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Résumé

L'ingénierie enzymatique est un outil tres avantageux dans l'industrie biotechnologique. Elle
permet d'adapter les enzymes a une activité ou a une condition de réaction spécifique. En outre,
elle peut permettre de déchiffrer les éléments clés qui ont facilité leur modification. Bien que
I'ingénierie enzymatique soit largement pratiquée, elle comporte encore plusieurs goulets
d'étranglement. Certains de ces goulets d'étranglement sont techniques, comme le
développement de méthodologies pour la création de banques de mutations ciblées ou la
réalisation de criblages a haut débit, et d'autres sont conceptuels, comme le déchiffrage des
caractéristiques clés pertinentes d'une protéine cible pour la réussite d'un projet d'ingénierie.
Parmi ces défis, |'épistasie intra-génique, ou la non-additivité des effets phénotypiques des
mutations, est une caractéristique qui entrave grandement la prévisibilité. L'amélioration de
I'ingénierie enzymatique nécessite une approche multidisciplinaire qui inclut une meilleure

compréhension des relations structure-fonction-évolution.

Cette these vise a contribuer a I'avancement de l'ingénierie enzymatique en étudiant deux
systemes modeles. Premierement, des variantes dynamiques de la B-lactamase TEM-1 ont été
choisies pour étudier le lien entre la dynamique des protéines et I'évolution. La B-lactamase TEM-
1 a été largement caractérisée dans la littérature, ce qui s'est traduit par des connaissances
approfondies sur son mécanisme de réaction, ses caractéristiques structurelles et son évolution.
Les variantes de la B-lactamase TEM-1 utilisées comme systeme modele dans cette these ont été
largement caractérisées, montrant une dynamique accrue a |'échelle temporelle pertinente pour
la catalyse (s @ ms) mais maintenant la reconnaissance du substrat. Dans cette thése, I'évolution
in vitro de ces variantes dynamiques a été réalisée par des cycles itératifs de mutagenéese et de
sélection aléatoires pour permettre une exploration impartiale du paysage de ‘fitness’. Nous
démontrons que la présence de ces mouvements particuliers au début de I'évolution a permis
d'accéder a des voies de mutations connues. De plus, des interactions épistatiques connues ont
été introduites dans les variantes dynamiques. Leur caractérisation in silico et cinétique a révélé

gue les mouvements supplémentaires sur I'échelle de temps de la catalyse ont permis d'accéder



a des conformations conduisant a une fonction améliorée, comme dans le TEM-1 natif. Dans
I'ensemble, nous démontrons que I'évolution de la b-lactamase TEM-1 vers une nouvelle fonction
est compatible avec divers mouvements a I'échelle de temps ps a ms. Il reste a savoir si cela peut

se traduire par d'autres enzymes ayant un potentiel biotechnologique.

Deuxiemement, la lipase Cal-A, pertinente sur le plan industriel, a été choisie pour identifier les
caractéristiques qui pourraient faciliter son ingénierie. La lipase Cal-A présente des
caractéristiques telles que la polyvalence du substrat et une grande stabilité thermique et
réactivité qui la rendent attrayante pour la modification des triglycérides ou la synthese de
molécules pertinentes dans les industries alimentaire et pharmaceutique. Contrairement a TEM-
1, la plupart des études d'évolution in vitro de la lipase Cal-A ont été réalisées dans un but
industriel, avec une exploration limitée de I'espace de mutation. Par conséquent, les
caractéristiques qui définissent la fonction de la lipase Cal-A restent insaisissables. Dans cette
thése, nous faisons état de la mutagenése ciblée de la lipase Cal-A, confirmant I'existence d'une
région clé pour la reconnaissance du substrat. Cela a été fait en combinant une nouvelle
méthodologie de création de bibliothéque basée sur l'assemblage Golden-gate avec une
visualisation structurelle basée sur des scripts pour identifier et cartographier les mutations
sélectionnées dans la structure 3D. La caractérisation et la déconvolution de deux des plus aptes
ont révélé l'existence d'une épistasie dans I'évolution de la lipase Cal-A vers une nouvelle
fonction. Dans I'ensemble, nous démontrons que l'identification d'une variété de propriétés suite
a la mutagenese ciblée peut grandement améliorer la connaissance d'une enzyme. Cette

information peut étre appliquée pour améliorer I'efficacité de l'ingénierie dirigée.

Mots-clés : ingénierie enzymatique, évolution des protéines, épistasie intragénique, dynamique
des protéines, TEM-1 R-lactamase, Cal-A lipase, test d’activité in vitro, cinétique enzymatique,

test d’activité in vivo, arrimage moléculaire flexible



Abstract

Enzyme engineering is a tool with great utility in the biotechnological industry. It allows to tailor
enzymes to a specific activity or reaction condition. In addition, it can allow to decipher key
elements that facilitated their modification. While enzyme engineering is extensively practised, it
still entails several bottlenecks. Some of these bottlenecks are technical such as the development
of methodologies for creating targeted mutational libraries or performing high-throughput
screening and some are conceptual such as deciphering the key relevant features in a target
protein for a successful engineering project. Among these challenges, intragenic epistasis, or the
non-additivity of the phenotypic effects of mutations, is a feature that greatly hinders
predictability. Improving enzyme engineering needs a multidisciplinary approach that includes

gaining a better understanding of structure-function-evolution relations.

This thesis seeks to contribute in the advancement of enzyme engineering by investigating two
model systems. First, dynamic variants of TEM-1 3-lactamase were chosen to investigate the link
between protein dynamics and evolution. TEM-1 B-lactamase has been extensively characterized
in the literature, which has translated into extensive knowledge on its reaction mechanism,
structural features and evolution. The variants of TEM-1 B-lactamase used as model system in this
thesis had been extensively characterized, showing increased dynamics at the timescale relevant
to catalysis (us to ms) but maintaining substrate recognition. In this thesis, in vitro evolution of
these dynamic variants was done by iterative rounds of random mutagenesis and selection to
allow an unbiased exploration of the fitness landscape. We demonstrate that the presence of
these particular motions at the outset of evolution allowed access to known mutational
pathways. In addition, known epistatic interactions were introduced in the dynamic variants.
Their in silico and kinetic characterization revealed that the additional motions on the timescale
of catalysis allowed access to conformations leading to enhanced function, as in native TEM-1.
Overall, we demonstrate that the evolution of TEM-1 b-lactamase toward new function is
compatible with diverse motions at the us to ms timescale. Whether this can be translated to

other enzymes with biotechnological potential remains to be explored.



Secondly, the industrially relevant Cal-A lipase was chosen to identify features that could facilitate
its engineering. Cal-A lipase presents characteristics such as substrate versatility and high thermal
stability and reactivity that make it attractive for modification of triglycerides or synthesis of
relevant molecules in the food and pharmaceutical industries. Contrary to TEM-1, most in vitro
evolution studies of Cal-A lipase have been done towards an industrially-specified goal, with
limited exploration of mutational space. As a result, features that define function in Cal-A lipase
remain elusive. In this thesis, we report on focused mutagenesis of Cal-A lipase, confirming the
existence of a key region for substrate recognition. This was done by combining a novel library
creation methodology based on Golden-gate assembly with script-based structural visualization
to identify and map the selected mutations into the 3D structure. The characterization and
deconvolution of two of the fittest revealed the existence of epistasis in the evolution of Cal-A
lipase towards new function. Overall, we demonstrate that mapping a variety of properties
following mutagenesis targeted to specific regions can greatly improve knowledge of an enzyme

that can be applied to improve the efficiency of directed engineering.

Keywords: enzyme engineering, protein evolution, intragenic epistasis, protein dynamics, TEM-1
R-lactamase, Cal-A lipase, in vitro activity assays, enzyme kinetics, in vivo activity assays, flexible

protein docking
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Chapter 1 — Introduction

1.1 The dawn of evolution

The most popular definition of life was given by a committee gathered by NASA in 1994, who
proposed that life is a “self-sustaining chemical system capable of Darwinian evolution” (1). It has
been proposed that the dawn of evolution on our planet happened around 4 billion years ago
when a pool of molecules started to self-replicate on an earth with high temperatures, an

atmosphere rich in ammonia and poor in oxygen that resembles in nothing what we know today

(2).

These first self-replicators were some of the earliest enzymes, molecules capable of accelerating
chemical reactions by lowering the activation energy in converting a substrate to product. The
integration of self-replication, compartmentalization and metabolism in a system allowed
chemistry to become biology (3). The evolution of such a rudimentary compartmentalized
chemical system, through billions of years, has led to all of the complex biodiversity that we know
today. Currently, as the evolutionary biologist Richard Dawkins has said in The Selfish Gene, we
are survival machines—robot vehicles blindly programmed to preserve selfish molecules known
as genes. Indeed, if we paint a simplified picture of the main components of life today, genes
formed by nucleic acids would be the storage units that hold and transmit the information
necessary to synthesize the main molecular machinery, proteins. A crucial task of proteins is to
provide the bulk of enzymatic machinery that sustains metabolic networks. Although other
molecules like RNA and DNA have been shown to be able to act as enzymes, in this thesis | will

focus on protein enzymes.

1.2 Protein world

Proteins are formed of the three-dimensional arrangement of a polypeptide composed of
ordered combinations of the 20 different amino acids in the genetic code. In the case of
enzymatic proteins, these have an active site that is often protected from the solvent where the

substrate(s) is converted to product. Protein evolution occurs through mutations, insertions and



deletions in the coding DNA. These can lead to changes in the structure of the protein that
ultimately affect its function. If the mutated protein has qualities that are advantageous to the
fitness of the organism and increase its survival, it will more likely be propagated. Whether a
mutation is advantageous or deleterious is dependent upon the environmental factors
surrounding the organism, which act as selective pressures guiding evolution. A repetition of this
process over billions of years has led to the evolution of specialized enzymes that can accelerate
reaction rates up to 10%° times (4). Some enzymes are considered to have reached catalytic
perfection, as their efficiency has reached values close to the rate at which substrate and enzyme
can encounter in aqueous solution (5). However, evolution is an on-going process dependent
upon the particular conditions that the organism encounters and the average enzyme still has

room for improvement (6).

1.3 Laboratory evolution of enzymes

Until recently, we have been mere observers of the evolutionary processes around us. However,
the same evolutionary processes that have taken place through billions of years can be mimicked
in the lab to obtain protein variants with specific qualities within weeks. This process has been
termed directed molecular evolution, as evolution is guided by applying user-defined selective
pressures to a target protein. In directed molecular evolution, mutations are introduced in the
gene coding for the target protein and the proteins screened for the desired quality; the fittest
variant is selected (Figure 1.1). This process can be repeated for several rounds of mutation and
selection until the specified goal is reached. The implementation of this concept was first done
to modify the enzyme subtilisin E in 1993 and merited Dr. Frances Arnold the Nobel Prize in
Chemistry in 2018 (7). The main advantage of directed molecular evolution is that, as in natural

evolution, it is unbiased. Prior structural information of the protein is not necessary (8, 9).
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Figure 1.1. — Schematic representation of directed evolution.

A round of directed evolution starts by creating a library of mutants through mutagenesis of
the gene encoding the target protein. Subsequently, the mutated proteins encoded in the
library of mutants will be expressed and subjected to screening and selection. The fittest
variant(s) selected can then be subjected to a subsequent round of evolution.

Many enzymes that are currently commercialized have been subjected to directed molecular
evolution (10). Enzymes are a sustainable alternative to conventional chemical catalysts (11).
They find use in the food and pharmaceutical industries, polymer synthesis, organic synthesis and
biodegradation. The main advantages of enzyme-catalyzed reactions are their regiospecificity,
stereospecificity and ability to function in mild reaction conditions of temperature, pressure and
pH, reducing energy costs and need for specialized infrastructure. In addition, enzymes can be
modified to improve their productivity, catalytic efficiency, specificity and tolerance to harsher
conditions (8, 12-14). Enzymes can even be combined in cascade reactions to generate complex

molecules (15).



The ability to modify enzymes to enhance or provide a new desired function has revolutionized
biotechnological development. The term protein engineering was first suggested when it was
thought that amino acid changes towards a new function could be easily rationalized. Indeed,
engineering is defined in the dictionary as “the art or science of making practical application of
the knowledge of pure sciences, as physics or chemistry”. However, enzymes are inherently
complex and whereas rational modifications are possible, protein engineers often rely on random
mutagenesis or recombination of gene fragments combined with directed evolution (16, 17).
Currently, it is more common to use ‘semi-rational’ methods where mutations are introduced

randomly or specifically within a localized region of the protein (13, 16, 18-20).

A basic understanding of enzyme mechanisms and evolution has served to evolve enzymes to a
new or improved function by mutating specific residues(8). In turn, laboratory evolution of
enzymes has served as a tool to further understand enzyme mechanism and evolution (21-23).
Our increasing understanding of the biophysical features of enzymes is making possible to make
more rational choices in protein engineering. Computational efforts have improved predictability
by considering biophysical features of enzymes and training algorithms with data derived from
experimental evolution experiments (24-26). Some research groups are even designing complete
enzymes de novo or incorporating alternative active sites to current enzymes (17, 27, 28).
However, there is still room for improvement in the rational design of enzymes. In the words of
members of Dr. Frances Arnold’s lab, “What we’ve learned is that we know less than we thought
we did. People learned the hard way that you couldn’t just go in and make a mutation where you

thought and expect it to improve an enzyme” (16).

1.4 Bottlenecks in laboratory evolution of enzymes

In vitro evolution of enzymes requires the creation of a library of variants and its screening for
the desired function. Iterative rounds of this process are done to select the variant(s) with
improved function or highest fitness. The main bottlenecks to effective exploration of all the
amino acid combinations that will lead to the desired function are the creation of libraries of
mutated variants, availability and efficacy of screening methods and the ability to predict

successful mutations.



1.4.1.1 Library creation
The choice of methods for mutagenesis and cloning are two components of library

creation that will determine the regions mutated, mutation rate and library size.

In the standard workflow of enzyme engineering, if the structure of the target enzyme or
a close homolog is not available, random mutagenesis is the method of choice. Random
mutagenesis can be done by using mutator strains, error-prone PCR or DNA shuffling (20, 29). In
this scenario, the mutation(s) that will lead to an improved or new function can appear anywhere
in the protein and the probability of success is low because most mutations are neutral or
deleterious. Therefore, cloning methods that allow to consistently obtain library sizes of at least
10°-10° variants are crucial (30). Another factor when choosing random mutagenesis is the
mutation rate, which has to be adjusted to each system and will depend on the protein’s

tolerance to new mutations (31).

When structural information of the target enzyme is available, a rational or semi-rational
approach can be chosen, in which ‘hot-spots’ are targeted (18). They may be based on proximity
to the substrate binding site or to prior knowledge of the effect of mutations. This approach is
preferable as it increases the chances of identifying a variant with improved function, while
reducing the need for large library sizes or high-throughput screening methods. A series of
mutagenesis and cloning methods used in rational and semi-rational design will be presented in

Chapter 2 of this thesis.

1.4.1.2 Screening

Following the creation of libraries of variants of the target enzyme, it is crucial to have a method
to screen for variants with improved activity. Library creation and screening methods are
interconnected, hence the diversity created using a particular mutagenesis approach should
consider the diversity that can be screened with methods available for the target enzyme (8, 30,
32). For example, a random mutagenesis approach may require screening of thousands to
millions of variants and will thus require a high-throughput screening method to determine
improved function. If this is not available, random mutagenesis can be reduced to specific regions

of the protein to reduce library size. In fact, rational and semi-rational approaches are often



sought to reduce library size and thus reduce screening efforts (32) (Figure 1.2). A screening
method is considered medium throughput when it can screen 103-10° variants per day and ultra-

high throughput when it can screen 10%-10° variants per day (32).
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Figure 1.2. - Considerations to choose an enzyme engineering strategy based on prior structural
knowledge and screening effort.

This figure was inspired by GenScript’s Synthetic Precision Libraries brochure

Screening is an important bottleneck in enzyme engineering as the number of theoretical protein
variants is practically unlimited. The availability of a fast high-throughput screening method
allows to speed-up the exploration of the sequence space and increase success in enzyme
engineering. However, high-throughput methods for the desired activity oftentimes cannot be
developed or need specialized equipment, due to the nature of the chemical transformation (32).
The most efficient high-throughput methods available often use specialized instruments such as
droplet-based screening platforms combined with fluorescence-assisted cell sorting (FACS) (30,
32). These approaches employ fluorophores as markers for cell sorting: they are either quenched
or activated after the target reaction takes place (32). Using conventional instruments, screening
of 10*-10° variants can be achieved in microtiter plate-based screens (30, 33). To use this

approach, individual variants are grown in 96 or 384-well plates and assayed for specific



enzymatic activities using a colorimetric or fluorometric assay, mass spectrometry or
chromatography (33). Throughput of this approach can be increased using robotic automation

(30, 32).

An exception in high-throughput screening that does not require special equipment is when the
target activity is linked to survival. This is only available when selecting enzymes that are essential
for survival under conditions such as antibiotic resistance, metabolism of xenobiotic compounds
or enzymes that synthesize components that are essential for cell growth (33). In this case
libraries of ~10° variants can be easily selected for on selective agar plates: depending on the
target activity, plates may contain and antibiotic, lack an essential nutrient or contain an

otherwise toxic compound.

1.4.1.3 Predictability - protein epistasis

Predicting which mutations will be successful in laboratory evolution of enzymes would be
straightforward if the effects of multiple mutations on function were always additive. In such
cases, the combined phenotypic effect (i.e. catalytic activity, stability or other) of a set of
mutations is the result of the addition of the individual effect of each mutation. If that
evolutionary path to the highest activity was represented in a fitness landscape, the climb up to
the highest peak would be smooth and follow what has been named the Mt. Fuji model (34, 35)
(Figure 1.3).However, non-additivity in mutations is prevalent in enzyme engineering, preventing
predictability of the combined effects of mutations (36-38). In this scenario, the climb up to the
highest activity is not straightforward as the fitness landscape is rugged and might contain several

peaks and valleys (Figure 1.3)(35).
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Figure 1.3. — Representation different topologies of fitness landscapes.

The evolutionary trajectories observed are the result of acquiring mutations that alter fitness.
The more rugged the fitness landscape, the more local peaks and valleys that exist. Reaching
a global peak is easier when the topology of the fitness landscape is smoother.

Non-additivity of the combined effects on activity of mutations in enzyme engineering is defined
as protein epistasis (35, 39). Protein epistasis can be classified as magnitude epistasis when the
combined phenotypic effect of the single mutations is greater (positive or synergistic) or weaker
(negative or antagonistic) than the addition of the individual effect of the single mutants (35, 39).
Sign epistasis occurs when the combined phenotypic effect is the inverse of that of the single
mutants. For example, the combined benefit of mutations can be greater even though one or
more of the single mutants is deleterious (positive sign epistasis) or it can be lower even though
one or more of the single mutants was beneficial (negative sign epistasis). Sign epistasis can also
be reciprocal if there is a change in sign for both of the single mutants when combined, that is,
where the combination of favorable mutations results in a deleterious effect, or vice-versa (35)
(Figure 1.4). Most studies on protein epistasis to date focus on the characterization of the
interaction of between two mutations, or pairwise epistasis (40-42). Recently, the study of more
complex interactions between three or more mutations, termed high-order epistasis, has gained

in popularity (43-46).
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Figure 1.4. — Types of pairwise epistasis.

The additive effect of the simultaneous incorporation of beneficial mutations A and B is shown
relative to epistatic interactions. In negative epistasis, the fitness of the double mutant is lowe
than the sum of the two beneficial effects on fitness, in positive epistasis it is higher and in
reciprocal sign epistasis the effect of adding both mutations is opposite — therefore negative in
the case of individually beneficial mutations.

Protein epistasis will constrain protein evolution by shaping the evolutionary paths
available in the evolution towards a new function (35, 39, 47). For example, the presence of
multiple peaks in the evolution of a given enzyme suggests the presence of reciprocal sign

epistasis (47).

Indeed, through studies using the gold-standard enzyme in directed molecular evolution,
TEM-1 B-lactamase, it has been shown that sign epistasis limits the theoretically accessible paths
towards a new function whereas positive epistasis guides its evolution (42, 48, 49). Furthermore,
analysis of the evolutionary paths of nine different enzymes towards new function has revealed
that positive epistasis is prevalent in protein evolution (37). More recently, studies on several
fitness landscapes have revealed that the influence of epistasis on protein evolution is reduced
when the epistatic order is increased (number of interacting residues) (43). In fact, it has been
suggested that the magnitude of epistasis has a larger influence on evolutionary paths than the

epistatic order (44).



Although efforts are being made to understand protein epistasis in order to incorporate
it rationally into enzyme engineering workflows, to date, epistatic interactions are mostly
revealed a posteriori through directed evolution or combinatorial evolution experiments (36, 39,
50). Advances in library generation and sequencing technology have made it feasible to assess
the individual effect of mutations in a given protein through deep mutational scanning (51, 52).
This approach has even been used to study epistatic interactions of all possible double mutants
in the 55 residue protein GB1 (40). However, this approach has its limitations due to exponential
library sizes needed as protein size increases and/or number of interacting residues increases. In
addition, pairwise analysis will not reveal more complex interactions, such as high-order epistasis
that happens in natural and directed evolution. Recently, a method to study high-order epistasis
by reducing library size was proposed (53). This method was applied to analyze all possible
epistatic interactions that exist between 6 positions that changed in the evolution of a
phosphotriesterase enzyme into an arylesterase (54, 55), thoroughly analyzing a library of 26=64
variants. Overall, developing models to understand epistasis will eventually procure a global

understanding of epistatic effects and enable their successful incorporation into protein design.

1.5 Epistasis, evolution and inherent biophysical properties of proteins

Protein epistasis results from the specific biophysical context of each protein, making it particular
to each enzyme. Direct interactions between residues can be easy to predict, yet physical
interactions between mutations or nearby residues can affect global properties of the enzyme
such as stability, affinity, catalysis or protein dynamics (39). Naturally, epistasis resulting from
long range-interactions is more complex and harder to incorporate into protein engineering (37,
56-60). Whereas the impact that protein epistasis has on predictability in enzyme engineering is
evident, the interplay between molecular evolution, epistasis and biophysical properties such as

stability and dynamics is not (39).

1.5.1 Protein stability

Protein stability shapes the evolutionary paths available in the evolution towards a new
protein function by modulating the quantity of functional protein available (61-63). It

encompasses thermodynamic stability as well as the time the protein remains in its native state

10



without unfolding, aggregating or degrading, defining its kinetic stability. Thermodynamic
stability is more often considered as it can be predicted in silico (64) or determined in vitro (65),
procuring a measure of the quantity of folded protein available. It has been shown that most
mutations are destabilizing (66-68). Although gain-of-function mutations in key catalytic residues

have been shown to be statistically more destabilizing (68).

Proteins have been shown to tolerate destabilizing mutations up to a certain stability limit
beyond which the effect of such mutations is apparent, resulting in a fitness landscape dominated
by negative epistasis (42, 62). Thus, mutations that increase protein stability promote the
evolution towards new functions by buffering the effect of destabilizing mutations (69). (Figure
1.5). Indeed, the appearance of such compensatory stabilizing mutations in directed molecular
evolution experiments has been shown to be adaptive (70). That protein stability promotes
evolvability agrees with reports of higher evolvability in highly thermostable, ancestrally

reconstructed proteins and in thermophilic proteins (71-74).
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Figure 1.5. — Protein stability and evolvability.

The neutral range of stability determines which mutations can be acquired in the course of
evolution. Inspired by Tokuriki and Tawfik (62).

The interplay between protein epistasis and stability has been shown to be prevalent in
long-term evolution(75, 76). A mutation can act epistatically through direct interactions that
increase protein stability. Alternatively, it can act through long-range interactions, such as when
a destabilizing mutation is evolutionarily ‘fixed’ in an enzyme, complemented with a distal

stabilizing residue (39, 77). Long-range interactions can be mediated by protein dynamics, such
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as when a mutation exerts its stabilizing effect by increasing the rigidity of the protein scaffold

(77, 78).

1.5.2 Protein dynamics

Enzymes have been traditionally described as static structures as a result of their
observation under crystalline form. However, the past two decades abound with evidence
showing that proteins are inherently dynamic (57, 79-81). Moreover, the relationship between
protein dynamics and function has been demonstrated for several protein systems (82-84);
interestingly, proteins with similar function have been shown to exhibit similar dynamic patterns
(85). The functional importance of protein motions is such that they have been shown to be
selected for in natural and directed evolution (57, 58, 80, 83, 86-88). That protein dynamics are
important for function is so accepted in the scientific community now, that even in the short
amount of time that we have lived the COVID-19 pandemic, we find studies on the flexibility of

the SARS-CoV-2 spike protein (89, 90) .

Protein dynamics is a complex trait that encompasses motions on different timescales and
of differing amplitude. Bond vibration, side-chain rotation, hydrogen bonding and proton
transfers occur at fast timescales (ps to ns) whereas loop rearrangements to accommodate the

ligand or substrate turnover occur at slow timescales (us to ms) (79, 91, 92) (Figure 1.6).
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and catalysis
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Figure 1.6. — Motions associated to each timescale in protein dynamics.

The different protein motions are linked to their relevant timescale (orange arrows) and the
methods that can be used to monitor the protein dynamics at specific timescale are depicted
in purple arrows. Figure inspired by Henzler-Wildman and Kern (79) and Ortega, Pons (92).
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All of the conformations that a protein can adopt due to its inherent flexibility form a
heterogenous population in solution. Certain conformers may be more abundant due to their
greater thermodynamic stability. As a general rule, the most stable conformers are those
crystallized; occasionally we are fortunate to observe different conformers in x-ray
crystallography (80). Enzymes that can accept multiple substrates must adopt different
conformations to accommodate and turn over the different ligands (93-95). This conformational
flexibility allows enzyme promiscuity and can be the basis for the evolution towards new function
even in an enzyme that natively displays low promiscuity. Indeed, it has been hypothesized that
protein motions can modulate evolution by favoring certain conformations that increase activity
towards a new function upon the introduction of mutations (96) (Figure 1.7). This increase in the
breadth of activity can be the consequence of reshaping the active site cavity to accommodate a

new ligand or by an indirect mechanism such as increasing protein stability (96).
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Figure 1.7. — Protein dynamics and evolvability.

An initial ensemble of conformers (top left) has a predominant conformer (top middle) that
confers the native function and alternative conformers that may provide alternative functions.
Evolution of the new function can happen through the enrichment of conformers that confer
alternative functions (i.e mutation that stabilizes alternative conformer; bottom right).
Adapted from Petrovic, Risso (57).
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The link between protein epistasis and protein dynamics has not been thoroughly explored.
However, there are reports of negative epistasis, positive epistasis and sign epistasis occurring
due to modifications in protein dynamics in different enzymatic systems. In a recent study using
transketolase, it was demonstrated through molecular dynamics (MD) simulations that
mutations as far away as 33 A interacted epistatically via a network of interactions that could
modify the flexibility in distal parts of the protein (77). In another study, an increase in protein
dynamics in a key region in the active site has been linked to negative epistasis in TEM-1 R-
lactamase (78). In the Bcll metallo R-lactamase, sign epistasis was observed between two
mutations that increase slow dynamics close to the active site region (97). Interestingly, the
deleterious mutation alone eliminates slow dynamics but increases dynamics in the presence of
the advantageous mutations, giving rise to the sign epistatic effect. Sign epistasis has also been

correlated to an increase in protein dynamics at slow timescales in the enzyme Cyclophilin A (98).

Incorporating knowledge of protein dynamics to predict epistatic interactions is complex due to
the inherent complexity of protein dynamics. Currently no single methodology can be used to
fully characterize the dynamic landscape of a protein (Figure 1.6) (88, 91, 99-101). Few examples
in which NMR and MD methodologies are combined to characterize the dynamic landscape of
enzymes are available (80, 81). However, there are recent examples in which protein dynamics

has been incorporated into protein engineering (60, 102, 103).

1.6 Research objectives

In the previous sections, | highlighted the importance of enzyme engineering as well as the main
bottlenecks that need to be addressed to better direct engineering efforts. In particular, | focused
on protein epistasis and its interplay with inherent biophysical properties of enzymes such as
protein dynamics. Improving predictability in enzyme engineering is a key question in the field
and protein epistasis has been postulated to be one of the main mechanisms hindering
predictability. To that end, this thesis examines mechanisms by which protein epistasis acts on

the evolution of new protein function.

14



Objective 1: Interplay of protein dynamics and epistasis on the evolution of new protein function

Protein dynamics is an intrinsic trait of proteins that is selected for during evolution due to its
structural importance. However, whether a highly dynamic enzyme would be more attractive as
a start-point in an enzyme engineering project remains unanswered. Moreover, it is unknown
whether protein motions at specific locations or timescales have a positive, neutral or negative
effect on evolution towards a new protein function. Differences in evolution are due to variations
in the accessibility of evolutionary trajectories. As protein epistasis is a major mechanism by
which accessibility to evolutionary trajectories is determined, another question that arises is
whether protein dynamics affect protein epistasis. The first objective of this thesis is to analyze

the interplay between specific aspects of protein dynamics, epistasis and evolution.

Objective 2: Characterization of protein epistasis in a biotechnologically relevant enzyme

Protein epistasis is a prevalent mechanism in enzyme evolution. However, its importance in the
evolution towards new functions is specific to each enzyme. Enzyme engineering in industrially
relevant enzymes is often targeted towards a specific goal. Therefore, investigation of basic
mechanistic aspects, such as the relevance of protein epistasis, is often lacking. However,
characterization of protein epistasis in relevant enzymes with potential biotechnological interest
could aid to accelerate their engineering. The second objective of this thesis is to examine the

prevalence of non-additive in the directed evolution of an industrially relevant enzyme.

1.7 Description of model systems chosen based on research objectives

In order to study the interplay of protein dynamics and epistasis on the evolution of new protein
function (Objective 1), we have chosen dynamic variants of an enzyme that has been well
characterized in terms of structure-function-evolution relations. These dynamic variants are
derived from TEM-1 B-lactamase (TEM-1), a well-accepted model in molecular evolution to
understand the rise in antibiotic resistance, as well as protein evolution in general (31, 49, 68,
104-110). The dynamic landscape of these variants has been characterized. They serve as

starting-points with known differences in dynamics for undertaking directed evolution in parallel.
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Secondly, in order to study the prevalence of non-additivity in directed molecular evolution, the
enzyme Moesziomyces antarcticus lipase A (previously Candida antarctica - Cal-A) was used
(Objective 2). This enzyme was previously engineered in the Pelletier lab in collaboration with
the industrial partner DSM and has broad applications in the biotechnological industry. In this
thesis, we identify epistatic mutations in the evolution of this enzyme towards substrate
selectivity. Few studies on its reaction mechanism, applications or evolution are available
compared to other more widely used lipases (ie. Candida antarctica lipase B) and studies on its

epistasis could be highly advantageous in further evolution projects.

1.7.1 Model 1: Dynamic variants derived from TEM-1 B-lactamase

R-Lactamases (EC 3.5.2.6) are bacterial and fungal enzymes that catalyze the hydrolysis of
antibiotic compounds containing a B-lactam ring, rendering them inactive. First described in
1940, they are estimated to have originated as long as 2 billion years ago as a defense mechanism
of bacteria against organisms secreting antibiotic B-lactam-type compounds (111). Currently, -
lactamases are the main cause of resistance to R-lactam antibiotics (112-114). B-Lactamases have
been classified into four groups according to their reaction mechanism and sequence similarity
(115). Classes A, B and D have a catalytic serine whereas class C have a catalytic Zn?*. The serine
B-lactamases are the most extensively characterized. They catalyze R-lactam hydrolysis via
formation of an acyl-enzyme intermediate between the substrate and active site serine. Among
serine B-lactamases, Class A serine B-lactamases are the most widely characterized due to their

high adaptability to new B-lactam antibiotics (116).

The B-lactamase variants cTEM2m and cTEM17m were created in vitro through recombination
of two class A B-lactamase homologs, TEM-1 and PSE-4, that share 40% sequence identity, high
structural similarity (RMSD = 0.98 A) and differ slightly in terms of R-lactam substrate
specificity(108). Compared to TEM-1 R-lactamase, cTEM2m has two mutations close to the
catalytic Ser70, whereas cTEM17m has 17 substitutions in other areas of the large active site
pocket (Figure 1.8). This means that both cTEM2m and cTEM17m are more closely related to
TEM-1 with sequence identities of 99.2% and 93.5% to TEM-1, respectively. The function and the
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dynamic landscape of variants cTEM2m and cTEM17m from milliseconds to femtoseconds were

characterized in the Pelletier lab, as detailed in the following sections.
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Figure 1.8. — 3D structure of cTEM-2m and cTEM-17m B-lactamases indicating residues that are
mutated relative to TEM-1.

The active site walls are highlighted in dark blue, the catalytic S70 is shown as sticks and the
mutated residues as green spheres in the crystal structure of cTEM-2m (PDB ID: 4mez) and
cTEM-17m (PDB ID: 4id4).

1.7.1.1 Kinetic and structural characterization of B-lactamase variants cTEM2m and cTEM17m

Enzymatic assays of cTEM2m and cTEM17m using a range of penicillin and cephalosporin
substrates showed that substrate recognition was maintained with respect to the most closely
related parental enzyme, TEM-1 (80, 117). Specifically, the hydrolysis of two penicillins
(carbenicillin and benzylpenicillin) and three cephalosporins (cephalotin, cefotaxime and
cefazolin) by the two variants were assayed. The catalytic efficiency against penicillins was in the
same order of magnitude for the variants and the parental TEM-1 (Table 1.1). This trend was
maintained with cephalosporins except for cTEM2m that displayed ~10-fold lower catalytic

efficiency compared to cTEM17m and TEM-1.
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Keat/Km Benzylpenicillin  Carbenicillin Cephalotin Cefazolin Cefotaxime
Tm(°C
(M1s?) x 107 x 106 x 10° X 10° X 102 »(*C)
TEM-1 2.3 1.9 4.7 4.2 8.3 49.9
CTEM-2m 1.2 1.5 0.6 0.4 0.8 49.6
CTEM-17m 1.7 1.7 24 1.2 54 49

Table 1.1. — Catalytic efficiency and thermal stability of TEM-1, cTEM-2m and cTEM-17m
Data obtained from Gobeil, Ebert (80)

The native fold of TEM-1 R-lactamase consists of an all-o. domain and an o/ domain with the
active site in the interface of both domains. The all-a domain is comprised of eight a-helices and
the a/R domain is comprised of a R-sheet composed of five B-strands and three surrounding a.-
helices. Four motifs are conserved in the active site pocket of class A B-lactamases: S70-X-X-K73;
the SDN loop formed by residues S130-D131-N132; K234-T/S235-G236 and the Q-loop residues
16310 178(118, 119) (Figure 1.9). Comparison of the crystal structures of cTEM2m (PDB ID: 4mez;
RMSD = 0.396) and cTEM17m (PDB ID: 4id4; RMSD = 0.381) with that of TEM-1 (PDB ID: 1xpb)

confirmed the maintenance of the native fold, with some minor differences (80, 120).

N-term
SDN loop Qloop
70-73 s70

SDN loop A

\‘ s70 ﬁ
Y105 N/
a/R domain all-a domain
Q loop

all-a domain o/R domain

Figure 1.9. — Three-dimensional structure and diagram of TEM-1 B-lactamase showing its key
functional regions.

The conserved motifs are shown in the 3D structure (PDB ID: 1xpb): 70-73 (blue); SDN loop
(black); 234-236 (yellow) and 2 loop (purple). The all-a and ¢/8 domains are shown in both
representations. Figures created with PyMOL Molecular Graphics System, Version 2.1
Schrédinger, LLC and Microsoft Powerpoint 16.16.10.
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The dynamic landscape from milliseconds to femtoseconds of variants cTEM2m and cTEM17m
was determined using NMR and molecular dynamic simulations. The microsecond-to-millisecond
timescale (defined as slow) was assayed using Carr-Purcell-Meiboom-Gill (CPMG) NMR, widely
used to probe protein dynamics at this timescale (80, 117). The fast, picosecond-to-nanosecond
timescale was determined using R1-R,-NOE NMR (120). Finally, the intermediate timescale from
nanosecond-to-microsecond was determined computationally after benchmarking the method
with experimental data obtained for the fast timescales (80). These studies revealed an overall
conservation of motions at fast and intermediate timescales in the parental R-lactamases TEM-1
and PSE-4, as well as in the cTEM2m and cTEM17m variants. In contrast, important differences
in dynamics were observed in the studied variants at the slowest timescales, with respect to TEM-

1 and PSE-4 (Figure 1.10).
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PARENTS

Figure 1.10. — Dynamic landscape of PSE-4, TEM-1, cTEM-2m and cTEM-17m RB-lactamases.

Protein dynamics on three timescales are shown for the parental PSE-4 (PDB ID: 1g68), and
TEM-1 (PDB ID: 1xpb) 3-lactamases and their variants cTEM-2m (PDB ID: 4mez) and cTEM-
17m (4id4). Dynamic residues are colored from less to more dynamic in a yellow to red
gradient for each timescale (labelled above each column). Unassigned residues in the CPMG
NMR determination of the us to ms timescale are shown in grey. It should be noted that
unassigned residues are proposed to be highly dynamic. Modified figure from Gobeil, Ebert
(80)

Variant cTEM2m presented slow motions in 29 residues, whereas cTEM17m has 82 residues

displaying dynamics at this millisecond-to-microsecond timescale. The dynamic residues in cTEM-
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17m are more broadly distributed throughout the active site than those of cTEM2m and include
the catalytically-relevant omega-loop region. Overall, protein dynamics at slow timescales in
these variants vary in location and in magnitude incrementally from TEM-1 to cTEM2m to
CTEM17m. It is remarkable that this increase in protein motions at the timescale of catalytic
turnover does not importantly alter substrate reactivity in the variants (Table 1). Similarly,
protein stability measured with circular dichroism and thermal scanning fluorescence revealed
no significant change in the melting temperature of cTEM2m and cTEM17m despite the observed

variances in slow protein motions (80, 117) (Table 1).

1.7.1.2 Current knowledge on TEM-1 B-lactamase reaction mechanism

The reaction mechanism of serine R-lactamases has been largely characterized. It involves the
acylation of the active site Ser70 upon nucleophilic attack on the 3-lactam ring of the substrate.
This is followed by deacylation mediated by an active site catalytic water activated by E166 (119,
121-125). The acylation mechanism remains controversial (119, 126). The two leading
hypotheses and evidence pointing to an activation of S70 as a nucleophile, through K73 and $S130
or a water molecule coordinated to E166 (119, 122, 127-130) (Figure 1.11). It should be noted
that the rate-limiting step of the reaction varies with the substrate, being deacylation for

penicillins and acylation for cephalosporins (126).

Other key residues relevant for substrate binding and catalysis are Y105, SDN loop, N170, K234,
S235 and A237 (119, 126). Y105 has been proposed to be a gate-keep residue important for
substrate stabilization (131, 132). Residues in the SDN loop are key for stabilization of the enzyme
transition state, as well as maintaining the structure of the active site pocket (119, 126). More in
particular, S130 in the SDN loop has been proposed to be implicated in acylation and N132 to
stabilize and position the substrate (122). N170 in the Q-loop interacts with E166 to position the
residue for the activation of the active site catalytic water (126). K234 and its neighbouring S235
interact with the substrate and may be implicated in stabilization of the transition state (122).
Mutations in the 234-236 regions have been shown to have a greater effect on the catalytic

efficiency of cephalosporin hydrolysis than penicillin hydrolysis (119, 133, 134). Lastly, the
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backbones of residues S70 and A37 form the oxyanion hole, key for stabilization of the

tetrahedral acyl-enzyme intermediate (122).
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Figure 1.11. — Schematic representation of the reaction mechanism of TEM-1 B-lactamase.

Activation of S70 to form the acyl-enzyme intermediate is shown either via E166 by activating
a catalytic water (green) or via K73 (purple). Subsequently, S70 performs a nucleophilic attack
on the carbonyl group of the f3-lactam ring. Deacylation then proceeds by an attack by an
active site catalytic water activated by E166. Following deacylation, the substrate is released
and the enzyme is regenerated and ready for another catalytic cycle. Adapted from Drawz
and Bonomo (119) and Doucet (135). Figure created in ChemDraw Professional 16.0.

1.7.1.3 TEM-1 as a model in directed molecular evolution

TEM-1 has been used as a model to study molecular evolution due to the high adaptability of R-
lactamases to natural and semi-synthetic R-lactam antibiotics (114), as well as the ease of
screening for B-lactamase variants, since this can be done by differential survival in the presence
of B-lactam antibiotics. Furthermore, the simplicity of this single-substrate reaction that requires
no cofactor facilitates in vitro analyses. Therefore, there is a rich database of mutations found in

experimental evolution, deep-mutational scanning as well as in clinical isolates. As a
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consequence, there are several documented epistatic mutations that have been identified and
studied (126). The substitutions identified at the highest frequency in antibiotic-resistant clinical
isolates and experimental evolution are Q39K, E104K, R164C, R164H, R164S, A237T, G238S and
E240K (107, 126, 136). These mutations provide the means to hydrolyze newly developed
antibiotics by modifying the configuration of the active site pocket. These variants have also been
commonly found to result in positive epistasis with other mutations, such as G238S/E240K,
E104H/G238S, E104K/G238S, A237T/R164S, A237T/E240K, R164S5/G238S and
Q39K/E104K/R164S/A237T/E240K(126). Whereas most of these mutations are in the active site
cavity, the majority of cefotaximase-enhancing mutations are found >10 A away from the

catalytic S70 (Figure 1.12).

Figure 1.12. — Cefotaximase mutations in TEM-1 B-lactamase.

The region colored in orange corresponds to the active site walls from which the 10 A radius
from the catalytic S70 is colored in purple. Catalytic E166 is shown as purple sticks. The
residues were cefotaximase mutations Q39K, E104K, R164C, R164H, R164S, 1173V, A237T,
G238S, E240K and S268G occur are shown as spheres colored according to their location.
Figure created with PyMOL Molecular Graphics System, Version 2.1 Schrédinger, LLC.

In fact, prevalent cefotaximase mutations in TEM-1 distal from the active site have been shown
to be allosteric sites modulating antibiotic and inhibitor resistance (137, 138). In addition,
stabilizing mutations far from the active site such as H153R, A224V and R275L (136, 139) or the
well-known M182T that is often encountered in conjunction with E104K/G238S have been shown

to be important in TEM-1 evolution (48, 49, 106, 107, 136).
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1.7.1.4 Protein dynamics and evolution in TEM-1 R-lactamase

Protein dynamics is an inherent feature of proteins. Characterization of the dynamic landscape
of the two related class A R-lactamases TEM-1 and PSE-4 has shown an overall, strong
conservation of protein motions, consistent with protein dynamics being selected for during
natural evolution (80). The implications of protein dynamics in the evolution of new protein
function have been explored in previous studies using TEM-1 R-lactamase due to its ample use
as a model in molecular evolution. MD simulations of cefotaximase mutations far from the active
site in TEM-1, Q39K, 1173V, E240K, and S268G, have revealed that these modify dynamics of the
active site residues S70 and E166 despite having no direct interaction (138). Moreover, it was
shown that mutations in medium flexibility regions distal from the active site could modulate
dynamics in the active site cavity (138). MD simulations of ancestral reconstructed -lactamases
ranging from 53 to 79% sequence identity with TEM-1 have shown that higher dynamics
correlated with higher substrate promiscuity. Specifically, it was suggested that a decrease in
active site dynamics contributes to greater substrate specificity (93). In another study, the
introduction of the synergistic mutations E104K/G238S into TEM-1 and two TEM-1 variants
containing stabilizing mutations, revealed greater active site flexibility accompanied with
increased rigidity in the surrounding areas, a smaller loss of thermal stability and identical kinetic
profiles (110). The smaller loss of thermal stability in the stabilized TEM-1 variants (loss of 3°C
compared to loss of 16°C in TEM-1) along with the altered flexibility led the authors to suggest
that these stabilized variants could tolerate further destabilizing mutations and evolve further.
In other words, they hypothesized that a rigid structure with a flexible active site could promote

the evolution of new protein function in TEM-1 (110).

A more detailed study into the mechanism by which E104K/G238S confer positive epistasis for
cefotaxime revealed that a decrease in conformational dynamics of the omega-loop and
stabilization of particular conformations correlates with higher cefotaximase activity (140).
Interestingly, a study of the negative sign-epistasis mutations R164S/G238S suggested that too
much flexibility in the omega-loop regions could prevent evolution towards new functions (78).
In particular, the introduction of mutation R164S increased flexibility in the omega-loop region

leading to non-productive omega-loop conformations (78).
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Overall, these reports suggest that protein dynamics play a key role in the evolution of new
activities in TEM-1 RB-lactamases. However, it is relevant to note that all the work mentioned until
now refers to general protein dynamics, with no timescale associated, obtained through normal-
mode simulations or from normalized B-factors of X-ray crystal structures. Studies in which
dynamic timescales are studied in detail are few as they require longer experimental time and
expertise in NMR and MD simulations. Nevertheless, they have the potential of providing more
detail into the specific mechanisms by which protein dynamics alter function, ultimately affecting

protein evolution.

In TEM-1, it is known that specific protein motions are important for catalysis. For example,
hydrogen-deuterium exchange in TEM-1 has revealed that protein dynamics at the millisecond
timescale in the region comprised of residues 250-257 are necessary for cephalosporin turnover,
but not for ampicillin turnover (141). In another study, it was revealed that changes in fast and
slow timescales upon the introduction of mutation Y105D decrease catalytic efficiency (131). This
data supports the idea that further work using systems whose whole dynamic landscape has been

characterized is needed to dissect the evolutionary implications of each motion and timescale.

1.7.2 Model 2: Moesziomyces antarcticus lipase A (Cal-A)

Lipases (EC 3.1.1.3) are enzymes found in all kingdoms of life. They catalyze the hydrolysis of
triacylglycerides into diacylglycerides. In addition, lipases can catalyze esterification,
interesterification and transesterification reactions. These properties, along with their ability to
catalyze reactions in water:oil emulsions, their substrate versatility and their
regio/enantioselectivity have made lipases one of the most prevalent types of enzymes used in
biotechnology (142-144). This class of enzymes is widely used in the food, pharmaceutical,

cosmetics, biofuel and pulp-and-paper industries.

Lipases have been classified into three classes according to the residues comprising the oxyanion
hole: GGGX-, GX- and Y (where X can be any amino acid) (145). In this thesis | focus on the Y-
lipase from the yeast Moesziomyces antarcticus (formerly Candida antarctica), Cal-A. It is
interesting to note that the Y-lipase class was created to include this particular enzyme that

possesses a different 3-D structure compared to other known lipases (145). This enzyme has
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attracted more attention in recent years due to its high thermal stability, tolerance to organic
solvents, stability at low pH and high substrate versatility, being one of the few lipases that can

accept sterically-hindered tertiary alcohols and favor esterification of trans-fatty acids (144, 146).

1.7.2.1 Structural characterization of Cal-A lipase
Cal-A is a monomeric hydrolase composed of 431 amino acid residues that fold into three
domains: the conserved o/R hydrolase-fold domain with 8 R-strands connected by 6 a-helices, a

flap formed by two R-strands and a cap domain formed by six consecutive a-helices (Figure 1.13).
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Figure 1.13. — Three-dimensional structure and diagram of Cal-A showing its main structural
features.

The active site flap (green), cap (red), a/f3 hydrolase-fold (purple) and the catalytic triad
(blue)are highlighted in the 3D structure of Cal-A (PDB ID: 2veo). The putative acyl-binding
tunnel is shown with the co-crystallized PEG molecule (yellow) (left panel). Adapted from
Brundiek, Padhi (147). Figures created with PyMOL Molecular Graphics System, Version 2.1
Schrédinger, LLC and Microsoft Powerpoint 16.16.10.

Lipases belong to the o/ hydrolase class along with esterases, cutinases and epoxide hydrolases.
Enzymes of this class possess the characteristic o/R hydrolase fold along with GXSXG or GXDXG
motifs in the active site, a catalytic triad S(D or E)H and an oxyanion hole (148). Lipases have been
classified according to the residues forming their oxyanion hole as GGGX- or GX-. Upon
determination of the structure of Cal-A, it was revealed that Cal-A did not fit into any known
lipase class as it had Y93 forming the oxyanion hole. Therefore, the new Y-class was created to

accommodate Cal-A(145). To date only two crystallographic structures of Cal-A have been
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deposited in the Protein Data Bank (PDB ID: 2veo and 3guu). Crystallographic data has also
pointed to residues D95 and G185 contributing to the oxyanion hole as stabilizers of the acyl-

enzyme tetrahedral intermediate (149).

When its structure was first determined in 2007 (PDB ID: 2veo), Cal-A was assigned to a new
superfamily of lipases due to its distinctive structural features. Apart from its unique oxyanion
hole configuration, it was the first time the cap domain was described in an enzyme within the
o/B hydrolase class (145). The cap domain is formed by residues 217-308 which are partly
involved in forming the putative tunnel of Cal-A that allows binding of long-chain acyl moieties
(149). The putative tunnel region was identified from a polyethylene glycol (PEG) molecule bound
in the crystal structure and computational docking of p-nitrophenyl palmitate in the PEG bound
region (149). Its ~30 A-long acyl-binding tunnel can accommodate up to 20-25 methylene units in

length (149).

Access to the active site and tunnel region is modulated by conformational changes in the lid
domain in the presence of a hydrophobic layer, termed interfacial activation (149). This
phenomenon is common to many lipases as these generally operate in lipid-water interfaces
(150, 151). The lid domain in Cal-A, often referred to as a flap due to its small size, is formed by
residues 426-436 (149, 152). The flap region is formed mainly by hydrophobic residues and is
flanked by G426 and G436 that have been proposed to act as “hinges” (152). It should be noted
that the cap domain is sometimes referred to as the lid domain as when the crystal structure was

first described, it was thought that this region regulated access to the active site cavity (149).

1.7.2.2 Current knowledge on Cal-A reaction mechanism

Prior to deciphering the 3D structure of Cal-A, titration with an irreversible inhibitor and site-
directed mutagenesis studies determined the catalytic triad of this enzyme to be formed by S184,
D334 and H366 (153, 154). These results were confirmed by analysis of the positioning of the
residues in its structure (149). While no study on the reaction mechanism of Cal-A reaction
mechanism has been reported, the catalytic triad is presumed to operate as in other o/
hydrolases (144). Briefly, the nucleophilic residue S184 would be activated by its neighboring

H366 that can accept a proton from S184 due to the negative charge of the side-chain of its
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neighboring residue D334 (Figure 1.14). The activated $184 then performs the nucleophilic attack
on the ester bond of a triglyceride, forming an acyl-enzyme tetrahedral intermediate that is
stabilized by oxyanion hole-forming residues D95 and G185. Subsequently, the diglyceride
product leaves and the acyl-intermediate is deacylated with the aid of a catalytic water. It should
be noted that, despite having been isolated from a cold-adapted organism, Cal-A presents its

optimum activity at 50°C (155).
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Figure 1.14. — Schematic representation of the reaction mechanism of the hydrolysis of an ester by
Cal-A lipase.

Several steps typical of lipase catalyzed hydrolysis of ester are shown. First, the activation of
the catalytic 184 and the subsequent nucleophilic attack to create the acyl-enzyme and
liberate the carboxylic acid (red). Deacylation and regeneration of the enzyme is done with
the aid of a catalytic water. Adapted from Monteiro, Virgen-Ortiz (144). Figure created in
ChemDraw Professional 16.0.

1.7.2.3 Enzyme versatility

Cal-A has been shown to be a highly versatile enzyme capable of performing hydrolysis,
ammonolysis, esterification, interesterification and transesterification reactions (144). It shows
activities rarely observed in other lipases such as the hydrolysis of amide bonds in N-acylated o-

and R-amino acids (156) or the enantioselective N-acylation of 3-amino acids (144, 157).
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It is considered a highly promiscuous lipase as it has been shown to hydrolyze 36 esters of
different chemical nature (triglycerides, monoglycerides, aromatic) and chain-length (158).
Regarding its natural substrates, triglycerides, Cal-A presents higher activity towards short-chain
(C3-C4) than long-chain triglycerides (155, 158). This trend to preferably hydrolyze esters of fatty
acids of C3-C4 lengths is also maintained in esters of other chemical nature such as vinyl esters
or p-nitrophenyl esters (155, 158, 159). Interestingly, Cal-A has a long-acyl binding tunnel and

was first proposed to bind preferably to long-chain fatty acids (149).

Other relevant substrate preferences of Cal-A are its preference for saturated fatty acids, trans
fatty acids and fatty acids at the second position in triglycerides (sn-2 preference) (144, 146, 155,
160, 161). This preference towards trans-fatty acid over cis, shared by other enzymes belonging
to the Cal-A family, is rarely observed in other lipases that contain an L-shape acyl-binding tunnel
(161). The sn-2 preference is also quite singular, as most lipases show sn-1,3-regioselectivity. This
feature is highly interesting from a biotechnological point of view to produce free fatty acids

present at the sn-2 position of triglycerides from natural sources (155, 162).

In general, Cal-A shows high enantioselectivity and has been used to generate industrially
relevant compounds (144, 161). Another relevant feature is its ability to accept highly sterically
hindered alcohols such as tertiary alcohols and cyclic alcohols for hydrolysis and esterification
reactions (161). Overall, Cal-A presents itself as a lipase with unusual substrate selectivity having
wide applicability in industrial applications (144, 161). Its high thermal stability and solvent

tolerance add further value to its use in biotechnology.

1.7.2.4 Directed evolution of Cal-A lipase

Due to its interest for potential use in biotechnological applications, Cal-A has been subjected to
directed evolution to improve its selectivity. As such, Cal-A has been successfully engineered to
improve its selectivity towards a-esters, trans-fatty acids or tertiary alcohols (144, 163). Contrary
to TEM-1 R-lactamase, few theoretical studies to understand its evolution or mechanism have

been reported (152, 153).

The generation of Cal-A variants with improved enantiospecificity and enanstioselectivity is of

great interest in the food and the pharmaceutical industries (143, 144, 161). In this thesis,

29



directed evolution of Cal-A has been performed to alter its chain-length selectivity. This property
is of high interest in the food and pharmaceutical industries to enrich certain free fatty acids
present in natural oils or to create diglycerides or monoglycerides that have been shown to have
health benefits (143, 144, 147, 161, 162, 164). Certain mutations that increase selectivity towards
short-chain fatty acids have even been patented by the related biotechnology companies Novo
Nordisk and Novozymes (165, 166) and by the snack company Frito-Lay in collaboration with the
research group of Dr. Uwe Bornscheuer in Germany (147, 167). Another study has revealed the
existence of an synergistic interactions between mutations at the end of the acyl-binding tunnel
that prevent the hydrolysis of p-nitrophenyl (p-NO;) esters of long fatty acids (159). The position
of previously identified short chain-selective variants in Cal-A is shown in Figure 1.15. Most of
the mutations are found distal from the catalytic triad in the active site or in the cap domain that
contains the putative acyl-binding tunnel. The fact that mutations distal to key regions have also
been identified suggests the implication of long-range interactions. Concerning long-chain
selectivity in Cal-A, there is limited information, despite its long-acyl chain binding tunnel. Prior
research on other lipases has shown that long-chain fatty acid hydrolysis can be enhanced by
physically widening the active site entrance (168, 169), favoring open conformations (170),

improving lid flexibility (171, 172) or swapping the lid with another lipase (173, 174).
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Figure 1.15. — Previously identified chain-length selective Cal-A mutations.

The 3D structure of Cal-A (PDB ID: 2veo) with key features highlighted: the flap in green, the
cap in red, the catalytic triad as blue sticks and the co-crystallized PEG molecule within the
putative tunnel in yellow. Previously identified positions of mutations that generate chain-
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length selective phenotypes T30, 1150, P215, T221, G237, V238, L241 and V290 are shown as
spheres. Figure created with PyMOL Molecular Graphics System, Version 2.1 Schrédinger, LLC.

1.8 Description of the selected approaches and methodologies

The specific objectives of the thesis are based on the properties of each model system chosen to
study the research questions pertaining to epistatic interactions in laboratory evolution. The
approaches and methodologies chosen are justified based on the specific objectives, on

structure-function knowledge and on screening methods available for each system.

1.8.1 Objective 1: Interplay of protein dynamics and epistasis on the evolution of
new protein function
To address this objective, cTEM2m and cTEM17m variants derived from TEM-1 R-lactamase
constituted our model system. These variants exhibit increased protein dynamics at slow
timescales in the all-o. domain (cTEM2m) or in the all-a and a/R domains (cTEM17m) compared
to TEM-1. By using these models as start-points in evolution, we can dissect the impact of slow
timescales (pus-ms) in the development of new protein function. Objective 1 was addressed by
two distinct approaches described below. The study addressing Objective 1 was published in the

journal Frontiers in Molecular Biosciences in 2020 and is presented as Chapter 3 of this thesis.

In the evolution and screening of evolved TEM-1 B-lactamase variants, we used a B-lactam
antibiotic that has been used in directed molecular evolution and in clinical settings: cefotaxime.
The extensive use of this antibiotic guarantees that we have prior information on mutations that
give rise to this resistance in both natural and laboratory settings. Cefotaxime is commercially
available and can be incorporated into agar plates containing growth media to easily screen for
resistance variants. In addition, its extinction coefficient is known and can be used to perform

kinetic characterization.

1.8.1.1 Objective 1.1: Epistasis and evolution in slow dynamic variants
Prevalent epistatic mutations in the natural and directed evolution of TEM-1 towards the
antibiotic cefotaxime were introduced into cTEM2m and cTEM17m. The introduction of

mutations E104K/G238S was made through site-directed mutagenesis using whole-plasmid site-

31



directed mutagenesis or site-directed overlap extension mutagenesis. Both methods are
described in Chapter 2 of this thesis, within a critical overview of methods for mutagenic library

building.

In order to understand epistasis upon the introduction of E104K/G238S in the slow dynamic
variants both in vivo and in vitro characterization are of use. In vivo characterization allows to
reveal epistatic effects while showing the mutational paths that are realistically possible. This
was done by doing Minimal Inhibitory Concentration (MIC) assays that give a measure of the
resistance conferred by the different B-lactamase variants. In vitro characterization allows to
decipher the basis for the epistatic effects observed. The analyses chosen for the in vitro
characterization were the determination of thermal stability and kinetic parameters for ligand-
binding and catalytic turnover. Thermal stability allows to evaluate If the loss of activity in MIC is
due to loss of available protein to carry on the function. This was assayed by measuring the
melting temperature. Kinetic characterization allows to evaluate the catalytic efficiency of the
variants independently from other factors that might be affecting in vivo activity such as stability
or expression. To rationalize the effects on catalytic efficiency in the different variants we
employed flexible ligand docking. This approach was possible with the ligand used, as the rate-
limiting step in cephalosporin hydrolysis is acylation, which occurs immediately after ligand-
binding. Flexible ligand docking allows small angle rotations and translations in the ligands while

exploring different conformations of the target protein.

1.8.1.2 Objective 1.2 Impact of slow timescale dynamics on the accessibility to evolutionary
trajectories.

Directed molecular evolution was used to evaluate whether mutations accessed by the less

dynamic TEM-1 were accessed by the slow dynamic cTEM2m and cTEM17m variants. Random

mutagenesis was used to have an unbiased evaluation of the selected mutations. The in vivo

activity using MIC assays was measured once we observed dominance of particular variants

throughout the generations.
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1.8.2 Objective 2: Characterization of protein epistasis in a biotechnologically

relevant enzyme

To address this objective the industrially relevant enzyme Cal-A lipase was used. More specifically
we focused on fatty acid chain-length selectivity. As less structural information and fewer
directed evolution experiments are available to direct mutagenesis efforts in this system,

Objective 2 was achieved according to the approaches defined in this section.

1.8.2.1 Objective 2.1: Identification of chain-length selectivity hot-spots
The results addressing Objective 2.1 were published in the journal Plos One in 2019 and are

included as Chapter 4 of this thesis.

The sequence of Cal-A was divided into three segments and subjected to focused random
mutagenesis. Random mutagenesis allows a blind exploration of the system. This mutagenesis
approach coupled with colony screening on agar emulsions containing short-chain or long-chain
triglycerides allowed identification of a hot-spot region where mutations modulated chain-length

selectivity.

Direct selection methods on agar plates based on survival in the presence of specific triglycerides
are not feasible using Cal-A. This justifies the use of focused random mutagenesis to reduce
library size to reduce screening effort. The triglyceride plate screening consisted of spotting
individual colonies onto agar plates containing triglyceride emulsions of different chain length.
Active variants were isolated based on the formation of halos around colonies expressing an
active Cal-A variant. If the emulsion is opaque, a clear halo is formed. When the emulsion is not
opaque, a fluorescent pH marker is added to create a fluorescent halo. As the results obtained
through this method are qualitative, we performed further tests using hydrolysis of p-NO-phenyl
esters of fatty acids of different chain-lengths. This assay is the industry standard to quantify
lipase activity in vitro: p-NOz-phenol derivatives of fatty acids are highly activated, allowing rapid

enzymatic hydrolysis and easy colorimetric detection (175).

Identification of a triglyceride binding hot-spot was done by correlating the observed phenotype

(short or long-chain selectivity) to the genotype. As focused random mutagenesis yields a
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considerable number of variants, a computational approach to correlate phenotype to genotype
was used. Mapping of these correlations to the 3D structure allowed to uncover the key regions

implicated in selectivity.

1.8.2.2 Objective 2.2 Characterization of chain-length selective variants to assess prevalence of
epistasis
The results addressing Objective 2.2 are included in Chapter 5 of this thesis. They are subject of

an invited article to the journal Frontiers in Molecular Biosciences.

Following identification of a hot-spot for chain-length selectivity, we sought to characterize well-
performing chain-length-selective variants obtained. This allows to decipher whether the
phenotype observed is due to additivity or epistasis. To do so we chose to characterize variants
that hadn’t been previously described in the literature. The variants were deconvoluted to
analyze whether the single mutants were responsible for the observed variations in chain-length
selectivity. Characterization of the variants was done as in Objective 2.1. In addition, we also used
a lesser-known but promising high-throughput assay that employs the pH indicator phenol red
to quantify hydrolysis of triglycerides in vitro (176). This allows to have a quantitative measure
with the substrates used in the initial screening. Flexible docking and analysis of the potential

tunnels available was used to rationalize the effect of the mutations on chain-length selectivity.
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Chapter 2 — Methods for enzyme library creation: which one

will you choose? A guide for novices and experts

Preface to Chapter 2

The success of laboratory evolution of enzymes depends on the mutagenesis approach
chosen, as well as the screening methods available to detect activity. Focused mutagenesis is
often sought to reduce screening efforts, as well as the cloning effort of creating a large library.
The main limitation of this approach is that it needs prior knowledge of the biophysical and
structural properties of the system to decide which region to target. In addition, to perform a
focused mutagenesis approach, one needs to identify the methodology that best suits their goal,
as well as the degree of technical expertise required. In this Chapter, we review established
methodologies in the enzyme engineering field, as well as recently reported improvements. This
review is aimed at novice and experienced users as an instrument to help them decipher which
methodology is the best match based on their research questions and molecular biology

expertise.

This is an invited review for the Methods, Models & Techniques rubric of the journal
BioEssays. My main contribution to this review lies in the description of established methods in
enzyme engineering and their recent development, as well as the identification of popular
commercial kits to easily implement these methodologies. The introductory section in this review
has been described by Dr. Daniela Quaglia with some contributions from my part. | have also
prepared the figures. The original draft was written by Dr. Quaglia and myself. Prof. Joelle N.

Pelletier contributed to the review and editing of the final draft.
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2.1. Summary

Enzyme engineering allows exploring sequence diversity in the search for new properties. The
scientific literature is populated with methods to create enzyme libraries for engineering
purposes, however, choosing a suitable method for the creation of mutant libraries can be
daunting, in particular for the novices. The majority of the methods are reported in the context
of a specific problem, often in terms suited to experts. Here, we address both novices and
experts: how can one enter the arena of enzyme library design and what guidelines can advanced

users apply to select strategies best suited to their purpose?

The novice will find an easy-to-consult segment to quickly understand which strategy will get
the job done painlessly. While the expert will find recent improvements to already established
methods. In addition, we point to commercialized and proprietary methods that will allow novice
and experienced users to speed up sequence space exploration. We focus primarily on in vitro
methods, presenting the advantages of each method. Our ultimate aim is to offer a selection of
methods/strategies that we believe to be most useful to the enzyme engineer, whether a first-

timer or a seasoned user.

2.2. Introduction

Theoretically, the number of combinations of mutations that can be made in a protein of 100
amino acids works out to more than 10%3° possible combinations. If we consider that the largest
screened libraries contain approximately 10> members, (1) it is clear that only an infinitesimal
part of the vast theoretical sequence space is accessible through experiments and will remain so
even as automation increases screening capacity. For this reason, researchers have focused on
improving library quality because the ‘smarter’ the library, the greater the odds of identifying the
improved variants you are looking for (2-6). From the perspective of screening capacity, we
consider ‘small’ a library of less than 10> members, ‘medium-sided’ one containing between 103
to 10°, and ‘large’ when the library contains more than 10° members. The ability to generate a
library that is diverse, while maintain theoretical library size as small as possible so that it can be
more thoroughly screened with currently available methods increases the chance of identifying

functional variants (7).
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Mutagenesis is used to introduce diversity and navigate the sequence space by modifying the
wild-type DNA through substitutions, insertions and deletions. Different exploration strategies
are available: (i) random mutagenesis; (ii) recombination/gene shuffling and (iii) targeted

approaches. (5, 8-15).

Methods based on random mutagenesis generally make use of an error-prone polymerase in
a PCR reaction (epPCR) to introduce mutations at random positions within the coding sequence.
This is most useful when the structure or the functional regions of the protein we seek to alter
are unknown (8, 12). However, random mutagenesis requires a powerful high-throughput
screening method to isolate improved variants because beneficial mutations occur 2 to 3 orders
of magnitude less frequently than do mutations that are deleterious to function (9, 16).
Furthermore, randomized libraries severely limit the introduction of consecutive mutations in
the context of a single round; even with the most modern of approaches, a single round of

random mutagenesis seldom suffices to provide significant improvement (11, 17, 18).

Recombination methodologies involve fragmenting mutated copies of the gene of interest and
reassembling them to give rise to new combinations of mutations (8). Arguably the most popular
application of recombination is SCHEMA, which involves the guided recombination of fragments
of homologous genes from the same family, giving rise to chimeric proteins (19). SCHEMA is
particularly of interest because it is characterized by somewhat smaller theoretical library sizes
(~103-10% variants) than other recombination methods (20-23) while generating diverse libraries

with a higher proportion of functional variants than randomization methods (8, 24).

While these options are powerful and widely adopted, our review emphasizes more focused
approaches. They involve targeting specific residues or regions for mutation to one or many
possibilities, often in a combinatorial manner, or they might imply the use of insertions and

deletions in the gene sequence (3, 18, 25-28).

Targeted mutagenesis is limited by the requirement for structural or biophysical knowledge
of the enzyme. To address this limitation, it is common to perform exploratory rounds of
randomization that inform subsequent rounds of targeted mutagenesis: Frances Arnold once

stated that bringing together rational design and directed evolution is the way forward to the

39



generation of quality libraries containing a high number of sequences with the desired properties
(4, 27, 29, 30). A targeted strategy might include randomization of certain parts of a gene, but
not the whole sequence (10, 12, 17, 18, 31).

Targeted mutagenesis can produce smaller theoretical libraries (~10-10%) that may hold a high
proportion of functional variants, which in turn translates in a lower screening effort (11, 17).
This has shown to be especially useful in improving specific properties of an enzyme: activity,

selectivity and thermal resistance (8).

Although of limited scope for sequence diversification, the simplicity of targeted approaches
has its benefits, including limiting the number of variants to be screened to find an improved

enzyme.

The most basic approach for the generation of targeted mutations is site-directed
mutagenesis (SDM), introduced by Nobel laureate Michael Smith to create a point mutation (32).
Its derivatives include site-saturation mutagenesis (SSM), discussed in section I-A, for
introduction of degenerate codons at a specific position (9, 33-35), and combinatorial saturation

mutagenesis (CSM, section I-B) for mutating more than one site at a time.

Single site saturation libraries: Saturation libraries offer high quality and small size while
giving access to greater sequence diversity than do point mutations. However, building
saturation libraries one position at a time, severely limits exploration of sequence diversity; in
particular, it curtails the discovery of positive epistatic effects, where specific combinations of
mutations (whether proximal or distal) can give a greater improvement than could be expected
from combining effects of the point mutants (36, 37). These complex interactions may result from
direct interactions between residues or complex interactions involving conformational dynamics
or stability (37). Epistasis is challenging to foresee, limiting predictability in the exploration of the

sequence space (38, 39).

Combinatorial saturation libraries: to address the inaccessibility of epistasis in single site
saturation libraries, combinatorial approaches can be useful. In this case, more sites are mutated
at once and the combination of possible mutations are assessed. Examples of strategies of this

kind are ISM (Iterative Saturation Mutagenesis) and derivatives.
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In ISM, sites of interests are chosen (as many as necessary) that generally contain 1 to 3 amino
acids (or more). These are then randomized individually using saturation mutagenesis. The best
hits selected from the first randomization are subjected to further iterations of randomization
with saturation mutagenesis at the other positions (5, 9, 28, 39, 40). ISM allows for a fast
convergence of beneficial mutations, mainly because the choice of positions to mutate is
informed by prior structural or biochemical knowledge (41). The choice of position to mutate are
chosen depending on the final goal (i.e. B-FIT for a gain in thermostability (41), CASTing for
improvement of catalytic properties (28)(35)). A novel iterative methodology (FRISM), inspired
by CAST/ISM, includes a rational prediction aspect that restricts the number of mutants to be
screened. FRISM has been proven useful for engineering stereoselectivity in enzyme variants (5,

42, 43).

Below, we review a broad selection of methods and strategies to produce the targeted library
that best suits your needs. Section | presents an overview of more established approaches for
standard library creation and popular commercial solutions to speed up the creation of targeted
libraries. Section Il presents popular commercial solutions to speed up the creation of targeted

libraries

2.3. Section |I: Established methods for site-directed and saturation

mutagenesis for targeted library creation
Site-directed mutagenesis (SDM) allows an amino acid in the target protein to be substituted
using mutagenic primers. This is easily achieved using commercially available kits such as
QuikChange by Agilent (discussed in section I-B 7). A direct derivative from SDM is site-saturation
mutagenesis, commonly referred to as SSM, for mutation at a single site, or CSM (Combinatorial
Saturation Mutagenesis) for more than one randomization site (8, 9, 33, 35, 36). In SSM and CSM,
degenerate mutagenic primers introduce the nineteen other amino acids (or a defined subset of

them) at each site.

The main advantage of saturation mutagenesis is that it allows for non-conservative codon
substitutions that are unlikely to arise by random mutagenesis, giving access to “non-natural

evolution pathways” (44).
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Direct improvement of saturation mutagenesis entails the use of primers that reduce codon
degeneracy to tune it to the needs of the user (36). For instance, one can restrict codon
redundancy or the presence of stop codons (8, 33, 45). The twenty possible naturally occurring
amino acids are encoded by NNN degeneracy that codes for 64 possible codons (including 3 stop
codons), where N is either A, T, G or C. The NNK degeneracy (K = T or G, refer to the IUPAC
nomenclature for standard letters of degeneracy (46)) limits the number of codons to 32, while
encoding all possible amino acids and only 1 stop codon to reduce screening efforts. Although
the library size is indeed reduced compared to NNK if a single position in the gene is mutated, it
is important to remember that when saturation mutagenesis is used in combinatorial strategy,
this might not be the case as the redundancy and library size increase considerably, as it is a
nonlinear relationship (i.e. for 1 position mutated with NNK, ~34% of hits are redundant, yet for

4 position, ~81% of the hits are redundant, with a library size of 10/°).

If the user is instead willing to sacrifice some of the possible amino acids, NNT and NNG code
for 16 possibilities, while NDT (D = A, G, T) provides 12 codons, for an even smaller library (36).
More recently, Tang et al. (45) devised a method called SILM (Small Intelligent Library Method)
(8) as an alternative to NNK that includes all possible amino acids but reduces degeneracy. In
SILM, four primers (with NDT, VMA, ATG and TGG, where V=A, Cor G and M = A or C at the site
to be mutated) (45, 47) are mixed at a specified ratio. Another method, called 22c-trick reduces
degeneracy by combining three primers (NDT, VHG and TGG, where H= A, C, T) that contain 22
codons that code for 20 aminoacids (48). For an ever-tighter control over codon degeneracy,
several tools are available to the users, such as: the DC-ANALYZER (8, 45), MDC-Analyzer (49),
SwiftLib (50) or DeCoDe (51).

Many methods have been developed to introduce mutations in the targeted gene at specific
positions. Here we describe a selection of the most popular methods employed in the field of
enzyme engineering, in order of increasing complexity. We also mention methods that are less
commonly used but that could provide advantages for users having more expertise in molecular
biology or having specific requirements. Most of the methods described in this section can be
adapted to perform site-directed mutagenesis (SDM), site-saturation mutagenesis (SSM) or

combinatorial site-saturation mutagenesis (CSM). It is important to remember that the efficiency
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of mutagenesis is often dependent on the availability of easy-to-use cloning and assembly

methods, the most popular of which we describe in section I-B.

A. Established methods for SDM and SSM

The whole plasmid approach to site-directed mutagenesis is the most popular method for
substituting one or a few consecutive amino acids in a target enzyme (Table 2.1). First
commercialized by Stratagene in 1996 as the QuikChange kit (see section I-B 7 and section II),
the standard protocol relies on the design of overlapping primers containing the desired
mutagenic codon(s) (Figure 2.1) (52). These are used to amplify the whole plasmid with a high-
fidelity DNA polymerase. The resulting PCR product is a mutated and nicked double-stranded
DNA. Treatment with Dpnl enzyme eliminates non-mutated methylated wild-type DNA template;
transformation into a bacterial host allows repair of the nicked, mutated strand with the
recombination machinery of the host. Although straightforward, this results in poor
transformation efficiency due to nicked DNA; furthermore wild-type contamination resulting
from incomplete Dpnl digestion has a higher transformation efficiency, which can increase the

cost of identifying mutated variants.

These limitations make the standard method unsuited to the generation of larger libraries
(>10* transformants, as also reported in the QuikChange Site Directed Mutagenesis Manuals).
Other drawbacks include annealing of the complementary primers to each other instead of to
the target plasmid (primer-dimers) and poor PCR amplification. Nonetheless, the whole-plasmid
approach remains one of the fastest and simplest ways to introduce mutations, making it
attractive to novice as well as experienced users. To enhance its benefits, numerous
improvements have been made concerning primer design (53-55), incorporating DNA insertions
or deletions (56), enhancing transformation efficiency and including mutations at multiple sites
(multi-site directed mutagenesis) (56, 57). A recent, noteworthy improvement for difficult targets
(large plasmid or difficult to deal with due to the presence of stable secondary structures) has

also been proposed by Li & al. (58).

43



2.Whole-plasmid site-directed mutagenesis with template/product modification for
improved mutational efficiency
Whole-plasmid site-directed mutagenesis using template/product modification are not
popular amongst novices, as the protocols are lengthier than with other methods. However, they
have proven useful to reduce wild-type template contamination, offering a mutational efficiency

of 50-100% (59, 60).

The Kunkel method and its derivatives (61) require the generation of whole-plasmid single-
strand template DNA containing dUTP instead of dTTP. This often implies using a phage to infect
E. coli cells defective in dUTPase (dut’) and uracil N-glycosylase (ung’). The lack of these enzymatic
activities allows the cells to propagate the phasmid DNA containing the target gene with uracil
residues. Synthesis of a complementary strand using a mutated primer restores dTTP. Upon
transformation into bacteria, the original dUTP-containing strands are cleaved, eliminating the

wild-type template.

Although the basic method does not involve PCR, a remarkably improved protocol relies on
the use of a high-fidelity polymerase which prevents uracil stalling, Taq ligase, in vitro uracil DNA
glycosylase and exonuclease Il to cleave the uracil-containing template and non-desired DNA
products and transform double-stranded DNA with higher transformation efficiency (59). This
protocol gives further accessibility to the Kunkel method by providing a description to generate
uracil containing templates without the need to use phages (59). Other studies to improve the
mutation efficiency of Kunkel-based methods have focused on improving conditions for DNA
amplification such as primer design, extension time and annealing temperature (62) or the use

of phi29 polymerase (63).

Oligonucleotide-directed mutagenesis by elimination of unique restriction site (USE) (60, 64)
also relies on whole-plasmid amplification of DNA. It employs a mutagenic primer and a primer
that eliminates a unique restriction site in the mutated plasmid. Subsequent digestion with the
corresponding restriction enzyme eliminates wild-type template. This product is transformed
into a mutS E. coli strain deficient in repair of mismatched bases. The obtained colonies are

pooled, the plasmid DNA is obtained and digested with the same restriction enzyme to ensure
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complete elimination of wild-type template, and transformed in a standard E. coli strain. In
conjunction with the Kunkel-based methods, USE can serve to increase mutational efficiency

(65).

3. Site-directed mutagenesis by overlap extension for large plasmids or difficult constructs
First described in 1989 as a PCR-based method to introduce mutations, insertions and deletions
(66), the main advantages of Site-directed mutagenesis by Overlap Extension (SOE) are high
product yield and traceability of product formation. It is mostly used for large plasmids, difficult-
to-amplify genes or when whole-plasmid amplification consistently fails due to other reasons (i.e.
formation of primer dimers). In SOE, overlapping primers containing the mutation(s) are
designed, similarly to the commercial QuikChange method (see section I-B 7). These are used
separately in two PCR reactions to introduce the mutation(s), paired with a primer
complementary to either the 5' or 3' terminus of the gene (Figure 2.1). A final PCR reaction
combining the two mutated fragments and extending to full length with the terminal primers
then recreates the whole, mutated gene with efficiencies of up to 98% (66). An improvement of
this method allows one to carry it out in a single tube: in this instance, a megaprimer carrying the
mutation of interest is generated using one mutagenic primer and a non-mutagenic one that
starts at either of the gene’s termini. The megaprimer is then used to amplify the whole gene in

a second PCR step (67).

A variation of SOE for more efficient removal of impurities such as template DNA or excess
primers is PAGE-mediated Overlap Extension PCR (POEP) (68). This modification increases
mutational efficiency, especially for multiple-site insertions where efficiency of SOE is near 75%
(and reaching 100% for POEP) (68). Improvements for creation of insertions and deletions >30
bp have also been described (69), as well as multi-site directed mutagenesis by creating

mutagenic fragments with homologous regions that act as megaprimers (70-72).

The main limitation of SOE is the general requirement for subsequent subcloning of the mutated
DNA fragment in the desired vector. Homologous recombination in vitro and in vivo can alleviate
this limitation and will be discussed in section I-B 6 and 7. Commercialized methods for this

purpose are listed in section Il.
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4. Inverse PCR for the introduction of deletions and insertions

Developed in 1989 (73), this approach is particularly advantageous for introducing deletions
and insertions, and for saturation mutagenesis (74). Inverse PCR relies on the amplification of a
targeted sequence using back-to-back primers for outward amplification of regions flanking the
targeted sequence (Figure 1). Amplification generates a linear product that is subsequently
ligated to regenerate the whole plasmid containing the target gene. Ligation requires a
phosphate group at the 5' terminus; this can be achieved with T4 polynucleotide kinase or by use
of phosphorylated primers. As with whole-plasmid amplification, digestion of the methylated
template DNA with Dpnl prior to transformation increases transformation efficiency. An
improvement of this method consists in generating complementary overhangs for a ligation-

independent approach (SLIM) (75).
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Table 2.1. - Quick overview of selected established mutagenesis methods

Mutagenesis Estimated time Sub-cloning Recommend
Category Method Enzymes required
efficiency? (h)® required ed protocol
Whole-plasmid = High-fidelity Laible and
Less than olymerase
site-directed ~20 poly No Boonrod
100%
mutagenesis » Dpnl (76)
= T4 Polynucleotide
kinase Firnb g
» High-fidelity Irnberg an
Whole plasmid site-  Pfunkel* 70-100% ~20 polymerase that reads No Ostermeier
uracil-containing DNA
directed » Taq Ligase (59)
mutagenesis with = Uracil DNA glycosylase
= Exonuclease III
template/product Forloni, Liu
modification = T4/T7 DNA polymerase and
USE¢ 50-90% ~40 = T4 DNA ligase No )
Wajapeyee
® Restriction enzyme (60)
Site-directed = High-fidelity Sambrook
. polymerase
mutagenesis by SOE >98% ~24 Yes and Russell
overlap extension = Dpnl (optional) (77)
= Taq DNA polymerase Chiu, March,
Inverse PCR SLIM 93% ~20 No Lee and
= High-fidelity )
polymerase Tillett (75)
= Dpnl

aMutagenesis efficiency is as calculated in each of the recommended protocols

b Estimated time includes transformation and overnight culture.

¢dut/ung: E. coli strain required to generate uracil-containing template

4 mutS: E. coli strain required to avoid repair of the mutated template
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Figure 2.1. — Representation of PCR-based methods described in Section I-A

Schematic representation of methods described in section I-A. For simplicity schematic
representations correspond to double-stranded DNA except for Kunkel-based and USE
methodologies where single-stranded DNA is represented. Mutagenic primers and mutated
sites are represented with a yellow star, whereas restriction enzymes are represented with

scissors. Uracil is indicated by dU on the plasmid. Created in BioRender.com.

B. Flexible and easy-to-use assembly/cloning strategies instrumental to mutagenesis

The development of straightforward cloning and assembly methodologies in conjunction with
site-saturation mutagenesis methods has accelerated the creation of ‘smarter’ methods for
library generation. Sub-cloning of fragments into vectors constitutes a major bottleneck in library
generation. This is reflected in the popularity of the QuikChange kit (section I-B 7 and section Il)
that requires no restriction/ligation step. Ligation-independent methods have provided
noteworthy solutions to this problem, accelerating library creation to explore sequence space

more efficiently. The major advantage of ligation-independent methods resides in providing

49



increased flexibility in library generation. Mutations introduced in different parts of the genes can
subsequently be reassembled to explore interactions between selected mutations or within a
defined region in the protein (i.e. a tunnel, the C-terminus, etc.) (26). A few ex vivo and in vivo

methods will also be mentioned briefly.

1. Restriction-free cloning for versatility

Restriction-Free (RF) cloning can be used to accelerate single or multiple site-directed
mutagenesis, insertion and/or deletions (78). It consists in amplifying the vector using high-
fidelity PCR and an insert (megaprimer) containing regions homologous to the vector in its 3' and
5' termini (Figure 2.2) (78, 79). This method is versatile as any vector/insert pair can be used as
long as the primer design is carefully performed (79). Digestion with Dpnl prior to transformation
is used to eliminate wild-type template DNA. However, gene replacement of a lethal gene in the
original vector can eliminate the need for digestion with Dpnl (80). The main disadvantages of RF
cloning include low product yield and low efficiency for large insertions. To circumvent these
limitations, Exponential Megapriming PCR (EMP) adds forward or reverse primers to the
megaprimer reaction, which contains a single overlapping region to the vector, to amplify the
whole plasmid (81). A recent improvement of RF cloning, Modified Restriction-Free cloning (MRF)

(82) allows insertion of fragments of up to 20 kb into the cloning vector.

2. Multiple overlap extension PCR for fragment assembly

Multiple Overlap Extension PCR (MOE-PCR) can be used to assemble up to eight DNA
fragments in a single PCR reaction without the need for additional enzymes (T4 DNA ligase,
exonuclease, etc...) (70). In MOE, fragments containing the desired mutations and 50 bp
homologous to the contiguous fragment are produced in independent PCR reactions. These are
subsequently mixed in a single PCR reaction and used as a template for the assembly of the whole
gene or plasmid in a single step (Figure 2). Careful design of the annealing temperature of termini
is needed for specificity and efficiency. A previous version of MOE-PCR, called multi-fragment

site-directed mutagenic overlap extension PCR, applies the same principle of homologous
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recombination of fragments termini and amplification: by assembling fragments two by two it can

be used to efficiently assemble 13 fragments (72).

3. Combinatorial Codon Mutagenesis based on SOE and megaprimer PCR for tunable

mutational frequency

The concept of Combinatorial Codon Mutagenesis (CCM) (83) is based on SOE-PCR and
other recent work (84-86). This method allows for the generation of mutant libraries containing
between one and seven codon mutations per gene. Two parallel PCR reactions are performed,
which contain either a forward primer binding at 5’ terminus of the target gene and several
mutagenic reverse primers, or a reverse primer binding at 3’ terminus and several mutagenic
forward primers. These parallel amplifications generate numerous fragments containing
combinations of the mutations introduced in the same PCR reaction (Figure 2.2). Analogous to
SOE, a subsequent PCR containing forward and reverse primers and the generated fragments
acting as megaprimers regenerates the whole gene length. The whole gene generated contains
different combinations of the mutagenic codons introduced. This method has the advantage of
easy “tunability” of mutational frequency as it is a function of fragmentation PCR cycle number
(more cycles produce more mutations) and ‘the number of rounds of fragmentation and joining

PCRs conducted.’

4. Ligation-independent cloning (LIC) and derivatives (SLIC and SLiCE) to ligate inserts into

vectors without the need of a ligase

Ligation-Independent Cloning (LIC) allows assembly of insert(s) into vector without ligase
as the overhangs created are completely complementary. LIC takes advantage of the exonuclease
activity of T4 DNA polymerase to create overhangs in homologous regions between the desired
mutated insert(s) and vector (87). This exonuclease activity is favored in the absence of dNTPs

and stops when adding specific dNTPs.

Sequence and Ligation-Independent Cloning (SLIC) (88) (Figure 2.2), a modification of LIC,
allows the recombination of up to 10 fragments. In SLIC, imperfect overhangs are created with T4
DNA polymerase and RecA protein is used to catalyze homologous recombination in vitro prior to

transformation where the cell endogenous repair machine finishes recombination.
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Recombination ex vivo using cell lysates of bacteria instead of the RecA protein is possible with a
further modification: SLICE (Seamless Ligation Cloning Extract) (89). Its application to enzyme
engineering (90) will be described in the in vivo and ex vivo homology-based recombination

methods section | B-6).

The main disadvantage of creating overhangs with T4 DNA polymerase is that ssDNA
overhangs created may have strong secondary structures. A recent improvement of this method
to recombine short fragments aims at reducing this disadvantage by optimizing incubation
temperature and time with T4 DNA polymerase (91). A recent variation of SLIC consists in the use
of T5 exonuclease instead of T4 DNA polymerase and its transformation in E. coli for assembly

(92).
5. OmniChange for simultaneous mutations in distal parts of the gene

OmniChange can be used to mutagenize up to 5 codons simultaneously in up to the same
number of fragments. As a first step, fragments are created via PCR amplification using forward
primers and reverse mutagenic primers, or vice versa. Digestion with Dpnl prevents
contamination with wild-type template DNA. The mutated fragments are cleaved with an iodine
treatment to generate cohesive ends for subsequent reassembly (Figure 2.2). Nicks are repaired
in vivo after transformation in E. coli BL21-Gold (DE3) lacl® (common laboratory strains can be

used).
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Figure 2.2. — Representation of assembly/cloning strategies described in Section I-B

Mutations are represented by yellow stars and overlapping segments as purple squares. Figure
inspired by graphical descriptions from references (70, 79, 83, 88, 93). For simplicity, schematic
diagrams represent double-stranded DNA. Created in BioRender.com.

6. In vivo and ex vivo homology-based recombination
Several methods described above generate nicked products (i.e. whole-plasmid amplification and
OmniChange) that are repaired in vivo by common laboratory strains of E. coli. We deem it useful
to briefly enumerate selected examples of easy-to-implement in vivo and ex vivo (cell lysate)
homology-based recombination methods (Table 2). The methods use either E. coli or S. cerevisiae,
the most common organisms for the heterologous expression and directed molecular evolution
of prokaryotic and eukaryotic enzymes. We selected two that take advantage of the recA-
independent recombination pathway of E. coli present in common cloning strains such as DH5q,
XL10-Gold or Stbl3: SLiP (in vivo) (89, 90) and IVA cloning (ex vivo) (94). REPLACR mutagenesis (95)

instead uses bacteria expressing Red/ET with recA-recombineering activity whereas IVOE (96)
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uses S. cerevisiae. These approaches can be also applied by more experienced users to avoid the

cost of commercial kits.

Table 2.2. — Selected in vivo and ex vivo homology-based recombination methods

Method Short Description Organism

Complementary to SOE, the
target gene is amplified in two
separate PCR reactions,

E. coli lysate using the recA-
generating two gene fragments

SLiP - SLiCE-mediated PCR- independent recombination
] ] containing the desired

based site-directed pathway (SLiCE extract)
) mutation(s) and short (15-20 bp)

mutagenesis (89, 90) (common cloning strains, such

overlapping regions to each other
as DH5a, XL10-Gold or XL1-
and the receiving vector.
Blue).
Assembly of the linearized vector

and the mutated fragment is done

ex vivo by using SLiCE extracts.

Fragments containing short (15-
E. coli cells using the recA-
] ] 20 bp) 5' and 3' overlaps are

IVA cloning — In Vivo independent recombination
directly transformed for in vivo

Assembly (94) pathway (common cloning
assembly. Used to do assembly,

strains, such as DH5a, XL10-Gold
mutagenesis, insertions  and
or XL1-Blue).
deletions.

Complementary to SOE, the
target gene is amplified in two

separate PCR reactions,

IVOE - In Vivo Overlap .
generating two gene fragments - -

] Protease-deficient S. cerevisiae
Extension (96) containin the desired
8 strain BJ 5465, ATCC 208289.

mutation(s) and 40-66 bp 5' and 3'
overlaps with each other and the
linearized receiving vector. These

are subsequently transformed for
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in vivo assembly to regenerate the
full gene-length and sub-clone to

the vector.

The vector is linearized by inverse
PCR with primers designed to
generate short (~17bp) overlaps

REPLACR mutagenesis -
at 5' and 3'. The linear PCR

Recombineering of Ends of Bacteria expressing Red/ET with
product is directly transformed for
linearised PLAsmids after PCR recA-recombineering activity.
assembly in vivo. The method can
(95)
be used to do site-directed
mutagenesis, insertions  and
deletions.
2.2. Section Il: Commercial and proprietary methods to facilitate

mutagenesis

Several kits are available for mutagenesis and assembly. They can be useful to novices for an
easy start or as a standard quick alternative for experienced users. We present a selection of the

most widely used kits in Table 2.3.

Until recently, gene synthesis was not broadly applied to generate libraries of very high quality
(namely minimum biases). Nowadays the cost of gene synthesis and its quality have improved
making this strategy more accessible. For instance, Twist Bioscience has recently developed a
proprietary method for the synthesis of combinatorial libraries that they refer to as ‘nearing
perfection”’ making commercial gene libraries even more accessible. Their synthesis capability was
successfully validated by Li and colleagues, demonstrating how a high-quality combinatorial
saturation mutagenesis library can be obtained through high-fidelity solid-phase chemical gene
synthesis on silicon chips coupled with gene assembly (97). Their method has shown higher
mutational efficiency, fewer incomplete sequences and less wild-type contamination than library

generation through traditional saturation mutagenesis methods (97).
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The same laboratory recently presented a second example (98, 99) of how commercially
available methods (in this instance from LabGenius) can be of aid in the generation of smart
libraries. Their method relies on previously developed techniques, in particular DNA assembly and
on USER (Uracil-Specific Excision Reagent) cloning and it allows more accurate gene synthesis of

‘long double stranded polynucleotides’ (99, 100).

While the use of synthetic libraries is no substitute for optimal library design, the steadily
decreasing cost of gene synthesis definitely makes it a viable complement to smart library design
strategies. Other companies that offer library generation services include ATUM, Codexis,

Creative Biogene, Creative Biostructure and ThermoFisher.

Table 2.3. - Selected commercial mutagenesis kits.

Number of
Estimate
Cost per transformants
Goal Product name Company dTime®
reaction ?® (t) or
(h)
fragments (f)
QuikChange® Lighting
Site-Directed Agilent S 20 t: 10%-10*
Mutagenesis kit
QuikChange® Lighting
Site directed Multi Site-Directed Agilent SSS 20 t: 10-10°
Mutagenesis Mutagenesis kit
Q5° Site directed New England
S 20 t: 10*
Mutagenesis kit Biolabs
GeneArt™ Site-Directed
ThermoFisher SS 22 n/a?
Mutagenesis System
Random Genemorph Il Random
Agilent S 22 t: 10°-10%¢
mutagenesis Mutagenesis kit
Diversify™ PCR Random
Takara S 22 t: 103-108¢
Mutagenesis kit
Ligation- GenBuilder™ DNA t:n/a/f: 1to
GenScript S 17
independent Assembly cloning kits 12
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commercialized
homology-based
recombination

methods

NEBuilder® HiFi DNA
assembly cloning kit
NEB Gibson Assembly®
Cloning kits
NEB® Golden Gate
Assembly kits
In-Fusion® HD cloning
kit
GeneArt Type lIs
Assembly kits
GeneArt™ Gibson
Assembly EX cloning kit
GeneArt™ Gibson
Assembly HiFi cloning
kit

New England
Biolabs
New England
Biolabs
New England
Biolabs

Takara

ThermoFisher

ThermoFisher

ThermoFisher

$S

19

19

19

17

20

20

19

t: 10% 10%/ f: (1
to 11)

t: 10%-10* / f:(1
to 6)

t: 103-108/ f: (1
to 24)

t: 10%- 103/ f: (1
to 2)
t:102-10°/ f: (1
to 8)

t: 10%-10%/ f: (1
to 15)

t:103/ f: (1 to 6)

¢ n/a Information not available.

d Depending on cloning efficiency.

2.3. Conclusions

area.

b Estimated time includes transformation and overnight culture.
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@ Cost per reaction based on the average of the formats available and compared within each
category. Prices vary from 5-60 USD per reaction.

Identifying a suitable method for the creation of a library for enzyme engineering is not as
straightforward as it may seem, in particular for novices. A plethora of established and more
recent methods described in the literature make it difficult to determine ‘which method suits my
needs?’ The overview of the most commonly used methods for the generation of targeted mutant

libraries in section | should facilitate this task and open the door for novice users to enter this

While the field of enzyme engineering expands, new approaches addressing where to mutate or

how to mutate genetic sequences are increasingly sought for. The ‘smarter’ the method used for


https://www.thermofisher.com/order/catalog/product/A46627
https://www.thermofisher.com/order/catalog/product/A46627

generating the library of variants, the more efficient the exploration of theoretical protein
sequence space, and the lower the throughput of screening needed to uncover improved
variants. Even the most innovative of advances will never enable exploring all of sequence space.
Nonetheless, the advent of methods that facilitate generation of libraries with improved quality

will make us better at navigating sequence diversity.

Looking ahead to the future necessarily brings computer aided strategies into play, to realize the
goal of ‘generating small(est) and high(est) quality mutant libraries’ (101). The main barrier to
using predictive or computational methods is likely the unwillingness of chemists and biologists
of ‘getting acquainted with computational techniques’ (101). Happily, many computational tools
for enzyme engineering no longer require being a computational expert (102). In the not-too-
distant future, machine learning will procure a ‘third approach’ together with rational design and
directed evolution, to be used in complementary and ever-more-powerful ways (103). These
approaches may be useful to better target the mutational hot-spots in a protein, hence, together
with the selection of a smart method for library construction, they have the potential to reduce
even further the number of variants that need to be screened before the improved enzyme can

be identified.
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Chapter 3 — Known evolutionary paths are accessible to engineered
B-lactamases having altered protein motions at the timescale of

catalytic turnover

Preface to Chapter 3

To better guide enzyme engineering projects, it is crucial to identify the features that make
an enzyme easily evolvable towards a new function. In this sense, knowledge of the three-
dimensional structure of proteins, as well as substrate reactivity and stability have considerably
accelerated enzyme engineering projects. Another feature, protein dynamics, has recently
attracted more attention due to its structural importance and relevance for function. In fact, a
number of studies have shown changes in protein dynamics along directed molecular evolution
trajectories that contributed to improved activity. Protein dynamics is an inherent and complex
biophysical feature that encompasses multiple timescales and regions of proteins. In this study
we use as start-point in directed evolution, TEM-1 R-lactamase variants that differ broadly in the
dynamics at the millisecond to picosecond timescale. Motions relevant for enzymatic catalysis as
well as loop rearrangements occur at this timescale. To examine whether slow dynamics at the
outset of evolution affect access to different evolutionary trajectories, variants were subjected to
a known evolutionary trajectory through site-directed mutagenesis and to directed molecular

evolution using error-prone PCR to randomly explore alternative evolutionary trajectories.

The results of this chapter were published in 2020 under the topic ‘Molecular Evolution:
You learn from your Mistakes’ in the Structural Biology section of the journal Frontiers in
Molecular Biosciences. This study was designed by Prof. Joelle Pelletier and myself. Site-directed
mutagenesis and directed molecular evolution were done by myself. The enzymatic
characterization was done with the aid of my then-summer intern Claudéle Lemay-St-Denis. To
rationalize our kinetic results, we included computational simulations through a collaboration
with the group of Prof. Victor Guallar at the Barcelona Supercomputing Center. PhD candidate
Ferran Sancho-Jodar from the Guallar group started the collaboration as a visiting student; the

collaboration was continued by Prof. Guallar. Analysis of the simulations was done by myself with
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the help of PhD candidate Carles Perez-Lopez from the Guallar group. | wrote the original draft
and Profs Pelletier and Guallar contributed to writing the subsequent versions. All authors

reviewed and revised the manuscript.
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3.1. Abstract

The evolution of new protein functions is dependent upon inherent biophysical features of
proteins. Whereas it has been shown that changes in protein dynamics can occur in the course of
directed molecular evolution trajectories and contribute to new function, it is not known whether
varying protein dynamics modify the course of evolution. We investigate this question using three
related R-lactamases displaying dynamics that differ broadly at the slow timescale that
corresponds to catalytic turnover yet have similar fast dynamics, thermal stability, catalytic and
substrate recognition profiles. Introduction of substitutions E104K and G238S, that are known to
have a synergistic effect on function in the parent R-lactamase, showed similar increases in
catalytic efficiency towards cefotaxime in the related R-lactamases. Molecular simulations using
Protein Energy Landscape Exploration reveal that this results from stabilizing the catalytically-
productive conformations, demonstrating the dominance of the synergistic effect of the E104K
and G238S substitutions in vitro in contexts that vary in terms of sequence and dynamics.
Furthermore, three rounds of directed molecular evolution demonstrated that known
cefotaximase-enhancing mutations were accessible regardless of the differences in dynamics.
Interestingly, specific sequence differences between the related R-lactamases were shown to
have a higher effect in evolutionary outcomes than did differences in dynamics. Overall, these -
lactamase models show tolerance to protein dynamics at the timescale of catalytic turnover in

the evolution of a new function.

3.2 Introduction
Intragenic epistasis describes the non-additive effect of mutations on protein fitness. It has been
shown to hinder predictability in protein engineering experiments (1-6), highlighting the need for
investigation into its causes and effects. In recent years, deep-mutational scanning has been
applied to extensively investigate both the impact of single mutations on a given function (7-9)
and, of particular interest with respect to intragenic epistasis, all possible combinations of double
mutants (10). However, exhaustive investigation of combinatorial mutations is resource intensive
and out of reach for the average-sized protein (a 50 amino acid protein requires a library of 20°°
=1.1x105° variants). Therefore, focused combinatorial libraries and directed molecular evolution

experiments are currently the most useful approach to uncover epistatic interactions (11-13).
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Intragenic epistasis comes in different forms. Mutations that individually have a beneficial effect
on fitness can act synergistically (positive epistasis) or can be deleterious when combined
(negative sign epistasis); on the other hand, deleterious mutations can be beneficial when
combined (positive sign epistasis) (3). The variety of epistatic interactions imposes constraints on
mutational pathways leading to a new protein function: pathways that include a node with lower
fitness are not evolutionarily accessible whereas specific pathways can be decided by early,
positive epistatic effects in evolution (2, 4, 6, 14, 15). Factors known to influence epistasis include
direct inter-residue interactions as well as long-range interactions mediated by dynamic networks
and protein stability (2, 3). Despite increasing evidence that protein dynamics modulate function
and fitness (6, 16-21), the impact of protein dynamics on intragenic epistasis is not well

understood.

Dynamics are a complex feature of proteins. They encompass motions of varied magnitude and
timescales; no single methodology can readily evaluate the full range of motion describing a
protein (21-23). Protein dynamics are selected for during natural evolution of enzymes, consistent
with dynamics being a determinant of function (24-26). Tracking protein dynamics during the
course of experimental evolution has equally revealed correlations between protein dynamics,
function and evolution (27, 28). Ancestral reconstruction of B-lactamases revealed that protein
motions at fast timescales decreased in conjunction with evolution of specificity (29). The directed
evolution of a phosphotriesterase to an arylesterase, and back to a phosphotriesterase, revealed
that the majority of mutations, although distant from the active site, were epistatic and caused
conformational changes (16). Similarly, the additive combination of mutations distant from the
active site increased protein motions of inactive proline isomerase CypA, restoring its activity (30).
Finally, simulations of a beneficial sign epistatic interaction obtained by laboratory evolution of a
metallo-R-lactamase (31) were experimentally verified to result in increased protein motions on

the millisecond to microsecond timescales (32).

Evolution is thus shown to modulate protein dynamics; do dynamics modulate the course of
evolution? Subjecting to evolution proteins having differing dynamic patterns may reveal
alternative evolutionary paths. Alternatively, differing dynamics at the start-point of evolution

may not be determinant in evolutionary mechanisms. This might depend on the nature of the
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protein motions in play: their location and frequency may determine their impact on evolution.

To address this question, we performed the laboratory evolution of two variants of TEM-1 R-
lactamase, a widely-used model for the study of enzyme evolution (14, 33-35) that readily evolves
towards hydrolysis of new B-lactam antibiotics (36, 37). Previous studies have revealed the most
prevalent evolutionary paths and shown that the evolution of TEM-1 R-lactamase is highly
constrained due to epistasis (14, 38, 39). In addition, high active site dynamics have been
proposed both to promote and to prevent protein evolvability in TEM-1 B-lactamase (29, 34). This
suggests that evolving variants having different motions may result in different endpoints, or in
different paths to reach the same point. The two specific TEM-1 3-lactamase variants were chosen
because they share similar catalytic activity and substrate recognition, thermal stability, as well
as conserved motions at fast (ps-ns) timescales, but they differ greatly in the location and extent

of their motions at slow timescales (us-ms) (22) (Figure 3.1).
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Figure 3.1. — Schematic representation of protein dynamics and 3D structure of TEM-1 B-lactamase
highlighting catalytically-relevant regions.

(A) Schematic representation of protein dynamics determined at fast time scales (ps-ns)
and slow time scales (us to ms or slower) below sequence diagrams for TEM-1, cTEM-2m
and cTEM-17m (22). Amino acid substitutions with respect to TEM-1 are shown in purple.
The slow timescale coincides with the timescale of catalytic turnover (TEM-1 keqt for
benzylpenicillin = 450 s) (40). (B) Structure of TEM-1 highlighting catalytically-relevant
regions: S70 (cyan), Y105 (dark blue), SDN loop (red), £2-loop (yellow) and 234-244 wall
(green)

Mutations E104K/G238S appear in the most efficient evolutionary pathways in natural and
directed molecular evolution of TEM-1 towards cefotaxime, exhibiting positive epistasis (14, 37,
41, 42). We therefore introduced mutations E104K and G238S into the two variants of TEM-1 that
differ in slow dynamics but exhibit similar catalytic reactivity, to examine the impact of protein

dynamics on the evolution of new cefotaximase activity. As for TEM-1, this resulted in synergistic
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improvement of cefotaximase activity, demonstrating that this evolutionary trajectory remained
efficient in different dynamic backdrops. To examine the broader impact of protein dynamics on
evolution, we performed three rounds of directed molecular evolution with random mutagenesis
to allow exploration of alternative pathways to cefotaximase activity. These revealed that
mutations previously reported in the evolution of TEM-1 also appear in the variants with differing
slow dynamics. Our results show that TEM-1 B-lactamase is a robust system where evolvability is
compatible with diverse dynamic backgrounds, and where variants possessing slow timescale

dynamics that vary in extent and in location can access known evolutionary pathways.

3.3. Materials and methods

3.3.1. Site-directed mutagenesis

Mutations E104K and G238S were introduced individually and jointly into B-lactamase constructs
TEM-1, cTEM-2m and cTEM-17m. The R-lactamase genes were fused to an OmpA signal peptide
in 3' for periplasmic export and cloned into the plasmid pET-24 as previously reported (43). Whole

plasmid site-directed mutagenesis (44) was done using primers (Sigma Aldrich) designed

according to the QuikChange Lightning kit: E104K-F (5'-
TATTCTCAGAATGACTTGGTTAAGTACTCACCAGTCACAG-3'), E104K-R (5'-
CTGTGACTGGTGAGTACTTAACCAAGTCATTCTGAGAATA-3'), G238S-F (5'-
GATAAATCTGGAGCCAGTGAGCGTGGGTCTC-3') and G238S-R (5'-

GAGACCCACGCTCACTGGCTCCAGATTTATC-3'). Pfu polymerase (Agilent) was used, with reaction
conditions according to the manufacturer’s recommendations and an extension time of 6 min (~1
min/kb). The reaction product was digested with Dpnl (NEB) for 1h at 372C to eliminate the
template and one-tenth of the reaction was transformed into CaCl,-competent E. coli XL1-Blue
prepared following the Inoue method (45). Where mutagenesis was unsuccessful by that method,
mutagenesis was undertaken by overlap extension (46). Briefly, the forward primers (above) were
employed with the T7- reverse primer (5'- ATGCTAGTTATTGCTCAGC-3') and the reverse primers
(above) with the T7+ forward primer (5'-TAATACGACTCACTATAGGG-3') in separate PCR reactions
with the Phusion polymerase (Thermo Scientific) according to the manufacturer’s

recommendations. The full-length mutated gene was reassembled from the resulting mutated
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PCR products in a third PCR reaction using both T7+ and T7- primers. The purified PCR products
were subcloned into pET-24 using Ndel and Hindlll restriction enzymes (NEB) and DNA ligation kit
(Takara). The reaction product was transformed into CaCl,-competent E. coli XL1-Blue cells.
Following selection on Luria-Bertani agar plates containing 50 ug/mL kanamycin, sequences were

confirmed by DNA sequencing (IRIC Genomics Platform at Université de Montréal).

3.3.2. DNA library generation
Libraries were generated according to the protocol of Copp, Hanson-Manful (47). Briefly, random
mutagenesis was performed on pET24-cTEM-2m and pET24-cTEM-17m using T7+ and T7- primers
with the GeneMorph Il kit (Agilent) to obtain a low mutation rate (1-3 mut/kb). Reaction products
were sub-cloned into pET-24 as described above, but using T4 DNA ligase (NEB) overnight at 42C.
Following DNA purification using Monarch PCR and DNA purification kit (NEB), half of the reaction
was transformed into electrocompetent E. cloni cells (Lucigen) and spread onto Luria-Bertani agar
plates containing 50 pug/mL kanamycin. After overnight incubation at 372C, the DNA of 10-20
colonies was amplified using 2x PCR Precision Master mix (ABM) and sequenced to verify the
mutation rate. DNA sequencing was done by the Genomic Platform of IRIC or the Genome Quebec
Innovation Center at McGill University, Canada. Library size was estimated by counting the
resulting colony forming units after overnight incubation at 372C in Luria-Bertani agar plates
containing 50 pg/mL kanamycin. Subsequently, the libraries were pooled, miniprepped using the
Monarch Plasmid miniprep kit (NEB) and transformed into E. coli BL21(DE3) for expression and

screening.

3.3.3. Directed molecular evolution
Libraries were screened on agar plates containing the antibiotic cefotaxime (Sigma-Aldrich) at
concentrations 0.08-0.032 pg/mL. Several dilutions of the library were plated on non-selective
medium to ensure that colony forming units were 10-20-fold higher than the estimated library
size. To favor genetic diversity and avoid early evolutionary dead-ends, between 25 and 70
colonies were pooled and selected at each round. Plasmid DNA was extracted with Monarch
plasmid miniprep kit (NEB), amplified and used as a template for random mutagenesis to produce

the next generation. This process was repeated for a total of three generations. The selection
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process was tracked by sequencing between 5 and 14 colonies after each selection (IRIC Genomics

Platform at Université de Montréal).

3.3.4. Protein expression and purification
Expression and purification of the R-lactamase variants were performed as in Gobeil, Clouthier
(48). Briefly, 5 mL of an overnight culture were inoculated in 400 mL of ZYP-5052 autoinduction
medium containing 100 pug/mL kanamycin. After initial growth at 372C until ODeoo nm=0.6,
expression was carried out overnight at 222C. After centrifugation at 3,000 rpm for 30 min, the
cell pellet was resuspended in 10 mM Tris-HCl pH 7.0 buffer and lysed using a cell disrupter
(Constant Systems). After centrifugation at 20,000 rpm at 42C for 30 min, the supernatant was
filtered through a 0.2 um filter and injected onto a DEAE-Sepharose Fast Flow column (1.6 cm x
30 cm). A linear gradient from 10 mM to 200 mM Tris-HCl pH 7.0 was applied. If purity was < 80%,
size exclusion chromatography was performed over a Superdex 75 column (1.6 cm x 55 cm)
equilibrated with 50 mM Tris-HCl pH 7.0. Protein concentration and buffer exchange were done

in 10 MWCO Ultra Centrifugal Filter Units MilliporeSigma Amicon (Fischer Scientific).

3.3.5. Minimal inhibitory concentration (MIC) assays
Minimal inhibitory concentration (MIC) assays were performed according to Wiegand, Hilpert
(49) using the agar plate method. Briefly, E. coli BL21(DE3) cells expressing the R-lactamase
variants were propagated overnight in Luria-Bertani medium containing 50 ug/mL kanamycin. An
inoculum of 10* cfu was spotted onto Luria-Bertani agar plates, containing 0.25 mM IPTG and
0.004-1048 pg/mL cefotaxime in two-fold dilutions. After overnight incubation at 379C, the plate
which had the lowest cefotaxime concentration at which there was no visible growth was

considered as the minimal inhibitory concentration. Each construct was assayed in triplicate.

3.3.6. Enzyme kinetics
Kinetic parameters for cefotaxime hydrolysis were determined at 279C in a Cary 100 Bio UV-
Visible (Agilent) spectrophotometer, where Ag;ps nm = 7250 Mlcm™? (40). Cefotaxime
concentrations ranged between 12.5 uM — 200 uM and enzyme concentration 5-70 nM. Kinetic
constants were calculated using GraphPad Prism 6 using Michaelis-Menten equation when Ky

was lower than 150 pM. Otherwise, the Lineweaver-Burk representation was used to calculate
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kinetic parameters due to inability to saturate the enzyme with CTX, a common issue with

cephalosporins (50-53).

3.3.7. Thermal stability
Differential scanning fluorimetry was used to determine the melting temperature of the R-
lactamase variants. Protein concentrations of 1 uM — 8 uM in sodium phosphate buffer 50 mM
pH 7.0 were combined with 2.5 x, 3.3 x and 5 x SYPRO Orange in a final volume of 20 uL. A
temperature gradient of 20-952C with a 0.042C/s increase was applied in a Light Cycler 480 gPCR
instrument (Roche). Fluorescence was measured with Aexc = 483 nm and Aem = 568 nm. Melting
temperature values were calculated from the negative derivative of the fluorescence value versus

temperature where the minimum represents the melting temperature (54).

3.3.8. System preparation for computational analysis

The crystal structures 1XPB for TEM-1, 4MEZ for cTEM-2m and 41D4 for cTEM-17m were prepared
with Schrodinger’s Preparation Wizard. Active site waters blocking substrate docking were
manually removed, taking care to keep the water molecule bridging S70 and E166. Missing side
chains were added and sampled through Prime. Hydrogens were added and the protonation
states manually checked with the interactive optimizer. For TEM-1, this resulted in H26 and H96
in epsilon protonation, the remaining histidines being delta-protonated. In cTEM-2m, H96 was
additionally delta-protonated; it is quite solvent exposed and far from the active site. For cTEM-
17m, H26 and H29 were epsilon-protonated and H112 was doubly protonated (thus having a +1
charge). Although the Wizard suggested that K234, immediately next to the nucleophilic S70,
should be neutral, we kept it positive as it might be crucial for substrate binding and for stabilizing
deprotonation S70 (55).

We performed Glide docking of cefotaxime using S70 as the grid center and increasing the
(grid) inner box diameter to 16 A to guarantee substrate accommodation. We attempted docking
before and after computing quantum charges for the ligands, at the B3LYP DFT and 6/31G** level
of theory (56) (57) but obtained analogous results. We thus adopted the classical OPLSAA atom
parameters for the ligand since in our experience they might represent better average ones (58).

Docking used default SP Glide parameters for the three systems resulting in good catalytic
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positions, with catalytic substrate-serine distances < 4 A. After docking cefotaxime, double
mutants were generated with Maestro and the mutated side chains were sampled with Prime

prior to performing PELE simulations.

3.3.9. Protein Energy Landscape Exploration method (PELE)
Using the cefotaxime-docked structures as input, local PELE explorations were run with the recent
AdaptivePELE version (59). PELE is a Monte Carlo protein-ligand sampling procedure capable of
accurately mapping ligand migration and induced fit mechanisms (60). Each simulation involved
20 adaptive epochs of 75 PELE steps each, running on 48 computing cores for a wall clock of ~15
hours. The system was described using PELE’s default energy function, the 2005 OPLS-AA level of
theory with a surface generalized Born model implicit solvent (61). For each sampled pose,
substrate binding energies were computed using the interaction force field energy: Ecomplex -

Ereceptor - Esubstrate-

3.3.10. PELE analysis
In-house Python scripts were used to identify poses with the lowest interaction energies where
the catalytic S70 was at a distance of < 3.5 A from C3 of the cefotaxime R-lactam ring. Scripts are
available upon request. Visual inspection of the poses as well as identification of productive poses
was done using VMD (62). The salt bridges plugin in VMD was used to identify interactions. This
considers that a salt bridge is formed when any oxygen atom of a residue identified as acidic and
any nitrogen atom of a residue identified as basic are at a cut-off distance of < 3.2 A in at least
one frame. Distance between residue 104 and P167 was calculated using the Tk console of VMD

with a freely available script at https://github.com/ipudu/useful-vmd-

scripts/blob/master/distance.tcl. Distances were calculated between the center of mass of two

residues, as well as between the a-carbons. Active site volume was calculated using F-Pocket (63).

3.4. Results

3.4.1. Positive epistasis is maintained in a known evolutionary path despite altered
protein dynamics.

Protein dynamics on slow timescales (us to ms or slower) see large conformational
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rearrangements associated with ligand-binding and substrate turnover. We previously reported
two variants of TEM-1 R-lactamase where functionality is maintained despite sequence
differences and marked differences in the magnitude and location of slow protein motions (Figure
3.1) (22, 48). Variants cTEM-2m and cTEM-17m include, respectively, two and 17 substitutions in
the active site region. The substitutions of cTEM-2m are M68L and M69T, the immediate
neighbors of the nucleophilic S70; those of cTEM-17m are on an opposite face of the active site,
within and flanking the catalytic Q-loop (Figure 3.2). In contrast to TEM-1, where only 13 residues
display slow motions near the frequency of turnover (us to ms or slower, where the ket of TEM-
1 for benzylpenicillin is 450 s (40)), variant cTEM-2m exhibits slow motions in 29 residues; these
are predominantly located in the active site cavity at the catalytically relevant Y105 and SDN loop
but exclude the Q-loop. Variant cTEM-17m differs yet more strikingly, with slow motions mapped
to 82 residues that broadly span the enzyme and include the Q-loop (Figure 3.1) (22).
Nonetheless, their catalytic efficiencies (kcat/Km) are within one order of magnitude of the native
TEM-1 ((22, 40) and Table 3.1). Conservation of their kinetic properties correlates with
conservation of their fast motions (ps-ns), despite wide-ranging alterations of their motions on

the timescale of catalytic turnover (24).

5
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Figure 3.2. — Location of mutations E104K and G238S in host B-lactamases.

(A) cTEM-2m (PDB 4mez) and (B) cTEM-17m (PDB 4id4). Mutated residues with respect to
TEM-1 are highlighted as purple spheres and the catalytic serine 70 is in cyan, E104K in dark
blue and G238S in yellow.
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The synergistic mutations E104K/G238S are prevalent in cefotaxime-resistant clinical isolates and
consistently appear in directed molecular evolution experiments (36, 37, 64). These mutations
were introduced into the two TEM-1 variants to determine whether the E104K/G238S mutational
pathway to cefotaxime resistance is accessible in the context of altered active site residues and
slow motions. The impact of the two and 17 mutations of variants cTEM-2m and cTEM-17m on
the newly inserted E104K/G238S mutations was evaluated by determining the in vitro kinetics of
cefotaxime hydrolysis (Table 3.1). In all cases, inclusion of E104K/G238S procured remarkable
increases in catalytic efficiency (~600-fold in cTEM-2m; ~360-fold in cTEM-17m), comparable to
the ~320-fold increase observed for TEM-1 E104K/G238S. These results immediately demonstrate
that, despite exhibiting unique and widespread patterns of increased slow dynamics throughout
the active site (Figure 3.1), cTEM-2m and cTEM-17m can evolve cefotaximase activity via the same

mutations as TEM-1 R-lactamase (Table 3.1).

Variant cTEM-17m is the most genotypically distant from TEM-1 (17 substitutions) and differs
most in the range and extent of its slow dynamics, yet inclusion of mutations E104K/G238S had
essentially the same effect on catalytic efficiency (190 MM s1, relative to 220 MM st in TEM-1,
Table 3.1); variant cTEM-2m was only 4-fold less efficient. Catalytic turnover (kcat) was strongly
improved by inclusion of mutations E104K/G238S in all three settings: a ~180-fold increase in
CTEM-2m and cTEM-17m, significantly greater than the ~30-fold increase in TEM-1. This was
accompanied by a modest increase in productive binding to cefotaxime: Km was reduced by ~2-
3-fold in cTEM-2m and cTEM-17m, which both had higher affinity at the outset, compared to ~10-
fold in TEM-1. Although mutations E104K/G238S have been found to be destabilizing in TEM-1
and are often accompanied with the stabilizing mutation M182T (42), it has been reported that
thermostability is not a major driving force in the evolution of CTX resistance in TEM-1 R-
lactamase (50). It is interesting to note that inclusion of mutations E104K/G238S decreased
thermostability by ~7°C in both TEM-1 and cTEM-2m; despite cTEM-17m displaying the most
widespread slow dynamics, its melting temperature was hardly affected by inclusion of mutations

E104K/G238S (~2°C decrease).

Insertion of the individual E104K and G238S substitutions revealed a clear increase on

cefotaximase specific activity in the three host B-lactamases (Table 3.1). Inclusion of G238S
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procured 10- to 100-fold greater improvement to specific activity against cefotaxime than E104K
in each host, consistent with the prevalence of the G238S substitution in clinical
isolates/evolution towards cephalosporins (36, 37, 64). Most of the catalytic improvement
resulted from increased kcat due to G238S (30 to160-fold). In contrast, the effects of the individual
mutations on Ky were modest, whether in improving Ky in TEM-1 (0.2 to 0.5-fold) or weakening
it in cTEM-2m and cTEM-17m (1.2 to 4-fold) (Table 3.1). Indeed, sign epistasis was observed for
Km in cTEM-2m and cTEM-17m; in both cases, one or both substitutions weakened Ky and their
combination had a favorable effect on Km. This demonstrates that substitutions E104K and G238S

in all three host B-lactamases increase catalytic activity, yet the pattern of improvement is

modulated by the differences between the hosts.

Table 3.1. - Cefotaximase activity in vitro and in E. coli, and thermostability of host B-lactamases

TEM-1, cTEM-2m, cTEM-17m and their corresponding E104K/G238S variants.

Kwm Keat Keat/Km MIC Tm

(rM) (s%) (mM*s?) (ng/mL) (cc)
TEM-1 1500 + 900 1.0£0.5 0.68 +0.53 0.03 49.9+0.3
TEM-1 E104K 750 + 560 (0.5 x) 1.0+ 0.6 (1 x) 1.3+12(2x) 0.1 49.4+0.1
TEM-1 G238S 240+ 80 (0.2 x) 30+ 8(30x) 130 + 100 (190 x) 0.6 43.8+0.1
TEM-1 E104K/G238S 150 + 50 (0.1 x) 33+9(33%) 220 +90 (320 ) 130 435+0.1
cTEM-2m ® 240 + 40 0.02 +0.01 0.083 +0.044 0.02 49.6+0.2
cTEM-2m E104K 680+ 170 (3 x) 0.3+0.1 (15 x) 0.44 +0.25 (5 x) 0.02 47.5+0.4
cTEM-2m G238S 290 +40 (1.2 x) 1.4+0.3 (70 ) 4.8+1.4 (60 x) 0.04 423+0.2
cTEM-2m E104K/G238S 77 £10 (0.3 x) 3.8+0.2 (190 x) 49 +7 (600 x) 0.09 42.0+0.4
cTEM-17m ¢ 260 + 100 0.14 +0.04 0.54 +0.26 0.03 49.0+0.8
cTEM-17m E104K 920 + 90 (4 x) 3.1+0.5(20%) 3.4+0.7(6 ) 0.02 483+0.3
cTEM-17m G238S 730+ 290 (3 x) 23+ 8 (160 x) 32417 (60 %) 43 48.0+0.5
cTEM-17m E104K/G238S 130+ 30 (0.5 x) 25+ 3 (180 %) 190 + 50 (350 x) 109 46.9+0.5

2 Fold increase relative to the respective host B-lactamase is given in parentheses. Changes equal to or greater than

one order of magnitude are highlighted in red.
b Values taken from (22).

¢ Values taken from (40).
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At a glance, the MIC values against CTX of the individually and doubly substituted variants did not
show a clear correlation with the kinetic parameters (Table 3.1). A closer look shows similar trends
in improvement of specific activity and increased MIC for the TEM-1 series and the cTEM-17m
series. In both cases, G238S had the greatest individual effect and combination of E104K and
G238S showed clear positive epistasis, similar to effects on specific activity. This relation did not
hold in cTEM-2m. cTEM-2m despite a 600-fold improvement in catalytic efficiency showed an
increased MIC of only ~4-fold (Table 3.1). Expression of all variants in E. coli was similar, but
factors inherent to the in vivo MIC assay such as altered mRNA or protein stability, folding or
periplasmic export may play an additional role. For instance, the correlation between MIC and
activity assays increased when kinetic stability, that is aggregation and degradation in native
conditions, was considered for Bcll metallo-RB-lactamase (4). In the current study, thermostability
is unlikely to be in play since TEM-1 and cTEM-2m showed a similar loss of thermostability upon

inclusion of E104K/G238S (Table 3.1).

Overall, in vitro assays demonstrate that the E104K/G238S combination considerably increases
catalytic activity in all three host B-lactamases. This is observable in vivo through MIC assays only
for host R-lactamases TEM-1 and cTEM-17m, indicating that the improvement in catalytic
function or expression in host cTEM-2m was insufficient to overcome microbial inhibition with
CTX. These considerations will influence the outcome of directed molecular evolution, where

cefotaximase function is selected via an in vivo process.

3.4.2. Rationalization of catalytic improvement through flexible molecular docking.
The inclusion of E104K and G238S resulted in a similar extent of catalytic improvement in the
three host R-lactamases despite the variation in active site sequence and dynamics at the
timescale of cefotaxime turnover. The mechanism by which these mutations provide a synergistic
effect in TEM-1 is not yet fully understood (2, 37). Here, we examined whether the mechanism of
catalyticimprovement was conserved by performing Protein Energy Landscape Exploration (PELE)
(65) simulations. PELE is a Monte Carlo approach that combines random localized perturbations
of the substrate and protein backbone with side-chain sampling and minimization cycles. Such a
combination has been shown to provide robust descriptions of substrate migration and active site

induced-fit (66, 67). This is key, as previous research has found that docking to a single structure
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does not accurately predict increases in catalytic efficiency (68). Here, the rate-limiting step for
cephalosporin hydrolysis is the acylation process (69), which is the first step in the reaction
mechanism. As a result, correlation of the enzyme-substrate catalytic distances with the

Michaelis-Menten kinetic parameters is pertinent.

Our simulations identify such a correlation with catalytic efficiency. Each of the E104K/G238S
variants presents significantly more favorable (lower) interaction energies at the catalytic
distance monitored (distance from catalytic S70 to C3 carbon in cefotaxime; Figure 3.3) than their
respective non-mutated hosts, reflecting the improved catalytic efficiency of each E104K/G238S
variant (Figure 3.4). In TEM-1, cTEM-17m and their E104K/G238S variants, the energy minima
observed at catalytically relevant distances (~3 A) are sharper, showing a more productive
exploration of the active site by the substrate than in cTEM-2m and its double mutant (Figure
3.4). The non-mutated TEM-1 has a second energy minimum at ~3.7 A (almost degenerate with
that at ~3 A). Inclusion of E104K/G238S in TEM-1 produced a greater stabilization of the
catalytically productive minimum than the non-productive minimum, contributing to the increase
in catalytic efficiency. This is consistent with previous results, where mutations E104K/G238S

were shown to reduce the incidence of non-productive conformations (68).

Q/%r
ﬁﬁw »
Ser70 /\

Figure 3.3. — Schematic representation of the catalytic distances monitored during PELE simulations
for identification of catalytically relevant frames

S70 hydroxyl oxygen to CTX(C3), S70 hydroxyl hydrogen to catalytic water, and E166 carboxylate
oxygen to catalytic water.
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Figure 3.4. — PELE energy profiles for the host B-lactamases

(A) TEM-1, (B) cTEM-2m and (C) cTEM-17m (empty green circles) and their respective
E104K/G238S variant (full blue circles). Binding energy is plotted against distance of S70
hydroxyl oxygen to CTX(C3).

The conformers corresponding to the lowest interaction energies and shortest distances between
the catalytic S70 and the CTX R-lactam ring for each variant were defined as catalytically
productive (Figure 3.3). This excluded binding in catalytically disfavored conformations, such as
conformers displaying favorable binding energy but Ser-CTX distances incompatible with catalysis
(> 3.7 A) (Figure 3.4). They were extracted using the lowest interaction energies where the
catalytic S70 was within 3.5 A of C3 in the CTX R-lactam ring. The average catalytic distances are

similar (Table 3.2). Then, the 50 best frames with < 3.5 A between the catalytic water and the
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hydroxyl oxygen of S70 as well as a carboxylate oxygen in E166 were selected, again excluding
any catalytically disfavored conformation (Figure 3.3). The predicted binding energies of the
catalytically productive structures improved upon inclusion of E104K/G238S into each of the
three host B-lactamases (Table 3.2). Despite a 2-fold greater improvement in host cTEM-2m
(average 6.1 kcal/mol) than in hosts TEM-1 and cTEM-17m (average ~3 kcal-mol), the predicted
binding energy of cTEM-2m E104K/G238S was weaker than the other double mutants. This
correlates with its lower catalytic efficiency and poor performance in MIC assays (Table 3.1).
Further analysis revealed a new salt bridge in each of the double mutants (Table A1.1in annex 1).
The E104K-E240 salt bridge appeared in 7 out 50 poses in TEM-1 E104K/G238S, 40 out of 50 poses
in cTEM-2m E104K/G238S and 12 out of 50 poses in cTEM-17m E104K/G238S. Although it did not
appear in all poses, it signals a potential contribution to stabilizing catalytically relevant

conformations.

In addition, the inclusion of E104K/G238S decreased the distance between residue 104 and P167
in all variants, by an average of 1.4 A (1.1 to 1.8 A; Table 3.2). P167 belongs to the Q-loop and is
the neighbor of the catalytic E166; its van der Waals interaction with K104 has been proposed to
stabilize catalytically relevant conformations (68). We note that this stabilization did not

significantly modify the backbone distances between residue 104 and P167.

It is interesting to note that cTEM-17m has a larger active site pocket (5000 A3) than TEM-1 (2200
A3) and cTEM-2m (2600 A3). The active site cavity size was greatly reduced in cTEM-17m
E104K/G238S (2320 A3), bringing it in the range of TEM-1 E104K/G238S (2350 A3) and cTEM-2m
E104K/G238S (1980 A3) which showed smaller variation in cavity size with their respective hosts.
The observations made with ¢cTEM-17m demonstrate that variation in the active site cavity

volume is tolerated in TEM-1 variants.
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Table 3.2. — Analysis of the 50 catalytically productive variants having the lowest interaction

energy
Binding Distances (A) E104K-E240
Energy  ~s70. $70- El66-  104-p167  SClfbridge
(kcal/mol)  ~1x(c3) catalytic  catalytic (%)
water water
TEM-1 Average -76.3 3.1 2.7 3.1 6.7 N/A
Max -74.9 3.5 2.8 3.3 7.3
Min -78.8 2.8 2.6 2.9 57
TEM-1
Average -79.1 3.1 2.7 3.2 5.6 14
E104K/G238S
Max -77.0 3.5 2.8 3.5 6.8
Min -83.7 2.9 2.7 3.0 5.0
cTEM-2m Average -65.7 3.2 2.7 3.2 7.6 N/A
Max -64.1 3.5 2.7 3.5 8.1
Min -70.3 3.0 2.6 3.0 7.1
cTEM-2m
Average -71.8 3.2 2.7 3.1 5.8 80
E104K/G238S
Max -69.9 3.4 3.4 3.4 6.8
Min -76.0 3.0 2.6 2.4 5.1
cTEM-17m Average -76.4 3.2 2.7 2.6 6.8 N/A
Max -74.9 3.4 2.7 3.2 7.1
Min -80.1 3.0 2.6 2.4 6.4
cTEM-17m
Average -79.4 3.1 2.7 2.6 5.5 24
E104K/G238S
Max -77.9 3.2 2.9 3.2 6.1
Min -84.5 3.0 2.7 2.4 5.2

N/A: not applicable.
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3.4.3. Directed molecular evolution towards cefotaxime hydrolysis in cTEM-2m and
CTEM-17m.

Overall, the combined E104K/G238S substitutions consistently led to important improvements in

catalytic efficiency in the three hosts, as reflected in the more favorable energies predicted for

their cefotaxime complexes. Nonetheless, the effects of the E104K/G238S substitutions on MIC

in E. coli were variable. This led us to question whether the evolutionary paths to cefotaxime

resistance available to these three hosts could differ, should mutation interactions differ

significantly due to initial slow motions.

Having demonstrated that the prevalent E104K/G238S evolutionary solution to cefotaxime
resistance in TEM-1 R-lactamase is valid in variants cTEM-2m and cTEM-17m, we investigated
whether other known evolutionary paths towards cefotaxime resistance in TEM-1 (36, 37, 41, 70)
are also accessible to cTEM-2m and cTEM-17m host B-lactamases by performing three rounds of
random mutagenesis and selection. TEM-1 has served in the past as a robust model to describe
new mutagenesis methodologies (71, 72), deep-mutational scanning (8, 73) and to test protein
evolution hypotheses (35), where screening vast libraries for improved cefotaximase activity has
proven practical and informative. As a result, a large body of information describing evolutionary
paths to higher cefotaximase activity in TEM-1 is available. Prevalent mutations known to confer
cefotaxime resistance occur in the Q-loop region (R164S, R164H, 1173V), and its neighbouring
regions: 234-244 region (A237T, G238S, E240K) and E104K. Some of these are known to act
synergistically as E104K and G238S do, for example, E240K is often encountered in combination

with R164S or G238S or A237T in combination with R164S.

We thus investigated evolutionary paths to cefotaximase activity using cTEM-2m and cTEM-17m
R-lactamases as starting points, to determine whether they include the same substitutions as
TEM-1 R-lactamase or if distinct ones are selected. Libraries consisting of >10° variants with a
mutation rate of 1-5 mutations/1000 bp/generation were screened over three generations (Table
3.3). Each generation saw the libraries plated on several concentrations of cefotaxime. Colonies
were collected and pooled at the lowest cefotaxime concentration where significant selection
was observed. This strategy allowed for inclusion of moderate sequence diversity in each

subsequent round of mutagenesis, thereby minimizing the occurrence of evolutionary dead ends.
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The mutational process was tracked by sequencing randomly picked colonies throughout the

process of laboratory evolution.

Table 3.3. - Mutation rate and library size for three rounds of directed molecular evolution, prior
to selection.

Mutation rate/1000 bp Library size (CFU)«

cTEM-2m cTEM-17m cTEM-2m cTEM-17m
Generation 1 2.6 (10)k 3.3 (16) 1.5 x10° 6.0 x 105
Generation 2 4.9 (13) 4.0 (10) 3.0x 105 1.7 x 10°
Generation 3 9.4 (12) 7.5 (10) 3.7 x 104 2.6 x 105

a CFU: colony-forming units.

bThe number of variants sequenced is in parentheses.
Dominance of one variant was identified following two rounds of evolution for cTEM-2m: variant
cTEM-2m(L40F/G116S/T160T/P167L/R178C; non-synonymous substitutions are in bold) was
observed in 7 out of 9 colonies sequenced and was the sole variant identified after selection of
the third generation (Table 3.4). PCR biases during the mutagenic process were ruled out as that
variant was not predominant prior to selection (1 out of 13 sequences, Table A1.2 in annex 1).

Table 3.4. — Mutations identified upon screening cTEM-2m libraries against 0.016 pug/mL CTX. Non-
synonymous mutations are highlighted in bold.

cTEM-2m 40 57 21 104 116 118 160 167 169 170 178
E>V ™A
Generation 1 N>I
I>P
>V G>S T P>L L>L R>C
Generation 2
L>F G>$ T P>L R>C
Generation 3 L>F G>S T P>L R>C

Non-synonymous mutations are highlighted in bold

Three generations of evolution were required to observe predominance of a variant of cTEM-17m
(Table 3.5). Variant cTEM-17m(P62P/A135A/K158N/R164R/K192N/K234K) was identified in 10
out of 14 colonies sequenced. Of special interest is that mutations E104K and G238S were

individually observed following the selection of the second generation, accompanied by one or
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more non-synonymous mutations, but neither became dominant following selection of the third

generation (Table 3.5).

90



p|oq ui pa1ysi|ysiy aJe suojenw snowAuouAs-uon

LR | 0<90 d<d <y N<§
<3 N<) v<v
N<) d<d €
N<N a<9
A< N<Y a4<y N< vy d<d
§<O 9«3 d<3 d<d
A<l $<9 Vv d<d
2<3 $<9 Vv d<d
(4
o<y <1 <1 S<§
d<d S<§
< Vv d<d
(2159 1<l V<V <
1<l 4<1
L
Wl N<N
o<v <1
SLT 952 1414 £ST &T T 6€T 86T veT 144 L6L T8l 04l 88l 581 T8l 041 PoL 851 S¥L el STL volL oot [4] L6 8L 0L z9 €5 Ty  uoypmwuan

X1D jw/8n 910°0 1suteSe saleaql wiZT-AIFL2 Suluaauds uodn payiuapl suoneIN\ - "S°E djqeL

91



3.4.4. Dominant variants in directed evolution belong to known evolutionary paths
Sampling evolutionary paths towards cefotaxime resistance showed that cTEM-17m could access
known prevalent mutations in directed evolution and clinical isolates. The experiment was
continued until a variant was predominant in cTEM-2m and cTEM-17m evolution. The dominant
variants were sub-cloned and transformed to confirm cefotaxime resistance. Predominance of a
variant indicates that these clones contain mutations that provide an advantage with respect to
the other clones in the pool when the mutational load is increased. The location and prior reports

on these mutations are discussed in this section.

The predominant cTEM-2m(L40F/G116S/T160T/P167L/R178C) variant includes two non-
synonymous mutations in the Q-loop that had previously been reported in clinical isolates or
directed molecular evolution experiments in TEM-1 (39, 64, 71). In particular, P167 is the neighbor
to catalytic residue E166 and is a key residue for folding in TEM-1 (74). The P167L substitution
observed here was previously found upon selection for CTX and ceftazidime hydrolysis,
accompanied by further mutations known to confer ceftazidime resistance (39). Mutation of R178
to A has been observed in clinical isolate TEM-178, and to C in a multiply mutated variant evolved
towards ceftazidime resistance (71). Itis interesting to note that both previously reported P167L
and R178C variants containing these mutations were accompanied by mutations R164H and
1173V, known to confer ceftazidime and cefotaxime resistance individually. Therefore, these
mutations might act synergistically with other cephalosporinase-conferring mutations. Residue
L40 is mutated to V in clinical isolate TEM-164, or to W with another mutation known to confer
ceftazidime resistance (71), yet to our knowledge the L40F mutation has not been observed in
the context of resistance. Furthermore, no resistance-conferring mutations of residue G116 have
been reported. Deep-mutational scanning data (73) agree that its mutation does not confer a
significantly adaptive phenotype suggesting that it is not a significant contributor to CTX
resistance here. Despite fixation of variant cTEM-2m(L40F/G116S/T160T/P167L/R178C) after two
rounds of evolution, it conferred no observable increase in resistance in vivo (MIC = 0.016 ug/mL,
equal to cTEM-2m). This is consistent with the slight increases in MIC that result from introduction
of the synergistic mutations E104K/G238S into cTEM-2m. Overall, cTEM-2m did not evolve

cefotaxime resistance in E. coli as readily as TEM-1 and cTEM-17m.
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The predominant cTEM-17m(P62P/A135A/K158N/R164R/K192N/K234K) variant conferred a 4-
fold increase in MIC compared to cTEM-17m (MIC =0.11 pug/mL). It includes two non-synonymous
mutations, K158N and K192N, that have both been previously identified. A mutation in residue
158 to asparagine defines the clinical isolate TEM-127 (H158N) (64), whereas K192N has been

identified along with other mutations conferring cefotaximase activity (37).

Overall, the most prevalent mutations in TEM-1 laboratory experiments and clinical isolates such
as E104K, R164S, A237T, G238S or E240K were not fixated. However, evolutionary path sampling
did reveal previously reported mutations in cefotaximase variants. And even though it was not
fixated, variants containing E104K and G238S were obtained in cTEM-17m evolution, the variant

with higher slow dynamics.

3.5. Discussion

Evolution of a new protein function often requires the initial protein to possess at least some
promiscuous activity (75). It has been proposed that proteins exist as an ensemble of conformers
in an equilibrium that can shift through evolution to favor conformers having promiscuous
function (21, 76). It is not known whether higher protein dynamics may facilitate modulating the
conformational ensemble, potentially making a protein more amenable to evolve towards new
function (77). Prior studies have reported changes in protein dynamics along evolutionary
trajectories that were correlated with higher activity, in conjunction with the observation of
epistasis in the mutations (16, 27, 30, 32). Protein dynamics may thus promote non-additive
interaction of mutations (2). Increasing our understanding of the biophysical features that
facilitate protein evolution finds practical applications in better directing protein engineering (6,

21,27, 28, 77).

We considered that TEM-1 R-lactamase was a good model to examine the impact of initial
dynamics on evolutionary trajectory because ancestral enzyme reconstruction of TEM-1 indicated
that higher active site flexibility was correlated with higher promiscuity and evolvability (29). In
contrast, a study of TEM-1 variant R164S/G238S, displaying negative epistasis toward function,

attributed high Q-loop flexibility to evolutionary dead-ends (34). Both reports point to a link
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between protein dynamics and evolutionary outcomes, and suggest that the relationship is

complex and depend on their location and the type of protein motions.

In this study, introduction of the epistatic mutations E104K/G238S in the host R-lactamase
variants cTEM-2m and cTEM-17m maintained their effect on acquisition of in vitro cefotaximase
activity, despite the variants’ differences in protein motions at the timescale of catalytic turnover.
The mechanism by which these mutations act synergistically is poorly understood (37, 78). In fact,
even the mechanism by which G238S provides such an increase in catalytic activity remains
elusive (37). It has been proposed that this mutation increases catalytic activity through a new
hydrogen bond between G238S and the oxime oxygen of cephalosporins (79) or by enlargement
of the active site either through repositioning of the B3 R-strand (80) or by repositioning of the
Q-loop (69, 81). More recently, it has been hypothesized that E104K/G238S act synergistically
through long-range interactions (2). Moreover, these mutations have been shown to reduce Q-
loop motions, stabilizing a conformer already present in TEM-1 that correlates with higher
cefotaximase activity (68). Interestingly, in this first use of PELE to examine cefotaxime binding,
we similarly observe the stabilization of catalytic enzyme-substrate poses in the E104K/G238S
mutants. Although we did not conclusively determine the mechanism by which these mutations
increase catalytic efficiency, a salt bridge observed between the new E240 and K104 in all three
E104K/G238S mutants has the potential to stabilize productive enzyme-substrate conformations
by forming a fluctuating gate that helps to enclose the substrate within the active site cavity
(Figure 3.5). Crystal structure analysis of ligand-free TEM-52 containing E104K/G238S and the
stabilizing mutation M182T was also consistent with formation of that salt bridge: E240 was
repositioned with its side-chain pointing towards E104K and the distance between those residues
was decreased by 2 A, to 4.8 A (78). This suggests that the gate is not triggered by substrate
binding but may nonetheless contribute to keeping the substrate inside the active site. We note
that the occurrence of the salt bridges trends with the improvement in catalytic efficiency of the
E104K/G238S variants; cTEM-2m E104K/G238S (600-fold improvement in keat/Kwm) displays the
highest occurrence of the salt bridge (80%, Table 3.2). Additionally, we observed reduced
distances between residue 104 and P167 in the Q-loop of the double mutants. This has been

proposed to increase the distribution of conformers able to hydrolyze cefotaxime by restricting
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Q-loop motions through van der Waals contacts, thereby stabilizing the Q-loop (68) (Figure 3.5).
Interestingly, the Q-loop stabilization was observed in all variants despite important slow
dynamics and sequence variation occurring in the Q-loop of cTEM-17m only (Figure 3.1A). The
combined effects appear to contribute to the approximately 2-order of magnitude improvement

in ket conferred by the synergistic mutations.

F G238S
L -

Figure 3.5. — The E104K-E240 salt bridge and E104K-P167 van der Waals interaction in a
representative pose of TEM-1 E104K/G238S.

E104K, G238S, E240 and P167 are shown as sticks in dark blue, yellow, green and orange,
respectively. S70 is in cyan and CTX in grey.

Considering that the double mutants of cTEM-2m and cTEM-17m show a similar increase in
catalytic efficiency as the double mutant of WT TEM-1; that the crystal structures and NMR
analysis of those two start-points for evolution are virtually indistinguishable from the WT TEM-
1 (22, 48); and that PELE simulations point to populations of statistically stabilized, cefotaximase-
competent conformers in the double mutants, consistent with the analysis of Hart (68), we can
reasonably infer that the mechanism of increased catalytic efficiency is unchanged albeit

incompletely understood in the R-lactamase variants cTEM-2m and cTEM-17m.
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The impact of mutations E104K/G238S on catalytic efficiency, on CTX resistance in E. coli (MIC)
and on binding energy predicted upon docking CTX was most similar upon introduction into TEM-
1 and cTEM-17m. This was unexpected since the latter includes 17 mutations in the active site
region relative to TEM-1 and displays vastly increased slow dynamics (Figure 3.1A). Despite cTEM-
2m E104K/G238S displaying the strongest increase in catalytic efficiency in vitro, with a 180-fold
increase in ket and 600-fold improvement of kcat/Km, the resulting cefotaximase activity did not
suffice to promote high CTX resistance in E. coli and yielded a lower binding energy profile. The
host R-lactamase cTEM-2m has only two mutations relative to TEM-1 and displays an
intermediate extent of slow dynamics; however, those two mutations — M68L and M69T — are
the immediate neighbors of the catalytic S70 and they result in a 50-fold reduction in kcatin cTEM-
2m relative to TEM-1. Overall, the inclusion of E104K/G238S in cTEM-2m, despite resulting in the
greatest increase in catalytic efficiency (kcat/Kwm), did not suffice to procure CTX resistance in E.

coli.

Similar parallels in evolutionary outcome were observed when sampling evolutionary paths in
directed evolution. Mutations E104K, G238S and further mutations reported in clinical isolates of
TEM-1 were selected in cTEM-17m libraries (36, 37, 64, 82). Whereas variants selected upon
directed evolution of cTEM-2m did not include prevalent cefotaximase mutations, other
mutations previously identified in cefotaximase variants were reported (39, 71). However,
fixation of a cTEM-2m variant in the third round of directed evolution did not significantly increase
CTX resistance as evaluated with MIC, consistent with the failure of the E104K/G238S mutations
in the same context. We therefore observe similar evolutionary outcome in E. coli for TEM-1 and
for host cTEM-17m that displays extensive slow dynamics, despite its possessing greater
sequence divergence than cTEM-2m. Furthermore, the strongest increase in catalytic activity
observed in vitro for cTEM-2m E104K/G238S demonstrates that its differences in slow dynamics
do not prevent evolvability; instead, the poor evolutionary outcome of cTEM-2m in E. coli appears
to result from the deleterious effect of its initial mutations M68L and M69T on kinetics of

cefotaxime hydrolysis.

Overall, three vastly differing patterns of protein dynamics at the timescale of catalytic turnover

did not impede the high evolvability of TEM-1 B-lactamase. Its tolerance to extensive protein
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dynamics at slow timescales is consistent with the robustness of TEM-1 B-lactamases and has
been hypothesized to facilitate evolution toward the recognition of new substrates (22, 29, 48).
Whereas loop movements and active site cavity fluctuations occur at slow timescales and are
relevant for catalysis, fast timescales where the formation and breakdown of transition states
occur are also important (24). Dynamics at fast timescales are largely conserved in the three host-
R-lactamases used in this study (Figure 3.1A) (22). This backdrop of conserved fast motions and
diverse slow motions provides scaffolds that have the potential to evolve towards new protein
function. To our knowledge this is the first study using B-lactamases whose dynamics landscapes
have been fully characterized to explore the impact of protein motions at a specific timescale and

specific regions on the evolution of new protein function and epistasis.
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Chapter 4 — Holistic engineering of Cal-A lipase chain-length

selectivity identifies triglyceride binding hot-spot

Preface to Chapter 4

Enzyme engineering is a tool that can be used to evolve proteins towards new functions,
as well as to expand our knowledge of the systems under study. It can be achieved through the
introduction of mutations in the genes coding for a specific protein. One way to do so is through
directed evolution, in which mutations are introduced at random throughout the coding gene or
in specific regions. This approach often reveals areas that do not tolerate mutations, interactions

or mutational hot-spots that could not have been anticipated by knowing the structure alone.

In this chapter we use the industrially relevant enzyme Cal-A lipase, whose biophysical
properties are poorly known. Currently, there are two crystal structures of this enzyme (PDB IDs
2veo and 3guu). Their analysis has shown that Cal-A has rare structural features such as a tyrosine
in the oxyanion hole, a cap domain and a small active site flap. The existence of an acyl-binding
tunnel has been suggested for this enzyme, although the mechanism for substrate recognition

remains to be studied.

In order to explore the relevant regions implicated substrate recognition, the gene
encoding Cal-A lipase was subjected to region-focused mutagenesis in three segments. These
were subsequently recombined seamlessly to regenerate the full-length gene and the resulting
mutants were screened against triglycerides of different chain-length. This focused approach
allowed us to identify a mutational hot-spot in the putative acyl-binding tunnel, showing that this

is the main tunnel implicated in binding the fatty acid moiety of the triglycerides.

The results of this chapter were published in 2019 in the journal PLoS ONE. This study was
conceptualized and supervised by postdoctoral Fellow Dr. Daniela Quaglia and Prof. Joelle
Pelletier. The experimental portion of the study was carried out by Dr. Quaglia and
undergraduate intern Sara Ouadhi. Specifically, Golden-gate mutagenesis, screening, sequencing

and lysate characterization was performed by them. My contribution to this manuscript was in
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the analysis and discussion of genotype-phenotype relations of Cal-A variants. MSc candidate
Olivier Rousseau and myself contributed to the data curation and analysis of sequencing results
from random mutagenesis libraries. O. Rousseau designed a script to extract mutations from
sequencing results, whereas | designed a script to correlate and map mutations with the
phenotype observed in the experimental results. The original draft was written by Dr. Quaglia. |
contributed in writing results, discussion, conclusions, to create figures 4.1, 4.3, 4.4 and
supplemental figures, as well as to review and edit the overall manuscript. Prof. Pelletier
reviewed and edited the final manuscript together with Dr. Quaglia. All authors reviewed and

revised the manuscript.
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4.1. Abstract

Through the application of a region-focused saturation mutagenesis and randomization
approach, protein engineering of the Cal-A enzyme was undertaken with the goal of conferring
new triglyceride selectivity. Little is known about the mode of triglyceride binding to Cal-A.
Engineering Cal-A thus requires a systemic approach. Targeted and randomized Cal-A libraries
were created, recombined using the Golden Gate approach and screened to detect variants able
to discriminate between long-chain (olive oil) and short-chain (tributyrin) triglyceride substrates
using a high-throughput in vivo method to visualize hydrolytic activity. Discriminative variants
were analyzed using an in-house script to identify predominant substitutions. This approach
allowed identification of variants that exhibit strong discrimination for the hydrolysis of short-
chain triglycerides and others that discriminate towards hydrolysis of long-chain triglycerides. A
clear pattern emerged from the discriminative variants, identifying the 217-245 helix-loop-helix
motif as being a hot-spot for triglyceride recognition. This was the consequence of introducing
the entire mutational load in selected regions, without putting a strain on distal parts of the
protein. Our results improve our understanding of the Cal-A lipase mode of action and selectivity.
This holistic perspective to protein engineering, where parts of the gene are individually mutated
and the impact evaluated in the context of the whole protein, can be applied to any protein

scaffold.

4.2. Introduction

Enzyme engineering is widely used to transform enzymes into better catalysts for improved
specificity, selectivity, stability, and new chemistry (1-4). Methods available to produce the
genetic diversity necessary to discover variants with improved characteristics range from focused
point mutations to a completely randomized approach. The diversified library of variants is then
screened for the desired properties (5-9). Many of these advances attempt to address two critical
limitations to efficient enzyme engineering: the need to reduce library sizes by pinpointing
mutational hot-spots where engineering will have the most effect, and the unavailability of
effective high-throughput screening methods that directly elicit the desired property, rather than

a proxy to that property. It is of paramount importance for advancement in the area to develop
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better approaches for the creation of smart libraries of mutants (10, 11) and tools for direct

screening.

Smart library creation is currently best addressed either by performing series of sequential
and converging mutagenesis campaigns on the whole gene of interest, or by inclusion of
computational predictions based on structure and sequence alignments (5, 6, 8, 9, 12-15). We
tackle the problem from a dynamic and more holistic perspective, applying region-focused
saturation mutagenesis and randomization with seamless recombination (11). In this approach,
individual regions of the gene of interest are treated for mutagenesis and are readily recombined
with other mutated or native regions. This enables customized generation of mutations in each
region, followed by recombination into the full-length coding sequence through assembly using
the Golden Gate method (11, 16-18). The flexibility of the method resides in the ability of
introducing different patterns of mutations in distinct regions of the protein: each part can be

mutated randomly or using a more targeted approach such as saturation mutagenesis.

Demonstrated at a small scale in previous work (11), here we validate this flexible, combinatorial
approach by expanding the engineered libraries. Then, we demonstrate that this approach readily
defines mutational hot-spots in the chosen target protein (Candida antarctica Lipase A, Cal-A).
We rapidly discovered improved enzyme variants that were not restricted to point mutants but
considered possible synergistic effects between substitutions (19). We further demonstrated that
the variants allowed individuation of point mutants of interest, providing an important body of

information on the target enzyme, Cal-A.

Growing industrial interest in the development of biocatalysts for selective hydrolysis of fatty
acids from naturally sourced triglycerides has stimulated research and development concerning
lipases. Cal-A has been investigated for a range of biocatalytic applications, such as using the
native Cal-A to concentrate w-3 polyunsaturated fatty acids (PUFA) from marine resources (20,
21) or engineering variants for enhanced trans-selectivity (22, 23). Lipases with the ability to
hydrolyze fatty acids of specific chain-lengths are also highly desirable, particularly for the food

industry (24, 25). For instance, medium-chain fatty acids constitute high-value food additives as
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they provide quick access to energy. Furthermore, health benefits have been associated with

milk-fat products rich in diglycerides composed of short-chain saturated fatty acids (24-26).

Cal-A is thermostable (retains catalytic activity at > 90 °C), stable at acidic pH and accepts a wide
variety of substrates including sterically hindered ones. Furthermore, it differs from the majority
of lipases in that it does not undergo extensive movement of a lid domain when undergoing
interfacial activation (22, 27, 28). Interfacial activation is a fundamental property of most lipases,
where association with lipids is required for a large conformational change that provides access
to the otherwise masked active site. These qualities reduce the complexity of the system and
make Cal-A a good target for engineering new properties. Prior reports interpreted a co-
crystallized PEG-4 molecule as being a fortuitous substrate surrogate, which allowed to identify a
docking region for p-NO.-phenyl derivatives of fatty acids. This was supported by the
demonstration of altered chain-length selectivity upon mutating that region (29). Specifically,
mutations Gly237Lys/Val/Tyr and Val290Trp near the PEG-4 procured enhanced hydrolysis of
medium-chain (C6-C10) and long-chain (C22) fatty acid substrates (22, 23, 30), demonstrating the

potential for chain-length alteration in Cal-A.

In this work, we engineered Cal-A using the region-focused, random and targeted mutagenesis
approach to enhance its discriminative capability to hydrolyze short- (tributyrin, C-4) vs long-chain
(olive oil, approximately 80% C-18 and 20% C-16) fatty acid esters (31), obtaining variants
displaying either selectivity. Identification of variants with the desired selectivities was made
possible by applying a high-throughput, whole-cell visual screen on solid medium containing
tributyrin or olive oil (11). A particular emphasis was placed on mutations in the PEG-4-binding
region (29). Finally, we developed a straightforward script to visualize the sites of mutation
associated with either discriminative phenotype. By this computational approach, a large body of
mutational data was readily analyzed and clearly revealed the main hot-spot for modulation of
substrate binding. Quantitative analysis of activity was achieved for some of the variants with a
short- and long-chained p-NO;-phenyl esters substrates, the industry standard for monitoring
lipase activity. This confirms that variants with a markedly higher activity for both triglycerides

and p-NO,-phenyl derivatives of short- or long- chain fatty acids were identified.
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4.3. Results and Discussion

4.3.1. Library generation and characterization

Cal-A was treated for random mutagenesis in three segments (referred to as ‘parts’) (Figure 4.1).
We previously reported that the separation of Cal-A into three parts had facilitated random
mutagenesis of Part 2 (residues 211-350) in isolation from the N-terminal Part 1 and C-terminal
Part 3 (11). Part 2 includes a putative tunnel, hypothesized to bind the long chain of a fatty acid
substrate (22). Following random mutation, it had been seamlessly recombined with the wild-
type Parts 1 and 3 to give ‘Random 2’ library (Table 4. 1) (11). Recombination was achieved with
the Golden Gate-based method that is ideally suited for inserting randomized segments into
specific parts of a gene (11, 16, 17). In separate experiments, residues in Parts 1 and 3 that could
potentially alter the discriminative hydrolysis had been individuated according to structural
analysis: Tyr93, positioned near the active site, was selected for its potential ability to modulate
substrate access; the sterically hindered Tyr183 appeared to open a putative tunnel during
molecular dynamics simulations (11), whereas Phe431 is a hypothetical gate keeper, modulating
substrate entry (27). These three positions were mutated using NDT saturation mutagenesis (N =
A, C, G, T,and D = A, G or T; covering 12 codons, 12 amino acids) and recombined with the
appropriate wild-type or mutated parts. Screening yielded between 10-40% of clones in the
various libraries with improved discrimination towards either short- or long-chain fatty acid esters
relative to wild-type Cal-A. This validated the method used to create the desired functional

diversity, although the identity of variants of interest had not been determined.

Encouraged by the promising functional diversity that can be accessed and seeking further
improvements in discrimination, we explored the sequence space of Cal-A more widely by
applying broader randomization and seamless recombination. We complemented the existing
libraries (11) by randomizing Part 1 and Part 3 (Figure 4.1). Each randomized part was integrated
into the native gene, yielding libraries ‘Random 1’ and ‘Random 3’, respectively (Table 4.1) (11).
The randomly mutated parts 1, 2 and 3 were also recombined together, yielding a reassembled,

fully randomized Cal-A library (library ‘Random Rec’).
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PART Il PART Il

Figure 4.1. — Cal-A was treated in three segments for mutagenesis.

Parts 1 (encoding the N-terminal 210 residues), 2 (encoding residues 211 to 350) and 3 (C-terminal
residues 351 to 446 plus 6His-tag) were individually randomized and recombined with wild-type
or mutated parts. Parts 1 and 3 include residues treated by NDT saturation mutagenesis (Tyr93,
Tyr183 and Phe 431), shown in black. The catalytic triad (Ser184, Asp334, His366) is shown in
yellow. Image generated using PDB coordinates 2VEO (29).

Briefly, the parts of Cal-A were synthesized by ATUM (formerly DNA2.0) and delivered in plasmid
pM269; these part-carrying constructs are referred to as “mother vectors”. Reassembly of the
parts using the Golden Gate strategy (through the use of Bsal and Sapl type IIS restriction
enzymes) was carried out in an Electra expression vector, referred to as a ‘daughter vector’
(pD441pelB, DNA2.0), where the clones gene is under the control of T5 promoter and carries a
pelB leader sequence for periplasmatic expression, as previously described (11). For
randomization, the parts were subjected to error-prone mutagenesis in the mother vectors and
reassembled in the daughter vector with the complementary native parts, to obtain libraries
Random 1 and Random 3. The randomized Parts 1 and 3 were also assembled with Random 2
(previously obtained) in the daughter vector to give the fully randomized Random Rec. In parallel,
we also randomized the entire gene as a single entity (not in parts; library ‘Random Tot’, Table 4.

1) to compare the efficiency of randomizing and reassembling separate parts with the complete
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randomization of the gene. DNA sequencing confirmed the quality of the newly obtained libraries

(Table 4. 1).

Table 4.1. - Library generation and assessment of library quality.

Library Randomization Mutations per Mutations per Total bp sequenced in
method gene segment  reassembled Cal-A coding region
ene?
/Kb g
Random 1 Randomized Part 1
+ WT Parts 2,3 2.1 1.3 11000
(605 bp)
Random 2° Randomized Part 2
+ WT Parts 1,3 4.1 1.7 8220
(420 bp)
Random 3 Randomized Part 3
33 1 4480
(286 bp) + WT Parts 1,2
Assembly of
Random Rec randomized Parts 3.0 3.9 18304
1,2,3
Randomization of
Random Tot full coding 4.2 5.5 19155

sequence

2Length of the reassembled gene: 1311 bp.

b Random 2 library was previously reported (11). Additional DNA sequencing was

performed in this study.

The number of mutations obtained per individually mutated part (hence per gene, when
reassembled with native parts) during randomization of Parts 1 and 3 (libraries Random 1 and 3,
respectively) is comparable: an average of 1.3 and 1 mutation per gene (Table 4. 1). This mutation

rate is similar to that previously obtained for randomization of Part 2 (library Random 2, 1.7
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mutations per gene) (11). Libraries Random Rec and Random Tot have a greater mutational load
because the entire length of the gene is randomized (either by full gene randomization or by
recombination of randomized parts): 5.5 and 3.9 mutations per gene, respectively. It is satisfying
to note that the mutational load of the Random Rec library, obtained by recombination of libraries
Random 1, 2 and 3, is essentially equal to the sum of the average mutations of each part (1.3 +1.7
+1 = 4.0). This confirms the validity of the combinatorial assembly method as a reliable tool to

obtain quality libraries.

4.3.2. Screening for discriminative hydrolysis of short- or long-chain esters

The randomized libraries were screened towards two classes of substrates: triglycerides and
activated p-NO;-phenyl-esters of different lengths. Triglycerides are the natural substrates of Cal-
A and their hydrolysis is the ultimate industrial goal. We previously reported a rapid and robust
automated method for screening against triglycerides on solid medium plates to procure a high-
throughput platform for primary screening of libraries (11). Here, solid emulsions containing
either tributyrin or olive oil show haloes surrounding colonies that hydrolyze that substrate. For
tributyrin emulsions, clear haloes are observed; olive oil emulsions require the addition of
rhodamine where the change of pH upon hydrolysis gives rise to increased fluorescence.
Observation of halo formation on growth medium supplemented with emulsified triglycerides is
amenable to high-throughput screening yet provides only a qualitative assessment. Selectivity
was determined by comparing activity against individual substrates; we note that this method is
incompatible with multi-substrate competition (32, 33). p-NO,-Phenyl-esters were used as a
secondary substrate in this study: assays using these substrates despite providing an indirect
assessment of activity toward triglycerides, they are rapid, quantitative and practical and as thus
widely used as standards to assess lipase activity ((34) and references therein). They are single-
chain fatty acid esters rather than glycerol triesters, and the p-NO,-substituent activates them
toward hydrolysis. Despite differing significantly from native triglycerides in structure and in
reactivity, they allow for direct quantitative activity measurements by spectrophotometry and
provide a benchmark for comparison with current literature of the reactivity of key variants

towards specific fatty acid esters.
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We performed automated high-throughput screening on solid medium to evaluate the
selectivity of Cal-A variant libraries towards the hydrolysis of short-chain triglycerides (tributyrin)
and long-chain fatty acid esters (olive oil, which contains = 70% oleic acid in a triglyceride form)
(112). Briefly, rectangular dishes were cast with agar growth medium containing either tributyrin
or olive oil/rhodamine to form an opaque emulsion. Using a liquid handler, cultures of E. coli
BL21(DE3) carrying individual variants from the Cal-A libraries and propagated in 96 deep-well
plates were spotted onto the solid media. The inoculated plates were incubated at 30°C overnight
(approximately 16 hrs) to obtain colonies of 0.2 - 0.5 cm in diameter. The solid emulsions
containing either tributyrin or olive oil show haloes surrounding colonies that hydrolyze that
substrate. For tributyrin emulsions, clear haloes are observed; olive oil emulsions require the
addition of rhodamine where the change of pH upon hydrolysis gives rise to increased
fluorescence (11, 35, 36). Variants of interest were selected based on strong hydrolysis of one
substrate and weak or no hydrolysis of the other (Table 4. 2).

Table 4.2. — Discriminative variants obtained upon screening the Cal-A libraries against short- and
long-chain triglycerides.

Library Clones Active? Discriminative towards
screened
short-chain long-chain
Random 1 384 89% 0 0
Random 2 384 66% 18 3
Random 3 384 89% 0 0
Random Rec 768 41% 12 6
Random Tot 768 23% 10 4

@ Variants were screened for halo formation around colonies spotted via automation on solid

medium. Variants were considered active only when halo formation was unequivocal.

Despite specific variants of Part 1 and Part 3 having been identified as being discriminative in

point mutant libraries (refer to previous work (11), and below), none were identified upon
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randomization of Parts 1 and 3, suggesting that there are few discriminative possibilities in those
segments of Cal-A. In contrast, all libraries that include randomization of Part 2 (libraries Random
2, Random Rec and Random Tot) yielded several variants of both discriminative phenotypes. The
region defined by Part 2 contains the putative fatty acid-binding tunnel (22). Interestingly, library
Random 2 yielded a higher rate of active variants than Random Rec or Random Tot. This appears
to result from having a lower but more focused mutational load. As a result, fewer screening
efforts (384 vs 768) yielded a greater number of discriminative variants in library Random 2 (21
total) than in libraries Random Rec or Random Tot (18 and 14, respectively). These results clearly

illustrate the additional level of control gained by a segment-wise approach to mutagenesis.

These and previous efforts (11) provided us with a diverse pool of variants that were either point-
mutated at positions Tyr93 (Part 1), Tyr183 (Part 1) , Phe431 (Part 3) or randomized entirely or in
part, and exhibited discrimination in hydrolysis of short- or long-chain triglycerides. In addition to
the results presented here, we also applied the flexible reassembly strategy to recombine libraries
point mutated in Parts 1 and 3 (namely, Try93/Phe431, and Tyr183/Phe431), to uncover potential
synergistic effects. No improved discriminative variants were obtained from these combinations
and they are not further discussed. All selected variants were characterized by DNA sequencing

to gain insight into the acquired discriminative abilities.

4.3.3. Characterization of point substitutions procuring discrimination for the

hydrolysis of short- or long-chain triglycerides
When Tyr93 was substituted with Gly, Cal-A lost its ability to process tributyrin while maintaining
the ability to process olive oil, making Tyr93Gly discriminative towards hydrolysis of long-chain
fatty acids (Figure 4.2). Substitution of Tyr with small, polar residues (Ser, Cys, Asn and Asp)
resulted in loss of activity for both substrates while larger, hydrophobic substitutions (His, Phe,

Val, Leu, lle) were comparable in activity to the wild-type.

Most of the Tyr183 substitutions we identified abolished activity (Gly, Asn, Arg, Ser, His, lle, Val
and Leu). Only Tyr183Phe was active, and it was active only toward tributyrin, suggesting that

Tyr183Phe is discriminative for hydrolysis of short-chain triglycerides. In contrast, Phe431 was
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highly permissive to substitution. Activity was maintained toward long and short-chain

triglycerides in all variants obtained: Gly, Asn, Cys, Ser, Arg, His, Val, Leu (Fig 2).

These results inform us of the utility of varying Cal-A positions 93 and 183 (belonging to Part 1) to
alter substrate discrimination, while position 431 (belonging to Part 3) was not productively
altered toward this goal. In addition to acquiring information on the tolerance of these positions
to substitution, it is gratifying that we obtained both discriminative phenotypes with point

mutations in a single region (Part 1).

Tyr93 Tyrl83 Phed31
Trib Olive Trib Olive Trib Olive

Discriminative Gly X v Phe (v X

Non-discriminative | His v v Arg (x X Arg (v v
lle v v Asn (% X Asn ([ v
Leu (v v Gly ) 4 X Cys v v
Phe (o v His X X Gly v v
Val v v lle X X His Vv v
Asn  (x X Leu (% X Leu (. v
Asp (x X Ser X X Ser v v
Cys X X Val X X Val v v
Ser X X

Figure 4.2. — Short- vs long-chain hydrolytic activity in point substituted libraries of Tyr93, Tyr183
and Phe431.

Variants were screened for halo formation around colonies spotted on solid medium.
Hydrolysis of the short-chain tributyrin (Trib) or long-chain olive oil (Olive) were rated as active
(green checkmark) or inactive (red ‘X’).

4.3.4. ldentification of the substitutions in randomized variants procuring
discriminative hydrolysis

Analysis of discriminative variants selected from randomly mutated libraries required a different

approach because they generally included multiple amino acid substitutions. As a result, their

acquired discriminative ability can be due to one or more among these. We turned to a 3D

mapping approach to provide a holistic determination of the key regions that confer either

discriminative capacity to Cal-A.
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A script was created to align each variant sequence with the Cal-A reference sequence and
identify amino acid substitutions. Each variant was assigned a phenotype describing either activity
towards, or capacity to discriminate between, short- and long-chain triglycerides. The variants,
which contain between 1 and 6 mutations, were ranked from inactive to highly active according
to halo formation upon triplicate in-plate screening, the wild-type Cal-A serving as a reference
activity level (A2.1-A2.3 Tables). Each defined phenotype, linked to the corresponding mutations
in each variant, was assigned a value that served for 3D visualization on the structure of Cal-A.
This approach allowed us to rapidly analyze the randomized variants from the perspectives of
activity towards a given substrate and discrimination between substrates, and gain insight into

key regions and residues that altered function.

4.3.5. Activity levels of discriminative variants

Visualizing the positions where substitutions were consistent with discriminative hydrolysis of
short-chain triglycerides (tributyrin) or long-chain triglycerides (olive oil) immediately reveal
patterns of modified levels of activity (Figure 4.3). Library Random 2 includes residues linked to
phenotypes that confer higher than wild-type activity towards the short-chain substrate but none
showed higher than wild-type activity towards the long-chain substrate (Figure 4.3; Table A2.1 in
annex 2). In contrast, libraries Random Rec and Random Tot link a greater diversity of residues to
high-activity phenotypes, including variants with activity greater than the wild-type, for both
short- and long-chain activity (Figure 4.3; Tables A3.2 and A2.3 in annex 2). The residues that are
substituted in high-activity variants are predominantly located in Part 2 (41 residues), while Part
1 contains 12 and Part 3 contains 20 residues associated with high activity, excluding repetitions

(S1 Fig).
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Figure 4.3. — Activity level of the discriminative variants towards short and long chain triglycerides

A: Variants selected from library Random 2. B: Variants selected from libraries Random Tot
and Random Rec, combined. Left panels, short-chain activity (hydrolysis of tributyrin): gradient
from light yellow (low activity) to orange (high activity). Right panels, long-chain activity
(hydrolysis of olive oil): gradient from light (low activity) to dark blue (high activity). Inactive
variants coloured as background (gray). Wild-type activity corresponds to shade iii. Where
more than one discriminative variant was mutated at the same position, the position is colored
according to the variant having the highest activity. A PEG-4 molecule is shown in black
spheres, crystallized inside the putative tunnel (22, 29). Libraries Random Tot and Random Rec
are individually represented in Figure A2.1 in annex 2. Libraries Random 1 and Random 3 did
not yield discriminative variants and are not represented.

We noted that the majority of discriminative variants displaying activity greater than wild-type
for short- or long-chain hydrolysis and including substitutions in Part 1 or 3 also included at least
one substitution in Part 2, with the exception of GIn65Leu, Pro84Gln, Ser359lle, Ser377Arg, and

Alad44Thr. Although the role of individual substitutions in the randomized variants has not been
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deconvoluted, this suggests that substitutions within Part 2 may be main contributors to the
observed discriminative phenotypes. In one specific case, we were able to compare the point-
substituted Arg262His variant alone and in conjunction with two additional substitutions.
Interestingly, Arg262His (Part 2) alone conferred low activity towards long-chain triglycerides
(Table A2.1 in annex 2), yet when selected in combination with substitutions Leu274Trp and
Gly432Asp (Part 3), it conferred high activity towards the long-chain substrate (Table A2.3 in
annex 2). The increased activity is apparently due to an additive or synergistic effect of the

combined substitutions.

4.3.6. Analysis of discriminative quality of the variants

From the perspective of long-chain vs short-chain substrate discrimination, clear patterns were

also revealed (Figure 4.4; S1-S4 Tables).

Figure 4.4. — Residues substituted in variants conferring discriminative activity.

A: Libraries Random Tot and Random Rec, combined. B: Library Random 2. Green: clear
discrimination for hydrolysis of short-chain triglycerides (tributyrin). Magenta: clear
discrimination for hydrolysis of the long-chain triglycerides (olive oil). Purple: residues
substituted in distinct variants showing opposite discriminative phenotypes. A PEG-4 molecule
is shown in black spheres, crystallized inside the putative tunnel (22, 29).

SHORT CHAIN DISCRIMINATION: Short-chain discrimination was strongly biased to substitutions in
Part 2: it is compelling to note that more than half (34) of the total mutations found (55) in the
fully randomized libraries (Random Tot and Random Rec) belong to Part 2, and eight among these

34 residues were also identified upon screening library Random 2 (Figure 4.3, Tables A2.1 and
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A2.2 in annex 2). Furthermore, all but one of the additional 21 residues identified outside of Part
2 belong to variants including at least one substitution in Part 2. The sole exception, Ser377Arg,
was a point-substituted variant offering weak discrimination for short-chain triglycerides (Figure
A2.2 and Table A2.2 in annex 2). These results clearly identify this tunnel region as being key for
fatty-acid substrate recognition, supporting the hypothesis based on co-crystallized PEG-4 and

previous engineering results (22, 29).

A number of the selected, randomized variants held a single substitution, allowing for
straightforward analysis of their impact on substrate recognition. Point-mutations that confer
strong short-chain discriminative activity are Phe222lle, Leu225Pro, Gly237Asp, Gly240Cys, and
Ala244Val, while point-mutants Leu235Pro and Pro338Glu/Thr confer weak short-chain
discrimination (Tables A2.1-A2.3 in annex 2). The helix-loop-helix motif in Part 2, formally
delimited by residues Ser217-His245 according to the crystal structure and belonging to the Cal-

A lid domain,(29) is thus a hot-spot for creation of short-chain discrimination.

Additional information was obtained from positions that where mutations were observed at a
higher frequency, accompanied by different further mutations. This suggests that they are key to
the observed property. Residues selected more than once within distinct variants are Phe222lle
(3x), Gly237 substituted either as Asp/Cys/Ser, Ala244 as Thr/Val, Pro338 substituted either as
Thr/GIn and Ala342 substituted either as Val (2x)/Asp (Tables A2.2 and A2.3 in annex 2). In
addition, the combination of Pro229Leu/Gly237Ser (selected 2x) conferred strong short-chain
discrimination. Three further residues appeared twice each among the weak short-chain
discriminative pool: Thr221Arg/Lys, Ala236Thr/Val and Asn291Lys/Tyr (Table A2.1 in annex 2). All
the above residues belong to Part 2 (residues 211 —350), confirming the importance of this region

in conferring chain-length selectivity.

LONG CHAIN DISCRIMINATION: Variants giving rise to long-chain discrimination held mutations that
were more scattered throughout the protein: 6 mutations were found in Part 1, 12 in Part 2 and
10 in Part 3 (Figure 4.4b). Pro84GIn (Part 1), Gly232Cys (Part 2) and Ser359lle (Part 3) were point-
mutated variants, and unequivocally confer long-chain discrimination. Together, substitutions

GIn65Leu (Part 1) and Ala444Thr (Part 3) gave long-chain discrimination. All other long-chain
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discriminative variants containing any substitution in Parts 1 and/or 3 also contain at least one
substitution in Part 2. The positions substituted more than once for this phenotype were
Arg262His (2x), and Ala402Val/Glu (2x). Overall, fewer substitutions were identified that give rise
to long-chain discrimination relative to short-chain, as may be expected according to the ease of

excluding large substrates relative to that of including only large substrates.

SUBSTITUTIONS FOUND BOTH IN SHORT- AND LONG-CHAIN DISCRIMINATIVE VARIANTS: Also of interest are
positions where substitutions occurred both in variants that showed selectivity towards short and
long chain triglycerides: Lys265Thr or GIn (short-chain or long-chain discrimination, respectively),
Tyr136Asn or Phe (short/long-chain, respectively), Leu289Met or Val (short/long-chain,
respectively), Alad02Val or Ala/Glu (short/long-chain, respectively) and Arg255His or Ser
(short/long-chain, respectively) (Figure 4.4). Each of the above variants contained further
mutations which may be determinants of selectivity. The impact of accompanying mutations is
clearly illustrated by Gly232Cys: alone, it sufficed to confer long-chain discrimination, while its
combination with Gly227Ser, and Lys265Thr inverted selectivity. Considering that Lys265 was
substituted as GIn in a variant with long-chain discrimination (along with substitutions Val238Leu,
Arg262His, Thr293Ser andPro325Thr), it is plausible that the inverted selectivity is attributable to
Gly227Ser. Finally, Gly228Ser/Val were included in variants conferring short-chain discrimination
(each holding a second substitution in Part 2), yet the same Gly228Ser was included in a variant

conferring long-chain discrimination, accompanied by 2 substitutions in Part 3.

Globally, screening the diversified libraries against triglyceride substrates led to the unequivocal
identification of previously unreported residues that contribute to substrate recognition and
discrimination. Point-substituted variants that confer short-chain discrimination were identified
at positions 183, 235, 240, 244, 338 and 377, whereas long-chain discriminators were identified
at positions 84, 93, 232 and 359. In addition, our results confirm and lend further support to prior
reports of key residues. In particular, Thr221 and Phe222 were found to be crucial to modulate
selectivity in the hydrolysis of trans- and cis-fatty acids (22), while Gly237 had previously been
identified as important for short-chain discrimination (23). Residues
Thr221/Leu225/Phe233/Gly237 were involved in increased activity towards sterically hindered

substrates (37).
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4.3.7. Quantification of hydrolysis using p-NO, phenyl esters of different
chain lengths

p-NO,-Phenyl-fatty acids are the reference substrates used in industry assessment of lipase
reactivity (34). p-NOz-Phenyl-ester derivatives of single fatty acids differ importantly from the
triglycerides used in the in-plate screening: p-NO,-phenolate is an activated leaving group,
facilitating hydrolytic reactivity; binding to the enzyme necessarily differs since the volume of a
triglyceride is nearly 3x that of a p-NO,-phenyl-fatty acid. We had envisaged applying the rapid
triglyceride screening method described above to qualitatively identify promising variants for
further quantitative p-NO,-phenyl-fatty acid characterization. However, consistent with the
reasons mentioned above, we obtained incomplete correspondence between the two assays, as
recently observed in a study of Candida rugosa lipase 1 (38). Nonetheless, screening with p-NO,-
phenyl-substrates allowed us to gather quantitative insights into chain-length discrimination for
all variants that showed correspondence. We report results of assays on clarified E. coli lysates
using p-NOz-phenyl-butyrate, -decanoate, -dodecanoate and —palmitate; assays with p-NO;-
phenyl-octanoate produced lower quality results due to background hydrolysis. Results show that
wild-type Cal-A displays a slight selectivity towards short-chain fatty acids (activity 60% higher
with p-NO;-phenyl-butyrate than p-NO;-phenyl-palmitate, S3 Fig).

For variants belonging to the Tyr93 library, activity in clarified lysates is lost when Tyr93 is
substituted with Val, Asn, Leu, Cys, lle and Asp (Figure 4.5). Surprisingly, selectivity is reversed
when Tyr is substituted with the conservative substitutions His and Phe, as well as Gly. Lysate
holding the Tyr93Gly variant is 12 times more active toward p-NO;-phenyl palmitate than p-NO;-
phenyl butyrate (compared to 2.5 times for Tyr93His), yet its maximum activity with p-NO,-phenyl
palmitate is importantly reduced (40% of the wild-type; Figure 4.5). This illustrates a trade-off
between improved discrimination and residual activity, and confirms that activity of variant
Tyr93Gly is markedly higher with long-chain substrate — whether a single-chain p-NO;-phenyl

derivative or a triglyceride — than with short-chain substrates.
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Figure 4.5. — Hydrolytic activity of Tyr93 library variants with p-NO;-phenyl fatty acids

Assays were performed in triplicate with clarified E. coli lysates. Activity is reported relative to
WT Cal-A with p-NO;-phenyl-palmitate. Its specific activity (S.A) = 0.4 U/mg, is set as 100%.

Among the 53 variants from randomized libraries identified as discriminative when screened
against triglycerides, 7 showed discrimination in the p-NO;-phenyl-fatty acid assays. We
guantified their activity towards these industrially preferred benchmarking compounds (Figure
4.6). Consistent with their lack of activity on the olive oil solid medium, the variants all show
selective hydrolysis of short-chain p-NO,-phenyl-fatty acid substrates. Their activity in the lysate
is in the same range as, or greater than, the wild-type towards p-NO-phenyl-butyrate and they
are poorly active or inactive towards all longer chain substrates. We thus demonstrate that these
variants exhibiting high activity only toward short-chain triglycerides (solid medium assay) show

the same selectivity toward short-chain p-NO,-phenyl-fatty acids.
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Figure 4.6. — Hydrolytic activity of discriminative variants from randomized libraries with p-NO,-
phenyl fatty acids.

Assays were performed in triplicate with clarified E. coli lysates. Activity is reported relative to
WT Cal-A with p-NOz-phenyl-butyrate. Its specific activity (S.A.) = 0.4 U/mg, is set as 100%.
Substitutions included in each variant are inset and recurring mutations are highlighted.
Variant number is shown as per S1-53 Tables.

Among these variants, substitutions Gly237Asp and Phe222lle of the 217-245 helix-loop-helix
motif appear as point mutations, confirming their role in improved discrimination (Figure A2.2 in
annex 2). Interestingly, position 237 was previously reported to be important for discrimination
of short and long-chain fatty acids according to analysis of 4 different substitutions (Ala, Leu, Tyr,
Val) (23). Here, three distinct discriminative variants carry Gly237 substitutions, as identified in
the triglyceride screening (Asp, Cys, Ser) that are an addition to those that were previously
characterized (23). To verify their effect in isolation, we broadened the deconvolution at this

position (Figure 4.7). When Gly237 is substituted with any amino acid, strong short-chain

discrimination is established; Cal-A loses its ability to process longer substrates. It thus appears

that any steric hindrance at position 237 precludes binding of fatty acid esters longer than
butyrate, confirming and extending prior observations of the importance of this residue in chain-

length discrimination (23).
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Figure 4.7. — Hydrolytic activity of Gly237 variants with p-NOz-phenyl fatty acids.
Assays were performed in triplicate with clarified E. coli lysates. Activity is reported relative
to WT Cal-A with p-NOz-phenyl-palmitate. Its specific activity (S.A) = 0.4 U/mg, is set as
100%.

4.4. Conclusions
Through the application of our Golden Gate-based strategy for enzyme engineering, we
generated focused randomized libraries covering specific parts of Cal-A lipase to scan for variants
improved in the discriminative hydrolysis of short- vs long-chain triglycerides. This approach
allowed introducing the entire mutational load in selected regions, without putting a strain on
distal parts of the protein, which is not readily achievable with traditional randomization
methods. Furthermore, automated visualization of activity screening results on the structure

allowed straightforward identification of a key functional hot-spot.

By those means, we have identified the 217-245 helix-loop-helix region in Part 2 of Cal-A as being
fundamental for triglyceride recognition. While it was not possible to dock a triglyceride in Cal-A
without assuming extensive conformational changes to fit it in the tunnel (11), our findings

confirm that Part 2 is a key to triglyceride recognition. We also identified several previously
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unreported point substitutions that improve discrimination both for short and long-chain
triglycerides. Although there was an incomplete correlation between hydrolysis of triglycerides
and p-NOz-phenyl fatty acids, limited analysis using the latter has provided some quantitative

insights on improved selectivity.

4.5, Materials and methods

4.5.1. Materials, strains, vectors and culture conditions

Unless otherwise stated, DNA primers and chemicals were purchased from Sigma-Aldrich. The
rectangular Nunc OmniTray dishes were purchased from Thermo Fisher Scientific. Restriction
enzymes were obtained from New England Biolabs, while the TAKARA ligase was from Clontech.
Protein markers were purchased from Thermofisher and New England Biolabs. Phusion Green
High-Fidelity DNA Polymerase and the PureLink PCR Purification Kit (Invitrogen) were also from
Thermo Fisher Scientific. Tag polymerase was purchased from Biobasics. The QuikChange
Lightning Site-Directed Mutagenesis Kit and the GeneMorph Il Random Mutagenesis Kit from
Agilent Technologies were used for mutagenesis. The Monarch Plasmid Miniprep Kit and the
Monarch DNA Gel Extraction Kit were purchased from New England Biolabs. A Beckman Coulter

Biomek NXP Robot was used to perform the automated triglyceride screening.

Cal-A parts were provided in mother vectors (pM269; chloramphenicol resistant) and codon

optimised by ATUM (https://www.atum.bio, formerly DNA2.0 California, USA) as were the

linearized daughter vectors (pD441pelB, pD4410mpA; kanamycin resistant). ‘Mother vector’
refers to a plasmid carrying a part, and ‘daughter vector’ is the expression plasmid. Sequencing
of the DNA was performed by either the Genomic Platform of IRIC (Institute for Research in
Immunology and Cancerology), Université de Montréal, or the Centre d'Innovation Génome

Québec at McGill University (QC, Canada).

The CaCl, method was used for the preparation of chemically competent E. coli BL21 (DE3). Unless
otherwise specified, transformed E. coli strains were cultured on LB agar and in LB broth

containing kanamycin (50 pg/mL) and chloramphenicol (35 pg/mL) or ampicillin (100 pg/mL),
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depending on the resistance marker, overnight (for 16 hours) at 37°C, with shaking at 250 rpm

when appropriate.

4.2.1. Assembly of plasmids and library generation
Restriction digestion of daughter plasmids and wild-type or mutated parts was performed using
Sapl or Bsal restriction enzymes. Mutant libraries were obtained as described in previous work
(11). Design and assembly in silico of all genetic constructs and analysis of the sequencing results

were carried out using the SnapGene software (GSL Biotech; available at snapgene.com).

4.2.2. Screening of Cal-A variants through automation by liquid handling
robot

Screening with triglycerides was carried out on tributyrin (short-chain triglyceride) and olive oil
(long-chain triglyceride) plates as described previously (11). A halo of clearance around a colony
grown on tributyrin-containing medium indicates activity toward the short-chain substrate while
a halo of fluorescence around a colony on olive oil/rhodamine-containing medium indicates
activity toward long-chain substrate. Wild-type Cal-A activity was assigned a value of 3 and haloes
of similar size and intensity (either degree of clearance for tributyrin, or fluorescence intensity for
olive oil/rhodamine) upon visual inspection of triplicates were assigned that value. Larger and
more intense haloes were clearly distinguished and were assigned the maximal value of 4. Less
active variants generated smaller and less intense haloes that assigned the value of 2 or 1

(smallest/faintest haloes).

4.2.3. Computational method for phenotypic characterization
To facilitate the establishment and analysis of genotype/phenotype relationships in our dataset,
a Python script was developed. DNA sequencing results were classified by phenotype according
to the results of screening with triglycerides. One phenotype qualified the level of activity
observed toward a given triglyceride substrate (halo formation). The second phenotype identified
short- or long-chain discrimination based on the relative activity with each of the triglyceride
substrates; mutated residues that contributed to both phenotypes were assigned to a third

discriminative category.
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To simplify 3D analysis, each phenotype was assigned a numerical value that was used to modify
the B-factor column in 2veo pdb file using the data2bfactor.py script

(http://pldserverl.biochem.queensu.ca/~rlc/work/pymol/data2bfactor.py) in the molecular

graphics program PyMOL. Coloring by B-factor number revealed the localization of the residues

contributing to each phenotype. The script is available upon request.

4.2.4. Screening Cal-A variants with p-NO,-phenyl esters

For the liquid screening using p-NO-phenyl esters, the variants and the negative control (E. coli
BL21(DE3) transformed with pD441pelB that does not contain the Cal-A gene) were expressed in
10 mL ZYP-5052 auto-inducing medium, described by Studier (39), supplied with kanamycin, at
30°C over 24 hours. An overnight culture in LB grown at 37 °C was used as inoculum (100 pL
inoculum for 10 mL of culture). Conditions were determined by a Design of Experiment performed
considering different temperatures, volumes and inoculum conditions (11). The cultures were
pelleted by microcentrifuging at 3000 rpm over 10 min and lysed by resuspending in 1 mL of 50
mM Tris, pH 8.0, sonicating until clear and microcentrifuging at 14000 rpm for 10 min. The
resulting supernatant was assayed. Spectrophotometric activity measurements were based on
the substrate-dependent absorbance change of p-NO»-phenyl esters of different chain lengths at
405 nm. Assays were routinely done in 200 plL at 45°C, with measurement over 30 min using a

BMG FLUOstar 96-well plate spectrophotometer.

Unless otherwise stated, the reaction mixture contained p-NO;-phenyl-fatty acid (0.5 mM), 1%
Triton x 100, 50 mM Tris, pH 8.0. A Bradford assay was performed on the lysates. One unit of Cal-
A corresponded to the amount of enzyme required to produce 1 umol of p-NO,-phenolate per

min at 45°C.

The specific activity was calculated according to the following formula:

A450 vt 1

X — X
[ X epNO2phenolate Ve [Ce]

U

where: A450 = absorbance slope (min); | = cuvette length (cm); € p-NO,-phenolate = 18.1 mM?
cml; Vt = total reaction volume in mL; Ve = total enzyme volume in mL; [Ce] = concentration of

total protein in lysate in mg/mL.
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Chapter 5 — Epistatic interactions in engineered Cal-A lipases

modulate chain-length discrimination via tunnel reshaping

Preface to Chapter 5

In order for directed evolution to improve our understanding of a specific enzyme system,
characterization of the effects of mutations is needed. In this study, chain-length selective
variants identified in Chapter 4 have been further characterized to understand the basis for their
observed phenotypes, revealing an epistatic interaction at the bottom of the acyl-binding tunnel.
As in Chapter 4, the variants were assayed for activity in vivo on agar plates containing emulsified
triglycerides. To broaden our analysis, medium chain-length triglycerides were included here. In
addition, the variants were assayed in vitro for activity towards a set of p-NO,-phenyl esters and
triglycerides of different chain length. Rationalization of the observed phenotypes was done in

silico by identifying the main tunnels and performing flexible substrate docking.

This is an invited research article for the Protein Chemistry and Enzymology section in the
journal Frontiers in Molecular Biosciences, to be submitted in february 2021. This study was
initially designed by myself with the help of postdoctoral fellow Dr. Daniela Quaglia under the
supervision of Prof. Joelle Pelletier. Qualitative plate assays were done by Dr. Quaglia and myself.
Quantitative p-NO;-phenyl ester assays were done by myself. Quantitative triglyceride assays and
flexible docking are a result of a short internship in Prof. Manuel Ferrer’s research group in the
Institute of Catalysis, CSIC, Spain. Quantitative triglyceride and flexible docking were done by
myself with the guidance of Dr. Cristina Coscolin, postdoctoral Fellow in the Ferrer group. | wrote
the original draft which has been revised by Dr. Quaglia, Prof. Pelletier and Prof. Ferrer prior to

submitting this thesis.
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5.1 Abstract

Enzyme engineering is a two-in-one tool: while it can be used to modify the enzyme towards a
new function, it also paves the way to the discovery of key functional features. However, the
efficient exploration of sequence space during the process of enzyme engineering is challenged
by epistatic interactions between mutations that are difficult to predict from structure alone. The
more engineering an enzyme has gone through, the more we know its key epistatic interactions
and mechanisms by which successful mutations were obtained. This mechanistic understanding
can help to improve future engineering endeavors by identifying key regions or mechanisms
operating. Cal-A lipase enjoys properties that make it attractive for biotechnological applications
yet it has been subjected to few directed evolution studies. As a result of its uncommon structure,
information about triglyceride binding, conformational dynamics and epistasis is scarce and thus
these variables are difficult to incorporate in enzyme engineering workflows. Following on the
report of a key region conferring chain-length selectivity in Cal-A variants, we report in vivo and
in vitro characterization of their deconvolution. Our study reveals that epistatic interactions at
the end of the putative acyl-binding tunnel of a short-chain selective variant are responsible for
this phenotype. Computational tunnel analysis and flexible docking reveal that these mutations
re-shape the acyl-binding tunnel by increasing its curvature and thus decreasing its effective
length. This epistatic mechanism for short-chain selectivity is less straightforward than previously
reported mutations in which this phenotype was achieved in Cal-A by sterically blocking near the
entrance of the acyl-binding tunnel. The difficulty in predicting such epistatic effects a priori

underlines the importance of further exploring non-additive effects in Cal-A lipase.

5.2 Introduction
Enzymes are used daily, whether for the synthesis of valuable compounds in the pharmaceutical
industry or for low-temperature stain removal in our own homes (1). Their biotechnological
interest is such that it is estimated that the global enzyme market will be worth 10 billion USD by
2024(2). Their use and expected growth for applications in diverse industries is due to our ability
to identify and tailor enzymatic activities to societal needs. In this respect, enzyme engineering

has become a powerful tool modify enzymes and to inform about the properties of the
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engineered enzyme (3-5). Rationalizing which regions or residues hold the greatest impact in
modifying enzymatic function has helped to understand structure-function relationships that are
not apparent when observing a structure (6-8). Integral enzyme properties such as protein
dynamics, stability, allosterism or epistasis remain undetermined for many enzymes and are
often revealed through in vitro evolution (7, 9-15). This information increasingly serves to guide
enzyme engineering (16-21), justifying the need to better characterize new properties of

enzymes throughout the process of enzyme engineering.

Here we characterize the effects of individual and combined mutations previously identified as
modulating chain-length recognition in the enzyme Candida antarctica lipase A (Cal-A) (22).
Several features of Cal-A lipase remain underexplored despite its potential industrial applications
in the food, energy or pharmaceutical industries (23, 24). Noteworthy are its high thermal and
solvent resistance, substrate and activity promiscuity, preference for hydrolysis of triglycerides
at the sn2 position and trans fatty acid selectivity (23-25). In addition, it shows short-chain fatty
acid selectivity (26), despite a putative acyl-binding tunnel that could bind up to 25 methylene
units (27). Its crystal structure was resolved in 2008(27) and only a handful of directed evolution
experiments have been performed on Cal-A lipase (23, 24). Moreover, its low similarity to other
known lipases prevents making inferences about its conformational dynamics, activation or

substrate binding, justifying deeper investigation into effects of mutations (28).

Chain-length selectivity is highly sought in the food industry to enhance the composition of fatty
acids of precise lengths that offer health benefits or certain flavors (29-31). Selectivity for fatty
acids shorter than C6 has been achieved in several lipases, including Cal-A, by blocking the acyl-
binding tunnel sterically (32-34). Achieving selectivity towards fatty acids of lengths greater than
C6 has proven to be more challenging since activity for shorter chain-lengths is preserved (22,
35). However, activity towards long-chain fatty acids can be increased by widening the entrance
to the acyl-binding tunnel (35, 36). Other mechanisms to achieve either chain-length selectivity
described in other lipases include conformational changes and lid modifications that often

include epistatic effects (37-41).
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In Cal-A lipase A, a prior study created region-focused libraries to identify variants with enhanced
chain-length selectivity (22, 42). This semi-rational approach to directed evolution confirmed the
existence of a key region for substrate recognition in the putative acyl-binding tunnel of Cal-A
(43). Other studies have described short-chain selective Cal-A variants, mainly by sterically
blocking the putative acyl-binding tunnel (34). To our knowledge, there is a single report of an
epistatic interaction in Cal-A between two mutations at the bottom of the putative acyl-binding

tunnel that confer short-chain selectivity (11).

To gain further insight into the mechanisms whereby substitutions modulate chain-length
selectivity in Cal-A and to identify potential epistatic effects, we deconvoluted two chain-length
selective variants isolated from a prior study that were defined by more than one mutation (22).
Activity was determined in vivo and in vitro using natural triglyceride substrates and synthetic,
activated p-NOz-phenyl esters of varying chain lengths to determine the contribution of each
mutation to the phenotype. Epistatic effects between mutations were confirmed, confirming the
existence of other epistatic interactions in the putative acyl-binding tunnel. Tunnel analysis and
flexible docking simulations are consistent with chain-length selectivity in Cal-A being a
consequence of conformational changes in the acyl-binding tunnel or their accessibility. These
events could not have been predicted from the 3D structure alone; the ready availability of a

medium-throughput screening assay allowed for their experimental determination.

5.3Results

5.3.1 Deconvolution of variants for investigation of chain-length selectivity
Cal-A lipase, despite its long putative acyl-binding tunnel (27), shows higher activity towards
short-chain fatty acids, more precisely chain lengths of C3-C4 (25, 26). Previously, to identify
chain-length selective Cal-A variants, hydrolysis of the triglyceride glyceryl tributyrate (C4:0) and
the long-chain triglyceride-enriched olive oil (C18:1) were assessed (22, 42). For these
triglycerides, Cal-A wild-type shows ~70% lower activity towards olive oil (C18:1) than glyceryl
tributyrate (C4:0) (26).
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In order to decipher the mechanisms at play in Cal-A variants selective for substrates of different
chain lengths, a short-chain and a long-chain discriminative variant previously obtained through
focused mutagenesis or whole-gene random mutagenesis were selected (22). Both include
mutations that have not been the focus of prior studies (34) (11). These variants were

deconvoluted in this study to assess the impact of their individual mutations on ester hydrolysis.

Short-chain selective Cal-A variant R2-27 includes mutations M248L and N294| whereas long-
chain selective AR15 includes mutations R262H, L274W and G432D (Figure 5.1). Short-chain
selectivity has previously been achieved by individual or combined mutations in residues T221,
G237, V238 and V290 that prevent binding of long fatty acids in the acyl-binding tunnel by
blocking the entrance to the putative acyl-binding tunnel (11, 34). However, in variant R2-27, the
mechanism providing short-chain selectivity should differ as mutations are found at the bottom

of the acyl-binding tunnel (Figure 5.1).

The mechanism for long-chain selectivity is more elusive. In a previous study, all 13 long-chain
discriminative variants of Cal-A identified retained at least moderate capacity to hydrolyze the
short-chain triglyceride glyceryl tributyrate (C4:0) (22). In Cal-A, mutation Y93G at the entrance
of the acyl-binding tunnel has been shown to confer long-chain selectivity by increasing activity
towards long-chain triglycerides (22). The variant AR15 has mutation L274W close to the active
site, as well as the flap G432D that could be modifying the active site cavity or substrate
recognition (Figure 5.1). In other lipases, lid modifications have been shown to confer long-chain
selectivity (38, 40, 41). However, this mechanism has not been described in Cal-A lipase. It should
be noted that AR15, although it is one of the best long-chain selective variants isolated in the
previous study (22), shows weak selectivity. However, understanding the implication of each

mutation in this variant could help to enhance this property in future engineering efforts.
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Figure 5.1. — Structure of Cal-A lipase (PDB ID: 2veo) with the catalytic triad in cyan sticks and the
active site flap in green.

The putative acyl-binding tunnel is represented by a co-crystallized PEG molecule (purple). A:
Zoom highlighting modelled mutations into the wild-type structure (PDB ID:2VEQ) R262H,
L274W and G432D in long-chain selective variant AR15. B: Zoom highlighting modelled
mutations into the wild-type structure (PDB ID:2VEO) M248L and N294I at the bottom of the
putative acyl-binding tunnel in short-chain selective variant R2-27.

5.3.2 Characterization of deconvoluted variants
Short-chain selective Cal-A variant R2-27 was deconvoluted into individually substituted variants
M248L and N294l, and long-chain selective AR15 was deconvoluted into individually substituted
variants R262H, L274W and G432D. All variants were expressed in E. coli and were assayed either
as colonies on substrate-containing solid medium or as cell lysate in liquid reaction mixes. Natural
triglyceride substrates were assayed in solid and liquid medium; they best represent the potential
for the variants to hydrolyze complex substrates with more than one fatty acid chain. p-NO»-
Phenyl esters were assayed in liquid form. They are used as industry standards for the ease of
the colorimetric assay. p-NO,-Phenyl esters may represent the potential for variants to hydrolyze
single-chain esters yet caution should be used in interpreting hydrolysis of those activated,

aromatic esters (22, 34).
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A) Qualitative assay for hydrolysis of triglycerides on agar plates

A qualitative in vivo assay was first performed to assess chain-length selectivity in a high-
throughput manner. The assay consisted in plating E. coli expressing the Cal-A variants on ZY
autoinduction agar plates containing emulsions of glyceryl tributyrate (C4:0), glyceryl
trioctanoate (C8:0), coconut oil (C12:0) or olive oil (C18:1) and assessing halo size/fluorescence
upon triglyceride hydrolysis (Figure 5.2). Comparison of halo sizes over the course of colony
growth provides a rough estimate of activity (22, 42) and, at a glance, of the impact of individual
mutations relative to the combined mutations.

Q\‘\'\?

”b

& @"9&& & L @"\'

Glyceryl tributyrate @ ' T
ca:0 w - oo o

Glyceryl trioctanoate ‘ o
C8:0 b o ° o

C12:0
Olive oil
ci18:1

Figure 5.2. — Representative results of the qualitative screening of R2-27, AR15 and their
deconvoluted mutants in agar emulsified with glyceryl tributyrate (C4:0), glyceryl
trioctanoate (C8:0), coconut oil (C12:0) and olive oil (C18:1).

Hydrolysis of triglycerides produces a halo of clearance for glyceryl tributyrate and
trioctanoate and a halo of fluorescence from the pH-sensing rhodamine included with coconut
oil and olive oil. *-C’ is the negative control for Cal-A expression.

The individual mutations M248L and N294l each result in a ratio of short-chain triglyceride to
long-chain triglyceride hydrolysis similar to the wild-type (WT) Cal-A, contrary to R2-27, which
has decreased activity towards fatty acids > C8 (Figure 5.2). This demonstrates that the increase
in short-chain selectivity of R2-27 is due to the combination of M248L and N294lI. Interestingly,
mutation M248L appears to give the opposite phenotype: it displays greater long-chain

hydrolysis than the WT. This suggests that sign epistasis, where the combination of mutations
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flips the phenotypic effect of the single mutants, may underlie the interaction between

mutations M248L and N294I that results in increased short-chain selectivity.

In the case of AR15, although its selectivity phenotype is weak, it shows higher activity towards
long-chain olive oil than does the WT. The deconvolution suggests that both mutations R262H
and G432D contribute to the improved long-chain selectivity of AR15. It should be noted that the
single mutant L274W shows no activity for all substrates. As a decreased activity is not observed
in the triple mutant AR15, this suggests that mutations R262H and/or G432D could stabilize or

enhance function individually or in combination with L274W.

B) Quantitative assay for hydrolysis of single chain esters in solution
A guantitative assay of chain-length selectivity was performed using p-NO,-phenyl esters, the
gold standard lipase assay. The highly activated substrates and colorimetric detection of the
aromatic leaving group ensure sensitive detection of low catalytic activities (44). Clarified lysates
were tested against p-NO;-phenyl esters of chain lengths ranging between C4:0 to C16:0. The
results correlated well with the qualitative triglycerides screening assay above, despite the
extensively differing chemical nature of the substrates (Figure 5.3; Supplemental Figure A3.1).
The long-chain selective variant AR15 and each of its deconvoluted mutants display higher
activity toward all single-chain esters assayed in E. coli lysate than does WT Cal-A, in addition to
increased hydrolysis of the long-chain p-NO;-phenyl palmitate (C16:0). In this assay, only the

deconvolution mutant G432D displays clear, long-chain selectivity.

Conversely, short-chain selective R2-27 retained a WT level of activity towards p-NO,-phenyl
butyrate (C4:0); its activity for p-NOz-phenyl esters longer than C8 decreased, thereby improving
its short-chain selectivity (Figure 5.3). Again, neither of the single substituted variants M248L or
N294I showed a similar phenotype, pointing to epistasis between the two substitutions in variant

R2-27.
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Figure 5.3. — Quantitative p-NO.-phenyl ester assay for clarified lysates of R2-27, AR15 and their
deconvoluted mutants.

Values are normalized against WT activity for each substrate; note the logarithmic scale of
the y-axis.

C) Quantitative assay for hydrolysis of triglycerides in solution
Quantification of lipase activity using triglycerides has the main drawback of lower solubility and
lower sensitivity than p-NO;-phenyl esters. However, triglyceride activity results are more
representative of potential applications using triglycerides or their derivatives (23, 24, 45). Here,
triglyceride solubility is enhanced with the use of gum Arabic and colorimetric assessment of
hydrolysis is enabled with inclusion of phenol red as a pH indicator (46). Quantitative analysis
with triglycerides of chain lengths C4:0 and C8:0, and olive oil (predominantly C18:1), further
confirmed the chain-length selectivity pattern observed for R2-27 (Figure 5.4; Supplemental
Figure A3.2). In this experiment, single mutants N2941 and M248L do show weak improvements
in the selectivity profile compared to wild-type (Figure 5.4) which were not evident in the in vivo

assay with triglycerides.

In accordance to the weak chain-length selectivity observed in the in vivo assay, and contrary to
the p-NO,-phenyl esters assays, AR15 barely shows improvements in its discrimination profile. In
fact, based on this quantitative triglyceride assay, this variant would not be considered chain-

selective. In addition, variants AR15 and G432D also do not have the enhanced activity observed
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with p-NO2-phenolates. Furthermore, the selectivity profile of G432D seems inversed to what it
was observed in the p-NO;-phenyl esters assays (Figure 5.4, Supplemental Figure A3.2). However,

none of the single mutants composing variant AR15 show any significant improvements in the

discriminative profile.

WC4:0 ECS:0 mC18:1 (Olive oil)
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% activity relative to WT

Figure 5.4. — Quantitative triglyceride assay for clarified lysates of R2-27, AR15 and its
deconvoluted variants.

Values are normalized against WT activity for each substrate.

5.3.3 Structural analysis to decipher chain-length selectivity
To gain insight into the molecular basis of the chain-length selectivity observed in Cal-A and its
variants R2-27 and AR15, they were subjected to computational tunnel analysis and to flexible
docking. Tunnel analysis was done by computationally exploring the cavities identified starting
from the active site in the absence of ligand with the software CAVER. This resulted in the
identification of several cavities and characteristics such as their length, width or curvature
(Supplemental Tables A3.1-4). Tunnel analysis was done for the crystallographic structure, as well
as the structures of Cal-A wild type and its in silico-generated mutants that were relaxed by

conformational sampling. Substrate docking with PELE permitted the exploration of different
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protein and substrate conformations. The initial docking pose was generated with SwissDock by

directing the ligand within 5 A of the catalytic serine.

Docking of p-NO;-phenyl octanoate into the relaxed structures that include the relevant
mutations showed binding in tunnels that had been predicted in the absence of ligand (Figure
5.5). Specifically, p-NO;-phenyl octanoate bound to the putative acyl-binding tunnel where the
PEG molecule co-crystallized (27). In variant AR15, docking of p-NO,-phenyl octanoate also
occurred in an alternative, predicted tunnel (Figure 5.5). This alternative tunnel is present in the
crystallographic WT structure prior to relaxation but is not present in the relaxed WT or R2-27

structures (Supplemental Figure A3.3; Supplementary Tables A3.1-4).

( :
A e \ «\l’ '
- o
AR15 - AR15

4« _ Alternative tunnel

Figure 5.5. — Docking of p-NO;-phenyloctanoate into WT Cal-A, R2-27 and AR15 superimposed with
tunnels mapped in the relaxed structures in the absence of ligand.
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Our tunnel analysis results are consistent with a previous report that Cal-A WT has a long acyl-
binding tunnel with a kink towards the bottom (27). Interestingly, this curvature is more marked
in the double mutant R2-27 (Table 5.1). This results in the tunnel becoming effectively shorter
than in WT Cal-A and is consistent with the observed changes in chain-length selectivity. This
would be an alternative mechanism to sterically blocking the acyl-binding tunnel to obtain short-
chain selectivity in Cal-A (34). In contrast, the alternative tunnel in AR15 presents a length
comparable to the main tunnel of Cal-A WT, with lower curvature (Table 5.1). Whereas AR15
does not show consistent chain-length discrimination, there are definite changes in activity
towards p-NO,-phenyl esters of fatty acid. Further engineering exploiting this alternative tunnel

could lead to even greater discrimination.

Overall, the observed changes in the tunnel conformations would not have been easily predicted
from modelling mutations into the crystallographic structure, emphasizing the need to
thoroughly explore epistasis and its functional effects in Cal-A lipase. Prior identification of these

mutations by directed evolution was key to detect novel chain-length selective variants.

Table 5.1. = Tunnel analysis of most probable tunnels.

Curvature is defined as the ratio between tunnel length and distance. Where distance is
defined by CAVER as the shortest possible distance between the calculation starting point and
the tunnel ending point. Bottleneck radius is the maximal probe size that can fit in the
narrowest part of the tunnel.

Length (&) Curvature Bottleneck radius (A) Distance (A)

WT 27.3 1.9 0.82 14.4
AR15 22.1 1.6 0.62 13.8
AR15 alternative 26.5 1.5 0.75 17.7
R2-27 29.5 2.3 0.61 12.8

5.4 Discussion
Cal-A lipase has been successfully engineered in previous reports to modify chain length-
selectivity for biotechnological purposes (11, 23, 24, 30, 34). Mutations that confer short-chain
triglyceride selectivity were found predominantly in a helix-loop-helix between residues S217-

S245, near the entrance of the acyl-binding tunnel, when Cal-A was subjected to targeted random
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mutagenesis (22). Other reports have also shown short-chain fatty acid selective mutations at

the bottom of the acyl-binding tunnel (11, 30) (Figure 5.6).

©

0T Q"!
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Figure 5.6. — Cal-A wild-type (PDB ID: 2veo) highlighting residues in which mutations that lead to
chain-length selectivity have been identified.

Y93G in yellow confers long-chain selectivity, whereas the rest of highlighted residues confer
short-chain selectivity. Mutations in G237 (red) confer short-chain selectivity by blocking the
acyl-binding tunnel sterically. Mutations in residues highlighted in orange, confer short-chain
selectivity through epistatic interactions. The catalytic triad is shown as cyan sticks and the
small flap is in green.

As in other lipases, the relative position in the tunnel allows to modulate chain length-selectivity
by narrowing the acyl-binding tunnel or blocking it sterically, allowing to create selectivity for
increasingly shorter chain-lengths (32, 33, 35). In Cal-A in particular, mutations in residue G237
at the entrance of the tunnel prevent hydrolysis of fatty-acids longer than C6(34) whereas
mutations in residues V290 and V286 at the bottom of the tunnel decrease hydrolysis of fatty
acids longer than C18(11) (Figure 5.6). Here, we have characterized variant R2-27 which contains
mutations N294| and M248L at the end of the acyl-binding tunnel. These mutations decrease
hydrolysis of fatty acids longer than C8 in all of the activity assays performed in this study (Figures
5.2-5.4). This trend is shown in the double mutant but not when the mutations are present
individually. Tunnel analysis reveals that the putative acyl-binding tunnel is effectively shorter

due to its enhanced curvature (Table 5.1). This effect is difficult to predict from the three-
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dimensional structure as these residues are ~14 A away from each other and the incorporated
substitutions do not reflect dramatic changes in the side-chain size that could approximate these
regions. It is likely that more voluminous mutations in residues N294 and M248 could lead to
higher chain-length selectivity. Indeed, a prior report has shown that introduction of bulky
residues at the end of the tunnel decreased activity towards fatty acids longer than C18 due to
shortening of the acyl-binding tunnel (11). It should be noted that Mg?* has been proposed to
bind near residue N294, which could have indirect effects on the reaction rate when mutating
this residue (47). The interaction of mutations N294l and M248L at the end of the tunnel
conferring short chain-length selectivity constitutes another example of non-additive
interactions occurring in Cal-A lipase apart from mutations V290W and vV286Q (11, 30) (Figure
5.6). These effects on activity might due to conformational dynamics as it has been reported for
other lipases (48-50). However, to date a molecular dynamic characterization of Cal-A lipase to
identify long-range networks is lacking. Further engineering efforts targeting this region through
iterative saturation mutagenesis could aid in further modifying chain-length selectivity for

biotechnological purposes.

Compared to other lipases, Cal-A has a characteristic long acyl-binding tunnel that could
accommodate up to 20-25 methylene units (27) However, it is more proficient towards the
hydrolysis of short-chain fatty acids (22,25,26). Contrary to short-chain discrimination, no hot-
spot for long-chain fatty acid selectivity has been previously identified in Cal-A lipase (22). Long-
chain fatty acid selective variants generally maintain activity towards short-chain fatty acids,
making mechanism of long-chain selectivity more difficult to characterize (22). Cal-A compared
to other lipases has a characteristic long acyl-binding tunnel that could accommodate up to 20-
25 methylene units (27). However, it is more proficient towards the hydrolysis of short-chain fatty
acids (22, 25, 26). As it has been described for other lipases, activity towards long-chain fatty
acids can be increased by widening the entrance to the long acyl-binding tunnel (22, 35, 36). This
is also the case for Cal-A where mutation Y93G, in the oxyanion hole near the catalytic triad, has
been shown to increase long-chain fatty acid hydrolysis (22) (Figure 5.6). Other more complex
mechanisms such as mutation-induced conformational changes that increase the active site

volume, improve lid flexibility or stabilize open conformation have also been shown to favor long-
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chain fatty acid selectivity in other lipases (37, 40, 41). In addition, lid swapping in other lipases
has been shown to shift chain-length selectivity (38, 39, 51). In Cal-A, site-directed saturation
mutagenesis at G431, near the flap, did not result in any chain-length discrimination (22). In this
report we analyze the triple mutant AR15 which contains mutations R262H, L274W and G432D
which had been shown to be discriminative in a qualitative assay with emulsified triglycerides
(22), as confirmed in this study (Figure 5.2). Whereas quantitative assays with p-NOz-phenyl
esters were consistent with that phenotype (Figure 5.3), quantitative assays with triglycerides of
varying chain-lengths did not reveal a marked discriminative profile of this variant. This variant
showed the stabilization of an alternative acyl-binding tunnel through docking and tunnel
analysis that might be involved in substrate recognition and binding. Performing further rounds
of directed evolution could enhance the discriminative profile of AR15 toward p-NO2-phenyl

esters and triglycerides.

Overall, we report an epistatic interaction in a novel chain-length discriminative variant (R2-27)
of Cal-A lipase that was first identified through focused random mutagenesis (22). Variant R2-27
displays a short-chain selective phenotype consistent with strangling the acyl-binding tunnel,
even though the mutations are not particularly bulky. Interestingly, these epistatic mutations
occur in the same region as previously identified chain-length selective synergistic mutations
(52). This suggests that residue interactions in this region may be characterized by complex, non-
additive effects. In addition, we report the stabilization of an alternative acyl-binding tunnel that
might be implicated in substrate binding and recognition. Several interrogations remain in Cal-A
lipase such as substrate recognition, conformational dynamics and the predominance of
epistasis. Further studies addressing these questions will aid to accelerate engineering of novel

variants.

5.5 Materials and methods

5.5.1 Mutagenesis deconvolution
The Cal-A construct used as a template for mutagenesis was codon-optimized for expression in
E. coli. The pelB signal peptide was N-terminally fused for periplasmic export and a poly-hexa-

histidine tag was C-terminally fused. The construct was cloned into plasmid pD441 as previously
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reported (42). Cal-A variants with single amino acid substitutions M248L, N294l, L274W, R262H
and G432D were created through whole-plasmid site-directed mutagenesis(53) using primers

(Alpha DNA) M248L-Fwd (5'-GCACGACTTGCGGCCAGCAAAAGCCGCGACC-3'), M248L-Rev (5'-

CGATGAAAGATTCCAAGTCCGGGTGCGCC-3'), N294I|-Fwd (5'-
GGTCAATGATACCATCTTGCTGAATGAAGC-3'), N2941-Rev (5'-
GCTTCATTCAGCAAGATGGTATCATTGACC-3'), L274W-Fwd (5'-
GGTCGCGGCTTTTGCTGGCCGCAAGTCGTGC-3'), L274W-Rev (5'-
GCACGACTTGCGGCCAGCAAAAGCCGCGACC-3'), R262H-Fwd (5'-
CGCAAAGGGTCAACATACGCTGAAGCAAATCCG-3'), R262H-Rev (5'-
CGGATTTGCTTCAGCGTATGTTGACCCTTTGCG-3'), G432D-Fwd (5'-
CAGAGCGCGTTTGATAAGCCGTTTGGTCCG-3') and G432D-Rev (5'-

CGGACCAAACGGCTTATCAAACGCGCTCTG-3'). Phusion polymerase (Thermo Fisher) was used
following the manufacturer’s guidelines using ~100 ng of pD441-pelB-Cal-A as template in a 50
plL total volume. Adding a final concentration of 3% DMSO improved the reaction efficiency for
mutations introduced in high GC-rich regions. After completion, the products were digested with
Dpnl (NEB) for 1h at 37°Cand 5 pL were transformed into chemically competent E. coli BL21 (DE3)
prepared following the CaCl; protocol (54). The transformed cells were plated onto Luria-Bertani
agar-plates containing 50 pg/mL kanamycin as a selective marker. Plasmid DNA from colonies
obtained after overnight incubation at 37°C was isolated using the Monarch Plasmid miniprep kit
(NEB) and sequenced at the Genome Quebec Innovation Center (McGill University, Canada) using

primers pFWD (5'-TTACGAGCTTCATGCACAG-3') and pRVS (5'- TGGTAGTGTGGGGACTC-3').

5.5.2 Protein expression and cell lysis
E. coli BL21(DE3) cell cultures transformed with the relevant Cal-A genes were grown to
saturation at 37°C in Luria-Bertani medium supplemented with 50 pg/mL kanamycin. For
guantitative activity assays using p-NOz-phenyl esters, 100 plL of saturated cultures were used to
inoculate 10 mL ZYP-5052 of auto-inducing medium (55) with kanamycin and grown at 22°C. After
24h, cultures were pelleted and resuspended in 1 mL of 50 mM Tris pH 8.0 as previously described
(22). Following 20 s sonication pulses until clear, the lysate was centrifuged and the supernatant

assayed.
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For triglyceride lipase activity assays, the expression and lysis were optimized to increase activity.
In this case, Luria-Bertani medium was used instead of auto-inducing medium and cells were
grown at 37°C for 1-2h until an ODggo = 0.6 and induced with 0.5 mM IPTG overnight at 16°C. Cell
cultures were pelleted at 3000 rpm and resuspended in 40 mM HEPES buffer at pH 7.0 to wash
the pellet. The washed pellet was then stored at -20°C or directly resuspended in 250-500 uL 40
mM HEPES buffer at pH 7.0. Cell lysis was done by incubating at 37°C for 1h with 0.1 mg/mL

polymyxin B solution.

Protein quantification of protein lysates was done using the Bradford Protein Assay Kit (Bio-Rad).

5.5.3 Lipase activity assays

A) Qualitative assay for hydrolysis of triglycerides on agar plates
The qualitative plate assays containing emulsions of glyceryl tributyrate, glyceryl trioctanoate,
coconut oil or olive oil were as previously described with a few modifications (22). Briefly, 2 mL
of the appropriate triglyceride were added to 50 mL of distilled water with 5 g of gum arabic. This
solution was emulsified and added to 200 mL of auto-inducing medium with 2% agar (55) to
obtain a final concentration of 1% v/v triglyceride and cast into rectangular Nunc OmniTray dishes
(Thermo Fisher). Glyceryl tributyrate-containing plates are opaque and lipase activity is detected
as a halo of clearance around the colony. Rhodamine B (0.001% w/v) was included in coconut oil
and olive oil plates to detect lipase activity as a halo of fluorescence around the colony. E. coli
lysates expressing Cal-A variants were spotted onto the plates. Following 18-24h incubation at
30°C, each variant was assigned an arbitrary activity value ranging between 1 and 4 relative to
wild-type activity (which was assigned a value of 3). E. coli expressing TEM-1 R-lactamase was

used as a negative control for lipase activity.

B) Quantitative assay for hydrolysis of single chain esters in solution
The quantitative assay using p-NO-phenyl esters of fatty acids with chain lengths C4:0 to C16:0
was done as previously described (22). Briefly, E. coli lysates were assayed in a total reaction
volume of 200 pL containing 0.5 mM p-NO,-phenyl fatty acid and 0.1% Triton in 50 mM TrisHCI

pH 8.0. Lipase activity was monitored as the increase in absorbance of p-NO;-phenolate at 405
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nm (g40s=18.1 mM~2cm™) upon its release from the corresponding fatty acid. The assay was
performed in triplicate in 96-well plates at 45°C using a BMG FLUOstar 96-well plate

spectrophotometer.

C) Quantitative assay for hydrolysis of triglycerides in solution

The quantitative assay using triglycerides of chain lengths C3:0-C8:0 and olive oil (mostly C18:1)
was done using a previously described colorimetric assay with a few modifications (25, 56).
Glyceryl tripropionate, tributyrate, trihexanoate, trioctanoate and olive oil were made up to 96
mM in acetonitrile, except for olive oil which was sonicated into 10% DMSO and 10% gum arabic.
The reaction mixture was prepared by adding 2 puL of 96 mM triglyceride to 40 plL of 0.45 mM
Phenol Red in 5 mM N-(2-hydroxyethyl) piperazine-N'-(3-propanesulfonic acid (EPPS) buffer at
pH 8.0. Upon addition of 2 pL of polymyxin B-produced-lysates to the reaction mixture, fatty acid
hydrolysis was monitored at 550 nm (gs550=8.5 mM~cm) upon color change of phenol red due to
a change in pH. The assay was performed in triplicate in 384-well plates at 45°C in a Synergy HT
Multi-Mode Microplate reader (Biotek).

In the quantitative assays, the inactive catalytic acid variant D334Y was used as a negative

control, as well as a blank containing no lysate.

5.5.4 Protein docking
The different variants subjected to docking were generated in silico in PyMOL using the crystal
structure 2veo corresponding to wild-type Cal-A. The structures were subsequently prepared in
Maestro using Schrodinger's Preparation Wizard and eliminating solvent molecules and a co-
crystallized PEG molecule. The prepared molecules were subjected to accurate docking using the
online server SwissDock (http://www.swissdock.ch/docking). The coordinates chosen for the
accurate docking correspond to Ser184. Flexibility of the side-chains was allowed within 5 A of
any atom of the ligand. Once a docking pose was identified, the protein with the ligand was
subjected to binding refinement to obtain docking poses where the ester bond was >3.5 A from
the catalytic S184. Binding refinement was done using the online server for the Protein Energy

Landscape Exploration algorithm (PELE) (https://pele.bsc.es/). PELE allows for sampling of the
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conformational space by allowing protein and ligand perturbations (57). Analysis of the obtained

poses was done using PyMOL and Maestro.

5.5.5 Protein tunnel calculations
Protein structures were prepared as for protein docking in the absence of ligand and solvent. The
structures were relaxed using the protein motion algorithm in the PELE online server. Tunnels
were calculated using CAVER 3.0 command-line version (58). The catalytic S184 was put as the
starting point residue for tunnel calculations with a probe of 0.6 A. A maximal distance of 5 A

from the starting point was allowed.
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Chapter 6 — Discussion, conclusions and perspectives

The general framework of this thesis was to contribute to understand essential features of
proteins in order to enhance predictability in enzyme engineering. The effective search of the
sequence space to identify the best variant has several bottlenecks, both technical and
conceptual, as highlighted in the Chapters 2, 3 and 4. To surmount some of those limitations,
successful engineering efforts typically use enzymes that exhibit high stability, tolerance to new
mutations and substrate promiscuity (21). Here, we used two model systems that possess those
features to gain knowledge that can be applied in future enzyme engineering quests in these or
related systems. Below, | will present the global conclusions, contributions, limitations and future

work related to each system used and will discuss the perspectives that arise from this work.

6.1. Model 1: Dynamic B-lactamase variants

In Chapter 3, the evolution of dynamic variants of TEM-1 R-lactamase through random
mutagenesis and by introducing specific epistatic mutations has revealed yet another feature of
the robustness of this enzyme: the tolerance to slow-timescale dynamics in the evolution towards
new function. Based on previous studies using TEM-1 R-lactamase, we had initially hypothesized
that differences in protein dynamics would alter the course of protein evolution. One previous
study had pointed to increased protein dynamics in ancestral and promiscuous R-lactamases,
followed by a rigidification and specialization of the modern TEM-1 variant (93). Another study
had revealed an evolutionary dead-end due to increased dynamics in the omega-loop region of
TEM-1 R-lactamase (78). Whereas these prior studies specified the dynamic regions, they did not
specify the particular timescales studied. However, as mentioned in Chapters 1 and 3, protein
dynamics are complex: they exist in different regions of a protein and at broadly differing

timescales.

The strength of our model lies in the prior characterization of the dynamic landscape from ps to
ms of two dynamic R-lactamase chimeras presenting new motions in different regions (80).

Certainly, the main limitation that arises from our model system is that these differences in
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dynamics are a consequence of sequence differences that could also have an effect on further
protein evolution. This limitation cannot be circumvented. Interestingly, Chapter 3 demonstrated
that the extent of the sequence differences did not correlate with differences in the evolution
towards new function: the outcome of cTEM-17m (with 17 mutations) was more similar to TEM-

1 than was cTEM-2m (with 2 mutations).

In Chapter 3, it was shown that the patterns of protein motions specific to 3-lactamase variants
CTEM-17m and cTEM-2m allowed evolution along an evolutionary path that is known to the more
rigid TEM-1 R-lactamase. Positive epistasis was maintained despite large variations in initial
protein dynamics at the ms to pus timescale, showing a rather neutral effect in evolution of new
protein function. Although it is plausible that motions at this timescale in other regions are not
tolerated, the work presented in this thesis is a stepping stone in dissecting the relevance of
protein dynamics on evolution in TEM-1 -lactamase. Further work in this direction could explore
protein motions in different regions on the same timescale, or protein motions at different
timescales, to have a complete picture of the relevant motions at the outset of evolution in this
system. Although this is conceptually straightforward, it is experimentally complex since it is not

yet possible to engineer new motions into proteins in a directed, predictable manner.

As discussed in Chapter 1, distinct motional events occur at different timescales. For example,
side-chain rotations occur at the ps to ns timescales whereas loop rearrangements occur at the
ms to us timescale (79). Combined, motions at all timescales are relevant to the maintenance of
the native structure. These motional events concur with relevant aspects of function such as
ligand binding or substrate turnover that occur at the ms to us timescale. It is probable that the
modest impact on function of increased dynamics in variants cTEM-2m and cTEM-17m is due to
the preservation of key motions necessary for catalysis. Nonetheless, a limitation in the field of
protein dynamics has been monitoring motions during the catalytic cycle to decipher the key
motions associated to catalysis. This is also a limitation to the prior characterization of the
dynamic variants used in this thesis as their dynamic landscape was determined for the ligand-
free enzyme (80), thereby setting a boundary to our interpretation of the

structure/function/dynamics relation in TEM-1 B-lactamase.
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The structural determination of the inhibitor-bound and -free enzyme has been used in some
studies to circumvent this limitation (78, 81). Recently, hydrogen/deuterium-exchange mass
spectrometry has allowed to characterize dynamics of TEM-1 R-lactamase at the millisecond
timescale during catalysis (141). This has shown that motions in conserved regions such as the
Ser70-X-X-Lys73 motif are associated with ligand-binding, in residues 240-247 to acylation or in
residues 250-257 for deacylation of cephalosporins. Additional studies of the dynamic variants
CTEM-2m and cTEM-17m using this methodology could reveal whether these key motions are

conserved in the variants in the presence of the ligand.

Another layer of complexity to protein dynamics is whether relevant conformational changes
occur prior to binding a ligand (conformational selection) or after binding (induced fit). The
structural characterization of ligand-free enzymes has made conformational selection the most
accepted model because the dynamic nature of enzymes has been revealed (99, 177). A greater
extent or distribution of protein dynamics signifies a larger conformational exploration of
enzymes. However, it has been shown that both mechanisms can coexist in several proteins (178,
179) and it has been proposed that one model might be favored over the other depending on
volume of the ligand (180). Prior studies in TEM-1 R-lactamase also support coexistence of
conformational selection and induced fit. MD simulations have supported the induced-fit model
upon binding of ampicillin and amoxicillin (181) whereas NMR spectroscopy has shown a
correlation of certain motions of the ligand-free protein to catalytic efficiency towards
benzylpenicillin (131). Whether one mechanism dominates over the other is an ongoing debate
that is not the object of this thesis. However, determining the relevant motions occurring during
catalysis for different ligands in the dynamic variants could help to dissect which mechanism is
prevalent for each ligand. This information will help to further decipher the key motions that need

to be preserved to maintain a specific function and are thus essential to evolve new functions.

In the context of evolving new protein function, the conformational selection model has been
proposed as the most feasible (96, 99). In TEM-1 B-lactamase, conformational selection has been
demonstrated to occur in evolution towards hydrolysis of cefotaxime, the same substrate used
to evolve the dynamic B-lactamases in Chapter 3. Hart, Ho (140) showed that cefotaximase

activity could be evolved by introducing mutations that stabilized pre-existent conformers in wild-
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type TEM-1 that conferred cefotaximase activity. The evolved cefotaximase conformers were
already present, albeit as minor conformers, in the unevolved enzyme. The results shown in
Chapter 3 using Protein Energy Landscape Exploration (PELE) simulations in the presence of
cefotaxime also point to the stabilization of cefotaximase conformers upon the introduction of
the synergistic mutations E104K/G238S. These results remove the limitation of not knowing the
dynamics of variants cTEM-2m and cTEM-17m in the presence of the ligand. Whether other
mechanisms are implicated in evolution towards further ligands is a subject of future work.
Perhaps the new motions present in cTEM-2m and cTEM-17m are neutral in the evolution of

cefotaximase activity but will modulate evolution towards other ligands.

Protein epistasis is a mechanism by which protein dynamics can modulate the course of evolution.
An additional contribution extracted from Chapter 3 is the observation that increased protein
dynamics on the ms to us timescale in cTEM-2m and cTEM-17m conserved the synergistic effect
of mutations E104K/G238S. This result, taken with the predominance of mutations that appear in
TEM-1 evolution, shows that similar mutational paths can be taken despite these differences in
dynamics. Nonetheless, it is plausible that not all epistatic interactions would be maintained in
the dynamic variants. Future work could address this by introducing other known epistatic
interactions, such as A237T/R164S, A237T/E240K or R1645/G2385(126), or by conducting a
thorough study of pairwise epistasis using whole-gene saturation mutagenesis in localized

regions(40).

The analysis of protein dynamics during the course of directed evolution has provided with
insights into its interplay with epistasis to modulate evolutionary trajectories (58, 99). Campbell,
Kaltenbach (54) analyzed the conformational changes that occurred during the evolution of a
phosphodiesterase to an aryl esterase and back to phosphodiesterase. Analysis of X-ray crystal
structures showed that the evolution of new function happened through conformational changes
associated to epistaticinteractions. They also showed that the stabilized conformations were pre-
existing, further confirming the conformational selection hypothesis in evolution. In Chapter 3,
the dynamics of the evolved dynamic variants were not thoroughly characterized since the
guestion was whether dynamic features of the evolutionary start-points modulated the course of

evolution. Nonetheless, PELE simulation results in Chapter 3 give us some insights into dynamics
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of the evolved variants. They suggest that despite the increased dynamics in the start-points, i.e.

variants cTEM-2m and cTEM-17m, the Q-loop is stabilized by mutations E104K/G238S.

Overall, the results presented in Chapter 3 demonstrate the tolerance of motions at the ms to us
timescale in the evolution of TEM-1 R-lactamase towards cefotaximase activity. As discussed
here, protein dynamics are an inherent and complex trait and further work is needed to extend
our knowledge on the relationship between protein dynamics and evolution. TEM-1 -lactamase
variants have served as an excellent model to study this relationship due to the extensive data
available: TEM-1 is a gold standard in molecular evolution and has been thoroughly characterized
structurally and kinetically. While protein engineering of TEM-1 is not a goal in the
biotechnological industry, the conclusions drawn from this and similar studies will help to identify

relevant features for optimal start-points in enzyme evolution.

6.2. Model 2: Cal-A lipase

Unlike TEM-1 B-lactamase and despite its biotechnological interest, Cal-A lipase remains poorly
characterized. In Chapters 4 and 5, the use of focused mutagenesis and deconvolution in Cal-A
lipase has improved our knowledge of substrate binding and recognition. In particular, residues
217-245 in the tunnel region were identified as a hot-spot for triglyceride recognition in Chapter
4. The Cal-A variants we obtained were screened on agar plates containing emulsions of a short-
chain or a long-chain triglyceride. This allowed the rapid identification of variants that hydrolyzed
one substrate preferentially over the other. The main limitation of that study was, in fact, the
qualitative nature of the screening. Nonetheless, as pointed out in Chapter 4, the qualitative assay
allowed identification of highly chain-selective variants that had been previously reported in
other studies as well as new ones. Therefore, the qualitative nature of the assay did not hinder
directed evolution toward new selectivity. In addition, the qualitative assay has the advantage of
using natural triglyceride substrates that are relevant in industrial settings, rather than using

substrate analogs that may make the course of evolution deviate from the true objective.

The triglycerides used in Chapter 4 were glyceryl tributyrate (C4:0) and olive oil. The latter
contains triglycerides predominantly constituted by oleic acid (C18:1). These two triglycerides

have been used extensively to determine chain-length selectivity in lipases (182, 183). It should
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be noted that although olive oil is a heterogeneous mix of other long-chain fatty acids, mainly in
triglyceride form, it can be easily emulsified for the agar screening, contrary to the homogeneous
triglycerides of the same chain-length. The other long-chain fatty acids contained in olive oil are
linoleic acid (C18:2), palmitic acid (C16:0), stearic acid (C18:0), linolenic acid (C18:3) or arachidic
(C20:0) (184). Alimitation that arises from using olive oil is that oleic acid is a cis unsaturated acid,
and Cal-A shows preference towards trans fatty-acids (149). Therefore, using olive oil means
selecting for long-chain hydrolysis and cis selectivity simultaneously. To address this limitation,
an additional assay using a triglyceride containing saturated fatty acids of intermediate chain-
length, glyceryl trioctanoate (C8:0) and coconut oil (C12:0), were included when characterizing
chain-length selective variants in Chapter 5. The emulsion of triglycerides containing fatty acids
of higher chain-lengths for the agar screening was not accomplished due to their strong

propensity to separate.

The most common approach for the quantitative screening of lipases is to use p-NO;-phenyl
esters as substrates. However, the quantification of chain-length selectivity by that approach has
been limited by the chemical nature of p-NO;-phenyl esters. Although of p-NO-phenyl esters are
the gold-standard for industrial determination of lipase activity, their main disadvantages to
quantify chain-length selectivity toward natural triglycerides have been described in Chapters 4
and 5. The limitations resulting from the p-NO,-phenyl ester assay were addressed in Chapter 5
by using a high-throughput triglyceride hydrolysis assay. The main disadvantage in our case was
the low activity of Cal-A which were due to low expression yields. Low expression of Cal-A was
due to its expression in E. coli. This has made protein purification difficult and resulted in low
activity in the quantitative triglyceride assays. E. coli was chosen as a host because although Cal-
A has a eukaryotic origin, previous research had shown that E. coli could be used for directed
evolution and expression of Cal-A (147). However, further characterization of Cal-A variants

would benefit from expression in yeast hosts such as S. cerevisiae or P. pastoris.

Contrary to the R-lactamase system, no thorough study characterizing the prevalence of epistasis
in Cal-A lipase has been done to date. The epistatic interaction at the end of the acyl-binding
tunnel described in Chapter 5 reveals how little is known about substrate binding or key structural

features in Cal-A. Whereas most directed evolution studies done in Cal-A have a specific
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biotechnological goal in mind, preliminary studies to decipher the evolvability of Cal-A would be
of great use. It is plausible that the fitness landscape of Cal-A is too constrained by epistasis
(Figure 1.3) and that reaching new activities would be challenging. In the absence of a thorough
characterization of epistasis, it is encouraging to have observed that one round of directed
evolution in Chapter 4 sufficed to obtain chain-length selective variants. Further rounds of
evolution could vyield variants with higher selectivity. Alternatively, iterative saturation
mutagenesis in the acyl-binding tunnel could be an interesting tool to obtain additional variants

while exploring epistatic interactions.

Overall, the results presented in Chapters 4 and 5 reveal relevant aspects for the evolution of
chain-length selectivity for an enzyme that remains largely uncharacterized. These aspects are
the existence of a triglyceride binding hot-spot and of an epistatic interaction at the end of the
acyl-binding tunnel. Contrary to TEM-1 R-lactamase, Cal-A lipase is poorly characterized yet has
direct biotechnological applications. The results presented here highlight the need to further

characterize this system to evolve it more effectively towards new industrial applications.

6.3. Considerations that are common to model 1 and model 2

An important aspect that emerges from both model systems used is that the method chosen to
screen for activity has a great influence on the inferences of the study; as the common saying
goes enzyme engineering, “You get what you screen for”. Two significant parameters of activity

assays that can be extracted from this thesis are: the substrate chosen and enzyme purity.

When planning a directed evolution experiment, two paths can be chosen: either several
substrates are used to investigate promiscuity or a single substrate is used to evolve selectivity.
Both paths were used to evolve Cal-A in this thesis, whereas only the latter was applied for the
dynamic variants of TEM-1. The substrate(s) chosen will have a defined chemical nature, such as
hydrophobicity and three fatty acid chains in triglycerides or a 3-lactam ring and a bulky side-
chain in cephalosporins. This is translated in selection towards improved binding or catalytic
turnover for substrates with specific features. Extrapolations to other substrates can be made
when the rate-limiting step of the reaction, chemical nature or binding mechanism of the

substrate are similar.
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For example, in TEM-1 R-lactamases the rate-limiting step of cephalosporin hydrolysis is the
acylation whereas for penicillin hydrolysis it is deacylation. Induced-fit has been proposed to
occur in the binding of some penicillins but not of cephalosporins. Therefore, results will likely
differ in terms of epistasis and dynamics when using penicillins vs cephalosporins. Overall, results
for one type of substrate cannot generally predict activity for another substrate. However, the
more knowledge there is about the reaction mechanism and substrate recognition, the better the

quality of extrapolations to other substrates.

The second parameter to be considered is enzyme purity. This can broadly span in vivo
overexpression and clarified cell lysates all the way to pure enzyme for in vitro assays. Enzymes
present in the cellular milieu interact with numerous proteins that may favour protein stability or
on the contrary favour degradation. Chaperones are a great example, since these proteins aid in
protein folding and can be even used in evolution to diminish the effects of destabilizing
mutations (62). Following the example of chaperones, the destabilizing effects of a mutation
might be apparent in in vitro assays using purified enzyme but not in in vivo assays due to the
buffering effect of chaperones. As a result, an epistatic interaction with this mutation will only be
apparent in vitro. In another example, the catalytic improvement of a certain mutation might be
apparent in vitro but not sufficient to procure phenotypic effects in vivo, as observed for cTEM-
2m variant E104K/G238S in Chapter 3. In that case, if the activity had been measured exclusively

in vivo, the epistatic effect of mutations E104K and G238S would have been disregarded.

Other interactions and other conditions of the cellular milieu can make protein stability and
function higher in vivo or in cellular lysates than in the purified enzyme. As an example, antibiotic
resistance profiles of metallo-B-lactamases have been shown to correlate to activity values
measured in cell lysates but not using purified enzyme (95). The cellular milieu provides
conditions such as protein interactions, cofactors or a buffered medium that best suit the protein
functionality. In vivo or cell lysate assays offer the additional advantage of not requiring lengthy
purification. These reasons have made in vivo assays or cell extract assays attractive to accelerate
protein discovery and its application in industry (185). This supports the use of in vivo assays in
Chapter 4 and 5 of this thesis to measure Cal-A activity. However, further characterization of

protein epistasis in Cal-A will need the study of purified variants. As illustrated above and
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throughout this thesis, it is important to consider the question being asked and the ultimate goal
in order to establish the appropriate level of enzyme purity to use in the assays: in vivo, cell lysates

or purified enzyme.

An additional parameter to consider in both models is the choice of library creation methods.
Random mutagenesis in dynamic B-lactamases allowed exploration of evolutionary paths in
Chapter 3 whereas focused, random mutagenesis in Cal-A lipase has helped uncover a key region
for triglyceride recognition in Chapter 4. These mutational choices were deemed to be adequate
to explore the different questions that each system posed. However, as reviewed in Chapter 2,
other choices could have been made or can be done to further explore these models or other
guestions. Here, | briefly mention two promising methods that could be applied to further
decipher the prevalence and relevance of epistasis in the models studied. A recent published book
chapter has proposed a pipeline to analyse interaction networks in small libraries (53). In this
method, the statistical analysis of a small combinatorial library of 6 residues yielding 64 variants
served to describe high-order epistatic networks. Another method that could be of use for both
model systems is deep mutational scanning to assess the sequence variations tolerated at each
position (186). This could serve to explore whether the same mutational changes are tolerated in

the dynamic B-lactamases and other mutational hot-spots determinant for function in Cal-A.

Overall, the experimental design chosen contributed to expand our knowledge in both TEM-1 and
Cal-A. Nonetheless, the results obtained from this thesis can be expanded using alternative

experimental designs.

6.4. Perspectives

The inherent structural complexity of enzymes adds a great challenge to enzyme engineering.
Successfully predicting which mutations will promote a new function needs prior knowledge of
structure-function-evolution relationships. Directed evolution schemes often depict a mutated
gene and the selection of a mutated protein variant. Yet a more accurate representation would
include the structural modifications that are associated with the changes in function. By
thoroughly characterizing which conformations lead to a certain function in directed evolution,

we can start to dissect the most relevant aspects in enzyme engineering. However, this can only
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be achieved once we possess extensive knowledge on the reaction mechanism, key structural
features and prior successful mutations for individual systems. Some structure-function aspects
can be acquired while evolving an enzyme towards a new function. However, careful structural
characterization requires expertise of numerous methods such as X-ray crystallography, NMR and
MD simulations that require development to be conducted with much higher throughput. Even
when there is a careful structural characterization, epistatic interactions that guide evolution are
challenging to predict. Ultimately, an optimal dissection of the key features to engineer in
enzymes needs a multidisciplinary approach that also includes molecular evolution and

enzymology.

Increasing predictability in enzyme engineering is a difficult task that is being improved with
methodological and technological development. As shown in Chapter 2, library creation methods
continue to be developed to better address current challenges in enzyme engineering such as the
relevance of protein epistasis in evolution. Results such as those shown in Chapters 3, 4 and 5
allow to identify key regions and features to evolve new functions. Whereas these results belong
to individual enzyme systems, common denominators will continue to be extracted with
additional studies of these and other enzymes. Studies of individual and dissected systems are
needed in order to identify key features. In this sense, the use of artificial intelligence to predict
improved variants from current experimental knowledge is gaining popularity (24, 26).
Computational development will also aid in performing detailed structural studies in a high-
throughput fashion (25, 187-190). Altogether, multidisciplinary efforts are in place to increase

predictability in enzyme engineering one step at a time.
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ANNEX 1 - Supplementary Material to Chapter 3

Table Al.1. — Salt bridges identified by salt bridge plugin in VMD

TEM-1 cTEM-2m cTEM-17m
TEM-1 cTEM-2m cTEM-17m
E104K/G238S E104K/G238S E104K/G238S
D163-R161 D163-R161 D115-HIS112 D115-HIS112 D115-R94 D115-R94
D176-R178 D176-R178 D163-R161 D163-R161 D115-HIS112 D115-HIS112
D179-R164 D179-R164 D176-R178 D176-R178 D157-R153 D157-R153
D214-K234 D214-K234 D179-R164 D179-R164 D163-R161 D163-R161
D233-R222 D233-R222 D214-K234 D214-K234 D176-R178 D176-R178
D254-K256 D273-R277 D233-R222 D233-R222 D179-R164 D179-R164
D273-R277 D34-K31 D273-R277 D273-R277 D214-R222 D214-R222
D34-K31 D37-K33 D35-K32 D35-K32 D233-R222 D233-R222
D37-K33 D49-K54 E121-R94 E166-K73 D233-K215 D233-K215
D49-K54 E121-R94 E166-K73 E171-R164 D254-K256 D254-K256
E121-R94 E166-K73 E171-R164 E171-R241 D273-R277 D273-R277
E166-K73 E171-R164 E171-R241 E177-R65 D35-K32 D35-K32
E171-R164 E171-R178 E177-R65 E197-R204 E110-K111 E110-K111
E171-R178 E177-R65 E197-R204 E240-R241 E166-K73 E121-HIS112
E177-R65 E197-R204 E240-R241 E240-K104 E171-R164 E166-K73
E197-R204 E240-K104 E274-R277 E274-R277 E240-R241 E171-R164
E281-R277 E281-R277 E281-R277 E281-K32 E37-R61 E240-R241
E281-K31 E281-K31 E281-K32 E37-R61 E37-K34 E240-K104
E36-R61 E36-R61 E37-R61 E37-K34 E48-R259 E37-R61
E47-R259 E47-R259 E37-K34 E48-R259 E64-R43 E37-K34
E64-R42 E64-R42 E48-R259 E64-R43 E64-R61 E48-R259
E64-R61 E64-R61 E64-R43 E64-R61 E89-R83 E64-R43
E89-R83 E89-R83 E64-R61 E89-R83 E89-R93 E64-R61
E89-R93 E89-R93 E89-R83 E89-R93 E89-R83
E89-R93 E89-R93
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Table Al.2. — Mutations identified in clones prior to selection at each generation of directed
molecular evolution

CTEM-2m CTEM-17m
Generation 1 A9V, K111M, N136S, K146* WT
Y46C, P62P, T140I WT
R43*, V108L 1127L
147L, S124N, T128S V89l, P175A
WT F81l, V89E, L160I
L57L R60H, C132G, L145I
L57L, K215l F15L, Q97H
K234L L57P, E62D, I50F
WT N79S, F81L, L111*
L40S F81l, H105Y
A11T
163N
WT
WT
WT
WT
WT L57L, P62P
Generation 2 D115G, N170I A215A
F17S, E104D, D163D
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WT
F17S, G116S, T133I
Q24*, A232A, R128H
C77S, E104V, T118A, E178D,
A184A
E28*, T48T, P55L, R66C
D35N, L102M, G116S
E28*.T133P
G156D, P167L, R178C, R241H
D232D, A270T

T18S

P62P, L162L
L162L, T182T

G54G, A125A, L2075

E64%*, K192E

E64*, V84L
D168N, 1282|

R275R

Generation 3

L40F, I56F
L30P, L40F, C77R
I7F, L31L, LAOF, G45R
K2R, L40F, G116S
T29T, L91V, G116S
L40F, 195L, G116S, T160T, R178C
G54C, G116S, T160T
L40F, G116S, T160T, P167L,
R178C
L40F, C77*, P107P, K111N,

G116S, T160T, P167L, R178C

XX

A36A, P62P, A135V
E64%*, A125A,

S59C, E64*, M117L, R164R
A15T, E64%*, A125A
E64*, S70S, R164R
A15T, P62P, 195V,

E64*, A135V, T141R, R164R

P62P, T118T

Q39L, E64*



K2R, L40F, G116S, T160T, P167L,
T21S, N52S, E64*, A135V, R164R
R178C
R81R, S98Y, E104V, T114A,
T118A, S124N. T160T, P167L,
R178C

L12L, G14D, L40F, G116S, T160T,

P167L, R178C, S223P

*represents stop codons
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ANNEX 2 - Supplementary Material to Chapter 4

Table A2.1. — Activity for short-chain and long-chain discriminative Cal-A variants selected from
library Random 2 during screening against triglyceride substrates

Hydrolytic activity of variants towards the short-chain triglyceride tributyrin and the long-chain
substrate olive oil was categorized as very low (1), low (2), medium (3) or high (4). The value (0)
indicates no activity detected towards that substrate. Wild-type Cal-A activity value is 3. The color
code is identical to Figure 4.3. Twenty-one discriminative variants were identified upon screening
library 2: eighteen variants showing short-chain discrimination (Table A2.1A) and three variants
showing long-chain discrimination (Table A2.1B).

A. Random 2 library variants that discriminate for short-chain fatty acids

Variant Activity Residue

Short-chain  Long-chain WT Mut

217
101 1 0 244

315

236
106 1 0

> > > x| w

331

243 L

110 1 0 300 P

327 F

236

>

298
111 1 0

307

m| T RN| A | v o H <| 4| -+

319

227

112 2 0 232

265

221
114 1 0

291

117 3 0 225

—A| | Z2 4 X O O <| O m

Rl O <| ™ H O »n

221
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234

271

118

291

229

i
(o]
-

237

229

122

237

228

124

258
244

126

248

127

294
223

244

263

130

285

290

306
228
231

131

235

133

237

251

275

135

335

342

218

136

240
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B. Random 2 library variants that discriminate for long-chain fatty acids

Variant Activity Residue
Short-chain Long-chain WT Mut

238 \Y L
262 R

116 1 2 265 K Q
293 T S
325 P T

132 1 2 232 G C
254 A E

134 1 2
324 F C

Table A2.2. — Activity for discriminative variants selected from library Random Rec during screening
against triglyceride substrates

Hydrolytic activity of variants towards the short-chain triglyceride tributyrin and the long-chain
substrate olive oil was categorized as very low (1), low (2), medium (3) or high (4). The value (0)
indicates no activity detected towards that substrate. Wild-type Cal-A activity value is 3. The color
code is identical to Figure 4.3 . Eighteen discriminative variants were identified upon screening
library Random Rec: twelve variants showing short-chain discrimination and six variants showing
long-chain discrimination.

A. Random Rec library variants that discriminate for short-chain fatty acids

Variant Activity Residue
Short-chain  Long-chain WT Mut

302 A S

22 4 0 334 D Y
342 A E
250 S F
335 E \

23 3 2
342 A \
412 \Y I
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312 Q K

24 3 2
435 F L
222 F I
0 283 F L
418 A T
0 237 G D
247 D G
1 249 E G
305 L \"
0 222 F I
30 T A
222 F I
0
340 Q H
405 T I
233 F I
37 3 0
287 F L
39 3 2 338 P Q
42 3 2 377 S R
45 3 2 338 P T

B. Random Rec library variants that discriminate for long-chain fatty acids

Variant Activity Residue
Short-chain  Long-chain WT Mut
27 2 359 S I
24 T |
220 D N
28 3
341 P S
402 A E
228 G S
29 2
402 A \
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65 Q L
31 0 1

444* A T

255 R S
a4 3

257 N Y

*Residue 444 is not represented in the 3D structure because it
is not resolved in the original 2VEO PDB file (far C-term).

Table A2.3. — Activity for discriminative variants selected from library Random Tot during screening
against triglyceride substrates

Hydrolytic activity of variants towards the short-chain triglyceride tributyrin and the long-chain
substrate olive oil was categorized as very low (1), low (2), medium (3) or high (4). The value (0)
indicates no activity detected towards that substrate. Wild-type Cal-A activity value is 3. The color
code is identical to Figure 4.3. Fourteen discriminative variants were identified upon screening
library Random Tot: ten variants showing short-chain discrimination and four variants showing
long-chain discrimination.

A. Random Tot library variants that discriminate for short-chain fatty acids

Variant Activity Residue
Short-chain  Long-chain WT  Mut
3 3 0 240 G C
306 K R
336 | F
5 3 1
382 K N
433 K R
181 E G
6 3 1 313 A T
402 A Vv
128 G D
136 Y N
9 2 0
144 G S
255 R H
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232

10

428

237

289

12

333
369

253

13

268

290

14

424

29

41

211

17

251

284

190
226

18

406

410
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B. Random Tot library variants that discriminate for long-chain fatty acids

Variant Activity Residue
Short-chain  Long-chain WT Mut
22 Y C
27 N S
4 0 1 307 Q R
344 T A
371 [ T
136 Y F
11 2 289 L \
357 N D
262 R H
15 3 274 L W
432 G D
224 F Y
339 Y H
20 2
372 F L
396 T [

Table A2.4. — Residues that appear in both short-chain and long-chain discriminative variants in
Random 2 and Random Rec and Tot libraries

A. Random 2 library:

Residue WT Mut Variant

Short-chain discrimination

232 G C 112

265 K T 112

Long-chain discrimination

232 G C 132

265 K Q 116
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B. Random Rec and Random Tot libraries:

Residue WT Mut Variant

Short-chain discrimination

136 Y N 9
289 L M 12
402 A \Y 6
255 R H 9
Long-chain discrimination
136 Y F 11
289 L \Y 11
402 A E 28
402 A \Y 29
255 R S 44
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Figure A2.1. — Activity for discriminative variants selected from libraries Random Tot and Random
Rec towards short- and long-chain triglycerides

The residues that were substituted in the selected, discriminative variants are colored according
to the activity of the variant towards each substrate. A: Discriminative variants selected from
library Random Tot. B: Discriminative variants selected from library Random Rec. Left panels,
short-chain activity (hydrolysis of tributyrin): gradient from light yellow (low activity) to orange
(high activity). Right panels, long-chain activity (hydrolysis of olive oil): gradient from light to dark
blue. Wild-type level activity corresponds to shade iii. Where no activity was detected towards a
substrate, no color was assigned. Where more than one variant was mutated at the same position,
the position is colored according to the variant having the highest activity. A PEG molecule is
shown in black spheres, crystallized inside the putative tunnel (1).
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Figure A2.2. — Identification of key residues belonging to discriminative variants, classified according
to their discriminative nature

Ala342

Ser377L'_
Ser3ss’

S Phe222
' /\Leu225

Pro338 Gly228 Pro229

-~

,("J

’)‘“‘“ GIn65

Residues highlighted in green were substituted in randomized variants that discriminate towards
short-chain fatty acids, in magenta towards long-chain fatty acids and, in purple, residues that
were substituted both in variants that discriminate for short-chain or long-chain fatty acids.
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Obutyrate Eoctanoate  Mdecanoate

Ododecanoate M palmitate

1 []
0

Figure A2.3. — Hydrolytic activity of wild-type Cal-A with p-NO,-phenyl fatty acids

Assays were performed in triplicate with clarified E. coli lysates. Activity is normalized to that of
wild-type Cal-A with p-NOz-phenyl-palmitate (= 1, S.A. = 0.4 U/mg).

References to annex 2

1. Ericsson DJ, Kasrayan A, Johansson P. X-ray structure of Candida antarctica lipase A shows
a novel lid structure and a likely mode of interfacial activation. J Mol. Biol. 2008; 375: 109-
19. doi: 10.1016/j.jmb.2007.10.079.
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ANNEX 3 — Supplementary Material to Chapter 5

EC4:0 mC8:0 @C10:0 OC12:0 mC16:0
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400
300

200

100
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Figure A3.1. — Quantitative p-NO;-phenyl ester assay for clarified lysates of R2-27, AR15 and their
deconvoluted mutants

Values are normalized against wild-type activity for p-NOz-phenyl ester butyrate.
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Figure A3.2. — Quantitative triglyceride assay for clarified lysates of R2-27, AR15 and their
deconvoluted variants

Values are normalized against wild-type activity for glyceryl tributyrate.
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R2-27

Figure A3.3. — Tunnels observed in WT Cal-A lipase, in its relaxed structure and in discriminative
mutants R2-27 and AR15 as determined in simulations using CAVER 3.0

Mutations in variants R2-27 and AR15 are labelled. Each of the identified tunnels using CAVER
3.0 are colored differently.
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Table 5.1. — Tunnel results using CAVER 3.0 for Cal-A wild type (PDB ID: 2veo)

The bottleneck radius is defined by CAVER as the narrowest part of a given tunnel. Whereas the
cost is a measure of the performance of the algorithm, the lower the better. The throughput is
related to the cost e°!, length is defined as the distance from the calculation starting point to
the end of the tunnel along the tunnel axis and the curvature is length/distance where distance is
the shortest distance to the end of the tunnel from the starting point.

WT- 2veo
:I::::rl Tunnel Throughput Cost B()r;t:j(:SSCk Length Curvature
1 1 0.39 0.95 0.68 9.77 1.14
2 2 0.26 1.33 0.62 21.89 1.43
3 3 0.23 1.48 0.62 17.89 1.72
4 4 0.22 1.53 0.72 21.26 1.33
5 5 0.22 1.53 0.70 38.39 1.84
6 6 0.19 1.66 0.62 14.45 1.26
7 7 0.13 2.03 0.68 25.22 1.44
8 8 0.11 2.18 0.62 18.39 1.31
9 9 0.07 2.69 0.60 20.00 1.71
10 10 0.07 2.72 0.62 35.07 1.65
11 11 0.05 2.98 0.60 27.81 1.27
12 12 0.04 3.28 0.61 33.64 1.66
13 13 0.01 4.25 0.65 43.88 1.43
14 14 0.00 6.14 0.60 59.11 2.28

Table 5.2. — Tunnel results using CAVER 3.0 for the relaxed structure of Cal-A wild type

The putative acyl-binding tunnel corresponds to the tunnel cluster 3.

WT relaxed
;z:::rl Tunnel Throughput Cost Bc::ﬁ::‘:k Length Curvature
1 1 0.32 1.15 0.86 19.74 1.51
2 2 0.15 1.87 0.60 17.15 1.46
3 3 0.14 1.94 0.82 27.32 1.87
4 4 0.14 1.98 0.61 25.72 1.43
5 5 0.07 2.73 0.62 32.52 1.47
6 6 0.05 291 0.60 41.08 1.87
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0.05 3.07 0.68 37.02 1.59
0.03 3.45 0.68 42.93 1.52

~N
00

Table A3.1. — Tunnel results using CAVER 3.0 for the relaxed structure of the double mutant R2-27
The putative acyl-binding tunnel corresponds to the tunnel cluster 3.

R2-27 relaxed

:It::eerl Tunnel Throughput Cost Bort:cl;:se‘:k Length Curvature
1 1 0.28 1.27 0.65 12.13 1.17
2 2 0.15 1.89 0.74 20.10 1.38
3 3 0.09 2.40 0.61 29.49 2.28
4 4 0.04 3.22 0.63 32.43 1.59
5 5 0.01 5.08 0.61 49.35 2.48

Table A3.2. — Tunnel results using CAVER 3.0 for the relaxed structure of the triple mutant AR15

The putative acyl-binding tunnel corresponds to the tunnel cluster 4 and the alternative
tunnel to cluster 2.

AR15 relaxed

;z:::rl Tunnel Throughput Cost Bc:t::::(:k Length Curvature
1 1 0.16 1.84 0.61 18.63 1.40
2 2 0.16 1.85 0.75 26.54 1.50
3 3 0.14 2.00 0.60 23.44 1.36
4 4 0.09 2.44 0.62 22.15 1.57
5 5 0.02 3.82 0.61 40.11 1.46
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