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Abstract

Metalloproteins are the proteins that utilize metals or metal complexes as
cofactors and exhibit a wide range of functions from oxygen transport and regulation of
transcription to hydroxylation of alkanes and water splitting, even though they employ a
limited set of metals and metal-binding ligands. The investigation of metalloprotein
amino acid sequence, structure and function relationships can uncover the principles
behind natural metalloprotein design and opens the possibility of their implication as
scaffolds for the design of novel catalysts and biomaterials. Protein engineering is a set
of techniques that allows to install new functionalities into existing proteins or to design
new proteins from scratch (de novo design) for various applications.

Chapter 1 of this dissertation will summarize the principles behind protein-metal
interactions and metalloprotein design by discussing current methods in protein
engineering and the successful examples of engineered metalloproteins.

The work presented in Chapter 2 provides insight into the extraordinary metal
affinity to UFsc, a single-metal-binding de novo designed protein. The introduction of a
single mutation in a two-metal-binding site of DFsc, a de novo designed protein,
resulted in the elimination of one coordination site. The rearrangement of the active site
altered protein’s metal affinity to selected transition metals and resulted in the high
affinity to zinc (Il) ion with the dissociation constant in the picomolar range. We have
shown that the fine tuning of the protein scaffold is important for effective metal binding
in designed proteins.

Chapter 3 will discuss the development of new protein engineering method,

NMR-guided directed evolution. Directed evolution is a protein engineering technique



used to identify proteins with improved functions by generating large libraries of mutants
with further high-throughput screening in a functional assay. Our work was focused on
establishing a method that will help to identify the positions for potential productive
mutations to improve the output of directed evolution. We have found a strong
correlation between the HSQC NMR chemical shift perturbations of backbone amide
resonances of amino acid residues interacting with the substrate transition state analog
and the probability of finding a beneficial mutation in the vicinity of those residues. The
combination of three mutations identified by NMR-guided directed evolution resulted in
the design of FerrEICat, the most effective designed Kemp eliminase reported to date.
The design of a metalloprotein-based PET tracer, presented in Chapter 4, will
provide an example of the application of metalloproteins for theranostic purposes. The
introduction of one mutation in the calcium-binding site of AlleyCat7, a calmodulin-
derived Kemp eliminase, completely eliminated protein’s affinity to calcium (Il) but
preserved affinity to yttrium (l11). This protein, fused to a liver-cancer-specific antibody,
can be used to deliver metals to the cancer cells for PET imaging and radiotherapy.
Finally, the application of a minimalist approach to the design of amyloid-binding
peptides that can reduce the infectivity of HIV virions will be discussed in Chapter 5.
The amyloid fibrils, formed by the peptides derived from PAP and SEM proteins, have
been found in human semen and shown to enhance HIV infection. We have designed a
set of peptides to bind to these fibrils specifically and identified the promising candidates
that differentiate between fibrillated and monomeric forms of amyloidogenic peptides.
The identified peptides also showed sequence specificity. The developed peptides can

potentially be used as microbicides for the prevention of HIV infection.
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Chapter 1. Metalloproteins and Protein Engineering

Abstract. Protein engineering is a process of utilizing a set of tools and strategies to
develop novel proteins or improve the properties of existing proteins. Metalloproteins,
proteins that use metals as cofactors, exhibit a wide range of functions from oxygen
transport and regulation of transcription to hydroxylation of alkanes and water splitting.
Even though metalloproteins have multiple activities, they employ a limited set of metals
and metal-binding motifs for their functions. The investigation of protein-metal
interactions provides essential information necessary for the successful metalloprotein
engineering. This chapter will summarize the principles behind protein-metal

interactions as well as the approaches used for successful design of metalloproteins.




1.1. Introduction

Proteins are a large group of biomolecules with a wide range of structures and
properties. Proteins fulfill diverse functions starting from the structural support of cells to
complex catalysis. The investigation of protein sequence, structure and function
relationships opens a possibility to the implication of proteins as scaffolds for the design
of novel biomaterials. Engineered proteins have been employed in many areas of
modern life, such as green organic synthesis, food, pharmaceutical, biotechnology
industries and more.1 Proteins are linear biopolymers that consist of amino acids and
folded into dynamic three-dimensional structures to accomplish a variety of functions. It
has been estimated that from one-third to half of the identified natural proteins use
metal ions as cofactors.* Metalloproteins engage metal ions for proper structural folding,
metal storage, transport, and catalysis. The investigation of the structure/function
relationship in natural metalloenzymes provides an important information about
enzymatic catalysis which allows to better understand the mechanisms of chemical
reactions catalyzed by proteins, as well as provides a background for potential
engineering of enzymes with desired activities.

To accommodate the variety of functions, natural metalloenzymes often have a
complex multidomain structure, they also require accessory proteins for proper folding
and certain secondary structure for metal binding and activity. Due to their complexity,
natural metalloenzymes are challenging to study and simpler models that mimic the
active units of natural metalloenzymes can provide an opportunity for more effective
research. Protein engineering is a process of the installation of novel or improved

characteristics into existing proteins or the design of completely new proteins for



specific functions. The tools of protein engineering can be used to design simple models
of natural metalloproteins and study their properties for a better understanding of
biocatalysis, as well as to use our knowledge of protein-metal interactions to create new

catalysts and metal-binding proteins with predicted functions.

1.2. Natural metalloenzymes

Metalloproteins are proteins that use metals, metal organic complexes, like
heme, or metal inorganic complexes, as iron-sulfur clusters, as cofactors to obtain
specific characteristics. As the characterization of various proteins continues, it is
possible that more metalloproteins will be identified in the future. Metalloproteins
perform a variety of functions from oxygen transport, regulation of transcription and
metal transport to hydroxylation of alkanes, water splitting and electron transfer. The
wide range of functions makes metalloproteins targets for extensive structure-function
relationship investigation and promising scaffolds for protein engineering.

Metal-binding proteins exhibit a variety of different activities and examples have
been found in all six classes of enzymes. Superoxide dismutases (SODs) are a group of
metal-containing enzymes which catalyze the dismutation of superoxide anion (0O?°) to
hydrogen peroxide (H202) and oxygen (Oz2).> SODs are classified as oxidoreductases,
meaning that they facilitate the transfer of electrons between electron donor and
electron acceptor. SODs are found in many living organisms, have different intracellular
and organ distribution, and differ in protein structure resulting in multiple isoforms but all
require metal ions for their activity. SODs utilize copper, zinc, manganese and iron

metal ions to perform catalysis and stabilize the structure of the active site (Figure 1.1).
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Figure 1.1. Metal-binding proteins are found among all classes of enzymes. The
metals utilized by selected enzymes are presented as colored spheres. The structures

of the enzymes were visualized in Pymol.

Polymerases, enzymes that are involved in DNA or RNA synthesis, are examples
of metal-ion-dependent transferases. Metal ions aid the substrate stabilization in the
active site of polymerases for further functional group transfer.”- 8

Hydrolases are a class of enzymes that utilize water as a hydroxyl group donor
during the substrate breakdown, and often require metal ions for their activity. The
interaction of the metal ion with water results in the decrease of pKa of water which
leads to the generation of hydroxide ions at physiological pH. The produced hydroxide
ion can later act as a nucleophile. Metal ions can also neutralize partially negative
charges on the substrate or product.® Hydrolases are represented by multiple cleaving
enzymes as nucleases, lipases and proteases which utilize iron (1), zinc (Il), nickel (1)
and other divalent metals for their catalytic function.°

Carbonic anhydrase is the most studied representative of the lyase class, the

group of enzymes that cleave C-C, C-O, C-N and other bonds using mechanisms other

4



than hydrolysis or oxidation to yield double bonds. These enzymes can also catalyze
the addition of groups to double bonds.!! The specific characteristic of these enzymes is
that typically two substrates are involved in one reaction direction, but only one in the
other direction. Carbonic anhydrase catalyzes the reversible hydration of gaseous CO>
to carbonic acid (H2COs3), which then dissociates spontaneously to give bicarbonate
(HCO3) and a proton.*? The active site of carbonic anhydrase contains zinc ion which is
essential for enzymatic activity (Figure 1.1).

Isomerases are the enzymes that catalyze the conversion of one isomer to
another. Glucose isomerase, also known as xylose isomerase, catalyzes the reversible
conversion of D-glucose and D-xylose to D-fructose and D-xylulose, respectively.
Glucose isomerase requires divalent cations as cofactors for its isomerization activity
and, depending on the source of the enzyme, can use magnesium, manganese or
cobalt.'3

Lastly, metalloenzymes are also found among ligases, the proteins that catalyze
the joining of two molecules by using the energy of ATP. In the case of threonyl-tRNA
synthetase activity, the enzyme uses a zinc ion to discriminate against the isosteric
valine at the activation step. This metal is found in the active site of the enzyme’s
catalytic domain and is involved in the direct recognition of an amino acid by interacting
with the amino and the hydroxyl groups (Figure 1.1).14

The widespread presence of the metalloproteins among all classes of enzymes
suggests the impressive potential of these complexes and their significance for the

proper functioning of living organisms.



1.3. Protein-metal interactions

The general analysis of metals used by proteins shows that natural
metalloproteins utilize a limited set of metal ions. The placement of metal ions in
different coordination environments controls the activities that metal can exhibit. For
example, zinc is one of the most common metals used by proteins. Among others, zinc
fingers present one of the canonical DNA-binding motifs found in proteins involved in
the regulation of DNA replication and transcription. These small proteins require zinc
ions for proper folding and coordinate metal through four cysteine and/or histidine
residues.® In DNA-binding zinc fingers, metal ion plays only structural role by providing
stability to these small proteins. At the same time, while placed in similar environment in
proteins like carbonic anhydrases, zinc becomes a central player in catalysis.'? These
observations suggest that the protein modulates the function of metal by placing it in the
appropriate environment.

Copper-binding sites are another great example of metal’s activity modulation by
protein scaffold. Copper is a redox-active metal and upon reduction Cu(ll) becomes
Cu(l). Copper has the most diverse array of binding sites that are found in proteins with
multiple enzymatic and electron-transport activities. Copper enzymes act as oxidases,
mono- and dioxygenases, superoxide decomposing enzymes and nitrogen oxide (NOx)
reductases.'® 7 Based on the needs of the catalyzed reaction, the enzymes adopt
different mononuclear (type-1 and type-2), binuclear (type-3, Cua and heme-Cus),
trinuclear (coupled type-2/type-3) and tetranuclear (Cuz) copper centers.'8 1° The

information learned from the natural proteins allows us to identify the factors that



contribute to such diverse functions of the same metal and utilize them in our protein
design efforts.

Metal-binding proteins are not only limited by the metal selection but also by the
choice of ligands. Proteins consist of 20 proteinogenic amino acids but only a handful of
them can be used as potential ligands. These limitations create situations where the
metal-binding site can accommodate multiple metals with similar affinity or the slight
change in the coordination environment can completely eliminate binding to the specific
metal. The investigation of protein-metal interactions helps to address multiple
guestions, such as protein mismetallation which attracts more attention as more
physiologically relevant enzymes are shown to malfunction to cause diseases because
of wrong or inefficient metal coordination.?%-? The characterization of metal-binding
sites in natural proteins allows us to understand the biochemical processes and utilize
that information for protein engineering. Also, the identification of the patterns in protein-
metal binding will help us to predict the locations of possible metal binding sites in the

newly discovered proteins or to deduce their activity based on the known examples.

1.3.1. Metals in biological systems

Metal ions are widely present in biological systems and perform a variety of
functions. Alkali metal ions, Na* and K*, are responsible for the maintenance of
electrolyte balance, acid-base homeostasis, and maintenance of cell membrane
potential. Alkaline earth metal ions, Ca?* and Mg?*, are important for cell signaling and
the structural arrangement of many proteins, in some cases they are also involved in

catalysis. Transition metals such as iron, zinc and copper are mostly involved in



catalysis and electron transfer. Although metal ions are critical for sustaining the
functions of biological systems, their concentration must be maintained within a proper
range as metals are often toxic or too reactive to exist in their free forms and require
well-regulated transport and storage systems.

The analysis of known metalloproteins showed that natural enzymes use a
limited number of metals available in Nature. Magnesium is the most common metal
cofactor in natural metalloenzymes (Figure 1.2) and is involved in the stabilization of

enzyme structure or facilitates substrate binding by forming a magnesium-substrate

complex.

Figure 1.2. Elements used as cofactors by natural metalloenzymes. The figure is

reproduced from ref. 4 with the permission from Springer Nature, copyright 2009.

Magnesium is the most abundant divalent metal and, possibly, because of its

availability many enzymes evolved to utilize this metal.?* Besides the availability, this



metal also has unique physicochemical properties, which makes it the best candidate
for a specific function. Magnesium has a small ionic radius, which results in a high
charge density, and slow solvent exchange rate, meaning that the ion prefers water to
bulky ligands. These characteristics define magnesium binding to other molecules: the
ion prefers octahedral geometry and makes four or fewer coordination bonds with an
enzyme or a substrate, while other coordination positions are filled with water. Such
coordination preferences are important for fast ligand exchange in magnesium-
containing enzymes.?®

Proteins have adopted diverse metal-binding sites to accommodate metal ions in
their free form or metal complexes. The most common metal organic complexes found
in proteins are based on porphyrin, the heterocyclic macrocycle that provides four
nitrogen atoms for metal coordination. Heme, chlorophyll and cobalamin (vitamin B12)
are well-known representatives of this group that coordinate to iron, magnesium and
cobalt, respectively, and perform a variety of functions. Heme-containing enzymes are
especially interesting as the redox-active nature of central iron atoms allows these
proteins to participate in multiple enzymatic reactions (the decomposition of hydrogen
peroxide by catalase and oxidation of metabolites by cytochrome p450)26, non-
enzymatic activities (oxygen transfer by myoglobin)?” and electron-transfer chains
(cytochrome bs)?8. Another group of enzymes includes metal inorganic complexes as
iron-sulfur clusters present in, for example, ferredoxin?®, and Mn4CaOs clusters found in
the oxygen-evolving complex of photosystem 1130, Proteins containing iron-sulfur
clusters exhibit a wide range of reduction potentials that can be tuned by the

coordination to ligands, thus they are commonly found in the redox-active proteins.



The characterization of ligands and metals that are found in known
metalloproteins gives us an opportunity to identify trends and dependencies that can

be used for future protein design efforts.

1.3.2. Metal coordination in proteins: ligand aspects

Amino acids in proteins provide functional groups which can potentially act as
ligands for metal cation coordination. Specific chemical properties of metals, such as
size, charge, and electronic configuration, define the composition and geometry of the
metal-ligand complex. The interactions between metal and ligand have been
characterized using the hard and soft acid and base (HSAB) theory. HSAB principle
states that hard acids interact with hard bases and soft acids make complexes with soft
bases.3! 32 Hard acids and bases have a high charge density, meaning these elements
have a smaller ionic radius, higher effective nuclear charge and low polarizability. The d
orbitals of hard acids are often unavailable for m bonding. On contrary, soft acids and
bases have larger ionic radii, higher polarizability and lower electronegativity. The d
orbitals of soft acids are available for 1 bonding and are filled or nearly filled with
electrons.

In biological systems, positively charged metals display the characteristics of
Lewis acids, meaning they act as electron acceptors. The amino acids provide ligands
for metal coordination, acting as bases and electron donors. Free amino acids can
coordinate metals through the amino, the carboxyl and the side chain groups. In

polypeptides, the most common ligands for metal coordination are the amino acids with
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nitrogen-, sulfur- and oxygen-containing side chains as well as the oxygen from the

peptide bond (Table 1.1).

Table 1.1. Metals found in metalloproteins can be classified as hard or soft acids. The

amino acids provide ligands for metal coordination that are classified as hard or soft

bases.
Hard acids: Borderline acids: Soft acids:
Li*, Na*, K*, Mg?*, Ca?", Fe?*, Co?*, Ni?*, Cu?*, Zn? Cu*, Ag*, Hg?
Mn?*, Fe3*, Co®*
Hard bases: Borderline bases: Soft bases:
Oxygen-containing side chains Nitrogen-containing side Sulfur-containing side
(aspartic acid, glutamic acid, chains (histidine, arginine) chains (cysteine,
tyrosine, serine, threonine) methionine)

Oxygen of the peptide bond

HSAB theory provides a good baseline for the understanding of protein-metal
interaction. Using these principles, potential metal-binding sites can be predicted or
engineered in proteins. The side chains of aspartic and glutamic acids contain
carboxylic groups and provide oxygen for metal coordination (Figure 1.3). These ligands
are considered to be hard bases and bind to metal ions that are characterized as hard
acids. Borderline histidine is the most common nitrogen-containing ligand found in
natural proteins. Cysteine and methionine are classified as soft bases and provide sulfur
for the binding to metals that are soft acids.33

Among 20 proteinogenic amino acids, there are several which have been shown

to participate in metal coordination but are not as common. In some cases, glutamine
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and asparagine have been shown to contribute to metal coordination through the

oxygen of the carboxamide group on their side chains.

S5 SH
0O HO HN S
Glu Asp His Met Cys

Figure 1.3. The side chains of common amino acids used for metal coordination
in proteins. The amino acids are labeled with the three-letter code, where Glu is

glutamic acid, Asp is aspartic acid, His is histidine, Met is methionine, Cys is cysteine.

For example, asparagine (Asn462) in isocitrate dehydrogenase
kinase/phosphatase (AceK) has been found to coordinate to the divalent metals (Mn?*
and Mg?*) through the oxygen atom of the carboxamide group.3* Calcium- and
magnesium-binding sites in transglutaminase 3 also contain asparagine residues that
provide oxygen as a ligand.3> These amino acids are also often involved in the
stabilization of the water molecule coordinated to the metal. Serine, threonine and
tyrosine, the amino acids that contain hydroxyl groups in their side chains, can also
potentially coordinate metal ions. The tyrosine residue contributes to the binuclear iron-
binding site in purple acid phosphatases as uteroferrin® and serine is found in the
copper coordination sphere of CueR, a copper efflux regulator3’.

Aspartic and glutamic acids can act as monodentate or bidentate ligands for
metal coordination. As those amino acids contain carboxylic groups, both oxygens can

participate in metal binding. When metal is coordinated using only one carboxylic
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oxygen, the binding is called monodentate. In the case of bidentate interactions, both
carboxylic oxygens coordinate to the same metal. If the amino acid is coordinated to two
different metals using both oxygens, it represents a bridging ligand (Figure 1.4). In
certain cases, a water molecule can act as a bridging ligand or mediate the interaction

between metal and ligand.

o M P

O i A
A A

Monodentate  Bidentate Bridging

Figure 1.4. Metal coordination modes of carboxylate ligands. The metal ion is

depicted as a grey sphere.

1.3.3. Metal coordination in proteins: metal aspects

The stability of transition metal-ligand complexes depends on the metal identity
and can be predicted using the Irving-Williams series. This empirical rule refers to the
rate of water exchange to any other ligand. The Irving-Williams series proposes that the
stability of metal-ligand complexes increases across the period for divalent transition
metals:

Mn(11) < Fe(Il) < Co(ll) < Ni(ll) < Cu(ll) > Zn(l1).
Most protein-metal complexes follow this trend which suggests that excess

concentrations of zinc or copper can outcompete the cognate metal for the binding to
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the metal-coordinating site. To ensure the specific metal binding and to guide the metal
selectivity of protein, the metal-binding sites require fine-tuning with greater degree of
flexibility.38-40

The coordination geometry is another factor that needs to be considered while
describing or designing metal-binding sites. Coordination geometry defines the number
and orientation of ligands around the metal and provides stability to the ligand-metal
complex. The success of the metalloprotein design is majorly impacted by the structural
features responsible for correct metal site geometry and function. To prevent
mismetallation and to increase the possibility of specific metal coordination, the metal-
binding site needs to be elaborately engineered to reduce the probability of obtaining
multiple geometries. The orientation of ligands around metal ion is defined by the nature
of this ion.*1 42 To assist with the prediction of the metal-binding site organization, many
software and databases were developed based on the structural analysis of known
metalloproteins.*3-4¢ Thus, the alkali metal ions as Na* and K* form preferentially six-
coordinate octahedral complexes, but distorted tetrahedral with four ligands and
bipyramidal with five ligands were described for sodium, while eight-coordinate
complexes were identified for potassium ion.#”-*° Calcium and magnesium, the alkaline-
earth metals, are preferentially coordinated by oxygen-containing ligands in octahedral
arrangement (typically, six ligands).%° The calcium-binding motif, EF-hand, is found in
many natural calcium-binding proteins and coordinates metal in pentagonal bipyramidal
geometry by providing seven ligands.>! The structure of the EF-hand will be discussed
in detail in Chapter 4 as well as our work on redesigning the metal selectivity of this

motif. Metals of the rare earth metal group (yttrium (1) and lanthanides) possess the
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oxidation state of +3 and show tendencies in ligand binding similar to those of calcium.
In fact, these metals can efficiently coordinate to calcium-binding sites.5?>* Rare earth
metals can exist in complexes with an array of different coordination numbers of up to 9
within the inner sphere, which provides many opportunities for the design of efficient
binders.55-57 Metal coordination geometries adopted by the most common transition

metal cofactors found in proteins are summarized in Table 1.2.

Table 1.2. Coordination geometries observed for selected transition metals found
in metalloproteins. The number of ligands is specified in parentheses and the most

common geometry is in bold.

Metal  Coordination geometry (number of ligands)

Mn?2* Square pyramidal (5), octahedral (6)8%°

Fe?* tetrahedral (4), trigonal bipyramidal (5), octahedral (6) 852
Fe®* tetrahedral (4), trigonal bipyramidal (5), octahedral (6)5- 63 ¢4
Co? tetrahedral (4), square pyramidal (5), octahedral (6)°¢7

Ni#*  square planar (4), square pyramidal (), octahedral (6)°*"
Cu* Linear (2), trigonal planar (3), or tetrahedral (4)° 172

Cu? Square planar (4), square pyramidal (5), octahedral (6)*° "> 73

Zn?* Tetrahedral (4), trigonal bipyramidal (5), square pyramidal (5), octahedral (6)8 5% 74

The investigation of protein-metal interactions helps us to predict the locations of
metal-binding sites and elucidate enzymatic mechanisms of different reactions. The
design of new metalloproteins is a challenge that puts our knowledge of how
metalloproteins work to test and allows us to reveal previously unknown structural

features that may be missing from studies of native metalloproteins and their variants.
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Besides the theoretical importance, protein engineering can result in new

metalloenzymes for various real-life applications.

1.4. Methods in protein engineering and design of metalloproteins

Protein engineering has become a versatile tool for the exploration of natural
enzymes and the development of new catalysts. It implies the modification of a protein’s
amino acid sequence to reorganize the structure and alter its function. Many successful
examples have been reported where natural proteins were modified to obtain an
improved or a new function.”: 76 In metalloproteins, this task becomes even more
challenging as, besides the proper protein fold, the productive positioning of the metal is
required. Redesign of natural proteins is a good strategy to obtain proteins with
improved functions but the development of proteins with new functionalities might be
negatively impacted by the prearrangement of active sites. De novo protein design is a
field of protein engineering that explores the design of new amino acid sequences from
scratch with predetermined properties such as structure and function.”” 78 Many
productive examples of de novo designed proteins demonstrate the advances in our
understanding of protein folding with progress in the design of metal-binding proteins.
With the development of computational and molecular biology tools, multiple methods
have been adopted and successfully used for protein engineering. Rational protein
design and directed evolution are the two main approaches that helped to achieve
significant breakthroughs in protein design. The combination of these approaches
allows to overcome the limitations of the specific method and improve the efficiency of

protein engineering efforts.
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1.4.1. Rational design

Rational protein design relies on the advanced understanding of protein folding’®
80 as well as the structure and function relationship. The advances in our understanding
of kinetics and thermodynamics of protein folding, as well as the principles of protein
structure organization, resulted in the development of computational tools. These
methods use complex calculations that allow us to predict the effect of a specific
mutation in a certain scaffold or to design a protein from scratch. The evolution of
natural proteins can be performed using rational design where the researchers would
utilize their knowledge of known protein structure-function relationships to incorporate
specific changes in a natural scaffold. Another important use of such tools is the design
of de novo proteins. De novo proteins are molecules that were engineered artificially
and are not found in Nature.®! The design of proteins from scratch tests our
understanding of protein structural organization and allows us to explore the new
functionalities of these molecules. The development of computational programs that aid
with protein design requires large sets of information obtained from the investigation of
natural proteins.

The process of natural enzyme engineering starts with the analysis of its
structure obtained using crystallography or NMR spectroscopy. For proteins the
structures of which are not available, the models can be designed using template-based
or template-independent modeling.8284 In template-based modeling, or homology
modeling, the previously determined structure of a related protein is used to model the
unknown structure of the target, while template-independent modeling requires

specialized software that applies physics-based energy functions to model protein
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structure. After the initial analysis is performed, the computational tools are used to
predict the positions and identity of potentially productive mutations to achieve a desired
characteristic. The library of designed variants needs to be screened in the functional
assay that allows for identification of proteins with improved activity. Quantum
mechanics calculations, molecular dynamics experiments and deep learning have been
successfully used for the design of novel proteins.8-8°

One of the simple approaches to rational protein design, the minimalist approach,
relies on our understanding of protein structure and function. The minimalist approach
simplifies catalysts to small functional units by examining the structure of the target
protein and transferring those units into a small, designed scaffold or by introducing
them into an existing protein. A great example of the successful application of the
minimalist approach is the design of AlleyCat, an allosterically regulated catalyst.
AlleyCat is a 74-residue C-terminal domain of calmodulin, a calcium-binding non-
enzymatic protein, which was evolved into a Kemp eliminase using the minimalist
approach and rational design.®® Kemp elimination is a simple unnatural reaction of
proton abstraction from the benzisoxazole ring by a base that results in substrate ring
opening and color change of the reaction.®* From the minimalist point of view, the
catalyst for this reaction requires a base placed in the hydrophobic environment. The
elegant design of this protein takes advantage of the protein structural rearrangement
upon calcium binding, resulting in the creation of the hydrophobic pocket that will
function as an active site. The computational methods were used to predict the best
position and the identity of the active residue in the hydrophobic pocket of calmodulin to

obtain the desired function.
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The introduction of metal-binding sites in proteins requires the understanding of
the coordination sphere arrangement and the role of the outer coordination sphere
environment. Yi Lu and coworkers performed a successful introduction of a new metal-
binding site into a natural protein. In their work, they have converted oxygen-binding
protein myoglobin into a heme-copper oxidase and nitric oxide reductase.®? %3
Myoglobin is a non-enzymatic heme-containing protein that participates in oxygen
transport and storage.?’” Myoglobin is a popular scaffold for protein engineering due to
its stability during recombinant protein production, its structure is well-known, and a
heme group presents many opportunities for activity manipulation. Heme-copper
oxidases are metalloenzymes that contain a heme and Cus dinuclear center and
catalyze the reduction of molecular oxygen to water, which is linked to proton transfer
across the cytoplasmic or mitochondrial membranes.®* Nitric oxide reductase (NOR)
participates in the denitrification pathway of anaerobic bacteria that is responsible for
the two-electron reduction of NO to N20. The active site of NOR consists of heme and a
nonheme Feg center. Using structural comparison and computer modeling, researchers
identified the best positions to introduce copper-binding or iron-binding sites into
myoglobin. The binding site in both cases consists of three histidine residues that
coordinate to copper or iron through the nitrogen atoms of the side chains with another
glutamate residue for iron binding.

Rational design has been successfully used for the design of de novo
metalloproteins. DeGrado and co-workers were able to create a family of antiparallel
four-stranded coiled coils called Due Ferri (DF proteins) with the replication of the first

and second metal coordination spheres observed in the non-heme diiron/dimanganese
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enzymes such as manganese catalase, ribonucleotide reductase, methane
monooxygenase, toluene oxygenase, desaturases, and ferroxidases.®® The metal
binding site was reconstructed and placed into a four-helix bundle that resembles the
active domain of mentioned enzymes. Proteins of DF family show a wide range of
enzymatic activities that are observed in natural proteins such as the radical
stabilization, N-hydroxylation of arylamines, oxygen reduction to generate peroxide,
oxidation of 4-aminophenol, which allowed to use these designs as model proteins to
study the mechanisms of multiple reactions.?6-11 This work is an excellent example of
de novo protein design through the applications of retrostructural analysis, rational
design and computational design.6: 97, 102, 103

Many other examples of metalloprotein design have been reported and
summarized elsewhere.”® 104105 Computational methods have been successfully used
to create new artificial metalloproteins with specific activities and to engineer new
functionalities into existing proteins. The major limitations of this approach are the
necessity of protein structural information and the knowledge about the structure-

function relationship which are not available for the majority of proteins.

1.4.2. Directed evolution

Directed evolution approach unites a set of molecular biology techniques which
allow scientists to mimic protein evolution in the laboratory.6. 107 The strategy generally
involves the mutagenesis or recombinaiton of a starting gene with further screening to
isolate new variants with improvements in specific properties and the selected improved

genes can be subjected to another round of evolution. Directed evolution allows to
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create new protein sequences without using prior structural information as this method
relies on the random process for DNA sequence modification. As high-quality structural
information is not available for many proteins, it is challenging to predict the positions of
productive mutations in such proteins. The solution comes in form of directed evolution,
where large libraries of random mutants are created and the effect of those mutations
on protein’s function is tested.

Mutagenesis is performed using molecular biology tools inspired by Nature.
Error-prone PCR (epPCR) is the most commonly used technique that allows to
introduce random point mutations in DNA products.'%® The mutations in the sequence
occur when Taq polymerase, the enzyme that promotes DNA polymerization, is
subjected to imperfect reaction conditions, which, together with the absence of
proofreading activity in this enzyme, lead to the introduction of many mutations.% In
order to find a productive mutation, large libraries of random mutants are created and
selected based on the desired activity. For this, proteins need to be produced in the
effective host (usually strains of bacteria E. coli) and tested in a high-throughput assay.
The further identification of mutations that result in evolved proteins is performed using
DNA sequencing techniques. DNA shuffling techniques or in vitro recombination allow
to create new DNA sequences based on the fragments of the template genes.*' The
beneficial mutations identified during random mutagenesis can be rapidly combined to
expand the sequence diversity derived from a small library of homologous genes. Other
techniques based on PCR product staggering and DNA recombination have been
developed and successfully used to achieve the improvement in protein’s function.*'!

The process of directed evolution is rather laborious as it requires many iterations with
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high-throughput screening until the desired changes are obtained or until no further
improvement can be achieved. Nonetheless, directed evolution has been successfully
used to produce metalloproteins with improved functions.

Metalloprotein design is often challenging as the proper metal and substrate
positioning in the protein need to be ensured. Heme-containing proteins have been
extensively used for metalloprotein redesign efforts. These proteins present a diverse
group of natural catalysts that are involved in many processes from oxidation to small-
molecule and electron transfer.1*> Heme cofactor in diverse coordination environments
provides a wide range of catalytic and non-catalytic activities. Cytochrome P450
enzymes (CYPs) are a group of heme-containing enzymes that utilize molecular oxygen
for the oxidative insertion of one oxygen atom into an organic substrate and require the
reducing agent for their function. As CYPs are membrane-bound enzymes and are not
stable in the solution, the soluble cytochrome P450 BM3 fusion is usually used for
protein design efforts. In this protein, a diflavin-containing reductase (BM3) is fused to a
heme-containing P450 domain in a single polypeptide chain which allows the
cytochrome to receive the reducing equivalents effectively.''® Cytochrome P540
enzymes catalyze a variety of reactions, including the hydroxylation of long-chain fatty
acids, although, the wild-type enzyme is not efficient in recognizing short-chain alkanes.
The classic example of metalloprotein engineering is the work led by Dr. Frances
Arnold, who received a Nobel Prize in Chemistry in 2018 for her contribution to the field
of protein design. Inspired by the functional flexibility of natural cytochrome P450
monooxygenases, the group succeeded in improving enzyme’s activity on short-chain

alkanes and repurposed the enzymes from classic oxidation to carbon-carbon bond
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forming reactions, cyclopropanation, carbene C-H insertions using directed evolution.'#
118 Cytochrome p450 is overall a popular scaffold for protein engineering.9 120

Directed evolution has been also used to enhance the stability of carbonic
anhydrase, a Zn-dependent natural enzyme that promotes reversible hydration of
carbon dioxide to produce bicarbonate and a proton. This enzyme can become a
valuable tool for capturing CO2 from the atmosphere after the improvement of its
thermal and solvent stability.*? Human carbonic anhydrase Il is the most efficient
natural enzyme known with the catalytic efficiency close to the diffusion limit. Besides its
main function in CO2 hydration, this enzyme also exhibits promiscuous esterase activity.
Using epPCR, Gould and Tawfik were able to adapt the active site for bulkier substrates
as nonactivated esters.'??

Directed evolution is an effective method for the enhancement of protein
properties such as substate binding or specificity, as well as catalytic activity, although it
is not as efficient when the metal-binding site needs to be introduced into the protein.
The engineering of metal-binding sites or the modification of metal selectivity are
challenging tasks that in many cases cannot be achieved using solely directed evolution
methods and usually are combined with computational calculations and rational design.
Also, as directed evolution relies on the sampling of large combinatorial libraries, this

method requires laborious and time-consuming high-throughput screening.

1.4.3. Semi-rational design
Directed evolution is a productive technique for protein design but often requires

many rounds of experiments to achieve a significant result. To improve the efficiency of
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this method, scientists have been working to develop methods of guided evolution that
would allow to identify promising regions and focus on them, instead of performing
evolution on the whole protein sequence. Semi-rational design approach aids in the
identification of promising target sites as well as the amino acid diversity for those
positions. These methods utilize information about protein sequence, structure and
function, in combination with computational predictive algorithms for protein
engineering. Thus, semi-rational design is the application of rational design methods to
limit the number of variants for the directed evolution.

In recent times, machine learning has been employed to identify the “hot spots”,
the positions for potentially productive mutations, important for protein function.23 124
Machine-learning programs learn from examples of protein sequences and the
respective functional measurements of the proteins available in the database. After the
selection of the appropriate model, the algorithm needs to be trained to recognize the
patterns. Finally, after extensive rounds of calculations, the theoretical data needs to be
verified in the actual experiment. A great review by Andreini and Rosato discusses the
reported strategies and tools developed based on deep learning.'?® Machine learning is
a promising method for guided directed evolution but, because of the current limitations
in protein structure-function relationship information available for learning, cannot be
used to its full potential.

Semi-rational approach was used by Lippow et. al. to modify the specificity of
galactose 6-oxidase and generate a novel enzyme for use in a proposed biosynthetic
pathway for D-glucaric acid.'?® Galactose 6-oxidase is a mononuclear copper enzyme

that catalyzes the oxidation of primary alcohols, including glucose. The favorable
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positions and amino acid substitutions were predicted by computational design using
Rosetta suit and incorporated using site-directed mutagenesis. The docking of
galactose into the protein’s active site induced conformational change and allowed to
identify positions for productive mutations among the metal’s second coordination
sphere, the amino acid residues used to stabilize metal-coordinating ligands.

Rui et al. performed computational modeling of non-heme enzymes and
identified the positions for further directed evolution.*?” They used 4-
hydroxyphenylpyruvate dioxygenase from Streptomyces avermitilis (Sav HppD), a non-
heme iron(ll)-containing enzyme that catalyzes the second reaction in the catabolism of
tyrosine, as a scaffold for computational modeling and identified positions for
optimization of protein to perform enantioselective azide transfer. All identified positions
were located in the active site and in the proximity of the iron metal.

Semi-rational protein design combines multiple approaches to facilitate more
productive protein engineering. Computational methods allow to narrow down the
number of possible variants produced for screening and directed evolution techniques
help to test multiple options at specific positions. Even though multiple successful
examples of semi-rational protein engineering have been reported, all those methods
heavily rely on the availability of protein structural and functional information, which
poses a limitation for this method. Thus, the development of new methods that could
allow to predict the positions for productive mutations are in demand. Chapter 3 will
discuss the development of a new method that allows to use NMR to predict the

positions for productive mutations in the target proteins.
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Chapter 2. The origins of tight metal binding to UFsc, a de novo designed protein

that has extraordinary affinity for metal ions

Work from this chapter has led to the following publications:

Kulesha, A.; Yoon, J. H.; Chester, C.; D'Souza, A.; Costeas, C.; Makhlynets, O. V.
Contributions of primary coordination ligands and importance of outer sphere
interactions in UFsc, a de novo designed protein with high affinity for metal ions. J.
Inorg. Biochem. 2020, 212, 111224. — Text, figures, tables and schemes from this

publication were reproduced with the permission from Elsevier Inc., copyright 2020.

Yoon, J. H."; Kulesha, A. V."; Lengyel-Zhand, Z.; Volkov, A. N.; Rempillo, J. J.;
D'Souza, A.; Costeas, C.; Chester, C.; Caselle, E. R.; Makhlynets, O. V. Uno Ferro, a
de novo designed protein, binds transition metals with high affinity and stabilizes
semiquinone radical anion. Chemistry 2019, 25 (67), 15252-15256. — A.K. performed

isothermal titration calorimetry determination of protein-metal binding parameters.

Abstract. De novo protein design has been successfully applied for the development of
artificial proteins that mimic the properties of natural metalloenzymes. The introduction
of one mutation in the metal-binding site and four mutations in the channel leading to
the active site allowed us to create 4G-UFsc, a single-metal binding protein with the
highest zinc affinity reported to date for designed proteins that do not contain cysteines.
In this work, we have shown that metal binding is sensitive to even minor changes in the
coordination environment and can be manipulated into binding of various transition
metals. Using site-directed mutagenesis, we have also established the location of

metal-binding site in UFsc after the disruption of the symmetrical binding site of DFsc.
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2.1. Introduction

Metalloenzymes are important in all aspects of physiology as they facilitate many
biochemical reactions important for the survival and operation of living organisms. Even
with the limited set of available metal ions and proteinogenic amino acids suitable for
metal coordination, a diverge range of functions and activities is observed. ¢ This
suggests that the formation of the protein-metal complex leads to the specific
arrangement of the active site which facilitates the specific function. Many natural
enzymes have been studied to better understand the relationship between the structure
of the metal-binding site and the protein’s activity. The characterization of natural
proteins brings a lot of challenges with protein isolation, purification and analysis due to
the large size of molecules, their often poor stability under in vitro conditions and overall
complexity. Protein engineering can be applied to simplify the analysis process by
transferring the active site from a natural protein to a smaller scaffold. De novo protein
design not only provides a great opportunity to explore protein functions in small well-
controlled scaffolds but also tests our understanding of the protein structure and
principles of protein design.

One of the best examples of de novo designed proteins created to mimic the
properties of naturally existing enzymes is DFsc, single-chain Due Ferri. This protein
was designed to model the active site of non-heme diiron/dimanganese enzymes such
as manganese catalase, ribonucleotide reductase, methane monooxygenase, toluene
oxygenase, desaturases, and ferroxidases.’!! These metalloproteins tend to differ in
size and folding; however, they all share a similar structure of the active site which

consists of a Glu-Xxx-Xxx-His motif inserted in a four-helix bundle. DeGrado and co-

42



workers created a family of antiparallel four-stranded coiled coils with the replication of
the first and second metal coordination spheres observed in the aforementioned
enzymes through the applications of retrostructural analysis, rational design and
computational design.??*> They successfully created the initial designs (DF1, a
homodimer of helix-loop-helix motifs, and DFtet, a heterotetrameric four-helix bundle)
which were shown to catalyze the oxidation of 4-aminophenol by dioxygen. Due to the
modular composition, it was challenging to correlate the activity of the assembled
metalloprotein with the structure of its active site.

A 114-residue protein, DFsc, was created using the helical backbone of DFtet as
a template to facilitate further structural analysis of the protein (Figure 2.1). The metal
binding site of the designed protein includes two histidine (H77 and H107) and four
glutamate (E11, E44, E74 and E104) residues as first-shell ligands which are buried in
the core of the four-helix bundle and stabilized by hydrogen bond interactions with the

second-shell ligands (D72, D102, Y18 and Y51).

Figure 2.1. DFsc is a four-helix bundle with a divalent metal binding site (left). The
metal binding site consists of two histidine and four glutamic acid residues (right).

Images generated based on the protein NMR structure (PDB ID 2HZ8).
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Most DF designs consist of multiple peptides that are later assembled in the four-
helix bundle. The modular composition makes it challenging to introduce point
mutations in the active site. Compared to other DF designs, DFsc is a single-chain
protein suitable for the introduction of asymmetric changes in this protein. This made
DFsc a great scaffold for further protein engineering'® and opened a possibility for
directed evolution. DFsc is also a stable and highly soluble protein that binds divalent
metals with 2:1 stoichiometry and can be expressed in bacterial cells allowing for easy
manipulation.

As part of our investigation of the role of metal in radical stabilization by DFsc, we
have created a series of mutants with one metal-binding site. To evaluate the activity of
the one-metal-binding protein, we have mutated a bridging ligand Glu104 to histidine
which resulted in UFsc, Uno Ferro, a protein with a single metal-binding site. UFsc was
used as a scaffold to create 4G-UFsc by introducing four mutations (A10G, A14G,
A43G and A47G) to open the channel that leads to the active site for easier substrate
access (Figure 2.2). The elimination of the bridging ligand and the widening of the
channel leading to the active site could have a major impact on the metal-binding affinity
of the designed proteins. We have analyzed the affinity of the designed proteins for
selected transition metals, as well as established the location of the single-metal-binding
site. UFsc showed a remarkable affinity to divalent transition metals with the picomolar
affinity to zinc (I). To evaluate the contributions of the residues in the metal coordination
sphere to metal binding, we have created a library of UFsc mutants and measured their
metal-binding affinity using isothermal titration calorimetry and competition titrations with

fluorescent dye Mag-Fura 2. Our results show that metal binding in UFsc is sensitive to
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even minor changes in the coordination environment and that the metal-coordination

sphere can be adapted to binding of different transition metals. The results of this work

will guide future efforts in metalloprotein design.

Figure 2.2. UFsc and 4G-UFsc were created by introducing E104H mutation in the
metal binding site (right). 4G-UFsc has wider channel (left) due to additional alanine-
to-glycine mutations (DFsc PDB ID 2HZ8 was used as scaffold for mutagenesis using

PyMol)
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2.2. Results and Discussion
2.2.1 Design and characterization of metal affinity of UFsc, a single-metal binding
protein

DFsc, Due Ferri single chain, is a model protein that mimics the structure of the
metal-binding site found in many natural diiron/dimanganese proteins. DFsc was
created by placing a Glu-Xxx-Xxx-His motif inside the hydrophobic four-helix bundle
using retrostructural analysis, rational design and computational methods. As this
protein was intended to model natural enzymes, it showed affinity to many divalent
metals as well as diverse activities.

Natural enzymes efficiently utilize organic radicals for catalysis. Even though
radicals are highly reactive species and can be harmful to biological molecules, proteins
have evolved to control and, stabilize radicals to perform multiple functions. Radical
stabilization by proteins is a well-documented strategy, however, the mechanisms
underlying this stabilization are poorly understood.'’-*® DFsc mimics the active site of
natural metalloproteins that can generate organic radicals and present a great model for
further studies. It has been shown previously that zinc (II)-bound DFsc derivatives can
stabilize the semiquinone radical anion, the one-electron oxidized intermediate in the
redox triad 3,5-di-tert-butylcatechol/semigquinone/o-benzoquinone (QH2/SQ+/Q).%°
Intrigued by the importance of the metal in radical stabilization, we set out to explore the
role of metal in radical stabilization by model systems and also test the necessity of two
metal ions for this process. As part of our investigation of radical production by DFsc,
we have converted this two-metal-binding protein, into UFsc, a single metal-binding

protein.
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The metal-binding site in DFsc possesses high symmetry and can accommodate
two metal ions. Two metal-binding sites are linked with two bridging oxygen-containing
ligands E104 and E74 (Figure 2.3 A). The introduction of a E104H mutation resulted in
the elimination of one metal-binding site as confirmed by cobalt titration (Figure 2.3 D).
Histidine is a nitrogen-containing monodentate ligand, meaning it can coordinate to only

one metal. Given that histidine can exist in two tautomeric forms, it is hard to predict the

position of the metal-binding site (Figure 2.3 B).

A DFsc metal-coordination center B UFsc metal-coordination center
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Figure 2.3. Metal binding sites of DFsc (A) and UFsc (B). Cobalt titration experiment
showing the metal-to-protein ratio in DFsc (C) and UFsc (D). The 130 uM DFsc (C) and
150 uM UFsc (D) were titrated with aliquots of 1 mM cobalt (Il) chloride solution. The

solutions were prepared in 25 mM HEPES (pH 7.6), 100 mM NaCl and incubated at 25

°C.

47



The introduction of four mutations in the channel leading to the active site has
been shown to improve substrate binding in DF proteins.'® 2 We have introduced
Al10G, Al14G, A43G and A47G mutations to facilitate substrate access in our radical
stabilization studies (Figure 2.4). As the introduction of a mutation in the metal
coordination sphere and in the region leading to the metal-binding site can have a
drastic effect on the affinity to selected metals, we evaluated the effect of introduced

mutations on metal binding to DFsc.

4G-UFsc

Figure 2.4. The introduction of four Ala-to-Gly mutations widens the channel

leading to the active site (PDB 2HZ8 was used as a scaffold for mutagenesis).

Several methods, such as equilibrium dialysis, spectroscopic assays, competition
titration and isothermal titration calorimetry, have been used to study the metal affinity of
different proteins.??-?6 Isothermal titration calorimetry (ITC) has become a versatile tool
in protein analysis due to the direct label-free measurement of the enthalpy change for a
reaction and the ability to provide thermodynamic parameters from a single experiment.

This method also allows us to determine the stoichiometric ratio of molecules to ligands
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(number of binding sites), dissociation constant (Kd) and the change in enthalpy upon
molecule-ligand binding. As ITC measures the change in heat upon molecule
interaction, it is important to ensure low metal binding to the components of the buffer.
For this purpose, we performed all experiments in HEPES buffer which was shown to
have a negligible metal affinity.?” The ITC analysis confirmed the presence of only one
metal-binding site in UFsc. We have also observed the improved binding to nickel (l1)

and zinc (Il) metal ions (Table 2.1).

Table 2.1. Dissociation constants (in nM) determined by ITC for metal complexes of DF

family proteins.

Ni2* Co?* Mn?2* Zn%t
Ka 2,090 + 230 56 + 3 197 + 37 109 + 34
DF
¢ Ke  10400+1400  133+10 228 + 37 213 + 14
UFsc 112 + 28 269 + 116 173 + 56 0.076 + 0.013 [
4G-UFsc 220 + 37 67 +4 9250 +520  0.030 +0.004 [

[a] Dissociation constant determined by ITC competition experiments with triethylenetetramine (TETA).

Zinc (II) complexes are expected to have high stability following the Irving-
Williams series. This implies high protein-metal affinity which might be hard to
determine using traditional methods. At the same time, zinc ions are unstable at
physiological pH and tend to precipitate even in slightly basic buffers. To overcome both
limitations, we have tested a few potential zinc chelators. The main idea is that the zinc-

chelator complex will be stable under the reaction conditions and, as protein is expected
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to have a high affinity to zinc, we could determine the thermodynamic parameters of
metal binding from the competition experiment. Triethylenetetramine (TETA) is an
organic molecule and a copper chelator used in the treatment of Wilson's disease.?®
The structure of TETA contains four nitrogen atoms, which allows this molecule to

coordinate to other transition metals, such as zinc (ll) (Figure 2.5 A and B).
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Figure 2.5. A. The structure of triethylenetetramine (TETA). The potential ligands for

metal coordination are highlighted in blue. B. Proposed coordination configuration in

TETA-zinc (Il) complex. C and D. Baseline- and offset-corrected ITC titration curve and

binding isotherm, respectively, for the titration of 200 uM zinc (Il) with 2 mM TETA at pH

7.6. The dissociation constant for the TETA-zinc (II) complex was used for further
determination of protein-zinc (II) dissociation constants in competition titration

experiments.
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Zinc binding by TETA was characterized using ITC and showed that the chelator
binds metal with nanomolar affinity (number of binding sites — 0.777 £ 0.005, Ka =173 +
65 nM, AH = 3.57 + 0.06 kcal/mol). TETA presented a great candidate for the chelator
as (1) it binds metal with 1:1 stoichiometry, (2) it forms a soluble complex with zinc ions
and (3) it binds zinc with high affinity. To determine the affinity of UFsc to zinc (ll), the
zinc (I)-TETA complex was titrated with small aliquots of the protein. As the protein had
a higher affinity to metal, it was able to pull out metal ions from its complex with a
chelator and this reaction was monitored using ITC. In the competition experiment with
TETA, UFsc showed remarkable affinity to zinc (ll) ion with a Ka of 76 pM. The widening
of the channel leading to the metal-binding site resulted in the improvement of the
affinity to zinc and lowered the K4 to 30 pM (Table 2.1). Such tight metal binding is
unprecedented for de novo designed proteins, the metal coordination spheres of which
do not contain cysteine residues.?% 0

Isothermal titration calorimetry is a method sensitive to even minor changes in
the reaction mixture and the competition experiments introduce a lot of complexity. As
the protein’s affinity to zinc (lI) was measured to be extraordinarily high, we decided to
confirm the results obtained by ITC competition titration using another method. The
competition titration with the fluorescent dye Mag-Fura 2 is a simple absorbance-based
titration experiment that allows for the determination of dissociation constants. Upon
addition of zinc (Il) metal, the decrease in the dye’s absorbance at 366 nm can be
observed and correlated to the concentration of dye-metal complex. The data is later
analyzed using the competition titration model, where the protein and the dye compete

for the metal ion in the solution, assuming a 1:1 ratio for each complex. The dissociation
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constant for 4G-UFsc and zinc (II) was measured to be 37.1 £ 19.3 pM in the
competition titration experiment with the dye (Figure 2.6), while the K¢ measured by ITC
was 30.0 £ 4.0 pM. These results show the reliability of results obtained using the
developed in our lab ITC competition method. The affinity to zinc (Il) metal to all mutants

produced in this work was quantified using both methods.
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Figure 2.6. Competition titration of 4G-UFsc and Mag-Fura 2 with ZnClz. (A)
Absorbance spectra of Mag-Fura 2 (18.7 yM) and 4G-UFsc (10.1 uM) titrated with
ZnClz. The coordination of metal reduces absorbance intensity of the dye at 366 nm. (B)
Absorbance at 366 nm as a function of metal concentration was fit using DYNAFIT to

determine dissociation constant of zinc (I1)-4G-UFsc complex.

2.2.2 The importance of His77 for metal binding by 4G-UFsc

The metal coordination site of DFsc consists of two bridging residues (Glu), two
oxygen-containing monodentate ligands (Glu) and two nitrogen-containing ligands (His).
The substitution of the bridging Glu104 to a monodentate His ligand resulted in the

elimination of one binding site but also improved affinity to transition metals. To
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characterize protein-metal binding, we have created a set of mutants with substitutions
at each position in the metal coordination sphere and measured their affinity to different
transition metals.

To evaluate the importance of nitrogen-containing ligands, we have substituted
His77 and His107 with glutamine. Originally, DFsc was meticulously designed to assure
proper folding of the four-helix bundle where second shell interactions aided structure
stabilization.® 3t H77 and H107 inside the hydrophobic core required proper positioning
and the introduction of D73 and D103 stabilized H77 and H107 through the hydrogen

bonding (Figure 2.7).

- Glud4d
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@ His104 J
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lull

=

His77

Figure 2.75. The structure of UFsc metal binding site. D73 and D103 (shown in
green) provide stabilization and ensure proper orientation of H77 and H107,
respectively. The grey spheres represent the locations of possible metal-binding sites in

UFsc. The figure was prepared using PDB 2HZ8 as a scaffold.

As the introduction of more hydrophobic residues at positions 77 and 107 would
require additional changes to ensure the stability of the four-helix bundle, glutamine
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presented a great compromise, allowing to retain the size of the metal coordination
sphere, remove the preferred ligand for metal coordination but to provide proper
interactions for structure stabilization. First, we have tested the impact of the introduced
mutations on the protein structure (Figure 2.8). To evaluate the changes in the structure
of tested proteins, we have used circular dichroism (CD) spectroscopy, a method that
allows us to evaluate the protein’s secondary structure and monitor protein folding.3?
DFsc proteins are four-helix bundles and are expected to show prominent helical
structures. The CD traces for both mutants showed minor deviations from those of 4G-
UFsc confirming that introduced substitutions had little to no effect on protein structure.

Similar to the original protein, mutants undergo metal-induced folding observed as the

increased helicity upon metal binding.
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Figure 2.8. CD spectroscopy analysis of 4G-UFsc H107Q (A) and H77Q (B)
showed that the mutation did not influence the degree of protein helicity. Proteins
were analyzed at 20 uM in 5 mM HEPES, 20 mM NaCl (pH 7.6). Protein-metal complex
was prepared by mixing 20 uM protein with 200 uM zinc (1) chloride.
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The analysis of the divalent metal affinity of 4G-UFsc H107Q and H77Q provided

deeper insight into the localization of the single metal-binding site. H77Q mutant

showed no binding to manganese (Il) or cobalt (1) and the affinity to nickel (Il) reduced

drastically indicating the importance of His77 for metal binding (Table 2.2, Figures S 4

and S 5).

Table 2.2. Thermodynamic parameters of divalent metal binding to 4G-UFsc H107Q

and H77Q mutants determined by ITC.

Metal Parameters 4G-UFsc 4G-UFsc H107Q 4G-UFsc H77Q
Mn (1) N 0.959 + 0.005 No binding No binding
Kd, nM 9,250 + 521
AH, kcal/mol -2.57 £ 0.02
Co(l) N 0.836 + 0.001 0.559 + 0.002 No binding
Kd, nM 67 +4 6.12 +4.19
AH, kcal/mol  -9.21 +0.02 -7.68 + 0.06
Ni(ll) N 0.763 £ 0.004 0.775+0.013
Kd, nM 220 + 37 8,240 £ 1,260 > 100 pM
AH, kcal/mol -7.61 £ 0.08 -3.65+0.12
Zn () N 0.817 + 0.000 1.060 + 0.003
Kd, nM 0.030 £ 0.004 0.201 £ 0.025 N/A
AH, kcal/mol  -12.00 + 0.10 -10.70 £ 0.12

The H77Q mutant showed binding to zinc (Il) ion, although its affinity was the

lowest among all tested mutants. The affinity to zinc was measured in the competition

experiment where the protein was extracting metal from zinc (II)-TETA complex. In the
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case of the H77Q mutant, the protein could not effectively bind the metal, suggesting
that its affinity to zinc (ll) is lower than that of the chelator (lower than 173 nM). These
results suggest the importance of H77 for metal binding in 4G-UFsc.

On the other hand, H107Q substitution improved cobalt (1) binding by decreasing
the dissociation constant about 10 times (67 nM vs 6.12 nM). Interestingly, this
interaction is also characterized by different stoichiometry: one metal ion links two

protein molecules (Figure 2.9). This effect is surprising and needs further investigation.
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Figure 2.9. ITC traces for the titration of HL07Q (A) and H77Q (C) with cobalt (1)
and the binding isotherms (B and D, respectively) used for the derivation of
thermodynamic parameters. The titrations were performed in 25 mM HEPES, 100 mM

NaCl, pH 7.6 at 25 °C.
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Overall, the mutation at position 77 significantly reduced protein’s affinity to
divalent metals, thus we hypothesized that it was one of the crucial residues in the 4G-
UFsc binding site. The alteration at position 107 had an ambiguous effect on metal

binding, probably due to the changes in protein folding.

2.2.3. Alteration of the bridging Glu74 leads to the decrease in metal binding affinity

The active site of the original DFsc is symmetrical, thus a mutation in the bridging
residue which facilitated the creation of UFsc can favor the formation of a single metal-
binding site at either position. We have created a set of mutants at position 74, another
bidentate ligand in DFsc, to explore the importance of oxygen-containing ligands at that
position.

The bridging ligand Glu74 in the original DFsc is coordinated to both metal ions.
The mutations at this position will not provide us with the information about the location
of the binding site but can shed some light on the role of oxygen-containing ligand in the
metal affinity. The introduction of the E74D mutation allowed us to increase the size of
the coordination sphere. The E74Q mutation resulted in the removal of charge from the
metal-coordinating ligand and Glu-to-His substitution probes the importance of the
oxygen-containing ligand at this position (Figure 2.10).

First, we were interested in the effect introduced changes have on the structure
of 4G-UFsc. All mutants were analyzed using CD spectroscopy to examine the degree
of protein folding (Figure 2.11). 4G-UFsc E74Q and E74H mutants showed higher
degree of helicity in both apo- and zinc-bound forms compared to the original protein.

For both mutants the ratio of 8222 nm/8208 nm was higher than one suggesting that those
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proteins adopt coiled-coil type of structure regardless of the presence of metal ion.
Unlike all other mutants prepared in this work, E74H did not show metal-induced protein

folding upon addition of zinc (11).
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Increases the size of Removes the charge Substitutes oxygen-
coordination sphere from the ligand containing ligand

Figure 2.10. The mutations introduced at position 74 allowed to test the

importance of the size, charge and identity of this ligand.
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Figure 2.11. CD spectroscopy analysis showed that mutations at the position 74
(A —E74D, B - E74Q, C — E74H) have different effect on protein structure. All
apoprotein spectra were recorded at 20 uM and zinc-bound spectra were recorded at 20
MM protein with 200 uM zinc (Il) chloride concentration in 5 mM HEPES, 20 mM NacCl

(pH 7.6) at room temperature.
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Interestingly, Glu-to-Asp mutation at this position had a negative effect on the
structure of protein leading to lower degree of helicity. This mutation increases the size
of the metal-binding cavity inside the four-helix bundle, which probably results in the
destabilization of the protein core.

Using isothermal titration calorimetry, we have tested the effect of the mutations
at position 74 on the protein-metal binding. As 4G-UFsc showed high zinc affinity, we
have performed competition titrations with zinc (I1)-TETA complex. Zinc (ll) is known for
its high affinity to cysteine (S) and histidine (N) ligands even though it can also adopt a
coordination environment containing glutamate or aspartate residues (O).3 For histidine
at position 74, the dissociation constant increased about 10 times but still remained in

the picomolar range (Table 2.3, Figure 2.12).

Table 2.3. Thermodynamic parameters of zinc binding to E74 mutants determined by
ITC competition titration with triethylenetetramine.

Metal  Parameters 4G-UFsc 4G-UFsc E74D 4G-UFsc E74Q 4G-UFsc E74H

Zn (1) N 0.817 + 0.000 1.050 + 0.007 0.860 + 0.024 0.634 + 0.005
Kd, nM 0.030 + 0.004 4.19+0.25 21.2+3.2 0.281 + 0.063
AH, kcal/mol  -12.00 + 0.10 -6.05+0.12 -0.868 +0.212 -5.05+0.13

As protein showed a high degree of folding in its apo form, E74H mutation leads
to metal-independent prearrangement of the high-affinity metal-binding site. Even
though the dissociation constant increased, it is interesting that the high-affinity site can

be prearranged without extensive structural change. E74D and E74Q mutations had a
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negative effect on zinc binding increasing dissociation constants to the nanomolar

range.
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Figure 2.12. Baseline- and offset-corrected ITC titration curves (A, C, E) and

binding isotherms (B, D, F) for the competition titration of zinc (Il) —

triethylenetetramine (TETA) complex with Glu74 mutants. The complex of 90 uM
zinc (II) with 200 uM TETA was titrated with: A — 1 mM 4G-UFsc E74D (first injection of
0.4 pL with further 18 injections of 2 pL with the equilibration time of 210 s); C — 1.04
mM 4G-UFsc E74Q (first injection of 0.4 uL with further 18 injections of 2 uL with the
equilibration time of 200 s); E — 1.34 mM 4G-UFsc (first injection of 0.4 yL with further
18 injections of 2 pL with the equilibration time of 210 s) in 25mM HEPES, 100 mM
NaCl (pH 7.6). B, D, F — binding isotherms derived from the integration of A, C and E,

respectively.
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Mutations at position 74 did not show improvement in binding for any of the

tested metals (Tables 2.3 and 2.4). Moreover, some mutations appeared to have a

detrimental effect on metal coordination. Even though manganese prefers oxygen-

containing ligands, both E74D and E74Q mutations led to the loss of metal-binding

affinity, while 4G-UFsc E74H showed improved manganese (Il) binding. Based on the

shape of the isotherm, cobalt (1) binding to 4G-UFsc E74H is accompanied by

significant structural changes which interfere with the proper data analysis (Figures S 1

— S 3). All E74 mutations led to the reduction or complete elimination of divalent ion

affinity confirming an important role of size, charge and number of oxygen ligands

glutamate residue can provide for the metal binding in 4G-UFsc.

Table 2.4. Thermodynamic parameters of divalent metal binding to E74 mutants
determined by ITC.

Metal Parameters 4G-UFsc 4G-UFsc 4G-UFsc 4G-UFsc
E74D E74Q E74H
Mn () N 0.959 + 0.005 No binding No binding 0.742 £ 0.017
Kd, nM 9,250 + 521 43,200 £ 6,410
AH, kcal/mol  -2.57 £ 0.02 4.70+0.32
Co(l) N 0.836 + 0.001 0.809 = 0.005 No binding
Kd, nM 67+t4 880 £ 142 N/A
AH, kcal/mol  -9.21 + 0.02 -3.02 £ 0.04
Ni (1) N 0.763 £ 0.004 0.892 + 0.009 0.762 = 0.009 No binding
Kd, nM 220 £ 37 7,500 £ 691 6,070 = 709
AH, kcal/mol  -7.61 + 0.08 -5.09 £ 0.08 -3.30 £ 0.08

61



2.2.4. Mutations of the non-bridging glutamate ligands have a negative effect on metal

binding

Two non-bridging glutamate residues E44 and E11 of DFsc interact with metals
by providing oxygen ligands for metal coordination. Similar to the histidine residues in
the metal’s first coordination sphere, E44 and E11 need proper positioning for
productive metal binding and form hydrogen bonds with corresponding tyrosine
residues Y18 and Y51 from the second coordination sphere (Figure 2.13.). The
introduction of the glutamate-to-glutamine mutation in UFsc and 4G-UFsc does not alter
the size of the binding pocket but removes the charge from the ligand.

As the active site of the original DFsc protein is symmetrical, a mutation in the
position of the bridging residue (E104H) can lead to the formation of a single metal-
binding site at either position. Previously, we attempted to identify the binding site for
Fe?* using reported signature phenolate to ferric charge transfer transition at 520 nm

between iron (I1) and Tyr51.34 3%

Glull His107

Tyr51

Figure 2.13. The structure of UFsc metal binding site. Y51 and Y18 (shown in
green) provide stabilization and ensure proper orientation of E11 and E44,
respectively. The grey spheres represent the locations of possible metal binding sites

in UFsc. The figure was prepared using PDB 2HZ8 as a scaffold.
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The absence of the expected absorbance peak suggested that iron (I) binds to
the site formed but not limited to E44, H77 and E74.3% To confirm the location of the
metal-binding site, we have also prepared E44L mutant in 4G-UFsc scaffold which
allowed to eliminate metal coordination completely. The introduction of this mutation
required modification to the second coordination shell, thus we also introduced Y18F
substitution to remove the hydrogen bond donor and ensure the stability of the four-hel
bundle.

All mutated proteins showed a higher degree of helicity compared to the original
design with the further metal-induced formation of the coiled-coil structure (Figure 2.14
Interestingly, the double mutant 4G-UFsc E44L/Y18F showed better folding compared
to 4G-UFsc E44Q which might result from the increase in the hydrophobicity of the

metal-binding site.
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Figure 2.14. CD spectroscopy analysis of 4G-UFsc mutants showed an increase
in the degree of helicity upon metal binding. The solution of 20 uM protein in 5 mM
HEPES, 20 mM NaCl (pH 7.6) was used as an apoprotein sample. The metal-bound
form was prepared by addition of 200 uM zinc (Il) chloride.

260

63



Mutations at position 44 had a negative impact on protein-metal binding with the

most detrimental effect on manganese (Il) binding (Table 2.5). Observed effects are

consistent with our conclusion that the higher affinity metal-binding site in 4G-UFsc

includes residue E44. Cobalt (II) and nickel (Il) metal binding events by 4G-UFsc E11Q

mutant were accompanied by some additional exothermic events which made the

obtained isotherms not suitable for the data analysis and the extraction of dissociation

constants (Figure S 7 - S 8).

Table 2.5. Thermodynamic parameters of divalent metal binding to 4G-UFsc E44Q,
E44L/Y18F and E11Q mutants determined by ITC (zinc was tested in the competition

experiment with TETA).

Metal Parameters 4G-UFsc 4G-UFsc E44Q 4G-UFsc 4G-UFsc
E44L/Y18F E11Q

Mn (Il) N 0.959 £ 0.005  No binding 0.650 + 0.012
Kd, nM 9,250 + 521 >100 uM 4,170 + 832
AH, kcal/mol  -2.57 + 0.02 1.6 £0.05

Co(ll) N 0.836 + 0.001 0.730 + 0.005 0.312 + 0.021
Kd, nM 674 275 +61 7,650 + 3,000 N/A
AH, kcal/mol  -9.21 + 0.02 -6.16 £ 0.11 -5.44 +0.61

Ni(l) N 0.763+0.004  1.17+0.10 0.737 + 0.009
Kd, nM 220 + 37 7,180 + 2,250 1,420 + 284 N/A
AH, kcal/mol  -7.61 £ 0.08 -5.12 +0.86 -3.14 + 0.09

Zn (Il N 0.817+0.000 0.686+0.009 1.31+0.01 0.832 + 0.003

Kd, nM 0.030 + 0.004 1.10+0.21 3.06 +0.34 0.076 £ 0.017
AH, kcal/mol  -12.00 + 0.10 -8.42 £ 0.27 -2.41 +0.12 -9.39+0.11
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On the other hand, this mutation improved manganese (Il) ion binding.
Interestingly, the Mn (ll) binding to 4G-UFsc E11Q is endothermic and entropically
driven, compared to the exothermic reaction between 4G-UFsc and manganese (Figure
2.15). This suggests a major restructure in the water shell around the metal ion and an
increase in coordination number, which is consistent with the manganese ion’s
preference for the larger number of coordinating ligands. According to the Irving-
Williams series, manganese (Il) forms the least stable complexes among all tested
metals. The preference of this metal for the higher number of coordinating ligands
makes it challenging to design efficient manganese binding proteins. Manganese
binding to 4G-UFsc E11Q (Kda = 4.2 uM) is on par with some natural enzymes and better
than reported designed proteins.?4 29 37

Notably, mutation at position 11 resulted in the same degree of affinity to zinc (Il)
as that of UFsc protein but the reaction was more exothermic. This result is consistent
with the CD spectroscopy data and suggests that 4G-UFsc E11Q undergoes
conformational changes upon metal binding which results in a more organized protein
structure while UFsc adopts its fold in the apo form (Figure 2.14 C and Figure 2.16).

In DFsc, both oxygens of E44’s carboxylic group participate in the metal
coordination. We have established that this residue is important for metal binding in 4G-
UFsc. We have observed that the mutations at this position led to an increase in protein
helicity, compared to the original scaffold, and metal-induced folding was still observed
(Figure 2.14.). As UFsc retains its folding in apo form and did not show metal-induced
folding, we decided to investigate the impact of such mutations on its metal-binding

activity.
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Figure 2.15. ITC traces for the titration of 4G-UFsc (A) and 4G-UFsc E11Q (C) with
manganese (Il) and the binding isotherms (B and D, respectively) used for the
derivation of thermodynamic parameters. The titrations were performed in 25 mM
HEPES, 100 mM NaCl, pH 7.6 at 25 °C.
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Figure 2.16. CD spectroscopy analysis of UFsc mutants (A — E44Q, B —
E44L/Y18F) showed an increase in the degree of helicity upon metal binding. The
solution of 20 uM protein in 5 mM HEPES, 20 mM NaCl (pH 7.6) was used as an
apoprotein sample. The metal-bound form was prepared by addition of 200 uM zinc (II)

chloride.
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Similar to 4G-UFsc, E44Q and E44L/Y18F mutations increased the degree of
protein helicity but did not affect protein flexibility as no metal-induced folding was
observed (Figure 2.15).

The analysis of protein-metal binding by ITC showed, that elimination of E44 in
UFsc had a negative impact on manganese (lI), nickel (I) and zinc (1) binding. At the
same time, both sets of mutants (E44Q and E44L/Y18F) showed improved binding to

cobalt (1) ions (Table 2.6).

Table 2.6. Thermodynamic parameters of divalent metal binding to UFsc E44Q and
E44L/Y18F mutants determined by ITC (zinc was tested in the competition experiment

with TETA).

Metal Parameters UFsc UFsc E44Q UFsc E44L Y18F

Mn (II) N 0.755 £ 0.005 0.607 £ 0.003 0.774 £ 0.015
Kd, nM 173 +56.0 560 + 61 36,600 * 3,380
AH, kcal/mol  2.39 + 0.03 4.37 +£0.04 8.92 +0.39

Co(l) N 0.617 £ 0.005 0.485 + 0.002 0.606 + 0.002
Kd, nM 269 + 116 51.7+21.7 172 + 22
AH, kcal/mol 1.46 + 0.02 5.35+0.07 6.99 + 0.05

Ni (1) N 0.632 + 0.003 No binding 0.716 £+ 0.004
Kd, nM 112 + 28 824 + 83
AH, kcal/mol  4.12 + 0.05 7.50+£0.01

Zn () N 0.993 + 0.003 0.897 + 0.006 0.760 + 0.006
Kd, nM 0.076 £ 0.013 0.373 £ 0.070 0.285 £ 0.077
AH, kcal/mol -1.85 % 0.05 -0.309 + 0.068 0.603 £ 0.048
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The UV-Vis spectrum of cobalt (1) is sensitive to its coordination environment.
The molar extinction coefficients for d-d bands of five-coordinate, high spin cobalt (I1)
complexes are below 250 (typically in the range of 100-150 M-1cm-?), while the typical
six-coordinate complexes will have low extinction coefficients of 10-20 M-1cm.38.3% The
comparison of absorbance spectra collected for E44Q mutants and scaffolds showed
the decrease in the extinction coefficient of mutant-cobalt (II) complexes in both cases
(Figure 2.17). 4G-UFsc exhibits an extinction coefficient greater than 250 M-cm?, a
distorted tetrahedral coordination geometry can be suggested for this protein (vs 5-
coordinate complex for UFsc), although extensive structural studies are required for

proper characterization of metal coordination configuration.
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Figure 2.17. Molar extinction coefficients of Co(ll)-bound proteins UFsc (A) and
4G-UFsc (B) determined from the absorbance spectra. Samples contained 150 uM
protein in buffer (25 mM HEPES, 100 mM NacCl, pH 7.6) with 300 uM CoCl2. The
spectra were corrected for the absorbance at 700 nm and shown with the molar

extinction coefficient on y-axis.
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The competition titration with Mag-Fura 2 was used as an additional method to

determine the dissociation constants for protein-zinc (II) binding. In most cases, the

values obtained using ITC competition titration and the dye-based absorbance assay

were in close agreement (Table 2.7), which validates both methods for the

determination of protein metal affinity.

Table 2.7. Dissociation constants for 4G-UFsc and its mutants determined using

competition titration assay with Mag-Fura 2.

Protein Competition titration with  ITC competition titration
Mag-Fura 2 with TETA
(mean £ SD, M) (mean £ SD, M)
4G-UFsc 3.71+1.93x 10 3.00£0.40 x 10!

4G-UFsc E44Q
4G-UFsc E44L Y18F
4G-UFsc E11Q
4G-UFsc E74D
4G-UFsc E74H
4G-UFsc E74Q
4G-UFsc H107Q

0.24 x 10°
23.4+£1.76 x 10°°
32.7+1.75x 101
1.55+0.80 x 10°
1.56 + 0.72 x 1010
0.339+1.92x 108
5.14 + 3.33 x 1010

1.10 £ 0.21 x 10°
3.06 £ 0.34 x 10°°
7.60+1.70x 10!
4.19 £ 0.25x 10°°
2.81+0.63 x 1010
2.12+0.32x 108
2.01+0.25 x 1010

Overall, the differences in metal coordination by UFsc and 4G-UFSc indicate a

significant influence of alanine-to-glycine mutations not only on the substrate access to

the active site but also on protein structure which in its turn affects metal-binding

properties.
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2.2.5. Copper coordination by UFsc

In our work, we have been focused on the most common transition metals
manganese, nickel, cobalt and zinc. Copper is another important transition metal found
in many natural metalloenzymes with diverse functions. Copper is a redox-active metal
readily switching between Cu* and Cu?* which explains its role in electron transfer
reactions.*® We have shown that the metal coordination sphere in UFsc is flexible and
can accommodate multiple metals. Copper (II) coordination in proteins is complex as
this ion can be coordinated to only three ligands and usually forms stable complexes.
Even though the coordination environment in UFsc is not optimized for copper (ll),
competition titration experiment with Mag-Fura 2 showed that this protein binds copper

ions with a 1:2 stoichiometry (one protein binds two metals) (Figure 2.18).
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Figure 2.18. Competition titration of UFsc and Mag-Fura 2 with CuClz. (A)
Absorbance spectra of Mag-Fura 2 (17.6 yM) and UFsc (9.7 uM) titrated with CuClz.
The coordination of metal reduces absorbance intensity of the dye at 366 nm. (B)
Absorbance at 366 nm as a function of metal concentration was fit using DYNAFIT to

determine dissociation constant of Cu (II)-UFsc complex.
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Due to the complexity of the titration curve, the extracted values for dissociation
constants need to be verified using another method. To perform the ITC competition
titration a chelator with proper characteristics (1:1 metal-chelator binding, low heat of
dilution, no interaction with the protein) is required for further studies.

Copper-containing proteins adopt different metal coordination environments and
can be divided into three main groups: mononuclear, dinuclear and tetranuclear.** 42 As
UFsc binds two copper ions, we hypothesized that this protein could adopt a copper
center. The metal-binding site of UFsc consists of histidine and glutamate ligands and
this arrangement does not align with the architecture of any described copper centers.
Inspired by the de novo designed nitrite reductases developed by the Pecoraro group,
we decided to test our protein in nitric oxide production. Nitrite reductases represent a
group of copper-containing enzymes which catalyze a single electron transfer to
produce nitric oxide. These proteins can adopt type 1 and type 2 mononuclear copper
centers. The reaction mechanism involves the binding of nitrite to copper (lI), reduction
of copper (Il) to copper (1) and formation of nitric oxide.*3 The designed a-helical coiled-
coils consist of three peptides and coordinate copper at different oxidation states with
three histidine residues. It has been shown that TRIL23H (Ac-
G[LKALEEK]3[HKALEEK]G-NH2) and TRI-EHK24E (Ac-GWKALEEK LWKALEEK
LWKALEEE HEALEEKG-NH2) can produce NO at pH 5.8.444¢ The spectrophotometric
assay used to evaluate nitrite reduction activity of the protein is based on the detection
of [Fe(NO)EDTA]?> complex: the gas evolved during the reaction is transferred into the
detection solution ([FEEDTA]%) and the absorbance of [Fe(NO)EDTA]* complex is

measured at 432 nm. The analysis of nitrite reduction activity of UFsc showed that the
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protein facilitates the production of nitric oxide (Figure 2.19), although these results

need further investigation to improve data reproducibility for accurate yield calculations.
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Figure 2.19. NO production by UFsc-Cu(ll) complex at pH 7.6. The traces show two
experiments where 400 uM copper (1) (dashed lines) or 200 uM UFsc with 400 uM
copper (1) (solid lines) were incubated with 20 mM sodium nitrite for 4H at 25 °C in 25
mM HEPES (pH 7.6) with 100 mM NaCl. The presence of produced nitric oxide is
correlated with the amount of [Fe(NO)EDTA]? complex, which can be detected at 432

nm.
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2.3. Conclusions

In this work, we applied isothermal titration calorimetry for the investigation of the
metal-binding sites in de novo designed proteins. The introduction of E104H mutation in
the highly symmetrical metal-binding site of DFsc introduced asymmetry leading to the
formation of one high-affinity metal-binding site. Analysis of the series of mutants
allowed us to determine the location of metal-binding site and residues crucial for metal
affinity. The devastating effects of mutations at positions 44, 74 and 77 suggest the
importance of these residues for the binding of divalent metals in 4G-UFsc, thus they
contribute to the primary metal coordination sphere in 4G-UFsc. 4G-UFsc H107Q
showed an increased affinity for Co(ll) (Kd 6.12 nM), while also affecting the protein-
metal stoichiometry (one metal links two protein molecules). This effect is interesting
and requires further investigation. 4G-UFsc E11Q demonstrated improved binding to
Mn(Il) with the Kq of 4.2 uM. To our knowledge, these are the tightest affinities for Co(ll)
and Mn(ll) reported to date in the de novo designed mononuclear metalloproteins. The
diverse effects of the mutations outside the primary coordination sphere suggest the
necessity of those interactions for maintaining protein structure and achieving the
optimal coordination environment for the metal ion.

We have shown the importance of the primary and outer coordination sphere
interactions for the metal affinity in de novo designed proteins. Fine tuning of the protein
structure plays an important role in the productive arrangement of the metal-binding
site. Given the importance of model proteins for functional studies of metalloenzymes,

our studies will inform future protein design efforts.
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2.4. Experimental

Cloning and mutagenesis. DNA sequence that codes for DFsc protein

(MDELRELLKAEQQAIKIYKEVLKKAKEGDEQELARLIQEIVKAEKQAVKVYKEAAEKAR

NPEKRQVIDKILEDEEKHIEWLKAASKQGNAEQFASLVQQILQDEQRHVEEIEKKN)

was synthesized by Bio Basic Inc. and cloned into pMCSG49 expression vector

(DNASU) using ligase independent cloning (LIC). Site-directed mutagenesis was

performed using Phusion High-Fidelity DNA Polymerase (ThermoScientific) and

customized primers (Integrated DNA Technologies, Inc.) following standard protocols.

Scaffold Mutation Forward primer Reverse primer
UFsc E44Q CGTCAAAGCACAGAAACAGGC GCAGTTTCGTGTCTTTGTCCG
E44L GAAATCGTCAAAGCACTGAAACAG CTGTTTCAGTGCTTTGACGATTTC
Y18F ATTAAGATCTTTAAAGAAGTACTGA  GCTTTCTTCAGTACTTCTTTAAAGA
AGAAAGC TCTTAAT
4G-UFsc E44Q CGTCAAAGGACAGAAACAGGG CCCTGTTTCTGTCCTTTGACG
E44L CGTCAAAGGACTGAAACAGGGG CCCCTGTTTCAGTCCTTTGACG
Y18F ATTAAGATCTTTAAAGAAGTACTGA  GCTTTCTTCAGTACTTCTTTAAAGA
AGAAAGC TCTTAAT
E11Q CGTGAACTGCTGAAAGGCCAGCAG GATCTTAATACCTTGCTGCTGGCC
CAAGGTATTAAGATC TTTCAGCAGTTCACG
H107Q  GGACCATCAACGTCAGGTGGAAGA CTCAATCTCTTCCACCTGACGTTG
GATTGAG ATGGTCC
H77Q GACGAAGAAAAACAGATCGAGTGG CAGCCACTCGATCTGTTTTTCTTC
CTG GTC
E74D GACAAAATCCTGGAAGACGATGAA GCCACTCGATATGTTTTTCATCGT
AAACATATCGAGTGGC CTTCCAGGATTTTGTC
E74Q CGACAAAATCCTGGAAGACCAGGA GCCACTCGATATGTTTTTCCTGGT
AAAACATATCGAGTGGC CTTCCAGGATTTTGTCG
E74H CGACAAAATCCTGGAAGACCATGA  CCACTCGATATGTTTTTCATGGTCT
AAAACATATCGAGTGG TCCAGGATTTTGTCG

The PCR products (plasmids with mutations) were digested with Dpnl (restriction

enzyme, which cleaves methylated DNA) at 37 °C for 2—4 h and transformed into
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NEB5a cells (New England Biolabs). The resulting plasmids were sequenced to verify
the presence of mutations.

Protein expression and purification. For the expression of DFsc, UFsc, 4G-
UFsc and their mutants, the corresponding plasmids were transformed into E. coli
BL21(DE3) (New England Biolabs) cells. The starter overnight culture (20 mL) was
inoculated into Luria Bertani (LB) medium (1.5 L) supplemented with ampicillin (100
pHg/mL). The cell cultures were grown at 37°C until ODeoo reached 0.6-0.8 and the
protein expression was induced with 0.5 mM IPTG (isopropyl 3-D-1-
thiogalactopyranoside). After the incubation for 4 hours at 37°C, the cells were
harvested by centrifugation and lysed by sonication in a lysis buffer (25 mM Tris-HCI
(pH 8.0), 100 mM NacCl, 20 mM imidazole) containing 0.5 mM PMSF
(phenylmethylsulfonyl fluoride). Soluble protein fraction separated by centrifugation
(20,000 x g, 30 min, 4°C) and filtration (0.22 um syringe PES filter) was loaded on a Ni-
NTA column pre-equilibrated with the lysis buffer. The column was washed with the
lysis buffer until no protein came off the column (assessed using the Bradford reagent,
Sigma). The proteins were eluted with the elution buffer (25 mM Tris-HCI (pH 8.0), 100
mM NaCl, 250 mM imidazole) and dialyzed into TEV cleavage buffer (50 mM Tris-HCI
(pH 8.0), 75 mM NacCl; buffer-to-protein ratio of 100:1) using SnakeSkin dialysis tubing
(MWCO 3.5 kDa, Thermo Fisher Scientific) for 2 hours at 4°C.

The cleavage of His-tag was conducted overnight at 34°C in the TEV cleavage
buffer supplemented with 1 mM DTT (1,4-dithiothreitol), 2 mM EDTA and TEV protease
at a ratio Azso protein/A280 protease = 50/1. The proteins were further purified on C4

preparative reverse-phase HPLC column (Jupiter 15 um C4 300A 250x21.2 mm
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column, Phenomenex) using the following solvents and a gradient method: Solvent A
(0.1% trifluoroacetic acid (TFA) in water) and Solvent B (90% acetonitrile, 9.9% water
with 0.1% TFA); 10% B for 10 min, from 10% B to 50% B over 5 minutes, 50% B to 80%
B over 20 minutes, 100% for 5 min and 0% B for 5 min at flow rate of 15 mL/min. The
purity (> 95%) of the final samples was checked by SDS-PAGE analysis. The solvents
from pure fractions were removed by lyophilization. Lyophilized proteins were dissolved
in MilliQ water (~3 mL) and then dialyzed against storage buffer (25 mM HEPES (pH
7.6), 100 mM NaCl) for at least 2 hours at 4°C using Slide-A-Lyzer G2 dialysis cassettes
with a molecular weight cutoff of 7 kDa (Thermo Fisher Scientific). Protein concentration
was determined using the absorbance at 280 nm and the calculated extinction
coefficients of €2g0 = 8,480 M-cm™ for DFsc, UFsc, UFsc E44Q, 4G-UFsc, 4G-UFsc
E44Q, 4G-UFsc E11Q, 4G-UFsc H107Q, 4G-UFsc H77Q, 4G-UFsc E74D, 4G-UFsc
E74Q, 4G-UFsc E74H, and g280 = 6,990 M-cm™ for UFsc E44L/Y18F and 4G-UFsc
E44L/Y18F.

Cobalt titration was used to test for the presence of EDTA. For this, protein
samples (150 uM) were incubated overnight with variable amounts of Co(ll) (up to 2 eq
of metal ion per protein) and the absorbance at 400-700 nm of the mixture was
recorded using Agilent Cary 60 UV-Vis spectrophotometer. The protein was considered
free of EDTA if the absorbance of the protein-cobalt complex at Amax increased without
lag-phase. The amount of metal bound to protein was assessed by ICP-OES
(inductively coupled plasma optical emission spectrometry, Perkin Elmer Optima 3300

DV spectrometer) using 25 puM protein samples in 2% HNO:s. In all samples,
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concentration of Mn, Fe, Co, Ni, Cu and Zn did not exceed 5% of the total protein
concentration.

CD spectroscopy. Circular dichroism (CD) spectra were collected using Jasco
J-715 CD spectrometer in a 0.1-cm pathlength quartz cuvette. Protein samples (20 puM)
were prepared in buffer (5 mM HEPES (pH 7.6), 20 mM NacCl) or in buffer containing
zinc chloride (200 pM). All samples were scanned in the continuous mode from 260 to
200 nm, with 0.5 nm bandwidth, 0.5 nm data pitch, 50 nm/min scan rate, 4 s averaging
time. The final spectra represent a buffer-subtracted average of four scans. The sample
absorbance never exceeded 2 at all wavelengths and the mean residue ellipticity (MRE,
deg*cm?*dmol?) values were calculated using the following equations, where 6 (mdeg)
is the ellipticity, | (cm) is the path length, C (M) is the peptide concentration, N is the
number of residues: MRE = 6/(10*C*I*N).

Isothermal titration calorimetry. The thermodynamic parameters of protein
metal binding were monitored using a MicroCal PEAQ-ITC instrument (Malvern).
Proteins were dialyzed against buffer (25 mM HEPES (pH 7.6), 100 mM NacCl) and
filtered using 0.22 um low protein binding PES filter (Santa Cruz Biotechnology, Inc.);
the concentration of each sample was determined by UV-vis spectroscopy using
extinction coefficients listed above. Stock solutions of metal salts (50 mM) were
prepared in water and filtered. After metal concentrations were established by ICP-OES
using appropriate dilutions in 2% HNOs, the stock solutions were aliquoted and
lyophilized. Before the experiment, an aliquot of lyophilized metal was dissolved in
water and then diluted to the appropriate concentrations in working buffer (25 mM

HEPES (pH 7.6), 100 mM NaCl).
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All titrations were performed at 25°C in the high feedback mode with 750 rpm stir
speed and an appropriate equilibration time between injections (150-250 s). For metal-
to-protein titrations, the protein sample (100-200 uM) was placed in the calorimeter cell
and the syringe was filled with the solution of Mn(Il), Co(ll) or Ni(ll) salts (1-3 mM) in
buffer. Zinc-protein binding was established by the competition titration with TETA. For
this, triethylenetetramine (TETA) complex with Zn(Il) (200 uM TETA and 90 uM ZnClz)
in the cell was titrated with the protein in the syringe (1-1.5 mM). The analysis of titration
data, including baseline correction, peak integration and the correction for heat of
dilution observed at the protein saturation with metal, was performed using the Microcal
PEAQ-ITC analysis software provided by the manufacturer. The data were fitted to the
one set of sites model for UFsc and 4G-UFsc and the two sets of sites model for DFsc
to determine the thermodynamic parameters for Mn(Il), Co(ll) and Ni(ll) binding to
proteins. The competitive model was used to analyze protein-Zn(ll) interactions using
independently determined thermodynamic parameters for Zn(ll)-TETA binding (number
of binding sites — 0.777 + 0.005, K¢ = 0.173 + 0.065 uM, AH = 3.57 + 0.06 kcal/mol). For
this, 100 mM stock of triethylenetertamine (Sigma) was prepared in water and then
dissolved in dialysis buffer to 200 uM. The the zinc (Il) solution was prepared by
dissolving 50 mM stock (in 10 mM HCI in water) in the dialysis buffer. The metal solution
was titrated into TETA using the protocol described above.

Competition titration with Mag-Fura 2. Apo proteins were quantified by
absorbance at 280 nm (extinction coefficients provided in Protein expression and
purification). Mag-Fura 2 (Biotium) was dissolved in buffer (25 mM HEPES (pH 7.6),

100 mM NacCl) to make 1 mM solution and the aliquots were stored at -20°C until
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needed. The protein was prepared in buffer to achieve ~10 uM concentration (the exact
protein concentration was calculated from Azso nm). Mag-Fura 2 was further added to the
reaction at ~20 yM and the final concentration was calculated using €366 = 29,900 M-
lcm? after the baseline-correction.?® The total volume of sample in a 1-mL quartz
cuvette was 960 pL. The stock solution of ZnCl2 (56.7 mM) was prepared by dissolving
the appropriate amount of salt (VWR) in 10 mM HCI; CuCl2 stock (50.4 mM) in 10 mM
HCI in water was also prepared from the salt (VWR). The final solutions were analyzed
by ICP-OES to ensure the correct concentration of zinc or copper and to check for
transition metal contamination (like manganese, iron, cobalt, nickel, zinc and copper).
The stocks were diluted with buffer before titrations to make 1 mM solutions. The
protein-dye mixture was titrated with aliquots of 1 mM ZnClz or CuClz stock (2 pL to
achieve zinc or copper concentration of 2-20 uM and 5 pL to achieve metal
concentration of 25-50 uM) and the resulting solution was allowed to equilibrate for 5
min before the measurement. Both zinc and copper tend to precipitate in water-based
solutions at physiological pH, thus the fresh metal stocks were prepared every 10 min.
Absorbance spectra were recorded from 200 to 500 nm using Agilent Cary 60 UV-Vis
spectrophotometer, and binding of metal to the dye was monitored by disappearance of
the free Mag-Fura 2 absorbance peak at 366 nm. The data sets of the dye absorbance
at 366 nm vs the concentration of added ZnClz were analyzed using a custom
DYNAFIT#" script that modeled competition between dye and protein for the metal ion
(script provided in Appendix 1) using zinc-Mag-Fura 2 dissociation constant of 20 nM*8
and copper-Mag-Fura 2 dissociation constant of 310 nM*°. Reported dissociation

constant values are an average of three individual experiments.
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Nitrite reduction by UFsc/Cu(l) complex. All reactions were prepared in
reaction buffer consisting of 25 mM HEPES (pH 7.6), 100 mM NacCl. UFsc was purified
and quantified as described in Protein expression and purification section, 0.5 M L-
ascorbic acid (Sigma) solution was prepared by dissolving powder in water, 50 mM
CuCl2 (VWR) was prepared by dissolving salt in 10 mM HCI in water, 0.2 M NaNO:
solution (Sigma) was prepared by dissolving powder in the buffer. Copper (Il) was
reduced to copper (I) by mixing 400 uM CuCl2 and 2 mM L-ascorbic acid in reaction
buffer in 25-mL glass Schlenk vessel, then 200 uM UFsc was added to obtain
UFsc/Cu(l) complex in total volume of 1 mL and the vessel was covered with septum.
This mixture was then degassed using Schlenk system (10 alternate cycles of vacuum
and nitrogen flow) and 0.2 M NaNO:2 solution was bubbled with nitrogen to remove
oxygen. After degassing, 100 pL of 0.2 M NaNO:2 solution were added to the protein
mixture (19 mM final concentration) and the mixture was incubated for 4 H at RT. The
control reactions were prepared following the same protocol but substituting the
reactants with buffer or water. After the incubation, the produced NO gas was
transferred to the detection solution using metallic cannula. The detection solution, 10
mM [FeEDTA]%, was prepared in 1 mL of 100 mM citrate-NaOH buffer (pH 5.06) in the
gas tight cuvette. For this, 100 puL of 0.1 M ammonium iron (I) sulfate in 0.9 M citrate
buffer were mixed with 100 pL of 0.1 M EDTA in 0.1 M citrate buffer and 800 pL of
water in the glove box. The spectrum of the blank was recorded before gas transfer. NO
gas was then transferred to the cuvette where it reacted with [FEEDTA]?> forming
[Fe(NO)EDTA]J?, a compound which absorbs at 432 nm with extinction coefficient of 780

M-1cm. To ensure complete transfer of NO, the reaction vessel was additionally purged
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with nitrogen. The detection solution became yellow which indicated the formation of the
complex and the spectrum of reacted solutions was recorded using Cary 60
spectrometer. For the calculation, [FEEDTA]? spectrum was subtracted from
[Fe(NO)EDTA]J?, and value at 432 nm was used for the calculation of the amount of

nitric oxide produced by reaction.
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Chapter 3. Design of the efficient Kemp eliminase using NMR-guided directed

evolution

Work from this chapter has led to the following manuscript:

Bhattacharya, S., Margheritis, E.", Takahashi, K.", Kulesha, A.", D'Souza, A., Kim, 1.,
Tame, J., Yoon, J., Volkov, A., Makhlynets, O., Korendovych, I. NMR-Guided Directed
Evolution. (2022) Under revision. — A.K. performed protein expression, purification and
preparation of cofactor-substituted variants, development of the method for stopped-
flow kinetics, characterization of myoglobin proteins using Michaelis-Menten kinetics,
circular dichroism and spectroelectrochemistry, characterization of inhibitor binding to

AlleyCat mutants.

Abstract. Directed evolution is one of the widely used methods for protein design
which requires the construction of large combinatorial libraries to find a productive
mutation. In our work, we have employed nuclear magnetic resonance (NMR) to identify
the positions for potential productive mutations for further directed evolution. As a proof-
of-concept experiment, we have evolved myoglobin, a well-studied heme-containing
non-enzymatic oxygen transport protein, in an efficient Kemp eliminase, the enzyme
which abstracts a proton from a benzisoxazole ring. Using this method, we were able to
identify the positions for productive mutations and to create the most effective designed
Kemp eliminase reported to date by combining only three mutations. NMR-guided
evolution will provide scientists with a tool for the design of new proteins without

extensive calculations or structure determination.
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3.1. Introduction

Protein engineering has become a valuable tool to create proteins with desired
properties as well as for investigating sequence, structure and function relationships.
Newly designed proteins become handy in green organic synthesis, food,
pharmaceutical and biotechnology industries.! Proteins discovered in Nature catalyze a
wide range of reactions from water splitting to glucose metabolism. Many of those
proteins can be repurposed or employed for the synthesis of small organic molecules
later used as dyes, drugs or building blocks for new materials. To satisfy the high
demand for “customized” proteins, scientists employ many methods for protein design.

Rational protein design and directed evolution are the two main approaches that
helped to achieve significant breakthroughs in protein design. Rational protein design
relies on the advanced understanding of protein folding? 3, as well as the structure and
function relationship. This method also requires a significant amount of information such
as protein structure dataset along with the information about protein function. One of the
simple approaches to protein design, the minimalist approach, relies on our
understanding of protein structure and function. A great example of the successful
application of the minimalist approach is the design of AlleyCat. AlleyCat is a 74-residue
C-terminal domain of calmodulin, calcium-binding non-enzymatic protein, which was
evolved into a Kemp eliminase.* The computational methods were used to predict the
best position for the active residue in the hydrophobic pocket and obtain the desired
function. Rational design is a productive method for protein engineering but requires

large sets of structural data, which are not available for many proteins.
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Another major approach to protein engineering is directed evolution. Directed
evolution unites a range of molecular biology techniques that allow scientists to mimic
protein evolution in the laboratory.> ¢ The strategy generally involves the mutagenesis of
a starting gene with further screening to isolate new variants with improvements in
specific properties. The process is rather laborious as it requires many iterations until
the desired changes are obtained or until no further change can be achieved.
Mutagenesis is performed using many molecular biology tools inspired by Nature, such
as error-prone PCR (epPCR)’ which introduces random point mutations in DNA
products, and DNA shuffling techniques® which allow the creation of new DNA
sequences based on the fragments of the template genes. One of the examples of the
application of directed evolution is work led by Dr. Frances Arnold, who received a
Nobel Prize in Chemistry in 2018 for her contribution to the field of protein design.
Inspired by the functional flexibility of natural cytochrome P450 monooxygenases, her
group repurposed the enzymes from classic oxidation to carbon—carbon bond forming
reactions, cyclopropanation, carbene C—H insertion and others.%12

Directed evolution is a productive technique for protein design but often requires
many rounds of experiments to achieve a significant result. To improve the efficiency of
this method, the methods of guided evolution that would allow us to identify the
promising regions in proteins and focus on them, instead of performing evolution on the
whole protein are needed. In our work, we proposed a new method for the successful
identification of the sites for productive mutations using nuclear magnetic resonance
(NMR). Considering the flexible nature of the protein, we hypothesized that the analysis

of NMR chemical shifts of the protein residues upon substrate analog binding can
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provide us with information about the amino acid residues important for the proper
substrate transition state fitting. Experimentally it can be achieved by the calculation of
chemical shift perturbations (CSP) for amino acid residues upon substrate binding. After
the identification of important positions, the site-directed mutagenesis with further
screening can help to identify the improved variants. Using NMR-guided directed
evolution, we were able to design FerrElCat, an efficient Kemp eliminase, by combining

only three mutations.
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3.2. Results and Discussion

3.2.1. Method development for NMR-guided directed evolution

Nuclear magnetic resonance (NMR) spectroscopy is a method for the structural
characterization of proteins and protein complexes with other molecules. This method
has been successfully used to determine the interactions between proteins and small
molecules in drug research.'® The perturbations in chemical shifts have been used to
identify the points of contact between a protein and a molecule to uncover the nature of
binding. Protein-substrate-transition-state binding during enzyme catalysis has been a
topic of research interest for many years.**1” Previously in was suggested that to
design an effective catalyst the rigid protein scaffold has precisely fit the transition state.
Over the years, research showed the importance of protein dynamics for transition state
fitting, catalysis and product discharge.'# Unfortunately, current available methods for
protein design struggle to incorporate protein dynamics in the models as it is a complex
process. NMR, on the other hand, can detect changes in the local electronic
environment provoked by binding events, highlighting the regions of a protein involved
in the binding event. During transition state binding, the protein undergoes subtle
changes while adopting the most suitable state. We hypothesized that the regions which
undergo the most changes are important for the proper substrate transition state
coordination and can be identified by NMR. Further directed evolution at specific
positions will result in the evolved proteins with improved or completely new activity.

To test our hypothesis, we attempted to evolve a non-enzymatic protein into an
effective Kemp eliminase. Kemp elimination is a reaction of proton abstraction with the

opening of the benzisoxazole ring.'® Kemp elimination has become a popular reaction
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for the development of the de novo designed proteins.® 20 Most designed proteins
catalyze this reaction through the acid-base mechanism, where the base (typically,
glutamate or aspartate) abstracts the proton from carbon leading to an N-O bond

cleavage (Figure 3.1).

&
A o‘\‘) O\ O
: N:
O,N” i K/;l b 4 _>0N’ : /\\ o
2 3 2 2 X
HY . L H--B N:
_ Q
B O, ! O@ | ' O [
: I *Eallll — Il
/N Il:e — /@[/N Fe Fe
O,N O.N 7 O,N S
H H :
5-nitrobenzisoxazole B 2-cyanonitrophenol
(5-NBI) (2-CNP)

Figure 3.1. The reaction schemes for Kemp elimination promoted by (A) acid-base

or (B) redox-mediated mechanisms.

Recently, Li et al. reported that engineered cytochrome P450-BM3 can promote
redox-mediated Kemp elimination.?! Using QM/MM simulations, Marti et al. showed that
the redox-mediated mechanism is the most favorable route for the reaction catalyzed by
heme-containing aldoxime dehydratase.?? Inspired by these works, we decided to
convert simple non-enzymatic protein myoglobin (Mb) into an efficient Kemp eliminase.
Mb has been extensively characterized over the years, it is a small natural non-
enzymatic protein without preformed substrate-binding site, which makes it a suitable
candidate for method development. Myoglobin, being a heme-containing protein similar
to cytochrome p450, might follow a redox-mediated mechanism for Kemp elimination.

The redox-mediated mechanism for Kemp elimination suggests that the redox-active
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metal in heme can bind to the substrate and induce the ring opening (Figure 3.1. B),
thus, from the minimalist point of view, heme is the only necessary condition for the
reaction to occur. Keeping in mind that the primary function of myoglobin is oxygen
binding and transport utilizing the heme cofactor, we have decided to use Mb-H64V as
a starting scaffold. Mb-H64V has a lower affinity to oxygen which improves the stability
of the reduced heme (heme with Fe (1)), an important condition for redox-mediated
catalysis. Mb-H64V has also been shown useful in other protein design efforts.?3 24

To identify the positions for directed evolution, Mb-H64V was used for the
chemical shift perturbation study by NMR. Initially, a series of NMR experiments were
performed using a double-labeled protein (*3C,'*N-Mb-H64V) to obtain the assignments
of backbone amide resonances (to correlate the positions of backbone amide NMR
peaks with specific amino acids). Then, the 1H-15N HSQC experiments were performed
using a °>N-Mb-H64V protein with or without 6-nitrobenzotriazole (6-NBT), the Kemp

substrate transition state analog (Figure 3.2).
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Figure 3.2. The structures of Kemp substrate, 5-nitrobenzisoxazole, and substrate

transition state analog, 6-nitrobenzotriazole, used for NMR experiments.

The chemical shift perturbations (CSP) were calculated for the protein residues

after the addition of 2 eq of the transitions state analog. The positions with the most
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prominent shifts were identified by calculating the Z-score, the value that correlates a
given CSP to the average CSP of the experiment. As the protein adopts its
conformation for the productive transition state binding, the identified positions were
classified as important for the formation of the productive complex. The further protein
evolution was performed using saturated mutagenesis, a method the allows probing all
20 proteinogenic amino acids at specific position. For this, the NNK libraries were
constructed for each identified position and the activity of the cell lysate containing
overexpressed myoglobin mutants was assessed. The colonies which showed the
improvement in activity over the original scaffold were sequenced and the identity of the
mutant was established. We have tested the NNK libraries at 18 identified positions and
the analysis of the purified mutants confirmed the presence of productive mutations in
all cases (Figure 3.3 A). For our analysis, we did not include H93 as this residue is
essential for the heme binding.2® It should be mentioned that many identified positions
are located outside the active site (Figure 3.3 B).

The long-range interactions play an important role in the protein-substrate
binding but identification or prediction of such interactions remains a challenge for
current methods.?® Unfortunately, the available computation program cannot fully
describe the conformational changes in the protein upon substrate binding, thus they
cannot predict the positions important for transition state accommodation. The results of
our experiments suggest that the NMR-based approach can become a new useful tool
for protein engineering, taking into account the productivity of this method. This method
is sensitive to the dynamic changes in the protein and can provide more insight into

long-range protein dynamics which opens new possibilities in protein design.
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Figure 3.3. A. The positions for productive mutations were identified using a Z score.
Out of 18 tested positions with the Z score >1, all produced productive mutations. B.
The identified hot spots mapped on the structure of myoglobin with the active site
highlighted with the yellow sphere (PDB code 6G5T).

3.2.2. The catalytic activity of enzymes designed using NMR-guided directed evolution

We have suggested that myoglobin-based catalysts can promote Kemp
elimination reaction following the redox-mediated mechanism. Effective redox reaction
requires the presence of redox-active species, and, in the case of myoglobin, it is an
iron-containing porphyrin, heme. The redox-mediated mechanism of Kemp elimination
requires the presence of the reduced metal (Fe?*) which would transfer the electron to
the substrate (Figure 3.1 B). Considering the importance of the reduced state and
myoglobin’s oxygen sensitivity, we have developed a method for evaluating the activity
of reduced proteins under anaerobic conditions.

The initial crude lysate screening of NNK libraries is performed in the 96-well

format. This method is essential for high throughput screening but, unfortunately, cannot
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be performed in an oxygen-free atmosphere due to the complex multistep procedure.
Myoglobin-based catalysts are oxygen-sensitive proteins and require a reduced state
for activity. We have prepared the proteins in the reduced forms inside the glove box
and have developed a method for the analysis of their catalytic activity using stopped-
flow spectroscopy. Stopped-flow UV-Vis spectroscopy is a technique that allows to
monitor fast reactions a few milliseconds after the reagent mixing.?”- 28 The enzyme-
containing solution and the substrate are placed in separate gas-tight syringes, injected
at the same time in a 1:1 ratio and the accumulation of the product can be monitored
over time. The low delay time between the mixing and the start of the reading allows to
record the kinetic trace at the very early stage of the reaction, which helps to determine
more accurate initial rates.

As our method required the transfer of the reduced protein outside the glove box,
we have used a buffer which prolongs the lifetime of the reduced protein species. The
combination of ascorbic acid, catalase and superoxide dismutase (SOD) has been
previously used in our lab to maintain reduced conditions. Myoglobin mutants used in
this work were reduced by the addition of 10 eq of sodium dithionite.?® The addition of
ascorbic acid can help to reduce the autooxidation of oxymyoglobin but is coupled with
H20:2 formation. The further formation of reactive oxygen species (ROS) in the solution
is mitigated by the addition of catalase and SOD.3 3! As the stability of reduced
proteins can be compromised by oxygen, we have applied the SAC buffer in our
experiments. To evaluate the effect of SAC buffer on myoglobin mutant activity, Mb-

H64G/V68A’s activity was analyzed with and without the addition of ROS-scavenging
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buffer and the difference was shown to be within the error of the experiment (Figure

3.4).
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Figure 3.4. A. The kinetic traces for Kemp elimination reaction catalyzed by Mb-
H64G/V68A with (black) and without (red) SAC buffer. B. The spectra collected for the
kinetic analysis of Mb-H64G/V68A with (black) and without (red) SAC buffer.

We have also shown that the Kemp elimination activity of the enzyme-ascorbate

mix is negligible (Figure 3.5).

0.015
= |
©
£
= o ——————————a)
& 0011
™
“-“. 2
()] %
e E g e Ry
8 0.0075- 8
[ = ®
o 8
2 g
© H
3 :
& 0.0037- 3
© E
£ 3
2 ZTI::SS 02 035 04
0.0 ; ;  —
2 4 6 8 10
Time, s

Figure 3.5. Background Kemp elimination rates in 20 mM Tris, pH 8.0 (black) and
20 mM Tris, pH 8.0 with 1 mM ascorbate, 0.1 uM SOD, and 20 nM catalase (red).

Presented traces are the average of three runs.
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All these results suggest that the SAC buffer does not interfere with the
experiment and can be used to maintain reducing conditions in our experiment. As our
protocol requires the transfer of proteins between environments, the addition of the SAC
buffer could prevent potential oxygen contamination.

During the validation of the NMR-guided method for directed evolution, we
produced over 20 mutants and the activity of each protein needed to be tested. To
optimize the conditions for the screening, we originally developed a protocol where the
protein was prepared under anaerobic conditions with the addition of SAC buffer and
then mixed with the substrate prepared outside the glove box. This method allowed us
to test proteins faster as only one of the solutions was prepared inside the glove box.
The in-depth characterization of myoglobin mutants showed that they were sensitive to
oxygen and the activity of these enzymes increased drastically in the oxygen-free
environment (Figure 3.6). This finding prompted us to modify our protocol where all

solutions used for the reaction were deoxygenated and prepared inside the glove box.
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Figure 3.6. A. The kinetic traces for Kemp elimination reaction catalyzed by Mb-
H64G/V68A with oxygenated (black) or deoxygenated (red) substrate solution. B. The
spectra collected for the kinetic analysis of Mb-H64G/V68A with oxygenated (black) or

deoxygenated (red) substrate solution.
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For further analysis of Kemp elimination activity of designed myoglobin-based
proteins was performed using the modified protocol which included oxygen-free
solutions and the addition of SAC buffer to provide reducing conditions for myoglobin

mutants.

3.2.3. FerrElCat, the most active designed Kemp eliminase

During method development, we probed 18 positions identified by NMR as those
that contribute to the transition state analog binding, and at each position, we found a
productive mutation. All proteins were purified and characterized using the stopped-flow
kinetics experiments to assess the impact of introduced mutations on protein’s Kemp
elimination activity. The catalytic efficiency of the purified mutants ranged from 2-fold to
53-fold higher compared to the initial scaffold Mb-H64V (Table 3.1, Figure S 13). Such a
high rate of hit identification makes NMR-guided directed evolution an effective tool for
protein engineering.

The saturation mutagenesis at position 64 produced valine-to-glycine substituted
mutant with a 71-fold improvement in the catalytic activity (Table 3.1). Wild-type sperm
whale myoglobin has histidine at position 64 which facilitates oxygen binding with
further stabilization of gas molecule.3? The substitution of His to Val reduced protein’s
affinity to oxygen but also increased the size of the binding pocket by removing the
bulky side chain of histidine. Further mutagenesis to glycine at that position provided
more space for substrate accommodation, which possibly lead to the improvement in
catalytic efficiency (Figure 3.7). The introduction of more hydrophobic residues in the

binding site could have also contributed to the substrate binding.
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Table 3.1. Kinetic parameters for the Kemp elimination reaction catalyzed by myoglobin

mutants. Experiments were conducted under anaerobic and reducing conditions at pH

8.0 (25°C).
Protein Kcat, 571 Km, mM Kcat/Km, M1st
H64V - - 255+8
H64V (oxidized) - - 71
G25C/H64V - - 7,354 + 143
L291/H64V - - 1,550 + 55
L32Y/H64V - - 3,795 + 122
F33A/H64V - - 9,270 £ 523
K42W/H64V - - 7,237 £ 192
FA43L/H64V 26.10 + 3.85 1.94+£0.38 13,458 £ 670
K47S/H64V* 2.55+0.39 0.79+0.21 3,240 £ 994
H64V/V68A - - 12,939 + 622
H64V/L86Y - - 5,097 + 355
H64V/T95V - - 785 + 32
H64V/1101C - - 3,844+ 551
H64V/K102W - - 710 £ 28
H64V/E105W - - 4,786 + 538
H64V/F106E - - 697 + 22
H64V/1107W - - 1,680 = 135
H64V/S108A - - 524 + 24
H64V/I111T - - 2,356 + 114
H64V/A144P - - 900 £ 43
H64G - - 18,152 £ 519
H64G/V68A 2,557 + 372 1.28+£0.28 1,992,300 + 143,420
L291/H64G/V68A 3,656 + 667 0.23+0.13 15,721,000 = 6,035,800

* the value is reported for the initial experiment were the substrate solution contained

oxygen
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Figure 3.7. The structure of the active site in myoglobin upon mutagenesis at
position 64. H64 (left, PDB 1MBN) facilitates oxygen binding, V64 (center, PDB
6G5T) reduced oxygen-binding affinity, G64 (right, the structure was determined
as part of this project and deposited to wwPDB) opens the active site for better

substrate access. Iron ion in heme is presented as an orange sphere.

Inspired by these results, we have performed a non-exhaustive gene shuffling to
test if the identified mutations will have an additive effect. By combining only three
mutations identified during initial screening, we were able to create a FerrElCat, Mb-
L291/H64G/V68A, a Kemp eliminase with the remarkable catalytic efficiency of
15,721,000 + 6,035,800 M-1s't, which corresponds to 62,000-fold improvement over the
original scaffold (255 M-1s'1). Such high activity is on par with the most efficient natural
enzymes?? and is 68-fold higher than that of the most efficient designed Kemp eliminase
reported to date.3* Interestingly, the introduction of three mutations in Mb-H64V did not
cause major structural rearrangement (RMSD of 0.16 A was calculated from the
alignment of Mb-H64V and FerrEICat in Pymol), despite a drastic increase in the

protein’s catalytic activity (Figure 3.8).
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Figure 3.8. A. Michaelis-Menten traces for Mb-H64V and derived mutants showing the
improvement in activity after the introduction of three mutations. B. The overlay of Mb-
H64V (PDB 6CF0) and FerrElCat (the structure was determined by Dr. Jeremy Tame
group and deposited to the wwPDB) showing the minor structural changes after

mutagenesis.

We have previously suggested that myoglobin variants are following the redox-
mediated mechanism of Kemp elimination. This implies that proteins should be able to
transfer electrons from the cofactor (heme) to the substrate molecule. The reduction
potential of a protein is a measure of the protein’s ability to transfer electrons: proteins
with more positive reduction potential act as oxidizing agents by donating electrons to
the acceptor with lower potential.3® It is known that the environment around heme plays
a significant role in protein’s ability to transfer electrons,3¢ so we suggested that the
difference in the activity of the proteins designed in this work might originate from the
difference in the reduction potential. Surprisingly, the introduced mutations had a minor

effect on the reduction potentials of myoglobin mutants (Figure 3.9).
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Figure 3.9. Spectroelectrochemical determination of reduction potentials of
selected myoglobin mutants. The proteins were analyzed in 20 mM TRIS-HCI (pH
8.0) at 20°C in presence of the mediator (100 uM phenazine sulfate). The determined
reduction potentials (vs Ag/AgCl) for one-electron transfer were as follows: -117.11 £
4.25 mV (Mb-H64V), -162.33 + 0.90 mV (Mb-H64G/V68A), -117.32 £ 0.94 mV
(FerrElCat).

To catalyze a redox-mediated reaction, protein needs to have a redox-active
unit. The heme in myoglobin contains iron, a redox-active metal ion that can transition
between oxidized (Fe®*) and reduced (Fe?*) states. As tested proteins did not show
major differences in reduction potentials, we decided to confirm the importance of the
redox-active metal for Kemp elimination by myoglobin mutants. For this, iron-containing
heme in FerrElCat was substituted by Zn (I)-protoporphyrin IX. This molecule
resembles heme, except for the central zinc ion which is a redox inactive metal that
exists in the form of a divalent ion. Zinc-substituted myoglobin did not show any activity
in the Kemp elimination reaction, confirming the importance of the redox metal for the

catalysis (Figure 3.10.).

As the formation of a base in a protein’s active site is a pH-dependent process,

the activity of protein utilizing the acid-base mechanism for Kemp elimination will
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change with the concentration of protons, whereas the redox-mediated mechanism

should be pH-independent.
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Figure 3.10. A. The absorbance spectrum for zinc-porphyrin-substituted FerrEICat. B.
Michaelis-Menten kinetic trace for the Kemp elimination reaction catalyzed by
FerrElCat-Zn-P at pH 8.0.

Typically, the amino acid residues ionizable at physiological pH can act as a
base (glutamate, aspartate and histidine).3” The close examination of the environment
around FerrElCat’s active site did not reveal the presence of the amino acid residue that
can act as a base for Kemp elimination. The analysis of FerrElCat’s enzymatic activity
did not show significant pH dependence (Figure 3.11), even though we did observe the
drop in activity at pH 7.5. A similar result was previously obtained for cytochrome p450
and needs further investigation. Overall, these results provide evidence for the redox-

mediated mechanism of Kemp elimination reaction catalyzed by FerrEICat.
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Figure 3.11. pH dependence of FerrEICat’s activity in Kemp Elimination. Protein
was analyzed at 5 nM with 35 uM substrate in 1 mM L-ascorbic acid, 0.1 uM SOD, 20
nM catalase, 1.5% acetonitrile, 20 mM Tris (pH 8.0).

3.2.4. NMR-guided directed evolution allowed to improve affinity of AlleyCat to the
inhibitor

NMR-guided directed evolution of myoglobin scaffold allowed us to develop a
highly efficient protein by combining only three mutations. To test the capacity of this
method, we decided to evolve another scaffold. Our lab has done extensive work
studying AlleyCat, a calmodulin-based Kemp eliminase. Using computational methods
and a minimalist approach, Korendovych et al. identified the position for a single
mutation inside the hydrophobic pocket of the calmodulin C-terminal domain which
allowed them to install enzymatic activity in previously non-enzymatic protein.* AlleyCat,
a 74-residue C-terminal domain of calmodulin, contains FO2E mutation and possesses
Kemp elimination activity. Later this protein was subjected to seven rounds of evolution

using saturation mutagenesis, error-prone PCR (epPCR) and gene shuffling.®® These
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methods allowed to improve protein activity 220 times over the original design.
Considering this previous success and the simplicity of this scaffold, AlleyCat presents a
great candidate for further improvements using NMR-guided directed evolution.

The evolution of AlleyCat followed the same protocol as the one used for
myoglobin. The identification of hot spots for further mutations had more limitations: as
AlleyCat is an allosterically controlled catalyst, no mutations were introduced in the
calcium-binding sites (EF-hands). In the first round of NMR-guided directed evolution of
AlleyCat7, we were able to identify a productive mutation at position 125 (1125H), which
improved protein catalytic efficiency, mainly due to the increase in kcat, and resulted in
AlleyCat7-1125H named AlleyCat8 (Table S 1). Then, the productive mutations K115P
and T146R were identified and added to the AlleyCat8 sequence, which allowed us to
create AlleyCat9 and AlleyCat10 (Table S 2).

Efficient substrate binding facilitates the reaction as it helps to properly position
the substrate in the active site by finding the most appropriate orientation.®°® Usually,
mutations around the active site contribute to the substrate binding as they either
directly interact with the substrate or form the environment for sufficient binding. Many
research efforts highlighted the importance of protein dynamics in substrate transition
state binding and catalysis, suggesting that the structural changes outside the binding
pocket have an important contribution to the protein’s function. Even though the
methods for protein evolution can generate improved variants, the identification of the
distal positions crucial for catalysis still remains a challenge.*® We have shown that by
using NMR to guide protein design we were able to identify productive mutations far

from the active site. While analyzing the mutation introduced into AlleyCat using
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epPCR, gene shuffling and NMR-guided directed evolution, we can see that all three

mutations identified by NMR are located outside the binding pocket (Figure 3.12).

Figure 3.12. The mutations identified in 10 rounds of directed evolution of
AlleyCat scaffold. The FO2E mutation is colored in yellow, the mutations identified with
epPCR and gene shuffling are in green, the positions identified using NMR-guided
directed evolution are highlighted in red. The calcium ions are presented as grey
spheres. The mutations were mapped on AlleyCat scaffold (PDB 2KZ2).

The design of our method for protein evolution suggests that the introduced
mutations will affect the substrate transition state binding as we are altering the amino
acid residues important for the transition state analog binding to the protein scaffold. To
evaluate the impact of these mutations, we have measured the affinity of AlleyCat
mutants to 6-nitrobenzotriazole (6-NBT), the analog of a substrate transition state for
Kemp elimination reaction, using isothermal titration calorimetry (ITC). ITC is a method
that allows us to determine the thermodynamic parameters of interactions between
molecules. AlleyCat proteins, from AlleyCat to AlleyCat10, were obtained using different

strategies and each next round of mutagenesis improved enzyme activity mainly by
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increasing kecat (Table S 2). ITC analysis showed the improvement of 6-NBT binding to

the tested proteins (Table 3.2, Figure S 14).

Table 3.2. Thermodynamic parameters of 6-nitrobenzotriazole binding to AlleyCat
mutants determined by ITC. The titrations were performed in 20 mM HEPES, 100 mM
NaCl, 10 mM CaClz (pH 7.0), 2% acetonitrile at 25°C. Kq stands for the dissociation

constant in micromolar, AH is the change in enthalpy in kcal/mol.

Protein Number of sites Kd, tM AH, kcal/mol
AlleyCat - - -

AlleyCat 1 - - -

AlleyCat 2 - - -

AlleyCat 3 0.741 £ 0.016 64.9 £ 8.4 -17.4+£15
AlleyCat 4 0.783 £ 0.010 50.1+4.1 -16.4+0.8
AlleyCat 5 0.936 £ 0.01 31.2+3.7 -12.7 £ 0.7
AlleyCat 6 0.803 + 0.008 26.3+1.7 -15.2+0.4
AlleyCat 7 0.812 + 0.006 18.8+0.9 -13.9+0.2
AlleyCat 8 0.920 + 0.008 13.4+0.7 -13.9+0.2
AlleyCat 8-T146R  0.759 + 0.004 10.8+0.4 -12.4+0.1
AlleyCat 9 0.749 + 0.004 11.4+05 -13.3+0.2
AlleyCat 10 0.869 + 0.005 9.68 £ 0.42 -13.9+0.2

‘-“means that the parameters could not be determined using ITC

The contribution of the long-range interactions to protein catalysis has been
extensively discussed in the literature.*: 42 For years we have imagined protein-
substrate complexes as rigid structures. However, many studies have shown the
importance of protein dynamics in catalysis. Proteins undergo many microstates upon

substrate binding until the most appropriate is found. Conformational flexibility of
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proteins is also required for catalytic conversion and product release. These processes
involve some degree of movement from the whole protein molecule which explains the
connection between the long-distance interactions and substrate binding. Even though
their importance has been acknowledged, the protein design toolbox still lacks efficient
methods which can pinpoint such interactions. Our studies showed that NMR-guided
directed evolution can be used to identify the “hot spots” far from the active site. The
amino acids at the positions identified by NMR do not interact directly with the substrate
but rather contribute to the efficient protein conformation for further transitions state

binding and catalysis.
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3.3. Conclusions

With the increasing demand for proteins with new or improved functions, the
development of effective methods for protein engineering becomes a priority. We have
employed NMR to guide the directed evolution of proteins by identifying the regions
important for substrate binding and catalysis. We have shown that NMR-guided directed
evolution can be used to identify positions for productive mutations outside the active
site without utilizing extensive structural characterization of the protein scaffold. We
confirmed that chemical shift perturbation analysis facilitates the identification of
positions for effective mutations. We have found productive mutations at all 18 tested
hot spots, many of which are located far from the active site. The productive mutations
introduced in AlleyCat7 are also located outside the binding pocket but improved the
protein’s affinity to the substrate analog. As the identification of positions for productive
distal mutations still remains a challenge for most methods, NMR-guided directed
evolution provides new possibilities for protein design.

By applying gene shuffling, we have created the most active designed Kemp
eliminase, FerrElCat, reported to date by combining only three mutations identified
using an NMR-guided approach. The introduction of three mutations did not cause
major structural changes in the proteins but resulted in the unprecedented activity of 1.6
x 107 M-1s1, FerrEICat requires redox-active metal, and its enzymatic activity is pH-
independent. These results suggest a redox-mediated mechanism for Kemp elimination
promoted by FerrElCat. Our future work will include further elucidation of the factors
contributing to the extraordinary enzymatic activity of FerrElCat and the application of

the developed method to the evolution of other protein scaffolds.
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3.4. Experimental

Protein production and purification of myoglobin variants. A plasmid,
PET22b/Mb-WT, encoding recombinant sperm whale myoglobin, was a kind gift from
Prof. Rudi Fasan’s lab (University of Rochester). The protein sequence contains D122N
mutation compared to the wild-type sperm whale myoglobin. The plasmid encoding
myoglobin H64V, pET28a/Mb-H64V, was prepared in our lab using SOE-PCR. The
plasmids with myoglobin mutants were obtained from the NNK library screenings at
specific positions or after the site-directed mutagenesis.

The plasmids (50-100 ng) were transformed into E. coli BL21 (DE3) cells (New
England Biolabs) using heat shock and cultures were incubated at 37°C with shaking
(200 rpm) for 1 h. An aliquot was plated on LB agar plate containing 50 pg/mL
kanamycin (BioBasic Inc.) and the plate was incubated at 37°C for 10-16 H. The starter
cultures were prepared by inoculating 20 mL of 1x LB medium supplemented with
kanamycin with a single bacterial colony and grown for 5-12 H at 37°C with shaking
(200 rpm). A starter culture (10 mL) was diluted in 1 L of 1x LB (with 50 pg/mL
kanamycin) and grown at 37°C until ODsoo reached 0.6-0.8 (this optical density range
was important for the successful protein expression). It was also important to provide
proper aeration for the culture, so the 2.8-L glass Fernbach flasks were used to fit 1 L of
bacterial culture and the culture was incubated with shaking at 180 rpm in New
Brunswick Excella 25R shaker. After the cultures reached the density, the temperature
was set to 25°C and the cultures were incubated for 15 min at new conditions. &-
aminolevulinic acid hydrochloride (0.3 mM, TCI) was added to the culture as heme

precursor. After 5-10 min, the protein production was induced by adding 0.25 mM IPTG
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(BioBasic Inc.) and the cultures were incubated at 25°C for 20 H. Cells were harvested
by centrifugation at 4,000 xg for 20 min. The typical yield of the cell paste was 3-5 g per
1 L of culture. The cell paste was flash frozen in liquid nitrogen and preserved at -80°C
until further use.

The cells were resuspended in buffer containing 25 mM Tris-HCI (pH 8.0) and
sonicated at 20-23 W on ice for 10 min (20 s pulse, 20 s rest) on ice. The soluble
protein fraction was separated by centrifugation at 20,000 xg for 30 min at 4°C and
applied on 5-mL preequilibrated with resuspension buffer Ni-NTA agarose column
(Clonthech). The resin was then washed with the resuspension buffer until no protein
was eluting from the column (the presence of proteins was checked using Bradford
reagent). The protein was then eluted with buffer containing 25 mM Tris-HCI (pH 8.0)
and 50 mM imidazole. Fractions containing the protein were combined, concentrated
down to ~ 3 mL using 5K MWCO spin concentrator (Corning) and exchanged into 20
mM HEPES (pH 7.0) using an Econo-Pac 10 DG desalting column (BioRad). The final
purification was performed using HiTrap SP-sepharose column (GE Healthcare) and
NGC Quest 10 Plus Chromatography System (Bio-Rad). Protein was eluted with a
linear gradient of NaCl (0-600 mM) in 20 mM HEPES (pH 7.0). In many cases the
protein of interest was eluted with higher salt concentrations (the right shoulder of the
peak) and presented the minor fraction compared to the total heme-containing protein
mixture. Protein fractions were examined using UV-Vis spectroscopy and the fractions
which contained proteins with proper Soret band were combined, concentrated and
buffer exchanged into 20 mM HEPES (pH 7.0) as described previously. The final buffer

exchange acted also as an additional purification step and only fractions with proper
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Soret bands were combined and used for further experiments. Protein concentration
was determined using the extinction coefficient of 157,000 M-lcm1. The SDS-PAGE
analysis (10%) confirmed the purity (> 95%) of proteins.

Substitution of heme cofactor to Zn-porphyrin in FerrElCat. Purified
FerrEICat in 25 mM HEPES (pH 7.0) was used for the heme extraction. Protein sample
(~1mL) was chilled on ice and then the pH of solution was adjusted to 2 by addition of
small aliquots of 1 M HCI (the pH was monitored using indicator paper). After the
addition of the equal volume of ice-cold butanone (Sigma) to the protein solution, the
solution was vortexed for 10 sec and incubated on ice for 15 min. After the incubation,
the solution had two layers: the bottom layer contained protein without heme in buffer
and the top layer contained heme in butanone. The bottom layer was carefully removed
using a syringe with thin needle, placed in the Slide-A-Lyzer 7K MWCO dialysis
cassette (Thermo Scientific) and dialyzed against 3 L of water for 1 H at 4°C. The
sample was then dialyzed again for 1 H and the third time over night at the same
conditions. Zn (ll)-protoporphyrin IX (Zn-P) was prepared by dissolving the powder in
DMF. After dialysis, the apo-protein was incubated with the excess (3-5 eq based on the
concentration of the original protein sample used for the experiment) of Zn-porphyrin for
15 min on ice. Then, the equal volume of 20 mM Tris-HCI (pH 7.0) was added to the
protein-Zn-P mixture. To remove free Zn-P, the mixture was applied on Sephadex G-25
(BioRad) gravity column and Zn-FerrElCat was eluted with 20 Tris-HCI (pH 8.0). Zn-
FerrEICat was characterized by the Soret band at 424 nm, and Q-bands at 552 nm and
589 nm. Protein concentration was determined using the absorbance at 424 nm and the

extinction coefficient of 157,000 M-1cm-1.
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Expression and purification of AlleyCat variants. Plasmids encoding
AllecyCat variants were prepared in our lab by cloning the C-terminal domain of
calmodulin (AlleyCat) sequence into pET-SUMO vector using pET-SUMO cloning kit
(Invitrogen). Plasmids were transformed into E. coli BL21 (DE3) cells using heat shock
method. The aliquot was plated on LB agar plate containing kanamycin (50 pg/mL) and
incubated at 37°C for 10-16 h. A single colony obtained from the plate was then
inoculated into 20 mL of 1x LB media supplemented with kanamycin (50 pg/mL) and
grown at 37°C for 12-16 H to prepare the starter culture. 10 mL of the starter culture
were added to 1 L of 1x LB media (with 50 pg/mL kanamycin) and the culture was
grown at 37°C with shaking at 200 rpm. After the ODsoo reached 0.6-0.8, the
temperature was lowered to 18°C and protein expression was induced by adding 0.5
mM IPTG. After incubation at 18°C at 200 rpm for 10-12 H, cells were harvested by
centrifugation at 4,000 xg for 20 min at 4°C. The typical yield of the cell paste was 3-5 g
per 1 L of cell culture. The cell paste was flash frozen in liquid nitrogen and stored at -
80°C.

Cell pellets were resuspended in 25 mM Tris-HCI (pH 8.0), 20 mM imidazole, 10
mM CacClz, 300 mM NaCl and sonicated (Microson) on ice for 10 min (20 s pulse, 20 s
rest) at 20-23 W on ice. The soluble protein fraction was separated by centrifugation at
20,000 xg for 30 min at 4°C and applied on the preequilibrated 5-mL Ni-NTA column.
The column was washed with the resuspension buffer until no protein was eluted from
the column. The protein of interest was eluted with 25 mM Tris-HCI (pH 8.0), 10 mM
CaClz, 300 mM NaCl and 250 mM imidazole. Fractions containing the protein (verified

by the SDS-PAGE analysis in 15% gel) were combined and exchanged into the SUMO
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cleavage buffer (50 mM Tris-HCI (pH 8.0), 75 mM NacCl) using Econo-Pac 10 DG
desalting column (Bio-Rad). The eluted proteins contained a His6 tag and SUMO tag (~
11 kDa) attached to the N-termini of the proteins. SUMO tag was cleaved off using
SUMO protease in presence of 1 mM DTT (Sigma) and 0.5 mM EDTA (Gibco) while the
mixture was incubated at 30°C for 4-14 H. The required amount of the SUMO protease
was calculated as following: A2s0 (sumo-alleycat):A280 (SUMO protease) = 200:1. After digestion,
the mixture was exchanged into the storage buffer (20 mM HEPES (pH 7.0), 10 mM
CacClz, 100 mM NacCl) to remove DTT and EDTA and the obtained solution was passed
through Ni-NTA column pre-equilibrated with the same buffer. Collected fractions were
analyzed using SDS-PAGE to confirm the presence of the protein without tag. The
fractions were further combined and concentrated using 5K MWCO spin concentrator
(Corning). The final purification was performed using HiTrap Q-sepharose column (GE
Healthcare) and NGC Quest 10 Plus Chromatography System (Bio-Rad). The protein
was eluted with the gradient of 100-800 mM NaCl in 20 mM HEPES (pH 7.0), 10 mM
CacClz. Fractions containing protein were combined, concentrated and exchanged into
storage buffer (20 mM HEPES (pH 7.0), 10 mM CaClz, 100 mM NacCl). Protein
concentration was determined by measuring the absorbance at 280 nm using the
extinction coefficient of 2980 M-lcm! calculated using Expasy
(http://expasy.org/tools/protparam.html). Finally, the purity (> 95%) of the final samples
was checked on SDS-PAGE (15%).

Expression and purification of SUMO protease. pTB145 plasmid encoding
SUMO protease sequence was a gift from the Prof. Bradley Pentelute’s lab

(Massachusetts Institute of Technology). The plasmid was transformed into E. coli
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BL21-CodonPlus (DE3)-RP (Agilent) using heat shock and aliquot was plated on LB
agar plate with 100 pg/mL of ampicillin and 34 pug/mL of chloramphenicol. The starter
culture was prepared by transferring a colony in 15 mL of 1x LB supplemented with 100
pg/mL of ampicillin and 34 pg/mL of chloramphenicol and grown at 37°C for 10-16 H. A
starter culture (10 mL) was diluted in 1 L of 1x LB supplemented with ampicillin and
chloramphenicol and grown at 30°C until ODsoo 0.6-0.8. The protein expression was
induced by addition of 0.5 mM IPTG and the culture was further incubated at 30°C for 4-
5 H. The cells were harvested by centrifugation at 4,000 xg for 20 min at 4°C. The
typical yield of cell paste was 3 g per 1 L of culture.

Cell paste was resuspended in the buffer containing 50 mM Tris-HCI (pH 8.0),
5% glycerol, 10 mM 2-mercaptoethanol and 25 u/mL benzonase (Millipore). Cells were
lysed by sonication on ice for 10 min (20 s pulse, 20 s rest) at 20-23 W and then sample
was incubated at 37°C for 30 min to ensure proper DNA digestion by benzonase. To
separate the soluble fraction, the cell lysate was spun down at 20,000 xg for 30 min at
4°C. The DNA precipitation was performed by adding the streptomycin sulfate solution
to a final concentration of 0.8% (streptomycin sulfate salt was dissolved in buffer and
added dropwise to the protein solution). After 30 min of stirring, the lysate was spun
down at 20,000 xg for 30 min at 4°C. The supernatant was then loaded onto a 5-mL Ni-
NTA column (Clontech) pre-equilibrated with resuspension buffer without 2-
mercaptoethanol. The column was washed with 50 mM Tris-HCI (pH 8.0), 5% glycerol,
10 mM 2-mercaptoethanol, 40 mM imidazole until no protein was elute from the column
(the fractions were checked for protein presence with Bradford reagent). The protein

was eluted using the resuspension buffer with 250 mM imidazole. Fractions containing
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SUMO protease identified by Bradford assay were pooled and loaded onto a 5-mL Q-
sepharose column preequilibrated with the resuspension buffer. The column was
washed with the resuspension buffer and protein was eluted with 50 mM Tris-HCI (pH
8.0), 5% glycerol, 10 mM 2-mercaptoethanol and 200 mM NacCl, Fractions containing
protein with Azso/Azeo ratio of >1 were combined and concentrated using 10K MWCO
centrifugal concentrator (Corning). The protein was flash frozen in liquid nitrogen and
stored at -80°C.

Reduction of myoglobin mutants. The reduction of myoglobin-based proteins
was performed inside the glove box (MBraun) which maintained the low oxygen
atmosphere (<1 ppm). The proteins were degassed by placing the solutions in the
Schlenk vessels and applying 10 cycles of nitrogen refill and evacuation using the
Schlenk line. After the proteins were transferred inside the glove box, 10 equivalents of
the freshly prepared dithionite were added to reduce the proteins. The reduced proteins
were characterized by the sharp Soret band at 432 + 2 nm and the concentration was
estimated using the extinction coefficient of 157,000 M-icm or the experimentally
determined values using standard pyridine hemochromagen assay.

To determine the concentration of dithionite, 20-30 mg of solid sodium dithionite
(Riedel-de Haen) as well as potassium ferricyanide (Sigma) were brought inside the
glove box. Each solid reagent was dissolved in 1 mL of degassed milliQ water to
prepare stock solutions. Dithionite stock was further diluted 10- or 30-fold, depending on
the protein stock concentration, making working solution of dithionite. Next, two 1-mL
solutions were prepared: A - potassium ferricyanide stock was diluted 100 times in

water; B - the mixture of 100-fold diluted ferricyanide stock and 100-fold diluted working
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solution of dithionite was prepared in water. Both solutions were removed from the
glove box and the absorbances were measured at 420 nm using UV-Vis spectrometer
(Agilent 8453 or Cary 60). The reducing equivalence of the working solution of dithionite
was calculated from the difference in absorbances of the solutions using extinction
coefficient of 1,020 M-icm at 420 nm.

Kinetic characterization of myoglobin mutants. Extinction coefficients of
15,800 Micm at 380 nm was used for the product of Kemp elimination, 2-
hydroxybenzonitrile. Catalytic efficiency (kca/Km) as well as individual kinetic parameters
(kcat and Kwm, where possible), were determined by fitting the dependence of initial rates
on substrate concentration (final concentration of 140-840 uM) to the Michaelis-Menten
equation vo = keaf E][S])/(Km+[S]). For proteins with high Kmv values, where substrate
saturation could not be achieved due to solubility limits, kcat/Km was determined by fitting
data to vo = (kca/Km)[E][S]. In all cases the rates are corrected for the background rates
in the appropriate buffers without the enzymes. The substrate, 5-nitrobenzisoxazole,
was prepared as 100 mM stock in acetonitrile inside the glovebox (MBraun). Degassed
protein samples were reduced by adding ca. 10 equivalents of sodium dithionite
(Riedel-de Haen) inside a glove box. Concentrations of reduced proteins were
determined using a Soret band (typically around 434 nm) and the extinction coefficient
of 157,000 M-*cm. The quality of reduction was assessed by examining the position
and shape of Soret and Q-bands. Protein solutions containing reduced myoglobin
mutants (10-200 nM) in 40 mM Tris-HCI (pH 8.0) with ascorbate (2 mM), SOD (0.2 uM),
catalase (40 nM), were prepared inside the glove box and transferred to gas-tight

syringes. The substrate was prepared as 2x solution in water containing 3% acetonitrile
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inside the glove box and transferred in gas-tight syringes. The syringes with reaction
solutions were removed from the glove box one set a time and attached to the stopped-
flow spectrometer (Applied Photophysics SX20). Reactions were initiated by mixing
reduced enzyme in buffer and solutions of 5-nitrobenzisoxazole in water in 1:1 ratio.
The final reaction mixtures contained reduced protein (5-100 nM) in 20 mM Tris-HCI (pH
8.0) with ascorbate (1 mM), SOD (0.1 uM), catalase (20 nM), 1.5 % acetonitrile and
variable concentrations of the substrate. The reaction mixtures for each substrate
concentration were prepared and analyzed in triplicates. Product formation was
monitored at 25°C (temperature was controlled by Thermo Scientific water bath) for the
time interval of 0.1-10 s. The slopes were calculated for the liner portion of the kinetic
traces. The initial rates were calculated by dividing the slopes by the product extinction
coefficient and correcting for the pathlength (the pathlength of the cell was 5 mm).

The activity of zinc-substituted FerrEICat was analyzed in oxygen-containing
environment as the protein does not need reducing conditions. The protein solution was
prepared in 40 mM Tris (pH 8.0) at the concentration of 100 nM. The substrate solutions
were prepared as described above but outside the glove box using oxygenated water.
The final concentrations of the reactions were: 50 nM FerrElCat-Zn-P, 140-840 uM
substrate, 20 mM Tris (pH 8.0) and 1.5% acetonitrile. The concentration of zinc-
substituted protein was determined using the extinction coefficient of 157,000 M-tcm™* at
424 nm.

The pH dependence of FerrEICat enzymatic activity was assessed using the
anaerobic protocol described above, except different buffers were used (all at 20 mM;

MES at pH 6.5, HEPES at pH 7.0 and 7.5, TRIS at pH 8.0 and pH 8.5).
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Kinetic assay for uncatalyzed Kemp elimination. The rate constant for
uncatalyzed Kemp elimination (kuncat) was determined using several different
concentrations (five different concentrations ranging from 0-100 mM) of buffer
containing Tris-HCI (pH 8.0) at 25°C and extrapolated to the zero buffer concentration.
The product formation was monitored at 380 nm after the addition of 0.2 mM 5-
nitrobenzisoxazole to the buffer solutions, maintaining acetonitrile concentration at
1.5%, using UV-Vis spectrophotometer (Agilent Cary 60). For each different buffer
concentration, aliquots of the reaction mixture were transferred to the quartz cuvette
(Starna cells, Inc.) and the change in absorbance was monitored for 2 days. The kinetic
traces were fit to the pseudo first order reaction equation (A = c*(1-e™)), where A is the
absorbance of the product at 380 nm, c is the proportionality constant, Kk is the rate
constant for uncatalyzed reaction (kuncat) and t is time in min. The kuncat at zero buffer
concentration was determined by extrapolation of linear trendline to the zero buffer
concentration (Figure S 15.).

Spectroelectrochemical analysis of reduction potential for myoglobin
mutants. The reduction potentials of myoglobin variants were measured using a
platinum honeycomb spectrochemical electrode (0.17 cm) with a Ag/AgCl reference
electrode connected to the WaveNow potentiostat (all purchased from Pine Research
Instrumentation). All reduction potential mentioned here were determined against
Ag/AgCl reference electrode (electrode potential reported as +199 mV vs NHE by
manufacturer). The redox titration was performed using 1.2 mL of working solution
containing ~ 20 uM protein and 100 uM phenazine methosulfate (Sigma) as a redox

mediator in 20 mM HEPES (pH 7.0) or 20 mM Tris-HCI (pH 8.0). A highly positive
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potential of +100 mV vs Ag/AgCl reference electrode was initially applied to ensure
complete oxidation of protein. Next, the potential was applied with an increment of 25
mV from +25 mV to -500 mV (vs Ag/AgCl) with the equilibration time of 5 min at 20°C
for each step. The absorbance spectra of the protein containing mixtures at each
potential were recorded using UV-Vis spectrophotometer (Agilent 8453). The
absorbance of the protein solution was corrected for the contribution of the mediator.
The absorbance at 434 nm was normalized to 800 nm and used to determine the
fraction of reduced protein in the sample using the following equation: Fraction reduced
= (A434 — A43a, min)/(Aa3a, max — A434, min)). Fraction reduced was plotted as a function of the
applied potential and the midpoint reduction potential (Em) was determined using the
following equation: Fraction reduced = (A + gi*Eapp)+(B+g2°Eapp)/(1 + eXp((Em- Eapp)/b)),
where A represents the upper asymptote, B represents the difference between the
upper and lower asymptotes, g1 and g2 represent the slopes of the upper and the lower
asymptotes, respectively, b is the growth rate, Eapp is applied potential, Em is midpoint
reduction potential..

Circular dichroism (CD) spectroscopy of myoglobin mutants. All CD spectra
of myoglobin variants were recorded using Jasco J-715 CD spectrometer in continuous
mode with 1 nm bandwidth, 2 nm data pitch, scan rate of 50 nm/min with 8 s averaging
time. The final spectra represent a buffer-subtracted average of three runs. The CD
spectra of non-reduced proteins in the far-UV region (200-260 nm) were collected using
quartz cuvette with 1 mm pathlength while for the Soret band region (390-470 nm)
guartz cuvette of 1 cm pathlength was used. The spectra at Soret band region (390-470

nm) were obtained to determine mean residue ellipticity values (MRE) assuming protein
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binds heme in a 1:1 ratio. Proteins were degassed and transferred inside the glove box
as described above. Protein stocks were diluted in 2 mM Tris-HCI (pH 8.0) to 5 pM,
transferred outside the glove box and the spectra were recorded for oxidized protein.
For the analysis of the reduced protein, the stock was diluted in the same way as for the
oxidized sample and ten equivalents of sodium dithionite were added to the protein
inside the glove box. The concentrations of the reduced proteins were calculated based
on the Soret band maxima using the corresponding extinction coefficients. Sample
absorbance never exceeded 2 at all wavelengths. The mean residue ellipticity (MRE,
deg*cm?*dmol?) values were calculated using the following equation (MRE =
0/(10*c*I*N)), where 6 (mdeg) is ellipticity, | (cm) is the pathlength of the cuvette, ¢ (M) is
the protein concentration and N is the number of residues.

Determination of the dissociation constants for AlleyCats and 6-
nitrobenzotriazole (inhibitor). The thermodynamic parameters of 6-nitrobenzotriazole
(6-NBT) binding to AlleyCat proteins were measured using a MicroCal PEAQ-ITC
instrument (Malvern Panalytical). Proteins were dialyzed against buffer (20 mM HEPES,
100 mM NaCl, 10 mM CaClz, pH 7.0) containing 2% acetonitrile, filtered using 0.22 ym
low protein binding PES filter (Santa Cruz Biotechnology, Inc.) and the concentration of
each sample was determined by UV-vis spectroscopy using extinction coefficients of
2,980 M-tcmt at 280 nm. 6-NBT was prepared by dissolving the powder (AK Scientific)
in the protein dialysis buffer to obtain 1 mM solution. All titrations were performed at
25°C in the high feedback mode with 750 rpm stir speed and an appropriate
equilibration time between injections (150 s). The protein sample (~100 uM) was placed

in the calorimeter cell and 1 mM solution of 6-NBT (in the syringe) was added to the

123



protein in eighteen 2-pL aliquots. As a control, 1 mM 6-NBT solution was titrated into the
dialysis buffer.

The analysis, including baseline correction, peak integration and correction for
heat of dilution observed at the protein saturation with inhibitor, was performed using
the Microcal PEAQ-ITC analysis software provided by the manufacturer. To obtain
binding parameters for each reaction, the data were fitted to the one set of sites model.

Each titration was repeated at least two times.
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Chapter 4. Developing a Probe for Noninvasive Detection of Hepatocellular

Carcinoma by Positron Emission Tomography

This chapter was co-authored with Dr. Michelle Takas, who engineered HollEE, and Dr.

Z. Lengyel-Zhand, who performed initial sScFv expression experiments

Abstract. Liver cancer is one of the most common cancers in the world. Diagnosis of
hepatocellular carcinoma (HCC) at its early stages is difficult due to the small tumor size
and lack of specific detection procedures. Positron emission tomography (PET) with 8F-
fluorodeoxyglucose (FDG) is a widely used method for the detection of liver cancer but
due to challenges with its specificity and stability, more specific PET tracers are needed.
In this work, we attempt to create a metalloprotein-based radiotracer for the detection
and radiotherapy of HCC. For this, we have rationally designed a yttrium-binding
protein, HollEE, by introducing mutations into the C-terminal domain of calmodulin, a
calcium-binding protein. We have shown that HollEE has a preference for rare earth
metals and no affinity for calcium, which makes this protein suitable for intravenous
administration. To guide the tracer to a specific site, we attempted to fuse a glypican-3-
specific single-chain variable antibody fragment (scFv) with HollEE and establish the

purification process for this protein.
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4.1. Introduction
4.1.1. Detection of liver cancer and positron emission tomography

Liver cancer is considered one of the emerging malignant cancers in the world.
Statistics on this disease vary depending on gender, age and country, but current data
suggest that it ranks as the sixth most common cancer and the third leading cause of
cancer-related deaths worldwide (Figure 4.1). Hepatocellular carcinoma (HCC)
contributes to about 75% of liver cancers.! 2 Risk factors for hepatocellular carcinoma
include a wide range of genetic and environmental factors such as hepatitis B or C

infection, autoimmune hepatitis, liver cirrhosis, alcohol abuse and metabolic syndrome.®

Incidence Mortality
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Figure 4.1. Distribution of cases and deaths for the top 10 most common cancers
in 2020. Reproduced from ref 1 with the permission from American Cancer Society,
copyright 2021.

Current methods for liver cancer detection include abdominal ultrasound with

either a non-invasive confirmation by testing for the presence of liver-specific proteins in
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blood or invasive biopsy procedure, contrast imaging using computed tomography (CT)
or magnetic resonance imaging (MRI), and positron emission tomography (PET) by
using a radiotracer, *®F-fluorodeoxyglucose (FDG).# Ultrasound on its own cannot
provide definite results and further medical testing is needed to check for liver cancer
susceptibility. Biopsy with histological studies is a reliable method to identify HCC,
however, the result of this invasive procedure depends on the quality of collected tissue
samples, and the lack of validated early-stage cancer markers makes it challenging to
detect the disease at the onset.*

Among all contrast imaging techniques, ®F-FDG PET had shown the highest
sensitivity for detecting the disease due to high glucose uptake in cancer cells.® Positron
emission tomography (PET) is an in vivo imaging technique based on the detection of
511 keV photons emitted during the annihilation of positrons with electrons almost
perpendicularly to the positron’s trajectory. Radionuclides introduced in the body
undergo positron emission decay which results in the emission of positrons. These
positrons travel a small distance and then interact with the electrons in the tissues.
During the collision, particles annihilate and produce two photons that are traveling in
opposite directions.® The 18F-fluorodeoxyglucose (**F-FDG) is a positron-emitting sugar
radiolabeled with fluorine-18.7” Being an analog of glucose, FDG is easily incorporated
into the cell through the natural mechanisms and accumulated in the cells with high
metabolism, such as cancer cells (Figure 4.2.).8:° Even though FDG is successfully
used for many types of cancer, the high metabolic activity of liver makes it challenging
to differentiate small early stage neoplasms from the background, which leads to a high

rate of false-positive results. Besides 8F-FDG, 'C-based tracers showed promising
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results in the detection of liver cancer. The amino acids and cell metabolites labeled
with *1C were designed as probes for PET but as they also rely on the cell metabolism

and have a short half-life (20 min vs 110 min for FDG), their use in cancer detection is

limited.10-12
A O H B D-glucose
- glycogen storage
O hexokinase
H O FDG FDG # FDG-6-phosphate <I_> HMP-shunt
18 glucose-6-phosphatase +
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Figure 4.2. A. The structure of 18F-fluorodeoxyglucose (18F-FDG). B. The uptake of
FDG by cells (reproduced from ref. 9 with permission from Elsevier Ireland Ltd.,
copyright 2003).

4.1.2. Metal-based PET tracers

The utilization of modified metabolites as PET tracers takes advantage of natural
mechanisms which aid with the delivery of those molecules to the sites of interest. The
analogs of metabolites usually contain four isotopes, 'C, 13N, 0 and *8F, which have
been proven effective but also are characterized by the short half-life (carbon-11 — 20
min, nitrogen-13 — 10 min, oxygen-15 — 2 min and fluorine-18 — 110 min).'3> This puts
the time restrictions on the production of tracer, which requires the proximity of cyclotron
to the PET facility, and also limits the duration of analysis. To overcome these

restrictions, other radionuclides have been tested for the development of PET agents.
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Metal-based PET tracers comprise another group of promising detecting agents.
Such metals &Rb, 88Ga, ¢4Cu, #Y and 8Zr are widely used to create positron-emitting
probes with relatively long half-lives. Yttrium is considered a highly promising
theranostic tool: while 8¢Y emits positrons with a half-life of 14.7 hours, °°Y is a high
beta emitter with 64-hours half-life.%® Yttrium-90 is a known radionuclide for targeted
irradiation of cancer cells. As this isotope does not emit positrons, it is usually hard to
calculate the dose for proper radio treatment. Yttrium-86, being a positron-emitter, is
often used as a surrogate of *°Y for its quantification and visualization. The dual activity
of this isotope pair can be productively used to develop tools for simultaneous therapy
and diagnostics.

Yttrium-90 is used for radioembolization, the radioactive treatment protocol for
hepatocellular carcinoma. This method includes the immobilization of radioactive
isotope in the glass microbeads with further delivery to the liver through the invasive
procedure.'’- 8 Even though radioembolization is an effective treatment, it requires the
accurate delivery of the sample to the tumor, which might be challenging at the early

cancer stages.

4.1.3. Antibody-based delivery system for radiometals

For most diagnostic studies, the radioactive tracer is administered to a patient by
intravenous injection; however, it may also be delivered by inhalation, oral ingestion, or
direct injection into an organ. After intravenous injection, the commonly used PET tracer

BE-FDG will distribute around the body and the cells with higher glucose uptake will be
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visualized. While talking about metal-based agents, their distribution is not specific, thus
tracers capable of delivering the metal to a specific site need to be developed.

One of the best-described and widely used methods for site-specific delivery is
the use of antigen-specific antibodies. Antibodies are natural proteins, produced by the
immune system in response to the antigen. As antibodies can be engineered to
recognize certain antigens, they are often used for the detection of proteins, the sorting
of cells and for the delivery of small cargo, including radioactive metals.® 2° One of the
successful examples of an antibody-based delivery system for metal is °°Y-ibritumomab
tiuxetan, an FDA approved drug for the treatment of B-cell non-Hodgkin lymphoma.??
This drug is based on the CD-20-specific monoclonal antibody conjugated to yttrium-90.
The advantage of this method is that the metal is delivered in proximity to the cancer
cell which decreases the side effects. Another example is ®°Y-tacatuzumab tetraxetan, a
DOTA-conjugated monoclonal antibody specific to the alpha-fetoprotein, a tumor marker
found in many cancers, including hepatocellular carcinoma.?? This agent contains a
metal chelator, DOTA, widely used for the delivery of radioactive metals.

Direct metal conjugation to the protein and the use of metal chelator are two
main strategies for metal attachment to the antibody. Direct conjugation requires the
engineering of the high-affinity metal binding site, and the use of chelators is limited by
the properties of the chelator (if metal requires a different number of ligands for
coordination or a specific coordination environment, the binding may not be productive).
One way to improve the metal binding is to use proteins with metal affinity. Proteins

provide a great framework as they can be modified to adjust for the binding of a specific
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metal. In our work, we attempted to create a metalloprotein that can act as a selective
chelator for yttrium.

Precise targeting of liver tumors can be achieved by taking advantage of tissue-
specific markers. Glypican-3 (GPC3) is a member of the glypican family of glycosyl-
phosphatidylinositol-anchored cell-surface heparan sulfate proteoglycans. It is
expressed at high levels in most HCCs which makes it a promising candidate for tumor
diagnosis at early stages.?® 2* To take advantage of this marker, multiple GPC3-specific
antibodies were developed for therapeutic or diagnostic purposes.?> 26

Protein engineering has been successfully used to modify protein structure with
the preservation of its function. The development of single-chain antibody fragments
(scFv) allowed to simplify the production of specific antibodies without sacrificing the
reactivity.?” ScFv is a simplified version of the antibody: a fusion protein of the variable
regions of heavy (Vx) and light chains (VL) of immunoglobulins, connected with a short

peptide linker (Figure 4.3).

Fab F, scF,

Figure 4.3. The schematic representation of different types of engineered
antibodies. ScFv stands for single-chain variable domain. The antibody structure was
visualized by Pymol (PDB 1IGY).
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These proteins can be further engineered using phage or yeast display
techniques.?® 2° Kaplan and co-workers isolated and validated glypican-3-specific scFv
from a yeast display library.3° This antibody fragment is small enough to be expressed
in bacteria or yeast in high yields and at the same time displays reactivity of the full
antibody. In our work, we hypothesize that a combination of an anti-glypican-3 antibody
and an yttrium-binding metalloprotein can result in a more effective PET probe for the

detection of the early stage HCC.
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4.2. Results and Discussion
4.2.1. Design of yttrium-binding protein

Our idea for the novel PET contrast agents is based on the fusion of glypican-3-
specific antibody fragment and yttrium-binding protein. For this purpose, we attempted
to modify the metal affinity of a known metalloprotein. AlleyCat7 is a C-terminal domain
of calcium-binding protein calmodulin, where mutations were introduced to create a
novel catalyst for Kemp elimination reaction.®! This protein, being the derivative of
calcium-binding protein, contains two EF-hands, a well-known metal-binding motif found
in many proteins that coordinate to calcium. Calcium binding induces the change in
protein structure leading to a more compact fold and the creation of a hydrophobic
pocket necessary for the substrate binding.3? AlleyCat7 exhibits enzymatic activity upon
proper metal-induced folding.

The rare earth metals are rarely used as cofactors for natural proteins with only a
few reports of lanthanide-containing proteins. The methanotrophic bacteria, found in the
crater of a volcano, use methanol as a source of energy, which is converted to
formaldehyde by Ca?*- and lanthanide-dependent methanol dehydrogenases (Ln-
MDH).23 Lanmodulin, the lanthanide-modulating protein, was co-purified with Ln-MDH
and showed high affinity to lanthanides while utilizing the canonical calcium-binding
motif.3* Lanthanides have been successfully used to characterize calcium-binding sites
in various proteins due to the similarity in size and their preference for carboxylates as
coordination ligands.2® Y(IIl) ion (medium-hard to hard Lewis acid) and a carboxylic acid
oxygen atom (hard base) are expected to form a hard-hard acid-base pair, as predicted

by HSAB theory. Mack et al. have previously reported the design of calmodulin-based
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lanthanide-binding proteins by introducing the mutations in the EF-hands to modulate
lanthanide affinity. 3¢ The designed proteins of CuseCat family showed improved affinity
to the trivalent metals over calcium. As we attempted to design a metalloprotein-based
radiotracer for intravenous delivery, our goal was not to only develop an efficient yttrium
binder, but also to eliminate protein’s affinity to calcium. Human blood contains low
millimolar concentrations of calcium (a typical range of 2-2.5 mM?37), which can
outcompete yttrium from the metal binding site. By removing calcium affinity, we expect
to ensure the precise delivery of radionuclide to the site.

The characterization of protein-metal binding is often challenging due to the
instability of the metal or metal-protein complex under experimental conditions. The
complex interactions, that include structural reorganization of protein scaffold or the
water shell around metal ions, can also interfere with the accurate determination of
binding parameters. Moreover, many methods that are used for the determination of
protein-metal binding are low-throughput which puts restrictions on the situations when
large libraries of mutants need to be tested. Previous efforts in our lab were focused on
the development of the simple assay that allows to detect protein-metal binding. As it
was shown for CuseCat proteins, the coordination of metal results in the change in
protein folding that leads to the formation of the active site. Metal binding induced
CuseCat’s catalytic activity which can be tested using simple absorbance assays. For
our design efforts we decided to use colorimetric assay to probe protein-metal binding.

Calcium ions bind to the EF-hands in a pentagonal bipyramidal geometry with
seven coordination ligands. The EF-hands of calmodulins consist of 12 amino acids

arranged in a canonical helix-loop-helix structure (Figure 4.4).
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Figure 4.4. The structure of the EF-hand, a metal binding site present in
AlleyCat7. The EF-hand consists of 12 canonical amino acids. The protein structure
was prepared using Pymol and PDB 2KZ2.

In all described binding sites, a coordinating water (through residue 9), a
backbone amide C=0 group (residue 7), a bidentate glutamate carboxylate group
(residue 12), and two monodentate aspartate carboxylate groups (position 1 and 5)
provide six coordination ligands for metal binding. The last position is occupied by a
third monodentate aspartate carboxylate group or by an asparagine side-chain C=0
(position 3).

We have started our design effort from the examination of the EF-hand motif of
AlleyCat7. Aspartate at position 1 is important for proper protein folding.3 Position 12
requires bidentate ligand and the options are limited to Asp and Glu. The amino acid at
position 7 coordinates to the metal through the carboxyl oxygen which is present in all
amino acids. As the mutations at positions 3, 5 and 9 modulated the metal affinity of
CuseCat, we have tested them in the AlleyCat7 scaffold. The introduction of D95E and
D131E mutations at position 3 in AlleyCat7 resulted in the elimination of affinity to

calcium while preserving affinity to yttrium. As the Kemp elimination activity of this
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enzyme is linked to proper metal-induced folding, we used the colorimetric assay to

assess the binding of metals to the newly designed protein HollEE (AlleyCat7

D95E/D131E) (Figure 4.5).
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Figure 4.5. Kemp elimination activity of HollEE. The protein’s activity was tested at 1
UM in the buffer containing 20 mM MOPS (pH 7.0), 100 mM NaCl and 80 uM EDTA, Ca
(1IN or Y (11). The catalytic efficiency of HollEE in the presence of yttrium was measured

as 161 + 14 M1s?,

Based on the protein’s catalytic efficiency, HollEE adopted the efficient fold in the
complex with yttrium while the addition of calcium did not improve protein’s activity.
These results suggested that the designed protein met out initial requirements
(preserved binding to yttrium but showed no calcium affinity), thus we proceeded to

further investigation of metal binding to HollEE.
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4.2.2. Determination of the binding affinity of HollEE to rare earth metals

AlleyCat7 is an allosterically regulated protein that adopts catalytically active
conformation upon calcium binding. The introduction of two mutations in the EF-hands
of AlleyCat7 (one mutation in each coordination sphere) resulted in the loss of catalytic
activity in the presence of calcium. As metal-induced folding is essential for protein’s
Kemp elimination activity, we suggested that HollEE lost the affinity to calcium but
preserved the ability to coordinate yttrium. To confirm our hypothesis, we analyzed the
secondary structure of the protein using circular dichroism (CD) spectroscopy. CD
spectroscopy allows to evaluate the degree of helicity of analyzed protein and can be
used to predict the secondary structure motifs and the degree of folding. HollEE, being
a derivative of AlleyCat7, is expected to undergo major restructuring upon metal
binding. In its apo form, HollEE is a protein with a prominent alpha-helical character

(Figure 4.6.).

—— HollEE
—— HollEE with Ca(ll)
—— HollEE with Y(lIl)

T I I
200 220 240 260
Wavelength, nm

MRE, deg*cm’*dmol 'x10°

Figure 4.6. Circular dichroism spectra for the analysis of Holl[EE upon metal
binding. All samples were analyzed using 20 uM protein and 80 uM metal (Ca(ll) or
Y(l11)) in 30 mM MOPS (pH 6.5), 100 mM KCI at 25°C.
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The incubation of HollEE with 4 eq of calcium (Il) did not affect protein’s helicity
suggesting that the protein does not bind Ca (Il). On contrary, protein folding improved
after the incubation with yttrium (I11) indicating the interaction between protein and
metal. To further confirm protein’s inability to bind calcium, we analyzed protein-metal
interactions using isothermal titration calorimetry.

Isothermal titration calorimetry (ITC) is a routine technique for the determination
of thermodynamic parameters of binding, such as the number of binding sites, change
in enthalpy (AH) and dissociation constant (Ka). The C-terminal domain of calmodulin,
which was used as a scaffold for the development of AlleyCat and HollEE, binds two
metal ions in two non-identical binding sites with possible cooperativity.®® The titration of
both proteins with calcium (1) chloride solution showed that HollEE has no affinity to
calcium while AlleyCat7 binds metal ion (Figure 4.7.).

The dissociation constants obtained for AlleyCat7 (Kd,1 = 4.7 uM, Ka,2 =49.6 M)
were derived using the "sequential binding sites” model, which is applicable to proteins
that have more than two ligand binding sites that might be identical or non-identical,
independent or cooperative. This model is more general and has fewer constraints
compared to the "two binding sites" approach which is used to analyze two sets
(groups) of non-identical and independent (non-cooperative) ligand binding sites. Even
though further confirmation of AlleyCat7’s calcium affinity using a different method is
needed, the obtained results align with the predicted mode of action of metal-binding
sites in calmodulin derivatives. The titration of HollEE with calcium (1) did not produce
any heat indicating that Holl[EE does not interact with this metal confirming the results of

the calorimetric assay used to test protein’s catalytic activity.
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Figure 4.7. ITC traces for the titration of 198 uM AlleCat7 (A) and 195 uM HollEE
(B) with 3 mM calcium (Il) and the binding isotherms (C and D, respectively) used
for the derivation of thermodynamic parameters. The titrations were performed in
100 mM MES, 100 mM KCI, pH 6.5 at 25 °C.

The analysis of protein affinity to yttrium (lll) ions brings some challenges.
Yttrium is known to lower the pH of a solution and precipitate in the buffers at high pH.
To mitigate the impact of acidification of the solution by yttrium, we performed the
experiments using high buffer concentrations (100 mM MES) and to ensure metal
stability in the solution we lowered pH of the buffer to 6.0 (compared to 6.5 used for
calcium). Even though these conditions are different, we hoped to obtain any
preliminary results which could provide any insight into the protein-metal interactions.
The ITC analysis of metal binding to AlleyCat and HollEE produced complex isotherms

that could not be reliably analyzed. (Figure 4.8).
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Figure 4.8. ITC traces for the titration of 198 uM AlleCat7 (A) and 195 uM HollEE
(B) with 4 mM yttrium (lIl) chloride and the binding isotherms (C and D,
respectively) used for the derivation of thermodynamic parameters. The titrations
were performed in 100 mM MES, 100 mM KCI, pH 6.5 at 25 °C. The photos attached to
panels A and B show the precipitation of HollEE upon addition of yttrium (B).

Moreover, we have observed the precipitation of HollEE upon the addition of
yttrium. Yttrium (IIl) is a highly positively charged metal ion with an ionic radius similar to
that of calcium (ll). As HollEE has a high negative net charge (Figure 4.9.), the addition
of trivalent metal induces protein precipitation. Lanthanides have been previously
utilized for the precipitation of phosphoproteins#°, which, similar to HolIEE, have a high
negative change and abundance of oxygen ligands. This effect is pronounced in the

experiments that require high protein concentrations. Thus, we decided to employ other
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techniques that could allow us to mitigate this effect by using lower protein

concentrations.

Figure 4.9. The model of HollEE created using the structure of AlleyCat as a
scaffold (PDB 2KZ2). A. The view from the side of substrate binding site. B. The view
from the side opposite to the binding site. The calculations were performed using APBS

electrostatics plugin in Pymol for solvent excluded surface.

As we have observed before, the presence of metal ions in the solution
influences the degree of protein helicity suggesting metal binding. As the circular
dichroism experiment requires much lower protein concentrations, we suggested that
this method can be used to determine the binding parameters of yttrium (l11)-HollEE
binding. Unfortunately, the direct titration of protein with metal lead to metal precipitation
which interfered with the analysis (the experiment was performed previously in our lab).
We decided to employ metal-chelator buffers that are used to control metal
concentration in the solution.*!

The equilibrium equation suggests that the ratio between the metal-chelator

complex and a free chelator defines the free concentration of the metal:
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M+ L= ML

_ [M]free[L]free
K="
Y _K [ML]
[ ]free - d[L]free

We started with establishing the protocol for analysis of HollEE in yttrium-EDDS
(ethylenediamine-N, N'-disuccinic acid) buffer, which was previously used for the
determination of lanthanide affinity to proteins.3* The chelation of metal ions by EDDS
results in a change in its absorption of circular light which allows for accurate
determination of stoichiometry and concentrations necessary to prepare 1:1
EDDS:metal complex (Figure 4.10.). The EDDS:Y(IIl) complex is mixed with free EDDS
at different ratios to produce precisely controlled concentrations of free yttrium in the
solution.

As the designed system is very sensitive, the preparation of protein included
EDTA treatment to remove all bound metals. The dilution/concentration method and
dialysis were used to ensure the removal of EDTA from the protein solution. The
stability constant of EDDS for yttrium (lIl) is 13.55 which indicates very tight binding. As
the procedure of titration includes the mixing of two solutions at different ratios, the
highest free metal concentration which can be achieved using this approach is 0.1 uM.
This method works well for proteins with the dissociation constant in the low nanomolar
or picomolar range. The results of CD analysis showed no significant change in the
protein’s helicity which suggests that HollEE binds yttrium (l11) in the micromolar range

(Figure 4.11).
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Figure 4.10. A. CD spectra for the titration of 10 mM EDDS with the aliquots of 100 mM
yttrium (111) chloride. B. The determination of metal binding stoichiometry and the

concentrations necessary to prepare one-to-one EDDS:Y(IIl) complex.
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Figure 4.11. A. CD spectra of the titration of 10 uM HollEE with yttrium (Ill) in yttrium-
EDDS. B. The plot presenting MRE values at 220 nm plotted versus the concentration

of free yttrium (l11) did not show any dependence.

We have shown that the introduction of two mutations into AlleyCat7
successfully created a yttrium-binding protein, HollEE, with no affinity to calcium. The
analysis of metal binding to HollEE showed that the dissociation constant for Holl[EE-

Y (I11) binding is, presumably, in the micromolar range, although further experiments are

required for the reliable determination of protein-metal binding parameters.
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4.2.3. Development of 2E10-HolIEE radiotracer

To continue our efforts in the development of the novel metalloprotein-based
PET tracer, we proceeded to engineer the fusion of HollEE and the glypican-3-specific
antibody fragment (scFv). To establish a protocol for the expression of scFv fused with
yttrium-binding protein HollEE, we started with the bacterial expression system in
Escherichia coli as it is a well-studied, simple and highly productive. Test expression of
pMCSG49/2E10 plasmid in bacterial cells E. coli Rosetta pLysS showed a good level of
protein expression, but the protein was localized in the inclusion bodies. To improve the
solubility of the protein, we decided to fuse 2E10 with eGFP, an enhanced green
fluorescent protein. This can help with the solubilization of scFv and also provides an
opportunity to test 2E10 binding to the antigen on the cell surface by fluorescence
microscopy. For further activity and binding studies, scFv 2E10 was also fused to
HollIEE to make our target probe. As certain movements and interactions are required
for the activity of each domain in the fusion protein, a flexible linker with the sequence of
GSAGSAAGSGGF*? was inserted between proteins.

The protein expression was tested in two different bacterial stains. Origami 2 E.
coli strain contains genes that encode for modified thioredoxin reductase and
glutathione reductase, proteins that help to maintain reducing conditions in the cell.
These modifications were shown to greatly enhance disulfide bond formation in the E.
coli cytoplasm, which makes Origami 2 a suitable host for expression of disulfide-rich
antibody fragments.*® As scFv was derived from yeast display library, Rosetta pLysS E.
coli strain could enhance the expression of eukaryotic genes that contain codons rarely

used by bacteria.** Test expression in Origami 2 cells showed neither high protein
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expression level nor target protein in the soluble fraction (Figure 4.12). The 2E10
antibody sequence was derived from yeast and contains rare codons. As Origami 2
bacterial strain does not facilitate the expression of rare codons, this could lead to the

complication during protein expression which results in the very low yield.

2E10-HollEE 2E10-eGFP

M 1 2 3 4 M 5 6 7 8

Expected:

2E10—-30 kDa
2E10-HollEE —39.7 kDa
2E10-eGFP — 58 kDa

M — protein ladder

1 —beforeinduction

2 —3 H afterinduction

3 —soluble fraction

4 —insoluble fraction (pellet)

5 —beforeinduction

6 —3 H afterinduction

7 —soluble fraction

8 —insoluble fraction (pellet)

Figure 4.12. SDS-PAGE analysis of the fractions from test protein expression of
2E10-eGFP and 2E10-HollEE in Origami 2 E. coli cells after IPTG induction in LB

medium.

Test expression of target proteins in Rosetta pLysS cells with IPTG induction was
more successful and showed high level of protein production (Figure 4.13). However,
both proteins were found in the insoluble fractions. The localization of the
overexpressed protein the inclusion bodies is usually caused by the improper folding of
scFv in the bacterial cytoplasm that leads to protein aggregation. Antibody fragments

have been shown to localize in the inclusion bodies due to the misfolding in the bacterial
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cells, but it is interesting that scFv fusion with soluble proteins does not improve protein

solubility.

2E10-HollEE 2E10-EGFP

m 1 2 3 alls ¢ 7

Expected:

2E10-30 kDa
2E10-HollEE —39.7 kDa
2E10-eGFP — 58 kDa

M — protein ladder

1 - beforeinduction

2 —3 H afterinduction

3 —soluble fraction

4 —insoluble fraction (pellet)

5 —beforeinduction

6 —3 H after induction

7 —soluble fraction

8 —insoluble fraction (pellet)

Figure 4.13. SDS-PAGE analysis of the fractions from test protein expression of
2E10-eGFP and 2E10-HollEE in Rosetta pLysS E. coli cells after IPTG induction in

LB medium.

IPTG induction is a reliable method for expression of soluble non-toxic proteins in
bacterial cells.* When IPTG is added to the medium, protein expression occurs at
much higher rate. Certain proteins require longer time for proper folding and a high rate
of protein expression alters this process, leading to protein aggregation into inclusion
bodies. To mitigate these effects, we tested an autoinduction medium where instead of
synthetic inducers like IPTG, sugars such as lactose and glucose are used. This
method allows proteins to express under natural conditions as the inducers of protein
overexpression are produced during cell metabolism. The decrease in the protein

synthesis rate could facilitate proper folding.
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Test expression of 2E10 and 2E10-HollEE in Rosetta pLysS cells grown in
autoinduction medium showed that the proteins were still aggregated in the inclusion
bodies (Figure 4.14).

2E10 2E10-HollEE
Mkoa M |1 2 3"*_1__ 2 3‘

Expected:

e 2E10-30kDa
100 - 2E10-HollEE—39.7 kDa
75 e —
50 [ 1 —total protein extract
2 —soluble fraction
37 [ 3 —insoluble fraction
25 —

20

15

10

Figure 4.14. SDS-PAGE analysis of the fractions from test protein expression of

2E10 and 2E10-HollEE in Rosetta pLysS E. coli cells in autoinduction medium.

Considering high expression level of the 2E10-HollIEE, we purified the protein
fusion from the inclusion bodies formed in Rosetta pLysS cells. This involved protein
unfolding using chaotropic agents as guanidine hydrochloride or urea, followed by
renaturation by decreasing the concentration of those agents. After 2E10-HollEE was
refolded on Ni-NTA agarose column, it was eluted by increasing the concentration of
imidazole in the buffer (Figure 4.15). This method is often used for the production of the
antibody fragment in bacterial cells. The final yield was 0.2 mg of protein from 1 L of
bacterial culture.
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2E10-HollEE

Mkba Mf1 2 3 4 5 6|
3553 e Expected:
B== 2E10-HollEE—40 kDa
100
75 -
37 . 1 —wash with 40 mM imidazole
2 —wash with 80 mM imidazole
25 3 —wash with 100 mM imidazole
o 4 —wash with 180 mM imidazole
2 6 —wash with 180 mM imidazole
15 7 —wash with 250 mM imidazole
10 S

Figure 4.15. SDS-PAGE analysis of the elution fractions which contain 2E10-

HollEE after purification from inclusion bodies.

Even though we were able to successfully obtain scFv-HollEE fusion, protein
purification from inclusion bodies did not provide sufficient amount of the properly folded
protein for further studies. Thus, we decided to test other protein expression systems.
As 2E10 was derived from yeast display library in Saccharomyces cerevisiae, a yeast
protein expression system was suggested to solve the problem of protein solubility.
Previously, our lab has established protein expression system in Pichia pastoris. The
similarity between S. cerevisiae, used in yeast display, and P. pastoris allows us to use
those hosts interchangeably which eliminates the problems with codon usage between
species. The redox potential of the yeast cytoplasm is suitable for the formation of the
disulfide bonds in the scFv.*® P. pastoris is easier to manipulate, and often gives higher

protein expression levels compared to other yeast-based systems. Also, yeast
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expression system gives an option of secreted protein expression. This method was
proposed to improve protein yield, simplify purification process and reduce protein
toxicity to the host cell. After yeast cell transformation with pPIC9 vector containing the
target sequence, yeast clones were selected based on methylotrophy, the ability to use
methanol as a sole carbon source. This is the characteristic of transformed yeast as the
vector introduction into yeast genome completes the sequence of alcohol oxidase that
allows growth on methanol. Positive clones were tested for secreted protein expression
during a 5-day period. Unfortunately, the analysis of medium showed no traces of target

proteins (Figure 4.16).

M,kbaM 1 2 3 4 5 6 78 9 10111213 14 Mkba M1 2 3 4 5 67 8 9510111213 14
250 | 250 b
150 ° 150 ks
100 i 100
75 ¥ 75 Expected:
L 2E10 — 30 kDa
50 g 50 2E10-eGFP — 58 kDa
. 37
37 M —protein ladder
. 25
25 ™ 20
20 & 15
10 |
15 |
10
1-empty pPIC3 OH 8-2E1048H 1—empty pPIC3 OH 8- 2E10-eGFP 48 H
2-2E100H 9 — empty pPICS 72H 2-2E10-eGFP OH 9 - empty pPICS 72H
3 —empty pPICS 6 H 10-2E1072 H 3 —empty pPICY 6 H 10 - 2E10-eGFP 72 H
4-2E106H 11— empty pPIC9 96 H 4-2E10-eGFP 6 H 11 - empty pPICI 96 H
5—empty pPIC3 24 H 12-2E1096 H 5—empty pPIC3 24 H 12 - 2E10-eGFP 96 H
6—2E10 24 H 13— empty pPIC9 120 H 6—2E10-eGFP 24 H 13 — empty pPICY 120 H
7 —empty pPIC9 48 H 14-2E10120 H 7 —empty pPICY 48 H 14 - 2E10-eGFP 120 H

Figure 4.16. SDS-PAGE analysis of the medium samples collected during the test

secreted protein expression of 2E10 and 2E10-eGFP in Pichia pastoris.

The system we utilized should produce secreted proteins, since 2E10 and 2E10-
eGFP were fused to a-factor, the peptide sequence that labels protein for secretion.*” In

case of a-factor malfunction but successful expression, the protein should accumulate
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inside the yeast cell. However, yeast cell extract analysis did not show the presence of
target proteins (Figure 4.17) which suggests that scFv and its fusions cannot be

produced by Pichia pastoris.

2E10 2E10-EGFP

M, kDa
250
150

100
75
Expected:

2E10—-30kDa
2E10-eGFP—-58 kDa

3,5, 6—yeast colonies containing
2E10sequence

1, 2, 4, 6 —yeast colonies containing
2E10-eGFP sequence

Figure 4.17. SDS-PAGE analysis of the yeast cell extracts collected during the
test secreted protein expression of scFv 2E10 and 2E10-eGFP in Pichia pastoris.

Meanwhile, we decided to test a baculovirus protein expression system for scFv
production. Baculoviruses belong to a diverse group of large double stranded DNA
viruses that specifically infect insect cells. After infection, the cells start producing viral
proteins and, in case of recombinant expression system, the protein of interest.*® As
insects are more advanced eukaryotes than yeast, their cells are more suitable for
producing such complex proteins as antibodies and scFv. After 96-hours infection, cells
were collected by centrifugation and the cell pellet showed a distinguishable red tint of
the reporter red fluorescent protein (RFP) under visible light indicating a successful

infection by baculovirus. When exposed to UV light, a sample which contained the gene
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of 2E10-eGFP, glowed green (Figure 4.18) suggesting the expression and proper
folding of the fluorescent tag. However, the analysis of the total protein extracts did not
show prominent bands indicating the low expression level of our target proteins (Figure

4.19).

2E10-HOIIEE 2E10-eGF

nbi
E 2
B

vector iglﬂf 3

N
Cell pellets at 96 H PI under visible light Cell pellets at 96 H Pl under UV light

Figure 4.18. Photos of the insect cells infected with the viruses containing 2E10,
2E10-HollEE and 2E10-eGFP coding regions. Sample containing 2E10-eGFP

emitted green light indicating functional eGFP.

As the color of culture indicated the presence of protein, we performed test
purification of the protein. Unfortunately, no protein was identified in the elution fraction
or flow-through, and the insoluble protein fraction was still emitting a green light under
UV light. These results suggest that 2E10 scFv forms insoluble aggregates in insect
cells, similar to the result we obtained in bacterial expression system.

The production of soluble antibodies or their forms is a challenge due to the
complex structure of these proteins. The protein expression protocols need to be

developed for every new antibody or their fusions. In our work we focused on the
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expression of one glypican-3-specific scFv that showed the most promising results.°

Even though we did not succeed with the production of the 2E10-based protein fusion,

our future efforts will be focused on developing the expression and purification protocols

for other candidates.

Expected:
2E10-30kDa
2E10-HollEE—40 kDa
2E10-eGFP-58 kDa

1 —flow-through, empty vector
2 —elution, empty vector

3 —flow-through, 2E10

4 —elution 2E10

5 —flow-through, 2E10-HollEE
6 —elution, 2E10-HollEE

7 —flow-through, 2E10-EGFP

‘ 8 —elution 2E10-EGFP

Figure 4.19. SDS-PAGE analysis of flow-through and elution fractions collected
during test purification of 2E10, 2E10-HollEE and 2E10-eGFP from infected insect

cells.
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4.3. Conclusions and Outlook

We have successfully shown that the introduction of two mutations into the EF-
hand motif of calcium-binding protein AlleyCat7 could create a selective yttrium-binding
protein HollEE. The introduction of mutations at position 3 of the EF-hand completely
eliminated affinity to calcium as shown by the colorimetric kinetic activity assay, circular
dichroism spectroscopy and isothermal titration calorimetry. These results highlight the
importance of position 3 for calcium binding. HollEE preserved the affinity to rare earth
metals, specifically yttrium (lll). Unfortunately, we were not able to characterize Holl[EE-
yttrium (111) binding due to the protein precipitation issues but the estimation suggests
that the dissociation constant in the micromolar range.

We have used three different expression systems to produce metalloprotein-
antibody fusion. The fusion was expressed in the bacterial and insect cell but in both
cases it was insoluble which raises challenges with successful protein purification. We
were able to obtain a soluble protein after the protein purification from the inclusion
bodies and our future efforts will be focused on the development of the protocol for the

large-scale purification of protein fusion and its further testing in the cell-based assay.
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4.4. Experimental

HollEE and AlleyCat7 protein expression and purification. The recombinant
plasmids containing SUMO-HoIIEE sequence (pET-SUMO/HOoIIEE) or SUMO-AlleyCat7
(PET-SUMO/AlleyCat7) were transformed into E. coli BL21 [DES3] cells. A single colony
was inoculated into 20 mL of LB medium supplemented with 50 pg/mL kanamycin (Kan,
Bio Basic Inc.) and grown over night at 37°C with shaking. Next morning, 20 mL of
starter culture were diluted in 1 L of medium with Kan and incubated (with shaking) at
30°C until ODeoo of 0.5-0.7. The protein synthesis was induced using 0.5 mM IPTG
(isopropyl B-D-1-thiogalactopyranoside, Bio Basic Inc.) and the culture was incubated
for additional 5 h at 30°C (with shaking). Later, the cells were collected by centrifugation
(4,000xg, 4°C, 20 min), flash-frozen in liquid nitrogen and stored at -80°C until needed.

Target protein was purified as a His-fusion protein using Ni-NTA agarose
(Genetech). The cell pellet was resuspended in 25 mM Tris-HCI (pH 8.0), 300 mM
NaCl, 20 mM imidazole and sonicated for 10 min (20s on/20s off cycles) at 20 W on ice.
To aid with DNA removal, 25 U/mL of benzonase (Millipore) were added and protein
solution was incubated at 37°C for 30 min. After the incubation, the soluble protein
fraction was separated by centrifugation at 20,000xg for 30 min (at 4°C). The
supernatant (contains soluble proteins) was decanted and applied on Ni-NTA column,
pre-equilibrated with resuspension buffer. The column was later washed with
resuspension buffer until no protein was eluted. For the elution of protein of interest, the
column was washed with 25 mM Tris-HCI (pH 8.0), 300 mM NaCl and 250 mM
imidazole, and the eluate was collected as 1 mL fractions. The fractions were analyzed

using UV-vis spectrometry, the fractions which contained target protein were combined
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and concentrated using spin concentrators (10K MWCO, Corning). After concentration,
the protein was exchanged in SUMO cleavage buffer (50 mM Tris-HCI (pH 8.0), 75 mM
NacCl) using 10DG buffer exchange columns (BioRad).

The His-SUMO tag cleavage reaction was set up by adding 1 mM DTT and 0.5
mM EDTA to the protein in SUMO cleavage buffer; the protein solution was sterilized
using 0.2 um syringe filter (Santa Cruz) and incubated overnight at 30°C. The efficiency
of SUMO cleavage reaction was verified using SDS-PAGE (10% gel, Tris-MES buffer).
After the incubation, 1 mM EDTA was added to the protein solution and incubated for 5
min at room temperature. Then, the cleavage reaction was buffer exchanged into 100
mM MES (pH 6.0), 100 mM KCI and collected fractions were applied on Ni-NTA column.
As both SUMO tag and SUMO protease had His-tag, they attached to the column and
pure HollEE or AlleyCat7 were collected as flow-through. Collected fractions were
subjected to dilution-concentration cycles using 5K MWCO spin concentrator (Corning)
with further dialysis into 100 mM MES (pH 6.0), 100 mM KCI (3 L of buffer, at least 3 H,
4°C). The protein concentration was assessed by UV-vis spectroscopy (extinction
coefficient at 280 nm is 2,980 M-icm™?).

Preparation of yttrium-EDDS buffer. The procedure was described previously
by Cotruvo et al.3* Ethylenediamine N,N'-disuccinic acid (EDDS) was obtained as a
~35% (~0.977 M) trisodium salt solution in water (Sigma). For the purpose of metal-
protein Kq determination, 1:1 metal:EDDS stock solutions were prepared by taking
advantage of the change in the CD signal of the free ligand upon metal binding. A
solution of 30 mM MOPS (pH 7.2), 100 mM KCI, and 10 mM EDDS was prepared in a

50-mL tube. Yttrium (II) chloride stock was prepared as 1 M stock by dissolving salt in
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water and later 100 mM working solution was prepared by diluting 1 M stock in 30 mM
MOPS (pH 7.2), 100 mM KCI. CD spectra were acquired at 260—215 nm, 0.5 nm data
pitch, continuous mode, 50 nm/min speed, 1 nm band width, 4 sec average time at
25°C. Total of three scans were acquired and averaged for each experiment. The
solution of 10 mM EDDS in buffer (300 pL) was placed in a 1-mm pathlength CD
cuvette and titrated with 2-pL aliquots of 100 mM YCls, until the CD signal at 220 nm,
adjusted for volume change during the titration, was no longer altered by metal addition
(1:1 metal:ligand complex). The volume of the metal stock solution required to reach the
equivalence point was calculated from the intersection of the linear regression line fitted
to points in the first half of the titration and the average ellipticity from the first 3 points
after signal was constant. The 1:1 yttrium-EDDS buffer consisted of 30 mM MOPS (pH
7.2), 100 mM NaCl, 10 mM EDDS and 11.45 mM YCls. The solution was prepared fresh
before each experiment.

Determination of Ka of protein-metal binding by CD spectroscopy. A
concentrated solution of HollEE was diluted to 10 uM separately in yttrium-EDDS buffer
(final composition: 30 mM MOPS (pH 6.5), 100 mM KCI, 10 mM EDDS, 11.72 mM YCls,
10 uM HollEE) and in EDDS buffer (final composition: 30 mM MOPS (pH 6.5), 100 mM
KCI, 10 mM EDDS, 10 uM HollEE). These two protein solutions were mixed at different
ratios to give various free metal concentrations. The same ratios of buffers without
protein were mixed to yield the blank samples for CD experiments. The samples were
incubated at room temperature for ~1 h to allow for equilibration prior to collection of CD
spectra at 25 °C. The blank spectra at each ratio were subtracted from the protein

containing spectra, and the [0]222nm was plotted vs. free metal concentration.
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Determination of protein-metal binding parameters using isothermal
titration calorimetry. The thermodynamic parameters of the metal binding to HollEE
were monitored by isothermal titration calorimetry using a MicroCal PEAQ-ITC
(Malvern). A concentrated protein stock solution (3 mL) was dialyzed against 1 L of 100
mM MES (pH 6.0), 100 mM KCI. A diluted solution of apoprotein was made, and the
exact concentration of each dilution was determined by the absorbance at 280 nm using
an extinction coefficient of 2,980 M-lcm. The metal salts were prepared as 100 mM
stocks in water and then diluted to 250 uM in the buffer collected after protein dialysis
(200 mM MES (pH 6.0), 100 mM KCI). Protein solution in the calorimeter cell was
titrated with metals by automatic 2-uL injections at 25°C with 750 rpm stir speed and the
intervals of 3-5 min between injections. Baseline correction and integration of the peaks
corresponding to each injection were performed using the Microcal PEAQ-ITC Analysis
software provided by the manufacturer. The data were fitted to the two sets of sites
model to determine such parameters as the stoichiometry (n), enthalpy of complex
formation (AH), and equilibrium binding constant (K). The control experiment consisting
of injections of the protein solution into the buffer was performed to evaluate the heat of
dilution.

Cloning of 2E10-HollEE and 2E10-eGFP into pMCSG49 vector. Cloning was
carried out using In-Fusion HD Cloning Kit (Takara) according to the manufacturer’s
standard protocols. The linker
GGATCAGCAGGTTCCGCTGCTGGTTCTGGCGAATTC, coding for

GSAGSAAGSGEF, was introduced using primers with extensions.

162



Test expression of 2E10, 2E10-HollIEE and 2E10-eGFP in bacterial cells.
Purified plasmid (1 pL) was mixed gently with 50 puL of Rosetta pLysS cells, kindly
provided by Dr. Carlos Castaneda, or Origami 2 cells (Novagen). Cells were incubated
on ice for 15 mins followed by heat shock treatment at 42°C for 45 seconds in the
water-bath. Then, cells were cooled down on ice for 2 min before the addition of 950 pL
of Luria Bertani (1x LB). Transformed cells were incubated at 37°C for 1 hour with
continuous shaking at 250 rpm. 100 pL of the transformed culture were plated on an
ampicillin-containing plate (100 pg/mL) and colonies were allowed to grow overnight at
37°C. A single colony containing plasmid was transferred into 20 mL 1x LB containing
100 pg/mL of ampicillin or 20 mL of autoinduction medium and the culture was
incubated at 37°C under continuous shaking at 250 rpm until ODeoo ~ 0.6. Then, 1 mL of
culture was saved as an uninduced sample and protein expression was induced with
0.5 mM IPTG with further incubation at 37°C for 3 hours. Cells were harvested by
centrifugation (4,000xg, 10 min, 4 °C), resuspended in 1 ml of Lysis buffer (25 mM Tris-
HCI (pH 8.0), 300 mM NacCl, 20 mM imidazole, 0.5 mM PMSF) and sonicated for 3 min
(20 sec on/20 sec off) at 15 W. Total protein extract sample was saved and the rest was
centrifuged at 14,000xg for 20 min at RT. The supernatant was treated as a soluble
protein sample and pellet was assigned to insoluble protein fraction. All samples were
analyzed using SDS-PAGE (10% gel).

Purification of 2E10-HollEE from bacterial inclusion bodies. The cell paste
was resuspended in the lysis buffer (10 mL per 1 g of pellet) containing 25 mM Tris-HCI
(pH 8.0), 500 mM NacCl, 20 mM imidazole, 0.4 mM PMSF and 1uL/1g of pellet of

benzonase (Millipore). Solution was sonicated for 10 min (20 sec on/20 sec off) at 19 W
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followed by centrifugation at 20,000xg for 20 min at 4°C. Then, pellet was subjected to
two rounds of washing with 30 ml of ice-cold Pellet wash 2UT buffer (25 mM Tris-HCI
(pH 8.0), 500mM NacCl, 2 M Urea and 2 % Triton X-100) with further 6-min sonication
and centrifugation at 20,000xg for 10 min at 4°C. Inclusion bodies were washed with 30
ml of ice-cold Pellet wash buffer (25 mM Tris-HCI (pH 8.0), 500mM NaCl and 20 mM
imidazole), sonicated for 6 min and pelleted at 20,000xg for 10 min at 4°C. Pure
inclusion bodies were resuspended in Pellet lysis 6Gu buffer (50 ml of buffer per 1 g of
inclusion bodies) containing 25 mM Tris-HCI (pH 8.0), 500 mM NaCl, 5 mM imidazole
and 6 M guanidine hydrochloride by stirring for 60 min at RT until the pellet is
completely dissolved. To remove insoluble particles, the solution was centrifugated for
15 min at 20,000xg at 4°C and passed through the 0.22 pm or 0.45 um syringe filter.
Filtered solution was applied on the Ni-NTA agarose column (Takara, 3 mL)
equilibrated with Pellet lysis 6Gu buffer, and incubated for 30 min at RT. After
incubation, column was washed with 10 ml of Pellet lysis 6Gu buffer and then with 10 ml
of Refolding 6U buffer (20 mM Tris-HCI (pH 8.0), 500 mM NaCl, 20 mM imidazole and 6
M urea). Protein refolding on column was performed by manual step-ramp gradient
wash from 6M urea to OM urea by mixing Refolding 6U buffer and Refolding buffer (20
mM Tris-HCI (pH 8.0), 500 mM NaCl and 20 mM imidazole) to decrease the
concentration of urea in the buffer. After refolding, protein was eluted with Elution buffer
containing 20 mM Tris-HCI (pH 8.0), 500 mM NaCl and 250 mM imidazole.
Concentration of the protein was deduced by checking its absorbance at 280 nm using

a UV-Vis spectrometer and the calculated extinction coefficient of 64,540 M-icm-2,

164



Subcloning of 2E10 and 2E10-eGFP into pPIC9 vector for protein
expression in yeast cells. All target sequences were subcloned from pMCSG49-based
constructs into pPIC9 using ligation cloning. For this, all inserts were amplified using
primers containing EcoRI and Notl restriction sites. Both inserts and vector were
digested with EcoRI and Notl (both — New England Biolabs) and then ligated with T4
DNA ligase (New England Biolabs) according to the manufacture’s protocols.

Expression of 2E10 and 2E10-eGFP in Pichia pastoris GS115 cells. pPIC9-
based plasmids containing 2E10 and 2E10-eGFP (2 ug of each) were linearized by
digestion with Sall restriction enzyme (New England Biolabs, following manufacturer’'s
protocol) and purified using DNA purification kit (Bio Basic Inc). The overnight culture (2
mL) of GS115 cells in YTD medium (1% yeast extract, 2% tryptone, 2% dextrose) was
transferred into 100 mL of YTD and grown at 28-30°C with vigorous shaking (~175 rpm)
until ODsoo ~1.5. Then, culture was pelleted by centrifugation at 3,000xg for 2 min at RT,
resuspended in 8 ml of ice cold LIAc-DTT buffer (10 mM Tris-HCI (pH 7.5), 100 mM
lithium acetate, 10 mM DTT, 0.6 M sorbitol) and kept at RT for 30-40 min. After
incubation, cells were spun down at 3,000xg for 2 min at RT, resuspended in 1.5 mL of
ice-cold 1 M sorbitol, transferred into sterile 1.5-mL tube, pelleted again (3,000xg, 2 min,
RT) and additionally washed with 1.5 mL of 1 M sorbitol twice. After wash, cell pellet
was resuspended in 600 pL of 1 M ice-cold sorbitol. To quantify the cells, the 1,000x
dilution was prepared and ODsoo was measured (should be below 0.2). Then, 1.5 ug of
linearized DNA was added to 200 pL of yeast suspension. Mix was incubated on ice for
10 min, electroporated at 1.5 kV for 6.2 msec, 1 mL of ice-cold 1 M sorbitol was added

immediately and cells were kept on ice. Transformation mix was plated on the RDB
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plates (2% dextrose, 1.34% yeast nitrogen base with ammonium sulfate, 0.00004%
biotin, 0.005% L-glutamic acid, 0.005% L-methionine, 0.005% L-lysine, 0.005% L-
leucine, and 0.005% L-isoleucine, 18.6% sorbitol, 2% agar) which were incubated at 28-
30°C for 3 days.

After incubation, colonies were picked up and grown in 2 mL of YTD medium
overnight. For these small cultures, 5 pL of each culture were plated on MM (1.34%
yeast nitrogen base with ammonium sulfate, 0.00004 % biotin, 0.5% methanol, 1.5%
agar) and MD (1.34% yeast nitrogen base with ammonium sulfate, 0.00004 % biotin,
2% dextrose, 1.5% agar) plates with further incubation at 28-30°C for 3 days to check
for methylotrophy. The methanol (100 pL) was added to MM plates every 24 hours to
provide the source of carbon. After 3 days, a few colonies were picked from MM plates
for PCR screening with 5’A0X1 and 3’AOX1 primers for the presence of the target
inserts. The colonies which contained the insert of interest were inoculated in 2 mL of
YTD medium and grown over night 28-30°C with good shaking. Next morning, the cells
were collected by centrifugation (3,000xg for 2 min at RT), resuspended in YT medium
with 40% glycerol, frozen in liquid nitrogen and stored at -80°C for further use.

To test the protein expression, the remaining culture (~2 mL) was resuspended in
20 mL of BMMY medium (1% yeast extract, 2% tryptone, 100 mM potassium phosphate
(pH 6.0), 1.34% yeast nitrogen base with ammonium sulfate, 0.00004% biotin, 0.5%
methanol) and grown at 28-30°C for 5 days to check for protein expression. The
methanol (100 pL) was added to cultures every 24 hours to provide the source of
carbon. The 0.5-mL culture aliquots were taken at 0, 6, 24, 48, 72, 96, 120 hours and

analyzed using SDS-PAGE (10% gel).
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Subcloning of 2E10, 2E10-HollEE and 2E10-eGFP into pFastBac Dual vector
for baculovirus protein expression system. All target sequences were subcloned
from pMCSG49-based constructs into pFastBac Dual vector (Invitrogen) under
polyhedrin promoter. 2E10 and 2E10-eGFP coding regions were amplified using
primers containing EcoRI and Notl restriction sites and 2E10-HollEE was amplified
using primers for In-Fusion HD Cloning Kit (Takara). 2E10 and 2E10-eGFP inserts and
vector were digested with EcoRI and Notl (both — New England Biolabs) and then
ligated with T4 DNA ligase (New England Biolabs) according to the manufacture’s
protocols.

Bacmid preparation. To prepare competent cells for bacmid production, a single
colony of E. coli DH10BAC cells (Invitrogen) was inoculated into 5 mL of LB medium
containing 10 pg/mL tetracycline (Tet) and 50 ug/mL kanamycin (Kan), and incubated
overnight at 37°C with shaking (250 rpm). Then, 1 mL of the night culture was
transferred into 100 mL of LB medium containing Tet and Kan, and incubated at 37°C
with shaking (250rpm) to ODsgo of 0.375. After the culture reached the desired optical
density, it was transferred into pre-chilled tubes and left on ice for 10 min. After
centrifugation at 4,000xg at 4°C for 15 min, the cells were gently resuspended in 10 mL
of ice-cold CaClz solution (10 mM PIPES (pH 7.0), 60 mM CacClz, 15% glycerol) and
pelleted at 4,000xg for 15 min at 4°C. Then, cells were resuspended in 10 mL of ice-
cold CaCl2 solution again and kept on ice for 30 min. After cells were spun down at
4,000xg for 15 min at 4°C, they were resuspended in 1 mL of ice-cold CaClz solution
and 100 pL of competent cells were used for heat-shock transformation with 1-2 ug of

DNA. For cell recovery, 900 yL of SOC medium were added and cells were incubated at
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37°C during 4-6 H with vigorous shaking (250 rpm). A 200-pL aliquot of the transformed
culture was plated on the blue-white selection plate containing 1 % tryptone, 1 % NacCl,
0.5 % yeast extract, 1.5 % agar, 50 yg/mL kanamycin (Kan), 7 yg/mL gentamycin
(Gen), 12.5 uyg/mL tetracycline (Tet), 40 ug/mL X-gal, 210 mM IPTG, and colonies were
allowed to grow for 2 days at 37°C. A few white colonies (blue colonies did not have an
insert as 3-galactosidase gene is working) were selected and the presence of the target
inserts was verified using PCR screening with polyhedrin forward primer and reverse
primers specific to the inserts. The colonies containing target inserts were chosen for
further work. The colonies were grown in 5 mL of LB medium supplemented with Kan,
Tet and Gen at 37°C over night, collected by centrifugation and saved as flash-frozen
pellets (stored at -80°C).

The bacmids for further insect cells transfection were purified from frozen pellets
obtained from white colonies using BioBasic Plasmid Purification Kit. The pellets were
resuspended in 200 pL of Solution | and lysed after the addition of 400 uL of Solution I
(lysis buffer). The tubes were gently inverted for proper mixing and kept on ice for 5 min.
Then, 700 uL of Solution Il (neutralization buffer) were added, the tubes were gently
inverted and the formation of white cloudy pellet was observed. After the samples were
centrifuged for 10 min at 14,000xg at RT, the supernatant was carefully transferred in
850 mL of 100% isopropanol (in 1.5-mL tube). The contents were gently mixed by
inversion and kept on ice for 10 min. At this point DNA was collected by centrifugation at
14,000xg for 15 min and the supernatant was carefully removed. The pelleted DNA then
washed twice with pre-chilled at -20°C 70% ethanol (the ethanol was added to DNA, the

tube was inverted a few times and the DNA was collected by centrifugation at 14,000xg
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for 15 min). After the final wash, the supernatant was carefully removed and DNA was
dried at 42°C for 10 min (or until in does not smell with ethanol). The bacmids were
rehydrated by adding 50 pL of elution buffer and incubating DNA at 4°C over night.

Baculovirus production and amplification Transfection of SF9 adherent cell
culture (maintained in SF-900 Ill SFM medium (Gibco) at 28°C with gentle shaking) was
performed using Trans-IT-Insect Transfection Reagent (Mirus) according to the
manufacture’s protocol. Briefly, 2.7 x 10° cells were plated on 60-mm cell-culture treated
dish in SF-900 Il SFM medium and allowed to attach for 1 H at 28°C. Then, 7.5 ug of
bacmid DNA were resuspended in 500 pL of medium, and 15 pL of transfection reagent
were added. The solution was mixed by pipetting and allowed to incubate at RT for 30
min. After incubation, the mixture was added to cell culture drop-wise to the different
areas of the plate and gently rocked for even distribution of complexes. Cells were
incubated at 28°C until the signs of transfection were prominent. After 70-H infection,
the primary virus stock was collected (the cells were scaped from the plate, the medium
was collected and clarified by centrifugation and filtration). For virus amplification, 20 x
106 cells in 20 ml of medium (in 125-mL glass flasks) were infected with 300 pL of
primary virus stock. Cell cultures were incubated at 28°C with continuous shaking (150
rpm). Each 24 H the aliquot of cells was taken to check the infection progress and cell
viability. The amplified virus stock was collected after 96 H of infection. Cells were spun
down at 3,000xg for 5 min at 4°C, supernatant was collected and filtered through 0.22
pum sterile syringe filter. Virus stocks are stored protected from light at 4°C.

Expression of 2E10 and 2E10-eGFP in Sf9 insect cells. For test protein

expression 20 x 10° cells in 20 mL of growth medium were infected with 200 uL of
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amplified virus stock and incubated at 28°C with continuous shaking. Cell samples were
collected each 24 H until 70 H time-point. All samples were analyzed using SDS-PAGE

(10% gel).
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Chapter 5. Design of peptides to block association of HIV virus with human cells

This chapter was co-authored with Dr. Pallavi Gosavi, who conducted the initial
studies with SEVI fibrils, and Dr. Megha Jayachandran, who tested the binding of

selected peptides to SEM1 and SEM2 peptides

Abstract. HIV and AIDS remain a persistent problem in many countries around
the world. Amyloid fibril-forming peptides from human semen have been previously
shown to enhance HIV infection by facilitating the attachment of virions to cells. These
peptides fall into two main groups: derivatives of prostatic acidic phosphatase (PAP),
which form a semen-induced enhancer of HIV infection (SEVI), and derivatives of the
semenogelins (SEM). Developing a strategy to target amyloid fibrils would provide an
effective way to reduce the rate of the sexual transmission of HIV. Using a minimalist
approach, we have designed peptide sequences that selectively bind to the amyloid
forms of SEVI or SEM, but not the non-aggregated peptides. We also have used a
selected peptide as a starting point for the phage display library to enhance peptide’s
binding and specificity. The identified peptides could potentially reduce the infectivity of

HIV virions by preventing their attachment to the target cells.
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5.1. Introduction
5.1.1 HIV and AIDS

HIV and AIDS remain a persistent problem in many countries around the world.
Since it was first discovered in 1981, HIV has affected the lives of millions of people
across the globe. According to UNAIDS, there are approximately 38 million people
currently living with HIV, with about 2 million being children aged 0-14 years, and tens of
millions of people have died of AIDS-related causes since the beginning of the
epidemic.! The tremendous efforts were put into the prevention and treatment of the
disease, as well as the education and scientific research. Despite advances in our
scientific understanding of HIV, its prevention and treatment, many people with HIV or
at risk for HIV still do not have access to prevention, care, and treatment due to many
socioeconomic factors. As of today, AIDS has no successful cure strategy, and the
patients receive supporting treatment which allows them to suppress the infection. Even
though a few cases of HIV cure were reported, they require further investigation for
successful general applicaiton.? 3

The human immunodeficiency virus (HIV) belongs to the class of retroviruses,
the RNA-containing viruses. These viruses carry a reverse transcriptase, the enzyme
that converts a single-stranded RNA to double-stranded DNA. Another enzyme,
integrase, facilitates the incorporation of the virus into the host cell genome which
allows further virus replication. After the viral RNA synthesis, the new virion particle will
be assembled near the host cell membrane.* ® As a result, HIV virions are coated in the
lipid bilayer derived from the cell membrane, meaning that viral particles will possess

similar properties, including the charge (Figure 5.1). The HIV virions target CD4+ helper
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T cells, the key regulators of the humoral and cellular immune responses.® When the
virus infects an activated CD4+ T cell, it hijacks and manipulates its transcriptional and
translational machinery to reproduce itself leading to the cell damage. The destruction
and depletion of T cells result in the weakening of the immune system and impede

body’s ability to defend itself against opportunistic pathogens.

“immature”
virus
@ b S Y
B
suooinG 4852
ASSEMBLY/b Ty — (&
@ v v v
M E MATURATION,
= oy = \ .". ..:
/ \ y é::;‘;
- viral s P
(X Ay regulatory | % y
c’uo%g g?otelnsy “‘.' "" .,
viral structural & /'0( 0 “mature
enzymatic ) ¥'e) infectious
of nzymalic  TRANSLATION i
; — | (
\ N\ Ayu Ny viral

P UNCOATING L v mMRNA
ENTRY genome = \
\ /\_/_\/ RNA v

PR i /TRANSCRIPTION &
FEe REVERSE mRNA EXPORT 5
e E :.). TRANSC:IPTION N
R CD4 & —— 5 :
AR /MW, NUCLEAR Ir‘"-EG'FMTION{'host chromosome
; DNA  IMPORT
\ provirus _ /‘
\ :

Figure 5.1. HIV virion life cycle. The figure is reproduced from ref. 3 with the
permission from Elsevier Ltd., copyright, 2008.

Among all transmission routes, sexual transmission contributes to the HIV
epidemic the most, despite the low risk of infection. Approximately 65% of HIV
infections recorded in 2020 globally were detected in key populations, which include sex
workers and their clients, gay men and other men who have sex with men, people who
inject drugs, transgender people and their sexual partners.! Thus, the development and

improvement of cheap, convenient and accessible prevention strategies are necessary.
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The treatment strategies for HIV infection have advanced over the years as our
understanding of the infection process progressed. Over 30 drugs have been approved
by FDA for the use as part of antiretroviral therapy for patients with AIDS.” These drugs
target either viral proteins by blocking their functions or cellular processes involved in
the virus life cycle. The current therapies allow patients to reduce the titer of the virus
and improve their quality of life. Even though the success in the development of
treatment for the infection has been significant, prevention methods are in demand. The
current prevention methods for the sexual transmission of HIV include the use of
physical contraception methods (condoms), voluntary medical male circumcision
(VMMC) and pre-exposure prophylaxis.® The challenges are associated with VMMC,
which is a surgical procedure, and prophylaxis, the administration of antiretroviral drugs
before infection, as these methods are not widespread and remain accessible only to
certain groups of the population.® The use of condoms remains the most accessible
method for the prevention of HIV infection. To increase the reliability of this method,

strategies aiming to reduce the infectivity of HIV virions need to be developed.

5.1.2. Amyloid fibrils promote HIV infection

The HIV virions can be detected in all body fluids, including human semen. The
role of semen in the sexual transmission of HIV is well established as it majorly
enhances the infectivity of the virions.1° To identify natural factors that might play a role
in sexual transmission of HIV/AIDS, Munch et. al. screened a library of peptides and
proteins derived from human semen to identify the inhibitors and enhancers of HIV

infection. They have discovered that proteolytic fragments of prostatic acid phosphatase
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(PAP) aggregate to form amyloid fibrils that enhance the infectivity of HIV virions.** PAP
is a dimeric natural enzyme found in human semen and is acting as a tumor
suppressor.t? The proteolytic cleavage of this enzyme produces a pool of 34-40 amino
acid residue peptides which can be mapped on the same region of PAP. The
predominant fragment, PAP24s-286, aggregates forming cationic amyloid fibrils named

semen-derived enhancer of virus infection (SEVI), which boosts HIV infectivity (Figure

5.2).
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Figure 5.2. The SEVI amyloid fibrils are formed by the peptides derived from the
prostatic acid phosphatase (PAP). The structure of PAP is modeled based on PDB
1CVI and the structure of PAP24s-286 Is from PDB 2L3H.

Interestingly, the monomeric form of this peptide or the full-length enzyme were
unable to promote viral infection suggesting the exclusive role of amyloid fibrils in this
process.!! Further investigations revealed that PAP24s-286 is highly disordered but
contains two helical regions.3 Upon fibrillation and formation of SEVI, the aggregates
show prominent cross-f structures with significant thioflavin T fluorescence, which are
the markers of typical amyloid fibrils. The sequence analysis revealed a highly cationic
nature of this peptide (contains six lysine and two arginine residues) suggesting that the

positively charged fibrils help to decrease the charge repulsion between the cells and
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the virions which both have negatively charged surfaces.'* Interestingly, further studies
revealed the presence of another HIV enhancer derived from PAP — the peptide from
the N-terminal region corresponding to residues 85 to 120 (PAPss-120), which also
contains many positively charged residues.!®

Another group of amyloidogenic peptides with HIV-enhancing activity originates
from semenogelins 1 and 2 upon their proteolysis. Semenogelins, similar to PAP, are
found in the human semen and participate in sperm immobilization in the seminal
coagulum, which is important for fertilization.1® In the search for cationic factors
contributing to the semen HIV infection enhancement activity, Roan et. al. identified a
new group of positively charged amyloid-forming peptides.’ Similar to SEVI, the
cationic nature of these peptides is playing an important role in the enhancement of the
infection by increasing the probability of virion binding to the cell.

Even though all experiments for the identification of HIV enhancers were
conducted in vitro, it was important to mention that the amyloid fibrils were detected in
the semen of donors suggesting the biological relevance of these fibrils.'® The
importance of the charge for the infectivity was confirmed by removing the positively
charged residues from PAP24s-286: such manipulation resulted in the peptide being
susceptible to fibrillation but unable to facilitate virion binding to human cells.* As
amyloid fibrils play a significant role in HIV infection, several inhibitors of SEVI and
semen-mediated enhancement of HIV infection have been developed.

It was demonstrated that the intrinsic positive charges of SEVI facilitate virion
attachment to and fusion with target cells. Anionic polymers were proposed to disrupt

the electrostatic interactions between fibrils, virions and cells. Heparin, dextran sulfate,
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oversulfated heparin, and oversulfated chondroitin sulfate were shown to bind to the
amyloid fibrils and block the binding of virions.'# Unfortunately, the addition of various
polyanionic compounds to the monomeric forms of amyloidogenic peptides caused a
rapid aggregation of PAP24s-286 into the amyloid fibrils and facilitated the infection,
making these compounds unsuitable for use as microbicides.'® Additionally, anionic
compounds have been shown to induce inflammation in the reproductive organs of
women.20

The observed interaction between SEVI and heparan sulfate suggested that
these amyloid fibrils could potentially bind to the heparan sulfate proteoglycans (HSPG),
naturally occurring anionic carbohydrate polymers found on human cells, and this
interaction could be disrupted using heparan sulfate proteoglycan antagonists. Roan et
al. showed that the pretreatment of the cells with surfen, HSPG antagonist with anti-
inflammatory and anti-bacterial activity, reduced the HIV infection enhancement activity
of SEVI 3-fold by inhibiting the binding of virions to fibrils.?* Other small molecules,
including BTA-EGs (the hexa(ethylene glycol) derivative of benzothiazole aniline), ADS-
J1 (an HIV virion fusion inhibitor), EGCG (epigallocatechin-3-gallate, polyphenol found
in green tea), myricetin (a common dietary flavonoid), tolcapone (an FDA-approved
agent for Parkinson’s disease), have been tested for their ability to prevent the virion
binding to the fibrils or to break down the fibrils, but their mechanisms of action need
further investigation.??26 Additionally, the molecular tweezer CLRO1 was designed by
Sievers et. al. to interact with the positively charged SEVI fibrils and remodel them to

disrupt the effective binding to virions.?’
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All mentioned methods present a great opportunity for the development of
effective microbicides and provide evidence that SEVI is a promising target for such
agents. In our work, we attempted to develop the peptides capable of specific binding to
cationic fibrils and interfering with their HIV-virion-binding activity using rational design
and minimalist approach. We have created a series of peptides, by modifying the known
antimicrobial sequences, and tested their binding to amyloid fibrils. We have shown that
short anionic peptides can bind to amyloid fibrils and distinguish between monomeric
and aggregated forms. We have identified the peptides that selectively bind to SEVI and
SEML1 fibrils. To further expand the library of specific binders and analyze the
importance of amino acids in the lead peptide, we have employed the phage display.
The produced peptides present promising candidates for further examination of their

potential use as microbicides for prevention of HIV infection.
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5.2. Results and Discussion
5.2.1. Design of amyloid binding peptides

SEVI and SEM amyloid fibrils found in human semen contain many positively
charged residues and their cationic nature is important for the enhancement of HIV
infection.'!: ¥ Many polyanionic compounds were shown to effectively bind SEVI fibrils
and interfere with the virion binding to fibrils. Although those molecules interacted with
the fibrils, many of them also had side effects which lead to the cytotoxic or pro-
inflammatory effects. In our work, we hypothesized that natural peptides can be used as
scaffolds for the further development of amyloid-specific binders. We aimed to create a
short negatively charged peptide that could bind to semen-derived amyloid fibrils and

disrupt the interaction between amyloid and the virion (Figure 5.3).
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Figure 5.3. The schematic representation of the activity of designed peptides.
Upon binding to the cationic amyloid fibrils, the designed peptides will block the

association of fibrils with HIV virions and reduce the rate of HIV infection.

185



Besides charge neutralization, the binding of peptides to amyloid fibrils, but not
the monomers, will provide the opportunity for specific targeting of the active species
which would simplify the further development of the microbicide.

We decided to focus our efforts on the semen-derived enhancer of virus infection
(SEVI) and the most common SEM1 and SEMZ2 fibrils (Table 5.1). The selected
sequences differ in length and net charge, they come from different precursors, but all
are amyloidogenic and were shown to promote HIV infection. The use of diverse target

amyloids also provides a possibility for testing the specificity of the designed peptides.

Table 5.1. The sequences of peptides found in human semen and shown to form
cationic amyloid fibrils that promote HIV infection. The residues that possess positive

charge at physiological pH are colored in blue and those that have negative charge are

shown in red.
Name Sequence pl
PAP245.286 GIHKQKEKSRLQGGVLVNEILNHMKRATQIPSYKKLIMY 10.21
SEM1s6-107 DLNALHKTTKSQRHLGGSQQLL 9.99
SEMZ26s-107 TYHVDINDHDWTRKSQQYDLNALHKATKSKQHLGGSQQLL 8.12

Antimicrobial peptides are the natural agents acting as a part of the innate
immune system. They are found across different species, usually 10-40 amino acids
long, generally have a positive net charge and low toxicity to the host organism.28 29
Antimicrobial peptides are good starting points for our design as these molecules were
extensively studied in different conditions which provides us with useful information

about their properties. We suggested that the replacement of positively charged amino
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acid residues in known antimicrobial peptides with negatively charged ones can lead to
the design of effective and non-toxic amyloid fibril binders. We have selected a set of
known antimicrobial peptides and exchanged all arginine and lysine residues for
glutamic acid residues. This allowed us to create a library of negatively charged
peptides and test their ability to bind to amyloid fibrils. The initial experiments,
previously conducted in our lab, allowed us to select a group of the most promising

candidates (Table 5.2) which were further tested for binding to amyloid fibrils.

Table 5.2. Peptides used in this study and their theoretical pl values calculated using
ExPASYy ProtParam. The positively charged residues are highlighted in blue and the

negatively charged residues are colored in red.

Peptide Sequence pl Design Sequence pl

FKV FKRIVQRIKDFLRNLV 11.72 | FEV FEEIVQEIEDFLENLV 3.40
ILR ILPWKWPWWPWRR 12.01 | ILE ILPWEWPWWPWEE 3.67
GKV GKPRPYSPRPTSHPRPIRV 12.01 | GEV GEPEPYSPEPTSHPEPIEV 3.98

5.2.2. Designed peptides selectively bind cationic amyloid fibrils

We applied fluorescence spectroscopy to monitor the binding of the designed
peptides to fibrils. Fluorescence assays have been widely used for the characterization
of protein-protein and protein-ligand interactions.3® The fluorescence emission
maximum of 5-(dimethylamino)naphthalene-1-sulfonyl or dansyl is known to be strongly
dependent on the polarity of its environment.333 The increase in the fluorescence
guantum yield, as well as the blue shift, of the dansyl group is observed when the

fluorophore is placed in the hydrophobic environment.3* As amyloid fibrils possess a
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high degree of hydrophobicity, the increase in fluorescence would indicate that the
labeled peptide is bound to the fibril.

To evaluate the binding of the designed peptides to amyloid fibrils, we have
synthesized all sequences using solid phase peptide synthesis. We have functionalized
the designed peptides and the parent antimicrobial sequences with the N-terminal
dansyl fluorophore. This allowed us to monitor the binding of these peptides to the
hydrophobic amyloid fibrils by observing the change in the fluorescence of the functional
group.

The binding of the anionic peptide named GEV to different amyloid fibrils was
monitored using a fluorescence spectroscopy assay. The fluorescence spectra were
recorded after the mixing of the dansylated peptide with either fibrillated or non-
fibrillated forms of amyloidogenic peptides to visualize the initial interactions between
molecules. Then, the reaction mixtures were incubated at room temperature for 24
hours to evaluate the impact of prolonged incubation on the stability of the complex. The
binding between the dansylated peptide and the hydrophobic amyloid fibril is
characterized by the emission peak around 510 nm and by the increase in the intensity
of the fluorescence.3® The obtained results suggested that GEV does not bind to any of
the tested amyloid fibrils (Figure 5.4).

The peptide named ILE was also tested for binding to the amyloid fibrils and has
been shown to bind to both the monomeric peptide PAP24s-236 and its fibrillated form
SEVI (Figure 5.5. A). Interestingly, after 24 hours the intensity of the emission spectrum
for the sample containing non-fibrillated PAP24s-286 and ILE dropped (Figure 5.5 D),

which might be associated with the peptide complex rearrangement. The incubation of
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the dansylated ILE with the fibrillated SEM1 resulted in an increase in dansyl
fluorescence, compared to the sample containing its non-fibrillated form. Even though
the fluorescence intensity was low, we have observed the peak shift of the emission
spectrum which suggests the positioning of the dansyl group in the hydrophobic

environment upon peptide-amyloid binding (Figure 5.5 B and E).
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Figure 5.4. The fluorescence spectra for the reaction containing dansylated GEV
peptide and amyloid fibrils. The spectra were collected right after the mixing (A-C)

and after the 24-hour incubation of the reactions at room temperature (D-F).

As the fluorescence intensity for ILE binding to fibrillated SEM1 was low, we
decided to confirm the binding by conducting additional experiments. Amyloid fibrils are
relatively big molecules that can be precipitated after centrifugation. Per our

experimental design, the dansylated ILE should bind to the amyloid fibrils and after the
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of the dansyl group.

fibrils are removed from the solution, we should not be able to observe the fluorescence
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Figure 5.5. The fluorescence spectra for the reaction containing dansylated ILE
peptide and amyloid fibrils. The spectra were collected right after the mixing (A-C)
and after the 24-hour incubation of the reactions at room temperature (D-F).

The analysis of the supernatant obtained after the centrifugation of the reaction
showed no emission at 510 nm confirming peptide binding to the amyloid fibrils and
their co-precipitation (Figure 5.6). We have also tested the binding of ILE to the
fibrillated SEM1 peptide at different ratios (Figure 5.7). For this, the dansylated peptide
was added to the fibrils in small aliquots and the fluorescence was recorded. The

titration showed that more than 10 equivalents of the dansylated peptide can bind to the
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amyloid fibrils formed by the SEM1se-107 peptide, which suggests that short peptides

have multiple binding sites on the amyloid fibrils.
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Figure 5.6. The fluorescence spectra for the reaction containing dansylated ILE

and amyloid fibrils before (A, zoomed Figure 5.5. B) and after (B) centrifugation.

The binding of positively charged ILR (C) to the amyloid peptides showed no interaction.

The fluorescence spectra were recorded at 25° in PBS buffer (pH 7.3).
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Figure 5.7.The titration of fibrillated SEM1 (5 uM) with dansylated ILE peptide at

pH 7.3. The fluorescence at 510 nm was recorded and plotted versus the peptide/fibril

ratio.
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The designed anionic peptides are expected to bind to the cationic amyloid fibrils
based on the electrostatic interactions. To confirm the importance of the negative
charge in ILE peptide, we have tested the original positively charged antimicrobial
peptide ILR for the binding to amyloid fibrils. Unlike other peptides tested in this work,
ILR had low solubility in the PBS buffer we used for the studies. To increase peptide
solubility, the stock was prepared in a mixture of 50% isopropanol in the buffer. During
the analysis of ILR binding to the amyloidogenic peptide, we observed a peak at 510 nm
which is usually associated with the placement of the dansyl group in the hydrophobic
environment. As the emission spectra for the sample that contained only dansylated
peptide are the same as those for the samples with amyloidogenic peptides, we
suggested that there was no binding of ILR to SEM1 (Figure 5.7), which confirms the
importance of the negative change for the function of the designed peptides.

Similar to ILE, FEV anionic peptide showed diverse binding activities towards
different amyloid fibrils. No interaction was observed between FEV and SEM1-derived
fibrils or monomeric peptides (Figure 5.8. B and E). The increase in fluorescence and
the peak shift were observed upon mixing fibrillated and non-fibrillated forms of SEM2
with FEV peptide suggesting that the peptide is not specific to amyloid fibrils (Figure 5.8
C and F). On contrary, this peptide selectively binds to the SEVI fibrils (Figure 5.8 A and
D). Interestingly, PAP24s-236 is the most cationic amyloidogenic peptide tested (pl 10.21)
and FEV peptide is the most negatively charged binder designed in this study (pl 3.40).

Our results showed that rationally designed peptides can bind to the preformed
amyloid fibrils and differentiate between monomeric and aggregated forms. This

suggests that our peptides bind not only using the electrostatic interactions, even
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though the charge is essential for binding, but also exhibit sequence-specific binding.

Such selective interactions could be potentially utilized to block the association of HIV

particles and amyloid fibrils which promote virion binding to human cells.
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Figure 5.8. The fluorescence spectra for the reaction containing dansylated FEV

peptide and amyloid fibrils. The spectra were collected right after the mixing (A-C)

and after the 24-hour incubation of the reactions at room temperature (D-F).

5.2.3. FEV as a promising scaffold for the HIV microbicide development

We have shown that rationally designed anionic peptides can selectively bind to

the amyloid fibrils. Dansylated ILE peptide could differentiate between monomeric and

fibrillated forms of SEM1se-107 peptide, while FEV binds specifically to SEVI but not

monomeric PAP24s-286. AS SEVI is the predominant form of amyloid fibrils found in
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human semen, we decided to focus our further efforts on the improvement and
characterization of the SEVI binder, the FEV peptide.

As our final goal is to use the designed peptide to prevent HIV infection in vivo,
we have tested the toxicity of this peptide towards mammalian cells. We have analyzed
the effect of 1, 5, 10, 25 and 50 uM FEV on the viability of HEK-293 cells using a
resazurin-based assay (Figure 5.9). Resazurin is a non-fluorescent dye that undergoes
reduction inside metabolically active cells to the fluorescent product resorufin. The
production of resorufin is then correlated to the cell viability in the experiment.®® These
initial results showed that the peptide did not have a cytotoxic effect at the highest
tested concentration and, thus, could be used for further testing in cell-based assays.
To evaluate the HIV infection rate reduction activity of the designed peptides, they will
be further analyzed in the luciferase assay using TZM-bl cells, a HeLa-derived cell line

used to evaluate HIV-1 virion binding to CD4/CCR5-positive cells.?’
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Figure 5.9. The test of FEV cytotoxicity towards HEK-293 mammalian cells. The

viability of the cells treated with the peptide was normalized to the untreated cells.
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Additionally, we decided to create a phage display library based on the sequence
of FEV peptide. Phage display is a versatile in vitro selection technique that allows to
generate millions of sequences and test their binding to the specific target. Phage
display has been successfully employed for the identification of monoclonal antibodies
and their modifications, B-cell and T-cell epitope mapping, and selection of peptides for
specific binding to enzymes or receptors.3® 2 The technique requires the preparation of
a targeted library of sequences, production of phages that express and manifest those
peptide sequences, and a further selection of the best binders. The analysis of the
phage display library will allow us to identify the sequences with possibly improved
binding to the target amyloid, but also could provide information about the role of
specific amino acids in the peptide-amyloid interactions.

In our work, we have created a library of peptides using FEV sequence as a
scaffold. The introduction of degenerate codons (Table S 3)#° allowed us to introduce
selected alternative bases at the specific positions in the codons and create a library of
amino acid substitutions for further testing. Previously, we have shown the importance
of the negatively charged residues for the peptide binding to amyloid fibrils, thus we
decided to preserve the negatively charged amino acids at their original positions by
testing only glutamic and aspartic acids, two amino acids that bear negative charges at
neutral pH. All other positions contained the combination of hydrophobic amino acids
and those that can participate in hydrogen bonding. As a result, we have created a
library of 3.6 x 108 peptide sequences fused to the N-terminus of the plll phage capsid

protein using PhD peptide cloning system from New England Biolabs.
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The selection of peptides from the phage display library involves panning, the

incubation of the phage pool with the target molecule (in our case — SEVI amyloid fibrils)

and further sequence identification. After the first round of panning, the collected

phages undergo the next round of panning in order to enrich the library with the most

productive sequences. After three rounds of selection against the SEVI fibrils, we could

identify a set of peptides with possibly improved binding to SEVI (Table 5.3).

Table 5.3. Amino acid sequences obtained after three rounds of panning using FEV-

based phage library.

Original sequence pl
FEEIVQEIEDFLENLV 3.40
Hits from round 2

FDDVLEEVDESLENFV 3.26
FEEVVQDLEDSVENVL 3.34
SDDLVQDIEEYLDNLYV (SDDV) 3.25
SDDMLQDLDDYVENFL 3.21
SDEILEELDEYVENFV 3.30
SEDVFQDVDEYMENVF 3.29
YDDLLEEVEDSFENII (YDDI) 3.26
YDDLVQEFEDSFENVL 3.29
YDDMVEEVDDFVENMM 3.22
YDELFQEVDDYMENIM 3.29
YDEVIQDIEEYVDNIV 3.29
YEDVLQDLDEYVDNIF 3.25
Hits from round 3

SEDFIEDFEEYIENMI 3.30
YDDMIQDMEEYVDNVL 3.25
YDDVIQEFEDSIENVV 3.29
YDEIVQEVEESFENVI 3.40
YDEVFEDIDEYIENVM 3.26
YDEVVQDVDDFLENIL 3.25
YEDMIQDLDEYVENMI 3.29
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Interestingly, most sequences contained tyrosine instead of phenylalanine at
position 1, the aspartic acid in place of glutamic acid at positions 2 and 3, whereas,
similar to the original peptide, glutamic acid was prevalent at position 13 (Figure 5.10). It
is also interesting to note that glutamine at position 6 was more prevalent than glutamic
acid, suggesting that the addition of the extra negative charge does not necessarily
improve peptide affinity to the amyloid fibrils. We have analyzed a set of peptides
identified from the phage display to confirm that these sequences preserve binding

affinity to SEVI.

weblogo berkelay edu

Figure 5.10. A logo plot (a graphical representation of an amino acid multiple
sequence alignment) for the peptides identified from the phage display library
after the three rounds of panning. The plot was created using WebLogo.#! The height
of single-letter amino acid notation denotes the relative frequency of each amino acid in

that position.

We have synthesized a few peptides identified from the phage display library.
The selected sequences showed binding to SEVI amyloid fibrils but not to the

monomeric form of this peptide (Figure 5.11), similar to the parent sequence.
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Figure 5.11. The fluorescence spectra for the reaction containing dansylated

peptides, identified from the phage display library, and amyloid fibrils.

Overall, the phage display allowed us to identify peptides with potentially
improved binding affinity to the SEVI amyloid fibrils. Further characterization will include
the preparation of the larger selection of peptides and quantification of their affinity to
the amyloid fibrils. Such experiments will allow us to evaluate the contribution of each
amino acid in the sequence and potentially find some dependencies between the

structure of the peptide and its binding activity.
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5.3. Conclusions and Outlook

Despite the low infectivity rate, sexually transmitted HIV contributes to more than
half of all cases of AIDS. Today, many strategies have been developed for the
treatment of HIV infection, but cheap, convenient and accessible prevention methods
still need to be developed. With the discovery of the amyloid fibrils, it has been shown
that human semen plays a major role in HIV transmission by increasing the infectivity
rate. The new prevention strategies are focused on the development of agents that can
bind to the cationic amyloid fibrils and disrupt their interaction with the virions.

In this work, we have successfully demonstrated that rationally designed
peptides can selectively bind to semen-derived amyloid fibrils. FEV peptide showed
selective binding to SEVI fibrils while ILE interacts with the fibrillated form of SEML1.
While the charge-charge interactions are important for the activity of the peptides, we
have shown that the identity of the amino acid sequence also plays a role in selective
binding. Using phage display, we have identified a library of FEV derivatives that were
shown to bind to SEVI. The majority of hits identified during phage panning contained
the substitution which led to the introduction of hydrogen bond donors into the
sequence, while at some positions the parent amino acids were preserved. These
observations confirm the importance of the sequence identity of the peptide for the
successful binding to the amyloid fibrils.

The future work will include the verification of peptide’s ability to block the
association of HIV virions with cells in the in vitro cell-based experiments. The specific
targeting of seminal amyloid fibrils provides an opportunity for the development of new

agents that reduce HIV transmission.
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5.4. Experimental

Peptide synthesis and purification. All peptides were produced by manual
fluorenylmethyloxycarbonyl (Fmoc) solid phase peptide synthesis at elevated
temperature (70 °C) using Rink Amid resin (ChemImpex International). Briefly, the resin
was swelled in DMF for 30-40 min at RT. Each amino acid addition cycle started with
Fmoc-deprotection with 5% piperazine in DMF for 3 minutes (after 10 AA the times was
increased twice) and followed by the flow-wash with DMF for 2 min. Coupling of the F-
moc-protected amino acid in the presence of HCTU [2-(6-chloro-1H-benzotriazol-1-yl)-
1,1,3,3-tetramethylaminiumhexafluorophosphate] and DIEA (N,N-diisopropylethylamine)
(AA:HCTU:DIEA:resin 3:2.8:6:1) was carried for 2 min (after 10 AA the time was
increased twice) with subsequent flow-wash with DMF for 2 min twice. The peptides
were capped using acetic anhydride (acetic anhydride:resin 6:1) at RT for 2 min. The
peptides for the fluorescent analysis were dansylated by incubation of resin with 1 mL of
dansyl chloride in DMF (DC:DIEA:resin 1.5:6:1) for 2 H at RT. Cleavage of the peptides
from resin and simultaneous side chain deprotection was carried in a mixture of
trifluoroacetic acid (TFA)/H20O/triisopropylsilane (TIS) (95:2.5:2.5, v/v) for 2 hours at
room temperature with stirring. The crude peptide samples were separated from the
resin using a glass wool filter and concentrated to remove TFA excess using a nitrogen
flow. Peptide solutions were further precipitated in the cold tert-butyl methyl ether, the
precipitate was collected by centrifugation and the procedure was repeated for 3 times.
After the ether was evaporated, peptides were dissolved in TFA, diluted with HPLC
solvents, filtered using 0.22 um PES filter and injected on the column. Preparative

reverse phase HPLC purification was performed on Shimadzu using C4 preparative
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column (Phenomenex) using a custom linear gradient of solvent A (0.1% TFA in water)
and solvent B (0.1% TFA, 10% water in 90% acetonitrile). The purified peptide fractions
were analyzed by MALDI-TOF on Bruker Autoflex Il Smartbeam mass spectrometer.
The purity of the peptides was determined on Agilent 1260 Infinity Il HPLC instrument
with an analytical Zorbax Eclipse XDB-C18 column (4.6 mm x 150 mm).

Fibril preparation. SEM1 peptide stock was prepared at 2.5 mg/mL (or 0.7 mM)
in PBS1x (137 mM NacCl, 2.7 mM KCI, 8.1 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.3).
The concentration was confirmed by UV-vis spectroscopy using the extinction
coefficient at 214 nm of 31, 809 M-t cm. The 500 uL aliquots were placed in the glass
vials and incubated for 24 hours at 37°C with 1400 rpm shaking. SEVI fibrils were
prepared at 2 mg/mL by dissolving lyophilized PAP24s-286 peptide in PBS and incubating
the peptide solution at 37°C with 1400 rpm agitation for 30 hours in glass vials. The
concentration of PAP peptide stock was also verified by UV-vis spectroscopy using the
extinction coefficient of €28onm 2,980 M1 cmL.

Dansylated peptide stock preparation. Lyophilized peptides were dissolved in
the appropriate solvent and the concentration was determined based on the UV-vis
absorbance using the extinction coefficient of dansyl at 330 nm of 3,430 Mt cm™ (see
the table below). Dansyl-FEV-CONHz, Dansyl-FKV-CONHz2, Dansyl-ILE-CONH:2 were
dissolved in PBS1x buffer and showed fluorescence at 550 nm. Dansyl-ILR-CONH2 was
dissolved in PBS1x and isopropanol 1:1 mix. Dansyl-GEV-CONH2 and Dansyl-GKV-
CONH2 were dissolved in PBS1x.

Fluorescence binding assay. Fibrillated and non-fibrillated peptide samples

(final concentration of 5 uM) were mixed with 5 uM dansylated peptides in PBS buffer
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making the final reaction volume of 500 pL. The fluorescence spectra were collected
immediately and after 24 h incubation at RT on a Cary Eclipse (Agilent) fluorescence
spectrophotometer in a rectangular SpectroSil quartz cuvette (Starna Cells, Inc.) with a
pathlength of 0.21 cm. The dansyl group was excited at 330 nm and the emission
spectra were recorded in the range of 440-600 nm. The other settings: emission and
excitation band width of 5 nm, the scan control at medium, auto excitation filter, open
emission filter, PMT detector voltage at 600. The fluorescence is reported as the
average of three scans for each sample. The samples were further incubated at RT and
the fluorescence was recorded again after 24 H.

Cell cytotoxicity assay. HEK-293 cells were cultured in DMEM high glucose
medium (corning) supplemented with 10% FBS (Gibco) and 1% penicillin-streptomycin
mix (Gibco) at 37°C in high humidity environment. After cell detachment by
trypsinization, cells were stained using trypan blue and counted using hemocytometer.
The cells were transferred in 96-well plate (Corning) in 160 pL per well resulting in
50,000 cells per well and incubated overnight under cell culture conditions. The
peptides were added as 9x stocks (20 pL) and the cells were incubated for 24 hours.
Resazurin was added to the final concentration of 0.7 mM, incubated for 3 hours at
37°C and the fluorescence was measured using BioTek Synergy H1 Hybrid instrument
(excitation — 550 nm, emission — 585 nm).

Thioflavin T Assay. A solution of 0.5 mM thioflavin T was prepared in water.
Samples were prepared by mixing 5 uM ThT and 5 pM fibril solution. Fluorescence

spectra were collected on Cary Eclipse (Agilent) fluorescence spectrophotometer with
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excitation at 440 nm and slit width of 5 nm using a quartz cuvette. The emission spectra
were recorded from 460 nm to 600 nm with the slit width of 10 nm.

Phage display library preparation. The phage display library was constructed
using Ph.D Peptide Display Cloning System (New England Biolabs Cat E8101S) based
on M13KE vector. The following designed primer was synthesized by Integrated DNA
technologies:

Library oligonucleotide: 5’- CAT GTT TCG GCC GAG CCG CCG CCM ANM
ANA TTK TCM ANA DAK TCK TCM ANK TCT TSM ANM ANK TCK TCA DAA GAG
TGA GAA TAG AAA GGT ACC CGG G-

Universal extension primer was provided with the Cloning System: 5’- CAT GCC
CGG GTA CCT TTC TAT TCT C-3..

The library oligonucleotide primer (5 pug, 165 pmol) was mixed with extension
primer (495 pmol, 3 molar equivalence) in total volume of 50 pL of TE buffer containing
10 mM Tris-HCI, 1 mM EDTA, 100 mM NacCl (pH 8.0). The mixture was incubated at 95
°C for 1 min (Primer Annealing) and slowly cooled down to 25 °C for 30 min (1°C/26
sec) in a thermocycler (BioRad). The duplex was then extended by mixing 50 pL of the
annealing reaction with Klenow fragment (30 units), 0.4 mM dNTPs, 10X Klenow buffer
and water to final volume of 200 pL. This reaction mixture was incubated at 37 °C for 10
min and with further enzyme deactivation at 65 °C for 15 min. The extended duplex
reaction and 10 pg of M13KE vector were then digested with 50 units of Eagl-HF and 50
units of Acc65Il (New England Biolabs) in NEBuffer 3.1 by incubating at 37 °C for 3 h.
After the incubation digested duplex (insert) was purified using PCR purification kit

(Qiagen). The size of the insert was assessed on 8% non-denaturing polyacrylamide gel
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comparing to pBR322 DNA-Mspl DNA molecular weight marker. The digested vector
was purified from 0.8% agarose gel using gel purification kit using EZ-10 spin column
DNA gel extraction kit (Bio basic Inc.).

The ligation reaction containing the purified insert and digested M13KE phage
vector in 3:1 ratio was mixed with 200 units of T4 DNA ligase (Thermo Scientific) in T4
DNA ligase buffer (the total volume of reaction was 40 pL) and incubated overnight at
16 °C with further enzyme heat inactivation at 65 °C for 15 min. The ligated plasmid was
then incorporated into ER2738 cells (New England Biolabs) by electroporation using
BioRad MicroPulser Electroporation Unit. The 100-pL aliquot of electrocompetent
ER2738 cells were mixed with 2 pL (20 electroporations total) of ligation reaction on ice,
carefully transferred to 0.2-cm electroporation cuvette and electroporated at 2.5 kV
(program Ec2). Immediately, 1 mL of room temperature SOC medium was added to the
cells and the cell mixture was transferred to 15-mL PP tube. The SOC outgrowths from
5 electroporation were combined in one tube and incubated at 37°C for 30-45 min.
Then, total of 20 mL of SOC outgrowth were transferred to 1 L of phage LB medium
(1% tryptone, 0.5% yeast extract, 0.5% NaCl) and incubated at 37°C for 4.5-5 hours.
The cells were further collected by centrifugation at 5,000xg for 20 min at 4°C. The
phages were recovered from the supernatant by adding 1/6 volume of 20% PEG-
8000/2.5 M NaCl and incubating overnight at 4 °C. The phages were pelleted by
centrifugation at 5,000xg for 20 min at 4 °C to obtain white pellet. The pellet was
resuspended in 100 mL of TBS buffer (50 mM Tris-HCI, 150 mM NacCl, pH 7.5) by
gentle shaking at 4°C. The residual cells were removed by centrifugation at 5,000xg for

20 min at 4°C. The phages were again precipitated from the supernatant with PEG/NacCl
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solution at 4°C for 1 hour. The solution was then centrifuged at 5,000xg for 20 min at
4°C, the pellet was resuspended in TBS buffer (25 mL) by rocking at 4°C for 48 h and
stored at 4°C until panning.

Phage surface panning. Prepare SEVI fibrils as described above, add 1.5 mL of
fibrils onto the 6-cm tissue culture treated dish and incubate overnight at 4°C with gentle
rocking in a humidified environment. Remove non-bound peptides, add 1.5 mL of
blocking buffer (137 mM NacCl, 2.7 mM KCI, 8.1 mM Na2HPO4, 1.47 mM KH2POa4, 5
mg/mL BSA, 0.02% sodium azide) and incubate for 2 hours at 4°C. The control plate
was prepared without fibril binding step. After the incubation remove the blocking buffer
and wash the plate with TBS/0.1% Tween-20 for 6 times. Add 1 mL of the phage library
together with 0.5 mL of 3x TBS/0.3% Tween-20 and incubated for 2 hours at RT on the
rocker. After the incubation discard non-bound phages and wash plates with TBS/0.1%
Tween-20 for 6 times. Elute the phages with 1 mL of elution buffer (0.2 M glycine, 1
mg/mL BSA, pH 2.2) for 30 min at RT and neutralize with 150 pL of 1M Tris-HCI (pH
9.17). The elutions were kept at 4°C over night. The 20-mL of phage LB medium were
inoculated with ER2738 cells and grown for 3 hours at 37°C in a glass flask. After the
eluate was added the culture was incubated for 4.5 more hours, cells were pelleted at 5,
000xg for 20 min at 4°C and then at 12,000xg for 10 min. The supernatant was
transferred to a fresh tube and phages were precipitated by adding 1/6 volume of 20%
PEG-8000/2.5 M NaCl) over night at 4°C. The phages were collected by centrifugation
(12,000xg, 15 min, 4°C), resuspended in 1 mL of TBS buffer and transferred in 1.5-mL
PP tube to further remove all residual cells by centrifugation. The phages were

PEG/NaCl precipitated again and resuspended in 200 uL of TBS buffer. The panning
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was repeated twice using the phages from round 1 and the obtained phages (round 2

and 3) were sequenced.
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Appendix |

Custom DYNAFIT script for the analysis of Mag-Fura 2 vs protein competition
titration.

This script was used to fit the competition of Mag-Fura 2 and 4G-UFsc (or mutants) for
a zinc metal ion that forms a 1:1 complex with the protein monomer. Specifically, Mag-
Fura 2 dye (L) was mixed with protein (P) and metal (M) was titrated into the solution;
formation of the Zn-Mag-Fura 2 (LM) complex resulted in the decrease in the dye
absorbance signal at 366 nm.

[task]

task = fit

data = equilibria

; L ... Mag-Fura-2

; P ... protein

: M ... Zn - competing ligand
[mechanism]

L+ M <==>LM : Kdl1 dissoc in M
P + M <==> PM : Kd2 dissoc in M

[constants]
Kd1l = 20e-9
Kd2 = 1e-10 ?

[concentrations]

L = (concentration of the dye determined for each reaction in M)
P = (concentration of the protein determined for each reaction in M)
[responses]

LM = 3600 ?

L =29900 ?

[data]

directory ./data/

extenstion txt

variable M

file name.txt

[output]

directory ./output/fit-name
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Figure S 1. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the titration of E74 mutants with manganese (II) chloride.
Solution of 1.5 mM MnCl2 was titrated into: A — 132 uM 4G-UFsc E74D (first injection of
0.4 uL with further 18 injections of 2 uL with the equilibration time of 200 s); C — 139 4G-
UFsc E74Q (first injection of 0.4 pL with further 18 injections of 2 pL with the
equilibration time of 200 s); E — 149 uM 4G-UFsc E74H (first injection of 0.4 pL with
further 18 injections of 2 pL with the equilibration time of 200 s) in 25mM HEPES, 100
mM NaCl (pH 7.6). B, D, F — binding isotherms derived from the integration of A, C and
E, respectively
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Figure S 2. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the titration of E74 mutants with cobalt (Il) chloride. A — 2 mM
CoCI2 was titrated into 154 pM 4G-UFsc E74D (first injection of 0.4 pL with further 18
injections of 2 pL with the equilibration time of 180 s); C — 1.5 mM CoCI2 was titrated
into 139 uM 4G-UFsc E74Q (first injection of 0.4 pL with further 18 injections of 2 uL
with the equilibration time of 200 s); E — 1.5 mM CoCI2 was titrated into 149 uM 4G-
UFsc E74H (first injection of 0.4 L with further 18 injections of 2 uL with the
equilibration time of 200 s) in 25mM HEPES, 100 mM NaCl (pH 7.6). B, D, F — binding

isotherms derived from the integration of A, C and E, respectively
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Figure S 3. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the titration of E74 mutants with cobalt (II) chloride. A — 3 mM
NiCI2 was titrated into 154 uM 4G-UFsc E74D (first injection of 0.4 uL with further 18
injections of 2 pL with the equilibration time of 200 s); C — 1.5 mM NiCI2 was titrated into
139 uM 4G-UFsc E74Q (first injection of 0.4 pL with further 18 injections of 2 pL with the
equilibration time of 200 s); E — 1.5 mM NiCI2 was titrated into 149 uM 4G-UFsc E74H
(first injection of 0.4 pL with further 18 injections of 2 pL with the equilibration time of
200 s). B, D, F — binding isotherms derived from the integration of A, C and E,

respectively
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Figure S 4. Baseline- and offset-corrected ITC titration curves (A, C, E, G) and binding
isotherms (B, D, F, H) for the titration of HL107Q and H77Q mutants with manganese (ll)
(A-D) and cobalt (1) (E-H) chloride. A — 1.5 mM MnCI2 was titrated into 148 uM 4G-
UFsc H107Q (first injection of 0.4 pL with further 18 injections of 2 pL with the
equilibration time of 200 s); C — 1.5 mM MnCI2 was titrated into 146 pM 4G-UFsc H77Q
(first injection of 0.4 pL with further 18 injections of 2 pL with the equilibration time of
200 s); E — 1.3 mM CoCI2 was titrated into 143 uM 4G-UFsc H107Q (first injection of
0.4 pL with further 3 injections of 2 uL, 28 injections of 1 pL and 2 injections of 2 pL with
the equilibration time of 150 s); G — 1.5 mM CoCI2 was titrated into 146 pM 4G-UFsc
H77Q (first injection of 0.4 pL with further 18 injections of 2 pL with the equilibration time
of 200 s) in 25mM HEPES, 100 mM NacCl (pH 7.6). B, D, F, H — binding isotherms

derived from the integration of A, C, E and G, respectively.
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Figure S 5. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the titration of H107Q and H77Q mutants with nickel (Il) chloride
(A-D) and competition titration with zinc-TETA complex (E-H). A — NiCI2 (1.5 mM) was
titrated into 4G-UFsc H107Q (148 pM, first injection of 0.4 pL with further 18 injections
of 2 uL with the equilibration time of 200 s); C — NiCI2 (1.5 mM) was titrated into 4G-
UFsc H77Q (142 uM, first injection of 0.4 pL with further 18 injections of 2 uL with the
equilibration time of 150 s); E — Zn(ll)-TETA complex (90 uM Zn(Il) and 200 uM TETA)
was titrated with 4G-UFsc H107Q (1 mM, first injection of 0.4 L with further 18
injections of 2 pL with the equilibration time of 180 s); G — Zn(Il)-TETA complex (90 uM
Zn(ll) and 200 uM TETA) was titrated with 4G-UFsc H77Q (0.99 mM, first injection of
0.4 pL with further 18 injections of 2 pL with the equilibration time of 150 s) in 25 mM
HEPES, 100 mM NaCl, pH 7.6. B, D, F, H — binding isotherms derived from the

integration of A, C, E and G, respectively.
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Figure S 6. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding

DP, ycalls

o
o

AH, kecal/mol

%

DP, pcalls

.Y 1 S ————

0 10 20 30 40 50 860

Time, min

D—M

=5 ~frrrrrr

Molar ratio

L RAREE LAREE
0.0 0.5 1.0 1.5 2.

0

“

AH, kcal/mol

[=]

0

T T[T T[T TR TTTY

10 20 30 40 50 60
Time, min

1 e

0.0

e ——
05 10 15 20
Molar ratio

isotherms (B, D, F) for the titration of E44 and E11 4G-UFsc mutants with manganese
(1) chloride. A — 1 mM MnCI2 was titrated into133 pM 4G-UFsc E44Q (first injection of
0.4 uL with further 18 injections of 2 pL with the equilibration time of 150 s); C — 1 mM
MnCI2 was titrated into 133 4G-UFsc E44L Y18F (first injection of 0.4 pL with further 18
injections of 2 pL with the equilibration time of 150 s); E — 1.5 mM MnCI2 was titrated

into 153 pM 4G-UFsc E11Q (first injection of 0.4 pL with further 18 injections of 2 uL

with the equilibration time of 200 s) in 25mM HEPES, 100 mM NacCl (pH 7.6). B, D, F —

binding isotherms derived from the integration of A, C and E, respectively.
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Figure S 7. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the titration of E44 and E11 4G-UFsc mutants with cobalt (Il)
chloride. A — 1 mM CoCI2 was titrated into 129 pM 4G-UFsc E44Q (first injection of 0.4
pL with further 18 injections of 2 pL with the equilibration time of 200 s); C — 1.5 mM
CoCl2 was titrated into 145 4G-UFsc E44L Y18F (first injection of 0.4 pL with further 18
injections of 2 pL with the equilibration time of 150 s); E — 1.5 mM CoCI2 was titrated
into 153 puM 4G-UFsc E11Q (first injection of 0.4 pL with further 18 injections of 2 uL
with the equilibration time of 200 s) in 25mM HEPES, 100 mM NacCl (pH 7.6). B, D, F —

binding isotherms derived from the integration of A, C and E, respectively.
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Figure S 8. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the titration of E44 and E11 4G-UFsc mutants with nickel (I1)
chloride. A — 1 mM NiCI2 was titrated into 133 uM 4G-UFsc E44Q (first injection of 0.4
pL with further 18 injections of 2 uL with the equilibration time of 150 s); C — 1 mM NiCI2
was titrated into 145 4G-UFsc E44L Y18F (first injection of 0.4 pL with further 18
injections of 2 pL with the equilibration time of 150 s); E — 1.5 mM NiCl2 was titrated into
153 uM 4G-UFsc E11Q (first injection of 0.4 pL with further 18 injections of 2 pL with the
equilibration time of 200 s) in 25mM HEPES, 100 mM NaCl (pH 7.6). B, D, F — binding
isotherms derived from the integration of A, C and E, respectively.
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Figure S 9. Baseline- and offset-corrected ITC titration curves (A, C, E) and binding
isotherms (B, D, F) for the competition titration of zinc (II) — TETA complex with 4G-
UFsc mutants. The complex of 90 uM zinc (Il) with 200 uM TETA was titrated with: A —
1.13 mM 4G-UFsc E44Q (first injection of 0.4 pL with further 18 injections of 2 pL with
the equilibration time of 200 s); C — 1.1 mM 4G-UFsc E44L Y18F (first injection of 0.4
pL with further 18 injections of 2 uL with the equilibration time of 200 s); E — 1 mM 4G-
UFsc E11Q (first injection of 0.4 pL with further 18 injections of 2 pL with the
equilibration time of 200 s) in 25mM HEPES, 100 mM NaCl (pH 7.6). B, D, F — binding
isotherms derived from the integration of A, C and E, respectively.
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Figure S 10. Baseline- and offset-corrected ITC titration curves (A, C, E, G) and binding
isotherms (B, D, F, H) for the titration of UFsc E44Q and UFsc E44L Y18F mutants with
manganese (ll) (A-D) and cobalt (II) (E-H) chloride. A — 1 mM MnCI2 was titrated into
142 pM UFsc E44Q (first injection of 0.4 pL with further 18 injections of 2 pL with the
equilibration time of 150 s); C — 2 mM MnCI2 was titrated into 121 uM UFsc E44L Y18F
(first injection of 0.4 pL with further 18 injections of 2 pL with the equilibration time of
200 s); E — 1 mM CoCI2 was titrated into 134 uM UFsc E44Q (first injection of 0.4 pL
with further 18 injections of 2 pL with the equilibration time of 200 s); G — 1 mM CoCI2
was titrated into 121 uM UFsc E44L Y18F (first injection of 0.4 pL with further 18
injections of 2 pL with the equilibration time of 200 s) in 25mM HEPES, 100 mM NacCl
(pH 7.6). B, D, F, H — binding isotherms derived from the integration of A, C, E and G,
respectively.
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Figure S 11. Baseline- and offset-corrected ITC titration curves (A, C, E, G) and binding
isotherms (B, D, F, H) for the titration of UFsc E44Q and UFsc E44L Y18F mutants with
nickel (I) chloride (A-D) and competition titration of zinc — TETA complex with protein. A
— 1 mM NiICI2 was titrated into 142 pM UFsc E44Q (first injection of 0.4 pL with further
18 injections of 2 pL with the equilibration time of 150 s); C — 1 mM NiCI2 was titrated
into 121 puM UFsc E44L Y18F (first injection of 0.4 pL with further 18 injections of 2 pL
with the equilibration time of 200 s); E — 1.01 mM UFsc E44Q was titrated into 90 uM
zinc — 200 uM TETA solution (first injection of 0.4 pL with further 3 injections of 2 pL, 28
injections of 1 pL and 2 injections of 2 pL with the equilibration time of 200 s); G — 1.55
mM UFsc E44L Y18F was titrated into 90 uM zinc (II) — 200 uM TETA solution (first
injection of 0.4 uL with further 18 injections of 2 uL with the equilibration time of 200 s)
in 25mM HEPES, 100 mM NacCl (pH 7.6). B, D, F, H — binding isotherms derived from
the integration of A, C, E and G, respectively.
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Figure S 12. Fit of the absorbance intensity at 366 nm of Mag-Fura 2 upon titration with
Zn(Il). Small aliquots of 1 mM ZnCI2 were titrated into: A — 10.08 uM 4G-UFsc with
18.72 uM Mag-Fura 2 (representative titration out of three repeats); B — 12.36 uM 4G-
UFsc H107Q with 18.98 uM Mag-Fura 2 (representative titration out of three repeats); C
—9.00 puM 4G-UFsc E44Q with 18.60 uM Mag-Fura 2; D — 12.70 uM 4G-UFsc
E44L/Y18F with 19.00 uM Mag-Fura 2 (representative titration out of two repeats); E —
9.17 uM 4G-UFsc E11Q with 18.90 uM Mag-Fura 2 (representative titration out of two
repeats); F — 8.57 uM 4G-UFsc E74D with 17.73 uM Mag-Fura 2 (representative
titration out of three repeats); G — 9.90 uM 4G-UFsc E74Q with 17.78 uM Mag-Fura 2;
H - 11.33 uM 4G-UFsc E74H with 19.66 uM Mag-Fura 2 (representative titration out of
three repeats). All titrations were performed in buffer (25 mM HEPES, 100 mM NacCl, pH

7.6) at room temperature.
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Figure S 13. Michaelis-Menten plots of Kemp elimination catalyzed by reduced (unless

otherwise stated) myoglobin mutants. Final reaction mixtures for myoglobin mutant
analyses contained 1 mM L-ascorbic acid, 0.1 pM SOD, 20 nM catalase, 140-840 uM

substrate, 1.5% acetonitrile in 20 mM Tris (pH 8.0). The protein concentration was 1 uM
for Mb-H64V, 0.1 pM for Mb-H64V-based double variants, 5 nM for Mb-H64G or Mb-
H64G-based double or triple variants. Kinetic parameters are summarized in Table 3.1.
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Table S 1. Protein sequences of AlleyCat mutants.

Proteins Mutations introduced Sequences
AlleyCat F92E MKDTDSEEEI REAFRVEDKD GNGYISAAEL
RHVMTNLGEK LTDEEVDEMI READIDGDGQ
VNYEEFVQMM TAK*
AlleyCatl F92E, M144R MKDTDSEEEI REAFRVEDKD GNGYISAAEL
RHVMTNLGEK LTDEEVDEMI READIDGDGQ
VNYEEFVQMR TAK*
AlleyCat2 F92E, H107I1, M144R MKDTDSEEEI REAFRVEDKD GNGYISAAEL
RIVMTNLGEK LTDEEVDEMI READIDGDGQ
VNYEEFVQMR TAK*
AlleyCat3 F92E, H1071, L112R, M144R MKDTDSEEEI REAFRVEDKD GNGYISAAEL
RIVMTNRGEK LTDEEVDEMI READIDGDGQ
VNYEEFVQMR TAK*
AlleyCat4 I85L, F92E, H107I, L112R, MKDTDSEEEL REAFRVEDKD GNGYISAAEL
M144R RIVMTNRGEK LTDEEVDEMI READIDGDGQ
VNYEEFVQMR TAK*
AlleyCat5 I85L, F92E, H107I, L112R, MKDTDSEEEL REAFRVEDKD GNGYISAAEL
A128T, M144R RIVMTNRGEK LTDEEVDEMI RETDIDGDGQ
VNYEEFVQMR TAK*
AlleyCat6 I85L, F92E, H107I, L112R, MKDTDSEEEL REAFRVEDKD GNGYISAAEL
M124L, A128T, M144R RIVMTNRGEK LTDEEVDELI RETDIDGDGQ
VNYEEFVQMR TAK*
AlleyCat7 I85L, A88Q, F92E, H107I, MKDTDSEEEL REQFRVEDKD GNGYISAAEL
L112R, M124L, A128T, M144R RIVMTNRGEK LTDEEVDELI RETDIDGDGQ
VNYEEFVQRM TAK*
AlleyCat8 I85L, A88Q, F92E, H107I, MKDTDSEEEL REQFRVEDKD GNGYISAAEL
L112R, M124L, 1125H, A128T, RIVMTNRGEK LTDEEVDELH RETDIDGDGQ
M144R VNYEEFVQRM TAK*
AlleyCat8- I85L, A88Q, F92E, H107I, MKDTDSEEEL REQFRVEDKD GNGYISAAEL
T146R L112R, M124L, 1125H, A128T, RIVMTNRGEK LTDEEVDELH RETDIDGDGQ
M144R, T146R VNYEEFVQRM RAK*
AlleyCat9 I85L, A88Q, F92E, H107I, MKDTDSEEEL REQFRVEDKD GNGYISAAEL
L112R, K115P, M124L, 1125H, RIVMTNRGEP LTDEEVDELH RETDIDGDGQ
A128T, M144R VNYEEFVQRM TAK*
AlleyCatl0  185L, A88Q, F92E, H107I, MKDTDSEEEL REQFRVEDKD GNGYISAAEL

L112R, K115P, M124L, 1125H,
A128T, M144R, T146R

RIVMTNRGEP LTDEEVDELH RETDIDGDGQ
VNYEEFVQRM RAK*
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Table S 2. Kinetic parameters for the Kemp elimination reaction catalyzed by AlleyCat

mutants.
Protein Kcat, 571 Km, mM Kcat/Km, Mgt

AlleyCat - - 5.8+0.32b
AlleyCat7 3.2+0.2° 2.4+0.2° 1283 + 13 °¢
AlleyCat8 10.1£1.5 4.1+0.7 2451 + 15
2369 + 99¢

AlleyCat8-T146R 5.8+0.7 1.6+£0.3 3563 £+ 39
AlleyCat9 189+ 39 49+1.2 3857 £ 27
3894 + 61°

AlleyCat10 21.2+2.8 4.8+0.7 4378 + 20
4392 + 83°

a Individual keat and Kw values could not be determined due to substrate solubility. ® from Korendovych, I.

V. et al. Proceedings of the National Academy of Sciences 108.17, 6823-6827 (2011). ¢ (KcaKm)max Values
were obtained from the pH activity profiles.
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AlleyCat 8 AlleyCat 8-T146R AlleyCat 9 AlleyCat 10
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Figure S 14. ITC titration curves (top panels) and binding isotherms (bottom panels) for
the titration of 1 mM 5-nitrobenzotriazole in 82.2 uM AlleyCat, 95.4 uM AlleyCat 1, 96.9
UM AlleyCat 2, 98.2 uM AlleyCat 3, 954.9 uM AlleyCat 4, 87.3 uM AlleyCat 5, 99.2 uM
AlleyCat 6, 99.1 uM AlleyCat 7, 99.2 uM AlleyCat 8, 95.7 uM AlleyCat 8-T146R, 103 uM
AlleyCat 9, and 99.2 pM AlleyCat 10 in 20 mM HEPES, 100 mM NaCl, 10 mM CacClz
(pH 7.0), 2% acetonitrile at 25°C. The baseline and offset-corrected titration curves
were analyzed in MicroCal PEAQ-ITC Analysis software provided by Malvern

Panalytical and the thermodynamic parameters were summarized in the Table 3.2.
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Figure S 15. Determination of kuncat at no buffer concentration from Kuncat values at various
concentrations of Tris-HCI buffer at pH 8.0 (25°C). The obtained Kuncat is (1.52 + 0.11) x
10° s-1 at pH 8.0. A. The kinetic spectra at various buffer concentrations. B. The
extrapolation of linear trendline to the zero buffer concentration to obtain kuncat at zero

buffer concentration.
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Appendix Il

Table S 3. The IUPAC degenerate base codes used to create the phage display peptide

library.

IUPAC nucleotide code Base

A Adenine

C Cytosine

G Guanine

T (or U) Thymine (or Uracil)
R AorG

Y CorT

S GorC

W AorT

K GorT

M AorC

B CorGorT
D AorGorT
H AorCorT
\ AorCorG
N any base
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