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Preface

The last couple of decades have witnessed a true revolution in protein engineering
that very few could have foreseen, a revolution delivered by the hand of directed
evolution. This reliable, robust and effective methodology has enabled us to design
enzymes with improved or even novel properties, a mere pipedream only a few
years ago. Through consecutive rounds of random mutation, recombination and
screening/selection, enzymes tailored a la carte are meeting the needs of different
industrial processes, addressing the challenges of working at high temperature or
extreme pHs, in non-natural environments or in the presence of strong inhibitors.
More significantly, through laboratory evolution we can now harness the catalytic
promiscuity of many enzymes to undertake non-natural chemistry for a range of
applications that lie within the biotechnology rainbow. Conversely, the rise of
directed evolution has demonstrated that the tailoring of enzymes, metabolic path-
ways or even whole microorganisms is now no longer beyond our reach.

Although mimicking the natural process of evolution on a laboratory scale might
make us feel ashamed of our immense ignorance regarding protein function (for
example through the identification of substitutions of interest that we could have
never predicted by rational analysis), dozens of enzymes are being rapidly engi-
neered in a manner that is establishing solid links between the structure—function
relationship of proteins and their biotechnological applications. The advent of com-
putational protein engineering, the constant expansion of protein and gene data-
bases, together with the birth of more sophisticated (ultra)high-throughput screening
protocols and new library creation methods, is paving the way to expand directed
enzyme evolution beyond the limits of nature. As such, the number of enzymes
undergoing laboratory evolution is becoming overwhelming, covering many aspects
of biotechnology, and contributing to the rapid development of systems and syn-
thetic biology.

As we reach the 25th anniversary of the discovery of directed enzyme evolution,
this book presents some case studies of evolved enzymes, while updating concepts
and methods within this vigorous research ground. The outstanding panel of con-
tributors in Directed Enzyme Evolution: Advances and Applications has ensured the
compilation of some remarkable examples of enzymes improved by evolution in
just a single volume, as well as providing an interesting collection of the cutting-
edge approaches and methods currently available or soon to be added to the directed
evolution toolbox. The first part of the book (Chaps. 1, 2, 3, 4, 5, 6 and 7) focuses
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on several evolutionary success stories, involving tryptophan synthases, therapeutic
and stereoselective enzymes, CO,-fixing enzymes, unspecific peroxygenases, phy-
tases as well as the directed evolution of whole cells. From Chaps. 8 to 10, library
creation methods, in silico/computational enzyme design and ancestral enzyme res-
urrection are described in depth, while offering clues to their applications and
prospects.

I truly hope that Directed Enzyme Evolution: Advances and Applications will
become a valuable benchside book for professors, researchers and students working
and/or lecturing in the field of protein engineering and biotechnology, complement-
ing other practical texts and volumes on this fascinating field of research.

Madrid, Spain Miguel Alcalde
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Directed Evolution of an Allosteric
Tryptophan Synthase to Create

a Platform for Synthesis of Noncanonical
Amino Acids

Javier Murciano-Calles, Andrew R. Buller,
and Frances H. Arnold

Abstract

Tryptophan and its derivatives are important natural products and have many
biochemical and synthetic applications. However, the more elaborate these
derivatives are, the more complex the synthesis becomes. In this chapter, we
summarize the development of an engineered enzymatic platform for synthesis
of diverse tryptophan analogs. This endeavor utilizes the tryptophan synthase
(TrpS) enzyme, an o3, heterodimeric protein complex that catalyzes the last
two steps in the biosynthetic pathway of tryptophan. Although the synthetically
useful reaction (indole + Ser = Trp) takes place in the f-subunit (TrpB), the
exquisite allosteric regulation of this enzyme impedes the use of isolated TrpB
due to its dramatically decreased activity in the absence of the a-subunit (TrpA).
This chapter discusses our efforts to engineer TrpB to serve as a general plat-
form for the synthesis of noncanonical amino acids. We used directed evolution
to enhance the activity of TrpB from Pyrococcus furiosus (PfTrpB), so that it
can act as a stand-alone biocatalyst. Remarkably, we found that mutational acti-
vation mimics the allosteric activation induced by binding of TrpA. Toward our
goal of expanding the substrate scope of this reaction, we activated other homo-
logs with the same mutations discovered for PfTrpB. We found improved cata-
lysts for the synthesis of 5-substituted tryptophans, an important biological
motif. Finally, we performed directed evolution of TrpB for synthesis of
p-branched amino acids, a group of products whose chemical syntheses are par-
ticularly challenging.
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1.1 Introduction

In addition to being one of the standard 20 proteinogenic a-amino acids, tryptophan
(Trp) is the immediate precursor of important biomolecules such as the neurotrans-
mitter serotonin [1], vitamin B3 [2], and auxin phytohormones [3, 4]. In biosyn-
thetic pathways of more complex natural products, modified tryptophan is frequently
the core of the final biomolecule [5-9]. Tryptophan derivatives have also been used
in chemical biology for a variety of applications [10]. These noncanonical amino
acids (ncAAs) also serve as intermediates in the production of pharmaceuticals by
chemical synthesis [11]. It is therefore important to develop efficient routes to pre-
paring these compounds.

Tryptophan synthase (TrpS) has been used to make a wide variety of Trp ana-
logs. TrpS catalyzes the last steps in the de novo pathway for Trp in all three domains
of life. This enzyme synthesizes Trp from 3-indole-D-glycerol phosphate (IGP) and
L-serine (Ser) in two steps that take place in two separate subunits of the heterodi-
meric enzyme [12]. TrpS has been used for the synthesis of many modified trypto-
phans by reaction of Ser and an appropriate nucleophile, typically a substituted
indole [13-20]. However, these reactions frequently proceed with low yields (below
50%). Researchers have tried to expand the substrate scope to nitrogen nucleophiles
through protein engineering, but those efforts concomitantly boosted an abortive
side deamination reaction that prevented efficient use of the catalyst [21].

We believed that TrpS would be a good starting point to develop a platform for
synthesizing a wider variety of Trp analogs than had been reported. In particular, we
sought to generate catalysts for C-C, C-N, and C-S bond-forming reactions to make
ncAAs from inexpensive starting materials using low catalysts loadings. Our
approach was to first simplify the heterodimeric enzyme complex and engineer
TrpB to function as a single, stand-alone enzyme. To help the reader understand this
strategy, we describe the sophisticated mechanism of allosteric regulation that gov-
erns native TrpS activity.

1.1.1 TrpS

In the first steps of the native catalytic cycle, IGP binds in the a-subunit (TrpA), and
Ser binds in the p-subunit (TrpB), where it forms a covalent Schiff base linkage to
the cofactor, pyridoxal 5’-phosphate (PLP). Once bound, Ser undergoes dehydra-
tion to form an electrophilic amino acrylate intermediate. TrpA then catalyzes the
retro-aldol cleavage of IGP, releasing indole, which diffuses through a tunnel con-
necting the two subunits and enters the TrpB active site. There it reacts with the
amino acrylate to yield L-tryptophan (Fig. 1.1).

The efficient functioning of TrpS requires that all of the mechanistic steps be
carefully synchronized [22]. In essence, both subunits have an open conformation
that permits the entry of substrates, but exhibits a slow rate of catalysis, and a closed
conformation that accelerates intermediate chemical steps, but cannot bind sub-
strate or release product. Each subunit’s equilibrium between open and closed states
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Fig. 1.1 Overall reaction catalyzed by TrpS. The a-subunit (green) cleaves IGP in a retro-aldol
reaction that releases indole, which diffuses through a molecular tunnel into the p-subunit (orange).
There, indole reacts with Ser in a PLP-dependent f-substitution reaction to yield Trp

is allosterically modulated by the other subunit, thus ensuring that intermediates are
not released prematurely. In particular, the indole must be available to TrpB imme-
diately upon formation of the amino acrylate intermediate, which could otherwise
decompose through hydrolysis. However, if indole were released before the sub-
units are in a fully closed state, it would leak into the cellular medium, whereupon
it would diffuse through the membrane and be lost. To accomplish the necessary
synchronicity, each subunit acts as an allosteric effector to the other [12, 22].

The molecular basis for this synchronization comprises structural transitions in
both subunits [23-25]. In TrpA, the majority of residues in the a6 loop switch
from disordered to well ordered, forming a closed state (Fig. 1.2). In TrpB, the
structural change is more significant; around 20% of the residues change conforma-
tion. The so-called COMM domain, which refers to the region of TrpB that medi-
ates the communication between subunits, undergoes a rigid-body motion and
rotates between open, partially closed, and fully closed conformations (Fig. 1.2).
Closure in the COMM domain impedes access to the active site from solution and
stabilizes the closed conformation in TrpA. Concurrently with the COMM domain
motion, the conformation of TrpB in the interface between the two subunits is also
altered. These conformational changes combine to form a 25-A tunnel between both
subunits, allowing indole to diffuse from TrpA to the TrpB active site.

TrpS thus exhibits a sophisticated allosteric control mechanism in which both
subunits play a fundamental role. However, only the p-subunit performs catalysis in
the -substitution reaction that is useful to make ncAAs. Unfortunately, the
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. .’ Open conformatior
TrpA{ Closed conformation TrpB

Fig. 1.2 Structural transitions in the conformational switch from open to closed states in
Salmonella typhimurium TrpS. The open conformation is in orange (PDB ID: 1KFK), and the
closed conformation is in blue (PDB ID: 2]J9X). In TrpA (light gray), many residues in loop aL.6
are disordered in the open conformation, but most become well ordered upon the switch to the
closed conformation. In TrpB (dark gray), the arrows indicate the direction of the motion of the
COMM domain from the open to the closed state. The PLP is represented in sticks

allosteric regulation has hindered the use of isolated TrpB, whose activity in isola-
tion is seriously diminished compared to the full TrpS complex. Consequently, we
sought to engineer a stand-alone TrpB for efficient catalysis in the absence of
TrpA. We hypothesized that such a simplified biocatalyst could serve as an effica-
cious starting point for further engineering to expand reactivity.

1.2  Activation of TrpB from Pyrococcus furiosus by Directed
Evolution

The first task in engineering a stand-alone TrpB catalyst was to identify a suitable
parent for directed evolution. Most studies of TrpS have been done with the homo-
log from Salmonella typhimurium (StTrpS), a mesophilic organism. We decided to
use TrpS from Pyrococcus furiosus, a thermophilic archaeon that survives at
100 °C. The ability of this enzyme to function at high temperature (75 °C) enables
solubilization of highly hydrophobic substrates such as indole without addition of
cosolvent. Another significant advantage of engineering a protein from a thermo-
philic organism is the possibility of accumulating more mutations that boost activity
but may be destabilizing [26].

We wanted to evolve TrpB to catalyze its native reaction, the condensation of
indole and Ser to give Trp, more efficiently as a stand-alone enzyme. For this we
developed a high-throughput assay that measures the change in absorbance at
290 nm as indole is converted to Trp [27]. The use of a thermostable protein is
highly advantageous for screening at this wavelength, because the background
absorption from E. coli proteins can be reduced through heat treatment at 75 °C,
which yields moderately pure PfTrpB enzymes.
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We constructed a random mutagenesis library of PfTrpB by error-prone PCR and
measured the activity of 528 clones. From this library, we identified 20 clones (3.8%
of all variants) with at least a 35% increase in V,,,, relative to the wild-type enzyme
[28]. The most active of these contained a single Thr—Ser mutation that increased
the catalytic efficiency of PfTrpB on indole by 20-fold, which is even greater than
the change induced by TrpA binding. Twelve activating mutations were recom-
bined, and screening yielded a new variant, PfTrpB*!!, that retained the T292S
mutation and incorporated four more (E17G, 168V, F274S, T321A). This enzyme,
which has a further 2.6-fold increase in catalytic efficiency, was used as the parent
for a final round of random mutagenesis, from which we identified PfTrpB’®? har-
boring the single additional P12L mutation that increased the catalytic efficiency to
3.3 x 10° M~' s7! with indole, 83-fold higher than PfTrpB and threefold higher than
the allosterically activated PfTrpS complex [28].

We next investigated whether the increased activity of this stand-alone TrpB was
achieved through the same mechanism as the binding of TrpA. Several lines of
evidence suggested this was the case. We performed our screening under saturating
conditions of each substrate and nevertheless observed a coupled decrease in the Ky
for each substrate. PfTrpA binding not only causes a ~threefold increase in k., but
also a decrease in Ky values for Ser and indole, by twofold and fourfold, respec-
tively, suggesting a similar mechanism of activation at work during both effector
binding and mutational activation.

To further understand how PfTrpA regulates PfTrpB, we used X-ray crystallog-
raphy and UV-vis spectroscopy to probe conformational changes and the steady-
state distribution of intermediates in the active site. Importantly, our data showed
that the structural and spectroscopic properties of PfTrpB and PfTrpS are very simi-
lar to those reported in the distantly-related but well-studied enzyme from
Salmonella typhimurium [25]. The UV-vis spectrum of the internal aldimine
(i.e., when the PLP is bound to the catalytic lysine) has a A, of ~412 nm
(Fig. 1.3a). Ser binding to PfTrpB is associated with the large-scale conformational
rearrangement of the COMM domain into a partially closed state and accumulation
of an external aldimine intermediate, which shifts 4,,,, to 428 nm (Fig. 1.3a). When
PfTrpA is bound, the Ser-bound spectrum shifts to a characteristic A,,, at 350 nm,
consistent with stabilization of the amino acrylate intermediate. Structural studies
with SfTrpS show that this species is stabilized by a fully closed state of the COMM
domain (Fig. 1.2), which also has an increased affinity for indole [12]. As can be
seen in Fig. 1.3b, the spectrum after addition of Ser to PfTrpB%? corresponds to
amino acrylate intermediate, further supporting the hypothesis that mutations
increase activity through the same mechanism as allosteric effector binding, i.e.,
stabilization of the closed conformational state.

Each of these experiments probed changes in PfTrpB during its native catalytic
cycle with Ser and indole. We found that PfTrpA binding also increases the relative
rate of product formation upward of 200-fold with different indole analogs.
Therefore, it was of interest to know whether mutations were also activating for
ncAA synthesis. We found that our stand-alone PfTrpB8? catalyst was also broadly
activated for eight different indole analogs in C-C and C-N bond-forming reactions
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Fig. 1.3 Spectroscopic signatures of the TrpB catalytic cycle. (a) Different intermediates in the
catalytic cycle of TrpB are shown with their corresponding 4,,.,. Protonation states are assigned
according to Caulkins et al. [29] from study of SfTrpS. Spectroscopic data are broadly similar for
the two enzymes, supporting this assignment. (b) UV-vis spectra of PfTrpB in isolation, in the
native complex, and in the stand-alone engineered protein PfTrpB®2, Spectra recorded with 20 pM
of protein (black lines) and after addition of 20 mM Ser (gray dashes). The shifts in A, indicate
that PfTrpB accumulates E(Aex,) at steady state, whereas PfTrpS and PfTrpB"®? accumulate the
E(A-A) intermediate

[28]. This trend was similar to the rate enhancement induced by PfTrpA binding,
with some differences emerging between the two enzyme systems. PfTrpB%? was
moderately faster at C-N bond-forming reactions with indole and indazole, whereas
PfTrpS was moderately faster with 5-bromoindole. Hence, mutations that increased
activity with indole were broadly activating with other substrates. Again, PfTrpBt?
resembles the catalytic features described for PfTrpS.

Given the considerable interest in understanding allosteric phenomena [30-
34], a compelling question arose: are activating mutations confined to a distinct
allosteric pathway or interface? The first round of evolution identified 27
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Fig. 1.4 Sites where
mutation of PfTrpB is
associated with increased
activity. In the structure of
PfTrpS (PDB ID: SEOK),
TrpA is shown in pink, and
TrpB is shown in green and
blue. PLP is depicted in
sticks. Residues where
mutations were found that
gave validated increases in
Vinax during high-throughput
screening are shown as
spheres. There is an
abundance of sites in the
COMM domain (colored in
blue) and at the subunit
interface that give rise to
increases in activity

mutations distributed across 20 improved clones. Although the effect of each
mutation has not been measured individually, the data provide a broad picture of
PfTrpB activation (Fig. 1.4). It was described that some residues undergo switch-
like behavior upon effector binding in S¢TrpS, but just one of the 27 possible
activating mutations (N166D) was found along the homologous route for PfTrpB
[12, 35, 36]. Taking a more generous view of what an allosteric “pathway” might
look like, 17 of the 27 activating mutations (63%) were found at either the pro-
tein-protein interface or within the COMM domain. These regions comprise 31%
of the total PfTrpB sequence, indicating modest enrichment within the areas pre-
viously thought to control allosteric signaling in TrpB. While the mutations have
a positive effect on PfTrpB catalysis, it is not clear how or why they influence the
rate of the reaction. Indeed, almost 40% of activating mutations are outside of
any region that one might a priori think has an impact on allosteric signaling or
catalysis.

From the study of PfTrpB activation, it is clear that mutations can reproduce
complex conformational changes induced by effector binding. Similar effects were
previously shown in a handful of other examples from the literature. Shi and Kay
identified mutations for the activation of the bacterial HslV protease [37]. The pro-
teolytic activity of HslV is increased ~200-fold upon binding of its partner protein
HslU, which is essential for its role in cellular protein degradation [38]. A sensitive
NMR analysis was used to monitor chemical shift perturbations in Ile, Leu, Met,
Val, and Thr residues in HslV upon HsIU binding. From these data, a pair of helices
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that undergo conformational changes at the HsIU binding site was identified. A
small panel of conservative mutations at positions within these helices was con-
structed, and, strikingly, six of the mutations increased catalytic efficiency, the larg-
est by ~20-fold. NMR analysis showed that increases in activity were correlated
with substantial chemical shift perturbations similar to the effects of native effector
binding.

Another example is the activation of LovD, an acyl transferase that transfers an
a-methylbutyrate group that is covalently tethered to an acyl carrier protein, LovF
[39, 40]. With substrate surrogates that are not bound to LovF, the acyltransferase
activity of LovD is greatly reduced, indicating that the carrier protein also serves as
an allosteric activator. Tang and collaborators employed nine rounds of directed
evolution to increase activity on a nonnatural substrate in the absence of the protein
effector as well as increase the thermal stability and tolerance to organic solvent
[40]. They assessed the aggregate effect of these mutations on LovD conforma-
tional dynamics with molecular dynamics (MD) simulations. Their results sug-
gested that the activity of LovD is altered upon LovF binding through the
stabilization of a closed and catalytically active conformation. Interestingly, simula-
tions suggested that engineered LovD enzymes experience comparable conforma-
tion changes in the absence of their effector. Testing this hypothesis experimentally
would have been exceptionally difficult without further modification of LovD, as
there is no chromophore (like PLP for TrpB) that enables one to probe the steady
state of the catalytic cycle directly.

1.3  Activation of TrpB from Other Species by Transfer
of Mutations

With our stand-alone PfTrpB in hand, we wished to test whether the mutational
activation of TrpB could be generalized to TrpBs from other organisms. All known
TrpBs are subject to allosteric regulation by TrpA [12, 41, 42], and it is plausible
that the allosteric mechanisms are conserved across TrpS homologs. Furthermore,
our interest in expanding the substrate scope of TrpB might be helped by assessing
other TrpB homologs, since enzyme homologs often exhibit different substrate
scopes [43, 44]. For example, native SfTrpS is a poor catalyst for N-alkylation,
whereas PfTrpS is moderately proficient. However, we did not wish to repeat the
effort required to activate PfTrpB (screening ~3100 clones) for the other homologs.
Instead we tested whether activating mutations in PfTrpB? have the same effects
when transferred to TrpBs from other species.

Successful transfer of beneficial mutations among homologous proteins has
been reported numerous times, although not for allosteric properties, as far as
we know. For instance, multiple sequence alignments of homologs allow the
identification of consensus residues that tend to be thermostabilizing within the
protein family [45]. Also, mutations that alter nicotinamide cofactor specificity
can be transferred to homologous enzymes [46]; in this case, structural and
sequence analyses of an entire protein family provided specialized “recipes” to
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change specificity from NADPH to NADH. However, engineering allostery
may be significantly more complex than transferring mutations that enhance
thermostability, where the mutational effects are largely additive, or specificity,
where the effects are usually more localized. Allosteric regulation occurs
through a dynamic mechanism that transfers information between the allosteric
binding site and the enzyme active site and involves many, if not all, residues in
the protein. Often, experimental evidence establishes that a residue that partici-
pates in transmitting this information is not conserved across different homo-
logs. This holds even when the allosteric mechanisms are superficially similar,
and evolution frequently causes homologous proteins to develop different allo-
steric mechanisms [47].

To test the transferability of the allostery-mimicking mutations, we selected
diverse TrpB homologs with differing sequence identities and well separated in the
phylogenetic tree [48]. The closest homolog to PfTrpB tested was from
Archaeoglobus fulgidus, AfTrpB (72% sequence identity), which is a thermophilic
archaeon. We also selected the TrpB from Thermotoga maritima (TmTrpB, 64%
sequence identity), a thermophile that belongs to the bacterial domain of life. Lastly,
we chose the TrpB from Escherichia coli (EcTrpB, 57% sequence identity), a meso-
phile. The sequence alignment of the homologs showed some differences at the
positions of the activating mutations in PfTrpB’5%. Importantly, two mutations in
PfTrpB"2 were already present as the wild-type residues in two of the homologs,
A321 in TmTrpB (mutation T321A in PfTrpB%?) and S297 in EcTrpB (mutation
T292S in PfTrpB’&?).

Making the 0B2 mutations in the homologs led to varied levels of catalytic effi-
ciency. AfTrpB®? was indeed activated, with a ~20-fold increase in catalytic effi-
ciency with respect to wild type. Similar to P. furiosus enzymes, the UV-vis spectrum
after addition of Ser to AfTrpB showed a 4, at 428 nm, reflecting accumulation of
the external aldimine intermediate. After addition of Ser to the OB2 mutant, the
spectrum was similar to AfTrpS, with a 4., at 350 nm [49] corresponding to the
amino acrylate intermediate. Hence, these mutations, which mimic the binding of
the allosteric protein partner in PfTrpB, appear to have the same effect in
AfTrpB. However, this was not the case for the other two mutant homologs, where
the catalytic efficiencies of TmTrpB? and EcTrpB®? decreased by more than 40%
relative to the wild-type enzymes.

To determine whether a subset of the mutations could activate the other two
homologs, we made and screened recombination libraries of the 0B2 mutations for
TmTrpB and EcTrpB. With this strategy, we found three activating mutations
(P19G, 169V, and T292S) for TmTrpB. T292S was the most activating single muta-
tion, conferring a sixfold increase in catalytic efficiency. All the variants containing
this mutation showed a UV-vis spectrum after addition of Ser similar to the native
TmTrpS complex [49]. The most activated TmTrpB variant harbored the three muta-
tions and exhibited a tenfold increase in catalytic efficiency.

Activation of the last, E. coli homolog was more challenging: the recombination
library of the 0B2 mutations in EcTrpB produced no increased activity. The T292S
mutation had a prominent effect in the other TrpB homologs, but Ser is the native



10 J. Murciano-Calles et al.

residue in the equivalent position of EcTrpB. We made a saturation mutagenesis
library at this site but again did not find any activated variants. In a final attempt to
activate this homolog, we returned to the initial random mutagenesis performed on
PfTrpB, where 27 activating mutations were found [28]. We chose to test the muta-
tions of the double mutant PfTrpBM!*TNI6ST hecause these residues are highly con-
served across all known TrpBs and are located in the COMM domain. These
mutations activated EcTrpB, giving more than a twofold increase in catalytic effi-
ciency. We tested the effects of these two mutations in the other homologs and
found that all were activated, with a two- to fivefold increase in catalytic efficiency.
The UV-vis spectra after addition of Ser to PfTrpBM!“TNI6D o EcTrpBMI49TNI7ID djd
not have a 4,,,, at 350 nm and instead showed an accumulation of the external aldi-
mine species. However, after addition of Ser to the corresponding AfTrpB and
TmTrpB mutants, the spectra showed a A,,,, at 350 nm, characteristic of the amino
acrylate species. These results suggest that this set of mutations also mimics the
allosteric activation exerted by TrpA binding, although in some of the homologs,
this activation does not completely reach TrpS-like behavior [49]. Similarly, in the
initial evolution of PfTrpB, the activating T292S mutation alone was not sufficient
to shift the spectrum to the amino acrylate species, which required four more
mutations.

Once we accumulated this panel of stand-alone TrpB enzymes, we sought to
compare their substrate profiles with substituted indoles. We were particularly inter-
ested in accessing Trp derivatives with substituents in the 5 position because this
site is often substituted in biologically relevant Trp-based compounds. For instance,
the halogenase PyrH chlorinates tryptophan in the 5 position during the biosynthe-
sis of the antifungal antibiotic pyrroindomycin B [8]. In the biosynthesis of the
neurotransmitter serotonin and the hormone melatonin, a tryptophan hydroxylase
mono-oxygenates tryptophan in the 5 position [1]. Halogenation or borylation in
this position would generate analogs that could serve as intermediates for other
biologically active compounds through cross-coupling reactions [50-52]. Different
TrpS homologs have shown a substantial decrease in activity with 5-substituted
indoles bearing a substituent bulkier than fluorine [17, 18].

We tested our panel of activated stand-alone biocatalysts with 5-bromoindole.
Remarkably, one of the new activated TrpB, TmTrpBM*TNISD was ~sixfold faster
than PfTrpB®?, the first enzyme we engineered (Table 1.1). We tested eight more
5-substituted indoles with the two enzymes and saw that TmTrpBM 43T NI67D a9
always faster than PfTrpB%2, from 1.4- to 7.5-fold (Table 1.1). As shown in Table
1.1, the yields for 5-chlorotryptophan and 5-bromotryptophan are 93% and 88%,
respectively. Previous use of StTrpS for these two reactions reported yields of 61%
for 5-chlorotryptophan and only 33% for 5-bromotryptophan [17]. Moreover, the
chemical syntheses of these compounds described to date involve multiple steps,
generate racemic products, and have final yields below 50% [6, 53-55]. Hence, our
panel of stand-alone TrpBs is a useful set of biocatalysts for the synthesis of ncAAs
and should be a fertile starting point for the further development of biocatalysts to
make more synthetically challenging ncAAs.
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Table 1.1 Yields and total turnovers of the reactions catalyzed by TmTrpBM!43T NI¢™D ¢ obtain
5-substituted tryptophan derivatives. The rates relative to PfTrpB? are also included

TmTrpBM145T N167D
OH or

&) O A PfTrpBOB2 X o 2
N T HN © O OH
H OH PLP, KP, buffer Y g
5% DMSO/H,0 N
75 °C H
Reaction catalyzed by TmTrpBM!45TNI67D
X Rate relative to PfTrpB®t? Yield (%) Total turnovers
Cl 3.0 93 9300
Br 5.6 88 4400
NO, 7.5 25 1250
B(OH), 1.8 38 1900
CHO 1.9 32 1600
CN 4.5 49 2450
OH 1.4 93 9300
CH; 1.4 91 9100
OCH; 1.5 76 7600

1.4  Directed Evolution of PfTrpB for the Synthesis
of f-Branched Amino Acids

B-Branched amino acids are particularly desirable because the additional substitu-
ent at C; alters the conformational properties of peptides and small molecules that
bear it. For example, the clinically important antibiotic daptomycin features a
B-methylglutamate residue, and the activity of the drug is greatly diminished with-
out this modification [56, 57]. Unfortunately, chemical synthesis of pB-branched
amino acids is particularly challenging, owing to the need for both enantio- and
diastereoselective transformations.

One strategy to access f-branched ncAAs would be to substitute Ser in the reac-
tion with Thr. While the nucleophile scope of TrpB has been well explored and our
panel of stand-alone variants can catalyze an array of substitutions, synthesis of Trp
analogs by replacing Ser had not been reported. We screened our stand-alone
PfTrpB catalysts for activity with a variety of Ser analogs and found that the natural
amino acid L-threonine (Thr) can replace Ser, yielding (25,3S5)-p-methyltryptophan
(B-MeTrp) in a single step (Fig. 1.5). Previous attempts to perform reactions with
Thr required the use of the strong nucleophile benzyl mercaptan, which proceeded
with greatly diminished activity compared to Ser, and the stereochemistry was
unknown [20].

B-MeTrp is an intermediate in the natural biosynthetic pathways to maremycin
and streptonigrin [7, 9]. Studies have shown that this intermediate is produced in
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L-Threonine Indole (2S,3S)-B-MeTrp

O, 4
N~OH g 3 TrpB
‘., + 2 —»
6
NH N PLP
HO 2 7 H1

Fig. 1.5 p-Substitution of Thr with indole yields f-MeTrp. This reaction is catalyzed at trace
levels by PfTrpB, but the level increases with directed evolution. Activity was also observed with
a variety of indole analogs

four steps from Trp, using three different enzymes with S-adenosylmethionine as
the methyl source. Chemical synthetic routes to this ncAA have relatively good
selectivity but require multiple steps, making it challenging to apply for the produc-
tion of diverse f-MeTrp analogs. Therefore, we sought to evolve our platform for
the synthesis of these challenging -branched amino acids using Thr as a nonnative
substrate.

We first explored the PfTrpB lineage of stand-alone enzymes for activity with
Thr. Wild-type PfTrpB yielded just 66 turnovers in 24 h. The single mutant
PfTrpB™% showed ~sixfold enhanced activity, and reactions with variant PfTrpB*P!!
(containing T292S, E17G, 168V, F274S, and T321A mutations) yielded 660 turn-
overs. Interestingly, PfTrpB%? gave slightly slower rates than PfTrpB*P!!, despite
having higher activity with Ser [28]. Therefore, we selected PfTrpB*P!! for directed
evolution to increase activity with Thr.

We screened 352 clones from a random mutagenesis library of PfTrpB*"!! and
identified six missense mutations in five clones with increased V. The most
active variant, PfTrpB*C!, has a single additional mutation, F95L. Recombination
of all of the mutations and screening resulted in variant PfTrpB?5°, which has muta-
tions 116V, F95L, and V384A and significantly enhanced activity with Thr.
Interestingly, the 116V mutation is adjacent to E17G present in the parent, and the
F95L mutation is adjacent to the COMM domain of TrpB. Combined, these muta-
tions provide at least a 6000-fold boost in productivity compared to the wild-type
PfTrpB enzyme.

This engineered enzyme has several positive features as a biocatalyst. As we
screened for V., some of the increases in activity in cell lysates were due to boosts
in the expression of soluble enzyme. Hence, the protein can now be prepared at
~350 mg/L of culture, facilitating larger-scale reactions. The enzyme also retains
high activity at elevated temperatures, allowing for high substrate loading. However,
reactions with a single equivalent of each substrate give only 44% conversion to
products, which corresponds to 2220 total turnovers (TTN). UV-vis spectroscopy
showed that an abortive deamination reaction is occurring when Thr is incubated
with PfTrpB?. With the addition of more equivalents of Thr (up to ten), we
observed >99% conversion based on indole and up to 8200 TTN. Additionally, this
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reaction proceeds with >99% enantiomeric and diastereomeric excess, highlighting
the exquisite selectivity of the enzyme.

Using these reaction conditions, we explored the nucleophile scope of this new
[-substitution reaction. Indoles with methylation at the 2 and 6 positions (number-
ing of indole is shown in Fig. 1.5) were well tolerated by the enzyme, yielding 6400
and 1100 turnovers, respectively. We also observed product formation with 4- and
5-fluoroindole, with ~3.4-fold lower TTN for the 4-fluoroindole, which is more
electron deficient at C-3 than the 5-fluoroindole analog. However, we did not
observe product formation using 5-chloro-, 5-bromo-, or 6-hydroxyindoles, demon-
strating a reduced substrate scope in the new reaction.

We observed that 7-azaindole reacted with 220 TTN and also found a secondary
product corresponding to N-alkylation. This regioselectivity is identical to that of
indazole, which we found reacts exclusively in an N-alkylation reaction that pro-
ceeds with 500 TTN. Lastly, we observed a productive reaction with thiophenol in
1300 TTN, demonstrating that the enzyme can catalyze stereoselective C-C, C-N,
and C-S bond-forming reactions.

The development of this enzymatic platform for the synthesis of p-branched ncAAs
was greatly facilitated by previous efforts to engineer a stand-alone enzyme. At all
stages, only a single enzyme was necessary to catalyze the reaction, and this simplified
system supported expression of the catalyst at high levels, ~350 mg of PfTrpB>® per L
culture, which will facilitate production of these important synthons [58].

1.5 Summary and Outlook

We have engineered the heterodimeric enzyme TrpS into a single enzyme platform
for the synthesis of ncAAs from simple starting materials. This was accomplished
by identifying mutations in TrpB that recapitulate the effects that are induced by its
allosteric binding partner, TrpA. We identified dozens of mutations that are activat-
ing in PfTrpB and showed that some of them could be transferred to homologs to
produce an array of catalysts with varied properties. These new stand-alone TrpB
enzymes can be evolved readily for altered function, as we demonstrated for the
[-substitution of Thr. All of this was accomplished with mutations that were identi-
fied by screening random mutant libraries, and the mutations are distributed
throughout the protein. Hence, each of the catalysts has a unique active site that can
be engineered to increase activity with a particular nucleophile or electrophile. We
believe this approach will continue to yield superior catalysts for the biocatalytic
production of desirable ncAAs.
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Engineering Therapeutic Enzymes

Stefan Lutz, Elsie Williams, and Pravin Muthu

Abstract

Biologics constitute a rapidly growing category of pharmaceutical drug prod-
ucts. With over 100 clinically approved therapeutics and many more in develop-
ment, protein-based compounds represent an important subset among these
biomacromolecular drug candidates, ranging from antibodies, anticoagulants,
growth factors, hormones, interferons, and interleukins to enzymes. While
recombinant gene technology has traditionally played a key role in development
and production of these therapeutics, protein engineering offers an additional
dimension for tailoring the biochemical and biophysical properties of proteins to
the specific needs of clinical applications. Given the tremendous potential of
protein engineering methods to alter and improve the function of biocatalysts,
our review focuses on recent examples highlighting the advances and challenges
in applying these techniques toward the engineering of therapeutic enzymes.
More specifically, our review will focus on three categories of therapeutic
enzymes: pharmaceutical enzymes where the protein itself constitutes the thera-
peutic agent, prodrug-activating enzymes where the protein indirectly triggers a
clinical effect, and diagnostic enzymes where a protein’s superior selectivity and
specificity offer advantages over traditional analytical methods.

2.1 Introduction

Proteins are involved in the vast majority of biological processes inside and outside
the cellular environment. They have continuously been selected and optimized by
Darwinian evolution to facilitate specific chemical reactions over millions of years,
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enabling them to perform structural, catalytic, and regulatory functions with impres-
sive efficiency, specificity, and selectivity. Recognizing the tremendous potential
and value of these biomacromolecules, efforts by scientists and engineers to harness
their exquisite performance to manufacture medicinal, industrial, and consumer
products date back over 100 years. While the scope of early studies was often lim-
ited by low availability of particular proteins, the development of recombinant DNA
technology in the early 1970s represented a paradigm shift, allowing not only for
the deliberate manipulation of genes that encode for particular proteins but also for
the reproducible and scalable heterologous expression of targeted proteins. These
capabilities marked a new era for fundamental and applied studies of native pro-
teins, and they also set the stage for a more creative, synthetic approach toward
studying and tailoring protein structure and function a decade later. As discussed
here and in other parts of this book, the generation of protein variants via site-
directed and random mutagenesis, as well as in vitro recombination, again revolu-
tionized the field, providing an effective strategy toward probing the contributions
of individual amino acids or protein domains to overall function. At the same time,
these methods could be applied for altering the functional properties of proteins, in
principle enabling the tailoring of proteins toward almost any desirable target
function.

Given their key role in the chemistry of life, proteins are also often intimately
involved in cellular malfunction that can lead to disease, as well as processes tar-
geted by drugs and toxins. In the spirit of “fighting fire with fire,” these same pro-
teins offer opportunities for the development of new, potentially highly effective
treatments and diagnostics to overcome, compensate for, or simply monitor pertur-
bations in a biological system. In fact, the exploitation of native and engineered
proteins for such therapeutic applications has been highly successful [1, 2]. In 2011,
almost 100 proteins were approved for clinical use in the United States and European
Union with sales exceeding US$100bln. When sorted by molecular mechanisms, a
clear majority of these protein-based therapeutics fall into the category of non-
covalent binders, consisting of genuine unmodified proteins and monoclonal anti-
bodies. Meanwhile, the category of proteins affecting covalent bonds listed 21
enzymes [2]. This latter category represents a particularly exciting group of thera-
peutics as enzymes, not limited to stoichiometric interactions, can due to their cata-
Iytic activity dramatically amplify their impact on host cells. Consequently,
biological efficacy is enhanced even at low doses of the therapeutics, while costs
and undesirable side effects are minimized. However, therapeutic enzymes also
present unusual challenges as they are exogenous proteins, introduced into a host
cell to catalyze a reaction of clinical benefit. Such function comes with unique
design criteria distinct from general drug and protein design. On one hand, these
enzymes can be tuned to levels of specificity and selectivity typically not achievable
with traditional small-molecule drugs. On the other hand, they must minimize inter-
ference with native cellular functions, remain functional under physiological condi-
tions (e.g., blood plasma), exhibit suitable pharmacokinetic profiles, and elicit no or
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minimal immunogenic response from patient. These additional constraints signifi-
cantly increase the complexity and challenge for engineering therapeutic enzymes.
It is for these reasons that the last two decades have seen serious efforts to identify
novel biocatalysts for therapeutic applications that far exceed the abovementioned
list of enzymes with clinical approval.

In this article, we are reviewing developments of therapeutic enzymes with a
particular focus on studies involving engineering of the actual protein. Additional
opportunities for functional improvements of proteins including posttranslational
modifications such as PEGylation or fusion to other proteins are not discussed.
While some of the enzymes discussed have been approved or are currently in clini-
cal testing, others remain under development in the laboratory or have been discon-
tinued. We believe that they all represent interesting examples of the challenges and
opportunities for tailoring enzymes for therapeutic applications. In addition, many
studies provide valuable insights into the protein’s structure-function relationships.
For our discussion, we have organized these enzymes into three subcategories:
pharmaceutical enzymes, prodrug-activating enzymes, and diagnostic enzymes.

2.1.1 Pharmaceutical Enzymes

The subcategory of pharmaceutical enzymes represents proteins that themselves
constitute the therapeutic agent. Representatives include proteases, esterases, and
nucleases, as well as amino acid-processing enzymes. The clinical efficacy of these
enzymes typically benefits from enhanced catalytic activity and pharmacokinetics,
as well as reduced immunogenicity. While improvements of activity and stability
are relatively straightforward and are routinely addressed by directed evolution
methods [3, 4], immunogenicity remains the most common reason for drug failure.
Historically, the majority of preclinical research on therapeutic enzymes were done
with nonhuman proteins and often resulted in termination of clinical trials due to an
observed immune response [5]. In some cases, simply altering the protein origin to
the human homolog was sufficient. For example, initial studies on DNasel as a
therapeutic agent to treat cystic fibrosis were done with the bovine enzyme [6].
Pulmozyme® (Genentech) is its human homolog and displayed the intended thera-
peutic effect without observed immunogenicity [7]. For many other enzymes, the
reduction of immune response is not straightforward and remains a significant chal-
lenge. While various approaches to identify potential epitopes have been explored,
no general solution to protein immunogenicity exists to date.

2.1.2 Enzymes for Suicide Gene Therapy

A more recent application of therapeutic enzymes is toward the development of
improved chemotherapies through the introduction of foreign genes. For
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decades, chemotherapy has been a component of standard of treatment for can-
cer patients [8]. However, the high systemic toxicity of the therapeutic agents
remains a dose-limiting constraint. Gene-directed enzyme-prodrug therapy
(GDEPT) involves the intratumoral delivery and expression of so-called suicide
genes, encoding for enzymes which, in combination with a prodrug, elicit a
cytotoxic effect [9]. First introduced by Mootlen et al. [10], GDEPT places
strict constraints on the therapeutic enzyme, requiring high activity and speci-
ficity for the unnatural prodrug but no significant interference with native cel-
lular functions. For these reasons, wild-type enzymes were generally found to
be poor GDEPT candidates [11]. Protein engineering of native enzymes has
been proposed for GDEPT and has been advanced in four specific cases:
2’-deoxyribonucleoside kinases and purine nucleoside phosphorylase that oper-
ate in conjunction with nucleoside analog prodrugs, cytosine deaminase that
utilizes prodrugs originally developed as fungicides, and nitroreductases that
activate custom prodrugs. Beyond these four extensively studied enzyme-
prodrug systems, more than 20 other GDEPT systems deploying natural enzymes
are described in the literature [12, 13].

2.1.3 Diagnostic Enzymes

The inherent selectivity and specificity of enzymes can offer significant advantages
over traditional analytical methods for the detection of analytes and biomarkers.
The functional properties of such enzyme-based biosensors not only allow for direct
identification of targeted molecules in complex biological samples; the sensor-
target interactions also impacts the catalytic performance of the enzyme, amplifying
the effect of a single, bound analyte by manyfold and dramatically boosting sensor
sensitivity. Besides the need for increased stability which is typically addressed by
enzyme immobilization, engineering of diagnostic enzymes has largely focused on
changing and optimizing the specificity for particular analytes, as exemplified by
variants of cholinesterases for the detection of organophosphate and carbamates
found in pesticides and nerve agents.

2.2 Proteases

Proteases play key roles in regulating fundamental biological processes, approxi-
mately 2% of the human genome encodes for protease enzymes, and they are the
molecular targets for many established drug classes [14]. Perhaps not surprising
then is the variety of medical conditions for which researchers are pursuing engi-
neered proteases as therapeutic enzymes. These include leukemia [15], vitreomacu-
lar adhesion [16], and, as will be expanded upon below, cardiovascular disorders,
multiple neurological disorders, and celiac disease.
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2.2.1 Proteases as Anticoagulant Enzymes for Treatment
of Cardiovascular Disorders

2.2.1.1 Urokinase Plasminogen Activator and Tissue Plasminogen
Activator
The use of proteases to treat cardiovascular disorders is the most established thera-
peutic use of this enzyme class. Urokinase plasminogen activator (u-PA) was the
first enzyme to be approved for therapeutic use by the FDA in 1978 [17] not only
ushering in proteases as a class of drugs for thrombolytics but demonstrating the
commercial viability of enzymes as drugs. u-PA is able to break down blood clots
as its proteolytic activity cleaves the zymogen plasminogen into the active serine
protease plasmin. Active plasmin then cleaves fibrin, a fibrous protein that is a cru-
cial competent of blood clots, eventually dissolving the clot. While u-PA was a
significant advance for proteolytic-based therapy, it is a tissue plasminogen activa-
tor (t-PA), first trailed in humans in 1984 [18] and approved for myocardial infarc-
tion and eventually for stroke, that is now more widely used. t-PA also converts
plasminogen to active plasmin, but it preferentially cleaves plasminogen that is
bound to fibrin, allowing t-PA to be systemically delivered but still effect local fibri-
nolysis at indicated areas [19]. However, t-PA is rapidly inactivated by endogenous
inhibitors, most importantly plasminogen activator inhibitor-1 (PAI-1), as part of a
natural feedback regulation to prevent against rampant fibrinolysis [20], and recom-
binant infused t-PA is reported to have a biological half-life of only 6 min [21].
Improving both the biological half-life and specificity toward fibrin bound plas-
minogen were clear aims for which to engineer second-generation t-PA proteases.
In 2000, the FDA approved tenecteplase (TNKase®) developed by Genentech. This
improved variant contains three modifications from the wild-type t-PA sequence
[22]. The first modification was a replacement of the residues at positions 296299
with Ala, identified via a strategy in which charged residues close together in the
primary sequence of t-PA were systematically substituted for Ala [23]. This variant
shows sharply decreased PAI-1 inhibition and increased specificity and activity for
plasmin bound to fibrin. Additional mutations T103N [24] and N117Q modified
N-linked glycosylation sites and reduced plasma clearance [22]. These sequence
modifications resulted in a modest improvement of half-life, from 6 to 18 min in
clinical trials [21]. Unfortunately, not all attempts to improve t-PA bioavailability
have been successful. The variant lanoteplase showed both an increased half-life
and a decreased PA1-I binding [25]; however, when tested in large-scale clinical
trial, this appears to have triggered an increase in intracranial bleeding that halted
development of the protease [25], highlighting the unfortunate reality that even
when an engineering campaign successfully meets an identified target, the resulting
therapeutic enzyme is not assured of in vivo clinical success.

2.2.1.2 Engineered Thrombin
Thrombin is a protease that can trigger both procoagulation and anticoagulation
processes. In an unbound state, thrombin proteolytically converts fibrinogen into
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fibrin allowing the formation of blood clots. Fibrin glue, a combination of fibrino-
gen and native thrombin enzyme, has a long-standing use as a surgical aid to wound
healing [26]. However, upon binding to the endothelial cell receptor thrombomodu-
lin, thrombin “switches” to an anticoagulant activity as it can now activate the
zymogen protein C, converting it into activated protein C (APC) that continues the
protease cascade and triggers downstream anticoagulation pathways. Multiple engi-
neering efforts have focused on separating out these anti- and procoagulant activi-
ties to develop thrombin as an anticoagulant protease for potential therapeutic use
[27-29]. One variant of interest is a double mutant W215A/E217A that has demon-
strated efficacy as an anticoagulant in both preclinical primate [30] and rodent mod-
els [31] of ischemic stroke and thrombosis. This rationally designed variant
combined two single mutations (W215A [32] and E217A [27]) that had previously
been characterized as interfering with proteolysis of fibrinogen but not protein
C. The double mutant shows a 20,000-fold lower activity for fibrin yet still activates
protein C comparably to wild-type enzyme.

2.2.2 Procoagulant Protease Engineering

Factor VII (FVII) is a protease in the procoagulant protease cascade required to
form blood clots. Recombinant FVIIa, marketed as NovoSeven® by Novo Nordisk,
was approved by the FDA for the treatment of hemophilia in 1999. While the
wild-type formulation has been demonstrated as a safe and effective treatment for
procoagulation, there is a potential market for variants with increased and sus-
tained procoagulant activity. Persson et al. consolidated rationally identified sub-
stitutions from previous works, resulting in a triple mutant (V158D/E296V/
M298Q) of FVIIa [33]. The activity of the wild-type FVIIa is stimulated by asso-
ciation with tissue factor (TF), which is locally present at sites of vascular injury.
The triple mutant has amino acid substitutions that force the protease to adopt a
conformation similar to the TF-induced structure, increasing the TF-independent
activity of the enzyme. Unfortunately, in phase III clinical trials, several patients
developed anti-drug antibodies eliciting a neutralizing response, and development
of this variant has been halted [34]. Harvey et al. also used protein engineering to
improve FVIIa for a separate property [35]. The wild-type FVIIa has a relatively
low affinity for the membranes of platelets, reducing its in vivo efficacy. The
group was guided by previous literature, suggesting that membrane affinity of
FVIla was mediated through the the y-carboxyglutamic acid (Gla) domain [36].
Site-saturation mutagenesis of this 40 amino acid residue domain was carried out
and a light-scattering assay used to evaluate proteins for increase binding to phos-
pholipid vesicles. The resulting lead variant contained four substitutions (P10Q/
K32E/D33F/A34E) and progressed to phase III clinical trials for the treatment of
hemophilia. This study was also halted, as patients again developed neutralizing
antibodies toward the engineered protease [37].
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The clinical outcome of the modified FVIla variants highlights a difficulty of
engineering enzymes as therapeutic agents. Both studies were halted as a precau-
tionary measure due to an unforeseen immune response, resulting from genetic
modification of a human wild-type sequence. The development of non-immunogenic
enzyme variants with alternate properties remains a consistent challenge for the
engineering of therapeutic enzymes.

2.2.3 Alzheimer’s Disease

A role for therapeutic proteases in the treatment of multiple neurological disorders
has been investigated. One such disorder is Alzheimer’s disease. While the molecu-
lar basis for Alzheimer’s is not fully understood, the disease is characterized by
buildup of p-amyloid (Ap) peptide-based plaques in the brain. Many therapeutic
strategies in advanced clinical trials seek to target these AP plaques through immu-
notherapy or inhibition of the secretases that produce them from amyloid precursor
protein [38]. An alternative strategy is the use of proteases to break down Ap
plaques — either through pharmacological upregulation of endogenous protease
activity [39] or gene therapy-based approaches designed to increase expression of
AP plaque degrading proteases [40, 41]. A large concern, and a general hurdle for
many protease-based therapies, is off-target toxicity arising from the often broad
substrate specificity of proteases. As such, increasing specificity is a principle aim
of many protease engineering campaigns, such as those focused on increasing the
specificity of neprilysin [42, 43], a human zinc metalloprotease able to degrade Af
plaques. Site-directed mutagenesis of active site and solvent accessible residues was
carried out, and beneficial single mutations were identified by screening for
increased activity with AP peptide sequences and decreased activity on eight known
native peptide substrates. These were then screened combinatorially resulting in a
lead variant with two mutations, G399V/G174K, that showed a 20-fold increase in
ke Ky, relative to wild-type neprilysin and a 2.6- to 3200-fold decrease in /K, on
a panel of native peptide substrates [44]. In separate work, a member of the trypsin-
like serine protease superfamily, human kallikrein 7 (hK7), has also demonstrated
an in vitro ability to cleave peptides at a sequence in the core of the A peptide, and
Guerrero et al. reported on efforts to increase this catalytic activity and specificity
toward Af by engineering the protease to prefer phenylalanine upstream of the pep-
tide cleavage site instead of the native tyrosine preference [45]. In a yeast-based
expression system, a randomized 107-sized mutant library was screened using a
protease-activated fluorescent reporter. The resulting lead hK7 variant showed a
10-30-fold increase in selectivity toward the Af peptide sequence versus native
peptide substrates. However, this was due primarily to the loss of activity toward
tyrosine-containing native peptide sequences rather than increased Af peptide
activity. The variant demonstrated reduced toxicity toward both the yeast expression
system and neuronal cells co-cultured with purified protein.
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2.2.4 Botulinum Neurotoxins for Neurological
and Non-neurological Indications

In 1989, botulinum neurotoxin serotype A (BoNT/A) from Clostridium botulinum
was approved for use by the FDA for the treatment of strabismus (cross eyes) and
blepharospams (eyelid spasms), although it is now perhaps most commonly known
for its cosmetic use in attenuating frown lines. BoNT/A is currently also used in a
wide number of approved and off-label indications including dystonias, migraines,
overactive bladder, excessive sweating or drooling, and muscle conditions associ-
ated with diseases such as cerebral palsy, Parkinson’s disease, and multiple sclerosis
[46, 47]. The molecular basis of the neuro-inhibitory effect of BoNTs is due to a
targeted protease catalytic activity. The mature form of BoNTs contains three
domains — a light chain zinc endopeptidase domain attached via a disulfide bond to
a heavy chain-binding domain and translocation domain. These allow the BoNTs to
bind to peripheral cholinergic nerve terminals and eventually enter the nerve cell
cytosol where the zinc endopeptidase then cleaves specific N-ethylmaleimide-
sensitive fusion protein attachment protein receptor (SNARE) proteins. As these
SNARE proteins are essential for docking and fusion of synaptic vesicles, this
impairment of SNARE function inhibits acetylcholine release and consequently
neurotransmitter signal transduction. While no recombinant BoNTs are currently
approved as therapeutics, there are ongoing efforts to engineer BoNTs. In-depth
coverage of this body of work is beyond the scope of this review but has recently
been comprehensively reviewed by Masuyer et al. [48]. BoNT modifications have
been made with a wide range of aims including to improve safety of current treat-
ments [49], to increase efficacy [50, 51], or to modify cell targeting so as to expand
the therapeutic use of BoNTs to other neurons or to entirely non-neurological con-
ditions. This engineering has involved both amino acid substitutions in the catalytic
protease domain and exploitation of the modular nature of the multi-domain BoNTs
to “switch out” different translocations and/or binding domains both from other
BoNT serotypes [51, 52] or to replace them with completely unrelated cell-binding
proteins [53, 54], including antibodies [55] (Table 2.1).

Examples of BoNT domain engineering include the work of Wang et al. in which
a BoNT/A variant was generated with an inactive protease domain and an artifi-
cially attached active endopeptidase domain from a serotype E BoNT [52]. This
hybrid variant was designed to combine the long-acting delivery of BoNT/A pro-
teins with the protease action of BoNT/E, which by cleaving at a different site than
BoNT/A in its SNARE target (SNAP25) gives greater potential for pain alleviation
than the activity of native BoONT/A. In this example the hybrid BoNT was still tar-
geted toward a neuronal cell; however, it has been demonstrated that BoNTs can be
retargeted toward non-neuronal cell types when attached to an appropriate protein
partner. These potential therapeutic proteins are designed on the basis that SNARE
proteins are essential not just for release of neurotransmitter vesicles but also in
vesicle-based secretion pathways of non-neuronal cell types. That BoNTSs protease
activity could be retargeted was first demonstrated by an in vitro chemical attach-
ment of the endopeptidase domain of BoNT/A to a wheat germ agglutinin protein
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that has a generic ability to be internalized in vitro by multiple neuronal cell types
and by pancreatic B cells. Once internalized, the BoNT/A-containing protein atten-
uated insulin secretion [53]. Following this, more specific cell targeting for thera-
peutic benefit has been investigated. For example, in pursuit of a therapy to decrease
the pituitary growth hormone hypersecretion seen in acromegaly, an adult-onset
endocrine disease, the endopeptidase and translocation domain of BoNT serotype D
was attached to a peptide that binds to growth hormone-releasing hormone recep-
tors (GRRH). This led to in vitro internalization of the hybrid protein into GRRH-
containing cells and cleavage of the target intracellular SNARE. Rats injected with
the hybrid protein showed markedly attenuated growth hormone secretion and syn-
thesis [59]. The potential expansion of BoONT-based therapies has also been pursued
by amino acid substitution of residues within the endopeptidase domain to change
the specificity toward the targeted SNARE from the neuronal SNAP25 cleaved by
BoNT/A to that of the non-neuronal SNAP23 [57, 58]. In the first engineering effort
of this type, Chen and Barberi used rational engineering to identify one amino acid
substitution, K224D, that could be made to the endopeptidase domain of BoNT/E to
enable it to cleave not just SNAP25 but also SNAP23.

2.2.5 Digestive Proteases

In a separate context, proteases have also been investigated for the treatment of
celiac disease. Celiac disease is a chronic illness in which dietary gluten triggers an
autoimmune response and subsequent inflammation and damage of the intestine in
genetically susceptible individuals. The current treatment is elimination of gluten
from the patient’s diet entirely, as no curative therapy exists [63]. More specifically
this inflammatory immune response is triggered by peptides that result from the
incomplete digestion of gliadin — gliadin being a significant protein component of
gluten. Due to its high proline and glutamine content, gliadin is unusually resistant
to breakdown by human digestive proteases [64]. A potential therapeutic treatment
is the digestion of these immunogenic peptides by exogenously delivered proteases.
Currently the enzyme mix ALV003, a combination of EP-B2 (a protease expressed
in germinating barley seeds) and SC-PEP (a proline-specific protease from the bac-
teria Sphingomonas capsulata), is in phase II clinical trials as an oral enzyme ther-
apy [60]. A therapeutically useful protease would need to be delivered orally, be
stable and active in the low pH stomach environment, be resistant to degradation
from endogenous proteases, and show sufficient activity and specificity toward the
disease-triggering proline- and glutamine-rich oligopeptides, such that these oligo-
peptides are degraded even when present with other dietary proteins that could com-
pete as substrates. In addition to examination of native proteases — such as with
ALVO003 — there have been efforts to use enzyme engineering to improve upon some
of these features.

Ehren et al. focused on SC-PEP, the proline-specific protease being trialed as part
of ALV003 [61]. Their main aims were to improve SC-PEP activity in the
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physiologically relevant, acidic environment (pH 4.5) and to increase resistance to
pepsin degradation. They used structural data, published literature, and sequence
analysis of 100 PEP homologs to identify 30 target amino acid substitutions that
were then combined to generate a small enzyme library of 47 SC-PEP variants —
each carrying three to five individual amino acid substitutions. These variants were
tested for protease activity at pH 4.5 and in the presence of pepsin. The contribution
of each individual amino acid substitution to these factors was scored and this infor-
mation used to select the mutations that were then recombined to build a second
library of 48 variants. Of these, 48% were more resistant to pepsin degradation than
wild-type SC-PEP, and 54% showed a greater than 10% increase in degradation of
the model peptide at pH 4.5. This demonstrates the increase in overall library qual-
ity that can be gained from empirical testing of even a small number of mutations:
in the first round of library testing, only 13% of library members demonstrated
increased pepsin resistance and 14.8% showed improved activity.

In a separate approach, Gorden et al. engineered the protease kumamolisin from
the acidophilic bacterium Alicyclobacillus sendaiensis [62]. Database searches
identified this enzyme as a promising initial candidate for engineering as it is
highly active at pH 2—4 and a temperature of 37 °C, cleaves peptides after the
dipeptide recognition sequences Pro/Arg or Pro/Lys, and exhibits slight activity for
the motif common in gliadin, Pro/GIn. The RosettaDesign software was used to
model the tetrapeptide Pro/Gln/Leu/Pro into the binding pocket of the crystal
structure of kumamolisin. This leads to the design of a library of 261 variants car-
rying various substitutions selected from examining 75 residues lining the enzyme
active site. While 20% of the library showed a decreased ability to cleave the
model substrate, 30% retained wild-type activity and 50% showed an activity
increase. The most active variant (V119D/S262K/N291D/D293T/G319S/D358G/
D368H) showed 100-fold greater proteolytic activity for a model Pro-Gln-rich
peptide as compared to the native enzyme and roughly 800-fold increased specific-
ity as it no longer cleaved a model peptide substrate containing the native Pro/Arg
motif. In an extension of this work, the same group again used Rosetta software to
further enhance the activity of this improved kumamolisin variant against two glia-
din peptides known to be highly immunogenic — one rich in Pro/GIn/Gln, the other
in Pro/Gln/Leu [65].

2.2.6 Protease Engineering Strategies

In regard to protease engineering in general, a recent review highlights a range of
powerful high-throughput strategies that have been used to engineer protease activ-
ity [66]. These include phage-based systems [67] and FACS with protease-activated
fluorescent reporters [44, 45, 68] or antibiotic resistance proteins [69]. While not
directly focused on engineering of proteases for therapeutic applications, it should
be noted that these strategies developed from tuning substrate specificities or
increasing catalytic efficiency of model proteases such as the E. coli OmpT [70] or
the tobacco protease TEV [69, 71, 72] may in the future be applied to the challenges
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of engineering proteases as therapeutics. Equally interesting is the work of research-
ers using enzyme engineering tools to elucidate the mutational paths through which
proteases can evolve resistance to protease inhibitor drugs [73].

2.3 Ribonucleases

Ribonucleases (RNases) have been investigated as anticancer therapeutics for over
60 years [74]. Differences in surface structures between normal and malignant cells
are thought to be responsible for the selective intake of exogenous RNases and con-
sequent interference with RNA metabolism. Specifically, the enzymes’ cytotoxic
properties are conferred by rapid RNA degradation in targeted cells, stalling cell
cycle progression and leading to apoptosis. To date, the RNase therapeutic to
advance furthest in clinical trials is ranpirnase (Onconase), an unmodified enzyme
from the RNase A superfamily isolated from the Rana pipiens frog. Onconase
showed promising results when used to treat malignant mesothelioma in phase II
trials but subsequently failed in advanced tests [75, 76]. Nevertheless, it is currently
still under clinical investigation as a possible antiviral for the treatment of human
papillomavirus.

To increase the therapeutic effects with respect to current and future therapeutic
applications of RNases, protein engineering has been used to generate variants with
decreased binding affinities toward cytosolic ribonuclease inhibitor protein (RI)
[77]. Rl is a 50-kDa horseshoe-shaped protein that binds extremely tightly to many
RNase A family members and greatly diminishes RNase cytotoxicity [78].
Engineered RNases that maintain catalytic activity but exhibit decreased binding to
human RI include mutants of the human enzymes RNase 1 and RNase 5 (angio-
genin), as well as bovine pancreatic RNase A [79-84]. Employing rational design
strategies, the examination of crystal structures of RNase-RI complexes allowed
researchers to identify key residues at the protein-protein interface. Amino acid
substitutions at these positions reduce the binding affinity of RI and consequently
minimize RNase inhibition. More recently, these engineered human RNases have
also been investigated in combination with cancer-targeting antibodies as non-
immunogenic, cytotoxic warheads [84, 85].

24 Amino Acid-Degrading Enzymes

A number of enzymes have been investigated as potential anticancer agents due to
their ability to metabolize amino acids. The mechanistic basis underlying the thera-
peutic effect is a depletion of the endogenous amino acid pool. The resulting auxot-
rophy in one or more specific amino acids forces the tumor to rely on exogenous
sources to supplement the limiting amino acids or else halt protein synthesis, which
triggers apoptosis in the malignant cells (for recent reviews see [86, 87]). Of par-
ticular interest for this resource-depletion strategy are enzymes for the degradation
of L-arginine (Arg) and L-asparagine (Asn).
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2.4.1 Asparagine-Degrading Enzymes

Asparaginase II from E. coli (EcAIl) is currently a key component in the treatment
of childhood acute lymphoblastic leukemia (ALL). Marked under the trade name
Elspar [88], EcAII hydrolyzes Asn to Asp and ammonia, which results in depletion
of serum levels of Asn and triggers lymphoblast apoptosis. Consequently, overall
survival rates of childhood acute lymphoblastic leukemia are relatively high at close
to 90% [89], yet immunogenicity of the bacterial enzyme can cause undesirable side
effects [90] and renders some patients ineligible or unable to continue treatment. In
attempts to alleviate these effects, Cantor et al. pursued an engineering strategy
aimed at generating an EcAIl mutant with decreased immune response while retain-
ing catalytic activity [91]. Starting with in silico analysis of EcAII to predict three
putative T-cell epitopes, four-residue fragments within each epitope were then sub-
jected to saturation mutagenesis to disrupt interactions with major histocompatibil-
ity complex (MHC-II). The resulting mutant libraries were overexpressed in E. coli
and enriched for enzymes retaining Asn hydrolase activity using a neutral drift strat-
egy. More specifically, the selection of E. coli expressing active EcAlI variants was
based on the host cell’s ability to hydrolyze Asn to Asp, which was required for
concomitant expression of GFP. After targeting each predicted epitope, the lead
EcAIl mutant showed eight amino acid changes. Although catalytic performance
for the mutant was slightly impaired as reflected by the threefold drop in specific
activity due to an increase in the apparent Michaelis-Menten constant, this variant
did display decreased immunogenicity. Tests in a transgenic mouse model that
expressed human leukocyte antigen-II molecules indicated a tenfold reduction in
anti-EcAll IgG levels as compared to wild-type enzyme. Separately, increased ther-
apeutic benefit has also been pursued via mutagenesis studies on asparaginase
homologs from other prokaryotes [92]. These studies included investigating the
contribution of secondary glutaminase activity in Helicobacter pylori asparaginase
mutants to cytotoxicity, as well as on increasing the catalytic activity and cytotoxic-
ity of the thermostable Pyrococcus furiosus asparaginase [93]. Finally, efforts have
been reported to generate a thermostable variant of the Erwinia chrysanthemi aspar-
aginase [94]. The wild-type enzyme is currently used as a second-line therapeutic
treatment for ALL [95].

2.4.2 Arginine-Degrading Enzymes

Arginine depletion has also been investigated, in particular for the treatment of
hepatocellular carcinomas and melanomas lacking the enzyme argininosuccinate
synthetase 1 [87]. Of interest are a number of prokaryotic arginine deiminases
(ADIs) that hydrolyze Arg to citrulline and ammonium. Most clinically advanced is
a mycobacterium ADI in PEGylated form [96-99]. To date however the majority of
engineering efforts have focused on the more recently characterized highly cyto-
toxic PpADI from Pseudomonas plecoglossicida, thoroughly reviewed by Han
et al. [100, 101]. Targets for protein engineering have included improving catalytic
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performance and thermostability, as well as shifting the enzyme’s pH optimum from
its native pH 6 closer to physiological conditions to prevent dramatic activity losses
observed for wild-type PpADI [102]. These engineering efforts have been aided by
a newly developed screening assay that can assess PpADI activities at physiologi-
cally relevant low levels of Arg (~100 pM) [103]. Briefly, PpADI mutants were
expressed in an E. coli strain which controls GFP expression via a promoter that can
be repressed by Arg. Host cells carrying improved ADI variants hence could easily
be identified as they showed enhanced GFP expression and could be enriched by
FACS. This high-throughput assay allowed for the screening of about eight million
variants over three iterative rounds of directed evolution to arrive at a mutant with
an almost three orders of magnitude higher k,,/S,s compared to wild-type enzyme.
Furthermore, these engineered ADIs possessed significant catalytic activity at phys-
iological arginine levels (100 pM), whereas the native enzyme showed no detect-
able activity at this substrate concentration.

Addressing concerns over immunogenicity of prokaryotic ADIs in therapeutic
applications, human enzymes that can metabolize Arg have also been investigated.
While mammals do not have direct ADI homologs, the human enzyme arginase I
(hArgl) that hydrolyzes Arg to urea and ornithine was identified as a possible sub-
stitute [104]. However, preliminary studies of the native enzyme revealed K,, values
for arginine in the millimolar range. Furthermore, the pH optimum of hArgl near
pH 9.5 is outside the physiological range [105]. A less conventional but effective
strategy to overcome these limitations has focused on the enzyme’s cofactor rather
than amino acid mutagenesis [106]. Native hArgl requires a Mn** cofactor to gener-
ate a metal-activated water for attack on the guanidinium carbon of Arg. Cofactor
replacement with Co®* resulted in a pKa shift by one pH unit and generated an
enzyme variant with a tenfold increase in k.,/K,, at pH 7.4. Separately, serum half-
life was markedly improved by PEGylation of the enzymes [107].

2,5 Deoxyribonucleoside Kinases

Beyond applications of engineered enzymes as therapeutic agents themselves, their
potential role as prodrug-activating catalysts has flourished over the last decade.
One of the examples are 2'-deoxyribonucleoside kinases (dNKs), enzymes that are
part of the nucleoside salvage pathway and play a critical role in therapeutic appli-
cations of nucleoside analog (NA) prodrugs [108]. The salvage pathway enables
mammalian cells to recycle scavenged 2'-deoxynucleosides from the environment
via transmembrane uptake and three consecutive, dNK-catalyzed phosphoryl-
transfer steps [109]. The process complements de novo nucleotide biosynthesis to
supply triphosphate anabolites for DNA replication and other cellular functions. In
addition, the salvage pathway is responsible for the intracellular activation of NAs,
synthetic mimics (Fig. 2.1) of the natural DNA building blocks that upon phos-
phorylation to their corresponding triphosphates turn into competitive substrates for
low-fidelity DNA polymerases and reverse transcriptase found in cancer cells and
viruses, respectively [110].
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Fig. 2.1 Nucleoside analogs as prodrugs for antiviral and cancer therapy: aciclovir (1), ganciclo-
vir (2), AZT (3), d4T (4), ddT (5), and L-FMAU (6)

Problems with NA activation arise due to the high substrate specificity of the
host’s endogenous kinases in general and the initial phosphorylation by dNKs in
particular. Inefficient phosphorylation of NAs not only reduces the potency of exist-
ing prodrugs but can result in the accumulation of cytotoxic reaction intermediates.
It is also responsible for the failure of a large number of potential NA prodrug can-
didates in vivo [111]. One solution to overcome the shortcomings of the phosphory-
lation cascade has been the coadministration of prodrugs with exogenous,
broad-specificity kinases via suicide gene therapy [10, 112]. While biochemical and
preclinical experiments have demonstrated the effectiveness of the strategy in prin-
ciple, the studies also uncovered limitations arising from the dNKs’ significantly
lower activity for NAs compared to their performance with the native substrates. In
addition, the broad substrate specificity of exogenous kinases raised concerns as it
interferes with the tightly regulated 2’-deoxyribonucleoside metabolism [113].
Studies have hence focused on identifying engineered NA kinases for the selective
and efficient activation of these prodrugs.

2.,5.1 Thymidine Kinase from Herpes Simplex Virus

Herpes simplex virus type-1 thymidine kinase (HSVtk) was the first candidate for
NA prodrug activation and remains one of the most commonly used enzymes in
advanced (preclinical) studies [114—116]. Besides its native role in viral replication,
HSVik is a natural candidate for application in conjunction with NA prodrugs due
to its thousandfold higher activity and elevated substrate promiscuity com