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Abstract

Protein engineering holds the potential to transform the metabolic drug landscape through the
development of smart, stimulus-responsive drug systems. Protein therapeutics are a rapidly
expanding segment of Food and Drug Administration approved drugs that will improve clinical
outcomes over the long run. Engineering of protein therapeutics is still in its infancy, but recent
general advances in protein engineering capabilities are being leveraged to yield improved control
over both pharmacokinetics and pharmacodynamics. Stimulus-responsive protein therapeutics are
drugs which have been designed to be metabolized under targeted conditions. Protein engineering
is being utilized to develop tailored smart therapeutics with biochemical logic. This review focuses
on applications of targeted drug neutralization, stimulus-responsive engineered protein prodrugs,
and emerging multicomponent smart drug systems (e.g., antibody-drug conjugates, responsive
engineered zymogens, prospective biochemical logic smart drug systems, drug buffers, and
network medicine applications).
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INTRODUCTION

The outcome of current drug therapies can vary widely between individuals, and balancing
safety and efficacy is particularly challenging for narrow therapeutic window drugs [1, 2]
and highly cytotoxic cancer therapies [3]. Smart, stimulus-responsive drug systems for
enhanced control of drug metabolism and drug action are a possible solution to these
challenges. Smart drugs that respond appropriately to varying physiological and pathological
signals will be more effective and cause fewer side effects than existing treatments [4]. Non-
protein components of smart drug systems, such as hydrogels, are in active development, but
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control of protein function (input and output) will be central to achieving advanced smart
drug systems /n vivo. Proteins are the ideal material for key biosensing and functional
responses because they are capable of exquisitely sensitive stimulus-responsive behavior,
and protein engineering capabilities are rapidly advancing [5-7]. Although protein
engineering is often described as being important for future therapeutics, the role of protein
engineering is frequently described in a narrow scope: focused primarily on alternative
scaffolds which act as antibody substitutes, fusion proteins for increased half-life,
PEGylation [8, 9], glycosylation [9, 10], or mutagenesis for reduced immunogenicity [9, 11—
13]. In reality, the impact of protein engineering will be much broader. The tuning and
design of protein stimulus-responsive behavior is now possible through protein engineering
and this has the potential to transform the drug metabolism landscape. In particular, the use
of engineered proteins for targeted drug activation or neutralization offers the potential for
significantly enhanced control of pharmacokinetics and pharmacodynamics, and for reduced
side effects when used in combination with powerful anticancer therapeutics. Many recent
successes in related areas of biosensing, biocatalysis, and synthetic biology hold great
potential for application in the emerging area of engineered drug metabolism [14-17].

In addition to the modification of proteins via derivatization, for the purposes of this review,
protein engineering consists of three major strategies: knowledge-based mutagenesis
(KBM), computational protein design (CPD), and directed evolution (DE) (Fig. 1). The
simplest form of rational protein engineering, knowledge-based mutagenesis (KBM), applies
general biochemical principles and knowledge gained from prior studies to guide
mutagenesis of native proteins with the goal of achieving improved or novel structural
and/or functional properties. Computational protein design uses molecular modeling
programs to predict amino acid sequences that will fold into a desired structure. This acts as
a rigorous test of our understanding of the structure-function relationship [18]. CPD often
entails generating protein design candidates by mutating residues on an existing high-
resolution structure and then energetically evaluating the designs to find variants that are
optimized for certain physicochemical properties such as protein stability or enzymatic
activity [19]. Directed evolution introduces desired properties (e.g., enzymatic activity) into
proteins v/arandom mutation or gene recombination [20]. Functional variants with desired
properties are then identified from these libraries through screening or selection. In its
generic form, directed evolution lacks some of the de novo potential of computational
design. However, DE can be applied to a protein without detailed knowledge of its structure
or the detailed molecular mechanism required for its function [21]. Frequently, KBM, CPD,
and DE methods are merged, allowing investigators to confer desired physicochemical
properties efficiently and accelerate discovery [22]. Together, these approaches form a
powerful toolset allowing us to manipulate an enzyme’s input and output sensitivity by
either changing substrate specificity and binding affinity [23-25], conferring adaptive
catalytic function [6], or creating novel activity [26]. A comprehensive review of KBM,
CPD and DE are beyond the scope of this article; recent reviews of directed evolution and
computational design achievements are covered elsewhere [5, 27, 28].

This review will focus on the application of recent advances in protein engineering to the
development of stimulus-responsive protein therapeutics. Protein therapeutic drug delivery
methods including gene therapy [29], and intracellular protein delivery [30] have been
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reviewed recently elsewhere, and are not covered in this review. Additionally, protein
engineering efforts to increase /n vivo stability such as PEGylation [31], and methods to
reduce immunogenicity and antigenicity [32], while of great clinical significance, are
beyond the scope of this review.

TARGETED DRUG NEUTRALIZATION

Specific antidotes that neutralize drugs or toxins in a selective manner are an important class
of therapeutics that are increasingly available for a wide range of targets due to recent
advances in the development of antibody therapeutics [33]. For narrow therapeutic window
drugs such as the cardiac glycoside digoxin and the anti-coagulant warfarin, careful
monitoring is required to maintain drug levels within a safe and effective range [34, 35].
Even with careful medical care, accidental overdoses of these medicines occur because an
individual patient’s response to a drug may vary. The availability of an antidote can be
lifesaving and contributes to the success of a therapeutic. The ability to counteract the effects
of warfarin with vitamin K shots and digoxin with immune globulins has been important for
the management of both drugs [35, 36]. Antibody-based antidotes have been developed for a
growing number of drugs and toxins such as colchicine, desipramine, methamphetamine,
cocaine, anthrax, and botulinum toxins [37, 38]. Alternative engineered protein scaffolds
such as anticalins are also currently being developed as antidotes. For example, Eyer and
colleagues described the testing of an anticalin as a digoxin antidote [39]. New oral
anticoagulants have become available with more predictable pharmacokinetics than
warfarin, but because no specific antidote was originally available some physicians were
reluctant to prescribe them [38, 40]. However, this problem is in the process of being
resolved, as Litzenburger and colleagues have recently reported an antibody fragment based
antidote for the oral anticoagulant dabigatran [38].

In addition to the more established class of antidotes which rely on molecular recognition
for their activity, protein engineering is now being applied to develop enzymatic antidotes
for therapeutic purposes. In particular, enzymatic antidotes are targeted for the treatment of
overdoses of abused drugs and for addiction control [41]. Most noteworthy has been the
development of hydrolases for the neutralization of cocaine (Fig. 2). For example, Xue et al.
reported the CPD based engineering of human butyrylcholinesterase which yielded a variant
with Keqt/Kp for (=)-Cocaine 1390 times larger than the wild type enzyme and also less
reactive to its natural substrate acetylcholine [42]. Also, Lui designed nanocomplexes
containing alcohol oxidase and catalase which reduced blood alcohol levels in mice [43].
The ability to significantly modify the function of a protein through protein engineering,
such as the substrate specificity of human butyrylcholinesterase, highlights the growing
potential of protein engineering for a wider impact on drug metabolism and medicine in
general.

TARGETED DRUG ACTIVATION

One advantage of protein therapeutics over traditional small molecule drugs is their naturally
stimulus-responsive behavior. Although, “smart” behavior was not originally engineered, its
presence contributed to the success of several early protein therapeutics. For instance, tissue-
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type plasminogen activator (t-Pa) binds specifically to fibrin (a molecular recognition
stimulus) and only then efficiently converts plasminogen to plasmin (a proteolytic response).
Therefore, clot breakdown occurs locally in the vicinity of thrombi (where fibrin is
deposited) in response to t-PA administration, instead of systemically, resulting in fewer side
effects [44]. The most basic form of a stimulus-responsive protein therapeutic is one that is
capable of targeted, biosensing-based activation. This activation can also be considered a
specific pharmacokinetic metabolism of the protein therapeutic, for which it has been
deliberately engineered. The engineering of protein therapeutics for targeted activation is
still in an early stage, but is progressing rapidly. In this section, discussion begins with
protein-based prodrugs, which includes both protein-small molecule conjugates in which the
small molecule is activated upon reception of a signal by the protein component — as well
as protein-protein systems in which protein components act as both biosensor and effector.
Then, this sub-section of the review will move up in complexity to two component therapy
systems in which engineered proteins activate prodrugs that are delivered separately, and
then finally into light responsive systems in which enzymatic activity is controlled
exogenously.

Antibody-Drug Conjugates

Antibody-drug conjugates (ADC) are the simplest form of stimulus-responsive protein
therapeutics in which a monoclonal antibody is used to target the conjugated drug to specific
locations, such as cancer cells [45, 46]. A sensitive linker connecting the antibody and drug
allows selective release of the drug (Fig. 3a). High selectivity of binding to tumor cells and
low cross-reactivity with healthy tissues are important parameters for selection of the
monoclonal antibody. Due to the low quantity of ADC per administered dose that reaches
the target location, high potency drugs are required and the linker needs to be sufficiently
stable to avoid premature release of the drug. Most current ADCs are designed for cell
internalization via receptor-mediated endocytosis prior to release of the drug, although non-
internalizing and vascular targeting ADCs are also in development. Several strategies for
responsive linkers are currently used including hydrazones, which are cleaved in the low pH
environment of lysosomes and endosomes, disulfides, which allow drug release in the
reducing environment of the cytosol, and cancer-specific protease liable peptides.
Additionally, “non-cleavable” linkers, such as thioethers, are very stable and require
enzymatic degradation of the internalized antibody in lysosomes or endosomes to release the
drug [45-47]. Approximately 35 ADCs are currently being investigated in clinical studies,
and two ADCs, brentuximab vedotin and adotrastuzumab emtansine, were recently approved
for marketing by the US Food and Drug Administration (FDA) [48]. Brentuximab vedotin is
composed of a monoclonal antibody which targets CD30, a protein expressed selectively in
Hodgkin lymphoma, connected by cathepsin cleavable linkers to the anti-mitotic drug
monomethyl auristatin E [45]. Adotrastuzumab emtansine is a conjugate of the anti-Her2-
mAb Trastuzumab and the cytotoxic drug mertansine, linked by thioether linkages, and has
shown promising results against advanced HER?2 positive breast cancer [45]. Due to the
conjugation methods currently employed, each monoclonal antibody may be conjugated to a
variable number of drugs at different locations on the antibody in a heterogeneous manner,
but a recently developed nonnative amino acid based selective labeling method reports the
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achievement of chemically homogenous ADCs with improved half-life, efficacy, and safety
[49].

Engineered Zymogens

Engineered zymogens are a class of stimulus-responsive protein therapeutics in which the
protein acts as both the biosensor and effector. Like natural zymogens, engineered zymogens
are in an inactive configuration prior to receiving an activating signal, such as proteolytic
cleavage (Fig. 3b). A variety of engineered zymogens are currently in development
including engineered coagulation cascade proteins, zymoxins, and dendronized proteases
[50-52]. Zymoxins (engineered zymogen toxins via KBM) are currently an active area of
research with significant emphasis on activation by viral proteases for selective killing of
virally infected cells. Raines and collaborators pioneered this area of research by developing
circularly permuted zymogens of bovine pancreatic ribonuclease (RNase A) with the natural
termini connected with HIV or Hepatitus C protease cleavable linkers [53]. The potential of
unmodified mammalian RNase A as a therapeutic is limited due to the presence of cytosolic
ribonuclease inhibitor which binds mammalian RNase A homologs with high affinity, but
variants of RNase A that are less sensitive to ribonuclease inhibitor have been engineered.
An alternative solution has been presented recently by Callis et al. who used a similar
circular permutation strategy to create an Onconase zymogen activated by HIV-1 protease
[54]. Onconase is an amphibian homolog of Ribonuclease A, which is more highly
cytotoxic, and less sensitive to ribonuclease inhibitor.

Using alternative toxins, the Benhar Lab recently developed several zymoxin fusion proteins
formed by linking a diphtheria, ricin, or MazF toxin catalytic domain to an inhibitory
peptide or domain viaa Hepatitus C NS3 cleavable linker. The zymoxins were delivered to
the cytosol as a transgene by an adenoviral vector or as a fusion protein containing the
binding and translocation domain of Pseudomonas exotoxin A to facilitate entry of the
zymogen into the cytosol of the target cells [51, 55]. The MazF system had the most
promising results, being well tolerated by healthy cells, while eradicating Hepatitus C virus
infected cells [55]. In related work, Shaw and collaborators have engineered HIV protease
activation into several Ribosome-inactivating proteins (RIPs) for anti-HIV therapy. First,
they redesigned the natural zymogen Maize RIP by inserting HIV-1 protease recognition
sequences into the inactivation loop, creating several HIV-1 protease-activated Maize RIP
zymogens (Fig. 3b) [56]. Additionally, they recently engineered zymogen-like variants of
ricin by addition of HIV-1 protease recognition sequences to the C-terminus region [57]. In
addition to anti-viral zymoxins, anti-cancer zymogens are also under development.
Muiihlebach et al. report the development of an oncolytic measles virus preferentially
activated in liver tumor tissue through the engineering of matrix metalloproteinase cleavage
sites into the measles virus F protein (a natural zymogen, normally activated by the protease
furin) which mediates fusion of the viral and cellular membranes [58].

In addition to zymogens activated by proteolytic cleavage, proteins have been engineered via
CPD, which respond to other stimuli including changes in temperature, pH, or exposure to
reactive oxygen species (ROS). Many natural enzymes show significant activity only over a
narrow temperature range. Through protein engineering, this active range can be tuned to
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create a temperature sensitive zymogen, which is activated within a designed range of
temperature. As a proof of principle, the Wilson group recently reported the computational
design of 100 adenylate kinase variants using a multi-state approach with a twenty degree
range of melting temperatures and variable activity ranges [6]. Also, synthetic pH sensitive
zymogens have been constructed by self-assembly of dendrimers onto the surface of trypsin,
papain, and DNase I. At near neutral pH, the dendrimers sterically block the normal action
of the enzymes, while at reduced pH the dendrimers dissociate, allowing activation of the
zymogens [52]. There is growing realization of the importance of ROS signaling for a
variety of cellular processes, and a large number of proteins have been identified that are
responsive to ROS second messengers such as H,O» through reversible cysteine oxidation
mechanisms [59]. The possibility of engineering proteins to respond to ROS signals is
appealing, and recently Callahan et al. engineered via CPD a reversibly redox regulated
intein through the addition of a cysteine residue which neutralizes the protein’s intein
activity under oxidizing conditions by the formation of a disulfide bond with a cysteine in
the active site [60]. However, because other amino acids, such as lysine, arginine, and
histidine can also be oxidized by ROS which can lead to loss of protein function [59], a
better understanding of the interaction of ROS species with proteins is required for wider
application of engineered ROS responsive proteins. With this goal in mind, the Wilson group
recently used computational protein design to engineer a functional, lysine free adenylate
kinase [61]. This lysine free construct was used to test the role of lysine in protein
modification due to ROS exposure, and the Wilson group is in the process of extending this
work to design of proteins that resistant to ROS degradation. Overall, protein engineering
has proved useful for creating zymogens that activate in a specific cellular or environmental
context. The next stage of therapeutic complexity involves further controlling a drug’s
activity through two component systems such as exogenous light responsive control or
directed enzyme prodrug therapy.

Directed Enzyme Prodrug Therapy

In directed enzyme prodrug therapy (DEPT), an enzyme is delivered in a targeted manner to
the desired site of action. Then a non-bioactive prodrug is administered systemically, and
activated locally by the previously delivered enzyme. In order to ensure that the enzymatic
activation of the prodrug only occurs at the targeted location, both the prodrug and the
activating enzyme typically need to be orthogonal to natural human enzymes. Several
classes of DEPT are currently under development including Antibody Directed (ADEPT),
Gene Directed (GDEPT), Bacterial Directed (BDEPT), and Substrate Mediated (SMEPT)
with different requirements for engineering of the prodrug activating enzymes. ADEPT
utilizes an antibody-enzyme conjugate where the antibody serves as the biomolecular
recognition (sensing) component and the conjugated enzyme is the effector [62]. A clinical
trial of a bacterial carboxypeptidase conjugated to a single chain variable domain directed
against carcinoembryonic antigen (CEA) showed promise in stabilizing patients with CEA-
expressing tumors, but treatment was limited due to immunogenicity. Next generation
ADEPT efforts are focused on overcoming this hurdle through the use of humanized
antibodies and bacterial prodrug activating enzymes with removed B- and T-cell epitopes
[62, 63].
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GDEPT, sometimes called suicide gene therapy, is a second class of DEPT that is rapidly
developing as a cancer therapy and typically uses viral vectors (gene therapy) to deliver the
therapeutic gene(s) (Fig. 4a) [64, 65]. An interesting variation on GDEPT, BDEPT, uses
bacteria (typically armed with therapeutic genes), which preferentially colonize cancer cells
to activate prodrugs locally [66]. Because current gene delivery methods are unlikely to
reach all cancer cells, leakage of activated drug to neighboring cells (the so-called
“bystander effect”) is often considered a positive aspect of GDEPT systems [65]. The most
commonly used enzyme prodrug pairs are herpes simplex virus thymidine kinase activation
of Ganciclovir, and cytosine deaminase activation of 5-Fluorocytosine (5-FC) (Fig. 4a), but
there is currently active discovery of additional enzyme/prodrug systems [64]. For example,
the use of type I nitroreductase from Leishmania major as an activator of leishmanicidal
prodrugs has recently been proposed [67]. Protein engineering is required to move beyond
naturally available enzyme systems, and progress has recently been achieved in this area.
The active site of a thymidine-active deoxycytidine kinase was engineered via KBM for
multiple prodrug activation so that multiple prodrugs could be administered and activated
yielding synergistically enhanced bystander effect killing of cancer cells [68]. In many
GDEPT systems, DNA-based control of expression of the prodrug activating enzyme serves
as the biosensing component, but engineered stimulus-responsive prodrug activating
enzymes are also in development. For example, the Ostermeier Lab engineered a fusion
protein via KBM containing a CH1 domain from the human p300 protein as a HIF-1a
recognition input domain (increased in certain cancer cells) and yeast cytosine deaminase as
the prodrug activation output domain [69]. Finally, in addition to cancer therapy, Substrate
Mediated Enzyme Prodrug Therapy is emerging as a component of tissue engineering and
anti-inflammatory therapy in which a prodrug activating enzyme is embedded in a hydrogel
or other biomaterial for increased control of surface mediated drug delivery [70].

Light Responsive On/Off Control of Drug Activity

Photodynamic therapy is a method for selectively Killing cancer cells that involves
systematic administration of a photosensitizer followed by local irradiation at tumors using
fiber optic cables. When activated, the photosensitizers can generate reactive oxygen species
(ROS), which can induce cell death. A number of small molecule photosensitizers have been
FDA approved and are clinically used to treat certain tumors [71]. Protein-based
photosensitizers have also been under investigation [72]. The most notable example is
KillerRed, a dimeric Green Fluorescent Protein homolog that produces ROS by a Type |
photosensitization mechanism [73, 74]. KillerRed can be localized to the mitochondria or
cell membrane and induce cell death in response to green light [75](Fig. 4b). The advantages
of KillerRed are that it is fully genetically encoded, it doesn’t require any additional co-
factors, and since it is biodegradable it has a faster clearance time than small molecule
photosensitizers [76].

Chromophores Assisted Light Inactivation (CALI) is another exciting venue of light
controlled activity. CALI used photosensitizers fused to a target molecule of interest. When
excited, the photosensitizers produce ROS that predominantly damage and inactivate the
target molecule (and potentially any other closely interacting molecules). This effectively
allows for more finely localized and controlled knockout experiments. KillerRed is a
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promising photosensitizer for CALI; however, its tendency to dimerize can interfere with the
target molecule’s normal function. To rectify this, Takemoto et al. engineered a monomeric
KillerRed variant known as SuperNova [77]. This was achieved by first using KBM to
disrupt the dimerization interface and then applying DE to restore phototoxicity. While
CALLI shows great promise for studying cellular pathways and molecular mechanisms /n
vivo, it also can potentially be used therapeutically such as by fusing SuperNova to protein
toxins. This would allow the expression of toxins to be confined in a spatially and
temporally controlled manner (Fig. 4c).

In addition to the production of ROS, the ability to switch protein activity (on or off) with
light opens up a wide range of clinically relevant effector functions. For example, the
Wooley Lab used KBM and CPD to pioneer the use of engineered red light switchable
proteins through the conjugation of photoisomerizable azobenzene groups to a variety of
proteins including papain, RNase S, and a Fyn SH3 domain. This work has been extended
by others to include the restriction enzyme scPvull, [78], a cadherin [79], and most recently
a naturally ATP-driven type Il chaperonin was converted to a light-gated nanocage using the
same method [80].

Additionally, in the last few years there has been an explosion in the development of
engineered proteins for optogenetics, a technology in which engineered light sensitive
proteins are genetically encoded and delivered by gene therapy [81]. Although simple light
based targeted activation [82] and targeted neutralization methods [83] have been developed
from engineered light sensitive protein domains, the greatest benefit comes from systems
with light based on/off switchability. Light based on/off control can be achieved through
short-lived reversibly activated states or through two wavelength control of activation and
neutralization. The on/off capability of these systems allows true spatial and temporal
control of protein activity, since diffusion or leakage of the protein outside the target area
will cause it to be turned off [84]. Two of the most successful reversible light responsive
protein components developed via KBM include the Light, Oxygen, Voltage or LOV
domain, and the phytochrome B (PhyB) and phytochrome interacting factor 6 (Pif6) system.
In particular, LOV domains are a subset of the larger PAS family of sensor proteins found in
modular combination with a variety of effector domains. In response to blue light, LOV
domains undergo a reversible allosteric shift due to the formation of a covalent bond
between a conserved cysteine residue in the core of the protein and a carbon atom of the
flavin cofactor’s isoalloxazine ring [85, 86]. LOV domains have been used to engineer many
on/off light switchable fusion proteins including TrpR, Racl, the histidine kinase FixL, and
dihydrofolate reductase [85, 87]. Also, both LOV domains and the Pif6 system have been
used to engineer light switchable protein-protein interactions [84, 87-89].

In addition to light-induced allostery and protein-protein interactions, protein engineering
for photoinduced energy and electron transfer is an emerging research area with potential
application to stimulus responsive protein therapeutics. Tran et al. recently reported a
cytochrome P450 BM3 variant labeled with a Ruthenium polypyridine photosensitizer that
demonstrated efficient light-driven hydroxylation of lauric acid [90]. Cryptochromes are an
additional class of light sensing proteins which are being explored for biotechnological uses
including light activated protein-protein interactions [91]. Cryptochromes are related to
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phytolases and frequently contain an antenna domain containing a light-harvesting
chromophore which subsequently transfers excitation energy to a reduced flavin in the
catalytic domain via energy transfer. In phytolases, electron transfer then proceeds from the
excited FADH™" through three conserved tryptophan residues to a pyrimidine dimer,
repairing the DNA by splitting it back into monomers [92]. Cryptochromes undergo a
conformational change upon light absorption, which has been shown to be involved in their
natural signaling response, but the role of their electron transfer functionality is not yet fully
understood [93, 94]. Parallel to the Cheruzel group’s demonstration with cytochrome p450,
photoinduced energy and electron transfer could allow localized activity of engineered
therapeutic oxidoreductases (perhaps of non-human derivation) without their natural partner,
as well as light induced activation or neutralization of engineered redox proteins to
therapeutically control ROS signaling or other redox sensitive cellular pathways. However,
better understanding of intraprotein energy and electron transfer will be required to engineer
therapeutic proteins that utilize these mechanisms. Toward this end the Wilson group
recently reported a new energy transfer mechanism which resolved confounding
observations in ruthenium polypyridine labeled azurin, which has been one of the main
model systems for studying intramolecular electron transfer in proteins [95] and Wilson et
al. are currently using computational protein design to tune energy and electron transfer rates
in the same model system.

SMART RESPONSE DRUG SYSTEM DESIGN

Smart response drug systems are an exciting frontier of drug development, which can greatly
benefit from increased protein engineering capabilities. Ideally, smart response drug systems
utilize feedback mechanisms to intelligently modulate a therapeutic effect in response to
biomarkers or other relevant stimuli. In many existing delayed release systems, a drug is
released slowly at an approximately constant rate. In contrast, smart drug delivery systems
require the presence of external stimuli to either turn on the release of a drug in activation-
modulated release systems or to modulate the extent of a drug that is released in feedback-
modulated release systems [96] (Fig. 5). Smart response systems are frequently
multicomponent and may include multiple proteins in biosensing, logical, and effector roles.
This section of the review begins by highlighting current work related to engineering protein
allostery, which is a key technology for general development of the stimulus-responsive
proteins needed for smart response systems. Then we review recent progress toward three
emerging areas where engineered proteins can play critical roles: biochemical logic based
stimulus-responsive delayed release systems, drug buffers for narrow therapeutic window
drugs, and network medicine. Although most work so far on smart response drug systems is
related to drug delivery, the recent protein engineering work related to network medicine
highlights the possibility of using stimulus-responsive proteins in other complex therapeutic
applications.

Engineering of Protein Allostery

The ability to engineer allosteric responses in proteins for the linkage of disparate biosensing
and effector functions is a key technology that will enable more advanced protein based
smart response drug systems. Although much work remains to be done in this area, in
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addition to the LOV-based allostery work previously mentioned, there have been a variety of
recent successes in this area, which highlight the increasing ability of protein engineers to
modulate and design allosteric protein systems. Allostery can be engineered in several ways
— e.g., through the introduction of mutations within an existing protein, or by the addition
of a novel domain, which provides allosteric regulation.

In the first category, Deckert et al. used KBM to introduce allosteric control into p-
glycosidase and B-glucuronidase enzymes by the introduction of tryptophan-to-glycine
mutations which caused loss of function which could be rescued by the addition of indole
[97]. Rana et al. used loop mutagenesis to switch thrombin catalytic activation specificity
from Na+ to K+ [98]. Also, Wu et al. used an allostery inspired approach to modify the
substrate specificity of a thermostable Baeyer—Villiger monooxygenase through directed
evolution involving mutants away from the active site which conferred the desired altered
substrate specificity as a result of mutationally induced large domain movements [99].
Additionally, the Wilson group recently used directed evolution to engineer alternate
cooperative-communication in the lactose repressor (Lacl) [21]. Starting with an
allosterically ‘dead’ Lacl mutant (D88A) that binds and represses DNA in both the absence
and presence of its inducer (IPTG), error-prone PCR was used to introduce compensatory
mutations. Screening yielded five new functional variants: three with wildtype-like repressor
phenotype, and two with functionally inverted co-repressor phenotype (similar to the related
purine repressor). One of the best recent analyses of allosteric communication came from
the Ranganathan lab. Using statistical coupling analysis, they were able to predict the
residues involved in allosteric communication in both the PDZ domain. These positions
were then experimentally validated through a full saturation mutagenesis study [100].

Several groups have also recently conferred allostery through the addition of a regulatory
domain to a non-allosteric protein. Cross et al. used KBM to introduce allosteric control into
a 3-deoxy-Darabino-heptulosonate 7-phosphate synthase by the addition of an ACT domain
[101]. Rizk et al. used a directed evolution-based phage display strategy to engineer
synthetic antigen binders (sABs) that recognized the bound form of maltose-binding protein
(MBP) to rescue a binding-deficient mutant of MBP [102]. Finally, Dagliyan et al. rationally
designed via KBM a single chain regulatory element by “rewiring” the rapamycin binding
complex of FK506-binding protein and FKBP12-rapamycin binding protein into a single
polypeptide chain and inserting this new sequence called “uniRapR” into Src kinase,
yielding a system which demonstrated functional allostery in HeLa cells and zebrafish tissue
[103]. In general, the engineering of allostery remains challenging, but the plasticity of
allosteric pathways demonstrated by the reports described in this section is encouraging
because this plasticity should allow the tuning of protein allostery needed for engineering
therapeutic systems.

Stimulus-Responsive Drug Release Using Biochemical Logic

Although there are increasing developments in microelectronic systems, which can interface
with biosensors and regulate drug release systems, purely biochemical logic systems are
advantageous for certain applications, such as smart pills or implantable drug release
systems for which full biodegradability after their service lifetime is desired. Peppas and
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colleagues pioneered the use of proteins in a stimulus-responsive delayed release system for
the feedback regulated control of insulin release from an engineered hydrogel. The
incorporation of glucose oxidase and catalase into a pH sensitive P(DEAEM-g-EG) hydrogel
created a system in which enzyme catalyzed conversion of glucose caused a drop in pH,
causing the hydrogel to expand and release insulin. Additionally, feedback control was
achieved due to reversible swelling in response to pulsatile variations in glucose [4, 104,
105].

Recently, this work has been extended utilizing proteins as molecular recognition elements
which regulate release of a drug from an engineered hydrogel [105], and the Katz, Privman,
and Wang labs have developed a variety of biochemical logic systems (Fig. 6a) utilizing
cascades of enzymes to process multiple biomarkers, and ultimately trigger the release of a
drug in the presence of certain input combinations [106]. Tokarev et al. reported the
combination of a pH sensitive stimulus-responsive hydrogel with biochemical logic systems.
In these systems, a set of enzymes served as the inputs and only an output that corresponded
to a drop in pH would activate the hydrogel. For example, an AND gate required the
combined action of invertase and glucose oxidase to convert sucrose to gluconic acid to
lower the pH. Alternatively, an OR gate was formed by swapping out the invertase with an
esterase and adding ethyl butyrate to the system, so that the presence of either enzyme would
cause a drop in pH. In both cases, the inclusion of urea in the system allowed a reset
functionality by the input of urease which could restore the original pH value [107]. This
work was extended by Privman et al. to construct a biochemical AND gate with required
inputs of alanine transaminase and lactate dehydrogenase, biomarkers characteristic of liver
injury, which activated a cascade through output of NAD+ allowing glucose dehydrogenase
to produce gluconic acid yielding a drop in pH which switched on a polymer-modified
electrode [108]. A similar system described by Zhou ef a/. was designed as a biochemical
logic “Sense-Act-Treat” system which responded to biomarkers characteristic of abdominal
trauma with the release of a drug [109]. Finally, more complex biochemical logic networks
with multiple inputs, including both enzymes and their substrates, were reported which
culminated in a simulated drug release [110]. So far, these biochemical logic systems have
relied on combinations of natural enzymes, but future systems will likely be further tailored
and expanded through the inclusion of engineered proteins.

Drug Buffer

A drug buffer is a second therapeutic component, administered along with a narrow
therapeutic window drug, which actively maintains the serum free drug concentration within
a safe and effective range (Fig. 6b). Natural biological systems use many classes of ligand-
binding proteins for transport and controlled release of small molecules including lipid
binding proteins, periplasmic binding proteins, lectins, and serum albumins, and recent
progress in protein engineering of ligand binding proteins holds great promise for responsive
control of drug transport and delivery [111]. There has been significant development in
recent years in the use of human serum albumin (HSA) as a drug carrier to increase the half-
life of both small molecule and protein therapeutics either by direct conjugation or through
the attachment of fatty acids or other moieties known to bind to HSA. In particular, fatty
acid derivatives of insulin such as insulin detemir have been very successful, and
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Abraxane®, an albumin-bound form of paclitaxel, was recently approved by the FDA for
use against certain metastatic lung and prostate cancers [112]. Additionally, engineering of
albumin binding to the neonatal Fc receptor has been demonstrated as an additional
mechanism for increased half-life [113, 114].

Although drug binding to HSA is well-studied [115-117] and new information continues to
accumulate [118], use of this data for engineering of HSA for tuning of drug binding has so
far been limited. Baker and colleagues recently reported a significant advance in the
engineering of ligand-binding proteins with the successful development of a digoxin binding
protein with picomolar affinity, on par with anti-digoxin antibody therapeutics [119]. This
advance was realized through improved computational design methods incorporating
hydrogen-bonding interactions, followed by directed evolution refinement utilizing high-
throughput methods including yeast surface display, fluorescence-activated cell sorting, and
next generation deep sequencing. Their selection of digoxin is particularly encouraging for
the resolution of ongoing problems with dosing of narrow therapeutic index drugs like
digoxin. In the near future, these improved protein engineering methods may allow the
construction of engineered ligand-binding proteins based on scaffolds such as HSA which
can act as drug buffers for narrow therapeutic index drugs. These engineered drug buffers
would contain multiple drug binding sites with tailored affinities to maintain free drug
plasma concentration within a safe and effective range. For a bivalent drug buffer, when the
free drug concentration is within the designed range site 1 (Fig. 6b) would bind the drug,
and if the free drug concentration fell below level 1, drug would be released from site 1,
helping to maintain free drug concentration within an effective range. If free drug
concentration instead rose above level 2, lower affinity site 2 would bind the drug, keeping
the free drug concentration within a safe range.

Network Medicine and Cell Therapy

Network medicine is a new therapeutic approach, which aims to restore health by targeting
and correcting aberrant signaling networks associated with cancer and other diseases (Fig.
6¢) [120, 121]. Many existing drugs target a specific protein associated with a disease, but
the clinical results from many of these drugs have been less promising and more variable
than expected. Network medicine is a complex endeavor, which builds on recent evidence
linking multiple genes to disease states. It uses new quantitative methods to measure
signaling network status, computational methods to model the signaling network, and
multistage, multicomponent drug treatment programs based on measured network status and
model predictions [122]. In 2012, Lee et al. reported pioneering results of a network
medicine approach to fight triple-negative breast cancer (TNBC). In this study, a systematic
time and dose dependent approach to identifying drug combinations which were most
effective at killing TNBC was evaluated using multiple types of quantitative data in
combination with computational network models. The authors found that sequential
treatment with the EGF receptor kinase inhibitor erlotinib, followed by the DNA damaging
drug doxorubicin was more effective that simultaneous treatment because several hours of
treatment with erlotinib was required to modulate the EGFR pathway sufficiently to induce a
TNBC phenotype with increased susceptibility to doxorubicin [123, 124].
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One challenge to implementing network medicine is the limited number of drug targets
accessible with FDA approved drugs, and the promiscuity of many of these drugs [125]. The
use of multiple small molecule drugs at low doses is one possible solution [125, 126], but in
the long run engineered proteins introduced into the diseased cells to reprogram aberrant cell
signaling networks holds the greatest promise for specific control [120]. The use of
engineered proteins to reprogram cell signaling networks is in fact a biomimetic approach,
which can leverage increasing scientific knowledge of similar methods used by pathogens to
disrupt and usurp signaling pathways [127, 128]. The modularity of signaling proteins,
which are typically composed of different combinations of conserved domain types, holds
great potential for engineering, and recent efforts to engineer cell signaling proteins for
synthetic biology may be applied towards network medicine [129-131]. For example, Lim
and colleagues have previously developed libraries of synthetic signaling proteins with
tunable input/output control through the combination of modular autoinhibitory domains
[132], and recently developed an orthogonal (non-crossreacting) Intersectin/GTPase Cdc42
signaling system by computational redesign of the interface between these two proteins
[133]. Delivery of multiple engineered signaling proteins into target cells will likely be
challenging, but in addition to gene therapy approaches, Carleton et al. have recently
developed an engineered type 11 secretion system for use in vaccine delivery [134], and this
technology is also amenable for use in network medicine. Finally, cells are the ultimate
“smart” therapeutic vehicle, and the use of cell-based therapeutics will depend on
engineering of signaling pathway proteins for tailored stimulus-responsive properties [135].
Park et al. have made initial steps in this direction by demonstrating that a T lymphocyte
expressing a G protein-coupled receptor engineered to respond to a bioinert drug-like small
molecule, clozapine N-oxide, will migrate to the site of clozapine N-oxide-releasing beads
implanted in a live mouse [136].

CONCLUSIONS

Medicine and in particular pharmacology are currently on the verge on an exciting transition
from small molecule chemical therapy to biological therapy encompassing protein
therapeutics, gene therapy, and cellular therapy. Because of the centrality of proteins to
biological function, protein engineering is a common and critical enabling technology for
these emerging biological therapies. For protein therapeutics, control of half-life and
immunogenicity are essential for clinical use, and protein engineering in these areas will
continue to be important. However, the full potential of protein engineering for future
therapeutics is much broader, and is centered on the modulation of protein function, and
especially stimulus-responsive function. This will likely become increasingly apparent as
gene therapy and other intracellular protein delivery methods improve, and protein design
constraints related to traditional delivery methods of purified protein are reduced or
eliminated.

As the recent work highlighted in this review demonstrates, protein engineering capabilities
are rapidly advancing, and of particular relevance for protein therapeutics are the varied
efforts to introduce and tune switchable protein activity. For select applications, such as
enzyme replacement therapy, natural proteins may be sufficient to achieve a positive clinical
outcome, but in general novel stimulus-responsive protein behaviors are desired and so these

Curr Drug Metab. Author manuscript; available in PMC 2016 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tobin et al.

Page 14

must be engineered. Also, therapeutics frequently need to be potent molecules in order to
achieve clinical results, but this potency increases the likelihood of deleterious side effects.
In the body, naturally potent proteins have their expression carefully regulated and often are
further post-translationally controlled, being produced as inactive zymogens, and quickly
degraded or neutralized when no longer needed. Leveraging and expanding on these natural
modules through engineering protein therapeutics to be stimulus-responsive for targeted
activation and/or targeted neutralization is a new frontier with tremendous growth potential.
Current research toward better understanding of protein molecular recognition, allostery, and
catalysis, and further development of computational protein design methods will speed this

transition.

ABBREVIATIONS
DE

CPD
KBM
t-PA
ADC
FDA
RNaseA
RIP
ROS
CALI
DEPT
ADEPT
GDEPT
BDEPT
SMEPT
CEA
5-FC
5-FU
PDT
LOV

PhyB

Directed Evolution

Computational Protein Design
Knowledge-based Mutagenesis

Tissue-type plasminogen activator
Antibody-drug conjugate

US Food and Drug Administration
Ribonuclease A

Ribosome-inactivating protein

Reactive oxygen species

Chromophore Assisted Light Inactivation
Directed Enzyme Prodrug Therapy
Antibody Directed Enzyme Prodrug Therapy
Gene Directed Enzyme Prodrug Therapy
Bacterial Directed Enzyme Prodrug Therapy
Substrate Mediated Enzyme Prodrug Therapy
Carcinoembryonic antigen

5-Fluorocytosine

5-Fluorouracil

Photodynamic therapy

Light, Oxygen, or Voltage Domain

Phytochrome B
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Pif6 Phytochrome interacting factor 6
HSA Human Serum Albumin
TNBC Triple-negative breast cancer
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Fig. (1).

Simplified schematic of using protein engineering to redesign an enzyme’s substrate
specificity highlighting knowledge-based mutagenesis, computational protein design, and

directed evolution.
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Rationally Designed Enzymes for Specific Cocaine Hydrolysis
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Fig. (2).
Human butyrylcholinesterase (represented by PDB code 1PO0I) has been transformed into an

effective cocaine hydrolysis enzyme by protein engineering. The best variant had a Kea/ K
for (-)-Cocaine 1390 times larger than the wild type enzyme and also less reactive to its
natural substrate acetylcholine [42]. The engineered enzyme contains six mutations in the
active site, the locations of which are highlighted as black spheres, which accommodate the
bulkier substrate and form more favorable hydrogen bonding interactions.
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Fig. (3).

Illustrations of select classes of protein therapeutics engineered for targeted drug activation.
A) Antibody-drug conjugates (ADCs) are composed of a monoclonal antibody securely
linked to several molecules of a cytotoxic drug. The antibody selectively binds to a receptor
on a cancer cell and is internalized via receptor mediated endocytosis. Once delivered to a
lysosome, the linker is proteolytically cut and the drug is released leading to cell death [45,
137]. B) Engineered zymogens are proteins which have been engineered to be in an inactive
state until activated by a specific signal, such as proteolytic cleavage. Law et al. engineered a
zymogen variant of maize ribosome-inactivating protein (RIP) (represented by PDB code
2PQG) which is activated by HIV-1 protease for anti-HIV therapy [56]. Once activated,
maize RIP (PDB code 2PQI) removes an adenine from the a-sarcin site on the large (28S)
ribosomal subunit, disrupting protein synthesis [138].
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a) Gene Directed Enzyme Prodrug Therapy
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Fig. (4).
A)glﬁl g;ene Directed Enzyme Prodrug Therapy (GDEPT), a viral vector is used to deliver the
gene for a prodrug activating enzyme to specific cells, such as cancer cells. Then, a non-
bioactive prodrug is administered systemically, but only activated locally in the cancer cells
where the gene is expressed [64]. In this example, the enzyme represented is cytosine
deaminase which catalyzes the conversion of non-toxic 5-Fluorocytosine (5-FC) to cytotoxic
5-Fluorouracil (5-FU). B) In this application of photodynamic therapy, a protein
photosensitizer, KillerRed, is delivered into tumor cells by a viral vector and targeted to the
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cell membrane. Irradiation of KillerRed leads to production of ROS, which can oxidize the
cell membrane and result in cell death. C) A potential use of Chromophore Assisted Light
Inactivation (CALI) in which the photosensitizer SuperNova is fused to a protein toxin. Due
to the light responsive nature of CALLI, the toxin’s activity can be limited to a confined
location and duration.
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Fig. (5).

Drug delivery system strategies. A) Current drug delivery methods typically involve
releasing a drug at a relatively constant rate. B) Smart drug delivery systems have both a
sensing and effector component. This can allow drug release to either be activated (or
inhibited) in response to a specific stimulus (e.g., pH, light, or specific biomarkers) or
regulated in a feedback-dependent manner to provide a consistent free drug concentration.
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a) Biochemical Logic
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Fig. (6).
Illustrations of protein engineering enabled smart response drug systems. A) Stimulus-

responsive delayed release drug systems have been proposed which utilize combinations of
enzymes which can integrate multiple inputs according to biochemical (typically Boolean)
logic to release an appropriate amount of one or several drugs under specified conditions
[106]. B) A drug buffer is an engineered multivalent ligand-binding protein therapeutic
which has been designed to bind or release a narrow therapeutic window drug in such a
manner that the free drug concentration is maintained within a safe and effective range. For
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illustrative purposes, human serum albumin (PDB code 109X) is shown with potential
engineered drug binding sites at Sudlow’s site 1 and site 2 (black spheres) [116]. C)
Network medicine is new therapeutic approach which aims to restore health by targeting and
correcting aberrant signaling networks associated with cancer and other diseases. In this
highly simplified schematic, a disease state is the result of perturbed proteins which disrupt
the organization of the healthy signaling network. The introduction of an engineered
signaling protein “re-wires” the network around the perturbed proteins, restoring health.
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