

Patterned surfaces Aspect ratio Roughness
ME 0.05 Sa=11.83 nm
SK 1.64 Sa=11.83 nm

LA 0.30 $a=0.10 um
PC unpatterned - Sa=11.83 nm

1.4.1.1. Moth-eye Surface (ME)

The Moth-eye topography (Fig. 1.5, A), whose name is bioinspired from nature by its resemblance with
the eyes of many insects, is a nanostructured repetitive array of cones (pillars) of different width and
depth that can be described in terms of a hexagonal unit cell with a- and b-axis dimensions equal to the
distance between the tip of two consecutive cones ("p" parameter in Fig. 1.8), and c-axis with the depth
of each cone ("d" parameter in Fig. 1.8). In the insects, such array of nanostructures is formed by 200-300
nm sized pillars and provides exceptional optical performance by reducing the reflection while
simultaneously enhancing night vision capability 8. The excellent antireflection optical properties
provided by this bio-mimetic pattern have contributed its widespread use for a wide variety of industrial
purposes. Among the most common applications are laser systems, photovoltaics, LEDs, display screens,
light emitting diodes (optic  fibers), solar cells and antireflecting coatings
(https://www.synopsys.com/photonic-solutions/product-applications/rsoft-optimization-

nanostructured-moth-eye.html) 1122,

Figure 1.8 shows the AFM (Atomic Force Microscopy)
characterization of the ME replication patterned on the PC surface. The peak to peak distance was
measured and reveals high x-y replicability, showing similar values than the ones provided by the NIL
stamp manufacturer (p=0.26+£0.022 um) (Note: in this type of topography the values of pitch and width
are identical, resulting in a w=0.26+0.022 um). However the patterning transfer capability in the z-axis is
very low (~4%: 12.64+1.04nm), which means that a proper optimization of the manufacturing process is

required to reach higher replication of the stamp topography. However, this optimization has not been

assessed in this work and the ME topography evaluated during the crystallization assays is the one
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presented in Figure 1.8. The hydrophobicity
(wettability) of the Moth-eye PC film, evaluated
by measuring the contact angle of a water drop
resting on the flat, horizontal surface, showed a
contact angle of 6=111.3 + 3.2 (Fig. 1.6), (Table
1.2), thus consistent with a hydrophobic surface.
Importantly, the transparency of the Moth-eye PC
surface under the white-light microscope was
suitable for both, sitting- and hanging-drop
vapour diffusion experiments (described in
section 1.4.2.). Electrostatic properties were also
considered appropriate for regular handling of

the tablets with tweezers.

Figure 1.8. Moth-eye patterning. (Up) SEM
characterization of the Moth-eye polycarbonate
surface. (Middle) AFM characterization (1.5x1.5 um?)
of Moth-eye patterned PC surface. (Bottom) Line
profile of selected region showing the geometrical
parameters of the replicated features: pitch (p)=
0.2610.022 um, width (w)= 0.26+0.022 um and depth
(d)=12.64+1.04 nm.
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1.4.1.2.  Shark-skin Surface (SK)

Shark-Skin terminology draws inspiration from the shape and pattern of the dermal denticles of
sharskin, which presents milllions of microscopic features arranged in a peculiar diamond pattern (Fig.
1.5, B). Industrially, shark — skin patterned films are commerciallized by Sharklet Technologies
(www.sharklet.com), being offered as an effective coating to prevent the formation of contaminating
bacterial biofilms. This surface solution is also resistant to fouling organisms in the water including algae
and barnacles. Structurally, this topography is made up of rhombic motifs (diamonds), divided inside by

longitudinal cavities perpendicular to the longest axis. Figure 1.9 shows the Scanning Electron and optical

comfocal microscopic characterizt’:ltion Of. the liiziiliizil—liizillli:i'['i
replicated SK topography on the PC films used in our ..lll.'.ll"‘.'ll..'lll“.'
study. Values of depth (d=3.18+0.05 pm), width ll.. I""ll'."'ll'.'lll'

sl tesci{ietfiesci{ie
quite similar to the nominal ones reported by the NIL ll..llll.lllll..'l""llll'

10m |
— WO = 32mm Mag= 100KX

(w=1.95+0.24 um) and pitch (p=3.9510.1um) are '

stamp manufacturer, which demonstrates the high

transfer capability (x-y-z) of the NIL technology when

EHT= 1.00kV Signal A= SE2

micro-scaled features are considered. Similarly to the
. .um
Moth-eye foil, the transparency and electrostatic 60 - -y B B
55 ‘“ l LA ' 4.5
properties were considered compatible with a 50 “ f‘ . 4.0
regular handling by the experimentalist. The Shark-

Skin film showed a contact angle of of 6=108.3 +2.4°

(Fig. 1.6), (Table 1.2), consistent with a hydrophobic

material.

Figure 1.9. Shark-Skin patterning. (Up) SEM image of SK.
(Middle) Confocal characterization of Shark-Skin 1 ‘ ; =
patterned PC surface. (Bottom) Line profile of selected 0 W(j P— | ‘
region showing the geometrical parameters of the 41 d‘\‘ [ \ | ‘ |
replicated features: pitch (p)= 3.95+0.1um, depth i “ ||
(d)=3.1840.05 um, width (w)= 1.95+0.24 um. i R B N G ,
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1.4.1.3. Ripples/Micropillars Surfaces

The next two PC imprinted surfaces that were evaluated as potential heteronucleants were baptized
as Ripples and Micropillars. Ripples, mimics a regular sequence of waves with crests 0.5 um in width,
separated by valleys of approximately the same distance and depth (Fig. 1.5, C and D). The second surface,
named as Micropillars, presented a hexagonal array of truncated-cones whose width ranged from 10 um
in the base to 5 um in the vortex, separated from each other by approximately 20 um. Prelliminary
crystallization tests led us discard these two patterns due to different reasons. Ripples resulted highly
opaque under the microscope once splitted in tablets, and thus impeded a user-friendly interpretation of
hanging-drop crystallization outcomes. On the other hand, Micropillars did not vyield significant
crystallization outcomes when compared with controls in all preliminary crystallization assays, likely due

to the lack of cavities in this imprinted film.

1.4.1.4. Laser Ablated Grooves (LA)

Based on the previous research works carried out by TEKNIKER in the field of cell-polymeric surface

8689-92 3 hierarchical (merging micro- and submicro-

interaction as a function of the surface topography
scale features) groove pattern was selected and manufactured on polymeric substrates (Fig. 1.5, E). Figure
1.10 shows the SEM and Confocal Microscopy characterization of the LA topography. As it was reported
in previous publications, the remelted material ejected from the inner groove was deposited on both, the
edges of the groove and the gaps between grooves. This effect contributes to the increment of the surface
roughness (Sa=0.1 um) compared to the one characteristic of the native (unpatterned) PC surface
(5a=0.012 um), that might be enhance protein adhesion, triggers their crystallization. Another
morphological aspect already reported in previous papers is the formation of micro-pores on the bottom
surface of the grooves %92, Based on the previous work as it was mentioned in the Introduction section,
these features might also contribute to enhance the protein crystallization events. Pitch, width and depth
values measured via confocal microscopy are indicated in the legend of the Figure 1.10. The wettability

performance of this LA pattern has not shown significant differences (contact angle of 6=102.9 + 5.7°)

(Fig. 1.6), (Table 1.2) compared to the one observed for ME and SK topographies.
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Figure 1.10. Laser Ablated patterning. (Up) SEM
image of LA pattern. Laser Ablation patterns on PC
are characterized by hierarchical surface
structures, showing micro- and submicro-scale
features. The selected laser pulse energy,
frequency and scanning feed rate led to pattern
dimensions are indicated underneath. The
presence of micropores is indicated by red arrow.
(Middle) Confocal characterization of Shark-Skin
patterned PC surface. (Bottom) Line profile of
selected region showing the geometrical
parameters of the pattern: pitch (p)= 39.8+0.27
um, depth (d)= 8.04+0.25 um, width (w)=

Lo A 3 A . 1 o
10um EHT = 0.800 kV Signal A= SE2 ™. :
— WD= 3.0 mm Mag= 1.20KX L T.e~kn,|kuer 245i’364 [Jm

1.4.1.5. Laser cutting of polymeric
tablets

Polycarbonate (and Polysulfone) tablets used
in the protein crystallization assays were
patterned at both sides of the foil and, after
that, small pieces (tablets from now on) were
cut into the final dimension (1x0.5x0.15 mm?)

by using the same laser ablation technology

that the one used for the production of the LA

patterns. Hence, the resulting polymeric

0 7
dJ LI i X ¥ L T 4 tablets contained two large opposite

0 10 20 30 40 50 60 70 80 90 100 110 wm imprinted faces, and four side edges lacking

any repetitive motif. However, far from being
flat and smooth, these lateral sides showed bumps of plastic debris generated by the laser cut, which

provide a non-negligible roughness, as well as high density of micropores.

Figure 1.11. and 1.12.C show the SEM image corresponding to the morphology of the laser cutting
ditch produced during the manufacturing of the polymeric tables. The images shown the inhomogeneity
on the surface topography of the crossed section as well as the presence of micropores (similar to the
ones observed in the LA patterning) on the whole surface (Fig. 1.11, B (up), corresponding to a zoom area
indicated in Fig. 1.11, B (bottom)). The optical confocal microscopy characterization reveals an abrupt
profile containing conical-shaped clefts between 1 and 10 um wide, and a depth between 50 and 400

nm, as shown in Figure 1.12 and 1.13. The surface roughness parameter corresponding to the whole cross
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section of the laser cutting ditch is Sa=1.83 um, around 10 times higher than the values measured for the

LA patterning and 100 times the values measured for the unpatterned PC.

SE2 2 Aug 2021

Scan Speed =6 Mag= 237 KX

Figure 1.11. SEM characterization of the laser cutting ditch on PC tables. (A) Electron micrograph from the side of
two tablets. (B, up) SEM characterization of the inhomogeneous region of the side, with the corresponding zoom
view (B, bottom) showing the presence of micropores.

A closer view further showed that the roughness is significantly higher at the edges. The rest of the
face appears basically flat (Fig. 1.12 and 1.13). As in the case of the LA pattern, the inhomogeneity on the
surface topography of these edges of the polymer tablet, the higher values of their surface roughness and

the presence of micropores might be contribute to enhance the protein crystallization events.
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Figure 1.12. Profile of
the tablet side face.
(A) Two different views
of the tablet side face
as seen by confocal
microscopy. The edges
"a" and "b" are colored
in blue and green,
respectively. The core
of the face (c) is in red.
(B) Representation of a
tablet indicating the
side face and its edges
coloured  with the
criteria shown above.
(C) SEM
characterization of the
edges “a”, “b” and “c”.

Figure 1.13. Profile of
the tablet side face at
a zone of the edge.
(Left, up) Section of
the side face and (left,
bottom) plot of its
transversal  profile.
(Right, up) Confocal
microscopy analysis of
the pink squared zone
“a”. (Right, bottom)
Zoom profile of the
zone “a”  green
framed on the right
and above.

1.4.2. Experimental handling of imprinted surfaces in vapour diffusion

crystallization assays.

Once the best candidate surfaces were selected, the next step was to adapt them for use in regular

vapour diffusion crystallization experiments (excellent reviews on crystallization techniques can be found

in 123124) For our purpose, two different strategies were followed:
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(i) For the hanging-drop technique, the heteronucleant foil was cut in circles that were subsequently
adhered to a commercial sheet prepared for automated dispensing of nanodroplets with a crystallization
robot (https://store.sptlabtech.com/shop/product/4150-05600-viewdrop-ii-tm-96-well-plate-seals-for-
hanging-drop-25-pack-114?category=93) (Fig. 1.14).

Hanging drop

Vv '.
Protein \/\
solution

Patterned
polymer

’>, 3 5 2 #

L o

Figure 1.14. Experimental handling of patterned polymeric surfaces in hanging-drop crystallization assays.

(i) For the sitting drop technique, we fragmented the patterned foils into tiny tablets that could be
deposited manually into the crystallization wells with the help of tweezers (Fig. 1.15). The size of the
tablets was set according to the final volume of the crystallization drop, estimated to be 250 nanoliters,
so that the tablet would be completely covered by the liquid dispensed automatically with the help of a
crystallization robot (Mosquito from STP-Labtech, https://www.sptlabtech.com/products/liquid-

handling/mosquito-crystal/).
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Sitting drop

\Protein

solution

—

Figure 1.15. Experimental handling of patterned polymeric surfaces in Sitting-drop crystallization assays.

1.4.3. Model proteins selected for the heterogeneous crystallization studies.

Three model proteins with different biological function, molecular weight, overall shape, surface
electrostatic charge distribution and domain architecture, were selected as targets for the crystallization
assays. All these molecules (Fig. 1.16) had posed an enormous challenge in past crystallization studies

104,108,125

under homogeneous conditions , and share the common feature of including a so-called Bateman

8 and others along the last decade %,

module, which has been widely studied by our laboratory
Importantly, PEG RX 1,2 is one of the most commonly used screen in the early steps of the crystallization
process,and so it was choosen for the evaluation of the imprinted surfaces. The proteins selected for our

study were:

(i) A truncated construct (HSCNNM4s4s.730) containing the cytoplasmic Bateman module of the human

magnesium transporter CNNM4 (residues 545-730; pl=6.41);

(i) An engineered construct of human cystathionine B-synthase lacking residues 516-525 (HsCBSA516-
525, pl=9.01); and finally

(iii) Full-length protein MJ1004 from the archaea Methanocaldocuccus jannaschii (pl=9.01).

The Cyclin and CBS domain divalent metal cation transport mediator-4 (CNNM4), also known as Cyclin

M4 or Ancient Domain Protein 4 (ACDP4), is the fourth member of the most recently identified proteins
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involved in magnesium cation (Mg?*) transport across the cell membranes. In humans, this family includes
four integral membrane proteins (CNNM- 1 to 4) that show a strong homology to CorC, a bacterial
magnesium/cobalt efflux protein ¥, The CNNMs show an expression pattern that varies significantly in
different organs (https://www.proteinatlas.org/search/CNNM) 103128125 Eqr example, CNNM1 is mostly
present in the brain and testis, while CNNM2 is detected in kidney and liver . CNNM3 is ubiquitous and
specially relevant in the heart **’. CNNM4 is predominant in the brain, bone marrow, immune system, and

very abundant in the intestinal tract '*7!%0, The actual function of CNNM proteins still remains

131-134

controversial CNNM4 is commonly considered as a basolateral Mg* extruder (likely a

Na*/Mg?* exchanger) in the renal and intestinal epithelia 133135,

Figure 1.16. Target
proteins used in the
crystallization assays.
Surface
representation of the
electrostatic potential
of each protein.
Negative and positive
charges are colored in
red and blue,
respectively. Neutral
zones are colored in
white. The three
proteins  exist as
dimers in solution and
in the crystals, whose
the cells parameters
and crystal packing
are indicated on the
right (the two
complementary
subunits of each
dimer are colored in
blue and orange,
respectively). The
approximate
dimensions of each
protein dimer, and of
their  crystals are
indicated.
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9& 4}‘ -'\"y a
T ﬁ{"‘iq 20° Ul/‘ -
T R Clj )

ey . x -
l o Y-
3 ;’J) &5:‘%:},"

55



Results Ch.l. Heterogeneous nucleants

128 5r homeostatic

However, some authors have alternatively proposed CNNMs as Mg?* sensors
regulatory factors 31136, Yet, the key roles of CNNMs in maintaining Mg?* homeostasis and in the
development of Mg*-related pathologies are undoubted. Mutations in CNNM2 or CNNM4 cause

128

recessively inherited dominant hypomagnesemia and renal Mg?* wasting or Jalili Syndrome,

respectively 3”743, Other disorders related to the altered activity of CNNMs include infertility 44145

1477150 3nd abnormal blood

impaired brain development % along with neuropsychiatric disorders
pressure levels 151, Importantly, CNNM4 is involved in cancer progression 33152 by associating with the
highly oncogenic phosphatases of the regenerating liver (PRLs) and by promoting intracellular

129152153 \jery recently, we have

Mg?* accumulation that favors tumor growth and metastasis
demonstrated that CNNM4 is overexpressed in non-alcoholic steatohepatitis (NASH) and promotes the
export of Mg?* from the liver. Importantly, the liver-specific silencing of Chnnm4 ameliorates NASH by
reducing endoplasmic reticulum stress and promoting the activity of microsomal triglyceride transfer

protein, highlighting CNNM4 as an attractive therapeutic target >,

Cystathionine B-synthase (CBS), is the first enzyme of the reverse transsulfuration pathway, a
metabolic pathway coupled to the methionine- and the folates- cycles, that allows the conversion of the
essential amino acid methionine into L-cysteine (from now referred as cysteine), glutathione and other
relevant molecules involved in maintaining the cellular redox balance. In mammals, this route represents
the sole source of cysteine. An impaired CBS activity due to missence mutations in its amino acid
sequence, results in classical homocystinuria (OMIM 236200), a rare, autosomal recessive inherited
disorder that manifests clinically with cardiovascular, ocular and connective tissue disorders %5, If
untreated, classical homocystinuria can result in premature death caused by stroke or other
thromboembolic events. On the other hand, hyperhomocysteinemia and abnormal levels of H,S caused
by an altered CBS activity, are also linked with liver diseases, including nonalcoholic steatohepatitis
(NASH), cirrhosis or hepatocellular carcinoma (HCC) . Several types of cancers have also been linked to
a deficient activity of the CBS enzyme 7, as well as cognitive disorders that include Alzheimer disease and
Schizophrenia %8 The CBS enzyme, the transsulfuration pathway and the construct HsCBSA516-525 are

described in detail in Chapter Il of this Tesis, and in references 89:15%-161,

Finally, protein MJ1004 (UniProtKB/Swiss-Prot entry Q58410), is encoded by gene mj1004 of the
archaeon Methanocaldococcus jannaschii, and consists of a polypeptide chain of 214 amino acids with a

molecular mass of 24 585 Da. Its sequence is formed by a CBS-domain pair (CBS1, residues 7-65; CBS2,
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residues 69-129), an unknown region (residues 123—181) and a putative transmembrane region (residues

182-204) as predicted using TMHMM?2 (http://smart.embl-

heidelberg.de/help/smart_glossary.shtmi#TMHMM). MJ1004 is currently annotated as an
uncharacterized hypothetical protein, whose crystallization conditions were reported in 2011 by
Martinez-Cruz’s laboratory 1. The crystal structure was elucidated by our laboratory and deposited in

the protein databank under accession number 6H1W.

1.4.4. Crystallization assays in the presence of heteronucleants

Crystallization assays were setup at 291K in 96 well plates, following standard vapor diffusion methods.
The experiments were done in triplicate and monitored along three weeks, after which they were
considered finished. The imprinted surfaces were setup manually, before well solutions were added
automatically with the help of a nanodispenser (Mosquito (STP LabTech). To avoid unnecesary delays in
the assesment of results, we used a same set of buffered solutions in which the three target proteins
could yield a certain percentage of crystals. We chose the commercial Screen PEG RX 1,2 from Hampton
research (codes HR2-082, HR2-084, Hampton Research) which includes 96 aqueous solutions buffered at
pH from 4 to 9, containing polyethylenglycols of molecular weight from 400 — 20,000 Da as precipitant

agent (the concrete conditions per well are detailed in Fig. 1.17).
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Figure 1.17. Hampton Research Screen PEGRX1,2 . Distribution of PEGs and pHs in the 96-well plate.

A preliminary round of experiments using both, the hanging-drop and the sitting-drop approaches, led
us conclude that outcomes from either technique barely differed from each other. However, visualization
of the drops under the microscope was significantly poorer when using the hanging-drop approach. This
fact, added to the significantly higher cost of the commercial adhesive tablets required for the hanging-

drop setting (Fig. 1.14), as well as the longer time required to setup the experiments, led us discard this
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latter technique for subsequent setups. Parallel experiments using the Naomi’s nucleant (NN), a
commercially available mesoporous agent fabricated at the nanometric scale, were also carried out for
comparison. Buffered solutions of the mother liquor lacking any protein were used as negative controls
to discard false positives, cause c.a by salt crystals. The overall results obtained are summarized in Figs.

1.18A and 1.18B.

To evaluate the nucleation effectivity of the different surfaces, we opted for a binary notation
(positive/negative) in which the appearance of protein crystalline material (CCM) 8, either as primary or
as secondary nuclei, was assigned as a positive hit in the corresponding drops. Neither the habit (large
crystals, microcrystals, needles, spherules or microcrystalline clusters) nor the quality of the crystals were
taken into account in the positive assignments. On the contrary, drops lacking CCMs or yielding salt

crystals, were recorded as a negative result.
Within the positive hits, three different scenarios were envisaged:
(1) Formation of CCMs in absence of heteronucleant (homogenous nucleation).
(2) Formation of CCMs in presence of the unpatterned surface (heterogeneous nucleation).
(3) Formation of CCMs in presence of a patterned surface (ME, SK, LA)
(4) Formation of CCMs in the presence bioglass NN.

Taking into account the reluctancy of the target proteins to crystallize, an important aspect to assess
the results was to make an estimation of the degree of reproducibility in the formation of crystals in each
of the drops of the 96-well plate. In other words, what percentage of success was to be expected in each
of the drops in homogeneous and in heterogeneous conditions for each of the proteins. To determine
this, we performed triplicates of the PEGRX1,2 screen, and scored the results based on the
positivity/negativity criteria described above (Figs. 1.18A and 1.18B). As expected, the three proteins
yielded crystals in several drops of the plate in the absence of heteronucleant (blue and green squares in
Fig. 1.18A), thus confirming the PEG RX 1,2 screen as a suitable experimental framework. Importantly, we
found that in homogeneous conditions, the number of new positive hits decreased in approximately 40%
in each replicate, reaching only a 20% success rate at best after three trials. Based on these findings, we
estimated that a formation of CCMs at least one time in a particular drop along the triplicate was a

reasonable assessment to consider a certain condition (drop) as a positive hit.
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Figure 1.18A. Sitting-drop crystallization outcomes in the presence of the selected heteronucleants. The figure
summarizes those wells that yielded CCMs in at least one time in the triplicate experiment. The screen used is the
PEGRX1,2 screen from Hampton Research. Blue squares indicate CCM growth only in the absence of heteronucleant;
Green squares indicate CCM grown both, in the absence of heteronucleant and also in the presence of the
corresponding PC-surface. Red boxes indicate CCM growth only in the presence of the corresponding PC-surface.
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Figure 1.18B. Sitting-drop crystallization outcomes in the presence of the selective heteronucleants. The figure
summarizes those wells that yielded CCMs at least two times in the same conditions of crystallization in the triplicate
experiment. The screen used is the PEGRX1,2 screen from Hampton Research. Blue squares indicate CCM growth only
in the absence of heteronucleant; Green squares indicate CCM grown both, in the absence of heteronucleant and
also in the presence of the corresponding PC-surface. Red boxes indicate CCM growth only in the presence of the
corresponding PC-surface. Positive drops that yielded CCMs the three times in the triplicate experiment in
homogenous conditions, or in the presence of a surface, are indicated with an asterisk and a cross, respectively.
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The previous analysis (Fig. 1.18A) suggested SK as the most efficient surface in HSCNNM4s4s.730 and
HsCBSA516-525, with a number of unique conditions against the control of 10 and 13, respectively (red
squares, Fig 1.18A). Unexpectedly, the PC-unpatterned surface also increased the number of unique
crystallization conditions (Fig. 1.19). This fact is related to both the material composition (polymer nature)
and the surface characteristics of the laser cutting edge of the tablet. In order to isolate the effect of the
surface pattern and the tablet edge on protein crystallization, we analyzed the number of unique CCMs
conditions obtained with each patterned surface vs (i) controls (no tablet added), (ii) vs the PC-
unpatterned tablets, and (iii) vs the control+PC-unpatterned surface (Fig. 1.19). The first of these values
reflects the contribution of both, the patterning + the laser cut in nucleation versus the controls. The
second, mostly reflects how a particular pattern (c.a SK, ME or LA) affects crystallization considering the
unpatterned surface as a control. Finally, the third value shows the benefits of using each particular
patterning (c.a SK, ME or LA) in a scenario where the “controls” are both, the unpatterned surface and

the particular solution without any heteronucleant added.

Figure 1.19. Unique

HsCNNM4s,s 73, == e H5CBSus16-525 crystallization
$ . i $ 5 = =5 . conditions  obtained
E’ 29 — — § ‘—‘ = 11 ;2 for PC patter.ned
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g £ * g protein with a
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g ; ===2 = 3 in black crosses and vs

* £ PC-unpatterned  and

= y = 5 - control (grey
diamonds.

Next, we wanted to evaluate the effect of a change in surface charge density on the nucleation process.
For this purpose, we produced laser patterned polysulfone (PSU) films and compared the results with
those obtained with polycarbonate tablets. The two patterns selected for this study were (i) Unpatterned
PSU, and (ii) Laser Ablation grooves tablets (PSU-LA). Similarly to the PC approach, the PSU tablets were
fragmented in small tablets suitable for the sitting-drops setups. The results are summarized in Figs 1.20A

and 1.20B.

61



Results Ch.l. Heterogeneous nucleants

CNNM4 PC unpatterned (9/12/8) HsCBS PC unpatterned (12/7/12)
A
B
C
D
E
F
G
H
CNNM4 PSU unpatterned (15/6/6) HsCBS PSU unpatterned (17/2/2)
1 2 3 4 5 6 7 8 9 10 11 12
A
B
C
D
E
F
G
H
CNNM4 Laser ablation PC (11/10/8) HsCBS Laser ablation PC {(11/8/9)
1 2 3 4 5 6 7 8 9 10 12

T Mmoo nNn o>

CNNM4 Laser ablation PSU (10/11/10) HsCBS Laser ablation PSU (14/5/3)

1 2 3 4 5 6 7 8 9 10 11 12

-
N
w

4 5 6 7 8 9 10

(o™

z|la|n|[m|lo|n|e|»
mlo| N o>

I Crystallization conditions in only control group
B Crystallization conditions in both control group and each patterned surfaces
B Crystallization conditions in only patterned surfaces

Figure 1.20A. Sitting-drop crystallization outcomes obtained in the presence of PC and PSU surfaces. The figure
summarizes those wells that yielded CCMs at least one time in the triplicate experiment. The screen used is the
PEGRX1,2 screen from Hampton Research. Blue squares indicate CCM growth only in the absence of heteronucleant;
Green squares indicate CCM grown both, in the absence of heteronucleant and also in the presence of the
corresponding PC-surface. Red boxes indicate CCM growth only in the presence of the corresponding PC-surface.
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Figure 1.20B. Sitting-drop crystallization outcomes obtained in the presence of PC and PSU surfaces. The figure
summarizes those wells that have yielded CCMs at least two times in the triplicate experiment. The screen used is the
PEGRX1,2 screen from Hampton Research. Blue squares indicate CCM growth only in the absence of heteronucleant;
Green squares indicate CCM grown both, in the absence of heteronucleant and also in the presence of the
corresponding PC-surface. Red boxes indicate CCM growth only in the presence of the corresponding PC-
surface.Positive drops that yielded CCMs the three times in the triplicate experiment in homogenous conditions, or in
the presence of a surface, are indicated with an asterisk and a cross, respectively.
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As previously described for the PC surfaces, we aimed to isolate the effect of the surface pattern and
of the tablet edge on protein crystallization, analyzing the number of uniqgue CCMs conditions obtained
with the LA patterned surface vs (i) controls (no tablet added), (ii) vs the PSU-unpatterned tablets, and (iii)
vs the control+PSU-unpatterned surface (Fig. 1.21). As a reminder, the orange circles show the effects of
the patterning LA and the laser cut at the tablet edges vs the control. The black crosses indicate the effect
of the LA pattern, independently of the effect of laser cut. Finally, the grey diamonds reflect the advantage
of using LA pattern in a situation where the control are both, the homogeneous crystallization and the

unpatterned surface.

HsCNNM4. < 430 HsCBS,s16.525
12 X 12 12 ® vscontrol
X ysPSU unpatterned
i 10 ® 10 i 10 “ vs controland PSU unpatterned
5 8 5 8 X 8
) &)
g 6 6 % 6
g 5 g
D 4 D 3
°
2 2 3 2
o LA-PSU PSU unpatterned 3 LA-PSU PSU unpatterned

Figure 1.21. Unique crystallization conditions obtained for PSU patterned surface. The number of unique conditions
obtained for a protein with LA patterning vs the control are shown in orange circles (corresponding to the red squares
in Fig. 20A), vs the PSU-unpatterned in black crosses and vs PSU-unpatterned and control in grey diamonds.

Interestingly, in some cases we observed both, primary (originated on the surface) and secondary
(arisen at any other location of the droplet) nucleation (Fig. 1.22), for both patterned and unpatterned

tablet and regardless of the polymeric material employed (PC or PSU).
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Figure 1.22. Primary and Secondary crystals obtained with PC surfaces. Crystals of HsCBSA516-525 (A, D) and
HsCNNM4s4s5.730 (B, C) in drops containing imprinted surfaces. LA=Laser Ablated Grooves; SK= Shark-skin. All
experiments were carried out by using by sitting-drop vapour diffusion methods.

Once carefully curated tables of "positive hits" were decided upon (results recovered in Figs. 1.18A,
1.19, 1.20A and 1.21), we proceeded to evaluate the results obtained with the corresponding patterned

surfaces (heterogeneous conditions). Our main findings were:

(i) First, we found that all imprinted surfaces (ME, SK and LA) promoted unique crystallization

hits, i.e growth of CCMs only took place in the presence of a particular patterned surface and
for a concrete protein (red squares in Fig. 1.18A and orange circles in Fig. 1.19). These findings
proved that each different pattern had a specific positive effect on nuclei formation. In our

case, the most efficient surface was SK, which yielded the higher percentage of unique
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(ii)

(iii)

(iv)

(vi)
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conditions obtained from the whole set of surfaces, in two of the three proteins (HSCNNM4s,s.

730 and HsCBSA516-525) (Figs. 1.18A and 1.19).

We also observed that the unpatterned PC surface not only promoted crystal growth, but

intriguingly yielded a significant number of unique conditions (red squares in Figs. 1.18A and

orange circles in Fig. 1.19) with respect to controls (8, 12 and 4, that represented an increment
of 38%, 63% and 57% in the number of positive hits obtained in the control group for
HsCNNM4s4s5.730, HSCBSA516-525 and MJ1004, respectively). A priori, this success was not

attributable to any patterning.

SK is the most successfully topography to promote protein crystallization. As shown in Fig.

1.19, SK is the most efficient surface to favor nucleation both for proteins HSCNNM4s4s.730 and
HsCBSA516-525. The benefits of using this particular pattern design has been demonstrated
by comparing the CCMs vs the control and the unpatterned surface. In contrast, protein

MJ1004 behaves poorly than the other two proteins.

Notably, protein MJ1004 tends to crystallize in reservoir solutions containing 10-20%
ethanol. However, the heteronucleants promoted new crystallization hits under conditions

without alcoholic derivatives (c.a. A3, A6, C6, F1 or H8) (Figs. 1.18A and 1.19).

The surface charge of the polymeric material appears to have an effect on crystallization. As
shown in Figs. 1.20A and 1.21, PSU has a dramatic effect on promoting new crystallization
hits in HsCBSA516-525 (further details in section 1.4.4.2.). However, in HSCNNM4 the number
of positive hits is similar to those obtained with PC surfaces. Importantly, the LA topography
promotes crystallization for proteins HSCNNM4s45.730 and HsCBSA516-525. As shown in Fig.
1.21, the advantages of using this pattern have been demonstrated by comparing the CCMs

vs the PSU unpatterned surface (black crosses Fig. 1.21)

Remarkably, in some drops we found two types of nucleation (primary and secondary) in the
presence of a tablet (Fig. 1.22). The experimental need to leave the crystallization plates at
rest without imaging them during the first week to avoid interfering with the experiment,

made difficult determining what type of nucleation had occurred first. Nevertheless, these
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findings suggested a possible migration of nuclei from the surfaces to remote locations of the

droplet.

As just mention above, the nucleation in these experiments sometimes appeared in remote
locations of the drop (Fig. 1.22), and were not necessarily accompanied by a primary crystal
nucleated from the surface. We concluded that the simple inclusion of the tablet in the drop
may have a drastic effect in terms of nucleation led by the roughness of the edge cutted by
laser. As described in Chapter Il, Section 2.4.7.1. of this thesis, this type of event was found
particularly relevant, not so much in crystal production, but in the diffraction quality of the

resulting crystals.

In some drops (see Chapter Il, Section 2.4.7.1. describing crystals of Toxoplasma gondii CBS
grown in the presence of O-acetylcysteine or cysteine), the presence of a PC tablet was a

sine qua non requisite to obtain good quality diffraction data.

In general, we found that our patterned surfaces were more efficient in promoting nucleation
of the target proteins than the commercial Naomi’s agent (Fig. 1.18A). Noteworthy, in
HsCBSA516-525, the presence of NN prevented nucleation in drops that normally yield
crystals in the control and in the patterned surfaces (c.a. B5, C2, B8 or G3) (Fig. 1.18A). We
also observed that the presence of NN in the crystallization of HSCNNM4s4s.730 and MJ1004

shows comparable results to the patterned surfaces.

Intriguingly, a significant number of crystals grew attached to the corners of the tablets, or
emerged from their side faces (see for example the crystals shown in Fig. 1.23, D and H). An
increment of the roughness value in this area, which is 10 and 30-fold higher than the values

determined on LA and PC unpatterned, respectively, resemble to be behind this phenomena.
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Figure 1.23. Nucleation at the side faces of the tablets. The picture shows crystallization events occurred at the laser
cut side edges of the different PC tablets in sitting-drop vapour diffusion experiments. a) CNNM4 at 11.54 mg/mL
grown in 6% v/v Tacsimate pH 6.0, 0.1 M MES monohydrate pH 6.0, 25% w/v Polyethylene glycol 4,000 using PC
unpatterned as heteronucleant; b) CNNM4 at 27 mg/mL grown in 0.15 M DL-Malic acid pH 7.0, 0.1 M Imidazole pH
7.0, 22% v/v Polyethylene glycol monomethyl ether 550 using Shark-skin as heteronucleant; c) MJ 1004 at 36 mg/mL
grown in 2% v/v Tacsimate pH 7.0, 5% v/v 2-Propanol, 0.1 M Imidazole pH 7.0, 8% w/v Polyethylene glycol 3,350
using Moth-eye-PC as heteronucleant; d) CNNM4 at 9 mg/mL grown 0.1 M BICINE pH 8.5, 8% w/v Polyethylene
glycol monomethyl ether 5,000 using Laser ablated-PC as heteronucleant; e) CNNM4 at 24.37 mg/mL grown in 0.2
M Ammonium citrate tribasic pH 7.0, 0.1 M Imidazole pH 7.0, 20% w/v Polyethylene glycol monomethyl ether 2,000
using PSU smooth as heteronucleant; f) CNNM4 at 24.37 mg/mL grown in 0.1 M Tris pH 8.0, 30% w/v Polyethylene
glycol monomethyl ether 2,000 using Laser ablated-PSU as heteronucleant; g) HsCBS at 14 mg/mL grown in 12% PEG
5K, 0.1M Bicine pH= 8.5 and 0.3M sodium formate in hanging drop method using PSU smooth as heteronucleant; h)
HsCBS at 14 mg/mL grown in 10% PEG 5K, 0.1M Bicine pH= 8.5 and 0.3M sodium formate in hanging drop method
using Laser ablated-PSU as heteronucleant.

Aimed to find a rationale for all these observations, we evaluated the crystallization outcome in the

light of the different parameters described in section 1.4.1.

1.4.4.1. Effect of pH

A protein has its lowest solubility at its isoelectric point (pl). Without a net charge, the interaction of a
protein with its surrounding water molecules is not favored, as the driving force of the interactions
between the protein and its solvation sphere are electrostatic and H-bonds. Under this circumstances, the
dissolved protein molecules trend to contact with the rest of proteins present in the solution, as protein-

protein interactions may attract each other through Van der Waals or hydrophobic interactions that do
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not involved charge. Accordingly, at the pl, protein-protein interactions and precipitation are more likely,
and crystallization is frequently favored at pHs near the pl. Accordingly, a higher number of CCM positive
hits in drops with a pH near the protein pl (Table 1.4) would have not been surprising. However, we found
a broad distribution of CCMs across the plates, which led us conclude that a relationship between the

solution pH and the protein pl could not be established in our study (see Figs. 1.17, 1.18 and 1.20).

Table 1.4. Overall protein features. Molecular weight (Mw) and Isoelectric point (pl) values of the target proteins.

Protein Mw (kDa) pl
HsCBSA516-525 61.5 6.41
HsCNNM4s45.730 20.9 9.01

MJ1004 24.6 9.01

1.4.4.2. Effect of surface charge (PC vs PSU)

We next evaluated the effect of surface density charge on the crystallization outcomes. To that aim,
PSU-unpatterned and PSU-Laser Ablation tablets were additionally tested (Figs. 1.20A and 1.20B). At first
glance, the most striking observation was that PSU drastically changed the scenario of crystallization
conditions with respect to PC. For example, for HSCNNM4s4s.730 (see CNNM4 PSU unpatterned-panel in
Fig. 1.20A) the conditions generating crystals in homogeneous conditions in the absence of any
heteronucleant (sum of blue+green squares (15+6=21), in Fig. 1.20A), became reduced in 43% upon
addition of the PSU-unpatterned film to a total of 12 hits (green + red squares (6+6)) (Note: notice that
green squares also includes positive conditions yielding CCMs in the absence of heteronucleant). In the
same conditions, polycarbonate (CNNM4 PC-unpatterned panel in Fig. 1.20A) reduced mildly the CCMs
formation from 21 (sum of blue+green squares (9+12=21), to 20 positive hits (reduction of 5%) This trend
was even more pronounced for HsCBSA516-525, where the number of positive hits decreased from 19
(sum of blue+green squares (17+2=19), Fig. 1.20A) to 4 (green squares in HsCBS-PSU unpatterned panel
in Fig. 1.20A), a reduction of 79%. Using PC-unpatterned tablets, the number of CCMs was not reduced
with respect to homogeneous crystallization, from 19 (blue and green squares, 124+47=19) to 19 (green and

red squares) hits (0% reduction) (Fig. 1.20A).

No less significant was the change in the distribution of unique conditions (red squares, Fig. 1.20A)

throughout the plate, which decreased from 8 (for PC unpatterned), to 6 (for PSU unpatterned) (10 %
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reduction) in HSCNNM4s4s5.730, and from 12 (PC unpatterned) to 2 (PSU unpatterned) (54% reduction) in
HsCBSA516-525.A similar trend was observed when using the PSU-LA patterning tablets with both,
HsCNNM4s45.730 and HsCBSA516-525, not so much in the percentage of positive hits, but in their location
on the 96-well plate (please see coordinates of red squares in Fig. 1.20A). Moreover, as mentioned earlier,
the LA topography seems to have a positive effect in promoting unique CCMs (Fig. 1.21) compared to PSU

unpatterned.

In summary, we concluded that unpatterned polysulfone surfaces cause a drastic effect on the
crystallization outcome by reducing the number of positive hits. This overall effect is accompanied by the
generation of new unique hits, well-differentiated from that exerted by equivalent polycarbonate tablets.
These findings invite to use of PSU surfaces in vapour diffusion experiments where an excess of nucleation
and the search of new crystallization conditions are needed. Further experiments and depth
characterization (not developed in this thesis) will be required to determine the effects of patterning on

PSU surfaces.

1.4.4.3. Effect of surface topography: Contact Angle, Roughness and Aspect ratio

We further evaluated whether topology parameters such as Contact Angle, Roughness and Aspect
Ratio were linked to the crystallization success in terms of unique conditions vs the control (Fig. 1.19 and

1.21) (Tables 1.2 and 1.3)

Effect of roughness caused by Laser cut (tablet side faces)

Unexpected crystal growth on the side faces of the different types of tablets, including those
corresponding to the PC-Unpatterned surface, support the idea already introduced previously that the
laser cut might play a relevant role in the nucleation success. In fact, these observations encouraged us to
design the LA pattern, which partially mimics the profile of such side faces in each groove. Confirming our
expectations, we found that grooves generated on a polycarbonate surface become nucleation sites, (Fig.

1.24) while the plateaus remain free of crystalline material.
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Strikingly, and despite the artificially created patterning present in the LA sheets, this was not the most

successful pattern design (remember that the best results were achieved with SK and PC-unpatterned Fig.

1.19). Nevertheless, nucleation still occurred preferentially on the lateral faces of the tablets (Fig. 1.23),

being especially abundant at the laser cutting edges (Fig. 1.25). We hypothesized that a possible
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explanation could be a larger exposed
surface of the sides with respect to the
grooves carved on the LA tablet. But,
what characteristics did the side faces
have that made them so effective in
terms of nucleation? What features did
the laser cutting add to the PC that

might explain this effect?

Aimed to answer these questions,
we analyzed the profile of the tablet
side faces, as well as the trace left by
the laser beam along the cut. The
images  collected by  confocal
microscopy revealed an abrupt profile
containing conical-shaped clefts
between 1 and 10 pum wide, and a

depth between 50 and 400 nm.

Figure 1.24. Nucleation at the grooves of
the PC-LA tablet. The picture shows crystals
of HsCBSA516-525 grown on the grooves
(dark lines) of the LA patterned
polycarbonate surface.



Results Ch.l. Heterogeneous nucleants

A closer view further showed that the roughness is significantly higher at the edges. The rest of the

face appears basically flat (Fig. 1.12 and 1.13).

Figure 1.25. Nucleation at the tablet edges. Crystals of HsCBSA516-525 grown at the edge of the LA tablet side faces.
The edge line border is highlighted with a white line.
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1.5. DISCUSSION

Many attempts have been made for decades to find or develop agents (organic or inorganic materials)
that promote the nucleation of proteins reluctant to crystallization. To this end, numerous studies have
been conducted on how the chemistry and physics of such heteronucleating agents may affect and induce
the crystallization process. Although different substances have been shown to be effective in protein
crystallization, many of them are only efficient under certain conditions or for a scarce number of

IH

molecules, and thus can not be considered suitable for a “universal” use. In general, two main strategies
have been devised for what a universal heteronucleant agent of biological macromolecules (such as
proteins) should look like. Briefly stated, the first and most widely accepted approach, states that the
heteronucleant should possess surface roughness or motifs that are on the size scale of the biological
macromolecules to be crystallised, i.e., witin the nanometers range. These nanoscaled surfaces may or
may not be chemically functionalized in various ways to vary their topology, charge, or affinity for the
target macromolecules. The second approach, less studied and more controversial so far, postulates that
the surface of the heteronucleant may similarly present topographical alterations (chemically
functionalized or not), which do not necessarily need to be in the same metric range as the biological

molecules, being in fact characterized by a much larger scale (micrometer to submicrometer range). These

micro- and submicro- scaled surfaces have centered the focus of our research.

In an attempt to circumvent the crystallization barrier, or at least widen the success percentage, we
have explored the effect of engineered polycarbonate (PC) plastic films, patterned considering different
designs from the micro- to the submicro-scale, to create potential nucleation sites that promote the
crystallization of proteins of a sparse nature (different size, shape, surface charge distribution, biological
funtion, etc). The selection of polycarbonate (PC) as primary working material was based on its high
stability and resilience to erosion under harsh conditions (changes in pH, acidity or basicity, degradation
by chemicals, etc), and more importantly, its optical properties, transparency and ductility to be patterned
through different imprinting techniques. This latter feature allowed us a rapid and cost-efficient
modification of its surface geometry in three distinct designs, baptized as SK, LA, and ME (see Table 1.3
and Fig 1.5). Not less important in the selection of PC was the fact that this polymer preserves its physico-

chemical properties when is subject to laser micropatterning 162 and NIL 3 procedures.
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Responding to our initial expectations, the three manufactured surfaces varied the response of the
proteins to the commercial crystallization solution screens chosen for the study, suggesting a real and
measurable (positive) impact of these materials on the nucleation process. However, we were surprised
by two facts, a priori unexpected. The first was that the SK pattern, whose topography presents cavities
of much larger size and depth than the rest, was the most efficient in promoting crystallization for two of
the three proteins (HsCBSA516-525 and HsCNNM4sss.730) used in the study (Fig. 1.19). The second, even
more striking, was that the unpatterned polycarbonate surface also acted as a crystallization inducer in a
non-negligible number of droplets with respect to controls (absence of heteronucleant in the drop) (red
squares in Fig. 1.18A and orange circles Fig 1.19). We found this fact very surprising, since the PC-
unpatterned surface does not present any abrupt relief with cavities on the surface, even at the

nanometer scale.

To try to understand the basis of the first strategy, we evaluate the possible role of the properties that
usually determine the behavior of a surface, such as roughness, contact angle, chemical properties and

relief.

The effect of the surface roughness of a nucleant agent on the crystallization efficiency is widely
described in the literature 8646 and has been linked with the induction time, as well as with the size and
number of crystals. Our PC surfaces do not have the same structured pattern, but they do exhibit identical
roughness values due to use of exactly the same stamp for the NIL replication process, in all Moth-eye,

Shark-skin and PC-unpatterned films (Table 1.3).

Regarding the contact angle, we found that the surfaces enhanced their hydrophobicity with the
patterning process with respect to the PC-unpatterned tablets, showing an increase in the contact angle
value from 76.3° + 5.3° (PC-unpatterned) to 102.9° + 5.7°, 108.3° + 2.4° and 111.3° £ 3.2° in LA, SK and
ME, respectively (Table 1.2). Several studies have described that the hydrophobicity of a surface is
strongly correlated with an improvement of the protein adsorption and a higher amount of protein
crystals formed %4, Our measured values of the contact angle, however, did not lead us to establish a clear
link between an increase in the crystallization success on each particular pattern and their surface
hydrophobicity. Accordingly, we concluded that the observed positive effects in the crystallization success
(referred to the appearance of unique crystallization conditions) when using the SK tablets should be

attributed to other parameters distinct from the roughness or the surface wettability.
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As mentioned above, other factors may come into play to increase the nucleation efficiency of a
particular heteroagent, such as its surface chemistry 616516 and its geometry 3*17, Our tests with PSU
versus PC tabets indicated, indeed, a change in surface chemistry drastically modifies the crystallization
outcome. In our case, this effect was manifested in a decrease in the number of positive hits (Fig. 1.20A).
The geometry of a surface play an important role in promoting nucleation 3%’  |n our experimental
setups, crystal growth improved upon increasing the Aspect Ratio of the patterns. For example, SK with a
value far higher than those of ME and LA surfaces (35 and 5.5 times higher, respectively) (Table 1.3),
yielded the best results. Interestingly, the shape of the surface patterning played also a role in the
crystallization outcome. The ME and LA patterns are characterized by circular or linear shapes, lacking
corners in their geometry, while SK has angular edges. These findings connect each particular pattern
identity to angle-directed nucleation, and suggests that nucleation occurs more rapidly and easily on

wedges than on flat surfaces, even when micro-scale patterns are considered 33167,

As mentioned earlier, the second relevant result that caught our attention was the significantly high
number of unique CCMs grown in the presence of the PC-unpatterned tablets (red squares in Fig. 1.18A
and orange circles Fig 1.19). The crystalline growth obtained in these conditions, absent in the control
experiments, was in itself an unexpected fact that could not be attributed to the topography of the tablet.
In fact, this observation brought to light one of the discoveries that we consider, together with the one
linked to the AR parameter, most relevant in our study. How can this crystallization outcome be

explained?

A more careful analysis of the drops and of all images taken with the optical microscope, showed that
a considerable number of crystals emerged from the edges of the PC-unpatterned tablets, there where
the polycarbonate sheet had been cut with the picosecond pulsed laser beam to fragment the PC foil in
small fragments that fit the dimensions of the crystallization wells (Fig. 1.23, A, E and G). Moreover, the
characterization of the tablets side (Figs. 1.12 and 1.13) revealed significantly increased roughness values
in comparison with those obtained for any of the designed patterns, (c.a around 10 times higher than that
measured in LA, and 100 times higher than the values measured for the PC-unpatterned foil). Importantly,
the characterization of the tablet edge revealed the presence of tiny pores (~ 0.5 -1 um?) randomly
distributed all over the edge cut (Fig. 1.11). Similar pores, attributed to the ablation with picosecond
pulsed laser had been previously reported in non-related studies 88992, showing their effect in increasing

platelet adhesion %2. Reasonably, we observed the presence of these pores inside the grooves scarved in
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the LA patterning tablets (Fig. 1.10). In agreement with these observations, crystal growth was also found
inside the grooves generated on our LA patterning (Fig. 1.24). In 2018, Ortiz et al. demonstrated that the
plateaus, which showed channels formed by the recast material, exerted the same effect as a proper
groove, promoting cell confinement %2, However we observed that our plateau remains free of crystalline

material.

These data led us conclude that crystalline growth on the sides of the tablet was due to the increased
effective rough surface area, which provide microscaled conical-shaped clefts that likely serve where
supersaturation of protein result locally enhanced respect to the bulk solvent, thus promoting nuclei

formation °2 (Figs. 1.23 and 1.25).

Taking into account that the diameter of each pore varies approximately between 500 nm-1 pum 8992
(if a depth was estimated to have a similar value than the diameter and that the size of the target proteins
is 100 A for the largest one, (the dimension of each pore is 100 times larger than that of a protein), one
can estimate that each pore may host 100x100x100=10° (1 Million) protein molecules. This value is
tremendously larger than the sizes described as suitable for protein nucleation in the nanoscale-
crystallization model (see the introduction section of this chapter), in which the protein is nanoconfined
in a space with dimensions similar to its size (in a range between 3 to 21 nm) 3% Of note, NN, the only
heteronucleant available on the market 3%1%°, meets such nanoscale dimensional requirements, and yet
the results obtained (Figs. 1.18 and 1.19) are the same (as it happens in HSCNNM4s45.730) or worse (as with
HsCBSA516-525) than when using our polymeric heteronucleants. Thus, our data provide clear evidence
that the protein molecules tends to crystallize in regions where these micropores are located (the edge

of the tablet).

After this discovery, we revisited the location of the nascent crystals on the rest of the patterned
surfaces (SK, ME and LA), and found that also in these cases nucleation took place (although not always)
at the edge of the tablets (Figs. 1.23 and 1.25). The effective porous surface area (different on each
pattern), and the double effect generated, on the one hand by each corresponding patterning, and on the
other by the inevitable effect of laser cutting on the tablet edge, help explain the different nucleation

success obtained with the polymeric surfaces studied.
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Based on these data, we postulate that the micropores formed by the effect of the laser cut indeed
serve as hot spots for nucleation that host highly dense protein microdrops, that in turn promote the

formation of stable nuclei that are further converted into larger crystals (Fig. 1.26).

S Single
Crystal

Nascent
Crystal

wall .
ense liquid
droplet

Figure 1.26. Proposed nucleation mechanism inside the cavities of the heteronucleant surfaces studied in this
thesis. Our findings are consistent with the two-step mechanism of nuclei formation. Cavities within the micrometer
scale behave as hosts for highly (local) concentrated protein regions. This dense drops favour nuclei formation and
stabilization of these nuclei, from which larger crystals are formed.
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1.6. CONCLUSIONS

1. NIL and ultrashort laser ablation technologies can been applied successfully on PC tablets to

develop micro and submicrostructured surfaces.

2. Such patterned surfaces at the micro-scale can be used as promising heteronucleants in protein

crystallization.

3. The Aspect Ratio of surfaces patterned within the microscale range emerges as the topographical

parameter that most contributes to protein growth in patterned surfaces.

4. The high roughness combined with the random distribution of micropores at the laser cutting
edges of the tablets, act as nucleation sites promoting a large number of new crystallization

conditions.

5. A microstructured surface with pulsed laser cutting at the edges in polymeric materials resulted
in more efficient crystallization of proteins of biomedical interest than controls and commercial

products such as the Naomi’s Nucleant (NN).

78



Ch.ll. Structure of TgCBS

CHAPTERII
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2.1. INTRODUCTION

2.1.1. Transsulfuration pathway

Sulfur is an essential element for all life forms, being the tenth most abundant element in the universe.
It is a minor component in minerals, biological antioxidants, vitamins (such as biotin or thiamine), and it
is @ major constituent of proteins, where it is incorporated by the amino acids methionine (Met) and
cysteine (Cys) %172, Sulfur-containing amino acids are recognhized to be some of the most potent
modulators of lipid metabolism among amino acids '73. In humans, methionine is an essential amino acid
(thus, it cannot be endogenously synthesized) and therefore must be obtained from the diet. This amino
acid not only acts as the initiating amino acid in the synthesis of proteins ¥4, but it is also one of the most
important methyl group donors. In turn, cysteine is a derivative of methionine and plays an important role
in protein synthesis, being a precursor of glutathione (GSH, an important antioxidant) and taurine (an

organic compound widely distributed in animal tissues and involved in the formation of bile).

The transsulfuration (which means sulfur exchange, or sulfur-containing moiety exchange between
two different compounds) is a metabolic route that, coupled to the methionine and the folates cycles,
allows the interconversion of methionine (Met) and cysteine (Cys) through the intermediates
homocysteine (Hcys) and L-cystathionine (from now referred as cystathionine) (Cth) 7® (Fig. 2.1). In
evolutionary terms, transsulfuration includes two routes, the “forward” and the “reverse” pathways ¢,
which operate in opposite directions and may coexist in some species, or alternatively be present as a
single and irreversible pathway in other organisms. The forward transsulfuration occurs in enteric bacteria

178 and yeast ¥° (Fig. 2.1) and enables the formation of Met from Cys. The thiol group of Cys is

177 plants
transferred to Hcys in two steps. Cys is first condensed with O-acetylhomoserine (or with O-
succinylhomoserine) to form Cth and succinate in a reaction that is catalyzed by cystathionine y-synthase
(CGS) *, Cth is then cleaved by means of the B-elimination of the Hcys portion of the molecule leaving
behind an unstable imino acid, which is attacked by water to form pyruvate and ammonia. This reaction
is catalyzed the by cystathionine B-lyase enzyme (CBL) *® (Fig. 2.1). In turn, the reverse transsulfuration
permits the synthesis of Cys from Hcys, and operates in several organisms including mammals. In
mammals, the reverse transsulfuration route represents the sole source of Cys biosynthesis from the
essential amino acid Met and involves two distinct stages. The first step is catalyzed by the pyridoxal-5'-

)182

phosphate (PLP)-dependent cystathionine B-synthase enzyme (CBS, EC 4.2.1.22)*¥?, which condenses L-
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serine (from now referred as serine) (Ser) and Hcys to generate Cth and H,0 in a B-replacement reaction

(Fig. 2.1). CBS is mostly found in the liver 18384 brain 185188 kidney 1891%0 gnd pancreas °*1%, Other tissues

196 199-201

express lower levels of CBS, such as endocrine tissues 19419, digestive system %1% |ungs , muscle

and adipose and lymphoid tissues 2°2 and heart 2%,

The second step of reverse transsulfuration is mediated by another PLP-dependent enzyme,
cystathionine-y-lyase (CGL, CSE or CTH, EC 4.4.1.1), that cleaves Cth into Cys, a-ketobutyrate and
ammonia (NHs) 2°* (Fig. 2.1). The resulting Cys is further used in protein synthesis or in the biosynthesis of
major cellular antioxidant glutathione 2% (Fig. 2.1). It is clear now that CGL shows high levels of expression

215,216

in cardiovascular system 2967299 |iyer 210211 kidney 212214 pancreas , vascular smooth muscle cells

208,217,218 219,220 221

, respiratory system and prostate

Historically, the relevance of the reverse transsulfuration pathway was mainly focused on its capacity
to produce Cys, while consuming the toxic intermediate Hcys. However, new findings arised in the last
years, have highlighted the no less important role played by this route in the endogenous production of
H.S, which has high physiological relevance. CBS, CGL (through its alternative reactions) (Figs. 2.7 and
2.19, respectively) and 3-mercaptopyruvate sulfurtransferase (MST) in concert with cysteine
aminotransferase (CAT) are the three main enzymes responsible for the synthesis of this gassotransmitter.
194,207,222

The reactivity of H,S in biological systems is complex and permits to exert a wide variety of actions

which are described in more detail in Section 2.1.2.4.

223,224 225-229

Less evolved organisms such as bacteria , protozoans and some plants %231 present an
alternative way to obtain cysteine, the so-called de novo pathway %? (Fig. 2.1). This route consists of two
steps: In the first one, O-acetylserine (OAS) is formed by the condensation of serine with acetyl coenzyme
A, areaction catalysed by serine acetyltransferase (SAT). In parallel, inorganic sulfate is reduced to sulfide,
then the latter is condensed to O-acetylserine to form cysteine in a reaction catalysed by O-acetylserine
sulfhydrylase (OASS) in bacteria 233234 or O-acetyl-L-serine(thiol)lyase (OASTL) in plants 23523¢, The
association of SAT with OASS in bacteria, or OASTL in plants, results in an O-acetylserine (OAS)-regulated

complex called "cysteine synthase" (CS) 177237238 (Fig, 2.1).

Recent studies have revealed that certain bacteria express enzymes that share features common
between a CBS and an OASS %°2% These enzymes are referred to as O-acetylserine-dependent CBS

(OCBS) and, beyond the canonical condensation of Ser with Hcys, are capable to use OAS (instead of Ser),
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and exhibit OASS activity. However, other organisms lack either the forward or the reverse
transsulfuration pathways, making de novo synthesis the main route to obtain cysteine. For example,
some bacteria including Salmonella enterica serovar Typhimurium and Escherichia coli, unlike humans,
can fix inorganic sulfate to produce cysteine 24324 put they lack the reverse pathway and cannot use sulfur
from methionine. On the contrary, humans lack the forward pathway and are auxotrophic for methionine,
but are not for cysteine. Yeast can also incorporate inorganic sulfur by O-acetylserine to form cysteine, or
by O-acetylhomoserine to produce Hcys 762%, Thus, in yeast the reverse transsulfuration is required to

allow conversion of Heys to Cys 2%,

Alternatively, Hcys can be remethylated to Met or being transformed into tetrahydrofolate (THF)
through the “methionine cycle” and the “folate cycle”, respectively (Fig. 2.1). The remethylation occurs by
the transfer of a methyl group to Hcys with the help of two different enzymes: (i) the betaine
homocysteine methyltransferase (BHMT, methionine cycle) 24 or (ii) the cobalamin (vitamin Bi2) -
dependent methionine synthase (MS, folate cycle) 2*® (Fig. 2.1). In mammals, the regulatory switch
between the remethylation of Hcys and the reverse transsulfuration pathway is S-adenosylmethionine
(also known as AdoMet, SAM, or SAMe) 29 (Figs. 2.1 and 2.2) AdoMet is formed in the methionine cycle
by adenosylation of Met, in a step catalyzed by methionine adenosyltransferase (MAT) 2*8 ( Fig. 2.2). In
mammals, AdoMet is an allosteric activator in the transsulfuration pathway that binds to CBS, increasing
its activity (around 5-fold in humans) 2°. Conversely, AdoMet acts as an allosteric inhibitor in the Hcys
remethylation by inhibiting methylenetetrahydrofolate reductase (MTHFR) %252 and BHMT 2*2 (Fig. 2.2).
Thus, remethylation is favoured at low concentrations of Hcys, whereas at high concentrations, the
transsulfuration pathway becomes active in removal of the excess Hcys, which, if accumulated, is toxic.
On the other hand, when the concentration of Met and consequently of AdoMet are high in the cell, Met
is directed toward Cys synthesis via the reverse transsulfuration pathway. In turn, when Met and/or

AdoMet levels are low, the methionine cycle is up-regulated 2.
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Figure 2.1. Metabolic maps. Transsulfuration (grey frame) may include two opposite routes that allow the conversion
of L-homocysteine (Hcys) into cysteine (Cys) (reverse transsulfuration, red arrows) or viceversa (forward
transsulfuration, dotted grey arrows). Transsulfuration is coupled to the folates (green frame) and methionine (yellow
frame) cycles, which are coupled to the sarcosine pathway (blue). Some organisms (c.a. bacteria) are able to perform
the forward transsulfuration and de-novo cysteine synthesis (pink frame). In mammals, reverse transsulfuration
represents thesole source of Cys. Abbreviations: GSH= glutathione; OAS=0-acetylserine; OASS= O-acetylserine
sulfhydrylase; GCL=glutamate cysteine ligase; GSS =glutathione synthase; BHMT= betaine homocysteine
methyltransferase; MS=methionine synthase; 5-MTHF= 5- methyltetrahydrofolate; THF=tetrahydrofolate; 5,10-
MTHF=5,10-methylenetetrahydrofolate;, ~ MTHFS=5,10-methylenetetrahydrofolate  synthetase; ~MTHFR=5,10-
methylenetetrahydrofolate reductase; CGS=cystathionine y-synthase; CBL=cystathionine 8-lyase; SAT=serine acetyl
transferase; Met = methionine; MAT = methionine S-adenosyltransferase; AdoMet= S-adenosyl-L-methionine; GNMT=
glycine N-methyltransferase;AdoHcy= S-adenosylhomocysteine; SAHH= S-adenosylhomocysteine hydrolase; CBS =
cystathionine 8-synthase; CGL= cystathionine y-lyase; GCLC= glutamate-cysteine ligase; DHF= dihydrofolate; DMG =
dimethylglycine; SDH= sarcosine dehydrogenase. Figure adapted from 2%,
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Figure 2.2. Main metabolites that participate in the Transsulfuration, Folate and Methionine pathways.

2.1.2. Human diseases related with dysregulation of transsulfuration

An altered transulfuration pathway causes severe diseases in humans. Not only “rare” diseases, like
Homocystinuria 2°¢ or Cystathioninuria %7 caused by dysregulation in CBS and CGL, respectively. But also,
more prevalent pathologies like neurodegeneration 2°8, some types of cancer 2*°, mental disabilities 20

and aging 26,
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2.1.2.1. Homocystinuria

Homocystinuria is a group of metabolic inherited diseases that cause disorders in the processing of the
essential amino acid methionine. These rare diseases cause mutations or destabilization of enzymes of
the transsulfuration pathway, the methionine cycle or the folate cycle, which are responsible for
maintaining the correct levels of Hcys in the body. Hcys is an intermediate of methionine which is
transformed into important products such as cysteine or glutathione. However, large amounts of Hcys in
the blood (hyperhomocysteinemia) or urine (homocystinuria) cause it to become toxic 261263 (Fig. 2.3).
Classical homocystinuria is due to a deficiency of CBS activity 2°4262, Type II, lll and IV homocystinurias are

due to deficiencies in the activity of enzymes involved in Hcys remethylation 2637265,

Classical homocystinuria (HCU) was first described in 1962 by Gerritsen et al. 26, and by Carson and
Neill 267, when they described a profile of patients with mental retardation due to abnormal urinary amino
acid levels. Two years later, the implication of HsCBS in this disease has been 2°6, Homocystinuria caused
by CBS-deficiency is usually manifest in the first or second decade of life and the clinical features include
involvement of the eye (severe myopia and/or ectopia lentis), skeletal system (excessive height, long
limbs, and scoliosis and pectus excavatum), vascular system (thromboembolism) and Central Nervous
System (CNS) (development delay/ intellectual disability, seizures). The accumulative detection rate of
Cbs deficiency that have screened over 200 00 newborns is 1 in 344 000 2%826° yarying from 1/1800 (Qatar)
270 t6 1/900 000 (Japan) 2! and 1/1 000 000 in Spain %72, Nowadays, more than 160 different mutations
have been described. Some mutations are geographically widespread such as 1278T 73, But others are
limited in a specific population; for example G307 mutation (613381.0001) is predominant in patients
with Celtic origin 274275 or T191M (613381.0016) has a high frequency among patients from the Iberian

peninsula and several South America Countries 276,

As of now, there are not an effective treatment for HCU, but it is detected that some complications

can be prevented by following and strict diet for life low in methionine 277-27°

or a therapy including vitamin
B6 or supplemented with folate (vitamin B9) or cobalamin (vitamin B12). Therefore, neonatal screening is

crucial in the early detection of the disease.
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2.1.2.3. Cystathioninuria

Cystathioninuria (CSTNU) (MIM 219500) is an autosomal recessive phenotype characterized by the
abnormal accumulation of plasma cystathionine, leading to increase urinary excretion. Due to the
inconsistency and wide variety of disease associations, CSTNU is considered to be a benign biochemical
anomaly 15280281 [Eor jnstance, cystathioninuria have been associated with mental retardation and

seizures®728228 thrombocytopenia with renal lithiasis 2%, diabetes insipidus, encephalomyelopathy 2%,

287 288-290

cystic fibrosis and celiac disease 2%, Down syndrome?’, neuroblastoma and hepatoblastoma 1. In

some instances such as cystic fibrosis, cystathioninuria could have developed incidentally 2%,

This disease has an estimated prevalence of about 1:14 000 observed in three different populations of
newborns 27829229 Egyr mutations have been identified in cystathioninuric patients 2°2. Two are nonsense
mutations resulting to early termination, c.a, 1403 and S403, and two are missense pathogenic mutations;
T671 and Q240E, which show significantly lower activity and PK-content than the wild-type. Among these
mutations, there are biochemical differences, such as variable response to B-vitamin treatment,
suggesting the possibility of molecular genetic heterogeneity 28229429 Mutation T671 can be fully rescued
by exogenous B6-vitamin, on the contrary to Q204E mutation which treatment with PLP is less effective

in ameliorating symptoms associated 2%,

2.1.2.4. Neurodegeneration diseases.

The transsulfuration pathway is crucial in the synthesis of cysteine from homocysteine. Cysteine not
only serves as a building block for protein synthesis, but it is also capable of generating sulphur-containing
molecules such as glutathione, taurine, coenzyme A, and lanthionine 2%’. The availability of cysteine to act
as a limiting factor in the synthesis of glutathione in cells maintains the redox balance. Diversion of
cysteine to the synthesis of glutathione is neuroprotective 2. However, an impaired transsulfuration
route leads to elevated blood levels of Hcys (hyperhomocysteinemia), which is a risk factor for the
development of cardiovascular and neurodegenerative diseases, including dementia, Alzheimer disease
(AD) and Parkinson's disease (PD) 2%°. Elevated homocysteine levels has also been associated with
epilepsy, neuropsychiatric disorders 3%, and brain ageing factors such as an increase in oxidative stress
301303 51 3 change in nitric oxide activity 3% (Fig. 2.3). Moreover, human Huntington’s disease (HD) patients
with more severe clinical manifestations of the disease, show levels of CGL reduced between the 85-90%

305 In mice, depletion of cystathionine y-lyase in mice entails the loss of its products, such as cysteine,

causing HD neurotoxicity 3%,
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As mention above, the enzymes of the transsulfuration pathway, CBS and CGL, are main producers of
endogenous H,S. H,S is an antioxidant that can mitigate mitochondrial dysregulation due to ROS
formation 3%, In 1954, association between mitochondrial dysregulation and increased ROS was first
established 30730, Notably, changes in mytochondrial dynamics, excessive production of ROS and

310including

accumulation of misfolded protein all contributed to the onset of neurodegenerative diseases
AD, PD, Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS). The antioxidant-responses of
H.S are mediated by the activities of glutathionine peroxidase (Gpx), superoxide dismutase (SOD) and

catalase (CAT) 31!, which neutralize oxidative damage of H,0; and 0, 3127314,

2.1.2.5. Impairment of endogenous H,S production

As mentioned above, CBS and CGL catalyze alternative reactions (Figs. 2.7 and 2.19) that led to the
formation of hydrogen sulfide. Currently, H,S is considered a gasotransmitter (gaseous sighaling

compound) that is as important as nitric oxide (NO) and carbon monoxide (CO) 18315316,

The endogenous synthesis of H,S in different tissues has been linked with various physiological
functions and pathologies. Among them are: (i) a vasorelaxation and lowering blood pressure in rats due
the direct action of H,S on smooth muscle cells by activating ATP-K* channels 206:208:317-319 (Fjo_ 2 4), (ii)
anti-inflammatory properties by downregulating the activity of NF-kB or by upregulating the expression
of heme oxygenase 1, which are proinflammatory factors 320-324(Fig. 2.4) (iii) cytoprotective, anti-fibrotic,
and angiogenesis properties 323325328 (Fjg 2.4) (iv) cell proliferation regulator, showing pro or anti-
apoptotic function by altering the expression of the mitogen activated protein kinase (MAPK) and the

191

extracellular signal-regulated kinase (ERK) 3% (Fig. 2.4) (iv) maintenance of insulin secretion and

development of diabetes linked to altered H,S synthesis 21>216:32% (y) regulation of erectile dysfunction

330 and (vi) ischemia-reperfusion injury (IRI) and antioxidative

through relaxing the corpus cavernosum
stress protection 31, Among these functions, the role of H,S as oxidative stress reducer has focused special
attention (Fig. 2.5). H,S protects cells against oxidative stress via two different mechanisms: First, it acts
as a direct ROS scavenger, and second, it up-regulates antioxidant defense systems such as: (i) Nrf2 a
family of nuclear transcription factors which regulate a wide diversity of enzymes that mitigate the
oxidative stress 3%, (ii) the regulatory factor SR-A, the class A macrophage 332 and (iii) modulation of GSH,
the major antioxidant in the cellular defense 33*335 (Fig. 2.5). Kimura et al. described a mechanism in which

H.,S reduces cystine to cysteine in the extracellular space and increases the cysteine levels in the cell to

produce GSH 313334 (Fig. 2.5).
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Other physiological roles attributed to H,S are (i) neuromodulator #, (ii) neurotransmitter by the
regulation of the ion calcium concentrations, glutamate receptors and cAMP levels 336339 and (iii)
neuroprotector 3%, having beneficial effects on Parkinson's disease 3*!. Interestingly AD patients show low
levels of H,S 3*%3%3 whereas in Down syndrome patients, high levels of thiosulfate, catabolite of H,S, have

been found 3*-3% (Fig. 2.4).

Another studies have been reported the cardioprotection effect of H,S during myocardial

ischaemia/reperfusion injury 3*33%9 (Fig. 2.4). The cardioprotection function have been associated with a

0 351,352

wide variety of mechanisms 3%, including opening of KATP channels stimulating anti-apoptotic
signalling 352354 reducing cellular respiration 3°°3%7, decreasing oxidative stress 3°8, activating eNOs-

mediated Akt phosphorylation 3*° and promoting angiogenesis 3¢ (Fig. 2.4).

In cancer, H,S is considered a double edge sword. Endogenous or relatively low levels of exogenous
H,S may exhibit pro-cancer effects, favoring tumor proliferation and angiogenesis in ovarian cancer 361362,
Exposure to high concentrations of H,S over a long period of time can lead to cancer death 33 by triggering
uncontrolled intracellular acidification, arresting the cell cycle, and promoting apoptosis 3%*. H,S-inhibitors
represent a potential treatment to combat diseases related with the production of this gasotransmitter

in animal models and humans 353, For example, Aminooxyacetic acid (AOAA) is a CBS-inhibitor widely

361 369

used in animals, decreased tumor growth in colorectal 37, breast 3%, ovarian 3! and pancreatic 3° cancer.

Unfortunately, in humans this treatment causes a dose-dependent toxicity 37°.

2.1.2.6. Cancer

Cysteine is an important non-essential amino acid in mammalian cells and its thiol group is the basis
for several cellular antioxidant defense mechanisms 37, During oxidative stress, cysteine utilization is
activated for glutathione production and detoxification of reactive oxygen species 372 (Fig 2.5). The
development of neoplasms requires tumor cells to overcome oxidative stress barriers at various stages
373374 thus maintaining an adequate supply of cysteine is essential for cancer progression. Thus,
deficiencies in the transsulfuration pathway lead to Hcys accumulation and failure in the Cys synthesis,

which contributes to tumor development due to elevated ROS and halogen production 2°,

Initial investigations describing higher levels of ROS in cancer cells than in normal cells 37°

, suggested a
direct link between ROS and cancer development. The notious effect of ROS was attributed to damage in

lipids, proteins, and DNA, that in turn favored tumor progression and genomic instability 376. More recent
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data have also confirmed the role of ROS as signaling molecules involved in processes such as cell survival,
angiogenesis, and metastasis 37. On the other hand, excessive oxidative stress has also been associated
with an induction of cancer death 378, Importantly, high levels of reduced glutathion (GSH) are able to
protect cells in bone narrow, breast, colon, larynx and lung cancers, by enhancing their

379

chimioresistance */°, suggesting a relevant and equally complex role of GSH in all these processes . It is

well established that GSH is crucial for the removal and detoxification of carcinogens .

Likewise, transsulfuration enzymes are directly associated with tumor progression. CBS has been
demonstrated to be up-regulated in colon cancer 3¢7. Accumulating evidence also suggest a pro-cancer
role of CBS in ovarian 3! and breast cancers 3%, In the same direction, increased levels of CGL in prostate

221,382

cancer , melanoma 323 and gastric cancer 3*8% have been recently reported. Likewise, CGL has also

been found to support cell survival in hepatocellular carcinoma 38386,

~
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Figure 2.3. Homocysteine in human diseases. High levels of Hcys are related to cancer, homocistinuria,
neurodegenerative diseases such as dementia, AD or PD and cardiovascular diseases (e.g. atherosclerotic vascular
disease or arterial and venous thromboembolism 3%7).
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2.1.3. Alteration of the transsulfuration pathway in pathogens

The dysregulation of transsulfuration in different pathogens is known to cause notious effects in their
metabolism, likely due to the alteration of the H,S production. Until recently, the significance of
transsulfuration in the pathophysiology of infectious agents such as bacteria and viruses had been
explored less than in higher species. According to new research, H,S produced by bacteria serves as a
defense system against antibiotics and oxidative stress **. For example, in virus infection, the redox-based
activities appear to be affected by H,S signaling pathway. These studies have led to propose a new strategy

to modulate pathogen activity by exploiting endogenous H,S production as a potential therapeutic target.

2.1.3.1. Hydrogen sulfide in viruses

Viral infections have been associated with induction of ROS/RNS generation and dysregulation of
metabolic pathways resulting in several diseases %%, Induction of oxidative stress inside the host is
necessary to viral infections. Viral replication needs a favorable environment which depends on the
oxidative state of the host cells 3%. In animal models, it has been shown that RNA viruses such as influenza
virus, induce oxidative stress and create a redox imbalance by decreasing the levels of the antioxidants
GSH and vitamins C and E 3%, Moreover, the role of the oxidative stress in retroviruses as HIV-1 (Human
Inmunodeficiency Virus) have been broadly investigated. The replication of HIV-1 leads to ROS activation
and decreases the levels of GSH 39239 Nuclear factor-erythroid-2 p45 related factor 2-Antioxidant
Response Element (Nrf2/ARE) pathway regulates the expression of genes involved in oxidative stress
response 3%, In HIV infection Nrf2/ARE is downregulated 3893%, A supplementation with Sulforaphane
(Nrf2 inducer) blocks the HIV-1 infection in primary macrophages 3%. Moreover, in Marburg virus (MARV)
and Kaposi sarcoma-associated herpesvirus (KSHV) diseases, Nrf2 activation contributes to the
dysregulation of the host antiviral response and generates a favorable environment for the survival and

proliferation of infected cells 3°73%,

While the link between oxidative stress and viral infections is well established, the role of H,S remains
poorly understood. Recent studies suggest that the missing link between infections and H,S may be the
Nrf2/Keap1 pathway. H,S inhibits Keap-1 by persulfidation, this fact produces the traslocation of Nrf2 into
the cellular nucleus, where it binds to Antioxidant Response Element (ARE) 39940 Thus, H,S protects

against oxidative stress via S-sulfhydration of Keap-1 and further activation of Nrf2 4%,
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Recent studies have unraveled new links between H,S and viral infections. For example, it has been
shown that Respiratory Syncytial Virus (RSV) (a common respiratory virus that causes upper and lower

respiratory tract infection in infants 4%

, upregulates the expression of several Nf-kB and IRF-
3,transcription factors, which in turn activate genes encoding proinflammatory cytokines and chemokines
402 |n addition, RSV infection downregulates the expression of H,S-producing enzymes 4%, In RSV-infected
cells, external addition of H,S decreases the levels of Nf-kB and IRF-3 %, Cse”" mice enhances RSV viral
replication and lung diseases symptoms than the WT %, Similarly, exogenous H,S administration of H,S
donor-GYY4137 in vitro and in vivo reduces the viral spread and replication by targeting the viral assembly
and improves the clinical disease parameters 4340 RNA-viruses from Ortho-, Filo- and Bunyavirus families
405 35 well as members of the paramyxoviridae family; Nipah virus NiV-B) and human metapneumovirus
(hMPV) %% have also been shown to exert similar effects during infection. GYY4137 treatment reduces
viral replication of all mentioned family viruses, confirming that H,S targets pro-inflammatory

transcription factors Nf-kB and IRF-3, as explained earlier 4%. In Coxsackie virus (CVB3), the treatment

with H.,S in rats downregulates the proinflammatory Nf-kB reducing the myocardial injury .

Over the past two years, the 2019 coronavirus pandemic (COVID -19), due to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection, has resulted in a public health emergency that has caused
more than four million deaths worldwide. COVID -19-related severe respiratory failure is characterized in
part by increased neutrophil counts and decreased numbers of lymphocytes (CD4, CD8, and CD19), as well
as increased serum IL -6 and serum C-reactive protein (CRP) levels 74%_ |t has been speculated that H,S
may play a protective role against COVID -19-mediated pathology via several mechanisms: (i) altering the
function or expression level of angiotensin-converting enzyme 2 (ACE2) and transmembrane serine
protease 2 (TMPRSS2) to prevent SARS-CoV-2 from entering host cells. Research has shown that H,S
donors inhibited the expression of ACE in the kidney of hypertensive rats %, and hypothesized that lower
levels of H,S may lead to increased TMPRSS2 expression in various pathological conditions 4% (ii) by
inhibiting viral replication, the development of inflammation leading to cytokine storm, oxidative stress
and organ damage, as seen with other viruses such as RSV or CVB3 *!! and (iii) by suppressing the

pulmonary immune response and inflammation #°,

In a study of 74 patients published in 2020, H,S levels were found to be associated with disease severity
412 \ith a decrease in H,S levels being associated with a higher mortality rate. In addition, serum H,S levels
were negatively correlated with IL -6, procalcitonin, and CRP, suggesting that higher H,S levels are present

in patients with a more severe inflammatory response to the disease. However, these results should be
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taken with caution due to the sensitivity of serum H,;S measurement techniques.
Allin all, during viral infection, H.S modulates Nf-kB transcription factor signaling, which elicits a cytokine-
dependent inflammatory response. Although future studies are needed to further investigate the efficacy
and applicability of H,S donors as a good strategy against viral infections, the preliminary results are

promising.

2.1.3.2. Hydrogen sulfide in bacteria

In 1877, the first evidence of endogenous H,S production by bacteria in spoiled chicken eggs was
noticed 43414, Subsequently, studies reported the production of H,S by putrefactive organisms associated
with soil and feces #**%'7, |n the marine sea, H,S emitted from the deep is an important source of metabolic
energy 8, In the 1960s, the evidence of the protective effect of H,S was demonstrated. The H,S produced
by Desullfovibrio desulfuricans confers to P. aeruginosa the ability to resist the toxicity of heavy metals
such as mercury #*°. Similarly, hydrogen sulfide generated by E. coli protects S. aureus from mercuric
chloride and merbromin #2°, Although the results were promising, no further examination of the potential
protective role of H,S was attempted. Until 2011, when Shatalin and coworkers highlighted the
importance of H,S in protecting bacteria from antibiotics and oxidative stress 4. Homologous H,S-
producing enzymes (CBS, CGL and 3-MST) are present in most bacterial species. In Klebsiella pneumoniae,
Bacillus anthracis, Pseudomonas aeruginosa and Staphylococcus aureus the main source of H,S are CBS

and CGL, while in E. coli is 3-MST 14421,

3-MST overexpression increases the spectinomycin resistance in E. coli 1*. As well as inactivation of CBS
and CGL in B. anthracis, P. aeruginosa and S. aureus and 3-MST in E. coli via mutant genetic deletion or
chemical inhibitors (PAG and AOAA) reduced the H.S production rendering these pathogens highly
sensitive to gentamycin, ampicillin and nalidixic acid **.The antibiotic sensitivity of CBS, CGL and 3-MST
H,S-deficient cells was restrain by the H,S-donor, NaHS *. In conclusion, the induction of the ROS

422,423

production by antibiotics to kill pathogens is inhibited by the H.S. This gasotransmitter provides

antibiotic resistance by mitigating the oxidative stress 4,

Several investigations have revealed that antibiotics kill by promoting the formation of harmful
hydroxyl radicals via the Fenton reaction #?%. Recent study found that H,S-endogenous produce by 3-MST
protects E. coli from DNA damage and oxidative stress via: (i) regulating cysteine levels (toxic above

physiological levels) and (ii) quenching the free iron that drives genotoxic Fenton reaction #** (Fig 2.6).
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Likewise, a study with E. coli and S. aureus demonstrates the role of H.S in bacterial defense against
host immunity #?®. The observations confirming this are: firstly, bacterial killing by mouse leukocytes

decreases when treated with GYY3743, and secondly the burden is low in H,S-deficient infected mice 4%.

Another research clearly found that Cbs* and cse /- mice have lower Tuberculosis disease 37942, |n
fact that, Mycobacterium tuberculosis (Mtb) infection exploit the H,S-production in host to growth
stimulating the Mtb respiration, predominantly via CytBD %%, The host fight against Mtb infection
increasing the glycolytic metabolism %*’. Therefore when the production of H.S is excessive, the host

glycolysis is suppressed 37°.

Based on this knowledge, H,S was considered a universal defense mechanism against antibiotics.
However, a recent study on Acetinobacter baumannii refutes the previously mentioned conception. A.
baumannii is a multidrug-resistant bacterium that cannot produce H,S, and its treatment with exogenous
H,S donors (NaHS) makes it sensitive to a variety of antibiotics 2. Exogenous H,S creates redox
disturbance by affecting Fe**/Fe3* balance towards Fe?* and increasing Reactive Oxygen Intermediates

(ROI) via Fenton Chemistry 28, (Fig 2.6). In conclusion, HS can be proposed as an antibiotic-potentiator in

bacteria that do not produce it.
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Figure 2.6. H.S-bacterial protective mechanism against oxidative stress induced by antibiotics and/or hostimmune
response. H:S can be endogenously generated or exogenous delivered (NaHS or GYY4137). The protection is
accomplished by the increase of the activity of H2S-producer enzymes, the inhibition of the Fenton reaction producing
by the reactivity of H2S with Fe?*, the high stimulation of the activity of SOD and Catalase mediators and the reduction
of the cysteine levels (cysteine produces Fe? reagent of Fenton reaction). SOD= superoxide dismutase. Figure adapted
from 37°,
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2.1.4. Enzymes of Reverse Transsulfuration

2.1.4.1. Cystathionine B-synthase (CBS)
2.1.4.1.1. Reactions catalyzed by CBS

Cystathionine B-synthase (CBS), the first enzyme of the reverse transsulfuration pathway, catalyzes the
pyridoxal-5'-phosphate  (PLP)-dependent [-replacement reaction that condenses serine with
homocysteine to yield cystathionine and water (Figs. 2.7 and 2.8). Besides this canonical reaction and
using cysteine and homocysteine as substrates, CBS can also efficiently produce hydrogen sulfide (H,S)

through alternative B-replacement and a,p-elimination processes (Fig 2.7).
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Figure 2.7. Reactions catalyzed by CBS leading to Cth and hydrogen sulfide (H:S) generation: The canonical 8-
replacement reaction in which the thiolate of Hcys replaces the hydroxyl group of Ser to yield Cth and H-O is framed.
Alternative reactions that led to the formation of H2S. Figure adapted from 2%,
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Figure 2.8. Ping-pong mechanism of the canonical reaction of CBS.
2.1.4.1.2. Domain architecture and oligomerization of CBSs.

CBS is a complex modular protein present in a wide variety of organisms from all kingdoms, for which
five different domain distributions (herein referred as classes A to E) and two major oligomers (dimers
and tetramers) have been described (Figs. 2.9 and 2.10) **°, The simplest architecture, (class A), is found
in bacteria and consists of a catalytic domain with the folding of PLP-dependent enzymes of the type Il
with the cofactor covalently attached to the e-amino group of a conserved lysine via a Schiff base bond.
This type of CBS protomer is the most studied structurally (PDB IDs 6AHI, 5HBG (Helicobacter pylori) 2
5XW3 (Bacillus anthracis) %*°, 5B1H, 5B1I (Lactobacillus plantarum) ?**, 40FX (Coxiella burnetii) (Fig. 2.9)
and self-assembles into active dimers from which reaction intermediates have recently been isolated
240241 A rare variant of this CBS, class B, occurs in Caenorhabditis elegans (CeCBS) and contains two
catalytic domains in tandem arrangement, only one of which binds PLP 942 No structural data is
currently available on this CBS type. The next complexity level, class C, occurs in yeast ¥ and in some
apicomplexan such as Toxoplasma gondii *3* (Fig. 2.9), but can also be found in Gram negative bacteria
such as Pseudomonas aeruginosa, whose CBSs retain the catalytic domain and contain an additional C-

terminal Bateman module. The Bateman module in turn consists of two so-called CBS motifs (CBS1, CBS2)
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whose function is still unknown 26432 The crystal structure of a truncated construct containing the
catalytic core of Saccharomyces cerevisiae CBS bound to some reaction intermediates represents the only
structural data available on this class (PDB 6C2Z, 6C4P, 6C2Q, 6C2H) #*3. The next CBS structure type, class
D, is found in some insects, e.g., fruit fly #** (PDB IDs 3PC2, 3PC3, 3PC4) and honeybee #*> (PDB ID 50HX),
and contains an N-terminal heme-binding domain of unclear function that precedes the catalytic domain.
The only two crystal structures available from this CBS type *3#%3% indicate that the fundamental role of
the Bateman module in class D enzymes lies in stabilizing a constitutively activated dimeric assembly
without playing any additional role in the regulation or activity of the enzyme. The class D CBSs exist in a
sole constitutively active conformation (Fig. 2.9). Finally, class E, the most evolved version of the enzyme,
is found in mammals, including humans, and has the same domain distribution as flies and bees (Fig. 2.9).
However, in this case the Bateman module becomes more important and not only determines the degree
of oligomerization of the enzyme, which includes dimers, tetramers or even larger aggregates, but also
becomes an allosteric module that regulates the degree of enzyme activity upon binding of S-
adenosylmethionine (AdoMet) 159:246:436-438 (Eio 2 9), |mportantly, class E CBS can adopt two distinct
conformations (Fig. 2.9). The first is less active and is known as the basal state. The second is reached

upon binding of AdoMet at the C-terminal regulatory domain and is from 3 to 5 fold more active (Fig.

2.11)
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Figure 2.9. CBS architectures. CBS architectures. Class A, found in B. anthracis (BaCBS), L. plantarum (LpCBS) and T.
cruzi (TcCBS); Class B, found in C. elegans (CeCBS),; Class C, found in T. gondii (TgCBS), S. cerevisiae (ScCBS) and P.
aeruginosa (PaCBS). Class D, found in D. melanogaster (DmCBS) and Apis mellifera (AmCBS). All CBSs but class C,
usually show a long loop at CBS2. Class E, found in mammals, binds AdoMet. The small circles indicate the
oligomerization degree. Figure adapted from 2.
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2.1.4.1.3. The three-dimensional structure of CBS.

The current knowledge on the CBSs structure is very scarce and limited to three out of the five known
domain organizations (Fig. 2.10). Since a truncated construct containing the catalytic core of human CBS
was initially solved in early 2000s (PDB IDs 1JBQ, 1M54) 438439 only four additional structures of full-length
CBS proteins containing the regulatory module have been determined. Of these, the first two correspond
to the basal (PDB IDs 4L0D, 4L27, 4128, 4L3V, 4CO0) %% and the activated conformations of human CBS
(PDB ID 4PCU)° (Fig. 2.11, A and B, respectively). The other two are the constitutively activated CBS
dimers from the fruit fly Drosophila melanogaster, both alone (PDB ID 3PC2) and in complex with reaction
intermediates (PDB IDs 3PC3, 3PC4) %%, and the wild type honeybee Apis mellifera (PDB ID 50HX) 4%,
(arrangement D in Fig. 2.11). In addition, structures of a truncated construct containing the catalytic core
of Saccharomyces cerevisiae CBS which naturally lacks the heme cofactor both alone and in complex with
different substrates and reaction intermediates have also been elucidated (PDB IDs 6C2H, 6C4P, 6C2Q,
6C2Z7) 3. The list of available structures ends up with the coordinates of the bacterial catalytic core of a
closely related O-acetylserine-dependent CBS from Helicobacter pylori (HpOCBS) (PDB IDs 4L00, 6AHI,
5HBG, 4L00), Lactobacillus plantarum (PDB IDs 5B1H, 5B1l) 2**, Bacillus anthracis (PDB ID 5XW3) 24, and
Legionella pneumophila (PDB ID 6VJU), which naturally lack the regulatory Bateman module (arrangement

Cin Fig. 2.11) an show mixed catalytic features of both CBS and O-acetylserine sulfhydrylase (OASS) 239~
242
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Figure 2.10. Phylogenetic tree of organisms encoding the CBS enzyme. The nine available crystal structures of CBSs
are indicated. Unsolved domains are in white. Figure adapted from 5,
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Active (constitutive) Active (constitutive)

Figure 2.11. Three-dimensional structures determined for CBS. Lower part depicts conformations found in CBS
enzymes, for which the crystal structures has been determined (A) Basal conformation of HsCBSA516-525
(engineered dimeric construct) (B) AdoMet-bound activated conformation of HsCBSA516-525 E201S variant (dimeric
construct). (C) Active conformation of bacterial CBS. (D) Constitutively active conformation of insect CBS. The heme
domain, the catalytic domain and the Bateman module are colored in red, yellow and blue, respectively. The
interdomain linker is in green. AdoMet is in magenta. The two complementary subunits are represented in opaque
and transparent surfaces, respectively. Figure adapted from 6%,

All these data have helped identify the key catalytic residues in catalysis, as well as in AdoMet binding,
but are insufficient to predict other relevant features, as for example (i) the actual location of the Bateman
module in a particular CBS enzyme and its ability to adopt one or several conformations; (ii) the whole set
of residues involved in tetramerization; (iii) potential interactions of the N-terminal domain with the
catalytic and/or regulatory domains and (iv) the reaction specificity of a particular CBS. Having this
information at hand is key to designing molecules that modulate the catalytic activities of CBS enzymes
from different organisms, e.g. human versus bacterial pathogens. The following sections dissect each of
the individual domains of CBS in more detail. We have selected the human CBS as template, as it

represents the most complex CBS arrangement described so far 1®* (Figs. 2.9 and 2.11).
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Figure 2.12. Human CBS. (top) Amino acid sequence of the catalytic core of HsCBS. Secondary elements are indicated.
The heme binding domain is in red ribbons. Heme is in red sticks. (middle) The catalytic domain (in ribbons) is split in
two subdomains: static (in yellow) and mobile (in cyan). The linker between the catalytic core and the Bateman
module is in green. (bottom) The C-terminal reqgulatory Bateman module consists of two CBS motifs, CBS1, CBS2. Two
main cavities, S1 and 52, are formed. S2 represents the AdoMet binding site. Figure adapted from %,
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21.4.1.3.1. The heme-binding domain.

The heme domain is probably the most controversial and less understood region of CBS, which is the
only PLP-dependent enzyme containing it *°.This module was incorporated into the enzyme late in
evolution 9. In fact, it is only present in higher eukaryotes like insects *3*%3> or mammals #33439, while

429 parasitic protozoans as Trypanosoma cruzi %%, lack

other organisms, such as yeast ¥°, roundworms
this domain entirely (Fig. 2.9). Interestingly, the heme-domain appears exclusively when the Bateman
module is also present (Fig. 2.9) suggesting that the function of heme and/or heme-binding domain is
interconnected with that of the C-terminal domain. Both, structural #**#4! and regulatory functions have
been attributed to the heme cofactor %*7, but there is no common consensus about its actual role. Some
authors think that it is not essential for catalytic activity, nor for correct protein folding. The main
reasoning for this postulate derives from its absence in many CBSs (e.g. yeast) 7°. Interestingly, heme-
containing CBSs (e.g. DmCBS or truncated HsCBS) are significantly more resistant towards heat-induced
denaturation and unfolding than the heme-independent ScCBS, thus supporting a structural role of heme

and heme-binding domain *°. Other authors, however, proposed a regulatory role for heme, as redox

status of heme cofactor affects catalytic activity of the enzyme 346437,

The heme domain encompasses approximately the first 75 residues. Structurally, it clearly consists of
two different regions. The first one comprises the first 40 amino acids and represents an intrinsically
disordered region (Figs. 2.9 and 2.11). Presumably, this region maintains only scarce or temporal contacts
with the rest of the protein, explaining why it is absent in all the crystal structures elucidated so far. A
comparative sequence analysis led Kumar et al. to hypothesize that this first segment might contain a
non-canonical heme-binding site, as it presents a conserved cysteine-proline (CP) motif at position 15
followed by two nearby histidines at positions C15+2 (H17) and C15+7 (H22), that is similar to those found
in intrinsically disordered regions of other heme-binding proteins #2. Using NMR techniques, these same
authors encountered that the CP motif is indeed involved in transient heme interactions, leading to a
hexacoordinated complex with residues C15 and H22. Supporting these findings, mutation of C15 into a
serine (C15S) #2, or truncation of the first 39 N-terminal amino acids **® reduce the CBS activity by approx.
30% “42. However, the catalytic penalty caused by C15S mutation is questionable as others did not find
decreased specific activity of either full-length or truncated HsCBS C15S variants *444° The second stretch
of the heme-binding domain comprises the following ~35 residues and forms the canonical heme-binding
site. In contrast with the first segment, this part is well ordered and visible in all the crystal structures

reporting heme-dependent CBS in the literature 69160.434,435438-440 The three-dimensional arrangement of
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the canonical heme domain region, was firstly observed in 2001 by Jan P. Kraus and colleagues using a
truncated construct (HsCBS45kDa) containing the catalytic core of HsCBS **%¥(Fig. 2.12). Ruma Banerjee’s
group reported similar results soon after #*° and confirmed that the prosthetic heme is hexacoordinated
and axially liganded to the protein by the residues C52 and H65. Each subunit of HsCBS binds a single
heme molecule that is housed in a hydrophobic pocket formed by residues 50-57 of the canonical heme-
binding domain, together with helices 0.8 and a9 and the loop preceding strand B1 and helix a2 of the
catalytic domain (nomenclature extracted from ) (Figs. 2.12 and 2.13). The sulfhydryl group of C52 and
the Ne2 atom of H65 axially coordinate the iron of heme “3 (Fig. 2.13). Using spectroscopic techniques, it
was further demonstrated that despite not being involved in the catalysis, heme plays a relevant
regulatory role upon binding to the gaseous molecules CO and NO, which lead to inhibition of the enzyme.
CO displaces residue C52, whereas NO displaces H65 and binds 200-fold less tightly than CO 437439448
Importantly, binding of any gaseous molecule or other ligands requires reduction of CBS heme to the
ferrous (Fe?") form, as ferric (Fe3*) form is stable and essentially inert to binding of additional ligands.
Moreover, the binding of ligands to ferrous heme is also modulated by pH #7448, Thus, the redox status of
the tissue was postulated to regulate HsCBS activity, and the inhibitory potential of CO. Moreover, it was
found that binding of CO induces a tautomeric shift of the PLP from ketoenamine to enolimine form (Fig.
2.14) ¥, The ketoenamine species is key to PLP reactivity because it facilitates the nucleophilic attack by
the first substrate (Ser) in the ping pong reaction #¥’. As H bond interaction between residue N149 and 04
(PLP) (Fig. 2.14) is a stabilizing interaction for the ketoenamine form, the loss of this interaction underlies
the tautomer shift to the enolimine (and accordingly, to enzyme inactivation). All these findings were
intriguing, as the heme moiety is separated by 20 A from the PLP at the active site, thus clearly precluding
a direct signal transduction from heme to the catalytic cycle or viceversa %%, More importantly, these
data placed heme as a key regulator of the mechanisms controlling the endogenous production of H,S in

tissues such as the brain, where it is thought to act as a neuromodulator #°,
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Figure 2.13. Heme-binding domain of HsCBS. (A) Ribbons representation of the heme binding domain (in red)
inserted in the catalytic core, that also contains the catalytic domain (in grey). Helices a8 and a9 from the catalytic
domain interact with heme (in sticks). (B) Amino acid residues forming the heme-binding pocket or interacting with

heme. Figure adapted from 6%,

A 5254,

Ki1g
B i

o
= Nygg ===
P

N

Z0,4P

I

Ketoenamine
(Active)

Enolimine
(Inactive)

Figure 2.14. Residues connecting heme and PLP.
(A) B1 and B2 are two consensus sequences
involved in catalysis 2*2. (B) Ketoenamine and
enolimine forms of PLP. Figure adapted from %,

The three-dimensional structures of the
catalytic core of HsCBS 26438 were key in
finding an explanation for the decreased
activity observed in CBS upon changes in the
heme environment. The crystallographic data
revealed that helix o9 (according to

89 extends between the

nomenclature in
heme and the PLP pockets (Figs. 2.13 and

2.14) %, thus indirectly connecting the two

cofactors **!, More specifically, the PLP is connected to one end of helix a9 by H-bonds to its phosphate

group from the side-chains of the helix residues T257 and T260. On the other hand, R266 (located in the

middle of helix a9) forms a salt bridge with the heme ligand C52 (Fig. 2.14). Weeks et al. postulated that
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an impairment to this salt bridge could induces a displacement of helix a9, which in turn could disturb the
PLP. The N149/04 H-bond would be broken by this displacement inducing the tautomer shift to the
enolimine form, thus inactivating the enzyme 4. Same authors proposed that binding of CO to heme
displaces C52 and causes the loss of the R266/C52 salt bridge. This in turn induces the shift from the
ketoenamine to the enolimine form, and inactivates the enzyme. Some years later, Banerjee’s team
further demonstrated that the distant communication between the PLP- and heme-binding sites occurring
through helix a9 is bidirectional, and that the homocystinuria causing mutation T257M, affecting the
conserved threonine residues residing at the N-end of this helix (e.g. T257 and T260) and interacting with
the oxygen atoms of the phosphate moiety of PLP, elicited changes in the heme electronic environment
and inactivated the enzyme *°, Interestingly, Yadav et al. also found that alteration of the threonine
residues not only affected the kinetic properties of the full-length human CBS enzyme with respect to a
truncated protein lacking the Bateman module, but it also affected the allosteric regulation by AdoMet.
These findings led the authors to suggest that the conserved threonine residues in the so-called phosphate
binding loop of the catalytic core might be important for transmission of allosteric communication from

the regulatory Bateman module #°,

2.1.4.1.3.2. The catalytic domain.

The catalytic domain has been the most studied region of CBSs. Structurally, it presents a conserved
fold of the type Il family of PLP-dependent enzymes also found in plants and bacteria (Fig. 2.12). Unlike
the heme domain, that only interacts with the catalytic core of its own subunit, one main feature of the
central catalytic domain is that it self-assembles forming compact dimers (Fig. 2.15) that are hold together
by a mix of hydrophobic and H-bond interaction networks #3%43° |n HsCBS, it includes fourteen a-helices
and two B-sheets consisting of four (B4—B7) and six (B2—B3, and B8—P11) strands, respectively (numbering
from % Fig. 2.16). Initially considered mostly as a rigid entity with some few flexible loops involved in the
aperture/closure of the catalytic cavity, the availability of the crystal structures of CBSs from human 59169,
fruit fly ¥4, honeybee %%, and yeast 17°33 both alone and in complex with some of their substrates and

reaction intermediates, revealed that this domain is in fact composed by two distinguishable structural

blocks (Figs. 2.15 and 2.16).
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BASAL hCBS MONOMER BASAL hCBS DIMER Figure 2.15. Conformations of
HsCBS. Binding of AdoMet to

the Bateman module triggers a
conformational change that
makes HsCBS transition from
the basal towards the activated
state. The colors of the domains
follow the criteria adopted in
Figure 2.11. Figure adapted
from 61,
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CBS MODULE
»
o
o
=
2

static subdomain *** behaves
mostly as a rigid body during
the catalysis (Fig. 2.16). This
subdomain contains two out
of the five loops that
ACTIVATED hCBS MONOMER ACTIVATED hCBS DIMER configure the entrance to
the catalytic site (loops B3 and B5, Fig. 2.16), as well as four (B2, B3, B4 and B5 in Fig. 2.16) out of the five
consensus sequences that participate in the interaction with the different CBS substrates (Fig. 2.16) 2#2.0n
the other hand, the second subdomain, so-called mobile subdomain due to its dynamic behavior, is
smaller in size (residues 117-225 in HsCBS; Fig. 2.16) and is intercalated in the static block, to which is
tethered by two flexible loops that connect helix a4 with strand B4, and strand B7 with helix a8,
respectively (Fig. 2.16). Importantly, the mobile subdomain acts as a lid that regulates the access of
substrates into the catalytic cavity (Fig. 2.16). There are two circumstances under which the mobile
subdomain collapses towards the entrance of the catalytic site and closes it. The first one occurs in the
basal state of HsCBS, in which the presence of the Bateman module pushes it towards the static
subdomain thus restricting the access to the catalytic center and maintaining the basal activity (Figs. 2.15
and 2.16). The second takes place upon binding any of the substrates (Fig. 2.7) into the catalytic cavity
242433434 The presence of thee small molecules inside implies the formation of new interactions with
residues of the protein, including some from the mobile subdomain (B1 block in Fig. 2.16), thus promoting

the displacement of said subdomain.
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Figure 2.16. Catalytic domain of CBS. (A) The catalytic domain of HsCBS is formed by two subdomains: static (in
yellow) and mobile (cyan). The catalytic cavity hosting PLP (represented as surface) is located between these two
blocks. In the basal conformation, the regulatory Bateman module is placed above the mobile subdomain, which is
compressed towards the cleft thus impairing the access of substrates to the PLP. (B) Superimposition of the catalytic
domain in the basal (light grey) and activated (dark grey) states. The mobile subdomain (in cyan) shifts away from
the entrance of the cavity in the activated state, allowing the access of substrates to the PLP. (C) Consensus sequences
(blocks) B1-5 involved in catalysis 2*2. Residues (in sticks) are colored according to the block they belong to, following
the criteria of panel B. Figure adapted from 16,

A narrow channel formed between the mobile and static subdomains represents access cavity for the
substrates to reach the catalytic PLP located at the bottom of this channel (Fig. 2.16). The PLP molecule is
covalently attached to the protein via a Schiff bond to the g-amino group of a conserved lysine (K119 in

the case of HsCBS), forming an internal aldimine %52, Several H-bonds anchor the PLP molecule to the
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protein matrix and orient the cofactor appropriately within the cavity. Among them are those formed
between the nitrogen of the pyridine and the Oy of residue $349, and between the 3’-hydroxyl group of
PLP and the Ns; of residue N139 (Fig. 2.16). Importantly, N149 is coplanar with the pyridine ring of PLP
and thus allows the appropriate ring tilt upon transaldimination “%. In the opposite side of PLP, the
phosphate moiety interacts with the so-called phosphate binding loop (block B2 in Fig. 2.16, residues 256-
260 in HsCBS), which is located between strand 8 and helix a9 and includes two important threonine
residues (T257 and T260) as well as three glycines that form a network of H-bond interactions that ensure
the correct orientation of PLP (Figs. 2.14 and 2.16). Intriguingly, mutation of the threonines not only
causes a loss of CBS activity, but additionally impairs carbonylation of the heme moiety displacing C52
axial ligand in ferrous HsCBS **’.This fact led Banerjee’s team postulate a putative communication
between the heme cofactor and the catalytic site through helix a9 #374°, An exhaustive comparative
sequence analysis of CBSs, OCBSs and OASS enzymes from more than 100 different organisms performed
by Devi et al. highlighted the presence of five consensus sequences (blocks) near the active site involved
in determining catalytic specificity (or rather promiscuity) of CBS enzymes towards the different
substrates mentioned in Fig. 2.7. The asparagine- and phosphate-binding loops represent two of these
five consensus sequences highlighted by Devi et al. 2*2. The first block known as the asparagine loop (B1,
TSGNTG, residues 146-151 in HsCBS, Fig. 2.16) is the only one inserted in the mobile subdomain (Fig. 2.16).
Importantly, block B1 is key in maintaining interactions with the first substrate (Ser) and stabilize the
aminoacrylate intermediate during the [-replacement reaction. Moreover, it promotes the displacement
of the mobile subdomain that triggers the closure of the active site (Fig. 2.16). Block 2 known as the
phosphate binding loop (B2, GTGGT, residues 256-260 in HsCBS, Fig. 2.16) anchors the PLP molecule within
the cavity through the B-replacement reaction 24%%34, On the other hand, block 3 (B3, VEGIGYD, residues
303-309 in HsCBS, Fig. 2.16) is predicted to interact with the second substrate (Hcys) and also to facilitate
the nucleophilic attack on the a—aminoacrylate intermediate and release of the reaction product (Cth),
thus restoring the internal aldimine 43, This postulate needs to be confirmed, as no crystal structure with
bound homocysteine is available yet. Similarly to B1, block B3 helps in closing the active site upon
substrate binding by establishing interactions with the mobile subdomain through the conserved
glutamate of its consensus sequence 2%, Importantly, the conserved tyrosine residue of B3 also interacts
with Ser 3, The fourth block (B4, GSS/AG, residues 348-351 of HsCBS, Fig. 2.16) helps orienting the PLP
through interacting with the nitrogen of the pyridine ring. Finally, block 5 (B5, NYM/,T/.K, residues 380-
384 in HsCBS, Fig. 2.16) contains a conserved lysine residue (K384 in HsCBS) that establishes interactions

with residues from the mobile subdomain, thus also contributing to the closure of the active site.
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Importantly, the mobile subdomain contains three flexible loops which in the basal state are sandwiched
between the core and the Bateman module at the entrance of the catalytic site. These loops contain
residues 145-148 (block B1), 171-174 and 191-202 (Fig. 2.16) and play a key role in maintaining the active

site closed, both in the basal conformation and upon binding of substrates during catalysis.

2.1.4.1.3.3. The regulatory Bateman module.

Finally, the third portion of the CBSs is represented by the C-terminal Bateman module (~20 kDa),
which was known to exert a regulatory role upon binding of AdoMet for almost two decades #*.In terms
of primary structure represents the least conserved region across all CBSs. As mentioned above, this
module is not even present in the CBS of some organisms (Fig. 2.9), nor it plays the same role in the
different CBS enzymes. Structurally, the Bateman module consists of two consecutive CBS motifs (or CBS
domains), which include approximately 60 amino acids
each (residues 411-551 in HsCBS) and adopt a Bafpa
fold (Fig. 2.12) 9126432 The two CBS motifs are related

by a pseudo 2-fold symmetry that confers the Bateman

module a characteristic kidney-like shape with two main

B / cavities (named S1 and S2) located at opposite sides of
. {* ”’(3 - the central axis (Figs. 2.12 and 2.17). Each CBS motif is

<3 o 1y azla;@&;\@ preceded by a flexible peptide segment that includes a

L ag | J s 86 @‘ﬂw short a-helix (017 and a20, respectively). These linkers
4 F ﬁ5ﬁ4 < not only provide the upper wall of sites S1 and S2 (Fig.

2.12), but contribute to hold the two CBS motifs close to
each other, during the conformational change triggered

by AdoMet that activates the enzyme (see below) 62169,

Figure 2.17. Conformational change triggered by AdoMet.
(A) Binding of AdoMet (in sticks) to the site S2 cavity of the
Bateman module triggers a conformational change consisting
in a relative rotation of the two CBS motifs. Basal and
activated conformations are colored in light and dark blue,
respectively. (B) The orientation of the interfacial helices of the
Bateman module changes upon binding of AdoMet, and that
weakens their initial interactions with the catalytic core (in
grey). (C) In the AdoMet-bound form, the Bateman modules
form a disc-like structure known as “CBS module”. Figure

adapted from 61,
CBS1 CBS2

CBS module
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Another relevant feature found in the Bateman module of mammals and yeast CBS enzymes is a long loop
that links the last two B-strands (f15-B16) of the CBS2 motif (Figs. 2.11 and 2.12) In these organisms this
region is significantly larger than in other organisms, and stabilizes the formation of tetramers . Artificial
shortening of this region (i.e. by removal of residues 516-525) causes disassembling into dimers  and
permitted the crystallization of the full-length human CBS in year 2013 ® after over a decade of
unsuccessful attempts with the full-length HsCBS WT. The fruit fly and honeybee CBSs, which exist as
dimers, contain a significantly shorter loop ##%3%, Another unique ability acquired by the Bateman module
of mammalian CBSs is a conformational change in the relative orientation of its two CBS motifs upon
AdoMet binding °(Fig. 2.17). Of the two main cavities of the module, site S2 presents particular features
that favor hosting of AdoMet. The first is the presence of a conserved aspartate at the first turn of helix
a22 (D538), and a threonine three positions before (T535) that together orient the ribose ring of AdoMet
within the cleft. An isoleucine preceding the aspartate (1537) provides the suitable hydrophobic
environment for the methyl moiety. At the opposite side of the cavity, a hydrophobic pocket provided by
strand (12, helix a19 and the segment connecting helices a17 and 18 anchor the adenine ring of
AdoMet ' (Fig. 2.18). In contrast, site S1 lacks many of these features and its entrance is occluded by
elements of the catalytic domain in the basal conformation. This explains why this cavity is unable to bind

AdoMet, even when added at millimolar concentrations.

Figure 2.18. AdoMet-binding site of HsCBS. Sticks Site S2

representation of residues involved in AdoMet A421 /\,
binding at site S2 of the Bateman module. Figure
adapted from 6%, g 342/9/ \P422

Wesn P447 & R - {

In the absence of AdoMet, the Bateman
modules from complementary subunits remain
apart from each other, and rests above the
entrance of the catalytic cavity of its
complementary subunits, thus occluding the

access cavity to the catalytic center. Helices

19, 21 and 22 of the Bateman module (Fig.
2.17), and loop 191-202, helices a6 and a7 and
strand 36 of the mobile subdomain of the catalytic core (Fig. 2.16) participate in the interdomain interface.

The fourth helix of the Bateman domain, a18, remains exposed to the solvent in the basal state #9440,
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Binding of AdoMet at the S2 cavity of the Bateman module causes a relative rotation of the CBS motifs.
Such re-arrangement, in turn, weakens the interaction formerly existing between the Bateman module
and the central catalytic domain ®°. Concomitantly, this weaken interaction also resulted in migration of
the Bateman module from above the catalytic core of the complementary subunit to its own. At the same
time, the relocation of the Bateman modules was stabilized by their assembly in an anti-parallel manner
to form a disk-shaped structure known as "CBS module" (Fig. 2.17). In this new conformation, the catalytic

cavity is exposed and becomes accessible for the substrates. We and others found that such an activated

434 435

state is permanently maintained in the fruit fly “** and honeybee CBSs **°, which do not bind and are not

regulated by AdoMet **°, This feature contributes to stabilization of the dimeric state of the enzyme 34435,
which appears to be the only oligomeric state seen in CBSs from these organisms. Interestingly, the
Bateman module is also present in yeast 9, amphibians (Uniprot Q7ZXWe), fishes (Uniprot F1QICO) and
birds (Uniprot AOA2I0OM5N4). However, relative orientation of the Bateman module with respect to the
catalytic core, the degree of its association or its ability to bind AdoMet are currently unknown for these

429 and bacteria as Bacillus anthracis %*° lack the

species. Lower eukaryotes such as worm C. elegans
Bateman module. Interestingly, yeast encode an active tetrameric enzyme that binds AdoMet, but is not

regulated by this molecule **°.

Microcalorimetric characterization of HsCBS suggested that the HsCBS WT tetramer contains two types
of AdoMet binding sites: high (kp ~10 nM) and low (kp ~400 nM) affinity site binding two and four AdoMet
molecules per tetramer and being responsible for enzyme stabilization and activation, respectively 44,
However, crystal structure of AdoMet-bound HsCBSA516-525 E201S dimeric engineered construct
showed AdoMet bound only in site S2 yielding stoichiometry of four AdoMet molecules per HsCBS WT
and only one type of site. Further microcalorimetric comparison on HsCBS WT and HsCBSA516-525
showed that the removal of the loop 516-525 functionally eliminated the high affinity sites . Therefore,
it is plausible that these sites are different from the canonical cavities S1 and S2 and are present only in

tetramers and higher order oligomers of HsCBS.
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2.1.4.2. Cystathionine y-lyase (CGL, CSE, CTH)

2.1.4.2.1. Reactions catalyzed by CGLs

Cystathionine y-lyase (CGL or CSE), also known as Cystathionase (CTH), is a PLP-dependent enzyme
that catalyzes the o,y-elimination of cystathionine to give cysteine, a-ketobutyrate and ammonia **® (Figs.
2.19 and 2.20). Alternatively, can also hydrolyze cystathionine acting on atoms at the a and B positions to
yield homocysteine (Hcys), pyruvate and ammonia. This latter reaction is known as the a,-elimination or
B-lyase activity of CGL. (Figs. 2.19 and 2.21). Alternatively, CGL can also catalyzes hydrogen sulfide (H,S)
producing processes that include cysteine-dependent and homocysteine dependent reactions **7 (Fig.
2.19). In general, seven different reactions have been reported as possible by different authors (Fig. 2.19),
although only few of them (such as a,y-elimination and a,B-elimination of Cth and a,B-elimination of Cys)

have been confirmed

/\%LH i HSM Hoﬁf‘\/\/ﬁ)\ b HeS for each particular

NH, NH; CGL in the organisms

Cysteine Homocysteme Cystathionine

studied so far.

/\)kOH + HS/H)L e HO)I\/\ fﬁ)k + H2=8
NH2 NHZ
Cysteine Cysteine Lanthionine

Figure 2.19. Reactions

o] o]
HS\/% N Hs\/\HL o . catalyzed by CGL.
- o W Mf + Hzd Seven catalyzed

NH, NH, )

Homocysteine Homocysteine Homolanthionine reactions have been
considered in different
organisms (the

o} Ol common canonical
HS/\HJ\OH + H20 Hac%( +NHF +HzS reaction is framed).
NH; o]
Cysteine Pyruvate
0o (o]
o +
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Q 0
NH2 9 /\HJ\ /\H)L
HS OH  HsC o
O%/SMOH + H20 — + o +
o] NH;

e y-elimination —/ I_a’ p-elimination —/ '—Y-replacement 1 B-replacemenl —‘

NH;
Cystathionine Cysteine a-Ketobutyrate
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Figure 2.20. Catalytic mechanism of the canonical a,y-elimination toward cystathionine catalyzed by CGL **7*%°, The
positions of atoms at a, 8,y and & are indicated in red greek letters at intermediate [2].
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Figure 2.21. Catalytic mechanism of the alternative reaction ¢,f-elimination toward cystathionine catalyzed by
CGL*°, The positions of atoms at a, 8,y and &6 are indicated in red greek letters at intermediate [2].
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2.1.4.2.2. Domain distribution and oligomerization of CGL

Structurally, the Cystathionine y-lyase enzyme belongs to the family of type | PLP-dependent enzymes.
This group also includes cystathionine y-synthase (CGS) and cystathionine B-lyase (CBL), which are
enzymes of the forward transsulfuration pathway %°. The sole and stable oligomer of this type of enzyme
is a homotetramer, in turn formed by two equivalent dimers. The domain architecture of each CGL subunit
does not differ among species (Fig. 2.22). The N-terminal domain includes approximately 50 residues and
contains a very long loop involved in formation of the dimeric entities. This loop is directly followed by
the PLP binding domain, which represents the largest region of the protein and contains the most
important catalytic residues. The PLP cofactor is covalently bound to the protein, forming an internal
aldimine with a well conserved lysine at the active site (Fig. 2.22). Finally, the catalytic domain is
connected to the smaller C-terminal domain via a long a-helix (a more extensive description of the

structure is detailed in the section 2.1.4.2.3.).

N-terminal -~ , C-terminal Oligomer
~domain PLP-binding domain domain | g
I

Figure 2.22. Domain distribution of cystathionine y-lyase across species. In purple the N-terminal domain. In orange
the PLP-binding-domain and the pyridoxal 5'-phosphate cofactor is in red. The C-terminal domain is in cyan. The grey
circles represent the most frequent oligomeric state.

2.1.4.2.3. Three-dimensional structure of CGL

The three-dimensional structure of CGL was firstly elucidated in the early 2000s from the yeast species
(PDB ID 1N8P) %%, Some years later, the crystal structures of human CGL, alone (PDB ID 2NMP) “¢! and in
complex with different ligands (PDB IDs 3COG, 6NBA) were reported “1%63, Several recent manuscripts
highlighting the relevance of CGL as a major H.S producer in bacterial pathogens (H.S is a gasotransmitter
that plays a very important role as a modulator of oxidative stress) 1*!, have encouraged many authors
to widen the current knowledge by elucidating new CGL structures from different pathogenic organisms.
This includes the crystal structures of CGLs from Saccharomyces cerevisiae (PDB 1N8P)*P°,
Strenotrophomonas maltophilia (PDB IDs 6K1M, 6K1N, 6K10, 6K1L) %4, Lactobacillus plantarum ( PDB IDs
6LE4, 6LDO) *°, Bacillus cereus (PDB 7D70) %> and Staphylococcus aureus (PDB IDs 6KHQ, 7MCL, 7MCB,
7MCN, 7MCP, 7MCQ, 7MCT, 7MCU, 7MCY, 7MDO0, 7MD1, 7MD6, 7MD8, 7MDA, 7MDB) 1>¢,_ Taking into

account the similar domain distribution found in all these enzymes across evolution, we have used the
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human CGL as a template model to describe the main overall structural features in the following section

(Fig. 2.23).

The N-terminal domain of CGL is the smallest in size and consists only of one alpha helix (a1) and one
long loop (residues 25-65 in human CGL) (Fig. 2.23). This loop interacts with amino acid residues of the
active site from a neighboring monomer and is involved in the oligomerization of the enzyme, more
concretely in the stabilization of one of the dimers that form the protein homotetramer. The second
domain is known as the "PLP-binding domain", and contains most of the active site residues. Within its
main cavity, it hosts the PLP cofactor, which is covalently linked to a conserved lysine residue, thus forming
an internal aldimine. Structurally, the PLP domain displays an o/B/a fold, where seven B-sheets are
flanked by eight a-helices. The central core consists of seven, mostly parallel B-strands, except for 7
which is antiparallel to the rest (B1TB7\ B6 BSR4 TB2TB31T) (Fig. 2.23). Some organisms do not

present helix a7, and this element appears disordered due to its intrinsic flexibility.
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Figure 2.23. Human CGL. (top) Amino acid sequence of the full length HsCGL, colors correspond to the domain
distribution. Secondary elements are indicated. (bottom) The N-terminal domain is in violet ribbons. The PLP-binding
domain is in orange ribbons. PLP is in red sticks. The C-terminal domain is in cyan.

The active site of CGL is mainly formed by residues from the central seven-stranded B-sheet, and its
surrounding a-helices (Fig. 2.23). There, PLP is embedded by strong hydrogen bonds between its
phosphate moiety and residues G90, L91, S209, T211 of subunit A and Y60*and R62*of the
complementary protomer (Fig. 2.23). Importantly, the aspartate acid (D187 in HsCGL) is a crucial residue
due to its ability to promote the protonation of the nitrogen atom of PLP ring. Such N1-PLP protonation is
thought to enhance the "sink effect" of this carbanion intermediate (the electron sink equilibrates the

) 467488 and plays a key role in

withdrawal of electrons to induce rearrangements and bond cleavage
stabilizing the carbanion intermediate (also known as the quinonoid intermediate) (intermediate [4] in
Fig. 2.20) *°, In the human enzyme, PLP is covalently linked to the e-amino group of lysine K212, thus
forming a Schiff-base linkage. On the other hand, residue Y114 exhibits aromatic m-stacking interactions
with the pyridine ring of PLP. Interestingly, the substitution of this tyrosine by a phenylalanine in H. sapiens
and L. plantarum (Y114F and Y97F, respectively) showed an increase in the production of H,S from the B-
elimination of Cys (Fig. 2.19) #5°47°_ A closer look of the side chains of Y114 (in HsCGL-wt) and F114 (in the
HsCGL-Y114F artificial variant) provided a reasonable explanation for the reported increase in H,S levels.
The former is more electronic rich than the latter due to the para-hydroxyl group, which increases the
electron-donating effect of the tyrosine. Accordingly, the m-stacking interactions between the tyrosine
and the cofactor are strong but the electron delocalization into the pyridoxal ring would be less promoted
and the a-proton of Cys would be less acidic. In contrast Y114F shows weaker n-interactions with the PLP,
which would promotes the electron delocalization of the pyridoxal ring, leading to faster dissociation of
the aminoacrylate intermediate in the mutant than the in wild-type enzyme %7°. Another important
mutation that affects H,S production in human CGL is found in the highly conserved E339 residue, which
is also located at the catalytic site 4’°(Fig. 2.24). A study in yeast revealed the role of this residue in defining
the orientation of the Cth substrate and the specificity for the y-elimination in catalysis (Fig. 2.20) versus
the B-elimination #7*472(Fig. 2.21). The substitution of E339 in humans to a more hydrophobic residue such
as lysine, alanine or tyrosine increased the H,S production #7°, It has been postulated that an increased
hydrophobicity of the residue at this position enhances the catalytic efficiency #7°. Similar studies
performed in yeast (E333) to analyze the effect on the catalytic efficiency of B-elimination of Cys,
surprisingly showed a decrease in the catalytic efficiency when the equivalent position was occupied by

either an alanine, an aspartate or a glutamine, in artificially engineered mutants 472,
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Figure 2.24. Main residues of the catalytic site of human CGL. The residues from subunits A and Care colored in
wheat and magenta, respectively. The PLP cofactor is in dark grey.

2.1.4.2.4. Inhibition of CGL

Interestingly, it has been shown that selective inhibition of CGL by molecules such as DL-
propargylglycine (PAG) alleviates the cardiovascular and inflammatory symptoms of the CGL-derived
disease in animal models 365473474 These observations prompted some authors to address studies on
HsCGL-inhibitors complexes to understand how these molecules impair the enzyme activity, and
consequently, its H,S production #6462, The mechanism of inhibition of HsCGL by PAG was described in
2008, using the crystal structure of the HsCGL-PAG complex #¢1, The structure suggested that the hydroxyl
group of Y114 converts the activated allene of PAG into a vinylether (Fig. 2.25), and that this residue is
involved in the elimination of the reaction product 647>, A main conclusion was that both, the entry and

the exit of the substrate to the catalytic site is sterically impaired, thus blocking the catalysis of the CGL

461
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Figure 2.25. Structure of HsCGL in complex with PAG and CPC inhibitors. (A) Stick representation of the residues
involved in the binding of PAG in HsCGL (PDB ID 3COG) *¢*. The subunits A and C are colored in wheat and magenta,
respectively. 2AG (in light green) is the PDB ID for the vinylether formed when the atom Cy of the inhibitor reacts with
the Y114 of the enzyme. (B) Residues of the active site of HsCGL that interact with the aminoacrylate intermediate
P1T (in light blue) resulting from the reaction of the enzyme with CPC (PDB ID 6NBA) 462,

Nowadays, a wide variety of compounds is being used for pharmacological inhibition of CGL. Among
these, DL-propargylgycine (PAG) is the most commonly used in animal models, acting selectively on CGL
in an irreversible manner. Recent studies have shown that concentrations ranging from 1 to 10 mM PAG
inhibit >95% of the transsulfuration flux in the presence of cystathionine %2, Surprisingly, when cysteine
is used as a substrate, PAG shows no significant effect, suggesting that cysteine and PAG act competitively,
though further evidence is needed %2, The ability of cysteine in reducing the efficacy of PAG inhibition
may have relevant consequences. For example in kidneys, where endogenous cysteine concentration is
elevated, cysteine might prevent CGL from PAG inhibition. Very recently, new compounds, structurally
analogous to Cth, have shown more optimized inhibitory capabilities. Among them is S-3-carboxpropyl-L-
cysteine (CPC), which is a selective and reversible inhibitor of HsCGL that can act on both, cystathionine
(Ki 50 + 3 M) and cysteine (K; 180+ 15 uM), in the canonical and HS production %62, The co-crystallization
of HsCGL with CPC (PDB ID 6NBA) #¢? revealed that the mechanism of action is different from that of PAG
(Fig. 2.25). The structures revealed the formation of an aminoacrylate intermediate that results in the
inability of the substrate to bind to PLP for enzymatic catalysis (Fig. 2.25). In contrast, the mechanism of
inhibition by PAG occurs by blocking the conserved tyrosine at the catalytic site through a covalent bond

of this residues with the PAG compound (Fig. 2.25 and 2.26).
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Figure 2.26. Inhibition mechanisms proposed for the human CGL by PAG *%* (A) and CPC *%% (B).

The high similarity existing between the catalytic sites of type I-fold PLP-dependent enzyme family (c.a

like CGL, CGS or CBL), from different organisms, implies that the described inhibitors may likely act

simultaneously on several targets and several species, thus preventing its general therapeutic use. This

situation is problematic when one specific enzyme, encoded by a particular organism (for example a
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multidrug resistant bacteria) is pretended to be targeted, without affecting the human host. In this
regard, new research has reported novel inhibitor binding sites for the pathogen Staphylococcus aureus
15, These sites are located in a region between helix a4 of the PLP-binding domain and the C-terminal
segment. Interestingly, despite the secondary structural elements of this terminal domain are conserved
across organisms, the amino acid sequence similarity is poor when compared with the human homolog.
For example, the amino acid sequence identity with respect to yeast and S. aureus or Lactobacillus
plantarum is 44%, 42% and 39% identity, respectively in this region. These differences open new windows

for therapeutic treatment against concrete pathogens.

2.1.4.2.5. Apo and Holo states of CGLs

A detailed comparison of the structures of the apo (PDB ID 3ELP) and holo (PDB ID 2NMP) forms of
human CGL revealed major conformational changes, that were attributed to the absence or presence of
the PLP cofactor. The main differences between these two conformers are found in two loops (L110-118
and L210-216), that form the walls of the active site. When the enzyme contains PLP (holo state), these
loops fold back towards the cofactor (Fig. 2.27). The re-orientation of two residues, K212 and Y114, upon
binding of PLP is crucial for the enzymatic catalysis. In the holo state, Y114 is near a two-turn helix (G115-
Y120), which unwinds and becomes a loop in the apo state. In turn, K212 is covalently bound to PLP and
forms an internal aldimine %! (Fig. 2.27). In contrast, in the absence of PLP, this lysine is moved away from
the active site (Fig. 2.27), causing that the distance between the K212 of the apo-HsCGL and the PLP of
the holo-HsCGL is too large (11A) for a nucleophilic attack of the lysine. Moreover, in holo-HsCGL the long
loop at the N-terminal domain is extended to the complementary monomer and forms part of the
adjacent active site %6 (Fig. 2.27). However, in the apo conformation, this region is disordered, indicating
flexibility due to the lack of stabilizing interactions with the PLP (Fig. 2.27). Another region affected by the
presence or absence of PLP in the cavity is loop 355-366, which is indirectly stabilized by the cofactor in
the HsCGL-PLP complex. In the apo form, the loop 110-118 is shifted slightly upward to occupy the site
corresponding to loop 355-366 in the holo conformation. This explains the disorder found for this region

in the PLP-free HsCGL.
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L355-366

Figure 2.27. Structural comparison of the apo and holo conformations in HsCGL. Ribbon representation of
superimposition of apo-HsCGL (yellow) and holo-HsCGL (blue and green) active site regions. The subunit of the holo-
HsCGL enzyme is colored in dark green and the subunit adjacent is colored in light blue. The PLP cofactor is
represented by brown sticks. The main loops (L110-118, L211-219 and L65-85) are highlighted. Catalytic lysine is
represented by sticks. The orientation of K212 and Y114 in the apo (yellow) and holo (green) states are represented.

Importantly, the distinct orientation adopted by the above mentioned loops in the absence and in the
presence PLP have direct consequences over the overall arrangement of the individual protein subunits
in the tetramer assembly (Fig. 2.28). For example, the apo-HsCGL shows a more distended arrangement
of the monomers within the tetramer ("open conformation" of the tetramer) with respect to the holo-
HsCGL form, in which the protein monomers appear more tightly packed ("closed" tetramer) (Fig. 2.28).
This important difference suggests a weaker interaction between the monomers of the tetramer in the
PLP-free enzyme than in the PLP-bound enzyme 6. Very important salt bridges between R257 and D219
in the A-D and B-C chains help to stabilize the tetrameric assemblies. These residues are largely conserved
in this enzyme family “6°. However, in the apo conformation of HsCGL, the interaction of these important
tetrameric residues is lost. Remarkably, the open and the closed conformation are observed only in the
human enzyme. The crystal structures in the holo and apo states of CGLs from some bacteria such as

Strenotrophomonas maltophilia “¢* (PDB ID code 6K10 and 6K1N apo and holo states, respectively) or
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Staphylococcus aureus 3% (PDB ID code 6KGZ and 6KHQ apo and holo states, respectively) and another
PLP-dependent enzyme, namely threonine synthase from Aradibopsis thaliana 4’ (PDB ID code 15EX
and 2C2G apo and holo states, respectively) show no significant conformational changes between states

with and without PLP.

Figure 2.28. Conformational states of HsCGL. Ribbon representation of three-dimensional structure of HsCGL PLP-
bound (A) and HsCGL PLP-free (B). Each subunit is represented with a color. PLP is represented by sticks (grey). The
center of HsCGL is opened in the apo conformation.
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2.1.4.3. Cystathionine B-synthase from T. gondii

The crystallization of CBS enzymes has historically represented a very challenging task due to the
presence of unstructured zones at the ends of their polypeptide chain, the intrinsic mobility of their
domains, linked by long flexible loops, and the drastic conformational changes associated with their
activity and allosteric regulation. These facts are compounded in some particular cases by a high tendency
to form large aggregates (c.a human CBS), and a short half-life when isolated in solution, which causes
them to partially or totally lose their three-dimensional folding 5*. The human enzyme has so far been
the most extreme case, and involved more than three decades of research until it could finally be
elucidated 5438440 Other, somewhat less complex cases, such as some bacterial species which contain
just a single catalytic domain 24242, or the CBSs from insects like the honeybee *® or the fruit fly 3 that
exist in a single constitutively activated conformation and which are not allosterically regulated, provided
important clues as to how successfully tackle the crystallographic study of enzymes that are more

reluctant to form crystals.

Our collaborators at the University of Verona recently identified that the genome of T. gondii (strain
ME49) contains a single copy gene for CBS (TGME49 259180), which encodes a multimodular protein
(TgCBS) consisting of 514 amino acids (Mw= 55.8 kDa, pl= 7.54) **%. In solution, TgCBS self associates
predominantly in dimers (97 kDa) with some tetramers (234 kDa) “*. Each monomer presents a domain
distribution of class C similar to that found in yeast, Gram-negative bacteria (c.a P.aeruginosa) and some
apicomplexa (c.a. T. gondii) and consisting of: (i) a N-terminal catalytic core (residues 1-323) and (ii) a C-
terminal regulatory Bateman module *? whose function is still unknown. These two main structural
domains are connected by a long flexible linker of 29 amino acids (residues 324-353) (Figs. 2.29 and 2.30).
The catalytic core of TgCBS represents the most conserved region of the protein, showing an amino acid
sequence identity of 62%, 56%, and 56% with respect to its human, honeybee, and fly counterparts,
respectively. The sequence of the Bateman module is less conserved and shows 8%, 10% and 56% identity
with respect to the equivalent region of the human, fly and honeybee enzymes, respectively. As in related
proteins, the Bateman module of TgCBS is in turn formed by two consecutive so-called "cystathionine -
synthase domains" (CBS1, residues 354-425; CBS2, residues 426-514), that are linked by two flexible loops

and interact mainly through their central B-sheets.
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Figure 2.29. TgCBS architecture. Class Cis found in T. gondii (TgCBS), S. cerevisiae (ScCBS) and P. aeruginosa (PaCBS).

The TgCBS catalytic activity follows a ping-pong reaction mechanism #3! (Fig. 2.8). In its canonical
reaction, the enzyme condenses serine with homocysteine (Hcys) to yield cystathionine (Cth) and a
molecule of water (Fig. 2.7). Similarly to its human counterpart, TgCBS exhibits alternative reactions of
decomposition or condensation of Cys that lead to the endogenous production of hydrogen sulfide (H-S)
(Fig. 2.7). As it is the case with other protozoan CBSs such as those from L. major 2% or T. cruzi 48, TgCBS
is additionally capable of generating Cth from O-acetylserine (OAS) %1, Two relevant features of TgCBS
that relate it to the yeast enzyme are (i) the absence of an N-terminal heme-binding domain preceding
the catalytic core and (ii) the inability to bind and be activated by S-adenosylmethionine, AdoMet 159432,
Similarly to the yeast enzyme %°, TgCBS shows a single thermal denaturation peak (Tm=56 + 1°C) 3!, thus
suggesting a single conformation, whose three-dimensional structure remained unknown until this

doctoral thesis was developed.
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Figure 2.30. CBSs sequence alignment. Sequence alignment of cystathionine 8- synthase from Toxoplasma gondii
(TgCBS, UniProt code AOA125Y5J9), Homo sapiens (HsCBS, UniProt code P35520), Drosophila melanogaster (DmCBS,
UniProt code Q9VRD9), Apis mellifera (AmCBS, UniProt code Q2V0C9) and Saccharomyces cerevisiae (ScCBS, Uniprot
code P32582). The secondary elements of TgCBS are indicated.
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2.2. HYPOTHESIS AND OBIJECTIVES

The research developed in this chapter is based on the following hypothesis:

The CBS enzymes containing a C-terminal Bateman module can exist in active no-allosterically

regulated species.

- There may exist active conformations of CBSs, whose three-dimensional structure is distinct from
that observed in insects or humans.

- Toxoplasma gondii CBS may belong to one of these different structural classes.

- The particular structural features of TgCBS might explain its catalytic diversity.

TgCBS structure may be used to develop new drugs against toxoplasmosis.

Based on these previous knowledge, we set ourselves the following objectives:

1. Structural determination of cystathionine B-synthase from T. gondii (TgCBS) both, alone and in

complex with its substrates and products.

2. Elucidation of the mechanisms and conformational changes underlying TgCBS catalytic activity.

3. Elucidation of the mechanisms underlying TgCBS regulation. Role played by the Bateman module.

4. Explanation for the lack of response of TgCBS to AdoMet.

5. Comparative analysis of TgCBS with other CBSs. TgCBS in evolutionary terms.

6. Design of potential strategies for the specific modulation (inhibition) of TgCBS.
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2.3. MATERIALS AND METHODS

2.3.1. Protein expression and purification of TgCBSA466-491

TgCBS construct lacking the region of the loop of the CBS2 (466-491) was produced by site specific
mutagenesis on the pET21a expression vector (InVitrogen Corporation), using the QuickChange site-
directed mutagenesis kit (Agilent Technologies). Primers used to insert deletion were: forward (5'-
cgtttgtgtgatggacgagaaggaatgcccacatttectgg) and reverse (5’-ccaggaaatgtgggcattccttctegtccatcacacaaacg).
The correct recombinant plasmid was transformed into Rosetta (DE3) expression E.coli host cells
(Novagen). The transformed E. coli Rosetta (DE3) cells were picked with a small pipette tip and were grown
O/N at 310K in 250 mL Erlenmeyer flask with 125 mL of LB medium supplemented with 25 pg mL? of
chloroamphenicol and 100 pg mL? of ampicillin. The culture was inoculated in six Erlenmeyer flask (in
each flask 20 mL of inoculum were added) containing 2L of LB medium, 25 pg mL? of chloroamphenicol
and 100 pug mL? of ampicillin and grown to exponential phase at 310K. When the cell density reached

ODgoo = 0.8, the protein expression was induced with 0.5 mM of IPTG and grown for 15 h at 297K.

Cells were pelleted by centrifugation (5 000g for 15 min at 277 K) and resuspended in lysis buffer
containing 20 mM sodium phosphate pH 8.5, 150 mM NaCl and 0.1 mM DTT in the presence of protease
inhibitor EDTA free. Cells were then disrupted by sonication on ice and centrifugated (30 000g for 30 min
at 277 K). The filtered supernatant was loaded on a Ni-sepharose column (Cytiva) previously equilibrated
with 20 mM sodium phosphate pH 8.5, 150 mM NaCl, 10 mM imidazole and 0.1 mM DTT. The bound
protein was subsequently eluted with the same buffer containing 500 mM imidazole. The buffer of the
purified protein was exchanged using Vivaspin concentrators (Sartorius) to remove imidazole with the
buffer 20 mM sodium phosphate pH 8.5, 150 mM NaCl and 0.1 mM DTT. The homogeneity and purity of
the enzyme was verified by SDS-PAGE to be > 95% (detailed in M&M of Chapter | section 1.3.2.1.). Protein

was aliquoted and stored at 193K until use.

2.3.2. TgCBSA466-491 activity assay

The activity measurements of the truncated TgCBS enzyme were carried out by the group of Prof.
Alessandra Astegno at the University of Verona. The CBS activity in the canonical reactions was

determined by a previously described continuous assay for Cth production**!, which employs recombinant
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cystathionine B-lyase (CBL) from C. diphtheriae, produced in-house #7948 and lactate dehydrogenase (LDH)
from rabbit muscle (Sigma-Aldrich) as coupling enzymes. The activity assay was performed using the
dimeric fraction of the enzyme isolated by gel filtration. The kinetic parameters for the B-replacement
reaction of TgCBS (condensation of Ser and Hcys, and condensation of OAS and Hcys) were calculated, via
global analysis in which both substrates are varied simultaneously, from the fit of the data to the following

equation:

kcar*[SA]*[SB]

K3B+[sAl+ K,S,,A*[SB]*(H %>+[SA]*[SB]
i

v
E

in which v is the initial velocity, E is the concentration of the enzyme, SA is the concentration of the
first substrate, SB the concentration of the second substrate, kcat and Km are the catalytic and the
Michaelis—Menten constants, respectively. Substrate inhibition at high concentration of Hcys was
observed, thus the equation included a KiSB value, which represents the inhibition constant for substrate
inhibition by Hcys. Kinetic data are presented as the average + standard error of the mean (SEM) of three
to five repetitions using at least three independently purified protein batches. Data fitting was carried out

with OriginPro8 (OriginLab) software (Version2008. OriginLab Corporation, MA, USA).

2.3.3.  Spectroscopic measurements

The spectroscopic measurements of the truncated TgCBS enzyme were carried out by the group of
Prof. Alessandra Astegno at the University of Verona. Absorption spectra were collected on a Jasco-V560
UV-Vis spectrophotometer in 20 mM sodium phosphate pH 8.5. Far-UV CD spectra (250-200 nm) were
recorded on a Jasco J-1500 spectropolarimeter as previously described 3% Thermal denaturation
profiles were collected by measuring circular dihroism (CD) signal at 222 nm in a temperature range from
20 to 90 °C (scan rate 1.5 °C/min). Protein concentration was 0.2 mg mL? and measurements were

performed using quartz cuvettes with a path length of 0.1 cm in 20 mM sodium phosphate pH 8.5.

2.3.4. Oligomeric state determination

The oligomeric state determination of the truncated TgCBS enzyme were carried out by the group of
Prof. Alessandra Astegno at the University of Verona The oligomeric state of TgCBS was investigated via
gel filtration on a GE Healthcare Superdex 200 10/30 GL column (GE28-9909-44, Cytiva) in 20 mM sodium
phosphate buffer pH 8.5, 150 mM NaCl and 0.1 mM DTT. High molecular weight gel filtration calibration
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kit (GE28-4038-41 and GE28-4038-42 from Cytiva) was used to construct a calibration curve, following

protocols in %82,

2.3.5. Protein crystallization

The first, one of the principal requirements to obtain suitable protein crystals was to determine the
appropriate protein concentration to setup the initial crystallization screens (Table 2.1), performing a Pre-
Crystallization test (PCT™, HR2-140 from Hampton Research). The initial crystallization process was
initiated in the high-throughput crystallization facility at the X-Ray platform of CIC bioGUNE, assisted by
liguid handling robots and automatic nanodispensers, which allowed us to examine around 2 500
crystallization conditions. The technique used in this initial screens was the sitting drop vapour diffusion
in 96 well MRC plates (MD11-00-100 from Molecular Dimensions). Precipitant solutions were placed in
the reservoirs using TECAN Freedom EVO robot (TECAN Group Ltd.) and the protein/precipitant drop was
prepared with the automatic nanodispenser MOSQUITO liquid handling robot (TTP Labtech Ltd.) mixing

200 nL of protein solution with 200 nL of reservoir.

Table 2.1. Crystallization screens.

Crystallization Screen Provider Catalog number
PCT C Pre-Crystallization test Hampton Research Corp HR2-140
PEG/lon Hampton Research Corp HR2-126
PEG/lon 2 Hampton Research Corp HR2-098
PEGRx1 Hampton Research Corp HR2-082
PEGRx2 Hampton Research Corp HR2-084
Index Hampton Research Corp HR2-144
SaltRx1 Hampton Research Corp HR2-107
SaltRx2 Hampton Research Corp HR2-109
Crystal Screen Cryo Hampton Research Corp HR2-122
Natrix Hampton Research Corp HR2-116
PACT premier Molecular Dimensions Ltd MD1-36
Morpheus Molecular Dimensions Ltd MD1-46
JCSG-plus Molecular Dimensions Ltd MD1-37
JCSG Core | Suite QIAGEN® 130724
JCSG Core |l Suite QIAGEN® 130725
JCSG Core Il Suite QIAGEN® 130726
JCSG Core VI Suite QIAGEN® 130727
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2.3.5.1. Crystallization of TgCBSA466-491

For the TgCBSA466-491, the suitable concentration is 15 mg mL? to carry out the subsequent
experiments. Once the initial screens were tested, promising conditions were identified around a
crystallization condition of the screens PEG ION 1, 2 (HR2-126, HR2-098 from Hampton Research), which
yielded small microcrystals. Subsequently, a more specific screening, aimed to optimize the crystallization
conditions, was performed. First, the droplet size was significantly increased, and the hanging drop
technique was employed in 24-well VDX plates (HR3-171, Hampton Research). The drops contained 1 uL
of protein and 1 pL of reservoir. The condition that finally provided the best quality crystals was composed
of 8% (w/v) ethylene glycol 3350, and 0.1 M MES pH 5.7 with a protein concentration of 15 mg mL?. The
volume in the reservoir was 500 pL. The plates were incubated at a constant temperature of 291K on the

CIC bioGUNE platform. Crystals appeared after 48 hours.

Following a similar protocol, the construct of TgCBS with a deletion in loop L466-491 was crystallized
in the presence of L-serine (Sigma-Merck, S4500), cysteine (Sigma-Merck, 168149), cystathionine (Sigma-
Merck, C7505- 10 mg), and O-acetylserine (Sigma-Merck, CDS020792). To obtain TgCBS crystals with the
respective ligands, TgCBS crystals were allowed to grow for 3 days, using the hanging drop technique in
24-well limbro plates. Each drop consisted of 1uL of the study protein and 1uL of precipitant.
Subsequently, the corresponding ligand was soaked overnight and stored the next day with 35% (w/v)
ethylene glycol until data collection by X-ray diffraction in different European synchrotron facilities (ALBA
(Spain) and DIAMOND (UK). The optimum crystallization conditions are described in Table 2.2, as well as

the concentration of protein and ligand added in each crystallization drop.

Table 2.2. Optimal crystallization conditions for TgCBSA466-491.

Protein Protein-ligand Concentration

Crystallization condition Ligand Cryopotectant

(concentration) binding method of ligand

TgCBSA466-491 831(“\/;/“\;|)E:EF,GH3:_570 ) _ - 30% (v/v) glycerol
TgCBOA466-491 7(?71(&//“\2EF;E§H3§.550 Ser Soaking 10 mM 35% (v/v) ethylene glycol
TgCBSA466-491 8(;/?ivl\\;l/\lelEPSEpGH32.510 Cys Soaking 10 mM 35% (v/v) ethylene glycol
TgCBSA466-491 9(;/f)ivl\\;l/\lelEPSEpGH32.510 Cth Soaking 10 mM 35% (v/v) ethylene glycol
TgCBOA466-491 8% (w/v) PEG 3350 OAS Soaking 10 mM 35% (v/v) ethylene glycol

0.1M MES pH 6.1
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2.3.6.  Structural determination of TgCBSA466-491 by X-ray crystallography

The high-energy synchrotron radiation facilities used for our further structural analysis were the
beamline MX XALOC-BL13 at ALBA Synchrotron (Barcelona, Spain) and beamlines 103 and 124 at Diamond
Light Source (UK) (Table 2.3). For data collection, the set of diffraction images was taken in intervals
between 0.1 to 0.25° and the distance to the detector was set to reach resolution data between 1.6- 3.8
A depending on the crystal and according to the quality and intensity of the diffraction determined by test
images taken previously. The strategy and characterisation program to determine the number of images
and the starting angle to be taken to achieve the 100% of completeness was carried out by EDNA program
482 For all datasets, a total of 36000 images were collected except for TgCBS-OAS which shows crystal
decay after 1200 images. A summary of the parameters of the data collection is shown in Table 2.3. The
diffraction data were indexed, integrated and scaled using XDS %8 and autoPROC “8% programs. The plots
of the self-rotation function were calculated with MOLREP “%, Structure refinement was done with
Phenix.Refine*®®. Model was built with Coot *®7 Figures were done with Pymol (http://www.pymol.org)
and Chimera 1%, Crystallization of the structures of TgCBSA466-491 alone and in presence of ligands were
determined by Molecular Replacement (MR) “8 with PHASER program *° from Phenix package. The
structure of the truncated 45-kDa HsCBS (PDB ID code 1JBQ) was used as initial search model. After several
cycles of refinement using Phenix.Refine the geometric quality of the models were assessed with
MolProbity #9° integrated in Phenix program. The atomic coordinates of the TgCBSA466-491, TgCBSA466-
491-Ser, TgCBSA466-491-Cys, TgCBSA466-491-0OAS and TgCBSA466-491-Cth have been deposited in the
Protein Data Bank (PDB) with the ID codes 6XWL, 6XYL, 6257, 6Z3S and 6Y21, respectively.

Table 2.3. Data collection parameters

Parameters TgCBSA466-491 TgCBSA466-491 TgCBSA466-491 TgCBSA466-491 TgCBSA466-491
+Ser +Cys +Cth +0AS

No of images 1800 3600 3600 3600 1200

AD (°/image) 0.2 0.1 0.1 0.1 0.1

Beamline 103 124 XALOC-BL13 XALOC-BL13 XALOC-BL13

A (A) 0.9800 0.9683 0.9794 0.9794 0.9794

Exposure (sec) 0.01 0.04 0.1 0.1 0.1

Detector Eiger2 XE16M Pilatus3-6M Pilatus 6M-Dectris  Pilatus 6M-Dectris  Pilatus 6M-Dectris

Temperature (K) 100 100 100 100 100
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2.4. RESULTS

2.4.1. Construct design

Careful sequence and structural alignments between TgCBS and HsCBS (Fig. 2.30) revealed an
unusually extended loop (residues 466-491) between the last two [3-strands of the CBS2 motif in TgCBS
which, as observed in humans, is presumably flexible and may impede crystal growth. Accordingly, we
engineered a protein construct (TgCBSA466-491) that lacks 25 amino acid residues at the tip of this

internal loop.

2.4.2. Overexpression & purification of TgCBSA466-491. Properties of
truncated TgCBS

In collaboration with Prof. Alessandra Astegno (University of Verona, Italy), TgCBS was cloned into
pET21a expression vector with a tag of six Histidines at the N-terminal following the protocol described in
1 The histidine tail was added to initiate protein purification by nickel affinity chromatography. The

purification protocol of the protein is described in detail in section 2.3.1 of M&M.

TgCBSA466-491 was overexpressed in Escherichia coli and purified as His-tagged protein (located at
the N-extreme) to greater than 95% purity as judged by the presence of a single band on SDS-PAGE (Fig.
2.31, A). Through absorbance and circular dichroism (CD) studies, our italian collaborators ascertained
that the mutant displayed no substantial differences compared to the wild type protein #*! in either the
absorbance spectroscopic features (Fig. 2.31, B) or protein conformation (secondary structure elements)
(Fig. 2.31, C). Moreover, thermal stability studies by CD measurements at 222 nm resulted in similar
denaturation profiles, indicating that the mutation did not affect the stability of the protein (Fig. 2.31, D).
The deletion of the region 466-491 did not even alter the oligomeric state of the protein since the
TgCBSA466-491 variant exists primarily as a dimer with a minor percentage of tetramer as observed for
the wild type protein (the percentage of molecules in dimeric and tetrameric form were estimated to be
92% and 8% for TgCBS wild-type, and 82% and 18% for TgCBSA466-491, respectively) (Fig. 2.31, E). The
continuous assay for Cth production (analysis performed at Verona by Astegno et al.), employing
cystathionine [-lyase (CBL) and lactate dehydrogenase (LDH) as coupling enzymes, was employed to
determine the steady-state kinetic parameters of TgCBSA466-491 as previously described for the wild

type protein . Except for a 1.4-fold difference in K»**", the kinetic parameters of the B-replacement
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reaction catalyzed by TgCBSA466-491 and wild type proteins are identical, within their experimental error,
demonstrating that the removal of the of 25-residue loop does not alter activity (Table 2.4). Importantly,

no response to AdoMet was observed as for the wild type protein 2°° (Table 2.5).
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Figure 2.31. Properties of TgCBSA466-491. (A) 12% SDS—PAGE analysis of purified recombinant TgCBS wild type and
TgCBSA466-491. Lane M, protein marker. (B) UV-visible absorption spectra of 15 uM purified TgCBS wild type (solid
line) and TgCBSA466-491 (dotted line) recorded in 20 mM sodium phosphate buffer pH 8.5. (C) Far-UV CD spectra of
TgCBS wild type (solid line) and TgCBSA466-491 (dotted line) at 0.2 mg/mL in 20 mM sodium phosphate buffer pH
8.5. (D) Thermal denaturation of TgCBS wild type (solid triangles) and TgCBSA466-491 (open circles) recorded
following ellipticity signal at 222 nm at 0.2 mg/mL protein concentration in 20 mM sodium phosphate buffer pH 8.5.
(E) Gel filtration chromatography of TgCBS wild type (solid line) and TgCBSA466-491 (dotted line) at 1 mg/mL using
a Superdex 200 10/300 GL column in 20 mM sodium phosphate, 150 mM NaCl buffer pH 8.5. Inset, calibration curve
of logarithm of the molecular weight versus elution volume. The standard proteins used were: 1, thyroglobulin; 2,
apoferritin; 3, albumin bovine serum; 4, carbonic anhydrase; 5, myoglobin; 6, cytochrome c. Recovered from 255,
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Table 2.4. Steady-state kinetic parameters of TgCBS variants for canonical reactions®.

Kinetic parameter WT A466-491

L-Ser + L-Hcys—>L-Cth

kcat (s7) 6.3£0.4 5.7+£0.5

Kmbse" (mM) 0.42£0.04 0.60.1

Km“HYs (mM) 0.23+0.03 0.21+0.03

kcat/ Km&Se" (mM™s?) 15+2 10+2

Keat/ Km "1 (mMt s2) 275 276

Ki 1S (mM) 1.0+0.1 0.9+0.1
L-OAS + L-Hcys—>L-Cth

Keat (5) 55101 5.6+0.3

Km 025 (mM) 1.31+0.2 1.7+04

Km "1 (mM) 0.20+0.05 0.23+0.05

Keat/ Km "% (mM? s?) 4.2+0.7 3.3+0.9

Keat/ Km "1 (mM1 s2) 28+7 24+7

Ki 1S (mM) 1.4+0.2 14+03

9 Reactions were carried out in 50 mM MOPS, 50 mM bicine, 50 mM proline buffer pH 9 (pH optimum) containing 0.2
mM NADH, 2 uM LDH, 1.5 uM CBL, and 0.1-30 mM mM L-Ser (or 0.5-100 mM OAS), 0.1-10 mM L-Hcys and 0.2-2 uM
TgCBS wild type or A466-491 at 37°C. Data were fit as described in the Materials and Methods section 2.3.2. Reported
values represent means + S.E.M of three to five repetitions using at least three independently purified protein batches.
Taken from 2%,

Table 2.5. Steady-state kinetic parameters of TgCBSA466-491 for the physiological condensation of Ser and Hcys
in the presence of AdoMet°.

Kinetic parameter - AdoMet + AdoMet 0.5 mM
L-Ser + L-Hcys - L-Cth + H.O

Keat () 5.7+0.5 5.8+04

Km 55¢" (mM) 0.6+0.1 0.5+0.1

Km FHYS(mM) 0.21+0.03 0.19+0.04

K; RS (mM) 0.9+0.1 1.2+03

9 Reactions were carried out in 50 mM MOPS, 50 mM bicine, 50 mM proline buffer pH 9 (pH optimum) containing 0.2
mM NADH, 2 uM LDH, 1.5 uM CBL, and 0.1-30 mM mM L-Ser, 0.1-10 mM L-Hcys and 0.2-2 uM TgCBSA466-491 at
37°C. Data were fit as described in the Materials and Methods section 2.3.2. Reported values represent means +
S.E.M of three to five repetitions using at least three independently purified protein batches. Taken from 2.

2.4.3. Protein crystallization of TgCBSA466-491. Preliminary crystallographic
studies

Initial crystallization trials were carried out using the vapor-diffusion technique in a sitting-drop format
in 96-well MRC crystallization plates and with a wide variety of commercial screens (detailed in section
2.3.5. of M&M). High- throughput screenings were performed in the crystallization facility at CIC bioGUNE.
Initial crystallization hits of TgCBSA466-491 were obtained in 20% (w/v) PEG 3350 and 0.2M succinic acid

pH 7 (Fig. 2.32). These conditions were further refined to improve the size and diffraction quality of the
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crystals, which were finally grown in 8% (w/v) PEG 3350 and 0.1M MES pH 5.7 at a concentration of 15

mg mL by the hanging drop vapor-diffusion method (Fig. 2.32).

Figure 2.32. Crystals of TgCBS (A) Preliminary crystals of TgCBSA466-491 obtained in 20% (w/v) PEG 3350 and 0.2M
succinic acid. (B) Improved Bar-shaped TgCBS crystals obtained in growth in 8% (w/v) PEG 3350 and 0.1M MES pH
5.7. These crystals belong to space group P31 and diffracted X-rays to 3.24. The yellow color reveals the presence of
PLP cofactor.

Data collection was performed at the Diamond Light Source (DLS) synchrotron (Didcot, UK) beamline
103 and yielded about 3600 images with an exposure of 0.1 seconds and an ®-oscillation of 0.20. Analysis
of the diffraction data using the online server "Diffraction Anisotropy Server" of the University of California
(UCLA)* (https://services.mbi.ucla.edu/anisoscale/), showed strong anisotropy in the diffraction
spectrum (spread in values of the three principle components= 47.04 A2), which required a correction of
the intensities according to their characteristics. The data were indexed, integrated and scaled using the
XDS “® and autoPROC programs “®%. The lattice parameters (a=b= 83.23 and c= 420.32; a=B= 90° and
vy=120°) were compatible with a trigonal or hexagonal crystalline system. The most probable symmetry
was analyzed using the self-rotation function (calculated with the MOLREP5 *®* program of the CCP4
package), from the collected reflections, initially processed in the P3 space group (Fig. 2.33). The plot at
Chi= 120° indicated the presence of a ternary axis parallel to the c axis. The plot at Chi=180°, on the other
hand, indicated the presence of binary axes perpendicular to the c axis, separated by 20° rotations in the
XY plane. Among these, the 2-fold axis at 20°, 40° and 80° were interpreted as non-crystallographic axis
(Fig. 2.33). However, those at 0° and 60° suggested a diffraction pattern consistent with space groups

belonging to either (a) the -3m Laue class (c.a P321, P312, P3,21, P3,21), or (b) Laue class -3 (c.a P3, P31,
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P32) hemihedrically twinned. Accordingly, both alternatives were initially taken into account. Further
analysis of the reflections with Xtriage #*? led us discard the presence of twinning in our crystals. The best
phasing statistics and electron density map were obtained with the P31 space group, on which the final

model was refined*®. The refinement statistics are given in Table 2.6.

Chi=180 Chi=120

Figure 2.33. Plot of the self-rotation function of TgCBSA466-491 at K= 180° (left) and 120° (right)
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Table 2.6. Stadistics parameters

TgCBSA466-491

TgCBSA466-491+ Ser

TgCBSA466-491+ Cys

TgCBSA466-491+

TgCBSA466-491+ Cth

OAS
PDB code 6XWL 6XYL 6257 623S 6Y21
Space group P31 P31 P31 P3;21 P3,21

Unit cell (a,b,c) (A)

83.24 83.24 420.31

82.44 82.44 421.25

82.3082.30415.98

82.5082.50421.80

83.01 83.01421.37

Resolution (A)

46.14 —3.20 (3.30 - 3.20)

41.02 - 3.15(3.20- 3.15)

67.43- 3.50 (3.60 — 3.50)

46.06-3.03 (3.35-3.03)

68.03-3.60 (3.80-3.55)

CC% (%) 99.90 (76.10) 98.40 (68.10) 97.70 (57.70) 99.40 (68.40) 99.10 (49.0)
Redundancy 10.30 (9.40) 8.20 (8.40) 10.10 (8.00) 6.10 (5.00) 18.60 (19.10)
Completeness (%)

Completeness (spherical) - 99.70 (99.70) - - -
Completeness (ellipsoidal) 91.50 (82.00) - 99.40 (90.10) 91.70 (54.30) 90.80 (51.10)
I/o (1) 12.70 (2.10) 8.70 (2.00) 11.90 (1.60) 6.70 (1.60) 11.40 (1.40)
Wilson B-factor (A2) 93.40 85.0 64.40 86.05 114.40
Rmerge? 0.111 (0.999) 0.322 (2.136) 0.320 (1.760) 0.190 (0.851) 0.229 (2.695)
Rmeas” 0.117 (1.054) 0.345 (2.277) 0.339 (1.873) 0.208 (0.941) 0.235 (2.769)
Rpim® 0.036 (0.334) 0.121 (0.783) 0.109 (0.624) 0.083 (0.393) 0.055 (0.630)
Refinement

Total reflections 440638 (20231) 454379 (37816) 405860 (16005) 147075 (6104) 327391 (16808)
Unique reflections 42969 (2145) 55218 (4518) 40342 (2011) 24285 (1214) 17599 (882)
Rworkd/Rfreee 0.253/0.277 0.274/0.294 0.272/0.281 0.279/0.288 0.263/0.290
No of atoms

Macromolecules 21306 21419 21043 10560 10724
Ligand (PLP) 90 - - - -
Ligand (P1T) - 63 63 63 63
Average B-factor (A2?)

Macromolecules 89.63 86.70 61.35 78.18 107.19
Ligands (PLP) 100.36 -73.90 - 46.00 - -
Ligands (P1T) B, 59.93 89.07
Ramachandran plot statistics (%)

Res. in most favored regions 98.00 97.60 98.18 98.19 98.29

In additional allowed regions 2.00 2.40 1.82 1.81 1.71

In disallowed regions 0 0 0 0 0
RMSDs

Bonds length (A)/ angle (°) 0.003/0.54 0.002/0.56 0.004/0.75 0.003/0.70 0.000/0.52
Rotamers outliers (%) 0.00 0.09 0.09 0.00 0.62
Clashcore 9.30 12.14 13.69 12.04 9.44
MolProbity score 1.49 1.69 1.66 1.59 1.50

One crystal was used for each data set. Values in parentheses are for highest-resolution shell. 2Rmerge= zhkl Zi [li (hkl)- <I(hkl)>I/ZhkI Zi li(hk]) (all I+ and I-); PRmeas = zhkl Zi [li (hkl) - I(hkl)>I1/2hkI Zi
li(hkl) (all I+ and I-); cRpim= Zhkl Zi [li (hkl) = <I(hkl)>I/2hk] Zi li(hkl) (all I+ and I-); 9Rwork = 2 |Fo — Fc | / 3Fo; © Rfree = 2 |Fo — Fc | / 2Fo, calculated using a random 5 % of reflections that were not
included throughout refinement. fMolProbiscore: 0.426*In(1+clashcore) + 0.33 *In(1+max(0;rota_out-1))+ 0.25*In(1+max(0, rama_iffy-2))) + 0.5
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2.4.4. Three-dimensional structure of TgCBSA466-491

2.4.4.1. Overall structure

The TgCBSA466-491 construct yielded crystals belonging to space groups P31 and P3,21, and
diffracting X-rays from 3.15 to 3.6 A resolution (Table 2.6). In agreement with its behavior in solution,
TgCBSA466-491 forms symmetric dimers in the crystals (Fig. 2.34). Each protomer is composed of two
independent blocks, consisting of a N-terminal catalytic domain (residues 1-323) and a C-terminal
Bateman module (residues 353-514), tethered by a long linker (residues 324-352) that contains two a-
helices. At first glance, the most striking characteristic is not the intrinsic folding of each of these domains,
but their relative orientation, which unexpectedly reproduces the arrangement observed in the basal
conformation of the human enzyme 437438 (Fig. 2.34). In such conformation the enzyme self-associates in
dimers that adopt a basket-shaped domain-swapped symmetrical structure where the catalytic core of
each protomer interacts with both the catalytic core and the regulatory domain of the complementary
monomer (Fig. 2.34, A). Meanwhile, the regulatory domain is strategically positioned above the entrance
of the catalytic crevice of the complementary monomer, thus hampering the access of substrates and
retaining the enzyme in an apparent inactive state. A priori, we found these findings surprising considering

the inability of TgCBS to bind or to be regulated by AdoMet.

Structurally, the catalytic domain of TgCBS presents the overall fold of the B-family of the PLP-
dependent enzymes and maintains its secondary elements basically unaltered with respect to the
equivalent region in the human 89246438(Fig, 2,34, B and D), fly *** and honeybee enzymes *** (Fig. 2.34,C).
The catalytic domain is composed of fourteen a-helices and two B-sheets consisting of four (33—p6) and
six (B1-B2, and B7—B10) strands, respectively (Fig. 2.34, A). An additional B-strand precedes the last a-
helix (a14) of the domain. A main difference with the human and insect proteins, but similar to the yeast

enzyme is the absence of a heme-binding domain 1925431 (Fig, 2.34 and 2.9).
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Figure 2.34. Structure of TgCBS. (A) Structure of the basket-shaped TgCBS dimer (PDB ID code 6XWL). The
complementary subunits are colored in yellow and pink, respectively. (B) Basket-shaped HsCBS dimer (basal state)
(PDB ID 4L0D) ®°. The heme-binding domain is in red. (C) Constitutively activated sea bollard-shaped dimer from Apis
mellifera CBS (AmCBS) (PDB ID code 50HX)*3*. (D) AdoMet-bound sea bollard-dimer of HsCBS (activated state) (PDB
ID 4PCU)*%°, The Bateman modules associate forming a disk-like CBS module. Heme, PLP and AdoMet are in red, cyan
and green sticks, respectively. Figure recovered from 2>*.
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244.1.1. Catalytic core

Two distinct blocks are clearly distinguishable in the catalytic domain (Fig. 2.35). The larger one
contains two segments of residues distanced in the peptide chain (residues 10-55 and 163-322) and ranges
the so-called static subdomain. This block behaves as a rigid body during the catalysis in other CBSs and
related enzymes, and represents the region that most interacts with other protein domains #**. In TgCBS,
it contributes significantly to maintaining the integrity of the dimer by providing hydrophobic residues (c.a
L18, V27, M29, 189, L93, V97, 1117, C120, L121, 1277, L282, M320, 1324) at the interface between
complementary subunits. The overall architecture of the static subdomain is mostly conserved when
compared with the wild type human enzyme. A least square superposition of the Ca-positions of this
region between TgCBS and HsCBS yields a root mean square deviation of only 0.48 A and 0.58 A at the
monomer and dimer level, respectively. Importantly, this static block configures half the entrance to the
catalytic site #3334 (Fig. 2.35) and contains four out of the five consensus sequences that participate in the
interaction with the different CBS substrates 2*?(blocks B2, B3, B4 and B5 in Fig. 2.35). The main differences
with the human protein are in the region comprising residues 232-238 of block B3 (Fig. 2.35), which is
more directed towards the catalytic cleft in TgCBS, due to a somewhat longer helix a10 (residues 228-

435 which is smaller in size

234). The second subdomain of the catalytic core is the mobile subdomain
(residues 75-157) and is intercalated in the static block, to which is linked by two loops that connect helix
a4 with strand B4, and strand B7 with helix a8, respectively (Fig. 2.35). The mobile subdomain provides
the second half of the walls of the catalytic cavity, and acts as a cap that limits the access of substrates
into the narrow channel where the PLP molecule is covalently attached via a Schiff base bond to the e-
amino group of lysine (K56) %2, Several H-bonds anchor the PLP molecule to the protein matrix and orient
the cofactor appropriately within the cavity. Among them are those formed between the nitrogen of the
pyridine and the Oy of residue $S287, and between the 3'-hydroxyl group of PLP and the Ns; of residue N86
(Fig. 2.35). Importantly, N86 is coplanar with the pyridine ring of PLP to allow the appropriate ring tilt
upon transaldimination #38, On the opposite side of PLP, the phosphate moiety interacts with the so-called
phosphate binding loop (block B2 in Fig. 2.35, residues 193-197), which is located between strand 8 and
helix a9. This loop includes two important threonine residues (T194 and T197) as well as three glycines
that form a network of H-bond interactions that ensure the correct orientation of PLP. Mutation of the
equivalent threonines in HsCBS is known to cause a loss of CBS activity, and impairs carbonylation of the

heme moiety **7. Importantly, in TgCBS the mobile subdomain collapses towards the catalytic cleft pushed

by the Bateman module, which is placed just above (Fig. 2.35). A similar arrangement is observed in the
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basal state of the human enzyme %4 (Fig. 2.34, B), where the loops L145-148, L171-174, and L191-202,

defining the entrance of the catalytic site, are sandwiched between the core and the regulatory module,

thus impairing free access of substrates into the PLP site.
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Figure 2.35. TgCBS catalytic site. (Left) The catalytic domain of TgCBS includes the mobile (cyan) and the static (grey)
subdomains. The Bateman module is in light red. (Right) Residues configuring the catalytic cavity. PLP (brown) is
covalently bound to K56. (Bottom) Sequence alignment of blocks configuring the active site. Block B1 (asparagine
loop, red), stabilizes the aminoacrylate intermediate and contains a conserved serine (S84) in all CBSs and OASS
enzymes. Block B2 (phosphate loop, yellow) anchors the phosphate moiety of PLP. Block B3 (green) is thought to
interact with the second substrate, Hcys, and participates in the nucleophilic attack on aminoacrylate, in the
regeneration of the internal aldimine, and in the closure of the active site 2*2. Block B4 (orange) stabilizes the pyridine
ring of PLP. Block B5 (blue) interacts with the lip of the active site. TgCBS= cystathionine B8-synthase from T. gondii;
HsCBS= cystathionine B-synthase from H.sapiens; HpOCBS= O-acetylserine dependent cystathionine 8-synthase from

Helicobacter pylori; LdAOASS= O-acetylserine sulfhydrylase from Leishmania donovani. Figure recovered from
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2.4.4.1.2. Regulatory domain

Finally, the C-terminal domain of TgCBS comprises a Bateman module (~20 kDa) made up of two CBS
motifs (CBS1, residues 354-425; CBS2, residues 426-514) that are connected to each other by a linker of
eight amino acid residues (421-428). Both, CBS1 and CBS2 show the canonical BaBpa sequence of
secondary elements usually found in these types of motif %32, and contact each other via their three-
stranded B-sheets. As observed in humans 37438, the Bateman module of TgCBS presents two symmetrical
cavities (S1, S2) (Fig. 2.36, A) of which only S2 is exposed to solvent. Site S2 conserves some of the residues
that would be necessary to stabilize one AdoMet molecule inside (c.a. T501 and D504 that would interact
with the ribose ring of the nucleotide, or 1503 and V499 that would help in accommodating the methionyl
group of AdoMet), but misses other key features to host AdoMet. Among them is a longer peptide
segment comprising residues 361-368 (417-423 in HsCBS, Fig. 2.36, C), that stands out preceding the
strand B11lb, and displaces residue T364 away from the center of the S2 cavity, thus preventing its
potential interaction with the ribose ring of AdoMet. The extension of this segment distorts the
hydrophobic pocket otherwise
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2.4.5. TgCBS exists in a unique basal-like conformation.

A careful comparative analysis of the available CBS three-dimensional data has led us to propose that
the basal-type folding of TgCBS represents its sole conformational state. We base our conclusion on three

key structural features:

(i) The first one is the inability of TgCBS to bind AdoMet at the site S2 of the Bateman module (Fig.
2.36, B), and thus to suffer an AdoMet-induced relative rotation of its two CBS motifs. In allosterically
regulated CBS enzymes as HsCBS, such rotation weakens the interactions that maintain the Bateman
module anchored to the catalytic core just above the entrance of the catalytic site, and this makes the
enzyme progress towards the activated state ', It is well established that the migration of the Bateman
module allows the free access of substrates into the PLP cleft 1, Nevertheless, such displacement of the
Bateman module can only occur if its contacts with the catalytic core are not too tight. If this were the

case, both domains would remain permanently anchored to each other (as it happens in TgCBS).

(ii) The second relevant feature refers to the peptide linker connecting the Bateman module with the
catalytic core, which needs to be sufficiently long and flexible as to facilitate the migration of the
regulatory domain to its final location in the activated state. Our structures show that, although the length
of the TgCBS linker is sufficient, the interactions that it maintains with the Bateman module and with the
core are stronger than in HsCBS (Fig. 2.37, A and B). These contacts significantly enhance the stability of
the basket-like conformation vs other possible arrangements, and occur thanks to a specific turn of the
interdomain linker in the parasite enzyme, around residues 342-344, that allows positioning helix al16
closer to helices a6, a21 and a22 and to strands 5 and 6, than in the human protein (Fig. 2.37, B). This
peculiar location of helix al6 in TgCBS results in the formation of a multiple network of salt bridges
participated by residues K341, E344 and R345 (a16), K119 (a6), D454 (a21), R502 (a22), R101 (B5), and
E124 (B6). These attractive electrostatic interactions complement the effect of the hydrophobic pocket
formed by residues F349 from helix al16 and residues L505 and L509 from helix a22, and keep the
interdomain linker of TgCBS firmly attached to both the catalytic core and the Bateman module, making

the displacement of the latter highly unlikely.
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region from the complementary subunit to form a flat disk-shaped structure, known as "CBS module".
Once formed, this assembly locates far from the entrance of the catalytic cavity, thus allowing free access
of all substrates ®°(Fig. 2.38). The formation of the CBS module necessarily requires the previous rotation
of the CBS motifs mentioned above, which only occurs upon binding of one AdoMet molecule to the S2
site 1% (Fig. 2.34). The formation of the CBS module also involves establishing new interactions between
the interfacial helices of the CBS domains (a18, a19 from CBS1; a21, a22 from CBS2) (Figs. 2.37, C-F and
2.38). It is worth mentioning that in all known CBS enzymes, the CBS module is antiparallel (the two
Bateman modules are oriented in a head-to-tail manner) #%%35, |n the said arrangement, the CBS1 of the
first subunit interacts with the CBS2 motif of the complementary monomer and vice versa (Fig. 2.38).

Obviously, if the residues at the interfacial positions do not favor the corresponding interactions, the CBS

145



Results Ch. Il. Structure of TgCBS

module cannot be assembled. Said this, we found that TgCBS does not fulfil the third condition for
activation. The independent structural superimposition of the CBS1 and CBS2 domains of TgCBS and
HsCBS or TgCBS and AmCBS are good (rmsd 0.902 /0.816 and 1.147/0.719, respectively), but significantly
worsens when the structural alignment is performed comparing the entire Bateman module of TgCBS
with the corresponding region from the AdoMet-bound activated form of the human enzyme (rmsd=1.37)
or to the constitutively activated AmCBS (rmsd=4.55). In its native conformation, the Bateman module of
TgCBS is not compatible with the assembly of a CBS module, as its interfacial helices would not face those
of its complementary counterpart (Fig. 2.38). Self-assembly of Bateman modules to form a CBS module
of TgCBS would cause clashes between some residues (c.a K387) and a bound adenosine derivative (Fig.
2.37, C). In such hypothetical CBS module, some favorable hydrophobic interactions could be potentially
established between residues of the interfacial helices a18, a19, a21 and a22 of complementary CBS1
and CBS2 motifs (c.a L446, V449, L453 from a21; Q419, A415 from helix a19), but would also be impaired
by steric clashes and/or repulsive forces between bulky or charged residues of the complementary

subunits (c.a H507/H384) (Fig. 2.37 C and D).

Put together, all these findings strongly suggest that the basal-like fold of TgCBS represents its unique
conformation and that the enzyme does not progress to a second activated form structurally similar to

the AdoMet-bound form found in mammals ® and the constitutively active species of insects 434435,
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Figure 2.38. The Bateman module of TgCBS is impaired for self-assembly. (A) Disk-shaped CBS module of HsCBS
(PDB ID 4PCU) resulting from the assembly of complementary Bateman modules upon binding of AdoMet (in sticks).
The asterisk indicates elements from the complementary subunit. The vertical dashed line represents the main plane
containing each Bateman module (B) Superimposition of the Bateman module of TgCBS (in cyan) on each Bateman
module of the human CBS module (in grey). As shown, helices a21 and a22 do not face their equivalent
complementary elements in TgCBS due to a rotation of ~50 degrees of its CBS motifs with respect to HsCBS. Dashed
and dotted lines represent the main planes containing the CBS motifs located at the back (transparent ribbons) and
the front (opaque ribbons), respectively. Figure recovered from 2%,
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2.4.6. TgCBS forms large polymer chains

Unexpectedly, the artificial removal of residues 466-491 from the flexible loop that links the last two
B-strands of the CBS2 motif in TgCBS did not have the exact same effects formerly found in human CBS
69,160 |t js worth remembering that the shortening of this loop pursued two main objectives: (i) the first
was to reduce the flexibility of this region, not involved in the enzyme activity, to favor the crystallization
process and increase the diffraction quality of the resulting crystals; (ii) secondly to decrease the
heterogeneity of the protein in solution towards a single species, disfavoring the formation of the
tetrameric form of the enzyme and/or of large aggregates, thus enriching the sample in a single oligomeric
form, the dimer. Contrasting with our initial expectations, only the first objective (obtaining crystals of
sufficient quality) seemed to be met. Surprisingly, we did not appreciate significant changes in the
oligomeric state of the TgCBS shortened construct with respect to the native enzyme. Thus, large
aggregates were still formed, and the tetramer-to-dimer ratio of the TgCBSA466-491 construct did not
varied much with respect to the TgCBS wild-type protein. In both cases, the dimer was the most abundant
species after removal of the large aggregates in the gel filtration step (Fig. 2.31, E). This behaviour differs

from that observed in the human enzyme, where deletion of the corresponding loop (residues 516-525)

drastically impairs the tetramer formation, towards a dimeric species.

A characteristic of human CBS repeatedly described by different authors over the years is the high

89159 | fact, the recurrent formation of these high

tendency of this protein to form large aggregates
molecular weight species in pure protein samples was thought as one of the main causes that prevented
the crystallization of the enzyme for decades. It was not until 2010 that our laboratory found a way to
decrease the percentage of these large aggregates in solution by artificially shortening a flexible long loop
located in the CBS2 domain of the Bateman regulatory module. This strategy allowed the temporal
isolation of dimeric entities that could be crystallized, although they presented an intrinsic tendency to

re-associate over time, forming aggregates of higher molecular weight (unpublished results).

After an exhaustive analysis of the crystalline molecular packings, our laboratory found that the
underlying cause of aggregation appeared to reside in the intrinsic predisposition of the Bateman module,
and more concretely on its a-helices, to interact with their complementary subunit counterparts in the
basal conformation of the enzyme, where these helices are solvent exposed. Two different types of
polymeric chains could be detected in crystals, belonging to the space groups 1222 and C222,, respectively

%, The secondary elements and residues involved were described in detail in 2013 (Supplementary Figure
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S3in %), and led to postulate that the large HsCBS aggregates detected in solution, very likely correspond
to the long HsCBS polymeric chains present in both type of crystals  (Figs. 2.40 and 2.41). In the absence
of AdoMet, these polymers coexist with the functional biological unit, the tetramer (Fig. 2.39), becoming

dissasembled into activated "bollard-shaped" dimers upon binding of AdoMet .

anmnnnnad

= unn

Figure 2.39. The proposed model of the HsCBS tetramer (adapted from ). The HsCBS tetramer is a dimer of dimers
sustained by interactions of each Bateman module with the Bateman module and catalytic cores of the
complementary dimer. Loop 513-529 serves as a “hook” locking the two dimers together, and the residues located
at the cavity formed by the helices a6, a12, al5 and a16 stabilize the overall asssembly.
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Our group found that human CBS presents two regions that favor its self-interaction with nearby
molecules. The first of these regions is the flexible loop of its CBS2 domain. The artificial shortening of this
loop essentially prevents the formation of the tetrameric form of the enzyme (actually a dimer of dimers),
which is thought to be configured from the coupling of two dimers across the central cavity that exists
between its Bateman modules (Fig. 2.39 taken from %°). In such tetrameric assembly, the loop acts as a
buckle that stabilizes the whole assembly, likely by inserting itself into a large lateral cavity that houses
the surface of the complementary dimer (Fig. 2.39). This is reinforced by the internal symmetry of the
assembly, which multiplies the loop-dimer interaction by a factor of four. Importantly, this contributive
effect is eliminated by the shortening of the loop, immediately promoting the disassembly of the tetramer

into its two component dimers.

The second region that favors and promotes intermolecular contacts in HsCBS corresponds to the a-
helices of the Bateman module, whose characteristics award the human enzyme the ability to self-
associate and form the so-called "CBS module" upon binding of the allosteric activator AdoMet. This
capacity to evolved from a basal, basket-shaped dimer, to an activated "bollard"-like dimer is unique to
the mammals CBS enzyme, and is not feasible in Toxoplasma CBS, which neither binds AdoMet nor forms
the CBS module. However, this essential and indispensable capacity for the activation of human CBS, also
implies a high tendency to aggregation through the same interaction surface (the a-helices of the Bateman
module). Such interactions favor the formation of long polymeric chains that are visible not only in the
crystals % (Figs. 2.40 and 2.41), but also in solution (personal unpublished communication by Prof. Tomas
Majtan derived from Electron Microscopy studies). Obviously, as interaction occurs mainly through the a-
helices of the Bateman module (concretely the helices 18 and al19 of the CBS1 motif), and are not
mediated by the extended loop, the shortening of the said loop does not prevent the formation of long
polymers and limits itself to disfavor exclusively the assembly of the tetramer. In the basal dimer, the a-
helices of the Bateman are fully exposed to the solvent and thus are susceptible of interacting with their

counterparts to form these large polymers.
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Figure 2.40. Polymeric chains in crystals 1222 of Human CBS. (A) Cartoon representation of polymeric chains of
HsCBSA516-525 dimers in crystals belonging to space group 1222 (PDB ID 4L0D) . The dimers interact through
residues of two distinct interfaces of their Bateman modules (framed in blue and red squares). (B) Zoom view of the
residues involved in the polymerization of the HsCBS corresponding to the region framed in blue. A Bateman module
is shown in green and the Bateman module of the complementary dimer is in orange (C) Electrostatic interactions
between the residues of the heme-binding domain (red), the catalytic core (orange), the helices of the CBS1 motif
(green) and the helices of the CBS1 motif (orange) of the adjacent dimer. The zoom view represents the region framed
in red. (D and E) Interface residues of a hypothetical polymeric chain of TgCBS corresponding to the blue and red
region in HsCBS, respectively. In section D a CBS1 motif is represented in grey and the CBS1 motif of the
complementary dimer is in yellow. In panel E the residues of the catalytic domain are shown in grey and the CBS1
motifs of the dimer and its complementary are represented in grey and yellow, respectively. Residues E411, L418 and
E385 in TgCBS (corresponding to residues L461, L468 and E440 in HsCBS, respectively) are absent due to the side
chain flexibility. (F) Alignment of residues at the interfacial helices in TgCBS and HsCBS.

Taking into account that TgCBS also assembles into basal-like dimers, we wondered whether the large
aggregates observed during the gel filtration purification step, could correspond to elongated polymers,
favored by helix-to-helix interactions between the Bateman modules of TgCBS neighbouring molecules.
Moreover, we wanted to find out whether such potential polymers reproduced the human pattern, or
formed alternative arrangements attributable to the distinct sequence and structural features of TgCBS.
To that aim, we first modeled an in silico TgCBS human-like polymer by superimposing the TgCBS dimers
on the corresponding counterparts in the human polymers. As shown in Figure 2.42, we found that in a
potential human-like TgCBS polymer, the helix-to-helix interfacial contacts would not be favorable. In
human CBS, the a-helices (218 and a 19) of their CBS1 motifs interact through hydrophobic contacts (Fig.
2.40, B), and strong electrostatic interactions with the heme domain (R45 and D47) and the catalytic core
of the complementary dimer (Fig. 2.40, C). In contrast, in TgCBS both the absence of the heme domain,
steric clashes (c.a. M425/M425%*) (Fig. 2.40, D), and/or repulsive forces between charged residues of
complementary dimers (e.g., K389/H384 or K381/H416) (Fig. 2.40, D and E) would weaken the interaction
between two subsequent dimers, likely precluding the formation of the large human-like oligomers in the

parasite enzyme.

Interestingly, a closer look at the molecular packing of the TgCBS crystals indeed revealed elongated,
dextrorotating helical polymers, intertwined with each other, formed by TgCBS dimers connected through

the a-helical bundles of both, the Bateman module and the catalytic core (Figs. 2.42 and 2.43).
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Figure 2.41. Polymeric chains of HsCBS present in crystals C222; (A) Representation of polymeric chains of
HsCBSA516-525 dimers found in crystals belonging to space group C222: (PDB ID4L3V) . (B) Zoom view of the
residues involved in the polymerization of HsCBS corresponding to the region framed in red in section A. A Bateman
module is shown in green and the complementary Bateman module is in orange. (C) Interface residues of a potential
polymeric chain of TgCBS in the spacegroup C222; corresponding to the red region in HsCBS. Side chains of T371 and
M382 are missing in TgCBS (corresponding to residues L426 and 1437 in HsCBS). Residue D378 in TgCBS is not

Ch. Il. Structure of TgCBS
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represented. (D) Sequence alignment of TgCBS and HsCBS in these regions.
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Figure 2.42. TgCBS forms polymeric chains. (A) Small fragment of a TgCBSA466-491 helical polymer present in the
crystals belonging to the spacegroup P31 (PDB ID code 6XWL). The two TgCBS subunits of each dimer are colored in
green and orange. (B) Zoom view of the residues involved in the polymerization (red frame). The interactions occur
via the interfacial helices (a17, al18, al9 and a22) of the Bateman module. (C) The interface residues in the blue
frame belong to the catalytic domains of two consecutive dimers in the polymer.

The TgCBS helical polymers are structurally distinct from those of the human enzyme, but similarly
involve interactions between the a-helices of complementary Bateman modules (a17, al8, a19 and a22)
(Fig. 2.42, B). Each helix turn has a radius of curvature of approximately 120 A, and contains nine protein
dimers, being the distance between two consecutive turns approximately 421 A (Fig. 2.43). In TgCBS, the

dimer-to-dimer interaction also involves contacts between helices from the catalytic domain (a4, a7 and
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a8) (Fig. 2.42, C). In summary, the TgCBS crystals can be interpreted in terms of an ordered assembly of
TgCBS polymeric helical chains. Further studies are due to confirm whether these polymers correspond

to the large TgCBS aggregates found in solution.

Figure 2.43. TgCBS helical polymers contained in the crystals. (A) TgCBS helix. The framed area is zoom up below.
The radius of curvature and the length between consecutive turns along the gyration axis are indicated; (B)
Representation of three Intertwinned TgCBS helical polymers present in the crystals.
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2.4.7. TgCBS is catalytically active maintaining a basal-like overall fold.

At first sight, the basal-like architecture of the crystallized TgCBS and its closed active site would appear
to reflect an inactive or poorly active enzyme. However, detailed 3D-alignments of TgCBS with HsCBS
revealed a slight displacement of the complementary Bateman modules towards the central cavity
existing between subunits (Fig. 2.44). This shift also affects helices a18 and a22, and occurs without
significant changes in the catalytic core (Fig. 2.44). Interestingly, a similar shift was formerly observed in
the pathogenic D444N mutant of HsCBS *° (Fig. 2.44), which shows an approximately two-fold increase

in basal activity and impaired response to AdoMet stimulation as compared with the wild type enzyme

451

Figure 2.44. Structural comparison of TgCBS, HsCBS and mutant D444N. Superimposition of the crystal structures
of (A) TgCBS (pink) on basal HsCBS (grey) and (B) of mutant D444N_HsCBS (blue) on basal HsCBS (grey), respectively.
The Bateman modules are in opaque ribbons. Heme and PLP are in sticks.

2.4.7.1. Crystallization of TgCBSA466-491 with substrates.

To confirm that the crystallized enzyme is indeed catalytically active, we soaked crystals growth in 10%
(w/v) PEG 3350 and 0.1M MES pH 6.1 in buffer containing 10 mM Ser, Cys, OAS and Cth. It should be noted
that for both TgCBSA466-491 in the presence of Cys and OAS, only one data set of high quality was
obtained to elucidate the crystal structure with these ligands. Both data sets were obtained from crystals
grown in the presence of one of the heterogeneous nucleating agents engineered at Tekniker (described
in Chapter ). In the case of TgCBSA466-491+cysteine, crystals were grown in a drop containing 10% (w/v)
PEG 3350, 0.1M MES pH 5.9 and the PC-unpatterned tablet (Fig. 2.45, A). In the case of OAS, crystals grew
in a droplet containing 10% (w/v) PEG 3350, 0.1M MES pH 6.1 and the PC- Laser Ablated Grooves (LA)
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tablet (Fig. 2.45, B). The Polder omit maps *3 showed additional electron density near the PLP molecule,
consistent with the synthesis of the aminoacrylate intermediate (Fig. 2.46). Of note, formation of the
external aldimine in TgCBS did not result in major distortions in the overall protein fold, and only caused
subtle reorientations in the side chain of lysine K56, otherwise associated with PLP in the apoenzyme, and
threonine T87, that rotates slightly to avoid clashes with the carboxylate moiety of aminoacrylate (Fig.
2.46). These small changes contrast with the behavior of other CBSs, such as the fly enzyme, where three
loops (residues 119-122; 144-148 and 165-176) are displaced towards the PLP molecule upon addition of
substrates. Formation of the aminoacrylate intermediate in the TgCBS crystals is consistent with the
behavior of the protein in vitro, where the addition of Ser or OAS results in the disappearance of the 412
nm-peak, representing the internal aldimine in the ketoenamine form, and the appearance of a major

band centered at 460 nm in both absorbance and CD spectra, that is attributed indirectly to the

aminoacrylate reaction intermediate **! (Fig. 2.47).

Figure 2.45. Crystals of TgCBSA466-491 soaked with cysteine in drop containing PC-smooth surfaces (developed at
CIC bioGUNE &Tekniker) (A) and TgCBSA466-491 soaked with OAS in presence of PC-Laser Ablated Grooves (CIC
bioGUNE & Tekniker) (B). All experiments were carried out by using by hanging-drop vapour diffusion methods.
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Figure 2.46. TgCBS is active (A) Fo-Fc Polder omit map around PLP calculated in the absence of substrates. (middle)
Mechanism of Cth formation from Ser (or Cys) and Hcys (adapted from ***). (B, C, D, E,) Zoom views of the TgCBS
catalytic site. The Fo-Fc Polder omit maps (contoured at 30) represent positive electron density around PLP or P1T for
TgCBS (A), and 24h soaked crystals in a buffer containing 10 mM Ser (B), Cys (C), OAS (D) and Cth (E). PLP and P1T
are pyridoxal phosphate and aminoacrylate intermediate, respectively.
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Figure 2.47. Spectra of TgCBSA466-491 with substrates. (A) Absorbance spectra of 15 uM TgCBSA466-491 alone
(black line) and upon addition of 10 mM Ser (red line) or 10 mM OAS (blue line). (B) CD spectra of 1 mg/mL
TgCBSA466-491 alone (black line) and upon addition of 10 mM Ser (red line) or 10 mM OAS (blue line).
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2.4.7.2. Molecular Dynamics Analysis of TgCBSA466-491

Taking into account that crystallographic data offer an average spatial-time snapshot of the protein
structure captured in a local energy minimum under specific buffered conditions, we found reasonable to
postulate that, as formerly observed in the D444N variant ®, the mentioned displacement of the Bateman
module provides a greater dynamic freedom to the mobile subdomain of the core domain of TgCBS that
facilitates the access of the substrates to the interior of its catalytic site. To evaluate this hypothesis, we
explored the conformational behavior of TgCBS, HsCBS and the D444N human variant through
microsecond molecular dynamics (us-MD) simulations. This in silico analysis was performed in close
collaboration with Dr. Gonzalo Jiménez Osés and Reyes Nufiez Franco (PhD student) at CIC bioGUNE. To
identify the most relevant conformational transitions occurring in each system, the dimensionality
reduction technique of principal component analysis (PCA) was applied. The analysis made it possible to
decompose the MD trajectory followed by each protein and revealed three distinct structural changes
that mostly affect the orientation of the Bateman modules. In the first one, that we have called
longitudinal displacement, the Bateman module moves along its longest axis, which runs from the CBS1
to the CBS2 domain (Fig. 2.48). In the second one, or lateral displacement, the shift takes place
perpendicularly to the previous movement and occurs along the shortest axis that passes between
domains CBS1 and CBS2. Finally, the third change involves a rotation of CBS1 with respect to CBS2 around
an imaginary axis that runs parallel to the central B-sheets of the CBS domains and that is perpendicular
to the two axis mentioned before (Fig. 2.48). Interestingly, the rotational change is specific of the human
enzyme and is similar to that induced by AdoMet binding at site S2 site in human CBS %, These findings
suggest that the effect of AdoMet consists essentially in increasing and stabilizing one of the
conformational populations already existing in the native protein, thus promoting the activation of the
enzyme. The PCA analysis also revealed that each of the three proteins analyzed undergo two main the
structural rearrangements, which occur in different percentages (Fig. 2.48). The different combination of
movements in each protein has well-differentiated effects and determines the number and shape of
tunnels that gives access into the corresponding active sites. We found that mutant D444N displays a
wider channel cluster than the wild-type protein, and that TgCBS behaves similarly to the D444N mutant
(Fig. 2.48). Intriguingly, the channel clusters were not symmetrically distributed between the two
complementary subunits in any of the analyzed dimers, thus suggesting synergistic behavior between the
two active sites. This helps explain the different degree of activity observed for each enzyme in the

absence of AdoMet. The dynamic behavior of the Bateman module is also reflected in the degree of
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aperture of the entrance loops defining the access to the catalytic cavity in each protein. To define the
aperture, we measured the angle between the a-carbons of residues K441, S387 of the first subunit, and
K481 of the second subunit of the human enzyme along the MD trajectories. The equivalent angle
between residues T386, S325 and D431 of TgCBS was analyzed. As hypothesized, we found that mutant
D444N and TgCBS exhibited a significantly wider opening than the wild type human enzyme (Fig. 2.48).
The impact of conformational dynamics on substrate accessibility to PLP resulted in the appearance of

different transient access tunnels along the MD trajectories in each protein (Fig. 2.48).
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Figure 2.48. MID analysis of TgCBS, HsCBS and mutant D444NHsCBS-A516-525. (Right) The Bateman modules are in
opaque ribbons. Heme and PLP are in sticks. Structural overlap of the loops defining the entrance of the catalytic site
at the narrower (light grey) and the wider amplitude points of the MD simulation in (up) basal wild-type HsCBS,
(middle) mutant D444NHsCBS-A516-525 and (bottom) TgCBS. HsCBS, D444NHsCBS-A516-525 and TgCBS at the
wider amplitude are colored in black, marine and pink, respectively. The clusters of tunnels formed along the MD
simulation at the corresponding catalytic sites are shown in different colors. (Left) Main displacements suffered by
the Bateman module of wt-HsCBS (up), mutant D444N (middle) and TgCBS (bottom) detected after PCA analysis of
the MD trajectories. The figure schematizes a top view of the enzyme dimer. The Bateman module and the catalytic
core are represented as an oval and a rectangle, respectively. Complementary subunits are colored in green/orange
in PC1 and in magenta/blue in PC2, respectively. The corresponding displacements are indicated with arrows.

Location of CBS1, CBS2, site S1 and site S2 within the Bateman module are also indicated.
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2.5. DISCUSSION

For decades, the limited structural data on the CBS enzyme has hampered the comparative study of
its regulatory mechanisms across various species. In fact, the structural information we currently have is
still very limited. The main reason for the recalcitrant difficulty in obtaining crystals is attributed to the
intrinsic nature of the enzyme, whose half-life in vitro is usually short, as well as to the presence of
particularly flexible zones in its polypeptide chain, particularly its regulatory domain. Coexistence of
several oligomeric species in equilibrium adds another level of complexity. For example, HsCBS exists as a
homotetramer that trends to disassemble into dimers, which, in turn, easily polymerize through the a-
helices of their C-terminal domain into higher-order oligomers (octamers, hexadecamers and larger
aggregates). This historic lack of knowledge has hampered a detailed comparative analysis of the
structural basis that underlies the specific catalytic and regulatory characteristics shown by this complex
protein across evolution. Nevertheless, the increasing amount of structural data obtained during the last
decade have allowed to achieve several milestones and to answer some of the most relevant questions,
which arose from the number of biochemical and biophysical studies since its discovery in the early 1960s.
Among these milestones are the identification and description of the AdoMet-binding site at atomic level
in mammals, as well as the conformational changes in both the regulatory domain and entire protein
triggered by AdoMet in these organisms. In addition, the capture of several reaction intermediates in the
crystals of CBSs from bacteria and insects has allowed for identification of the key residues that participate
in catalysis and determine specificity for certain substrates including important differences between, for
example, HsCBS and its bacterial homologs. This information is thus vital to the development of drugs that
modulate the activity of human CBS but also for the structure-based design of potential new class of
antimicrobial agents that inhibit the transsulfuration pathway-derived H,S production required for

enhanced survival and/or virulence of certain pathogens.

Among the five distinct domain distributions identified for the enzyme along evolution (Fig. 2.9), those
containing the C-terminal Bateman module are the ones raising more incognitas. Indeed, such a Bateman
module is present in the human enzyme, but also in the CBS of a variety of pathogens (such as T. gondii
or P. aeruginosa), where it exerts different roles that are not yet understood. In mammals, the Bateman
module is essential for the allosteric regulation of the enzyme after binding of AdoMet. In contrast, in
other organisms such as the fruit fly or honeybee, it appears to have no function other than that of

ensuring dimeric assemblies of constitutively activated enzymes. A confident prediction of the role of the
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intriguing Bateman domain and its position in overall protein folding is not possible at present, as it

represents the least conserved region in all CBSs.

In developmental terms, it seems established that the dimeric assemblies of CBS can exist in two
distinct conformations, mostly recognized by the orientation of their Bateman modules. The first is a
basket-shaped, and less active conformation (basal conformation), (Fig. 2.34, B) while the second is a
marine mooring bollard-shaped (please see Fig. 2.34, A) and significantly more active conformation
(activated conformation) (Fig. 2.34, D). The presence of the two conformations has been documented
only in human CBS, where the transition from the first to the second conformation necessarily requires
binding of the allosteric effector AdoMet at site S2 of the Bateman module. In less evolved organisms, for
example the fruit fly or the honeybee, only a single constitutively activated type has been distinguished
class D in Fig. 2.9), (Fig. 2.34, C) 34435, This activated fold is structurally equivalent to the AdoMet-bound
CBS form of mammals . Intriguingly, the basket-like conformation had not been seen before in any other

organism, and its presence in TgCBS as a unique active species was completely unexpected (Fig. 2.34, A).

Our structural and biochemical data showing the formation of a stable aminoacrylate intermediate
upon addition of either Ser or Cys to the crystals, as expected for a PLP-catalyzed B-replacement reaction,
confirms that the crystallized TgCBS conformation corresponds to an active form of the enzyme (Fig. 2.46),
and have enabled the identification of key distinguishing features that constitutively hold TgCBS in a
basket type fold and likewise, the features that would impede, or alternatively promote, the progression
of other CBSs towards bollard-shaped activated states. These features comprise (i) the capacity (or
inability) of the Bateman module to host AdoMet at site S2 ¢ (Fig. 2.34); (ii) the arrangement of
interaction networks between the interdomain linker and the Bateman module that hinder (or not) the
displacement of the latter (Fig. 2.37); and (iii) the capacity (or incapacity) of the Bateman module to frame

an antiparallel CBS module (Fig. 2.38).

These results, by addressing the first proof of a basket-shaped conformation in the CBS enzyme of a
lower eukaryote, reveal important structural details of class C CBSs, shared by Apicomplexa and yeast,
therefore expanding the structural knowledge on CBS enzymes as well as their structure-activity
relationship. In particular, in light of our new information, we propose that CBSs containing a Bateman

module can be grouped into at least three categories:
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(i) "Basket-shaped"constitutively active basal-like species (c.a TgCBS) without the capacity to develop

conformationally to higher activity bollard-like states; 2*(Fig. 2.49, up)

(ii) "Bollard-shaped" constitutively active and non-allosterically regulated CBS enzymes, similar to

those found in D. melanogaster and A. mellifera ****3* (Fig. 2.49, middle)

(iii) allosterically activated enzymes (ca. HsCBS), the most advanced CBSs that can embrace two

different conformations, one in which the enzyme is essentially less active (basal) and a second one

(activated) with high activity that must be reached with the assistance of an allosteric molecule, for

example, AdoMet, which briefly advances the change %1% (Figs. 2.34), (Fig. 2.49, bottom)

Domain distribution and 3D-Structure k
of CBSs containing a Bateman module
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Figure 2.49. New scenario of the 3D-Structure of Cystathionine [-Synthases containing a C-terminal Bateman module. The
figure summarizes the new structural scenario on the CBSs containing a C-terminal Bateman module, based on the work
performed in this PhD thesis. (up) (Class C CBSs) "Basket-like constitutively activated fold of CBS from Toxoplasma gondii (also
found in yeast S. cerevisiae): each protein subunit lacks the heme-binding domain and is not allosterically regulated by AdoMet.
The Bateman module (in blue) is located above the entrance of the catalytic cavity of the complementary subunit. The loop of the
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CBS2 motif is similarly long as in mammals and the enzyme forms tetramers and dimers (the latter are described in this PhD thesis).
(Middle) (Class D CBSs) "Bollard"-like constitutively activated CBS from fruit fly (Drosophila melanogaster, DmCBS) or honeybee
(Apis mellifera, AmCBS) contains the same domain architecture found in the CBS of mammals but is not regulated by AdoMet. The
length of the loop of the CBS2 domain is short. The enzyme adopts a unique activated conformation in which the catalytic cavity
is exposed. The complementary Bateman modules associate in a disk-like arrangement known as "CBS module" that configures
the head of the bollard formed by the protein dimer. (Bottom) (Class E CBSs) Mammalian CBS enzymes (e.g. Homo sapiens HsCBS,
Mus musculus MmCBS, Rattus norvegicus RnCBS) contain the N-terminal heme-binding domain (red), a central catalytic domain
that hosts PLP (yellow) and the C-terminal Bateman regulatory domain (blue) that binds the allosteric activator AdoMet
(magenta). The CBS2 motif contains a long loop that participates in protein tetramerization. The protein dimer can adopt two
conformations: (i) AdoMet-free basal (Basket-like, low activity) and (ii) AdoMet-bound activated (Bollard-like, high activity). The
heme domain, the catalytic domain and the Bateman module are coloured in red, yellow and blue, respectively. The interdomain
linker is in green. AdoMet is in magenta. The two complementary subunits of the protein dimers are represented in opaque and
transparent surfaces, respectively.

Importantly, the comparative MD and subsequent PCA of TgCBS, HsCBS and the pathogenic mutant
D444N help unravel what features determine the accessibility of substrate into the catalytic site, and
provide clues on the ability of each enzyme to prioritize the wide variety of reactions described so far. The
access into the catalytic site is not straightforwardly seen in the static, low-energy, and highly packed
crystallographic structures, where in some cases the entrance loops may appear dumped towards the
catalytic cavity, as observed in HsCBS and TgCBS crystals. The entrance tunnels are disclosed when
thermal motions and solvent effects are simulated with pus-MD (Fig. 2.48). Our MD investigation clarifies
the catalytic activity shown by TgCBS and reveals that inconspicuous rotations and translations of the
Bateman module are adequate to make fleeting passages that associate the catalytic cavity with the
outside. The MD analysis has likewise uncovered the dynamics of these enzymes and gives a reasoning to
the basal activity of wild type HsCBS in the absence of AdoMet %, which was not very much clarified from
the proteins crystallized so far, that showed completely shut active sites, clearly conflicting with such basal
activity. Of note, the size and the quantity of these passages are wider in TgCBS and in the homocystinuria
causing mutant D444N 9% than in wild type HsCBS, thus explaining their higher activity levels. Moreover,
the absence of the N-terminal heme-binding domain provides an additional passage access to the catalytic
site in the parasite enzyme that is not observed in the human counterpart. This tunnel is framed by helices
a8 and a9 and loops B7-a8 and al0-all, and opens a door for therapeutic intervention through the
design of molecules that specifically inhibit TgCBS without affecting the human host. Moreover, our MD
and PCA of the HsCBS dimer strongly suggest that the main role of AdoMet as allosteric activator consists
essentially in stabilizing one of the conformational populations already existing in the native protein, more
concretely that resulting from the arrangement described in PC1 in Fig. 2.48. We postulate that such
population is more prompt to evolve towards the final activated state %°. Our PCA analysis also revealed

that TgCBS, HsCBS and mutant D444N undergo two principal structural rearrangements identified, which
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occur in different percentages in each protein (Fig. 2.48). The combination of the PCA analysis with the
reported activity values of the analyzed enzymes in the absence of AdoMet, reveal a different contribution
of the identified structural changes in the catalytic activity. The lower basal activity of HsCBS with respect
to the D444N variant is likely due to the longitudinal displacement of the Bateman module in HsCBS. On
the contrary, the lateral displacement is more efficient in favoring the aperture of the active site in D444N.
Interestingly, the rotational displacement of the CBS domains appears to be exclusive of the human
protein, suggesting that this structural transformation is key to progress from the basal towards the
activated conformational state in the mammalian CBS. Instead, the lateral displacement of the Bateman
module is observed in TgCBS and in the D444N mutant, but not in wild type HsCBS (Fig. 2.48). Finally, we
have found that the different combinations of movements in the analyzed proteins have well-
differentiated effects in the number and shape of tunnels that give access to the corresponding active
sites. Our MD analysis shows that TgCBS and mutant D444N display a wider channel cluster than wild-
type HsCBS. Intriguingly, the channel clusters are not symmetrically distributed between the two
complementary subunits in any of the analyzed dimers. This suggests a synergistic behavior between the

two active sites.

Taking everything into account, our structures of TgCBS have disentangled the unique domain
organization of this pivotal enzyme in the metabolism of sulfur amino acids in T. gondii. Because CBS
represents an exceptionally important therapeutic target, this new information paves the way for the
rational design of drugs that can modulate the activity of CBS and establishes the framework for a
therapeutic intervention through the transsulfuration pathway in different organisms (c.a bacterial
pathogens) 1416426 Moreover, since Toxoplasma is an early branching eukaryote, the study of CBS enzyme

could provide useful information about the early evolution of transsulfuration routes and H,S signaling.

The new structural information revealed in this work allows us to draw a new scenario on the structural
evolution of the enzyme cystathionine B-synthase. The data available so far suggested that the folding of
the basal basket-shaped conformation corresponded to a highly evolved folding, such as mammals. Under
that scenario, the enzyme seemed to have evolved gradually from a simple form containing only the
catalytic domain, to others that incorporated complementary domains such as the Bateman module, and
later the heme-binding domain. The function of the Bateman module appeared to be limited to the simple
stabilization of the dimeric form (e.g. in insects). Later in evolution, it developed the ability to bind AdoMet
and vary its relative position with respect to the catalytic protein core. In this thesis we have shown that

the basal basket folding is in fact a very old folding, present in parasites such as Toxoplasma gondii, and
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that it might also be present in yeast and in some bacteria such as Pseudomonas aeruginosa, which share
the same domain distribution in their equivalent CBS enzymes. We have also shown that this type of

folding is constitutively active, and does not possess allosteric regulatory capacity.

Based on our new data, we postulate that the CBS enzyme may have evolved from at least two
different structural lineages (Fig. 2.50), and that the basket-shaped form appears to be evolutionarily
older than the bollard-shaped species found in insects and mammals. These findings have important
implications for the design and development of specific drugs to regulate the activity of the CBS enzyme,

and hence the transsulfuration pathway, in specific organisms such as multidrug resistant pathogens.
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Figure 2.50. Structural Evolution of Cystathionine B-Synthase. The figure summarizes the structural evolution of CBS
in different organisms acoording to the available data (up) before this Ph.D thesis and (down) after this Ph.D thesis
(partially reported in 2°). Blocks in white correspond to known domain distributions whose 3D-structure remain
unknown. Colored blocks indicate confirmed crystal structures. The allosteric molecule Adomet is in yellow and makes
the mammals enzyme evolve from the poorly active basket basal-like form to the active bollard-like species. The
insects enzyme remains always in the bollard-like constitutively active conformation.

There are still many unknowns, which need to be addressed in upcoming years. For example,
determining the exact path followed by the Bateman module during the basal-to-activated state
transformation as well as the role played by the interdomain linker in this process and the atomic
interactions involved. The location and characteristics of the second AdoMet-binding site identified by
calorimetric techniques in tetrameric HsCBS WT also remain unclear. In addition, the role of the Bateman

module in CBS enzymes lacking allosteric regulation, such as the fruit fly, the honeybee, or the herein
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described Toxoplasma gondii, is unknown. Additional structural information is needed to understand
catalytic specificity and preferential use alternative substrates, which is important to elucidate the exact
role of CBS in H,S biogenesis. Interaction of CBS with other proteins is yet another area which needs to be
addressed to understand regulation and function of CBS in various metabolic processes and physiological
signalling. The development of techniques that allow the modulation of the enzyme in selected target
organs, where its expression or inhibition offers therapeutic potential is of importance. In the same
direction, the identification of molecules that act as potential AdoMet analogues and might stabilise
and/or activate the enzyme needs to be resolved hand in hand with understanding of molecular details
related to impairment of HsCBS functions by the presence of pathogenic missense mutations causing
homocystinuria. Availability of this new information will offer an attractive scenario for the development
of personalised medicine for homocystinuric patients, and for the development of specific inhibitors of

the transsulfuration pathway to treat multidrug resistant (MDR) pathogens in the near future.
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2.6. CONCLUSIONS

1.

TgCBS exists as unique dimeric species that is structurally similar to that found in the "Basal"
(poorly active) state of human CBS in the absence of AdoMet. Our data provide a missing piece in
the structural universe of the CBS enzyme, by revealing the overall fold of the first Class C CBS
elucidated so far. Importantly, the class C CBS is encoded by organisms like S. cerevisiae or the

multidrug resistant bacteria P. aeruginosa.

Despite its basal-like appearance, TgCBS is constitutively active. The basis for its activity is found
in the particular orientation of its Bateman module, which is similar to that found in the
homcystinuria causing D444N variant of human CBS. In contrast with the wt-HsCBS enzyme, both
TgCBS and the D444N variant form wider tunnels at the entrance of the catalytic cavity that allow

easier access of substrates into the PLP cavity.

The TgCBS dimers are impaired to bind and/or being allosterically regulated by AdoMet. The

structural basis for such inability is detailed along this Thesis chapter.

Our new data has led us to postulate that in evolutionary terms, the CBS enzymes may have
evolved from at least two different structural lineages, and that the basket-shaped form is likely

older than the bollard-shaped active species found in insects and mammals.

The crystal structure of TgCBS reveals the particular features of the catalytic site, as well as the
main amino acid residues involved in the catalysis, thus explaining the catalytic preferences of

TgCBS for its canonical reaction vs its non-canonical activity.

Our data sets the basis for the structure-based design of specific drugs that modulate the activity

of CBSs in different pathogen
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Introduction

3.1. Cystathionine y-lyase from Toxoplasma gondii

Chp. lll. Structure of TgCGL

The cystathionine y-lyase enzyme from Toxoplasma gondii (TgCGL), which is encoded by a single gene

(UniProtkB AOA125YN40), is a 46kDa cytoplasmic protein monomer consisting of: (i) a N-terminal region

(residues 1-84); (ii) a central PLP-binding catalytic domain (residues 85-281) that hosts the PLP cofactor,

and (iii) a C-terminal domain (residues 282-417) (Fig. 3.1). At the sequence level, TgCGL shares high amino

acid identity with CGLs from Trypanosomes and Leishmania parasites (58% homology), but is less similar

to the human and yeast counterparts (40% and 37% for H. sapiens and S. cerevisiae, respectively).
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Figure 3.1. Sequence
alignment of
cystathionine y-lyase
from T. gondii
(TgCGL),
Pseudomonas
aeruginosa (PaCGL),
Homo sapiens
(HsCGL),
Saccharomyces
cerevisiae (ScCGL),
Stenotrophomonas
maltophilia (SmCGL),
Staphylococcus
aureus (SaCGL) and
Lactobacillus
plantarum (LpCGL).
The Uniprot codes of
TgCGL, PaCGL,
HsCGL, CsCGL,
SmCGL, SaCGL and
LpCGL are
AOA125YN40,
AOA2R31X25,
P32929, P31373,
B45S119, X5EOF1 and
FOUT53, respectively.
The secondary
elements above the
sequences are based
on the human
enzyme. The red
asterisk indicates the
absence of helix a7 in
TgCGL.
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Reactions catalyzed by TgCGL. Among the seven general reactions proposed to be potentially
catalyzed by CGLs (Fig. 2.19 at the introduction section of Chapter II) %7, TgCGL participates only in one
canonical process, which is the a, y-elimination of Cth to yield Cys, a-ketobutyrate and ammonia (Fig. 3.2,
B) %®. This enzymatic ability is commonly shared by many other CGLs, including the human 46149

49 yeast 472 and Trypanosoma cruzi enzymes 226, TgCGL is not able to perform

Lactobacillus plantarum
the hydrolysis of cysteine to yield H,S, pyruvate and ammonia (Fig. 3.2, A), and is characterized by a
substrate (cysteine) inhibition %8, The underlying mechanism of such inhibition is poorly understood.
Some authors have proposed that it is caused by the cysteine-induced loss of the PLP cofactor within the
active site cavity 4614704%54% Qthers instead, have proposed that it derives from the formation of an
external aldimine between cysteine and the PLP molecule, as described for the human and yeast CGLs
470,495

and for other PLP-dependent enzymes %97. The external aldimine evolves towards a thiazolidine

adduct that inhibits the reaction 458470495

"Humanization of TgCGL". Production of S77E and N360S TgCGL variants. In addition to the a, y-
elimination reaction, human and yeast CGLs are also capable to perform an o,B-elimination in which Cys
reacts with H,0 to generate H,S, pyruvate and ammonia 6474472 (Fig, 3.2, A). Aimed to understand why
this reaction is not feasible for TgCGL, and in collaboration with Prof. Alessandra Astegno at Verona
University, a detailed aminoacid sequence alignment focused on the aminoacids configuring the
corresponding catalytic sites was performed. Interestingly, two residues (S77 and N360) were identified
at TgCGL, whose position is occupied by a glutamate (E59) and a serine (S340) in human CGL, respectively
(Fig 3.1). Such glutamate and serine are highly conserved in many other organisms, including yeast and
bacteria (c.a P. aeruginosa, L. plantarum, S. aureus and S. maltophilia). To investigate the leading role (if
any) of these residues in the catalytic specificity of the enzyme, two "humanized" TgCGL variants, baptized
as TgCGLS77E and TgCGLN360S, were engineered and subject to crystallographic analyses. The study was
carried out both, in the presence and in the absence of substrates and products. Our collaborators found
that the N360S mutation barely altered the biophysical characteristics of TgCGL*%; the absorbance
spectrum displayed a peak at 421 nm indicating that the predominant tautomer in the active site is an
internal aldimine formed between the pyridoxal phosphate (PLP) cofactor and a lysine residue at position

4% and the conformation from far-UV CD remained unchanged %%, In

230 of the polypeptide chain
contrast, the catalytic specificity of TgCGLN360S was affected by the mutation, displaying wider activity

in the variant. Interestingly, while native TgCGL was limited to the a,y-elimination towards cystathionine
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(reaction B, Fig. 3.2), the N360S variant was able to accomplish both, the a,y-elimination and also an a,3-

elimination of Cth (the latter process is also known as Cth B-lyase activity) (reaction C in Fig. 3.2).

A o —_ 0
a,p-elimination
HO)J\(\SH +H20 ' HO)‘H( + NH3 + st
NH, 0]
Cysteine Pyruvate

B

HO NH; s p o a,y-elimination o o
L
\ﬂ)\/h‘\v/\H-LOH + H,O - HOJY\SH + HOJﬁ(\ + NHs
o) " NH, NH, o)

C Cystathionine Cysteine a-ketobutyrate
HO NH; B, Q a,f-elimination 9 s 0
\H)\/\S&’)LOH + H,O » HO)H/\/ + HO)H( + NH;
o] " NH, NH, o)
Cystathionine Homocysteine Pyruvate

Figure 3.2. Reaction scheme of (A) a,B8-elimination of cysteine, (B ) a,y-elimination and (C) a,8-elimination reaction
of cystathionine catalyzed by CGLs. The relative position of the sulfur atom for each reaction is highlighted in red. The
orientation of the Cth molecule is inversedly oriented in panels (A) and (B). Figure adapted from *&

Some authors have formerly proposed that the reaction specificity (o,y- or alternatively o,f3-
elimination) of CGLs over Cth depends on the particular orientation adopted by Cth within the catalytic
cavity #°, Concretely, it has been postulated that to form the external aldimine (first step of the catalysis)
in the B-elimination process, the Cth molecule needs to be oriented with its sulfur atom in the y position
with respect to the PLP cofactor #*9 (Fig. 3.2, C). Instead, the y-elimination requires the S atom to be in the
5 position with respect to PLP #®° (Fig. 3.2, B) Interestingly, some organisms such as L. plantarum %%,

Streptomyces phaechromogenes *%°

and yeast 72 are capable to perform both, y- and B- carbon split
showing CBL-like activity, thus suggesting wider available space for Cth to adopt either orientation. In
relation to these findings, Prof. Astegno et al. at the Verona, recently demonstrated that substitution of
S77 into Glu in TgCGL, causes an activity loss of the enzyme towards Cth. Moreover, such amino acid
replacement exerts further effects, and appears to affect the protein stability of TgCGL, disrupting the

interaction between the two functional dimers composing the tetrameric structure 4%,
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To understand the structural differences leading to the catalytic variability observed between TgCGL
and its counterparts, we initiated structural studies of TgCGL in its native and mutant forms both, in the
presence and in the absence of their different substrates. A comparative analysis with the available CGL
structures, including that from human CGL centered our efforts. Unfortunately, and despite an enormous
experimental effort, variant TgCGLS77E did not yield crystals, in agreement with a potential instability of
the protein. In contrast, variant TgCGLN360S could be crystallized and solved by X-rays crystallographic

methods.
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3.2. HYPOTHESIS AND OBIJECTIVES

The research developed in this chapter is based on the following hypothesis:

- The three dimensional structure of TgCGL may show distinct features from its human homolog.

- These differences are expected to be mainly located at the active site, thus affecting the affinity
of the enzyme for different substrates.

- The particular structural features of TgCGL might explain its catalytic diversity.

- Similarly to human CGL, TgCGL may be inhibited by small molecules such as DL-propargylglycine.

- TgCGL is an attractive target to develop new drugs against toxoplasmosis.

proposed to address the following objectives:

1. Crystal structure of the wild-type cystathionine y-lyase from T. gondii (TgCGL) both, alone and in

complex with its substrates and the inhibitor DL-propargylglycine.

2. Crystal structure of mutant TgCGLN360S both, alone and in complex with its substrates and the

inhibitor DL-propargylglycine.

3. Elucidation of the molecular mechanism underlying the catalytic activity of native and mutant

TgCGL.

4. Comparative structural analysis of wt-TgCGL and TgCGLN360S to understand their catalytic

variability.

5. Elucidation of the mechanism underlying TgCGL inhibition.
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3.3. MATERIALS AND METHODS

3.3.1. Protein expression and purification of TgCGL

The complete cDNA of TgCGL (accession number: XM_002364464) in pMA-T vector was obtained from
Invitrogen Corporation with a tag of six His at the N-terminal. The gene was cloned into pET21a vector
and transformed into E.coli Rosetta (DE3) cells and induced overnight with 0.5 mM isopropyl--D-1-
thiogalactopyranoside (IPTG) at 297K. Cells were isolated by centrifugation (5000g for 15 min), in lysis
buffer 20 mM sodium phosphate pH 8, 150 mM NaCl and 0.1 mM DTT buffer with 1xprotease inhibitor
EDTA free (Sigma-Aldrich, S8830, Milano, Italy) and sonicated (12 cycles of 10 s ON /20 s OFF on ice water).
After centrifugation at 30 000 g for 30 min at 277 K, the supernatant was loaded onto a Ni-affinity column
previously equilibrated with 20 mM sodium phosphate at pH 8, 150 mM NaCl, 10 mM imidazole, and 0.1
mM DTT. The column was washed with the equilibration buffer for at least five column volumes and then
TgCGL was eluted from the column by applying an imidazole gradient of 10 to 500 mM. After addition of
100uM PLP, fractions containing TgCGL were concentrated and washed with 20 mM sodium phosphate
pH 8 and 0.1 mM DTT using Vivaspin concentrators (Sartorius, Goettingen, Germany) to remove imidazole
and unbound PLP. The extinction coefficient was used to calculate the monomer concentration of the
purified protein (€2800m= 30745 M1-cm?; http://web.expasy.org/protparam/) (described in more detail in
Section 1.3.2.2. of Chapter I). The PLP content of the holoenzyme was determined by adding 0.1 M NaOH

and using €3genm= 6600 M cm™ as described.

The TgCGLN360S variant was produced by site-directed mutagenesis on the pET21a-TgCGL construct
using the QuikChange®site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA). The
primer sequences used are 5 -GGTCTTTGTGTGAAAGCCTGGGAGCGTGCG-3° (forward) and 5'-
CGCACGCTCCCAGGCTTTCACACAAAGACC-3" (reverse). The mutant sequence was confirmed by DNA
sequence analysis. Expression and purification of the mutant TgCGL were performed as described for wild-
type enzyme. The homogeneity and purity of the enzyme (95%) was confirmed by SDS-PAGE. The
molecular size of the recombinant protein (~46 kDa) obtained in the band of electrophoresis gel

corresponds well to the predicted mass of the protein.
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3.3.2. Crystallization

3.3.2.1.  Crystallization of the wt-TgCGL

The ideal concentration for starting the TgCGL crystallization experiments was determined by a pre-
crystallization screen (PCT, Hampton Research). The appropriate concentration was determined to be 20
mg mL?. Following a protocol similar to that described for the crystallization of TgCBSA466-491, the
search for initial conditions was performed with the screens available on the crystallization platform of
the center (Table 2.1 at Section 2.3.5. of Chapter Il). Droplets were arranged in 96-well plates containing
200 nL of protein and 200 nL of precipitant. Once a promising condition was obtained in the PEGION 1, 2
screens, the next step was to optimize the crystallization conditions by varying different parameters such
as the concentration and type of precipitant and salt, the volume of the droplet, the addition of detergents
and/or additives (salts, metal ions...) or the use of the microseeding technique with crystals obtained from
the same protein in the 96-well sitting drop plate. After a hard optimization process, crystals were grown
in hanging drop in 12 % (w/v) PEG 3350, 0.1M sodium citrate pH 4.6 and using either CYMAL-3, CYMAL-4,
n-nonyl-B-D-maltoside or n-octyl-B-D-thiomaltoside from the detergents screen of Hampton Research at
a protein concentration of 20 mg mL?, a constant temperature of 291K and an approximate time of 72 h.
The drops contained 1 pL of protein, 0.8 uL of precipitant and 0.2 pL of detergent. The crystals were
collected with nylon loops and frozen after prior immersion in a solution containing 12 % (w/v) PEG 3350,

0.1M sodium citrate pH 4.6 and 26% (v/v) glycerol as cryoprotective agent (Table 3.1).

This protein was also crystallized in the presence of cysteine (Sigma.Merck, 168149- 2.5g),
cystathionine (Sigma-Merck, C7505- 10 mg) and DL-propargylglycine (PAG) (Sigma-Merck, P7888- 250mg).
Initially, grown protein crystals were exposed to a solution of 10 mM of cysteine. Protein crystals (at a
concentration of 22 mg. mL™) were grown in 12% (w/v) PEG 3350, 0.1M sodium citrate pH 4.6 and CYMAL-
3 as a detergent in a 24-well limbro plate. Drops consisted of 1 pL of protein, 0.8 pL of reservoir and 0.2
uL of detergent. The soaking with cysteine was maintained for 1 hr and then the crystals were collected
and stored in liquid nitrogen with a previously prepared cryoprotectant solution containing 26% (v/v)
glycerol (Table 3.1). Unfortunately, the soaked crystals did not diffract X-rays at sufficient resolution for
structure determination. Therefore, the next step consisted in co-crystallizing the enzyme with
cystathionine (Sigma-Merck, C7505- 10 mg), cysteine (Sigma-Merck, 168149- 2.5g) and PAG (Sigma-
Merck, P7888- 250mg). In all cases, the TgCGL was aliquoted and independently incubated with ligands in

a ratio (1:100) that ensured full occupancy of ligands in the catalytic site of the protein. Crystals of ligand-
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protein complex appeared after 3 days at 291K by hanging drop vapour diffusion in 24-well plates, except
for the TgCGL-Cys complex for which no crystals were obtained. The reservoir solution contained 12%
(w/v) PEG 3350, 0.1M sodium citrate pH 4.6, and CYMAL-4 as a detergent (for both ligands). Drops were
composed by 1 pL of protein solution (15 mg mL?) incubated with 24 mM and 30 mM of cystathionine
and PAG respectively, 0.8 pL of precipitant and 0.2 uL of detergent. Single crystals were transferred to a

cryoprotection solution (crystallization buffer with 27% (v/v) glycerol) and flash frozen in liquid Na.
3.3.2.2.  Crystallization of TgCGLN360S

To determine the structure of the Toxoplasma gondii enzyme bearing the N360S mutation, we
followed a similar protocol to that described for the wild type enzyme. Crystals were obtained by using
the hanging-drop technique, in 24-well VDX plates after 1-2 days at 291K (Hampton Research). Drops
consisted of 1ul of protein solution (10 mg mL™?) mixed, 0.8 uL of reservoir solution (12% (w/v) PEG 3350
and 0.1 M sodium citrate pH 4.6) and 0.2 puL of CYMAL-4 detergent (Hampton Research). Single crystals of
TgCGLN360S were transferred into a cryoprotection solution containing the crystallization buffer with

26% (v/v) glycerol, and flash frozen in liquid N, (Table 3.1).

For the crystallization of the mutant enzyme with ligands, we followed a protocol similar to the wild
type enzyme. First, a solution of 10 mM cysteine and cystathionine were soaked, independently, in crystals
of TgCGLN360S (10 mg mL™) grown in reservoir solution of 12% (w/v) PEG 3350 and 0.1 M sodium citrate
pH 4.6 and n-nonyl-B-D-maltoside or n-octyl-B-D-thiomaltoside, respectively (Table 3.1). After 4h of
soaking, single crystals were inmersed into a cryoprotectant solution, and stored at 193K (Table 3.1).
However, the TgCGLN360S crystals did not diffract when soaked in Cth. On the other hand, crystals soaked
with Cys have poor diffraction quality (=15A). Thus, we performed co-crystallization experiments. DL-
propargylglycine (PAG) was also co-crystallized in the presence of the mutant. A concentration of 10 mg
mL*was considered suitable to carry out subsequent experiments. The TgCGLN360S was incubated with
Cys, Cth and PAG, separately, in a protein-ligand ratio 1:100 to ensure full occupancy of the ligand at the
catalytic site. Crystals appeared after 2-3 days at 291K by hanging-drop diffusion technique in 24-well
plates. The volume of the reservoir was 500 pL and was composed by 12% (w/v) PEG 3350, 0.1 M sodium
citrate pH 4.6 and CYMAL-3 (when Cys and Cth were used as a ligand) or CYMAL-4 (in the case of PAG) as
a detergent. Drops contained 1 pL of the protein-ligand solution, 0.8 uL of reservoir and 0.2 pL of
detergent. Single crystals were transferred to a cryoprotection solution (buffer of crystallization and 26%

(v/v) glycerol) (Table 3.1).
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Table 3.1. Optimal crystallization conditions and cryoprotectants.

Protein

(concentration) Crystallization condition Ligand Protein-ligand binding method Concentration of ligand Cryoprotectant
TgCGL 12% (w/v) PEG 3350
(20 mg mL) 0.1M sodium citrate pH 4.6 - - - 26% (v/v) glycerol
n-octyl-B-D-thiomaltoside
TgCGL 12% (w/v) PEG 3350
(22 mg mLY) 0.1M sodium citrate pH 4.6 cysteine Soaking 10 mM 26% (v/v) glycerol
CYMAL-3
TgCGL 12% (w/v) PEG 3350
(15 mg mL?) 0.1M sodium citrate pH 4.6 cystathionine Co-crystallization 24mM 27% (v/v) glycerol
CYMAL-4
TgCGL 12% (w/v) PEG 3350
(15 mg mL) 0.1M sodium citrate pH 4.6 DL-propargylglycine Co-crystallization 30mM 27% (v/v) glycerol
CYMAL-4
TgCGL N360S 12% (\.N/V) F.’EG 3350
(10 mg mL) 0.1M sodium citrate pH 4.6 - - . 26% (v/v) glycerol
CYMAL-4
12% (w/v) PEG 3350
(Tlggi]l_gN;?_Ol? 0.1M sodium citrate pH 4.6 cysteine Soaking 10 mM 26% (v/v) glycerol
nonyl-B-D-maltoside
12% (w/v) PEG 3350
(Tlg(;:(r;nl_gNri?_Ol? 0.1M sodium citrate pH 4.6 cystathionine Soaking 10 mM 26% (v/v) glycerol
n-octyl-B-D-thiomaltoside
12% (w/v) PEG 3350
(ngi:-gN:iOs 0.1M sodium citrate pH 4.6 cysteine Co-crystallization 20mM 26% (v/v) glycerol
CYMAL-3
12% (w/v) PEG 3350
(ngﬁql_gNri?_Oj 0.1M sodium citrate pH 4.6 cystathionine Co-crystallization 24mM 26% (v/v) glycerol
CYMAL-3
12% (w/v) PEG 3350
(f(()?(:ql_gNri?-Oj 0.1M sodium citrate pH 4.6 DL-propargylglycine Co-crystallization 30mM 26% (v/v) glycerol

CYMAL-4
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3.3.3. Structural determination of CGL native and mutant from T. gondii by X-ray
crystallography

The high-energy synchrotron radiation facilities used for our structural analysis were the beamline MX
XALOC-BL13 at ALBA Synchrotron (Barcelona, Spain), and beamline 124 at Diamond Light Source (UK)
(Table 3.2). For data collection, the set of diffraction images was taken in intervals between 0.1 to 0.25°
and the distance to the detector was set to reach resolution data between 1.6- 3.8A depending on the
crystal and according to the quality and intensity of the diffraction determined by test images taken
previously. The strategy and characterization program to determine the number of images and the
starting angle to be taken to achieve the 100% of completeness was carried out by EDNA program 82, A
summary of the parameters of the data collection is shown in Table 3.2. The diffraction data were indexed,
integrated and scaled using XDS %8 and autoPROC %% programs. The plots of the self-rotation function
were calculated with MOLREP*®, The three-dimensional structure of TgCGL wild-type and mutant alone

d *®8 with the Phaser-MR program *®° from

and in presence of ligands were determined by MR metho
Phenix Suite 5%, using the initial search model the structure of HsCGL holoenzyme (PDB ID 2NMP)%?, After
several cycles of refinement using Phenix.refine program % the geometric quality of the models were

490

assessed with MolProbity *° integrated in Phenix suite.

Ligands geometry restraints builder and optimization was generated with elBOW >°1, Model was built with

Coot*¥’, Figures were done with Pymol (http://www.pymol.org) and Chimera .

Table 3.2. Data collection parameters

TgCGL TgCGL TgCGLN360S  TgCGLN360S  TgCGLN360S

p TgCGL TgCGLN

arameters gcG +Cth setl +Cth set2 9gCGLN3605 +Cys +Cth +PAG

Number of 3600 3600 3600 3600 3600 3600 3600
images
A® (°/image) 0.15 0.1 0.1 0.15 0.1 0.1 0.1
Beamii ALBA MX ALBA MX ALBA MX ALBA MX ALBA MX ALBA MX ALBA MX

eamiine XALOC-BL13 ~ XALOC-BL13  XALOC-BL13  XALOC-BL13  XALOC-BL13  XALOC-BL13  XALOC-BL13
A(A) 0.9792 0.9797 0.9797 0.9792 0.9792 0.9791 0.9791
Exposure 0.1 0.1 0.1 0.1 0.1 0.1 0.1
(sec)

Dectris Dectris Dectris Dectris Dectris Dectris Dectris

Detector

PILATUS 6M PILATUS 6M PILATUS 6M PILATUS 6M PILATUS 6M PILATUS 6M PILATUS 6M
Temperature

(K) 100 100 100 100 100 100 100
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3.4. RESULTS

3.4.1. Cloning, overexpression and purification of TgCGL

TgCGL was cloned into the pET21a vector with a six-histidine tag (6xHis) at the N-terminus. The cloning
and purification protocols of the protein were performed by our collaborators at the University of Verona,
who formerly reported the procedures in %8, Nevertheless, the production steps are also described in
detail in Section 3.3.1 of Materials and Methods of this thesis document. Briefly, wt-TgCGL was purified
in two subsequent steps, consisting in a Ni%* affinity chromatography followed by a fine-tuning size
exclusion chromatography. This last procedure pretends to eliminate rests of aggregates formed during
thawing of the sample and ensures a homogeneous protein sample species for further crystallization

procedures (Fig. 3.3).

TgCGL mAU
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Figure 3.3. (Left) SDS-PAGE of the Size Exclusion Chromatography of TgCGL-wt. The protein was separated on a 12%
SDS-PAGE gel and stained using ProBlue Safe Stain (Giotto Biotech). The first lane correspond to the Molecular Weight
marker (Biorad). The lane marked with an asterisk is the purified protein TgCGL. (Right) TgCGL elution profile of the
molecular exclusion chromatography Superdex 200 10/300. The peak corresponding to TgCGL is highlighted with an
asterisk. To the left of the peak the calibration curve of the molecular exclusion column is shown.

3.4.2. Protein crystallization. Preliminary crystallographic studies.

The crystallization experiments began with a high-throughput screening using all commercially
available solutions at the X-ray crystallography platform of CIC bioGUNE. Approximately 2000 different
buffered solutions were tested, with variations in precipitant type (salts, polyethylene glycols, amines,
and alcohols), additives (inorganic and organic salts), and detergents, as well as buffers at different pH

(detailed description in section 3.3.2 of Materials and Methods). A constant temperature of 291 K was
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maintained during the study. The high number of screening conditions required automated support from
liguid handling robots (TECAN EVO) and nanodispensers (Mosquito, SPT Labtech) to speed up the process.
Both robots are available at the X-ray platform of CIC bioGUNE. The first crystallization experiments were
performed using the sitting-drop vapour diffusion technique in 96-well MRC plates. Initial hits were
obtained in two of the 96 conditions offered by Hampton Research's commercial PEG ION 1 and 2 screens
(Fig. 3.4). Further optimization and scaled up were performed in 24-well plates using the hanging-drop
technique, varying protein and precipitant concentration (from 400 to 10K g mol™), pH (from pH values of
4 to 8), ionic strength of salt solutions, and addition of additives and detergents (Hampton Research
screens). Finally, the best crystals were fine-tuned using either CYMAL-3, CYMAL-4, n-nonyl-B-D-maltoside
or n-octyl-B-D-thiomaltoside from the detergents screen of Hampton Research, in 12% (w/v) PEG 3350,
0.1M sodium citrate, at a protein concentration of 20 mg mL™ (Fig. 3.4). The protein solution volume in
the droplet was set to 1 uL, which was mixed with 0.8 uL of the reservoir and 0.2 uL of the additive. Single
crystals were flash frozen in liquid N2 using 26% (v/v) glycerol as cryoprotectant. Three data sets of suitable

quality were obtained from crystals diffracting X-rays to a resolution ranging between 1.8 and 2.2 A.

Figure  3.4. Crystals  of
recombinant TgCGL. (A) Initial
crystals of TgCGL grown in 2%
(v/v) Tacsimate pH 5, 0.1M
sodium citrate tribasic dihydrate
pH 5.6 and 16% PEG 3350. (B)
Crystals of TgCGL grown in 12%
PEG 3350, 0.1 M sodium citrate
pH 4.6 and CYMAL-3.

Diffraction data were collected on beamline XALOC-BL13 at Synchrotron ALBA (Barcelona, Spain). The
data were indexed, integrated and scaled with the XDS and autoPROC programs. The lattice parameters
(a=126.53, b= 138.99 and c= 472.99; a=p=y=90°) (Table 3.3) are compatible with an orthorhombic
crystalline system. The preliminary assignment of the crystal symmetry was decided by analyzing the self-
rotation function (calculated with the MOLREP5S program integrated in the CCP4 Suite)*® (Fig. 3.5), which

revealed three twofold axes parallel to the a, b and c axes in the Chi=180 plot, that were consistent with
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the Laue class 222. Two additional 2-fold axes at 45° were observed, likely corresponding to binary non-

crystallography (NCS) symmetry axis.

Figure 3.5. (A) Representative X-
ray diffraction data frame from the
TgCGL, recorded on the ALBA
beamline XALOC BL13. The crystals
were exposed for 0.1 s per image
over 0.15° simple rotation range.
Resolution circle is included for
clarity. (B) Plot of self-rotation
function at k=180° of the (C222
TgCGL crystals.

Analysis of the Matthews coefficient (https://www.ruppweb.org/mattprob/default.html), yielded a
value of 2.79, 2.23, and 1.86 A3 Da™ for eight, ten, or twelve molecules within the asymmetric unit (a.u.),
respectively, corresponding to a solvent content of 56, 45, and 34%, respectively. Considering the

fragility of the crystals, we estimated that eight molecules per a.u. was the most likely value.

3.4.3. Structure determination and refinement.

The crystal structure of TgCGL was elucidated using the Molecular Replacement (MR) technique, taking
advantage of the high amino acid sequence homology (94%) existing between the parasite and the human
cystathionine y-lyase, whose crystal structure was known (PDB ID 2NMP). The MR technique allows to
obtain initial phases by performing a comparative analysis of the experimental Patterson map obtained
from the diffraction pattern, and the theoretical Patterson map calculated from a known structural model.
Our preliminary analysis of the diffraction data was consistent with the presence of eight molecules in the
asymmetric unit, likely corresponding to two protein tetramers. The program used in the MR resolution
process was PHASER-MR “® integrated in the PHENIX software. The phases were obtained considering
any of the possible space groups (P222, P222,, P2,212, P212:2:, C222, C2224, F222, 1222, 121212,)
compatible with Laue class 222. Final refinement of the model determined that the correct space group
was €222;. The molecular modeling procedure and the refinement of the final model were performed
with COOT *¥7 and PHENIX REFINE programs®®. The statistical parameters of diffraction and refinement

are shown in Table 3.3 and 3.4.
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Table 3.3. Statistics for data collection and refinement for TgCGL TgCGL+ PAG TgCGL + Cystathionine TgCGL + Cystathionine2
TgCGL

Space group C222; P321 P321 P321

Unit cell (a,b,c) (A) 126.53 138.99 472.99 157.45 157.45 93.20 157.92 157.92 93.60 157.74 157.74 93.40
Resolution (A) 48.45 -2.33(2.41 -2.33) 45.1 -2.26 (2.35 - 2.26) 55.22 -2.21(2.29 -2.21) 60.26 - 1.9 (1.96 - 1.9)
CC % (%) 99.90 (76.10) 99.50 (64.10) 98.4 (52.7) 99.20 (46.10)
Redundancy 10.30 (9.40) 8.20 (8.40) 10.10 (8.00) 19.90 (20.70)
Completeness (%) 99.90 (80.80) 99.50 (86.50) 100 (100) 100 (100)
1/ (1) 19.90 (20.4) 14.20 (2.90) 12.7 (4.7) 16.0 (4.40)
Wilson B-factor (A2) 43.70 29.80 22.70 22.00
Rmerge® 0.153 (1.192) 0.251 (1.257) 0.487 (2.196) 0.435 (2.508)
Rmeas® 0.157 (1.223) 0.256 (1.296) 0.500 (2.251) 0.446 (2.572)
Rpim® 0.036 (0.272) 0.049 (0.301) 0.112 (0.493) 0.100 (0.566)
Refinement

Total reflections 3461898 (178726) 1642693 (47066) 1343959 (69207) 1343959 (69207)
Unique reflections 177123 (8754) 61247 (2656) 67491 (3322) 67491 (3322)
Rwork?/Rfreee 0.174/0.210 0.162/0.186 0.203/0.242 0.154/0.178
No of atoms

Macromolecules 25451 6321 6200 6156
Ligand (PLP) 120 30 30 30

Ligand (KTB or PAG) - 17 13 13
Average B-factor (A2?)

Macromolecules 48.44 34.26 61.00 24.74
Ligands (PLP) 41.46 34.84 19.25 20.57
Ligands ( KTB or PAG ) - 51.34(PAG) 40.71 (KTB) 36.14 (KTB)
Ramachandran plot statistics (%)

Res. in most favored regions 96.44 95.00 95.57 96.25

In additional allowed regions 3.53 4.87 4.43 3.75

In disallowed regions 0.03 0.13 0 0.00
RMSDs

Bonds length (/°-\)/ angle (°) 0.012/1.48 0.010/0.65 0.007/0.92 0.014/0.83
Rotamers outliers (%) 0.38 0.00 0.15 0.00
Clashcore 4.23 3.98 4.32 10.06
MolProbity score 1.49 1.53 1.52 1.78

One crystal was used for each data set. Values in parentheses are for highest-resolution shell. 2Rmerge= zhkl Zi |li (hkl)- <I(hkl)>l/ZhkI Zi li(hkI) (all 1+ and I-); PRmeas = Zhkl Zi [li (hkI) -

I(hkl)>I/Zhkl Zi li(hk]) (all I+ and I-); cRpim= Zhkl Zi |li (hkl) - <I(hkl)>l/Zhkl Zi li(hkl) (all 1+ and I-); 9Rwork =% |Fo — Fc | / ZFo; ¢ Rfree = X |Fo — Fc | / 2Fo, calculated using a random 5 % of reflections
that were not included throughout refinement. fMolProbity score: 0.426*In(1+clashcore) + 0.33 *In(1+max(0;rota_out-1))+ 0.25*In(1+max(0, rama_iffy-2))) + 0.5
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Table 3.4. Statistics for data collection and refinement for TgCGLN360S TgCGLN360S+ PAG TgCGLN360S + Cystathionine TgCGLN360S + Cysteine
TgCGLN360S

Space group P321 P321 P321 P321

Unit cell (a,b,c) (I:\) 157.74 157.74 93.33 158.03 158.03 93.60 158.43 158.43 93.83 158.35 158.3594.21
Resolution (A) 77.06 -2.22 (2.30 -2.22) 77.26 -1.98 (2.05 - 1.98) 55.38 - 1.59 (1.64 - 1.59) 45.41 -1.89 (1.95 - 1.89)
CC % (%) 99.70 (88.80) 99.90 (54.40) 99.90 (57.60) 99.90 (89.20)
Redundancy 30.0 (30.3) 17.40 (7.60) 16.70 (7.20) 20.0 (20.70)
Completeness (%) 100 (100) 99.40 (92.30) 97.70 (80.90) 100 (100)

1/o (1) 12.90 (3.90) 21.90 (1.70) 22.30 (1.30) 28.40 (5.60)
Wilson B-factor (A2) 22.0 284 23.0 24.10
Rmerge? 0.737 (2.972) 0.117 (1.171) 0.076 (1.190) 0.106 (0.877)
Rimeas? 0.749 (3.022) 0.121 (1.256) 0.078 (1.284) 0.109 (0.899)
Rpim® 0.136 (0.547) 0.028 (0.437) 0.018 (0.468) 0.024 (0.196)
Refinement

Total reflections 1976130 (98457) 1615394 (32592) 2964409 (52316) 2170390 (110939)
Unique reflections 65911 (3250) 92916 (4268) 177039 (7304) 108481 (5370)
Rworkd/Rfree® 0.194/0.212 0.175/0.199 0.172/0.190 0.171/0.186
No of atoms

Macromolecules 6419 6245 6532 6527
Ligand (PLP) 30 30 30 30

Ligand (PAG HCYS or CYS) - 34 17 28
Average B-factor (A2?)

Macromolecules 29.24 32.89 29.94 26.87
Ligands (PLP) 21.46 27.76 18.23 16.48
Ligands (PAG/HCYS/CYS) - 50.22(PAG) 58.00(HCYS) 48.78(CYS)
Ramachandran plot statistics (%)

Res. in most favored regions 95.95 96.46 96.95 96.92

In additional allowed regions 4.05 3.54 3.05 3.08

In disallowed regions 0.00 0.00 0.00 0.00
RMSDs

Bonds length (A)/ angle (°) 0.010/1.65 0.017/1.49 0.020/1.38 0.010/0.94
Rotamers outliers (%) 0.44 0.31 0.15 0.00
Clashcore 3.98 4.44 4.73 2.72
MolProbity score f 1.46 1.45 1.36 124

One crystal was used for each data set. Values in parentheses are for highest-resolution shell. Rmerge F=5hkl Zi [1i (hkl) - <I(hkl)>I/Shkl i li(hkl) (all 1+ and I-); Rmeas ° = Shkl i |li (hkl) -

<I(hkl)>I/2hkl Zi li(hkl) (all I+ and I-); ¢ Rpim= Zhkl Zi [li (hkl) = <I(hkl)>I/Shkl Zi li(hkl) (all I+ and I-); “Rwork =2 |Fo —Fc | / 2Fo; Rfree =3 |Fo—Fc | / 5Fo, calculated using a random 5 % of reflections

that were notincluded throughout refinement. f MolProbity score: 0.426 *In(1+clashscore) + 0.33 *In(1+max(0, rota_out|-1)) + 0.25 *In(1+max(0, rama_iffy|-2)) + 0.5
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3.4.4. Three-dimensional structure of TgCGL

3.4.4.1. Overall structure

Structurally, the CGL from T. gondii (TgCGL) shows the overall fold (type a/B/a) of the type | family of
PLP-dependent enzymes. Accordingly, it follows the overall architecture of the CGLs from yeast, human
and bacteria (c.a. S. aureus, L. plantarum and S. maltophilia) among others. TgCGL exists as an
homotetramer, both in solution (Fig. 3.3) and in the crystalline state (Fig. 3.6), with overall 222 symmetry.
The tetramer can be described as an assembly of two dimers related by a 2-fold axis. Each of these dimers,
formed by subunits A-C and B-D, respectively, represents a functional unit that contains two catalytic
cavities (thus, four in the tetramer). The monomeric subunits consist of three distinct regions (Fig. 3.6): (i)
The N-terminal domain (residues 1-84), is composed of one helix (al) and a long unstructured loop
(residues 1-54) that interacts with the active site of its neighboring subunit in the dimer (c.a loop from
subunit A, interacts with the PLP domain of subunit C). The first twenty residues of the N-domain are very
flexible and barely interact with the bulk protein, explaining why it is not visible in most CGL structures
deposited in the databases. (ii) The second protein region is known as the "PLP-binding domain" (residues
85- 281), and represents the largest segment of TgCGL. Remarkably, this module contains many of the
relevant catalytic residues, including the conserved lysine (K230) that covalently links the PLP to the active

site.

The PLP domain is built up of a mainly parallel seven stranded B-sheet, that follows the sequence
MBIV B7 T BEMTBSTBAMTB2B3, with strand B7 running antiparallel to the rest of strands. Notably, the
B-sheet is sandwiched between two helical bundles, and is bent around helix a3. The first helical bundle
includes four helices (a2, a5, a6 and a9), of which a5 and a6 are completely exposed to the solvent,
whereas the other two, a2 and a9, play a key role in the dimer integrity by interacting with the short helix
(a1) of the N-terminal domain and helix a9 from the adjacent subunit. In contrast with other organisms
(c.a yeast), TgCGL lacks a fifth helix (a7) inserted between a2 and a6, being this element more lax, and
appearing as a loop that retains certain helicity between amino acid residues 216-221 (Fig. 3.6). At the
opposite face of the B-sheet, the second bundle formed by helices a3, a4, and a8, is involved in the
interactions with the complementary dimer (Fig. 3.6). (iii) Finally, the C-terminal domain (residues 282-

417) is smaller in size and connects to the PLP domain through the long helix a10. This domain includes
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five a-helices (a10-al4) located on one side of a five-stranded B-sheet with the strands sequence

(T™B8VBITB1I1MB12), of which B10 is not visible in our TgCGL structure.

N-terminal C-terminal i
PLP-binding domain _domain Ollgofmer

A | p—

B N-terminal
gl ( >\  domain

L227-241

180°

\ domain
PLP-binding al3
domain L369-393

Figure 3.6. Crystal Structure of TgCGL. (A) TgCGL has a modular architecture consisting of three distinct domains):
(i) N-terminal domain (yellow), (ii) PLP-binding domain (blue), and (iii) C-terminal domain (green). (left) Ribbon
representation of the TgCGL monomer (secondary structure elements are labeled). Each color corresponds to the
domain distribution described previously. (B) Tetrameric TgCGL. The assembly can be structurally interpreted as two
active dimers (dimer 1: subunits A-C; dimer 2: subunits B-D) related by a two-fold axis. The overall symmetry of the
tetramer is 222, and harbors four identical active sites, each of which harbors one PLP molecule (in sticks).
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As mentioned above, monomeric TgCGL shares the fold to the holo-form of human and yeast CGLs
(rmsd=0.818 and 1.372, of the monomeric form, respectively). As observed in these two proteins, helix
al3 is part of a flexible region whose electron density is doubtful in some monomers of the asymmetric
unit, but appears stabilized in other TgCGL subunits with visible residues from the N-terminal loop (V66-
P84) (Fig. 3.6). The structural alignment of monomeric TgCGL with both, apo- and holo-human CGL (rmsd=
1.523; rmsd=0.818) shows clear differences in the loops containing residues H41-P84, T129-N137 and
T228-Y232 (numbering of TgCGL) (Figs. 3.8 and 3.9), suggesting that our crystallized TgCGL enzyme

displays the holo conformation.

As described earlier, TgCGL exists as a homotetramer in solution #*® (Fig. 3.4) and in the crystalline
state (Fig. 3.6). The approximate dimensions of the monomer and the tetramer are 59x73x42 A and
88x89x55 A, respectively. The tetramer can be structurally described as a dimer of dimers related by a 2-
fold symmetry axis. The most compact association between neighboring molecules (analyzed using the
PISA server (http://www.ccp4.ac.uk/pisa/sessions/OY-814-TF/index.html)) is that formed between
monomers A-C and B-D (Fig. 3.6). The Buried Surface Area (BSA) for the A-C and B-D dimeric assemblies
are 2405A2 and 2466A2, respectively. The interface between the A-C (or B-D) subunits is stabilized by
hydrogen bonds, hydrophobic interactions and intermolecular interactions (Fig. 3.7). The N-terminal
domain from each subunit plays a key role in maintaining the integrity of each structural dimer, by forming
intermolecular hydrogen bonds, like those existing between the phosphate moiety of PLP and residues
Y78 and R80 of the complementary monomer (Fig. 3.7, A). The latter residue of protomer C (or D,
respectively) bonds to the conserved residue Y133 of subunit A (or subunit B, respectively). Likewise,
residues E69 and S67 of subunit C interplay with N349 (a12) of the C-terminal domain of subunit A. Polar
interactions are detected between the lateral chains of H143 and K146 (a7) of monomer A and the
backbone of S117 and L120 (a3) of monomer C. Moreover, side chains of T114 and N263 help reinforce
the A-C and B-D dimer assemblies by forming H-bond interactions with the main chain of M261. Finally,
hydrophobic interactions keep helices a3, a4 and a8 of subunit A in contact with with a3 and a8 from

subunit C.

In turn, assemblies A-C and B-D interact with each other through their al, a9, a10 and a14 helices thus
stabilizing the tetrameric species (Fig. 3.7). In yeast, humans, and bacteria (c.a P. aeruginosa, L. plantarum,

and S. aureus) there are fully conserved residues that are key in the tetramer formation. These residues
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form salt bridges involving the side chains of arginine and asparagine residues (D219 and R257 in HsCGL).
Instead, in T. gondii, these residues are cysteine and leucine residues (L275 and C237 in TgCGL).
Remarkably, multiple network of salt bridges participated by R34, E36 and T37 (a1) of subunit A and K286
(a10), D402, D405 and D408 (a14) of subunit B enhance the stability of the TgCGL tetramer (Fig. 3.7).
Moreover, the oligomeric state of the enzyme is further reinforced by m-stacking and electrostatic
interactions between residues from helices a9 from complementary subunits (a9*) (e.g., F271, Y272 and

Q268 (a9) and F271*, Y272* and Q268* (a9*) and K278 (a9) and E365* (a9*)) (Fig. 3.7).

Figure 3.7. Interdomain interactions in TgCGL. (A, B) Interactions between monomers A (pink) and C (blue) forming
the active dimer. (C, D) Interfacial residues of monomers B (grey) and A (pink) stabilizing the tetrameric
oligomerization. The monomer nomenclature is based on the tetramer represented in the Fig 3.6, B.
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3.4.4.2. Conformational state

The superimposition of the A-C TgCGL assembly with the human counterpart in the apo state, revealed
that the active site of apo-HsCGL is considerably more expanded than that of TgCGL (rmsd = 2.968) (Figs.
3.8, A and 3.9). Detailed comparison of TgCGL with apo-HsCGL and with holo-HsCGl disclosed the key
changes between the apo form and the PLP-bound enzyme. The most significant differences reside in the
a9, al0and al2 helices, and in the three loops H41-P84, T129- N137 and T228-Y232 (numbers correspond
the TgCGL) (Figs. 3.8 and 3.9). These loops are part of the walls of the catalytic site that harbors the PLP
cofactor. When PLP is present in the catalytic cavity of human CGL, these loops point towards the catalytic
site establishing effective interactions with the cofactor. The largest displacements observed in TgCGL
correspond to the side chains of the catalytic residues Y133 and K230 (TgCGL numbering), shifted over 9

A and 7A, respectively, with respect to their homolog residues in apo-HsCGL (Fig. 3.8).

In PLP-bound enzymes, the cofactor is covalently bound via a conserved lysine in the active site.
However, in the apo form, this lysine is far from the cofactor, preventing nucleophilic attack and the
subsequent internal aldimine formation. Finally, the CGL enzymes usually present a helix with two turns
(residues 127-139 in TgCGL and 111-120 in HsCGL) that unwinds and becomes a loop in apo-HsCGL (Fig.
3.8, A). Thus, TgCGL shares the structural features of holo-HsCGL. In particular, helices al12 and al4 are
appreciably more shifted in TgCGL (grey arrow in Fig. 3.9, F) than in the apo-HsCGL adopting a closed

conformation.

A o2

al3

L111-118

L41*- 84*

o4

L211- 214

Figure 3.8: Structural comparison of apo- and holo-HsCGL with TgCGL. Superimposition of TgCGL (subunit A, orange;
subunit B, blue) with (A) apo-HsCGL (no PLP) (grey) and (B) holo-HsCGL (with bound PLP) (grey). The main loops
involved in the conformational change (L129-137, L229- 232, L369-388, and L41*-84* of TgCGL and L211-215, [111-
116, L348-368, and L25*-65* of HsCGL) are highlighted in opaque ribbons. PLP and TgCGL residue K230 are in sticks.
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Structural comparison of tetrameric TgCGL with the apo- and holo-human CGL tetramers, revealed a

higher similarity with holo-HsCGL (Fig. 3.9, A-C).
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Figure 3.9. TgCGL
shows a holo-like
conformation. (A)
Tetrameric apo-
HsCGL,; (B) tetrameric
holo-HsCGL; (C)

TgCGL;
Superimposition of
monomeric TgCGL
(grey) with (D) apo-
HsCGL (light orange);
(E) Holo-HsCGL
(orange), and (F) Apo-
and holo-HsCGL. The
helices a12 and al4
are highlighted. The
arrows show the
movement of these
helices in TgCGL (grey
arrow) and holo-
HsCGL (orange arrow)
compared to apo-
HsCGL.
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3.4.4.3. Structure of TgCGLN360S enzyme variant

In 2003, Messerschmidt and coworkers proposed that the reaction specificity for the a, y- versus o, B-
elimination depends on the orientation taken by Cth molecule within the catalytic site “¢°. Our
collaborators at Verona proposed that substitution of the asparagine at position 360 by serine, favors a
Cth conformation that is suitable to undergo both, y- or B-eliminations 8. To unravel this duality on the
catalytic activity (Fig. 3.10), we engineered a "humanized" variant TgCGLN360S and determined its crystal
structure. In addition, we performed co-crystallization experiments of the mutant enzyme with different
substrates (Cth, Cys) and with the DL-propargylglycine (PAG) inhibitor (Table 3.1). TgCGLN360S yielded
crystals under the same conditions used for the native enzyme. The crystals belong to space group P321

and diffracted X-rays to 2.22 A resolution (Fig. 3.10).

Figure 3.10. Crystals of the TgCGLN360S variant. Crystals were grown in 12%PEG 3350, 0.1M sodium citrate pH 4.6
and CYMAL-4. The yellow color of the crystals reveals the presence of the bound PLP cofactor.

The TgCGLN360S crystals contain two molecules in the asymmetric unit (monomers A-C), that are
related by a 2-fold crystallographic axis with an equivalent dimeric assembly, thus forming the tetrameric
biological unit (Fig. 3.6). The overall fold of TgCGLN360S barely changes with respect to the native enzyme.
Superimposition of TgCGLN360S with the TgCGL monomer (rmsd=0.220) and dimer (rmsd=0.249)
revealed some differences in the V351-F393 loop (Fig. 3.11), which appeared slightly open in the mutant

enzyme, shifted in its central part towards helix a4. The largest displacement of the main chain is observed
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at the level of residue N378, which is shifted by approximately 4 A in the mutant. The maximum distance
between this loop (residues 351-393) and helix a4, measured between residues N137 and H376 is 11.91
A in the native protein, whereas 9.72A in the N360S mutant (Fig. 3.12).

Figure 3.11. Conformational
differences in loop L351-393 in the
N360S variant. Superimposition of
the wt-TgCGL (blue) and mutant
N360S (red) monomers. PLP is in
sticks.

The mutation facilitates the
formation of new interactions
that approximate loop L351-393
to helix a4 (Fig. 3.12). In native

TgCGL, the distance N360-N236 is

2.54 A, whereas in the mutant the

equivalent distance S360-N236
L351- 393 .

grows up to 5 A (Fig. 3.12). During
the last steps of the refinement,
we noticed the presence of
residual electron density in the
catalytic site of the N360S variant. A polder omit map revealed the presence of a glycerol molecule,
provenient from the cryoprotectant solution used in the freezing process. The glycerol interacts via its
hydroxyl moiety 02 with the main chain nitrogen atom of residue S360 (Fig. 3.12). Additionally, the
hydroxyl group of T375 and Y133 are within hydrogen bond distance (2.80 A and 2.58 A, respectively) to
glycerol. As mentioned above, the loop L351-393 is located farther away from the a4 helix in the native
enzyme (Figs. 3.11 and 3.12). As found in the protein variant, the polder omit map revealed the presence
of residual electron density (bulkier in this case) in the catalytic cavity of the native protein. Several runs

of refinement led us attribute this density to a molecule of TCEP (tris(2-carboxyethyl)phosphine), used as

a reducing agent during the purification protocol. The TCEP molecule establishes additional interactions
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with the protein. Firstly, the short distance between residues N360 and N236 (2.54 A) shortens the
distance between TCEP and the main chain nitrogen of N360 (2.49 A). This shorter distance triggers a
weakening of the hydrogen bonds between the substrate and residues Y133 and T375 (3 A and 3.2 A,
respectively). Importantly, this displacement leads to a widening of the pocket in the wt enzyme to
accommodate TCEP. In the mutant, such pocket is narrower, thus explaining why a smaller molecule such
as glycerol, and not TCEP (also present in the solution) occupy the cavity. Taken together, these findings
suggest that mutation N360S induces a conformational displacement of one of the main loops in TgCGL

(residues 351- 393).

A L227-241 B I
pr 4 24
< N236
\- N236
254A 4

\EP
16 2.58A
G135
3 G135
a4
G134 1375 / o4 G134 /
L351-393 L351-393

Figure 3.12. Mutation N360S weakens some interactions at the catalytic site. Main hydrogen bonds formed
between residues of the catalytic site in native (A) and mutant (B) TgCGL. Substitution of N360S increases the distance
between S360 and residue N236, leading to an approximation of L351-393 to the helix a4.
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3.4.4.4. Catalyticsite

As mentioned above, TgCGL exists as a homtetramer, formed by two symmetric dimers, each
containing two equivalent catalytic sites. The walls of the catalytic site are made up of residues donated
by the PLP-binding domain and the C-terminal segment of subunit A, and the N-terminal domain of
subunit C. The PLP is embedded by part of helix a3, strands of the PLP-binding domain (B5-B7) and from
the C-terminal segment (B9, 11 and B12), and the connecting loops T129-G134, D205-P216, S227-G241,
V351-1367 and Y58-P84 (the latter belongs to the complementary subunit of the structural dimer). The
pyridine N1 nitrogen of PLP is stabilized by residue D205, and its pyridine ring is coplanar to the phenolic
ring of Y133, which forms m-stacking interactions with PLP (Fig. 3.13).

N1ao | 0708 7 N180 |
A R395 ,/ PLP (R395 ) >
| \_ WK Cal

R vass

G108 M109

Figure 3.13. Active site of TgCGL. (Left) Polder omit map of native TgCGL (A) and mutant N360S (B), calculated
around the bound molecules (glycerol and TCEP, in orange). The residues involved in the stabilization of PLP are
represented in sticks (subunit A in yellow; subunit B in grey). (Right) Main residues at the catalytic site of native (A)
and mutant N360S (B), and 2Fo-Fc map around the bound molecules, after model refinement. GOL (in orange) is
glycerol.
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Residues T107, G108, M109 and T229, anchor the PLP molecule through hydrogen bond interactions
with the phosphate moiety of the cofactor. Additionally, the complementary subunit is involved in a total
of three hydrogen bonds between atoms OP2 and OP3 of PLP, and protein residues Y78* and R80*. The
amino group of N180 is within hydrogen bond distance to OH3’-hydroxyl group of PLP (3.12A). The
aldehyde portion of PLP at position 4 isimplicated in the formation of a Schiff base with the e-amino group
of lysine 230. This stable PLP-enzyme complex is commonly observed in the majority of PLP-dependent

enzymes %,

Moreover, a polder omit map calculated for the TgCGL-wt around the PLP molecule revealed residual
electron density consistent with the presence of an additional small molecule in the active site. Since no
ligands were added to the crystallization drop, we interpreted that this density likely corresponded to a
small molecule dragged during the purification protocol, or alternatively to any of the chemicals present
in the crystallization buffer. Several runs of refinements led us attribute this residual density to a TCEP
molecule, added as reducing agent along the purification protocol. Interestingly, TCEP occupies part of
the substrate binding site, being stabilized through interactions between its carboxyl groups and the side
chains of residues R395, T375 and R138, as well as with the main chain nitrogen atom of residue N360

(Fig. 3.13).

Similarly, a polder omit map calculated for the N360S mutant in the same area, displayed residual
electronic density around the center of the catalytic site. In this case, the density was consistent in shape
and size with the presence of a glycerol molecule, likely derived from the cryoprotectant used to flash
freeze the crystal. The refined model revealed that glycerol mediates a series of interactions that cause
an approach of loop L351-366 to helix a4, that does not take place in the native enzyme. The O1 and 02
hydroxyl groups of glycerol are anchored by hydrogen bond interactions with the guanidine moiety of
R395 (2.70A and 2.90 A, respectively). Additionally, the 02 atom from glycerol interacts with the amino
group of (i) side chain of N180 and (ii) protein backbone of S360. Finally, the hydroxyl group of Y133 is

involved in the stabilization of glycerol within the cavity by the interacting with its 03-atom.
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3.4.5. Structure of TgCGL - ligands complexes.

48 revealed that the catalysis of wild-type TgCGL on

Kinetic data reported in previous studies
cystathionine is limited to the a,y-elimination reaction, which yields Cys, a-ketobutyrate (KTB) and

ammonia (NH4") as final products (Fig. 3.14)

NH; o o.,y-elimination O "
HO S -
\H/J\/ \AHLOH + H,0 » HO)HASH + HOJ\H/\ + NH;
o] NH, NH, @]
Cystathionine Cysteine a-ketobutyrate

Figure 3.14. Canonical reaction of CGL. The cystathionine is hydrolyzed at the a and y positions to perform cysteine,
a-ketobutyrate and ammonia.

Besides the former reaction, the N360S TgCGL mutant is additionally able to catalyze an a, B-
elimination reaction on cystathionine, which yields homocysteine, pyruvate and ammonia as products

(Fig. 3.15)

NH, Q a,p-elimination Q 0
HO\H/J\/\S/\H'LOH + H,0 - HO)J\/\/SH + HOJKH/ + NH;
@] NH, NH- (0]
Cystathionine Homocysteine Pyruvate

Figure 3.15. a, B-elimination of Cth catalyzed by CGL. The cystathionine is hydrolyzed at the a and 8 positions to
perform homocysteine, pyruvate and ammonia

As mentioned earlier, the reason for these different catalytic abilities are thought to be due to a distinct
orientation of the substrate (Cth) within the catalytic cavity, but the actual mechanism of catalysis is

poorly understood. With the intention of helping to unravel this intricate puzzle, we decided to grow
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crystals of both proteins in the presence of their potential ligands (cystathionine (Cth), cysteine (Cys) and
the inhibitor DL-propargylglycine (PAG)), to analyze the resulting reaction intermediates and/or products.
In addition, we pursued to confirm, if possible, the distinct orientation of Cth within the active site cavity
in each particular protein. Third, we wanted to understand why cysteine inhibits TgCGL %%, Initially the
soaking technique was used to obtain protein-ligand complex crystal since no conformational changes
were expected upon addition of the ligand. However, after unsuccessful attempts with such technique,
the co-crystallization technique was used to obtain the crystals for this study. To ensure complete
occupancy of all binding sites, an excess of the corresponding substrate (molar ratio 1:100) was added
independently to the protein solutions subjected to crystallization. The successful crystallization mix
consisted of 12% (w/v) PEG 3350 and 0.1M sodium citrate pH 4.6, and using CYMAL-4 or CYMAL-3 as an
additive (from the detergent screen of Hampton Research), in all cases. The protein concentration ranged
between 15 to 25 mg mL™. The X-rays diffraction data were collected at the BL13-XALOC beamline of the

ALBA synchrotron in Barcelona.
3.4.5.1. TgCGL crystallized in presence of cystathionine

With the exception of the loop described in the previous section (slightly shifted in the mutant), the
structural superimposition of the native and the N360S variant obtained in the presence of cystathionine,
barely exhibited major differences. However, different molecules were detected within the corresponding

catalytic cavities.

In the case of native TgCGL, two different datasets were collected (TgCGL+Cth1 and TgCGL+Cth2). The
intensity statistics for the dataset with the best resolution (TgCGL+Cth2, Table 3.3) indicated the presence
of hemihedral twinning, that was corrected by applying the appropriate twin operator (-h, -k, l) in the data
processing and the refinement (Table 3.3). In any case, the conclusions obtained from the twinned and

the untwinned datasets were equivalent.

Since cysteine and ketobutyrate are structurally very similar, two independent refinement protocols
considering the presence of either molecule were performed. In one, a cysteine molecule was introduced
into the catalytic site. In the other, a a-ketobutyrate (KTB) molecule was considered at the same position.
After several runs of refinement, we concluded that the molecule that best matched the electron density

in the two native datasets was KTB (Fig. 3.16, A). The final average thermal B-factors for KTB were 40 A2,
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whereas a value of 60 A2 was obtained if cysteine was introduced as the bound molecule. These data were
in agreement with the sole a,y-elimination capacity of the native enzyme reported by other authors %%,
A careful analysis of the active site showed that the carboxylate group of KTB forms a salt bridge with the
guanidine group of R395 and H-bonds the main chain N atom of residue N360, as well as the amino group
of the side chain of N180 (Fig. 3.16, A). The carbonyl moiety of KTB is oriented towards the internal
aldimine formed by K230 and PLP, and in turn interacts via a hydrogen bond with the hydroxyl group of
Y133. The methyl group of KTB is exposed to the wider pocket of the catalytic site Fig. 3.16, A). Of note,
the loop containing T375 (L373-381) is disordered in the native enzyme, indicating the flexibility of this

region.

Interestingly, the results obtained with the mutant enzyme were different. As mentioned earlier, the
N360S mutation leads to a change in the catalysis of the enzyme and allows the a,B-elimination of
cystathionine in addition to the a,y-elimination. Thus, in principle, a reverse orientation of Cth within the
cavity would be expected. If certain, the amino group of the cysteine segment of Cth (Cth results from the
condensation of Cys with Hcys) (Fig. 3.15) would be placed near the aldehyde position of PLP, thus near
the covalent bond that links K230 with the cofactor forming the internal aldimine. As in the case of the
native protein, addition of cystathionine to the crystallization drop, resulted in residual electron density
within the catalytic site. However the shape and size of this density suggested the presence of a larger
molecule, such as homocysteine (Fig. 3.16, B). Based on these findings, we proceeded with three different
refinement protocols, in which either Cys, KTB or homocysteine were incorporated into the cavity

independently.

After careful analysis of all refinement outcomes, we concluded that Hcys, containing an additional
methylene (-CH2) and a sulfhydryl group, was the substrate that best suited the residual electron density
found in the catalytic cavity (Fig. 3.16, B). Thus, a product of the a,B-elimination was detected in our
N360S crystals. Hcys forms a salt link with R395 through its carboxylate group, and interacts with the side
chain of N180 and T375, and with the main chain of S360. The amino group of Hcys is oriented towards
the amino atom of K230, which is covalently linked to PLP forming an internal aldimine. The amino group
of Heys is also at hydrogen-bond distance (2.8 A) of the hydroxyl of Y133. Finally, the thiol of Hcys
participates in H-bonds with E359, Y133, and R80 of the adjacent monomer (Fig. 3.16, B).
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Figure 3.16. TgCGL catalytic site refined from crystals grown in the presence of Cth. (A, left) Main residues of the
catalytic site of native TgCGL. The electron density corresponds to a Polder omit map calculated around PLP. The
molecule represented in orange sticks is KTB. (A, right) 2Fo-Fc map around the KTB molecule resulting from the model
refinement. (B,left). Polder omit map calculated around PLP in the N360S TgCGL mutant. The molecule represented
in salmon sticks is homocysteine (HCYS). (B,right). 2Fo-Fc map centered on the HCYS molecule after the model
refinement.

200



Results Ch. lll. Structure of TgCGL

3.4.5.2. TgCGL-Cysteine complex

Cysteine is a substrate of CGL enzymes that allows the release of ammonium, pyruvate, and H,S

through an a, B-elimination reaction (Fig. 3.17).

O — o)
a,B-elimination
HO)J\‘/\SH +H20 - HO)'H]/ + NH3 + HZS
NH, O
Cysteine Pyruvate

Figure 3.17. Reaction of HzS production catalyzed by CGL. 8- elimination of cysteine to produce pyruvate, ammonia
and H>S.

Previous studies have reported that Cys exerts an inhibitory effect on most CGL-enzymes, but the
underlying mechanism remains unknown. Different hypothesis have been proposed, among which are
the formation of a thiazolidine intermediate with the PLP cofactor, or the cysteine-induced dissociation

of PLP to generate the apoenzyme #°8461,470,495,496

In this section we describe the first crystal structure of a CGL enzyme complexed with cysteine. To
obtain the enzyme-substrate complex, both, wild-type and N360S variant from T. gondii were subjected
to an excess of cysteine (1:100 ratio) during the co-crystallization process. Despite numerous attempts,
only crystals of the TgCGLN360S+Cys complex could be obtained. The final crystallization conditions were
12% (w/v) PEG 3350, 0.1M sodium citrate and CYMAL-3 (Table 3.1). Data collection represented an
enormous experimental effort, an above 50 crystals were tested, after which only one dataset diffracting
X-rays at 1.9 A resolution, was suitable for structure determination. The crystal belongs to space group
P321, and contains two molecules in the asymmetric unit. These molecules form a dimer that is related
by 2-fold crystallographic symmetry with the other half of the actual biological unit, a tetramer with

internal symmetry 222,

As discussed below, our structure does not reproduce previous findings perform on the human CGL
enzyme showing that incubation of HsCGL with physiologically relevant concentrations of cysteine (10
mM) generates the apo enzyme (no electron density for PLP was observed in the crystal structure of the

human (PDB ID 3ELP)) %6, In contrast with these results, our structural analysis clearly demonstrated the
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presence of bound PLP. Additionally, the Polder omit map showed an additional density in the catalytic
cavity (Fig. 3.18), that was consistent with an Cys molecule in both asymmetric unit molecules. As shown
in Fig. 3.18, the carboxylate group of Cys (easily recognized in the electron density maps) forms a salt
bridge with R395, and an H-bond with the amide group of N180. The sulfhydryl group of Cys is anchored
by an H-bond interaction with E359. Moreover, and as observed for the KTB and homocysteine products
described above, the amino group bound to the Ca carbon of Cys, is oriented towards lysine 230.

Surprisingly, binding of cysteine does not appear to alter the overall conformation of the enzyme.

D205

T107

Figure 3.18. Catalytic site of N360STgCGL co-crystallized with cysteine. Polder omit map (left) and 2Fo-Fc electron
density map (right) calculated around the location of the cysteine molecule.

3.4.5.3. TgCGL-PAG complex

DL -Propargylglycine (PAG) is one of the most commonly used agents to inhibit H,S production.
Concretely, PAG is claimed to be a specific inhibitor of cystathionine y-lyase *%. The interaction between
the enzyme and the inhibitor has so far only been described by the structure of human CGL %6, To explore
whether of PAG could act on TgGCL, and to determine possible binding and mechanistic differences with
respect to the human enzyme, we elucidated the crystal structure of the TgCGL-PAG complex, both for
the native and the mutant protein constructs. Briefly, both the crystals of the native and mutant enzymes
in complex with PAG were growth in 12% (w/v) PEG 3350, 0.1M sodium citrate and CYMAL-4. After testing

the diffraction quality of above 20-30 crystals from both proteins, we obtained one data set for each
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protein at resolution 2.26 A and 1.9 A for the native and mutant enzymes, respectively. Both crystals
belong to space group P321 and contain two molecules (a symmetric dimer) in the asymmetric unit.
Application of the crystallographic symmetry permits the visualization of the actual biological unit, a

tetramer with internal symmetry 222.

Once the refinement of the wild-type protein model was complete, a polder omit map calculated
around the PLP molecule showed additional electron density that could not be attributed to the protein
chain, thus suggesting the presence of a molecule within the catalytic site. Such density was observable
only in one of the two molecules of the asymmetric unit (thus, two per tetramer), and was consistent with
a PAG molecule that was subsequently included in the next refinement steps. Based on the literature 462,
we first considered the formation of a vinylether in the PAG molecule, and an interaction with the protein
through a covalent bond between its Cy atom and residue Y133. In these first set of refinements the C6
atom of PAG was oriented towards the amino group of the internal aldimine formed by K230 and PLP.
However, after numerous refinements, the geometry of the PAG molecule and the electron density for
this orientation were not consistent with the electron density. Alternatively, we tried different
orientations of PAG within the cavity, finding that a rotation by 180° of the PAG molecule, with the Ca
ofthe substrate pointing towards the internal aldimine, yielded a much better fit and final statistical
parameters. With the PAG molecule in this orientation, two scenarios were considered for subsequent
refinement steps. In the first one, the triple bond between the Cy and Cé atoms of PAG were preserved.
In the second, the reduction of the triple bond to form a vinylether (as observed in HsCGL) was considered
(Fig. 3.19, A). In the final model, residue K230 remains covalently bound to PLP, and the side chains of
R395 and N180 interact with the carboxylate group of the inhibitor. Interestingly, the double bond points
to residue E359, leading the CP of PAG to bind covalently to the hydroxyl group of Y133. Moreover, the
amino group of PAG is near (2.7 A) and oriented towards the internal aldimine formed by K230 and PLP

(Fig. 3.19, A).

Unexpectedly, the crystal structure of the N360STgCGL+PAG complex showed a different orientation
of the inhibitor within the cavity (Fig. 3.19, B). In this case, the polder omit map around PLP revealed that
the two molecules of the asymmetric unit harbored a substrate at the catalytic site. In the final model the
CB atom of PAG appears close to Y133, suggesting a putative bond, while PAG again seems to form a

vinylether (Fig. 3.19, B). In contrast to the native enzyme, in the mutant the double bound of PAG is clearly
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oriented to residue R80 of the adjacent monomer. The side chains of R395 and N180, and the backbone
of S360 are hydrogen-bonded to the carboxylate group of PAG. Finally, the amino group linked to the Ca

atom of PAG appears to be interacting with the internal aldimine of the enzyme (Fig. 3.19, B).

A R3os Yao Y133 paos RE95 N180 Y133 paos
z% = o/ ;/

M109

B R395 Y o /\
Y133
N180 Dz°5/ - \\\Uiso Y133 D205

PAG_ K230 ‘Z/

PAG K230

Figure 3.19. Catalytic site of TgCGL co-crystallized with DL-propargylglycine. (A) Polder omit map (left) and 2Fo-Fc
map (right) consistent with the presence of a PAG molecule in the native enzyme. Note: the PAG code in PDB data
base is 2AG. (B) Main residues within the catalytic site of TgCGLN360S. The PAG molecule is in green sticks, the polder
omit map is represented on the left and the 2Fo-Fc map on the right. The position of the atoms in PAG are highlighted
in red.
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3.5. DISCUSSION

It is widely accepted that transsulfuration plays a key role in reducing the oxidative stress in many
bacteria, and therefore in ensuring the survival of these microorganisms in adverse environments. Two
breakthrough studies by Shatalin et al. highlighted the therapeutic potential of inhibiting the cystathionine
B-synthase and cystathionine y-lyase enzymes in S. aureus and P. aeruginosa ***°. The authors provided
a detailed structural characterization of the cystathionine y-lyase from S. aureus complexed to several
inhibitors, and revealed particular features that differentiate the bacterial enzyme from its human
counterpart **. This elegant work has opened the door to new therapeutic strategies to fight persistent
bacteria, whose multiresistence to current antibiotics represents a difficult challenge to treat recurrent
infections in hospitals nowadays. In connection with these findings, this chapter of the doctoral thesis
expands the structural knowledge on the cystathionine y-lyase from two human pathogens: the parasite

Toxoplasma gondii, and the multidrug resistant bacteria Pseudomonas aeruginosa.

The catalytic specificity of CGL: The canonical reaction par excellence of the CGL enzyme is the a,y-
hydrolysis of Cth to produce cysteine, a-ketobutyrate and ammonia (Fig. 3.2, B ). However, in organisms
such as T. gondii, T. cruzi, L. plantarum or S. cerevisiae, the enzyme shows a lower catalytic efficiency for
this reaction (= 2 mM1 s1) 226458459472 than the observed in the human enzyme (15 mM™ s1)% and is able
to catalyze alternative (non-canonical) processes with significant efficiency. These alternative processes
may coexist with the canonical activity, or become the principal catalytic event. For example, TgCGL
cleaves Cth almost exclusively through the Cy-S bond, as it occurs in T. cruzi 2 and humans #¢14%* whereas

459

the CGL from S. cerevisiae ***7? and L. plantarum **° show a pronounced cystationine B-lyase (CBL) -like

activity, and are able to hydrolyze Cth at both, the Cy-S and the CB-S bonds (Fig. 3.2).

Some authors have proposed that an important factor underlying these differences, is the protonation
of the N1-PLP atom that stabilizes the carbanion-PLP intermediate. Obviously, the tendency to
protonation varies depending on the most favorable, or less favorable amino acid environment
surrounding the carbanion in each particular protein #7468 (intermediate 4 of Fig. 2.20 at the introduction
section of the Chapter Il). It appears that, the longer is the distance between the conserved aspartate in

the catalytic site (D187, D205 and D183, in human, Toxoplasma and Pseudomonas, respectively) and the

205



Discussion Ch. lll. Structure of TgCGL

N1 atom of the PLP cofactor, the lower is the possibility of protonating the N atom, and the less efficient
is the catalytic reaction #72. Accordingly, the longer aspartate-N1 distances found in yeast, L. plantarum
and T. gondii CGLs (3.6 A, 2.8 A and 2.75 A, respectively) with respect to the human enzyme (2.6 A), might

explain the poorer catalytic efficiency of the three former enzymes.

Intriguingly, we found that substitution of the asparagine at position 360 by a serine in TgCGL affects
the reaction preference in the mutated enzyme, that now acquires Cth B-lyase (CBL) ability **%. Our crystal
structures of TgCGLN360S obtained in the presence of Cth, have provided the first structural evidence
confirming this reaction by proving the presence of the homocysteine product at the catalytic site, and

confirming the duality of TgCGLN360S versus native TgCGL.

Based on these findings, we wondered what structural features underlie the catalytic duality exhibited
by TgCGLN360S versus native TgCGL. Or, in other words, what features impede in native TgCGL to perform
the B-lyase (CBL) catalysis. Previous modeling studies on TgCGL hypothesized that the long side chain of
asparagine 360 might interfere with an appropriate orientation of the sulfur atom at the y-position with
respect to the PLP molecule to perform the B-cleavage of Cth %8, However, in apparent contradiction with
this hypothesis, our structures of native and TgCGLN360S have shown that the side chain of both N360
(in the native enzyme), or its S360 equivalent (in the variant), are not oriented towards the protein
substrate site, making steric hindrance between the sulfur atom of Cth and the amide group of the

asparagine (or the hydroxyl group of serine), unlikely.

Our new structural data led us think that an alternative explanation for the TgCGL selectivity might be
encountered by a reduction in the volume of the catalytic cavity (from 287 A% in the native enzyme to 152
A3 in the N360S variant), caused by a conformational displacement of loop L351-393 towards helix a4 in
the mutant (Fig. 3.11). However, in the light of this argument, it is paradoxical that despite a reduction in
volume, the N360S mutant still retains the ability to perform the a,y-elimination reaction. On the other
hand, the maintenance of such capacity is in apparent conflict with the observations by Lee et al., claiming
that CGL enzymes performing the y-elimination of Cth require a wider and more flexible catalytic cavity,
capable to allow a change in the hybridization of the N atom of the catalytic lysine (K230 in TgCGL) from
a sp? to a sp? state®® (intermediates 4 and 5 Fig. 2.20 at the section 2.1.4.2.1. of the Chapter Il). Such
requirement does not need to be met in the B-elimination process (intermediates 4 and 5 of Fig. 2.21 at

the introduction section of Chapter ll), thus justifying why enzymes performing majorly the B-elimination
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present less bulky crevices. A detailed comparison of the catalytic cavities (performed with CASTp server
04) of the CGLs whose structure is known, with enzymes that exclusively perform the B-elimination
reaction (c.a Escherichia coli CBL), led us conclude that the volume of the catalytic cavity of TgCGLN360S
(capable of cleaving both the CyS bond and the CBS bond of Cth) is in the range of the E. coli CBL enzyme
(152 A% in both cases). Likewise, we found that the CGL enzymes from L. plantarum and yeast (which also
catalyze y- and B-cleavage *°%72), exhibit a similar available volume (146 A3 and 148 A3, respectively).
Briefly, we concluded that 150 A3 appears to be a characteristic volume of CGL enzymes with dual y- and
the B-cleavage capability. According to this approximation one would expect that both, native TgCGL and
HsCGL, that only perform y-cleavage #846149% would display larger catalytic sites. Native TgCGL

accomplishes this hypothesis, (288 A3), but not HsCGL, wich shows a reduced volume of only 87 A3.

Searching for alternative explanations to the different catalytic profile of CGLs, other authors have
proposed that the specificity of the reaction (a,y- vs a,-elimination) depends on a pair of highly conserved

) 40305 \which are located

glutamate residues (E59-E339 in human, and E48-E333 in yeast CGL, respectively
at the entrance of the active site and coordinate the cysteinyl moiety of Cth, providing a negatively
charged surface. In particular, mutational analysis of E333 in yeast CGL led to postulate that this residue
is key in defining the orientation of the substrate. The authors found that the electrostatic repulsion
exerted over the S atom in the y-position, likely directs Cth it in the favorable position to undergo B-
elimination %72, In addition, this glutamate would interact with the distal amino group of Cth, stabilizing
the appropriate orientation of the substrate within the catalytic pocket #’2. This would explain why
substitution of these glutamates in yeast CGL disfavors the B-elimination of Cth %72, Interestingly, the
equivalent glutamate in TgCGL (E359) is conserved , and stabilizes the thiol group of the Hcys product
obtained after B-elimination of Cth, as shown in our crystal structure of TgCGLN360S (Fig. 3.16, B). Our
findings suggest that, as observed in yeast, the glutamate at position 359 is key in determining the
orientation of the sulfur atom of Cth within the catalytic cavity of TgCGL. As mentioned above, residue
E48 residue also plays a very important role in the active site of the yeast enzyme. In toxoplasma, however,
the equivalent glutamate is replaced by serine 77. Unfortunately, and despite a significant experimental
effort, we failed to crystallize the TgCGL S77E mutant. One possible explanation for this failure is the
potentially destabilization of the overall structure caused by the mutation. Alignment of TgCGL against its
homologs demonstrates that the Y71 residue is found exclusively in the protozoan, and is not conserved

in other organisms. For example, in TgCGL, Y71 interacts with S77 of the same chain and with E359 of a
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complementary monomer. Our structures suggest that, as postulated by Maresi et al. in 2018; the S77E
mutation likely causes clashes between the mentioned residues due to the longer length of the glutamate
side chain, probably perturbing the interaction between the two chains composing the dimer, and
destabilizing the overall three-dimensional structure, what would explain the difficulties to grow crystals

of this mutant.

Using the yeast enzyme, Hopwood et al. proposed another interesting hypothesis to explain the
different specificity of CGLs. In this case, the authors suggested that residues E333 and L335 flanking serine
S334, had a relevant role in fixing the final orientation of the catalytic lysine (K203) that binds PLP.
According to their model, the specificity of the CGL reactions is mediated by interactions that optimize
the relative positions of the substrate, the cofactor (PLP) and the catalytic base (lysine) 42. In this regard,
a mutational study on E. coli CGS, an enzyme belonging to the fold type | family of PLP-dependent enzymes
(like CGL and CBL), revealed that substitutions at S326 (N360 in T. gondii) has a key role in guiding the &-
amino group of catalytic lysine (K198) %, Our TgCGL structures show that the N360S mutation increases
the distance between the nitrogen of K230 and the oxygen of the asparagine and serine side chain,
respectively (from 4.6 A to 5.2 A). This difference might modulate the electronic properties of PLP,
allowing or restricting the access of the catalytic base to the C4'and CB positions of the cofactor and

substrate, respectively.

Other authors have highlighted the presence of a highly conserved set of residues that participate in a
hydrogen-bond network that involves a sequence of serine-water-serine-glutamate residues in all CGLs.
Due to their location within the catalytic site, catalytic-based properties have been attributed to this group
of residues in the y-elimination reaction, similar to the catalytic serine-histidine-aspartate triad found in
serine proteases %, However, the amino acid sequence of TgCGL does not conform to this pattern, as
serines are replaced by asparagines, resulting in a netwotk N360-N236-E365. Despite not being conserved,
TgCGL is able to catalyze the y-elimination of Cth. Thus, it appears that the presence of two asparagines
instead of serines does not affect the enzymatic activity. Of note, the N360S mutation artificial introduces
a S360-N236-E365 triad that interacts with a water molecule located between residues $S360 and N236.
The exact function of this network in TgCGLN360S remains unknown, but it might play a relevant role in
the catalytic specificity differences observed in the mutant. On the other hand, the presence of an

asparagine at position 360 (instead of a serine) neither influences the enzymatic reaction.
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Inhibition of TgCGL by cysteine: As mentioned previously, cysteine exerts a substrate inhibitory effect
on both, native TgCGL and the TgCGLN360S mutant. This effect has been widely reported in other CGLs,
whose activity decreases gradually as the concentration of cysteine increases in the solution. The actual
mechanism of inhibition remains unknown, but two different hypothesis have been postulated
461,472,494495 |n humans, the addition of cysteine concentrations greater than 10 mM results in the detach
of the PLP cofactor from the enzyme “¢!. This loss is detected spectroscopically by the concomitant
disappearance of the absorption peak at 427 nm corresponding to the holoenzyme, and the appearance
of a peak at 388 nm characteristic of the apoenzyme. This situation can be reversed upon addition of PLP.
Of note, the inhibition by high concentrations of cysteine, does not prevent the human enzyme from

synthesizing H,S through the B-elimination reaction of cysteine ¢! (Fig. 3.17).

Research conducted by Yamagata et al. and Maresi et al. in 2002 and 2018, showed that Cys interacts
with the enzyme, forming a cyclic thiazolidine complex #5%4%, |In contrast to these observations, our
crystals of TgCGLN360S grown in the presence of an excess of cysteine (20 mM), showed neither loss of
the PLP cofactor nor the formation of the cyclic thiazolidine intermediate. In contrast, we found a stable
holoenzyme-substrate complex, in which the cysteine molecule, without being covalently linked to the
cofactor, is placed nearby the catalytic lysine (K230) that in turn maintains the internal aldimine with PLP
(Fig. 3.18). Our findings suggest that inhibition by cysteine originates from the competitive occupation of
the site to which other reactive molecules need to gain access for catalysis to continue. Interestingly, the
crystal structure of Lactobacillus plantarum CGL (LpCGL) complexed with serine (structural analog of
cysteine), suggested that the formation of a hydrogen bond between the hydroxyl group of residue Y97
(Y133 in TgCGL) and the Oy atom of serine (Sy in the case of cysteine) is key in orienting the serine
appropriately for the B-elimination reaction %*°. Based on these data, it is reasonable to think that an
equivalent tyrosine, conserved in the catalytic site of all CGLs, might act as an acid to protonate the first
leaving group of the B-cleavage reaction, thus yielding the aminoacrylate intermediate (B-lyase reaction),
or the aminocrotonate (y-elimination reaction) (Figs. 2.21 and 2.20 at the introduction section of Chaper
2, respectively). By a similar rationale, it would be expected that, to perform the B-elimination of cysteine,
the thiol group of cysteine should interact with residue Y133 in TgCGL. If this hypothesis is correct, this
interaction would promote the formation of an aminoacrylate intermediate. However, in our crystals,

cysteine adopts an orientation that a priori is not suitable for the B-elimination reaction, due to the
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presence of residue E359 that alternatively interacts with the -SH group of cysteine and inhibits the

aforementioned contact between the thiol group of the substrate and Y133 (Fig. 3.18).

Two independent studies have confirmed the relevance of glutamate (E339) in the B-elimination of Cys
by human CGL #6347%, The substitution of this residue by more hydrophobic amino acids (lysine, alanine or
tyrosine) leads to an increase in H,S production #7°. On the other hand, kinetic and structural analysis have
shown that the E339V substitution increases the hydrophobicity of the catalytic site of HsCGL and
enhances the binding of Cys within the cavity (PDB ID 5EIG) #63, The structural comparison of TgCGLN360S
with HsCGL-E339V has allowed us to confirm that the orientation of Cys within the catalytic site is very
similar (Fig. 3.20). Intriguingly, cysteine forms an external aldimine in the human enzyme, whereas is not

covalently linked to neither the cofactor nor the protein in the TgCGLN360S crystals (Fig. 3.20).
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Figure 3.20. Cysteine location at the catalytic site Aminoacid residues surrounding cysteine at the catalytic site of
(A) TgCGLN360S and (B) HsCGL-E339V.

Inhibition of TgCGL by DL-propargylglycine (PAG): PAG is the most widely used inhibitor of the H,S
production, and has shown high efficacy in animal models 3%. This molecule inactivates HsCGL irreversibly
and selectively 5%, The structural basis of PAG binding to the human CGL enzyme was unraveled in 2008,
and served to propose a putative mechanism of inhibition #6! (Fig. 2.26, at the introduction of Chapter I,

section 2.1.4.2.4.)
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Three crystal structures of PAG-protein complexes had been reported prior to the writing of this thesis.
The first corresponds to the methionine gamma-lyase (MGL) from Trichomonas vaginalis (PDB ID 1ESE).
The second is the CsdB lyase from E. coli, a pyridoxal 5'-phosphate (PLP)-dependent enzyme that catalyzes
both cysteine desulfuration and selenocysteine deselenation (PDB ID 1129)°%7. Finally, the third is
represented by the HsCGL-PAG complex (PDB ID 3COG)*!. These three proteins share with TgCGL the
characteristic folding of the type | folding-dependent PLP family of enzymes, and thus have a very similar
architecture in their catalytic site. The location of PAG within the active site of these enzymes is very
similar in all cases (except in HsCGL), and basically coincides with the site found in our TgCGL and
TgCGLN360S crystals (Fig. 3.19). In MGL and CsdB, PAG is covalently link to the PLP cofactor through its
amino group and the C4' atom of PLP, thus forming an external aldimine (Fig. 3.21). Instead, in TgCGL, the
electron density clearly shows the formation of an internal aldimine between the conserved lysine (K230)
and the cofactor, and the PAG molecule though is located nearby, does not covalently link to the catalytic
lysine (Fig. 3.19). Remarkably, the orientation of PAG is significantly different in HsCGL (PDB ID 3COG) with
respect to MGL and CsdB, and is rotated by 180°, with its carboxylate and amino groups pointing towards

residue R62 (R80 in T. gondii) ***(Fig. 3.21).
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Figure 3.21. PAG binding mode in (A) HsCGL, (B) MGL and (C) CsdB. PAG is colored in green following the color code
used in Fig. 3.19. PLP is represented in brown. The residues of an adjacent subunit are shown with an asterisk. The
position of the atoms of PAG are highlighted in red greek letters.

In the structures of MGL and HsCGL, the PAG molecule is covalently bound through its Cy atom to the
conserved tyrosine of the catalytic site (Y111 in MGL and Y114 in HsCGL) (Fig. 3.21). In contrast, in CsdB
H123 (equivalent to Y111/Y114) is not covalently linked to PAG. Although H123 occupies the same position

of the tyrosine and could attack the Cy of PAG, the side chain of H123 is far away from the substrate (the
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Cy-C6 bond is disordered in the crystal structure). Surprisingly, the structure of the complexes of PAG with
native and mutant TgCGL show a single covalent bond between the CB atom of the inhibitor and Y133
(Fig. 3.19). Equivalent distances between the hydroxyl of Tyr and CB in MGL and HsCGL (2.62A and 2.47A,
respectively) suggest that these atoms might also be favorable for a nucleophilic attack. However, in the
parasite the carbon atom in the beta position is clearly more accessible than the carbon in the gamma

position (Fig. 3.19).

The crystal structures of native and N360S mutant T. gondii CGL has allowed us to identify eight
residues that interact with PAG; R395, Y133, N/S360, K230, N180, R80 (of the adjacent subunit) and E359
(Fig. 19). This last residue is key in the native enzyme, attracting the PAG double bond towards itself,
contrary to what is observed in the mutant enzyme where the double bond is positioned towards R80 of
the adjacent monomer (Fig. 3.19). Likewise, this residue is not present in MGL or CsdB. Thus, in agreement
with what Sun postulated in 2008, E359 may be of critical importance for the design of specific inhibitors,

since it is conserved only in CGL proteins®?,

Previous kinetic studies %64 and the results obtained from the crystal structures of the TgCGL-PAG
and TgCGLN360S-PAG complexes have allowed us to postulate an alternative mechanism of TgCGL
inhibition by PAG, distinct from that proposed for the human enzyme (Fig. 2.26, at the introduction of
Chapter Il, section 2.1.4.2.4.) (Fig. 3.22). First, for transaldimination to occur (step 2 of Fig. 3.22) the amino
group of PAG is deprotonated by a basic residue. Next, the beta position of the alkyne is deprotonated by
K230 to generate the allene intermediate (step 3 of Fig. 3.22). Finally, the alternative step proposed in
this work is the attack of Y133 on the innermost carbon of the allene forming the vinylether (step 4 of Fig.

3.22).

The basic amino acid proposed for deprotonation of the incoming PAG (step 1 of Fig. 3.22) and
protonation of the alkyne (step 3 of Fig. 3.22) is R80 of the adjacent monomer. R80 is located at the
inhibitor/substrate binding site entrance and is in a favorable position to deprotonate the incoming
substrate/inhibitor. In addition, the side chain of R80 is at a distance that facilitates the protonation of
the alkyne at the gamma position (4.3 and 3.8 A for the native and mutant TgCGL, respectively) (step 3 of
Fig. 3.22), Next, Y133 acts as a base converting the allene to the vinylether and forming a covalent bond
with the CB. The allenes have a very special reactivity and all three carbon atoms can be attacked being

in all cases kinetically and thermodynamically favorable processes®®. In this work the crystal structures
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show that the innermost carbon (CB) is placed in a more favorable position for nucleophilic attack

originating a covalent bond between CB and Y133.

The binding of PAG occupies the substrate binding space, thus inhibiting CGL by blocking accessibility

to the catalytic site. In addition, the release of the substrate is prevented due to the covalent bond of PAG

to Y133, a key residue in the catalytic process 459475,
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Figure 3.22. Mechanism of inhibition of TgCGL by PAG. The PAG is deprotonated by the R80 of the adjacent
monomer (Step 1) for transaldimination to occur (Step 2). Residue K230 attracts the proton at 8-position of alkyne to
form the alene intermediate (step 3). The hydroxyl group of Y133 attacks the 8-position of the allene to generate the
vinyl ether (step 4). The internal aldimine is regenerated and Y133 is covalently bound to vinylether of PAG.Figure

adapted from “6%,
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3.6. CONCLUSIONS

1. We have elucidated the crystal structure of cystathionine y-lyase from Toxoplasma gondii, the
causative agent of toxoplasmosis, from an engineered construct that includes the full-length

aminoacid sequence of the native enzyme.

2. A second similar construct (TgCGLN360S) including a subtle modification that "humanizes" the
catalytic site by including the mutation N360S, has also been solved by the same X-rays

crystallographic techniques.

3. The N360S mutation triggers a cascade change of interactions within the catalytic site that results
in a conformational displacement of one of its constitutive loops (L351-393). This change consists
in approximating L351-393 to helix a4, thus resulting in a narrowing of the catalytic cavity in the

mutant with respect to the native enzyme.

4. Co-crystallization of the TgCGLN360S crystals in a solution containing the cystathionine substrate,
results in a TgCGLN360S+homocysteine complex, consistent with its ability to perform the B-

elimination reaction of Cth.

5. Co-crystallization of TgCGLN360S crystals in a solution containing cysteine, results in the
corresponding TgCGLN360S+Cysteine complex, explaining why cysteine, by occupying the
substrate binding position, inhibits the enzyme. Interestingly, the orientation of Cys within the
cavity is not favorable to perform the B-elimination reaction to produce H.S, pyruvate and

ammonia.

6. Co-crystallization of the wt- and TgCGLN360S crystals in a solution containing the DL-
propargylglycine (PAG) inhibitor, results in the corresponding complexes with PAG. Noteworthy,
PAG occupies the substrate binding site and prevents the access to the catalytic site. The
formation of a covalent bond between the inhibitor and the enzyme blocks the release of the

ligand.

214



Conclusions Ch. lll. Structure of TgCGL

7. The crystal structure of the native and mutant enzyme in the presence of PAG has led us propose
a new mechanism of inhibition not previously observed for any other enzyme of the type | family

of PLP-dependent enzymes.

8. The data presented in this section provides the first three-dimensional template available of CGL
from T. gondii, thus paving the way for the rational design of inhibitors to modulate the activity

of the enzyme.

9. Our data provides information to analyze the structural evolution of the enzyme across different

organisms.
10. Finally, our structures of TgCGL have revealed the main differences existing between the

pathogen and the human enzyme, thus helping to understand the distinct catalytic abilities

performed by CGLs in different organisms.
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4.1. Cystathionine y-lyase from Pseudomonas aeruginosa

It has recently been demonstrated that several inhibitors of human CGL, have a different effect,
or simply lack any effect, on homolog bacterial enzymes encoded by different pathogens. For
example DL-propargylglycine (PAG), B-cyano-L-alanine (BCA), hydroxylamine (HA), aminooxyacetic
acid (AOAA) and L-aminoethoxyvinylglycine (AVG), impair HsCGL activity, while only three of them
(AOAA, AVG and HA) are able to inactivate bacterial homologs at low micromolar doses in both, in
vitro and in vivo **. Not less importantly, the efficient dose concentrations are significantly higher in
the pathogens than in humans °. This suggests that there are likely particular structural and physico-
chemical differences for each CGL enzyme that could be exploited to develop new antibiotics and/or
adjuvants to treat recurrent infections caused by concrete pathogens. In line with these findings,
recent studies revealed the presence of the Cse gene encoding for the CGL enzyme in the multidrug
resistant bacteria of Pseudomonas aeruginosa. PaCse is arranged in a single operon that is
responsible for H,S production in normal media or under antibiotic stress *!°, Interestingly, the
absence of PaCGL reduces H,S production in clinical strains of P. aeruginosa. More importantly,
knocking down of the gene or alternatively chemical inhibition of the PaCGL enzyme, sensitizes the
microorganism to low doses of classical antibiotics such as gentamycin (Gm), norfloxacin (Nor), and
ampicillin (Amp), thus opening the door to novel therapeutic strategies to combat resistant

infections and extending the life of such antibiotics 4>,
The structure of PaCGL as 3D-template for drug design

These exciting observations encouraged us to elucidate the still unknown crystal structure of
PaCGL, to serve as a three-dimensional template on which to develop specific inhibitors. PaCGL (also
known as PaCSE), is composed by 394 amino acids (x43kDa), and shows a domain distribution similar
to that of TgCGL (Fig. 2.22 at the introduction section of Chapter Il). To our knowledge, after S.
aureus 5, the crystal structure of CGL from P. aeruginosa described in this thesis, represents the
second three-dimensional structure reported for a CGL enzyme from an organism classified as a
critical priority pathogen by the World Health Organization (WHO, https://www.who.int/health-
topics/antimicrobial-resistance) (Fig. 4.1). This new structural knowledge paves the way for rational
drug design against this "superbug" and its relatives, and may have an impact on global health in

the near future.
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Figure 4.1. Antibiotic consumption rate in the world. (left) Daily doses (DD) per 1000 individuals and (right)
Drug Resistance Index (DRI) and antibiotics resistance in some selected countries. Data retrieved from The
Center for Disease Dynamics, Economics and Policy. Drug Resistance Index map has been created from the
date provided by 5%. Figure replicated from 3%,
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4.2. HYPOTHESIS AND OBIJECTIVES

The research developed in this chapter is based on the following hypothesis:

- The three dimensional structure of PaCGL may show distinct features from its human
homolog.

- These differences are expected to be mainly located at the active site, thus affecting the
affinity of the enzyme for different substrates.

- The particular structural features of PaCGL might explain its catalytic diversity.

- Similarly to human CGL, PaCGL may be inhibited by small molecules different from those
used to inhibit human CGL.

- PaCGLis an attractive target to develop new antibiotics against multiresistant bacteria such

as Pseudomonas aeruginosa.

The main objectives in this study were the following:

1. Elucidation of the crystal structure of cystathionine y-lyase from P. aeruginosa.

2. ldentification of the key catalytic residues in PaCGL.

3. Comparative structural analysis of PaCGL with other CGLs.

4. Identification of potential sites for specific inhibition of PaCGL.
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4.3. MATERIALS AND METHODS
4.3.1. Crystallization of PaCGL

The PaCGL protein was kindly expressed and purified by Prof. Tomas Majtan at the University of
Colorado. Preliminary crystallization trials were carried out by the vapor diffusion technique in a
sitting-drop format with 96-well MRC crystallization plates, using a variety of commercially screens
available on the crystallization platform of the center (Table 2.1 at section 2.3.5 of Chapter II).
Screening plates were set-up in the high-throughput crystallization facility at CIC bioGUNE, and
incubated at a constant temperature of 293 K. Drops consisted of 200 nL protein solution mixed
with 200 nL precipitant solution and the reservoir volume was 50 pl; the protein concentration was
20 mg ml™. The successful condition was scaled-up in a hanging-drop format using 24-well VDX
plates (Hampton Research) in a reservoir with drops consisting of 0.5 ul protein (protein
concentration of 20 mg ml™?) with 0.5 ul precipitant solution. This reservoir was composed by 9%
v/v Polyethylene glycol 4000 and 0.1M sodium acetate pH 4.6 with a volume of 0.5 ml. The crystals
were transferred to a crystallization buffer containing 9% (w/v) PEG 4000, 0.1M Sodium acetate pH
4.6, and 20% glycerol for a few seconds before being flash-cooled by directly immersing into the

liquid nitrogen at 93 K.

4.3.2. Structural determination of PaCGL by X-ray crystallography

The diffraction properties of the crystals were examined at beamlines 1D29 of ESRF (Grenoble)
and XALOC BL13 of Alba (Barcelona). Crystals were mounted for X-ray data collection using either
Cryoloops (Hampton Research) or MicroMounts loops (MiTeGen). Datasets were collected over a
range of 0.1- 0.25 ° and the distance to the detector was set to reach resolution data between 1.6-
3.8A depending on the crystal, and according to the diffraction parameters previously determined
by several test images. Several data set were collected but only one allowed the structural
determination of PaCGL (Table 4.1). Diffraction data were processed using HKL2000 5! or XDS 4
programs. The three-dimensional structure of PaCGL was determined by MR method % with the
Phaser-MR program?® from Phenix Suite *° using the coordinates of HsCGL holoenzyme (PDB ID
2NMP) as initial search model %61, After several cycles of refinement using Phenix.refine program 4%

490

the geometric quality of the models was assessed with MolProbity *° integrated in Phenix suite.
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Model was built with Coot **7. Figures were done with Pymol (http://www.pymol.org) and Chimera

106

Table 4.1. Data collection parameters of PaCGL

A T t
Number of images  A® (°/image) Beamline A(A) Ex:x;;s:;re Detector emp(cle(r)a ure
ALBA MX Dectris
3600 01 xaoceLis 1074 0-> PILATUS 6M 100
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4.4. RESULTS

4.4.1. Protein crystallization. Preliminary crystallographic studies

Crystallization of the C-PaCGL protein (consisting of a histidine tail at the C-terminal end) was
performed according to the protocol previously described in the Materials and Methods section
4.3.1. Briefly, the protein crystallized at a concentration of 20 mg.mL* in 9% v/v polyethylene glycol
4000 and 0.1M sodium acetate pH 4.6, using a 1:1 ratio of protein dilution to reservoir dilution, with
0.5 uL protein and 0.5 pL precipitant. The C-PaCGL crystals were soaked in a solution identical to the
crystallization buffer but containing 20% glycerol as cryoprotectant, and then were flash frozen in
liquid N,. X-rays diffraction data were collected at lines ID29 from ESRF (Grenoble, France) and
XALOC BL23 from Alba Syncrotron (Barcelona, Spain). The best dataset used to refine the final model
showed a resolution of 2.0A. The diffraction data were processed using HKL2000 *** and XDS ##, The
lattice parameters (a=b= 79.30 and c=446.66; a=B=90° and y=120°) are compatible with a trigonal
crystal system. A preliminary analysis of the data sets was performed using the program CCP4 52,
The plot of the self-rotation function was calculated using MOLREP#>, At Chi=180° and Chi=120°,
and shows two binary axes parallel to the a and b axes, and a ternary axis parallel to the c axis,

respectively, consistent with a Laue -3m class (Fig. 4.2).

Chi=120°

Figure 4.2. Plot of self-rotation function
at Chi=180° and Chi=120° of the P3:21
PaCGL crystals.

The crystal structure was determined by the molecular replacement (MR) technique, using the
human CGL coordinates (PDB ID 2NMP) as the search model. Preliminary analysis of the diffraction
data suggested the presence of four molecules in the asymmetric unit, likely corresponded to the
functional biological unit (a dimer of dimers). The program used for the structural resolution was

PHASER-MR, which is integrated into the PHENIX package®®. The phases were obtained considering
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as possible any of the spacegroups compatible with the Laue -3m class: P321, P312, P3,21, P3112,
P3,21 and P3,12. Refinement of the final model revealed that the correct space group was P3;21.

The statistics of the data collection are summarized in Table 4.2.

Table 4.2. Statistics for data collection PaCGL
PDB code 7BA4
Space group P3:21
Unit cell (A) (a, b, ¢) 79.30 79.30 446.67
Resolution (A)(a, b, ¢ 54.45-1.99 (2.03 - 1.99)
CC % (%) 99.50 (77.50)
Redundancy 18.30 (10.60)
Completeness (%) 99.90 (98.80)
1/o (1) 13.90 (2.90)
Wilson B-factor (A2?) 30.70
Rmerge® 0.158 (0.780)
Rrmeas” 0.162 (0.820)
Rpim® 0.037 (0.247)
Refinement

Total reflections 2060939 (58513)
Unique reflections 112386 (5512)
Rwork?/Rfree® 0.160/0.205
No of non-hydrogen atoms

Macromolecules 12573
Ligand (PLP) 15
Average B-factor (A2)

Macromolecules 40.00
Ligands 37.19
Ramachandran plot statistics (%)

Res. in most favored regions 98.07

In additional allowed regions 1.72

In disallowed regions 0.21
RMSDs . 0.010/0.99
Bonds length (A)/ angle (°)

Rotamers outliers (%) 0.00
Clashcore 4.32
MolProbity score f 1.21

One crystal was used for each data set. Values in parentheses are for highest-resolution shell. Rmerge =
Ihkl Zi |li (hkl) = <I(hkl)>I/Zhkl Zi li(hkl) (all 1+ and I-); "Rmeas =Zhkl Zi |li (hkl) - <I(hkl)>I/ZhkI Zi li(hk]) (all
I+ and I-); © Rpim= Zhkl Zi |li (hkl) - <I(hkl)>I/ZhkI Zi li(hkl) (all 1+ and I-); “Rwork = £ |Fo — Fc | / 2Fo; ® Rfree
=X |Fo — Fc | / ZFo, calculated using a random 5 % of reflections that were notincluded throughout
refinement. ¥ MolProbity score: 0.426 *In(l+clashscore) + 0.33 *In(1+max(0, rota_out|-1)) + 0.25
*In(1+max(0, rama_iffy|-2)) + 0.5
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4.4.2. Three- dimensional structure of PaCGL

4.4.2.1. Overall structure

The final refined model of PaCGL is consistent with folding of type | PLP-dependent enzymes,
also found in other CGLs (human, yeast, bacteria), and enzymes like cystathionine y-lyase (CGS), or
cystathionine B-lyase (CBL) 523, Each PaCGL monomer consists of 394 amino acids distributed in
three blocks: (i) an N-terminal domain (residues 1-62), (ii) a PLP-binding domain (residues 63-260),
and (iii) a C-terminal domain (residues 261-394) (Fig. 4.3). The N-terminal domain consists of a small
helix (a1, residues 15-21) and a long loop that interacts with the complementary subunit and is
involved in oligomerization of the enzyme. As observed in TgCGL, the PLP-binding domain is built
up of a seven-stranded, mostly parallel, B-sheet (TB1L B7TB6TB5 T BA T B21B3), with strand B7
antiparallel to the rest. This domain additionally contains eight a-helices (a 1 to 9) that flank the
central B-sheet core. Importantly, this protein module hosts the catalytic PLP cofactor inside (Fig.
4.3). Lysine 208 covalently anchors PLP to the enzyme forming an internal aldimine (Fig. 2.20 at the
introduction section of the Chapter Il). On the other hand, the C-terminal domain is organized into
a four-stranded antiparallel B-sheet, that follows the sequence (MR8, B9V B111MB12), (numbering
assigned according to human CGL), decorated with five a-helices (a10-14). One distinct feature of
PaCGL with respect to other CGLs (c.a HsCGL, ScCGL, SaCGL, and TgCGL) resides in the unwinding of

helix a13 (residues 346-370) into an unusually unstructured extended loop (Fig. 4.3).

Similarly to all previously characterized CGLs, PaCGL self assembles into a homotetramer 1>45%-
461,466 that is in fact, a dimer of dimers, formed by two equivalent 2-fold symmetric assemblies
formed by subunits A-C and B-D, respectively. The four subunits are in turn very similar (rmsd=
0.132), and the two dimers are also related by a 2-fold axis. Thus, the tetramer shows an overall
internal symmetry 222, and represents the functional biological unit (Fig. 4.3, B). In the tetramer,
each subunit interacts with its neighbors through more than 10% of its surface area. Protomer A
(with a solvent accessible area of 16626 A2) shares surface interactions of 1529 A2 (10%) and 2127
A? (13%) with protomers B and C, respectively. Remarkably, an extended loop of the N-terminal
region including residues 21-61, is key in stabilizing the tetrameric assembly. Subunit A interacts
with subunit D through such extended loop L21-61 (Fig. 4.4, C) and is connected with promoter B

through it, and also through helices al, a9, al10 and al4 (Fig. 4.4, A and B). Likewise, protomer B
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interacts with protomer D (and equivalently, A with C) to constitute the two structural dimers

mentioned above.

N-terminal C-terminal
domain PLP-binding domain domain
r

Oligomer

it it —

\ N-terminal

(
22 w+ \ . domain
L21-61 /\/\?

L205-219

180°
4
al2
PLP-binding a5 4 p8
domain L349-370 C-terminal
domain

90°

Figure 4.3. Structure of PaCGL. (A) Domain architecture and folding of the PaCGL monomer. The N-terminal
domain (residues 1-62), the PLP-binding domain (residues 63-260), and the C-terminal module (residues 261-
394), are colored in violet, brown, and dark green, respectively. PLP is in pink sticks. Grey circles represent the
tetrameric state of PaCGL. (B) PaCGL tetramer.
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In summary, the PaCGL dimers are stabilized by contacts mediated by the extended loop (L 21-
61), and by helices a3, a4, and a8 (Fig. 4.4, D and E). In contrast with the CGLs from human, T.
gondii, S. maltophilia, S. aureus and L. plantarum, residue Y56 does not interact with the phosphate
moiety of PLP, but rather establishes an H-bond with the N-terminal residue Q45. This particular
contact is possible thanks to the flexibility provided by residue G57 to the polypeptide main chain.
Residue G57 of PaCGL is usually substituted by a conserved serine in other CGLs (Fig. 4.4, E). A salt
bridge between residues R254 and D215* from complementary monomers, helps to connect the A-
B subunits (or the equivalent C-D protomers) (Fig. 4.4, A and B). This electrostatic contact is highly
conserved in all CGLs enzymes and helps to sustain the tetrameric assembly. TgCGL is an exception
and shows hydrophobic interactions (residues L275 and C237, respectively) that play a similar
stabilizing role. In addition, the CGLs tetramer is usually stabilized by complementary hydrophobic
contacts located at the central part of the assembly. For example, in human CGL, this core involves
residuesl4l, L43, 1250, Y253 and L254, whereas in PaCGL is participated by residues 137, A39, F247,
F250 and L251, donated from all monomers. Similar hydrophobic amino acids are present S.
cerevisiae (residues 129, L31, F241, W244 and L245) or Stenotrophonomas maltophilia (residues I35,
A37, F245, F248 and L249) CGLs *6%%4 Strikingly, the Toxoplasma enzyme (TgCGL), behaves
differently, and shows a more hydrophylic tetramer core (Y272 and Q268 occupy the equivalent

position of L251 and F247 in PaCGL, respectively).

228



Results Ch.IV. Structure of PaCGL

A L205-219 B ald

D215
S 264
A i A14

= _ALR265
TasL

A
al 'E)\b?éz ' @l0

old

C o9 L2541 D

137
F250, / PR L21-61

L21-61

Figure 4.4. Interface interactions between PaCGL subunits. (A, B) Main interactions between the interfacial
helices of protomers A and B. (C) Hydrophobic interactions between subunits A and D located in the center of
the tetramer. (D, E) Interfacial interactions between protomers B and D. The residues involved in each
interaction are represented by sticks. Dotted lines highlight electrostatic interactions.
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4.4.2.2. Conformational state of PaCGL

The structural alignment of PaCGL assembly A-C (or B-D) with its equivalent from the apo state
of human CGL in (rmsd= 2.76) shows that the active site is slightly more close in PaCGL (Fig. 4.5, A).
The superimposition of PaCGL with the holo and apo states of the human enzyme showed that our
crystallized PaCGL corresponds to a holo-like conformation. As mentioned in the TgCGL section, in
general the main differences between apo- and holo-states reside in the orientation of helices a9,
010 and al2, as well as in loops L21-61, L108-113 and L206-215 (numbers corresponds to PaCGL)
(Fig. 4.5). When the enzyme harbors the cofactor within the active site, these loops are collapse
towards the PLP molecule, establishing electrostatic interactions that stabilize the orientation of the
cofactor. In the PLP-free human enzyme, the N-terminal loop containing residues 24-65 appears
mostly disordered, indicating the flexibility of this segment in the absence of PLP. Similarly, the most
significant shifts in PaCGL are observed at the level of residues Y110 and K208, whose location with
respect to the HsCGL residues are separated by a distance of 7A and 114, respectively. In general,
PLP-binding enzymes have a conserved lysine that binds covalently to PLP. In PaCGL, such lysine is
K208 (Fig. 4.5). Finally, PaCGL loop L108-113 in (L112-117 in HsCGL) contains a helix that unwinds

into a loop in HsCGL when PLP is absent.

A}lz m L112-117 B al2

alld
ol al3
L21*-61* \
L206-215 L206-215 L108-113
L210-219
; L112-117
o4
L210-219 \ ag 03
L24*-65*
L21*-61* ((

Figure 4.5. Structural comparison of the holo and apo conformation of the human enzyme to PaCGL.
Superimposition of PaCGL (subunit A in pink and subunit B in green) and (A) human apo- enzyme (grey) or (B)
human in the holo-state (grey). The loops involved in the conformational change are L21*-61%, L108-113 and
L206-210f PaCGL and L24*-65* L112-117 and L210-219 of HsCGL, highlighted in their respective colors. PLP
and K212 (number refer to P.aeruginosa enzyme) are shown in sticks.
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A structural comparison of the tetrameric assemblies shows that PaCGL and holo-HsCGL have a

more closed conformation than apo-HsCGL (Fig. 4.6, A-C). In the PLP-free enzyme, the N-terminal

loop (residues 21-61 in PaCGL and 24-65 in HsCGL) appears mostly disordered, and the hydrogen

bond contacts between the four monomers are significantly reduced.
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Figure 4.6. Tetrameric
comparison of PaCGL
with apo- and holo-
HsCGL. (A) Cartoon
representation of
tetrameric apo-HsCGL
(no bound PLP), (B)
holo-HsCGL (with PLP)
and (C) PaCGL (with
PLP). The asterisk
represents the opening
of the apo-enzyme at
the center of apo-
HsCGL. The protomers
are represented in
different colors. At the
right of each panel is

(D) the
superimposition of
monomeric PaCGL

(grey) with apo-HsCGL
(light pink); (E) PaCGL
(grey) vs holo-HsCGL
(dark pink) and (F)
PaCGL (grey) vs holo-
(dark pink) and apo-
HsCGL (light pink). As
depicted PaCGL
basically  reproduces
the fold of holo-HsCGL.
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4.4.2.3. Catalyticsite

PLP is a critical cofactor employed by the cystathionine y-lyase family. In fact, former studies
have shown that inhibition of PLP-dependent enzymes by the mentioned above molecules (PAG,
AQO, etc) occurs mainly via interferences between the protein and the PLP cofactor, .The PLP-
interacting residues are conserved across all CGLs and in PaCGL are represented by Y110, R372,
K208, S337 (substituted by N360 in T. gondii) and S205. Lysine K208 is covalently bound to PLP
through its e-amino group, and forms a Schiff- base linkage in the C4A position of PLP (Fig. 4.7). On
the other hand, the orientation of PLP is fixed by H-bond interactions between its phosphate group
and the main chains nitrogens of residues G86 and L87. The hydroxyl group of aminoacids S205 and
T207 also stabilize the PLP phosphate moiety. Interestingly, the complementary subunit,
additionally, interacts with O2P and O3P of PLP via the guanidine group of R58. Most CGLs also show
interactions between the PLP and the conserved tyrosine of the neighbouring subunit. As earlier

mentioned, in PaCGL, this tyrosine (Y56) changes its orientation, losing its contact with the

phosphate moiety (Fig. 4.7). Finally, the pyridoxal ring of PLP is stacked with the phenol ring of Y110.

The N-atom of the pyridine ring H- ! E N158
bonds residue the carboxylate :
°

group of residue D183. R372,
mediated by water molecules,
forms an H-bond network with the
hydroxyl C3 group of pyridoxal 5'-
phosphate.

Figure 4.7. Active site of PaCGL. Stick
representation of residues which
interacts with the PLP. Subunit A is in
green and subunit B is in light blue.
Interactions are represented in dashed
lines. PLP is represented in grey. For
clarity, the H-bond between D183 and
PLP is not represented.
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4.4.2.4. Potential drug-binding sites

Our crystal structure of PaCGL provides the first three-dimensional template of the enzyme.
Once deciphered, we first wondered whether PaCGL differs sufficiently from other CGLs as to be
targeted independently with specific inhibitors. A preliminary analysis of the main surface cavities
present in PaCGL and in all CGL structures available in the Protein Database (PDB), indeed showed
marked differences (Fig. 4.8). Interestingly, we found that the number and size of cavities was
significantly different in each target protein. Moreover, the access to the identified clefts was
characterized by amino acid residues with different physico-chemical properties (hydrophobicity,
electrostatic profile, etc), as well as by distinct conformation of some secondary elements. For
example, apo-HsCGL clearly presented the largest entrance to the catalytic site, whereas TgCGL,
PaCGL, BcCGL or ScCGL showed less accesibility. In addition, the PLP site was accessible from at least
two different paths in some of the enzymes, like HsCGL, SaCGL, or ScCGL, whereas a sole entrance
was apparently present in other species such as PaCGL or BcCGL (CGL from Bacillus cereus, *6°).
Among all these cavities (Fig. 4.9), we paid special attention on two clefts in particular that were
recently identified in the CGL from Staphylococcuss aureus *°. Both crevices, baptized as Area-1 and
Area-2 by Shatalin and colleagues, present suitable dimensions to allow a small organic molecule to
pass through. The Area-1 coincides with the catalytic site and is widely exposed to the solvent to
facilitate the access of substrates. However, despite its relevance for the enzyme activity, this area
has not been considered a suitable inhibition site to nullify the CGL of infectious pathogens. The
underlying reason is that humans encode many non-functionally related PLP-dependent enzymes
with very similar catalytic sites that could also exhibit affinity for a molecule designed against this
zone. An unspecific drug-induced inhibition of these proteins would likely cause unwanted collateral

effects, including the impairment of relevant metabolic and signaling pathways.
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TgCGLwt+TCEP HsCGL-apo (3ELP) HsCGL+PLP (2NMP)

LpCGL (6LE4)

PaCGL (7BA4) ScCGL (1N8P) BcCGL (7D70)

Fig. 4.8. Main surface cavities identified in CGLs whose 3D-structure is available (by November, 2021). The
figure shows the interior volume of the main clefts, coloured in red. Importantly, the number of cavities, their
size and accessibility, are different in each enzyme, thus potentially offering the possibility of a specific
targeting. The cavity detection radius and the cavity detection cut-off used to build this figure were 7 A and 5
solvent radii, respectively (http://www.pymol.org).
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TgCGLwt+TCEP HsCGL-apo (3ELP) HsCGL-PLP (2NMP)

TgCGL N360S + GOL

PaCGL (7BA4)

Fig. 4.9. Main cavities found in CGLs. External surface representation of all CGLs whose 3D-structure is
available (by November, 2021). The catalytic cavity containing the PLP molecule (in sticks), and the Area-2 cleft
(whose entrance is indicated with a red arrow) are framed.
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In turn, Area-2, is less voluminous and reachable through a channel whose access is usually
limited by a bulky tyrosine residue (Y103 in SaCGL; Y102 in BcCGL). Some CGL enzymes lack this
tyrosine, which is substituted by either another bulky hydrophobic residue (c.a. F114 in PaCGL; F101
in LpCGL), or alternatively a conserved asparagine (N137 in TgCGL; N118 in HsCGL). The presence of
one residue or the other, not only determines the general characteristics of the entrance channel
to Area-2 (volume, size, steric hindrance) but modulates the type of molecule (c.a an inhibitor) that
can (or cannot) get into the Area-2 cavity, and consequently infer (or not) an inactivating effect on

the corresponding enzyme.

On the other hand, two additional amino acids located at the bottom of the cavity, define the
connecting gate between Area-2 and the catalytic site (Area-1): the first is a conserved histidine
(H339 in SaCGL; H356 in HsCGL; H338 in BcCGL; H337 in LpCGL; H353 in PaCGL; and H376 in TgCGL)
(Fig. 4.10), and the second is a conserved tyrosine that packs against the pyridine ring of PLP and
helps to orient the cofactor (Y99 in SaCGL; Y114 in HsCGL; Y98 in BcCGL; Y97 in LpCGL; Y110 in
PaCGL; and Y133 in TgCGL, respectively). As shown below in Fig. 4.10, the volume and access of
Area-2 differs significantly in SaCGL, PaCGL and TgCGL and (Figs. 4.11, 4.12 and 4.13). In apo-HsCGL
(no PLP cofactor present), this tyrosine (Y114) appears displaced towards the bottom of the Area-2
cavity, due to a partial unwinding of the last turn of helix a4. Upon binding of PLP (holo state of the
enzyme), the last turn of this same helix recovers its helicity and reorients the tyrosine towards the
interior of the catalytic Area-1 cavity. This conformational change is thought to function as an access

gate from Area-2 to the catalytic site 5.

236



Results Ch.IV. Structure of PaCGL

HsCGL

Figure 4.10. Interaction of NL1 with known CGLs. The picture shows the potential location of NL1 inhibitor
within the Area-2 cavity of all known CGLs. The position of the molecule is derived from the detail
superimposition of the SaCGL-NL1 complex > with the corresponding proteins. Note the steric hindrance
potentially exerted over the inhibitor by some residues in several enzymes (c.a. PaCGL M351; TgCGL-N378;
LpCGL-P341-1344)
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Figure 4.11. Areas -1 and -2 in SaCGL. (up) Surface representation of the SaCGL monomer. Areas 1- and 2- are
colored in blue and magenta, respectively. (down) Main amino acid residues within the cavities. PLP is in sticks.
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PaCGL

Area 2

Area 2 Area 14
90°

\

Figure 4.12. Areas -1 and -2 in PaCGL. (up) Surface representation of the PaCGL monomer. Areas 1- and 2- are
colored in blue and magenta, respectively. (down) Main amino acid residues within the cavities. PLP is in sticks.
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Figure 4.13. Areas -1 and -2 in TgCGL. (up) Surface representation of the TgCGL monomer. Areas 1- and 2- are
coloured in blue and magenta, respectively. (down) Main amino acid residues within the cavities. PLP is in
sticks.
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As mentioned above, Area-2 was recently postulated as a promising druggable site to host small
hydrophobic molecules. This fact was indeed confirmed by Shatalin et al., by determining the crystal
structure of SaCGL in complex with three independent compounds (named as NL1, NL2 and NL3).
Despite chemical and conformational differences, all three drugs were found to bind to the same
site (Area-2) and inhibit SaCGL similarly. The drugs bind sandwiched between two important
aromatic residues: a histidine (H339) and a tyrosine (Y103 (a4)) (Fig. 4.14, A). The latter is crucial in
stabilizing the inhibitor within the cavity through a nt-stacking interaction. Of note, it was found that
the interactions between the inhibitor, the histidine and the tyrosine, block the conformational
rearrangement of Y99 (numbers corresponding to SaCGL), an indispensable residue for enzymatic
catalysis (Fig. 4.14, A). Moreover, Shatalin et al. also reported that compounds NL1, NL2, and NL3

impair the H,S production in live P. aeruginosa PA14 15,

A B L'M/Mm

Y110
Y
PLP
ad 104

99 -
NL3
R
NLA1 _‘
13
m j o i
Y103 E350

L369-393
Y133 / Y114

PLP H378 4 PLP

R138
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N137 K al3 ""\ al3
vas? N118

D383 D363 (
N362

Figure 4.14. Interactions at the drug binding-site in SaCGL (A), PaCGL (B), TgCGL (C) and HsCGL (D). Stick
representation of residues involved in the binding with NL1 (blue), NL2 (yellow) and NL3 inhibitors in SaCGL
(A). Residues involved in a potential drug binding-site of PaCGL (B), TgCGL (C) and HsCGL (D).
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In apparent conflict with the ability to be inactivated by the NL compounds, our crystal structure
of PaCGL reveals that the long flexible loop containing the equivalent histidine (H353), adopts a
different conformation than in S. aureus (Fig. 4.14, B). The direct consequence of this structural
change is a reorientation of residues M351, E359 and R361 in PaCGL, which point towards the
interior of the Area-2 cavity, there where the inhibitor would be potentially located. In principle,
this distinct orientation of H353 would disfavour the stabilization of NL1, NL2 or NL3 within the
cavity in PaCGL. In contrast, the aromatic properties of Y103 in SaCGL are preserved by its homolog
F114 in PaCGL (Fig. 4.14, B). These seemingly opposing structural characteristics of PaCGL to
accommodate NL molecules in Area-2, suggest the need of a structural rearrangement of several
residues within the cavity to avoid the otherwise steric hindrance exerted by these residues and
explain the proven inhibition ability of the molecules. On the other hand, the structural comparison
of the bacterial enzymes with human CGL, revealed a fundamental difference, consisting in the
presence of an asparagine (N118) in humans instead of the mentioned aromatic amino acid (F114
in PaCGL and Y103 in SaCGL). The immediate consequence is the disruption of the m-stacking
interaction maintained between the pathogen enzymes and the inhibitor. In principle, these
differences would explain the lower effect exerted by NLs in in mammals (Fig. 4.14, D). Remarkably,
a detailed superimposition of the Area-2 sites of all 3D-structures known of CGLs (Fig. 4.10), with
the herein presented PaCGL and TgCGL, led us found that the homolog asparagine present in
humans is conserved in T. gondii (N137), suggesting that TgCGL is likely unable to bind this type of
compounds (Fig. 4.14, C). In other words, neither the endogenous synthesis of H,S, nor the
intracellular oxidative stress, would be altered by NLs in the causative agent of toxoplasmosis,

suggesting the need of further investigation focused in alternative cavities or compounds.
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4.5. DISCUSSION

The development of adjuvant drugs that increase oxidative stress in pathogenic organisms 15,
has recently re-emerged as an effective strategy for the treatment of persistent bacterial infections.
The unjustified abuse of common antibiotics for decades has allowed numerous bacteria to become
"superbugs", with multiresistance abilities, thus complicating or completely causing treatments of
infections to fail. This unfortunate situation forces us to urgently search for novel therapeutic
alternatives, to avoid millions of deaths in an immediate future *'%. Among these superbacterias is
the Gram-negative bacteria Pseudomonas aeruginosa, which nowadays is considered one of the
main causative agents of complicate hospital infections. As discussed in previous sections,
P.aeruginosa encodes the two enzymes of the reverse transsulfuration pathway, which is a principal
route used by this, and many other pathogens to endogenously produce H,S and reduce its

intracellular oxidative stress.

Of the two enzymes (PaCBS and PaCGL), PaCGL is able to perform y-elimination of cystathionine
and release cysteine, a-ketobutyrate and pyruvate. At the moment, it is unknown whether it is
additionally able to perform B-elimination of Cth as has been described for other CGLs, such as
LpCGL, ScCGL or the artificial humanized mutant TgCGLN360S that we have also described in this
thesis. The crystal structure that we have elucidated of PaCGL has allowed us to compare relevant
areas of this enzyme with the equivalent zones of its bacterial counterparts, as well as with the
human enzyme, and has unveiled structural features that differentiate it, and potentially offer the

possibility of drugging it in the near future.

One of these differences, for example, concerns the variable volume of the catalytic cavity, which
is larger in some enzymes (PaCGL (223 A3); SaCGL (220 A%) or TgCGL (280 A3) than in others (CGLs
from yeast, L. plantarum or the TgCGLN360S mutant (with a value ~145 A3). Interestingly, some
authors have observed that CGLs catalyzing the y-elimination of Cth require a larger space in the
active center than those performing the 3-elimination of this substrate. The underlying reason is the
formation of a bulkier reaction intermediate in the first process %6, Based on this criterion, the
PaCGL enzyme should show similar catalytic activities to those of T. gondii CGL (experiments still in

progress).
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Our study has also revealed that, despite being very similar in amino acid sequence and overall
three-dimensional structure (c.a sequence identity PaCGL-HsCGL= 45%), PaCGL shows unique
peculiarities that are not present in any other CGL enzyme whose crystal structure is known. For
example, the L346-370 loop is disordered and more widespread in PaCGL than in any other CGL (Fig.
4.3, A). This feature has also been described in other functionally unrelated PLP-dependent enzymes
of type |, such as cystathionine y-synthase from E. coli (eCGS; PDB ID 1CS1), in which this unusually
long loop (residues 336-358) causes a narrowing of the active site %, In eCGS, this steric effect
affects both, substrate binding and product release 5. PaCGL shows an even more extended loop
than eCGS, making this region of the catalytic site much narrower. At such narrowed zone, PaCGL
does not contain catalytically important residues or amino acids directly involved in substrate

binding, but rather influences the overall shape and electrostatic environment of the catalytic site.

Another intriguing difference that we have detected in PaCGL is the orientation of the Y56
tyrosine. In all CGLs except P. aeruginosa, the tyrosine in the equivalent position forms a hydrogen
bond with one of the PLP phosphates. Instead, in PaCGL, Y56 is oriented towards the inside of the
N-terminal loop (residues 21-61), possibly favored by the presence of a glycine (G57), not found in
any other CGL that allows a turn in that region of the loop. Also upstream of this tyrosine is aspartate
D55 (E59 in human). Surprisingly, this residue is usually a glutamate in all CGLs, with the exception
of T. gondii (577) and P. aeruginosa (D55). eCGS, also has an aspartate at the equivalent position
(D45). A mutational analysis in eCGS reported that substitution of this residue leads to slight kinetic
differences, showing lower transamination activity 5%. This suggests that this residue does not
directly participate in substrate binding, but does contribute to the catalytic site architecture and
substrate positioning >%. In yeast and humans, the glutamate located at the position corresponding
to D55 of PaCGL (E59 in humans and E48 in yeast), together with another glutamate (E339 or E333
in humans and yeast, respectively) coordinates the cysteinyl moiety of Cth, forming a negatively
charged area #%%5%, Substitutions at E48 in yeast CGL do not influence the specificity of the reaction
or substrate binding, as all mutations exhibit near native-like kinetic parameters #’2. In PaCGL, the
shorter side chain of D55, next to the conserved residue E336 (E333 in yeast; E339 in humans), helps
to maintain the negative charge in this area of the catalytic cavity. Future experiments will be
necessary to determine how this residue influences enzymatic catalysis of PaCGL using Cth as a

substrate. Nevertheless, measurements performed on native PaCGL, have shown that H,S levels are
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not affected despite the presence of an aspartate at this position, suggesting that residue D55 does

not influence the B-elimination reaction of Cysteine *.

As discussed above, previous studies have demonstrated the pivotal role of CGL in H,S biogenesis
in P. aeruginosa and S. aureus **>. Likewise, the effect of three promising CGL inhibitors that
potentiated the effect of existing antibiotics on these bacteria has been reported **. The three-
dimensional structure of cocrystallized SaCGL in the presence of the three inhibitors (NL1, NL2 and
NL3) revealed the binding site of the inhibitors (Fig. 4.14). This binding site, Area-2, showed the
presence of two key residues in the stabilization of these compounds, Y103 and H376. Particularly,
the Y103A mutation, or even the humanized Y103N variant abolished SaCGL activity, demonstrating
the critical role of possessing an aromatic amino acid at position 103 °. The crystal structure of these
SaCGL mutants (Y103A, Y103N) in the presence of NL1 and NL2 revealed weak or no interaction of
the inhibitors with the protein . Strikingly, mutant SaCGL H339A shared the same H,S production
ability than the native enzyme and NL3 inhibited this variant similarly to the wt-protein ', suggesting
a less relevant role of this histidine residue. Our crystal structure of PaCGL has allowed us to know
the exact location of residue F114, which occupies the conserved equivalent position of residue
Y103 in SaCGL. Intriguingly, the conserved histidine H353 of PaCGL is oriented differently from the
equivalent histidine residue of SaCGL (Figs. 4.10 and 4.14). Although the use of these inhibitors in
PaCGL has been shown to reduce the production of endogenous H,S levels in Pseudomonas strain
PA14, structural features found at the inhibitor binding site may provide a possible explanation as
to why PaCGL exhibits an IC50 with NL3 of 1.2 uM versus 0.7 uM in SaCGL **. On the other hand, the
presence of an asparagine in T. gondii at position 137 (conserved in human) suggests that the
inhibition of the protozoan would be less efficient, since it lacks an aromatic residue in that region

(as it occurs in the human enzyme) (Figs. 4.10 and 4.14).

In summary, the results reported in this chapter have allowed us to unveil the main structural
features of the P. aeruginosa CGL enzyme. Its recent involvement in H,S production in the pathogen
has made it a pharmacological target of great interest. The knowledge of its structural
characteristics opens the window to the development of new inhibitors that sensitize this
superbacterium against the action of antibiotics. Likewise, the mechanism of inhibition of the drugs

already discovered against this enzyme, can now be improved.
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4.6.

CONCLUSIONS

We have elucidated the crystal structure of full-length cystathionine y-lyase from the Gram-
negative bacteria Pseudomonas aeruginosa, a multidrug resistant bacteria classified as a

critical priority pathogen by the World Health Organization.

Similarly to other CGLs, PaCGL is built up of three distinguishable structural domains. The
central one constitutes the catalytic module and shows subtle features with respect to its

homologs.

PaCGL self-associates forming a dimer of dimers with internal symmetry 222. The overall
assembly found in our crystals corresponds to the "closed" assembly characteristic of the

holo-(PLP-bound) state of human CGL.

A comparative analysis of PaCGL with its relatives has helped us to explain the distinct
effects exerted by three inhibitors (NL compounds) with respect to the human and the S.

aureus CGLs.
Our PaCGL structures pave the way for the structure-guided design of new antibiotics, or

adyuvants of antibiotics, to treat recurrent infections caused by Psedomonas aeruginosa or

related pathogens, that caused millions of deaths worldwide.
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