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Abstract

Exploring the Evolutionary Landscape of

Artificial B-lactamases

Jaeseung Yu
Department of Chemistry
The Graduate School

Seoul National University

Numerous enzymes have evolved from ancestor genes to more
specialized modern descendants for billions of years. These natural catalysts
carry out a variety of chemical transformations with high catalytic efficiency
and substrate specificity. The chemical power of enzymes has attracted and
inspired numerous researchers to make de novo biocatalysts. Along this line,
directed evolution has yielded artificial enzymes that enhanced the native
functions or catalyzed abiological chemical reactions. However, the
evolutionary process still remains unclear about how the target-of-interest has
evolved to emerge novel structures and functions. To gain insights into
understanding enzyme evolution and to develop more efficient methods for
protein evolution, this dissertation explored the evolutionary landscapes of de

novo artificial B-lactamases as versatile and representative model systems.

Chapter 1 introduces two representative experimental methods and a
model system used for this dissertation. First, iterative-saturation-
mutagenesis (ISM) was primarily used to target relatively well-studied
regions near the active site. Secondly, random mutagenesis was widely used
to maximize the potential evolvability of target proteins. The advantages and

the limit of these two representative methods will be discussed in this chapter.
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Additionally, the advantage of using 3-lactamases as a model system will also
be discussed. In particular, I adapted two P-lactamases that operate via

discrete mechanisms, serine-f-lactamases (SPLs) and metallo-B-lactamases

(MBLs).

Chapter 2 demonstrates the importance of balancing the flexibility and
rigidity of protein structure in enzyme evolution. I employed de novo
oligomeric [B-lactamase ABS5, which forms a tetramer upon adding 2
equivalent Zn** ion to the monomer, as a model system. Whereas the site-
saturation mutagenesis of the residues near the active site showed low
evolvability, the single mutation of the 96th residue (C96T) gave rise to
drastic changes in protein structure and function. As a result, AB5 acquired
structural flexibility and exhibited substantially elevated catalytic activities

upon sequence optimization.

Chapter 3 demonstrates a novel guideline to propose hotspots for
enzyme mutations. The increasing results in directed evolution suggest that
distant mutations via allosteric interactions play significant roles in inducing
catalytic activities of interest. However, it is unclear where we should start
for sequence optimization. Herein, I targeted symmetry-related residues of
oligomeric enzymes as mutational hotspots for their evolution. This
hypothesis was based on the results in Chapter 2 that C96T mutation, which
played a significant role in altering the protein structure and function, was
located on one of the C; rotational axes of ABS. In this chapter, I report the
experimental results of directed evolution of AB5 and “TABS5 when
targeting residues near three different Cs rotational axes. I also conducted the

biochemical characterization and structural analysis.

Chapter 4 explores the bifurcated evolutionary landscapes of [-
lactamases, which comprises two main subclasses: serine-f-lactamases (SBLs)
and metallo-B-lactamases (MBLs). MBLs and SPLs exhibit the identical

functions of hydrolyzing B-lactams. However, they show dissimilar
i A =
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sequences and protein structures, suggesting that they are derived from
distinct origins (as known as convergent evolution) and catalytic motifs. In
this chapter, I demonstrated that the chemical mechanism and active site
structures could be interchangeable between MPBLs and SBLs in altered
chemical environments, such as the presence and absence of metal ions. I
have applied either iterative saturation mutagenesis or continuous evolution,
resulting in substantially increased B-lactamases activities via interchanged
catalytic motifs. Thus, this study demonstrated that metal ions could be a key

player in dictating the landscape of enzyme evolution.

Keyword: enzyme evolution, [-lactamase, protein symmetry,

biocatalysts, artificial metalloenzymes

Student Number: 2016-27405
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Chapter 1.
Tracing an Evolutionary Landscape Using (-

lactamase as a Model System



1.1. Introduction

Nature has very useful catalysts called enzymes carrying out numerous
chemical transformations in biological systems. The power of enzymes, such
as high reactivity and substrate specificity, has attracted many researchers to
utilize them in two representative ways. Firstly, numerous synthetic catalysts
have been yielded by mimicking the active site of a particular enzyme that
catalyzes the reaction-of-interest. Secondly, the enzyme scaffold itself was
engineered to enhance the pre-existing reactivity and/or perform new non-
canonical chemical reactions. Since in vitro evolutions of RNA molecules for
the first examples of artificial evolution in the late 1960s,!- various strategies
were adopted for the artificial evolution under in vitro evolutions.*® Then,
Arnold and co-workers substantially opened a new era of directed evolution

in 1993.

Directed evolution is an in-lab mimic of Darwinian evolution with
iterative screening and selection of genetically diversified DNA libraries
(Figure 1.1). This strategy has become one of the most powerful methods to
create artificial enzymes by expediting the long-term evolution in nature fast
and mimicking the evolutionary process easily in the laboratory. Although
many approaches by directed evolution have yielded novel biocatalysts,
elucidating the effect of selected mutations on the target sites remains
challenging in many cases. This might be due to the dependence on the
randomness of constructed libraries without a rationale. In addition,
elucidation of the mutation on a specific position of target protein became
more important since random mutagenesis was widely used, even if it helped
us open new eyes to observe unexpected changes at distal regions from the
active site where directed evolutionists targeted in most conventional

approaches.



Directed
evolution

Figure 1.1. Principle of directed evolution

For efficient evolution study, selection of protein scaffolds and/or target
reaction is the most considerable.” Structural stability and ease in the
heterologous expression of selected scaffold can be considered. Evolution
studies for de novo biocatalysts inevitably require in vitro characterization to
examine whether the readouts from screenings under in vivo or in vitro
conditions work consistently when isolated. Additionally, conditions for
target reactions must be considered. Reactions that are physiologically not

available for organisms and/or proteins might have been ruled out.

As a result, it is important to balance between the target scaffold and
reaction. Applications of directed evolution started with evolving individual
target proteins to improve their stability, activity, selectivity, and
compatibility to facilitate for industry.*!® Nowadays, the engineering of

promiscuous enzymes for abiotic transformations'!-#

is also performed by
directed evolution. In this chapter, I will introduce a brief background of
representative methodologies for directed evolution. And then, the
advantages of adopting -lactamases as model systems for the evolution study

will be explained as well.
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1.2. General strategies to construct mutant library for

the directed evolution

Directed evolution has become a critical technique available for protein
engineering since the 1990s.'3!7 In spite of advances in the understanding of
protein sequence—structure—function relationships, prediction of protein
function still remains challenging, which makes the statistical and
combinatorial approaches mainstream for protein evolution. Those
approaches substantially require two main steps: library construction and the
screening/selection of the constructed mutant library. The success of directed
evolution depends heavily on the quality of mutant libraries prepared and the
ease of the designed procedure for screening/selection with a high throughput.
However, methodologies for the screening or selection will not be discussed
in this dissertation because relatively straightforward screening platforms,
which are based on the host organism survival system, were employed in the
entire studies here. In addition, qualitatively/quantitively effective and
adequate library constructions are considered as more significant steps, since
the mutant libraries must be prepared before the screening and selection steps.
Thus, general strategies applied to library construction for directed evolution

will be discussed instead.

Complete-random genes and semi-random genes targeting specific
regions are usually constructed respectively by random mutagenesis (RM)
using error-prone PCR (epPCR) and site-saturation mutagenesis (SSM) using
degenerate primers. Since SSM is substantially based on the protein structures
and sequences, this method can prepare a random mutant library that targets
particular positions engaged in the protein function, while random
mutagenesis cannot. Both SSM and RM are based on in vifro mutagenesis,
which was a common and widely used strategy for controlled and efficient
gene library construction. Thanks to recent advances, however, in vivo
mutagenesis is also emerging, which possesses high potential to be performed
<
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continuously in an organism independently.
1.2.1 Gene diversification under in vitro condition

Biochemical methods for gene diversifications have been immensely
developed because of numerous researches for directed evolution.!” ¥ To
prepare mutant libraries under in vitro conditions, site-saturation mutagenesis
(SSM) and error-prone polymerase chain reaction (epPCR) are the most
widely used methods (Figure 1.2). Using degenerated primers like NNK (N
=A,G, T,and C/K =G and T), SSM can be performed on specific residues
which are related to enzyme reactivity, substrate selectivity, and protein
stability. This method also contributed to the construction of the smaller, and
more efficient library size.!” Reetz group reported the novel application of
site-saturation mutagenesis by conducting SSM iteratively, which is called as

).20

iterative saturation mutagenesis (ISM).”” Using this method, multiple amino

acids, rationally chosen, at a specific location can be optimized iteratively.

On the other hand, SSM was used only when the structure of the target
protein was already revealed. This limitation led random mutagenesis to be
employed to construct the randomized DNA library for directed evolution
again. Mimicking the natural error rates during DNA replication processes in
nature (1071° bp!), RM exploits the DNA polymerase to cause errors with a
mutation rate (10" bp™') while the whole gene is replicated during the PCR
process. Interestingly, it enabled rapid engineering of a target gene without
the knowledge of target protein structures. Furthermore, it yielded the evolved
products that cannot be easily expected with saturation mutagenesis using our

rationales based on the understanding of the protein functions and structures.



(@)

PCR using degenerate primers

(b)

parent epPCR

Figure 1.2. In vitro gene diversification. (a) site-saturation mutagenesis.
Each arrow represents the primer encoding distinct amino acids. (b) random

mutagenesis via error-prone PCR (epPCR).

1.2.2 Gene diversification under in vivo condition

Despite the power of methodologies described above, in vitro mutagenesis
1s time-consuming and/or requires repetitive cycles of gene diversification,
followed by screening/selection and isolation for identification. To cope with
this problem, Cell-free systems were also designed and applied but not
generally used because of the technical hardness. Recently, in vivo
mutagenesis methods have been gradually introduced when the desired
phenotypes are engaged in the cell growth to avoid repetitive cloning and
transformation steps and to alter multiple sequences of the target residues
simultaneously. For these reasons, in vivo mutagenesis is occasionally
preferred since library construction, expression, and even their selection upon
the give chemical pressures can be performed in a continuous process, which

achieves much faster directed evolution.

The orthogonal system for DNA replication has been widely used,. inter
6 ] J’q T
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alia, to generate mutant libraries in living cells. Moore group employed a
chimeric fusion protein between rAPOBECI, which carries out deamination
reaction of cytosine base, and T7 RNA polymerase (Muta T7) that introduces
mutations within a recombinant DNA plasmid downstream of T7 promoter
selectively in E. coli. In this system, the chimeric cytidine deaminase which
was fused to T7 RNA polymerase randomly introduced C > T (or G > A)
mutations.?! 2 This system enabled the introduction of mutations randomly

over relatively longer sequences without unexpected mutations.

A

‘ . EeEme o

T7 RNA base
polymerase deaminase (BD) in vivo mutagenesis via T7 RNAP-BD fusion protein
(RNAP)

Figure 1.3. Representative example of in vivo mutagenesis.

1.3. B-lactamases, versatile model systems for evolution study

1.3.1 A brief history of B-lactam antibiotics

The discovery of penicillin in 1929% and the modern era of antibiotics

started with its first medicinal use in the 1940s.>* After penicillin, a variety of

B-lactam antibiotics were successively discovered/developed and saved our
lives for decades by treating serious bacterial infections (Figure 1.4-5). But
unfortunately, human beings are still searching for new antibiotics. This is
because of the rapid emergence of antibiotic resistance. Bacterial organisms
resistant to penicillin were already reported even before its first prescription

to treat bacterial infections. Most B-lactam antibiotics face resistance as soon

as they are newly discovered and/or developed. The rapid emergence of

resistance against B-lactam antibiotics has become a great obstacle to using

them nowadays. Moreover, this is not only applied to B-lactam but also to all

7 -":lx_! "'|:'1..:



antibiotics. And this is called the ‘antibiotics resistance crisis. > %6

Bacteria become resistant against 3-lactam antibiotics with the enzymes
called B-lactamases. These enzymes hydrolyze B-lactam antibiotics, causing
them to lose antimicrobial effects. It took only a decade for the B-lactamase,
which can hydrolyze the first B-lactam antibiotic penicillin, to be discovered.
Resistance was accelerated, albeit new [-lactam antibiotics like methicillin

and cephalosporin were discovered and developed.

However, there are still benefits of antibiotics. Antibiotics have not only
saved many lives but also played a significant role in understanding how they
were working and prevented. From another chemical point of view, those
enzymes that underwent rapid evolution to break through their archenemy,
antibiotics, can give us an opportunity to understand how such a resistance
could have emerged and what did happen during the evolution of those
enzymes, in other words. This would allow us to peek at the principle of
evolution in nature and apply the extended insights to the directed evolution

of other enzymes.

NH

oH HN-Y
d oH
mN s ’. Ry COOH Q 5
© j;NJ< ):\:}7& imipenem [T p—¢
d H d
COooH o
ampicillin COOH oo
carbapenem meropenem
1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s -
e ‘ ; W
COOH N- D
R H N I H —
I < T o< S AL
COOoH . » EooH COOH
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O);N = OY
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cephalothin

Figure 1.4. Timeline of B-lactam antibiotics.
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Figure 1.5. (top) Structures of four main [-lactam antibiotic classes. (bottom)

Structures of representative examples belonging to each class.

1.3.2 B-lactamases as good model system

B-lactamases would be a very suitable candidate as an attractive model
system for the following reasons. First, hydrolysis reactions of PB-lactam
antibiotics are relatively simple to explore due to the redox-inactive reaction
mechanisms. B-lactamases are classified mainly in two representative types
by catalytic moieties which carry out catalysis; one is the activated serine and
the other is Zn cofactor which serves as a Lewis acid or substrate anchor.
Generally, the breakdown of B-lactam antibiotics results from the cleavage of
the B-lactam ring by the nucleophilic attack of the activated serine, Zn—OH,
and/or probably the water molecule activated by adjacent base amino acid.
These nucleophiles attack the carbonyl carbon at B-lactam ring of penicillin-
like substrates.?’” More complexed catalysis for cepham substrates and

carbapenem substrates was revealed as well. (Scheme 1.1)
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Scheme 1.1. Representative proposed reaction mechanisms of (a) serine-f3-

lactamases and (b) metallo-f-lactamases.

Second, the rapid emergence of resistance can be used by itself. As
mentioned above, they have developed the resistance extremely fast for
several decades probably due to the fast evolution process with the short
generational succession of bacterial organisms.?® The first resistance against
penicillin was discovered even before the first prescription of penicillin. Since
then, resistances have emerged almost as soon as new -lactam antibiotics
were discovered and synthesized. This causes difficulty in the clinical usage
of B-lactam antibiotics. On the other hand, the rapid evolution of -lactamases
also makes them more attractive to employ as a good guide for exploring the

evolutionary landscape of enzymes in the laboratory.

Last, the antimicrobial reaction makes the design for the selection step
easier by monitoring survival of cells exposed to the antibiotic substrate.
Directed evolution studies are highly dependent on the throughput of the
screening process. To make a laborious step efficient, phenotypes of the target
reaction must be clear and easy to detect and/or combine with the other
process. Antibiotics are literally toxic to cell survival but advantageous for

10 A 2-t]



direct detection of the readouts.?*-3!

Hence, B-lactamases have been widely used as a model system to explore
the evolutionary landscapes of enzymes. Vila et al3? successfully
demonstrated the evolution of enzymatic catalysis can take place by remote
mutations which tune reactivity. They employed the metallo-f-lactamase
from B. cereus (Bcll) as a model system. The evolved Bcll variant acquired
the power to catalyze cephalothin, which was a poorly hydrolyzable substrate
for the parent enzyme. Ranganathan et al.** adopted TEM-1, which is the
representative serine-f-lactamase, as a robust model system to explore the
evolvability of enzymes using a huge size of mutant library constructed via
saturation mutagenesis. Furthermore, I will discuss the evolutionary
landscape of de novo metallo-f-lactamases as promiscuous model enzymes

in this dissertation (Figure 1.6).

In particular, de novo metallo-f-lactamases, ABS, and evolved variants
are homo-oligomeric enzymes that the active sites were located at the protein-
protein interfaces. In general, protein oligomerization is strongly related to
the protein function.**’ there are some advantages for oligomeric proteins to
be a target for the evolution. First, about 20% of oligomeric enzymes have an
active site located at the domain—domain interfaces (or protein—protein
interfaces). Because mutations in oligomeric proteins are inevitably
replicated, the mutational effect can be amplified when the interfaces are
targeted. Surprisingly, numerous oligomeric proteins have metal ions at the
protein—protein interfaces.*® This implies that transition metal ions play
significant roles in biology from the catalysis to the structural stabilization.
In chapter 2—4, I will discuss how oligomerization of symmetric proteins

affects the evolution of enzymes as well. (Figure 1.6¢)
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(b)

E104 (4) Y105

Figure 1.6. Representative B-lactamases used as a model system. (a) Model
structure for the active site of metallo-B-lactamase Bcll from B. cereus.
Reprinted with a permission from ref. 33. Copyright (2005) National
Academy of Sciences. (b) serine-f-lactamase TEM-1 adopted to explore the
fitness effect by mutations. Reprinted with permission from ref.34. Copyright
© 2015 Elsevier Inc. and (c) De novo metallo- B-lactamase AB5 (PDB 5XZI)

1.3.3 Convergent evolution of B-lactamases

Two subclasses comprised of serine-f-lactamases (SBLs) and metallo-f3-
lactamases (MBLs) do not share any common features in structures and
sequences; they are products of convergent evolution. This feature could
make the study of the evolution of P-lactamases more interesting by
examining the dynamics in evolutionary landscapes left behind. Distinctly but
convergently evolved two [-lactamases adopted different reaction
mechanisms to deal with the same threat. However, the chemical basis of each

mechanism was still similar in that activated serine and Zn—OH serve as
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nucleophiles in the hydrolysis reactions. (Scheme 1.1) Nevertheless, there
was no report about their common ancestors, and/or examples of the

conversion between SBLs and MBLs (vice versa).

1.4. Conclusion

To evolutionists, evolution strategies are the primary thought for food to
engineer proteins to make useful biocatalysts. Directed evolution methods
and the application of random mutagenesis might be the product of those
demands. In light of the introduction and development of those powerful and
useful techniques, plenty of biocatalysts carry out enhanced pre-existing and
canonical reactions, or non-canonical chemical transformations. Nonetheless,
I still have a lot of challenges to work on for understanding and analyzing the

readouts obtained from the designed evolution platform.

As described above, B-lactamases have been our practical threat with
antibiotic resistance, despite the benefits of B-lactam antibiotics in our lives
for many decades. But at the same time, they could be good model systems
for studying evolution by mimicking their rapid evolution in the laboratory.
Furthermore, their distinct reaction mechanisms with activated serine and
Zn*" ion cofactors were also interesting. In this study, a de novo metallo-B-
lactamase and a native serine-f-lactamase are employed to explore the

evolutionary landscapes of each enzyme, respectively.

Chapter 2 will discuss the importance of balancing the rigidity and the
flexibility of proteins for the design and evolution of metalloenzymes. Then,
Chapter 3 will demonstrate how sequence alterations obtained during
directed evolution affect the structures and functions and suggest the novel
guideline where I target for efficient evolution in the case of oligomeric

enzymes using protein symmetry.

Chapter 4 will display the first case of crossover between SBLs and

MBLs (and vice versa) using metal ion-dependent evolution with a library

2
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constructed by site-saturation mutagenesis and continuous evolution method
in which sequences encoding target protein are randomized under in-situ
condition to expand the evolutionary landscapes of each type of -lactamases

and to understand the sequence—structure—function relationship.

-
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Chapter 2.
Importance of Scaffold Flexibility/Rigidity in
the Design and Directed Evolution of Artificial

Metallo-B-lactamases

*The Part of this chapter was reprinted with permission from W. J. Song; J.

Yu; F. A. Tezcan, J. Am. Chem. Soc. 2017, 139, 16772, copyright 2017,

American Chemical Society.
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2.1. Introduction

Owing to their remarkable catalytic efficiency and chemical specificity,
natural enzymes have long captured the imagination of scientists.!®
Metalloenzymes, in particular, have been a favorite target of protein design
and biomimetic synthesis, as they are able to execute challenging chemical
transformations in addition to combining the intricacies of inorganic
reactivity with the complexity of protein structure and dynamics.”!!
Metalloenzyme design and engineering have been primarily pursued on two
major fronts. One has involved the de novo design of small to midsize
(typically fewer than 100 residues) peptide/protein scaffolds that house one
or more reactive metal centers or metallocofactors.'>!” On the other front,
preexisting proteins have been reengineered with alternative metal sites

and/or active-site pockets,!s%}

in a process that is akin to divergent
evolutionary processes to generate functional diversity. Because such
redesign strategies bypass the enormous complexity of the (reverse) protein
folding problem, they have provided rapid access to new metal-based
functionalities. Protein scaffolds, such as myoglobin,!®> 2427

P450,2% 2839 cytochrome c,*' TIM barrels,*?3* (strept)avidin,?": 337 and

cytochrome

others,*® 3°

possess well-defined metal/metallocofactor/substrate binding
pockets and stable tertiary structures that can withstand extensive mutations
and modifications, and have proven to be particularly valuable in protein
design and engineering efforts. These features have facilitated the
achievement of novel catalytic functions and impressive efficiencies via a
combination of rational/computational design and directed evolution in the

laboratory.l& 20-22, 35, 40

An alternative route for protein evolution and design involves the self-
assembly of multiple protein domains into larger architectures.*!-2 This route
allows the combination of different protein structures and functionalities in a
modular fashion to engender novel catalytic processes, produces new
%

-
|
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interfaces for the construction of active sites, and lends itself well to the
generation of allostery and regulation through the flexibility of the
supramolecular architecture.*!** To synthetically mimic this evolutionary
pathway, Tezcan et al. have devised a design approach (Metal-Templated
Interface Redesign, MeTIR), whereby a monomeric protein is directed
through metal coordination into oligomeric assemblies.** 333° Crystal
structures of these metal-templated assemblies are subsequently used as a
guide for the rational or computational design of the monomeric protein
surfaces, which associate to produce stable, self-standing quaternary
architectures with “evolutionarily naive” interfaces. These interfaces are then
tailored for desired structural and functional properties. By primarily using a
small monomeric heme protein (cytochrome cbse2 or cyt cbse2) as a model
system, Tezcan et al. constructed, for example, stable quaternary architectures
that could form in vitro and in vivo and possess controllable flexibilities and
rigidities as well as tunable metal coordination sites that allow for high metal

selectivity and allosteric coupling.** 34-%
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Figure 2.1 Design and X-ray crystal structures of de novo tetrameric
metallohydrolases. (a) Cartoon representation of the Zns:“**RIDC 14 structure
(PDB 31Q6), which guided the design of AB3 and ABS5 variants. Locations of
the Zn-binding triad motifs are indicated with magenta and navy triangles for
the AB3 and ABS variants, respectively. Residues 89 and 100, which are used
for Zn coordination in both AB3 and ABS5, are shown in yellow. Residues 86
and 93, which are used for either AB3 or ABS, respectively, are colored in
magenta and blue, respectively. Residues 96 that form a disulfide bond are
highlighted in black. (b) List of variants containing the triads of Zn-binding
residues examined in previous and current work. (¢) X-ray crystal structure
of Zng:AG7AB3, (PDB 4U9E). The flexible loop containing the G57
residue is highlighted in magenta. (d) X-ray crystal structure of Zng:ABS54.
Core (structural), peripheral (catalytic) Zn ions, and the Zn-bound water

molecules are shown as light blue, navy, and red spheres, respectively.

One of the cyt cbse2 variants, “®RIDC1, has proven to be a particularly
versatile platform because it self-assembles into a stable, yet flexible D-
symmetric tetramer (“*°RIDC 14, K4, tetramer < 100 nM) via a combination of
metal coordination, disulfide and computationally prescribed noncovalent

interactions (Figure 2.1a).°> The “RIDCl4 tetramer and its metal-bound
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form Zn4:“*RIDC14 feature three pairs of C2 symmetric interfaces that can
be independently tailored. In the previous study, Tezcan et al. reported that
four additional, coordinatively unsaturated Zn coordination sites could be
installed into the C96—C96 disulfide-cross-linked interfaces of
Zn4:“**RIDC14 (Figure 2.1a). The resulting variant Zns:*!**AB34 (containing
four structural and four catalytic Zn centers) was shown to properly self-
assemble in the periplasm of E. coli cells and perform in vivo catalytic
hydrolysis of the B-lactam antibiotic ampicillin.® The resulting antibiotic
resistance allowed the directed evolution of Zns:*!**AB34 through an in vivo
selection strategy, leading to the discovery of a mutant Zng:A!'%/G57AB3,
(Figure 2.1c), which displayed Michaelis—Menten behavior for ampicillin
hydrolysis with a catalytic proficiency ((kcat/Km)/kuncat) of 2,300,000. The
studies of AB3 thus demonstrated that a protein, which is evolutionarily,
functionally, and structurally unrelated to any hydrolase enzyme, could be
engineered and evolved into a supramolecular B-lactamase through metal-

templated self-assembly.

In this design and evolution process, the simultaneous stability and
global/local flexibility of the Zns:“°RIDC1s scaffold emerged as an
important element that allowed the structure to adapt to variations in its
interfaces. Arguably, a criterion for the evolutionary fitness or designability
of a new protein structure is its ability to accommodate different active sites

or functions,* which underlies the functional versatility of enzyme

32-34, 60 19, 24-27 61,62

superfamilies like TIM barrels, globins, and o/ hydrolases.
With this in mind, I asked in the current study the following questions: Can
the tetrameric, Zns:“°RIDC1s assembly be engineered to harbor an
alternative set of catalytic sites (other than those in Zng:A!1%¥97AB3,) in its
interfaces? If so, would such a site display different extent of evolvability due
to its positioning and local environment? Toward addressing these questions,
I report here the structural and functional analysis of a new artificial B-

lactamase assembly, Zns:ABS54 and its variants. : _
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(a)

(b)

Figure 2.2 Close-up views of the peripheral/catalytic Zn sites in Zng:AB54
(left) and Zng:A'%S7AB34 (right) in (a) cartoon and (b) surface
representations. Zn-coordinating and proximal residues are shown as sticks
and lines, respectively. Zn centers and associated water molecules are shown
as navy and red spheres, respectively. The flexible loop containing the G57
residue in Zng:A1%YS57AB3, is colored in magenta. Black arrows indicate the
orientation of the Zn—OH: moiety in the interfaces of Zng:AB5s and

an:A104/G57AB34.
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2.2. Results and discussion

2.2.1 Design and initial characterization of ABS.

The Zns:“**RIDC14 scaffold contains C96—C96 disulfide bonds at its
interfaces that are formed through the antiparallel alignment of two
monomers, where the disulfide bond is bisected by a C, symmetry axis
(Figure 2.1a). This interfacial arrangement gives rise to several triads of
amino acid positions that can conceivably be substituted with His and Glu
residues to form tripodal Zn?* anchoring sites that resemble the active sites of
archetypal mononuclear Zn-hydrolases like carbonic anhydrase®® %4 (3-His
coordination) and carboxypeptidase®® (2-His/1-Glu coordination) (Figure
2.1b). While these triads abut one another, they can be viewed as completely
independent sites differing in terms of their local microenvironments,
potential metal coordination geometries, secondary coordination spheres and
proximities to the C96—C96 disulfide bond. Several triad variants (AB1, AB2,
AB3 and AB4; Figure 2.1b) were prepared in the previous study.’® Of these
four variants, only AB3 (E86/H89/H100) self-assembled into the targeted
tetrameric species with sufficiently high abundance (> 90%) upon Zn*'
coordination, and therefore was chosen for further study. At the same time,
Tezcan group observed that two 89-93—-100 permutants ABI
(H89/H93/H100) and AB4 (H89/E93/H100) also bound two equivalents of
Zn?*" per protein monomer as desired, but they mostly formed heterogeneous

oligomeric species.*®
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Figure 2.3. Characterization of AB5 variant. (a) AUC spectrum of the Zn-
complexed ABS variant, Zng:AB54. (b) ICP-OES data of the ABS variant
reacted with various ratios of Zn ions per monomeric protein. (c)
Determination of Zn-binding affinity of the AB5 protein. A representative
spectrum exhibiting the changes from the reaction of pre-mixed Newport

green with ABS5 protein upon the addition of ZnCl» is depicted.

Based on the previous observations, I decided to examine in this study if
a third permutant of this triad, AB5 (E89/H93/H100), could self-assemble
into a tetramer while still binding two Zn ions per monomer. Indeed,
analytical ultracentrifugation (AUC) analysis of the protein in the presence of
2-fold Zn*" relative to the monomer, revealed the predominant formation of a
tetrameric species with a sedimentation coefficient of 4.2 S (Figure 2.3a).
Inductively coupled plasma-optical emission spectroscopy (ICP-OES)
measurements indicated that the Zn-AB5 complex contained two Zn*>* ions
per ABS monomer (Figure 2.3b), thus confirming the formation of the desired
Zng:AB54 complex. Competitive titration experiments with a Zn-responsive
fluorophore (Newport Green DCF diacetate) revealed two sets of four-Zn
binding equilibria (K41 = 190 £ 20 nM and K4 = 1900 + 100 nM) (Figure
2.3c), suggesting that the Zng:AB54 complex possesses two distinct sets of

Zn-binding sites as planned.
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2.2.2 Structural characterization of Zns:AB54.

The crystal structure of Zns:AB54 was determined at 2.65 A resolution
(Figures 2.1d, 2.2, and 2.4); data collection and refinement statistics are listed
in Table 2.1. The asymmetric unit of the F222-space group crystals contains a
single AB5 monomer, with the crystallographic symmetry generating the
perfectly D> symmetric tetramer. Interestingly, the tetramer possesses a
considerably more open topology compared to that of the parent Zna:
C9RIDC14 complex, and resembles the open architecture of the catalytically
active Zng: A1%G7AB3, variant. In line with analytical measurements, the
crystal structure of Zng:AB54 reveals two sets of Zn-binding sites, termed
structural and peripheral (or catalytic). The four identical structural sites are
composed of three His residues (H63, H73, and H77) with a solvent-derived
molecule in a tetrahedral geometry (Figures 2.1d and 2.4), and are nearly
identical to those observed in the Zns: A1%S57AB34 complex (Figure 2.1c¢).
Although these Zn-binding sites are coordinatively unsaturated, they are
considerably less exposed to solvent compared to the peripheral sites due to
occlusion by W41, W66 and R62 side chains, and were previously shown not
to be involved in catalysis.’® As designed, the peripheral Zn sites in Zns:AB54
are coordinated by the newly installed triad motif composed of E89
(monodentate), H93 (N¢), and H100 (N;) at an average coordination distance
of 2.2 A and a solvent molecule (H,O or OH") as the fourth ligand at a
coordination distance of 2.1 A (Figure 2.2a and Table 2.2). To accommodate
this Zn binding mode, the protein monomers undergo a significant rotational/
bending motion around the C96—C96 hinges with respect to the
Zns:““RIDC14 structure (Figure 2.1a), which enforces the tetrameric
assembly to adopt an open conformation and distorts the structural Zn centers

into coordinative unsaturation.
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Protein Zns:AB54 Zng:°TABS,
31.5% 2-methyl-2,4- 45% 2-methyl-2,4-
Crystallization pentanediol 400, 0.1M | pentanediol 400, 0.1M
Condition HEPES (pH 7.5), HEPES (pH 6.5)
0.2M MgCl»
Data collection location SSRL 12-2 SSRL 12-2
Unit cell dimensions 50.29%x98.00x99.33 60.75%3.48x127.79
a=pB=y=90° a=B=y=90°
Symmetry group F222 P2,2124
Resolution (A) 26.61-2.65 36.18-1.98
X-ray wavelength (A) 0.9795 1.0000
Number of unique 3383 35176
reflections
Redundancy” 3.8(3.7) 5.8 (6.0)
Completeness” (%) 91.5(82.4) 99.9 (100.0)
<I/c>" 25.6 (16.5) 17.8 (3.4)
Rsymm” (%) 4.5(6.4) 6.4 (55.9)
Rwork/ Ree (%) 20.5/24.5 17.1 (21.4)
Number of atoms
Protein 827 3312
Ligands/ions 43/5 172/15
Water 66 288
B-factors (A?) 45.0 31.2
R.m.s deviations
Bond lengths (A) 0.0111 0.0200
Bond angles (°) 1.4150 1.8423

Table 2.1. Crystallographic data collection and refinement statistics for

Zng:ABS54 and Zns:“TABS4 structures. “denotes values from the highest

resolution shell.
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Proteins/ Zn—Ns | Zn—-N¢ | Zn-O Zn—N¢
ions/water
residues in H63 |in H73 |in D74 |in H77
Zng:AB54 2.0 1.8 nd 2.0 2.2 (CI)
2.1 2.1 2.0 2.1 nd
2.1 2.1 1.9 2.1 nd
Zng:“°TABS5,
2.0 2.1 2.1 2.1 nd
2.1 2.1 2.1 2.1 nd
Proteins/ Zn-O /n—N: | Zn—Ns
ions/water
residues in E89 | in H93 | in H77
Jns:AB5, 2.0 1.8 2.0 2.1 (H20)
2.1 2.1 2.1 2.1 (H20)
2.1 2.1 2.1 nd
Z :CQGTBS
o Y120 2.1 2.1 2.2 (ChH)
2.1 2.1 2.1 2.3 (H20)

Table 2.2. Distances (A) of Zn and coordinating residues in (top)

core/structural and (bottom) peripheral/catalytic Zn-binding sites.
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Figure 2.4. Views of core/structural Zn-binding sites in Zng:AB54. (a) Close-

up view in cartoon representation and (b) surface representation.

OCOCH;3 O(H) o
O PO — @’ + L
O:N O,N HsC”™ “OH

p-nitrophenyl acetate

%ﬁf ho — ©’§ro:r< "

amp|C|II|n

Scheme 2.1. Hydrolytic reactions monitored in this study

Despite the fact that the triads in AB3 and ABS5 share two common
positions (89 and 100), the peripheral Zn coordination microenvironments in
Zns:AB5; are entirely different from those in Zng:A!S7AB3, (Figure 2.2).
Notably, the Zn—OH> moiety in Zng:ABS54 is directed toward the exterior of
the tetramer rather than to the interior as observed in Zng:*1%%7AB34. In this
orientation, the putative active site of Zns:ABS54 is wedged between two
interfacial a-helices and surrounded by a different set of side chains (K85,
E92, Q103 and K104) compared to that in Zng:*'*S7AB34 (G57, D60, A104,
Y105). Additionally, the Zn—OH:2 moiety in Zng:ABS5, is directed away from
the hydrophobic 43—57 loop (shown in magenta in Figure 2.2b, right), which

had emerged as a key element in the directed evolution of Zng: 1%/ GS74§B34
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for enabling ampicillin binding interactions.®
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Figure 2.5. Esterase activity of Zng:AB54, with p-nitrophenyl acetate as a
substrate. (a) Michaelis—Menten kinetics. (b) pH-dependent esterase activity.
Data points and error bars are obtained from average and propagated standard

deviations, respectively for at least three independent measurements after

background correction.
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Figure 2.6. Kinetic analysis of Zns:AB54 for the pH-dependent esterase
activity with p-nitrophenyl acetate as the substrate. In the plot of kca/Km of
Zng:AB54 versus pH, data points at pH 10.25 and 10.35 are masked (red

squares) to estimate the first pKa. value related to the catalysis.

2.2.3 In vitro esterase and p-lactamase activity of Zns:AB54.

Having established that Zng:AB54 presents a new set of coordinatively
unsaturated Zn coordination sites within distinct microenvironments, I first

investigated its catalytic activity toward the hydrolysis of p-nijrophenyl _
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acetate (pNPA) as a chromogenic substrate (Scheme 2.1). Time-dependent
spectral changes at 400 nm, stemming from the formation of the product p-
nitrophenolate, were monitored, and the net hydrolytic activity of Zng:AB54
was determined by measuring the difference between the product formation
rates in the presence and absence of Zn?'. The background reaction due to
free Zn>" was also taken into account. Zns:AB54 was found to catalyze pNPA
hydrolysis with a kcat = 0.06 = 0.01 s™! and a kca/Km = 180 £90 s M! (at
pH 9) (Figure 2.5a), and these values are several-fold higher than those for
Zng: MOYGTAB3, (keat = 0.019 87, kea/ K =29 s M), and comparable
to the most efficient artificial esterases.!> 1% 6% Through the determination
of the Michaelis—Menten parameters for pNPA hydrolysis at different pHs, I
determined the pKa value of the Zn—OH> species to be 8.4 + 0.1 (Figures 2.5b
and 2.6). This value is considerably lower than that for Zng: #1%/57AB3,4 (8.9
+0.2) and likely accounts for the higher catalytic rate of Zng:AB54 at pH 9.5
It is important to note that the primary coordination spheres of Zng:AB54 and
Zng: AOYGSTAB3, are identical to one another in terms of composition (His
N¢/His Ns/Glu O) and the lack of H bonding to these ligands by protein side
chains or solvent. These similarities in the coordination environments suggest
that the large difference in the Lewis acidities of the Zn—OH> moieties must
stem from their specific orientation within the protein—protein interface and
corresponding variations in the surrounding microenvironment as observed

in other systems.%®

Next, I investigated the hydrolytic activity of Zng:AB54 using ampicillin
as a substrate (Scheme 2.1) and monitoring the reaction by HPLC analysis of
the reaction mixtures. The results demonstrate that Zng:AB54 is a B-lactamase
(kcat = 1.03 £ 0.06 min' and kca/Km = 120 £ 10 min~' M ') and displays a
substrate saturation behavior at increasing ampicillin concentrations (Figure
2.7a and Table 2.3), implying that the protein forms a Michaelis complex with
the substrate. This contrasts with the Zns:*'**AB34 construct, which did not

show Michaelis—Menten behavior until it was subjected to directed evolution
§ ¥
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via saturation mutagenesis of the surrounding residues to yield the improved
variant Zng:A!%957AB3,.5% Docking simulations indicate that ampicillin can
be situated in a small niche on the protein surface in a catalytically viable
conformation in which the carbonyl group of the ampicillin lactam ring is

oriented toward the Zn—OH: site (Figure 2.7b).

(a) (b)
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< 0.3
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[ampicillin] (mM)
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K104*
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AB5 [
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Specific Activity (umol/mg/min)
Figure 2.7. B-lactamase activity of Zng:AB54 with ampicillin as substrate. (a)
Michaelis—Menten kinetics. Data points and error bars were obtained from at
least two independently prepared set of samples and measurements. (b)
Docking simulation of Zng: AB54 with ampicillin, which is depicted as sticks.
Zn center and associated water molecule are shown with as gray and purple
spheres, respectively. Residues nearby the Zn center are labeled on the surface
representation. The distance between the Zn-bound atom and the carbon in the
lactam-ring is represented as a dotted black line. (c) In vitro specific activity

of ABS single variants with ampicillin as the substrate.
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keat Km kcat/ Km or k2
Variant | pKa

(min!) | (mM) | (min! M1)?
AB5 | 84(1)| 1.03(6) | 9(1) 120(10)
PSSAB5S | 8.5(1) | 0.29(7)* | nd® nd?
MZABS [9.02) | 1.1(3) 8(4) 140(40)
SI4ABS | 8.9(1) nd? nd? 67(15)
COTABS | 9.1(2) | 1.42) | 11(3) 120(20)

Table 2.3. Net -lactamase activities of de novo metallohydrolases at pH 9.0
¥This variant exhibits no substrate saturation behavior or displays too low of

an activity for the determination of an accurate Kv value

2.2.4 In vivo assembly, activity, and directed evolution of Zns:AB54.

Encouraged by the nascent -lactamase activity of Zng:ABS54, | examined
whether this activity could also be realized in E. coli cells and used for the
directed evolution of the substrate binding pocket as described previously.>®
Toward this end, AB5 was expressed in kan" /amp™ E. coli cells which display
negligible background levels of P-lactamase activity. To enable proper
maturation of its c-type heme cofactor, AB5 contains an N-terminal leader
sequence for translocation to the periplasm. The periplasmic space is a
generally favorable cellular compartment for directed evolution of artificial
enzymes as the chemical environment in this compartment can be more easily
manipulated than the tightly regulated cytoplasm.® Specifically, in this case,
the periplasmic expression promotes disulfide bond formation and allows
access to sufficiently high ambient Zn** concentrations (through the
adjustment of Zn?* concentration in the growth medium), which should favor
the proper self-assembly of Zns:AB54. Indeed, the analysis of the periplasmic
cell extracts by size-exclusion chromatography (SEC) followed by the ICP-
OES analysis of the fractions indicated that AB5 primarily existed as a
tetramer that contained two Zn ions per protein monomer (Figure 2.8),
<

-
|
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confirming the proper in vivo self-assembly of Zng:AB54.
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Figure 2.8. Characterization of ABS extracted from the periplasm of E. coli.
(a) Metal contents of ABS5 protein detected by ICP-OES. (b) Size-exclusion
chromatograms (Sephadex S75) of ABS5 protein before and after the treatment
with 1,4-dithiothreitol (DTT).

For the directed evolution of Zns:AB54, I selected four residues, K85,
E92, Q103, and K104, that encircle the putative active site pockets for
saturation mutagenesis.®” Upon creation of the single-site libraries, in vivo
selection was carried out using LB agar plates containing > 1 mg/L ampicillin.
Surviving colonies were isolated as positive hits and sequenced, and the
frequency of colonies expressing specific AB5 variants was determined
(Figures 2.9 and 2.6). Surprisingly, there was no variant that displayed
substantially higher survival frequency than the parent AB5 for any of the
four positions. This finding contrasts with the observations on AB3 whose
single-site variants (E57G and Y105T) showed more than 10-fold higher
survival frequencies over the parent species as a result of significantly

improved catalytic performance.’®
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Figure 2.9. Frequencies of ampicillin surviving colonies in saturated ABS

single mutant libraries. To obtain more accurate statistics of the screening

results, each codon, rather than amino acid, were counted so that there was no

bias for the amino acids that are encoded by more than one codon. The

dominant and minor outputs for each amino acid were shown with red and

white bars, respectively. The original sequence of ABS protein is shown with
an asterisk. (a) AB5+K85X, (b) AB5+E92X, (c) AB5+Q103X and (d)
AB5+K104X.

35

2 A 2] 8

1T



$104 ?
K104*

Y104 |E— 7
E103 T e s ke | 30
Q103" i,
R103 )
P103 [E— 10
E92*
M92 |
T92
o e ———————r
P85
T11 ST |
“*RIDC1
T T T T T
0 10 20 30 40 50 60

% frequency for each site

Figure 2.10. /n vivo survival frequencies of AB5 variants (best ones for

each position) adapted from the statistics in Figure 2.9

I expressed and isolated several single-site ABS variants that showed the
highest survival frequency (e.g., K85P, E92M and K104S) at each position
(Figure 2.2a) and measured their in vitro B-lactamase activities upon forming
the Zn-assembly (Figures 2.7c and 2.11, and Table 2.1). These analyses
confirmed that these variants indeed could catalyze ampicillin hydrolysis with
appreciable improvement over kuncar and that the M92 variant displayed
enzyme-like Michaelis—Menten (i.e., substrate saturation) behavior.
Nevertheless, the overall f-lactamase efficiencies of these single-site variants
were not substantially better than that of AB5 (Table 2.3), in accordance with
the observation that they did engender significantly different survival
frequencies. Only the M92 variant displayed a comparable kc./Km value to
ABS. I note, however, that this improvement is likely an underestimate given
that the pKa of the Zn—OH: species in the M92 variant is 0.6 pH units higher
than that of the parent AB5 complex and thus contains considerably less of
the active, deprotonated species (~51% vs ~75% as deduced from the pH-
dependent activity data) at pH 9, where the enzymatic assays were conducted.

Given the modest changes in catalytic activity, it is difficult to pinpoint why
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single-site mutations like E92M give rise to higher in vivo survival
frequencies or improved kinetic parameters, particularly in the absence of
information on a) the in vivo expression levels and self-assembly yields of the
mutants and b) structural data on protein—substrate complexes. I also prepared
several multisite variants (P85/M92, P85/S104, M92/S104, P85/ M92/S104)
combining the most promising single-site mutations, but these did not display
any additive effects in mutations (Figure 2.12).”" These findings suggest that
the limit of evolvability through single-site saturation may have been reached

for the Zng:AB54 scaffold as in its current structural state.
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Figure 2.11. Michaelis—Menten kinetics (left) and pH-dependence (right) of
B-lactamase activities. (A) Zng:"*>AB54 (B) Zns:M*?AB54 (C) Zns:3'*AB5,4
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Figure 2.12. Specific ampicillin hydrolytic activities of single and multiple
mutants of ABS.

2.2.5 Structural and functional characterization of Zns:“**TABS54, a

variant lacking peripheral disulfide bonds

The lack of improvement in the -lactamase activity of Zng:AB54 in the
course of directed evolution was surprising at first because this complex
appeared to be a better primordial scaffold than Zns:*!**AB34 due to its higher
starting catalytic efficiency and its apparently well-defined substrate binding
site. Yet, I had observed that Zng:A!%*AB34 benefitted significantly, in the
context of directed evolution and the discovery of the high-performing E5S7G
variant, from structural flexibility of the supramolecular scaffold, having
metal-coordinating residues near the monomer C-terminus and a flexible loop
near the catalytic Zn sites. I therefore speculated that the modest changes in
the catalytic performance of the Zns:ABS54 scaffold may be linked to the
proximity of catalytic Zn sites to the C96—C96 disulfide linkages (Figure
2.1a), which may restrict local and global flexibility. These disulfide bonds
were previously introduced to stabilized the tetrameric scaffold at low protein
concentrations and/or in the absence of Zn ions.>> Now, given the additional
stability afforded by the presence of the catalytic Zn sites in the same

protein—protein interfaces, I reasoned that the C96—C96 linkages may not be
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necessary for tetrameric assembly. Thus, I reverted C96 back to the wild-type
threonine, and isolated the resulting “*°TAB5 construct for structural and

functional examination.
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Figure 2.13. Size-exclusion chromatograms of AB5 and “TABS proteins in
the absence of Zn (black dotted lines), in the presence of 1 Zn/monomer (blue
dashed lines), and in the presence of 2 Zn/monomer (red solid lines). (a) ABS
(b) “TABS (c) Distribution of tetrameric, dimeric, and monomeric states
from the data in (a) and (b). Small fractions of protein eluted earlier than

tetramer were tentatively assigned as aggregates.
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The ““*TABS5 protein is found primarily in a dimeric state in the absence
of metal ions, but forms a stable tetramer upon addition of 1 or 2 equiv of
Zn>" (Figure 2.13). The X-ray crystal structure of Zng:“TABS54 was
determined at 1.98 A resolution (Table 2.1), confirming the tetrameric
assembly state and the stoichiometry of two Zn ions per protein monomer,
with the expected sets of core/structural and peripheral/catalytic sites (Figure
2.14a). Interestingly, Zns:“TAB54 possesses a compact architecture very
similar to the “grandparent” Zn4:“”*RIDC14 scaffold, rather than the open,
parent Zng:AB54 assembly. Apparently, the simultaneous presence of Zn-
coordination sites and C96—C96 disulfide bonds in the same interfaces
imposes a structural strain on the supramolecular assembly to favor an open

state; this strain is released upon removal of either the Zn coordination or the

C96—C96 linkages (Figure 2.14b).
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Figure 2.14. Characterization of AB5 and “*°TABS variants. (a—d) X-ray
crystal structure of Zng:“*TABS5,. Catalytic Zn-binding sites are indicated
with black arrows. (b) Overlay of Zns:“*TAB54 (cyan) and Zns:AB54 (gray)
structures. Zn centers (navy) and Zn-coordinating water (red) or chloride ions
(green) are shown as spheres. (¢) Close-up view of the core/structural Zn-
binding sites. (d) Close-up view of the peripheral/catalytic Zn-binding sites
adjacent to the C96T mutation site. Zn-bound water and chloride ion are
shown as red and green spheres, respectively. (e) Enlarged
peripheral/catalytic Zn-binding sites Zn-coordinating and adjacent residues
are shown as sticks and lines, respectively. (f) In vitro [3-lactamase activity
of Zng:AB54 and Zng:“**TABS54 at pH 9.5. Data points and error bars are
obtained from at least two independently prepared set of samples and

measurements.
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As aresult of this compaction, the structural Zn sites assume the original,
coordinately saturated conformation as found in Zn4:“**RIDC 14 (Figures 2.1a
and 2.9¢), whereas the catalytic sites sustain the unsaturated, three-coordinate
geometry as in the Zng:ABS54 structure (Figure 2.14d, e). The geometric
changes in the structural sites are also manifested in the Zn binding constants
determined by competitive titration experiments (Table 2.4) one set of Zn-
binding affinities increase by > 6-fold from a K4 = 190 nM to Kq = 31 nM
(consistent with the increase in coordination number from three to four),
whereas the other set (K¢ = 2 uM) remains the same. In the course of the
structural compaction, the intermonomer interfaces that previously contained
the C96—C96 linkages undergo a drastic conformational change (Figure
2.14b), and the peripheral Zn sites become more exposed to solvent and no
longer surrounded by the side chains of position 92 and 103 residues (Figure

2.14e).

Protein Zn-binding constants (M)
ABS Ka1=0.19(2)
Ko =1.9(1)
C9TABS Ka1=0.031(4)
K =2.04(6)

Table 2.4. Zn-binding affinity of ABS variants estimated by the competition

assay with Zn-responsive fluorophores.
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Figure 2.15. pH-dependent in vitro B-lactamase activity of Zns:“**TABS..
The net activity from the Zns:“*TAB5, protein was measured by monitoring

the background reaction with the identical buffer used for the assay.

These changes are reflected in catalytic properties of the protein assembly.
Although the primary coordination spheres of the peripheral Zn sites of
Zng:“TABS, are identical to those in Zns:AB5a, their hydrolytic activities
are considerably perturbed, with a 36% increase in ke at pH 9 despite an
elevation of the pK. value of Zn—OH; by >0.7 pH units to 9.1 (Table 2.3 and
Figure 2.15). Zns:“**TABS5, also displays a compensating, higher Ku (likely
due to the loss of the small substrate interaction pocket), resulting in similar
kea/ Km values for the two species at pH 9.0 (Table 2.3). In light of the large
difference between the active site pK, values of Zng:“**TAB54 and Zns:AB54,
I measured their ampicillin hydrolysis activities at pH 9.5, where the Zn—OH>
moieties should be predominantly deprotonated in both species. Under these
conditions, Zns:“*TAB5,4 displayed increases of ~20% in kcat and ~60%
in kea/ Km (Figure 2.14f and Table 2.5) over those for Zng:ABS54. The kca/ Km
value of 210 min! M! is second only to the previously evolved,
Zng: A6 AB3, variant (350 min' M) among all B-lactamase variants I
have examined, and, notably, this catalytic activity is achieved without the
benefit of a nearby loop to enhance ampicillin binding interactions. Taken

together, these observations on Zng:AB54 and Zng:*'®*AB34 emphasize the
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particular importance of point mutations which exert large effects on local
and global protein flexibility in terms of enzyme design and evolvability.
Although the in vivo hydrolytic activities of both Zng:AB54 and Zng:“TABS,
are sufficiently high to allow for selection (Figure 2.16), they exhibit
considerably higher pK. values than the physiologically relevant pHs
(by2—2.5 units), suggesting that the effective in vivo concentration of the
active, deprotonated Zn—OH species may be quite low. Therefore,
perturbations aimed at lowering the active site pKi.’s may be particularly
critical in increasing the effectiveness of future directed evolution studies that

rely on in vivo selection.

Variants | kcat (min') | Kvm (mM) | kcat/Km or k2 (min! M)

ABS 1.5(2) 11(3) 130(20)

C%TABS 1.8(1) 9(1) 210(20)

Table 2.5. Net B-Lactamase activities of de novo Metallohydrolases at pH 9.5.
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Figure 2.16. Kinetic analyses of in vivo P-lactamase activity. (a)
Representative time-dependent HPLC traces, displaying the consumption of
ampicillin by the hydrolytic activity of E. coli cells expressing either ABS.
(b) The plot of fraction of substrate versus reaction time for the E. coli cells
either expressing AB5, “*TABS, “RIDCI1 proteins, or in the presence and
absence of ZnClz in M9 medium. (c) Ampicillin hydrolysis activity of at
various substrate concentrations for the E. coli cells either expressing ABS,

COTABS, @RIDC1 protein, or in the presence of free ZnClz in M9 media.
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2.3. Conclusion

I have reported here the design, engineering, and evolution of a new
protein complex, Zng:ABS54, which is the second de novo designed protein
complex that displays enzymatic activity in vivo. Like its predecessor
Zng:AB34, the design of Zng:AB54 was based on the metal-templated
assembly of a simple four-helix bundle protein cyt cbse2, which has no
structural or functional homology to any known [-lactamases or
metallohydrolases. These findings highlight again the facility with which
metal-directed protein assembly can simultaneously generate structural and
functional diversity. The exact positioning of the catalytic Zn centers of
Zng:ABS54 deviates only slightly from those in Zng:*!°*AB34 in that the two
are essentially only half a helix-turn away from one another and share two of
the three Zn-coordinating ligands. Yet, this positioning places the catalytic
Zn—OH: moieties in entirely disparate microenvironments in the two
scaffolds, with different sets of secondary sphere residues and local structure,
and different proximal structural elements like surface loops and disulfide
bonds. These structural differences are reflected both in the catalytic activities
and evolvabilities of Zns:AB54 and Zns:*'**AB34. Whereas Zns:*!**AB34
required further engineering and directed evolution to attain
Michaelis—Menten kinetics for ampicillin hydrolysis, Zns:ABS54 displayed
such enzyme-like behavior from the start, owing likely to the fortuitous
occurrence of a small surface cavity containing the Zn—OH> moiety. Yet, the
ampicillin hydrolase activity of Zns:ABS54 proved to be considerably less
evolvable compared to Zns:*'®*AB34, which I ascribe to the higher local
rigidity and the lack of mutable loops near its active sites. While incorporating
new loops near the Zn—OH; centers would be difficult, I have shown that the
rational elimination of a proximal disulfide bond can increase local and global
flexibility, which resulted in the restructuring of the active site and improved

catalytic activity. These findings reaffirm previous observations that the

2

47



71-74 75-77

delicate balance between flexibility and stability should be taken into
account for protein and enzyme design. Finally, the design and evolution
studies I carried out here were directed at a specific reaction due primarily to
practical reasons (i.e., the ease of screening for B-lactamase activity), which
is a general limitation of directed evolution. Excitingly, recent studies of cyt
P450 and cyt ¢ mutant libraries have demonstrated that the reactivity scope
and evolvability of a protein scaffold can be dramatically widened through
the proper choice of screening reactions combined with rational
engineering.?’ *! Along these lines, it will be interesting to explore whether
the various metal-templated cyt cbse> assemblies I have generated may

display high catalytic activities and evolvabilities for other substrates or

reactions, particularly when combined with different metal ions.
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2.4. Experimental section

Materials and methods for mutagenesis, protein expression and
purification. Site-directed mutagenesis of cyt cbse> variants was carried out
by polymerase chain reaction (PCR) as previously published.’® The E86D,
A89E, Q93H, and A100H mutations were performed using the previously
constructed plasmid, kan*/amp -pET20b(+)/ C96RIDC1.%® The AS9E, Q93H
and A100H mutations were made to create a Zn-coordination site. The
conservative E86D mutation was additionally made to prevent Zn
coordination in an undesired geometry. The sequences of the primers used for
PCR are listed in Table 2.3. After mutagenesis and digestion with DpN I for
1 h at 37 °C, the plasmids were transformed to XL1-Blue or DH5a E. coli
competent cells. After cell growth overnight at 37 °C on LB/agar plates
containing 50 mg/L kanamycin, single colonies were picked and grown in 5
mL LB media for ~8-10 h at 37 °C in 200 rpm orbital shaker. The cells were
harvested by centrifugation, and the plasmid was extracted using the
Miniprep kit (Qiagen) and submitted for sequencing using a T7 promoter as
aprimer (Retrogen). For protein expression, the plasmid was transformed into
competent BL21(DE3) E. coli cells, which contained the ccm (cytochrome ¢
maturation) cassette in chloramphenicol resistant vector. The colonies were
grown overnight at 37 °C on LB/agar plates containing 50 mg/L kanamycin
and 30 mg/L chloramphenicol. The starter culture was prepared by
inoculating a single colony in LB media containing the same amounts of
antibiotics. When the optical density of the culture at 600 nm (ODsoo0) reached
~0.7-0.8 (typically after ~5-8 h), the cell culture was inoculated into 12-16 1L
flasks containing LB media supplemented with the same amount of
antibiotics. Culture were grown for ~16-20 h; proteins were expressed by
auto-induction without the need for chemical inducers (e.g., IPTG). Protein
purification was performed as described previously.’® Briefly, the cells were

lysed by repeated cycles of sonication (30 s on and 59 s off cycle for 15 min)
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after addition of lysozyme in 10 mM sodium phosphate (NaP1i) buffer (pH 8.0)
in an ice bath. The pH of the lysate was lowered to 6 to precipitate proteins
other than the cbse> variants. After centrifugation at 8000 rpm for 20 min, the
pH was adjusted to 8, and the supernatant was loaded onto a Q sepharose
column at 22 °C, which was pre-equilibrated with the 10 mM NaPi buffer (pH
8). The column was eluted using a step-gradient in the range of 0-1 M NaCl,
and the eluted protein was concentrated to less than 50 mL using Amicon with
10 kDa cutoff membranes. Further purification was carried out on a High Q-
cartridge column attached to a Biologic DuoFlow workstation (BioRad),
using a linear gradient of 0—1 M NaCl in 10 mM NaPi (pH 8.0). After
concentrating the protein-containing fractions using Amicon, excess sodium
dithionite was added to reduce the proteins. Subsequently, the protein
solutions were further purified by size-exclusion chromatography on a
Superdex 75 column, using a running buffer solution of 20 mM Tris/HCI1 (pH
7.0) and 150 mM NaCl. The purity of the protein was monitored in every step
of the purification process by SDS-PAGE. The protein was treated with 10-
fold molar excess of EDTA overnight at 4 °C to prepare a metal-free protein
stock solution. Excess EDTA was removed by using a 10DG column
(BioRad), using a buffer solution containing 20 mM Tris/HCI (pH 7.0) and
150 mM NaCl. The protein samples were kept frozen at -80 °C after
concentrating to a ~1 mM. Extraction of ABS5 protein from the periplasm was

carried out using a previously described procedure.’®
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Mutations

Primers

Preparation o

f AB5 variant from “°RDC1

E86D/A89E

5'-GTA AAA GAT GCG CAG GAA GCT GCA
GAG CAA C-3'

5-GTT GCT CTG CAG CTT CCT GCG CAT CTT
TTA C-3'

Q93H

5'-CAG GCT GCT GCA GAG CAT CTG AAA
TGC-3'

5-GCA TTT CAG ATG CTC TGC AGC AGC
CTG-3'

A100H

5-CCT GCAACCATT GCCACCAGAAGTATC
G-3'

5-CGA TAC TTC TGG TGG CAA TGG TTG
CAG G-3'

Construction

of single mutant library by saturated mutagenesis

K85X

5-CAA ATG AAG GTA AAG TAN NKG ATG
CGCAGGAAG C-3'

5-GCTTCCTGC GCATCM NNTACTTTACCT
TCATTT G-3'

E92X

5'-GCG CAG GAA GCT GCA NNK CAT CTG
AAATGC-3'

5-GCA TTT CAG ATG MNN TGC AGC TTC
CTG CGC-3'

Q103X

5'-GCAACCATT GCCACNNKAAGTATC GTT
AAT TC-3'
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5-GAA TTA ACG ATA CTT MNN GTG GCA
ATG GTT GC-3'

5-CAACCATTG CCACCAGNNKTATCGTTA

ATT CCT C-3'

K104X
5-GAG GAA TTA ACG ATA MNN CTG GTG

GCAATG GTT G-3'

Removal of disulfide bonds

5-GAG CAT CTG AAA ACC ACC TGC AAC

CAT TG-3'
Co96T
5'-CAA TGG TTG CAG GTG GTT TTC AGA

TGC TC-3

Table 2.6. DNA primers used for site-directed mutagenesis.



Preparation of Zn-bound AB5 assemblies and determination of Zn-
binding properties of AB5 variants by ICP-OES and competitive titrations.
Desired volumes of the ABS5 protein stock solution were mixed with
appropriate amounts of metal stock solutions (100 mM ZnCl; in double-
distilled H>O). After incubation for ~2-3 h, the protein samples were applied
to 10DG column to remove unbound metal ions. The Zn-to-protein
stoichiometry was determined by using a strong chelating indicator, PAR (4-
(2-pyridylazo) resorcinol), as described previously.’® Briefly, a metal-free,
PAR stock solution (1.44 mM, 200 pL) was prepared in 20 mM MOPS (pH
7.0), 150 mM NaCl and 5 M guadinine hydrochloride (GdnHCI, for protein
denaturation). The solution containing the Zn-complexed protein (0.1-1 mM,
1 uL) was added to the PAR solution and its absorption was measured at 500
nm after incubation for ~3 min. 1 pL of a 100 mM EDTA stock solution was
then added to the PAR and protein solution. The difference in the absorption
before and after the addition of EDTA was then measured and used to
determine the overall Zn concentration, using €soonm for (PAR)>2Zn of 54,800
cm™! M™% The protein concentration was independently determined at 415
nm (¢ = 148,000 cm™ M), using a buffer solution not containing GdnHCl.
With the concentrations of the protein and Zn ions thus determined
independently, the ratio of Zn to the protein monomer was calculated.
Alternatively, the metal (Fe and Zn) content was determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES). Standard
calibration curves for ICP-OES were prepared using 0-6 ppm Zn and Fe
standard stock solutions (Ricca Chemical Company) prior to the analysis of
protein solutions. The absorption was monitored at least three different
wavelengths and in triplicate. Iron concentration, originating from the
covalently bound c-type heme cofactor, was used as an internal standard to

determine protein concentration.

To determine the Zn-binding affinities of ABS, a Zn-responsive

fluorophore, Newport Green DCF diacetate, was used as reported
21 O 1)
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previously.>> > Briefly, ABS protein solutions were pre-treated with 10-fold
molar excess of EDTA for ~1 h at 4 °C, and the resulting apo-ABS5 protein
was isolated by 10 DG column chromatography using pre-Chelexed 20 mM
MOPS (pH 7.0) buffer in 150 mM NaCl. Apo-ABS5 protein (~20 uM as a
monomer) was then mixed with ~5 uM Newport Green DCF diacetate in a
Chelex-treated, 20 mM MOPS (pH 7.0) buffer solution containing 150 mM
NaCl at 25 °C in a cuvette. Before and after the addition of aliquots of ABS5-
fluorophore mixture, the absorbance was monitored at 504 and 526 nm until
no change was observed. The changes in absorbance in response to changes
in Zn concentration were fit to 4+4 site model using DynaFit software,
yielding two discrete Zn-binding affinities.”® A representative plot is shown

in Figure 2.3.

Oligomerization states of the variants by analytical ultracentrifugation.
Analytical ultracentrifugation experiments were carried using ~5-uM protein
solutions prepared in 20 mM Tris/HCI (pH 7.0) and 150 mM NaCl. The
measurements were made on a Beckman XL-A instrument using an An-60 Ti
rotor. For each sample, 250—400 scans were obtained at 25 °C at 41,000 rpm.
All data were processed using Hetero-analysis (University of Connecticut,
Analytical Ultracentrifugation Facility) and SEDFIT software’” with the
following fixed parameters: buffer density (r) = 1.0049 g/mL; buffer viscosity
=0.010214 poise; Voar = 0.73084.

X-ray structure determination. Crystals of AB5 assemblies (Zns:AB54,
Zng:ABS54, and Zns:“*°TAB54) were obtained by sitting-drop vapor diffusion
at 298 K, using protein stock solutions (2 mM) pre-incubated with 1 or 2
equiv of ZnCly. The precipitant solutions are listed in Table 2.1. The sitting
drops contained 1 puL each of the protein stock solutions and precipitant
solutions, and the well contained 300 pL of the precipitant solution. The
crystals were frozen in lig. N> and diffraction data were collected at SSRL

(see Table 2.1 for data collection and refinement statistics). Diffraction data
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were processed using CCP4% including iMosflm®! and Scala.®® Molecular
replacement was carried out using either out using either Molrep®? or Phaser®®
whereby the structure of the “°RIDC1 monomer (PDB 31Q6) was used as a
search model. Rigid-body and restrained refinement with REFMAC5* or

Phenix®

along with manual model rebuilding and metal/water/ligand
placement with COOT®® produced the final models. For the structures
containing more than one monomer in asymmetric unit cell, non-
crystallographic symmetry (NCS) restraints were applied throughout the
refinement process. All figures with crystal structures were produced with

PYMOL (www.pymol.org).’” The angles between the o-helices were
determined using PyMol.

In vitro activity assays for pNPA and ampicillin hydrolysis. Esterase
activity assays using p-nitrophenyl acetate (pNPA) and ampicillin as
substrates were carried out as reported previously (Figures 2.5-6, and 2.11).%®
Briefly, time-dependent optical spectra were monitored at 405 nm upon the
mixing of Zn-complexed proteins (~7 uM) with various concentrations of
pNPA (dissolved in CH3CN) in 0.1 M borate bufter (pH 9.0) at 22 °C. The
background reaction rates were measured with the apo protein in the absence
of ZnCl,, and the net activities originating from the catalytic Zn sites in AB5
protein were estimated by calculating the differences between the Zn and apo
samples. To monitor pH-dependent esterase activities, the pH of the borate
buffer was adjusted accordingly. For the pH 7-7.5 range, MOPS was used as
the buffering agent. To calculate the esterase rates at various pHs, I used the
pH-dependent extinction coefficients of p-nitrophenolate reported in

literature.®®

To measure 3-lactamase activities, ABS protein (~7 uM) in 0.1 M borate
buffer (pH 9) was mixed with various concentrations of ampicillin; the
hydrolysis of ampicillin was monitored at 220 nm on HPLC using a linear

gradient of H2O and CH3CN (9:1 to 1:9 over 20 min) in 0.1% trifluoroacetic
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acid. The reaction was monitored for ~4-5 h at 22 °C and the sample (100 pL)
was injected every ~60 min to the C18 column to quantify the ampicillin
concentrations. The basal level (i.e., uncatalyzed) decomposition of
ampicillin was determined by monitoring the reaction in the buffer solution
(pH 9). The apo ABS5 protein did not display ampicillin hydrolysis activity

above this basal level.

Autodock simulation of Zns:ABSs with ampicillin. The coordinate file for
ampicillin was obtained using the PRODRG server.?® The ampicillin
coordinates were set to have the freedom of rotation at every carbon atom
except for those comprising the B-lactam and the arene ring. Autodock Vina®
was utilized to estimate potential binding sites for ampicillin to the AB5
protein surface. The size of grid box was set to 22X24<28 A3, Among the
multiple possible conformations, the one with the shortest distance between
the carbonyl group of the B-lactam and the oxygen atom of the Zn-bound

water, is shown as a possible docking conformation (Figure 2.2).

Periplasmic extraction and characterization of ABS protein. ABS5 protein
was expressed in the periplasm and extracted by osmotic shock as described
previously.! Oligomeric state and metal occupancy of the protein were
characterized by the gel filtration chromatography and ICP-OES, respectively
(Figure 2.16), as described previously.>®

Construction of saturated mutant libraries of ABS at 85, 92, 103, and 104
residues. Saturated mutagenesis of the selected residues was carried out as
reported previously.>® Briefly, primers are designed such that each amino acid
in residue 85, 92, 103, and 104 can be individually randomized using NNK
codon (Table 2.6). After 25-30 cycles of PCR runs, the product (5 uL) was
transformed into DH5a. E. coli competent cells (100-200 pL). After overnight
growth at 37 °C on the LB/agar plate containing 50 pg/mL kanamycin, the
number of colonies grown on the plates were counted to estimate the size of

the mutant library.
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After collecting > 100 colonies, the cells were grown in LB media with
50 pg/mL kanamycin at 37 °C for ~5-6 h, and the mixtures of the plasmids
were extracted using MiniPrep or MidiPrep kit (Qiagen). The randomized

codons were confirmed by sequencing in Retrogen.

In vivo screening of cells containing artificial B-Lactamase. The mixtures
of plasmids were then transformed to BL21 (DE3) with ccm, and grown in
LB/agar plate containing 50 pg/mL kanamycin and 30 upg/mL
chloramphenicol at 37 °C overnight. The colonies were harvested and grown
in the LB media and 50 uM ZnCl, under the identical antibiotic conditions
for ~10-14 h until the cell pastes become red upon the protein expression. The
E. coli cells containing the mutants were then plated on the LB/agar plate
containing 50 pg/mL kanamycin, 30 pg/mL chloramphenicol, 50 pM ZnCl,
and ~1 pg/mL ampicillin. The plates were incubated at 37 °C overnight, and
each colony was individually grown for Miniprep extraction and sequencing.
To obtain more accurate statistics of the screening results, each codon, rather
than amino acid, were counted so that there is no bias for the amino acids that
are encoded by more than one codon. The dominant and minor outputs for
each amino acid were shown with red and white bars, respectively in Figure

2.16. The original sequence of AB5 protein was shown with an asterisk.

Kinetic analysis of in vivo B-lactamase activity. Three BL21 (DE3) E. coli
strains, expressing either “*RIDC1, ABS5, or “*TABS5 proteins, were prepared
in 10 mL LB media in order to produce Zns:“*RIDCl4, Zns:ABS54, or
Zng:“**TABS,4 assemblies in the periplasm. After harvesting the cell pellets by
centrifugation (5,000 rpm for 10 min), followed by washes with 10 mM
Tris/HCI, 30 mM NaCl buffer (pH 7.3) 3 times, the cell pastes were suspended
in M9 minimal media (pH 7.0) to monitor the vivo hydrolytic activities. The
assays were initiated by the addition of 0-3 mM ampicillin and carried out
under constant shaking (200 rpm) at 37 °C. Aliquots of the cell cultures (1
mL) were centrifuged every 20-40 min and the supernatant was injected to
<

-
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HPLC to monitor the consumption of ampicillin, as described above for in
vitro activity assays. To test the baseline activity of free Zn>* ions under in
vivo assay condition, I used 1.5 uM ZnCl, which is the estimated protein
concentration used for in vivo activity assays. The effective protein
concentrations used for in vivo activity assays were determined by the lysis
of the cell cultures, followed by the measurement of the protein Soret peak or
by calculating the average protein yields from the cell growth. Both
calculation methods yield a rough estimation of ~1.5 uM protein per culture

media.
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Chapter 3.
Symmetry-related Residues as Promising
Hotspots for the Evolution of De Novo

Oligomeric Enzymes

*The part of this chapter was reprinted with permission from J. Yu; J. Yang;
C. Seok; W. J. Song, Chem. Sci. 2021, 12, 5091, copyright 2021, Royal
Society of Chemistry.
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3.1. Introduction

Natural enzymes have evolved throughout numerous rounds of
selection.!" 2 Accumulating evidence indicates that proteins have adapted to
altered chemical environments by sequence modification. For example, it is
proposed that the Great Oxygenation Event (GOE) is correlated with the
elevated frequency of metalloenzymes with air-stable metal ions.> # The
introduction of natural and synthetic herbicides and antibiotics also led to the
appearance of enzymes that react with these substances, resulting in
resistance to these substances.™ ® Analogously, specific chemical pressures
can be applied to randomized mutant libraries in a laboratory. Numerous

7-10

novel proteins have been created, yielding novel catalytic activity,”" altered

11-13 14, 15

substrate selectivity, and/or elevated thermal stability.

Despite significant progress in protein design and evolution, '5!® there is
no standard rule prioritizing the residues for sequence optimization. The
amino acid residues in the vicinity of active sites are often the first and
primary candidates. B-Factor and sequence conservation analyses have also
been carried out to generate focused mutant libraries.!” 2° However, our
current state-of-the-art understanding of the protein sequence—structure—
function relationship is incomplete in that seemingly trivial or distant

21, 22 while even

mutations are essential to induce the desired properties,
proximal residues to the active site may cause no detectable changes in
structure and function.” In addition, multiple mutations often exhibit non-
additive effects so that iterative mutations and screenings are necessary,?*
requiring at least mid to high throughput screening.>>° Therefore, an
alternative guideline to pinpoint key residues for sequence optimization
would be advantageous to facilitate enzyme design and to elucidate

intertwined protein sequence networks.

In the exploration of this complicated yet, essential question, de novo
enzymes could be a versatile model system. Their sequence and structure are
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not strongly correlated with the nascent function, and thus, enzyme evolution
may occur with little underlying interrelation to the intrinsic nature of proteins.
Previously, numerous protein scaffolds have been transformed into artificial
enzymes, particularly metalloenzymes.?! A large portion of these examples is
found as homomeric proteins, having catalytic metal-sites on the protein—
protein interfaces.>>* One of these examples is an artificial metallo-B-
lactamase, AB5, where a catalytic center, Zn—OH>/OH unit, was created on
the protein—protein interfaces of an a-helical homo-tetramer (Figure 3.1a).*°
Intriguingly, 1 found that a seemingly trivial mutation (C96T) yielded
substantial structural alterations (Figure 3.1b), resulting in the conversion of
a tetramer with a large void space into a closely packed one. Besides,
hydrolytic activities with ampicillin were enhanced. In contrast, several
attempts to optimize K85, E92, Q103, and K104 residues, close to the Zn-
active sites (Figure 3.1a), exerted no significant enhancement in the
hydrolytic activities. Based on these observations, I surmised that C96 residue
is a more effective hotspot than four proximal residues (K85, E92, Q103, and
K104) because of its location on the Cs-rotation axis. If the mutations of
residues related to symmetry operations such as rotation may produce
significant impacts on overall protein structure and function, possibly using
the fluxional protein—protein interface, I further inquired whether other
residues on rotational axes can be efficiently targeted for directed evolution
of de novo designed oligomeric enzymes, despite being distantly located from

active sites and seemingly unrelated to enzyme catalysis.
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Figure 3.1. X-ray crystal structures of de novo Zn-dependent B-lactamases
related to this study. (a) ABS protein with C96 residue (PDB 5XZI). (b) C96T
variant (PDB5XZJ). Residues located at the C2 rotational axes, such as 96,

38, 39, and 81, are shown with magenta sticks. Residues located at proximal
to the active sites, such as 85, 92, 97, 103, and 104, are shown with blue
sticks. Zn ions located at the catalytic sites and metal-ligating residues are
shown with grey spheres and lines, respectively. The metal-bound water or
chloride ions in catalytic sites are depicted with red and green spheres,
respectively. The Zn ions at the structural sites and crystal packing

interactions are omitted for clarity.
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3.2. Results and discussion

3.2.1. Construction and screening of symmetry versus proximity-

related libraries.

To demonstrate whether symmetry-guided residues are potential hotspots
for the construction of mutant libraries and screening, I selected three residues
located on the C»-rotation axes, A38, D39, and E81 (Figure 3.1a). They are
located 17.2-24.1 A from the active site (Tables 3.1), and even the closest
symmetry-related residue to the active site, C96, is not in direct contact with
the catalytic unit, a Zn—OH2/OH species. As a parallel study, I also selected
two non-symmetry-related but proximal residues to the active site, T97 and
K104, which lie at 9.6 and 6.4 A, respectively. I then individually randomized
the symmetry-related and proximal residues by saturated mutagenesis using

the NNK codon (Table 3.1 and Figure. 3.2).

(a) (b) (c)

Adenine

Thymine
Cytosine
Guanine

/’/\“
A / S\ |
/ 4 yio\

‘AM AN SANT L \

(d) (e) (f)

Figure 3.2. Representative sequencing chromatograms of AB5 mutant
libraries randomized at (a) C96, (b) T97, (c) K104, (d) A38, (e) D39, and (f)
E81 positions.
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U Library Selected Distance to
type residue | side chain (A)
K85 14.0
E92 53
Proximity-guided T97 9.6
Q103 4.5
ABS K104 6.4
A38 22.3
_ D39 23.9-24.1
Symmetry-guided R TERTH
C96 7.9-9.4
o _ T97 6.8-7.4
Proximity-guided <o S350
CIABS A38 19.0-19.1
Symmetry-guided D39 22.8-23.1
E81 10.2-10.4

Table 3.1. Distances between active sites and selected residues for evolution
of AB5 and “®!AB5. A distance was determined from oxygen atom of zinc
coordinated water to the terminal atom, except for hydrogen, of side chain of

selected residues.

Both symmetry and proximity-related mutant libraries were screened for
the presence of whole-cell hydrolytic activities with an antibiotic B-lactam
substrate, ampicillin. For full coverage with a 95% confidence level,*® greater
than 94 colonies for each single-site saturated mutant library and 1,953
colonies in total were screened (Figure 3.3a). For more efficient and
quantitative cell-based screening, I slightly modified the method from
previous studies®® so that I measured the cell-growth rates upon the addition

of a high concentration (10-15 mg L") of ampicillin instead of using LB/agar
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plates containing a relatively low concentration of ampicillin. Then,
mutations detrimental to B-lactamase activity would lead to zero or negative
cell-growth rates upon the addition of antibiotic substrates, if the cells no
longer grow or get ruptured by the cell wall-targeting antibiotics, respectively.
In contrast, beneficial mutations would lead to the rates faster than that of the
parent protein. When the individual cells of each mutant library were sorted
in increasing order of cell-growth rate relative to that of the parent protein,
the fitness effect, which can be estimated by the magnitude of alterations upon
mutations, irrespective of the occurrence of beneficial or detrimental effects
upon mutation, followed the order T97X =~ K104X < E81X < A38X =
C96X < D39X (Figure 3.3b, c¢), where X indicates the 20 randomized amino
acid. Notably, the four libraries comprising mutants randomized at the
symmetry-related residues, 96, 38, 39, and 81 (Figure 3.3b), exhibited
considerably greater magnitudes of alterations in cell-growth rate than those
of the two libraries saturated at residues 97 and 104 (Figure 3.3c¢), indicating
that symmetry-related residues exert greater degrees of perturbation to the
protein than proximal residues. The distribution of fitness effects®’° was also
depicted by box charts (Figure 3.3c inset), where the mutations at symmetry-
related residues exhibit much more outspread cell-growth rates than those of
proximal residues. The fastest-growing cells from each library were
sequenced, resulting in T97T (parent), K104S, E81G, A38D, C96I, C96K,
and D38E mutants.
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Figure 3.3. The screening of the first-generation libraries. (a) A scheme for
B-lactamase activity-based screening of single-site randomized mutant
libraries with ampicillin. Representative screening results of (b) symmetry-
and (c) proximity-related mutants. The relative cell-growth rates of 93
colonies to the AB5 protein (C96) are plotted in the increasing order. In the
(c) inset, a box chart per each mutant library is included, where the boundaries
indicate the 25 and the 75 percentiles, and the lines in the box represent the
median values. The caps represent the 1 and 99 percentiles, and whiskers
indicate the minimum (below) and maximum (above) cell-growth rates. (d)
The cell-growth rates of the best one or two hits from each mutant library.
Control and parent indicate “’RIDC1 and AB5 proteins, respectively, where
the former exhibits no catalytic Zn-site. The error bars in (d) indicate the

standard deviations of three runs of the experiments.
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3.2.2. Characterization of the screened single variants

To validate whether the accelerated cell-growth rates were indeed derived
from enhanced P-lactamase activities, I measured the cell-growth rates of the
sequenced ones, resulting in the order C96 =~ T97 =~ K104S = A38D <
E81G = D39E = C96K = (96l (Figure 3.3c). The order was similar to

that of the degrees of perturbations described above, implying that a mutant
library with a higher fitness effect is likely to possess more beneficial
mutations. Therefore, these results indicate that residues located at symmetry-
related positions are promising hotspots for enzyme evolution, potentially
exhibiting higher evolvability. These data are consistent with the recent
studies of insertion and deletion mutagenesis, where both desirable and
strongly deleterious mutations were co-isolated,*® suggesting that a well-
focused library might exhibit drastic fitness effects in either directions. In
contrast, no hit was observed from the proximity-related library with
substantially exceeded cell-growth rates than that of the parent protein; one
of the best mutants was indeed the parent (T97), and the other was K104S,
and the latter was previously characterized to be only marginally better than

the parent protein in terms of catalytic activities.*>

For more accurate kinetic measurements of the single-site mutants, I
carried out in vitro steady-state kinetic analysis of the purified Zn-complexed
B-lactamase ABS5 variants. By applying various substrate concentrations, the
Michaelis— Menten kinetic parameters of the C96K and C96I variants, the
best hits from the first-round screening, were obtained (Figure 3.4a, b). These
variants indeed exhibited up to 2.9- and 2.7-fold increased kcar and kca/Km
values, respectively relative to those of the parent AB5 protein (Tables 3.2).
The results contrasted with the previous attempts to evolve the protein by

randomizing the residues at the active sites, 85, 92, 103, and 104.%
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Figure 3.4. Characterization of the positive hits from the first-round
screening. (a) Michaelis—Menten plots and (b) kinetic parameters with
ampicillin as a substrate. (c¢) Michaelis—Menten plots and (d) kinetic
parameters with carbenicillin as an alternative -lactam substrate. The error

bars indicate the standard deviations of three runs of the experiments.

Substrate | Protein (n]:ic;t_l) (nlf;l/[) I(c::::fl:al\(:[rll;f
C96 0.15(1) | 8(1) 19(2)
C96V | 0.17(1) | 5(1) 32(4)
Ampicillin | C96K | 0.33(2) | 7(1) 50(4)
C96l 0.43(2) | 8(1) 52(3)
C96L nd” nd” 13(4)"
C96 0.14(1) | 7(1) 19(2)
C96V | 0.18(1) | 4(1) 40(5)
Carbenicillin | C96K | 0.33(1) | 8(1) 42(2)
C96l 0.22(2) | 6(2) 40(7)
Co96L | 0.07(4) | 3(1) 20(3)

Table 3.2. Kinetic parameters of C96X variants (X=C, V, K, [, and L) with
ampicillin and carbenicillin. Hydrolysis activities were measured under pH 7
condition. *The second order rate constant (k2) instead of kca/Km was

determined due to the absence of saturation behavior. nd: not detected.
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Intriguingly, 1 noted that the enhanced [-lactamase activities were
primarily derived from the elevated kcar rather than lowered Ky, where the
latter value is related to the substrate- binding affinity or dissociation constant
(Kq). These results implicate that the single mutations selectively accelerated
turnover rates rather than increasing substrate affinity. The molecular origin
of acceleration contrasted previous work with an analogous protein, AB3,
where enhanced catalytic activities were derived from elevated substrate-
binding affinity.** To identify whether the discrete enhancement mechanism
was related to the modified screening conditions using higher concentrations
of ampicillin, I reduced the concentration of ampicillin (1.8 mg L") for the
screening of the C96X mutant library (Figure 3.5b). While C961 is still a
positive readout, the parent (C96) and C96V became the dominant hits. When
I further modified the screening conditions by replacing ampicillin with
carbenicillin, another B-lactam antibiotic, at low concentration (Fig. 3.5d),
cells containing C96V and C96L grew relatively fast, implying that screening
conditions, such as substrate concentrations and structures, alter the selected

readouts.
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Figure 3.5. The screening readouts of the C96X library with (a) high (10-15

mg/L) and (b) low concentration of ampicillin (1.8 mg/L) and (c) high (20—
30 mg/L) and (d) low (1.9 mg/L) concentration of carbenicillin. Two discrete
codons that encode the same amino acid in (a)—(b) are shown with different
shades. Notably, the fractions of isoleucine and lysine were drastically
increased upon the addition of higher concentrations of ampicillin and

carbenicillin, respectively. (¢) A molecular structure of (left) ampicillin and

(right) carbenicillin.
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More importantly, the kinetic parameters of the newly detected variants,
C96V and CO96L, exhibited substantially lower Km values for ampicillin
and/or carbenicillin, respectively, than did the parent protein or previously
detected active variants, C961 and C96K (Figure 3.4b, d). These data
indicated that the tighter substrate-binding affinity obtained by C96V and
C96L mutations is likely to be beneficial when low concentrations of -
lactams are applied for activity-based screening. In contrast, C96I and C96K
variants with higher turnover rates and catalytic efficiency are likely to be
more advantageous when the substrate concentration and binding affinity are

no longer limited.

The correlation between the kinetic parameters and the screening
conditions was further supported by measuring the substrate-binding affinity
or dissociation constant (Kg4) directly from intrinsic fluorescence assays
(Figure 3.6and Tables 3.3—4). The Stern—Volmer plots*!: 42 of the C96 variant
demonstrate that the thermodynamic parameters were consistent with the Kwm
values from kinetic analysis, suggesting that the screening conditions and the
chemical properties of the selected products might have promoted specific

evolutionary trajectories beneficial for the applied chemical pressures.
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Figure 3.6. Determination of substrate binding affinity by intrinsic
fluorescence. (a) Tyrosine and tryptophan residues at the vicinity of the active
sites in (left) C96 and (right) C96V protein. (b) Inner filter effect with the
intrinsic fluorescence with (left) free tyrosine and (right) tryptophan by
addition of ampicillin. (c) The emission profiles of (left) tyrosine and (right)
tryptophan upon the addition of ampicillin. (d) The Stern—Volmer linear-fit
analysis of tyrosine fluorescence changes with (left) ampicillin and (right)
carbenicillin. (e) The modified Stern-Volmer fit analysis of tryptophan

fluorescence changes with ampicillin.
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Protein | Km (mM) | Kq, 7yr (mM) | Ka, Trp (mM) fa, Trp
C96 8(1) 10.5(3) 3.8(2) 6.8-7.4
Co6V 5(1) 6.1(2) 0.7(1) 5.2-8.0
C96K 7(1) 7.5(2) 1.3(6) 19.0-19.1
Co6l 8(1) 10.0(2) 1.3(2) 22.8-23.1

Table 3.3. Determination of substrate binding affinities of C96X variants for

ampicillin (X=C, V, K, and I).

Table 3.4. Determination of substrate binding affinities of C96X variants for

Protein | Kvi (mM) | Ka,1yr (mM)
C96 8(1) 10.5(3)
C96V 5(1) 6.1(2)
C96K 7(1) 7.5(2)
C961 8(1) 10.02)
C96L 3(1) 1.9(1)

carbenicillin (X=C, V,K, I, and L).
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To further monitor the effects of single mutations in symmetry-related

residues, X-ray crystal structures of three variants from the first-round

screening, C961, C96K, and C96V, were determined (Figure 3.7and Table 3.5).

The C961, C96K, and C96V proteins were isolated as tetramers, consistent
with the oligomeric states determined in solution (Figure. 3.8a). They were
also similar in that all tetramers possess two sets of Zn-binding sites,
structural and catalytic ones (Figures 3.9 and 3.10). Notably, N-terminal
residues, surface-exposed acidic residues, and/or H59 and E81 also formed
Zn-binding sites, although they are likely to be catalytically irrelevant and
generated due to the crystal packing interactions in the presence of excess Zn

ions for crystallization (Figure. 3.11).

Figure 3.7. X-ray crystal structures of C96 variants from the first-round
screening. The catalytic Zn sites of (a) the parent protein, AB5 (PDB 5XZI)
C961 (c) C96K and (d) C96V variants. Zn ion and metal-binding residues are
shown with navy spheres and navy sticks, respectively. Metal-bound water
molecules and chloride ions are shown with red and green spheres,
respectively. Two rotamers of H100 residue in C96V protein are highlighted
with black arrows. The first metal-coordination sites are shown with 2F—F¢

electron density contoured at 1.0 ¢ overlaid.
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Protein C961 CI6K CI6V C961/A38S
21%
25%
45% (+/-)-2- 36% Polyethylene
Polyethylene
methyl-2,4- | Polypropylen | glycol 400
glycol 3350 . :
o pentanediol e glycol | (PEG 400) in
crystallization | (PEG 3350) ' ‘ .
(MPD) in 100 | (P400) in 100 | 100 mM bis-
condition in 100 mM
mM bis-tris | mM bis-tris | tris pH 6.5,
HEPES pH
pH 6.5,200 | pH 6.5, 200 200 mM
7.5,200 mM
mM NaCl | mM MgCl, | ammonium
NaCl
acetate
. PAL/PLS PAL/PLS PAL/PLS
data collection | PAI/PLS
SBI7A micro-MX | micro-MX micro-MX
location 1C 1C 1C
53.7X53.7X53.8X53.8X2|53.8<53.8X2|53.4X53.4X2
unit cell 250.8 53.8 50.7 51.6
dimensions |a=B=90° y|a=P=90°%y|a=B=90%y|a=p=90°y
=120° =120° =120° =120°
symmetry
P6:22 P6:22 P6:22 P6:22
group
28.4-1.98 | 28.62-2.353 | 46.55-2.00 | 46.55-2.45
resolution (A)"
(2.01-1.98)" | (2.39-2.35)" | (2.04-2.00)" | (2.49-2.45)"
X-ray
(A)
number of
15931 9893 15537 14826
unique
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reflections
redundancy* | 40.0 (40.2)" | 39.4 (41.6)" | 30.2(32.5)" | 34.2(37.3)"
Completeness . .
99.8 (100)" | 99.7 (100)* | 100 (100)* | 99.9 (100)
(%0)*
105.8 95.02 24.22 88.55
<I/o>*
(45.75)" (20.88)" (15.38)" (54.71)"
Ryymm* (%) | 12.9(32.3)" | 10.8 (43.3)" | 57.6 (118.6)" | 11.8 (17.7)"
Ruwork/Riree (%) | 18.1/22.9 17.3/24.5 19.3/24.3 20.1/25.8
Number of
1949 1859 2007 1868
atoms
Protein 1658 1672 1669 1666
Ligands/ions 97 98 94 95
Water 194 89 244 107
B-factors (A?) 24.0 52.0 21.0 27.7
R.m.s
deviations
Bond lengths | 0.0146 0.0107 0.0134 0.0114
(A) 17092 1.6093 1.5992 1.8137
Bond angles (°)
PDB
_ 6LDG 6LDF 6LDE 7DCL
accession code

Table 3.5. Crystallographic data collection and refinement statistics of the

variants from the 1st and 2nd rounds of screening. *Values for the highest

resolution shell are described in parenthesis.
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Figure 3.8. Determination of oligomerization states of the C96X variants by

size exclusion chromatography. (a) Chromatograms of (left) Zn-complexed

and (right) apo C96, C961, C96K, C96V, and C96L proteins and (b) of (left)

Zn-complexed and (right)
C961/A38S/E81H/D39N.
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Figure 3.9. Structural Zn-binding sites of C96X variants (X= C, I, K, and
V). (a) C96, (b) C96I, (c) C96K, and (d) CI6V.
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Figure 3.10. Catalytic Zn-binding sites of C96X variants (X= 1, K, and V).
Depending on the angle of N (H93)-Zn-N (H100), the discrete metal-
binding sites are labeled as Zna and Zng, respectively. (a) The side-view
and (b) Hydrogen bonding interaction around the Zng-active site in C961
variant. (¢) The side-view and (d) Hydrogen bonding interactions of E89
and C96K residues with water molecules and/or interacting adjacent
residues in the Zna-active site of C96K variant. (e) The side-views and (f)
E89 and D86 residues interacting with D60, K104 and D86 residues at the
Zng-active site in C96V variant. Two discrete conformations of E89 residue
were observed in C96V and C96K structures. One of two H100 residues in
CI96V structure exhibited two rotameric states (H100-A and H100-B). Both

-

C96K residues in C96K protein were also in two alternative confox:nfat'ons.
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Figure 3.11. Additional Zn-binding sites shown in the crystal structures of (a)
C96I and (b) C96K variants. Each tetramer forming crystal packing
interactions is shown in different colors. (c) The Zn-dependent hydrolysis
activity of C961 with 20 mM ampicillin. The maximum hydrolytic activities
were observed when the stoichiometry of the Zn site to protein is 2:1 rather
than 2.5:1 or 1.5:1, which would be the case if all (structural, catalytic, and
the additional Zn-binding sites) or only structural and the third Zn-binding
sites were formed, respectively. Therefore, these additional Zn-binding sites
were likely to be observed due to the crystal-packing interactions and

nonrelated to the hydrolytic activities of the proteins.
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All three variants were closely packed tetramers, similar to the C96T
mutant (Figure. 3.1b) and different from the parent protein with the C96
residue (Figure. 3.1a). Consequently, both the structural and catalytic Zn-
binding sites were drastically altered by the single mutations. In particular,
the directionality of the catalytic Zn—OH>/OH species in all C96 variants was
flipped towards 167 and T97, instead of E92 and Q103 (Figure 3.7). In
addition, the first coordination sphere of the Zn center was greatly altered.
Whereas the C96 parent protein exhibits a catalytic Zn ion ligated by
2His/1Glu (E89, H93, H100) and a buffer-derived molecule/ion (Figure 3.7a),
E89 was no longer coordinated to the catalytic Zn ions in the C96I variant
(Figures 3.7b and 3.10a, b). Instead, solvent-derived anions or molecules
were bound to Zn, creating the distinct first metal-coordination spheres, the
secondary microenvironments, and substrate-binding pockets, which would
have enhanced metal-dependent enzyme catalysis. Notably, significantly
shorter distances between Zn ions and ligating N atoms of H93 and H100
were observed in C96I protein (1.79-2.03 A) relative to the parent protein
(2.17-2.34 A) (Tables 3.6). In addition, two discrete angles of N; (H93)-Zn—
Ns (H100), 91.3° and 122.7°, were observed, one of which significantly
deviated from the parent protein (92.8°), creating two asymmetric bis-His

motifs for hydrolytically active Zn-centers.
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Proteins | Location of | Ligating Interatomic distances
(PDB code) | Zn-center residues | between Zn*" and N atom (A)
C96 E89, H93,
(5XZI) 1100 2.17-2.34
Co6V H93
’ 1.93-2.54
(6LDE) | peripheral/ | H100
C96K. catalytic H93,
(6LDF) H100 1.94-2.42
C96l H93,
(6LDG) H100 1.79-2.03
Proteins | Location of | Ligating Interatomic distances
(PDB code) | Zn-center residues | between Zn?* and N atom (A)
C96 H63, H73,
(5XZI) 77 1.83-2.04
Co6V H63, H73
’ ’ 1.98-2.04
(6LDE) Core/ D74, H77
structural
C96K H63, H73, 1.99-2.02
(6LDF) D74, H77
Co6l H63, H73,
(6LDG) D74, H77 1.94-2.03

Table 3.6. Ligating residues and distances between Zn?" and N atoms at
core/structural and peripheral/catalytic Zn sites of C96X variants. In C96K
and C961, E89 residue was not coordinated to Zn”>* ion and the interatomic

distance was measured to be 5.2 A and 5.1 A, respectively.

The C96K mutation also altered the first coordination spheres of the
catalytic Zn-binding sites (Figure 3.7c). The coordination spheres were
composed of H93 and H100 residues with one water molecule, and Zn—
OH>/OH was pointed towards 167 and T97. E89 was also dissociated from the
Zn ion and was hydrogen-bonded to E92, Q103, and one ordered water

molecule near the catalytic Zn-binding sites (Figure 3.10c, d). Two discrete
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angles of two histidine residues and zinc ion were again observed as 103.3°
and 125.1°, even further deviated from those in the parent protein. In addition,
two conformations of the C96K side chains were observed, forming hydrogen
bonds with H93, possibly tuning the chemical properties of the Zn site, such
as the pK. value of catalytically critical residues, the nucleophilicity of Zn—

OH species, and Zn-binding affinity.

In the C96V protein, Zn ions were ligated by H93 and H100, and E89
was again no longer directly coordinated to Zn upon C96 mutation (Figure
3.4d). Instead, E89 was hydrogen-bonded to a metal-bound water molecule
or was pointed away from the metal-coordination site. Consequently, two
solvent-derived molecules, such as Cl and H,O, were coordinated to the Zn
ion in a tetrahedral geometry. In addition, one of the two H100 residues in the
asymmetric unit was in two discrete rotameric states, which was not observed
in other variants (Figure 3.10e, f). As a result, the angle of Ne (H93)-Zn—Ns
(H100) became 95.3° on one side and 90.2° and 148.6° on the other side,
resulting in the mutant possessing either nearly symmetric or the most
asymmetric Zn sites on the a-helical protein—protein interface.

To explore whether these geometric perturbations are related to catalytic
activities, I carried out substrate-docking simulations using Galaxydock** *
(Figure 3.12). The data suggest that the discrete Zn-binding sites induced by
C96 mutations may favor alternative modes in substrate-binding. Because
C96l, C96K, and C96V variants exhibit the unique kinetic parameters or
substrate-binding affinity, even the slightly modified Zn-coordination sites
might not be an artifact of the crystalline packing interactions but related to
the dynamic snapshots of the protein structure in solution. Then, these results
indicate that seemingly trivial single mutations on the rotational axis can

modify the chemical properties of catalytically active Zn sites.
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4 BP2 score

Figure 3.12. The predicted binding poses of -lactam substrates to C96I or
C96V variants. Ampicillin to (a) C96I and (b) C96V mutants. Carbenicillin
to (¢) C961 and (d) C96V mutants. The BP2 score estimates binding energy
in arbitrary energy units, suggesting the most favorable binding mode by

respective catalytic Zn sites.
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After structural characterization, I further measured the pH-dependent
hydrolytic activities to estimate the pKa, value of catalytically critical residues
or Zn—OH; species (Table 3.7and Figure 3.13). The parent protein exhibited
a pKa value of 8.4(1), whereas those of C96I, C96K, and C96V were
estimated to be 8.6(1), 9.3(1), and 9.2(2). These data indicate that a single
mutation at a symmetry-related position alters the net concentration of
catalytically active species by tuning the chemical environments of catalytic

sites.
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Table 3.7. Catalytic activities of the evolved variants at pH 7.0 *For non-

saturated behavior, a second-order rate constant (k2) was obtained from a

linear fit. TThe uncatalyzed rate constant of ampicillin hydrolysis at pH 7

condition was measured to be 3.0(0.1)><10-6 min™'. §ND: not determined due

to the lack of saturation behavior.
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Figure 3.13. Michaelis-Menten kinetic parameters of the variants evolved by
symmetry-guided evolution. (a) Catalytic rate constant (kca) (b) Michaelis
constant (Km) (c) catalytic efficiency (kca/Km). In C961/A38S, a second-order

rate constant (k2) was used to compare to kca/Km values of other variants.
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3.2.3 Construction and screening of second-, third, and fourth- round
libraries

Because even a single mutation at a symmetry-related site gave rise to a
significant modification in catalytic activities, protein structures, and
biochemical properties, I iteratively constructed second-round libraries with
C96I as the template. Again, I constructed two groups of single-site mutant
libraries, one by altering symmetry-related residues, such as A38, D39, and
E81, and the other by randomizing proximity-related residues, such as T97

and K104. For full coverage with a 95% confidence level,*

greater than 94
colonies for each single-site saturated mutant library and 1,395 colonies in
total were screened. The variation in the relative cell-growth rate upon single

mutation, or fitness effect, was observed to follow the order of K104X =<
T97X < D39X = E81X < A38X (Figure 3.14a), as also represented by

box charts (Figure 3.14b inset), again demonstrating that mutations of
residues located on the C; rotational axes, such as A38, D39, and ES81, give
rise to more drastic impacts on cell-growth rate than do T97 and K104
mutations. When one or two cells with the highest growth rates from each
library were sequenced, A38S, A381, D39E, E§IN, T97M, and T97S mutants
were obtained, while in the K104X library, only the template, C961 variant
having K104 residue, was the most active cell. The measured specific whole-

cell activities of the screened cells were in the following order: T97M =
T97S =~ C961 < E8IN = D39E = A38] = A38S (Figure 3.14c and
3.15).

Because C96I/A38S double variants yielded the highest catalytic
efficiency, I constructed a third round of the mutant library by randomizing
the E81 residue of C96I/A38S as the template (Figure 3.14d). The outputs
exhibit variations in cell-growth rates by ca. 3- and 5-fold in positive and
negative directions, respectively, and the best-hit was sequenced to be E§1H,

resulting in a triple variant, C961/A38S/E81H (Figure. 3.14c¢). Then, I further
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randomized and screened the last symmetry-related residue, D39. The
randomized single-mutant library yielded significantly altered cell-growth
rates by up to ca. 5-fold relative to that of the C96I/A38S double mutant
(Figure 3.14d). The sequencing results indicate that the quadruple variant,
C961/ A38S/ES81H/D39N, displayed the fastest cell-growth rate, resulting in
8.1-, 3.2-, and 2.2-fold enhancements relative to that of the best hit from the
first, second, and third round of screening, C96I, C96I/A38S, and
C96I/A38S/E81H, respectively. These data suggest that the iterative sequence
optimizations were carried out efficiently by targeting symmetry-related

residues.
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Figure 3.14. The screening and characterization of the hits from the second
to fourth rounds of screening. The second round of representative results with
(a) symmetry- and (b) proximity-related mutant libraries. The relative cell-
growth rates to C96I variant are plotted for each mutant library. In the (b)
inset, box chart per each mutant library was included. (c¢) The cell-growth
rates of the best hits from the second-round library in (a). (d) The third and
fourth rounds of the screening with symmetry-related mutant libraries. (e)
Specific in vitro activities of the selected variants. (f) Michaelis—Menten
kinetic analysis of the best hits. The error bars in (¢), (e), and (f) indicate the

standard deviations of three runs of the experiments.
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Figure 3.15. Cell growth rates of best hits during the second round of

evolution.

3.2.4 Characterization of the second-, third-, and fourth-round
mutants.

To demonstrate that the increased cell-growth rates in the presence of
antibiotic substrates are derived from enhanced [-lactamase activities, |
isolated the best hits from the second, third, and fourth rounds of screening.
Then, I measured the steady-state specific activities with 20 mM ampicillin
(Figure. 3.14e). The specific B-lactamase activities consecutively increased,
yielding a 5.9-fold increase relative to that of the parent (ABS5 protein) upon
quadruple mutations. In contrast, proximity-related mutations attempted in
the first and second rounds of optimizations gave rise to negligible
enhancements in hydrolytic activities, consistent with the in vivo cell-based

activities.

The Michaelis—Menten kinetic analysis of the best hits from each round
was also carried out (Figure 3.13, Figure 3.14f and Table 3.7). The overall
activities were consecutively elevated throughout every round of evolution,
resulting in higher kca and kca/Km values than those of the variants from the
previous rounds of screening. Relative to the uncatalyzed rate (kuncat) of

3.0(1)>10° min™', the activities of the quadruple mutant accounted for
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4.0(7)<10° and 3.3(3)<10” M in terms of rate enhancement (kca/kuncat) and

catalytic proficiency (kcat/ Km/kuncat), respectively (Table 3.9 and Figure 3.13).
Notably, no improvement in Km was observed throughout the evolution, and
C96I/A38S even lost a saturation behavior with increasing substrate
concentration, resulting in a second-order rate constant (k2), instead of kca/ Km.
The weaker substrate-binding affinities of the screened mutants might be
attributed to the screening conditions, where substantially high concentrations
of antibiotics were applied. Then, the microscopic catalytic properties of the
evolved variants might be the result of B-lactamases discretely evolved to

elevate turnover rates rather than to lower substrate-binding affinity.

In addition, I measured the pH-dependent hydrolytic activities of the
quadruple variant. The pK. value was 8.4(1) (Table 3.8 and Figure 3.16),
which differs by 0.6 from that of C961/A38S. Notably, I observed an inverse
correlation between the pK, values and kinetic parameters (such as kca and
kea/Kwm) of the mutants having compact tetrameric structures, C96T before the
screening, Coel, C961/A38S, C961/A38S/E81H, and
C961/A38S/E81H/D39N from evolution, implying that distant mutations
increased the net concentration of catalytically essential species, such as Zn—

OH species, over that of Zn—OHo.
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Figure 3.16. The pH-dependent ampicillin hydrolysis activity assays to
determine pK, values of the C96X variants (X = I, K and V) from 1st round
of evolution. (a) C96I, (b) C96K, (c) C96V, and further evolved variants (d)
CI96I/A38S, (e) CO96I/A38S/E81H/D39N, and (f) C961/A38S/E81H/D39N.
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Evolution round Proteins pKa

Parent C96 8.4(1)
Co6V 9.2(2)

1 C96K 9.3(1)

Co6l 8.6(1)

2 C96I/A38S 9.0(1)

3 CI96I/A38S/ES1H 8.7(1)

4 CI96I/A38S/ES1H/D39N | 8.4(1)

Table 3.8. The pH-dependent hydrolytic activities of the evolved variants.
The catalytically critical pKa, values were estimated from non-linear fit
analysis. “A second-order rate constant (k>) was used instead of kca/Km. SND:

not determined.
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The structural features of the variants were evaluated by size exclusion
chromatography. The parent protein exhibits two disulfide bonds formed via
four C96 residues in tetramer form,>® which enables the formation of a
tetramer even in the absence of Zn ions at the protein—protein interfaces. Upon
the removal of the disulfide bond, Zn-free apo-protein was isolated as a
mixture of monomers and dimers, similar to C96T>* (Figure 3.8b). The
isolated mutants from the screening, C96V, C96K, C96I/A38S,
C96I/A38S/E81H, and C961/A38S/E81H/ D39N, exhibit analogous Zn-
dependent oligomerization, exclusively forming tetramers even after a series
of mutations on the protein—protein interfaces. Intriguingly, exceptions were
detected for the C96I and C96L variants from the first-round of screening.
They form nearly exclusively tetramers even in the absence of Zn ions. The
hydrophobic residues in the two opposing a-helical domains are analogous to

those in leucine zippers,* 4

where repeated hydrophobic amino acids form
noncovalent interactions, inducing oligomerization. Although it is unclear
whether the enhanced protein—protein interfaces kinetically promote the in
vivo activity of C96I and C96L by forming tetramers prior to metal binding
and increasing the effective concentrations of catalytically active species
inside the cells, the results indicate that the impact of single-site mutations at
symmetry-related spots is indeed substantial in both structural and functional

aspects, and can therefore give rise to significant impacts on protein evolution.
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Figure 3.17. X-ray crystal structure of C96I/A38S protein. (a—c) The
superimposed structures of C961/A38S protein with C96I variant, colored in
green and grey, respectively. Zn ions in the catalytic sites are shown with navy
and grey spheres, respectively. Symmetry-related residues located at the C»
rotational axes, A38 or A38S, D39, E81, and C961, are shown with sticks. (d)
The enlarged catalytic Zn site in C961/A38S double variant. A Zn ion, a metal-
bound water molecule, and a chloride ion are shown with navy, red, and green
spheres, respectively. Metal-binding (H93 and H100) and weakly interacting
residue (E89) are shown with sticks. The first metal-coordination site in (d)

is shown with 2F—F electron density contoured at 1.0 ¢ overlaid.
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Finally, one of the evolved variants was characterized by X-ray
crystallography (Figure 3.17). The C96I/A38S variant from the second-round
screening was a compact tetramer, similar to the C961, C96K, and C96V
variants. The catalytic Zn-binding sites were also similar in that they are
composed of Zn ions coordinated to H93, H100 (Zn—N =2.0-2.3 A), and one
or two water molecules. Notably, the angle of 3N (H93)-Zn—0N (H100) was
measured to be 92.2° and 94.5° resulting in more symmetric metal-centers
located at the a-helical domains than in the C96I single variant. The subtle
yet significant geometric perturbation at the first metal-coordination sphere,
induced by A38S mutation, might be associated with the enhanced catalytic
activities, possibly by adjusting the nucleophilicity of the Zn—OH species,
optimizing noncovalent interactions with the secondary coordination spheres,
and/or shaping the internal active site pocket. Notably, A38S is 17 A distant
from the catalytic Zn center. Therefore, the mutation effect exerted at the
rotational axis is likely to be transferred through fluxional protein—protein
interfaces, suggesting that distant and beneficial mutations can be created

efficiently by targeting symmetry-related residues for protein evolution.
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3.3. Conclusion

I demonstrated that mutation of residues located on rotational axes can
give rise to substantial alterations in the structure and function of a de novo
metallo-f-lactamase. Because numerous artificial metalloenzymes and even
natural proteins are homo-oligomers possessing rotational axes, targeting
symmetry-related residues can be a novel strategy in the construction of well-
focused mutant libraries. In addition, this approach is orthogonal to the
commonly adapted criteria used in the design of targeted libraries, such as
distance from active sites, B-factor, and sequence conservation, therefore
providing diverse routes to explore protein sequence networks. These results
might be related to the evolutionary advantages of protein oligomers that
might multiply and propagate mutation effects as well.*”° In addition, the in
vitro characterization of the outputs indicates that discrete evolutionary
chemical pressures lead to the emergence and divergence of proteins with
discrete catalytic properties. The chemical pressure-dependent evolution
suggests that artificial enzymes or whole-cell biocatalysts can be created to
aim for specific kinetic and/or thermodynamic properties at a microscopic
level, increasing the accuracy and predictability of directed evolution.
Therefore, a more efficient design strategy for mutant libraries and screening
might expedite enzyme evolution and the exploration of protein sequence—

structure—function relations with greater accuracy.
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3.4. Experimental section

Construction of mutant libraries. Saturated mutagenesis was carried out
using primers containing the NNK degenerate codon as described
previously.*® PCR was performed using custom-designed primers (Table 3.9).
After DpN I (Enzynomics) digestion for 1.5 h at 37 °C, the PCR mixtures
were transformed to DH5a E. coli competent cells. Greater than 100 colonies
were selected for each single-site randomized library, and they were
inoculated to LB medium containing 50 mg L' kanamycin. After the
overnight cell-growth at 37 °C, plasmids were extracted using a mini-prep kit
and sent out for sequencing (Macrogen or Bionics). When the selected
position was not fully randomized, additional PCRs with the redesigned
primers were performed. Representative sequencing chromatograms for each

library are shown in Figure. 3.2.
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Template Primer Primers Calculated | Annealing T
name Tm (°C) (°C) in PCR
5’-CA GAG CAT CTG
AAANNK ACC TGC
AAC CAT TG-3’ 53.4,55.4,
96 X | s caatgarraea | 0404 1 594 614
GGT MNN TTT CAG
ATG CTC TG-3’
5’-G CAT CTG AAA
TGC NNK TGC AAC 55.1, 56.1,
CAT TGC CAC C-3° 57.1, 58.1,
96 To7X 5’-G GTG GCAATG 63.1-67 59.1, 60.1,
GTT GCA MNN GCA 61.1,62.1
TTT CAG ATG C-3°
5’-G CAT CTG AAA
ATT NNK TGC AAC 54.555.4,
CAT TGC CAC C-3° 56.4,57.4,
ool o7X 5’-G GTG GCAATG 60.5-64.4 58.4,59.4,
GTT GCA MNN AAT 60.4,61.4
TTT CAG ATG C-3°
5’-C AAC CAT TGC
CAC CAG NNK TAT 52.6,53.6
CGT TAATT-3’ 54.6, 55.6,
C96, C961 K104X 5"_AA TTA CG ATA 57.5-61.6 56.6. 57.6.
MNN CTG GTG GCA 58.6, 59.6
ATG GTT G-3’
5’-CG GCC GCA
GCG NNK GAT GCG
TGG AGS’GCAAC- 63. 64, 65,
C96, C961 A38X 5. GT TGC GCT 71-75 66é967;(?8,
CCA CGC ATC MNN ’
CGC TGC GGC CG-
3’
5’-G GCC GCA GCG
GCG NNK GCG TGG 65.2, 66.2,
AGC GCAACG-¥ 67.2,68.2,
C96, C961 D39X 5" CGT TGC GCT 73.4-77.2 69.2.70.2.
CCA CGC MNN CGC 71.2,72.2
CGCTGC GGC C-¥
C96, C96I, 5’-CAC CTG GCA 53.3, 54.3,
C961/A38S E8LX AAT NNK GGT AAA 59.3-63.1 55.3, 56.3,
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GTA AAA GAT GC-3

57.3, 58.3,

5’-GCATCTTT TAC 59.3,60.1

TTT ACC MNN ATT

TGC CAG GTG-3°

5’-G GCC GCA GCG
TCG NNK GCG TGG 64.2, 65.2,
C961/A38S/ AGC GCAACG-3 66.2,67.2,
E81H D39X 5’- CGT TGC GCT 72.3-76.3 68.2, 69.2,
CCA CGC MNN CGA 70.2,71.2

CGCTGC GGC C-¥

Table 3.9. DNA primers used for saturated mutagenesis.

Next-generation-sequencing of C96X libraries. To validate the quality of
the randomized mutant libraries, I carried out next-generation-sequencing
(NGS) of the C96X library as a representative (Macrogen). Amplicon samples
were prepared by attaching sequencing primers and the pre-adaptor sequences
(Table 3.10 and Figure 3.9a). The size of the PCR products was validated by
1% agarose gel electrophoresis, prior to the sequencing (Figure. 3.18b). The

predicted and NGS results are shown in Figure. 3.18c.
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Figure 3.18. The next generation sequencing (NGS) of C96X libraries. (a)
Fragment PCR (b) DNA agarose-gel electrophoresis at (left) the 1st and
(right) the 2nd step (c) Plots of (left) theoretical fractions of amino acids
encoded by NNK degenerated primer and (right) the NGS results. Discrete
codons encoding the same amino acids are colored in different grey scales.
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Primer | NGS Ist | NGS Ist re | NGS 2nd fw | NGS 2nd rev
name fwd \4 d (i5+P5) (17+P7)
Pre TCGTCG | GTCTCGT
rdaogor | GCAGCG | GGGCTCG
P TC G
AGATGT |\ G aTGTG
Seq GTATAA
, cAGACA | TATAAGA
e GACAG
G
Specific | 2TLICAC
focus GACGCG | ccaatccggat
rimer CTGCAC | atagttecte
P CTg
5
TCGTCG 5
GCAGCG ) 5°-
GTCTCGT 5.
TCAGAT | sGGeTeg | AMATOATAC T () AGeacaa
, GTGTAT GGCGACC
Primer GAGATGT GACGGCATAC
AAGAGA ACCGAGAT .
sequence GTATAAG . GAGATI[17]GT
CAGATT |\ GacaGe | STACACIST regrgaaet
CACGAC | " | TCGTCGGC GO
GCGCTG | ttcjf s | AGCGTC-3
CACCTg- | 28
3’
Tm (°C) 75.2 73.5 73.1 71.8
A"T“(eoil:‘)“g 68.2,70.2 | 665,685 | 66.1,68.1 64.8, 66.8

Table 3.10. DNA primers for NGS analysis.
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Screening of the mutant libraries. The plasmid mixtures were transformed
to BL21 (DE3) E. coli competent cells containing the cytochrome c
maturation cassette (ccm)’! and were grown overnight on LB/agar containing
50 mg L! kanamycin and 30 mg L™ chloramphenicol. Over 100 colonies for
each single-site randomized library was inoculated in a 96-well microplate
containing 200 mL of LB medium with the antibiotics described above. After
overnight growth at 37 °C with constant shaking at 200 rpm, the cultures were
diluted 10-fold with 200 mL of LB medium containing 50 mg L' kanamycin,
35 mg L! chloramphenicol, and50 mM ZnCl.. Increasing concentrations of
ampicillin (10 mg L' in the first round, 15 mg L™ in the second round, and
17.5 mg L' in the third and fourth round of the screening) were added
throughout the screening when the optical density at 600 nm (ODsoo) reached
approximately 0.4. Notably, the initial cell density was critical in the
determination of relative cell-growth rates as illustrated by the Pearson

t,%2 and the value of the screening condition (~0.08) was

correlation coefficien
sufficiently lower than the reported threshold, ~0.3 (Figure 3.19). After
monitoring the cell-growth rates at 37 °C for 3 h, the fastest-growing cells
were selected for sequencing (Figure 3.5). At least 2—4 sets of a 96-well plate
with the colonies of 93 mutants and 3 parent or template proteins were
screened for each library and representative results are included in Figure 3.3

and Figure 3.15.
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Figure 3.19. The whole-cell screening upon the addition of ampicillin (10—

15 mg/L). (a) The correlation of the starting ODsoo values and cell growth

rates. (b) Representative screening result of the mutant library randomized at

96 position. The cell growth rates were obtained by monitoring the optical

density at 600 nm for 3 h. The fastest growing cells were highlighted as black

boxes.
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Protein expression, purification, and biochemical characterization.
Protein expression and purification of the positive hits were carried out as
described previously.®® In short, pET20b(+) plasmid for encoding the ab5
gene was transformed to BL21 (DE3) competent cells. The cells were grown
in LB medium with 150 rpm shaking at 37 °C for 18 h. Cell pellets were
harvested by centrifugation at 5000 rpm (4,715 g) at 7 °C for 10 min. After
sonication of the cell pellets in 10 mM sodium phosphate (NaPi) pH 8.0 buffer
with pulse on/off = 9/9 s for 40 min in an iced bath, HCIl (25%) solution was
added to the cell lysates up to pH 5.0. After centrifugation at 13,000 rpm
(18,800 g) at 7 °C for 30 min, the supernatants were adjusted to pH 8.0 by
adding 2 M NaOH solution. Then, the solutions were manually loaded onto a
Q-sepharose column pre-equilibrated with 10 mM NaPi pH 8.0 buffer. By
applying the step gradients of 0—1 M NaCl in NaPi buffer, red fractions due
to the presence of heme cofactor were collected and concentrated using stirred
cells (Amicon) with 10 kDa cutoff membranes. Then, the samples were
loaded onto a HiTrap Q HP anion exchange column (GE Healthcare Life
Sciences) pre-equilibrated with 10 mM NaPi pH 8.0 buffer at 4 °C using
FPLC (AKTA pure). A linear gradient of 0—1 M NaCl was applied, and the
fractions with A415/A280 > 4 measured using a UV-Vis spectrophotometer

(Agilent Cary 8454) were collected and concentrated.

Then, the protein sample was loaded onto a HiLoad 16/600 Superdex 75
pg column (GE Healthcare Life Sciences) pre- equilibrated with 20 mM
Tris/HCI pH 7.0 buffer with 150 mM NacCl. After elution, pure fractions were
collected and concentrated. To prepare the metal-free, apo protein, 10-fold
EDTA to the protein was treated for 1 h at 4 °C, and the excess EDTA was
removed by 10DG desalting column (Biorad) chromatography. Metal content
was measured by a colorimetric assay using 4-(2-pyridylazo) resorcinol (PAR)
as described previously.* 3* The purified metal-free, apo-protein was
concentrated up to 1.0 mM and stored at -80 °C until further use. The protein

concentration was determined by using €415 nm = 148, 000 cm™ M.
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In vitro hydrolytic activity assay with ampicillin. /n vitro hydrolytic
activities of Zn-complexed positive hits were measured by time-dependent
HPLC analysis as reported previously.>> 4’ The reaction was initiated by the
addition of either ampicillin or carbenicillin into Zn**-bound protein (7 pM
in 100 puL of reaction volume) in 100 mM MOPS pH 7.0 at 25 °C. The reaction
mixture (2 uL) was injected onto the C18 column in HPLC (Agilent Infinity
1260) and eluted with a linear gradient, starting from 90% H>O/10% CH3CN
to 10% H20/90% CH3CN for 20 min. Trifluoroacetic acid (TFA) was added
to the elution solvents, H>O and CH3CN, at 0.05% and 0.1% (v/v) as final
concentrations, respectively. The substrate consumption rates were measured
by monitoring the absorbance changes at 220 nm. The initial rates were
determined from the reactions with various concentrations of the applied
substrate. Michaelis—Menten parameters such as kcar and kca/Km or second-
order rate constants, k>, were determined from iterative non-linear or linear
plots, respectively, using Origin 2016 software (Figure 3.4, 3.13, 3.14f, and
3.20; Tables 3.2 and 3.7). and the hydrolytic activity of C961/A38S and
C961/A38S/E81H for ampicillin by equivalent Zn ions were measured and
displayed in Figure 3.21.

0.075
= buffer only T
. |
.IE 0.050
£
=
4.
‘“';0.025—
>
0.000+
T T T T T
0 5 10 15 20

[ampicillin] (mM)
Figure 3.20. The uncatalyzed hydrolysis of ampicillin monitored in 100 mM.
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Figure 3.21. The Zn-dependent ampicillin hydrolysis activity assays of
C961/A38S and C96I/A38S/E81H.

The pH-dependent hydrolytic activities of Zn-complexed positive hits
were monitored by measuring the specific activity with 3 mM ampicillin
under various pH conditions; 100 mM MOPS bufter for pH 7.0-7.5 and 100
mM sodium borate buffer for pH 8.0-10.0 ranges (Table 3.8 and Figure 3.16).
Then, the following equation was used for iterative non-linear fitting using

Origin 2016 software; y = (kmax * 10PHPK)/(1 + 10PH-PKa))

Determination of substrate-binding affinities with intrinsic fluorescence.
Intrinsic tryptophan and tyrosine fluorescence changes were monitored using
a microplate reader (Biotek Synergy H1) at 25 °C. The parent protein (ABS5
with C96 residue) possesses a tryptophan (W66) and a tyrosine (Y105) in the
vicinity of the active site (Figure 3.14a). Various concentrations of ampicillin
or carbenicillin (0—10 mM) were added to Zn**-bound protein complexes and
were incubated for3 min either in 100 mM MOPS pH 7.0. Notably, ampicillin
and carbenicillin have no considerable absorption at 260 and 295 nm, and the
inner filter effect can be negligible up to 4 mM for tyrosine and 10 mM for
tryptophan residues (Figure. 3.6b). The intrinsic tyrosine and tryptophan
fluorescence changes were observed at 315 nm and 350 nm, respectively,

upon the addition of ampicillin when 260 nm and 290 nm excitation were
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applied, respectively (Figure. 3.6¢c). The relative fluorescence changes from
tyrosine were fit to a linear Stern—Volmer equation, Fo/F = 1 +
(Kax[substrate]). For tryptophan fluorescence changes, a non-linear modified
Stern—Volmer equation, Fo/(-AF) = 1/(K.XfaX[substrate]) + (1/f.) was applied
to account for the presence of multiple tryptophan residues, where K. and fa
values represent the Stern—Volmer constant and accessible fraction of

tryptophan, respectively (Table 3.3 and 3.4; Figure 3.14d, e).

Determination of oligomeric states of the proteins. The oligomerization
states of the parent protein and the evolved variants were determined by size
exclusion chromatography. The proteins (150 mM) were loaded on a HiLoad
16/600 Superdex 75 pg column (GE Healthcare and Life Sciences). The
retention volume for the monomer, dimer, and tetramer was determined by a
linear fit analysis. The oligomeric states of the best hits from each round of
screening, C96I/A38S, C96I/A38S/E81H, and C96I/A38S/E81H/D39N
variants, were also similarly determined by size exclusion chromatography

(Figure. 3.8b)

Crystallization and determination of X-ray structures. For crystallization,
additional ZnCl; (0.2 equiv per monomer) was added to the Zn-complexed
tetrameric proteins. Single crystals of Zn**-bound C96X variants (X = I, K,
and V) and C961/A38S double mutants were obtained by sitting-drop vapor
diffusion at room temperature using temperature using 1 mL of protein stock
(1.0 mM) and 0.5 mL of precipitants listed in Table 3.5. The data were
collected in the Pohang Accelerator Laboratory (PAL) using either 7A or 11C
beamline. Diffraction data were processed with HKL 2000°° and CCP4i.%®
Molecular replacements were performed with Molrep®’ by using a structure
of “RIDC1 monomer (PDB 31Q6) as a search model. Rigid-body and
restrained refinements were carried out using REFMAC5% along with
manual inspection and refinements with COOT>’ (Table 3.5). The resolutions

of C961, C96K, C96V, and C96I/A38S protein structures were determined as

2
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1.98,2.35,2.00, and 2.45 A, respectively. Structural and catalytic Zn-binding
sites in C96X variants (X = I, K, and V) are shown in Figures 3.9-11. The
geometric parameters of the Zn-binding sites are summarized in Table 3.5 and

3.6

Docking simulation using GalaxyDock. A flexible protein—ligand docking
program GalaxyDock* was used to predict the binding poses and energies of
ampicillin and carbenicillin to the C96X variants. To simulate catalytic
binding modes, a close distance between the catalytic water oxygen and the
B-lactam ring carbonyl carbon of the substrate was favored during docking
by adding a harmonic penalty for a large distance. Side-chains in the active
site were allowed to move except for the Zn-coordinating side chains. After
filtering out poses with oxygen-carbon distances longer than 3.5 A, binding
stabilities of the predicted binding poses were estimated using the
GalaxyDock BP2 score.** Predicted binding poses are displayed in Figure.
3.12.
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Chapter 4. Mechanistic
Crossover between Serine- and Metallo-f3-

lactamases by Rational and Directed

Evolution

123



4.1 Introduction

Enzyme sequence space and energy landscape are likely to be determined
by the orchestration of chemical pressures exerted into biological systems.
Human-made or geographic events, such as the introduction of pesticides'
and antibiotics® or temperature changes resulted in divergent evolution for
altered substrate specificity from ancestor genes or the subsequent adaptation

of enzyme kinetics, respectively.> *

Inorganic cofactors are likely to also operate as essential chemical
pressures in enzyme adaptation. The concentration of each metal element at
specific oxidation varies significantly depending on the local environment
and atmospheric compositions. Metal abundance in volcanic or deep oceanic
regions differs from the physiological conditions that most of the cultivatable
and sequenced organisms have discovered.’ The relative concentrations of the
metal ions before and after the great oxidation event (GOE) also have been
drastically fluctuated.® Consequently, the number of unique metal-binding
sequence motifs have also altered accordingly. However, sequence iteration
due to the appearance or disappearance of specific metal elements has not

been demonstrated directly to date.

One of enzymes related to antibiotic resistance, -lactamase, has been
extensively explored as a model system to monitor the dynamic landscape of
enzyme evolution.!%!? In addition, artificial B-lactamases can be designed by
introducing the key components of the active site.'* It is also intriguing in that
B-lactamases can be grouped into two entirely subclasses, metallo-f3-
lactamases (MBLs) and serine-f-lactamases (SPLs), where the latter can be
further divided into three subclasses depending on their sequences and
substrate scopes. MPBL and SBL show entirely dissimilar overall topology,
sequence, active site structure, and chemical mechanism, serving as the

representative example for convergent evolution. Most importantly, ML
¥ 3
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requires metal ions for the native activities in the activation of a water
molecule and the subsequent formation of a nucleophile to react with -
lactams (Scheme. 4.1b), whereas SPL is independent from the inorganic
cofactor. Instead, a catalytic triad, composed of a serine, glutamate, and
histidine, forms a nucleophile for the hydrolysis (Scheme. 4.1a). Therefore,
their discrete mechanism suggests that they might have emerged and evolved

in the discrete chemical environments, particularly in metal concentrations.

(a) (b) NH,

acid
nucleophile

base

Scheme 4.1. The proposed reaction mechanisms of (a) class A type serine-3-

lactamase TEM-1 and (b) class B2 type metallo-f3-lactamase CphA.
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Herein, I have demonstrated that metal elements can be operated as a
direct and specific chemical cue for enzyme evolution. I conducted the
directed evolution of two types of B-lactamases in the opposite conditions that
they might have evolved, MBL in the absence of Zn ions and SPL in the
presence of Zn ions. Herein, I employed an artificial MBL (®°AB5) and a
natural SBL (TEM-1) and observed whether they can employ the swapped
reaction mechanism under the altered cell-growth conditions. The
biochemical, kinetic, and structural characterizations of the evolved mutants
under discrete conditions explicitly demonstrate that they indeed adapted to
the altered chemical conditions, showing crossover between MBL and SBL

regardless of their initial sequence and structural dissimilarity.

e

Figure 4.1. X-ray structures of (a) CphA (PDB 1X8G), (b) TEM-1 (PDB
1BTL), and (c) “° AB5 (PDB 6LDG).

4.2 Results and discussion

4.2.1 Switching from MBL to SBL.

For laboratory evolution under newly introduced chemical environments,
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a less specifically evolved primordial enzyme could be advantageous as an
initial template because it would exhibit high evolvability.!* In this regard, I
employed an artificial B-lactamase (?°*AB5) that I have designed previously
(Figure 4.1c); two histidine residues (H93/H100) constitutes a coordinatively
unsaturated Zn-binding site within a structurally and functionally innocent o.-
helical protein scaffold, and an adjacent residue was optimized for -
lactamase (P®ABS5). The artificial MBL is catalytically active in the presence
of Zn ion, indicating that the Zn-coordinated water molecule operates as a

nucleophile for the reaction with B-lactams.

Then, 1 first constructed a single-site mutant library (Figure 4.1a) by
randomizing the amino acid sequence of the T97 position using NNK codon
(T97X), as described previously.!> Because T97 residue is located right next
to the C96I position, which is located in the vicinity of two Zn-binding active
sites, showing the distance between two histidine residues (H93 and H100)
and Zn-bound water molecule of 2.6-4.5 A. I surmised that T97 is a potential
hotspot for sequence optimization. Then, I applied whole-cell activity assays
by adding ampicillin as a substrate and measuring the cell-growth rates; only
the cells containing the beneficial mutation would survive and grow rapidly.
Of note, I conducted the whole-cell activity-based assays in M9 media, where
Zn concentration was less than 10 nM, and it is considerably lower than the
condition used for the evolution of artificial metallo-fB-lactamases, Zn-
supplemented LB media with 50 uM Zn ions at the final concentration. Thus,
a Zn-deficient condition was introduced for laboratory evolution. The fast-
growing cells were sorted and sequenced, yielding T97S mutation.
Intriguingly, the simulated structure of "*AB5+T97S mutant suggests that it
may form a putative catalytic triad along with S97, H93 and H100 residues in
the absence of Zn ion, implying that the active site may resembles those of

SBLs.
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adenine
thymine
cytosine
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Figure 4.2. Chromatograms of mutant libraries screened for the evolution of

SBL variants. (a) T97X, (b) H93X, (c) H100X, and (d) A38X/D39X.

To validate the single mutation effect, I measured the [B-lactamase
activity of AB5/C961/T97S mutant with ampicillin under in vitro condition,
using the purified proteins (Figure 4.3a). The resulting mutant indeed
exhibited detectable amounts of an increase in P-lactamase activity in the
absence of Zn ion relative to the parent protein ("*ABS5) while its catalytic
activity is considerably lower in the presence of Zn ions, indicating that the

single mutation has switched from MBL into SBL.

To validate that pre-existing H93 and H100 contribute to the catalysis of
the readout from the first round, the interacting residues around T97 were
analyzed using X-ray structure of SBL-RO (Figure 4.3a). Interestingly, Q71
residue can be positioned very close to T97 in a distance of 2.5-3.5 A. I
hypothesized that Q71 residue supports the activation of serine on 97th
position of SBL-R1 and other readouts from second round to fourth round. I

conducted Q71A mutation, and the cell growth rate of SBL-R1+Q71A mutant
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was significantly decreased and recovered with Q71H mutation, which
possesses the positively charged histidine (Figure 4.3b). This decrease in
growth rate by Q71A mutation highly suggests that the SBL variants contain
the putative active site that comprises serine and glutamine residues, which
probably plays an important role during the hydrolysis reaction, indeed.
However, glutamine-containing catalytic moiety of B-lactamases has not been

reported yet. I hypothesized that the serine-glutamine dyad can be a de novo

catalytic motif for SBLs.
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Figure 4.3. Determination of active site conformation via Q71A and Q71

mutation.

To optimize the active site conformation of SBL variants, pre-existing
histidine residues (H93 and H100) were iteratively targeted for the evolution
(Figure 4.3). I further proceeded into the second round of evolution by
randomizing H93 position, which originally constituted the Zn-binding site.
The screening of the mutant library acquired H931 mutation. Because

.
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isoleucine is incapable of forming coordinate covalent bonding with Zn ion,

the result is consistent with the development of SPL. I also iteratively

optimized the H100 position, another Zn-binding residue, resulting in

H931/H100P mutant (Figure 4.4b and Table 4.1)
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Figure 4.4. Characterization of screened readouts by measuring (a) specific

activities of SBL-R0 and -R1 for ampicillin in the presence/absence of Zn**

ions. (b) The cell growth rates under in vivo condition. (c) Specific activities

for ampicillin hydrolysis in the presence/absence of Zn ions under in vitro

condition and (d) specific activities after the addition of SPL inhibitor

molecules; PMSF (phenylmethylsulfonyl fluoride) and CA (clavulanic acid).
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Variant Round Mutation list

SBL-RO 0 -

SBL-R1 1 T97S

SBL-R2 2 T97S/HI931

SBL-R3 3 T97S/H931/H100P
SBL-R4 4 T97S/H931.H100P/A38G/D39N

Table 4.1. Mutation list by rounds of evolution for de novo serine-B-

lactamases.

Interestingly, mutated residues on the 93rd and 100th positions were
isoleucine and proline, which cannot contribute to the catalysis of serine-
based hydrolases. This result indeed supports the hypothesis that the serine-
glutamine dyad can serve as a catalytic motif for B-lactamases. This was
unexpected that two histidine residues (H93 and H100) and a glutamate (E89)
residue for the pre-existing active site candidate were optimized by non-
relevant residues by iterative directed evolution. For SBLs, Serine should be
activated by neighboring residues like hydrogen bonding partners and
molecular base, respectively. On the other hand, optimized residues like
isoleucine and proline cannot contribute to create a catalytic motif of serine-
dependent -lactamases such as S-X-X-K or S-D-N frequently discovered in
TEM like SBLs.'® This result highly suggested that a new potential active site
motif with the serine-glutamine dyad can maintain and/or enhance the de

novo catalytic activity.

For more efficient directed evolution, I randomized two additional
residues, A38 and D39, which might be hotspots owing to the proximity to
the rotational axis as reported previously'’; although these residues are
located remotely from the active sites, they are located at the C: rotational
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axis, which possibly governs overall protein symmetry, structure, and
possibly function, as reported previously. Indeed, A38G/D39N mutations
were obtained as the positive hit. The catalytic activity measured under in
vitro conditions demonstrated that the mutant from the four rounds of
laboratory evolution (ABS5/C961/T97S/H931/H100P/A38G/D39N) indeed
accelerates the (-lactamase activities with ampicillin (Figure 4.4c). These
results indicate that MPBLs is indeed successfully transformed into SPLs,
regardless of no similarity in protein sequence and structure between two

classes of B-lactamases in nature.

To further verify the components of catalytic motifs, I measured the
activities of mutants after treating with inhibitors, such as
phenylmethylsulfonyl fluoride (PMSF) and clavulanic acid (CA), which form
a selective covalent bond with a catalytic serine in hydrolases and/or serine-
B-lactamases. The pre-incubation with those two inhibitors led to a drastic
decrease in the specific activity with ampicillin, indicating that the serine
residue might have become inactivated. In contrast, MBL, such as AB5/C96I,
shows no alteration in specific activity upon the addition of PMSF and CA.
These results indicate that these mutants have evolved to SBLs, although they
have no resemblance to the natural SBLs in their overall structure and

sequence.
4.2.2 Biochemical characterization of the evolved SBL.

The parent protein "°AB5 forms a homo-tetramer to serve as an artificial
metallo-B-lactamase coordinating Zn*" ions at two distinct Zn-binding sites;
one is the structural Zn-binding site at the core of the tetramer, and the other
is the catalytic Zn-binding site located at the periphery region of the tetramer.
In particular, catalytic Zn-binding sites help to stabilize the tetramer as well
as carry out the active sites. The pre-existing catalytic Zn-binding motif
comprising H93 and H100 was lost with the screening for the evolution of

SBL variants. Thus, I firstly determined the oligomeric state of the SBL-R4
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variant, the readout from 4th round of iterative directed evolution, by size
exclusion chromatography to determine the catalytically active
oligomerization state. Whereas the parent protein (®*ABS5) was isolated as a
tetramer,'” the quintuple mutant was primarily isolated as a dimer, indicating
that iterative mutations, possibly including the loss of Zn-binding site, greatly
altered the stability of tetramer. Although some aggregate species was also
detected, the fraction showed much lower -lactamase activity than that of
the dimers, indicating that the catalytically relevant state of the quintuple

mutant is a dimer (Figure 4.5).
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Figure 4.5. Determination of oligomerization state and catalytically active
species. (a) Size exclusion chromatograms of apo-SBL-R4 (blue) and Zn
added SBL-R4 (red) and (b) specific activity of peak 1 (eluted at 58 mL,
tetramer) and peak 2 (eluted at 86-87 mL, dimer) for ampicillin hydrolysis.

“higher oligomeric species and/or aggregates were shown with an asterisk.
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To demonstrate whether the acquired mutations indeed facilitated the
reactions via the altered chemical mechanisms, I measured specific activities
of the screened mutants (Figure 4.4c) under the in vitro condition. The
mutants from the screening with Zn-deficient M9 growth media show
elevated Zn-independent B-lactamase activities, indicating that they have

evolved to SBLs by switching the components of catalytic moieties.

Additionally, to validate the activated serine at the active site of evolved
proteins plays a catalytic role, I measured the activities of variants with
inhibiting agents including zinc ion, general serine hydrolase inhibitor
phenylmethylsulfonyl fluoride (PMSF), and clavulanic acid (CA), which is
known as the inhibitor of the serine-f-lactamases. The variants exhibited
63.6-87.5% and 83.9-90.4% decrease with PMSF and CA, respectively.
(Figure 4.4d) This result highly suggests that the catalysis toward ampicillin
occurred at the expected active site comprising T97 and Q71. Although the
inhibitions by PMSF and CA were measured, the inhibitor-bound CA-SBL
(or PMSF-SBL) complex was not detected yet. Because PMSF and CA
covalently inhibit the activated serine residue, the enzyme that reacted with
the inhibitors gains molecular mass permanently. To examine the increased
mass of inhibitor-treated variants, mass analysis using high-resolution tandem

mass-spectrometry will be carried out.

For more accurate characterizations, I measured the Michaelis-Menten
kinetic parameters of the evolved mutants. The final mutant SBL-R4
exhibited the comparable kinetic parameters to those of Zn complexed "°AB5
which I reported previously.' This variant displayed up to 24.5-fold increased
catalytic efficiency (kca/Km) to k2> constant of parent protein apo-"°ABS
which did not exhibit non-saturated behavior. Interestingly, H931 mutation
from 2nd round caused 1.7-fold increase of catalytic rate (kcat) and this was
almost conserved to 4th round, albeit it was slightly perturbed at 3rd round

exhibiting 30% decreased kcac value. Despite the increased catalytic rate, SBL-
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R2 variant displayed merely decreased catalytic efficiency (kca/Km) due to an

increased Km value. However, iterative screening for the 3rd and 4th rounds

yielded variants which possess highly decreased Km values. This led SBL-R3

and -R4 to display enhanced catalytic efficiencies in comparison to SBL-R1

and SBL-R2 (Figure 4.6 and Table 4.2).
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Figure 4.6. Steady-state kinetic analysis of SBL variants. (a) The Michaelis-

Menten plots and (b) kinetic parameters for the SBL variants.

Zn content kcat KM kcat/KM
Variant
(equiv) (min™) (mM) (min! M)

2 0.43(2) 8(1) 52(3)
SBL-RO _ _

0 nd nd 2.0(3)*
SBL-R1 0 0.24(6) 14(6) 18(4)
SBL-R2 0 0.41(3) 30(3) 14(1)
SBL-R3 0 0.30(2) 8(1) 37(2)
SBL-R4 0 0.40(2) 8(1) 49(4)

Table 4.2. Steady-state kinetic parameters of SBL variants by screening

rounds. *nd: not determined, 'second order rate constant (k) was

determined instead of catalytic efficiency because of not saturation.
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4.2.3 Switching from SBL to MBL.

I adopted TEMI1 as the representative SBL to demonstrate that metal-
dependent evolution is operative in the opposite direction and even with
natural enzymes. TEM1 B-lactamase possesses a serine (S70), a glutamate
(E166), and an asparagine (N170) as a catalytic triad (Figure 4.1b), and the
wild-type TEM1 shows exceptionally high catalytic activities with ampicillin
regardless of the presence and absence of Zn ions (Figure 4.6b). When the
pre-exiting catalytic serine was deleted by S70G mutation, TEM-1 S70G
mutant exhibited 8,700-fold decreased catalytic efficiency.!” I designed the
metallo-TEM-1 mutant, MTO by incorporating Zn-ligating histidine residues
at the pre-existing active site comprised of S70 to carry out a catalytic role,
E166 to serve as a base, and N170 to engage in substrate anchoring via S70H,
E166H, and N170H mutations. Design for 3-His catalytic triad was based on
the atomic distance between Cq atoms of native Zn-dependent hydrolases.!®
This result implies that the incorporated Zn-binding site was proper to
coordinate Zn ion. The active site of TEM1 and other SBLs, such as KPC and
CTX-M, can be overlaid with those of MBL, such as CphA and Sth-I,
although they show no similarity in sequence and overall structure (Figure

4.7a).

I measured the hydrolytic activity of the MTO mutant using ampicillin as
a substrate under the in vivo condition by measuring the cell growth rate for
5 hr since the addition of ampicillin MTO exhibited 25% of the cell-growth
rate relative to that of the wild-type TEM-1 only in the presence of Zn*" ion,
but not with Zn**-free media. These results indicate that even such minimal
mutations converted the natural SBL to show MPBL-like reactivity. (Figure
4.7¢) Under the in vitro condition, moreover, MTO mutant did not exhibit the
hydrolytic activity toward ampicillin in the absence of Zn** but displayed a

basal level of the activity in the presence of Zn ions (Figure 4.7d).
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mutants by presence/absence of Zn?". (d) Specific activity of WT TEM-1 and
MTO for ampicillin hydrolysis by Zn equivalence. (e¢) The scheme for the

evolution of MTO via continuous evolution strategy using eMuta T7 system.

Then, I started the directed evolution of MTO using Zn-supplemented
cell-growth media. Herein, I apply a recently developed continuous evolution
method, using eMuta T7' for more extensive and efficient sequence
optimizations. The MTO0 encoded gene and mutator gene were co-transformed
to BL21 (DE3) competent cells and grown in LB media, containing isopropyl
B-D-1-thiogalactopyranoside (IPTG) and arabinose for the orthogonal
inductions of each promotor, respectively. The concentration of ampicillin

was increased every three cycles, starting from 0 mg/L ampicillin to 70 mg/L
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in 37 cycles (Figure 4.7a).

4.2.4 Characterization of continuously evolved MT variants
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Figure 4.8. Lysate assay for hydrolytic activity toward (a) CENTA, a
chromogenic surrogate of -lactam substrate and (b) assay result readouts
from 60 mg L' ampicillin condition. In the inset, —~AAbs values for control

colonies were displayed (1. WT TEM-1; 2. MTO; 3. MT1; 4. MT2.1; 5.
MT2.2).

To investigate the activities of readouts from continuous evolution, lysate
assay was carried out using E. coli cells harboring these proteins from
screening cultures at the ampicillin concentrations of 25 mg/L, 45 mg/L, 60
mg/L, and 70 mg/L. To validate the readouts obtained from lysate assays, top
ranked variants were isolated for in vitro characterization (Figure 4.8). Indeed,
they show elevated whole-cell activities in the presence of Zn ions in growth

media, but not in the absence of Zn ions, indicating that they indeed evolved

to MBLs.

By applying various and gradually increasing concentrations of

ampicillin, [ randomized and selected the protein sequences that are beneficial
¥
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for cell growth in the presence of ampicillin. By 37 rounds of dilutions, I
identified the following mutants, MT1, MT2.1, MT2.2, MT3, MT4.1, and
MT4.2 (Figure 4.9a and Table 4.3). I measured specific activity of the isolated
ones for ampicillin hydrolysis, and every variant excepting MTO0 was
remarkably enhanced. However, the increase between variants selected from
25, 45, and 60 mg/L. ampicillin condition were trivial, which remains still
elusive. Additionally, hydrolysis in the presence of clavulanic acid or EDTA
was also measured to validate that the hydrolytic activity of MT variants
resulted from the Zn center incorporated. Loss-of-function was observed
when EDTA chelated Zn ions at the metal binding center while the activity
was maintained with or without excess CA, which is a representative inhibitor
for SBLs. This result strongly implies that the hydrolytic activity of MT

variants originated from the incorporated Zn-center.

For accurate analysis of the kinetic parameter, I additionally measured
steady-state activities of each variant. MT2.1 and MT2.2 variants exhibited
similar specific activities, but the saturation behavior was not observed with
MT2.1 variant, while other variants were almost saturated at 20 mM
ampicillin condition. There were no significant differences in catalytic rates
(kcat) and Michaelis constant (Km) between MT1 and MT2.2 variants,
although their chemical pressures were quite different. M T3, the best readout,
exhibited up to 20% increased kcar and 11% increased Kwm values at the same
time, leading to a trivial increase in catalytic efficiency (kca/Km) (Figure. 4.9c,

d and Table4.4).
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Table 4.3. Mutation list from continuous evolution.

140



(a) (b)
80 P
‘= [+ 2n
€ 51L_J+cA {
. s |EE+E0TA } {'-1— i
&) = 4 kd
g =
c
= 404 > 3
2 s
o =
£ & ?
O, 20+ (9
= 14
O
8
0 S — & o NN ISE 18NSR
0 5 10 15 20 25 30 35 0 1 21 22 3 41 42
(c) (d)
b —~ 15
= MTO =
E .
) ¢ %
= 2 1.0 {-
£ = i -
£ ﬁt:u .
= o
£ £ 051 -
7 £
el
c
N
0.01— .

0 1 21 22 3 41 42
MT variants

[ampicillin] (mM)

Figure 4.9. Kinetic analysis of MT variants. (a) ampicillin concentrations by
cycles during continuous evolution. (b) specific activities of MT variants
under in vitro condition in the presence of 1 equiv Zn>" ion, clavulanic acid
(CA) and ethylenediaminetetraacetic acid (EDTA). (¢) Plots for the steady-
state kinetics of MT variants. (d) Dissociation constants of MT variants with

Zn*" ion.

141



Variants keat (min™) Ky (mM) keat/ Km (min™! M)

MTO nd’ nd’ 0.67(6)°

MTI 1.1(1) 24(2) 47(2)
MT2.1 nd’ nd” 23(1)"
MT2.2 11(1) 19(4) 54(5)

MT3 1.3(1) 213) 59(3)
MT4.1 1.3(1) 193) 65(4)
MT4.2 1.3(1) 172) 72(4)

Table 4.4. Steady-state kinetic parameters of MT variants. ‘nd: not
determined. Yinstead of kca/Km, second order rate constant (k2) was

determined due to the non-saturation behavior.
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Then, I performed the competitive titration assay to determine Zn-
binding affinities of MT variants (Table 4.5 and Figure 4.10). K4 values of
MT variants were highly consistent with those of catalytic Zn site reported
previously.!> K4 values were relatively not perturbed by variants. Although
the X-ray structure was not revealed yet, the locations of the mutation by
variant can be tracked using the structure of the wildtype TEM-I.
Interestingly, most mutations were located apart from the active site, and this

might be the reason why Kq4 values were similar due to this.

Variants Ka (uM)
MTO 1.1(1)
MT1 1.3(1)

MT2.1 0.46(2)
MT2.2 0.88(5)
MT3 1.0(1)
MT4.1 0.70(3)
MT4.2 0.92(6)

Table 4.5. Zn binding affinities of MT variants.
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Figure 4.10. Plots for competitive titration assay to determine Zn-binding
affinities of MT variants (a) MTO, (b) MT1, (c) MT2.1, (d) MT2.2, (e) MT3,
(f) MT4.1, and (g) MT4.2.
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4.3 Conclusion

I demonstrated that the interconversions between SPL to MBL were
enabled by tuning the concentration of Zn?" ion, which works as a cofactor
for the hydrolysis of B-lactam antibiotics. Classification of -lactamases is
mainly dependent upon the origin of catalytic power, activated serine, and the
Lewis acid Zn—OH, respectively. Interestingly, those two subclasses were
non-relevant in the structures and the reaction mechanisms although SBLs
and MBLs were engaged in similar chemical transformations, which means
that they have been evolved convergently. Nevertheless, I hypothesized that
the crossover between SBLs and MBLs was still possible with consideration
that respective catalytic units were exchangeable with each other. Both
activated serine motifs and Zn—OH motifs were known to carry out similar
roles as nucleophiles to attack carbonyl carbon at the B-lactam ring. In class
B2 B-lactamases like CphA, the proposed mechanism depicts that the Zn
center anchors substrate only, and active catalysis occurs by the water
molecule activated by an adjacent base such as aspartate residue. However,
mechanisms that Zn—OH directly conduct nucleophilic attack to carbonyl
center of B-lactam was also proposed. Albeit this controversy on the catalytic
basis of Zn-mediated -lactamases, the formation of hydroxide nucleophiles

and their roles in the catalysis resembled obviously.

Directed evolution by altering the concentration of metal ion cofactor
successfully converted “'ABS protein, Zn-mediated metallo-B-lactamase,
into SBL-R4, de novo serine-f-lactamase. This result suggests that evolution
in nature might also be highly dependent upon environmental conditions like
concentrations of metal ions. The in vitro characterizations of the screening
outputs demonstrate that these approaches have yielded a unique example of

conversion of MBLs to SBLs and vice versa.

Additionally, I also targeted native serine- B-lactamases to investigate
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whether reverse conversion of SBLs to MBLs is also possible. Continuous
evolution method led to the evolution of metallo-TEM (MT) variants. This
allowed MTO to be evolved into MT4.1 and MT4.2 variants only after 456 hr
of continuous screening. Although the enhanced activity of MT4.2 was trivial
in comparison to native TEM-1, MT4.2 displayed ca. 6-fold increased
hydrolytic activity toward ampicillin compared to MTO. This is still
understandable because of the exchanged reaction mechanism with Zn—OH.
In vitro characterizations, including analyses for determination of the Zn
binding affinity and hydrolytic activity toward ampicillin, strongly suggest

that the hydrolysis reaction occurred at designed Zn-coordinated active sites.

Finally, T successfully conducted the mechanistic crossover of [-
lactamases, which have convergently evolved from the distinct origins,
implies that structurally and mechanistically less-relevant enzymes in nature
can also be interconverted along the environmental factors. Moreover, I also
suggest that tuning cofactor concentration could be an alternative route for
conventional directed evolution approaches adapting substrate concentration
only as a chemical pressure. However, additional evidences for serine
activation are required to validate the origin of catalytic power. To supplement
the elucidation of the activities from SBL variant thoroughly, additional
experiments like tandem mass spectrometry, X-ray crystallization, and the

rational sequence alterations are ongoing.
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4.4 Experimental section

Calculated Annealing
template Primer Sequences Tm Temp
C) O
5’-G CAT CTG AAA
ATT NNK TGC AAC 59.4-
CAT TGC CAC C-3° (0.2/cycle)
C96l T97X 5.G GTG GCA ATG 60.5-64.4
GTT GCA MNN AAT 25 cycle
TTT CAG ATG C-3°
5’-CAG GAA GCT
GCA GAG NNK CTG 60.6-
Cool/ AAA ATT AGT TGC-3° (0.2/cycle)
T97S 93X s geaact aartrr | 019700
CAG MNN CTC TGC 25 cycle
AGCTTC CTG-3’
5’-A ATT AGT TGC
o | | o
- 2/cycle
1;{997381/ H100X 5'.G ATA CTT CTG 59.3-63.1
GTG GCA MNN GTT 25 cycle
GCAACT AAT T-3’
5’- GCC GCA GCG
Co6l/ NDT NDT GCG TGG 64.3 —
T97S/ A38X | AGC-3 62.5-69.3 (0.3/cycle)
H931/ D39X |5- GCT CCA CGC
H100P AHN AHN CGC TGC 25 cycle
GGC-3
5’-TGG ATT CTG ATT
GGT GCG ATT CAC
GAC GCG-3’
Co6l/ Q71A 5. CGC GTC GTG 64.4 594,574
78 AAT CGC ACC AAT
Co61/ CAG AAT CCA-3
TO7S/ 5’- TGG ATT CTG ATT
o | 0T g
H100P Q71H 5. CGC GTC GTG 63 58, 56

AAT GTG ACC AAT
CAG AAT CCA-¥»

Table 4.6. Primer sequences for the evolution of SBL variants.
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Construction of metal dependent evolution for de novo cyt cbse2 derived
SBLs. To prepare single mutant library for metal dependent evolution, site-
saturation metagenesis was carried out using degenerated primers such as
NNK and NDT codon (Table 4.4). After DpN I (Enzynomics) digestion for 1
hr PCR product was transformed to E. coli competent cells and grown on
LB/agar plate containing 50 pg/mL kanamycin. Greater 100—430 colonies
were collected and inoculated to 5 mL of LB media (Kan"). After 8-10 hr
incubation, Genes were extracted by miniprep kit (Cosmo Genetech) from
grown cells and asked for sequencing using T7 promoter as a primer

(Macrogen) and chromatograms were displayed in Figure 4.2.

Growth rate-based screening of SBL-R1 derived libraries. The plasmid
mixtures were transformed to BL21 (DE3) E. coli competent cells containing
the cytochrome ¢ maturation cassette (ccm) and were grown overnight on
LB/agar containing 50 pg/mL kanamycin and 30 pg/mL chloramphenicol.
Over 100 colonies for each single- or double-site randomized library were
inoculated in a 96-deep well microplate containing 800 pL of M9 minimal
medium with the antibiotics described above. After overnight growth at 37 °C
with constant shaking at 200 rpm, when the optical density at 600 nm (ODeoo)
of each culture reached ~1, the cultures were diluted 10-fold with 200 mL of
M9 minimal medium containing 50 pg/mL kanamycin and 35 pg/L
chloramphenicol. Increasing concentrations of ampicillin were added
throughout the screening when ODsoo reached approximately 0.1. Notably,
after monitoring the cell-growth rates at 37 °C for 6 h, the fastest-growing
cells were selected for sequencing. At least 2—4 sets of a 96-well plate with
the colonies of 93 mutants and 3 parent or template proteins were screened

for each library.

Expression and purification for SBL variants. Protein expression and
purification of the positive hits were carried out as described previously.
Shortly, pET20b(+) plasmid for encoding the ab5 gene was transformed to
:l b

-
|
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BL21 (DE3) competent cells. The cells were grown in LB medium with 150
rpm shaking at 37 °C for 18 h. Cell pellets were harvested by centrifugation
at 5000 rpm (4,715 g) at 7 C for 10 min. After sonication of the cell pellets
in 10 mM sodium phosphate (NaPi) pH 8.0 buffer with pulse on/off = 9/9 s
for 40 min in an iced bath, HCI (25%) solution was added to the cell lysates
up to pH 5.0. After centrifugation at 13,000 rpm (18,800g) at 7 °C for 30 min,
the supernatants were adjusted to pH 8 by adding 2 M NaOH solution. Then,
the solutions were manually loaded onto a Q-sepharose column pre-
equilibrated with 10 mM NaPi pH 8.0 buffer. By applying the step gradients
of 0—1 M NaCl in NaPi buffer, red fractions due to the presence of heme
cofactor were collected and concentrated using stirred cells (Amicon) with 10
kDa cutoff membranes. Then, the samples were loaded onto a HiTrap Q HP
anion exchange column (Cytiva) pre-equilibrated with 10 mM NaPi pH 8.0
buffer at 4 C using FPLC (AKTA pure). A linear gradient of 0—-1 M NaCl

was applied, and the fractions with A415/A2s0 > 4 measured using a UV-Vis
spectrophotometer (Agilent Cary 8454) were collected using and

concentrated.

Then, the protein sample was loaded onto a HiLoad 16/600 Superdex 75
pg column (Cytiva) pre-equilibrated with 20 mM Tris/HCI pH 7.0 buffer with
150 mM NaCl. After elution, pure fractions were collected and concentrated.
To prepare the metal-free, apo protein, 10-fold EDTA to the protein was
treated for 1 h at 4 °C, and the excess ethylenediaminetetraacetic acid (EDTA)
was removed by 10DG desalting column (Biorad) chromatography. Metal
content was measured by a colorimetric assay using 4-(2-pyridylazo)
resorcinol (PAR) as described previously. The purified metal-free, apo-
protein was concentrated up to 1.0 mM and stored at 80 °C until further use.

The protein concentration was determined by using €415 nm = 148,000 cm™ M-
!
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Determination of oligomerization states of SBL-R4. oligomerization states
of SBL-R4 variant was determined by size exclusion chromatography using
FPLC (Akta pure). 500 pL of 100 uM SBL-R4 with or without 2 equivalent
ZnCl; was loaded to HiLoad 16/600 Superdex 75 pg column (Cytiva) pre-
equilibrated with 20 mM tris/HCI pH 7.0 buffer containing 150 mM NaCl.
SBL variants display distinct retention volume ranges; tetramer at 58—61 mL,
dimer 76-82 mL and monomer at > 90 mL. Absorption at 415 nm and 280
nm was simultaneously monitored to identify the oligomerization state of

eluted protein.

In vitro hydrolytic activity assay with ampicillin. /n vitro hydrolytic
activities of Zn-free positive hits were measured by time-dependent HPLC
analysis as reported previously.'® The reaction was initiated by the addition
of either ampicillin to apo protein (7 uM in 100 pL of reaction volume) in 100
mM MOPS pH 7.0 at 25 °C. The reaction mixture (2 pL) was injected onto
the C18 column in HPLC (Agilent Infinity 1260) and eluted with a linear
gradient, starting from 90% H2>0/10% CH3CN to 10% H20/90% CH3CN for
20 min. Trifluoroacetic acid (TFA) was added to the elution solvents, H,O
and CH3CN, at 0.05% and 0.1% (v/v) as final concentrations, respectively.
The substrate consumption rates were measured by monitoring the
absorbance changes at 220 nm. The initial rates were determined from the
reactions with various concentrations of the applied substrate. Michaelis—
Menten parameters such as kcae and kca/Km were determined from iterative
non-linear respectively, using Origin 2016 software (Figure 4.9c and Table

4.4).

To validate the hydrolytic activities of the readouts by rounds are
originated from the activated serine residue like natural serine- 3 -lactamases,
specific activity of each MT variant was determined after the addition of
phenylmethylsulfonyl fluoride (PMSF) and clavulanic acid (CA) which are
the inhibitors for general serine hydrolases and native serine-f-lactamases,
<

-
|
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respectively. 10-fold PMSF and CA were respectively added to MT variants
followed by overnight incubation at 4 °C. Then, residual inhibitors were
removed with 10DG desalting column. (Biorad) Using HPLC (Agilent
Infinity 1260), 7 uM of inhibitor bound MT variants mixed with 20 mM
ampicillin substrate in 100 mM MOPS pH 7.0 buffer were analyzed as
described above (Figure 4.2). The inhibition mechanisms with PMSF and CA
was displayed in Figure 4.11.

phenylmethylsulfonyl fluoride (PMSF) HOvSer

! + . H o _ OH
z_0 OH
) IJ:F Serine hydrolases o HN~/
—N O %
O/ 1 Ser—/ OJ OH
/7~0H
0
clavulanic acid (CA) PMSF/CA-Enz complex

Figure 4.11. Covalent inhibition of serine-dependent hydrolase by PMSF
and CA.
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Primer

Sequences

Calculated
Tm (°C)

Annealing
T (°O)

IVA priA

5’-CAT GGT ATATCT CCT
TCT TAAAGT TAAACA
AAATTATIT C-3°

58.3

55

IVA priB

5’-TGA GAT CCG GCT GCT
AACAAA GCC-3

59.1

55

IVA priC

5°-G TTT AAC TTT AAG
AAG GAG ATA TAC CAT
G(vector)//AG TAT TCA GCA
CTT CCG TGT CGC
CC(TEM-1)-3

69.9

55

(for
overlap)

IVA priD

5’-CTT TGT TAG CAG CCG
GAT CTC A(Vector)//CCA
ATG CTT AAT CAG TGA
GGC ACC TAT CTC
AG(TEM-1)-3

72.2

55

(for
overlap)

S70G

5’-GAA CCA ATG ATG GGT
ACTTTT AAA GTT CTG C-
3 2
5’-GCAGAACTTT AAA

AGTACC CAT CAT TGG
TTC-3’

59.1

55.1, 54.1

S70H

5’-GAA CCAATG ATG CAC
ACTTTT AAA GTT CTG C-
3 2
5’-GCAGAACTTT AAA

AGT GTG CAT CAT TGG
TTC -3’

59.1

55.1, 54.1

N170H

5’- GAA CCG GAG CTG
CAT GAA GCCATA CCA
AAC-3’

5’- CGC CTT GAT CGT TGG
CAT CCG GAG CTG CAT-3

64.4

59.4,57.4
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5’- CGC CTT GAT CGT TGG
CAT CCG GAG CTG CAT-3’

El66H 5’ ATG CAG CTC CGG 67.1 62.1, 60.1
ATG CCAACG ATC AAG
GCG-3

5’-CAC CAC CAC CAT CAT
CAT CTG GTT CCA CGT

GGT AGC cac cca gaa acg ctg 56.7. 56.0

Histag gtg aaa g-3’

insert 5’-CT ACC ACG TGG AAC

CAG ATG ATG ATG GTG for overlap

GTG GTG agc aaa aac agg
aag gca aaa tgc c-3

55

Table 4.7. Primer sequences used for PCR to prepare TEM-1 derived

mutants.
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Construction of MTO0 gene for the biochemical characterization and
continuous evolution. pET28b(+) vector encoding wildtype TEM1 sequence
was constructed via in vivo assembly?® with empty pET28b(+) vector and
amp® selectable marker (wildtype TEM-1) of pET20b(+) or site-directed
mutagenesis with designed primers and pET28b(+) vector harboring wildtype
TEM-1. Using primers listed in table 4.5, PCR was performed to prepare MTO
which contains 3-His Zn-binding motif at original active site of TEM-1. After
DpN I (Enzynomics) digestion at 37 °C for 2 h, PCR product was transformed
to DHSa E. coli competent cells and grown on LB/agar plate containing 50
mg L kanamycin for overnight. Single colony was inoculated to 5 mL of LB
media (kan") and grown for 8 h. Then, plasmid was extracted using miniprep
kit (COSMO Genetech). Extracted plasmid was asked for sequencing.
(Macrogen) For continuous evolution, wildtype TEM-1 gene in pGE158
vector was mutated to MTO with site-directed mutagenesis as described above.
Then, 6xHistag and thrombin cleavage sequence was additionally inserted for

efficient purification. Sequences used for PCR was listed in Table 4.7

Calculation of mutation rates using eMuta T7. Before screening for
continuous evolution of MTO0, Mutation rate of eMuta T7 RNAP mutator
under the system used in this study. pGE158 vector plasmid anchoring
wildtype TEM-1 gene and mutator gene was co-transformed to BL21 (DE3)
competent cells and grown for overnight on LB/agar plate containing 6 mg/L
tetracycline (tetC) and 35 mg/L chloramphenicol (Cm). Colony was picked
and inoculated to LB media containing appropriate amount of tetracycline
and chloramphenicol. After growth till ODgoo reached 1.0, growth culture was
100-fold diluted to ODeoo was 0.01 followed by addition of arabinose inducer
with final concentration of 0.2% to activate mutator gene. Culture was grown
by ODsoo was 1.0 and diluted to fresh LB media containing tetracycline,
chloramphenicol and arabinose every 12 hr. by cycle, 5 uL of culture was
inoculated to 500 pL of fresh LB media and grown for overnight on LB/agar

plate (tetC"/Cm"). 5 colony each for 7 cycle totals was respectively inoculated _
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to 20 mL of LB media containing appropriate amount of tetracycline and
chloramphenicol, and grown for 8 hr. Then, genes were respectively extracted
by miniprep kit and asked for sequencing. (Macrogen) nucleotide and amino

acid mutation per cycle was listed in table 4.7.

Mutation rate was calculated as following; mutations per day per 1 kb.
After 7 cycles, mutations were counted within 789-bp TEM-1 encoding
region. The average number of mutations (5.2 mutations) was divided by the
length of TEM-1 gene (0.789 kb) and the screening days (2.33 days). Final

mutation rate was 2.829 mutations day ' kb,

Cycle # | Ave. # of nt mutated | # of AA mutated

1 0.8 0.2
2 1.4 0.8
3 2.6 1.2
4 3.2 1.8
5 3.6 2

6 4.4 2.6
7 5.2 2.8

Table 4.8. Mutations per cycles.

Screening for continuous evolution using eMuta T7 system. For
continuous evolution of MT variants, constructed vector plasmid encoding
mt0 gene was co-transformed to BL21 (DE) e coli. competent cells with the
plasmid for the eMuta T7 mutator gene and then grown for overnight on
LB/agar plate containing 6 mg/L tetracycline (tetC), 30 mg/L
chloramphenicol (Cm) and 25 uM ZnCl.. single colony harboring both target
and mutator genes were inoculate to 5 mL of LB media (tetC*/Cm") and

grown for 12 h. When ODeoo reached ~1.0, the culture was 100-fold dilutedl:
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to 500 pL of LB media containing 6 mg/L tetracycline, 30 mg/L
chloramphenicol, 0.2 mM isopropyl--D-1-thiogalactopyranoside (IPTG),
0.2% arabinose, and 25 pM ZnCls.

Then, diluted culture was grown at 37 °C (200 rpm) till ODegoo reached
1.0 (12 hr). after 2 cycles, 1 mg/L ampicillin was added to the screening
culture. Then, higher concentration of ampicillin was added every 2-3 cycle.
Screening was repeated to 37th cycle till the concentration of ampicillin
reached 70 mg/L (Figure 4.9a). Cells from screened cultures for each cycle
was centrifuged at 13,000 rpm and resuspended with LB media containing

20% glycerol then stored at -80 °C.

Hydrolytic activity assay with lysates of screened culture. Each culture at
25, 45, 60, and 70 mg/L ampicillin condition was respectively inoculated to
5 mL of fresh LB media (tetC"/Cm™") and grown for 3 hr at 200 rpm / 37 °C
condition followed by incubation on the LB/agar plate (tetC"/Cm™) containing
0.1 mM IPTG only to avoid unexpected mutation by mutator gene which is

activated with arabinose.

For each culture, 90 colonies were picked and inoculated to 800 pL of
LB media containing 6 mg/L tetC, 30 mg/L Cm, 0.2 mM IPTG, and 25 uM
of ZnCl; in 96-well deep-well microplate. After the growth at 37 °C and 200
rpm, 200 pL of each culture was centrifuged with 5,000 rpm. cell pellets were
lysed by incubating cells in lysozyme-EDTA cocktail solution (I mg/ml
lysozyme and 100 uM EDTA in 50 mM tris/HCI pH 7.4 bufter) for 30 min at
37 °C followed by supplementation of 125 mM ZnCl; to overcome the
removal of Zn?>" ions from the active sites of MT variants by EDTA.

Representative example for lysate assay was expressed in Figure 4.8

For monitoring the hydrolytic activities of lysates, CENTA, which is a
chromogenic surrogate of B-lactam antibiotics, was used. (Figure 4.8a) Using

microplate reader, absorption losses at 405 nm (£cEnTA, 405 nm = -6,400 Mlcm”
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1 of 90 wells were measured for 1 hr followed by selection of Top 1-2 fastest
wells. (Figure 4.8b) 5 pL of cultures corresponding wells from deep-well
plate were inoculated to 20 mL of LB media (tetC+/Cm+) and grown for
overnight. Genes were extracted with miniprep kit (COSMO Genetech) and
sent for sequencing. (Macrogen) Mutations, which occurred during screening,

were listed in Table 4.3.

Expression and purification for MT variants. Sequence-identified mt gene
was transformed to BL21 (DE3) E. coli competent cells and grown on
LB/agar plate. (tetC") After overnight growth, the subculture was inoculated
to 8 L of LB media containing 6 mg/L tetC then grown at 37 °C and 200 rpm.
when ODgoo reached 0.8, 1 mM IPTG (final conc.) was added followed by 18
hr growth at 25 °C. Grown culture was centrifuged at 5,000 rpm and then cell
pellet was resuspended with 20 mM tris/HCI1 pH 7.0 buffer and lysed by cell
homogenization. (Young Jin Corporation LM20-30 Microfluidizer) cell
lysate was centrifuged at 13,000 rpm and supernatant was collected and
syringe filtered. Supernatant was loaded to Ni-NTA column (Cytiva HiTrap
FF 5 ml) which was pre-equilibrated with lysis buffer containing 10 mM
imidazole. MT variants were eluted at ~25% of B buffer. (20 mM tris/HCI pH
7.0 buffer containing 500 mM imidazole) After removal of remaining
imidazole from protein sample, proteins were concentrated and stored at -80

°C.

In vitro characterization of MT variants. The hydrolytic activities of MT
variants under in vitro condition, specific activities of MT variants toward
ampicillin substrate were analyzed in presence/absence of ZnCl» using HPLC
(Agilent infinity 1260) as described above. To validate accurate kinetic
characterization, steady-state kinetics were also analyzed (Figure 4.9¢ and

Table 4.4).
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Determination of Zn binding affinity. To validate the binding affinities of
MT variants toward Zn>" ions, competitive titration assay was conducted to
determine dissociated constant toward Zn** ion using Newport Green DCF
diacetate (Thermo Fisher Scientific) which is a Zn-responsive fluorophore.
The assay revealed one Zn binding equilibria with a single site binding model
using DinaFit4 software. This result suggests that the Zn mediated MT
variants possess one Zn-binding sites as incorporated (Figure 4.10 and Table

4.8).

3§ 53 17
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Exploring the Evolutionary Landscape
of Artificial B-lactamases

........

g g o P K o T XT R OMW R ® oo \ ol Yy
T F ook U M oy W F B Y oo o oR It
oo B T oo Up ~ o W T ok om W T Hl
A~ i
M-J LE mmL =g ‘Ur :i o ‘WJ _ . Mﬁ B e
ol 0 K = 0 —_— — =

el mﬂ oz o] X GOy mo o i -
fL = 0 o 7T P w o o g o
Loy = NE R0y X & (o)
TOE oo W S = & 4 oz
o P op I oy 5k — =
mwo#aha.iﬂu%&%a%%ﬂﬂw%ﬂ
0 1_,m_| G ,m_AH Bo u%O 17_A| mmo Ho ﬂmo AT Ea
! =B o KA

g Wi ‘_IV.V| Ot ) N
do ol m.w £l oF ol B o )
N o W we ™ oy wiu My ®OWEE g _
A%%m_M@A%,ﬁﬂﬂ_b%% .
T % ' @Hﬂ_dimg%ioﬂg ~
T T oo R " T = }o, o T oo = ﬂ
- X0 =0 [ ‘mﬁ — — | i
e T o R oW ™ o Lo
oo Wy X o~ T
P o Wroo T o CA - MR
r R 4 x @ g oo e e

X ol AN~ B Mo iy

o) m- K ﬁﬂ 5 N ir T )] 3R E o i
R RO L AR ° =
o %o = o o° o b o= o =

mi B mﬁm 2 mm TR OB 0 % o odn
mt LA - e | AL S A T
e N Rl T oW ooN o o T O
x4 Fm=® M d 0 EF Mmoo ok

T N T R T R RN T ST T T W



Qojiiz

o 84 A

Fd = Aol A

F 2ol

°

b

SR

9

S

o) 4521t}
e st

[}

L=

T=

170l A
CERE k!

=}
=

W eb-2t

ol o
s

= 4

A o %

=13
=

A

’

s
—a

l

7

=
H

|

=
< H

.

o)
AR

PN
T

o
=
il

gt

S} a1 A}

gl o]o}7]

Al o

O
=%

nd=z

o= 7, AB59] 43}

T

T

162

vh} F857te] sl

297F9] 27} ol o

b o) o}

)

(o3}
=

3l q.

%

Aol
3] 3

o] skt ol A

=N

T

T

o

-

27

SR

=



969 telol
A2 9]
A 9

1

961
e}

-

’

T
| .

of

=
=

A vt

S

o] m] g},
A AB5

e H

A

9Tl AB5$} CTARS wihulz)

]
719

[}
FaA ABS AR

1

<)
.

/KE)] 5

K

A Sl o
Hoh
3

[e=

]

-

[}

T o P ool BT xS R W oy B o
GRS R HT T ol BRE xS Yo
wy 2L 2ETTETwTE_TE
ok N G P o PR g Y
I i T 2! . _— T %° Ee N = 1: ]
=K ~ X = K X - X = o
Il A S ) Iy T R
o o ok o R T o4 o T o= W
LN =o T ZT ﬂ;l S "y ~ O_E
oy P o0 T o=y W o X o= %
X e ) X" % i~ o o °
y=| X ™ W o= of & X oF ~o XO
] ol NG ST T - i ) =y
i : — X o~
Kq o) 0 Xd %o oF hl = o o v m =y N
;On_ n_mo ] E,.# ._ﬂo_./a = X _zrl 3 OL o | ﬂAIL =)
] ook S G Y T
X T o o S B
Ho RO e o= B =l X o To N !
o T g E R T 2T
=y = o 1 B S .o ol N R AW
OT_ TOo o | Oﬁ ] ™ On_ e Z‘._ = = =
W ok o = o E GO e]g B T W0
£ om w o= CREC 5 P =
<X 0 o X o
LW g B g B WoE kg T
3 TR oo T T g Mol cl < T
7 9 B U = Moy oo m X =5
o 0 J E ﬁ — fo
n X o ® 0 i o T —_— = = 4
(U _ W L X R OB E N
22 C AR QAR I B T R D R R )
xr ‘DrL ,ol _E JL B TH x Bo TOoE T N lv_Al
] ° Xt T Y il ° = ol iy
T oo P @ N H T W Moo g B T
R S -V R - I e S < [
T R o 1T I R - S - N 3o
N Ne T oo B9 o ool o W R K T T

163



=
=

s

= 3A

5

NE A

A7 2]

_ZTI
e

X
o

)

o)
il
=

W

o))

—_
fife)

o

~d
il
o
<
b
oF

A

i)

3} o)

o
N
ee

ol

ﬂo
)

r

gl 4ol

= 3}
T =

3} A= o

s

d

7]

!

ol

oy
23!

—_—

0
"
T

jani

)
B
gl

=
file)

=
o)

Wi

4r

H: 2016-27405

o}

164



Acknowledgement
A 20169 7HSH-E

6.

Futh E

o

=

Feb7]9 o

A

S
=

g

=
=<}

=3
-

A LA

pzs

saA Y 5

S

}\] 7_<]L

=

A=

1

°
=1

ol Fyuh.

o]

olARY FH2 5o A FHS AAFHASULL

=
=

it
Hr

]

=

e

°©

WolFEA| AL, Aol A&l o} glo]

A}

17 Bk madA we AFAEAY

=
=

o
=
=

Al
=i

k.
A=

1.

O
H

13
o}

SEERVES

skt

=
=

o
~

o
o

o

To-
oo
ﬁo
o

it

—_—

0

T
el

R
e

165



H

e,

%l

ASANA 2 AL

o
SR

!
%

=3
)

ol

] AEEE Aol

3

i)

il

fie}

, oA 3], o

2]

4
Bl A% 7A}e)

3}
A G Fe Aol AMEE AFEH ATl o]27]7HA

HA A

0 AT,

94

< Agdn. 2

1

=0

;Oﬁ

™

.
o

NG

Aol o Yol AHuj dAAkel &

52 =5, oy

=
LN

3)

2]

AL opgglol A

=
T

A EHEE] 76
Y, ok, i g Al

=]
=

o
ujl
Ho

o]
Mo

o]

b
=

)
ad

{|m

o] AR L AAe] Alzte] A

o go] A

T o A

i 3l
- =

1

g o

2o

CIE

<13
oF

ANA ol AFH .

o]
o

—
file)

AdsHAl, ¥ 7]

Z go=z% o

166



	Chapter 1. Tracing an Evolutionary Landscape Using β-lactamase as a Model System
	1.1 Introduction
	1.2 General strategies to construct mutant library for the directed evolution
	1.2.1. Gene diversification under in vitro condition
	1.2.2. Gene diversification under in vivo condition

	1.3 β-lactamases, versatile model systems for evolution study
	1.3.1. A brief history of β-lactam antibiotics
	1.3.2. β-lactamases as good model systems
	1.3.3. Convergent evolution of β-lactamases

	1.4 Conclusion
	1.5 References

	Chapter 2. Importance of Scaffold Flexibility/Rigidity in the Design and Directed Evolution of Artificial Metallo-β-lactamases
	2.1. Introduction
	2.2 Results and discussion
	2.2.1. Design and initial characterization of AB5
	2.2.2. Structural characterization of Zn8:AB54
	2.2.3. In vitro esterase and -lactamase activity of Zn8:AB54
	2.2.4. In vitro assembly, activity, and directed evolution of Zn8:AB54
	2.2.5. Structural and functional characterization of Zn8:C96TAB54, a variant lacking peripheral disulfide bonds

	2.3 Conclusion
	2.4 Experimental section
	2.5 References

	Chapter 3. Symmetry-related Residues as Promising Hotspot for the Evolution for De Novo Oligomeric Enzymes
	3.1 Introduction
	3.2 Results and discussion
	3.2.1. Construction and screening of symmetry- versus proximity-related libraries
	3.2.2. Characterization of the screened single variants
	3.2.3. Construction and screening of second-, third-, and fourth-round libraries
	3.2.4. Characterization of the second-, third-, and fourth-round mutants

	3.3 Conclusion
	3.4 Experimental section
	3.5 References

	Chapter 4. Mechanistic Crossover between Serine- and Metallo-β-lactamases by Rational and Directed Evolution
	4.1 Introduction
	4.2 Results and discussion
	4.2.1. Switching from MβL to SβL
	4.2.2. Biochemical characterization of the evolved SβLs
	4.2.3. Switching from SβL to MβL
	4.2.4. Biochemical characterization of the evolved MβLs

	4.3 Conclusion
	4.4 Experimental section
	4.5 References

	Abstract in Korean (국문 초록)
	Acknowledgement (감사의 말)


<startpage>18
Chapter 1. Tracing an Evolutionary Landscape Using β-lactamase as a Model System 1
 1.1 Introduction 2
 1.2 General strategies to construct mutant library for the directed evolution 4
  1.2.1. Gene diversification under in vitro condition 5
  1.2.2. Gene diversification under in vivo condition 6
 1.3 β-lactamases, versatile model systems for evolution study 7
  1.3.1. A brief history of β-lactam antibiotics 7
  1.3.2. β-lactamases as good model systems 9
  1.3.3. Convergent evolution of β-lactamases 12
 1.4 Conclusion 13
 1.5 References 15
Chapter 2. Importance of Scaffold Flexibility/Rigidity in the Design and Directed Evolution of Artificial Metallo-β-lactamases 18
 2.1. Introduction 19
 2.2 Results and discussion 24
  2.2.1. Design and initial characterization of AB5 24
  2.2.2. Structural characterization of Zn8:AB54 26
  2.2.3. In vitro esterase and -lactamase activity of Zn8:AB54 30
  2.2.4. In vitro assembly, activity, and directed evolution of Zn8:AB54 33
  2.2.5. Structural and functional characterization of Zn8:C96TAB54, a variant lacking peripheral disulfide bonds 39
 2.3 Conclusion 47
 2.4 Experimental section 49
 2.5 References 59
Chapter 3. Symmetry-related Residues as Promising Hotspot for the Evolution for De Novo Oligomeric Enzymes 66
 3.1 Introduction 67
 3.2 Results and discussion 70
  3.2.1. Construction and screening of symmetry- versus proximity-related libraries 70
  3.2.2. Characterization of the screened single variants 74
  3.2.3. Construction and screening of second-, third-, and fourth-round libraries 96
  3.2.4. Characterization of the second-, third-, and fourth-round mutants 99
 3.3 Conclusion 106
 3.4 Experimental section 107
 3.5 References 119
Chapter 4. Mechanistic Crossover between Serine- and Metallo-β-lactamases by Rational and Directed Evolution 123
 4.1 Introduction 124
 4.2 Results and discussion 126
  4.2.1. Switching from MβL to SβL 126
  4.2.2. Biochemical characterization of the evolved SβLs 132
  4.2.3. Switching from SβL to MβL 136
  4.2.4. Biochemical characterization of the evolved MβLs 138
 4.3 Conclusion 145
 4.4 Experimental section 147
 4.5 References 159
Abstract in Korean (국문 초록) 161
Acknowledgement (감사의 말) 165
</body>

