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I. Introduction



1. Crystallography in biology

1.1.  History

Since Antique times mankind tried to understand the smallest units that compose
universe. Leucippus (4th century BC) invented the concept of atomism, from ancient Greek
atomos meaning ‘uncuttable’, to describe indivisible bodies at the basis of matter. It took
more than two thousands years to see the emergence of a new scientific domain called
crystallography, which allows to ‘see’ and describe the spatial arrangement of atoms in
molecules. The word crystallography itself was introduced by Maurice Antoine Capeller in
1723. Then, in 1781 René-Just Haily characterized calcite crystal as an orderly arrangement of
“integrant molecules” or “nuclei”. Shortly after, in 1850, Auguste Bravais, a French physicist
and mineralogist described the crystal as a repetition by translation in tridimensional space of
an elementary motif. Thus, the 14 possible geometrical arrangements of nodes constituting the
unit cell were were named after him as “Bravais lattices”. The discipline could suddenly jump
from a purely theoretical to applied science thanks to Wilhelm Conrad Réntgen who
discovered X-rays in 1895, thus allowing to see “beyond the matter”.

Seventeen years later, the first major experiment on crystals was made by Max von
Laue who argued and proved that the short wavelength of X-rays should be on the same order
of magnitude as inter atomic distances. Helped by his student Paul Peter Ewald, he showed
that the interaction of X-rays with “resonators” from highly ordered crystals could give a
diffraction pattern, reflecting the 3D structure of these “resonators”. The second major event
happened in 1915 with the mathematical demonstration of the diffraction phenomenon on a
crystal by father and son William Henry and William Lawrence Bragg. Their Bragg’s law is

defined as following:

2dsin (6)=n-A

With d corresponding to inter-reticular distance, 6 half the angle formed by incident and

reflected beam, n the diffraction order and A the wavelength of incident beam.
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Figure L.1: Historical events in crystallography linked to this project



Under the impulse of such discoveries, modern crystallography gained first the
chemistry field because of the ease to obtain crystals of small and simple molecules. In the
late 1920’s, James Batcheller Sumner isolated and crystallized the first enzyme, an urease
from jack bean (James Sumner, 1926). The community had to wait until 1958 for the first
structure of a protein solved by x-ray crystallography on myoglobin (Kendrew et al., 1958)
quickly followed by hemoglobin (Perutz et al., 1960) by John Kendrew and Max Perutz. This
breakthrough gave birth to a new field of research at the interface between biochemistry,
physics and chemistry. For the last sixty years, X-ray crystallography has been and stays a
powerful method to explore three-dimensional structures of macromolecules. As a matter of
fact, macromolecular crystallography is one of the most fruitful field for prestigious awards
(e.g., more than 25 Nobel prices)(Jaskolski et al., 2014), reflecting its massive contribution to
life sciences community. From 1976 to November 2021, the Protein Data Bank (PDB)
accumulated 160.871 crystal structures among the total 183.793 structures available.
Nevertheless, it seems important to mention the great improvement made these last ten years
with other methods. Indeed, dramatic advances in cryo electron microscopy (cryo-EM) could
recently lead to solving the structure of apoferritin at the resolution of 1.22A (Nakane et al.,
2020). In addition, the size bottleneck in nuclear magnetic resonance (NMR) has also been
pushed up, giving access to small protein complexes structure (Purslow et al., 2020) and

dynamics (Kovermann et al., 2016) .

1.2.  Structure and function of biological macromolecules

The word macromolecule was first used in the early 1920°s to designate “big”
molecules containing more than thousands of atoms found in the mineral, synthetic chemistry
and biological world. The latter category encompasses polysaccharides, lipids, nucleic acids,
ribonucleoproteins and proteins, which are found throughout all the living reign.
Polysaccharids and lipids are in the vast majority composed of a repeated motifs with a
variable length and have either a non-organized or organized 3D structure forming networks
(e.g., cellulose and chitin). In the frame of this work, the word “macromolecule” directly
refers to nucleic acids, ribonucleoproteins and proteins, which display specific 2D and 3D

organization.
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Figure 1.2: Major methods to explore 3D structure of macromolecules



To begin with proteins, they consist of amino acids polymers linked by peptide bonds
and flanked by a carboxyl (C-ter) and amino group (N-ter). Amide and carbonyl groups from
the backbone can interact with adjacent amino-acid groups, forming hydrogen bonds and
conferring particular sub-structure to the enzyme such as helices and R-sheets. In addition,
nature of amino-acids side chain confers both structural and functional properties to the
protein. Depending on their charge or polarity, side chains can either create salt bridges
between each others which may stabilize the protein architecture, but also interact with
surrounding molecules (e.g., solvent, ligand).

An important point to consider for macromolecules stands in their native environment.
When considering their location in the cell, proteins will display adapted composition and
structure. On the one hand, amino-acids carrying alkyl or aromatic group show hydrophobic
behavior and will commonly be found hidden inside the molecule for cytosolic proteins or, on
the contrary, at the interface with hydrophobic tails from lipids for membrane proteins. On the
other hand, charged and polar uncharged amino acids will favor interactions with the solvent
molecules.

This statement is also true for nucleic acids, which basically corresponds to
nucleotides oligomeres and are present in two distinct forms in nature: RNA (ribonucleic acid)
or DNA (deoxyribonucleic acid). Both RNA and DNA molecules have variable length and can
adopt single or double stranded architecture. Firstly considered as simple “encoding
molecules”, further studies in the 1980’s highlighted the incredible versatile nature of nucleic
acids. As a matter of fact, ribozymes are great example of RNAs adopting a 2D and 3D
structure guiding a specific catalytic activity (Guerrier-Takada et al., 1983). Furthermore, such
elements may associate with proteins (ribonucleoproteins) to combine their action such as in
the ribosome (Ramakrishnan, 2002) or the vault complex, the biggest ribonucleoprotein in
eukaryotic cells (13 Mda) (Kedersha et al., 1991).

Macromolecules’ functions are directly linked to their three-dimensional structure.
Indeed, spatial organization of proteins and nucleic acids at the atomic scale, reveal important
intra- and intermolecular mechanisms and interactions. In the late sixties, Max Perutz related
probable structural abnormalities of hemoglobin to defects in respiratory function (Perutz &
Lehmann, 1968). Quickly he laid the ground work to drug design field, especially in 1976
where he defined “tailored-made” inhibitors to fight diseases (Perutzt, 1976). For instance,
structural biology highly contributed to understand diseases mechanistic and thus to design

adapted drugs (so-called drug design). Following this idea, in 2004 the Structural Genomics



Consortium (SGC) was launched in North America and Sweden in order to explore structures
of less well-studied areas of the human and pathogens genome (Williamson, 2000). With an
active collaboration between academic and pharmaceutical worlds, the SGC had the ambition
to accelerate research in drug-design field by making results available to the whole
community. Finally, it is important to emphasize the strength of structural biology, especially
in the actual context of the COVID-19 pandemic. As a matter of fact, dedicated structure
databases have been established to help in immediate treatment research (Gowthaman et al.,
2021).

Another contemporary field of application concerns ecology stakes, especially
regarding plastics degradation. As a recent example, a French team solved the structure of an
engineered Poly-ethylene-terephthalate (PET) hydrolase (Tournier et al., 2020), an enzyme
capable of “digesting” one of most present plastic on Earth. In addition, the understanding of
enzymes structure and dynamics is of great interests for industries. From food to
pharmaceutical industry, enzyme engineering and design is used to improve yields at lower
costs. Finally, structures inform on evolution and adaptation of biomolecule families to
extreme conditions. Macromolecules from so-called extremophiles can resist to high or low
temperatures, acidic or basic environments or heavy metal-containing medium. Such

characteristics are of great interest for biotechnology and industry areas (Littlechild, 2015).

1.3.  Crystallization process

1.3.1. The phase diagram

Every crystallographic study starts with the preparation of crystals (A. McPherson,
1976). Crystallization process refers to a phase transition from a soluble state of the
macromolecule to an ordered solid state. Solubility of biological macromolecules in aqueous
solution is influenced by a set of physical-chemical parameters such as their own
concentration, precipitant concentration, temperature or pH. The precipitant or crystallant is
defined as the compound that will drive the macromolecule/biomolecule beyond its solubility
limit, i.e., to a non-equilibrium state called the supersaturation. The nature of the crystallant is
very diverse and includes salts, organic compounds, a variety of polymers. Each

macromolecule presents its specific solubility space which can be represented on a two-



dimensional phase diagram (Figure 1.3) where the protein concentration on the Y-axis is
plotted against the precipitant concentration on the X-axis. Below the solubility curve,
molecules are moving freely in the solution and the system is said to be in undersaturated
condition. As the concentration of either the protein or the precipitant is increased, the system
crosses a first energy barrier (the solubility curve) to reach the supersaturated state. In this
area, the thermodynamic driving force pushes the molecules outside of the solution and
promotes the formation of a solid state (i.e., crystalline or aggregated). The supersaturated
region is split in three main regions:

(1) The metastable zone which corresponds to a low-supersaturation state. There,
macromolecules start to form small clusters but the energy is too low to allow the
production of stable nuclei that can further grow into crystals. However, if nuclei are
introduces in this zone (e.g., in a microseeding experiment), crystals will grow in this
part of the diagram.

(2) The nucleation zone where the unstable system allows the formation of critical-sized
nuclei. Once nuclei are formed, macromolecules will regularly pile onto these clusters
to build up crystals, inducing a concentration decreasing and dragging the system back
through the metastable zone to the thermodynamic equilibrium on the solubility curve.

(3) The precipitation zone located at the highest supersaturation part of the diagram. In
this area, macromolecules can form plethora of nuclei, leading to crystalline

precipitate, or also amorphous precipitate which is quite often irreversible.

In many cases, the limit between the nucleation and precipitation zones is quite thin,
making the search for crystallization conditions quite challenging. “Traditional”
crystallography tends to push the macromolecule to the nucleation zone, then drag the system
(i.e., few big nuclei) back to the metastable area where crystals will grow until they reach the
equilibrium on the solubility curve and stops to grow. In this regard, the main goal is to favor
the growth of few nuclei fed by surrounding macromolecule to reach reasonable size for X-

ray analysis, meaning from 40 to several hundreds micrometers.

1.3.2. One-step nucleation model

As previously described, the nucleation phenomenon takes place when the system is
driven outside of equilibrium state where macromolecules are forced to interact and form

small ordered clusters. Described as a stochastic event (Sleutel & Van Driessche, 2018),



nucleation occurs as the emergence of weak interactions (i.e., hydrogen and ionic bonds, or
hydrophobic interactions) between macromolecules occurs and repeats around a primordial
geometric pattern. This thermodynamic unstable state is in the vast majority obtained by a
“salting out” effect, where macromolecule are pushed outside of the solution as the crystallant

concentration is increased. However, in few cases, the inverse phenomenon called “salting
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Figure 1.3: Theoretical phase diagram of a macromolecule

Phase diagram describing the state of a macromolecule as a function of its concentration and that of
the crystallant in the solution. Inside the undersaturated zone, macromolecules are moving freely into
the solution. As the concentration of both the enzyme and/or the crystallant are increasing, the
solubility curve is crossed and the system enters the supersaturated region. In the classical
nucleation model (full yellow arrows), nuclei are spontaneously formed in the nucleation zone, then
soluble macromolecules are integrated at surface of the nascent crystal (growth step) until reaching
the solubility curve. In the two-step nucleation model, the system is pushed at the interface (or
beginning) of the precipitation zone where nuclei are formed before coming back to the metastable
zone and finally stop their growth while reaching the solubility curve.



in”, can also promote the formation of nuclei by decreasing ionic strength of the media (e.g.,
by decreasing crystallant concentration) as it was described for T7 RNA polymerase
(Jeruzalmi & Steitz, 1997).

Historically, two theories have been established to explain the nucleation process. The
first and oldest one, introduced by Stranski and Kaischew in 1934 (Kaischew & Stranski,
1934; Stranski & Kaischew, 1934) , is consistent with low-supersaturation conditions. It
stipulates that soluble macromolecules pushed in the supersaturation zone are firstly
assembling as small clusters, considered as the transition to a solid phase, in equilibrium with
the liquid phase, where molecules are moving freely (Figure 1.4.A.). In this situation, nuclei
are forming and dissolving unless they reach a critical radius (r*) (Garcia-Ruiz, 2003). This
critical radius is defined as the minimal size of a cluster to reach the energetic barrier AG*
necessary to get a stable nucleus and grow a crystal. Considering nuclei as spherical objects,
AG* can be expressed as function of the radius of nuclei as follow (derived from Gibbs—
Thompson relation):

«_ 16 av y3
Grl=
3[kTIn(S)]

With v corresponding to the molar volume occupied by a single molecule, y
representing the surface energy on the forming nucleus, k the Boltzmann constant, T the
temperature and S the supersaturation (ratio of the actual concentration divided by the
concentration at the equilibrium).

Once the sufficient energy is reached, the following step corresponds to the regular
packing of macromolecules coming from the surrounding medium also called the crystal

growth.

1.3.3. Two-step nucleation

The second approach of crystal nucleation has been discussed for years as no direct
physical methods were available to observe it. In the literature, the expression “fluid
aggregate model” refers to the formation of a metastable intermediate phase (MIP) prior to the
emergence of well-ordered nuclei in a high supersaturation state (Zhang et al., 2021).
Concretely, macromolecules pushed rapidly in very high supersaturation are forming clusters
with random orientations (Figure 1.4.B.). While this phenomenon usually leads to aggregation

and to more extent the formation of amorphous precipitate, a transition from random
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Figure 1.4: One and two-step nucleation process

A. One-step nucleation model. (1) Spontaneous formation of a nucleus in the nucleation zone. (2)
Growing crystal fed by (3) free macromolecules from the media. B. Two-steps nucleation model. (1)
Macromolecules in the undersaturated region a pushed toward high supersaturation are of the phase
diagram. (2) Formation of dense clusters which are reorganizing and give birth to a nucleus (crystalline
state) in the bulk. (3)Growth of the nucleus into a crystal by the adsorption of surrounding
macromolecules and (4) distant molecules moving freely in the medium
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electrostatic bonds and hydrophobic interactions to geometric and periodic interactions
between macromolecules can occur inside such dense molecular clusters. This primary
geometric unit serves as a platform to drive the surrounding material to a higher ordered
structure which will adsorb macromolecules from the medium and form a crystal. Recent
work from Houben and co-workers used cryo-tomography to point out the early stages of
ferritin crystal formation originating from amorphous precursor (Houben et al., 2020), thus
reinforcing the two-step mechanism theory. In addition Frank Schreiber group highlighted
crystallization process of human serum albumin in the presence of a metastable liquid—liquid
Phase separation (LLPS) by combining small angle X-ray scattering (SAXS) and optical
microscopy (Maier et al., 2020).

1.3.4. Crystal growth

Besides the central role of nucleation in crystal formation, the following growth step
guides critical parameters defining, inter alia, crystal packing quality, size and resulting
diffraction properties. Once the critical size of the nucleus is obtained and macromolecules
start to pack onto the primordial ordered unit, the system is considered to enter the growth
phase. As previously explained, crystallization is a transition from a liquid/soluble to a solid
phase. Thus a crystal requires enough supersaturation to incorporate molecules from the
surrounding and drives the system back to the solubility curve. In the past thirty years, in situ
techniques like atomic force microscopy (AFM) and interferometry have been massively used
to understand key mechanisms piloting the growth of macromolecular crystals (A. McPherson
et al., 2000). To date two major mechanisms have been established to explain how complex
molecules attach on the surface of a unique object, the crystal. The first and the most
energetically favorable, called tangential growth, consists of the progressive addition of single
macromolecules on a nascent layer at the surface of the crystal, causing lateral extension. As
incoming macromolecule is interacting with partners from both nascent and underlying layers,
its attachment to the crystal requires minimal energy. On the contrary, the second mechanism
described as normal or face-growth, reflects the initiation nucleation at the surface of existing
crystal. This configuration gives birth to small islands growing as steps on the top of crystal
surface. Such a pathway needs higher energy than tangential growth and is usually a limited
process leading to crystal growth abortion or crystal defects.

Another essential parameter guiding the quality stands in the speed of macromolecule

incorporation. In the case of high supersaturation, one should consider that surrounding
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macromolecules are either quickly integrated to crystal surface via one mechanism or the
other. The faster these processes occur, the higher is the probability to accumulate defects
(e.g., impurities, twinning) in the crystal (Alexander McPherson & Kuznetsov, 2014). This is
a main reason for growth stop. This said, one can easily imagine that very small crystals (< 5
pm) would present less defects than larger ones with typical sizes of 100-500 pm. Otherwise,
if crystals grow big enough, the limiting factor becomes the soluble macromolecule available
in the surrounding solution as the system is driven back to an equilibrium between soluble
macromolecule and the solid phase. This can be solved by bringing fresh macromolecule
solution to the crystal. Finally, one should keep in mind that biological crystals are highly
solvated, namely containing between 40 to 80% of solvent molecules (mostly water). This

particularity makes such material fragile and subject to rapid desiccation if wrongly handled.

1.3.5. Ripening phenomenon

Coming back to the two-step nucleation process and crystal growth, it is important to
mention the phenomenon of ripening, or re-crystallization, happening in some cases (Ng et
al., 1996; Shtukenberg et al., 2021). As experimental conditions push the system to very high
supersaturation state, the number of nucleation events dramatically increases. These single
nuclei can evolve in an independent manner and grow into nanoscale crystals buried in the
bulk. Ripening takes place when a nanocrystal becomes slightly bigger than its closest
neighbors and starts to grow at the expense of the others which will redissolve. In the
particular case of macromolecules, the corresponding mechanism is called Ostwald ripening
(Ng et al., 1996). Concretely, it starts with the appearance of a precipitate in the experimental
drop. Then, few crystals emerge from the mass (the mix of thousands of nanocrystals and
amorphous precipitate) surrounded by a clear area corresponding to the depletion zone.

All crystallographers already experienced precipitation in crystallization trials. For
decades, theses droplets have been often considered as amorphous precipitate. However,
visible “precipitate” does not always reflect amorphous precipitate (Luft et al., 2011). Recent
works highlighted the potential of such kind of hits to actually constitute microcristalline
material (Schubert et al., 2015). Such samples would actually be great candidate for new-
generation of serial crystallography (detailed in sections 4.2 and 4.3), thus rescuing old

abandoned projects which could not lead to macrocrystal formation.
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2. From standard to advanced crystallization methods

2.1. Conventional methods for macromolecules crystallization

2.1.1. Batch method

The oldest and maybe simplest way to trigger crystallization of a target molecule is
called batch crystallization. It consists of mixing an undersaturated solution of macromolecule
with a given crystallant in a proportion near the equilibrium of the system (Figure 1.5.A.). By
immediately reaching the low part of the precipitation zone or the nucleation zone, nuclei can
quickly form and while the crystal grows the system comes back to the solubility curve. In
this precise case, the thermodynamic equilibrium is reached on a short timescale and crystals
might accumulate defaults if the process is too fast.

As the batch method often leads to high-amount of small crystals or even crystalline
precipitate, it has slowly disappeared from a lot of laboratories. However, the recent evolution
with new strategies for data collection allowing the usage of micro or nanocrystals (e.g.,
XFEL source or microfocus beamlines), makes batch great implement in condition screening
and sample preparation for new generation X-ray analysis (Kupitz, Grotjohann, et al., 2014).
As an example, a quick way to prepare micro-crystalline solution consists of mixing the stock
tube of protein with an already known crystallant in the same proportion as for a vapor
diffusion experiment. Then, using a centrifuge under vacuum, the mix is concentrated until

the appearance of soft precipitate.

2.1.2. Vapor diffusion

Surely the most used method in laboratories, the vapor diffusion method allows to
travel slowly from the undersaturated state to the nucleation zone. The experiment setup is
usually designed as follows: (i) the macromolecule is mixed with the precipitant; (ii) the drop
is placed in a closed compartment containing higher volume of the precipitant alone (called
the reservoir solution) at the same concentration used before the mixing. The reservoir and the
drop are separated by air; (iii) the system is slowly dragged to an equilibrium as water is
evaporating from the drop, migrating to the reservoir, leading the drop to the same precipitant
concentration as in the reservoir (Figure 1.5.B). The equilibration speed is dependent on both

the nature of the precipitant and of its concentration in the drop versus the reservoir (Vincent
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Mikol et al., 1990).
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Figure 1.5: Conventional methods to grow crystals in lab

The green and dark grey solution correspond to the macromolecule and crystallant solutions
respectively. A. Batch under oil or at oil-oil interface. B. Vapor diffusion by sitting or hanging drop. C.
Dialysis in sealed tube or in Cambridge button. D. Free-interface diffusion. E. Counter-diffusion in
single microfluidic capillary. F. Counter-diffusion in capillaries combined with gel acupuncture.
(adapted from Sauter et al., 2012)

There exists two main vapor diffusion configurations, the sitting and the hanging drop.
The former technique consists of depositing the droplet on a pedestal surmounting the
reservoir solution. This configuration is less dependent on gravity and widely used for high-
throughput screening. The latter setup, places the drop in suspension over the reservoir. In this

case the support type and the volume (weight) of the drop influence the drop shape. Thus, the
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evaporation rate is usually faster compared to a classical sitting drop setup (DeTitta et al.,
1995; Luft et al., 1996; Vincent Mikol et al., 1990). In addition, bigger elements formed in
hanging droplets (i.e., crystals) will often converge to a single point at the bottom of the drop
pointing toward the reservoir. Vapor diffusion benefited from the spread of crystallization
robots, commercial screens and dedicated crystallization plates. On the one hand, robots
reduce the experimental volumes down to hundred nanoliters and on the other hand, they
permit mixing and dispense of droplets within few minutes for a typical 96-wells plates

screening experiment.

2.2, Convection-less environments

Batch and vapor diffusion described above are surely the most widespread techniques
and usually provide great results. However, these methods are systematically associated with
a convection regime which should be avoided in crystallization experiments. In this condition
it was shown that buoyancy driven fluid flow (induced by density difference) inside the
crystallization drop is the dominant mechanism of solute transport during the crystal growth
step (Savino & Monti, 1996). This regime dramatically affects crystal quality as the higher
convection leads to the incorporation of impurities coming either from the protein source or
the crystallant (Vekilov et al., 1998). On the contrary, if the flow strength is reduced in the
medium, one can expect a slower growth rate and improved crystal quality. Different ways
have been identified to favor diffusion over convection. For instance, in the late 1990’s, low-
gravity experiments in space-shuttle, highlighted the beneficial effect of growing individual
crystals in suspension in the mother liquor (Ng et al., 2002; Snell & Helliwell, 2005). In the
absence of sedimentation and convection, crystal growth is not disturbed by surrounding
elements such as other crystals or experimental chamber walls. One way to mimic the micro-
gravity effect on earth stands in using gels such as agarose or silica (B et al., 2009; Zhu et al.,
2001). Their reticular nature, adjusted with their concentration in the crystallization medium,
has displays several advantages. First, the gel matrix lowers nucleation rate by promoting
slow diffusion of either the crystallant or the macromolecule. Second, it prevents growing
crystals from falling to the bottom of the drop by gravity and assure better quality of crystals,
as described in micro-gravity experiments. And finally, literature showed that gels have a
protective effect on crystals, especially during soaking or cryo-cooling of samples. Taken
together, these properties combined with low cost and easy handling of gels should confer the

method a place of choice in crystallization attempts.
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2.2.1. Free-interface and counter diffusion

Among convection-less techniques, the free-interface (or liquid-liquid) diffusion was
introduced in the early 1970°s by Salemme (Salemme, 1972) to avoid rapid-mixing of
macromolecule and crystallant. It consists of using capillaries filled on one side (bottom) with
the densest solution (usually high concentrated crystallant solution) and gently pour the less
dense solution on the top (Figure 1.5.D). At the interface of the two solutions, a
supersaturation state appears thus promoting local nuclei formation. Both component will
penetrate the opposite solution and so create a gradient. This situation allow either existing
nuclei to reach lower crystallant concentration and grow or promote nuclei formation in lower
parts of the phase diagram.

Based on the same concept, the counter-diffusion method also uses capillaries (Otalora
et al., 2009) . Originally, it consists of a gel base (silica or agarose) at the bottom of a
reservoir, which is covered by highly concentrated crystallizing agent (Figure 1.5.F). The
glass capillary is filled with the target macromolecule and inserted into the gel layer. The
crystallant migrates into the gel by diffusion, enter the capillary and forms a concentration
gradient. The main advantage of the methods is the wide range of supersaturation state
screened with minimal amount of material. Following this idea of miniaturization of counter-
diffusion experiments, Dr. Claude Sauter developed a microfluidic chip, so called ChipX3, to
screen a large variety of crystallant. Briefly, the ChipX3 is composed of one sample inlet on
the left side, connected to eight microfluidic channels ending with individual reservoir on the
right side. The channels are first filled with the macromolecule. Then the different crystallant
solutions are added to the reservoirs, where they will diffuse into the channel and create a

gradient. More detailed protocol and explanations stands in chapter VI.

2.2.2. From seeding to Microseed Matrix Screening

Finding reproducible nucleation conditions is a challenging operation. The
microseeding method was popularized by Allan d’Arcy and collaborators to by-pass the step
of spontaneous nuclei formation by inserting crystals “seeds” of a given macromolecule in an
already supersaturated solution (Bergfors, 2007). By crushing low quality crystals, the user
obtains a suspension of nano/micro-crystalline debris. These fragments are dispensed into

new crystallization drops either by using a fiber (e.g., animal hair or synthetic material)

17



soaked into the seed stock, or by ‘contaminating’ crystallization drops with diluted seeds.
Microseeding was shown to increase the number of hits obtained in screening, improve
crystal diffraction properties and finally lower the number of growing crystals and lead to
isolated bigger ones required for standard X-ray analysis (Figure 1.6). A derived strategy,
called microseed matrix screening (MMS), aims to use seeds obtained in one given condition
and transfer them to unrelated crystallization conditions. Thanks to robotics implementation
in actual laboratories, MMS has been widely applied to de novo crystallographic
investigations. Such an approach may lead to different crystal packing, improvement of

diffraction quality or increased of crystal size (D’Arcy et al., 2014).

Figure 1.6: Effect of microseeding matrix screening (MMS)

A. Improvement of crystal size, shape and number by iterative MMS with helicase crystals. Initial hit
(1) followed by a first (2) and a second (3) round of MMS. B. Influence of the seed stock
concentration with a tyrosine kinase. The drop were seeded with undiluted seed stock (1), dilution
1:100 (2) and dilution 1:1000 (3). (Adapted from D’Arcy et al. 2014)

To a larger extent, it is possible to use seeds from one macromolecule to enhance
crystal growth of a closely related macromolecule (so-called cross-seeding). This way showed

less positive results as the original method but should definitely be attempted for tricky
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candidates. Finally, a variant of the seeding, called macroseeding, consists of transferring a
crystal into a fresh macromolecule solution in supersaturated condition. Soluble

macromolecules will then feed and increase the size of the crystal.

2.2.3. Nucleating agent — case of Th-Xo4 crystallophore

Some tips and tricks have been developed to by-pass nucleation or lower the energy
necessary for nucleation and crystal growth. When starting a project from scratch, the usage
of compounds acting as “nucleating agents” or mimicking nuclei is considered as an
alternative strategy. Such actors regroup natural nucleants such as animal hair (e.g., horse,

rats, cats...) or dried seaweed (D’Arcy et al., 2003), but also engineered materials such as
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Figure 1.7: Effect of Tb-X04 nucleating agent

A.(1) Chemical structure of Th-Xo4. (2) Three-dimensional model of Th-Xo4. (3) Surface properties of
the compound. B. Nucleating effect of Th-Xo4 tested on pb6 and MDH proteins. C. Fluorescence
induced by Th-Xo4 triggered under UV light. (adapted from Engilberge et al., 2017, 2018)

19



silicon-based porous nucleant (Chayen et al., 2001) or bioglass-based compound (e.g.,
Naomi’s nucleant) (Saridakis & Chayen, 2009).

Recently, a French team developed a lanthanide-based crystallophore (Engilberge et
al., 2017), which has (i) nucleating power by reinforcing molecular surface interactions (so-
called “molecular glue”) (Engilberge et al., 2018), (ii) phasing and (iii) luminescent properties
under UV light thanks to the terbium (Tb-Xo4) ion coordinated with triazacyclononane
macrocyclic scaffold (Figure 1.7.A). Basically, the compound can be used following two
different ways. The first one consists of mixing the compound with the macromolecule and
directly use the solution for crystallization experiments. The second option uses soaking to
incorporate the Tbh-Xo04 into an already grown crystal and take advantage of the phasing

property of the terbium atom for anomalous diffraction experiments.

2.2.4. Trace-fluorescent labeling

In the case of proteins, when screening plethora of crystallization conditions, a main
bottleneck is the detection of tiny macromolecule crystals as well as their visual
discrimination from salt crystals. The task is even harder when it comes to crystalline
precipitate which, under white light, resemble amorphous precipitate. To deal with such a
situation, it is possible to use the intrinsic fluorescence of proteins provided by aromatic
residues (Trp, Tyr) under UV illumination. However, UV is not always convenient as it is
dependent on tryptophane content, it can also interact with organic compounds present in the
solution, leading to possible false positive results, or generating a blurry noise from the
crystallization plate (Desbois et al., 2013).

An alternative method using fluorescent labels added as trace amount into stock
protein solution has been introduced and is called “trace fluorescent labeling” (TFL). Among
all available fluorophores, the accessible and cheap carboxyrhodamine-succinimidyl ester
binds to surface lysines and was shown (Pusey et al., 2015) to highly facilitate identification
of crystalline material (Figure 1.8). The two-steps labeling process requires basic laboratory
equipment and takes around 10 to 15 minutes to prepare usually enough material for all
crystallization experiments of a project. Indeed, a “contamination” of around 0,5 to 1% of the
unlabeled stock protein is usually far enough to get luminescent signal. Finally, observation of
crystallization drops only requires a green light source at 520 nm and a low-pass filter at 550

nm to detect bright spots.
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Figure 1.8: Usage of trace fluorescent labeling with carboxyrhodamine-succinimidyl ester
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A. Chemical drawing of 5-CR6G, SE [5-Carboxyrhodamine 6G, succinimidyl ester (www.aatbio.com).
B. Identification of microcrystals clusters with TFL compared to SONICC analysis. C. Effects of trace
fluorescent labelling on HilPPase and Tt169 protein before and after optimization. Labeling clearly

highlights macromolecule cluster formation in initial screens. When the conditions are optimized, real

macro crystals can be identifified under green light illumination. (Adapted from Pusey et al., 2015)

2.3. Phase diagram and Xtal Controller XC900

The dream of every crystallographer might be a single method allowing free
navigation in the phase diagram during crystallization experiment. Resulting from the
collaboration of the team of Pr. Dr. Christian Betzel (University of Hamburg), Pr. Dr. Rolf
Hilgenfeld (University of Liibeck) and the company Xtal Concept (GmbH, Hamburg), the
Xtal Controller 900 (XC900) was designed for such an application (Raphaél de Wijn et al.,
2020) . Briefly, the instrument consists of a closed chamber where humidity and temperature
are controlled (Figure 1.9). At the center, the sample (i.e., the macromolecule solution) is
deposited on a standard 22 mm siliconized glass coverslip which is placed on four pillars

installed on an ultrasensitive balance. The exact weight of the experimental drop (typically
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Figure 1.9: Xtal controller picture and schematic view

The sample is put on the glass coverslip installed with a specialized holder on the top of the ultra
sensitive balance . The DLS laser is oriented in the drop and adjusted via a screw system. The piezo-
pumps are connected to 4mL glass vials containing either a crystallant solution or water. The whole
injection system is mounted on a mobile metal holder adjusted with screws outside of the machine.
The microscope optics is manually adjusted as well. The humidity control system is supplied by

pressurized air and connected to a bottle filled with ultrapure water. (Adapted from Rollet et al., 2020)
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Figure 1.10: Impact of different crystallization methods on the phase diagram

(a) Counter-diffusion. (b) The free-interface case. (c) Dialysis. (d) Vapor-diffusion. (e) Batch
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from 5 to 10 pL of sample) is recorded to extrapolate the concentration of both
themacromolecule and precipitant. On the two sides, piezoelectric pumps dispense (70 pL
droplets) either desired crystallant to trigger crystallization or water to dilute or counter-
balance evaporation of the crystallization drop. Placed below the glass coverlip, a DLS
module provides the user a real-time monitoring of oligomerization and nucleation events
happening in the drop. At last, user can visualize the crystallization drop thank to a
microscope optic inserted on the top of the machine. A more detailed presentation of the
XC900 can be found in chapter V. The XC900 can be used to modify the composition of the
drop and hence to navigate in the phase diagram, while following the impact on the system’s

behavior in real time.

3. Sample quality control

A highly pure and homogeneous sample is a primordial prerequisite to go on for
crystallization experiments (Lorber et al., 1987). A robust purification protocol should ensure
the reproducibility of the sample and a strict quality control procedure is essential to prior any
crystallization assay. The following methods provide a good basis for this task and are

systematically by used in the team to compare and validate sample batches.

3.1.  Analytic gel and Size Exclusion Chromatography

Polyacrylamide gel electrophoresis (PAGE) is a routine method to access sample
homogeneity. Species present in the sample migrate through the gel, depending on their
surface charge, size and weight. Native gel method informs on oligomeric state, on the
presence of complexes and also of aggregates of the macromolecule of interest. Combined
with denaturing sodium dodecyl sulphate—polyacrylamide gel (SDS-PAGE) which enables a
separation only based on protein mass, it is possible to get a quick overview of sample quality
right after the purification process (Lorber et al., 1987).

In addition, analytical size exclusion chromatography provides robust data on sample
polydispersity. For instance, a sharp monomodal dispersion of the population would reflect
the presence of clear single population, which is often wanted for crystallization attempts. On
the opposite, satellite peaks would reveal polydispersity in the solution. Considering an

homogeneous specie (examined by PAGE), the position and shape of the peaks inform on
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either the presence of multimers, complexes, aggregates (on left side of monomer peak) or the
potential degradation of the sample (on the right side of the monomer peak). This last decade
saw a drastic improvement of separation power of size exclusion columns, so pushing the
community to implement the tool upstream of other analytical methods, such as SAXS (small
angle X-ray scattering)(Théobald-Dietrich et al., 2020; Yasushi Watanabe & Inoko, 2009) or
MALS (multi-angle light scattering) (Some et al., 2019). This setups provide users (i)
information on the quality of the sample and (ii) controlled dispensing and analysis of desired

population from the solution.

3.2. Dynamic and static light scattering

Dynamic light scattering (DLS) is a non-invasive, low cost and fast method to explore
sample stability and homogeneity (Schmitz, 1990). This technology is based on fluctuation of
light scattered by particles (i.e., proteins, nucleic acids, complexes of both entities) moving
freely in a solution. Knowing the viscosity of the solution, the concentration and
approximative shape (e.g., globular or elongated) of the macromolecule, it enables a direct
access to mono or polydispersity (spread of size of a distinct population), as well as size
estimation of the molecule but also to presence of bigger particles (e.g aggregates or high-
order complexes).

Scattering of particles smaller than wavelength of light was first established in 1871
by John William Strutt, better known as Lord Rayleigh, by explaining the sky-blue color is
due to atmospheric particles that scatter light (Strutt, 1871) This particular kind of scattering
was named after him as “Rayleigh scattering”. In 1906, right after describing the Brownian
motion, Albert Einstein combined light scattering and diffusion behavior of molecules,
described by Stokes in 1845 (Stokes, 2009) which linked the friction produced by moving
particle to its radius and the surrounding solvent. This statement was summarized by the

Einstein-Stokes equation (Stetefeld et al., 2016):

kT
D =
6 TR,

Where D; is the translational diffusion coefficient, k is Boltzmann coefficient (1.380 x 10—23
kg.m?’s2K™), T is an absolute temperature, n is the viscosity of medium and Rh the
hydrodynamic radius. Here, it seems relevant that size, shape and mass of a given particle in a
defined medium at a given temperature have a direct influence on D,. It was shown that

objects with a size below A/10 produce Rayleigh scattering.
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Additionally, D, can also be used to calculate the frictional ratio of particles f/f0
(Stokes radius over the volume of unsolvated molecule approximated to a sphere) which
informs on solution conformation of macromolecules. f is defined as translational frictional
coefficient obtained with following equation :

_ RT
NADT

f

Where R is a gas constant ( 8,314 J.mol™".K™), T the absolute temperature and N, the
Avogadro’s number ( 6,022 x 10 mol™). f/f0 increases as the shape deviates from a compact
sphere.

With the development of laser optics and digital autocorrelator in the 1960’s, modern
light scattering can access with high reliability the characterization of macromolecules in
solution and to a larger extent, the absolute quantification of present species (Stetefeld et al.,
2016). Nowadays, vast majority of DLS equipment uses wavelength in the range of 600 to
660 nm which interaction with particles (scattering) can be recorded at a fixed angle by a
detector (Figure 1.11). The signal is processed by an autocorrelator, which serves to determine
the normalized second order autocorrelation function (ACF). The latter describes the motion
of particles in solution by correlating variations of scattered light intensity on a determined
time delay (i.e., measurement of intensity at time t and time t+ 7).

Since the early 1990’s, DLS has spread in laboratories as quality control prior to
crystallization experiments, allowing the detection of mono or oligomers as well as high-order
complexes, or even in the worst case the formation of aggregates. At the same period, the idea
of using DLS to monitor nucleation events of biological macromolecule has been introduced
(V Mikol et al., 1989; Wilson, 1990), using hen white egg lysozyme as model. While high
energies of soft and hard X-rays could potentially disrupt forming nuclei, visible light lasers
allow exploration of early crystallization stages in a non-destructive way. As a matter of fact,
many studies illustrated how DLS can reveal the evolution of size distribution, ranging from
few to hundreds nanometers, in crystallization experiments of model systems (e.g., trypsin or
thaumatin).

Recent advances in X-ray Free Electron Lasers (XFEL) and Serial Synchrotron
Crystallography brought DLS back in the spotlight to establish nucleation points and
determine reproducible conditions to grow nano to micro-scale crystals (Boutet et al., 2018;

Chapman et al., 2011). Following this idea, the Xtal Controller (described above) was
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Figure 1.11: Dynamic light scattering principle

The sample to be analyzed is placed in a cuvette crossed by a red laser light. A part of the scattered
light is detected and recorded at a fixed angle by the detector. After amplification, the signal is
processed by a correlator which is essential to determine the autocorrelation function. Finally, data are
processed by dedicated software and user have access to the size distribution in the sample. Blue and

green colors corresponds to small and bigger particles respectively.

designed to control and follow nucleation in real time using DLS apparatus.

3.3.  Detecting crystallization hits

Starting a crystallographic project ex nihilo means first to determine physico-chemical

conditions allowing the birth and growth of crystals. To do so, the current and most common

26



Figure 1.12: Plate screener system at Proxima 2A

A. Overview of the plate screener setup. A 3D printed holder is fixed on motorised translation tables
which allow horizontal, vertical and along the X-ray beam path movements to align the drop of interest.
A supplementary table is dedicated to w rotation axis with an angular range of +/-45°. A coaxial

microscope completed with a back and frontlight allow the focusing on the drop from the experimental
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hutch.The beamstop is placed behind the plate like in standard loop setup. B.1. Snapshot of the
Python Qt4 interface controlling the data collection. The green box shows the name and access path
of the loaded plate. The red box is dedicated to data collection parameters (e.g., w rotation range,
exposure time, resolution limit, transmission and energy). The blue frame shows the plate map which
allows to pick desired position by simple one-click. B.2. Grid-scan analysis window to identify potential

diffracting area. The threshold (arbritrary units) is manually applied.

strategy is based on screening of a wide range of different conditions. In this regard, a set of
companies created and commercialized 96 conditions screens that can be dispensed in
standard crystallization plates, facilitating the research process. In addition, the laboratory
from Janett Newman established an online tool called C6 (Comparison of Crystallisation
Conditions @ C3) (Newman et al, 2010), implemented on the C3 (Collaborative
Crystallisation Centre) platform, which compares all commercially available screening Kkits.
Combined with advanced crystallization methods described above, this swiss army knife
website should be consulted prior to any experiment to target the largest set of distant
conditions. Following this experimental scheme, only two to three 96-plates should be
sufficient to obtain initial hits.

Once first screening plates are set up, users will usually observe various behaviors in
droplets. Depending on the conditions, the appearance of precipitate (micro-crystalline or
amorphous), small crystals with “nice” geometrical aspect or “ugly” shape or even spherulites
can reflect different phenomenons (Bergfors, 2009). Determining the nature of such objects is
still very empirical with regular laboratory tools. Traditionally, the usage of cross polarizers
installed on stereo microscopes helps at least to discriminate salt from protein crystals. We
showed above that fluorescent labeling as well as intrinsic UV fluorescence of protein are nice
indicators to identify hits but may have some practical limitations (Desbois et al., 2013).

In the particular case of precipitates, several methods have been introduced to
determine their crystalline or amorphous nature. As an example, SONICC (Second Order
Nonlinear Imaging of Chiral Crystals) (Kissick et al., 2011) is based on the doubling of
frequency of laser light shined on chiral crystalline material (e.g., protein crystal). Such
equipment is still rare, quite expensive and does not always provide clear results on the nature
of the sample. To date, the only real proof of getting crystalline material (e.g., protein crystal
precipitate or few micrometers protein crystals), stands in diffraction experiments, either
under an X-ray beam or by cryogenic electron microscopy (cryo-EM). The former technique

should lead to powder diffraction-like patterns, as the X-ray-beam is interacting with a bulk of
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stacked micro or nanocrystals. In contrast, micro cryo-EM diffraction (micro ED) gives
access to single micro to nanocrystals analysis. Thus, like photons from X-rays, electrons are
able to interact with matter and can be used for diffraction experiments on very small (< 1
pm) crystals.

For decades, the routine consisted of mounting small crystals on a microloop or
collecting precipitate with micromeshes , prior to sample flash freezing and analysis under X-
ray radiation. This time-consuming process requires (i) specific skill to avoid breaking tiny
crystals during fishing, (ii) adapted cryo-cooling conditions and (iii) is also limited inquantity
of sample to be analyzed. To speed up this search, few synchrotron beamlines such as
Proxima 2A (Soleil, Saint-Aubin, France) recently implemented plate screener systems
dedicated to in situ room temperature diffraction analysis (Figure 1.12). The main advantage
lays in the simplicity of the setup which does not require crystal handling or flash-cooling.

Concretely, standard 96-well plates are inserted on a dedicated plate holder installed
on motorized stages allowing x and y translation for sample centering and o rotation (with an
angular range of +/-45°) for data collection. A camera, a front and a back lights serve for
visualization and search for crystalline objects. The system is piloted from the hutch by a
Python-based interface shown in Figure 1.12.B. Alternatively, the nature of precipitates can

also be tested by X-ray powder diffraction or micro-electron diffraction.

4. Strategies for crystal analysis by X-ray diffraction

When crystals are available, they are analyzed to explore the architecture of
macromolecules requires methods using electromagnetic wavelengths able to interact with
atomic-sized objects. X-rays are ranging from 0.01 to 10 nm and represents the best choice for
such applications. When considering a single molecule illuminated by an X-ray radiation,
electrons from atom outer shells scatter in all directions of space. Such a signal is too weak
for isolated molecules and is, at the moment, not sufficient to reconstruct a detailed structure
of the object. In solution, it possible to record and accumulate scattering signal from free
molecules to obtain a global shape of the target macromolecule (i.e., SAXS).

However, the periodic arrangement of molecules into a crystal provides positive
interference in directions dictated by the packing geometry. Indeed, the crystal acts as an

amplifier of individual signals and resulting diffracted beams can be recorded on specialized
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detector. As their phases are lost during the experiment (known as the phase problem),
positions and intensities of the spots on diffraction patterns . Finally, dedicated softwares

serve to calculate an electron density map corresponding to the unit cell content.

4.1. Standard crystal analysis

Prior to their analysis, crystals are usually fished with microloops and flash cooled in
liquid nitrogen to extend their lifetime and reduce radiation damage induced by X-rays during
data collection (Garman & Owen, 2005). Then, the analysis is traditionally performed either
at laboratory X-ray home-source or at a synchrotron. Regarding home-sources, the radiation is
generated by a rotating anode system or more recently by molten metal anode (Skarzynski,
2013). Despite drastic improvement of such compact instruments, synchrotron radiation stays
the most powerful, stable and coherent source to easily and rapidly collect crystallographic
datasets.

Since the early 1960’s, several generations of synchrotrons have been built to always
improve the power and coherence of light. We are currently observing the transition from the
third (e.g., Soleil, Saint-Aubain France) to the fourth generation (e.g., ESRF, Grenoble,
France) of synchrotron radiation. The principle of the synchrotron is summarized in Figure
1.13. Briefly, electrons are generated in a central element called the linac (linear accelerator)
where they approach the speed of light. Then, they are injected in the circular booster where
they gain in energy. Once the maximum energy (the value depends on the synchrotron) is
obtained, electrons are transferred to the storing ring (usually several hundreds meters of
circumference) where they will be used by beamlines placed all around the ring. The
synchrotron radiation is produced when the trajectory of electrons is modified by
electromagnetic devices. Each beamline recovers part of the emitted radiation and thus uses a
specific range of energy depending on the dedicated application. Beamlines dedicated to
macromolecular crystallography usually are tunable with energies ranging from 6 to 20 keV.

For the last forty years, standard setup and data collection strategy undergone minor
changes. Regarding sample preparation, microloops holding crystals are usually flash-cooled
in liquid nitrogen or ethane. This trend became the norm in the 1990’s to preserve crystals
from radiation damage induced under X-ray exposure. Typically, the microloop is mounted on
a goniometer head allowing rotations and translations in space, essential for sample centering
and dataset collection. A first X-ray shot serves to determine the diffraction power of a crystal

prior to the rotational collect. If diffraction at reasonable resolution is observed (e.g., < 3 pm),
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then the goal of the experiment is to collect all reflections (or their symmetric) within the
crystal lattice at least one time. Depending on the internal symmetry of the crystal, a full
dataset can be recovered from a 45 to 180° rotation scan of the sample (Dauter, 2017) . This
workflow highly benefited from robot implementation allowing automatic sample mounting

and fast data collection. Nowadays, a full dataset can be collected in less than a minute.
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Figure 1.13: Synchrotron and XFEL technology

A. In a synchtron, electrons are produced in the linac and accelerated in the booster. Once
accelerated close to light speed, they are injected in the storage ring. The latter is composed of a
succession of short straight parts containing magnets. Each time electrons are deviated, they emit
photons which are collected in optical and experimental hutches (drawing adapted from
www.wikimedia.org). B. In a XFEL, the electrons are oscillating at very high frequency in
superconducting accelerators. The more the distance and acceleration are high, the more the light
produced is powerful and coherent. (Drawing adapted from www.fnal.gov)
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4.2.  Serial synchrotron crystallography

The principle of serial crystallography emerged in the early 2000’s with the
improvement of synchrotrons radiation allowing the analysis of smaller crystals (less than
60pm). Typically, it consists of collecting X-ray diffraction images from several crystals
grown with the same conditions and combine datasets afterwards. Small crystals are usually
more sensitive to radiation damage, so that diffraction quality fades rapidly after limited time
of exposition. However, it is possible to collect partial datasets of crystals in different spatial
orientation which improves both the completeness and the redundancy of data (Diederichs &
Wang, 2017). When considering a standard setup as described above, users can mount series
of sample and proceed to X-ray analysis as long as crystals are diffracting at the same
resolution. The main weakness of this pipeline relies on the time-consuming sample handling
(fishing), preparation (cryo-cooling condition determination) and analysis (mounting and
removing each and every single crystal).

Following this concept, specialized equipments such as the microfluidic ChipX (R. de
Wijn et al., 2019) have been developed to perform fast in situ serial experiments on a unique
device at room temperature. This last criteria is essential as it (i) fasten sample preparation

and (ii) gives access to structural dynamics (developped later).

4.3. Time-resolved X-ray crystallography

As already mentioned, X-ray crystallography is a powerful tool to explore 3D
structure of macromolecules in a fixed conformation. However, biological systems are
dynamic and macromolecules are constantly undergoing spatial rearrangements, in particular
during catalysis. Biochemical reactions happen from the femto (e.g., small chemical groups
wiggling movement) to the microsecond range (e.g., proton release or uptake). In that respect,
the idea of creating an ultra-fast imaging methods has been introduced in the early 2000’s to
capture snapshots from all intermediate steps of macromolecular mechanisms (Chapman et
al., 2011). Thus, linear electron accelerators called X-ray Free Electron Lasers (XFEL) have
been designed to produce highly powerful (10° times more powerful than actual
synchrotrons), coherent and brilliant light allowing serial time resolved X-ray crystallography.
Indeed, the frequency of photon bunches generated, for instance in the 3.4 km-long euXFEL
accelerator (Hambourg, Germany), allows the beam to hit samples at very high repetition rate.

To date, there exists only five working XFEL sources in the world as their cost and size is
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much more superior than current synchrotrons.

Nanocrystals /
A. Nanocrystals / B. Microcrystals
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Figure 1.14: Principle of serial time-resolved X-ray crystallography at an XFEL source

A. Schematic view of a mix and inject experiment at XFEL. The syringe 1 injects the nano or
microcrystals solution while the syringe 2 brings the substrate of the macromolecule. Playing on the
length of the incubation ramp or on mixing time, it is possible to catch different time points of the
targeted reaction. When the X-ray beam hits a crystals, a single diffraction pattern is recorded before
the complete destruction of the sample. B. Schematic view of a setup using photoactivable material.
Here, crystals were either soaked with caged compounds or contain naturally photoactivable target.
The reaction is triggered with a femtosecond (fs) laser just before the crystals cross the X-ray beam.
(Modified from Schmidt, 2013)

Based on the concept of “diffraction before destruction” (Chapman et al., 2014; Doerr,
2011) , the samples (i.e., nano or microcrystals) are brought in a permanent flow in the front
of the X-ray beam and are instantly disintegrated because of the intense energy. However,
before complete destruction of the samples, a single diffraction pattern can be recorded. By
collecting unique diffraction pictures from thousands of crystals in different spatial
orientations, it is possible to (i) solve the structure of a macromolecule in its apo or holo-form,
and (ii) to reconstruct a full movie of biological catalysis. The latter concept takes advantage
of the small size of crystals produced in huge amount (milli to centiliters of crystal suspension
required) and most commonly delivered by liquid jet systems (Figure 1.14). Despite
considerable developments to improve the hit rate of the X-ray beam on running crystals, this
setup still induces the loss of more than a half of initial macromolecule stock. Furthermore,

XFEL technology has mostly been designed to follow reactions occurring from the femto to
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few nanoseconds scale (even if longer reaction are also accessible). At last but not least, such
facilities are still hardly accessible for users without strong preliminary results.

Under the impetus of XFEL developments, few synchrotrons started to build and
develop beamlines dedicated to serial time-resolved experiments (SSX). As a matter of fact,
third and fourth generation light sources produce photon bunches with a sufficient frequency
to explore macromolecular mechanisms from hundreds nano- to few seconds order (P.
Mehrabi et al., 2021; Pearson & Mehrabi, 2020) (Figure 1.15). Moreover, the continuous
reduction of beam size but increased power allows the analysis of crystals with a size of a few
micrometers. In addition, these beamlines benefit both from decades of synchrotron setups
development and from more recent improvements at XFELs which can be easily adapted and
implemented for time-resolved experiments. Besides liquid jets, fixed target methods on
specialized chips were created to lower sample amount and improve hit rate by automated
crystal research (Pedram Mehrabi, Miiller-Werkmeister, et al., 2020). On a side note, hybrid
systems have been designed, like rolling tapes holding crystallization drops and bringing
sample in the front of the X-ray beam.
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Figure 1.15: Time-scale reachable at XFEL and SSX beamlines

(Adapted from Orville, 2020)
As explained above, time-resolved experiments serves to “observe” in real time

dynamic interactions and conformational changes occurring during catalytic process. When
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the latter uses small ligands (e.g., nucleotides), macromolecule crystals can be pre-soaked in
an inactive state thanks to chemical groups called “caged compounds” which are sensitive to
given light wavelength. Before crossing the X-ray beam, the reaction inside the crystals can
be simply triggered by a synchronized laser.

Recently, the team of Pr. Dr. Arwen Pearson developed the P14 T-REXX (Time-
Resolved X-ray crystallography) beamline at DESY:PETRA III (Hambourg, Germany)
dedicated to such application and which presented its first results mid-2021. In the frame of a
transnational collaboration between our laboratories, my project could benefit from the

expertise and access to the facility.

5. Structural study of tRNA maturation enzymes

5.1. Transfer RNA

From the mid 1950’s to early 1960°s, the community put efforts on the understanding
of genetic information transmission from DNA to a protein. In 1956, Zamecnik and Hoagland
were the first to describe a “soluble RNA” capable of transferring a bonded radio-labeled
amino-acid to the ribosome where the protein synthesis occurs (Kresge et al., 2005). In 1958,
Paul Berg, in combination with previous observations from colleagues, described an
“adaptor” RNA capable of carrying a specific amino-acid added by an amino-acyl synthetase
(Barciszewska et al., 2015; Friedberg, 2014), thus using the word “transfer RNA” (tRNA).
Folling this major discovery, Aaron Klug and Alexander Rich, solved and published the first
tRNAP" structure from yeast in 1973, revealing the typical L-shape of the molecule shown in
Figure 1.16. (Robertus et al., 1974).

Six decades of research were necessary to fully decipher the complex life cycle of
tRNAs which are matured and regulated by a distinct set of enzymes shown in Figure 1.17.
After their transcription by an RNA polymerase (pol IIl in eukaryotes), they are first
processed by RNase P and Z which remove the 5 leader and trim the 3’ trailer, respectively
(Hopper & Nostramo, 2019; Phizicky & Hopper, 2010). Then, the CCA-adding enzyme adds
the essential 3’CCA tag, prior to its cognate amino-acid charging by aminoacyl-tRNA
synthetase (Betat et al., 2010). Once matured and charged, tRNAs are carried by the

elongation factor Tu (EF-Tu) to the A site of the ribosome and the amino-acid is transferred on
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the C-terminus part of the nascent peptide in the P site (Ban et al., 2000).

As the most abundant non-coding RNA in the cell, tRNA can actually be found in
every compartments. In eukaryotes, mitochondrial genome encodes a subset of tRNAs (22 in
H. sapiens) (Suzuki et al., 2011). Interestingly, several mitochondrial tRNAs (mt tRNA)
display a simplified structure, as they are lacking either or both D an T-arm, especially in
nematodes where this evolutive adaptation is the most extreme (Okimoto & Wolstenholme,

1990; Wende et al., 2014; Wolstenholme et al., 1987).
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Figure 1.16: Canonical tRNA structure

A. Cloverleaf 2D structure of tRNA composed of five main parts: the acceptor stem (green) carrying
the 3'CCA trinucleotide, the D-arm and loop (blue), the anticodon arm and loop (red), the variable loop
(purple) and the T-arm and loop (orange). B. L-shape 3D structure of yeast tRNA"™ (PDB ID: 1EHZ).
The 3'CCA is not paired and points outside to allow interaction with the aminoacyl tRNA synthetase.
(Adapted from Suzuki, 2021)
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Figure 1.17: tRNA maturation and partners

This schematic view of tRNA life shows major steps of tRNA interactions before entering the
ribosome. (1) The maturation of tRNA by RNAse P , tRNAse Z and CCA-adding enzymes. (2) tRNA is
charged with its cognate amino-acid by aminoacyl tRNA synthetase. (3) EF-TU elongation factor
carries tRNA:aa to the ribosome. (4) tRNA can act as a regulatory element, as for instance shown

here in complex with T-box riboswitch. (Adapted from Fernandez-Millan et al., 2016)

37



5.2. CCA-adding enzymes

5.2.1. Classification

Throughout their metabolism pathway tRNAs undergo several maturation steps before
amino-acid charging on their 3’°CCA end. In eukaryotes, most bacteria and archaea, the
essential 3’CCA end is not encoded in tRNA genes and needs to be post-transcriptionally
added by specific enzymes called ATP(CTP):tRNA nucleotidyltransferases or CCA-adding
enzymes. In addition, these specific transferases are involved in tRNA regulation by
synthesizing a 3’CCACCA tag for cellular degradation pathway on regular tRNA and small
RNAs (Kuhn et al., 2015; Wilusz et al., 2011).

These essential proteins belong to the polymerase 8 superfamily (Aravind & Koonin,
1999; Yue et al, 1996) characterized by the common amino acid signature
hG[GS]x(9,13)Dh[DE]h (x represents any amino acid, h represents a hydrophobic amino
acid), which comprises poly(A) polymerase, DNA Polymerase B,
terminalnucleotidyltransferases (TdT), antibiotic nucleotidyltransferases,
proteinnucleotidyltransferases, 2'-5-0ligo(A) synthetases. The CCA-adding enzymes family
is split into two classes (Aravind & Koonin, 1999; Yue et al., 1996). The class I enzyme is
found in Archaea and comprises various enzymes such as polymerase 8 and other members of
the polymerase X family, protein nucleotidyltransferases, terminal nucleotidyltransferases
(TdT), antibiotic nucleotidyltransferases, eukaryotic poly(A) polymerases, 20-50-oligo(A)
synthetases, Trf4-like poly(A) polymerases, archaeal tRNA nucleotidyltransferases, and many
others. This class does not present any sequence conservation from one species to another,
even in catalytic parts where the nucleotide addition occurs.

On the opposite, the class II is restricted to bacterial and eukaryotic tRNA
nucleotidyltransferases and bacterial poly(A) polymerases. This group also presents a highly
conserved N-terminal domain of 25 kDa (detailed in the next section) (Li et al., 2002a).
Furthermore, some bacteria and eukaryotes are characterized by the existence of distinct
enzymes showing either a CC- or A-adding activity (Neuenfeldt et al., 2008; Tomita &

Weiner, 2002) resulting from ancient evolutive divergence.

38



5.2.2. Structure and mode of action

Whereas the majority of polymerases needs a nucleic acid template, tRNA
nucleotidyltransferases do not require any template, as their mode of action is only based on
their structural properties. In the frame of this thesis work, we chose to focus on candidates
from the class II family which are presented in the following sections. Both classes I and II
display four main domains corresponding to a head and a neck forming the catalytic part of
the enzyme, and a body and a tail (Figure 1.18). On one hand, class I enzymes have a U-like
shape and are close-related in their structure-function to eukaryotic poly A-polymerase. On
the other hand, class II enzymes have a typical seahorse-like (Li et al., 2002b) or question
mark shape resembling to bacterial PAP from Escherichia coli (Toh et al., 2011b). The head
and the neck domain contain the catalytic site which recognize and binds top half of tRNAs

(Tomita et al., 2004). The body and tail domains interacts with the sugar-phosphate backbone

Figure 1.18: CCA-adding enzyme architecture

A. Crystal structure of the class | CCA-adding enzyme from Archaeoglobus fulgidus in complex with
UTP (PDB ID: 1R8C). The head the neck and body form a typical U-like shape. B. Crystal structure of
the class Il CCA-adding enzyme from Planococcus halocryophilus in complex with CTP (PDB ID:
6QXN). The whole enzyme has a typical sea-horse or question mark shape. The head, neck, body
and tail are colored in red, orange, yellow and green, respectively. The blue dashed circle highlights

the catalytic site.
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on the acceptor and TWC helices of tRNA.The head and neck carry highly conserved motifs
that are essential in the catalytic process. The motif A carries the conserved sequence DxD (x
is any amino-acid) (Holm & Sander, 1995) which coordinates two metal ions and catalyses
the incoming nucleotide onto the tRNA (Sawaya et al.,, 1994). A following flexible loop,
essential for the A-addition activity, presumably acts as a lever to accommodate the incoming
ATP during nucleotide switching. For a proper A addition on tRNA, this loop is preceded by a
B/A motif (Basic/Acidicresidues) which positions the 3’OH for the nucleophilic attack on the
ATP. Indeed, when the flexible loop is deleted or shorten, the enzyme looses its A-adding
activity. Then, a motif B helps for discrimination between ribose and deoxyribose, assuring
specific enzymatic activity on RNA substrates (Li et al., 2002a). The motif C acts as a spring
element to reorient the head and neck domain during the whole addition process (Ernst et al.,
2015). While this polymerase does not require a nucleic acid template for its activity, it
mimics Watson-Crick-like interactions between incoming nucleotide and highly conserved
arginine and aspartate contained in motif D (Li et al., 2002a). Finally, motif E stabilizes the
positioning of the tRNA acceptor stem in the catalytic core.

In the frame of this work, we used CCA-adding enzymes from three different origins
as models to better understand and deciphering structural intermediates during the
trinucleotide addition. The complexity of this mechanism based only on structural
reorganization of specific domains make this enzyme a perfect candidate for time-resolved x-
ray crystallography experiments. Furthermore, kinetic studies on class II CCA-adding
enzymes indicate a quite slow catalytic process, which is an advantage for SSX technology.
For instance, complete dissection of the process on E. coli enzyme revealed that single
nucleotide addition and switching occur from the micro to millisecond range as long as the
substrate used is adapted to the enzyme (Dupasquier et al., 2008; Kim et al., 2009). In that
respect, efforts have been put in sample preparation suitable for the emerging technology of
time-resolved crystallography. The main idea would be the real time visualization of the
complete catalytic process.

From a different point of view, it seems important to notice the importance of the
CCA-adding enzyme in human. As a matter of fact, in Homo sapiens, this unique polymerase
is encoded by TRNT1 gene essential for cell survival. Various mutations have been reported
to highly impact the functionality of the enzyme, thus causing a broad spectrum of disease
(Slade et al., 2020). To date, all undergoing mechanisms are not well understood but future

investigations should lead to adapted treatments and patient care.
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5.2.3. Planococcus halocryophilus — adaptation to the cold

These last twenty years, the scientific community has put more interest in the
understanding of biogeochemical cycles of melting arctic permafrost and the contribution of
cold adapted microorganisms in this process. However, we still have partial information on
psychrophilic organisms while climate change is accelerating. Among isolated organisms
from Canadian permafrost, Planococcus halocryophilus showed normal growth and division
at -15°C and 18% NaCl as well as an active metabolism at -25°C, pushing cold-adaptation
mechanisms at farthest known limits (Mykytczuk et al., 2012, 2013). Such observation arise
questions concerning both the evolution events and molecular mechanisms allowing life in
extreme cold environments. Regarding enzymes, several studies highlighted the reduced
amount of energy needed to fulfill their role in cold conditions which is directly correlated to
higher protein flexibility. In the frame of this work we focused on functional and structural
properties of the essential CCA-adding enzyme of Planococcus halocryophilus (PhaCCA).
Previous investigations pinpointed the decreased fidelity of PhaCCA (Ernst et al., 2018)
compared to its meso- or thermophilic analogs. To go further, we gathered both structural and
biochemical data obtained for PhaCCA and compared them to the thermophilic homolog from
Geobacillus stearothermophilus (GstCCA) in order to decipher undergoing cold-adaptation

mechanisms.

5.2.4. Romanomermis culicivorax — adaptation to minimal tRNAs

In metazoan, tRNAs are encoded in nucleus but also in mitochondria which contains a
subset of 22 tRNA genes, sufficent for mitochondrial proteins synthesis. While nuclear
encoded tRNAs show a high sequence conservation, mitochondrial ones usually show
evolutive divergence and shorter length. Both kind of tRNAs are successfully processed by a
specialized set of enzymes (Figure 1.17) such as the CCA-adding enzyme. The latter usually
recognizes the typical L-shape of tRNAs and anchors the T¥C loop on its C-terminal part.
Thus, small artifical tRNA-like substrates (i.e., micro or minihelices) are recognized but
matured at lower efficiency by this polymerase (P. Y. Shi et al., 1998).

However, minimal tRNAs lacking either the T or D arm were identified in nematodes
and proved to be efficiently processed by tRNA maturation machinery in these organisms

(Tomari et al., 2002). In Romanomermis culicivorax, a roundworm parasite of mosquito
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larvae, this particularity has come to an extreme case with a length down to 42 nucleotides,
characterized by our teams from Strasbourg and Leipzig (Jiihling et al., 2018b; Wende et al.,
2014). Thus, the remaining question concerns the undergoing mechanism and adaptation to

such reduced substrates.
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Figure 1.19: Minimal tRNAs found in nematodes and in Romanomermis culicivorax

A 2D structure (A.1) and 3D model with SAXS envelope (A.2) of mitochondrial tRNA"™ from R.
culicivorax (SASBDB ID: SASDDF7). B. 2D structure (B.1) and 3D model with SAXS envelope (B.2) of
mitochondrial tRNA*? (SASBDB ID: SASDDG?7).
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5.2.5. Ancestral CCA-adding enzyme — Evolutive divergence of class II

enzymes

As described above, class II tRNA nucleotidyltransferases regroup bacterial tRNA
poly(A) polymerase as well as bacterial and eukaryotic CCA-adding enzyme. The evolutive
diversity of this enzyme family highlights their essential role throughout all living organisms.
Yet, the precise evolutive origin but also ancestral activity of class II nucleotidyltransferases
remain unclear. To bring a first answer to this mystery, the group of Prof. Dr. Mario Mérl with
Dr. Marie-Theres Pohler (Institute for Biochemistry, University of Leipzig) in collaboration
with Prof. Dr. Sonja Prohaska (Interdisciplinary Center for Bioinformatics, University of
Leipzig) reconstructed the sequence of a Last Common Ancestor (LCA) for the CCA-adding
enzyme using 102 sequences of recent gammaproteobacterial CCA-adding enzymes (Figure
1-20). This phylogenetic class presents only one gene encoding the CCA-adding enzyme
which constitutes a solid basis for ancient catalyst reconstruction. Moreover,
Gammaproteobacteria also have a unique gene encoding a poly(A) polymerase which
ancestor can also be reconstructed by bioinformatics. Taken together, both ancestral enzymes
would serve in future studies to determine which one emerged first and corresponds to
primordial catalyst of class IT tRNA nucleotidyltransferases. Finally, recent studies pinpointed
that most of ancestral proteins, back from one to four billion years, have an increased
thermostability and activity compared to their actual counterparts. This feature has been
demonstrated for AncCCA (unpublished work from Dr. Marie-Theres Pohler) and constitutes

a real advantage for X-ray crystallography investigations.
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Figure 1.20: phylogenetic tree used to reconstruct AncCCA

The ancestral class Il CCA-adding enzyme AncCCA was reconstructed from the sequence
alignment of 102 actual gammaproteobacteria CCA-adding enzymes. (Courtesy from Dr. Marie-

Theres Pohler)
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6. Goal of the thesis

My PhD work was carried out in the frame of a French-German cotutelle contract
under the direction of Dr. Claude Sauter (IBMC, University of Strasbourg) and Prof. Dr.
Mario Morl (Institute for Biochemistry, Leipzig). The initial idea of the project was on the one
hand to perform “biochemical” characterization of CCA-adding enzymes in Leipzig and on

the other hand the crystallization of the selected candidates in their apo and holo-form.

6.1. Biochemical characterization of targeted macromolecules

The main task consisted of the production and purification not only of the enzymes
but also of the different tRNA substrates. Besides the three selected enzymes, a set of eight
tRNAs were in vitro transcribed and purified. This corresponds to canonical yeast tRNA™,
tRNAP*CC two tRNA™ minihelices, R. culicivorax mitochondrial tRNA”®, tRNA", tRNA"™
€ tRNA™CC, In addition, I could determine the affinity for various substrate by
electrophoretic mobility shift assay (EMSA) in the case of the RcuCCA and chimeric
enzymes (see chapter IV). Getting information on the specificity and strength of an interaction
between an enzyme and its substrate is also a prerequisite for crystallization experiments.
Stronger interaction often indicates a more suitable complex to be crystallized. It’s even more
important in the case of time-resolved X-ray crystallography experiments, where enzymatic
reactions take place directly in the crystalline phase. A too weak interaction would simply lead
to complex dissociation, thus triggering crystal dissolution during data collection.

As a complementary project, we wanted to explore the functionality of different CCA-
adding enzymes integrated into an in vivo system developed in my German laboratory
(Wellner et al., 2019). The system based on a modified Escherichia coli strain informs on the
catalytic efficiency of selected enzymes in an in cellulo context. Combined with in vitro data,
our results should reinforce chosen strategies to explore the CCA-addition mechanism in

detail.

6.2. Crystallization and structure determination of apo and
holoenzyme

In Strasbourg, my project was focused on the crystallization of enzymes in their apo
form as well as in complex with tRNA substrate or nucleotide (i.e., CTP or ATP). This part

was split on two main axis. The first one, was to obtain macrocrystals (from 80 to over
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200pm) suitable for standard synchrotron analysis. The second part was oriented on the
preparation of reproducible and stable samples to be used for X-ray time-resolved
crystallography experiments at either dedicated synchrotron beamline (e.g., T-REXX) or
XFEL. To do so, we combined all methods presented above from initial screening for

crystallization condition to final optimization to improve the quality of samples.

6.3. Toward a molecular movie of enzymatic catalysis

While XFEL technology represents a major advance in the crystallography field, the
vast majority of published studies still focuses on macromolecules described for years or
decades. Such samples well characterized, easy to purify and to micro-crystallize in huge
amount, were essential for an initial proof-of-concept and the rapid growth of the SFX
approach. However, to tackle new molecular systems, it is crucial to develop a robust pipeline
ensuring the reproducible production of micro-nano-crystalline samples for TR-SFX/SSX.
This is a central motivation of my PhD project, together with setting the ground for the
application of time-resolved enzymology to the fascinating family of CCA-adding enzymes

and the obtention of a molecular movie describing the catalytic activity at atomic resolution.
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1. Construct and strain

For their overexpression, the ancestral (AncCCA) and R. culicivorax (RcuCCA) CCA-
adding enzyme genes were cloned in pET28a (Novagen, Bad Soden, Germany) vector. These
two constructs carried a 6-histidine tag on the C-terminal side of the enzyme. Gene encoding
for P. halocryophilus (PhaCCA) enzyme was cloned in a pET30 Ek/LIC (Novagen, Bad
Soden, Germany) vector with a 43 amino acid expression tag, comprising the 6-histidine tag,
on the N-terminal part of the enzyme. Escherichia coli BL21 (DE3) cca::cam (Novagen) were
transformed with corresponding plasmid. We were using a knockout strain (A CCA), where
the gene encoding the endogeneous E. coli CCA adding enzyme was knocked out to avoid
contaminations with the EcoCCA in the enzyme preparations. Kanamycin and
chloramphenicol antibiotics were both used for plasmidic and bacterial selection respectively.

This preparative step was achieved by collaborators from my German host team in Leipzig.

2. Protein overexpression

Pre-culture of transformed E. coli BL21:DE3 were set overnight at 37°C with 200 rpm
shaking (Edmund-Biihler SM-30). Then, 5 mL of pre-culture were transferred in 500 mL of
lysogeny broth (LB; Carl Roth GmbH, Germany) medium for BL21-PhaCCA and BL21-
AncCCA, or 500 mL of terrific broth (TB) medium for BL21-RcuCCA, both medium
supplemented with 1 mM kanamycin and 1 mM chloramphenicol. The cultures were
incubated at 30 °C and shaken at 200 rpm. After 4 hours (when the optical density at 600 nm
reached 0.6), 500 mL of ice-cold medium supplemented with 2 mM IPTG and antibiotics was
added to cultures which were transferred at 16 °C and shaken at 200 rpm. After 16 hours,
cultures were harvested, centrifuged at 5000 xg for 20 min at 4 °C (Sorvall RC6 Plus, rotor
F10S-6x500 Y). Finally, pellets were washed, resusupended in 20 mL of 1X phosphate buffer
saline (PBS) and centrifuged at 4000 xg for 30 minutes at 4 °C (Sorvall Super T21).
Supernatant was removed, pellets of approximately 4 g of cells were dried and stored at -80 or
-20 °C for future purifications. All along my thesis period, about 250 g of pure cell pellets

were necessary to purify the different enzymes.

3. Purification of CCA-adding enzymes
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Purification of the different enzymes was carried out in my two host laboratories.
Protocols, first designed for the Akta™ purifier system (GE Healthcare, Freiburg) in Leipzig
were then adapted to BioLogic DuoFlow™ HPLC system (Bio-Rad, USA) in Strasbourg.
Considering that the procedure is similar for the different macromolecule targets and for more
clarity only the protocol used for the AncCCA enzyme is described here.

Pellets were resuspended in 15 mL lysis buffer and cells were disrupted by sonication
at 33 kHz four times 2 min on ice. Cell lysates were clarified by centrifugation at 200,000 xg
for 45 min at 4 °C. Supernatant was filtered on 0.22 pm membrane prior to loading on 1 or 5
mL HisTrap™ Fast Flow column (GE Healthcare, Freiburg) equilibrated with HisTrap binding
buffer. The enzyme was released/eluted from the column by applying an imidazole gradient
with HisTrap elution buffer. Fractions of 1 mL containing the target macromolecule were

identified with optical density (280 nm) record on the chromatogram and then were pooled

Buffer Composition

Lysis 25 mM Tris/HCI pH 7.5

200 mM NaCl

10 mM MgCl,

10 mM imidazole

1 mM DTT

2 U DNase I (Sigma-Aldrich)

1/2 Complete™ protease inhibitor tab (Roche)

HisTrap binding 25 mM Tris/HCI pH 7.5
200 mM NaCl
10 mM imidazole

HisTrap wash 25 mM Tris/HCI pH 7.5
= 1.5 M NaCl
Heparin elution 10 mM imidazole

HisTrap elution 25 mM Tris/HCI pH 7.5
200 mM NaCl
500 mM imidazole

Heparin binding 25 mM Tris/HCI pH 7.5
150 mM NaCl
10 mM imidazole

Size exclusion 25 mM Tris/HCI pH 7.5
(=storage buffer) 150 mM NaCl

5 mM MgCl,

5 % (w/v) Glycerol

Table I1.1: Buffer used for AncCCA enzyme purification
(Figure 3-1.A). In order to get rid of nucleic acid contamination, pooled fractions were

applied on a 5 mL HiTrap™ Heparin column (GE Healthcare, Freiburg) equilibrated with
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heparin binding buffer. Pooled fractions were loaded onto the column and washed several
times with binding buffer. Then, protein-matrix interaction was abolished with a sodium
chloride gradient using HisTrap wash buffer. Fractions containing the enzyme were applied on
a 27 mL Superdex™ 75 10/300 (GE Healthcare, Freiburg) column equilibrated with size
exclusion buffer. This final step was necessary to remove potential aggregates, control the
purity of the sample and finally exchange the buffer. In the end pure fractions were pooled
(Figure III.1C.) and concentrated in 0.5 mL Amicon® Ultra centrifugal filter units (Merck
Millipore, Molsheim) up to 5 mg.mL™". Samples were either directly used for crystallization
assays or stored at 4 °C. Composition of size exclusion (i.e., storage) buffers for each CCA-
adding are shown in Table II-2.

Before any crystallization experiment, potential aggregates or contaminant were
removed from enzyme stocks by ultracentrifugation at 100,000 xg for 1 hour. Then,

supernatant was recovered and systematically checked by dynamic light scattering.

Enzyme Isoelectric point Molecular mass Storage buffer composition
(kDa)

PhaCCA 6.13 48.4 20 mM Tris/HCI pH 7.5
200 mM NaCl
5 mM MgCl,

RcuCCA 8.49 53.0 50 mM NaH,PO, - final
50 mM Na,HPO, - pH 7.0
200 mM NaCl

10 % (w/v) Glycerol

AncCCA 6.35 46.5 25 mM Tris/Hcl pH 7.5
150 mM NaCl

5 mM MgCl,

5to 10 % (w/v) Glycerol

Table I1.2: CCA-adding enzymes storage buffer composition

4. tRNA in vitro transcription

CCA-adding enzymes are able to process a variety of non-coding tRNA-like substrates
which do not carry base modifications (Wende et al., 2015). Thus, in vitro transcribed tRNA
are efficiently bound and recognized as substrates by this particular nucleotidyltransferase
family. In attempts to obtain crystals of tRNA:CCA-adding enzyme complexes, four different
tRNAs (Table I1.3) were produced in vitro as described by Schiirer et al. (2002), Jiihling et al.
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(2018) and Théobald-Dietrich et al. (2020). The mini-tRNA™ consists of upper part of the
canonical yeast tRNA™™, that is acceptor stem and TyC arm/loop. Such a substrate was shown
to be compatible for co-crystallization with class I (Pan et al., 2010) and class II (Toh et al.,
2009; Yamashita & Tomita, 2016) CCA-adding enzymes .

As an example, tRNA" and tRNA*® sequences from R. culicivorax were cloned in
pCR2.1-TOPO (Invitrogen, Netherlands) with upstream T7 RNA polymerase (T7 RNA-pol)
promoter and Hammerhead ribozyme (HH ribozyme) and downstream hepatitis delta virus
ribozyme (HDV ribozyme). Sanger sequencing (Sanger et al., 1977) was used to check for
right gene incorporation (MicroSynth Seqlab, Gottingen, Germany). Target sequences
(T7/HH/tRNA/HDV) were amplified polymerase chain reaction (PCR).

In order to produce enough material for crystallization experiments, original
transcription protocol volumes were scaledup to 30X or 50X. Thus, transcription mix was
composed of 100 to 200 ng of PCR-products, 1X transcription buffer (80 mM Tris/HCl pH
8.8, 22 mM MgCl,, 5 mM DTT, 1 mM Spermidin, 1.8 pM BSA), 200 mM DTT, 25 mM
NTPs, 12 U TIPP, 30 pg T7 RNA-pol. Incubation of the mix at 37 °C for 8 to 10 hours was
followed by a ribozyme-cycling (10X, 60 °C for 3 min, 25 °C for 3 min) to cleave off
additional nucleotides. Xylene cyanol was added to the mix and tRNAs were separated on
pre-heated 10% (tRNA™) or 12.5% (tRNA™, tRNA"®, mini-tRNA"™) 8 M polyacrylamide
(PAA) gel at 30 W for 1 to 1.5 h. Visualization of tRNA was done under UV light, bands were
cut off, split in 1.5 mL tubes with 400 pL ddH-O and incubated overnight at 4 °C. Then, tubes
were heated at 65 °C for 1 h and precipitated in ethanol as described in Sambrook et al., 1989.
For about 500 pmol of tRNA, removal of 2°,3’-cyclic phosphate (dephosphorylation) was
done in dephosphorylation buffer (100 mM imidazole/HCI pH 6.0, 22 mM MgCl,, 10 mM f3-
mercaptoethanol, 100 pM ATP, 300 nM BSA), 5 pL (home-made) T4 polynucleotide kinase
(T4 PNK) at 37 °C for 1 h. Final tRNAs were extracted with phenol/chloroform procedure

and precipitated as mentioned above.

Organism tRNA Size (hucleotides) | Target enzyme Protocol for synthesis

S. cerevisiae | tRNA™"™ 73 AncCCA, PhaCCA | Schurer et al., 2002
Mini-helix |20 ANncCCA, PhaCCA, |Théobald-Dietrich et al.,
tRNAPe RcuCCA 2020

R. culicivorax |tRNA" 47 RcuCCA Schirer et al., 2002;
tRNAA 42 RCUCCA Juhling et al., 2018

Table I1.3: In vitro transcribed tRNAs for co-crystallization experiments
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5. Nano Differential Scanning Fluorimetry

Stability of an enzyme can be assessed with its melting temperature (Tm), which
corresponds to the temperature where half of the sample is in denatured (unfolded) state.
Differential Scanning Fluorimetry (DSF) or Thermal Shift Assay (TSA) is a method based on
progressive heating of a sample and the monitoring of denaturation of the macromolecule
(Elgert et al., 2020). In a DSF experiment, the target protein is associated with a fluorescent
dye and placed in a reaction chamber where a temperature ramp is applied. Throughout the
entire experiment the evolution of the fluorescence signal is recorded and plotted against
temperature. As the protein undergoes physical changes (e.g., unfolding or aggregation), the
signal drastically increases or decreases. At half of this curve jump, the Tm can be deduced.

The last ten years a labelled-free and miniaturized version of the method has been
introduced (nanoDSF), using intrinsic protein fluorescence of tryptophans (and tyrosines to a
lesser extend) which strongly depends on the 3D structure of their environment (Ghisaidoobe
& Chung, 2014). The system has mostly been spread by the NanoTemper company and its
Prometheus NT48 machine. Briefly, 10pL glass capillaries are filled with the sample and
placed on a peltier holder in the machine. During the experiment, the samples are exposed
under a light-emitting diode and fluorescence emitted at 330 and 350 nm is detected. Starting
from a low (e.g 15 to 25°C) point, the temperature is progressively increased (from 1°C per
minute) until 95°C in a typical experiment. At the end of the experiment, fluorescence values
are plotted against temperature and four types of plots are cross-compared and used to
determine the Tm. They consist of the first derivative of 330 nm and 350 nm evolution, the
350/330 ratio fluorescence and finally the scattering plot which informs on aggregation
events.

NanoDSF system is also used to determine the (de)stabilizing effect of a ligand,
different buffer compositions, or detergents on the macromolecule of interest. On more
extend, the effects of mutations can also be assessed when compared to denaturation curve of

the wild-type enzyme.

6. Crystallization

The different crystallization methods described in section 1.2 were employed to obtain

CCA-adding enzymes crystals suitable for X-ray data collection at synchrotron light sources.
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Experiments were conducted at 20 °C (few attempts at 4 and 25 °C) using devices shown in

Table I1.4.
Method Device Number of experiments Volume required (pL)
(provider) per device
Macromolecule Crystallant
(drop) (reservoir)
Vapor diffusion EasyXtal®/ NeXtal® 6x15/6x24 1-5 400 - 1.000
hanging drop (NeXtal Biotech, Canada)
Vapor diffusion Linbro plates 15/24 1-10 400 - 1.000
hanging drop (Jena Bioscience, Germany)
Vapor diffusion CrystalQuick™ 3x96 0.1-0.4 40 - 80
sitting drop (Greiner Bio-One, Germany)
Vapor diffusion CrystalQuick™X 2x96 0.1-04 40
sitting drop (Greiner Bio-One, Germany)
Counter diffusion ChipX3 8 5 5x8
Counter diffusion GCB-Domino 6 0.3-0.5 2.500
(Triana Sci & Tech, Spain)
Batch Nunc™ MicroWell (Denmark) 1x60 05-5 none
Batch Impact low profile 1x96 05-5 none
(Greiner Bio-One, Germany)
Batch 0.5/ 1.5 mL Microtubes 1 10 -1.000 none
(Eppendorf™, Germany)
Dialysis Dialysis Button™ 1 5 700 —1.000
(Hampton Research, USA)

Table I1.4: Crystallization devices used in this project

Commercial crystallization screens consisted of JCSG++ (Jena Bioscience, Germany),
Natrix HT, Crystal screen HT and PEG/Ion HT (Hampton Research, USA). Home-made
screens were prepared in 96 Deep Well MASTERBLOCK® (Greiner Bio-One, Germany) with
1 to 2 mL per condition. Stock protein was used at 5 mg.mL™" in all experiments, except for
batch crystallization where it was concentrated from 7 up to 12 mg.mL™ (if no aggregation
instantly occurred) using 0.5 mL Amicon® Utra centrifugal filter units (Merck Millipore,
Molsheim) pre-equilibrated with protein storage buffer. Crystallization droplets in 96-well
plates were dispensed and mixed twice with a mosquito® pipetting robot (spt labtech, UK).
Plates were sealed with Crystal Clear Sealing Film™ (Hampton Research, USA). Vapor
diffusion and batch experiments were conducted following conventional procedures or
complemented with low melting point 0.2% (w/v) agarose gel first heated at 90 °C and kept at
35 °C prior to dispensing. For experiments under cryogenic conditions, crystals were fished
with MicroMounts™ and MicroLoops™ (MiTeGen, USA), transferred in cryo protecting
solutions consisting of 1/3 of 50% (w/v) glycerol, 1/3 of mother liquor and 1/3 of crystallizing
solution for 15 to 60 s. Eventually, crystals were briefly plunged in Paratone-N (Hampton

Research, USA).
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7. Advanced methods

Experiments with Tb-X04-01, Tb-X04-02 or Lu-Xo4 nucleants (Polyvalan SAS,
France) were set following two different protocols from the provider. In the first one, the dried
nucleant was resuspended in 10 pL of storage buffer of the target macromolecule to reach a
concentration of 100 mM. Then, the solution was added to crystallization drops at a final
concentration of 10 mM. In the second procedure, the dried compound was either resuspended
in 25 pL of stock protein or, if the protein tends to precipitate, in 25 pL of 100 mM sodium
hydrogencarbonate pH 7.1 and directly added to protein stock.

Streak seeding experiments were done with Seeding Tool (Hampton Research, USA)
which was plunged in an initial drop with high concentration of nano or microcrystals and
streaked in a series of drops with the enzyme prior to crystallant addition. For microseed
matrix seeding, the seed stock was either prepared with Seed bead glass kit (Hampton
research, USA) following provider recommendations or by crushing manually crystals in the
drop with melted glass Pasteur pipette, transferring “crystal debris” in a 1.5 mL microtube and
vortex three to four times for 30 s.

Trace fluorescent labeling of enzymes was done following Dr. Marc Pusey’s procedure
(Pusey et al., 2015) using 0.6 pL 5-Carboxyrhodamine 6G, Succinimidyl Ester (Invitrogen™,

USA) to recover a final volume of about 80 pL of labeled enzyme at 1 to 1.5 mg.mL™".

8. Data collection

X-ray data collection were mostly performed at Soleil synchrotron (Saint-Aubin,
France) on Proxima 1, and Proxima 2A beamlines equipped with Dectris Pilatus 6M and Eiger
9M detectors, respectively. Details concerning data collection on PhaCCA crystals are
gathered in Table 1 from de Wijn et al., (2021). In situ experiments at room temperature were
conducted on Proxima 2A beamline with the precious help from Dr. William Shepard, Dr.
Serena Sirigu and Damien Jeangerard who is developing the Plate Screener system (Cribleur).
The complete setup and procedure are detailed in Figure 1-10 and in Jeangerard et al., (2018).
Initially, to determine whether crystals were diffracting or not, a first “one-shot” was tried on
crystal extremities. Thus, the incident wavelength was set at 0.980 A, the detector-sample
distance was set at 0.216 m and an exposure time of 0.05 or 0.1 s at 10% of transmission

energy was tried. If significant diffraction was detected (yielding enough diffraction spots to
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index data), a series of rotation scans around w angle were collected with +/- 20° amplitude,
100% transmission energy and 0.005 s exposure time per image.
P14/T-REXX beamline

The P14/T-REXX beamline (EMBL, Hamburg, Germany) is a brand new synchrotron
beamline equipped with an Eiger 4M (Dectris, Switzerland) detector and designed for time-
resolved X-ray crystallography experiments. Regarding the setup on the beamline, the 20.000
positions of the HARE chip system (see Figure 3-11 and Mehrabi et al., 2020) are scanned
within 10 min and X-ray data are automatically processed with CrystFEL (White et al., 2012),
a software initially developed for high-throughput experiments at XFEL sources. For our
experiments, the wavelength was set at 0.97626 A, the exposure time per image at 0.005 s,
and the detector-sample distance at 0.120 m. Prior to chip loading, samples (i.e microcrystal
solutions) were quickly checked under light microscope and size of crystals was evaluated

inside hemocytomter C-Chip (NanoEnTek, South Korea).

9. Data processing

Dectris detectors used for instance on Proxima 1 and Proxima 2A beamlines compile
X-ray diffraction data in Hierarchical Data Format 5 (hdf5) having a “.h5” extension. On the
one hand, X-ray diffraction pictures (frames) are regrouped in blocks stored in a set of “data
files” (usually 100 frames per “data.h5” file). On the other hand, a “master” file contains the
list of all data files generated from a single collection as well as parameters used during the
experiment (detector distance, exposure time, oscillation range...). Then, ADXV (A. Arvai,
scripps.edu) and ALBULA (Dectris, Switzerland) program are used to visualize diffraction
pictures.

For PhaCCA crystals, X-ray data processing and reduction were done as described in
de Wijn et al. (2021). Concerning AncCCA crystals, the poor quality of data collected forced
us to test the different available softwares gathered in Table 2-5 to exploit the more

information available.
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Softwares

Provider | Reference

XDS

MPI Heidelberg / Kabsch, 2010

DIALS (CCP4 package)

Diamond light source (UK) / (Winter et al., 2022)

Xia2 (CCP4 package)

Diamond light source (UK) / (Winter, 2010)

Mosflm (CCP4 package)

CCP4 / Leslie, 2005

autoPROC

Global Phasing (UK) / Vonrhein et al., 2011

Tableau IL.5: Softwares and packages used for X-ray data processing, reduction and scaling

10.

Other softwares

All along my thesis, a selection of different softwares gathered in Table 2-6 were

regularly used from the sample visualization to the final refinement and presentation of the

model.
Program Used for Reference | Provider
Phenix suite X-ray data and model refinement Liebschner et al., 2019
CCP4 suite X-ray data processing and model refinement Winn et al., 2011
ESPript 3.0 Amino acid sequence alignment to 2D structural | Robert & Gouet, 2014

elements

ENDscript 2.0

Combines ESPript 3.0 results and 3D models from
the PDB

Robert & Gouet, 2014

elNémo Low frequency normal mode computation Suhre & Sanejouand, 2004
Modeller Protein 3D modelling Webb & Sali, 2016
AlphaFold2 Protein 3D modelling Jumper et al., 2021

Pymol 3D models visualization and animation Schrédinger, LLC, 2015
Xtal Focus | Image acquisition from plate imager implemented | Explora Nova, France
Acquire on Axio Zeiss microscope

Cell® Image acquisition on Olympus, Germany
Imaged Microscopy images processing (TIFF, GIF, JPEG...) | Open source, NIH (USA)
Mendeley Bibliography Elsevier

Youtube Music

Overnight synchrotron shifts

Google Inc.

Table I1.6: List of regularly used softwares in the frame of this work

11. Electron microscopy

Beside from conventional single particle analysis under cryogenic conditions (cryo-
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EM), transmission electron microscopes (TEM) offer the possibility to observe
nano/microcrystalline material issued, for instance, from precipitate-like of macromolecule
suspensions. Furthermore, intrinsic nature of electrons allows them to interact with matter,
more precisely with nuclei from atoms. Indeed, few studies from mid 1990’s (Henderson,
1995; Kiihlbrandt et al., 1994; Shi et al., 1998) proved that very thin nanocrystals of
macromolecules could scatter electrons (as X-rays do by interacting with electrons) and thus
give birth to a diffraction phenomenon. Until now, such experiments were hardly feasible due
to material limitations. Very recently ThermoFisher company used the large spreading and
developments of cryo-EM technology to implement new micro electron diffraction (micro-
ED) systems on their own TEM. Thus, with the support from FRISBI (French Infrastructure
for Integrated Structural Biology), we could get access to a Glacios™ cryo-TEM
(ThermoFisher) from Instruct-ERIC infrastructure at IGBMC (Illkirch, France) to analyze
nanocrystals of AncCCA enzyme.

Cryo-EM grids were cleaned with a plasma cleaner (Dubochet, 1982) for 2 min 30 s,
at 35% intensity, 20% oxygen and 80% argon. Then, 3 pL of sample consisting of fresh (<15
h) AncCCA at 5 mg.mL" mixed with PEG 3.350 (from 0.5 to 6 % w/v) and either 100 mM
potassium fluoride or 100 mM sodium malonate, having a precipitate-like aspect, was
deposited onto the grids inside the vitrobot apparatus (ThermoFisher, USA) . Finally, grids

were blotted for 3.0 s, at force 5.0 and directly plunged into liquid nitrogen for storing.
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I11. Purification and
crystallization of CCA-adding

enzymes
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1. Purification of PhaCCA, RcuCC and AncCCA

The three CCA-adding enzymes were purified as described in section I1.3. For the
three candidates, after HisTrap™ purification step, we notice a mid to high contamination of
pooled fractions with nucleic acid (OD2gonm/OD2gonm ratio about 0.8 up to 1.2). Moreover, first
size exclusion trials showed a clear double-peak profile in the same eluted fractions. Analysis
of these fractions on 12% SDS-PAGE and 15% TBE-urea gel indicated that the first peak was
actually composed of a mix of unspecific nucleic acids bound to the target enzyme whereas
the second corresponded to pure protein. As described for a variety of RNA polymerases (Toh
et al., 2011) we used a heparin matrix based column to eliminate nucleic acid contaminants.
Thus, one the one hand, we improved OD 260nm/OD2gonm ratio from above 1.0 down to 0.58 and,
on the other hand, we recovered a higher quantity of protein. As an example, chromatograms
from each AncCCA purification steps are shown in Figure IIL.1.

Then, prior to any experiment, homogeneity and monodispersity of purified enzymes
were checked by DLS with a DynaPro NanoStar (Wyatt Technology, USA). While AncCCA
(Figure II1.2.A) and PhaCCA were pure and stable when stored at 4 °C, RcuCCA, on the

contrary, was quickly showing signs of aggregation (Figure I11.2.B).

2. Preparative work on RcuCCA

2.1.  Stability of RcuCCA

The CCA-adding enzyme of R. culicivorax was purified as described in section I1.3
Less than three days after purification, DLS highlighted the strong propensity of the sample to
aggregate as shown in Figure II1.2.B. In addition, a second lower band on 12% SDS PAGE
could appear directly after purification of the enzyme, indicating a possible degradation of
RcuCCA enzyme. Further investigations by mass spectrometry did not reveal specific
cleavage sites for E. coli peptidase as shown in Figure II1.3. Thus, degradation of the sample
could be due to oxidation and non appropriate storage buffer. In order to limit aggregation, we
stored the protein without any concentration step after purification. This way, the stability of

enzyme stocks could be improved from few days up to 5 weeks of storage at 4 °C.
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Figure IlIl.1: Chromatograms from the different purification steps of AncCCA enzyme

A. Affinity purification (HisTrap) step. B. HiTrap heparin column. C. Size Exclusion Chromatography.

Hatched rectangles corresponds to pooled fractions. The blue and red profiles corresponds to the

absorbance at 280 nm and the conductivity (in mS/cm), respectively.

61



Al
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B.2 . L

Figure lIl.2: DLS profiles of AncCCA and RcuCCA enzymes

The left graph plots the percentage of mass against particle diameter (in nm). The right graph
corresponds to the autocorrelation function. A.1. AncCCA at 5 mg.mL-1 checked directly after ultra
centrifugation (UC) at 100.000 xg for 1 hour. A.2. AncCCA stock checked after one week of storage
at 4 °C. B.1. RcuCCA checked directly after UC at 100k G for 1 hour. B.2. RcuCCA stock checked
after 2 days at 4 °C.
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Figure II1.3: RcuCCA degradation inspection by SDS-PAGE and mass spectrometry

A. SDS-PAGE 12% control on PhaCCA and RcuCCA stocks after four months at 4 °C. Lane 1: 0.2
Hg PhaCCA stock. Lane 2: 0.4 ug PhaCCA stock. Lane 3: 0.8 ug PhaCCA stock. Lane 4: 2 ug
control BSA (bovine serum albumin). Lane 5: Protein ladder. Lane 6: 4 ug control BSA. Lane 7: 4 ug
control BSA. Lane 8: 0.2 ug RcuCCA stock. Lane 9: 0.4 pg RcuCCA stock. Lane 10: 0.8 pg RcuCCA
stock. B. Mass spectrometry results for (B.1) RcuCCA “upper band” and (B.2) RcuCCA “lower band”.

Belatedly in the project, we could get access to nanoDSF equipment (Prometheus
NT.48, Nanotemper) in order to screen a set of buffers with pH ranging from pH 4.0 up to pH
10.0. We used the light scattering data, corresponding to attenuation of the backreflected light
intensity passing through the sample, to determine the onset temperature of aggregation (Kim
et al., 2021). At pH 7.0, corresponding to actual RcuCCA storage buffer, an onset temperature
of 49.6 °C (Figure I11.4.A) could be determined whereas pH 10.0 condition showed an onset
at 65.3 °C (Figure II1.4.B). These results clearly indicate a tendency for better stability at pH
10.0. Indeed, this behavior could be explained by a reduced proteolytic/gelatinolytic activity
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far from neutral pH as already described in the literature (Sharma & Luthra-Guptasarma,
2009). Finally, pH 10.0 could be tested in new purification protocol of RcuCCA enzyme in
order to improve stability and limit its degradation. However it seems important to keep in
mind that such an artificial basic environment might be too far from in vivo conditions and so,

could imply a different behavior of the enzyme than expected.
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Figure Il1.4: Scattering signal of RcuCCA in nanoDSF buffer screening experiment

Here, the fluorescence (in arbitrary units) is plotted against the temperature (in °C). A. Scattering
profile at pH 7.0 (pH of the original storage buffer) with an onset temperature of 49.6 °C (red dot
line). B. Scattering profile at pH 10.0 with an onset temperature of 65.3 °C.

2.2.  Crystallization of RcuCCA

For RcuCCA, a first series of crystallization attempts were performed by vapor
diffusion with PEG/Ion HT, Crystal Screen HT, Natrix HT (Hampton Reasearch, USA) and
JCSG++ HT (Jena Bioscience, Germany). I tried TFL labeling trials with carboxyrhodamine
(Pusey et al., 2015) but it led to a mix irreversibly bound to the desalting column during the
preparation process. Again, the non-adapted pH of protein and borate buffer used in labeling
protocol, combined with concentration effect of the sample in the desalting column, may
explain aggregation and the tendency to stick to the matrix. As an alternative, ultraviolet (UV)

light was used to detect potential crystalline objects.
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Figure II.5: Potential crystallization hits for RcuCCA
A.1 Index HT screen C4 (35% v/v tacsimate pH 7.0). A.2. Under UV illumination. B.1 JCSG++ H3.1
(25% w/v PEG 3.350, 100mM BIS-TRIS PH5.5). B.2. Under UV illumination. C.1. Index HT screen
D12 (45% v/v MPD, 200 mM Calcium chloride dihydrate, 100 mM BIS-TRIS pH5.5). C.2. Under UV
illumination .D. RcuCCA with Rcu-tRNAArg, 100X diluted AncCCA seeds, Index HT H12 (30% wi/v
mPEG 2.000 , 150 mM potassium bromide). E. 100X diluted AncCCA seeds, PEG/lon HT E12 (20%
w/v PEG 3.350, 8% v/v tacsimateTM pH5.0). F. RcuCCA with Rcu-tRNAArg, 100X diluted AncCCA
seeds, Index HT F10 (25% w/v PEG 3.350, 200 mM sodium chloride, 100 mM BIS-TRIS pH5.5). G.
PEG/lon HT C1 (20% w/v PEG 3.350, 200 mM magnesium acetate tetrahydrate). H. RcuCCA with
Rcu-tRNAlle, Natrix HT C5 (4.0 M Lithium chloride, 10 mM Magnesium chloride hexahydrate, 50 mM
HEPES sodium pH7.0. I. Index HT B12 (2.8 M Sodium acetate trihydrate pH7.0). White scalebar

corresponds to 150 um. White arrows indicates possible crystals or microcrystalline material.
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The enzyme was used in its apo form at 5.0 mg.mL™. Drops of 200 nL with
protein:crystallant ratio of 1:1, 1:2 and 2:1 were deposited in crystallization plates.
Experiments were regularly checked under light microscope but amorphous precipitate
appeared in more than 95% of the conditions tested. Thus, considering the aggregation issue
of the enzyme, we repeated the experiment with a concentration of RcuCCA lowered down to
3.5 mg.mL™. In order to increase our chances to obtain crystals, we applied the same
optimization strategy as described for AncCCA (Figure II1.6). Co-crystallization experiments
with tRNA”® and tRNA" from R. culicivorax, due to limited amount of material available,
were conducted in three of the commercial screens (2 x 200 nL. x 96 drops per screen) cited
above, using a protein:tRNA ratio of 1:2.

Then few potential conditions could be identified as shown in Figure IIL.5. In the vast
majority, crystallization drops had an amorphous precipitate aspect. However, when looking
at the maximum magnification of the microscope (100X on Axio Zeiss microscope), we
noticed that the precipitate was made out thousands small grains, especially in conditions
containing PEG, or mPEG. Consistent with what has been observed for the AncCCA enzyme,
it is very likely that nano and micro-crystals formed in identified conditions. Further
refinement with fresh and optimized protein preparation should be eventually tried.

Access to R. culicivorax CCA-adding enzyme structure would constitute a key
element in the understanding of miniaturized mitochondrial tRNA processing mechanisms. As
exposed above, crystallization trials for the apo from or in complex with miniaturized tRNAs
were not successful. However, my host team from Leipzig beautifully demonstrated (see
chapter IV), that introduction of RcuCCA K74 residue at corresponding position in the -turn
of the human enzyme (HsaCCA) could confer the chimera a similar as wild type (wt)
RcuCCA on these minimal substrates. The wt human CCA-adding enzyme has previously
been crystallized in 100 mM sodium citrate (pH 5.6), 2.2 M ammonium sulfate, and its
structure was also solved by my German team at a resolution of 3.4 A (Augustin et al., 2003).
As a point mutation should not disturb crystal formation, our new strategy targets the

crystallization of the chimera previously mentioned.

3. Crystallization of ancestral CCA-adding enzyme

This part of my thesis work combined all crystallization methods available in the
laboratory to obtain and optimize crystals of the reconstituted ancestral CCA-adding enzyme

of gammaproteobacteria group (AncCCA). The strategy used to improve diffraction quality of
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crystals is summarized by the flowchart in Figure II1.6. The particular behavior of the enzyme

to crystallize by a “salting in” phenomenon made this candidate quite challenging to study.

Commercial 96 conditions screening
* Choose the most different screens with C6 tool
« Incrystallization plates compatible with in situ analysis

* Stock protein with TFL

* Testwith 1:1, 1:2, 2:1 protein:precipitant ratio

ooy

:

Vapor diffusion
Hanging/sitting drop

Refine around hits conditions
(concentration, pH...)

‘Batch

ChipX Xtal controller
screen at midhigh  «  play on crystallant
concentration of concentration
HTEE DT «  Determine the

behavior of the
enzyme

« Catch early
nucleation events

Figure lI.6: Pipeline used to optimize crystal diffraction
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Screen name Position |Precipitant Buffer
Crystal Screen C12 8% w/v Polyethylene glycol 8,000 |100 mM TRIS hydrochloride pH 8.5
(Hampton Research) [ 20% wiv Polyethylene glycol 10,000 | 100 mM HEPES pH 7.5
PEG/lon HT Screen |A2 20% wi/v Polyethylene glycol 3,350 |200 mM Potassium fluoride pH 7.3
(Hampton Research) I'e. 12% wiv Polyethylene glycol 3,350 | 100 mM Sodium malonate pH 6.0
G4 20% wi/v Polyethylene glycol 3,350 |200 mM Sodium formate pH 7.0
G5 12% w/v Polyethylene glycol 3,350 %OOO mM Ammonium tartrate dibasic pH
H3 20% wi/v Polyethylene glycol 3,350 | (40 mM Citric acid, 60 mM BIS-TRIS
propane) / pH 6,4
H4 20% w/v Polyethylene glycol 3,350 |(30 mM Citric acid, 70 mM BIS-TRIS
propane) / pH 7.6
H9 15% wi/v Polyethylene glycol 3,350 |150 mM Cesium chloride
JCSG++ HTS (Jena) | E10 10% w/v PEG 6000 100 mM bicine pH 9.0

Tableau IIL.1: Initial crystallization hits for AncCCA in commercial screens

Figure IlIl.7: Pictures of AncCCA initial crystallization hits obtained in commercial screens

A. PEG/lon HT A2. B. PEG/lon HT E5. C. PEG/lon HT G4. D. PEG/lon HT G5. E. PEG/lon HT H3 F.
PEG/lon HT H4. G. PEG lon HT H9. H. Crystal screen HT H2. I. JCSG ++ HT E10
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Although no structure has been solved yet, new purification and crystallization

approaches (discussed below) should considerably improve diffraction quality of crystals.

3.1.  Identification of crystallization conditions

To determine initial crystallization conditions, the protein was first used used at 5
mg/mL in three different commercial screens: JCSG++ (Jena Bioscience, Germany), Crystal
screen and PEG/Ion HT (Hampton Research, USA). Plates were stored at 20 °C and regularly
checked. Crystals appeared within few days with an obvious tendency to form in the presence
of polyethylene glycol as shown in Table 3-1.

Crystals obtained with commercial screens were fished with lithographic microloops
(MiTeGen, USA), soaked in cryo-protecting solution consisting either of ¥ mother liquor and
15 25% glycerol, or paratone-N (Hampton Research, USA), and flash cooled in liquid
nitrogen. Preliminary X-ray characterization experiments were done at Proxima 2A beamline
(Saint-Aubin, France) and indicated that several hits corresponded to protein crystals yielding

diffraction patterns at low resolution.

3.2.  Crystallization in the Xtal Controller XC900

Considering diffraction results from initial screens, I selected three promising
conditions from PEG/Ion HT screen (A2, E5, H3) to be tested in the Xtal Controller. Stock
solutions of crystallant were all prepared at a concentration of 2.5% (w/v) PEG 3.350 for a
viscosity compatible with piezoelectric pumps from the machine. Experiment was set as
described in de Wijn et al. (2020), using an initial protein concentration of 5 mg.mL™". Briefly,
a 10 pL drop of protein stock was deposited on a 22 mm siliconized glass coverslip and left in
constant mode for at least 1 hour as a pre-incubation step. All along the experiment, DLS
measurement were performed every 5 minutes to check for possible aggregation or nucleation
events. Then, crystallant was progressively added for one hour until reaching twice the initial
volume of the drop, which was incubated in constant mode while taking regular DLS
measurements for one hour. The result is displayed as a “radius plot” which indicates for each
measurement (as a function of time on the x-axis) the different particle populations

represented as dots whose center and radius indicate their size (on the y-axis) and contribution
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to the total scattering intensity, respectively. Finally, during one hour, controlled evaporation
was used to come back to initial volume of the droplet.

As shown in Figure II1.8.A.1, addition of 1 volume of crystallizing solution (here 2.5%
(w/v) PEG 3.350, 100 mM sodium malonate pH 6.0) triggered appearance of bigger particles
(from 100 to 1000 nm) into the drop, while the monomeric fraction (about 8 nm) was still
present. After 1 hour at a constant regime, the drop was concentrated until reaching initial
volume. After 14 hours, the coverslip was taken out of the machine and checked under
microscope (Axio Observer, Zeiss, Germany) and light precipitate could be observed, as
shown in Figure II1.8.B. The coverslip was put back in the machine and, in an attempt to
dissolve the precipitate, water was added to the drop until reaching a concentration of 1.5%
(w/v) PEG 3.350, 60 mM sodium malonate pH 6.0. About 34 hours after crystallant addition,
the drop was observed again under microscope and thousands of crystals ranging from 5 to 25
pm were observed. At this moment, the coverlip was transferred to standard Linbro plate and
equilibrated against the same concentration of crystallant. The experiment was successfully
repeated with solutions of 2.5% (w/v) PEG 3.350 buffered with either 200 mM potassium
fluoride pH 7.3 (Figure II1.8.C) or (30 mM citric acid, 70 mM BIS-TRIS propane) pH 7.6. In
an other experiment, the same behavior regarding population size evolution on the radius plot
was observed after the addition of 10 mM Tb-Xo4 (Figure II1.8.A.2), but no crystals could be
obtained at the end of the experiment.

We repeated several times these experiments and noticed that the addition of water
was necessary for crystal growing. Moreover, when looking closer to microscope images from
the Xtal controller, we could observe light precipitate at the water injection site, at very early
stage of crystallant addition. In addition, radius plots indicated that bigger populations than
the monomeric one could appear when the laser was close to water injection site. We then
pushed this observation to an extreme point when, after addition of 1 volume of crystallant,
we diluted the drop with water up to four times its original volume. This way, the precipitate
was first disappearing from the drop and less than 20 hours after, crystals were appearing
(Figure II1.9). Such an observation was the first hint in favor of a “salting in” behavior of the
protein instead of conventional “salting out” process. A series of crystals obtained with the
different crystallant were fished, flash cooled and stored in liquid nitrogen. However, due to

COVID-19 lockdown, crystals were lost after nitrogen evaporation from the storage deware.
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Figure II.8: AncCCA crystallization in the Xtal Controller

A.1. Radius plot showing the effect of progressive addition of 2.5% (w/v) PEG 3.350, 100 mM sodium
malonate pH 6.0. Populations of bigger size (100 to 1000 nm) are appearing about 2 hours after
injection. A.2. Radius plot with showing the effect of 10 mM Tb-Xo4 nucleant added after 15h
incubation. B. Evolution of a drop after addition of crystallant to a final concentration of 1.5% (w/v)
PEG 3.350, 60 mM sodium malonate pH 6.0. Day0O and Dayl corresponds to 14 and about 32 hours
after crystallant addition respectively. C. Drop one days after addition of crystallant to a final
concentration of 1% (w/v) PEG 3.350, 80 mM potassium fluoride pH 7.0.
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D.

Figure II1.9: AncCCA crystals emerging from precipitate

A. Drop with 1.0 % (w/v) PEG 3.350, 100 mM Na malonate pH 6.0, approximately 1.5 day after mixing.
B. Drop with 3.0%(w/v) PEG 3.350, 200mM HEPES pH 6.5, 0.2% agarose, one week after mixing. C.
Drop with 5.0% (w/v) PEG 3.350, 200mM HEPES pH 6.5, 0.2% agarose, one week after mixing. D.
Drop with 1.2% (w/v) PEG 3.350, 50 mM potassium fluoride, 0.2% agarose, four days after mixing.
The efficient trace fluorescent labelling with carboxyrhodamine serve to confirm the presence of
AncCCA crystals. White scalebar corresponds to 100 pm.

3.3.  Further refinement by vapor diffusion

While the Xtal Controller is a robust apparatus to navigate through the phase diagram
of a macromolecule, it only functions with a single crystallization solution per experiment. In
parallel, refinement around different PEG and salt concentrations as well as pH ranges were
attempted with home-made 96 conditions screens. Sitting drop experiments were conducted in
96-well CrystalQuick™X crystallization plates (Greiner Bio One, USA) as they were suitable
for direct in situ analysis at Proxima 2A beamline. Also, 24 wells EasyXtal plates (NeXtal
Biotechnologies, Canada) were used for hanging drop trials. In total, six different 96 home-
made screens with PEG 3.350, PEG 6.000 or PEG 10.000 concentrations ranging from 0.5 to

20 % (w/v) were tested. The buffers, used from 100 to 300 mM, consisted of potassium
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fluoride pH7.3, sodium formate, sodium tartrate dibasic, bicine and pH ranging from pH 5 up
to pH 8.5 were explored with sodium malonate or HEPES.

We first played on different ratios of protein versus crystallant and confirmed the
tendency to form crystals at PEG concentrations below 3% (w/v). We observed the systematic
formation of a precipitate at the mixing step with the crystallizing solution. Drops with very
low PEG 3.350 concentrations (from 0.5 up to 3 %) were getting clear after 1.5 to 2 days and
thousands of crystals were appearing after 2 to 4 days at 20 °C. On the contrary, drops with
higher concentration of crystallant remained full of precipitate. Crystals from every working
condition were manually fished (with sizes down to 10 pm), soaked in a series of different
cryo protecting solutions, were flash cooled and tested at Proxima 1 or Proxima 2A

beamlines. Despite several attempts, no relevant diffraction above 15 A could be obtained.

3.4. Insitu X-ray diffraction experiments at Proxima 2A

From 2021 on, we took benefit of availability of brand new Plate Screener called
Cribleur (Jeangerard et al., 2018) implement on Proxima 2A beamline (Figure 1.12) to
perform in situ X-ray diffraction characterization at room temperature and thus speeding up
our research for ideal crystallization conditions. From then, we used agarose gel at 0.2 %
(w/v) (Zhu et al., 2001) (I) to limit nucleation events and thus push the system toward fewer
and bigger crystals, and (II) to reduce convection in the mother liquor and so improve crystal
growth and diffraction quality. In addition, we tested macro and microseeding at different
dilutions and in series (up to four times). Cross-seeding was also attempted using crushed
PhaCCA crystals with high diffraction quality properties (De Wijn et al., 2018). We also used
nucleating agents available from Polyvalan company (Lyon, France), namely Tb-Xo4, Tb-
Xo04-2 (a more recent version of the nucleant), and Lu-Xo4 (an alternative form with a
coordinated lutetium ion). Furthermore, 5 to 10 mM ATP, CTP or CMPcPP were added to
crystallization drops or protein stocks in order to stabilize the flexible N-terminal part of the
enzyme which might improve diffraction properties of crystals. Finally, we used in situ trace
proteolysis (Wernimont & Edwards, 2009; Dong et al., 2007) with trypsin and chemotrypsin
to get rid of potential floppy parts of the enzyme which could disturb crystalline contacts and
crystal packing.