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Chapter 1

Control of protein activity
Modulation of protein activity is crucial for the correct functioning of the
cellular machinery and thus essential for every living organism. The
importance of tight regulation of protein activity is further emphasized by
the large number of studies that focus on studying existing and artificial
regulation mechanisms. The design of artificially regulated proteins both
improves our understanding of natural regulation mechanisms and offers
important tools for synthetic biology, drug design and the development of
(bio)sensors. This chapter provides an overview of regulation mechanisms
used in nature to control protein activity and of artificial regulation tools
that have been developed to date.

Chapter 1

1.1 Control of protein function in nature
Regulation of protein function is essential for all living organisms. Cells are
confined environments that contain a myriad of different, densely packed
molecules and where many biological processes need to occur simultaneously in
order to maintain a homeostatic state. Therefore, tight spatial and temporal
regulation of every biological process, metabolic pathway and signaling network is
necessary to guarantee cell survival. To achieve such strict control of protein
function, cells have developed several regulatory mechanisms. These processes act
at different stages of protein synthesis and may operate independently and/or in a
synergistic manner. Among these regulatory mechanisms are (1) protein synthesis
and compartmentalization, (2) control of protein/enzyme concentration, (3)
allosteric regulation, (4) (ir)reversible post-translational modifications, (5)
substrate/product inhibition and (6) proteolysis (Figure 1).1,2
At its earliest stage, protein activity can be controlled by modulating the
amount of protein being produced by the cell. Among others, regulation of
transcription levels is achieved by modulating promoter strength or by the action of
transcription factors.3,4 Moreover, the level of messenger RNA (mRNA) may vary
according to the rate of transcription and mRNA degradation in the cell (Figure
1a).5 The amount of proteins in cells also depends on the protein lifetime and the
rate of protein degradation.
The localization of proteins in the cell is another important factor contributing
to activity regulation. Indeed, the biological activity of many proteins is limited to
a specific cellular compartment that is characterized by a certain pH and overall
composition. Moreover, some proteins display promiscuous activities and can
fulfill multiple functions. Therefore, localization of active proteins in a specific
compartment becomes necessary. Proteins can be targeted to cellular compartments
by signaling sequences that are appended to their amino acid sequences, by
attachment of lipid tails, or by interactions with proteins that are localized in a
specific compartment (Figure 1a). Localization of a protein can even change
according to different cell cycles. For example, transcription factors are
translocated between the nucleus and the cytosol in response to extracellular
signals. When a protein is present in a location where it is not needed, it is often
maintained in an inactive conformation.2,6
Activation of initially inactive proteins can occur by binding an effector
molecule or by post-translational modifications (Figure 1a). More than 40
post-translational modifications of proteins have been identified including
phosphorylation,
glycosylation,
lipidation,
methylation,
N-acetylation,
nitrosylation and ubiquitylation. These modifications often alter protein activity
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reversibly by changing charge properties, introducing functional moieties or
preventing substrate binding. Alternatively, they can also influence protein
localization, facilitate interactions with other (bio)macromolecules or induce
protein degradation.7 Effector molecules bind either reversibly or irreversibly to a
protein in order to modulate its biological activity. Effector molecules that bind in
the active site of a protein typically result in inhibition of biological activity, as
they compete with substrate binding. Often, the product of a reaction acts as a
competitive inhibitor, allowing for self-regulation of enzymatic activity when
sufficient amounts of product are produced (negative feedback control). Binding of
an effector molecule to a regulatory site that is distinct from the active site of the
protein, but allows for regulation of its activity is defined as allostery.8,9 Allosteric
regulation can result in both activation and inactivation of a given protein and
usually arises from a conformational change in the protein structure upon binding
of the effector molecule.
a)

b)

Figure 1: Schematic representation of natural means to control protein activity: a)
transcriptional and post-translational regulation (adapted from 1) and b) proteolytic cleavage of
a zymogen.
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Finally, proteolysis is also a very important regulation mechanism for protein
activity. Proteolysis is an irreversible process that can result in protein inactivation
or degradation, but also activation of inactive, or partially active, proteins. A
number of enzymes, including most proteases, are indeed expressed as inactive
zymogens and, only upon limited proteolysis at specific residues, are converted
into an active enzyme (Figure 1b). Zymogen activation may be a catalytic process
(mediated by peptidases) or may result from specific chemical conditions (e.g.
pH).10
From all the natural mechanisms to control protein function, allosteric
regulation has proven to be the most amenable to mimic by artificial means. The
following section introduces this mode of regulation in more detail.

1.2 Allosteric regulation
Allosteric regulation mediates almost every biological process including
transcription, signal transduction, enzyme activity and transport.8,11,9 In general
allostery can be defined as regulation of protein function or structure at a site
distinct from the active site. Typically, allosteric regulation occurs via non-covalent
binding of a small molecule or ion, defined as allosteric effector, to a regulatory
site. This binding event triggers a conformational change or induces a shift in the
equilibrium between two or more protein conformations, which affects the affinity
of the protein for its substrate or binding partner, or its catalytic activity (Figure 2).
As a result, the activity of allosteric proteins is regulated by chemical signals in
their environment. In addition, allosteric regulation comprises non-ligand mediated
perturbations of activity, such as mutations or covalent modifications at an
allosteric site.11 As mentioned before, whether the perturbation stabilizes the active
or inactive form, allosteric regulation can either enhance or inhibit protein activity.
The concept of allostery was introduced by Monod and Jacob in 196112 and the
first theoretical model, known as the MWC model (Monod-Wyman-Changeaux
model) was proposed a few years later.13 Initially, the concept of allostery was
introduced to rationalize product inhibition of enzymatic activity. In this context,
the reaction product, being structurally different from the reactant, was considered
to bind to a regulatory site distinct from the active site, resulting in inhibition of
catalytic activity (Figure 2).12 Later, the concept was expanded to tetrameric
proteins, such as aspartate transcarbamoylase and hemoglobin, and referred to as
“cooperativity”. In this model, the binding of a ligand to one of the four binding
pockets in the protein simultaneously induces conformational changes in all the
subunits that affect the affinity of the same ligand for the other sites (homotropic
allostery).13
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Figure 2: Allosteric regulation (top), inhibition (middle) and activation (bottom). In these
examples the binding to the effector molecule introduces a new binding site (top) or alters the
active site geometry decreasing (middle) or increasing (bottom) the catalytic activity of an
enzyme or the binding affinity of a protein for its substrate.

To account for negative cooperativity, Koshland et al. introduced a sequential
model stating that the conformation of individual subunits changes one at a time
upon ligand binding, and not necessarily simultaneously.14 Recently, the concept of
allostery was also expanded to monomeric proteins and allostery is viewed as “an
intrinsic property of all dynamic proteins”.15 Indeed, proteins are currently
considered to exist as an ensemble of interconverting conformations with similar
energies. This ensemble of conformations constitutes the ‘native state’ of proteins
and shifts in the distribution of these conformations by an external stimulus is
regarded as allostery.16,11
The study of allosteric mechanisms focuses on understanding how chemical
signals are transmitted throughout a protein structure and is important for gaining
insight into complex metabolic mechanisms, as well as signaling networks.
Furthermore, a good understanding of these mechanisms and the identification of
new allosteric sites within proteins are important for drug design approaches.
Indeed, the discovery of novel allosteric sites facilitates the identification of new
allosteric inhibitors. Considering that allosteric sites are typically less conserved
than active sites, the discovery of new allosteric inhibitors can lead to the
development of more selective drugs.
Additionally, elucidating the mechanisms of these long-range communications
in proteins could be applied to the design of modular switches that respond to
external stimuli (Figure 3). Such allosteric modular switches consist of an input
domain connected through a linker to an output domain and could have important
applications in systems biology, synthetic biology, drug delivery, molecular
diagnostics or as (bio)sensors.17 Engineering protein-based switches is
advantageous compared to small molecule-based biosensors as it allows for
genetically encoding the sensor and makes possible the detection of molecular
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events directly inside living cells where the input signal is translated as
fluorescence or bioluminescence output or is coupled to changes in protein activity.
The latter will be the focus of the rest of the chapter.

Figure 3: Schematic representation of an allosteric modular switch comprised of an allosteric
domain that interacts with the allosteric regulator, a linker region responsible for transmitting
information, and a catalytic domain.

To achieve allosteric regulation of a protein three main strategies can be
classified; 1) connecting two natural protein domains containing a ligand-binding
site and a catalytic site as two independent modules, 2) the de novo design of a
catalytic site into an existing allosterically regulated protein and 3) the design of an
allosteric site into a non-regulated protein.18 The first approach offers the
advantages of the high binding affinity and specificity and the high catalytic
efficiency of natural enzymes. Nevertheless, with this strategy artificial regulation
is limited to known allosteric ligands and chemical reactions catalyzed by natural
enzymes. The creation of a novel active site into an allosteric protein is highly
desirable and will allow the creation of regulated catalysts for unnatural reactions,
but it is limited by the difficulties of de novo design of active sites. Designing a
novel allosteric site into non-regulated proteins is also a very complex matter and
often requires detailed structural information. Therefore, reprogramming known
allosteric sites to respond to different ligands is a more common approach.
The first successful example of engineered allosteric control of protein activity
was the introduction of cysteines residues in the binding site of the T4 lysozyme.19
While under reducing conditions the enzyme displayed good levels of activity,
upon oxidation a disulfide bridge formed, which prevented access of the substrate
to the active site.
Given the enormous potential of controlling protein activity by artificial
allosteric means, a large number of studies has focused on designing and
characterizing such systems.20,17,18 The following sections summarize key findings
and examples in the area of artificial control of protein activity, including allosteric
regulations mechanisms, in which modulation of activity is obtained by an external
stimulus. The concepts are ordered according to the means by which modulation of
activity was achieved.
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1.3 The use of small molecule to control protein activity
The use of small molecules to artificially control protein activity mimics one of
nature’s most versatile means toward allostery. Small molecules can be used to
modulate protein function in three steps: controlling (1) transcription, (2)
translation or (3) by direct modulation of protein activity.21,22 The latter is fast and
tunable and it allows for a dose-dependent response, as shifts in the concentration
of the effector molecule are translated in a proportional change in protein activity.
Moreover, it can work reversibly and many small molecules diffuse freely across
cell membranes, allowing application directly in cells. However, the identification
of useful small molecule inhibitors or activators is not straightforward and it lacks
generality since a different small molecule effector should be discovered and
synthesized for every protein of interest (reviews in 21–23). Moreover, the
screening for activators or inhibitors of protein activity often relies on
high-throughput screening methods. Complementary approaches either are based
on focused screens around natural metabolites and their precursors, or are guided
by rational design strategies. Insight into the endogenous regulation mechanisms of
a protein can represent a good starting point to identify promising synthetic small
molecules that target the same allosteric binding pocket as their natural
counterparts. For a protein of interest that displays multiple conformations, but
lacks known natural regulatory mechanisms, modulation of activity by small
molecules can be obtained by targeting a binding site that is present only in the
active or inactive conformation. Furthermore, if mutations (natural or induced) are
known that result in activation of the enzyme, the binding of a small molecule in
proximity of these positions could induce a similar effect.23
“Chemical rescue of structure” approaches have been widely applied to identify
small molecule activators of protein function.24 This strategy is based on
introducing one or more cavity-forming mutations in the active site of a protein.
These mutations cause distortion of the binding pocket and subsequent loss of
activity. The addition of exogenous small molecules, that are structurally
complementary to the removed moiety and bind into the cavity, restores the lost
protein function (Figure 4). This approach has been applied, among others, to a
hormone-receptor pair24 and a zinc finger transcription factor.25 Rescuing ligands
have been identified upon screening of compound libraries of a limited size. A
distinct approach toward the traditional chemical rescue of structure relies on the
introduction of mutations that cause a conformational change, or a partial
disruption of protein structure, rather than active site chemistry.26,27 This
methodology results in the creation of allosteric enzymes and binding of the
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“rescuing” ligand induces conformational changes, or restoration of protein
structure, that reinstate protein activity.

Figure 4: The “chemical rescue of structure” strategy. The natural protein (top) is engineered
with cavity-forming mutations in the active site (middle) or in an allosteric site (bottom) that
inhibit activity. Binding of the “rescuing” ligand restores the original activity.

The bump-and-hole strategy represents another well-known approach for the
rational design of small molecule effectors of enzyme activity (Figure 5).28,29
Specifically, this methodology relies on the preparation of a functionalized
substrate analog (“bumped” substrate) and of a variant of the protein of interest that
presents a larger cavity (“hole” protein). The “bumped” substrate is orthogonal in
cells, since the modification eliminates its ability to bind to the natural receptor.
The engineered protein variant, on the other hand, can be “non-selective” if it
accommodates both the natural substrate and the “bumped” substrate, or
“orthogonal” if it exclusively binds to the “bumped” substrate. One of the main
limitations of the bump-and-hole strategy is that, while it is rather straightforward
to create a “bumped” substrate that does not bind the endogenous receptor, often
the modified protein retains a significant affinity for its natural substrate, which
might not be desirable for some applications. The bump-and-hole strategy has been
successfully applied to discover synthetic inhibitors of kinases, GTP-binding
proteins, seven-transmembrane proteins, myosin and kinesin and nuclear hormone
receptors (reviewed in 30) and to engineer controlled selectivity onto small
molecule modulation of BET bromodomains.31
In addition to searching for inhibitors or activators of enzyme activity, studies
on artificially controlling protein function by small molecules have also focused on
conditional modulation of protein-protein interactions and protein association.32
Indeed, protein-protein interactions are central to many biological processes and
small molecules have proven to be valuable tools for promoting or inhibiting
protein dimerization and/or association.
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Figure 5: The “bump-and-hole” strategy. The substrate is chemically modified to introduce a
“bump”. The “bumped” substrates are orthogonal as they interact only with the engineered
proteins. The natural protein is engineered to create (1) a non-selective receptor that interacts
with both the natural and the “bumped” substrates or (2) an “orthogonal” receptor that binds
only the “bumped” substrates.

Liu et al. reported the first example of controlled protein dimerization by a
naturally occurring Chemical Inducer of Dimerization (CID).33 This work
described the simultaneous binding of the immunosuppressant drug FK506 to
FK506-binding protein (FKBP12) and calcineurin, resulting in the inhibition of T
cell receptor-mediated signaling. This concept was later expanded by Spencer et al.
to create the first synthetic molecule, a dimer of FK506, to mediate protein
dimerization.34 Follow-up studies identified several bivalent molecules capable of
selectively inducing protein homo- or heterodimerization (Figure 6).35 Among all
CIDs, rapamycin, an immunosuppressant closely related to FK506, is the most
thoroughly studied.36 Rapamycin binds with pM affinities to the protein FKBP12
and the rapamycin-FKBP12 complex binds to the FRB (FKBP12-rapamycin
binding) domain of the protein FRAP resulting in the rapamycin-induced
heterodimerization of FKBP12 and FRAP. Rapamycin-mediated dimerization was
applied to develop modular tools to control protein activity by expression of the
proteins of interest (output domain) as fusions with FKBP12 and the FRB domain
(input domain). These switches were used, among others, to control cellular
localization of proteins,37 to regulate gene expression38 and to provide in vivo
allosteric control over kinase activity.39

Figure 6: General principle of chemically induced dimerization (CID). A symmetrical (left) or
non-symmetrical (right) ligand interacts simultaneously with two proteins. These proteins are
brought together to form a homodimer or a heterodimer, respectively.
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In one noteworthy approach by Hahn and coworkers, the sequence for FKBP
was successfully inserted into a highly conserved region of the catalytic domain of
a protein kinase (Figure 7a).39 This insertion rendered the kinase inactive, due to an
increased flexibility of the catalytic domain, as indicated by molecular modeling
and mutagenesis studies. However, the subsequent addition of rapamycin and FRB,
resulted in the rapamycin-mediated heterodimerization of FKBP and FRB that
increased the rigidity of the domain, restoring the catalytic activity to near wild
type levels. This design was further evolved to achieve precise spatial and temporal
regulation of kinase activity by using a photocaged analog of rapamycin and an
engineered FKBP variant (Figure 7b).40 Light-mediated kinase activation could
then be achieved.
Other studies have employed rapamycin-mediated dimerization to control
protein activity by mediating split protein reassembly and inducing conditional
splicing. Splitting of a protein of interest in two inactive fragments whose
reassembly can be induced by secondary interactions is another way to artificially
control protein function that will be discussed in Chapter 2.
The Muir group reported the first example of conditional protein splicing that
was mediated by a small molecule (Figure 7c).41 In this approach, the two halves of
a split intein were fused to FKBP and FRB, respectively. Subsequent addition of
rapamycin brought the two intein fragments into close proximity to each other,
which enabled the splicing reaction to occur.
a)
b)

c)

Figure 7: a) Rapamycin mediated control of kinase activity. A fragment of FKBP is inserted at a
position in the catalytic domain where it inhibits catalytic activity. Binding of the
rapamycin-FRB complex restores catalytic activity.39 b) Light-mediated control of kinase activity.
Illumination of a caged rapamycin analog induced heterodimerization and subsequent turn on of
catalytic activity.40 c) Conditional protein splicing. Rapamycin induces the reassembly of two
intein fragments that results in protein splicing.41,42

10

Control of protein activity

This approach was successfully applied to obtain a functional enzyme from two
inactive firefly luciferase fragments.42
A different approach toward chemically induced dimerization utilizes small
molecules with the ability to recognize small, genetically encoded, peptide motifs.
Some synthetic receptor molecules, including porphyrins, calixarenes,
cyclodextrins and cucurbiturils, have, indeed, the ability to recognize distinct
protein structures and/or amino acid sequences.32 This approach offers the potential
advantage that the incorporation of a short peptide sequence into the protein of
interest should have a small influence on the activity of the protein itself. One
example of this methodology comes from the Merkx and Brunsveld group, in
which they exploited the ability of the concave cucurbit[8]uril molecule to
specifically bind two short peptide sequences simultaneously.43 Appending a FGG
tripeptide to the N-terminus of caspase-9 resulted in cucurbit[8]uril-mediated
protein dimerization and allowed for full and reversible control over caspase
activity (Figure 8). A similar approach was later applied by the same group to
mediate the reassembly of a split luciferase.44

Figure 8: Cucurbit[8]uril mediated caspase-9 dimerization. Simultaneous binding of two
tripeptides FGG appended to the protein into the cavity of the cucurbit[8]uril induced
dimerization of the monomeric caspase (adapted from 43).

1.4 Metal coordination to control protein activity
The introduction of metal binding sites into non-regulated proteins or enzymes
is another widely applied strategy to modulate protein activity. This is possible
thanks to our detailed understanding and to the high programmability of metal
coordination. Early attempts to engineer novel metal binding sites relied on point
mutations of amino acids residues to introduce metal binding amino acids (i.e.
cysteines or histidines). One of the first examples of such an engineered regulatory
metal binding site was reported for a staphylococcal nuclease variant by Corey and
Schultz45. In their work, the introduction of a cysteine into the hydrophobic binding
site of the enzyme by site-directed mutagenesis and coordination of Hg2+ or Cu2+
resulted in rapid and almost complete inhibition of nuclease activity (Figure 9a).
The observed loss of activity was attributed to the increased steric bulk introduced
upon metal binding to the active pocket, which prevented substrate binding.
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Importantly, the addition of chelating agents to the inactivated enzyme rapidly
restored catalytic activity by sequestration of the metal bound to the cysteine.
In order to overcome the limitations related with the presence of cysteines (i.e.
protein aggregation caused by oxidation of the sulfhydryl groups) other examples
of engineered metal binding sites focused on the introduction of histidine residues.
Installing one or two histidines in a loop bordering the active site of trypsin
resulted in inhibition of activity upon coordination of Cu2+, Ni2+ or Zn2+.46,47
Protease activity was also inhibited upon coordination of the same ions to two
histidine residues introduced on parallel strands of aqualysin I (Figure 9b).48 Apart
from affecting protease activity directly, coordination of metal ions was also
utilized to alter the substrate specificity of these enzymes. For example, selectivity
for histidine-containing peptides was induced into trypsin by creating metal
binding sites for Ni2+ and Zn2+.49 Similar engineered histidine-based metal binding
sites were also introduced into glycogen phosphorylase, in which coordination of
metal ions allowed for activation of enzymatic activity in a cooperative and
allosteric manner.50 The binding of divalent transition metal ions between the two
engineered histidines, one on each of the two subunits, strengthened the
interactions between the two subunits in a mechanism that was found to be
analogous to natural phosphorylation or AMP binding.
a)
b)

Figure 9: Schematic representations of the metal-dependent regulatory site into staphylococcal
nuclease (a) 45 and the metal-dependent switch in aqualysin I (b).48

Metal ion-mediated modulation of activity of membrane pores was also
reported. Five consecutive histidines were introduced at the midpoint of a loop in
the transmembrane channel protein staphylococcal α-hemolysin. Coordination of
Zn2+ resulted in a conformational change that closed the channel. As such, metal
binding acted as a switch for the pore that could be turned off in presence of
micromolar concentrations of Zn2+ and turned back on by addition of a chelating
agent.51 Similarly, embedding a cysteine into the extracellular mouth of the
Shaker-Δ K+ channel permitted allosteric inhibition of the pore when Zn2+ or Cd2+
were added at micromolar concentrations.52 The Hamachi group also reported two
examples for allosteric activation of membrane proteins by the semi-rational
incorporation of metal-binding sites for a ion channel type and a G-protein-coupled
glutamate receptors (GPCR, Figure 10).53 Two histidine residues were introduced
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in the vicinity of the ligand-binding pocket. Coordination of the palladium complex
Pd(2,2’-bipyridine) to this artificial allosteric site allowed for stabilization of the
active conformation of the glutamate receptors. Notably, this strategy facilitated
selective activation of a mutant glutamate receptor in live neurons. Moreover, since
many neurotransmitter receptors share similar activation mechanisms, this
On-cell-Coordination-Chemistry approach (OcCC) was envisioned to find more
general application to this receptor family in the future.

Figure 10: Schematic representation of the Pd(bpy)-mediated activation of a ionotropic receptor
(top) and metabotropic receptor (bottom) (adapted from 53).

The rational design of a metal binding site was successfully applied to convert
maltose binding protein (MBP) into a zinc sensor.54 Tetrahedral zinc coordination
sites, comprising of three histidines and a water molecule, were computationally
designed at the interdomain interface of MBP. A number of these designed MBP
variants were found to be specifically responsive to Zn2+ instead of maltose. A
follow-up crystallographic study later identified a different binding mode for Zn2+
in the engineered MBP, still retaining high affinities for the metal ion.55 The same
Zn2+-binding MBP, as well as MBP not bearing the Zn2+-binding mutations, were
then applied in a modular approach to create chimeric proteins with TEM-1
β-lactamase (BLA). Combinatorial libraries were created by inserting the gene
encoding for BLA into the mbp gene and by circular permutation of the bla gene.56–
58 These hybrid enzymes were positively activated by maltose and turned out to
have µM affinity for Zn2. More importantly, Zn2+ binding resulted in reversible
inhibition of β-lactamase activity.
High-throughput screening has also been applied to engineer metal ion
regulation into β-lactamase by Mathonet et al.59 Toward this end, an enzyme
library was created by insertion of random peptide sequences, or by randomization
of the wild-type sequence, in three contiguous loops of the protein. The library was
displayed onto a phage and then a two-step selection protocol was applied:
enzymes were screened for enhanced affinities towards Ni2+, Zn2+ and Cu2+ and the
resulting variants selected for their ability to hydrolyze ampicillin. This protocol
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allowed identification of a number of mutants whose activities were modulated by
metal ion binding. Interestingly, one mutant displayed dependence of activity based
on the nature of the metal ion: while the activity was nearly unaffected by Zn2+, a
3-fold activation was observed upon binding of Ni2+ and a 10-fold inhibition upon
Cu2+ binding.
Redesigning an existing metal binding site may also allow for controlling
protein activity with metal ions. Rana et al., for example, redesigned the serine
protease thrombin to allosterically respond to K+ instead of the natural regulator
Na+ by replacing the metal binding loops of thrombin with the corresponding loops
of a different enzyme.60 Similarly, Kan et al. evolved several zinc finger mutants of
Zif268 by codon-expanded phage display to contain the unnatural amino acid
(2,2’-bipyridin-5-yl)alanine (BpyA). The resulting transcription factors turned out
to be responsive to Fe2+ instead of Zn2+.61
A distinct strategy to regulate enzyme activity by metal binding is the
utilization of naturally occurring metal-binding proteins or domains and installation
of unnatural reactivities into these scaffolds. Ideally, this novel activity displays the
same metal-dependent regulation as the original scaffold. An example for this
strategy is the calcium binding protein calmodulin (CaM) which was engineered to
catalyze the non-natural Kemp elimination reaction. Indeed, the resulting enzyme
AlleyCat is a switchable eliminase that, like CaM, is allosterically regulated by
Ca2+.62 Subsequently, this scaffold could be redesigned to respond to lanthanides.63
The same computational approach was used to engineer esterase64 and
retro-aldolase65 reactivity to the calmodulin scaffold. Another example of this
strategy is the creation of a Ca2+-regulated glutathione peroxidase by introduction
of a selenocysteine into the Ca2+-responsive protein recoverin.66

1.5 Light-mediated control of protein activity
Using light to control protein activity is an attractive strategy as it allows for tight
temporal and spatial modulation of activity. To achieve photocontrol of protein
activity, a light-sensitive module needs to be present either in the protein of interest
or in the molecule that interacts with the protein. This light-sensitive module can
be already present in the protein, as in natural photoreceptors, or a photosensitive
molecule may be attached genetically or chemically.67,68
The most commonly used natural photoreceptors are rhodopsins, flavoproteins
and phytochromes. These photoreceptors can be genetically fused to a protein of
interest to enable allosteric photoactivation of protein activity.68 In this modular
design light acts as the external stimulus that causes isomerization of the covalently
or non-covalently linked chromophore in the photoreceptor (input domain). This
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isomerization induces then a conformational change that is transferred throughout
the protein structure to the protein of interest (output domain) affecting its activity,
for example by exposing a previously masked binding surface or an active site, by
partial unfolding or by inducing dimerization or oligomerization. An advantage of
such systems is that they do not require any chemical modification of the protein as
they can be genetically encoded. Moreover, activation of light-modulated domains
that are fused to other proteins typically does not involve the addition of exogenous
ligands, thereby reducing the potential for off-target or toxic effects when thinking
of applications in living cells. However, to predict the protein activity before and
after irradiation is difficult and often requires laborious optimization of the studied
system.
Bacterial rhodopsins (type I), for example, have been engineered to induce cell
polarization or depolarization in neuronal cells (Figure 11a).69,70 Similarly, a few
chimeric receptors based on the type II rhodopsins, that are G-protein-coupled
receptors (GPCRs), have been created by exchanging the intracellular loops of
rhodopsins with loops from other GPCRs.
a)

b)

c)

Figure 11: Light-mediated control of protein activity with genetically encoded photoreceptors.
a) Microbial rhodopsins can be expressed in neurons to regulate membrane potential (top,
left).69,70 Chimeric receptors obtained exchanging the intracellular domain of vertebrate type II
rhodopsins with one of specific GPCRs (bottom, left).71,72 Retinal (right) is covalently bound to
the photoreceptor and illumination drives isomerization of a double bond in the chromophore. b)
Light-induced conformational changes in flavoproteins (left). Photoexcitation induces a thioether
bond formation between the flavin and a highly conserved cysteine residue (right). c)
Conformational changes in phytochromes upon light exposure. A conformational change
modifies the interaction of the phytochrome with the protein PIF (blue triangle) (left). Bilin
(right) is the covalently bound chromophore of phytochromes.
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These systems allowed for light-mediated response of G-proteins to small
molecules (i.e. cAMP or InsP3)71 or ions (Figure 11a).72
The most commonly used flavoproteins for light-mediated control of protein
activity are Light-Oxygen-Voltage-sensing (LOV) domains and the light-sensitive
cryptochrome (CRY2) from plants. LOV domains have been fused with different
proteins to obtain a number of artificially light-activated enzymes (DHFR,73
bacterial PAS-histidine kinase,74 and GTPase75), to regulate a variety of processes
including transcription,76 protein degradation,77,78 protein localization,79
cytoskeletal motion80 and to mediate protein-protein interactions (Figure 11b).81
Lastly, the plant photoreceptor phytochromes undergo a reversible
conformational change upon irradiation with red or infrared light. In its active
conformation phytochromes heterodimerize with the protein PIF (Phytochrome
Interaction Factor) and this interaction has been exploited to obtain light-controlled
gene-regulation82 and regulation of protein localization (Figure 11c).83 The
photodimerizing properties of phytochromes were also exploited to reconstitute
split protein fragments as ATPase intein,84 Cre DNA recombinase,85–87 Cas9,88 and
T7 RNA polymerase.89
In parallel to the use of natural photoreceptors to modulate protein activity,
hybrid approaches that take advantage of modifying a protein of interest with
exogenous photoactive synthetic molecules have also been developed.90,91 Two
strategies can be distinguished for this approach: (1) the use of photoremovable
protecting groups92 and (2) the use of photoswitches.93
For the former methodology a light-cleavable moiety (defined as photocaging
or photoremovable protecting group) is installed on a small organic effector
molecule, or on amino acid side chains. The presence of the caging group typically
masks a functional group in such a way that the activity is inhibited (Figure 12).
Upon irradiation, these molecules undergo photolytic cleavage to expose the
previously caged moiety, thereby activating or inactivating the protein of interest.
Photocaged small molecules have been utilized, among others for gene regulation,
to control cellular localization94 and the heterodimerization of proteins.40 Caged
small molecules that affect gene expression, among others isopropy
l-β-D-thiogalactoside94 and arabinose,95 can be utilized in vivo by adding them
directly to the cells growth medium followed by irradiation. Alternatively, a
photocaged moiety can be directly installed in the protein of interest by
post-translational modification96 or by introduction genetically encoded caged
amino acids.97 The latter option presents the advantage of a higher control over the
positioning and the number of caging moieties introduced. Moreover, it allows for
direct application in vivo, obviating the need for protein purification, modification
and re-introduction of the caged protein in the cellular system. Such photocaged
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proteins have been successfully applied to modulate the activity of a number of
proteins91,96 including kinases,98,99 luciferase,100 caspase101 and TEV-protease.102

1
Figure 12: Photocaging strategies. a) Upon irradiation of a caged small molecule the caging
group is cleaved off and the effector molecule can interact with the protein activating or
inhibiting activity. b) A caged group in introduced on an amino acid side chain (either by
post-translational modification or by genetic incorporation of a caged amino acid). Irradiation
causes the release of the caging group with subsequent activation of the protein.

On the other hand, the use of photoswitchable ligands allows reversible control
over protein activity, a type of regulation that is typically not possible with
photocaging strategies. Typically, a photoisomerizable molecule is covalently or
non-covalently anchored to a biomolecule and, upon light-induced isomerization,
the biological activity can be altered. Azobenzenes and diaryl-ethenes are the most
commonly employed photoswitchable moieties that have been used to control
protein activity (Figure 13a).93 The idea of using photoswitchable enzyme
inhibitors was demonstrated in 1969 by Erlanger and Nachmansohn, who studied
azobenzene-based inhibitors of acetylcholinesterase.103,104
a)

b)

Figure 13: a) Photoisomerization of azobenzenes (left) and diarylethenes (right).
b) Photoswitchable Shaker K+ channel: the quaternary ammonium group (blue sphere)
conjugated to the azobenzene moiety (orange) blocks the channel when the azobenzene is in the
trans conformation. Irradiation causes isomerization of the azobenzene from trans to cis and
removes the pore blocker. c) Photoswitchable ionotropic glutamate receptor. Opening of the
pore happens upon binding of the agonist (blue sphere) in the ligand binding domain. The
agonist is linked to an azobenzene moiety (orange) and can only interact with the receptor when
the azobenzene is in the cis conformation.

This concept was further developed by demonstrating its potential for
therapeutic application and successful examples of photoregulation of different
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proteins have been reported (α-chymotrypsin,105–108 papain,109,110 m-calpain,111
phosphatase calcineurin,112 lysozyme,113 RNase S,114 horseradish peroxidase,115
carbonic anhydrase116,117 and mitochondrial complex I118).
A number of notable contributions for the use of photoswitchable ligands with
application in neuroscience come from the Trauner group, who applied
photo-tethered ligands to engineer light-gated K+ channels containing a quaternary
ammonium salt as a pore blocker119,120 and to achieve light-mediated allosteric
control of a ionotropic glutamate receptor121 (Figure 13b). Recent advances in the
field of photopharmacology also come from the Feringa group with the
development of a photoswitchable antibiotic122 and of photoswitchable inhibitors
of histone deacetylase (HDAC) as potential antitumor agents.123

1.6 DNA-based control of protein activity
While the engineered control of protein activity by small molecules, metal ions or
light is reminiscent of natural strategies to modulate protein activity, the use of
nucleic acids represents an artificial concept. Mainly two different approaches for
regulation of protein activity using DNA have been explored in literature: (1) the
DNA-induced mechanical control of protein activity and (2) the use of DNA as a
template for protein assembly.124
The first strategy takes advantage of the different mechanical properties of
single- and double-stranded DNA: single-stranded DNA (ssDNA) is a flexible
polymer chain, while double-stranded DNA (dsDNA) closely resembles a rigid
rod. The concept of using DNA as a molecular spring to induce conformational
changes was first introduced by Tyagi and Kramers, who developed a molecular
beacon that fluoresces upon DNA hybridization.125 This concept was then adapted
for regulation of protein activity by the Ghadiri group.126 More specifically, they
modified a Cereus neutral protease with a single-stranded oligonucleotide. This
ssDNA was labeled on the other extremity with a small molecule inhibitor of the
enzyme (Figure 14a). The flexibility of the ssDNA allowed for the interaction of
the inhibitor with the active site, rendering the enzyme inactive. Hybridization with
a complementary strand increased the rigidity of the DNA linker and prevented
binding of the inhibitor to the active site, resulting in enzyme activation.
Zocchi and coworkers also presented a few examples in which protein activity
is controlled by mechanical tension induced by DNA-hybridization (Figure 14b).
In their pioneering work, the affinity of MBP for maltose was regulated by
appending a ssDNA from both termini to the protein and by the subsequent
hybridization with the complementary sequence.127 Similar strategies, including the
use of shorter oligonucleotides that were conjugated only from one side to the
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protein, were also applied to modulate the activities of other enzymes, such as
guanylate kinase,128,129 protein kinase A130 and Renilla luciferase.131
Another example of DNA-mediated control of protein activity comes from the
Seitz group in which the activity of a Src-kinase was modulated by displacing an
inhibiting phosphopeptide (Figure 14c).132 In the inactive state a phosphorylated
tyrosine on the kinase binds to the SH2 domain forming an intramolecular
complex. A phosphopeptide-PNA conjugate was designed to present a “loop”
conformation upon hybridization of both PNA arms with a complementary DNA
template. This loop contains a phosphorylated tyrosine that could bind to the SH2
domain, but in this closed conformation it showed low affinity for the kinase.
Addition of a complementary RNA strand containing unpaired nucleotides between
the two complementary sequences, triggered strand-exchange and resulted in a
more open conformation of the duplex. This activated chimera-RNA complex
allowed interaction of the phosphopeptide to the SH2 domain and subsequent
activation of the kinase.
a)

b)

c)

Figure 14: a) Intramolecular spring-control of allosteric inhibitor-DNA-enzyme complex
(adapted from 126). b) Schematic representation of one arm- and two arms-protein-DNA chimera
molecular springs.127–131 c) RNA-controlled switching of protein kinase (adapted form 132)

The Zocchi group also demonstrated that other physical properties of ss- and
dsDNA than their different rigidities could be exploited for controlling protein
function. More specifically, they utilized the different electronic properties of
ss- and dsDNA to modulate the gating behavior of a voltage-gated ion channel
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(KvAP). In this system, attaching a ssDNA to one end of the ion channel does not
perturb the single channel ion conductivity. However, hybridization of the
KvAP-DNA chimera with the complementary strand decreased the attractive
electrostatic interactions between the DNA and protein, thereby changing the
charge density and shifting the equilibrium toward a more open conformation of
the pore.133
A strategy, which is distinct from utilizing the physical properties of DNA as
means to control protein function, is the use of DNA as a template for the
co-localization of proteins, protein domains or fragments. This co-localization
strategy increases the local concentration of proteins (domains or fragments) and
can promote the assembly of protein complexes or increase the efficiency of
catalytic reactions. To localize proteins onto a template DNA two different
strategies have been developed: (1) the synthesis of protein-oligonucleotide
conjugates and subsequent hybridization with a complementary strand and (2) the
expression of the protein of interest as a fusion with a DNA-binding protein.
The concept of DNA-mediated co-localization of proteins has been widely
applied to mediate the reassembly of split protein fragments as it will be described
in Chapter 2. Moreover, the Niemeyer group has applied DNA-templated
co-localization to control the distance between the two subdomains of the
multi-domain enzyme cytochrome P450 BM3 (Figure 15a).134 In this work, the
reductase domain BMR (bearing the FAD or the FMN cofactor) and the
hydroxylase domain BMP (containing the heme moiety) were both conjugated to
short oligonucleotides. These subdomain-DNA chimeras could be reassembled into
an active enzyme by hybridization with a template DNA that was complementary
to the two sequences appended to the protein domains. Notably, the introduction of
a stem-loop structure in the template DNA allowed the design of a device with
switchable catalytic activity that could be regulated by strand displacement.
Similarly, a modular approach for the DNA-directed control of
enzyme-inhibitor interactions was recently developed by the Merkx group (Figure
15b).135 In their design, both a TEM1-β-lactamase and its inhibitor protein BLIP
were conjugated to single-stranded oligonucleotides. The protein and its inhibitor
have inherently low affinity therefore β-lactamase activity could still be detected.
Addition of a template oligonucleotide that hybridized with both DNA sequences,
brought them into close proximity to each other forming an inactive complex.
Hybridization with the template DNA resulted in the formation of a flexible
single-stranded loop, as a result of unpaired nucleobases in the template. The
addition of a third oligonucleotide (target strand) complementary to the loop
sequence, induced in the formation of a rigid double helix that disrupted the
enzyme-inhibitor complex, restoring enzyme activity. This non-covalent and
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modular design allowed for the fast optimization of the architecture and a
systematic screening of different DNA sequences for the loop and target strands.
a)

1
b)

Figure 15: a) DNA-mediated reassembly of cytochrome P450 BM3 subdomains (adapted from
134) b) DNA-mediated assembly and disassembly of the complex between oligonucleotide
functionalized β-lactamase (BLA) and BLIP (adapted from 135).

The DNA-directed assembly of enzymes was also used to generate spatially
ordered multi-enzyme complexes that perform cascade reactions. In these systems,
the proximity of the enzymes allows faster transport of the substrates and, as a
result, minimizes side reactions. The first example of such a DNA-templated
multienzyme was achieved by co-localizing a luciferase and an oxidoreductase
onto the same template DNA (Figure 16a).136 This construction gave rise to a
3-fold increase in overall catalytic activity when compared to the reactions
performed with the non-templated enzymes. The same strategy was also applied to
glucose oxidase and horseradish peroxidase, demonstrating that the efficiency of
the overall enzymatic activity is strictly dependent on the positioning of the two
enzymes.137 The same enzymes were also assembled in a multienzyme complex
using a cocaine aptamer (Figure 16b).138 Each enzyme was conjugated to one half
of an anti-cocaine binding aptamer and, in presence of cocaine, the two halves
were connected and the enzymes brought in close proximity.
Thanks to advances in DNA nanotechnology, organization of multiple enzymes
in 2D and 3D geometries has also become possible. Examples make use of
hexagonal DNA strips139 or DNA-origami tiles as scaffold.140–144 In vivo assembly
of multienzymes pathways was also achieved with 1D and 2D RNA assemblies for
enhancing bacterial hydrogen production.145
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a)

c)

b)

d)

Figure 16: a) DNA-directed assembly of bi-enzyme complexes.136 b) Cocaine-induced
self-assembly of enzyme/enzyme-tethered aptamers.138 c) DNA tweezer-regulation of protein
binding affinity.146 d) DNA tweezer-regulated enzyme-cofactor pair.147 (adapted from 138 (a), 136
(b), 146(c) and 147 (d).)

DNA-tweezers have also been applied to control distances between proteins or
protein domains, resulting in modulation of their activity. In a first example,
thrombin binding aptamers were included at the tips of the tweezer (Figure 16c).146
In its closed conformation a strong-bivalent binding of thrombin was observed, but
upon opening of the tweezer with the fuel strand, the weak monovalent binding
caused the release of thrombin. DNA-tweezers were also applied to control
distances between different enzymes for cascade reactions as for example glucose
oxidase/horseradish peroxidase148 or enzyme-cofactors pair, as for glutamate
dehydrogenase and NAD+ (Figure 16d).147
Besides co-localizing of proteins, protein domains or fragments, DNA can be
used to introduce new substrate-enzyme interactions and therefore influence the
enzyme catalytic activity. Gao et al. conjugated dsDNA sequences to two enzymes,
aldo-ketoreductase and horseradish peroxidase. These dsDNAs are known to
interact with the enzymes substrates, increasing the local concentration of
substrates in close proximity to the enzymes. Modulation of the enzyme kinetics
was then achieved for the two enzymes in three different reactions.149
Finally, a different approach toward modulation of protein activity involving
DNA was reported by Loh and co-workers in which DNA constitutes the external
stimulus to induce changes in enzymatic activity.150 In this work, they created a
modular switch involving mutually exclusive folding. The DNA-binding peptide
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GCN4 was inserted into a surface loop of the bacterial ribonuclease barnase. The
fusion protein was designed so that conformational constraint prevents the two
protein domains from existing simultaneously in their respective folded states. In
absence of DNA the GCN4 domain is partially unfolded allowing for functional
folding of the barnase. Conversely, addition of the recognition sequence for the
GCN4 induces folding of the polypeptide into a stable homodimeric parallel
coiled-coil, resulting in unfolding of the barnase and subsequent decrease in
enzymatic activity.

1.7 Enzyme regulation by antibody binding
Another strategy to modulate the activity of an enzyme involves the insertion of
peptide sequences that are recognized by monoclonal antibodies (mAbs). Binding
of the mAb to the epitope is expected to induce a conformational change that can
alter enzyme activity. To achieve binding of a mAb, loops in the enzyme sequence
are identified that can tolerate sequence insertion without significantly altering the
activity. Next, short peptidic sequences that are known to be recognized by the
mAb are inserted and the activity in absence or presence of the target mAb can be
tested. Hybrid enzymes created by this strategy have found applications as
biosensors for the detection of mAb.151,152
In this context viral epitopes from the immunodeficiency virus type 1 (HIV-1)
gp120 protein153 or from the hepatitis C virus (HCV)154 core protein have been
inserted close to the active site of alkaline phosphatase. Modulation of protein
activity was detected upon binding of the corresponding mAb to the respective
epitope and was applied to detect the mAb in solution. A similar strategy was also
applied to the E. coli β-galactosidase by insertion of foot-and-mouth disease virus
peptides155 or HIV gp41 envelope glycoprotein.156
TEM-1 β-lactamase was also selected for insertion of random peptide
sequences that allowed modulation of activity by binding of a mAb.157 An initial
screening on ampicillin plate selected for active hybrid enzymes. Then, these active
hybrids were screened for binding to a specific target mAb by phage-display
technology. Finally, the last screening identified mutants that showed modulation
of activity upon binding of the mAb to the peptidic sequence inserted. This strategy
was applied to select for binding to the mAbs against prostate-specific antigen
(PSA).
A different approach toward antibody-mediated activity regulation relies on
inducing protein oligomerization. In an example from Geddie et al. the activity of
the enzyme β-glucoronidase was increased by addition of the anti-hemagluttinin
mAb.158 At first, mutagenesis and screening strategies were used to identify protein
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mutants that assembled into inactive dimers. Then, enzyme variants containing the
epitope sequence of the mAb were produced and an increase of enzymatic activity
was observed upon antibody-mediated oligomerization into active tetramers.
The bivalent nature of mAb has also been applied to control the distance
between two proteins domains or fragments, in a way reminiscent of the DNA
templated strategies described in the previous section. In a first example two
His-tagged protein fragments of β-lactamase were recognized by the anti-His mAb
that brought them in close proximity to each other, resulting in reassembly of the
enzyme and restore of enzymatic activity.159 In a different example from the Merkx
group, a modular assembly was used to regulate the activity of TEM1
β-lactamase.160 In this design TEM1 β-lactamase and its inhibitor protein BLIP
were expressed connected via a long flexible linker bearing the epitope sequence
for the HIV1-p17 antibody. This construct resulted in the formation of a
catalytically inactive complex that could be disassembled by recognition of the
epitope sequence by the target antibody, resulting in restored β-lactamase activity.
The modularity of the design allowed fast optimization of the system and exchange
of the original epitope for targeting of different antibodies.
Finally, mAb binding has also be used to control the activity of the serine
protease urokinase-type plasminogen activator (uPA). This protease is
biosynthesized as an inactive monomeric zymogen and limited proteolysis triggers
a conformational change that induces dimerization into an active enzyme.
Screening for a mAb that binds to the autolysis loop of the zymogen resulted in
identification of a monoclonal antibody (mAb-112) that delayed proteolysis and, at
the same time, stabilized the dimeric form of the protease into an inactive
conformation.161

1.8 Regulation of activity of artificial enzymes
The methods to control protein activity described above focused on modulating
activity of natural proteins and enzymes. However, over the past decades
significant efforts have also been devoted to introduce non-natural reactivities into
biological scaffolds. These developments have led to the creation of several
designer enzymes with novel and non-natural activity by de novo enzyme design or
by redesign of natural proteins.162–164 In this category lie also artificial
metalloenzymes that are created embedding a transition metal cofactor within a
protein scaffold (artificial metalloenzymes design and applications will be
discussed in Chapters 4, 5 and 6 of this thesis). Despite the large number of
artificial enzymes with new-to-nature activity that have been described, studies to
control the activity of these tailor-made enzymes are still scarce. Only recently
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methods to modulate these artificial activities started to be investigated and two
examples have been reported by the Ward group. In the first work the activity of an
artificial asymmetric hydrogenase was upregulated by proteolysis when a natural
protease was used as an external stimulus (Figure 17a).165 The artificial
metalloenzyme is comprised of an Ir cofactor embedded in the biomolecular
scaffold of an engineered Streptavidin. However, this metalloenzyme showed
limited catalytic activity in the imine reduction (zymogen). Activation of the
metalloenzyme could be achieved upon incubation with a protease that cleaved a
specific tripeptide sequence installed at the C-terminus of streptavidin. This
tripeptide coordinated to the Ir cofactor and accelerated the transfer hydrogenation.
The second work describes the cross-regulation of an artificial transfer
hydrogenase comprised of a biotinylated cofactor and an engineered streptavidin
by a pH switch (Figure 17b).166 The activity of the metalloenzyme was reversibly
inhibited by integrating it in parallel with a urease that, upon reaction with urea,
produced ammonia (inhibitor). Ammonia caused an increase in the overall pH of
the solution responsible for inhibition of catalytic activity. Addition of HCl (fuel),
or coupling with an esterase that produced acid, restored catalytic activity. This
work demonstrated a strict temporal control over the transfer hydrogenation in
response to an external stimulus that is regulated by a negative feedback
mechanism and is reminiscent of cellular networks.
a)

b)

Figure 17: a) Schematic representation of the upregulation of an artificial metalloenzyme based
on biotin-streptavidin technology by proteolysis (adapted from 165). b) Schematic representation
of the cross-regulation of an artificial transfer hydrogenase (adapted from 166).
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1.9 Aims and outline of the thesis
In conclusion, this chapter described natural regulation mechanisms of protein
activity and provided a summary of the artificial means to control protein activity
developed to date. These regulation mechanisms involve both natural and artificial
enzymes.
This thesis describes our work in the field of artificial control of protein
activity. In this work we explored artificial means to control activity of natural and
artificial enzymes and we designed new artificial enzymes from proteins that do
not present any native catalytic activity.
Chapter 2 and Chapter 3 present our efforts to mediate the reassembly of a
split enzyme via supramolecular interactions and metal coordination, respectively.
Both chapters are focused on the split enzyme murine dihydrofolate reductase
(mDHFR) as a model enzyme to introduce artificial control of activity. In Chapter
2 a modular design for the reassembly of the split enzyme mediated by small
molecules is described. In this split enzyme, mDHFR fragments were first
conjugated to short oligonucleotides and receptor moieties were attached to
oligonucleotides complementary to those appended to the protein fragments. DNA
hybridization and supramolecular interactions between a guest molecule and the
two receptors were then combined to create an allosteric split enzyme for small
molecule recognition. The preparation and characterization of the different
modules of the split enzyme and preliminary studies on the reassembly are
presented. The aim of Chapter 3 is to use the formation of a chelate metal complex
between a metal ion and two ligands installed on each mDHFR fragment to
mediate the reassembly of the split enzyme. The preparation of mDHFR fragments
containing a metal binding moiety is described using different strategies: genetic
incorporation of a metal binding amino acid and the introduction of ligands via
post-translational modification. The characterization of the metal binding
properties of the proteins and reassembly attempts are also described.
In Chapter 4 the design, synthesis and characterization of a metal ion regulated
artificial metalloenzyme are presented. This work aims to offer a regulation
mechanism to control the activity of a designer enzyme with new-to-nature
activity. Hybrid enzymes were obtained by combination of a regulatory site to bind
an effector metal ion and of an active site to recruit a catalytically active metal
complex into the scaffold of the protein LmrR. The catalytic activity of the
artificial metalloenzymes was evaluated in enantioselective vinylogous
Friedel-Crafts alkylation reaction and could be regulated by incubation with Fe2+
ions.
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Chapter 5 introduces Multidrug Resistance Regulators (MDRs) as a new class
of protein scaffolds for the design of artificial metalloenzymes. Three proteins
belonging to the TetR family of MDRs are investigated and two different
anchoring strategies for the introduction of the active transition metal complex are
explored: supramolecular approach and genetic incorporation of unnatural metal
binding amino acids. The reactivity of the new artificial metalloenzymes is tested
in two different Lewis acid catalyzed reactions, the vinylogous Friedel–Crafts
alkylation of indoles and the Friedel–Crafts conjugate addition/enantioselective
protonation.
In Chapter 6 the properties of the most promising metalloenzyme developed in
Chapter 5 are explored. The QacR variant that presents the unnatural amino acid
2,2’-bipyridyl alanine in position 123 (QacR Y123BpyA) is purified from bacterial
cultures with metal ions bound to its scaffold and shows intrinsic catalytic activity
in the vinylogous Friedel–Crafts alkylation of indoles. Spectroscopic studies and
catalysis are combined to elucidate the nature of the metal ion bound to the protein
responsible for this catalytic activity. Preliminary studies for application of BpyA
containing artificial metalloenzymes for in vivo catalysis are also described.
Finally, Chapter 7 offers an outlook of the work presented and offers possible
perspective or further developments of the research topics described in this thesis.
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