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Biophysical and enzymological exploration of Mycobacterium tuberculosis
phosphoserine phosphatase SerB2 self-assembly and regulation by L-serine

by Elise Pierson

Abstract

Homo-oligomerization, or protein self-assembly, is a phenomenon governing a wide
variety of cellular functions. The homo-oligomeric state of an enzyme can, for in-
stance, influence its function and/or activity, and consequently all the biochemical
mechanisms arising therefrom. An emerging therapeutic strategy therefore consists
in regulating the activity of an enzyme by interfering with its quaternary structure(s)
using small molecules. The implementation of such an approach requires the thor-
ough characterization of homo-oligomerization in the targeted system.

In the context of research against tuberculosis and the ever-growing threat to public
health caused by the emergence of multidrug-resistant strains, this thesis focuses on
the phosphoserine phosphatase SerB2 of M. tuberculosis (MtSerB2). Not only essential
to the survival of the pathogen through its metabolic function in L-serine biosynthe-
sis, the enzyme is also an interesting therapeutic target in light of its suspected role
in host invasion.

This work consists of the exploration of MtSerB2 homo-oligomerization in the pres-
ence and absence of L-serine. The nature, structure, and activity of the oligomeric
species formed by the enzyme and its homologs (natural or engineered) are studied
by electrophoresis, size exclusion chromatography, light scattering in solution, X-ray
crystallography, and enzyme kinetics. Combined, the results suggest that MtSerB2 is a
morpheein. Multiple alternative quaternary assemblies of the enzyme are evidenced,
including an active domain-swapped dimer, an inactive tetramer, and a low-activity
trimer formed in the presence of L-serine. Their structural characteristics and for-
mation mechanisms indicate that the interconversion between these species can take
place through a conformationally flexible monomeric state. In addition to establishing
the basis for the rational design of selective allosteric inhibitors, this equilibrium may
provide answers to the moonlighting properties of MtSerB2.

Ph.D. thesis in Sciences
Namur, October 3, 2022
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Exploration biophysique et enzymologique de 1’auto-assemblage et de la
régulation par la L-sérine de la phosphosérine phosphatase SerB2 de
Mycobacterium tuberculosis

par Elise Pierson

Résumé

L’homo-oligomérisation, ou auto-assemblage des protéines, est un phénomene régis-
sant une grande variété de fonctions cellulaires. L'état homo-oligomérique d'une
enzyme peut, entre autre, influencer sa fonction et/ou son activité, et par conséquent
tous les mécanismes biochimiques en découlant. Une stratégie thérapeutique émer-
gente consiste donc a réguler l'activité d’une enzyme en interférant avec sa ou ses
structure(s) quaternaire(s) a l'aide de petites molécules. L'implémentation d'une telle
approche nécessite la caractérisation détaillée de ’'homo-oligomérisation du systeme
ciblé.

Inscrite dans le contexte de la recherche contre la tuberculose, dont les souches mul-
tirésistantes constituent une menace croissante pour la santé publique, cette these a
pour sujet la phosphosérine phosphatase SerB2 de M. tuberculosis (MtSerB2). Essen-
tielle a la survie du pathogene de par sa fonction métabolique dans la biosynthése de
la L-sérine, cette enzyme est également une cible thérapeutique intéressante au regard
de son role soupconné dans l'invasion de I'hote.

Ce travail consiste en I’exploration de ’homo-oligomérisation de MtSerB2 en présence
et absence de L-sérine. La nature, structure et activité des especes oligomériques que
I'enzyme et ses homologues (naturels ou congus in vitro) forment sont étudiées par
électrophorése, chromatographie d’exclusion de taille, diffusion de la lumiere en so-
lution, cristallographie aux rayons-X et cinétique enzymatique. Combinés, les résul-
tats obtenus suggerent que MtSerB2 est une morphéine. Plusieurs assemblages qua-
ternaires alternatifs de I’enzyme sont mis en évidence, dont un dimeére a domaines
échangés actif, un tétrameére inactif et un trimere peu actif formé en présence de L-
sérine. Leurs caractéristiques structurales et mécanismes de formation indiquent que
I'interconversion entre ces especes peut avoir lieu au travers d’un état monomérique
conformationellement flexible. Outre le fait d’établir les bases pour la conception
rationnelle d’inhibiteurs allostériques sélectifs, cet équilibre pourrait apporter des
réponses quant aux propriétés multifonctionnelles ("moonlighting") de MtSerB2.

Dissertation doctorale en Sciences
Namur, 3 octobre 2022
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Des parachutistes fainéants a la rescousse de vos poumons

par Elise Pierson
dans le cadre du concours " Ma thése en 180 secondes "
Namur, 25 mars 2022

Résumé vulgarisé

C’est tres contagieux et ¢a vous fait tousser. Et non, je ne vous parle pas ENCORE du
coronavirus! Ce soir, la star c’est la tuberculose. " Tibie " pour les intimes. Et je vous assure
que c’est une bactérie encore trés a la mode. Elle dort dans les poumons d’un tiers de la
population mondiale, et résiste de plus en plus aux antibiotiques actuels. Dans les labos, on
cherche donc de nouveaux moyens de la mettre hors d’état de nuire!

Parce que Tibie a un but: habiter dans les cellules de vos poumons pour toujours. Pour y
parvenir, elle y largue une escouade de minuscules parachutistes répondant au doux nom de
SerB2. Les membres de cette escouade sont des enzymes, le genre de grosses molécules qui
adorent bricoler dans vos cellules. Ces enzymes parachutistes, la premiere partie de ma these,
c’était de les espionner.

Ici I'agent spécial Elise, j'ai un visuel! Les parachutistes sautent le plus souvent en tandem. Ils sont tres
efficaces pour préparer le terrain: ils débroussaillent, ils installent les tentes, ils font du feu... attendez,
je vois aussi des parachutistes acrobates qui sautent par... quatre? Que font-ils? Euh, la, absolument
rien. lls sont en train de se faire griller des marshmallow... Hein?! Mais pourquoi une telle différence
de motivation?!

Et bien, c’est lié a la figure effectuée pendant le saut. Chez les enzymes, I’architecture est tres
importante. La facon dont leurs atomes sont déployés dans 1'espace détermine comment elles
fonctionnent et si elles sont actives ou non. La flemme de 1’équipe de 4 est donc expliquée par
la forme de son acrobatie. Et c’est trés intéressant, car Tibie aurait bien du mal a établir son
campement dans vos poumons si on forgait toute 1’escouade a sauter comme eux.

Mais pour y parvenir, il faut d’abord déterminer par quelle main, quelle jambe, quel petit
doigt les parachutistes s’accrochent entre eux. Ca, c’était la deuxieme partie de ma theése.
Pour observer, j’ai d’abord essayé de faire une photo en zoomant tres fort. Pour faire une
photo détaillée d"une enzyme au labo, il faut attendre qu’elle se fige en formant des cristaux.
Qu’elle prenne la pose, quoi! Mais bon... est-ce que mes parachutistes ont bien voulu poser?
Eh bien non! Donc pour contourner ¢a, j'ai utilisé la diffusion de la lumiére pour étudier la
forme et la taille de mes enzymes et fait de la mutagenese dirigée pour identifier les con-
tacts moléculaires importants a leur assemblage... Hum, bon, si on reprend, en fait c’est
comme si je m’étais concentrée sur la silhouette des parachutistes en analysant I'ombre qu’ils
projetaient au sol et puis méthodiquement, j’ai saboté une par une les poignées de leurs com-
binaisons pour voir quelles étaient celles qui leur permettait le maintient de leur formation de
la flemme!

Au final, ces subterfuges m’ont permis de mieux comprendre la dynamique de l'escouade
SerB2 et comment elle pourrait étre utilisée dans le développement de nouveaux antituber-
culeux. Ma conclusion? Je sais pas si vous voyez ol je veux en venir mais... c’est que la
flemme, parfois, ¢a a du bon! Non?

https://youtu.be/ot72Q201j10


https://youtu.be/ot72Q2oij10
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“Art is solving problems that cannot be formulated before they have been solved. The shaping
of the question is part of the answer.”

“Problems worthy
of attack

prove their worth
by hitting back.”

- Piet Hein
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Chapter 1

MtSerB2, an interesting
oligomeric target for the
development of new

antituberculosis agents

1.1 Oligomerization, the process of protein self-assembly

Proteins are naturally occurring long amino acid polypeptides that perform a wide
range of functions within the organisms of all kingdoms of life, from catalysis of
metabolic reactions to providing cell structure, through small molecule transport.

They are characterized by four structure levels:
¢ The primary structure or the amino acid sequence

¢ The secondary structure or the local folding of the amino acid chain on itself,
stabilized by hydrogen bonds between atoms in the polypeptide backbone

* The tertiary structure or the spatial arrangement of the secondary structures
into a stable three-dimensional shape, stabilized by hydrogen bonds, van der

Waals forces, ionic bonds and lipophilic contacts



¢ The quaternary structure or the association of several folded protein chains

This thesis focuses on the last level of structure. Although the latter can describe
interactions between different protein chains, giving rise to hetero-oligomers, we will

focus specifically on homo-oligomerization, i.e. the self-association of proteins.

1.1.1 Why build homo-oligomeric proteins?

It is nowadays recognized, thanks to structural determination techniques, that a vast
majority of existing proteins form homo-oligomeric complexes [1]. This finding is not
due to chance: as well reviewed in references [2] and [3] the formation of homomers

is advantageous for the cell at various levels.

To protect from denaturation and to save space - By definition, oligomerization
creates larger proteins. These large complexes gain stability due to an extensive net-
work of weak interactions at the interface separating the subunits. The resulting
tavorable enthalpic gain makes the oligomeric architecture less prone to denaturation
than the subunits alone, in which the entropic cost of solvation and conformational
restriction is sometimes not sufficiently compensated. Homomeric proteins also gain
stability by burying hydrophobic clusters exposed to solvent at oligomeric interfaces,
and possess a smaller surface area, which reduces the amount of solvent needed to
hydrate them. Moreover, homo-oligomerization provides a genetically compact way
to produce large macromolecules and a way to reduce translation errors by discarding

faulty subunits.

To perform a diversity of physiological functions - Morphology plays a role in
function, as the cell sometimes needs to create objects of a given size and shape to
perform defined roles. This is well illustrated by the structure of the DNA clamp of
the bacterial DNA polymerase III, which, thanks to its ring shape composed of two
subunits of 3 domains each, can perfectly surround a DNA strand. The oligomeric
state can also influence the enzymatic activity, when for example the active site is
formed at the interface of two subunits or homomerization is required for the cat-
alytic residues within the active site to adopt the proper 3D conformation. Moreover,
some enzymes exhibit distinct functions (e.g. transferase vs. hydrolase [4]) in different

oligomeric states.



To fine tune these physiological functions - Homomerization also provides a
structural basis for allostery, a phenomenon referring to regulation at a distance from
the active site. Historically, two models have been proposed for the allosteric reg-
ulation in multimeric enzymes: the sequential KNF model of Koshland, Nemethy,
and Filmer [5], and the concerted MWC model of Monod, Wyman, and Changeux
[6] (Figure 1.1). These models explain the regulation seen in homomeric enzymes
by an equilibrium between two major conformational states, a low-affinity (inactive)
form and a high-affinity (active) form, interchanged upon ligand binding through a
concerted or sequential conformational change at the individual subunit level. These
models, and their differences, are well discussed in the literature and will not be de-
veloped further in this thesis. However, an important postulate of these models is
that the multiplicity of the quaternary structure does not change during the allosteric
transition. This is not the case with the morpheein model of allostery, proposed by Jaffe
in 2005 [7], which implies a dynamic behavior of the protein not only at the tertiary

structure level but also at the quaternary level.
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Ficure 1.1: The MWC and KNF models of allostery. Round subunits are

inactive and square subunits are active. The jagged black square repre-

sent an allosteric activator and subunits on which it is bound are shaded.
The figure is adapted from reference [8].
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The morpheein model of allostery

Although the historical models of allostery have been shown to explain the behavior
of numerous enzymes, for other allosteric proteins, the structural basis for allosteric
regulation lies in the interconversion between quaternary structures of different mul-
tiplicity exhibiting different functionality [7]. This is the case of the enzyme porpho-
bilinogen synthase (PBGS, EC 4.2.24), the prototype morpheein.

PBGS was first described as an octamer and thought to dissociate into its compo-
nent tetramers, dimers and monomers. A number of studies then showed that the
enzyme could also be hexameric, which contradicted the classical view in which pro-
teins exhibit a unique stable quaternary structure dictated by an unalterable tertiary
structure. The subsequent detailed investigation of Jaffe and coworkers led to the
finding that an equilibrium existed between the octameric and hexameric forms of
PBGS from many species [9].

In the case of human PBGS (HsPBGS), Jaffe’s team observed that the enzyme ex-
isted as an equilibrium of high activity octamers and low activity hexamers and that
the interconversion between this two higher oligomer assemblies required their dis-
sociation into a conformationally flexible dimer (Figure 1.2A and B). As evidenced by
the crystallographic structures of the hexamer and the octamer, the dimer could adopt
two distinct conformations at the level of the N-terminal arm: a "detached" dimer
leading to the formation of the octamer, and a "hugging" dimer leading to the forma-
tion of the hexamer (Figure 1.2B and C). It was estimated that total dimer represented
about 0.5% mole fraction and that the position of the equilibrium was dependent on
pH, substrate concentration and total protein concentration. Small molecules have
also been demonstrated to shift the equilibrium by stabilizing one or the other form,
thus modulating the activity of the enzyme in such a way that the equilibrium can

serve as a basis for allosteric regulation [7-9].

With the example of PBGS in mind, the morpheein model of allosteric regulation
can be defined as a "concerted dissociative model wherein the allosteric protein exists
in a dynamic and reversible equilibrium of alternate oligomers, the interconversion
of which requires a conformational change of composite subunits in the dissociated
state prior to reassembly to an alternate oligomer" [9] (Figure 1.3). In that case, the
allosteric protein is called a morpheein and the oligomers are called morpheein forms.
The dissociated state exists in different conformations, each of which dictates the



A Hexameric Assembly Octameric Assembly

Low-activity form High-activity form
Low ¥ . High K, High I, Low K,
Favored by: Favared by:

Low protein concentration High protein concentration

Low substrate concentration High substrate concentration
High pH Physiological pH

Detached dimer Detached dimer Hugging dimer Hugging dimer
(in hexamer) {in oclamer)

F1Gure 1.2: Human porphobilinogen synthase, the prototype morpheein.
(A) The low-activity hexamer and the high-activity octamer. (B) The
morpheein equilibrium model of HsPBGS where the hexamer and the
octamer are in equilibrium with two structurally distinct dimer confor-
mations. (C) Superimposition of the two dimer conformations, where a
shift in the conformation of the N-terminal arm, guiding higher order
oligomerization, can be seen. The figure is from reference [8].



assembly to a particular morpheein form, structurally and functionally distinct from
the others. The interconversion between morpheein forms is fully reversible, in the
sense that it does not require core structure refolding, and the equilibrium can be
shifted depending on the buffer conditions or the presence of a ligand. The protein’s
function is then altered towards that of the morpheein form that is stabilized by the

conditions/ligand, which provides a mechanism for allosteric regulation.

o-({-0

Subunit that cannot Subunit that can
oligomerize form a dimer
’ — 3 D
Subunit that can Subunit that can
form a trimer form a tetramer

FIGURE 1.3: A schematic representation of an equilibrium between mor-
pheein forms. The morpheein can form a dimer, a trimer and a tetramer
from distinct conformations of a monomeric dissociated state. The “rule
of engagement” for multimeric assembly is the association of a thick
line with a dashed line. The blue trapeze depicts an allosteric regulator
molecule that has the appropriate geometry to only bind the pro-trimer
subunit and the trimer, hence shifting the equilibrium in their favor, al-
losterically stabilizing the trimer and promoting its function. The figure
is adapted from reference [8].

1.1.2 What do homo-oligomeric proteins look like?

One of the most widely used experimental techniques to directly access the atomic de-
tail of proteins is X-ray crystallography. However, the latter used alone does not allow
an unambiguous study of homo-oligomers because of the difficulty to discriminate
crystalline contacts from biological contacts [10]. The combination of crystallographic
data with the results of experimental techniques enabling the more detailed charac-

terization in solution of oligomeric proteins of known structure has allowed over the



years to recognize geometric and physico-chemical characteristics of homo-oligomers

and their interfaces.

Various interfaces with shared general characteristics - Apart from a few excep-
tions, biological interfaces tend to show larger contact areas than crystal-packing con-
tacts [11, 12] but they are also characterized by features such as planarity, electrostatic
and geometrical shape-complementarity and circularity [10]. Their amino acid com-
position, characterized by more frequent contacts between amino acids with nonpolar
side chains [12, 13], differentiates them from crystalline contacts and solvent-exposed
surfaces but varies according to the nature of the homo-oligomeric interaction. In
the case of non-obligate, transient contacts, the composition of the interface is closer
to that of the rest of the surface, including more polar and charged residues. On
the other hand, contacts in obligate homo-oligomers, more intertwined and of larger
surface area, exhibit a larger fraction of hydrophobic and aromatic residues giving
them an intermediate composition between those of the surface and the protein core
[1, 10, 13]. Although presenting recurrent general characteristics, homo-oligomeric

interfaces are very diverse and their identification remains a challenge today.

The prevalence of symmetrical homodimers and homotetramers - As reviewed
by Goodsell and Olson, oligomeric, especially homo-oligomeric, proteins are preva-
lent in protein cells [3]. Among them, as illustrated by a study of the natural occur-
rence of oligomeric proteins in E. coli, are found mostly homodimers, then homote-
tramers. Higher order homo-oligomers are less frequent, hexamers being slightly
more observed, and oligomers with an odd number of subunits are relatively scarce.
Nevertheless, the virtual totality of these homo-oligomers present a fundamental char-
acteristic: their subunits are symmetrically arranged in space. The most observed
symmetry groups are cyclic groups (C,), containing a single axis of n-fold rotational
symmetry and allowing for the formation of a ring of n symmetrically arranged sub-
units, and dihedral groups (Dy,), containing an axis of n-fold rotational symmetry and n
perpendicular axes of two-fold symmetry (Figure 1.4). Although rarer, some proteins
playing specialized roles in storage and transport show cubic symmetries including

tetrahedral, octahedral and icosahedral arrangements.

Goodsell and Olson also listed the various advantages of symmetry: symmetri-
cal oligomers present a better stability of association and allow the construction of
assemblies of finite stoichiometry, hence avoiding aggregation and the development
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Examples of cyclic symmetries

C2 C3 C4
Alcohol dehydrogenase Porin Neuraminidase
Dimer Trimer Tetramer

Examples of dihedral symmetries Example of cubic symmetry

z€ e

Phosphofructokinase Aspartate carbamoyltransferase Ferritin
Tetramer Hexamer 24-mer

FiGUre 1.4: Example of crystallographic point group symmetries. Two-

fold axes are depicted in blue, 3-fold in green and 4-fold in red. O =

octahedral. The PDB accession codes for structures are the following from

left to right and top to bottom: 1E3L, 1PRN, 1BJI, 4136, 2RGW, 1IGWG.
The figure was adapted from reference [3].

of disease conditions, like Alzheimer’s and Parkinson’s diseases where open-ended
protein polymers are formed from soluble monomers and lead to the precipitation
of insoluble amyloid fibrils damaging nerves and brain tissues [14]. Folding of sym-
metrical assemblies would also be more efficient than for asymmetrical structures.
Moreover, their particular molecular geometry, especially that observed in dihedral
symmetry, enables the allosteric transmission of messages from one subunit to the

rest of the protein [3].

Asymmetric by function - Even if symmetry is the rule in protein association,
asymmetry is nevertheless observed at several levels (Figure 1.5). Homo-oligomers
are said to be locally asymmetric when individual residues show different conforma-
tion when comparing different subunits. This local asymmetry can also extend to
the conformation of a subunit, in proteins that present reciprocating mechanisms for
example [3]. This would be the case of a homodimer with a subunit in conformation
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A, optimized for catalysis, and a subunit in conformation B, ready to receive the sub-
strate. The binding event would induce a conformational change from B to A, which
would be reflected in the neighboring subunit, shifting from A to B conformation. On
the other hand, homo-oligomers exhibiting global asymmetry, in which subunits are
not related by any symmetry operation, are scarce [15]. Even though, such assemblies
can be biologically relevant, as shown by Swapna et al. [16]. The authors studied 11
globally asymmetric homodimers, demonstrating that nature could use asymmetry to
perform specialized functions such as 2:1 binding between homodimers and ligands

or binding to DNA response elements.

Local asymmet Global asymmet
y Ty y ry
Dimer (C,) Superimposed subunits Dimer Superimposed subunits
#} & -! ! ’§ t,"x”-v;. "A%z* e
R AN\NE, bd CLi A o
R \,;.5\ ’IJ/ & 5, (& M ;-f %J-f-ﬂ‘_“_
> z'}‘fr "
§rl» q\&c» e~

Ficure 1.5: Difference between local and global asymmetry. The lo-

cally asymmetric protein is the bovine pancreatic ribonuclease N-term-

swapped dimer (PDB: 1A2W) and the globally asymmetric protein is

the murine CHIP-U-box E3 ubiquitin ligase (PDB: 2C2L). The figure is
adapted from reference [15].

1.1.3 How does homo-oligomerization arise?

During evolution, proteins that were formerly monomeric have acquired the ability to
oligomerize via several mechanisms. The diversity of these mechanisms is such that
even homologous proteins, belonging to the same family, may have employed differ-
ent oligomerization routes and may vary in their oligomeric state. The enzymes stud-
ied in this thesis will illustrate this point, but it is also well exemplified, among others,
by the glycosyltransferase (GT) family. Depending on the organism they come from,
enzymes from the GT family appear as monomers, dimers, or tetramers, and differ-
ent homomeric binding modes engaging opposite sites on the molecule, for example,
have been observed between very similar orthologs [17]. Hereafter are summarized
the main evolutionary mechanisms of homo-oligomerization, further explained and

exemplified in references [13] and [1].
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Substitutions - Amino acid substitution in residues of a protein surface can create
a new interface for oligomerization (Figure 1.6). Those mutations, usually involving
the replacement of solvent exposed residues by more hydrophobic and larger pro-
truding residues, can lead to the creation or extension of a hydrophobic patch that
may favor the formation of an oligomer. Since polar interactions also contribute to the
stabilization of oligomeric interfaces [18], mutations may also involve hydrophilic and
charged residues creating electrostatic complementarity. Substitutions can also play
a role in creating shape complementarity, not only directly at the interface but also
at a distance from them. So-called "allosteric mutations" can induce conformational
changes elsewhere in the protein leading to the appearance of an oligomeric interface
[19].

Evolution
_— _—

FIGURe 1.6: Dimerization of a monomer through the creation of an
oligomeric interface by amino acid substitution.

Insertions and deletions - Amino acid insertions and deletion in the primary
sequence of a protein can constitute "enabling regions" for the formation of a new
oligomeric interface (Figure 1.7). Indeed, these insertions/deletions lengthen/shorten
loops, alpha helices, or beta strands, thus modifying the topology of a surface and
allowing interactions with another subunit that would have been impossible in the

absence or presence of the inserted /deleted residues [20].

Evolution
_—

FiGure 1.7: Dimerization of a monomer through amino acid (a) insertion
or (b) deletion.
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Structural motifs - Some monomeric proteins have acquired during evolution, via
gene duplication events for example, particular structural motifs conferring them the
ability to oligomerize (Figure 1.8). There are several well characterized motifs used
by proteins to oligomerize, the most common of which being the alpha-helical coiled
coil, where two to five a-helices are wrapped around each other into a left-handed
helix to form a supercoil. The amino acid composition of the helices composing
the coiled-coil is determinant of the oligomerization state, essentially at hydrophobic
positions a and d of the seven-residue repeat (abcdefg), [21]. Among other motifs
mediating oligomerization, we can also mention the BTP/POZ domains, dimerizing
in an intertwined fashion; the foldon domains, leading to the formation of stable
trimers; and the ACT domains, which will be described in detail later in this thesis
[22].

Evolution
— > AWV ——> h Y ) |

FiGure 1.8: Dimerization of a monomer through the acquisition of a
oligomerization motif.

Domain-swapping - As observed in some proteins that coexist in both monomeric
and oligomeric states, monomers can oligomerize by exchanging identical secondary
structural elements or domains between them (Figure 1.9). In the neighboring sub-
unit, the exchanged part adopt a position identical to that which it occupied in the
monomeric form. This results in the formation of an intertwined higher order homo-
oligomer. Domain-swapping is a key concept in this thesis and we describe it in more
detail in the following section.

Evolution
_— N

F1GURe 1.9: Dimerization of a monomer through the acquisition of new
domain and domain-swapping.
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Oligomerization by domain-swapping

The mechanism of oligomerization by domain-swapping was introduced in 1994 by
Bennett, Choe and Eisenberg with the determination of the structures of monomeric
and dimeric diphteria toxin (DT) [23]. The authors noticed that DT dimerized through
a substantial conformational rearrangement where the entire receptor binding "R"
domain of a DT monomer had to be separated from the rest of the monomer by
breaking noncovalent interactions, to undergo a 180° rotation and a displacement of
at least 65 A to finally be relocated in the same position in a second DT molecule. This
resulted in a DT dimer in which the R domain from each DT molecule was exchanged
for the R domain from the other (Figure 1.10A).

A

DT monomer DT dimer

’((f)'\
7
: \

/N “
&2V }
) P

Dimerization 'S
_— 8= d
by domain-swapping U >
) 3 Q)
V) Sl &
=P
>
B , .
Hinge-loop Hinge-loop Secondary interface
(folded back (extended) /
on itself) \

—_—

) s L]

. Primary interface

Same conformation

Fiure 1.10: Domain-swapping in diphteria toxin (DT). (A) Crystallo-

graphic structures of monomeric and dimeric DT. The figure is adapted

from reference [23]. (B) Schematic representations of monomeric and

domain-swapped dimeric DT to illustrate the determinant features of
domain-swapping.
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As illustrated with the schematic representations of DT structures in Figure 1.10B,
the conformation of each subunit in the domain-swapped oligomer is identical to that
of the monomer, except for one part of the molecule: the hinge-loop. The hinge-loop is
the linker region that connects the exchanged domain to the rest of the molecule and
the only part that undergoes a conformational change upon swapping: it is usually
a loop or a turn, folded back on itself in the monomer and adopting an extended

conformation in the oligomer.

The hinge-loop is the major determinant of domain-swapping as its structural
and dynamic characteristics govern the equilibrium between the monomer, which
has to open, and the domain-swapped oligomer. Its flexibility, either controlled by
its length or amino acid composition, plays a significant role in domain-swapping
propensity. As shown in various studies, insertions/deletions and substitutions of

defined residues, especially prolines, can affect the oligomeric equilibrium [24, 25].

Another determinant of the oligomeric equilibrium is the formation of new inter-
faces in the domain-swapped form which are not present in the monomer, called sec-
ondary interfaces (as opposed to primary interfaces, the interfaces for which inter-protein
interaction are identical to those present in the monomer). Studies have shown via
site-directed mutagenesis that alteration of these secondary interfaces could change
the propensity of proteins to domain-swap [26-28].

In 2012, about 60 domain-swapped! protein structures had been characterized [25].
Barnase (Figure 1.11A) belongs to the latter, and the resolution of its domain-swapped
trimeric structure proved that domain-swapping was not only a dimerization mecha-
nism but could also lead to the formation of higher-order cyclic oligomers [29] (Figure
1.11B).

It was also shown that open-ended oligomers (Figure 1.11C) could be the conse-
quence of oligomerization by domain-swapping, leading to the formation of disease-
causing fibrillar aggregates. However, besides this unfortunate feature, domain-

swapping was also shown to be involved in the modulation of protein function

IThe term "domain-swapped" refers to proteins for which the structures of both the monomer
and the oligomer are available. If only a domain-swapped structure is known, then the protein is
a "candidate” for domain-swapping or "quasi" domain-swapped if one of the structures is from a
homologous protein.
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[25, 30]. In the a-isopropylmalate synthase of M. tuberculosis, for example, domain-
swapping enables the feedback allosteric regulation by leucine, as an allosteric bind-
ing site is created at the primary interface, between the exchanged regulatory domain
and the rest of the other subunit [31].

Cyclic Open-ended

Ficure 1.11: Domain-swapping in higher-order oligomers. (A) Bar-
nase domain-swapped trimer (PDB:1YVS). (B) Schematic cyclic domain-
swapped trimer. (C) Schematic open-ended domain-swapped oligomer.

1.1.4 Why is it interesting to study the oligomerization of a protein?

As developed above, homo-oligomers afford several important structural and func-
tional benefits for the cell, whether eukaryotic or prokaryotic. In some cases, homo-
oligomerization is also associated with aggregation and amyloid fibril formation in
human neurodegenerative diseases. These reasons led to the emergence of the con-
cept of homomeric disruption as a new therapeutic strategy [32]. In this context,
the extensive characterization of protein quaternary structures and their equilibrium

dynamics is providing valuable support to drug design.

Targeting the self-association of proteins offers several advantages compared to the
usual strategy of inhibition through active site occupation, as summarized in reference
[2]. For example, this approach allows to extend the druggability to proteins that lack
an active site, such as transcription factors, or to avoid compensatory mechanisms
usually encountered with active site inhibitors (increased substrate synthesis, target
overexpression, mutations in the catalytic site,...). Disrupting homomeric interfaces
can also lead to protein degradation through the promotion of protein misfolding or
exposure of residues that may be ubiquitinated and recognized by the proteasome,
and may present the advantage of substoichiometric inhibition, where only a single

molecule is required to disrupt a multi-subunit complex.
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In this thesis, we are mainly interested in the increased selectivity conferred by
homo-oligomers as therapeutic targets. In contrast to active sites, oligomeric inter-
faces within proteins of the same family tend to show little conservation, and as
mentioned earlier, even very similar enzymes may exhibit different oligomeric states.
This property can therefore be used to precisely target a given enzyme among its close
homologs and thus avoid deleterious off-target effects due to multi-enzyme inhibition.

The homo-oligomeric disruption approach is particularly interesting for the de-
velopment of antibiotics. Classically, such treatments are designed to target enzymes
specific to prokaryotic cells so as not to cause harm to the human host through the
inhibition of a shared enzyme [33, 34]. Exploitation of weakly conserved oligomeric
interfaces or species-specific oligomerization states of a given enzyme thus expands
the pool of potential targets for the treatment of infectious diseases. To date, as out-
lined in reference [2], the disruption of the self-assembly of proteins from various
pathogens such as Staphylococcus aureus, Leishmania infantum, Vibrio cholerae, and Try-
panosoma cruzi has been the subject of several studies. In this thesis, we study a target

from Mycobacterium tuberculosis, the causative agent of tuberculosis.

1.2 Tuberculosis

1.2.1 A treatable, but ever-present, enduring enemy

Tuberculosis (TB), the leading cause of death worldwide from a single infectious
agent after COVID-19, is a contagious disease caused by Mycobacterium tuberculosis
(Figure 1.12). The pathogen primarily affects the lungs, where it is phagocytosed
by macrophages after entering the host by the airborne route. As estimated by the
World Health Organization (WHO) and recently confirmed in a study of Cohen and
coworkers [35] a quarter of the world’s population is asymptomatically infected with
M. tuberculosis. This indicates a large reservoir of individuals at risk of developing the
disease, since it is estimated that 5-10% of latent infections evolve into active TB at

some point, sometimes years after the primary infection [36].

TB is an ancient scourge. The first historical record of M. tuberculosis is thought to
date back three million years with the infection of early hominids in East Africa by
a progenitor of the bacterium. Skeletal lesions characteristic of the disease have been
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FIGURE 1.12: Scanning electron micrograph of Mycobacterium tuberculosis
under x15 549 magnification [37].

found in Egyptian mummies dating from 2400 BC and writings testifying to the inci-
dence of the disease, described under many names, punctuate the course of history
from Ancient Greece ("phthisis") to the 19th century ("White plague", "Consumption",
"Captain of all these men of Death") through the Middle Ages ("King’s evil") [38].

It was only in 1882 that the pathogen was identified and isolated by Robert Koch,
during a time where TB killed one out of every seven people living in the United
States and Europe [39, 40]. Nowadays, fortunately, the prevalence of the disease is
drastically lower, thanks to the continuous battle against TB since the first milestone
set by Koch. Still, TB remains a major public health problem, with an estimated ten
million new cases and 1.5 million deaths in 2020. With a combined strategy based
on improving treatment, diagnosis and prevention, the World Health Organization
(WHO) aims to end the global TB epidemic by 2035 by reducing the incidence rate by
90% and mortality by 95% [41].

The TB issue is even more topical in light of the recent health crisis related to
the COVID-19 pandemic, which has reversed years of progress in the fight against
the disease and put global TB targets mostly off-track. Sanitary restrictions all over
the world reduced the access to diagnosis and treatment, resulting in the first year-
over-year increase in TB deaths (by 5.6%) since 2005 and the total number of deaths
returning to 2017 levels. TB incidence could also increase globally in the next years
[41].



19

While restoring access to and provision of essential TB services is the priority to
counteract the impact of COVID-19, increased research and innovation is part of the
strategy to tackle antimicrobial drug resistance, one of the major burdens of TB care
and public health threat.
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FiGure 1.13: Two dimensional structures of anti-TB drugs.

In the case of drug-susceptible pulmonary tuberculosis, the patient is treated with
a six-month regimen of four first-line antibiotics. The initial phase of treatment lasts
two months and consists of daily isoniazid, rifampicin, pyrazinamide and ethambu-
tol (Figure 1.13). If there is no resistance at this stage, treatment with isoniazid and
rifampicin is continued for a further four months. However, some strains are partly
resistant to this treatment (multi-drug resistant or rifampicin resistant TB, MDR/RR-TB)
and greatly complicate the healing process. Eliminating RR-TB and MDR-TB strains
requires longer, more expensive therapies with more side effects. In such cases,
patients are treated for at least 9 months (up to 20 months) with second-line com-
pounds, including fluoroquinolones and the injectable drugs amikacin, capreomycin
and kanamycin. The length, complexity and toxicity of the treatment makes compli-

ance difficult and results in much lower success rates compared to drug-susceptible
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TB (50-75% compared to 85%). In addition, other strains, known as extremely drug-
resistant strains (XDR-TB), are MDR-TB strains that also resist to any fluoroquinolone
and at least one of the three second-line injectable drugs, hence leaving few treatment
options [41, 42].

In 2020, nearly 133,000 MDR/RR-TB cases and 26,000 pre-XDR-TB or XDR-TB
cases were detected out of the 2.1 million people diagnosed with pulmonary TB and
tested for resistance. These figures demonstrate the continuous need for progress in
the search for new options in the TB treatment pipeline [41].

1.2.2 Targeting the amino acid metabolism of M. tuberculosis

One strategy implemented for the development of new anti-tuberculosis compounds
is rooted in a target-based approach, where the focus of the drug-design effort is
on a particular biomolecule involved in the disease. The sequencing of M. tubercu-
losis genome by Cole and coworkers in 1998 has enabled the identification of genes
involved in the growth, survival and virulence of the pathogen [43—47].

Many of these genes encode for enzymes of the amino acid metabolism, as M.
tuberculosis like many pathogens depend on these building blocks for protein synthe-
sis and as a carbon source. Amino acids are the core of the host-pathogen interac-
tion, acting as the mediators of metabolic cross-talk shaping the outcome of infection.
Pathogens often rely on their host for the supply of these nutrients but the host can
defend itself by a starvation process, making energy resources unavailable in the in-
tracellular niche [48, 49] This is for example the case of the competition for histidine in
M. tuberculosis where the host up-regulates its histidine catabolizing enzymes to starve
the bacillus of intracellular free histidine. M. tuberculosis then highly depends on its de
novo histidine biosynthesis to evade the host immune response and continue to prolif-
erate [50]. Catabolic pathways can also be exploited to this end, as exemplified by the
dehydrogenation of glutamate to 2-oxoglutarate in M. tuberculosis. The reaction, cat-
alyzed by the glutamate dehydrogenase (GDH), produces buffering ammonium that
is thought to offer protection against macrophage acidification [51]. These examples
among others illustrate how enzymes involved in amino acid metabolic pathways can
play an essential role in the survival of M. tuberculosis in macrophages and therefore
serve as potential targets for anti-tubercular drug development. Reference [52] re-
views the key enzymes involved in 17 amino acid pathways required for the growth
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and pathogenesis of M. tuberculosis and describes the related inhibitors being investi-
gated as potential new anti-tubercular drugs. In this thesis work, we are interested in
the biosynthesis of L-serine and more specifically in the third and last enzyme of the
pathway.

Focus on the phosphorylated L-serine pathway

In humans, L-serine (L-Ser) is considered a non-essential amino acid due to the fact
that it can be synthesized de novo by the organism in parallel to its intake from diet,
protein and phospholipids turnover, and conversion from glycine. L-Ser is a cen-
tral nutrient for cell proliferation, growth, differentiation and function. It is the pre-
cursor of sphingolipids and phosphatidylserine (structural lipids of cell membranes
and nervous tissues), methylenetetrahydrofolate (key metabolite source of one-carbon
units for methylation reactions and nucleotide synthesis) and the neurotransmitter
molecules glycine and D-serine. It plays an essential role in the development and
functioning of the central nervous system. Patients who are deficient in this amino

acid suffer from severe neurological disorders [53, 54].
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FIGURE 1.14: The phosphorylated pathway of L-serine biosynthesis

The major source of L-Ser is a 3-step biosynthetic route called the "phosphory-
lated pathway", a cytosolic pathway that starts from the 3-phosphoglycerate gener-
ated by glycolysis (Figure 1.14). This glycolytic intermediate is first converted to 3-
phosphohydroxypyruvate by a phosphoglycerate dehydrogenase (PGDH, EC 1.1.1.95)
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through a reversible NAD"-coupled oxidation. Then, a glutamate-linked transamina-
tion catalyzed by a phosphoserine aminotransferase (PSAT, EC 2.6.1.52) reversibly
transforms the 3-phosphohydroxypyruvate into 3-phosphoserine. The latter is finally
dephosphorylated to L-serine by a phosphoserine phosphatase (PSP, EC 3.1.3.3) in an
irreversible Mg?*-dependent step.

The phosphorylated pathway is conserved among animals, plants, and bacteria
[55], among which the TB bacteria M. tuberculosis where the three enzymes are re-
spectively encoded by the genes serAl (Rv2996c¢) and serA2 (Rv0728c) for PGDH, serC
(Rv0884c) for PSAT and serB1 (Rv0505c) and serB2 (Rv3042c) for PSP [43]. Among
these, the genes encoding MtSerAl, MtSerC and MtSerB2 have been identified as re-
quired for the growth of the pathogen in vitro. In addition, they are also crucial for
its intracellular survival as it has been reported that M. tuberculosis does not uptake
L-Ser from the host macrophages. [44, 56]. These observations make the phosphory-
lated L-serine pathway an interesting target for the design of new anti-tuberculosis
compounds. Furthermore, subtle or more substantial structural differences between
the human and mycobacterial enzymes play in favor of the possibility for a selective
inhibition. The features of MtSerAl, MtSerC and MtSerB2 and compounds inhibit-
ing their activity are reviewed in reference [57]. Hereafter we briefly summarize the
features aligned with the scope of this thesis for the first two enzymes and focus in

detail on MtSerB2, our main subject, in the next section.

The phosphoglycerate dehydrogenase MtSerAl - The first step of the phospho-
rylated pathway is catalyzed by MtSerAl, a key enzyme in the regulation of L-Ser
biosynthesis in M. tuberculosis. Three co-crystal structures of the enzyme in tetrameric
form with various ligands are available in the PDB (1YGY, 3DC2, 3DDN) [58-60]. Each
subunit is composed of a catalytic domain, an ASB noncatalytic substrate binding reg-
ulatory domain and an ACT amino acid binding regulatory domain. The particularity
of MtSerAl crystallographic tetramer (Figure 1.15A) is its global asymmetry: no sym-
metry operation relates the 4 subunits together. This unusual feature originates from
the fact that the asymmetric unit contains a dimer, reconstituting the tetramer by C2
symmetry, but that this dimer is itself asymmetric. The two subunits have indeed dif-
ferent conformations and hence do not superimpose as the ASB-ACT part is rotated
160° with respect to the catalytic domain (Figure 1.15B).
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The two C2 related dimers interact through their ACT domains, at the interface of
which an L-Ser binding site is present and enables the allosteric feedback regulation
of MtSerAl catalytic activity (Figure 1.15C). Another effector binding site is made up
of cationic residues at the interface of the ACT and ASB domains of two dimers. The
substrate, 3-phosphoglycerate, can interact with this pocket to elicit substrate inhibi-
tion but it has also been suggested that phosphate and short polyphosphates bind
there. Thanks to kinetic studies and size exclusion chromatography experiments, it
was shown that these negatively charged ions could make MtSerA1l more or less sen-
sitive to L-Ser feedback inhibition, probably through a mechanism of allosteric quater-
nary structure dynamics in line with the morpheein model (Figure 1.15D). Moreover,
this feature makes MtSerAl very special because other PGDHs with the same pri-
mary architecture (CAT-ASB-ACT) are not inhibited by L-Ser even in the presence of
phosphate. As hypothesized by Grant and its coworkers, these unusual properties
could confer a unique metabolic advantage to intracellular pathogenic Mycobacteria
[61-65].

The phosphoserine aminotransferase MtSerC - The second enzyme of the phos-
phorylated pathway, MtSerC, has not been described in such detail in the literature.
A recent paper showed that M. tuberculosis mutant lacking MtSerC (AserC) was in-
deed not able to grow without L-Ser supplementation and that this serine auxotroph
was strongly attenuated for intracellular survival in THP-1 macrophages, thereby
confirming the potential of the enzyme as a drug target [56]. Two structures were
determined by Coulibaly et al. (PDB 2FYF and 3VOM), including one at 1.5 A resolu-
tion co-crystallized with the pyridoxal 5’-phosphate (PLP) cofactor [67, 68]. MtSerC
is composed of two a/B domains and, like human and E. coli PSATs, is an obligate
symmetric (C2) homodimer in which the two active sites are located at the dimer
interface (Figure 1.16A). However, if the three enzymes show the typical fold of the
aspartate amino-transferase family of PLP-dependent enzymes and highly conserved
PLP binding modes, additional contacts across the dimer interface of MtSerC restrict
the access to the active sites (Figure 1.16B). The substrate binding region also differs

in the residues that bind the anionic phosphate or y-carboxylate moieties [66].
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M. tuberculosis

F1GURE 1.16: (A) Structure of MtSerC dimer entry 2FYF. Large domains:
darker shades, small domains: lighter shades. The actives sites are in-
dicated by spheres representing the PLP cofactor and sulfate ion. (B)
Molecular surface defining the active site groove of the PSAT enzymes of
M. tuberculosis, E. coli and H. sapiens. Figures are from reference [66].

1.3 The phosphoserine phosphatase MtSerB2

1.3.1 A suspected secreted virulence factor

In a 2016 study, Shree et al. suggested that the essential metabolic enzyme MtSerB2
could be also used by M. tuberculosis as a secreted effector protein to promote its sur-
vival and evade the host immune system [69]. A few years earlier, similar properties
had been highlighted for the phosphoserine phosphatase SerB653 from Porphyromonas
gingivalis, a periodontal pathogen infecting gingival epithelial cells [70, 71].

Through western blot analysis, they first showed that MtSerB2 was detected in the
cytosol of THP-1 macrophages infected with M.tuberculosis but also of macrophages
obtained from bronchoalveolar lavage of TB patients. Then, the results of immunoflu-
orescence experiments on infected THP-1 macrophages and on THP-1 macrophages
challenged with exogenously added MtSerB2 supported the fact that the enzyme was
probably secreted upon infection and demonstrated that it elicited cytoskeleton rear-
rangements by colocalizing with host tubulin (Figure 1.17).

The authors then investigated the interaction of MtSerB2 with components of the
cytoskeleton by studying protein-protein interactions via pull-down assays. Cofilin,
actin and a/p tubulin were identified as interaction partners. Moreover, MtSerB2
was shown to mediate the dephosphorylation of phospho-cofilin both in MtSerB2-
treated THP1-macrophages and in vitro. A previously characterized inactive mutant
D341N/D345N failed to reproduce the same effect thereby confirming the result.
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Ficure 1.17: Confocal experiments showing the localization of exoge-

nously added MtSerB2 and alteration in tubulin dynamics in THP-1

macrophages at 2h time point. Cells were stained for a/B tubulin with

Alexa fluor-488 (green) and MtSerB2 with Texas Red (red). The figure is
from reference [69].

MtSerB2 was also shown to affect the expression of genes that regulate actin dy-
namics by quantitative RT-PCR, to physically interact with anti-apoptotic proteins
involved in the modulation of actin dynamics and to suppress the expression of the
pro-inflammatory cytokine interleukin 8 (IL-8) probably via the dephosphorylation
of nuclear factor NF-xB p65 and p38 mitogen activated protein kinase (MAPK p38),
while the catalytically inactive mutant failed to do so.

Finally, the authors demonstrated the inhibitory properties of clofazimine (CFZ),
an antibiotic used against MDR and XDR-TB, on MtSerB2 via docking, dephosphory-
lation kinetics studies, isothermal titration calorimetry (ITC) and comparative inhibi-
tion assays involving other phosphatases. CFZ was then shown to prevent the effects
of MtSerB2 on host cell and proteins: in the presence of the inhibitor, the enzyme
failed to dephosphorylate MAPK p38 and cofilin, to elicit cytoskeletal rearrangements
in THP-1 cells and lost the ability to down-regulate IL-8 expression.

Based on these results, Shree et al. suggested that MtSerB2 had gained new func-
tions apart from its metabolic role and could be thought of as a modulin. As summa-
rized in Figure 1.18, the enzyme would be secreted into the macrophage cytosol by M.
tuberculosis where it would directly interact with host proteins and even dephosphory-
late some of them. On one hand, the dephosphorylation-mediated activation of cofilin

and the modulation of genes involved in actin dynamics would induce cytoskeletal
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rearrangements, a strategy known to be employed by intracellular pathogens to pro-
mote their survival, replication and dissemination [72]. On the other hand, the de-
phosphorylation of MAPK p38 and NF-«B p65 would result in the down-regulation
of the chemokine IL-8, a chemoattractant and activator of neutrophils granulocytes.
In the absence of this inflammatory mediator ("chemokine paralysis"), the host may no
longer be able to detect the presence of the pathogen and direct the immune cells for

its elimination [73].
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... and therefore a potential moonlighting protein

The work of Shree et al. indicates that MtSerB2 appears to have multiple functions:
an enzymatic metabolic function in M. tuberculosis cytoplasm (the dephosphorylation
of phosphoserine in L-Ser biosynthesis) and effector functions in the host cytoplasm
(the dephosphorylation of host phospho-proteins, the interaction with cytoskeleton
components and anti-apoptotic proteins, and the modulation of the expression of var-
ious genes). By definition, this suggests that MtSerB2 could therefore be classified as
a "moonlighting protein", a protein in which one polypeptide chain performs more
than one physiologically relevant biochemical or biophysical function [75]. These
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functions include the catalysis of metabolic reactions, acting as a cell surface recep-
tor, mRNA binding, the regulation of DNA transcription, binding to other proteins,
acting as a chaperone... The shift in function is related to more or less important
structural changes, from a conformation change to an alteration of the oligomeriza-
tion state, exposing hidden residues or structural motifs requested for the alternative
function. These structure/function modifications can be triggered by environmental
stress, changes in cellular concentration of substrates or specific ligands, or change in

cellular localization upon secretion for example.

A recently described example of moonlighting protein used as an effector by M.
tuberculosis to disrupt host immunity is the enoyl-CoA hydratase A1 (EchA1l, Rv(0222)
[76]. In the bacterial cytoplasm, EchA1 plays a key role in lipid metabolism, catalyzing
the hydration of cis-unsaturated fatty acid. Through extensive biochemical analyses,
Wang et al. showed that EchAl was also found in the host cytoplasm, and that its
ubiquitylated form was able to inhibit TRAF6 signaling, thus preventing downstream
pro-inflammatory responses through the impairment of NF-xB activation [77]. As
for MtSerB2, how EchAl is transported from the bacterial cytoplasm into the host
cytoplasm is yet to be determined.

1.3.2 A structurally unusual haloacid dehalogenase phosphatase

The PSP catalytic domain

Phosphoserine phosphatases belong to the haloacid dehalogenase (HAD) superfamily,
a superfamily of hydrolases catalyzing a variety of functions with diverse substrate
specificity. The most represented enzymes in this superfamily catalyze phosphoryl
group transfer reactions, including about 20% ATPases and about 79% phosphatases
[78, 79].

HAD phosphatases are readily identifiable via alignment of the amino acid se-
quence thanks to four highly conserved signature motifs where h is an hydrophobic
residue and x is any residue [80]:

e Motif I: hhhDxDx[T/V][L/I/V]h
e Motif IL: [S/T]

e Motif III and IV: K18_3Q[G/S][D/S]X3_4[D/E]
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The identification of MtSerB2 as a HAD phosphatase in this way was the first step
carried out by Arora, Yadav and their coworkers in their respective characterizations
of the enzyme in 2014 [81, 82].

The motifs described above contain the residues of the catalytic machinery, which
are precisely positioned in space through a structural arrangement that is adopted
by all members of the HAD phosphatase family. This typical fold is a Rossmann-
like (or Rossmannoid) fold: a 3-layer a/B/a sandwich with a central parallel B-sheet
consisting of at least five strands in 3-2-1-4-5 order. The central sheet orients the loops
and helices that bear the core residues (Figure 1.19A) [80].

A

a-helices layer

central B-sheet

a-helices layer

F1GURe 1.19: (A) The typical Rossmannoid fold exhibited by HAD phos-

phatases (here in human PSP, PDB: 6HYY). (B) General catalytic mecha-

nism of HAD phosphatases. The nucleophilic aspartate residue (D,,) is
depicted in red. The figure is adapted from reference [80].

These core residues are involved in positioning the substrate, the cofactor and the
catalytic groups required to perform a two-step phosphotransfer reaction. The general
reaction mechanism (Figure 1.19B) is well described and starts with the nucleophilic
attack of the first aspartate residue (D,) of motif I on the phosphoryl group of the
substrate. This results in the formation of a phosphoaspartyl-enzyme intermediate
and the displacement of the substrate leaving group, immediately protonated by the
second Asp residue (Dy.;) of motif I. The latter then deprotonates a water molecule
that attacks the phosphoryl group to hydrolyze the phosphoester intermediate and
release the phosphate ion.
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A thorough structural characterization of human phosphoserine phosphatase per-
formed in our laboratory highlights the role of conserved residues in stabilizing the
cofactor and reaction intermediates [83]. In addition to their catalytic role, the two
Asp residues of motif I also stabilize the Mg?* cofactor on which HAD phosphatases
depend. The presence of the Mg?* ion helps the orientation of the substrate (3-
phosphoserine in the case of PSPs) relative to the catalytic residues and provides some
electrostatic stability by neutralizing the negative charges carried by the phosphoryl
group and the Asp residues. The negative charges of the reaction intermediates are
stabilized throughout the reaction. The residues Val of motif I, present between the
two catalytic Asp, Ser of motif II and Lys of motif III interact mainly with the phos-
phoryl moiety while the carboxylate moiety establishes H-bonds with a Thr residue
located before the last conserved Asp of motif IV.

Through their respective biochemical characterizations of MtSerB2, Arora, Yadav
and colleagues proved that the enzyme did possess the functional characteristics of a
HAD phosphatase. They verified that point mutants altered at the conserved residues
of the active site indeed lost their catalytic activity. The preference for O-phospho-
L-serine as a substrate was also established, as well as the dependence on the Mg?*
cofactor [81, 82].

MtSerB2 sequence and functional characteristics identify it as a HAD phosphatase,
so by definition the enzyme should exhibit the typical Rossmannoid fold. However,
there is no direct experimental evidence for this as the atomic structure of the enzyme
remains undetermined to this day. To still be able to represent MtSerB2 structure and
rationalize the results of its characterization, Arora and Yadav employed homology
modeling, an in silico modeling approach based on the concept that two homologous
sequences form similar protein structures. The best template was identified as My-
cobacterium avium phosphoserine phosphatase SerB (MaSerB), the closest crystallized
homolog of MtSerB2 with 83% sequence identity. This high percentage strongly sug-
gests that the two enzymes adopt very similar folds and that MtSerB2 structure can
be described on the basis of the tertiary structure of MaSerB with a high degree of

confidence.

The crystallographic structure of MaSerB is shown in Figure 1.20 (PDB: 3P96) [84,
85]. Although the asymmetric unit is composed of a monomer, the biological assembly
is an intertwined dimer, retrieved in the crystal packing by applying a C2 symmetry
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operation (Figure 1.20A and D). As shown in Figure 1.20B, MaSerB indeed bears the
characteristic Rossmann-like fold of HAD phosphatases, along with other structural
features.
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F1GURE 1.20: Architecture of MaSerB and MtSerB2. (A) Asymmetric unit

of MaSerB crystallographic structure (PDB: 3P96). (B) MaSerB Rossman-

noid fold. (C) MaSerB C1 cap module. (D) Biological assembly of MaSerB

crystallographic structure (PDB: 3P96). (E) MtSerB2 homology model
built from MaSerB structure.
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One of these additional structural features is a tetrahelical bundle inserted between
strands B; and helix a; of the Rossmannoid fold, shielding the active site (Figure
1.20C). This insert is a mobile cap module of type C1, which role is to mediate the
access of solvent, substrate and products to the active site during the catalytic cycle.
Other types of cap modules, like the loop CO cap or the more elaborated a+p C2 cap
are also observed in HAD phosphatases. The type of cap determines the size and the
nature of the substrate that can be catalyzed by the enzyme [80]. Throughout this
manuscript, we refer to the combined Rossmannoid fold (HAD domain) and C1 cap

module as the "PSP catalytic domain".

Prokaryotic HAD phosphatases are mainly small proteins consisting of a single
hydrolase domain [80]. This is also the case for 77% of the sequences bearing an HAD
domain in the Pfam protein family database. The rest of the enzymes carry additional
domains, probably acquired by gene duplication events or horizontal gene transfer
during evolution, that provide them with a diversity of specialized functions. MaSerB,
and MtSerB2 by structural homology, are part of them, carrying two additional folds
called "ACT domains" in N-term of the HAD domain (Figure 1.20D). The crystallo-
graphic structure shows that the two monomers swap their N-terminal ACT1 domain
to form an intertwined dimer, thanks to a 12 residue-long hinge-loop. This architec-
ture makes MaSerB a candidate for domain-swapping, since no monomeric structure
is available. In addition to being involved in the domain-swapping phenomenon,
MaSerB ACT domains exhibit extensive ACT1-ACT2 and ACT1-ACT1 intermolecular
interactions. The formation of such interfaces is an integral part of the nature of ACT

domains, as detailed just below.

Further described in Chapter 3, the presence of the ACT domains also diametri-
cally differentiates MaSerB and MtSerB2 from their human counterpart, Homo sapiens
PSP. The structure of the latter, known since 2002, shows that it simply consists of an
HAD domain that dimerizes through a B-hairpin fold inserted between the B3-strand
and a3-helix of the Rossmannoid core [86].

The ACT regulatory domains

The ACT domains are regulatory units of 70-80 residues recognized in a range of
enzymes involved in amino acid and purine metabolism, as well as in some tran-
scriptional regulators. They are named after three enzymes in which they are found:
Aspartate kinase, Chorismate mutase and TyrA (prephenate dehydrogenase) [87].
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Proposed by Aravind and Koonin as "a conserved, evolutionary mobile module",
independently fused to a variety of enzymes to make them susceptible to the reg-
ulation of their catalytic activity [87], the ACT domain is identifiable by defining
characteristics but exhibits significant functional and structural diversity depending
on the enzyme to which it belongs. These features are thoroughly reviewed and ex-
emplified in references [88], [89], and [90]. Hereafter, we provide a brief overview
aimed at defining what an ACT domain is.

The Bappap fold - The archetypal ACT domain is that of E. coli PGDH (EcPGDH,
Figure 1.21B). Its structure is composed of a BafBBaf fold exhibiting a B4f1B3B2 an-
tiparallel B-sheet on one face and a pair of antiparallel a-helices on the other, with the
second helix twisted about 30° anticlockwise with respect to the first (Figure 1.21A).
This topology is crucial for identifying ACT domains. Even if 6 distinct ACT domain
families are recognized by Pfam, sequence-based identification alone is not enough as
the domain shows significant sequence variation.

The self-association - In many structures, ACT domains are observed interacting
with each other (inter- or intramolecularly), mediating oligomerization. As shown in
Figure 1.22, the modes of interaction are diverse. In ECPGDH homotetramer, the ACT
domains of two different subunits form a dimer, interacting in a side-by-side orienta-
tion with a 180° rotational symmetry creating an eight-stranded antiparallel B-sheet
with the four helices on the same side (Figure 1.21C). This kind of architecture is also
seen in other enzymes, including MtSerA1l (Figure 1.15C) and MaSerB (Figure 1.20D).
In the latter, the dimeric interaction is established between the ACT2 domain of one
monomer and the exchanged N-terminal ACT1 domain from the other monomer,
with both domains oriented in the same direction. Moreover, the two ACT1 domains
interact with each other, in a staggered face-to-face orientation, via a portion of their
B-sheets. The face-to-face B-sheet interaction is also observed in other enzymes and
even leads to the formation of higher order oligomers (trimer, tetramers), alone or in
combination with other modes of interaction.

The ability to bind small molecules - Allosteric ligand-binding sites are found at
the interfaces between ACT domains. The diversity of sequences and spatial arrange-
ments allows the recognition of many different effectors, usually amino acids, depend-
ing on the enzyme. The two side-to-side ACT domain dimers in EcPGDH tetramer

can each bind two L-serine molecules at the dimer interface. A L-Ser molecule is also
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FiGure 1.21: The archetypal ACT domains of E. coli PGDH. (A) The

ACT signature fold. (B) E. coli PGDH crystallographic structure (PDB:

1PSD). (C) The dimeric self-association of the ACT domains observed

in EcPGDH and the resulting L-Ser binding sites. L-Ser molecules are
shown as spheres.
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FIGURE 1.22: Non-exhaustive overview of the variety of interactions ob-
served between ACT domains. The ligands are represented as spheres.
(A) The face-to-face B-sheet dimeric arrangement of Thermotoga maritima
DAH7PS (PDB:3PGY9) ACT domains in the presence of L-tyrosine. (B)
The face-to-face B-sheet trimeric arrangement of M. tuberculosis ATP-PRT
(INH8) ACT domains with L-histidine bound at the interface. (C) The
tetrameric arrangement adopted by the successive ACT domains of Ara-
bidopsis thaliana aspartate kinase I (2CDQ) with S-adenosylmethionine
and L-lysine bound at the interface. (D) The unusual tetrameric as-
sembly of Chlorobium tepidum prephenate dehydratase (2QMX) with L-
phenylalanine bound at the interface.
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observed at the two interfaces of ACT1 and ACT2 domains in co-crystal structures of
MaSerB (PDB: 5]LR and 5JLP). Figure 1.22 shows the ligand binding mode in enzymes
in which the ACT domains adopt other quaternary configurations. In some enzymes,
like aspartate kinases, the particular tandem arrangement of the ACT domains allows
the binding of two different compounds (Figure 1.22C). Sometimes, as is the case of
L-tyrosine in Thermotoga maritima DAH7PS (Figure 1.22A), ligand binding is required
to stabilize the interaction between ACT domains. In such proteins, the domains are
not observed to interact in the absence of the ligand.

A
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FiGure 1.23: Examples of conformational changes in ACT containing en-
zymes upon effector binding. (A) Conformational change in prephen-
ate dehydratase upon L-Phe binding [91]. (B) Conformational change
in DAH7PS upon L-Tyr binding [90]. (C) Conformational change and
tetramerization of E. coli aspartate kinase III upon L-Lys binding [92].

The transmission of allosteric signals - Ligand binding to the allosteric sites at
the interface of the ACT domains leads to the transmission of a signal to regulate
the catalytic activity of the enzyme. The signal is transmitted to the active site in the
form of a conformational change caused by the binding of the effector. The regulation
mechanism is dependent on the enzyme and involves conformational rearrangements
of varying magnitude. In some enzymes, effector binding induces rather subtle rear-
rangements. This is the case of prephenate dehydratase, in which the ACT domain
interface is tightened by L-Phe binding and causes a displacement of the adjacent
catalytic domains relative to each other, resulting in partial closure of the active sites
(Figure 1.23A). The elicited conformational change can also be of greater extent. In T.

maritima DAH7PS, regulation occurs through the transition from an active open form
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of the enzyme, where the ACT domains do not interact, to an inactive closed form in
which the ACT interaction is stabilized by L-Tyr (Figure 1.23B). The ACT mediated
allosteric regulation can even involve changes in oligomerization states, as with the
example of E. coli aspartate kinase III. Upon L-Lys binding, the equilibrium is shifted
from a relaxed to a tensed conformation of the enzyme. The transition involves a
rotation of the catalytic domains and the loosening of a loop creating a new interface
for the interaction between two tensed dimers, thus leading to the formation of an

inactive tetramer (Figure 1.23C).

To summarize, ACT domains are evolutionary mobile regulatory units of defined
secondary and tertiary structures but poorly conserved primary structure. They fea-
ture highly varied modes of self-association enabling the binding of specific ligands at
their interface. They allow the transmission of allosteric signals for the control of enzy-
matic activity via conformational changes and/or the manipulation of the oligomeric

equilibrium.

The structural characteristics of ACT domains, namely the topology and ligand-
binding ability (L-serine), are indeed recognized in MaSerB. By homology, given the
high sequence identity, their presence can be inferred in MtSerB2. Yadav, Shree and
Grant then turned their attention to studying the last defining feature of ACT domains
in MtSerB2: their functional role in regulation.

1.3.3 The regulation of MtSerB2 activity: state of the art

In 2014 and 2017, Yadav and Shree, and Grant respectively published the results of
experiments showing that the phosphatase activity of MtSerB2 was influenced by
the presence of L-serine, probably through the interaction with the ACT domains
leading to a change in oligomerization state. Four major observations leading to that
conclusion were made [82, 93].

1. MtSerB2 activity is modulated by its ACT domains - Yadav and Shree showed
that the presence of ACT domains influenced the activity of MtSerB2 through steady-
state kinetics experiments with truncated mutants. They noticed that the PSP domain
alone was able to hydrolyze O-phospho-L-serine but with a catalytic constant (kcat)
3-fold lower and an affinity constant (Kps) 6-fold higher than for the native enzyme.
The loss in activity and affinity could be partially reversed by an equimolar addition
of the purified ACT domains alone.
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2. MtSerB2 is inhibited by L-serine - On the basis of a detailed inhibition kinet-
ics analysis, Grant demonstrated that MtSerB2 was inhibited by L-Ser. The results of
steady-state kinetics experiments showed that L-Ser acted as a partial competitive in-
hibitor of the enzyme (inhibitory constant K; = 19 uM), binding the free enzyme with
greater affinity than the enzyme-substrate complex but unable to drive the velocity
to zero. On the other hand, phosphate was found to be a simple dead-end compet-
itive inhibitor of MtSerB2, blocking the active site at high concentration. This was
consistent with the irreversible nature of the reaction, in which the product cannot be
converted back to the substrate. Grant demonstrated that the binding sites for L-Ser
and phosphate were not mutually exclusive, meaning that L-Ser could bind to an al-
losteric site. On their side, Yadav and Shree also reported the inhibition of MtSerB2
by L-Ser with an ICs value of 0.78 uM.

3. L-serine binds to the ACT domains of MtSerB2 - Both teams highlighted the
interaction of L-Ser with ACT domains through the analysis of the behavior of trun-
cated and point MtSerB2 mutants. Yadav and Shree first saw that L-Ser exhibited a
drastic drop in its capacity to inhibit the PSP domain alone (ICsy = 823.7 uM) com-
pared to the full-lenght enzyme (ICsp = 0.78 pM). Grant studied the L-Ser inhibition
mechanism of two double MtSerB2 point-mutants, G18A/G108A and D15A/E33A
(ACT domain residues). Those mutants were designed on the basis of homology to E.
coli PGDH ACT domains, in which the two homologous glycine residues are required
for efficient ligand binding, and aspartate and glutamate residues are seen to interact
with L-Ser. Both mutants were much less sensitive to inhibition by L-Ser, indicating
that the latter indeed interacts with the ACT domains. Based on the kinetic behavior,
Grant proposed that the G18A/G108A mutation made ligand-binding more difficult
and that the D15A /E33A mutation abolished it completely.
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4. L-serine mediates a specific oligomeric transition in MtSerB2 - Lastly, Yadav
and Shree observed that L-Ser mediated the transition of MtSerB2 to a higher-order
oligomer (Figure 1.24). Based on size-exclusion chromatography analyses in the pres-
ence and absence of L-Ser and electrophoresis under non-denaturing conditions, they
proposed that "the dimeric population of MtSerB2 shifted to a tetramer in the pres-
ence of a 0.8 molar ratio of L-Ser to MtSerB2". The authors also noted that mutants of
ACT domains residues G18A and G108A did not undergo the transition. Phosphatase
activity assays with the newly formed higher-oligomer showed that it was inactive.
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FIGURE 1.24: Yadav and Shree’s experiments highlighting a specific tran-
sition to a higher-order MtSerB2 oligomer in the presence of L-serine [82].

Taken together, all these results are consistent with the usual behavior observed in
enzymes carrying ACT domains: the regulation of their activity via conformational
changes induced by the binding to the ACT domains of a ligand belonging to the
catalyzed metabolic pathway. For several enzymes, the structural mechanisms that
result in this phenomenon have been elucidated [94]. In this thesis, using a struc-
tural biology approach, we attempted to answer the following question: "How does the
binding of L-serine to MtSerB2 ACT domains get translated to the requlation of its catalytic
activity ?".
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Chapter 2

Studying MtSerB2 self-assembly

and regulation: why and how?

This thesis aims at the structural and functional characterization of the phosphoserine
phosphatase SerB2 from Mycobacterium tuberculosis (MtSerB2). Involved in L-serine
biosynthesis, this enzyme is essential for the survival of the tuberculous pathogen
but is also thought to play a role of virulence factor in the infected macrophages,
facilitating immune invasion and evasion [1, 2]. Such properties make MtSerB2 an
interesting target for the development of new antibiotics against multi-drug resistant

tuberculosis.

The identification of small molecule inhibitors of MtSerB2 phosphatase activity
by various groups [2—4], including ours [5], has shown that MtSerB2 is a druggable
target. In addition to the classical drug-design strategy aiming at the occupation of
the active site, MtSerB2 offers the possibility of an approach by allosteric inhibition
through its ability to self-assemble.

As inferred from the structure of its closest crystallized homolog, SerB from M.
avium, the enzyme would exist in the form of an active intertwined dimer, swapping
regulatory "ACT" domains. The disruption of this homodimer could be considered as
a new therapeutic strategy but is not the only option available: MtSerB2 also appears
to be capable of forming an inactive higher-order oligomer when interacting with its
endogenous feedback inhibitor, L-serine [3, 6]. Shifting the equilibrium towards the
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formation of this species could also provide a basis for the design of new allosteric
inhibitors. Furthermore, targeting MtSerB2 quaternary structure offers a selective ap-
proach avoiding inhibition of the smaller human phosphoserine phosphatase, which

does not possess ACT domains and exhibits a very different dimerization mode [7].

To be most effective, the design of inhibitors is based on accurate structural infor-
mation about the targeted macromolecule. The problem with MtSerB2 system is that
no direct, experimental structural information is available. The structure used to ra-
tionalize the results presented in the literature is a homology model and there are no
data shedding light on the architecture or stoichiometry of the higher-order oligomer

formed in the presence of L-serine.

We aim to address this gap with the research work proposed here (Figure 2.1). The
goal is to provide a deeper understanding of self-assembly and regulation in MtSerB2
as a basis for the development of allosteric inhibitors. To that end, after overexpression
and purification, the system will be studied in the absence and presence of L-serine
using orthogonal techniques and following a three step workflow:

1. Qualitative and quantitative identification of species in solution by size exclu-
sion chromatography (SEC), electrophoresis under non-denaturing conditions
(Native PAGE) and multi-angle light scattering (MALS)

2. Structural characterization of the identified species via X-ray crystallography
(XRD) and small-angle X-Ray scattering (SAXS), coupled with molecular mod-
eling

3. Functional characterization via steady-state enzyme kinetics analyses

The particularity of this work also lies in the parallel characterization of other
phosphoserine phosphatases, either homologous natural variants present in other or-
ganisms or mutants designed in vitro by site-directed mutagenesis. Their behavior
combined with the difference between the primary sequences can be exploited to
highlight the role of key residues and domains in MtSerB2 quaternary states.

The results of this work are presented in three separate chapters. Chapter 3 in-
cludes studies on MtSerB2 homologs, performed upstream or in parallel of our work
on MtSerB2. Its content helps to rationalize the behavior observed for MtSerB2 by
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comparison. Then, Chapter 4 focuses on the characterization of MtSerB2 in the ab-
sence of L-serine and starts with the presentation of an unexpected result with respect
to the state of the art presented in the introduction. Finally, Chapter 5 presents the
behavior of MtSerB2 in the presence of L-serine and aims to advance the knowledge
regarding the formation of the higher order oligomer. The content of the three chap-
ters will then be discussed in the final section of the manuscript, in order to provide
an overall picture of self-assembly and regulation in MtSerB2.

These three chapters present results obtained through the use of the biophysical
and biochemical techniques mentioned above. A brief reminder of how these work
and the type of information they provide can be found in Appendix A, with a par-
ticular focus on MALS and SAXS.! Detailed experimental protocols are available in

Appendix B.

Interesting target against
tuberculosis but lack of
structural knowledge

M. tuberculosis

phosphoserine o SEC ]
phosphatase 1. Qualltta.attnt/.e and
SerB2 (MtSerB2 SREMIELNS i
( ) identification of the . Electrophoresis
homomeric assemblies MALS In the presence
and absence Greater understanding
Overexpression SAXS of L-Ser of MtSerB2

and purification 2. Elucidation of their XRD o self-assembly and \‘5

architecture Modeling o /\l)J\OH regulation

NH,
Homologous

phosphoserine 3. Study °f Phosphatase Basis for the design of
phosphatases (the modulation) assay allosteric inhibitors
 Natural variants of their activity _

* Designed mutants

Similarities and differences
with MtSerB2 that can help to
identify key features

FIGURE 2.1: Strategy adopted in this thesis to better characterize MtSerB2
self-assembly and regulation.

1 Access to the SEC-MALS equipment was kindly provided by Professor Marianne Fillet from The
Laboratory for the Analysis of Medicines (LAM), CIRM, ULiege, and SEC-SAXS experiments were
performed on the SWING beamline at SOLEIL Synchrotron (Paris), access to which was granted by
Doctor Javier Pérez and supported by iNEXT-Discovery, grant number 871037, funded by the Horizon
2020 program of the European Commission.
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Chapter 3

Getting to know MtSerB2
orthologs

3.1 Homologs selection

At the beginning of this project, we were in possession of plasmids encoding the hu-
man and M. avium phosphoserine phosphatases (respectively HsPSP and MaSerB).
The plasmid allowing the overexpression of MaSerB was generously provided by the
SSGCID. Their construction (AVA0421) endowed with an N-terminal cleavable His-
Tag being very convenient for downstream purifications, and for the sake of repro-
ducibility between constructions, we also requested the plasmid encoding MtSerB2
from them [1]. Clones for orthologous PSPs were also available, among which those
of the PSPs from B. melitensis (BmSerB) and M. marinum (MmSerB2). These orthologs
were selected for further comparison with MtSerB2 on the basis of their sequence,
as detailed in the next section. Table 3.1 summarizes the source of the constructions

used in this thesis and their sequence parameters.
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TaBLE 3.1: Sequence parameters of the enzymes studied in this thesis.

The parameters were calculated using ProtParam on the basis of the exact

sequences of the characterized constructs (after cleavage, or with His-

tag for HsPSP). pl: isoelectric point. The sequences were confirmed by

plasmid sequencing. Mismatches observed with the UniProt reference

sequences are as follows: (1) V inserted between M1 and N2 + mutations
G31R and G152E (2) L inserted between M1 and L2.

Enzyme UniProt Length Molar mass (Da) plI Ext. coef. M 'cm™!) Rem

MtSerB2 053289 413 43 357 4.78 11460 -

MmSerB2 B2HHHO 416 43 840 4.67 11460 -
MaSerB  A0QJI1 416 43 907 4.77 7450 (1)
BmSerB  Q8YI30 307 32 514 5.28 11460 (2)

HsPSP P78330 245 27 171 6.26 11460 -

3.2 Sequence conservation analysis

3.2.1 Global alignment

The primary sequences of MtSerB2 and the orthologous PSPs characterized in this
thesis are aligned in Figure 3.1. The sequence alignment was divided into ACT and
PSP domains on the basis of MaSerB (PDB: 3P96) secondary structure elements (de-
picted on the first line).

The first observation that can be made is that the aligned PSPs have different
lengths. The mycobacterial enzymes MtSerB2, MmSerB2 and MaSerB are 409, 412
and 412 residues long, respectively. BmSerB is significantly shorter, with 303 residues,
and HsPSP is the shortest of the studied orthologs, with 225 residues. Based on
the correspondence with the structure of MaSerB, and as depicted in Figure 3.1, this
difference in length could be related to the presence of one (in BmSerB) or two (in
mycobacterial enzymes) additional N-terminal ACT regulatory domains.

To further investigate the presence of these domains, the sequences were searched
against the content of the Pfam protein family database (http://pfam.xfam.org/).
The results of this search are shown in Table 3.2. A C-term HAD-like hydrolase do-
main is identified for all enzymes. In HsPSP, it corresponds to the whole sequence.
For all three mycobacterial enzymes, an N-terminal ACT domain (of type ACT6) is
found and a second ACT domain (of type ACT), located between the N-term ACT
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domain and the HAD-like domain, is proposed as an insignificant Pfam match. In

BmSerB, the 91 residues-sequence located upstream of the HAD-like domain is left

unassigned. Although Pfam recognizes 6 distinct types of ACT domains, their identi-

fication remains complicated because of the substantial sequence variation within the

family [6].

TaBLE 3.2: Pfam matches for the five PSPs studied in this thesis. CL0137:
HAD superfamily clan, CL0070: ACT-like domain clan, S = significant, I

= insignificant
Enzyme Domain  Description Clan Start-end (residue) E-value Pfam match
MtSerB2  HAD HAD-like hydrolase CL0137 186-354 3.30E-29 S
ACT_6 ACT domain CL0070 10-86 8.00E-19 S
ACT ACT domain CL0070 100-168 0.006 I
MmSerB2 HAD HAD-like hydrolase CL0137 185-353 1.40E-27 S
ACT_6 ACT domain CL0070 9-85 6.70E-19 S
ACT ACT domain CL0070 99-164 0.16 I
MaSerB HAD HAD-like hydrolase CL0137 185-353 1.70E-28 S
ACT_6 ACT domain CL0070 9-85 1.40E-17 S
ACT ACT domain CL0070 112-167 1.2 I
BmSerB  HAD HAD-like hydrolase CL0137 92-259 1.10E-16 S
HsPSP Hydrolase HAD-like hydrolase CL0137 14-191 5.10E-17 S

Percentages of sequence identity and similarity were also calculated based on the

alignment shown in Figure 3.1. The data is shown in Table 3.3.

TaBLE 3.3: Identity and similarity percentages between the five PSP stud-
ied in this thesis. Values marked with an asterisk* were calculated on
overlapping regions only.

{?ld. MtSerB2 MmSerB2  MaSerB BmSerB
(Y%sim)
MmSerB2 857 (90.8) - - -
MaSerB 833 (88.1) 83.0 (89.8) - -
234 (38.8) 237 (39.0) 245 (40.4)
BmSerB %295 (48.9) *30.2 (49.5) *31.1 (51.4)
HsPSP 143 (24.6) 146 (24.9) 144 (242) 19.1 (30.4)
*03.7 (41.0) *24.5 (41.8) *24.1 (40.6) *25.3 (40.3)

Sharing over 83% identity and about 90% sequence similarity, mycobacterial SerBs

are closely related. It is worth noticing that MtSerB2 is even more similar to MmSerB2
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than to its crystallized ortholog MaSerB. When these are compared to BmSerB and
HsPSP, the percentages decrease to around 24% (40%) and 14% (24%) respectively.
Because the sequences are of different lengths and the identity calculation is per-
formed on the total length of the alignment, these percentages are slightly underesti-
mated compared to those obtained by comparing the even-sized mycobacterial SerBs.
Therefore, when the calculation is performed on the overlapping regions only, the
percentages rise to around 30% (50%) for Mycobacteriae vs. Brucella, and 24% (41%)
for Bacteriae vs. Human. To further visualize the similarities, separate alignments

within each domain region can be made.

3.2.2 Alignment of PSP domains

The sequences corresponding to the PSP domains of the different orthologs are
aligned in Figure 3.2 and the results of the identity calculations based on this align-
ment are shown in Table 3.4. As expected, the PSP domains of mycobacterial SerBs
are highly similar (>90%). When these are compared to BmSerB, there are still about
50% of similar residues and 35% of identical residues. The similarity is a little lower
when comparing the PSP domains of bacterial enzymes to the human enzyme (40%).
The four signature motifs I (hhhDxDx[T/V][L/I/V]h), II ([S/T]), and LI-IV (K18-
30[G/S][D/S]x3-4[D/E]) of HAD phosphatases are found in all five enzymes [7]. Be-
sides these motifs, 28 residues are strictly conserved among their PSP domains, of
which 13 are in the C1 cap region and 8 are glycines. It is also interesting to note the
presence of gaps in the sequence alignment at the dimerization region of HsPSP. The

human enzyme contains four more residues than the other enzymes in this region.

TaBLE 3.4: Identity and similarity percentages between the PSP domains
of the five PSP studied in this thesis.

%id (%sim)  MtSerB2psp  MmSerB2psp MaSerBpgp BmSerBpsp
MmSerB2psp 87.8 (92.4) - - -
MaSerBpsp 86.6 (92.0) 86.1 (91.6) - -
BmSerBpsp 34.7 (51.1) 36.0 (52.3) 36.8 (53.6) -

HsPSP 23.3 (40.2) 24.1 (41.0) 23.7 (39.8) 24.5 (39.5)
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FIGURE 3.2: Multiple sequence alignment of the PSP domains of the five
PSPs studied in this thesis.
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3.2.3 Alignment of (putative) ACT domains

The sequences corresponding to the ACT domains regions of the studied orthologs are
aligned in Figure 3.3 and the results of identity calculations based on the alignment

are shown in Table 3.5.
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F1Gure 3.3: Multiple sequence alignment of the ACT domains regions of
the five PSPs studied in this thesis. Residues identified as important for
L-serine binding in MtSerB2 [2, 3] and MaSerB [4, 5] are boxed in black.

Again, the ACT1 domain regions of MtSerB2, MmSerB2 and MaSerB are highly
similar (>80%, in bold in Table 3.5). The non-conserved residues are evenly dis-
tributed over the alignment. The similarity is even a little higher over the ACT2
domain area, with MtSerB2 and MmSerB2 sharing 92% sequence similarity in this
area. Remarkably, however, the alpha helix areas of the ACT2 domain are the least
conserved parts of the alignment, with a4 helix including 4 of the 17 non-conserved
residues, and a5 helix including 10 of the 17 non-conserved residues. It should also
be noted that the residues (boxed in Figure 3.3) that were identified as important for
the interaction of MtSerB2 and MaSerB with L-Ser in references [2-5] are retained
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TaBLE 3.5: Identity and similarity percentages between the ACT domains
regions of the five PSP studied in this thesis.

%id (%sim)  MtSerB2acr1 MmSerB2cr1 MaSerBacr || BmSerBacra,  MtSerB2scrp MmSerB2 ¢,
MmSerB2cr1 80.2 (83.7) - - | - - -
MaSerBacr1  77.9 (80.2) 79.1 (86.1) - | - - -
BmSerBacro,  13.8 (47.1) 12.6 (41.4) 126 (425) || - - -
MiSerB2c12  18.1 (38.6) 17.4 (36.1) 11.6 31.4) || 12.8(34.9) - -
MmSerB2acr> 16.9 (34.9) 15.1 (32.6) 11.6 (30.2) || 12.8(33.7) 85.5 (92.1)
MaSerBacr,  18.1 (39.8) 17.4 (38.4) 128 (36.1) || 15.1(36.1) 79.0 (82.9) 77.6 (86.8)

among the 3 enzymes, with the exception of A112 in MaSerB. The hinge loop area,
where there are 3 variations, is also very well conserved (83% identity, 100 % similar-
ity). Lastly, the sequence conservation between the ACT1 and ACT2 domain regions
is relatively low, with percentages of identity and similarity between 11.6 and 18.1%,
and 30.2 and 39.7% respectively (alignment not shown). Based on these observations,
the Pfam analysis and by analogy with the experimental structure of MaSerB, the ex-
istence of 2 consecutive N-term ACT1 and ACT2 domains in MtSerB2 and MmSerB2

can be confirmed despite the absence of structural evidence.

This conclusion cannot be drawn unambiguously for the presence of an ACT do-
main in BmSerB. Indeed, the sequence identity and similarity percentages are quite
low when comparing the ACT2 region to that of its mycobacterial counterparts (12-
15% id, 34-36% sim, in italics in Table 3.5). However, interestingly, when the region
is aligned with the ACT1 domains of MaSerB, MtSerB2, and MmSerB2 (underlined in
Table 3.5) the identity percentages remain comparable (12-14%) but the similarity per-
centages are significantly higher (41-47%). The highest sequence similarity is found
with the ACT1 domain of MtSerB2 (47.1%). Still, as described in section 3.2.1, Pfam
failed to associate this region with a domain of the ACT family. A structure-based
approach should be used to further investigate the nature of the fold associated with

the unassigned sequence. Such analyses are described in section 3.3.5.
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3.2.4 Conclusion of the sequence conservation analysis

In addition to the human and M. avium PSPs, already available in the laboratory at the
beginning of this work, we chose to study the PSPs of M. marinum and B. melitensis in
parallel with MtSerB2. Following the alignment of the sequences of these enzymes,
we noticed two key elements:

* MmSerB2 is an even closer homolog of MtSerB2 than MaSerB in terms of se-

quence identity.

* BmSerB is 92 residues shorter than MtSerB2. The enzyme would consist of a
C-term PSP domain quite similar (51.0%) to that of MtSerB2, preceded at the
N-term by a 90 amino acid sequence that could potentially fold into an ACT

domain.

Given the interesting association of their similarities and differences with MtSerB2,
we decided to further characterize MmSerB2 and BmSerB. Their biophysical and bio-
chemical parameters are described in the following section. The characterization of
HsPSP and MaSerB has been mainly the subject of previous work from the lab or other
groups but key information will also be described alongside the results obtained dur-
ing this thesis.
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3.3 Biophysical and biochemical features of the or-

thologs

3.3.1 A word about enzyme production and analysis

Overexpression and purification — The bacterial enzymes analyzed in this thesis are
all encoded by plasmids AVA(0421 (pAVA(0421) received from the SSGCID and were
all produced following the same overexpression and purification protocol (see Ap-
pendix B). Each enzyme could be successfully overexpressed by IPTG induction in
transfected E.coli bacteria and then purified with yields of at least 20 mg/L culture.
The pAVA0421 allows the production of enzymes carrying a N-terminal hexahisti-
dine tag cleavable by the Human Rhinovirus 3C (HRV3C) protease. The implemented

purification strategy therefore included the following 3 steps:

1. IMAC: a first step of immobilized metal affinity chromatography (IMAC) to

separate the recombinant protein from the rest of the cell lysate
2. Hiss-tag cleavage using a His-tagged HRV3C protease

3. Reverse IMAC: a second IMAC step to separate the cleaved protein from nickel-
affine contaminants and His-tagged protease

This workflow allowed to recover highly pure recombinant enzymes, as proven by
the presence of a single intense band on SDS-PAGE gel. Enzymes produced with
this protocol are also very close to the native form since only 4 residual amino acids
remain at the N-term after tag cleavage (Gly-Pro-Gly-Ser).

The SDS-PAGE gel shown in Figure 3.4 monitors the expression and purification
of MtSerB2 (43kDa) and illustrates the aforementioned production protocol. The
efficiency of the overexpression can be observed by the appearance of an intense
band between 37 kDa and 50 kDa in the post-induction lane (AI) compared to the pre-
induction lane (BI). This band, also present in lane S shows that the protein is soluble
in the bacterial lysis supernatant. As indicated by a very intense band in lane IM, the
tirst IMAC allows for the recovery of the Hisg-tagged protein, although other bands
reveal the presence of contaminants. The change in electrophoretic mobility of the
band between IM lane and C lane is the result of the mass loss (2kDa) due to the
removal of the hexahistidine tag (MAHHHHHHMGTLEAQTQ) following cleavage
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by HRV3C protease. Finally, the intense band of the rIM lane reflects the high purity
of the protein after the final reverse IMAC step. Similar gels were obtained for all
bacterial orthologs purified in the laboratory.

BI Al S FT IM C riMm M

250 kDa
150
100

75

50

37

25
20

15

FiGUure 3.4: SDS-PAGE analysis monitoring the overexpression and pu-

rification of recombinant MtSerB2. BI = before induction, Al = after in-

duction, S = soluble fraction, FT = flow through, IM = after the first IMAC

step, C = after tag cleavage, rIM = after the reverse IMAC step, M = pro-
tein standards.

The plasmid encoding the human enzyme HsPSP was kindly provided by collab-
orators from UCLouvain for a previous project. Pure frozen His-tagged protein used
for crystallization experiments was already available at the beginning of this work

and the characterizations were performed directly on this stock.

Characterization by SEC-MALS and SEC-SAXS — Unless otherwise specified, the
elution buffer used for each SEC-MALS and SEC-SAXS analysis was composed of
50 mM Tris pH 7.4, 150 mM NaCl, 1 mM TCEP. The chromatograms shown in this
chapter were obtained following the analysis of the samples on a BioResolveSEC mAb
200A 2.5 pm 7.8 x 300 mm (Waters) column at a flow rate of 0.5mL min ™.
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3.3.2 PSP from H. sapiens, the human PSP (HsPSP)

The human phosphoserine phosphatase is already well characterized in the litera-
ture. Expressed in all human tissues, it is a Mg?"-dependent dimeric enzyme that
specifically dephosphorylates both D and L enantiomers of O-phospho-serine at pH
optima between 5.6 and 6.6 [8, 9]. Thanks to mutagenesis and the solving of its crys-
tallographic structure with various ligands and inhibitors (6 structures deposited in
the PDB, see Table 3.6), its catalytic mechanism involving the formation of a phos-
phoenzyme intermediate has been extensively described by various research groups,
including ours. It is now well documented that the enzyme exists in closed and open
conformations between which it switches through the unfolding of the a;-helix of the
Cl-cap (residues 40 to 56) [10-14]. Structure based knowledge also helped to under-
stand how HsPSP is uncompetitively feedback regulated by L-serine and inhibited
when Ca?" replaces Mg?" in the active site [14, 15]. In addition to its structural and
biochemical properties, its involvement in L-serine synthesis defects, neurodevelop-

mental diseases and various cancers has been widely reported [16-21].

TaBLE 3.6: The 6 structures of HsPSP deposited in the PDB. D-AP3 =
D-2-amino-3-phosphono-propionic acid

o

PDB entry Resolution (A) Nature Ligands Authors Year
1L8L 2.51 wt D-AP3 Kim et al. 2002
1L8O 2.8 wt L-Ser, PO~ Kim et al. 2002
1INNL 1.53 wt Ca?*, Cl- Peeraer et al. 2003
6HY] 1.929 wt Ca®*, L-phosphoserine, L-Ser ~ Wouters ef al. 2019
6HYY 1.566 wt Ca*", Mg®*, PO~, L-Ser Wouters et al. 2019
6Q6] 1.985 wt Ca%*, Cl-, L-homocysteic acid Wouters et al. 2019

HsPSP forms a particularly elongated dimer (Figure 3.5). The narrow dimer in-
terface is located in the p-hairpin fold (residues 130-140) that is inserted between the
Bs-strand and a3-helix of the Rossmannoid core. The B-hairpins of two protomers
interact together to form a dimer. A detailed description of this interface in struc-
ture 1L8L has been reported by Kim et al [14]. The residues F139, L135, K136, A144,
Y138, R134, E142, F137, Y143, F146 are essential for the stabilization of the latter via
hydrogen bonding, salt bridges and the formation of hydrophobic clusters.
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F1Gure 3.5: Crystallographic structure of HsPSP dimer (PDB: 6HYY)

Investigation of HsPSP structure in solution

It is briefly reported in the aforementioned references that HsPSP is also dimeric in
solution, as assessed by SEC and dynamic light scattering. However, only reference
[9] reported a chromatogram. In order to supplement the available data about its
behavior in solution, we further characterized HsPSP by SEC-MALS and SEC-SAXS.

The use of SEC-MALS allows to determine the molar mass of a biomolecule in
solution in an absolute way. To enable the analysis of a monodisperse solution, the
substance of interest is separated from any other constituents of the solution by SEC.
Its elution is monitored by a UV detector which also permits a measurement of its
concentration. It then passes through a MALS detector, where the intensity of the
light scattered by the molecule is measured and converted into a molar mass value

via physical equations!.

As can be seen on the SEC-UV chromatogram in Figure 3.6, HsPSP elutes as a
single but heterogeneous peak. The peak is slightly tailing and two shoulders are
present at its front. The molar mass measured by MALS over the entire peak is 49.3
kDa and effectively corresponds to the mass of HsPSP dimer (MW monomer: 27 kDa).
The observed deformations are indicative of conformational polydispersity. The hy-
drodynamic radius of the enzyme likely varies depending on the conformation in

which each of its protomers is found (fully open to fully closed) or the relative spatial

1See Appendix A for a more detailed explanation of the technique
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arrangement of the two protomers in the dimer. HsPSP could therefore exist as several

forms that are retained for shorter or longer retention times within the column.
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F1Gure 3.6: SEC-UV-MALS analysis of HsPSP.

HsPSP solution structure was also assessed by SEC-SAXS. In SAXS, the intensity
of X-rays scattered by a sample made monodisperse by SEC is measured as a function
of the scattering angle. The resulting 2D isotropic scattering signal is integrated to
yield a scattering curve I(q) vs q from which many shape parameters can be deter-
mined through replots. Information about folding, flexibility, shape, conformation
and oligomerization state among others can be accessed through this technique?.

The parameters derived from the analysis of the experimental scattering curve
(Figure 3.7A, gray dots) are presented in Table 3.7. The R, value is high compared
to that of globular proteins of similar molar mass and reflects the elongated shape of
the enzyme. For example, ovalbumin and BSA have indeed R values around 23 to
28 A [22] and the empirical value calculated for a globular protein of 54.2 kDa using
Equation 3.1 [23] is 23.9 A.

3\}( Mw(Da) 3\’
R o_ (3 3 3.1
§ (5> <0.44(Da/A3)47T> )

2See Appendix A for a more detailed explanation of the technique.
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The deviation from globularity is also indicated by the high Dpay value (139 A).
Browsing the Small Angle Scattering Biological Data Bank (SASBDB), it can be seen
that 50 kDa globular proteins have maximal dimensions around 80 A. The molecular
weight values calculated from Bayesian inference, 53.1 kDa (CI: 49.2 to 53.8), and from

Porod volume, 63.5kDa, confirmed the dimeric state of the enzyme in solution.

TaBLE 3.7: SAXS parameters of HsPSP (1) derived from the Guinier plot
(2) calculated from the P(r) function. R, and I(0) were evaluated with a
Guinier fit to the data up to qmaxR¢<0.8, the linear range for elongated

samples.
Radius of gyration R, (A) 34.28 +0.19 (1) ; 34.45 4 0.09 @)
Forward scattering intensity 1(0) (cm™") 0.04 +5.71 107> (1) ; 0.04 4+ 4.36 105 2
Maximum dimension Dmax (A) 139
Porod volume vV, (nm?) 76.5

Another sign of the deviation from globularity is the shape of the dimensionless
Kratky plot (Figure 3.7B). For a globular (compact) protein, such a plot exhibits a
bell-shape with a maximum value of 1.104 for gRg = v/3. Here, the maximum value
is shifted towards the right and exceeds 1.104. The shape of the plot corresponds
well to that of an extended protein composed of several folded domains including
flexible linkers of rather compact conformations [24]. The early peak of the P(r) func-
tion as well as the long tail appearing at large r (Figure 3.7C) is also indicative of an
elongated molecular shape. These observations are in full agreement with the crystal-
lographic dimer structure and the well-documented dynamic behavior of the enzyme,

oscillating between open and closed conformations.

Finally, the experimental curve could be compared with the theoretical scattering
of HsPSP atomic structure. To this end, CRYSOL was used to evaluate and fit the the-
oretical scattering curve of HsPSP dimer to the experimental data. Figure 3.7A shows
the fit for the dimer formed by monomer A of 6HYY and its crystallographic neighbor
but all available crystallographic dimers were tested and all produced similar results,
with x? values comprised between 14.4 and 40.4. The theoretical and experimental
curves show the same overall shape but the theoretical data deviate from the exper-
imental data at q values from 0.15 to 0.275 and from 0.35 to 0.5 A_l. Again, these
discrepancies can be explained by the conformational polydispersity of HsPSP as the

medium angle and high angle scattering provide information about domain motions
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FIGURE 3.7: Analysis of HsPSP solution structure from SAXS data. (A)

Grey: experimental SAXS profile (log I(q) versus q) of HsPSP. Orange: fit

of HsPSP crystal dimer structure 6HYY to the experimental data (2 =
22.4). (B) Dimensionless Kratky plot. (C) Calculated P(r) function.
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and small structural fluctuations. It can therefore be concluded that the crystallo-
graphic structure of HsPSP does not perfectly represent its structure in solution. As
shown by the SAXS data, the overall shape of the enzyme is conserved. But, in solu-
tion, the protomers forming the dimer probably adopt different relative positions and
intermediate conformations not sampled in the solid state.

3.3.3 SerB from M. avium (MaSerB)

SerB from M. avium is the only phosphoserine phosphatase with two ACT domains
whose atomic structure has been solved. Nine structures are available in the PDB (Ta-
ble 3.8), the first of which was solved by the Seattle Structural Genomics Center for In-
tectious Disease (SSGCID) [25]. The biological assembly features a domain-swapped
homodimer in which two identical monomeric subunits are associated through C2
symmetry and interchange their N-terminal ACT1 domains. All the structures con-
tain a magnesium ion within the active site and 3 of the entries of Shree et al. were
co-crystallized with L-serine which is found either in the catalytic site or at the in-
terface of the ACT 1 and ACT 2 domains (Figure 3.8). The 9 structures superimpose
very well: the alignment of each of them to structure 3P96 produces RMSD values on
C, atoms between 0.23 and 0.47 A. The differences come exclusively from the confor-
mation of some side chains exposed to the solvent. The positions of the residues com-
posing the active site and interacting with L-Ser at ACT domains are well conserved
(see Appendix C). Since the two enzymes share 83.3% sequence identity, MaSerB has
been used as a template homolog to model MtSerB2.

TaBLE 3.8: The 9 structures of MaSerB deposited in the PDB.

PDB entry Resolution (A) Nature Ligands Authors Year
3P9%6 2.05 wt - SSGCID 2010
5]]B 2.31 D343G - Shree et al. 2016
5T41 3.15 S275A/R279A - Shree et al. 2016
5ITO 1.97 D343N/D347G - Shree et al. 2016
5MA 2.03 wt L-Ser (PSP dom.) Shree et al. 2016
51T4 2.10 D343N - Shree et al. 2016
5152 1.88 wt - Shree et al. 2016
5JLR 2.26 wt L-Ser (ACT dom.) Shreeetal. 2016

5JLP 2.50 wt L-Ser (ACT dom.) Shree et al. 2016
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Ficure 3.8: Crystallographic structure of MaSerB (PDB: 5]LR) and fo-

cus on the L-Ser binding site located at the ACT1-ACT2 interface. The

monomers that form the dimer are colored in different shades of blue to

highlight ACT1 domain-swapping. As the dimer is symmetric, another

L-Ser molecule is found at the same site on the other side of the enzyme.
Hydrogen bonds are depicted as dotted lines.

Investigation of MaSerB structure in solution

To complete the knowledge brought by the crystalline state of MaSerB, we also in-
vestigated its form in solution. First, SEC-MALS allowed to identify the oligomeric
state of the enzyme. As can be seen on the SEC-UV chromatogram in Figure 3.9,
the enzyme elutes as a major peak around 15 minutes (94% of area under the curve,
AUQC) followed by a small bump (6% AUC). Using the MALS detector, the main peak
could be associated with the elution of MaSerB dimer, with a measured molar mass of
85.5kDa (MW monomer: 43.9 kDa). Measurement of the molar mass associated with the
second peak resulted in a value of 69.8 kDa. However, it should be kept in mind that
the very low concentration of this species makes the estimate less accurate. It cannot
be decided unambiguously whether this small peak corresponds to the elution of a

monomer or of a truncated form of the enzyme.

The solution structure of MaSerB was also investigated by SEC-SAXS. Size param-
eters were determined from the experimental curve of Figure 3.10A and are listed
in Table 3.9. The experimental R, value is slightly higher than the theoretical value
of 28.1A calculated by Equation 3.1 for a perfectly globular 88kDa protein. The
molecular weight values calculated from Bayesian inference and from Porod volume,
respectively 91.2kDa (CI: 84.3 to 95.8) and 104.7 kDa, are in line with the SEC-MALS



77

results and confirm the dimeric state of the enzyme in solution.
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F1Gure 3.9: SEC-UV-MALS analysis of MaSerB.

TaBLE 3.9: SAXS parameters of MaSerB. (1) derived from the Guinier plot
(2) calculated from the P(r) function

Radius of gyration R, (A) 32.62 4+ 0.03 (1) ; 32.84 + 0.02 ()
Forward scattering intensity 1(0) (cm~!) 0.11 +5.9910°° (1) ;0.11 +5.0107°>
Maximum dimension Dmax (A) 101

Porod volume Vo (nm?) 126

Using CRYSOL, we were also able to calculate the theoretical scattering curve from
MaSerB crystallographic structure and compare it to the SAXS data. The calculated
curve is depicted in light blue in Figure 3.10 and although its global profile is sim-
ilar to that of the experimental data, a systematic deviation is observed from q =
0.125A"". This discrepancy can be explained by the adoption of slightly different
conformations in solution and in the crystalline state, a phenomenon often encoun-
tered in multi-domain proteins. Refinement of the crystallographic structure against
SAXS data allowed us to visualize the extent of such conformational change. MaSerB
3P96 structure was submitted to the program DADIMODO and four conformers bet-
ter fitting the experimental data were obtained. One of them, shown as an example in
Figure 3.10B, superimposes with a RMSD on C, atoms of 3.11 A over 760 residues to
structure 3P96. As can be seen in Figure 3.104, its theoretical scattering curve (dark
blue) aligns better with the experimental data (x*> = 1.3) than that of structure 3P96
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F1GURE 3.10: Analysis of MaSerB solution structure from SAXS data. (A)

Grey: experimental SAXS profile (log I(q) versus q) of MaSerB. Light blue:

fit of MaSerB crystal dimer structure 3P96 to the experimental data (x>

= 21.8). Dark blue: fit of a MaSerB model generated by DADIMODO to

the experimental data (x> = 1.3) (B) Superimposition of MaSerB crystal
structure and model generated by DADIMODO.

(x? = 21.8). This conformer illustrates that a slight displacement of the ACT1 domains
with respect to the rest of the structure can explain the difference observed between

the theoretical and experimental curves from q = 0.125 AT

3.3.4 SerB2 from M. marinum (MmSerB2)

Enzymological characterization of MmSerB2

Among the orthologs studied in this work, MmSerB2 has the closest sequence to
MtSerB2. This observation is not surprising when considering that M. marinum and
M. tuberculosis share over 3000 orthologous genes with an average amino acid identity
of 85% [26]. We published an enzymological characterization of MmSerB2 and com-
parison with MtSerB2 in Biochemical and Biophysical Research Communications in 2020
[27]. The paper is presented in Appendix D.

In that publication, we showed that MmSerB2 has an enzymological behavior al-
most identical to that reported for MtSerB2 in references [2, 3, 28]. Using O-phospho-
L-serine (PS) as the substrate, the highest phosphatase activity was observed at 42 °C
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and pH 7.6 in the presence of a Mg?* cofactor. The enzyme was also active, although
to a lesser extent, in the presence of Mn** and inactive in the apo form or with other

divalent cations (Ca’*, Cu®*, Ni**, Zn?").

Next, steady-state kinetics experiments demonstrated that MmSerB2 and MtSerB2
catalyzed the hydrolysis of PS to L-serine at comparable rates of about 12 s71 (Kcat).
However, in terms of Ky, MmSerB2 was at least twofold less affine for PS but was
inhibited by the latter at lower concentrations than MtSerB2. We found out that this
kinetic behavior correlated well with MmSerB2 being a homodimeric enzyme most ac-
tive when only one of its two active sites is occupied by the substrate. The model was
also coherent with the possible interaction of PS (or newly synthesized L-serine) at an
allosteric inhibitory site. We hypothesized that it could be the site at the ACT1/ACT2
domain interface where L-serine is known to bind in MaSerB (PDB: 5JLP and 5JLR)
and exert a regulatory effect in MtPGDH. The behavior of MtSerB2 non-substrate in-
hibited mutant G18A/G108A reported by Grant [3] and docking studies of PS in that
pocket supported our hypothesis (Figure 3.11).
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Ficure 3.11: Docking of O-phospho-L-serine (PS) at pH 7.4 in the L-

serine binding site of MmSerB2 homology model. (A) Structure of docked

PS in the L-serine binding site at the interface of ACT1 (of monomer 1)

and ACT2 (of monomer 2) domains. (B) 2D diagram of the interactions

between docked PS and the residues of the L-serine binding site. H-bonds

are depicted in pink. The salt bridge is depicted in a gradient from blue
to red.
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Investigation of MmSerB2 structure in solution

Like the other homologs, we had the opportunity to further characterize MmSerB2
by light and X-ray scattering techniques. The use of SEC-MALS first gave us insight
into the oligomeric state of MmSerB2. The SEC-UV presented in Figure 3.12 shows
that the enzyme has an elution profile very similar to that of MaSerB. Two distinct
peaks appear: a major peak eluting just before 15 min (95% AUC) followed by a
small bump (5% AUC). Again, MALS allowed the association of the main peak with a
dimeric form of the enzyme (measured molar mass: 88.2kDa, theoretical MW monomer:
43.8kDa). The small peak, associated to a measured molar mass of 66.0kDa, could
also correspond to the elution of a monomer or of a truncated form of the enzyme.
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FiGure 3.12: SEC-UV-MALS analysis of MmSerB.

MmSerB2 was also analyzed by SEC-SAXS. The experimental scattering curve is
presented in Figure 3.13A and the derived parameters are shown in Table 3.10.

No experimental atomic structure of MmSerB2 is available at this time. In our
publication, a homology model has been constructed based on the structure of MaSerB
(PDB: 3P96) to illustrate and discuss the results of the enzymological characterization.
The very high percentage of sequence identity between MmSerB2 and MaSerB (83.0
%) is already a good argument for the reliability of the model, but the comparison

of SEC-SAXS data provides further experimental evidence that the two enzymes fold



TaBLE 3.10: SAXS parameters of MmSerB. (1) derived from the Guinier
plot (2) calculated from the P(r) function
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Radius of gyration

R, (A)

32.32 +0.03 1 ;3254 4+ 0.02 (2

Forward scattering intensity 1(0) (cm™1)

0.1+574105 M :0.1 4+ 4.84 107> (2)

Maximum dimension

Dmax (A) 99

Porod volume

V, (nm®) 125

almost identically in solution. In Figure 3.13A, we can see that the SAXS curve of
MmSerB2 overlaps precisely with that of MaSerB2. Consequently, the parameters
determined for the two enzymes are almost identical. The extent of shape similarity
is even better represented by the superimposition of the P(r) functions (Figure 3.13C).
The dimensionless Kratky plots are also identical and show the typical bell-shaped
allure obtained for a well-folded globular protein, with a maximum value of 1.104 at

qRg = V3.
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FiGUre 3.13: Analysis of MmSerB2 solution structure from SAXS data
and comparison with MaSerB. (A) Experimental SAXS profiles (log 1(q)
versus () of MmSerB2 and MaSerB. (B) Calculated P(r) functions. (C)
Dimensionless Kratky plots.
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3.3.5 SerB from B. melitensis (BmSerB)

Bacteria of the genus Brucella are intracellular pathogens that cause a chronic infection
leading to sterility and abortion in animals, and debilitating disorders in humans. To
the best of our knowledge, there is no specific mention of SerB from Brucella melitensis
in the literature. However, its ortholog in B. abortus (99% sequence identity) has been
demonstrated to be important to intracellular proliferation and virulence. Revora et al.
indeed showed that B. abortus serB deletion mutant was auxotrophic for L-Ser, unable
to replicate intracellularly and was attenuated in mice in the acute and chronic phases
of infection [29]. As for MtSerB2, the determination of the structure of Brucella SerB
is of therapeutic interest.

Determination of the structure of BmSerB (on-hold PDB entry 7QPL)

BmSerB possesses a 90 residues sequence upstream of its PSP domain. The nature
of the domain family to which this sequence corresponds is difficult to predict via
sequence-based only methods. Since the structure of this enzyme had never been
solved, crystallization assays were undertaken to shed light on the identity of the
fold.

The enzyme was produced as explained in section 3.3.1, then concentrated at
25.7mgmL~!. Sitting drop vapor diffusion crystallogenesis assays were performed
under the 96 conditions of three different crystallization screens from Molecular Di-
mensions: PACT Premier, JSCG Plus and BCS. On day 5 after the set up of the exper-
iment, dodecahedral crystals (Figure 3.14) were observed in condition 1-40 from the
BCS screen. The solution consisted of 0.2 M sodium formate, 0.1 M sodium phosphate
pH 6.2, 20% w/v PEG smear medium and 10% glycerol.

Crystals of the same morphology were easily reproduced in 24-well hanging drop
vapor diffusion experiments using conditions close to those of the hit (pH 6.2-6.8, 14-
24% w /v PEG smear medium). Among the crystals analyzed by X-ray diffraction, the
best crystal grew in 0.2 M sodium formate, 0.1 M sodium phosphate pH 6.8, 22% w /v
PEG smear medium and 10% glycerol and diffracted to a resolution of 1.77 A. It was
found to belong to the cubic space group 12;3, with unit cell parameters a = b = ¢ =
143.21 A. Initial phases were calculated by molecular replacement using two parts of
a BmSerB model predicted by Alphafold2 as search models. The structure was then
built and refined to best fit the electron density to Rk and R values of 15.8% and
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FIGURE 3.14: BmSerB crystals. (A) As obtained in condition 1-40 of the
BCS Screen. (B) Mounted in a 0.3 mm CryoLoop placed in the cryostream
for data collection. The crystal measures about 85 pm.

18.3% respectively. The data collection and refinement statistics are given in Appendix
E.

The crystal structure (Figure 3.15) shows only one molecule in the asymmetric
unit. As expected from sequence alignments with the orthologous PSPs, it is readily
noticed that the enzyme is composed of two distinct domains linked by a short 7-
residues loop:

* A large domain spanning from residues I1e90 to GIn303 and corresponding to
the PSP domain of the enzyme. As predicted by the Pfam search, this domain
presents the typical Rossmann-like fold of the HAD phosphatases: a 3-layer
«/B/a sandwich with a central 6-strands parallel B-sheet in 3-2-1-4-5-6 order.
Access to the active site, where Mg?* and a phosphate ion are found, is shielded
by a tetrahelical C1 cap module similar to those found in HsPSP and MaSerB.
The cap is located between the strand $; and helix a1 of the Rossmannoid fold.
A loop containing two anti-parallel beta strands is also inserted between strand
B3 and helix a3 of the Rossmannoid fold.

* A small domain spanning from residues Val9 to Glu82 and presenting the char-
acteristic architecture of an ACT domain: a fapBpap fold featuring a B4B1B382
antiparallel B-sheet flanked by a pair of antiparallel a-helices presenting a twist
angle of 37.5° with respect to each other.
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ACT domain PSP domain

ACT fold

Ficure 3.15: Crystallographic structure of BmSerB and focus on its do-
mains and folds. N = N-terminus, C = C-terminus, (N,) and (Cy) =
direction of the N- or C- terminus and adjacent fold.

BmSerB crystallized with a phosphate ion and a divalent magnesium ion in its
active site (Figure 3.16). Both interact with the conserved residues of the typical
HAD phosphatase motifs I, II, IIl and IV highlighted in Figure 3.2. The Mg?" ion is
hexacoordinated by two water molecules, two oxygen atoms from the side chains of
D251 (motif IV) and D94 (motif I), the oxygen atom from the backbone carbonyl of
D96 (motif I) and an oxygen atom from the phosphate ion. The latter interacts mainly
by hydrogen bonding with the sides chains of S183 (motif II), D94 and D96 (motif I),
N254 (motif IV), the oxygen atom from the backbone carbonyl of D96 and three water
molecules. It also forms a salt bridge with K228 (motif III) side chain.

The structure superimposes quite well with that of the other two crystallized or-
thologs studied in this work (Figure 3.17, left). RMSD values on C, atoms for the
alignments with the whole structures and domains of MaSerB (PDB: 3P96) and HsPSP
(PDB: 6HYY) are reported in Table 3.11. Key residues from conserved HAD motifs
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FiGure 3.16: Structure of the active site of BmSerB. Interactions of the

phosphate ion (orange) and the magnesium ion (green) with the active

sites residues are depicted in dotted lines: hydrogen bonds (black), salt
bridge (orange) and coordinate bonds (green).

I-IV overlap well (Figure 3.17, right). The magnesium ions (or calcium ion for HsPSP
monomer B) are found at close positions in all structures, and the phosphate ion
of BmSerB is superimposed with that of HsPSP monomer B and the chlorine ion of
MaSerB. In HsPSP monomer A, the phosphate ion occupies a different position be-
cause the enzyme is in an alternative conformation [12].

FIGURe 3.17: Structure alignment of BmSerB, MaSerB (PDB: 3P96, dark

blue) and HsPSP (PDB: 6HYY, orange). Left: global alignment. Right:

focus on the active site. HsPSP monomers A and B are depicted in orange

and cyan respectively. The position of phosphate ion in monomer A is
indicated by an arrow.
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TaBLE 3.11: RMSD values for the structure alignment of BmSerB with
MaSerB (PDB: 3P96) and HsPSP (PDB: 6HYY)

BmSerB aligned with RMSD on C, atoms (A)
MaSerB (whole) 2.61 (over 288 residues)
Whole structure 4 bop (wwhole) 2.59 (over 208 residues)
MaSerB PSP 1.33 (over 208 residues)
PSP domain HsPSP monomer A 2.51 (over 208 residues)
HsPSP monomer B 3.36 (over 176 residues)

. MaSerB ACT1 3.42 (over 64 residues)

ACT domain MaSerB ACT2 3.08 (over 64 residues)

Upon examination of other PSP structures deposited on the PDB, we found two
that were similar to BmSerB: the PSP from Vibrio cholerae (PDB: 3N28) and the HAD
hydrolase t0658 from Salmonella enterica (PDB: 4EZE). The three structures are super-
imposed in Figure 3.18. These two enzymes also feature an additional N-term domain
with a resembling ACT topology in addition to their PSP domain. Structure alignment
of those domains with the ACT domain of BmSerB respectively give RMSD values on
C, atoms of 3.16 A over 64 residues and 3.47 A over 56 residues for 4EZE and 3N28.

F1GURE 3.18: Structure alignment of BmSerB with the PSP from V. cholerae
(PDB: 3N28, grey) and the HAD hydrolase t0658 from S. enterica (PDB:
4EZE, magenta).
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Investigation of BmSerB structure in solution

Although BmSerB crystallized with a single molecule in the asymmetric unit, it does
not mean that it is necessarily monomeric. However, biological interactions with the
crystallographic neighbors are difficult to discriminate from crystalline contacts. SEC-
SAXS and SEC-MALS allowed us to unambiguously determine the oligomeric state
of the enzyme and characterize its structure in solution.

SEC-MALS was used to measure the molecular weight of the BmSerB. As shown
on the SEC-UV chromatogram (Figure 3.19), the enzyme elutes in a single peak corre-
sponding to a molecular weight of 32.1kDa as measured by MALS. Considering that
the theoretical weight for a monomer is 32.5kDa, this indicates that the enzyme exists
only as a monomer in solution.
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F1GURe 3.19: SEC-UV-MALS analysis of BmSerB.

BmSerB might have been expected to form a dimer like HsPSP in solution as it
also possess the B-hairpin loop that allows the latter to dimerize. However, based on
the sequence alignment of Figure 3.2, it can be seen that BmSerB loop is four residues
shorter and contains only two of the ten residues known to be involved in HsPSP
dimeric interface. This deletion/substitution combination is probably the reason why
BmSerB does not dimerize.

SEC-SAXS allowed us to further characterize BmSerB solution structure. SAXS pa-
rameters (Table 3.12) were determined from the experimental scattering curve (Figure
3.20A). The R, value is well in line with the theoretical value for a 32kDa globular
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protein (20.2 A) calculated with Equation 3.1. The bell-shaped dimensionless Kratky
plot and P(r) function (Figure 3.20C and D) also show that the enzyme is well folded
and rather globular in solution. Molecular weight calculated from Bayesian infer-
ence and from Porod volume were of 28.9 kDa (confidence interval: 27.2 to 29.2 kDa)

and 29.9kDa respectively. These results confirm the monomeric state identified by
SEC-MALS.

TaBLE 3.12: SAXS parameters of BmSerB. (1) derived from the Guinier
plot (2) calculated from the P(r) function

Radius of gyration R, (A) 21.36 + 0.03 (V) ; 21.52 4 0.05 @)
Forward scattering intensity 1(0) (cm~1) 0.04 +2.7710°° (1 ; 0.04 4 3.28 107> ()
Maximum dimension Dmax (A) 80

Porod volume vV, (nm3)  55.2

In addition to these parameters, the SAXS curve provided the opportunity to con-
front the crystallographic structure described above with the shape of BmSerB in so-
lution. To this end, the scattering profile of BmSerB crystallographic structure was
evaluated (light green curve) and fitted to the experimental scattering curve (gray
dots) using CRYSOL (Figure 3.20A). At first sight, the allure of the simulated curve
corresponds well to that of the experimental curve. We notice however a slight sys-
tematic shift starting around q = 0.175 A" which can be explained by a conforma-
tional difference between the crystal structure and the enzyme in solution. To reflect
this change, the crystallographic structure was submitted to SREFLEX. The program
outputted a set of 10 models representing possible conformational changes that im-
proved the agreement with the experimental curve. The improvement is reflected in
the x? value which went from 3.91 for the crystal structure to values between 1.02 and
1.13 for the generated conformers. The model corresponding to the best fit is super-
imposed on BmSerB crystallographic structure in Figure 3.20B (RMSD on C, atoms:
4.39 A over 288 residues). It can be seen that the agreement with the experimental
curve can be improved by simply moving loops and changing the relative position of
the ACT domain with respect to the PSP domain.



log |

(aRg)2I(a)/1(0)

Loop between (35
and a; of the

0.1 0.2 0.3 0.4 0.5 Rossmanoid fold

q (A
D

0.00010+

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0.00008

0.00006

P(r)

0.00004 4

0.00002

0.00000
0

aRg

FiGure 3.20: (A) Grey: experimental SAXS profile (log I(q) versus q) of
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data (x? = 3.91). Dark green: fit of a BmSerB model generated by SRE-

FLEX to the experimental data (x? = 1.02) (B) Superimposition of BmSerB

crystal structure and model generated by SREFLEX. (C) Dimensionless
Kratky plot. (D) Calculated P(r) function.
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Enzymological characterization of BmSerB and behavior in the presence of L-serine

Solving BmSerB structure allowed us to identify the presence of a distinct N-terminal
domain possessing the topology of an ACT domain. However, in addition to their
characteristic architecture, the ACT domains are also defined by a functional feature:
they elicit an allosteric response in the fused catalytic domain upon binding a small
molecule. The associated binding site is generally found at the interface between ACT
domains, as the latter work in concert [6].

To verify the effector function of the ACT domain identified in BmSerB, we exam-

inated its oligomeric and catalytic behavior in the presence of L-serine.

SEC chromatograms showed that BmSerB was eluted around at the same retention
time in the presence and absence of 2.5mM L-Ser. The molecular weights associated
with these peaks were determined by MALS and values of 32.2 kDa without L-serine
and 34.5 kDa value with L-serine were obtained. These results show that, under these
buffer conditions, L-Ser does not affect the monomeric state of BmSerB.
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FiGure 3.21: SEC-UV-MALS analysis of BmSerB in the presence and ab-
sence of 2.5 mM L-Ser in the mobile phase (molar ratio 1:100).

The kinetic behavior of BmSerB was also assessed at different L-Ser concentrations
using the phosphatase assay. First, the steady-state kinetics of the enzyme in the
absence of L-Ser were studied (Figure 3.22A). As can be seen, the velocity curve rises
to a maximum and then decreases as the concentration of the substrate (O-phospho-

L-serine, PS) is increased. This deviation from typical Michaelis-Menten behavior
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is characteristic of the inhibition of the enzyme by its substrate. The equation that
accounts for total uncompetitive substrate inhibition (Equation 3.2) could be fitted to
the data.

o — Vinax [S]

= 3.2
K+ [S1(1+ £2) .

In Equation 3.2, Vj;4y is the maximum velocity, [S] is the free substrate (O-phospho-
L-serine, PS) concentration, Ky, is the Michaelis constant (substrate dissociation con-
stant) and K;s is the dissociation constant of the substrate for the inhibitory site. The
value of the catalytic constant ke, is obtained by dividing V¢ by the total enzyme

concentration [E];.

It indicates that a second molecule of PS probably binds to BmSerB-PS complex
at a non-catalytic inhibitory site and leads to the formation of a non-productive PS-
BmSerB-PS complex®. The dissociation constants of PS for both sites as well as the
reaction rate of BmSerB-PS complex were determined by non-linear regression and
are reported in Table 3.13. Figure 3.22B shows the velocity curve obtained in the
presence of increasing L-Ser concentrations. As reflected by the superposition of the

6 curves, L-Ser does not seem to modulate the catalytic activity of BmSerB.
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F1cure 3.22: Velocity curves for the dephosphorylation of O-phospho-L-
serine (PS) by BmSerB (A) in the absence of L-Ser (B) in the presence of
increasing L-Ser concentrations

3See section 4.3.1 of Chapter 4 for more details about substrate inhibition
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TasLE 3.13: Kinetic constants for the dephosphorylation of O-phospho-L-
serine by BmSerB in the absence of L-Ser

Dissociation constant of PS for catalytic site Ky (mM) 1.23 +£ 0.44
Dissociation constant of PS for inhibitory site Kjs (mM) 1.44 + 0.49
Maximum reaction velocity Vmax (nmol pg_l min~!) 28.24 + 7.10
Catalytic constant Keat (s71) 15.30 + 3.85

Since L-Ser neither seems to modulate the catalytic activity nor to participate in a
change in the oligomerization state of BmSerB, we can only refer to its ACT domain
as "putative” [6]. However, it remains possible that other yet untested ligands or a pH

variation could highlight a functional role for this putative ACT domain.
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3.4 Summary of the findings

To better understand the behavior of MtSerB2, the biophysical and biochemical prop-
erties of four orthologous enzymes were studied. The orthologs were selected on the
basis of their sequence. These are either very similar with only a few point differ-
ences (MaSerB, MmSerB2) or are shorter by one (BmSerB) or more domains (HsPSP).
These characteristics will allow us to highlight the role of domains or residues in the
biochemical and biophysical behavior of MtSerB2.

The use of SEC-MALS and SEC-SAXS allowed us to shed light on the quaternary
architecture and conformation of each ortholog in solution. In the case of BmSerB,
X-ray crystallography has also given us access to an atomic level of detail. Comparing
its crystallographic structure, as well as those of MaSerB and HsPSP to their solution
structures illustrated that small conformational changes such as the displacement of
domains or loops was common between the solution state and the solid state. The
diversity in the morphologies of the studied homologs also highlighted that SAXS,
already through the shape of the diffusion curve, the Kratky plot, the P(r) function
and the values of Ry and Dpax, is a rich source of information regarding the enzyme

shape.

Data on the hydrolysis kinetics of O-phospho-L-serine by BmSerB were also pre-
sented and showed that its putative ACT domain did not appear to be involved in the
regulation of phosphatase activity in the presence of L-Ser. Similar experiments were
also performed for MmSerB2 and MaSerB and will be presented and discussed later,
in parallel to MtSerB2.

The key information described in this chapter and useful for further discussion is

summarized in Figure 3.23.
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FiGURe 3.23: Graphical summary of structural differences studied in
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Chapter 4

Characterization of MtSerB2
oligomeric states in the absence

of L-serine

4.1 Observation and identification of the oligomeric

states

4.1.1 MitSerB2 elutes and migrates as two oligomeric species

When a milligram amount of pure MtSerB2 obtained after IMAC, His-tag cleavage
and reverse IMAC (as described in section 3.3.1) is applied to a semi-preparative SEC
column in a Tris-NaCl pH 7.4 buffer, the resulting UV chromatogram shows two main
absorbance peaks (Figure 4.1A).

Two elements ensure that each of these two peaks actually correspond to the detec-
tion of MtSerB2 by the 280 nanometer UV monitor and not to that of a contaminating

protein:

¢ The MtSerB2 sample applied to the column is pure, as proven by the pres-
ence of a single intense band on SDS-PAGE gel (Figure 3.4 of Chapter 3). This
band lies between the 37 kDa and 50 kDa references, which is consistent with
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F1GURE 4.1: (A) SEC-UV analysis of MtSerB2 obtained after reverse IMAC
and (B) native PAGE analysis of MtSerB2 before SEC (RI) and of the
eluted fractions. Column: Superdex 200 10/300 GL.

the molecular weight of MtSerB2 monomer (43.4kDa). Given the His-tagged
protein specific 3-step purification protocol applied, it can be considered that
this band corresponds to MtSerB2 only and not to a mixture of MtSerB2 with a

contaminant of the same monomeric molecular weight.

¢ When the same sample is analyzed by native PAGE, two distinct bands appear
on the gel after coloration by Coomassie brilliant blue (Figure 4.1B, lane RI). The
analysis of each fraction eluted during the SEC experiment by this technique
allows to assign each of these bands to a peak of the chromatogram. By doing
so, the upper band, corresponding to the species with the lowest electrophoretic
mobility, can be associated with the first peak. The lower band, corresponding to
the species with the highest electrophoretic mobility, matches the second peak.

These observations and considerations thus indicate that MtSerB2 exists as two

major forms in solution:

¢ A larger species, which elutes first from the SEC column (first peak) and mi-
grates less far on the native PAGE gel (upper band)

* A smaller species, which elutes last from the SEC column (second peak) and
migrates further on the native PAGE gel (lower band)

These two species are two distinct oligomeric states of MtSerB2. It can be ruled
out that they correspond to two different conformations (e.g, extended and more

compact) of the same oligomeric state. If this were the case, it would not be possible
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to differentiate them in view of the limited resolution of the semi-preparative column
and the gel.

This observation differs from the SEC results published by Yadav and Shree in
2014 [1]. Although the mobile phase was similar (Tris-NaCl buffer pH 8.0, versus pH
7.4 in this thesis) and the experiment was performed with the same column model,
the authors report that MtSerB2 elutes in a single peak in the absence of L-serine.
However, their purification protocol involved differential precipitation of MtSerB2
using ammonium sulfate after a first IMAC step, followed by preparative SEC as
the final purification step before analysis. This alternative experimental design could
explain the discrepancy in results. One hypothesis could be that one of the species
remained in solution during the differential precipitation and was therefore excluded
form the rest of the workflow. Another explanation, although less likely, could be
that the authors overlooked the smallest peak during the pooling of preparative SEC
fractions, resulting in a MtSerB2 batch containing a single oligomeric species. The
elution volume at peak maximum reported in reference [1] and the results presented
further in this thesis indicate that the species observed by Yadav and Shree under L-
Ser-free conditions matches the smaller oligomer (second peak, lower band) that we
observed by SEC and native PAGE.

4.1.2 MtSerB2 can form a dimer and a tetramer

The subsequent logical step was to identify the two oligomeric states of MtSerB2 by
determining their stoichiometry. To achieve this, two methods of molecular weight

(Myw) determination were used and confronted:
¢ The relative estimation of Myy by calibration of the SEC column

¢ The absolute measure of My by SEC coupled to multi-angle light scattering
(SEC-MALS)

Relative estimation of My by calibration of the SEC column

One of the methods used for molecular weight estimation relies on the calibration
of a SEC column using globular protein standards. A sigmoidal relationship exists
between the elution parameter (volume, time) of a series of homologous compounds
analyzed by SEC and the logarithm of their molecular weights. The My of any sim-

ilar compound can therefore be estimated by comparing its elution parameter with
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the values obtained for the standards via a calibration curve in the range where the

relationship between log(My) and the elution parameter is virtually linear.

This method was used for a first estimation of the My associated with the two
oligomeric MtSerB2 species. The orthologs presented in Chapter 3 were also analyzed
in this way. The operation was performed on the two SEC columns used in this work,
a semi-preparative one and an analytical one. The chromatograms and associated
calibration curves are shown in Figure 4.2. The elution parameters and estimated My
values for MtSerB2 and its orthologs are listed in Table 4.1.
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F1GURE 4.2: SEC column calibration using globular commercial calibrants.
(A) Superimposition of the chromatograms obtained for MtSerB2 and a
mix of calibrants on a semi-preparative Superdex 200 10/300 GL column
in Tris-NaCl pH 7.4 buffer, 0.2 mL min~!. (B) Calibration curve corre-
sponding to the data shown in chromatogram A. (C) Superimposition of
the chromatograms obtained for MtSerB2 and a mix of calibrants on an
analytical BioResolveSEC mAb 200A 2.5 ym 7.8 x 300 mm column in Tris-
NaCl pH 7.4 buffer, 0.5 mL min~!. (D) Calibration curve corresponding

to the data shown in chromatogram C.
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TaBLE 4.1: Elution parameters for the analysis of MtSerB2 and ortholo-
gous proteins by SEC and Myy values estimated by the calibration of two
different columns.

Semi-prep. (Superdex) Analytical (BioResolve)

Enzyme Expected oligomeric state | Elution volume (mL) Est. MW (kDa) | Retention time (min) Est. MW (kDa) | Est. stoichiometry
MtSerB2 - Peak 1 ? 11.14 244 13.65 181 6/5/4
MitSerB2 - Peak 2 ? 12.76 118 15.14 95 3/2

MtSerB2 - (Peak 3) ? - - 15.96 67 2/1
MaSerB Dimer (88 kDa) 12.52 131 14.96 103 3/2
MmSerB2 Dimer (88 kDa) n.d. n.d. 14.79 111 3/2
BmSerB Monomer (33 kDa) 14.95 44 18.35 24 2/1
HsPSP Dimer (54 kDa) n.d. n.d. 16.12 63 2

As can be seen from the estimated oligomer stoichiometries, this method does
not offer an unambiguous determination of the oligomerization states. Using the
known oligomerization state of MtSerB2 orthologs as a benchmark, we find that the
molecular weights are systematically overestimated, except in the case of BmSerB on
the analytical column. The effect is even more pronounced for the semi-preparative
column. This phenomenon could be explained by a difference in shape between the
analytes and the globular standards. This is illustrated by the overestimation of the
Mw of HsPSP, which is known to have a particularly elongated dimeric quaternary
structure. Deviations from ideal SEC behavior can also explain inaccuracies in My
estimation. For example, ionic or hydrophobic interactions between the column resin
and the enzyme can take place. In that case, the retention time within the column
depends on these interactions in addition to steric effects and deviation from the
linear relationship between log(My) and the elution parameter occur.

Absolute measure of My by SEC coupled to Multi-Angle Light Scattering (SEC-
MALS)

To shed light on the oligomerization states of MtSerB2, we used a second molecular
weight determination technique: MALS. The determination of My by MALS is more
reliable because it does not require comparison with standards. Indeed, it is an ab-
solute technique that determines the molecular weight of an analyte in solution from
physical equations!. The use of a SEC column upstream of the MALS detector allows
to separate the different species in solution so that they can be analyzed individually.

ISee Appendix B for a more detailed explanation of the technique
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The SEC-UV-MALS chromatogram obtained for the analysis of MtSerB2 on the
analytical SEC column is shown in Figure 4.3. As can be seen from the UV signal,
MtSerB2 elutes in three distinct peaks. The 3 peaks make up respectively 26.7, 69.5
and 3.8 % of the total area under the curve. The molar mass associated to each of
these peaks was measured by MALS: 165.3kDa, 86.9kDa and 55.5kDa in order of
elution. Considering a molar mass of 43.4 kDa for a monomer, the main peaks can be
respectively associated to a tetramer and a dimer. The third and smaller peak could
correspond to a monomer or a truncated form of the enzyme. It is interesting to note
that such a peak seems to be characteristic of PSPs with two ACT domains, as it also
appears in the chromatograms of MmSerB2 and MaSerB. Analyses performed on the
semi-preparative column do not show the presence of this species due to the lower
separation resolution. The independent analysis of a MtSerB2 sample, conducted by
Wyatt Technology Corporation, corroborates our results. The enzyme eluted in two
peaks on a Superdex 200 Increase 10/300 semi-preparative column. The experiment
was performed with various injection volumes and resulted in the identification of a
tetramer for the first peak (160-180 kDa) and a dimer for the second peak (80-88 kDa).
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F1GURE 4.3: SEC-UV-MALS analysis of MtSerB2.

The SEC-MALS results, together with the calibration of the SEC columns, allow
us to state that MtSerB2 exists in two main oligomeric forms in solution: a dimer
and a tetramer. The analytical SEC experiments also reveal the presence of a minority
species that could be associated with the monomeric form. An examination of the base

of the peaks would also reveal the presence in trace of a species of intermediate size
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between those of the dimer and the tetramer and species of greater size than that of
the tetramer. These suspected species are indicated by arrows on the chromatogram
in Figure 4.4. The existence of a trimeric species, which could correspond to the
intermediate peak, will be demonstrated in Chapter 5. As for the first peaks, they

could indicate the presence of trace amounts of aggregates in the analyzed solution.
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FiGure 4.4: SEC-UV analysis of MtSerB2 and zoom at the base of the
peaks.
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4.1.3 MitSerB2 dimer and tetramer populations interconvert through
a slow equilibrium independent of the total protein concentra-
tion

The equilibrium between MtSerB2 tetramer and dimer forms was probed. To do so,
native PAGE and SEC were mainly used but our observations could be completed by
preliminary results of mass photometry (MP)?. MP enables the quantification and the
measure of the molecular mass of individual biomolecules in solution by measuring
a light scattering signal proportional to their mass as they land on an illuminated

measurement surface.

The dimer and the tetramer are stable species that can be separated and individu-
ally concentrated

The chromatography equipment we have in the lab allows us to fractionate the elu-
ate at the exit of the SEC column. We were therefore able to recover separately the
dimeric and tetrameric populations of MtSerB2 following their separation in a semi-
preparative SEC column. The populations could then be individually analyzed by
native PAGE at their concentration at the column exit and after concentration up
to 25mgmL ™! by centrifugation (Figure 4.5). As can be seen from the native gel,
the dimeric population remains dimeric after eluting from the SEC column (lane 3)
and the same is true for the tetrameric population (lane 1). Both also retain their
oligomeric state after concentration (lane 4 and 2). This property is crucial for setting
up the crystallogenesis assays detailed in section 4.2.1.

The stability of the dimeric species could be shown by another SEC experiment.
A sample of MtSerB2 was fractionated by SEC, the dimeric population was recov-
ered, concentrated, and then re-injected into the column under the same experimen-
tal conditions. The superimposition of the two chromatograms in Figure 4.6 shows
the presence of the dimeric population alone (a single peak) after re-injection. The
tetramer was not reformed in the meantime. Re-injection of the tetrameric population
was undertaken with the same method but the experiment was not successful. The

amount of tetramer recovered after the first SEC step is very small and the loss due

2 Access to this technique was provided during the demonstration of a Refeyn TwoMP instrument
at the Laboratory for the Analysis of Medicines (LAM, ULiege) on March 29, 2022
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to the concentration step do not allow to obtain a sufficient amount of protein for a

peak to be visible on the chromatogram after re-injection.

1 2 3 4
A 1. Tetramer, after SEC (0.4 mg ml!)
2. Tetramer, concentrated (24.5 mg ml)
3. Dimer, after SEC (0.8 mg ml?)
el & 4. Dimer, concentrated (25.5 mg ml)

FiGUure 4.5: Native PAGE analysis of MtSerB2 tetramer and dimer frac-
tions after eluting from the SEC column and after centrifugation concen-

tration.
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FIGURE 4.6: SEC-UV analysis of a full MtSerB2 sample (left) and of the
re-injected dimer peak (right).
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The dimer and tetramer populations rearrange over time

During the analyses of separated dimer and tetramer batches by SEC and native
PAGE, we noticed that the tetramer batches are often contaminated with a small quan-
tity of dimer while the dimer batches are always (almost) pure. This observation led
us to test whether this phenomenon was simply due to poor upstream separation or
to population rearrangement over time. For this purpose, tetramer and dimer samples
of different ages were analyzed by native PAGE and MP. The gel analysis presented
in Figure 4.7 shows that a portion of the tetramer population of the tetramer batch
already converted to dimer after 3 weeks at 4°C. Regarding the dimer batch, the
dimer population mostly retained its oligomeric state, as evidenced by the compara-
ble intensities of the two dimer bands after thawing and after 3 weeks. However, a
faint tetramer band could be observed for the thawed sample and the latter appeared
slightly more intense after 3 weeks. It is therefore possible that a very small propor-
tion of the dimer population had shifted to a tetrameric state. The same observations
can be made for the samples that stayed for 2 months at 4 °C.

Tetramer Dimer Tetramer Dimer

a b c d a b [ d

3 week§ 3 week§ 2 monthf 2 montl;ls

- - H
™ we -

1. Tetramer, frozen batch after thawing 1. Tetramer, fraction after SEC
2. Tetramer, frozen batch left 3 weeks at 4°C 2. Tetramer, same fraction left 2 months at 4°C
3. Dimer, frozen batch after thawing 3. Dimer, fraction after SEC
4. Dimer, frozen batch left 3 weeks at 4°C 4. Dimer, same fraction left 2 months at 4°C

Ficure 4.7: Native PAGE analysis of MtSerB2 dimer and tetramer sam-
ples. The samples were fresh, freshly thawed or aged for 3 weeks or 2
months at 4°C.
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These observations were corroborated by MP analyses shown in Figure 4.8, where
the proportions of dimer and tetramer in samples of different ages were quantified.
The analyzed tetramer batch was initially contaminated with a non-negligible amount
of dimer, but it can be seen that the proportion of tetramer decreased with sample age,
while the amount of dimer increased. For the sample kept 3 months at 4 °C, a dimer
to tetramer ratio of 80/20 was observed. These proportions approached the 85/15
ratio seen in the total unseparated sample (assumed to be at equilibrium) during
the same MP analysis series. The behavior of the dimer batch was different. The
dimer/tetramer ratio remained unchanged after two weeks at 4°C. After 3 months, a

small amount of tetramer seemed to have reformed.
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FIGURE 4.8: Mass photometry analysis of MtSerB2 dimer and tetramer

batches. The batches were freshly thawed or aged for 2 weeks and 3

months at 4°C. Between brackets are indicated the percentage of the

total number of counts. The height of histograms bars represent the total
amount of dimer and tetramer.

Based on these observations, it can be concluded that it seems much easier for the
dimer to be reformed from the tetramer than the other way around. The interconver-
sion of species evolves on a scale of weeks. It appears that the dimeric and tetrameric
populations of MtSerB2 are in slow equilibrium.
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The interconversion between dimer and tetramer is not affected by sample concen-
tration

It could also be shown that the equilibrium between the two oligomeric forms is
not affected by the total protein concentration. Several MtSerB2 samples of different
total concentrations were analyzed by native PAGE. The samples were prepared in
two ways: (1) by gradually concentrating an initial 1.2 mgmL ™! solution, and (2) by
gradually diluting an initial 14.9mgmL~! solution. A fixed volume was taken at
each concentration or dilution step for electrophoretic analysis. The intensity of the
bands on the gel, proportional to the amount of each species, was quantified by gel
densitometry. As shown in the native gels and associated densitometry histograms
(Figure 4.9), the proportions of dimer and tetramer do not vary with the concentration
of the sample.
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FIGURE 4.9: Native PAGE analysis of a MtSerB2 sample during dilution
and concentration, and corresponding densitometry histograms.
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The same conclusion could be drawn from SEC experiments. A volume of 30 uL
of a 1.5mgmL ! MtSerB2 solution was injected into the analytical BioResolve SEC
column and 250 uL of the same solution concentrated to 15mgmL ™! were injected
into the semi-preparative Superdex SEC column. Area under the curve measure-
ments indicate that the proportions of dimer and tetramer do not change, despite the
difference in concentration of the sample and within the column (Figure 4.10). The
third peak, present during the analysis with the analytical column, does not appear
on the chromatogram associated with the semi-preparative column. Given the lower
resolution capacity of the latter, the species associated with this peak is probably co-
eluting with the dimeric population. The area under the curve of the dimeric peak
is therefore compared with the sum of the areas of peaks 2 and 3 of the BioResolve
analysis.

Sample: 250 uL at 15 mg mL! (3.75 mg) Sample: 30 pL at 1.5 mg mL! (45 ug)
Column: Superdex s200 (24 mL) Column: BioResolve (15 mL)
140 45
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F1GURE 4.10: SEC-UV analysis of a MtSerB2 solution at different concen-
trations on different columns.
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Phosphate and pH do not seem to influence the dimer/tetramer equilibrium

The influence of phosphate, one of the reaction products of MtSerB2, was also as-
sessed. SEC analyses were performed in a phosphate NaCl buffer that also enabled
the oligomeric behavior to be studied over a range of two pH units (5.8 to 7.8). The
results are shown in Figure 4.11. Area under the curve calculations showed that
MtSerB2 dimer and tetramer were still found in the same proportions in the phos-
phate buffer compared to the Tris buffer and that these quantities remained constant

regardless of the pH.
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F1GUrE 4.11: SEC-UV analysis of MtSerB2 in a phosphate NaCl buffer at
different pH and corresponding area under the curve histograms for the
dimer and tetramer peaks.
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4.2 Structural characterization of the oligomeric species

Our work confirmed that MtSerB2 forms a dimer in solution and provided the first
quantitative experimental evidence for the existence of a tetramer of MtSerB2. We
then focused on studying the structures of these oligomers: does the dimer resemble
that of MaSerB and what is the architecture adopted by MtSerB2 tetramer?

4.2.1 MitSerB2 dimer and tetramer are difficult to crystallize

We tried to crystallize MtSerB2 many times during the project. Initial attempts were
made with the full sample containing dimer and tetramer, at varying protein concen-
trations, using Hampton Research’s Crystal Screen 1 and 2 crystallization screens. Condi-
tions around the crystallization conditions of MaSerB provided in the PDB were also

tested. No results were obtained from these assays.

Given the polydispersity of the sample, prior separation of the two oligomeric
populations seemed to be a good strategy to promote MtSerB2 crystallization. The
following tests were therefore performed after separation of dimer and tetramer pop-
ulations by preparative SEC. As shown in Figure 4.5, both species are stable after
separation and can be concentrated while maintaining their oligomerization state.
This makes it possible to try to crystallize them separately.

Each oligomeric population was then set up for crystallization in the conditions
of Molecular Dimensions’ JCSG-plus and PACT premier screens. These two screens are
complementary: JCSG screen is a general sparse-matrix screen covering previously
successful crystallization space, while PACT screen is based on a systematic test of
pH, anions and cations with the precipitant polyethylene glycol (PEG). Their com-
bination has been demonstrated as an efficient strategy for the identification of new
crystallization conditions [2]. A third screen, the BCS Screen, was also used. In this
screen, the precipitating agent consists of mixtures of PEGs grouped by molecular
weight (PEG smears), which allows broader chemical space to be covered while re-
ducing the number of PEG variables [3]. Solutions with compositions close to the
crystallization conditions of MaSerB were also tried.

A few crystals have been obtained from these experiments. Unfortunately, during
their analysis by X-Ray diffraction at SOLEIL Synchrotron, they turned out to be salt
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or did not diffract. A table summarizing the crystals tested and the conditions under

which they were obtained is available in Appendix G.

Crystallization of MtSerB2 oligomers has been an ongoing effort throughout this
thesis project but no atomic structure could be revealed to date. Fortunately, other
techniques, either indirect such as site-directed mutagenesis or direct, such as SAXS,
have allowed us to learn more about the structures adopted by the enzyme.

4.2.2 Investigation of the major species: MtSerB2 dimer

In the absence of crystallographic or other structural data, insight into the structure
of MtSerB2 is based on homology modeling. MtSerB2 is usually modeled based on
the structure of SerB from M. avium, its closest crystallized homolog (83.3 % identity).
Homology models of MtSerB2 based on the structure of MaSerB have been used for
docking studies in references [1, 4, 5]. However, although the high percentage of
sequence identity is a good indicator of model reliability, no experimental evidence
of the resemblance between MtSerB2 and MaSerB dimers is available. We performed
this verification first through the design of a truncated mutant and then with the use

of SAXS when the opportunity for such measurements occurred.

MitSerB2 depends on its ACT1 domain to oligomerize

As shown by its crystallographic structure, MaSerB dimer is very likely formed by
domain-swapping. The swapped domain is the N-terminal ACT1 domain which,
thanks to the hinge-loop, is positioned below the ACT2 domain of the other monomer

to form an 8-stranded anti-parallel B-sheet.

An analysis of the dimeric interface allowed us to identify the residues involved
in the interaction between the two monomers. Figure 4.12 schematizes the result of
this scan, where for each residue of monomer 1, the number of residues of monomer

2 within 4 A and the domain to which they belong are indicated.

The analysis quantifies the importance of the ACT1 domain in the dimeric inter-
action. ACT1 residues are involved in a large number of proximity pairs (44% of total
pairs), particularly at the 2nd B-strand. Interactions with the other monomer at the
ACT1 (18%), ACT2 (24%) and hinge loop (6%) regions could be identified. In con-
trast, ACT2 domain residues participate in fewer pairs (27%), mainly with the ACT1
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FIGURE 4.12: Residues involved in the dimeric interface of MaSerB.

Monomer 1 sequence is depicted. Above each residue in this sequence,

the number of residues of monomer 2 within 4 A is indicated. The region

to which each residue belongs is indicated by color: ACT1 (blue), ACT2

(green), PSP (orange), hinge-loop (gray) or ACT2-PSP loop (salmon). Sec-

ondary structure elements based on 5IS2 structure are shown below the
sequence.

domain. PSP domain residues are less involved in the dimeric interface (13%) and in-
teract mainly with the hinge loop and the ACT2-PSP flexible loop. The analysis also
highlights that half of the hinge loop residues play a role in stabilizing the interface
by interacting with residues in the ACT1, ACT2 and PSP domains.

The presence of the ACT1 domain thus seems to play a crucial role in the dimeriza-
tion of MaSerB. Assuming that it adopts the same fold in solution, then this postulate
should also hold for MtSerB2 dimer. Based on this, we wanted to investigate the
oligomeric behavior of a truncated form of MtSerB2, lacking the ACT1 domain. For
this experiment, the truncated MtSerB2AACT1 mutant was designed by site-directed
deletion mutagenesis following the method of Liu et al. [6]. Its oligomeric behav-
ior was then assessed by SEC-MALS (Figure 4.13) and compared with that of full
MtSerB2 and BmSerB.

As can be seen on the SEC-UV-MALS chromatogram, MtSerB2AACT1 elutes in a
major peak corresponding to a measured molar mass of 37.6kDa. This result sug-
gests that the mutant is mostly monomeric, as the calculated MW nonomer is 34.8 kDa.
The conclusion is also supported by the similar elution volume to BmSerB (32.5kDa,
monomeric). However, an absorbance signal at and after the dead volume shows the

presence of high molecular weight aggregates in the sample. Truncation, preventing
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Ficure 4.13: SEC-UV-MALS analysis of MtSerB2AACT1 mutant

dimerization, probably leads to the exposure of hydrophobic areas to the solvent. This
explains the formation of aggregates but also why MtSerB2AACT1 monomer elutes
after BmSerB: non-specific hydrophobic interactions with the matrix could increase
the residence time in the SEC column. Another, smaller peak is present between the
aggregates and the monomeric peak. The MALS results for this peak indicate a molar
mass of 121.2kDa, which could correspond to that of a trimer (121.2/37.6 = 3.2).

The oligomeric behavior of MtSerB2AACT1 mutant, along with that of BmSerB,
thereby highlights the crucial role of the ACT1 domain in MtSerB2 self-assembly.
ACT1 absence prevents dimer formation, which is a good indication that MtSerB2
also adopts a domain-swapped butterfly fold similar to that of MaSerB. It seems to
also prevent tetramer formation but would lead to the formation of a small trimeric
population.
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MtSerB2 forms a dimer similar to that of MaSerB

Access to SAXS allowed us to verify that MtSerB2 dimer is indeed folded like MaSerB
in solution. As shown by the superposition of their scattering curves (Figure 4.14A),
the comparable shape of their P(r) functions (Figure 4.14B) and the very close values
of their shape parameters (Table 4.2), the two enzymes likely adopt almost identi-
cal global shapes in solution. Minor local conformational variations may exist be-
tween the two enzymes, as reflected by the slight deviation of the SAXS curves be-
tween q values of 0.150 and 0.250 A_l, and the local differences observed between the
P(r) functions along a somewhat higher Dpyax value for MtSerB2. The dimensionless
Kratky plot (Figure 4.14C) shows that MtSerB2 dimer is also globular and well folded.
By extension, in view of the identical SAXS profiles between MaSerB and MmSerB2
(see Chapter 3, page 81), it can be concluded that the shape of MtSerB2 dimer is also
very similar to that of MmSerB2.

0.00150 . m MtSerB2
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0.00050
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FIGURE 4.14: Analysis of MtSerB2 solution structure from SAXS data and

comparison with MaSerB. (A) Experimental SAXS profiles (log I(q) versus

q) of MtSerB2 and MaSerB. (B) Calculated P(r) functions. (C) Dimension-
less Kratky plots.
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TaBLE 4.2: SAXS parameters of MtSerB2 dimer compared to those of
MaSerB. (1) derived from the Guinier plot (2) calculated from the P(r)

function

MtSerB2 dimer MaSerB dimer
R, (A) 32.47 +0.02 (U ;32,55 4+ 0.02 @) 32.62 +0.03 (U ; 32.84 + 0.02 @
10) (em™1) 0.09 +£3.32107° 1 ;0.09 + 364105 @ 011 +59910° 1 ;011 + 50105 @
Dimax (A) 111 101
V, (nm®) 127 126
Myy Bayesian inference (kDa) 88.3 (84.3 to 95.5) 91.2 (84.3 to 95.8)
My Porod volume (kDa) 105.5 104.7

4.2.3 Investigation of the minor species: MtSerB2 tetramer

To shed light on MtSerB2 tetramer structure, several previously investigated proper-
ties of the enzyme and its orthologs can be exploited. First, its two closest homologs
MaSerB and MmSerB2 are dimeric and unable to form tetramer under the conditions
studied in this thesis. The residues responsible for the tetramerization of MtSerB2
can therefore be identified on the basis of the sequence difference between these en-
zymes. Next, the ACT1 domain appears to be essential for dimer formation, as high-
lighted by the oligomeric behavior of MtSerB2AACT1 mutant and supported by that
of BmSerB. Finally, on this basis and by comparison with the SAXS profiles of MaSerB
and MmSerB2, it has been argued that MtSerB2 dimer is also formed through ACT1
domain-swapping. The hypothesis that MtSerB2 forms a domain-sapped tetramer as
well cannot be excluded. In this context, it is worth looking at the determinant region
of domain-swapping: the hinge loop.

GIn92 is involved in MtSerB2 propensity to form a tetramer

Figure 4.15 depicts the sequence alignment of MtSerB2, MaSerB and MmSerB2 fo-
cused on the hinge loop region. The sequences are particularly conserved but 3 point
variations distinguish the loops of the three enzymes:

¢ Leucine L87 in MtSerB2 is a valine (V) in MaSerB
¢ Isoleucine 189 in MtSerB2 is a valine (V) in MmSerB2

¢ Glutamine Q92 in MtSerB2 is a glutamate (E) in both MmSerB2 and MaSerB
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Ficure 4.15: Alignment of the sequences of MtSerB2, MaSerB and

MmSerB2 focused on the hinge loop region performed with PRALINE

tool [7]. Residues are colored according to their conservation (left) and
hydrophilicity (right).

None of these mutations look particularly drastic. Due to their size properties and
hydrophobic character, valine, leucine and isoleucine residues are frequently substi-
tuted by each other. The same is true for the glutamate/glutamine variation, two
polar residues with very similar carboxylate and amide functional groups [8]. How-
ever, a notable difference exists between these two residues: glutamate bears a net
negative charge at pH 7.4 while glutamine is neutral. This mutation is thus the only
one that really differentiates MtSerB2 from its two exclusively dimeric counterparts
at the hinge loop.

We wanted to probe the potential involvement of GIn92 in the propensity of
MtSerB2 to form tetramer. For this purpose, a MtSerB2 Q92E mutant was designed
following the method of Liu et al. [6] and produced according to the usual proto-
col. Its oligomeric behavior was analyzed by native PAGE and analytical SEC (Figure
4.16).

The native PAGE first provided us with a qualitative response. As shown by the gel
in Figure 4.16A, MaSerB only forms dimer (lower band) while MtSerB2 and MtSerB2
QI2E form dimer and tetramer (upper band). However, the band corresponding to
the tetramer of MtSerB2 Q92E sample appears less dense than that of MtSerB2. The
mutant would therefore form less tetramer.

This observation could be verified and quantified by SEC-UV and integration of
the area under the curve for each peak. As shown in Figure 4.16B, MtSerB2 Q92E
sample contains less tetramer (13.7 %AUC) than MtSerB2 sample (26.7 %AUC). Nor-
malization of the chromatograms to the dimeric peak provides a clearer picture of the

lower proportion of the tetrameric population in MtSerB2 Q92E. AUC ratios (tetramer
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FIGURE 4.16: Analysis of the oligomeric behavior of MtSerB2 Q92E. (A)
Native PAGE analysis of MaSerB, MtSerB2 and MtSerB2 Q92E. (B) Super-
imposition of the SEC-UV chromatograms of MtSerB2 (pink dotted line)
and MtSerB2 Q92E (purple). Insert: data normalized to the dimer peak.

to dimer) for MtSerB2 Q92E and MtSerB2 are 0.17 and 0.40 respectively.

These experiments thus show that mutation of the GIn92 residue present in the
hinge loop of MtSerB2 to glutamate has an effect on the self-assembly state of the
enzyme: we observed a decrease in the tetrameric population and an increase in the
dimeric population. This glutamine could therefore play a role in the tetramerization
propensity of the enzyme. A first hypothesis could be that the Q92E mutation would
disrupt the oligomeric equilibrium by influencing the conformation of the hinge-loop.
Indeed, a conformational restriction could take place through the interaction of the
net negative charge of glutamate and the positive charge carried by the upstream
arginine. Another possibility would be that the glutamate destabilizes the tetrameric
architecture through the effect of unfavorable interactions at an interface due to its
negative charge.

The N-term part of the second a-helix of ACT2 domain is a hotspot for tetramer
formation

Residue Q92 is involved in the tetramerization ability of MtSerB2 but its presence is
not necessary for the phenomenon to occur since the enzyme can still form tetramer
when it is mutated to a glutamate like in the exclusively dimeric SerBs. Other
residues, specific to MtSerB2 should therefore participate in the stabilization of the
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tetramer. As briefly mentioned in section 3.2.3 (Chapter 3), the sequence alignment
of MtSerB2, MmSerB2 and MaSerB shows that the second alpha helix of the ACT2
domain (a5 in Figure 4.17) is particularly poorly conserved between the three en-
zymes, especially at the N-terminal part. Comparing MtSerB2 to its two exclusively
dimeric orthologs, it can be seen that the nature of the residues changes significantly
in this region. While MtSerB2 bears rather small, neutral, hydrophobic and apolar
residues (C148, V149, G150 and 1154), the residues are larger, charged and more polar
in MmSerB2 (T, Y, R, T) and MaSerB (A, D, E, T). The alignment in the right box at
the bottom of Figure 4.17 highlights the polarity shift of the residues at these four
positions.

To test whether these residues are responsible for MtSerB2 tetramerization, a new
mutant was generated: MtSerB2x. This mutant, in addition to the Q92E mutation,
bears the mutations C148T, V149Y, G150R, and 1154T, where the residues found in
MtSerB2 are replaced by those found in MmSerB2, the latter being the closest homolog
of MtSerB2 and existing only in dimeric form under the studied conditions. After
production according to the usual protocol, the oligomeric behavior of this mutant
was assessed by SEC and compared with that of native MtSerB2.

The superimposition of the SEC-UV chromatograms (Figure 4.18) clearly shows
that MtSerB2a exists almost essentially in the dimeric state in the analyzed sample
(94.9 %AUC). The area under the peak that should correspond to the elution of a
tetrameric species is only 1.1 %AUC. In comparison, for a similar amount of enzyme
injected into the column as a control, the native MtSerB2 sample contains tetramer
(27.2 %AUC) and dimer (72.5 %AUC). It appears that the mutant also forms some
larger aggregates, eluting in the dead volume of the column (3.0 %AUC). Finally, an
interesting feature to notice is the presence of a shoulder at the back of the dimer
peak, which could be due to the co-elution of a smaller species. This analysis alone
cannot give a more precise answer as to the identity of this species, but a plausible
hypothesis would be the presence of a monomeric population in solution, greater than
in the case of native MtSerB2.

The combination of mutations C148T, V149Y, G150R, I154T and Q92E impedes
the tetramerization of MtSerB2. To go further and identify the residue(s) with the
strongest impact, it would be necessary to test the effect of each mutation sepa-
rately on the oligomeric behavior of MtSerB2. So far, we can only suggest that the
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Ficure 4.17: Alignment of the sequences of MtSerB2, MaSerB and MmSerB2 performed with PRALINE tool
[7]. The secondary structure elements based on MaSerB structure are depicted above the corresponding
residues and colored according to the domain they belong to: ACT1 (blue), ACT2 (green) or PSP (orange).
Boxes at the bottom: alignment focused on the second alpha helix of the ACT2 domain («5). Residues are

colored according to their conservation (left) and hydrophilicity (right).
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FIGURE 4.18: Superimposition of the SEC-UV chromatograms of MtSerB2
(pink dotted line) and MtSerB2a mutant (blue). Insert: data normalized
to the dimer peak.

N-terminal part of the second alpha helix of the ACT2 domain is involved in the
tetramerization of the enzyme. The crystallographic structure of MaSerB dimer shows
that the residues mutated in this experiment point to the solvent (Figure 4.19).

The side chains of these residues are not involved in the stabilization of the dimer
by intramolecular interactions. In a hypothetical tetramer, it is possible that these
solvated, larger, charged and polar surface residues found in MmSerB2 and MaSerB
would destabilize the interface in which they would be located. It could be more
favorable for apolar and smaller residues such as C, V, G and I found in MtSerB2 to
be buried within it. Besides this interfacial hypothesis, it cannot be excluded that the
mutations made in this experiment rather induce a conformational change preventing
tetramer formation. These so-called allosteric mutations therefore act indirectly from a
distance to destabilize the interface. The effect that such mutations can have on the
conformational dynamics of a protein is well documented in the case of the dimer-

tetramer equilibrium of the PyrR family of pyrimidine operon attenuators [9].
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PSP

F1GURE 4.19: Localization of the ay-helix of the ACT2 domain in MaSerB
structure 3P96. The residues shown in magenta colored sticks are the

residues homologous to those shown to be involved in the tetramerization
of MtSerB2 by SEC.

MitSerB2 tetramer is a rather globular, distinct oligomeric species

SAXS provided the opportunity to obtain direct structural information about the
tetramer formed by MtSerB2. SEC-SAXS experiments with MtSerB2 tetramer also
yielded high quality scattering curves (Figure 4.20A) giving access to its size param-
eters (Table 4.3). First, the molar mass values calculated based on the SAXS data
corroborate the SEC-MALS results and confirm the tetrameric state of the enzyme.
Obtaining these data provided confirmation that the tetramer is a well-folded species
that behaves like a globular protein in solution, as evidenced by the shape and max-
imum position of the dimensionless Kratky plot (Figure 4.20C). As for the dimer, the
experimental R¢ value is slightly higher than the theoretical value of 35.2 A calculated
for a perfectly globular 173kDa protein. The differences observed in the shapes of
the scattering curves and related P(r) functions (Figure 4.20B) also indicates that the
tetramer is structurally distinct from the dimer. Its larger size is well reflected in the
greater Rg and Dpax values.



TaBLE 4.3: SAXS parameters of MtSerB2 tetramer compared to those of
MtSerB2 dimer. (1) derived from the Guinier plot (2) calculated from the

P(r) function
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FIGURE 4.20: Analysis of MtSerB2 tetramer solution structure from SAXS
data and comparison with MtSerB2 dimer. (A) Experimental SAXS pro-
files (log I(q) versus q) of MtSerB2 tetramer and dimer. (B) Calculated

P(r) functions. (C) Dimensionless Kratky plots.
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MtSerB2 tetramer could be an assembly of monomers with global D2 symmetry

The subsequent step was to investigate the architecture of MtSerB2 tetramer by com-
bining the SAXS data with the structural knowledge acquired on the enzyme di-
rectly and through the study of the orthologs. Our strategy was to model plausible
tetrameric assemblies using protein-protein docking and to confront them by compar-
ing their calculated SAXS profile to the experimental curve. Three types of potential

tetrameric assemblies were probed:

1. A dimer of domain-swapped dimers (DD), resulting from the interaction be-
tween two dimers possessing the known butterfly-like domain-swapped architec-
ture (Figure 4.21).
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FIGUrRe 4.21: Modeling strategy for the dimers of domain-swapped
dimers.

2. A tetramer composed of 4 closed monomers (T4), based on the underlying
principles of domain-swapping (Figure 4.22). In theory, the monomer associated
with MtSerB2 domain-swapped dimer would exist in a form where the ACT1
domain is located underneath its own ACT2 domain so that the interactions
established between these two domains (i.e. the primary interface) are identical
to those established in the dimer . The relative spatial arrangement of the three
domains (PSP-ACT2-ACT1) would thus be identical to that observed for a dimer
half, with the only part whose conformation differs between the dimer and the
monomer being the hinge-loop. A closed monomer could therefore be modeled
from MtSerB2 dimer homology model. The positions of PSP and ACT2 domains
of protomer 1 and ACT1 domain of protomer 2 were conserved, and then the
hinge loop from the ACT1 domain was manually connected to the ACT2 do-
main. The reassembled structure was subjected to a 200ns Molecular Dynamics
simulation at 310K and 1 bar to better represent the conformation that a closed

monomer might adopt in solution.
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FIGURE 4.22: Modeling strategy for the tetramers composed of 4 closed

monomers.

3. An ACT1 domain-swapped tetramer (DST), in which the monomers exchange
their ACT1 domains with each other (Figure 4.23). As in the case of the dimer,
the tetramer could also be formed through domain-swapping. Instead of being

back-swapped as in the dimer, ACT1 domain of protomer 1 would interact with
ACT2 domain of protomer 2, whose ACT1 domain would interact with ACT2

domain of protomer 3 and so on until a finite assembly of 4 subunits is built.

Again, according to the principles of domain-swapping, the relative positions of
PSP, ACT2 and ACT1 domains would be conserved in each subunit and only the
conformation of the hinge loop would have changed from that adopted in the

dimer. To represent this, the subunit introduced in the docking process consists

of a dimer half lacking the hinge-loop region to be reconnected subsequently.
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It is well established that the majority of homo-oligomeric proteins exhibit a glob-
ally symmetric structure since it provides the oligomeric complex with advantages in
terms of stability and function. [10] Assemblies with asymmetrically arranged sub-
units exist but are very rare (less than 5% of homo-oligomeric structures) [11, 12].
Accordingly, our working hypothesis implied that docking should provide symmet-
ric tetramer models. Two symmetry groups are possible for a tetramer: the cyclic
point group C4 and the dihedral point group D2.

¢ The cyclic group C4 contains a single axis of rotational symmetry and allows for
the assembly of ring-shaped tetramers where the 4 subunits are symmetrically

arranged around the axis.

¢ The dihedral group D2 contains an axis of second-order rotational symmetry
perpendicular to a second axis of the same type.

Symmetry-aware protein docking algorithms were therefore needed to construct
reasonable tetrameric structures. The software used are presented in Table 4.4 with

their symmetry constraints and the types of tetramer they allowed us to model.

TaBLE 4.4: Software allowing for the modeling of symmetric homomers

used in this work and types of tetramer that could be modeled using

them. DD: dimer of domain-swapped dimers, T4: tetramer of 4 closed
monomers, DST: domain-swapped tetramer.

Symmetry Tetramer

Software . Webserver Ref.
constraints types
https://zdock.
M-ZDOCK C2to C24 DD, T4, DST umassmed . edu/ [13]
m-zdock/
ClusPro C2and C3 DD https://cluspro.bu. ;o
edu/login.php
https://galaxy.
Cn and Dn seoklab.org/cgi-bin/
GalaxyTongDock (up to 12) DD, T4, DST submit. cgi?type= [18]

TONGDOCK_INTRO

A total of 197 models (137 DD, 30 T4, and 30 DST) were generated by these docking
algorithms. The theoretical scattering curve of each model was calculated and fitted


https://zdock.umassmed.edu/m-zdock/
https://zdock.umassmed.edu/m-zdock/
https://zdock.umassmed.edu/m-zdock/
https://cluspro.bu.edu/login.php
https://cluspro.bu.edu/login.php
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=TONGDOCK_INTRO
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=TONGDOCK_INTRO
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=TONGDOCK_INTRO
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=TONGDOCK_INTRO
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to the experimental SAXS curve using CRYSOL. Models yielding a x? value over 15.00

were instantly discarded, leading to 6 models remaining for further examination.

Among these 6 models, 5 were generated via ClusPro by docking the dimeric
structure under C2 symmetry constraint and yielded x? values between 8.05 and 14.01
(Figure 4.24). However, since the dimer was used as the asymmetric unit in the dock-
ing, none of these models is globally symmetric with respect to the positioning of the
monomer in the structure. Therefore, we did not consider these asymmetric dimers
of dimers as plausible tetramer candidates. Moreover, the fact that the tetrameric
population is not readily reformed upon concentration of the dimeric population, as
shown in Section 4.1.3 (page 110), also supports the exclusion of tetramers formed by
dimers of domain-swapped dimers without prior conformational change.
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FIGURE 4.24: Representation of the asymmetric dimers of domain-
swapped dimer models obtained following the protein-protein docking
procedure and corresponding fits to the experimental SAXS data.

The only remaining model was obtained via GalaxyTongDock and is also the one
that produced the best fit to the experimental SAXS data, with a x? of 7.69. It repre-
sents a tetramer with a global D2 symmetry formed by 4 closed monomers (Figure
4.25). As can be seen, the fit to the data could be improved. The model was therefore
refined with SREFLEX and the resulting generated conformers showed that the SAXS
profile could be better fitted through a slight adjustment of the relative position of the

monomers, as could happen in solution.
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FIGURE 4.25: Representation of the only symmetric tetramer model re-
tained following the protein-protein docking procedure. Top panel: ar-
chitecture obtained as the docking result and corresponding fit to the
experimental SAXS data. Bottom panel: architecture obtained follow-
ing structure refinement using SREFLEX (plain) superimposed with the
docking result and superimposition of the corresponding fits to the ex-
perimental SAXS data. Residues C148, V149, G150, 1254 and Q92 are
depicted as spheres.

This model is supported by the non-trivial argument that dihedral symmetry
prevails among soluble cytoplasmic enzymes forming higher-order oligomers. D2
tetramers are much more common than C4 tetramers as the existence of different
types of interface along the two-fold axes provides these structures not only with
greater stability but also with the ability to build allosteric control [10]. Moreover,
in line with our site-directed mutagenesis experiments, residues C148, V149, G150,
and I154, involved in MtSerB2 tetramerization, are located at the intersection of the
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two-fold axes and core of the model. Residue Q92, in the hinge-loop, is also present at
the interface where one of the axes is located. These residues are shown as spheres in
the model of Figure 4.25. Another interesting observation is the interface established
at the ap-helices of the C1 cap, known in HsPSP to unfold to accept substrates and
release products of the dephosphorylation reaction. The enzyme kinetics experiments
that will be presented in section 4.3 make this structural feature very significant.

Although supported by biological facts and our experimental observations, this
model remains a hypothesis to be validated. To generate it, we used a protein-protein
docking approach. However, one of major challenges of the method include deal-
ing with flexibility and conformational changes. With rigid docking, the probability
of obtaining correct solutions critically depends on the starting protomer structure,
whose conformation must match the one adopted within the oligomer. This strat-
egy was adopted in our work, considering that the PSP-ACT2-ACT1 structural motif
found in the domain-swapped dimer would also be found in the tetramer. Yet, it is
not impossible that the protomer forming MtSerB2 tetramer adopts a totally different

conformation from our hypothesis given the highly flexible nature of the hinge-loop.

This possibility has been explored and illustrated using the CORAL algorithm of
the ATSAS suite. CORAL performs SAXS-based rigid body modeling of multi-domain
protein complexes that miss some fragments such as termini portions or interdomain
linkers [19]. Briefly, CORAL works by randomly moving domains from one another.
When a relative position is found such that a flexible linker of defined length can be
attached between the N- and C-terminal portions of subsequent domains, it is kept
and the missing flexible linker is modeled using dummy atoms. To find the optimal
positions and orientations of the domains, and the approximate conformations of the
linkers, CORAL employs a simulated annealing protocol. The later allows for the
construction of an assembly of subunits without steric clashes that minimizes the
discrepancy between the experimental scattering data and the curves calculated from
the appropriate subunits ensembles. The model resulting in the best x? value of fit is
proposed as the result.

To run CORAL, the coordinate file of MtSerB2 homology model was split in two
separate files. The first one contains the PSP-ACT2 part and the second one contains

the ACT1 domain. A flexible linker of 12 residues, corresponding to the hinge-loop,
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was imposed between the C-terminal portion of PSP-ACT2 and the N-terminal por-
tion of ACT1 domain. C4 and D2 symmetries were also imposed in order to ensure
the modeling of a symmetrical tetramer. Ten independent runs were performed for

each symmetry to generate a pool of possible models.

These calculations resulted in 20 structurally distinct tetramer models, all of which
corresponded well to the experimental curve: ten C4 symmetry models with x? values
between 2.21 and 3.19, and ten D2 symmetry models with x? values between 2.00
and 2.68. The three C4 and D2 models with the best fits are shown in Figure 4.26
as an example. Even though they are all very different, it is not surprising that all
these models fit the experimental data well, since CORAL is dedicated to provide
results meeting this condition. However, it should be kept in mind that CORAL,
in contrast to protein-protein docking algorithms, does not use equations describing
steric and physicochemical complementarity at the protein-protein interface to define
the best relative orientation of the protomers in the complex. The proposed results
are therefore not necessarily valid from a biological point of view. The conformations
of the dummy residues hinge-loops are also not all adoptable by the actual sequence
of residues composing the hinge-loop of MtSerB2. All in all, this makes the models
proposed by CORAL difficult to discriminate from each other. Nevertheless, these
results remind us that other protomer configurations, where the two ACT domains

are separated for example, could as well explain the shape of the SAXS curve.

Whether it is the D2 tetramer isolated from our protein-protein docking strategy,
or the tetramers obtained by CORAL, a common feature confirmed by the Kratky plot
emerges from the generated models: MtSerB2 tetramer is a rather globular species.
The assemblies are also composed of four interacting monomers, and would be a clue
that the monomeric form of MtSerB2 could be the common denominator between
the dimeric and tetrameric forms of the protein. It would appeal for a much more
complex mechanism than a direct equilibrium between the dimer and the tetramer by
involving dissociation of the oligomeric species and re-association of the monomeric
species. We will see in Chapter 5 that this hypothesis will be strengthened by other

experimental evidence.
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4.3 Enzymological characterization of the oligomeric
species

The works of Yadav, Shree, Arora, Grant and co-workers report assays of MtSerB2
phosphatase activity [1, 4, 5, 20]. However, unbeknownst to the experimenter, it is
likely that the samples used for these assays contained both dimer and tetramer of
MtSerB2. With this in mind, we aimed to characterize the individual activity of the

two native oligomeric states of the enzyme.

To this end, steady-state kinetics studies of O-phospho-L-serine (PS) dephosphory-
lation by MtSerB2 have been performed. Enzyme activity was followed by quantifying
the inorganic phosphate produced under the initial velocity conditions at different PS

concentrations.

4.3.1 MtSerB2 dimer is active and exhibits catalytic properties simi-
lar to those of MmSerB2 and MaSerB

The plot of initial velocity versus PS concentration for MtSerB2 dimer is shown in Fig-
ure 4.27A. A native-PAGE analysis (Figure 4.27B) of the studied protein batch attests
to the purity of the dimeric sample. The shape of the curve, where the velocity rises to
a maximum before decreasing as PS concentration increases, is indicative of substrate
inhibition. The kinetic parameters were therefore determined by fitting Equation 4.1,
accounting for total uncompetitive substrate inhibition, to the experimental data. As
shown in the first two rows of Table 4.5, the results are in line with the parameters

determined by Grant in reference [20], with however a lower PS inhibition constant
(Kis)-

o ViwlS]

= 4.1
K+ [S1(1+ £2) .

In Equation 4.1, derived from the scheme presented in Figure 4.28, V;,y is the
maximum velocity, [S] is the free substrate (O-phospho-L-serine, PS) concentration,
K is the Michaelis constant (substrate dissociation constant) and Kj;g is the dissocia-
tion constant of the substrate for the inhibitory site. The value of the catalytic constant

kcat is obtained by dividing Viux by the total enzyme concentration [E];.
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FiGure 4.27: Initial velocity vs substrate concentration curves for the

dephosphorylation of O-phospho-L-serine (PS) by (A) MtSerB2 (C)

MmSerB2 (D)MaSerB. (B) Native PAGE analysis of MtSerB2 dimer sam-
ple used for the kinetics analysis.
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FIGURE 4.28: Total uncompetitive substrate inhibition mechanism scheme.

E = enzyme, S = substrate, P = product, ke,t = catalytic constant, Ky =

substrate dissociation constant, Kis = dissociation constant of the sub-
strate at the inhibitory site.
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For comparison purposes, the experiment was repeated with MaSerB and
MmSerB2. The velocity curves obtained for both enzymes show a similar shape to
that obtained for MtSerB2 (Figures 4.27C and D). The equation for substrate inhibi-
tion also fitted the experimental data well and was used to determine the associated
kinetic parameters. It can be seen that the latter are essentially of the same order of

magnitude for all three orthologs and that no drastic variations are observed.

TaBLE 4.5: Kinetic parameters for the dephosphorylation of O-phospho-
L-serine by MtSerB2 dimer, MmSerB2 and MaSerB.

Enzyme Ky mM)  Vijax (nmol ug_l min~!) ket 671 K;s (mM)
MiSerB2 dimer 048 = 0.17 55.23 4+ 10.90 3991 £7.87 226+ 0.70
MtSerB2 (Grant [20]) 0.38 4+ 0.05 not shown 18.6 £ 1.1 23 +5
MmSerB2 0.81 £0.18 23.69 £ 2.77 17.31 £2.02 542 +£1.12
MaSerB 1.07 £ 037 3521 £7.32 25.77 £ 5.36 3.81 &+ 1.24

These results indicate that MtSerB2 dimer, like many enzymes [21], is inhibited
by its substrate. Its kinetic characteristics resemble those of MmSerB2 and MaSerB2,
which is consistent with their structural similarity. The model that could be success-
tully fitted to the experimental data of the three enzymes involves the binding of PS to
an inhibitory site distinct from the catalytic site. Binding to this allosteric site leads to
the formation of a non-productive PS-MtSerB2-PS complex (Figure 4.28). As shown
by the structures of MaSerB co-crystallized with L-serine and Grant’s site-directed
mutagenesis experiments, dual-ACT PSPs possess a regulatory allosteric site at the
interface of ACT1 and ACT2 domains [20, 22, 23]. However, while it is possible that
PS partly binds to this site, we do not believe the phenomenon is responsible for the
total observed substrate inhibition. As a matter of fact, PS inhibits BmSerB in a simi-
lar way while the enzyme has only one ACT domain and thus lacks the ACT1-ACT2
interface found in MtSerB2, MaSerB and MmSerB2 (see section 3.3.5 of Chapter 3).
The mechanism of substrate inhibition observed in PSPs is therefore probably inde-
pendent of the presence of the ACT1 domain. Nevertheless, it should not be excluded

that the two types of constructions exhibit different substrate inhibition mechanisms.
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4.3.2 MtSerB2 tetramer is inactive

Next, the activity of MtSerB2 tetramer was evaluated using the same method. The
plot of initial velocity versus PS concentration is shown in Figure 4.29A and its shape
is also indicative of substrate inhibition. The kinetic parameters for the sample were
determined using Equation 4.1 and are outlined in Table 4.6. While K and Kjs values
are in line with those shown by the dimer, the kq,t value is significantly lower as it
went from 39.91 to 8.65s ..

A B C
10 5 T
1 MtSerB2 (T+D, total) 78 kDa 156 kDa
< 84 160 716 counts 845 counts
C 4
E 6- - T
"o 21201
] =
g4 3 80
> 2 40 4
O T T T T 0~ T T T T
0 5 10 15 20 0 50 100 150 200
[PS] (mM) Mass (kDa)

FIGURE 4.29: (A) Initial velocity vs substrate concentration curves for

the dephosphorylation of O-phospho-L-serine (PS) by MtSerB2 enriched

tetramer batch (T+D) (B) Native PAGE analysis of MtSerB2 enriched

tetramer batch (T+D) used for the kinetics analysis. (C) Mass photom-
etry analysis of of MtSerB2 enriched tetramer batch (T+D).

It is important to note that the sample was already contaminated with some
amount of dimer, as shown on the native PAGE gel in Figure 4.29B. The low activity
observed for this enriched tetramer batch could therefore be solely due to the pres-
ence of the dimer fraction. To verify this, we re-calculated the activity of the sample
considering that the dimer was the only active species.

The first step was to determine the concentration of the dimer in the sample. The
single-molecule detection properties of mass photometry allowed us to accurately
determine the ratio of populations as shown in Figure 4.29C. From this ratio and
from the amount of total subunit measured in the sample by absorbance measurement
at 280nm, we were able to recalculate the assumed amount of active subunit, i.e.

belonging to the dimer, in the sample. This corrected quantity could be substituted
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for the total subunit amount in the calculation of the activity per microgram of enzyme

per minute 3.

TaBLE 4.6: Kinetic parameters for the dephosphorylation of O-phospho-

L-serine by the batches containing MtSerB2 tetramer and dimer (T+D,

determined using the total monomeric amount and only the corrected
amount of active species ) and MmSerB2 dimer (pure).

Enzyme Ky mM)  Vipgax (nmol ugfl min™!) ket (s71) K;s (mM)

MitSerB2 T+D (total) 043 +£0.12 1197 £1.74 8.65 126 2.75+0.62
MitSerB2 T+D (corrected) 0.43 + 0.12 54.46 + 7.90 39.36 £5.71 2.75 4+ 0.62
MtSerB2 dimer (pure) 0.48 = 0.17 55.23 + 10.90 3991 +7.87 226 +0.70

The recalculated kinetic parameters, considering that the dimer is the only active
species in solution, are presented in Table 4.6 under the name "MtSerB2 T+D (cor-
rected)". The value of k¢, is now equivalent to that obtained for the pure dimer sam-
ple (39.36 and 39.91s7!), indicating that the tetramer present in the analyzed sample
is likely inactive. The fact that the Kj; and Kjs values match between the pure dimer
batch and the contaminated tetramer batch also suggests that the tetramer does not
bind PS. Otherwise, an increase in these parameters would have been observed since a
greater substrate concentration would have been needed to overcome the competition

between binding to the active dimer and binding to the inactive tetramer.

The apparent inactivity of MtSerB2 tetramer and its inability to bind phosphoser-
ine support the D2 symmetric model (ModelT4-D2-7) isolated as a result of the protein-
protein docking process. Indeed, in this model, the four ay-helices of the C1 caps are
involved in protein-protein interfaces. As demonstrated in the crystallographic struc-
tures of HsPSP and by Molecular Dynamics simulations [24], this particular helix
unfolds to let in and out substrates and products of the dephosphorylation reaction
and is therefore deeply involved in the catalytic activity of the enzyme. The architec-
ture of the proposed MtSerB2 tetramer model suggests that these helices would be
constrained by the interactions they establish at the oligomeric interface, loosing the
dynamic behavior necessary for enzyme activity. Access to the active site would thus

be prevented in the tetramer, which would result in the inactivity of this species.

3Details of the calculation are presented in Appendix H.
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4.3.3 MitSerB2 in the monomeric form could be almost inactive

Finally, the activity of the monomeric MtSerB2AACT1 mutant was assayed. The plot
of initial velocity versus PS concentration is shown in Figure 4.30. The kinetic param-
eters are reported in Table 4.7 and were also determined by fitting Equation 4.1 to
the data, although the error associated with higher PS concentrations could also have

allowed the fit of the standard Michaelis-Menten equation.
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FiGure 4.30: Initial velocity vs substrate concentration curves for the
dephosphorylation of O-phospho-L-serine (PS) by monomeric MtSerB2
AACT1 mutant.

TaBLE 4.7: Kinetic parameters for the dephosphorylation of O-phospho-L-
serine by monomeric MtSerB2 AACT1 mutant.

Enzyme Ky (mM)  Viax (nmol ug_l min~ 1) ke 571) K;s (mM)
MtSerB2 AACT1 096 =045 0.11 + 0.02 0.08 =0.01 47.37 + 40.50

The shape of the curve shows that the mutant has non-zero enzymatic activity,
but its velocity is drastically decreased compared to the native MtSerB2 dimer, as evi-
denced by the decrease in the k¢, value from 39.91 to 0.08 s 1. In comparison, BmSerB
which has a similar PSP-ACT2 architecture has a turnover number of 15.30s!. The
loss of activity could therefore be associated with a specific conformation adopted by
MtSerB2 in the absence of its ACT1 domain. This result provides a first indication
that a native monomeric form of MtSerB2 could be (almost) inactive. The fact that
MtSerB2 appears to have to dimerize in order to be active, supported by the fact that

little or no monomer is observed in solution, also supports this hypothesis.
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4.4 Summary of the findings

In the literature, MtSerB2 is described as an ACT1 domain-swapped dimer forming
tetramer in the presence of L-serine. Early in this work, we made an unexpected ob-
servation against this description following size exclusion chromatography and non-
denaturing electrophoresis experiments. We found that even in the absence of L-Ser,
MtSerB2 existed as two distinct oligomeric species. Using MALS, these species could
be identified as dimeric (majority species) and tetrameric (minority species) forms of
the enzyme. The chromatograms also showed the possible presence of a small amount

of monomer, and intermediate and larger trace size species.

The interconversion between the dimer and the tetramer has been probed. Both
species are stable and can be separated and analyzed individually. Their respective
concentrations in solution seem to be governed by a slow equilibrium in favor of the

dimer and independent of the total protein concentration of the sample.

Crystallization of the oligomers proved unsuccessful, but insights into their ar-
chitecture were obtained via SAXS and study of variants designed by site-directed

mutagenesis.

First, it was confirmed that MtSerB2 dimer indeed adopts a fold similar to that
of MaSerB and MmSerB2 homologs in solution: a butterfly-like architecture in which
two monomers swap their N-terminal ACT1 domain. As demonstrated by the behav-
ior of a truncated mutant, this small domain is essential for the dimerization of the
enzyme since it establishes the majority of stabilizing interactions at the oligomeric
interface. Its truncation results in the formation of a virtually inactive monomer and
a small amount of trimer in solution. In addition to their structural similarity, the cat-
alytic behavior of MtSerB2, MaSerB and MmSerB2 towards O-phospho-L-serine, their
substrate, is comparable as demonstrated by the study of their dephosphorylation
kinetics.

Next, SAXS experiments showed that MtSerB2 tetramer is a globular species, struc-
turally distinct from the dimer in solution. Combined with protein-protein dock-
ing and rigid body modeling, the experimental data also allowed to model plausible
tetramer structures. A promising model, composed of 4 monomers folded on them-
selves according to the principles of domain-swapping and assembled following a
global D2 dihedral symmetry has been isolated. This model is interesting because
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residues involved in the tetramerization propensity of the enzyme (Q92, C148, V149,
G150, 1154), identified by mutagenesis and SEC, are located at the protein-protein
interfaces. The model also explains the inactivity of the tetrameric form, revealed
during kinetic analyses, by the shielding of the dynamic helix that governs the access
to the active site. Still, this model is a hypothesis that needs to be challenged by or-
thogonal experimental methods. The assumption of a dimer-of-dimers like tetramer
having been ruled out by the total concentration independence of the dimer/tetramer
equilibrium and the symmetry constraint, a more complex mechanism involving the
dissociation of oligomers into monomers could govern the equilibrium between the
two major species. The following chapter provides an argument supporting the hy-

pothesis of such a mechanism.
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Chapter 5

Characterization of MtSerB2
oligomeric states in the presence

of L-serine

5.1 Observation and identification of the oligomeric

states

5.1.1 MitSerB2 forms a new species in the presence of L-Ser

L-Serine (L-Ser) is the product of the reaction catalyzed by MtSerB2 and has been
shown to act as a feedback inhibitor of the enzyme [1, 2]. Yadav and Shree (2014)
reported SEC experiments where the dimeric population of MtSerB2 shifts to a higher
order oligomeric species they called tetramer in the presence of L-Ser in the mobile
phase [2]. We reproduced their experiment by analyzing MtSerB2 by SEC in the usual
Tris-NaCl mobile phase supplemented with 10 mM L-Ser.

Figure 5.1A shows the superimposition of the SEC-UV chromatograms obtained
for the analysis of MtSerB2 in the serine-free mobile phase (black trace) and in the
10mM L-Ser mobile phase (red trace). In the absence of L-Ser, the two usual peaks
corresponding to the tetramer and the dimer are seen. In the presence of L-Ser, the
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FIGURE 5.1: Observation of a new MtSerB2 species in the presence of

L-Ser. (A) SEC-UV analysis of MtSerB2 (0.75mg) in the presence and

absence of 10 mM L-Ser in the mobile phase (molar ratio 1:60). Column:

Superdex 200 Increase 10/300 GL (B) Native PAGE analysis of MtSerB2
with and without prior incubation with 10 mM L-Ser.

elution profile is significantly different: a new peak (indicated by the arrow) appears
at an elution volume between those of the tetrameric and dimeric species. This peak
could therefore correspond to the elution of a species of intermediate size. The native
PAGE gel shown in Figure 5.1B corroborates this observation with the appearance of
a new band of intermediate electrophoretic mobility when MtSerB2 sample is incu-
bated with 10mM L-Ser. The three small peaks eluting before the tetramer on the
chromatogram indicate that L-Ser also appears to encourage the formation of a small
amount of higher molecular weight species. Another interesting peak (*) also appears
just at the elution volume of the dimeric peak shoulder observed in the serine-free
experiment. In comparison with the SEC analyses performed on the analytical col-
umn where a third peak appears (*, Figure 5.2A), and as discussed in section 4.1.2 of
Chapter 4, we believe that this peak may correspond to the elution of a monomer or
a truncated form of MtSerB2.
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Ficure 5.2: SEC-UV analysis using the analytical column BioResolveSEC
mAb 200A 2.5 pm 7.8 x 300 mm. (A) SEC-UV analysis of MtSerB2 (45 ng)
in the presence and absence of 2.5 mM L-Ser in the mobile phase (molar
ratio 1:100). (B) SEC-UV analysis of BEH200 SEC protein standard mix
(Waters) in the presence and absence of 2.5 mM L-Ser in the mobile phase.

To rule out a buffer effect, we verified that the presence of L-Ser did not change the
retention times of the standards used to calibrate the SEC column in section 4.1.2 of
Chapter 4. The chromatogram shown in Figure 5.2B demonstrates that the retention
time of none of the calibrants changes in the presence of L-Ser. The shape of the peaks
also remains the same.

5.1.2 MitSerB2 L-Ser induced form is a trimer

We first attempted to identify the stoichiometry of the new species by MALS (Figure
5.3). However, as indicated by the molar mass measurement along the elution, the
peak is not monodisperse. Its tailing shape indicates that there appears to be a species
of larger hydrodynamic radius than the dimer that elutes at the beginning of the peak
and then a distribution of species of smaller and smaller sizes. The co-elution makes
the MALS measurement difficult. A molar mass of 98.9 kDa was measured for this
peak.

As exemplified several times throughout this document, molecular weight can also
be calculated from SAXS data. Figure 5.4A shows the superimposition of the SEC-UV
chromatograms obtained for MtSerB2 in the presence (red trace) and absence (black
trace) of L-Ser during SAXS analysis. After the passage in the UV cell, the samples
are analyzed in the SAXS cell where a scattering pattern is acquired every second
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Ficure 5.3: SEC-UV-MALS analysis of MtSerB2 in the presence and ab-
sence of 2.5mM L-Ser in the mobile phase (molar ratio 1:100). Column:
BioResolveSEC mAb 200A 2.5 pm 7.8 x 300 mm.

(frame). To each frame corresponds a value of 1(0) and a value of Ry, which makes it
possible to identify the frames corresponding to the same species. For MtSerB2 in the
presence of L-Ser, frames 180 to 192 of the front end of the new peak were identified
as associated with the same species based on the fact that the standard deviation on
the corresponding R, values did not exceed 0.3 A (Figure 5.4B). These frames were
then averaged and the buffer scattering signal was subtracted to generate the SAXS
curve shown in Figure 5.5, thus corresponding to the species whose formation is
induced by L-Ser. The size parameters corresponding to the new species (reported
in Table 5.1 of section 5.2.2) were then calculated from this curve and used for the
determination of the associated molecular weight. The Bayesian inference approach
yielded a value of 130.9 kDa with a confidence interval of 121.5 to 142.2kDa while a
value of 151.4kDa was obtained from the Porod volume. Considering a molar mass of
43.4kDa for MtSerB2 monomer, the new species is thus thought to be a trimer. This
estimation is consistent with the position of the peak on the chromatogram shown
in Figure 5.4A: the peak is located midway between the tetramer and dimer peaks,

where would logically elute a trimeric species.
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5.1.3 L-Ser-induced trimer formation is specific to MtSerB2

MtSerB2 orthologs and mutants presented in previous chapters were also analyzed
by SEC in the presence of a 1:100 enzyme to L-Ser molar ratio. Superimpositions
of chromatograms for the analyses in the presence and absence of L-Ser are shown
in Figure 5.6. For MmSerB2 and HsPSP, the shape and position of the peak is not
modified by the presence of L-Ser in the mobile phase. It can be confidently concluded
that the amino acid does not alter their oligomerization state.

MaSerB, BmSerB and MtSerB2AACT1 peaks undergo a slight leftwards shift. How-
ever, this effect does not appear to be due to a change in oligomerization state. First,
similar SEC experiments performed on the same column during SEC-SAXS analyses
at 10-fold concentrations of MaSerB and BmSerB show slight shifts to the right instead.
Then, the R,y values measured by SAXS for these two enzymes vary very little: 32.6 A
and 31.2 A for MaSerB in the absence and presence of L-Ser respectively, and 21.4 A
and 21.5A for BmSerB. The molecular weights calculated by the Bayesian approach
also remain identical in the presence of L-Ser: 91.2kDa for MaSerB and 28.9 kDa for
BmSerB. We find that the Ry of MaSerB varies more markedly than that of BmSerB in
the presence of L-Ser and this could be explained by a local conformational change
of the dimer but likely not by a transition to a higher oligomerization state. These
controls show that the change in the position of the peak could rather be due to the
experimental conditions or possibly to a modification of the interaction of the protein

with the column resin.

Finally, from the shape of their chromatograms, it is found that mutants MtSerB2
Q92E and MtSerB2a undergo the same transition to a trimeric form as native MtSerB2.
Residues C148, V149, G150, 1154 and Q92 would therefore not prevent the interaction
between the enzyme and L-Ser, nor the formation of the trimer. All in all, these results
strongly suggest that the transition to a trimeric state mediated by L-Ser is specific to
MtSerB2. Orthologous enzymes studied in this thesis do not appear to undergo this

change.
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FiGure 5.6: SEC-UV analysis of MtSerB2 orthologs and mutants in the

absence and presence of L-Ser in the mobile phase (molar ratio 1:100).

Column: BioResolveSEC mAb 200A 2.5 pm 7.8 x 300 mm, except for
MtSerB2«a analyzed with Superdex S200 Increase 10/300 GL.
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5.1.4 MitSerB2 trimer is formed from the dimer

The analytical SEC experiments were repeated at several MtSerB2 to L-Ser molar
ratios. The superimposition of the related chromatograms is shown in Figure 5.7
along with a histogram displaying how the percentage of the area under the curve
(AUCQ) of each peak varies with the molar ratio. The tetramer peak is not displaced
nor changes shape whatever the amount of L-Ser present in the mobile phase. The
same holds for the third small peak. However, a dose-response effect is observed for
the second peak. The peak tails and shifts to the left already under the effect of L-Ser
in a 1:1 molar ratio in the mobile phase. At 1:10 ratio, the peak is further shifted to
the left and tails even more. This displacement and shape are retained at 1:100 and

1:1000 ratios.
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Ficure 5.7: SEC-UV analysis of MtSerB2 in the presence of increasing
enzyme to L-Ser molar ratios and histogram of the percent of area under
the curve corresponding to the first, second and third peaks for each ratio.

As shown by the histogram, the AUC variation is consistent with this observation:
the proportion of tetramer progressively decreases from 26.7 %AUC to 24.2 %AUC
as the molar ratio increases from 1:0 to 1:1, then to 18.1 %AUC for the 1:10 ratio and
remains constant for the ratios 1:100 and 1:1000. Since the area below the third peak
does not appear to vary, a small amount of tetramer could be converted to a species
eluting below the second peak upon the addition of L-Ser in 1:1 and 1:10 proportions.
Meanwhile, the only peak undergoing a shift and shape change under the effect of L-
Ser is the second peak. The species from which the trimer is formed would therefore
be the dimer.
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5.2 Structural characterization of MitSerB2 L-Ser in-

duced trimer

5.2.1 MtSerB2 trimer has proven difficult to crystallize

Crystallization assays were performed to try to unveil the atomic structure of MtSerB2
trimer. To this end, MtSerB2 dimer (27.6 mg mL~!) was incubated with L-Ser (1:16
molar ratio) and set up in vapor diffusion experiments against the conditions of JCSG-
plus, PACT premier and BCS screens (described in section 4.2.1 of Chapter 4).

A few crystals were obtained in nine of the 288 screened conditions (Appendix G)
but were identified as salt or did not diffract upon their analysis by X-ray diffraction.
However, an interesting result was obtained in condition 2-23 of the PACT premier
screen (0.2 M sodium citrate tribasic dihydrate 0.1 M Bis-Tris propane pH 6.5, 20%
PEG 3350). As shown in Figure 5.8, the drop contained a mix of spherulites and
needle shaped crystals growing in what seemed to be the dispersed phase of a liquid-
liquid phase separation.
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F1GURE 5.8: Needle shaped crystals (<0.1 mm) obtained in condition 2-23
of the PACT premier screen: 0.2 M sodium citrate tribasic dihydrate 0.1 M
Bis-Tris propane pH 6.5, 20% PEG 3350.

We first tried to reproduce the result on a larger scale and to optimize the shape
of the crystals by varying the percentage of polyethylene glycol (PEG), the pH of the
solution and MtSerB2 concentration but only spherulites could be obtained (Figure
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5.9). Nevertheless, these spherulites were crushed to be used for seeding, an optimiza-
tion method where an ordered, solid phase nucleant is introduced in a fresh drop to
act as a growth surface for new crystals, removing the need for de novo nucleation
[3, 4]. Sea urchin like crystals were obtained after the first round of seeding, and a
second round of seeding using these crystals, crushed, gave thin needles clusters and
3D crystals clusters in conditions containing lower MtSerB2 concentrations. A piece
of 3D crystal cluster could be harvested and analyzed by X-ray diffraction at the syn-
chrotron. Unfortunately, it did not diffract. However, these crystallization conditions
seem promising and it would be interesting to investigate them further, in combina-
tion with seeding, by methodically varying each component and by trying various
additives.

Spherulites « Sea urchins » Needle clusters 3D crystals clusters

Seeding | 2 %

0.2 M Sodium citrate basic 0.2 M Sodium citrate basic 0.2 M Sodium citrate basic 0.2 M Sodium citrate basic
0.1 M BTP pH 6.5 0.1 M BTP pH 6.3 0.1 M BTP pH 6.5 0.1 MBTP pH 6.3

25% w/v PEG 3350 30% w/v PEG 3350 24% w/v PEG 3350 21% w/v PEG 3350

13.8 mg mL™! 27.6 mg mL-! 13.8 mg mL"! 13.8 mg mL!

MitSerB2 : L-Ser (1:16) MtSerB2 : L-Ser (1:16) MitSerB2 : L-Ser (1:16) MtSerB2 : L-Ser (1:16)

FIGURE 5.9: Results of the crystallization assays obtained during the op-
timization of condition 2-23 of the PACT premier screen. BTP: Bis-Tris
propane.

5.2.2 MtSerB2 trimer is an extended assembly

The SAXS data acquired for MtSerB2 trimer (Figure 5.10 and Table 5.1) allowed us to
reveal some of its structural features. First, an important characteristic to note is its
tendency to aggregate. For the trimer, four SEC-SAXS experiments were performed
at different protein concentrations. Only the measurement made at the lowest con-
centration was free of aggregation and could be used for the determination of the size
parameters. For the three other measurements, the Guinier plot showed a character-
istic upturn at low q values, indicating the presence of aggregates in those samples.
Next, the superimpositions of the SAXS curve of MtSerB2 oligomeric species and of
their P(r) functions (Figure 5.10A and B) show that the trimer is indeed a structurally
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distinct species. Moreover, the data indicate that MtSerB2 trimer is rather extended.

Several observations support this statement:

* The linear range of the Guinier plot does not extend above qR¢values of 1.0,
which is a characteristic of extended scatterers. The values of Ry and I(0) were
therefore determined by fitting the data in this restricted range.

* The dimensionless Kratky plot (Figure 5.10C) exhibits a maximum that exceeds
the values of 1.104 for (qR)%I(g)/1(0) and /3 for gR,. The bell shape is also
less defined than for MtSerB2 dimer and tetramer, which could reflect a higher
degree of flexibility in the trimer.

* Despite the difference in stoichiometry, the trimer has a R¢ (39.6 A) very close
to that of the tetramer (39.9 A, Table 5.1). If the protein was globular, it would
likely have exhibited a Ry value between those of the dimer and the tetramer.

¢ The P(r) function (Figure 5.10B) displays a longer tail and the Dax value deter-
mined from the function is larger (143 A) than that calculated for the tetramer
(127 A, Table 5.1). Once again, a globular species would have shown a regular
bell-shaped P(r) function and the Dpa,x would have been comprised between
those of the dimer and the tetramer.

TaBLE 5.1: SAXS parameters of MtSerB2 trimer compared to those of

MtSerB2 dimer and tetramer. (1) derived from the Guinier plot (2) calcu-

lated from the P(r) function. For the trimer, R, and I(0) were evaluated

with a Guinier fit to the data up to qmaxR¢<1.0 in the linear range for an
extended particle.

MitSerB2 tetramer MtSerB2 trimer MtSerB2 dimer
R, (A) 39.89 + 0.06 (1) ; 39.61 + 0.16 (U ; 3247 + 002 O
8 39.62 + 0.04 ) 39.94 + 0.1 @ 32.55 + 0.02 ()
100) (em-1) 0.06 + 5.30 1075 (M; 0.04 +7.0210°> D ; 0.09 + 3321075 D ;
0.064+52610°@  004+59510°5@  0.09 +3.6410°°5 @)
Dmax (A) 127 143 111
V, (nm?) 254 183 127

My Bayesian

inference (kDa) 185.8 (162.7 to 221.1)  130.9 (121.5 to 142.2)  88.3 (84.3 to 95.5)

My Porod volume

(kDa) 210.7 152.2 105.5
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FIGURE 5.10: Analysis of MtSerB2 trimer solution structure from SAXS

(A) Experi-

mental SAXS profiles (log I(q) versus q) of MtSerB2 trimer, tetramer and
dimer. (B) Calculated P(r) functions. (C) Dimensionless Kratky plots.

data and comparison with MtSerB2 dimer and tetramer.
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5.2.3 The trimeric interface of MtSerB2 is probably formed by the
PSP and ACT2 domains

Molecular modeling was undertaken to see what MtSerB2 trimer might look like. As
was done for the tetramer, we hypothesized that the trimer was also a symmetric
species. The only possible symmetry for this stoichiometry was the C3 symmetry,
where a single 3-fold axis of rotational symmetry allows for the assembly of a ring-
shaped trimer where the 3 subunits are symmetrically distributed around the axis.

Protein-protein docking using the algorithms of M-ZDOCK, ClusPro and Galaxy-
TongDock with the closed monomer model structure as the input resulted in 104
trimer models of C3 symmetry. When comparing their simulated SAXS profile with
the experimental data, only eight of these models gave fits with x? values below 15.00.
Among them, three ClusPro models were redundant, which left 6 structurally distinct

models for further examination (Figure 5.11).

These six models exhibit a common feature in line with the above SAXS data
analysis: they possess a flattened shape, extending mainly in one spatial direction.
However, the R, associated to these models is systematically underestimated by more
than 1A compared to the measured experimental value of 39.6 A. This observation
suggest that the protein may adopt a less compact structure in solution than those
represented by the docking models. The monomers composing the assembly could
adopt a more extended conformation, for example via extension of the hinge loop and
separation of ACT1 and ACT2 domains. In four of the six models, including the two
with x? values below 10.00, the monomers interact with each other primarily through
the PSP and ACT2 domains, with the ACT1 domain pointing away from the structure
and left free of any interaction with the other monomers. This kind of architecture

makes our hypothesis of such a conformational extension plausible.

Trimer modeling attempts have also been made using CORAL and the results
are in agreement with this proposal. Of the 10 models generated, 7 models with x>
values between 1.81 and 3.40 have an architecture in which the core of the trimer is
composed of the PSP and ACT2 domains and the ACT1 domain points to the outside
of the structure, separated from the ACT2 domain by the hinge-loop in an extended
conformation. The R, values associated with these models are between 38.6 and 39.2 A
and do not deviate more than 1.0 A from the experimental value. As an illustration,

the structures of the three best fitting models and their fits to the experimental data
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FiGure 5.11: The 6 structurally distinct C3 MtSerB2 trimer models se-
lected for examination (x> < 15.00) following the protein-protein docking
procedure.
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are shown in Figure 5.12. On the other hand, the 3 remaining models featured the
ACT1 domain in the center of the structure and fitted the experimental data less well
(417 < x? < 4.62). They also exhibited too small Ry values comprised between 37.3
and 37.8 A.

Model_co3 Model_co7 Model_co9

2=1.92 x2=1.81 x2=2.10
2r R,=38.89 2r R,=39.19 2r R,=38.73

log I(a)

0 0.1 0.2 03 0.4 0.5 0 0.1 0.2 03 0.4 0.5 0 0.1 0.2 03 0.4 0.5
q (A q (A" a (A"

FIGURE 5.12: Best-fitting MtSerB2 trimer models generated by CORAL
with C3 symmetry constraints.

In addition to the fact that they constitute the majority of the generated models and
best fit the experimental SAXS data, the trimer models interacting through the PSP
and ACT2 domains seem to be better candidates thanks to a previous experimental
observation. In section 4.2.2 of Chapter 4 (page 116), we described the oligomeric
behavior of MtSerB2 AACT1 mutant. As shown by SEC-MALS, this mutant composed
only of PSP and ACT2 domains is able to form a small amount of trimer. This result
suggests that the ACT1 domain is not involved in the trimeric interface and that it is
entirely possible that it is directed outwards from the assembly without interacting
with the other monomers.
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The hypothesis that the ACT1 and ACT2 domains would no longer interact to-
gether in the trimer is supported by the fact that the models in which they are sep-
arated match the experimental data both in terms of fit and R, value. Two related
arguments consolidate this hypothesis. First, the Kratky plot shown in Figure 5.10C
indicates some degree of flexibility in the trimer. This flexibility could be due to the
deployment of the hinge-loop separating the two ACT domains. Then, by defini-
tion, a flexible molecule can adopt multiple conformations, giving rise to species of
slightly varying hydrodynamic radii. The tailing shape of the peak obtained in SEC
in the presence of L-Ser thus fully supports the elution of a flexible MtSerB2 species,
where the extended hinge-loop would allow various positioning of the ACT1 domain
with respect to the rest of the molecule. The next section provides insight into why
the ACT1 and ACT2 domains may be separated in solution, despite the fact that the

latter seem to form a stabilizing interface in the dimer.
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5.3 Investigation of MtSerB2 trimer formation mecha-

nism

5.3.1 MitSerB2 dimer possesses a second L-Ser binding pocket

As shown by SEC in section 5.1.3, L-Ser induces trimer formation in MtSerB2 while
the close homologs of the enzyme, MaSerB and MmSerB2, retain their dimeric state
in the presence of this amino acid. We sought to identify the differences that lead to
the formation of the trimer. To this end, the PrankWeb server was used to predict
ligand binding sites in MtSerB2, MaSerB and MmSerB2 dimers [5, 6]. The results are

compared in Figure 5.13.
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FiGure 5.13: Ligand binding sites in MaSerB, MtSerB2, and MmSerB2 pre-

dicted by PrankWeb server. The arrows indicate L-Ser binding pockets in

the three orthologs. In addition to the main pocket evidenced in MaSerB

structures 5JLR and 5]JLP (*), another pocket only present in MtSerB2 was
identified (red).

Interestingly, the prediction highlights a pocket that would exist in MtSerB2 but
not in the two homologs (displayed in red in Figure 5.13). Moreover, this pocket is
located at the interface of the ACT1 and ACT2 domains (from two distinct monomers
due to domain-swapping) and contains the residues E33 and R103. As demonstrated

in reference [1], these two residues are thought to be involved in L-Ser binding on
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the basis of homology with the ACT domain of E. coli phosphoglycerate dehydro-
genase (PGDH). It is important to note that this pocket is distinct from the known
L-Ser-binding pocket (* in Figure 5.13, containing D17 and 1126) evidenced in MaSerB
structures 5JLR and 5JLP (see section 3.3.3 of Chapter 3). This known pocket is also
predicted in MtSerB2 and MmSerB2.

A docking experiment of L-Ser in the newly identified pocket was performed to
further probe the interacting residues. Nineteen possible poses of L-Ser were gener-
ated by an induced fit docking protocol at pH 7.4 in MtSerB2 dimer homology model.
The top 5 poses in terms of docking score are detailed and superimposed in Figure
5.14A. It can be seen that all of them are very similar with respect to the positioning of
L-Ser in the pocket and that they involve recurrent interactions (see Figure 5.14B and
Table 5.2) with the side chains of residues E33 and T136, as well as with the backbone
carbonyl oxygen of L34. Pose 2 also involves a salt bridge between the carboxylic acid
moiety of L-Ser and R103 guanidinium moiety through a conformational change of
the latter allowed by the induced fit.

TaBLE 5.2: Established interactions between L-Ser and MtSerB2 in the top
5 poses of the induced fit docking of L-Ser at pH 7.4 in a binding pocket
of MtSerB2 dimer homology model containing E33 and R103.

L-Ser group Interaction Residue group Residue Pose

OH side chain H-bond CO backbone L34 2,3,4,5,7
NH;* Salt bridge COO™ side chain E33 2,3,57
NH;* H-bond COO~ side chain E33 2,3,4,7
OH side chain H-bond OH side chain T136 2,3,4,7
COO~ H-bond OH side chain T136 5

COO~ Salt bridge NHC(NH,)," side chain R103 2

5.3.2 Glu33, Argl03 and Thr136 are implicated in MtSerB2 trimer

formation

The next step was to verify that these residues are indeed involved in L-Ser binding
in vitro and that the secondary L-Ser binding-site they constitute is responsible for
MtSerB2 trimer formation. To this end, the oligomeric behavior of mutant MtSerB2
E33A R103A T136A (MtSerB2 3A) was studied. In this mutant, E33, R103 and T136
are converted to alanine residues whose side chains lack the functional groups re-

quired for ligand binding.



(pos 2,3,4,5,7)

MtSerB2 dimer
homology model

F1Gure 5.14: Induced-fit docking of L-Ser at pH 7.4 in a binding pocket of
MtSerB2 dimer homology model containing E33 and R103. (A) Superim-
position of the top 5 poses of L-Ser in the binding pocket and interacting
residues. Salt bridges are depicted in purple and H-bonds in yellow. (B)
2D ligand interaction maps corresponding to the top 5 poses. H-bonds
are depicted in pink and salt bridges in a gradient from blue to red.
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FiGure 5.15: SEC-UV analysis of mutant MtSerB2 E33A R103A T136A
(BA) and native MtSerB2 in the presence and absence of 10 mM L-Ser in
the mobile phase (molar ratio 1:60). (A) Superimposition of SEC chro-
matograms for the analysis of mutant MtSerB2 3A with and without
L-Ser. (B) Superimposition of SEC chromatograms for the analysis of
mutant MtSerB2 3A and native MtSerB2 with and without L-Ser.

Figure 5.15A shows the superimposition of the chromatograms obtained for the
SEC analysis of MtSerB2 3A in the absence and presence of L-Ser (molar ratio 1:60).
The two traces overlap almost perfectly and the dimer peak no longer undergoes
a leftward shift in the presence of L-Ser, in contrast to what is observed for native
MtSerB2 (Figure 5.15B). An additional peak eluting around 8.5 mL (column dead
volume) indicates that the mutant is more prone to aggregation, perhaps due to the
destabilization of the ACT1-ACT?2 interface. This experiment shows that the E33A,
R103A and T136A mutations abolish L-Ser mediated trimer formation. At least one
of these three residues is thus probably involved in a key interaction with L-Ser. It
would be interesting to precisely determine which residue(s) is/are engaged in the
mechanism by assessing the effect of single-residue mutations.

The binding of L-serine in this secondary pocket, located at the interface of the
ACT1 and ACT2 domains of MtSerB2 dimer, would thus be the origin of the trimer
formation. The stoichiometry of this oligomeric transition implies a perturbation of
the dimeric species that could lead to its dissociation into monomers in order to form

the trimeric species. For this reason we believe that the interaction of L-Ser with
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the residues of this pocket disrupts the interface between the ACT1 and ACT2 do-
mains. Disruption of this essential interface for dimer stabilization (as evidenced by
the monomeric mutant MtSerB2 AACT1) would induce a conformational change lead-
ing to dimer dissociation. As supported by the assumption that the ACT1 and ACT2
domains no longer interact in the trimeric species, L-Ser would remain in interaction
with one of the two ACT domains, thus preventing the reassembly of the ACT1-ACT2

interface.
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54 Enzymological characterization of the oligomeric

species in the presence of L-Ser

54.1 L-Ser acts as a mixed-type predominantly competitive in-
hibitor of MtSerB2 dimer

The last part of this work was to study the kinetic mechanism of MtSerB2 dimer inhi-
bition by L-Ser. Steady-state kinetics of O-phospho-L-serine (PS) dephosphorylation
were assessed as described in section 4.3 (Chapter 5), in the presence of fixed L-Ser
concentrations in the assay. The resulting initial velocity vs PS concentration curves
are presented in Figure 5.16A. The appearance of the graph indicates that L-Ser effec-
tively acts as an inhibitor of MtSerB2 dimer, decreasing the velocity of the enzyme in

a dose dependent manner.
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FIGURE 5.16: L-Ser inhibition kinetics of MtSerB2. (A) Initial velocity vs

substrate concentration curves for the dephosphorylation of O-phospho-

L-serine (PS) in the presence of fixed L-Ser concentrations. (B) General

modifier mechanism scheme. E = enzyme, S = substrate, P = product, I =

modifier (inhibitor), Kp; = substrate dissociation constant, K; = inhibitor

dissociation constant, & = reciprocal allosteric coupling constant, p = fac-
tor by which the modifier affects the catalytic constant ket.

The methodology proposed by Antonio Baici was followed to unravel the kinetic
mechanism of inhibition (https://www.enzyme-modifier.ch) [7]. The condensed
form of the rate equation (Equation 5.1) derived from the general modifier mechanism
(Figure 5.16B) was first fitted to the experimental data for each L-Ser concentration to

determine the apparent Keat,app and Kypapp values for each L-Ser concentration.


https://www.enzyme-modifier.ch
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[N kcat,app[s] . kcat (1 +[30‘[LK]1,> [S]
[El:  Kmapp +1[S] K <1+%) 8] (1+%>

(5.1)

In Equation 5.1, [E]; is the total enzyme concentration, [S] is the free substrate (O-
phospho-L-serine, PS) concentration, [I] is the free inhibitor (L-Ser) concentration, kcat
is the catalytic constant, Kj, is the Michaelis constant (substrate dissociation constant),
K; is the inhibitor dissociation constant, « is the reciprocal allosteric coupling constant
and S is the factor by which the inhibitor affects kcat.

Then, the dependence of keatapp, 1/Kcatapp, Kwm,app, Keat,app/ Kwmapp, and
Kw,app / Keat,app 0N L-Ser concentration was analyzed (Figure 5.17). The shape of the
replots gave the characteristic pattern of a hyperbolic mixed, predominantly specific inhi-
bition (HMx(Sp>Ca)l), according to the nomenclature used by Baici. In this mecha-
nism, L-Ser binds the free form of MtSerB2 with greater affinity but can also interact
with the substrate bound form (¢ > 1). The resulting L-Ser-MtSerB2-PS complex is
still productive but shows a decreased turnover rate (0 < g < 1). In generic terms,
these results identify a mixed predominantly competitive partial inhibition mechanism of
MtSerB2 by L-Ser.
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FiGUure 5.17: Dependence of the apparent kinetic parameters on L-Ser

concentration. The letters C, E, I, N and P identify the shape of the re-

plots according to Baici’s methodology [7]. Plain lines are the fits of the

dependency of kinetic parameters on [L-Ser] to the experimental data
based on the general modifier equation.

In view of the quasi-linear appearance of the replots of 1/kcatapp and
Km,app / Keat,app VS L-Ser concentrations, it was difficult to distinguish between a com-
plete/linear and a partial/hyperbolic inhibition mechanism. The partial/hyperbolic
inhibition mechanism was identified from the shape of the v vs [L-Ser] replot in Figure
5.18. It shows a plateau at finite velocity indicating the inability of an increasing L-Ser
concentration to drive the velocity to zero.
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Ficure 5.18: Plot of velocity vs L-Ser concentration at constant PS con-
centrations.

Our analysis matches the partial competitive inhibition mechanism identified by
Grant [1]. Fitting the complete form of the general modifier equation (Equation 5.1)
to the experimental data yielded a K; value of 22.0+ 5.3 uM agreeing with the value
of 19 £ 2 uM presented in the paper. For the parameters a and j, values of 3.52 +
1.20 and 0.0006 4 0.0004 were respectively determined, effectively translating a 2 to
5 times lower affinity of L-Ser for the enzyme-substrate complex and an almost zero

turnover rate of the L-Ser-enzyme-substrate complex (Bkcat = 0.01 s ).

5.4.2 L-Ser acts differently on MtSerB2 and its dual-ACT domain
orthologs

The kinetic mechanisms of inhibition of MaSerB and MmSerB were evaluated using
the same method. The initial velocity curves in the presence of fixed L-Ser concentra-
tions and the replots of the kinetic parameters versus L-Ser concentration are shown

in Figure 5.19.

The shape of the replots (Figure 5.20) and that of the v vs [L-Ser] (Figure 5.21),
where a saturating concentration of L-Ser brings the enzyme velocity to zero, allows
to state that L-Ser is a mixed and linear (complete) inhibitor of both enzymes. The
Kwmapp vs [L-Ser] replots, however, show disparate Kyjapp values that do not clearly
follow one of the four possible trends allowed by the general modifier mechanism.
This makes the identification of the predominant character of the mixed inhibition
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FiGure 5.19: Initial velocity vs substrate concentration curves for the
dephosphorylation of O-phospho-L-serine by (PS) by MaSerB (left) and
MmSerB2 (right) in the presence of fixed L-Ser concentrations.

ambiguous. From the decreasing replot pattern, MaSerB seems to show a predom-
inant catalytic/uncompetitive character, where the inhibitor binds preferentially to the
MaSerB-PS complex, but the trend is less clear for MmSerB2.

However, we noticed that the 1/kcatapp vs [L-Ser] replots are parabolic and there-
fore do not correspond to any pattern of the dichotomous determination key proposed
by Baici. This observation suggests a more complex mechanism of inhibition, parabolic
inhibition, in which the enzyme is able to bind two L-Ser molecules at distinct sites
[8]. Different types of parabolic inhibition mechanism exist and can be identified by
inspecting the dependence of 1/kcat,app and Km,app /Keat,app on L-Ser concentration [9].

Equation 5.2 is the double-reciprocal transformation of Equation 5.1 (1/v vs 1/[S]) :

E 1 1 K 1
3 = intercept + slope? = Mapp —_

5.2
0 [ ] kcat,app kcut,upp [S] ( )

The term 1/Keatapp corresponds to the y-intercept (I) of the 1/v vs 1/[S] plot and
Kmapp /Keatapp to its slope (S). In the case of the inhibition of MaSerB and MmSerB2
by L-Ser, the slope replot is linear while the intercept replot is parabolic. This case is
called S-linear I-parabolic noncompetitive inhibition according to Cleland’s nomenclature
[10]. In this mechanism, a molecule of L-Ser can bind the free enzyme as well as the
enzyme-PS complex, at one or the other site, and a quaternary complex L-Ser-enzyme-
PS-L-Ser is formed trough the simultaneous interaction of L-Ser at both sites. The
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ternary and quaternary complexes are non productive, which results in a complete
inhibition. Such a mechanism is depicted in Figure 5.22 and is described by the
general rate expression of Equation 5.3.

|
o KM W kcat
E +S ES E +P
K ak;
aKy, r
El+S ESI
YK
ESI,

FIGURE 5.22: S-linear I-parabolic inhibition mechanism scheme. E = en-

zyme, S = substrate, P = product, I = modifier (inhibitor), k.t = catalytic

constant, K = substrate dissociation constant, K; = inhibitor dissociation
constant, «, 7y = reciprocal allosteric coupling constant

0 kcat [S]

[El;  Km(1+a[l]) + [PS](1+b[I] + c[I]2) (5.3)

where [I] is the free L-Ser concentration, and 4, b and c are interaction factors con-
taining the parameter K; as well as the reciprocal allosteric coupling constant & and -y
whose values depend on binding cooperativity. It can be seen that the full form of the
general modifier equation (Equation 5.1) is no longer adequate to fit the experimental
data since [PS] in the denominator is now multiplied by a second-degree polynomial
translating the parabolic character and no longer by a linear term. Therefore, the ex-
pressions for kcat,app app and KM,app as a function of L-Ser concentration now contain
this term and this explains why the replots of Kyjapp vs [L-Ser] did not show one of
the 4 expected shapes.

Since the precise mechanism is unknown (can L-Ser bind to one site as well as the
other in the free enzyme? ... in the enzyme-substrate complex? Is the affinity for the first
site equal to that for the second site? Is there binding cooperativity?), the component terms
of the interaction factors are not known either and they cannot be constrained for
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the non-linear regression. Therefore, determining accurate K;, « and <y values for the
inhibition of MaSerB and MmSerB2 by L-Ser is an arduous task.

Comparison of these results with those obtained in the previous section reveals
that MtSerB2 is inhibited by L-Ser through a different mechanism than that shown by
its orthologs MaSerB and MmSerB2.

Indeed, on the one hand, MtSerB2 is partially inhibited in a predominantly com-
petitive way with respect to substrate binding via the action of L-Ser on an inhibitory
site. We suspect that the L-Ser binding site involved in the mechanism is the one con-
taining E33, R103 and T136. As shown in this chapter, the interaction of L-Ser with
this site induces a conformational change, leading eventually to the formation of a
trimer. According to the identified mechanism, PS can still bind the enzyme after this
conformational change, but with less affinity. The resulting ternary complex is still
active, but catalyzes the dephosphorylation reaction very poorly (4000 times lower

rate).

On the other hand, MmSerB2 and MaSerB are totally inhibited in a mixed manner
by interacting with two L-Ser molecules at two distinct sites. The first site, where
L-Ser can bind in the free enzyme but also in the enzyme-PS complex could be the
one containing D17, Q18, V21 and 1126 in MaSerB (the site evidenced in the 5]LR
and 5JLP crystallographic structures, marked by an asterisk in Figure 5.13) and the
homologous site found in MmSerB2. When L-Ser is bound there and PS is bound
in the active site, a second L-Ser molecule can interact with the enzyme. Potentially,
it binds either to a new site created somewhere on the enzyme by a conformational
change due to the binding of the PS and the first L-Ser molecule, or in the active
site, near or interacting with PS. Further experiments would be required to identify
the precise inhibitory sites and the order of interaction, but we know so far that the
binding of two L-Ser molecules completely abolishes enzyme activity.

It would be very interesting to study the kinetic behavior of the MtSerB2 3A mu-
tant to verify if the singular L-Ser binding site identified in MtSerB2 is indeed respon-
sible for the alternative inhibition mechanism. This hypothesis would be confirmed
if the 3A mutant showed a kinetic behavior similar to MmSerB2 and MaSerB in the
presence of L-Ser.
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5.5 Summary of the findings

In 2014, Yadav and Shree reported that MtSerB2 underwent a change in its oligomer-
ization state upon the interaction with L-serine, its reaction product and allosteric
feedback inhibitor [2]. The authors described the new species as a tetramer, without
providing further experimental evidence to this statement. In Chapter 4 of this thesis,
we showed that MtSerB2 could already form a tetramer in the absence of L-Ser. Fol-
lowing this observation, we aimed to reproduce Yadav and Shree’s experiment and

determine the stoichiometry of the new species formed.

Through SEC and native PAGE analyses, we demonstrated that a new MtSerB2
oligomeric species was actually formed in the presence of L-Ser and SAXS allowed
for the identification of this new oligomer as a trimer, not a tetramer. Crystallization
assays have been undertaken but have not yet allowed us to reveal the atomic detail
of the new assembly. Nevertheless, X-Ray scattering data gave valuable insights into
its architecture as it could be seen that the trimer was extended and probably more
flexible than MtSerB2 dimer and tetramer.

Plausible trimer models have been constructed using protein-protein docking and
rigid body modeling in combination with SAXS data. The best fits were obtained
from models that shared a common architecture: a rather flattened assembly, whose
oligomeric interface was built by contacts between the PSP-ACT2 domain part, leaving
the ACT1 domains pointing to the outside of the assembly. Even better fits were
obtained with models in which the ACT1 domains were separated from the core
assembly by the hinge-loop in an extended conformation. These models are consistent
with the flattened shape and flexibility suggested by the experimental data.

Additional SEC experiments indicated that the trimer was formed from the dimer.
Indeed, on chromatograms, the dimer peak underwent a L-Ser dose-dependent dis-
placement and deformation, whereas the tetramer peak was left unaffected. This
experiment, replicated with each of the orthologs studied in this thesis, showed that
trimer formation from the dimer was specific to MtSerB2. Remarkably, the oligomeric
state of its two closest orthologs, MaSerB and MmSerB2 did not change in the pres-
ence of L-Ser. By predicting the potential ligand-binding sites for the three enzymes, a
L-Ser binding pocket also located at the ACT1-ACT?2 interface but specific to MtSerB2
could be identified. The implication of this special pocket in the mechanism of trimer
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formation was confirmed using a triple alanine MtSerB2 mutant. This mutant, de-
signed to prevent the eventual binding of L-Ser in the newly identified pocket, was
unable to form trimer in the presence of the amino acid.

Finally, steady-state inhibition kinetics experiments suggest that this pocket im-
plies a different L-Ser regulation mechanism in MtSerB2 compared to in its close
homologs MaSerB and MmSerB2. Interaction of one L-Ser molecule with this pocket
would induce a partial, predominantly competitive inhibition of MtSerB2 with respect
to the substrate, while MaSerB and MmSerB2 would be totally inhibited by the con-
secutive binding of two L-Ser molecules at two different sites in the enzyme-substrate

complex.

We suggest that the interaction of L-Ser with the pocket disrupts the ACT1-ACT2
domain interface, which induces a conformational change within the enzyme, result-
ing in the separation of the ACT1 domain from the rest of the structure. The domain-
swapped architecture of the dimer is disrupted and dissociation into monomers takes
place. The monomers, unstable in solution, re-associate very quickly into trimers by
interacting via the PSP-ACT2 part. This hypothesis is supported by the oligomeric
behavior of a MtSerB2 mutant lacking the ACT1 domain: it is mainly monomeric in
solution but it is able to form a small amount of trimer. Consistent with the compet-
itive inhibition kinetics mechanism, the trimer could still bind O-phospho-L-serine,
but with much lower affinity than the dimer. It would still catalyze the dephosphory-

lation reaction but about 4000 times slower than the dimer.
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Chapter 6

MtSerB2, a potential morpheein

6.1 General discussion

The phosphoserine phosphatase MtSerB2 is a promising enzymatic target from M. tu-
berculosis for the development of new anti-tuberculosis agents. Studies identifying in-
hibitors demonstrated that the enzyme is druggable [1-4], but designing compounds
targeting the active site turns out not to be an optimal strategy in terms of selectiv-
ity since the human homolog HsPSP possesses a highly conserved catalytic pocket.
Nevertheless, studies prior to this thesis indicated that MtSerB2 was likely present
as an active homodimer in solution and underwent a quaternary structure change to
an inactive homomeric species in the presence of its endogenous allosteric feedback
inhibitor, L-serine [2, 5]. These observations laid the groundwork for an alternative
therapeutic approach: the allosteric targeting of MtSerB2 via a homomeric disruption
strategy. The structural basis was nevertheless not very solid to afford a rational in-
hibitor design: what was known about the system before this work was limited to a
homology model and an obscure L-Ser feedback regulation mechanism, involving a

quaternary structure change to a higher-order oligomer of undefined stoichiometry
(Figure 6.1A).

In this work, we aimed to deepen the structural knowledge regarding MtSerB2 to
offer a comprehensive basis for the design of allosteric inhibitors. In order to provide
further structural insight into MtSerB2 self-assembly and the mechanisms of regula-

tion of its catalytic activity, we characterized the system in the absence and presence
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of L-Ser via orthogonal analytical techniques (chromatography, electrophoresis, light
scattering, crystallography) and enzyme kinetics studies. The workflow consisted in
1) the identification of the oligomeric species present in solution 2) the elucidation of
their architecture 3) the study of their enzymatic activity. The characterization was
also extended to more or less similar MtSerB2 orthologs and site-specific mutants
designed in vitro. The primary sequence differences allowed us to rationalize the in-
volvement of key residues and domains in the structural mechanisms observed in
MtSerB2.

The observations made throughout this work allow us to propose the following
hypothesis: MtSerB2 is a morpheein. By definition, a morpheein is a protein that
can form two or more functionally and structurally distinct homo-oligomers, called
morpheein forms, interconverting through a conformationally flexible dissociated state.
For MtSerB2, we propose the morpheein equilibrium outlined in Figure 6.2. We will
discuss each of its elements based on the results presented in the previous three
chapters.

We can start the discussion with what is now obvious: there is an active dimeric
form of MtSerB2 in solution. Initially, this was assumed only on the basis of the
structure of its closest crystallized homolog MaSerB (84% sequence identity). During
this thesis, this could be verified on the basis of SEC-MALS and SEC-SAXS experi-
ments confirming the stoichiometry of the species. Enzyme kinetics analysis, assaying
the dephosphorylation of O-phospho-L-serine, also proved that it was active. The ar-
chitecture of this homodimer could also be elucidated. To date, we have not been
able to determine its atomic structure, the enzyme being recalcitrant to crystalliza-
tion, but comparison of SAXS data obtained for MaSerB and MtSerB2 dimer revealed
that the two enzymes had identical shapes in solution. Moreover, thanks to the behav-
ior of a truncated, monomeric mutant in solution, MtSerB2ZAACT1, we were able to
demonstrate that the ACT1 domain was necessary for the dimerization. On this basis,
and given the very high sequence identity percentage with MaSerB, we are confident
that MtSerB2 dimer also exhibits a ACT1 domain-swapped butterfly-like architecture

in solution (Figure 6.1B).

In our SEC experiments, we made an unexpected observation with respect to what
was described for MtSerB2 in the literature: in addition to the dimeric form, MtSerB2
can also exist as a tetramer in solution. According to native PAGE gel quantification,
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SEC-UV and mass photometry (MP) analyses, the tetramer population was observed
in every MtSerB2 batch we produced in E. coli. The ratio between populations was
quite reproducible from production to production, with the tetramer population be-
ing always smaller than the dimer population. We suspect that the existence of this
species was not reported in earlier work either because of its loss during the purifi-
cation process, different from ours, or because it was overlooked as a non-relevant
aggregate. Our work provides the first quantitative evidence for the existence of
MtSerB2 tetramer, whose stoichiometry was confirmed by SEC-MALS and SEC-SAXS.

As it proved stable enough to be separated from the dimer by preparative SEC,
we were able to find that the tetramer is an inactive species through kinetics anal-
yses and to undertake crystallogenesis trials. No crystallographic data could be ob-
tained, but SAXS showed that the tetramer is a rather globular species, distinct from
the dimer. Insight into its architecture was obtained by combining SAXS to protein-
protein docking. We generated several tetramer models based on symmetric con-
straints and domain-swapping principles, and their scattering curves calculated by
CRYSOL were then compared to the experimental SAXS profile. The single model
retained is the best fit to the experimental SAXS data and exhibits a global D2 sym-
metry and is formed by four monomers folded on themselves with ACT1 and ACT2
domains interacting intramolecularly (Figure 6.3).

a2 helix from C1 cap

FIGURE 6.3: MtSerB2 tetramer model obtained from D2 symmetric
protein-protein docking and selected based on the best fit to the experi-
mental SAXS data.
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We do not pretend to propose here the exact architecture of MtSerB2 tetramer, as
the constraints set in the modeling process may not be representative of reality. First,
the tetramer could be globally asymmetric. This phenomenon is rarely observed in
nature, but is for example seen in the first enzyme of the serine pathway, MtSerAl.
The protomers of the latter are not related by a symmetry operation. Then, the con-
formation adopted by the four protomers in MtSerB2 may not be that of a monomer
folded on itself as assumed according to domain-swapping theory. The hinge-loop
that connects the two ACT domains confers great flexibility to the enzyme and the
ACT1 domains may therefore adopt a completely different position than the one pro-
posed in the model. This possibility has been illustrated by models generated via a
rigid-body modeling algorithm, CORAL. Although the latter does not take any energy
considerations into account in the modeling process, as opposed to docking, various
models corresponding to the SAXS profile could be generated.

Our hypothetical tetramer must therefore be challenged further. Nevertheless, its
structural features are well in line with experimental observations made through-
out this work. To begin with, this model explains why the tetramer is inactive: the
tetrameric interface involves the dynamic aj-helix of the C1 cap module known to
modulate substrate access to the active site. Next, small neutral hydrophobic residues
required for MtSerB2 tetramerization (C148, V149, G150, 1154) are located at the in-
terfaces between the monomers. The patch was identified based on the sequence dif-
ference between MtSerB2 and its close orthologs MaSerB and MmSerB2, exclusively
dimeric in the same studied conditions. We observed that mutating these residues to
the polar and charged residues observed at the same location in MmSerB2 prevented
MtSerB2 from tetramerizing.

But the most important feature of our tetramer model is also the defining basis of
the hypothesized morpheein model: it is formed of four monomers interacting with
each other and not of two butterfly-like domain-swapped dimers. When screening
tetramer models, we had obtained dimer-of-dimers that fitted well the experimental
SAXS profile. However, we chose to discard them for two reasons: 1. they did not ex-
hibit global symmetry with respect to the positioning of the monomers and therefore
looked more like non-specific aggregates of two dimers 2. the formation of such ag-
gregates could likely be forced at high protein concentration, however we have never
been able to instantly reform tetramer by concentrating the dimer, even very strongly

(25mgmL~!). The dimer-tetramer equilibrium appeared to be independent of the
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total protein concentration. Considering this, we hypothesize that the dimer-tetramer
interconversion appeals for a more complex mechanism involving the dissociation of

the two oligomeric species into monomer.

The latter hypothesis is well in line with a complementary observation first re-
ported by Yadav and Shree, then confirmed in this work: when exposed to L-serine,
the dimeric form of MtSerB2 undergoes an oligomeric transition to a higher-order
oligomer, that we quantitatively identified as a trimer by SEC-SAXS. The stoichiom-
etry underlying the dimer-trimer transition testifies to the possible (transient) exis-

tence of a dissociated monomeric state in solution.

SEC-UV analyses of MtSerB2, MaSerB and MmSerB2 all showed the elution of
what could be a monomeric population, indicated by the presence on the chro-
matograms of a small absorbance peak ("M?" on Figure 6.4, about 5%AUC) following
that associated with the dimeric population. For this peak, the corresponding molar
mass measured by MALS was comprised between those of the dimer (about 86 kDa)
and the monomer (about 43 kDa), which could indicate a rapid re-equilibration from
monomer to dimer after their separation. The identity of the species related to this
small peak thus remains to be proven, but this observation is a first indication that

SerBs domain-swapped dimers might be in equilibrium with their monomer.
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FiGUre 6.4: SEC-UV-MALS analysis of MtSerB2. Exclusively dimeric

MaSerB and MmSerB2 show similar chromatograms but without the

tetramer peak. The molar mass of the "M?" peak is estimated between

those of the dimer and the monomer, which could indicate a rapid
monomer/dimer equilibrium.
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The 12-residues hinge-loop connecting the two ACT domains confers a flexible
nature to the protein and it is therefore very likely that the monomer shows a highly
dynamic behavior in solution. According to the principles of domain-swapping, the
most stable form would probably be a conformation where the monomer is folded
on itself, with the ACT1 domain positioned below the ACT2 domain to form an in-
tramolecular 8-stranded p-sheet. As per the mechanism proposed by Eisenberg and
coworkers for proteins swapping entire domains [6], the monomer-dimer interconver-
sion would take place through a high-energy intermediate! in which the monomer is

in open form.

In the case of MaSerB and MmSerB2, exclusively dimeric in the studied conditions,
only this monomer-dimer equilibrium would exist. For MtSerB2, the monomeric pop-
ulation would then also be in equilibrium with a tetrameric population, formed from
the closed monomer form, which bears the small enabling C148 V149 G150 1154 hy-
drophobic patch not present in MaSerB and MmSerB2. In favor of this hypothesis is
the molar mass associated with the tetramer peak, slightly underestimated by MALS
compared to the theoretical mass (172kDa). This thesis reports the result of only
one indicative measurement, but we observed this trend in every measurement per-
formed. The dimer peak was the only one whose measured mass accurately matched
the theoretical mass each time.

This model of dissociative dimer-tetramer equilibrium in MtSerB2 is in line with
our experimental observations. Analyzing enriched dimer and tetramer samples, we
found that the interconversion between the two populations is slow, on a scale of
days to months, and that the transformation is much faster from tetramer to dimer
than from dimer to tetramer. This finding is explained by our hypothetical model:
from the thermodynamics and kinetics point of view, it is probably easier to break
the interfacial interactions between four closed monomers, whose conformation gives
them a certain stability in solution, and to overcome the kinetic barrier required for
their opening than to readily disrupt a highly stable intertwined dimer into unsta-
ble open monomers (Figure 6.5). On this basis, starting from the hypothetical closed
monomer formed after RNA translation, we could consider that MtSerB2 tetramer-
ization is favored by kinetic factors (lower activation energy) whereas dimerization is

mainly driven by thermodynamic factors (more stable species).

Eisenberg and coworkers actually use the term "transition state" but we prefer to consider the form
as a high-energy intermediate because it can potentially be isolated.



186

Q\:I Open

monomer

Free energy

Closed
monomer

Tetramer

Domain-swapped dimer

Association pathway

FIGURE 6.5: Hypothetical free energy diagram of MiSerB2
tetramer /dimer dissociative equilibrium.

The dissociative equilibrium model could also explain why we observed that
MtSerB2 tetramerization propensity was impaired by the generation of a point muta-
tion in the hinge-loop (Q92E). Although Q92 could only be involved in the stabiliza-
tion of the tetramer through interactions at the protein-protein interface, its substitu-
tion by a glutamate residue could also favor dimerization by facilitating the opening
of the monomer. In this context, it is possible that mutation Q92E lowers the kinetic
barrier between the closed and open states of the monomer, for example by promoting
an extended hinge-loop conformation, thus stabilizing the open conformation of the
monomer, or by destabilizing the closed monomer form through unfavorable electro-

static contact.

In this work, we also investigated the mechanism of L-serine induced trimeriza-
tion. Through analytical SEC experiments, we demonstrated that the trimer was
formed from MtSerB2 dimeric population and that the phenomenon was specific
to this enzyme. None of the orthologs studied in parallel undergo this transition,
even MaSerB and MmSerB2 which have a very similar butterfly-like ACT1 domain-
swapped architecture as shown by SAXS. Upon in silico analysis of potential L-Ser
binding sites on the three mycobacterial dimeric SerBs, we discovered a site detected
only in MtSerB2 and not in MaSerB and MmSerB2 (Figure 6.6). This site is located at
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the ACT1-ACT?2 interface, opposite the known binding pocket identified in MaSerB
co-crystals (PDB: 5]LP and 5]JLR), and is homologous to an L-Ser binding site observed
in E. coli PGDH (PDB: 1PSD). Docking studies in this additional pocket allowed to
identify residues likely responsible for the interaction between MtSerB2 dimer and L-
Ser (E33 R103 T136) and we confirmed by the generation and SEC analysis of a triple

alanine mutant that they were indeed required for trimerization.
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FIGURE 6.6: Identification of a new L-Ser binding pocket specific to
MtSerB2 dimer at the ACT1-ACT2 domain interface. The residues form-
ing this pocket are necessary for MtSerB2 to trimerize.

As in the case of dimer and tetramer, no diffracting crystal could be obtained for
the trimer. However, we were able to access enlightening information about the shape
of this species in solution thanks to SAXS. Based on the Guinier and Kratky plots and
the P(r) function, we noted that the trimer is elongated and probably more flexible
than the dimer and the tetramer. Protein-protein docking was undertaken to get an
idea of a plausible architecture and models that best fit the experimental scattering
profile all exhibited a flattened shape. The great majority of these models were in-
teracting through their ACT2-PSP part, leaving the ACT1 domain on the outside of
the complex. Rigid body modeling was also undertaken using CORAL and the best-
titting generated models also exhibited these characteristics, along with the ACT1
domain separated from the rest of the structure by the hinge-loop in an extended
conformation (Figure 6.7). This important feature resulted in models whose radius of
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gyration was much closer to the experimental value and whose extended configura-
tion could explain the apparent conformational flexibility of the species. Moreover,
this hypothetical configuration is in line with the fact that the ACT1 domain does
not appear to be strictly necessary for MtSerB2 trimerization. We indeed showed
through SEC-MALS experiments that a monomeric mutant lacking the ACT1 domain
(MtSerB2AACT1) could spontaneously form a small trimer population.

Protein-protein docking CORAL
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FIGURE 6.7: Best-fitting C3 trimer models obtained by protein-protein
docking and rigid body modeling (CORAL), and superimposition of their
calculated scattering profile (CRYSOL) to the experimental SAXS data.

Finally, we characterized the inhibition mode of mycobacterial SerBs dimers by L-
Ser in enzyme kinetics experiments. The results obtained well support the existence
of an L-Ser interacting pocket specific to MtSerB2: while MaSerB and MmSerB2 are
completely inhibited by the consecutive binding of two L-Ser molecules, the first one
probably interacting with the known binding site and leading to the appearance of
a second inhibitory site by conformational change, MtSerB2 is partially inhibited by
the interaction with a single molecule of L-Ser. To the best of our knowledge, the
inhibitions kinetics of MaSerB and MmSerB2 by L-Ser have never been documented
before, but the results obtained regarding MtSerB2 are consistent with the allosteric
partial competitive inhibition mechanism reported by Grant [5].

Based on the structural and kinetic considerations reminded above, we propose
an outline for the structural mechanism of MtSerB2 regulation by L-Ser (Figure 6.8).
According to our results, L-Ser would interact with a pocket containing residues E33,
R103 and T136 located at the intermolecular ACT1-ACT2 domain interface of the
domain-swapped dimer. This interaction would be destabilizing for the dimer, which
would eventually be disrupted into monomers. The interaction with L-Ser would

prevent these monomers from shifting to a closed conformation by re-establishing
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intramolecular ACT1-ACT2 interactions. Open monomers being likely quite unstable
in solution, the equilibrium would be shifted towards the formation of a trimeric
population of very low catalytic activity. The latter could be explained by oligomeric
interfaces mostly formed at the PSP domain, making it more difficult for the substrate

to access the active site.
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FiGure 6.8: Hypothetical L-Ser induced trimerization mechanism in
MitSerB2.

We observed that L-Ser acted on the dimeric population acknowledging a dis-
placement and a deformation of the corresponding peak in SEC analyses. As for the
peak related to the tetrameric population, only the area under the curve was slightly
decreasing with increasing L-Ser concentration. Based on the equilibrium model pro-
posed above and depicted in Figure 6.2, we believe that the decrease observed in the
tetrameric population is due to the shift of the equilibrium towards the trimer through
a stabilization of the open monomer. L-Ser would therefore not directly interact with
either the tetramer or the closed monomer, or with greater difficulty. This assump-
tion is supported by the fact that the E33 R103 T136 binding pocket is not detected
in our closed monomer model that was subjected to Molecular Dynamics. This also
supports again that MtSerB2 tetramer is likely formed of four separate monomers
and not of two domain-swapped dimers. If this was the case, L-Ser would probably
disrupt the intermolecular ACT1-ACT2 interface of the two dimers of the dimer-of-
dimers, which could lead to the total disappearance of the tetrameric population. In
all cases, this MtSerB2 specific L-Ser binding pocket does not exist in the tetramer or
is not accessible.

As developed above, the experimental observations made throughout this work

are consistent with and complement the upstream biophysical and biochemical work
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of Yadav and Shree [2] and Grant [5], and can be explained by the morpheein system
we propose for MtSerB2. But the latter is also well in line with the moonlighting
protein behavior highlighted by Shree et al [3]. Along with the existence of alternate
quaternary structure stoichiometries, non-trivial kinetic data or inconsistent subunit
interactions in different protein crystal structures, moonlighting functions can indeed
be a sign that a homo-oligomeric protein is a morpheein [7]. Porphobilinogen syn-
thase (PBGS), the prototype morpheein, is an essential enzyme in the biosynthesis of
tetrapyrrole and presents itself two moonlighting functions as a proteasome inhibitor

and a cochaperone [8-10].

In the bacterial cytosol, MtSerB2 acts as a phosphoserine phosphatase. It catalyzes
the third and last, irreversible step of L-serine biosynthesis: the hydrolysis of O-
phospho-L-serine to L-serine. This activity is crucial to the survival of M. tuberculosis
because L-Ser is a central precursor for the synthesis of numerous metabolites and the
pathogen cannot acquire it from host macrophages [11]. Based on the state of the art
and our work, it is the dimeric ACT1 domain-swapped form of MtSerB2 that performs
this metabolic function. The L-serine phosphorylated pathway directly consumes an
intermediate of glycolysis, 3-phosphoglycerate, so the pathway must be regulated
depending on the energy needs of the bacteria. Like MtSerAl, the first enzyme in the
pathway, MtSerB2 is allosterically feedback inhibited by L-Ser. Our results suggest
a regulation mechanism based on a change of oligomerization state towards a very
low activity trimeric form, induced by the disruption of intermolecular ACT1-ACT2

interfaces stabilizing the domain-swapped dimer.

But MtSerB2 is also found in the cytosol of host macrophages, as shown by Shree
et al. [3]. There, it can dephosphorylate host-phosphoproteins, physically interact
with anti-apoptotic proteins and modulate the expression of various genes, leading
to the modification of the host’s immune response. The first of these moonlighting
functions is probably related to the dimeric form of MtSerB2 as it involves dephos-
phorylation and this oligomeric population is the only one that shows significant
activity. This assumption is supported in a recent thesis of our group which provides
a protein-protein docking structural basis for the dephosphorylation of phospho-
cofilin by MtSerB2 domain-swapped dimer [12]. A priori, the other moonlighting
functions would not require the phosphatase activity and could be related to the
other oligomeric forms identified in this work. The alternative forms adopted by the

tetramer and trimer could lead to the exposure of new interfaces for the interaction
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with partners from the host. The idea that MtSerB2 may play a role in modulating
the transcription of certain genes does not seem unreasonable either thanks to the
presence of ACT domains. Some transcriptional regulators indeed possess ACT do-
mains, named RAM domains (for Regulator of Amino acid Metabolism) [13]. Lastly,
how MtSerB2 is translocated from the bacterial cell to the host cell has not been de-
termined yet, but assuming that this is due to a secretion system, it could be that one
or the other morpheein form is preferentially used as a substrate.

6.2 Conclusions

In the popular imagination, tuberculosis (TB) is a forgotten disease far from current
concerns. The reality is quite different: recently dethroned by SARS-CoV-2, TB is the
second leading cause of death worldwide due to a single infectious agent. Although
treatable, the disease is no exception to the growing global public health threat of
antibiotic resistance. Through the Global Tuberculosis Programme, a global strategy
of prevention, care and innovation aiming at a world free of TB, the World Health

Organization calls for the development of new anti-tuberculosis agents.

In this context, numerous research initiatives have been undertaken to identify
novel drug targets. The sequencing of M. tuberculosis genome allowed the develop-
ment of methods to determine gene essentiality in the pathogen, and it is on that basis
that the phosphoserine phosphatase MtSerB2 was first proposed as a potential drug
target in 2003. Further characterization of the enzyme was subsequently published in
2014, 2016 and 2017. The studies suggested the involvement of MtSerB2 in host colo-
nization and demonstrated its druggability through the inhibition of its phosphatase
activity by small molecules. The premise of a feedback regulation mechanism by
L-serine involving a transition to a higher order oligomeric state of undefined stoi-

chiometry was also proposed.

It is in the latter observation that the present thesis takes root. We further inves-
tigated MtSerB2 self-assembly and its involvement in the regulation of phosphatase
activity through structural biology and enzymological approaches. In addition to
confirming the inferred domain swapped-architecture of the dimer, we brought the
tirst proof for the existence of a tetramer in solution and identified a trimeric stoi-

chiometry as well as the interaction site for the L-Ser induced oligomer. At the end of
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this work, we propose that MtSerB2 is a morpheein, existing in solution as an equi-
librium of dimer, trimer and tetramer populations of distinct activity levels that are
interconverted through a conformationally flexible monomeric state. Our morpheein
model, consistent with and complementing the literature, is yet to be fully established
but already lays the foundation for allosteric drug design. It sheds light on a new
reservoir of potential targets: compounds stabilizing the (almost) inactive morpheein
forms of MtSerB2 could be designed. Moreover, such an equilibrium does not exist
in the human ortholog HsPSP, and the latter has a dimeric structure very different
from that of domain-swapped MtSerB2, which makes a therapeutic strategy based on

quaternary structure dynamics very selective.

MtSerB2 appears to have gained rather unusual properties for an essential
metabolic enzyme. According to the literature, it would also be used by M. tuberculosis
to interfere with host cell signaling processes and thus create a favorable environment
for its proliferation. Although much remains to be demonstrated, the morpheein

dynamics of MtSerB2 could account for these observed moonlighting functions.

In addition to contributing to the ongoing effort to tackle TB, this work exemplifies
more fundamental concepts. First, the morpheein model itself challenges the protein-
folding paradigm telling us that to one primary structure corresponds a well-defined
quaternary structure in fine. In the morpheein model, a single polypeptide chain
can adopt different tertiary structures through subtle rearrangements of secondary

structures, leading to functionally distinct quaternary structures.

Furthermore, during this project, we also studied several orthologous phospho-
serine phosphatases all showing more than 30% sequence similarity with MtSerB2.
Among these were the SerBs of M. avium and M. marinum, both sharing about 90%
sequence similarity with MtSerB2. As demonstrated in this thesis, the dimeric archi-
tectures formed by these enzymes and MtSerB2, as well as their catalytic properties,
are very similar. However, when it comes to feedback regulation by L-serine, they ex-
hibit distinct inhibition modes where MtSerB2 is partially inhibited by the binding of
a single molecule while MaSerB and MmSerB2 are totally inhibited by the interaction
with two molecules. This difference is most likely due to a L-Ser interacting pocket
present in MtSerB2 but not in the two orthologs. These results not only point out
that enzymes of very similar structures catalyzing the same reaction can be regulated
differently in distinct species, but also reflect significant differences in the physiology
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and metabolism between organisms.

On that note, this thesis also provides a new crystallographic structure: that of the
essential phosphoserine phosphatase SerB from Brucella melitensis. The latter could be
of great help to investigate molecular mechanisms at work in the bacteria and a basis

for the development of novel small-molecule inhibitors against brucellosis.

Another contribution is that the characterization of the quaternary structures of all
these homologous enzymes illustrates well the different oligomerization mechanisms

by which an ancestral monomer can evolve in distinct species (Figure 6.9).
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FIGURE 6.9: Features that a hypothetical monomeric common ancestor
could have acquired during evolution explaining the difference in qua-
ternary structure observed in the PSPs studied in this work. This scheme
is purely illustrative and does not reflect the real evolutionary links be-
tween species. * For MtSerB2 the depicted structures are in silico models.

For example, BmSerB is monomeric in solution while HsPSP is dimeric even
though they both have the same Rossmann-like fold. However, when comparing the
structures and sequences of the two enzymes, it can be seen that the B-hairpin loop
through which HsPSP dimerizes is four residues longer and has Phe and Tyr residues
not conserved in BmSerB. The difference in oligomerization between these two en-
zymes could therefore be explained by a combination of key insertions/deletions and
substitutions. Mycobacterial SerBs, for their part, have an additional N-terminal ACT
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domain grafted by a 12 residue arm to the rest of the enzyme. Not only are ACT
domains known to self-assemble, but the amino acid arm acts as a hinge-loop that
allows a reciprocal exchange of the N-terminal ACT domain. The presence of motifs
promoting oligomerization and domain-swapping thus allows MtSerB2, MaSerB and
MmSerB2 to dimerize. But that is not all: MtSerB2 is able to tetramerize whereas its
close counterparts are not. It is the substitution of some charged and bulky residues
to smaller and hydrophobic residues in an a-helix that gives it this ability.

The unexpected oligomeric behavior of MtSerB2 compared to its very close my-
cobacterial counterparts emphasizes the importance to experimentally determine the
quaternary structure of enzymes. Although being the object of a growing interest,
the computational prediction of oligomeric states and protein-protein interactions in
general remains a real challenge to this day. Homology modeling is a tool of choice
to predict the structure of enzymes that have never been crystallized. However, the
prediction of quaternary structures is based on what is observed in related enzymes
and this thesis demonstrates that the strategy is not flawless. Although we found
the architecture of MtSerB2 dimer homology model to be coherent with its solution
structure, in no case the prediction method has given the slightest clue to the ex-
istence of a tetramer. The monomeric BmSerB was also predicted to be dimeric by
the same approach. Similarly, cutting edge Al technologies like AlphaFold, even if
a major breakthrough in the protein folding problem, struggles to accurately pre-
dict homo-oligomers and complexes. Like all Al algorithms, AlphaFold is based
on what has been observed before and therefore manages to find the butterfly-like
domain-swapped structure of MtSerB2 dimer. However, the predictions it makes for
the tetramer is closer to plates of spirelli and spaghetti than to a well-behaved bio-
logical macromolecule (Figure 6.10). With this example among many others [14], it is

obvious that experimental structural biology still has a bright future ahead.

F1GURE 6.10: Five attempts of AlphaFold Multimer at modeling MtSerB2
tetramer.
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6.3 Outlooks

MtSerB2 morpheein model proposed in this thesis remains hypothetical and must
therefore be challenged. The most direct way to get more information about the
equilibrium would be to obtain the experimental structures of the newly discovered
trimer and tetramer species. The conformation of the protomers within them could
indeed be very indicative of the interconversion mechanism between the oligomers
in solution. Although not diffracting, crystals have been obtained during our trials,
which is encouraging as to the possibility of obtaining crystallographic structures of
MtSerB2 trimer and tetramer. It would be interesting to optimize the conditions that
produced hits but a larger-scale robotic screening strategy may be considered to speed
up the process. MtSerB2 homomers are also large enough to allow the determination
of their structure by Cryo-Electron Microscopy (CryoEM). However, their study by
this more recent technique would need an entire project on its own, knowing that
sample preparation often requires a great deal of optimization in order to collect
high-resolution data sets and that current access to CryoEM facilities is limited and in
high demand.

In the shorter term, the validation of MtSerB2 homo-oligomer models proposed in
this thesis is an interesting perspective. Site-directed mutagenesis would be a method
of choice to probe inferred oligomeric interfaces. For example, residues located at
the protein-protein interface of our D2 tetramer model, notably in the dynamic al-
pha helix of the C1 cap module, could be mutated to alanine. A reduction in the
tetrameric population of the alanine mutant would then indicate that this interface
probably exists in the solution tetramer and further validate our model. It would
also be interesting to introduce the tetramerization patch identified in MtSerB2 in its
tully dimeric counterparts MaSerB and MmSerB2 to see if the latter would be able to
tetramerize in the studied conditions with only this minimal set of residues. The mu-
tagenesis approach could also be used for the discrimination of trimeric models but
would require a more substantial effort as several arrangements have been proposed.
To start with, an alanine-scan based on the trimeric interfaces of the best fitting model
could provide a basis for further sorting.

The mechanism of MtSerB2 trimer formation from the dimer could also be investi-
gated further. We have identified three residues (E33 R103 T136) potentially involved
in this phenomenon and hypothesized that the interaction of L-Ser with these would
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disrupt the intermolecular ACT1-ACT2 domain interaction, leading to dimer disso-
ciation. Another round of site-directed mutagenesis and SEC experiments could be
used to determine the minimum set of residues required for the transition. Molec-
ular dynamics simulations could help shedding light on the disruption mechanism
at the atomic-level, although the phenomenon could only be observed at the sub-
millisecond timescale, probably limiting the simulation to the beginning of the con-
formational change. We could also use stopped-flow fluorescence resonance energy
transfer (FRET) to test our hypothesis of ACT1-ACT2 domains separation while mon-
itoring the change in conformation and oligomerization state over time upon L-Ser
addition. The idea would be to graft a donor fluorophore on the ACT1 domain and
an acceptor fluorophore on the ACT2 domain (or vice versa) and analyze the variation
of the FRET signal over time. The major challenge of this experiment would be the
site-specific double labeling of MtSerB2 with fluorophores. However, we believe that
this is feasible: there are only three cysteine residues in the enzyme (Figure 6.11A)
and, according to our dimer homology model, only Cys148 of ACT2 is exposed to
the solvent (Figure 6.11B). The latter could thus be specifically functionalized with
an acceptor such as Alexasgg maleimide and a FIAsHsyg donor could be specifically
placed at the N-term on the ACT1 domain thanks to the introduction of a CCPGCC
recognition sequence by mutagenesis like described in reference [15] (Figure 6.11C).
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FIGURE 6.11: (A) Position of the three cysteine residues of MtSerB2. (B)

Surface representation of MtSerB2 showing that only Cys148 is exposed

to solvent. (C) Functionalization strategy with FRET donor and accep-

tor to monitor conformational changes (ACT1 and ACT2 domains move-

ment) induced by L-serine. The functionalization of only one monomer
is depicted for clarity.

The proposed morpheein equilibrium for MtSerB2 also depends on the dissoci-

ation of dimer and tetramer to a monomeric state. The presence of the monomer
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in solution has proven difficult to demonstrate directly: in SEC, a small peak ap-
pears after the elution of the dimer peak, but MALS gives an intermediate molar
mass between dimer and monomer, and mass photometry did not allow to observe
any monomeric population because of the high background effect of Tris buffer (Ap-
pendix F). However, it would be possible to prove the dissociative equilibrium by
showing that the tetramer and dimer can exchange subunits. One approach is to pro-
duce a heavier or lighter MtSerB2 mutant by mutating one or several residues not
involved in the oligomeric equilibrium (preliminary verification). Equimolar amounts
of this mutant’s tetramer and native MtSerB2 tetramer would then be mixed and the
mixture would be left a few days at 4 °C so that dimer could be reformed. The sample
would then be analyzed by native mass spectrometry: an intermediate mass between
that of a native dimer and a mutant dimer would indicate that a hetero-dimer was
formed and that tetramer-dimer interconversion does indeed involve dissociation into

a monomer.

With the aim of using this system for the design of new antituberculous drugs, the
existence of these novel targets should also be proven in cellulo in M. tuberculosis as
well as in macrophages. This could be achieved via non-denaturing electrophoresis
experiments coupled to western blot. Another solution would use immunofluores-
cence, although more challenging to implement because it requires the production of

antibodies specific for the tetramer and trimer.

It would also be important to identify the role of the different morpheein forms.
As a first step, one could determine whether the tetramer and trimer are important to
pathogenicity by studying M. tuberculosis mutants unable to form these higher-order
oligomers or assessing the effect of the exogenous addition of MtSerB2 a (impaired
tetramerization) and MtSerB2 3A (impaired trimerization) mutants on THP-1 cells as
in the work of Shree et al. [3]. Pull-down assays combined with native electrophoresis
could also help determine if a form other than the dimer physically interacts with host
proteins. Another perspective would be to study the oligomeric behavior of the phos-
phoserine phosphatase SerB653 from Porphyromonas gingivalis as it has moonlighting
features strongly resembling those of MtSerB2 [16, 17].

Finally, the (quasi) inactive MtSerB2 trimer and tetramer offer new perspectives
for the design of drugs preventing deleterious phosphatase activity, whether in the
pathogen metabolism or in the disruption of host cell signaling. One possibility would
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be to design inhibitors that bind to MtSerB2 tetramer. Such compounds could stabilize
this inactive form and prevent its conversion to active dimer, but first determining the
atomic structure would be necessary for a rational and efficient design. Another op-
tion would be to directly disrupt the active dimer by preventing the highly stabilizing
intermolecular interaction between the ACT1 and ACT2 domains, using small pep-
tides for example. The design of compounds targeting MtSerB2 trimerization pocket
(E33 R103 T136) is also a strategy that could be implemented. One could imagine
molecules resembling L-Ser but bearing an electrophilic head that could react with
T136 to form a covalent bond. Such compounds would maintain MtSerB2 in a low

activity trimeric state.

This thesis work allowed to unveil some of MtSerB2’s secrets but, as proposed
above, the system still offers room for further investigation in structural, molecular

and cellular biology as well as in organic synthesis and pharmacochemistry.
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Appendix A

Brief overview of the techniques

The table on the next page (Figure A.1) lists the techniques used in this thesis to study
the oligomeric states of enzymes, along with the type of data to be interpreted they
provide and the parameters and information to which they gave access in this work.

In this appendix, special attention was given to Multi-Angle Light Scattering
(MALS) and Small-Angle X-ray Scattering (SAXS). These characterization techniques
are indeed less routinely used and further explanation about how they work and what
information they provide is essential to the understanding of the analyses performed
in this work. The material presented below is a synthesis from references [1-3] for
MALS and [4-6] for SAXS.

A word about mass photometry (MP) - MP is a recent biophysical technique
that enables the quantification and measure of the molecular mass of individual
biomolecules in solution. Like MALS and SAXS, MP exploits the ability of molecules
to scatter light (vide infra). It is essentially based on the measurement of light scatter-
ing signals (events) as biomolecules land on an illuminated measurement surface. The
events are counted and the scattering signal is proportional to the molar mass. There-
fore, the technique allows to produce mass histograms quantifying the species present
in solution and identifying their stoichiometry. We were given the opportunity to test
MP during a demonstration of a Refeyn Two MP instrument at the Laboratory for the
Analysis of Medecines (LAM, ULiege). The principles will not be developed further
here but detailed explanation can be found in reference [7].
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Purpose

Technique

Data to interpret

Obtained parameters

Information

Native-PAGE

Colored bands on a gel

Number of bands, intensity,
electrophoretic mobility

Number of species,
quantity

Number and position of

Number of species,

Identification and SEC UV chromatogram peaks, area under the curve | quantity, (stoichiometry*)
quantification of
the species MALS Intensity of scattered light I Molar mass
Counts (landing events on .
Structure &
MP illuminated surface) and Mass histogram* ”HMUQ%MWMWMMMW
intensity of scattered light q RZ
. I(q) = 1(0), Wm\ P(r), replots Size, shape, molar mass,
SAXS Scattering curve (Guinier, Kratky), V,, structure verification
Structure
determination Xora
y Diffraction pattern Electron density map Atomic structure
crystallography
.. Activity of the Quantity o.m free phosphate as Enzyme kinetics,
Activity . Phosphatase assay Absorbance values a function of substrate s .
species inhibition mechanisms

concentration 2> Ky, k., K;

cat/

F1GURE A.1: Biophysical and biochemical characterization techniques used in this work to study the oligomeric
state of MtSerB2, MmSerB2, MaSerB, BmSerB and HsPSP. PAGE: PolyAcrylamide Gel Electrophoresis, SEC:
Size Exclusion Chromatography, MALS: Multi-Angle Light Scattering, MP: Mass Photometry, SAXS: Small-
Angle X-ray Scattering. *achieved through calibration with proteins of known molar mass.




205

Multi-Angle Light Scattering (MALS)

Multi-angle light scattering (MALS) is an analytical technique based on the optical
phenomenon of light scattering, i.e. the ability of a particle to scatter light in every
direction when interacting with a light source. It allows the absolute determination
of the molar mass (M) of a macromolecule in solution and in some cases also its

radius of gyration (Ry).

In this work, we used SEC-MALS. The sample to be analyzed passes first through a
SEC column, then through a UV detector before reaching the MALS cell. This ensures

that the analyzed macromolecular population is homogeneous in terms of size.

280 nm 658 nm

— — Incident
light

D) —"i ) K. = MALS

SEC column

2 ——
i

il

I
-
)

Laser

5
|

X
o
|y
(9]

——— Incident
UV chromatogram light

X Scattered light
é y Photodetector

Ficure A.2: SEC-MALS setup and data collection.

Figure A.2 illustrates the experimental setup and the phenomenon of light scat-
tering happening in the MALS cell, leading to My determination. The sample is
illuminated with a polarized monochromatic light from a laser (A = 658 nm). This
incident light is an electromagnetic wave composed of an electric field E oscillating
in the z direction and a magnetic field B oscillating perpendicularly in the x direc-
tion. When the incident light encounters the electronic cloud of a particle in solution,
the latter is displaced by the oscillating electric field E. This induces an oscillating
dipole ? that re-radiate light in every direction. This radiated light (scattered light) is

collected in the x-y plane at given angles (6) with respect to the direction of incident
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light (usually 15°, 90°, but some detectors can go up to 18 angles evenly distributed
from 0 to 180°).

Following Zimm’s formalism and according to the Rayleigh-Gans-Debye model,
the light scattering of dilute polymer solutions can be expressed as Equation A.1 [8].

Kc 1

R(0) :MWP(6)+2A2C (A1)

In Equation A.1:

* R(0) is the excess Rayleigh ratio of the solution. It is directly proportional to
the intensity of scattered light I; detected at the angle 6 in excess of the light
scattered by the solvent.

* c is the solute concentration (mg mL 1)
e Myy is the solute molar mass
* Ajis a second viral coefficient taking inter-particle interactions into account

472 (dn/dc)? n? . . .
%, where ng is the solvent refractive index,
A%Y

dn/dc is the specific refractive index increment of the solution!, N, is Avo-

e K is a constant of value

gadro’s number and A} is the vacuum wavelength of the laser

e P(0) is an infinite degree polynomial that describes the angular dependence of
the scattered light

Knowing that R(0) is proportional to the intensity of scattered light I, substituting
K with W and introducing K s as a calibration constant for the LS detector
taking ng, Ag :;nd scattering from the solvent into account, Equation A.2 describes
the intensity of scattered light in the absence of inter-particle interactions (the virial

coefficient term is negligible at the working concentrations of SEC).

I5(0) = P(6) K5 ¢ (dn/dc)* My (A.2)

IThis parameter quantifies the change of the solution refractive index n with increasing molecular
concentration.
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The expansion of P(0) to first order gives Equation A.3. It depends on the mean
square radius < r§ > (or radius of gyration Ry which is the square root of < r§ >)
developed in Equation A.4, a parameter reflecting the size of the macromolecule.

16 5, . 50 40
P(O)~1-— 3N < rg > sin E—i—O(sm 5)— (A.3)
<2 >—izr2m~ (A4)
RV '

where r; is the distance of element m; from the center of mass of the molecule of total

mass M.

Whether or not the scattered light shows angular dependence will depend on the
difference between the size of the particle and the wavelength of the incident light.

In the case of large macromolecules (Ry > 15nm), destructive and constructive in-
terference appear at the detector because light scattered from one part of the molecule
travels a different distance from another part of the molecule and therefore reach the
detector with different phases. The scattering is said to be anisotropic and I; thus
varies with the angle 6. For such molecules, Ry can be determined from the Zimm
plot: plotting Kc/R(#) vs sin?(6/2) yields a curve whose intercept gives My and

whose slope at low angles gives < r§, >.

On the other hand, molecules whose Rg is smaller than 15nm are much smaller
than the wavelength of the incident light and can be treated as point scatterers, scat-
tering light isotropically. In this case P(f) ~ 1 since < r§ > dependent terms of the
expansion are canceled out. The angular dependency of I; therefore vanishes and
only the My, of the scatterer can be determined. Equation A.2 becomes Equation A.5.

I, = Krg ¢ (dn/dc)* My (A.5)

Equation A.5 shows how the molar mass of a macromolecule in solution is ob-
tained from the measurement of the intensity of the light it scatters. Kjs includes
all constants and calibration parameters, while the concentration c of the analyte is
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measured by the UV detector based on its extinction coefficient and the specific re-
fractive index increment dn/dc can be measured by a differential refractometer or
approximated by the mean value of 0.185mL g~! for proteins.

Small-Angle X-Ray Scattering (SAXS)

Data collection - Small-Angle X-Ray Scattering (SAXS) is a low resolution structural
characterization technique that can be applied to macromolecules in solution. Like
MALS, SAXS exploits the light scattering properties of the molecules and provides the
molar mass My and radius of gyration R, of the scatterers. However, SAXS accesses a
level of structural information beyond the simple size of the molecule because X-rays
are used as the light source. As the wavelength used for the measurement is close
to interatomic distances (A = 1.033 A), interference phenomena between the scattered
rays occur and the intensity scattered by the molecule shows angular dependency.
The variation of scattered intensity with respect to the angle of measurement carries

information about the shape of the scattering object in solution.

In this work, we performed SEC-SAXS experiments so that homogeneous popula-
tions could be analyzed. In our case, we know that MtSerB2 exists mainly as dimers
and tetramers in solution. It is therefore essential to separate these two populations
before the SAXS analysis so that the observed scattered intensity comes from a single
species. In addition to separating analytes from other populations or protein ag-
gregates, SEC-SAXS also allows accurate subtraction of solvent scattering, which is

important for the same reasons as previously mentioned.

A typical SEC-SAXS setup is represented in Figure A.3. The sample is first sepa-
rated in the SEC column, then passes through a UV detector monitoring elution and fi-
nally enters the SAXS flow-cell on which a X-ray beam is focused. The analyte scatters
the incident X-rays and the scattered intensity is measured as a function of the angle
between the incident and scattered beam (26) on a two-dimensional detector placed at
a fixed distance from the SAXS cell. Since particles are randomly oriented in solution,
the observed scattering is radially isotropic. To obtain a 1D SAXS profile from the
scattering image on the detector, the scattered intensities are radially integrated and

plotted against the magnitude of the momentum transfer vector g = 47 sinf/A.

As pictured in Figure A.4, such I(g) vs g scattering profiles are acquired at regular
intervals throughout the elution (each second for example). In this context, they are
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FiGure A.3: SEC-SAXS setup and data collection.

called frames. Therefore, there are frames that correspond to the scattering of solvent
and frames that correspond to the scattering of the analyte in solution. To produce
the final SAXS curve corresponding to the scattering of the monodisperse analyte
alone, the frames corresponding to the solvent are averaged, and the average frame
is then subtracted from the average of the frames corresponding to the analyte.? It is
from this final scattering profile that all the evaluation and analysis of the data can be

carried out.
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FIGURE A .4: Buffer subtraction principle.

2To each frame corresponds a value of R, (vide infra) which allows to recognize the frames belonging
to the same species. Frames for which the standard deviation of the R, value is lower than a user-
defined value are averaged.
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Data analysis - We describe here the strategy that was followed to evaluate and
process the SAXS profiles obtained for the proteins studied in this thesis. All the
steps were performed using the SAXS analysis software BioXTAS RAW including the
ATSAS suite, specifically designed for biological SAXS data.

The first step in the analysis of a SAXS profile is the Guinier analysis. It allows to
determine the parameters R, (overall size) and I(0) (the intensity at zero scattering
angle, depending on My times the concentration) for the analyzed macromolecule
but is also of great help in the evaluation of data quality.

According to Guinier’s approximation, at low g values, a scattering profile can be
approximated by Equation A.6.

I(q) ~ 1(0)exp T R&/3 (A6)

A plot of In(I) vs g* called the Guinier plot (Figure A.5, left) can be used to de-
termine Rq (from the slope) and I(0) (from the y-intercept). This plot will be linear
only up to a g value such that gR; ~ 1.3 for globular scatterers and gRy; ~ 1.0 for
extended scatterers. The upper limit of the fit therefore already gives an indication of
the overall shape of the sample.

_ = = Aggregation that may
C) 2z = ] be ameliorated
& 20 20
E\ :-Z: :-Z: gR; limit=1-3
5 s 5
= = =

0-000 0002 0-004 0-000 0-002 0004  0:000 0-002 0004

q> (A q” (A7) q> (A7

FIGURE A.5: Guinier fits of samples showing no (left), large (middle) and
small (right) amounts of aggregates. Figure is from [4].

Being able to perform a Guinier fit meeting these constraints is a good sign that the
data is from a monodisperse sample with no interparticle interactions. On the other
hand, a non-linear Guinier plot is indicative of poor sample quality. Samples con-
taining non-specific aggregates or changing oligomerization states will yield Guinier
plots showing a characteristic upturn in intensity at low q values (Figure A.5, middle

and right), while inter-particle repulsion will show as a downturn. A faulty buffer
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subtraction will also cause such effects. Trying to fit such curves lead to distorted
estimations of Ry and Iy and data showing these deviations should not be treated
turther.

The best thing to do in this case is to collect the data again after improving the
sample conditions. As inter-particle interactions are often linked to the sample con-
centration, scattering profiles can be collected at several concentrations to allow the
identification of a sample concentration where interactions are negligible. Based on
the variation of the contribution of these interactions to the scattering intensity as
a function of concentration, it is also possible to extrapolate the data to an infinite

dilution to obtain an ideal curve for further analysis.

The problem with data obtained from diluted samples is that the curve is very
noisy at high g values, which is not ideal for accurate further characterization of the
solution structure. To obtain a high-quality scattering curve for the entire g-range, the
scattering profile at low g from a diluted sample showing no inter-particle interactions
can be merged with the more accurate scattering profile at high g obtained at the

highest measured concentration.

When R, and I(0) have been defined on the basis of good quality data, the molec-
ular weight My can then be determined. In this work, we used two concentration
independent determination methods: (1) from Porod volume and (2) from Bayesian

inference.

The Porod volume V), (Ag), or the hydrated particle volume of the macromolecule
in solution, can be directly calculated from the scattering profile by calculating the
Porod invariant Q, (Equation A.7) and injecting it in Equation A.8. The My is then
calculated by multiplying V), by the macromolecule’s density (kDa/ As). BioXTAS
RAW uses an average protein density of 0.00083 kDa/ A® but a known value for the
macromolecule can be inputted.

Qp = /Oooq”(q) dq (A7)

v, = =~ (A.8)
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This method is relatively accurate yielding My estimates showing about 10% un-
certainty but may need that the protein density is adjusted in some cases. It gives less
accurate estimates for flexible and elongated proteins.

The Bayesian inference approach is a probabilistic method for calculating the
molecular weight that was developed by Svergun and coworkers [9]. Essentially, the
authors estimated the My associated to 165 982 scattering profiles calculated from
high-resolution protein structures using four different concentration-independent My
determination methods. From this large test dataset and for each determination
method, they created a probability distribution describing the probability of obtaining
a particular molecular weight given the true molecular weight. The probabilities were
then combined across all methods in a final Bayes formula that enables the estimation

of the most likely Myy for the analyzed macromolecule.

The shape and folding of the macromolecule can be assessed by a Kratky analysis.
As shown in Figure A.6, a visual inspection of the Kratky plot 4°I(q) vs g can help
distinguish whether the protein is rather compact and globular (bell-shaped Gaus-
sian peak), unfolded /highly flexible (plateau at high g) or partially unfolded/flexible
(combination). In this thesis we use the dimensionless Kratky plot (qR¢)?I(g)/1(0)
vs qR,, where the intensity I(g) is normalized to the forward scattering intensity I(0)
and g is normalized to R,. This makes the analysis independent of the protein’s size
and My and allows for the direct comparison of Kratky plots from different proteins.
Moreover, whatever the size of the protein, the dimensionless Kratky plot exhibits a
maximum value of 1.104 at gR, = \/3 for a compact globular protein or a curve ris-
ing with increasing angle for random chains. For partially disordered proteins, such
as flexible multi-domain protein for example, the profile will be comprised between
the two extremes.

Another method to know more about the shape of the analyte is to calculate the
pair distance distribution function P(r), a real space representation of the scattering
data. As the SAXS profile is measured in reciprocal space, a Fourier transform is
applied to the data to yield the P(r) function (Equation A.9).

2 00 :
P0) = 5 [ 1) T g (A9

The P(r) is essentially a * weighted histogram of all possible pairs of electrons in
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FIGURE A.6: Dimensionless Kratky plots of proteins showing various fold-
ing degrees. Figure is from reference [10].

the sample, graphically displaying the traits of the particle shape (globular, rod-like,
multi-domains,...) as illustrated in Figure A.7.

However, given the finite extent of the measurement and experimental errors, the
direct Fourier transform of Equation A.9 cannot be used to calculate the P(r) function
from the scattering data. The problem is then solved the other way round by trying to
find the P(r) function that will best fit the experimental scattering data. The GNOM
program, incorporated in BioXTASRaw, determines this by calculating the scattering
intensity for trial P(r) functions with Equation A.10.

1@ae = 470 | 7 p(ry SR (A.10)
0 qr

The fitting criteria include the goodness of fit between the experimental data and
that calculated by the direct transform of the P(r) function estimated by a x? value
(Equation A.11) and regularization parameters such as the smoothness and the posi-
tivity of the P(r) function and whether the solution changes significantly when chang-
ing the weighting (by a parameter a) of these parameters.
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F1GUre A.7: P(r) functions calculated for typical geometric shapes. Figure
is adapted from reference [5].

) 1 [I(q]‘)expl(qj)calcr (A.11)

X = x5 7
N_1j21 0'(6]])

where N is the number of data points and ¢ is the standard deviation.

To determine P(r) in this way thus requires determining the maximum dimension
of the sample D, (upper bound of the integral in Equation A.10.) This is an iterative
problem: the optimal D, value will be the one yielding the best P(r) function i.e.
gradually falling to zero at D,ay, fitting the measured scattering profile and being
zero at r = 0 and v > Dyy. BioXTAS and GNOM fortunately allow the user to
easily identify a reliable solution through a convenient graphical user interface that
enables to see the effect of the modification of the Dy, and the a parameter on the
shape of the P(r) function. D,y is usually determined with a deviation of about 5 to

10% from the real value.

R; and I(0) can be calculated from the determined P(r) function and provide a
complementary approach to the Guinier fit. If the values do not agree well between
both methods, it may suggest either a faulty Guinier fit or P(r) function, except in the
case of flexible and disordered systems for which larger (and more reliable) values
are obtained from the P(r) function.
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Characterization of the solution structure - In addition to the shape parameters
described above, it is also possible to obtain more information about the three-

dimensional structure of the target macromolecule from its scattering profile.

As in this work, the system under study sometimes allows the creation of plausible
atomic models from known high-resolution structures. In such cases, the most direct
characterization method is to compute the predicted scattering curves from these
atomic models and compare them to the experimental data. This can be achieved us-
ing the program CRYSOL, which approximates the scattering profile of the molecule
and its hydration shell using spherical harmonics and fits it to the experimental data
by minimizing the discrepancy (x?, see Equation A.11) between them. The fit is done
by varying the average displaced solvent volume per atomic group, the contrast of
the hydration shell and relative background. Readers interested in more detailed ex-
planations can find the mathematical formalism in the [11]. A model that provides a
good fit to the data is considered a possible valid description of the solution structure

among others.

Models, like high-resolution crystallographic structures, may be close to but not ac-
curately represent the conformation that the macromolecule adopts in solution. This
results in slight discrepancies between the calculated and experimental SAXS profiles
from g values around 0.15 A™". For such cases, programs like DADIMODO and SRE-
FLEX can be used to refine inaccurate atomic models against experimental SAXS data
and provide a model that better describes the protein in solution. Both algorithms
explore the conformational space of the atomic model, SREFLEX using normal mode
analysis and DADIMODO through a stochastic selection process of conformational
mutations introduced in user-defined flexible parts, and refine the structure guided
by the agreement with the experimental SAXS data.

Rigid body modeling is another method that can be used when the structure
of subunits or domains is known but not their relative positions and orientations in
space. Essentially, rigid body modeling algorithms also employ CRYSOL to calculate
predicted scattering profiles and are based on an iterative approach: starting from
an arbitrary positioning of subunits, the algorithm (e.g. SASREF) performs a series of
random rigid body movements and rotations, using a simulated annealing protocol to
search for the configuration whose computed scattering profile gives the best fit to the

experimental data. Constraints are taken into account to make sure that the models
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are interconnected and show no main-chain clashes. In some cases, the structures
of linkers or even entire domains of the macromolecule to model are unknown. To
remedy this, some algorithms like BUNCH or CORAL (used in this work) combine
rigid body modeling with ab initio methods (vide infra), where missing regions are
modeled using dummy residues. The optimization process then takes into account
the determination of the optimal local conformation of these dummy residues.

When no structural information is available, ab initio® modeling can provide a
low resolution shape reconstruction of the sample. There are different algorithms
(DAMMIN/E, GASBOR, SASMODEL,...), based on different formalisms and shape
representations, but all of them apply the following general approach: (1) proposition
of shapes (continuous objects) (2) calculation of the scattering curves or P(r) functions
(3) optimization of the agreement to the experimental data. The limitation of ab initio
modeling is that the reconstruction of a 3D shape from a 1D scattering pattern can
yield multiple solutions. To one scattering profile can indeed correspond several
possible shapes and this means that different models are obtained when performing
independent runs. The common practice to reduce ambiguity is therefore to generate
several models, cluster them according to their structural similarity, identify the most
representative cluster and average its members into a smoothed model. The model
generated in this way represents a low-resolution shape (about 20 to 50 A) having
the same scattering profile as the macromolecule in solution. It is best treated as
an hypothesis to be tested by additional experimentation. In this work, since we
had information on the folds of the domains and information provided by ab initio

modeling is rather ambiguous, we preferred the two approaches mentioned above.
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Appendix B

Experimental procedures

B.1 Protein production

B.1.1 Plasmids
Wild-type enzymes

Plasmids encoding bacterial enzymes (MtSerB2, MaSerB, MmSerB2 and BmSerB) are
based on the AVA(0421 vector (derived from pET14b and described in ref. [1]). They
carry ampicillin resistance and a gene coding for proteins bearing a N-terminal hex-
ahistidine tag (Hisg) cleavable by human rhinovirus 3C protease (HRV 3C) that is un-
der control of the T7 RNA polymerase promoter. They were kindly provided by the
Seattle Structural Genomics Center for Infectious Disease (www.SSGCID.org) which is
supported Federal Contract No. HHSN272201700059C from the National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Department of Health
and Human Services.

Hisg-HsPSP is encoded by a pET28a plasmid that was kindly provided by collabo-
rators from UCLouvain for a previous project.
Mutant enzymes

Primers are detailed in Table B.1. It was ensured that each mutant had exactly the

same plasmid construct as the wild-type enzymes via a specific primers design, i.e.
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the open reading frame is located at exactly the same position in each plasmid.

MtSerB2AACT1 - Plasmid pAVA0421 encoding Hise-MtSerB2AACT1 was produced
following the one-step site directed mutagenesis strategy of Liu et al. [2]. The poly-
merase chain reaction (PCR) of 50 uL contained 10 uL 5X Q5 reaction buffer (NEB),
22 pL milli-Q water, 10puL Q5 High GC enhancer (NEB), 50 ng template pAVA0421-
MtSerB2, 0.5 uM forward primer, 0.5 uM reverse primer, 400 uM dNTPs and 0.5 uL Q5
High-fidelity DNA polymerase (NEB). The PCR cycles were initiated at 98 °C for 5
minutes to denature template DNA, followed by 35 amplification cycles. Each cycle
consisted of 98 °C for 30 seconds, 65°C (T,,) for 30 seconds and 72°C for 4 min-
utes. The PCR cycles were finished with an extension step at 72°C for 15 minutes.
A volume of 3.5 L of PCR reaction was run on a 1% agarose gel stained with ethid-
ium bromide to verify that the reaction worked. The PCR product was subsequently
treated with 1puL Dpnl and 10 uL CutSmart buffer (NEB) at 37°C for 1.5 hours. A
volume of 25 pLL of PCR product was transformed into 50 pL E. coli TOP10 competent
cells by heat shock at 42 °C for 1 minute. The transformed cells were grown in 1mL
liquid lysogeny broth (LB) at 37 °C for 45 minutes, spread at 1X and 10X dilutions on
LB agar plates containing 100 mgL~! ampicilin and incubated at 37 °C overnight. To
check for deletion, four colonies from each plate were picked with a toothpick, saved
on another LB plate and mixed in a total 20 pL volume containing 6 uL 5X GoTaq
Green buffer (Promega), 19.4 uL 0.5 uM forward check primer (AM-F), 0.5 uM reverse
check primer (AV-R), 400 uM dNTPs and 0.2 pL GoTaq DNA polymerase (Promega).
The PCR cycles were initiated at 94 °C for 10 minutes to denature DNA, followed by
30 amplification cycles. Each cycle consisted of 94 °C for 30 seconds, 64 °C (T,,) for
30 seconds and 72 °C for 2 minutes. The PCR cycles were finished with an extension
step at 72 °C for 10 minutes. Volumes of 3.5 uL of the PCR reactions were run on a 1%
agarose gel stained with ethidium bromide to check for deletion. Colonies actually
showing the deletion were grown overnight in liquid LB at 37°C and the plasmid
DNA was isolated using GeneJET Plasmid Miniprep kit (ThermoFischer) according the
manufacturer’s instructions. For the final check, 1.2 ng plasmid DNA was mixed with
20nmol of sequencing primer (Q29R-AM-F and T7-term, in separated tubes) in a to-
tal volume of 17pL and the DNA sequencing was carried out using the sequencing
service Mix2Seq of Eurofin Genomics.
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MtSerB2 Q92E - Plasmid pAVA0421 encoding Hisg-MtSerB2SerB2 Q92E was also
produced following the one-step site directed mutagenesis strategy of Liu et al.
[2]. The production protocol is identical to that described above for pAVA(0421-
MtSerB2AACT1. No band was observed on the agarose gel when checking the re-
action, but the entire PCR reaction volume (50 uL) was still transformed into E. coli
TOP10 competent cells. Only one colony was obtained but sequencing confirmed that
the mutation had been successful.

TaBLE B.1: Primers used for mutagenesis, check and sequencing. The
primers were synthesized by Integrated DNA Technologies IDT.

MtSerB2AACT1 forward 5 TCC TGG TTC GTC CAC CCA CAC CATTITCG 3
MtSerB2AACT1 reverse 5 TGT GGG TGG ACG AAC CAGGACCCT GGG T3

MitSerB2 Q92E forward 5 ATT CGG GAA CCG TCC ACC CAC ACC ATT TTC GTG CTG 3’
MtSerB2 Q92E reverse 5" GGA CGG TTC CCG AAT GAT TGG CAG ATC GTC GCT GC 3’

T7-term 5 CTA GTT ATT GCT CAG CGG T 3’

AM-F 5 AAA GAT CTC GAT CCC GCG AAA TTA ATACG ¥
AV-R 5 TTG GAT CCT CGA GAA GCT TGG CT 3’
Q29R-AM-F 5" ATC GGT GAT GTC GGC GAT ATA G 3’

MtSerB2 Q92E C148T V149Y G150R 1154T (MtSerB2a) - Plasmid pAVA0421 encod-
ing Hisg-MtSerB2SerB2a was produced by GenScript.

MtSerB2 E33A R103A T136A (MtSerB2 3A) - Plasmid pAVA0421 encoding Hise-
MtSerB2SerB2 3A was produced by GenScript.

B.1.2 Protein overexpression

Bacterial enzymes and mutants were all produced using the following protocol. The
PAVA0421 plasmid was transformed into 50 uL E. coli BL21 DE3 pLysS competent
cells by heat shock at 42 °C for 1 minute. The transformed cells were grown in 1mL
liquid lysogeny broth (LB) at 37 °C for 45 minutes, spread at 1X and 10X dilutions on
LB agar plates containing 100mgL~! ampicilin and 34mgL~! cloramphenicol and
incubated at 37 °C overnight. Colonies were grown overnight in 10 mL liquid LB at
37°C. The transformed E. coli BL21 DE3 pLysS cells were aliquoted in 20% glycerol
for storage at —80 °C.
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A volume of 50 uL of transformed cells (glycerol stock) was grown overnight at
37°C in 10mL liquid LB containing 100mgL~! ampicillin and 34mgL~! cloram-
phenicol. A larger volume of liquid LB containing both antibiotics was then inocu-
lated with the starter culture (1:35 volumic ratio) and the cells were further grown
at 37 °C until reaching an optical density of 0.6-0.8 at 600nm. The cells were put to
rest at 4 °C until induction. Protein expression was induced at 20 °C by the addition
of 0.2mM isopropyl B-D-1-thiogalactopyranoside (IPTG). The cells were grown for 18
hours and harvested by centrifugation (30 min, 4°C, 4000 rpm in a JA-14 Beckman
Coulter fixed-angle rotor). The pellet was either used directly or stored at —20°C.

B.1.3 Protein purification

The pellet was resuspended in lysis buffer (50 mM Tris-HCl pH 7.4, 300 mM NacCl,
ImgmL~! lysozyme, supplemented with cOmplete EDTA-free protease-inhibitor
cocktail from Roche) and disrupted by sonication over ice (6 cycles of 30 seconds
at 20 W with 30 seconds of rest on ice in between). The soluble protein fraction was
recovered by centrifugation (1 hour, 4 °C, 12500 rpm in a JA-20 Beckman Coulter fixed-
angle rotor) and loaded onto a 5mL HisTrap FF crude column (Cytiva) connected to
an AKTA Purifier 10 FPLC system. Unbound protein was washed away with buffer A
(50mM Tris-HCI pH 7.4, 300 mM NaCl, 30 mM imidazole). Bound protein was then
eluted in buffer B (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 200 mM imidazole). Frac-
tions containing the eluted protein were pooled and exchanged for buffer A2 (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP)). To re-
move the hexahistidine tag, Hisg-HRV 3C protease was added to the protein solution
(1 g per 200 ng protein) and the mix was incubated overnight at 4 °C. The free hex-
ahistidine tag was then separated from the cleaved protein by another IMAC using a
1mL HisTrap FF crude column (Cytiva) and buffer A2. The cleaved protein was recov-
ered in the flow through and concentrated up to about 1 mgmL ™! (or to higher con-
centrations depending on the downstream use). The concentration was determined by
a measure of absorbance at 280 nm using the extinction coefficient of the reduced form
of the protein as calculated on ProtParam (https://web.expasy.org/protparam/)
based on the protein primary sequence preceded by the four residues GPGS remain-
ing after cleavage. The purity of the protein was assessed by SDS-PAGE using a 12%
polyacrylamide gel and Coomassie Brillant Blue R staining. The protein solution was
finally aliquoted and flash-freezed in liquid nitrogen for storage at —80°C.
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B.2 Observation and identification of oligomeric states

B.2.1 Native polyacrylamide gel electrophoresis (Native-PAGE)

Native-PAGE analyses were conducted on 10% polyacrylamide gels prepared by mix-
ing 4.170mL distilled water, 2.5mL of 1.5M Tris-HCI pH 8.8 buffer, 3.330mL acry-
lamide mix 30%, and 50 pL 10% ammonium persulfate (APS) and 10 pL N,N,N’,N’-
tetramethylethylenediamine (TEMED) to catalyze polymerization. Usually, the sam-
ples to load consisted of 5pg of protein mixed with 5pL sample buffer (0.12M Tris-
HCI pH 6.8, 0.008% bromophenol blue, 30% glycerol) completed with distilled water
to a final volume of 20 uL. Samples were migrated at 110 V and room temperature for
80 minutes. The gels were stained with Coomassie Brillant Blue R (0.25% Coomassie
Brillant Blue R, 45% vol MeOH, 10% acetic acid).

B.2.2 Mass photometry (MP)

The landing of the protein species present in MtSerB2 sample was recorded using
a Refeyn Two MP instrument (Refeyn Ltd) by adding 1uL of a diluted protein stock
solution (230 nM) directly into a 19 pL drop of filtered buffer (50 mM Tris-HCl pH 7 4,
150 mM NaCl). Movie acquisition was performed during 60s with the DiscoverMP
software (version 2022 R1, Refeyn Ltd) and data were analyzed using the default set-
tings. Prior to the experiments was performed a contrast-to-mass calibration using a
solution of protein standards with molecular weights of 66, 146, 480 and 1048 kDa.

B.2.3 Size exclusion chromatography (SEC)

Semi-preparative SEC

Semi-preparative SEC was conducted at the CBS laboratory using a Superdex 200
10/300 GL (GE Healthcare) column, or a more recent Superdex 200 Increase 10/300
GL (Cytiva) column for the analysis of MtSerB2 mutants &« and 3A. The columns
were connected to an AKTA Purifier 10 FPLC system. The data were recorded and
processed using Unicorn 5.11 software (GE Healthcare).

Column calibration - The Superdex 200 10/300 GL column was calibrated using
the Gel Filtration Markers Kit for Protein Molecular Weights 29000-700000 Da (ref.
MWGF1000, Merck). Standards were sampled as indicated in Table B.2, each diluted
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in 60 uL of buffer A2 (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM TCEP) and com-
bined in a final volume of 500 uL to inject onto the column. A volume of 250 pL
of the standard mix (full loop injection) was analyzed in buffer A2 at a flow rate of
0.2mLmin"!. Column dead volume (7.54 mL) was checked by injecting 250 uL of a
2mgmL ™! blue dextran solution. The elution volume at peak maximum was plotted

against the logarithm of the molar mass to construct the calibration curve.

TaBLE B.2: Sampling of the standards used for Superdex 200 10/300 GL
column calibration.

Standard Molar mass (kDa) Weighing (mg) Sampling (uL)
Albumin 66 6.0 -

Apoferritin 443 - 200
Thyroglobulin 669 53 -

Alcool dehydrogenase 150 3.0 -

B-amylase 200 2.1 -

Carbonic anhydrase 29 3.0 -

Analyses - Depending on the experiment, volumes of 100 or 250 pL of protein sam-
ple (0.75-3.75mg, pre-incubated with the desired L-Ser concentration where applica-
ble) were injected onto the column and analyzed in buffer A2 (50 mM Tris-HCl pH 7 4,
150 mM NaCl, 1mM TCEP) or buffer A2Ser (50 mM Tris-HCl pH 7.4, 150 mM NaCl,
1mM TCEP, 10mM L-Ser) at a flow rate of 0.2mL min~! (Superdex 200 10/300 GL)
or 0.5mLmin~! (Superdex 200 Increase 10/300 GL).

Preparative SEC

Preparative SEC for crystallization assays was conducted at the CBS laboratory using
a HiLoad 16/600 Superdex 200 pg (Cytiva) column connected to an AKTA Purifier 10
FPLC system. A volume of 2.5mL of MtSerB2 sample (25 mg) was injected onto the
column and separation of MtSerB2 dimer and tetramer was conducted in buffer A2 at
a flow rate of 0.5mLmin~!. Fractions containing the same species were pooled and

concentrated by centrifugation up to about 25mgmL ™!,

Analytical SEC

See SEC-MALS in section B.2.4.
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B.2.4 SEC coupled to multi-angle light scattering (SEC-MALS)

SEC-MALS experiments were conducted at the LAM laboratory (CIRM, ULiege) us-
ing a BioResolveSEC mAb 200 A 2.5pum 7.8 x 300 mm column (Waters) preceded by
a BioResolve Sec mAb 200 A 2.5um 4.6 x 30 mm precolumn (Waters) mounted on a
LC 1260 Infinity II Bio-Inert (Agilent) system connected in-line to a 1260 Infinity II
Bio-SEC Multi-Detector system equipped with a MDS LS dual angle (15°/ 90°) light
scattering detector and a MDS DLS dynamic light scattering detector (90°). The de-
tectors were normalized to 5mgmL~! BSA as recommended per the manufacturer
(Mw=66463gmol !, e= 0.670mLmg tem™!, dn/dc=0.670mLg ). The data were
recorded and processed using Bio-SEC software (Agilent).

Column calibration - The system (column + pre-column) was calibrated using
BEH200 SEC Protein Standard Mix (ref. 186006518, Waters) containing thyroglobulin,
IgG, BSA, myoglobin and uracil. Upon reception, the BEH200 vial was solubilized
in SEC buffer (50 mM Tris-HCI pH 7.4 150 mM NaCl). The mix to inject consisted of
25 L of the vial contents diluted in 25 pL of SEC buffer. A volume of 10 puL of this di-
luted mix were injected onto the column and analyzed at a flow rate of 0.5 mL min~!.
The retention time at peak maximum was plotted against the logarithm of the molar

mass to construct the calibration curve.

Analyses - Depending on the experiment, volumes of 10 or 30 uL of protein sample
(10-50 pg, pre-incubated with the desired L-Ser concentration where applicable) were
injected onto the column and analyzed at a flow rate of 0.5mLmin~! in SEC buffer
(50mM Tris-HCl pH 7.4, 150 mM NaCl) or SEC buffer containing L-Ser. The desired
concentration of L-Ser in the mobile phase was obtained through the HPLC’s mixing
system by combining SEC buffers with (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM
TCEP, 2.5 or 25mM L-Ser) and without L-Ser. The weight averaged molar mass was
determined for each protein species eluting as a monodisperse peak at 280 nm, using
a dn/dc ratio of 0.183mL g~ ! for MtSerB2! or a default value of 0.185mL g~ for the
other enzymes.

1As determined by Wyatt Technology Corporation in February 2021.
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B.3 Structural characterization

B.3.1 In silico modeling of oligomeric species

Homology modeling of MtSerB2 and MmSerB2 dimers

MtSerB2 and MmSerB2 dimers were modeled using SWISS-MODEL (https://
swissmodel.expasy.org/interactive) [3]. On the basis of only the primary se-
quences, the algorithm proposed a homo-dimer model based on MaSerB 3P96 struc-
ture for MtSerB2 and a homo-dimer model based on MaSerB 5JJB structure for
MmSerB2. These two models were used for representation of the enzymes and the

following modeling steps.

In silico modeling of MtSerB2 theoretical closed monomer using Molecular Dy-
namics (MD)

MtSerB2 theoretical closed monomer was modeled starting from MtSerB2 dimer ho-
mology model described in the previous paragraph. The corresponding PDB file was
modified using PyMOL to keep only the coordinates of the ACT2-PSP part (HIS96-
ASP398) of chain A and the ACT1-hinge part (ALA3-THR95) of chain B. The hinge-
loop of chain B was then reconnected to chain A using the 3D builder function of
Maestro 11.9.011 software (Schrodinger) and minimization through MacroModel with
OPLS3e as the force field and constraining the distance between THR95 and HIS96.
This manipulation allowed the generation of a new PDB file with all residues belong-
ing to the same chain that was used as the starting point for MD simulation.

The MD simulation was run using GROMACS 2020 [4] with CHARMM?27 force
tield [5] and CMAP corrections for the protein. The protocol was based on that of Mir-
gaux et al. [6]. Hydrogen atoms were added using GROMACS and solvatation was ac-
counted for using all-atom TIP3P and coarse-grained SIRAH water particles [7-9]. A
cubic box was built around the protein with at least 2.0 nm between the box edges and
the protein atoms. TIP3P water molecules were placed in a 1.0 nm thick shell around
the molecular system. Coarse-grained SIRAH water particles were then placed be-
tween this shell and the edges of the box. Sodium ions were randomly placed in the
bulk of the SIRAH water particles to neutralize the total charge of the system. The
optimization and MD trajectories were generated under the particle mesh Ewald pe-
riodic boundary conditions. A cutoff value of 1.2 nm was applied for Coulomb and
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van der Waals interactions. Temperature and pressure were respectively fixed using
the Parrrinello-Rahman [10] and V-Rescale algorithms [11]. Covalent bonds involving
H atoms were constrained using the LINCS algorithm [12]. The resulting system was
optimized using the steepest-descent algorithm for a maximal number of 2500 steps
with an initial step size of 0.05nm. During the equilibration stage of the system, the
temperature was progressively increased from 50 to 310K using short MD runs. The
first run consisted of a 10 ps simulation at 50K on the system obtained after opti-
mization. Afterwards, the system was relaxed for two runs of 20 ps at 150 and 310K.
Finally, a run of 50 ps at 310 K and 1 bar was performed to finalize the relaxation of
the system. The equilibration was extended for 60ns with a time step of 2fs at 310K
and 1bar. The production step was run for 200 ns (100 x 10° steps) with a time step of
2fs. The evolution of the system during the equilibration and production stages was
followed using energy and r.m.s.d. profiles. The structure after 200ns of simulation

was extracted and used for the next modeling steps.

In silico modeling of MtSerB2 tetramer and trimer using symmetrical protein-

protein docking

MtSerB2 trimer and tetramer models were generated by protein-protein under sym-
metry constraints using M-ZDOCK (https://zdock.umassmed.edu/m-zdock/) [13],
ClusPro (https://cluspro.bu.edu/) [14-17] and GalaxyTongDock (https://galaxy.
seoklab.org/) [18]. Depending on the oligomer to be modeled, a symmetry of 2,3
or 4 was selected on M-ZDOCK, GalaxyTongDock-C with C2, C3 and C4 symmetries
or GalaxyTongDock-D with D2 symmetry was used or ClusPro was run with 2 or
3 subunits in the multimer docking mode available in the advanced options. The
input PDB files consisted of MtSerB2 dimer homology model, MtSerB2 theoretical
closed monomer model described above, or the half of MtSerB2 dimer without hinge
loop (coordinates of chain A ACT2-PSP part (HIS96-ASP398) and chain B ACT1 part
(ALA3-ARGS83) of MtSerB2 dimer homology model).

B.3.2 In silico study of L-Ser binding sites
Ligand binding site prediction

Prior to ligand binding site prediction, MtSerB2 and MmSerB2 dimer homology mod-
els as well as MaSerB structure 3P96 were prepared in the same way using the Protein
Preparation Wizard of Maestro 12.9.137 software (Schrodinger). The simulation pH
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was set to 7.4 and missing side chains were filled in. No restrained minimization
was performed. Hydrogen atoms were subsequently deleted. The prepared struc-
tures were submitted to PrankWeb server (https://prankweb.cz/) [19, 20] and the

prediction was run without the use of conservation.

Induced-fit docking of L-Ser in MtSerB2 dimer model

Induced-fit docking of L-Ser was performed in MtSerB2 dimer homology model de-
scribed in section B.3.1. The model was first prepared and minimized using the Pro-
tein Preparation Wizard of Maestro 11.9.011 software (Schrodinger). The protonation
state of the residues was adjusted using Epik at pH 7.4 and the global structure was
refined with the OPLS3e force field. L-Ser structure was prepared at pH 7.4 (Epik) by
minimization with OPLS3e force field using LigPrep. The prepared structures were
then entered into the Induced Fit Docking protocol. The receptor box center was de-
fined as the centroid of residues R103, P104, D132, T136 of molecule 2 (chain B) and
A3, E33, L34, L35, S53, 189 of molecule 1 (chain A) based on PrankWeb prediction.
The box size was set to dock ligands similar in size to L-Ser. Residues within 5.0 A of
ligand poses were refined with an optimization of the side chains.

B.3.3 SEC coupled to small-angle X-ray scattering (SEC-SAXS) and

SAXS-based model evaluation/modelisation

SEC-SAXS data collection

SEC-SAXS experiments were carried out on the SWING beamline at SOLEIL Syn-
chrotron (Saint-Aubin, France). The X-ray wavelength (A) was set to 1.033 A and the
sample to detector (17x17 cm? low-noise Aviex charge-coupled detector) distance was
set to 2000nm. Those parameters corresponded to a scattering wave-vector range of
0.0036 A " < g<05 A_l, where g = 47sinf/A and 26 is the scattering angle. The
sample solutions were circulated in a thermostated quartz capillary with a diameter

of 1.5mm and a wall thickness of 10 um inserted in a vacuum chamber.

All protein samples (9.3-14.5 mg mL ') were thawed at room temperature and cen-
trifuged for 5 minutes at 6,000g before the SEC-SAXS experiment. For each analy-
sis, 50 pL of sample (0.46-0.73 mg, pre-incubated with the desired L-Ser concentra-
tion where applicable) were injected onto a BioResolveSEC mAb 200 A 2.5um 7.8 x
300 mm column (Waters) preceded by a BioResolve Sec mAb 200 A 2.5 um 4.6 x 30 mm
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precolumn (Waters) pre-equilibrated with buffer A2 ou A2Ser (50 mM Tris-HCl pH
7.4, 150mM NaCl, 1mM TCEP, 0 or 10mM L-Ser). The column was mounted on
an Agilent high-performance liquid chromatography (HPLC) system allowing for the
elution of the samples at a controlled flow-rate of 0.5mLmin~! and a temperature of
10°C. The elution was monitored at 280 nm by a UV-diode array detector installed
just downstream of the column, before the SAXS flow cell where the sample was
exposed to X-rays.

A total of 1140 scattering patterns were collected during the elution of the sample,
with a frame duration of 1 second. The scattering signal of the buffer was collected
in 180 frames before the void volume. To generate individual 1D curves, the frames
were radially averaged, divided by the transmitted intensity and normalized to ab-
solute units with water scattering as a reference using the image analysis software
Foxtrot (courtesy of SWING beamline). The software was also used to generate plots
corresponding to I(0) and Ry as a function of frames. Curves from consecutive images
corresponding to the analysis of a single protein species and showing similar R, (+
0.2 or 0.3 A) were averaged and the same operation was performed for the buffer. The
averaged buffer scattering curve was subtracted from the averaged sample scattering
curve to generate the final SAXS curve to be analyzed.

SAXS data treatment

The final SAXS curves were treated and analyzed using BioXTAS RAW 2.1.1 software
[21]. Guinier analysis was first performed for each final SAXS curve to detect signs of
interparticle interaction. In the absence of such signs, I(0) and R, parameters were
calculated from the Guinier plot and the curve was further analyzed by determining
My, performing Kratky analysis and calculating the P(r) function as described in
reference [22].

Evaluation of the models generated by symmetric protein-protein docking and
comparison of crystallographic structures with solution structures

Atomic models and crystallographic structures were evaluated by determining the
discrepancy (x?) between their calculated SAXS curve and the experimental SAXS
data using CRYSOL [23] in primus/qt ATSAS 3.0.4 software [24] with default settings
(51 points, 15 spherical harmonics, order of Fibonacci grid: 17, solvent density: 0.33
e/A3).
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Refining of models and crystallographic structures based on SAXS data

DADIMODO - MaSerB crystallographic structure (PDB: 3P96) was refined against
the experimental SAXS data using DADIMODO software [25]. The input was pre-
pared by modifying the file "ConfFile.txt" found on the website https://dadimodo.

synchrotron-soleil.fr/submission for rigid body definition as follows

body1l
body2

A: 352-400
B: 352-400

and allowing for CRYSOL to be run instead of Pepsi-SAXS for the evaluation of the
discrepancy between the theoretical and experimental SAXS curves.

SREFLEX - BmSerB crystallographic structure and MtSerB2 tetramer model T4-D2-
7 were refined against the experimental SAXS data using the ATSAS online (https:
//www .embl-hamburg.de/biosaxs/atsas-online/) version of SREFLEX software [26]
with default settings.

Rigid body modeling

MtSerB2 trimer and tetramer were modeled by rigid body modeling using the ATSAS
online version of CORAL software [27]. Trimer was run with an overall P3 symmetry
and tetramer was run with P4 and P222 symmetries. The number of domains was
defined as 2, with domain 1 being the ACT1 domain (ALA7 to GLU86) and domain 2
being the ACT2-PSP part (HIS100 to ASP402). Domain 1 was preceded by a 6-residues
long N-terminal chain and connected to domain 2 by a 13-residues linker. Domain 2
was followed by a 11-residues long C-terminal chain. Both domains were defined as
free.

B.3.4 Crystallization assays

Screening in 96-well plates

After purification, protein solutions were exchanged for buffer x (10 mM Tris-HCI pH
7.4, 150mM NaCl, 1mM TCEP, 2.5 mM MgCl,) and concentrated by centrifugation
to about 25mgmL 1. A volume of 0.4 uL protein solution mixed with 0.4 uL of well
solution were set up at 20 °C in sitting-drop vapor diffusion experiments against the


https://dadimodo.synchrotron-soleil.fr/submission
https://dadimodo.synchrotron-soleil.fr/submission
https://www.embl-hamburg.de/biosaxs/atsas-online/
https://www.embl-hamburg.de/biosaxs/atsas-online/
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conditions of the crystallization screens Crystal Screen 1 and 2 (Hampton Research),
JCSG Plus, PACT Premier and BCS (Molecular Dimensions).

BmSerB crystallization

After purification, BmSerB was exchanged for buffer x and concentrated by centrifu-
gation to 25.7 mgmL 1. Crystals of BmSerB were grown at 20 °C by the hanging-drop
vapor diffusion method by mixing 1L protein solution with 1pL well solution con-
sisting of 0.2 M sodium formate, 0.1 M sodium phosphate pH 6.2-6.8, 14-24% w /v PEG
smear medium (12.5% w /v PEG 3350, 12.5% w/v PEG 4000, 12.5% w/v PEG 2000,
12.5% w /v PEG 5000 MME). The crystals had a dodecahedral shape with dimensions
around 0.3 mm. Prior to data collection, the crystals were soaked for 2 minutes in well
solution supplemented with glycerol to a final concentration of 21.25% for cryopro-
tection. The crystals were subsequently harvested with cryoloops and flash-freezed

in liquid nitrogen.

B.3.5 X-ray data collection and analysis

X-ray diffraction data were collected at 100 K on the PROXIMA-1 beamline at SOLEIL
Synchrotron (Saint-Aubin, France) using a Dectris EIGER-X-16M detector and a single
wavelength of 0.979 A. The data were processed using XDS [28] through autoPROC
1.0.5 (Global Phasing) [29]. Initial phases were calculated by molecular replacement
using PHASER [30], with two parts (res 4-79 and res 80-290) of a BmSerB model pre-
dicted by Alphafold2 [31] as search models. Model building and structure refinement
were performed using PHENIX [32] and COOT [33], with the exception of the first
three refinement cycles performed with BUSTER (Global Phasing) [34]. The ligands
were added to the structure using eLBOW [35].

B.4 Enzyme activity

B.4.1 Steady-state kinetics with and without L-Ser

Malachite green-based phosphatase assay

Enzyme activity was assayed by free orthophosphate (Pi) determination using a mala-

chite green-based phosphatase assay based on Itaya’s colorimetric method [36, 37].
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The enzyme (about 1 pmol) was incubated at 37 °C in a total volume of 180 uL con-
taining 25 mM Tris-HCI pH 7.4, 5mM MgCl,, 1mM DTT and the desired L-Ser con-
centration. The reaction was initiated by adding 20 uL of a O-phospho-L-serine (PS)
solution at 10x the final well concentration (0-200 mM). After incubation for 10 min at
37°C, the reaction was stopped by mixing 150 uL of the reaction volume with 50 uL
of dye composed of 1.7% ammonium heptamolybdate and 0.22% malachite green in
2M HCI. The absorbance of the solution was measured at 660 nm. Absorbance due to
PS was quantified by replacing the enzyme by the same volume of buffer for each as-
sayed PS concentration and the obtained value subtracted from the total absorbance.
The activity (released Pi) was calculated from a calibration curve constructed using
dilutions of a phosphate standard solution. All the measurements were made in trip-

licate.

Evaluation of the kinetic parameters

Analysis of kinetic data and curve fitting was performed using GraphPad Prism 5
(GraphPad Solftware, La Jolla California USA). Values of Ky app), Vmax,(app) and
Keat,(app) Were determined by fitting either the equation for uncompetitive substrate
inhibition (B.1) for kinetics in the absence of L-Ser or the compact form of the general

modifier equation (B.2) to the initial velocity curves v vs [S].

_ Vinax|S] B.1
"7 K+ 1S+ B o

1]
v kcat,app[s] _ Keat (1 +ﬁ“_K"> 5] (B.2)

[El: ~ Kmapp +[S] g, (1+2)+1s1 (1+ &)

The nature of the inhibition mechanisms were determined following Baici’s
methodology (https://www.enzyme-modifier.ch) [38]. The dependence of Kcatapp,
1/ kcat,app, KM,app, kcat,app / KM,app, and KM,app / kcat,app on L-Ser concentration was as-
sessed from the slope and intercept replots of the double-reciprocal form of Equation
B.2 (Equation B.3).

[Ele _ Kmapp 1
v kcut,app [S] kcat,app

1
= slope — + intercept (B.3)

[S]


https://www.enzyme-modifier.ch
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Appendix C

Superimposition of MaSerB

crystallographic structures
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Active site residues

ACT1 residues
interacting with L-Ser

Q"&\“‘ ACT2 residue

interacting with L-Ser

Ficure C.1: Alignment of MaSerB structures 3P96, 5]J]B, 5T41, 5IT0, 5]MA,
5IT4, 51S2, 5]LR and 5JLP.
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Biochemical characterization of
phosphoserine phosphatase
SerB2 from Mycobacterium

marinum
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ABSTRACT

SerB2 is an essential phosphoserine phosphatase (PSP) that has been shown to be involved in Myco-
bacterium tuberculosis (Mtb) immune evasion mechanisms, and a drug target for the development of new
antitubercular agents. A highly similar (91.0%) orthologous enzyme exists in the surrogate organism
Mycobacterium marinum {Mma) and could have acquired similar properties. By homology modeling, we
show that the two PSPs are expected to exhibit almost identical architectures. MmaSerB2 folds into a
homodimer formed by two intertwined subunits including two ACT regulatory domains followed by a
catalytic core typical of HAD (haloacid dehalogenase) phosphatases. Their in vitro catalytic properties are
closely related as MmaSerB2 also depends on Mg2™ for the dephospharylation of its substrate, O-
phospho-1-serine (PS), and is most active at neutral pH and temperatures around 40 “C. Moreover, an
enzyme kinetics study revealed that the enzyme is inhibited by PS as well, but at lower concentrations
than MthSerB2. Substrate inhibition could occur through the binding of PS in the second active site and/
or at the ACT domains interface, Finally, previously described beta-carboline MtbSerB2 inhibitors also
decrease the phosphatase activity of MmaSerB2. Altogether, these results provide useful information
when M.marinum is used as a model to study immune evasion in tuberculosis.
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Appendix E

Data collection and refinement

statistics for BmSerB structure



242

TasLE E.1: Data collection and refinement statistics for BmSerB structure
on-hold PDB entry 7QPL. Statistics for the highest-resolution shell are
shown in parentheses.

Wavelenght (A) 0.978565
Resolution range (A) 38.27-1.77 (1.833-1.77)
Space group 12,3
a,b,c(A) 143.21, 143.21, 143.21
a, B, v (°) 90, 90, 90
Total reflections 1966903 (193653)
Unique reflections 47522 (2558)
Multiplicity 41.4 (41.3)
Completeness (%) 95.42 (54.56)
Mean I/o(I) 22.77 (1.43)
Wilson B factor (A2) 39.61
Rinerge 0.09586 (2.942)
Rieas 0.09705 (2.978)
Ryim 0.01509 (0.4624)
CCy)2 0.999 (0.616)
ccx 1.000 (0.873)
Reflections used in refinement 45353 (2558)
Reflections used for Ry, 2288 (123)
Ruork 0.1578 (02895)
Rfree 0.1833 (0.3178)
CCuork 0.973 (0.859)
CCfree 0.956 (0.794)
No. of non-H atoms

Total 2573

Macromolecules 2221

Ligands 72

Solvent 280
Protein residues 295
R.m.s.d., bonds (A) 0.010
R.m.s.d., angles (°) 1.20
Ramachandran plot

Favored (%) 97.61

Allowed (%) 2.39

Outliers (%) 0.00
Rotamer outliers (%) 0.00
Clashscore 4.92
Average B factors (A?)

Overall 54.00

Macromolecules 52.68

Ligands 68.34

Solvent 60.77

Number of TLS groups 3
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Appendix F

Mass photometry measurement

on unseparated MtSerB2 sample

Normalised counts

0.20 ~
-35
053
300 counts (91%)

Skewness: 0.000

-40
669
1 473 counts (94%)
{1 Skewness: 0.000
0.10 4
0.05 1

SerB2 vs Blank

[0 058_Ep09_20deg repeat
[0 019_Tris buffer

36
058
312 counts (84%)
Skewness: 0.000

42
08.6
537 counts (37%)
Skewness: 0.000

81
c12.4
798 counts (55%)
Skewness: 0.000

162
0154
140 counts (10%)
Skewness: 0.000

150
Mass [kDa]

FiGure F.1: Superimposition of mass photometry analyses of an unsepa-
rated MtSerB2 sample and Tris buffer (blank).
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Appendix G

Crystals obtained from MtSerB2

crystallization assays



Crystals

Screen Set up Exp Well Lig. Conditions Cryo
Picl_PACT_H10 28/04/21 05/06/21 | D1 - 0.02M 20% GOL
24 wells around PACT Tetramer Sodium/potassium
2-46 24.3 mg phosphate
mL?t 16% PEG 3350
0.1M Bis Tris
Propane pH 8.7
24.3 mg/mL
Picl_PACT_H10 28/04/21 05/06/21 | C4 - 0.02M 20% GOL
24 wells around PACT Tetramer Sodium/potassium
2-46 24.3 mg phosphate
mL? 22% PEG 3350
0.1M Bis Tris
Propane pH 8.5
24.3 mg/mL
Picl_PACT_H10 28/04/21 05/06/21 | D5 - 0.02M 20% GOL
24 wells around PACT Tetramer Sodium/potassium
2-46 24.3 mg phosphate
mL?t 24% PEG 3350
0.1M Bis Tris
Propane pH 8.7
24.3 mg/mL
Pic2_JCSG_E12_StSeed | 12/05/2021 | 05/06/21 | C3 - 0.1M Lithium based on
24 wells with streak Dimer sulfate C2
seeding around JCSG 2- 12-22 mg 0.1M Bis-Tris pH 10% GOL
45 mL? 5.5
15% PEG 3350
28 mg/mL
Pic2_JCSG_E12_StSeed | 12/05/2021 | 05/06/21 | C4 - 0.1M Lithium based on
24 wells with streak Dimer sulfate C2
seeding around JCSG 2- 12-22 mg 0.1M Bis-Tris pH 10% GOL
45 mL?! 5.9

17% PEG 3350
28 mg/mL

Diffraction

No

Salt

Not
harvested

Lost

Not
harvested




Salt
Salt

Not
harvested

Salt

Pic2_JCSG_E12 28/04/2021 | 05/06/21 | B3 0.1M Lithium based on
24 wells around JCSG 2- Dimer sulfate B2
45 28.2 mg 0.1M Bis Tris pH 12.5%
mL? 5.5 GOL
23% PEG 3350
28 mg/mL
Pic2_BCS_A11 07/05/2021 | 05/06/21 | C2 0.1M -
24 wells around BCS 1- Dimer Phosphate/Citrate
11 28.2 mg pH 5.7
mL? 18% PEG Smear
Broad
24.2 mg/mL
Pic2_BCS_A11 07/05/2021 | 05/06/21 | D3 0.1M based on
24 wells around BCS 1- Dimer Phosphate/Citrate | D2
11 28.2 mg pH5.9 12.5%
mL? 20% PEG Smear GOL
Broad
24.2 mg/mL
Picl_JCSG_H7 07/05/2021 | 05/06/21 | B3 0.8 M ammonium based on
24 wells around JCSG 2- Tetramer phosphate dibasic B2
8 243 mg 0.1 M sodium 20% GOL
mL? acetate pH 4.5
24.2 mg/mL
Picl_JCSG_H7 07/05/2021 | 05/06/21 | C3 0.8 M ammonium based on
24 wells around JCSG 2- Tetramer phosphate dibasic B2
8 243 mg 0.1 M sodium 20% GOL
mL? acetate pH 4.7

24.2 mg/mL

Salt

Lost




Not
harvested

Salt

Not tested

Screen JCSG — Pic 2 30/03/2021 | 05/06/21 | B2 0.2 M Potassium 20% GOL
1-10 formate
Dimer 20% PEG 3350
25.5mg
mL?
Screen JCSG - Pic 1 30/03/2021 | 05/06/21 | C2 0.2 M ammonium Cryo
1-11 phosphate
Tetramer monobasic
24.5 mg 0.1 M Tris pH 8.5
mL? 50% w/v MPD
Screen BCS - Picl 30/03/2021 | 05/06/21 | A6 0.1M MES pH 6.5 Cryo
1-6 20% PEG smear
Tetramer high
24.5mg
mL?
Screen BCS — Picl 30/03/2021 | 05/06/21 | D6 0.1M potassium 10% GOL
1-42 thiocyanate 0.1M
Tetramer sodium bromide
24.5 mg 0.1M MES pH 6.5
mL? 12% PEG smear
high
Screen BCS - Picl 30/03/2021 | 05/06/21 | E7 0.1 M magnesium 10% GOL
2-7 formate dehydrate
Tetramer 0.1M rubidium
24.5 mg chloride 0.1M
mL*? PIPES pH 7.0 25%

PEG smear high

Not
harvested

Salt




Not tested

Salt

Screen BCS —Pic 1 30/03/2021 | 05/06/21 | F8 0.15 M ammonium | 5% GOL

2-20 acetate 0.01M

Tetramer calcium chloride

24.5 mg dihydrate 0.1M

mL? Tris pH 8.5 28%

PEG smear broad

Screen PACT - Pic 2 31/03/2021 | 05/06/21 | C11 0.2M calcium 10% GOL

1-35 chloride

Dimer hexahydrate 0.1M

25.5mg HEPES pH 7.0 20%

mL? PEG 6000
Picl_PACT_H10_2 20/05/2021 | 05/06/21 | B5 0.02M 20% GOL
24 wells around PACT Tetramer Sodium/Potassium
2-46 24.2 mg 0.1M BisTris

mL? Propane pH 8.7

16% PEG 3350

Picl_PACT_H10_2 20/05/2021 | 05/06/21 | C5 0.02M 20% GOL
24 wells around PACT Tetramer Sodium/Potassium
2-46 242 mg 0.1M BisTris

mL? Propane pH 8.9

16% PEG 3350

Salt

Not
harvested




Salt

Salt
Salt

Picl_PACT_H10_2 20/05/2021 | 05/06/21 | C3 0.02M 20% GOL
Tetramer Sodium/Potassium
24.2 mg 0.1M BisTris
mL? Propane pH 8.9
14% PEG 3350
BCS Screen 30/03/21 25/09/21 | C9 0.15M Magnesium | 20% GOL
1-33 acetate
Tetramer tetrahydrate 0.1M
24.5 mg Sodium citrate pH
mL?t 5.6 20% w/v PEG
Smear Broad (1-33)
BCS Screen 30/03/21 25/09/21 | E11 0.05M Magnesium | 15% GOL
2-11 chloride
Tetramer hexahydrate 0.05M
24.5mg Sodium citrate
mL?t tribasic dehydrate
0.1M Bis-Tris
Propane pH 7.8
22.5% w/v PEG
Smear High (2-11)
BCS Screen 30/03/21 25/09/21 | E11 0.05M Magnesium | 15% GOL
2-11 chloride
Dimer hexahydrate 0.05M
25.5mg Sodium citrate
mL? tribasic dehydrate

0.1M Bis-Tris
Propane pH 7.8
22.5% w/v PEG
Smear High (2-11)

Salt

Fiber
diffraction
pattern




Salt

Salt

BCS Screen 30/03/21 25/09/21 | G8 0.075M 20% GOL
2-32 Magnesium
Dimer chloride
25.5 mg hexahydrate
mL? 0.075M Sodium
citrate tribasic
dehydrate 0.1M
Bis-Tris pH 6.0 18%
w/v PEG Smear
Broad (2-32)
BCS Screen 30/03/21 25/09/21 | H12 0.075M Sodium 15% GOL
2-48 bromide 0.05M
Tetramer Sodium Fluoride
24.5 mg 0.1M HEPES pH 7.8
mL? 22.5% w/v PEG
Smear Broad
0.075M Sodium
iodide (2-48)
BCS Screen 30/03/21 25/09/21 | H12 0.075M Sodium 15% GOL
2-48 bromide 0.05M
Dimer Sodium Fluoride
25.5mg 0.1M HEPES pH 7.8
mL? 22.5% w/v PEG
Smear Broad
0.075M Sodium
iodide (2-48)
PACT Screen 31/03/21 25/09/21 | H1 0.2M Sodium 15% GOL
2-37 fluoride 0.1M Bis-
Tetramer Tris Propane pH 8.5
24.5 mg 20% w/v PEG 3350
mL? (2-37)

Not
harvested

No




PACT Screen 31/03/21 25/09/21 | H1 - 0.2M Sodium 15% GOL Not tested,
2-37 fluoride 0.1M Bis- too much
Dimer Tris Propane pH 8.5 ice
25.5mg 20% w/v PEG 3350
mL? (2-37)
PACT Screen 31/03/21 25/09/21 | H10 - 0.02M Sodium - Salt
2-46 potassium
Dimer phosphate 0.1M
25.5mg Bis-Tris propane pH
mL? 8.520% w/v PEG
3350 (2-46)
Screen PACT LSer 15/10/21 12/02/22 | G2 L-Ser | 0.2M sodium 20% GOL Not tested,
2-26 bromide 0.1M loading
27.6 mg BisTris propane pH problem
mL? 7.5 20% w/v PEG
3350
Screen PACT LSer 15/10/21 12/02/22 | C4 L-Ser | 0.1M PCTP* pH 7.0 | 20% GOL No
1-28 25% w/v PEG 1500
27.6 mg
mL? * Sodium
propionate,
Sodium cacodylate
trihydrate, Bis-Tris
propane
Screen PACT LSer 15/10/21 12/02/22 | A4 L-Ser | 0.1IM SPG* pH 7.0 20% GOL Salt
1-4 25% w/v PEG1500
27.6 mg
mL? *Succinic Acid,

Sodium
Dihydrogen
Phosphate and
Glycine




Salt

Screen PACT LSer 15/10/21 12/02/22 | A5 L-Ser | 0.1M SPG pH 8.0 20% GOL
1-5 25% w/v PEG1500
27.6 mg
mL?
Screen PACT LSer 15/10/21 12/02/22 | G5 L-Ser | 0.2M sodium 20% GOL
2-29 nitrate 0.1M BisTris
27.6 mg propane pH 7.5
mL? 20% w/v PEG 3350
MtSerB2 Screen 5mM 13/10/20 12/02/22 | F11 L-Ser | 0.02M magnesium | 20% GOL
L-Ser 2-24 sulfate
27.6 mg heptahydrate 0.2M
mL? potassium chloride

0.1M BICINE pH 8.8
22.5% PEG smear
broad

Not
harvested

Salt




Salt

Fiber
diffraction
pattern

MytuSerB2 TPicl1 BCS 24/11/2020 | 12/02/22 | H12 - 0.075M sodium 20% GOL
Screen 2-48 bromide 0.05M
Tetramer sodium fluoride
18.8 mg 0.1M HEPES pH 7.8
mL? 22.5% w/v PEG
smear broad
0.075M sodium
iodide
JCSG+ Screen LSer 30/03/2021 | 12/02/22 | A5 L-Ser | 0.1 M sodium 20% GOL
1-33 potassium
27.6 mg phosphate pH 6.2
mL? 25% v/v 1.2-
propanediol
JCSG+ Screen LSer 30/03/2021 | 12/02/22 | G5 L-Ser | 0.2M NaCl 0.1M 20% GOL
1-39 sodium/potassium
27.6 mg phosphate pH 6.2
mL? 50% w/v PEG 200
JCSG+ Screen LSer 30/03/2021 | 12/02/22 | A8 L-Ser | 1.6M Magnesium 20% GOL
2-9 sulfate
27.6 mg heptahydrate 0.1M
mL? MES pH 6.5

Fiber
diffraction
pattern

No




Not shot,
technical
issue

Not
harvested
but
probably
salt

JCSG+ Pic1/Pic2 30/03/2021 | 12/02/22 | A1 0.2M Lithium 20% GOL
Tetramer sulfate
1-1 0.1M sodium
24.5 mg acetate pH 4.5
mL? 50% w/v PEG 400
JCSG+ Pic1/Pic2 30/03/2021 | 12/02/22 | A1 0.2M Lithium
Dimer sulfate
1-1 0.1M sodium
25.5mg acetate pH 4.5
mL? 50% w/v PEG 400
JCSG+ Pic1/Pic2 30/03/2021 | 12/02/22 | G5 0.2M NaCl 0.1M
Dimer sodium/potassium
1-39 phosphate pH 6.2
25.5mg 50% w/v PEG 200
mL*?
JCSG+ Pic1/Pic2 30/03/2021 | 12/02/22 | C6 0.2M Lithium
Tetramer sulfate 0.1M Tris
1-43 pH 8.5 40% w/v
24.5 mg PEG 400

mL?

Not
harvested

Salt




Salt

Not
harvested
but
probably
salt

JCSG+ Pic1/Pic2 30/03/2021 | 12/02/22 | H7 1M ammonium
Tetramer phosphate dibasic
2-8 0.1M sodium
24.5 mg acetate pH 4.5
mL?
BCS Pic1/Pic2 30/03/2021 | 12/02/22 | G2 0.15M lithium
Tetramer sulfate 0.05M
2-26 magnesium
24.5mg chloride
mL?! hexahydrate 0.1M
BisTris pH 6.8 25%
w/v PEG smear low
BCS Pic1/Pic2 30/03/2021 | 12/02/22 | D6 0.1M Potassium
Tetramer thiocyanate 0.1M
1-42 sodium bromide
24.5mg 0.1M MES pH 6.5
mL*? 12% w/v PEG
smear high
Opti PACT LSer F11 4°C | 19/11/2021 | 12/02/22 | A4 0.2M sodium
24 wells around PACT 14.1-28.2 citrate tribasic
screen with LSer mg mL? dihydrate 0.1M

condition 2-23

BisTris propane pH
6.3 24% w/v PEG
3350

Not
harvested

Not
harvested




Not
harvested

Not
harvested

Opti PACT LSer F11 4°C | 19/11/2021 | 12/02/22 | D4 (+seed) | - 0.2M sodium
24 wells around PACT 14.1-28.2 citrate tribasic
screen with LSer mg mL? dihydrate 0.1M
condition 2-23 BisTris propane pH

6.9 20% w/v PEG

3350
Opti PACT F11 (2) 04/01/2022 | 12/02/22 | B4 - 0.2M sodium
24 wells around PACT (seed from citrate tribasic
screen with LSer A6 seeded dihydrate 0.1M
condition 2-23 from opti BisTris propane
with seeding at lower PACT F11 pH6.5 24% w/v
conc. TA) PEG 3350

7.1-14.2
mg mL?

Opti PACT LSer F11 4°C | 19/11/21 12/02/22 | B4 (seed) L-Ser | 0.2M sodium 20% GOL
24 wells around PACT 14.1-28.2 citrate tribasic but
screen with LSer mg mL? dihydrate 0.1M crystal
condition 2-23 BisTris propane pH | was

6.5 20% w/v PEG dissolving

3350
Opti PACT F11 (2) 04/01/22 12/02/22 | A3 (seed) L-Ser | 0.2M sodium 10% GOL
24 wells around PACT 7.1-14.2 citrate tribasic
screen with LSer mg mL? dihydrate 0.1M

condition 2-23
with seeding at lower
conc.

BisTris propane pH
6.3 21% w/v PEG
3350

No

No
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Appendix H

Calculation of the assumed
amount of active subunit in a
solution of MtSerB2 dimer and

tetramer

Consider a solution of MtSerB2 composed of a mixture of the dimeric and tetrameric
forms of the enzyme. The dimer is made up of two subunits and the tetramer is made
up of four subunits. If t is the amount of tetramer (moles), d is the amount of dimer,

the Equation H.1 describes the total amount of subunits, m, in the mixture:

4t +2d = m (H.1)

The ratio, 4, between the amount of dimer and tetramer is defined by Equation
H.2:

t=ad (H.2)

Combining and rearranging the two equations, we obtain:
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m

4ad+2d:m(:>d(4a+2):m@d:4a+2

(H.3)

In our case, the ratio a of the sample used for enzyme kinetics was measured by
mass photometry and is equal to 845/716 = 1.1802. The total amount of subunit m
in the same sample was quantified by a measure of absorbance at 280 nm. The total
amount of subunit present in the well is estimated to be 0.836 pmol.

Knowing this, the amount of dimer in a well (pmol) can be calculated:

0.836
_ —0. H.4
4 (4+1.1802) + 2 0124 HA

We consider that if the dimer is active and the tetramer is inactive, then the dimer is
made up of two active subunits and the tetramer is made up of four inactive subunits.

The quantity of active subunits is then twice the amount of dimer:

0.124 %2 = 0.249 (H.5)

The corrected amount of active species to be counted per well for the estimation
of the enzymatic activity is therefore 0.249 pmol.






