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Abstract

Chemogenetics refers to experimental systems that dynamically regulate the activity of a
recombinant protein by providing or withholding the protein’s specific biochemical stimulus.
Chemogenetic tools permit precise dynamic control of specific signaling molecules to delineate
the roles of those molecules in physiology and disease. Yeast p-amino acid oxidase (DAAQ)
enables chemogenetic manipulation of intracellular redox balance by generating hydrogen
peroxide only in the presence of b-amino acids. Advances in biosensors have allowed the precise
quantitation of these signaling molecules. The combination of chemogenetic approaches with
biosensor methodologies has opened up new lines of investigation, allowing the analysis of
intracellular redox pathways that modulate physiological and pathological cell responses. We
anticipate that newly developed transgenic chemogenetic models will permit dynamic modulation
of cellular redox balance in diverse cells and tissues and will facilitate the identification and
validation of novel therapeutic targets involved in both physiological redox pathways and
pathological oxidative stress.

Keywords

oxidative stress; redox signaling; endothelial cells; cardiac myocytes; heart failure; hydrogen
peroxide

thomas_michel@hms.harvard.edu .



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Steinhorn et al. Page 2

THE EVOLVING ROLES OF REACTIVE OXYGEN SPECIES IN
CARDIOVASCULAR TISSUES

For decades, reactive oxygen species (ROS) were viewed principally as pathological
molecules that undermine normal cellular pathways. From heart failure to hypertension to
atherosclerosis, it is difficult to identify a disease whose pathogenesis is not associated with
oxidative stress (1-3). Several of the most widely prescribed drugs with cardiovascular
targets, such as angiotensin-I1 receptor blockers, exert protective effects in part by
attenuating endogenous production of ROS (4). However, a more nuanced role for ROS

has recently emerged, with the stable ROS hydrogen peroxide (H»0>) identified as a critical
inter- and intracellular messenger molecule with a role not only in pathology and toxicology
but also in normal physiological responses in the cardiovascular system.

Understanding of the many biological roles of ROS has evolved significantly over the past
century. ROS encompass a diverse set of molecules in which oxygen carries an unpaired
electron. One of the simplest principles engrained in the minds of high-school chemistry
students is that an atom with a free electron will avidly interact with other molecules—
whether a lipid, protein, or DNA—to fill that empty orbital. The realization that ROS

have the potential to irreversibly modify cellular proteins led to the vilification of cellular
oxidants as being deleterious to cellular function. The image of delicate intracellular proteins
rusting (as happens when iron is oxidized) does seem intuitively pathologic. Supporting this
model of ROS as purely damaging molecules, innumerable diseases were found to have
oxidative damage associated with their pathogenesis (1, 2, 5).

In the cardiovascular system, a unifying feature of the various animal models of heart failure
used for drug development is an association with increased oxidative stress (see Table 1).
For example, atherosclerotic models of heart disease such as the apolipoprotein E knockout
mouse consistently show increased lipid oxidation (6), and increased mitochondrial ROS
appears to be a hallmark of models of myocardial infarction (7). Similarly, several forms

of heart failure are correlated with oxidative stress (8, 9). The cardiotoxic side-effects of
multiple therapeutics have also been discovered to arise from excessive oxidative stress. For
example, the cardiotoxic effects of several chemotherapeutic agents, including anthracycline,
are mediated by oxidative stress (10).

These observations led to the hypothesis that attenuating oxidative damage with exogenous
antioxidants could fend off the many degenerative diseases associated with toxic levels of
ROS. However, systemic antioxidant therapy has shown little success, with nearly every
well-designed randomized controlled trial yielding negative results (11). Casting further
doubt on the initial model of ROS as playing only deleterious roles, meta-analyses of
antioxidant trials have even demonstrated potential harm associated with two of the most
commonly used supplements (vitamins C and E) (12). These findings have led to a
reassessment of the dogma that ROS are purely deleterious to cell function. Indeed, not

all ROS are created equal (13). As shown in Figure 1a, the sequential addition of electrons
to molecular oxygen (O») leads to the formation of molecular species of varying reactivity
and diffusibility, eventually leading to the formation of water (H,0). The addition of a single
electron to O, results in the formation of a superoxide anion (O,"7), which has a short half-
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life in cells, and its reactivity is harnessed to play a key role in antimicrobial defense within
neutrophils. Superoxide can also be enzymatically or nonenzymatically reduced to form
H,0,, which is not a free radical as it does not have an unpaired electron. H,0, is relatively
stable, and represents the most abundant cellular ROS, with critical roles in a broad range
of physiological responses in cells (13). Addition of another electron to H,O, forms the
highly unstable hydroxyl radical, whose short half-life and high chemical reactivity limit

it from dynamic regulation in biological systems. This oxidant therefore plays a limited
role in cellular physiology. Adding a fourth and final electron yields water, completing the
reduction of O,. This review focuses on the physiological and pathophysiological roles of
H»0,, with an emphasis on recent studies using chemogenetic approaches that exploit the
yeast enzyme p-amino acid oxidase (DAAO) to generate H,O, and also to detect H,O»
using the biosensor HyPer, as shown in Figure 1b and discussed in detail below.

Over the past several decades, new roles for H,O5 in physiological processes have

emerged, ranging from receptor-mediated signal transduction (14) to hypoxic pulmonary
vasoconstriction (15) and the activation of regulatory T cells (16). In the cardiovascular
system, physiological roles for H,O, have been established in the regulation of the

key signaling protein endothelial nitric oxide synthase (eNOS, also known as NOS3) in
endothelial cells (17) and cardiac myocytes (18, 19). In turn, eNOS generates the free
radical gas nitric oxide (NO), which—akin to H,O,—can have diverse effects in target
tissues: Low NOconcentrations play critical physiological roles in the modulation of blood
pressure (20) and cardiac contractility (21), whereas higher concentrations can lead to organ
dysfunction and disease (22). NO’s ability to rapidly control smooth muscle tone has led

to the development of multiple drugs that control its downstream signaling processes, from
the long-used NO donors nitroglycerin and sodium nitroprusside to the phosphodiesterase-5
inhibitor sildenafil and the recently developed direct soluble guanyl cyclase stimulator
riociguat. In addition to its effects on NO metabolism, H,O, has been implicated in insulin-
modulated responses in the heart (23) and other tissues (24). Thus, a natural question with
an elusive answer has emerged: How can the same signaling molecules apparently drive
physiological processes in some situations yet induce pathology in others?

Several mechanisms have been suggested for these seemingly opposite effects of H,O».
One intuitive explanation is that the effects of ROS are concentration dependent, with

lower levels being required for physiological processes but higher levels eliciting toxic

and pathologic responses. This view exemplifies the phenomenon of hormesis (see Figure
2), which can be defined as a biphasic dose response in which a chemical subserves a
physiological role at lower concentrations (oxidative eustress) yet has a pathological effect
at higher concentrations (oxidative stress) (25). Another explanation for the multiple roles
of H,0, in biology is that the subcellular location of ROS production determines the effects
of signaling molecules (Figure 3). After all, the intracellular synthesis of H,O5 involves
numerous enzymes and small molecules that are differentially localized within the cell (26).
Adding an additional layer of regulation, the enzymes that catabolize H,O, and other ROS,
including peroxiredoxins, thioredoxins, catalase, and the glutathione system, have their own
unique spatial localizations and are subject to dynamic regulation (27, 28).
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While specific pathologies and drug toxicities have been associated with increased absolute
levels of H,O5 or unique spatial profiles of ROS production (e.g., excess mitochondrial
ROS), the lack of tools to precisely control intracellular H,O, production has made

it difficult to tease apart correlation from causation. This review discusses emerging

methods for the simultaneous manipulation and measurement of intracellular HoO, aimed at
delineating the transition from physiology to pathology and identifying therapeutic and toxic
mechanisms of cardiovascular drugs.

INTRACELLULAR H,0, METABOLISM AND TRANSPORT

Nature has devised multiple sources and sinks of ROS, allowing for a number of potential
intracellular pathways and locales for the regulation of redox signaling. The intracellular
enzymatic sources of ROS are localized to specific cellular organelles (26, 29), with

the principal ROS-generating enzymes targeted to membrane structures (e.g., endoplasmic
reticulum, plasma membrane). Enzymes with the exclusive role of generating ROS include
the family of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (30), which
are expressed in most tissues and are necessary for mediating receptor-based signaling

in the heart (23) and vasculature (31, 32). NADPH oxidases have distinctive subcellular
localization profiles, with H,O, derived from NADPH oxidase isoform 2 at the plasma
membrane capable of diffusing back into the cell through aquaporins (33). Other oxidases,
for example, monoamine oxidases and xanthine oxidases, generate ROS as a byproduct

of catabolism of specific metabolites (34—-36). The electron transport chain contributes the
largest portion of basal oxidant production in cells and can be dynamically regulated in
physiology and pathology (37-39).

The enzymatic systems responsible for ROS catabolism are no less complicated than those
responsible for their generation. Glutathione, which exists in millimolar concentrations in
the cell cytosol, can undergo oxidation of its cysteine sulfhydryl to form sulfenic acid and
can then be recycled back to a reduced state by the actions of glutathione peroxidases

and reductases (40). Glutathione’s importance in buffering oxidant stresses is highlighted
by the fact that acetaminophen toxicity is mediated in part by a depletion in glutathione
stores from the reduction of the toxic metabolite NAPQI (41). Peroxiredoxins, another
key antioxidant buffering system, have different isoforms that localize to distinct cellular
compartments and can not only buffer oxidants but also transfer oxidizing equivalents to
cysteine-containing proteins, thereby regulating their function (42-44). Thioredoxins can
reverse protein oxidation events by reducing disulfide bonds, and they can then be recycled
through thioredoxin reductases (45, 46).

Unfortunately, the tools to study this intricate network of oxidizing and reducing enzymes
have been frustratingly limited and are confounded by low sensitivity or lack of specificity
of both biochemical and immunochemical reagents. Biochemical readouts of cells and
organs were among the first assays to reveal the correlation between increased oxidant
forces in cells and pathology; these included direct measurement of protein sulfenation (47)
and the ratio of reduced to oxidized NADPH and/or glutathione (48, 49). Small-molecule
fluorescent redox indicators enabled the real-time measurement of cellular redox state

(50). But even the most popular probe, dichlorofluorescein (DCF), is limited by a lack
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of specificity for oxidant species: NO, peroxynitrite, superoxide, and H,O, can all oxidize
the DCF probe (51). Moreover, DCF can itself generate superoxide and has a propensity to
concentrate in certain cellular compartments (52).

To address these technical limitations, genetically encoded fluorescent biosensors have been
engineered that have specificity for specific oxidants and can be targeted to a cellular
compartment of interest (53, 54). These biosensors have clarified spatiotemporal changes in
redox state in response to a variety of stimuli. The genetically encoded H,0O,-specific HyPer
biosensors have proved particularly useful for understanding the dynamics of H,O, (55, 56).
Many groups have utilized variants of HyPer biosensors to dissect redox signaling pathways
in diverse model systems ever since Belousov et al. (57) first developed HyPer in 2006.

The original HyPer biosensor was constructed as a circularly permuted yellow fluorescent
protein (YFP)-based chimera in which YFP was flanked by cysteine-containing domains
from the H,O5-sensitive Escherichia colitranscription factor OxyR. In a concentration-
dependent response to H,O», the sensor element OxyR can be reversibly oxidized to form
an intramolecular disulfide bond that leads to a conformational rearrangement, causing

a spectral change that yields a ratiometric signal and permits quantification of H,0,.
Oxidation of HyPer in cells can be reversed by redox-active enzymes, including thioredoxin
reductase or glutathione reductase (58). Different cellular compartments contain different
combinations of reductants and oxidants that may modulate H,O, metabolism and thereby
affect the HyPer oxidation state. It is important to note that the YFP fluorophore in HyPer
has a fluorescence response that can be affected by alterations in intracellular pH. This
general limitation of many biosensors often requires performing control experiments in
parallel. The SypHer biosensor, a H,O5-insensitive variant of HyPer, is a good control to
confirm the validity of H,O5 levels acquired by HyPer (59). Changes in HyPer fluorescence
that are duplicated by SypHer more likely result from pH than from H,O, concentration
changes. A new generation of HyPer biosensors for H,O,—dubbed HyPer7—was recently
developed. HyPer7 is more sensitive than earlier HyPer variants for H,O,, shows faster
responses, and is less sensitive to pH, as it is based on the less pH-sensitive fluorophore
green fluorescent protein (GFP) (60).

The multiple generations of HyO,-sensitive fluorescent biosensors have provided ever-
increasing granularity for monitoring redox changes in the cardiovascular system. In
cardiac myocytes, HyPer has been used to document intracellular changes in H,O5 in
response to angiotensin-I1 (19), and variants targeted to the mitochondria and caveolae
helped to describe the subcellular pattern of redox changes with insulin stimulation (61).
Subcellularly targeted variants of HyPer have also been applied to endothelial cells, where
they have demonstrated primarily caveolar and cytosolic increases in H,O, in response

to the activation of purinergic receptors (17). While HyPer is the most widely used H,0,-
specific fluorescent biosensor, several other families of probes have been developed that
measure the overall redox state of a specific compartment rather than a specific oxidant
species. The roGFP family of probes, which are ratiometric, calibratable, and relatively
pH insensitive, has helped describe redox changes in other cardiovascular tissues (62—64).
Another strategy to assess the redox state of a compartment with a real-time genetically
encoded fluorescent probe has been to measure NAD/NADH ratios (65, 66). These many
strategies to assess redox state have strengths and weaknesses. Probes that directly measure
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H»0, enable experimenters to study a key signaling molecule as close to the enzymatic
source as possible. By contrast, probes such as roGFP allow one to measure the net effect of
oxidant molecules on the redox-sensitive machinery in the cell, producing a more functional
read-out.

The realization offered by redox-sensitive biosensors that the redox states of subcellular
compartments can independently change in response to a variety of stimuli has fueled the
idea that the location of oxidant production is just as crucial as the amount of oxidant

in determining the biological effects of these biochemical changes (67-69). However, the
correlation of these changes with downstream biological effects does not imply a causal
relationship. The task of demonstrating causation has proved to be more difficult, owing

to the lack of a comprehensive toolbox for directly manipulating oxidant production in
cells, let alone in whole organisms. Much of the current understanding of the causal role of
oxidant signaling in biological processes comes from studies in which the source of ROS
is ablated, either by small-molecule inhibitors (70) or by genetic knockout and knockdown
of ROS-producing enzymes (71, 72). Another approach has been to mop up ROS after they
have been produced, either by small-molecule antioxidants or by enzymes such as catalase
or superoxide dismutase, depending on the oxidant species of interest (73). Finally, the
application of exogenous oxidants (namely H»O5) has been helpful in demonstrating that
ROS have the ability to independently activate certain signaling processes. However, the
relevance of exogenous oxidants that must diffuse into the cell, particularly for studying
processes where the oxidant signal is thought to originate from a specific compartment,

is questionable. A somewhat more biological approach is to generate a steady lower level
of H,0, by incubating cultured cells with the H,O»-generating enzyme glucose oxidase
along with its substrate (74)—but the ability of this approach to recapitulate endogenous
signaling processes is unclear. This diverse set of tools, from inhibition of ROS production
to metabolism of oxidants and application of exogenous oxidants, has helped reinforce the
role of H,0O, in disease, but none have been able to define the effect of intracellular H,O,
production independent of a particular stimulus known to activate ROS-generating enzymes.
The redox experimentalist’s toolbox has been missing a method that can dynamically
produce H»05 in a specific location on demand in order to isolate ROS as a unitary causal
factor. The application of chemogenetic tools has filled this niche, and the combination of
chemogenetic approaches with biosensors for ROS has enabled a better understanding of
redox signaling in the cardiovascular system and beyond (Figure 4).

Ligand- and Substrate-Based Chemogenetic Approaches to Identifying Pharmacological
Targets and Toxicological Mechanisms in the Cardiovascular System

Chemogenetics refers to experimental systems in which the activity of recombinant proteins
in cells can be dynamically regulated by the addition or removal of specific biochemicals
(75). There are many similarities between chemogenetic approaches and the various
experimental systems known collectively as optogenetics: In optogenetics, the recombinant
protein is dynamically modulated by light instead of by a chemical ligand or substrate

(76) (Figure 5). In chemogenetics, the recombinant protein and/or its ligand or substrate

is designed such that the protein is regulated by the addition or removal of its cognate
small-molecule target. For example, a chemically engineered ligand can be added to
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cells expressing a genetically engineered recombinant receptor that is designed to respond
exclusively to the novel ligand. These so-called designer receptors exclusively activated by
designer drugs (DREADD) methods were initially exploited in neural cells and tissues (77),
but applications have been extended to analyze receptor-modulated responses in adipose and
hepatic tissues to identify G protein—coupled receptor (GPCR)-based targets for antidiabetic
drugs (78).

Akin to DREADD-based methods, chemogenetic approaches to modulate intracellular redox
balance have involved the application of ROS-generating enzymes whose substrate is not
present in the biological system of interest until the substrate is supplied to the cell or
tissue. The archetypal chemogenetic approach in redox biology involves yeast DAAQ, a
family of enzymes that catalyze the stereoselective oxidation of p-amino acids to yield

the corresponding keto acid, with the concomitant generation of equimolar ammonia and
H,0, (Figure 1b). The stereoselectivity of DAAOs is fundamental to their function in
chemogenetics: Since mammalian cells and tissues principally contain primarily L-amino
acids, a recombinant DAAQ remains inactive until exogenous p-amino acids are provided,
thus allowing an experimenter to effectively turn on and off H,O, production wherever the
DAAQ is expressed.

Whether DREADD or DAAO-based, chemogenetic systems require the presence of several
features in the biologic system in which they will be applied. First, the artificial receptor

or enzyme must be easily expressed in the organ of interest. This can be accomplished
using a number of molecular biological techniques, for example, the generation of transgenic
animals or viral vectors driven by a tissue-specific promoter. Adeno-associated viruses
(AAVs) have been used to express DREADD:S in the brain (79) and DAAQ in the heart
(80). Due to their modular nature, with customizable tissue-specific promoters and capsid
proteins with unique tissue tropisms, AAVs enable rapid prototyping and deployment of
chemogenetic proteins. Another required feature, if one is to study long-term activation

of a chemogenetic enzyme, is adequate oral bioavailability of the experimental ligand.
Intravenous administration of a ligand can acutely activate an enzyme, and constant
intraperitoneal infusion from an osmotically driven pump can supply a ligand for several
days, but longer-term activation of a chemogenetic enzyme is most easily achieved by

oral administration of a ligand. In the case of DAAO, intestinal transporters of amino

acids appear to be relatively nonstereoselective (81, 82), which allows a p-ala substrate

to be introduced in the drinking water of the animal. Similar to the inert optical stimulus
used in optogenetics, the chemical stimulus should have minimal effect on the biological
system on its own. While DREADD- and DAAO-based methods appear to have minimal
off-target effects, there is some suggestion that clozapine A~oxide (CNO) has the ability to
be metabolized to clozapine, a clinically used antipsychotic medication that can have its own
unique neurobiological effects (83). Similarly, there is some suggestion that p-ala may have
an independent diuretic effect when used at high doses in vivo (84).

Applications of DREADD-based chemogenetic approaches in the cardiovascular system.

DREADD methods employ genetically engineered receptors—typically GPCRs—that are
designed to be activated only by highly specific ligands, which are designer drugs that are
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chemically modified to interact solely with their target receptor but otherwise elicit no other
response. Thus, recombinant DREADD receptors can be targeted to specific cells or tissues
and remain quiescent until their cognate ligand is provided and activates the DREADD
receptor, leading to the stimulation of receptor-mediated responses. The most widely used
DREADD receptor is the muscarinic cholinergic receptor together with the specific designer
ligand CNO; other tissue-specific receptors and ligands are also being developed (85).
Expressing the DREADD receptors under control of a tissue-specific promoter permits the
dynamic control of receptor-mediated responses in specific cells in vivo.

Kaiser et al. (86) developed the first in vivo model to study the effects of Gg-coupled
GPCRs on cardiac function. By expressing an M3Dg-based DREADD under a muscle
creatine kinase promoter, they were able to target their Gq4-based designer receptor to
striated muscle, including the heart. They observed that dose-dependent activation of the
receptor with CNO induced multiple cardiac arrythmias, including sinus and atrioventricular
block, as well as ventricular tachycardia. The mechanism of this toxicity appeared to be
driven by activation of the canonical phospholipase C signaling pathway, ultimately leading
to the phosphorylation of connexin CX43 by protein kinase C. Multiple cardiovascular
drugs target Gq-coupled GPCRs, including the vasoactive peptides angiotensin-I1 and
vasopressin, as well as catecholamines with an affinity for the alpha adrenergic receptor
such as phenylephrine, dopamine, norepinephrine, and epinephrine. By isolating the effect
of a specific GPCR in the heart, these studies identified new therapeutic mechanisms of
drugs such as angiotensin-11 receptor blockers as well as arrhythmogenic side effects of
vasopressor medications, independent of their effects on the vasculature (87).

DAAO-based chemogenetic approaches to identify therapeutic redox targets and toxicity
of reactive oxygen species in the cardiovascular system.

While DREADDs have been applied to study pharmacological targets in vivo for over a
decade, the application of DAAO as a chemogenetic tool to study oxidative stress and redox
therapeutic targets in vitro is a more recent invention, and the only in vivo applications

to date have been in the heart. DAAOs were described in the 1930s by Hans Krebs (88)
when he observed that natural L-amino acids could be deaminated and oxidized by an
enzymatic system distinct from that which can metabolize nonnatural b-amino acids. Since
their discovery in liver and kidney preparations almost a century ago, DAAOSs have been
studied primarily in single-cell organisms such as bacteria and yeast. Mammalian DAAOS
exist, with most of their function appearing to be in the central nervous system, where
p-amino acids, including p-serine and A-methyl-p-aspartate (NMDA), are neurotransmitters.
DAAQ:s in astrocytes are thought to facilitate the degradation of p-serine, which is a
coagonist at the NMDA glutamate receptor (89). Genome-wide association studies (GWAS)
recently linked gain of function mutations in the human DAAO gene with the pathogenesis
of schizophrenia (90). Interestingly, the atypical antipsychotic medication risperidone can
inhibit DAAO in vitro (91), raising the possibility that in addition to dopamine receptor
antagonism, the drug’s efficacy arises from increasing the concentration of b-amino acid
neurotransmitters. Outside of the nervous system, mammalian DAAQOs have been discovered
in the hepatobiliary and gastrointestinal systems, where they have been proposed to act as
bacterial defense systems (92). More recently, human DAAO activity has been suggested
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to promote cellular senescence in vitro (93). The existence of mammalian DAAOs with
still-emerging roles necessitates the use of recombinant DAAQOs with faster kinetics in order
to minimize the potential confounding effects of activating the endogenous form of the
enzyme.

To this end, DAAQ from the yeast Rhodotorula gracilis has become the most widely
applied isoform in chemogenetic systems, owing to its favorable kinetics compared to
mammalian homologs. For the commonly used alanine substrate, the K, for yeast DAAO
is two orders of magnitude lower than for porcine DAAQ [2.8 nM versus 420 mM (94)].
Similarly, the yeast DAAQ is over an order of magnitude more efficient than human DAAO
(89, 95). These faster kinetic properties of yeast DAAO are essential to enable its use as

an experimental tool. Because it can be activated by substrate concentrations far below

the K, of endogenous mammalian DAAOs (96), off-target effects from the activation

of endogenous DAAOS by exogenous p-amino acids can be minimized. In addition to
chemogenetic applications aimed at better understanding the roles of H,O5 in cardiovascular
biology and heart failure therapeutics, DAAOs have been investigated as targeted anticancer
therapies. Relying on the known pathological effects of excess H,0,, DAAQOs have been
overexpressed in tumor cells, which can be killed by supplying a p-amino acid substrate
that spares normal cells (97). These efforts have led to the development of novel engineered
DAAOs with even more favorable kinetics than natural yeast-derived enzymes and may one
day be deployed in chemogenetic studies as well. Different DAAO isoforms have different
substrate selectivity, but most in vivo studies exploiting DAAO have utilized p-alanine
(p-ala), which has the dual advantages of having both a low K, and low cost [p-ala is

used in commercial applications and is available in bulk (98)]. Yeast DAAO shows activity
on a wide variety of b-amino acid substrates (94), and amino acids other than alanine,
including nonnatural amino acids, warrant future investigation. Of particular interest is the
potential to supply p-cysteine as a substrate, which can generate hydrogen sulfide (H,S), a
diffusible gas, which has been shown to play a central role in signaling in a diverse set of
organ systems (99-103). Furthermore, the fact that DAAQ is a genetically encoded enzyme
enables it to be targeted to specific subcellular locations and permits it to be fused to a ROS
biosensor such as the H,O,-sensitive HyPer, allowing for the simultaneous production of
H,0, (by DAAO) and the real-time quantitation of intracellular H,O, levels using live-cell
fluorescent imaging (58, 96).

Although an important addition to the redox pharmacologist’s tool box, DAAQO-based
chemogenetic systems possess several experimental inconveniences. In addition to the
potentially confounding effects of activation of endogenous DAAOs discussed above,

the reactions catalyzed by DAAO (Figure 1b) yield two important byproducts of H,0,
production: an alpha ketoacid derived from the substrate p-amino acid and equimolar
ammonia. Oxidation of the p-ala substrate generates pyruvate, which is relatively ubiquitous
in metabolically active tissues as an end product of glycolysis and a precursor for the
tricarboxylic acid cycle (104). Ammonia, on the other hand, has been reported to activate
some of the same signaling responses as H,0», including the mechanistic target of
rapamycin (mTOR) pathway (105). However, the cellular concentrations of ammonia and
pyruvate are several orders of magnitude higher than that of H,O, (106, 107). Ammonia also
has its own buffering system through glutamine pathways (56). It is also important to note
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that pyruvate and ammonia are produced in equimolar quantities as H,O, by DAAO. While
it is difficult to definitively measure the amount of H,0, generated by DAAO in cells, it

has been estimated that full enzyme activation results in [H,0,]; of approximately 50 nM,
about double the [H205] in most resting cells (108). Because intracellular concentrations of
pyruvate and ammonia are orders of magnitude higher than the typical levels of H,0o, a
nominal relative increase in these products is expected, whereas H,O5 levels may increase
twofold or greater (depending on the level of recombinant protein expression and the
duration of enzyme activation). While little plausibility exists for meaningful changes in
pyruvate or ammonia concentrations following DAAQ activation, definitive measurement

of these metabolites is lacking and will be important for excluding their potential roles in
responses elicited by DAAO activation. A similar caveat applies when p-cysteine is provided
as a substrate for DAAO: H,S will be generated (109) as well as H,O5, and H,S could then
modulate a range of downstream signaling responses (110, 111). However, the chemogenetic
generation of HoS from DAAO/Dp-cysteine has not yet been explored in detail in cellular
models.

In Vitro Applications of DAAO-Based Chemogenetics to Study Mechanisms of H,O»

Toxicity
Following the adaptation and optimization of DAAQO from yeast to mammalian systems
discussed above, some of its first applications explored the ability of intracellular H,0,
generation to induce a shift from physiology to pathology. Huang & Sikes (112) expressed
DAAO along with the fluorescent biosensor HyPer in HeLa cells to investigate the
parameters that drive apoptosis in response to oxidative stress. After applying a kinetic
model to infer the intracellular H,O, concentration from changes in HyPer fluorescence,
they observed that not one but two thresholds must be crossed in order to reliably trigger cell
death: First, the absolute intracellular H,O, concentration must be more than ~40 nM, and
second, the concentration integrated over time must exceed ~50 nM/h (113). Unless both of
these conditions were met, toxicity did not reliably occur.

The next steps in the in vitro application of DAAO chemogenetics leveraged the ability
to target the enzyme to specific subcellular compartments, thereby allowing for both
spatial and temporal control of H,O, production and enabling the study of local ROS in
toxicity. Stein et al. (114) targeted DAAO to the mitochondrial matrix of HeLa cells and
demonstrated the ability to progressively oxidize protein sulfhydryl groups in not only
the mitochondrial matrix but also the cytosol in a dose-dependent manner. By measuring
the dimerization of peroxiredoxin isoforms 2 (in the cytosol) and 3 (in the mitochondrial
matrix), they demonstrated that supplying increasing amounts of p-ala substrate induced
increasing oxidation of thiol groups. This progression to sulfenic residues (able to dimerize
peroxiredoxins through disulfide bond formation) and then to the nonreactive/irreversible
sulfinic moiety occurred primarily after mitochondrial generation of H,O, at lower doses
of p-ala but spread to the cytosol at higher doses. Similar to prior observations with
cytosolic DAAO expression, a time-integrated exposure to p-ala correlated with collapse
of the mitochondrial membrane potential and cellular toxicity.
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While excessive amounts of ROS have long been known to be capable of inducing cell
death (at least when supplied exogenously as H»05), the diverse physiological roles of
oxidants as signaling molecules have proved more difficult to understand. In order to better
define the spatiotemporal kinetics of the diffusion of endogenous oxidants, Mishina et

al. (115) targeted DAAO to the nucleus and measured diffusion of H,O, by measuring
changes in fluorescence of the H,O,-sensitive biosensor HyPer. They anchored HyPer to
the cytoskeleton by fusing it to keratin, thereby limiting the ability of the probe to diffuse
over short time periods. Upon addition of the DAAQO substrate p-ala, the HyPer fluorescence
revealed a gradient of oxidation in the cytosol that extended from the nucleus to the plasma
membrane. The authors then used small-molecule inhibitors to study the reducing systems
in the cells that controlled this gradient and limited H,O, diffusion. Inhibition of catalase
had no effect on the gradient from nucleus to plasma membrane, while inhibition of the
thioredoxin system abolished the gradient. This newly discovered role of thioredoxin in
maintaining spatial gradients of ROS suggests that it may serve as a therapeutic target for
either attenuating ROS diffusion (through potentiation of the enzyme) or facilitating ROS
spread (through its inhibition).

The realization that intracellular H,O, production can establish redox gradients without
necessarily inducing cell death allowed attention to turn to determining which physiological
signaling processes regulate endogenous H,O, generation and may in turn identify novel
pharmacologic targets. Eroglu et al. (116) expressed recombinant DAAQ in immortalized
human endothelial cells and used multispectral imaging methods with NO and Ca2*
biosensors to document that H,O,-promoted eNOS phosphorylation takes place without
eNOS activation (as measured by NO production) or Ca2* mobilization. Saravi et

al. (32) expressed DAAO in endothelial cells and targeted the enzyme to multiple
compartments, including the cytosol, nucleus, and plasmalemmal caveolae, which are lipid-
rich microdomains in the plasma membrane with a high density of signaling machinery.
Generation of H,0, in all three locations led to the downstream phosphorylation of eNOS,
but the protein kinase pathways involved in eNOS phosphorylation were found to depend
on the subcellular organelle in which the H,O, was generated. Cytosolic, caveolar, and
nuclear H,O» all appeared to induce phosphorylation and activation of the kinase Akt,
which then promotes the phosphorylation of the AMP-activated protein kinase (AMPK) and
eNOS. Inhibition of AMPK prevented H,O, generated in the nucleus from subsequently
inducing the phosphorylation of eNOS, but AMPK inhibition had no effect on the ability
of H,0, generated in the cytosol or caveolae to induce eNOS phosphorylation (Figure 3).
These observations suggest that generation of H,O, in different subcellular compartments
may differentially affect intracellular signaling responses. These results could not have
been reached without the application of chemogenetic tools to control H,O, production in
specific subcellular compartments.

In vivo applications of DAAO-based chemogenetics.

The studies discussed thus far have expressed DAAO in cell lines, which serve as convenient
and easily manipulated systems, but they are limited in their ability to predict changes

in the physiology of primary cell types, let alone whole organisms. Given the association

of deranged redox signaling in many human diseases (see Table 1), the transition from
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physiological to pathological redox signaling in human physiology has long garnered intense
study and interest as a potential therapeutic target in heart disease. The first in vivo
application of chemogenetic redox tools was in the heart. Steinhorn et al. (80) expressed

a cytosolic variant of DAAO fused to the H,O,-sensitive fluorescent biosensor HyPer in the
hearts of rats through a viral vector. The complementary DNA (cDNA) for HyPer, DAAQ,
and a nuclear exclusion sequence were fused and driven by a cardiac-specific cardiac
troponin T (cTnT) promoter, all of which were packaged in an AAV. Serotype 9 was chosen,
as it exhibits cardiac tropism and an altered heparin-binding domain that limits hepatic
uptake, thereby increasing systemic bioavailability (117, 118). Rat pups were infected with
a single intravenous injection of the viral vector carrying the cDNA for the HyPer-DAAO
fusion protein. The adult rat hearts demonstrated strong expression of the construct, and
ventricular myocytes isolated from these animals were capable of producing H,0, when
exposed to p-ala but not L-ala. By applying a fusion construct between DAAO and the
HyPer biosensor, real-time production of H,O, in response to DAAO activation could be
measured by ratiometric cell imaging. In vitro exposure of the myocytes to p-ala induced
both inflammatory and antioxidant transcriptional responses (80).

After demonstrating that a viral vector could achieve expression and activation of DAAQO in
cardiac myocytes, the authors chronically activated the enzyme in vivo. p-ala was added to
the water of control animals (expressing only HyPer) and of animals expressing the HyPer-
DAAO construct (80). Given the more prominent role of L-amino acids in mammalian
physiology, gastrointestinal transport ofo-amino acids has received far less study, but as
discussed above, intestinal transporters responsible for amino acid uptake are relatively
agnostic to amino acid chirality (81), an important feature facilitating in vivo chemogenetic
approaches. Chronic (4-week) activation of DAAO in rat hearts induced systolic dysfunction
and a dilated cardiomyopathy, demonstrating for the first time that increased oxidative stress
is sufficient to cause heart failure. The systolic dysfunction was associated with a decrease
in phospholamban phosphorylation at both the PKA and CamKI| sites, reflecting decreased
B-adrenergic flux (119-121). Consistent with a chronic shift toward an oxidative state, the
availability of glutathione reducing power was diminished, while antioxidant transcriptional
programs appeared to be activated.

After characterizing this new model of heart failure driven by the toxic effects of excess
ROS production, Sorrentino et al. (84) investigated whether drugs used to treat heart failure
could alter the deranged oxidant signaling and heart failure phenotype. Heart failure was
induced in rats by intracardiac expression of DAAO and the addition of p-ala substrate

in the drinking water, and then the rats were treated with either the combination drug
sacubitril (a neprilysin inhibitor) (122) plus valsartan (an angiotensin receptor blocker) or
valsartan alone. Both drugs reversed the systolic dysfunction caused by chronic DAAO
activation. The authors also found that the degree of intracellular oxidation, as measured
by 8-hydroxyguanosine (123), was reduced, suggesting that part of the mechanism of these
drugs may be a restoration of redox state toward physiological levels. Additionally, chronic
oxidative stress by activation of DAAO led to a shift in metabolic substrate preference

to glucose, as measured by glucose uptake by 18F-FDG positron emission tomography, a
change that was also reversed by drug treatment. These observations are similar to several
other animal models of heart failure and are consistent with findings in cardiac tissues of
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human heart failure patients (124). The finding that chemogenetic heart failure is reversible
following drug treatment may permit the identification of new therapeutic targets using
this animal model. This new heart failure model helps to establish a proof of principle

that chemogenetic approaches can be used to establish a pathological approach caused by
oxidative stress and to then successfully reverse the phenotype with drug treatment. In so
many disease states in which oxidative stress is implicated, association and causation are
confounded by the complexity of disease pathogenesis. The application of chemogenetics
permits the dynamic control of redox stress and can help to establish a causal role for ROS
and facilitate the identification of new therapeutic targets.

CONCLUDING REMARKS

Chemogenetic approaches have provided important new insights into diverse pathways in
normal cells and in disease states. DREADD-based chemogenetic approaches are now being
expanded to study cardiovascular tissues and recently have identified new therapeutic targets
of currently used drugs and have uncovered new pathways leading to arrhythmogenicity
following activation of Gq-based GPCRs by a vasoactive drug. DAAO-based approaches
show great promise both in permitting the dissection of intracellular oxidant pathways and

in identifying the transition from physiological to toxic levels of ROS. In addition, the
generation of informative new animal models of chemogenetic oxidative stress has the
potential to aid in the identification of new therapeutic targets for heart failure. To this

point, in vivo models based upon DAAO have been limited to virus (AAV)-based methods to
target the recombinant enzyme to specific tissues. The availability of transgenic mouse lines
expressing DAAO under the control of tissue-specific promoters should permit analyses of
the diverse disease states in which oxidative stress has been implicated not only in the heart
but also in the many other organ systems that have lacked tools to precisely manipulate
subcellular redox states in vivo. These transgenic mouse models will not only facilitate the
development and validation of novel therapeutic targets in diseases caused by pathological
oxidative stress but also permit the study of oxidants that are involved in physiological redox
eustress pathways.
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SUMMARY POINTS

1 Chemogenetic approaches based on p-amino acid oxidase (DAAO) have
enabled the precise control of intracellular reactive oxygen species (ROS)
levels and permit the analysis of both the toxic effects of excess ROS and
physiological pathways that involve ROS-dependent signaling.

2. Chemogenetic generation of redox stress in the heart rapidly leads to cardiac
dysfunction, which can be reversed by drug treatment. This new form of heart
failure isolates oxidative stress as a single causative factor and can serve as a
model for validating drugs that modulate redox pathways in heart failure and
other disease states.

3. Subcellular targeting of DAAO enables the study of the role of subcellular
ROS production in physiology and disease.

4, The DAAO-based model of oxidative stress can be expanded to other tissues
through transgenic models with inducible expression of the DAAO enzyme,
enabling the study of redox stress in the many other tissues where alterations
in redox state have been associated with disease.

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2023 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Steinhorn et al. Page 21

a pe Ty 0, Molecular
o eoou o ° oxygen
wl N Half-life:
i _
e Superoxide
-] (-] -8
agﬂg. 03 ke Seconds
N
+e-, 2H
L 4
Aen Hydrogen ;
-] L] -]
Ha gng oH H,0, peroxide Minutes
sl N
+e” ¥
id Hydroxyl i
.gg H OHe radicai Milliseconds
oV
+e~, H
© Paired electrons A\
@ Unpaired electrons H,0 Water

p-Amino acid a-Keto acid

0, H;0;

HyPer reduced HyPer oxidized

Figure 1.
Intracellular redox reactions modulated by p-amino acid oxidase (DAAO). (&) Successive

one-electron reduction of molecular oxygen (O5) to superoxide radical anion (O,*7), to
hydrogen peroxide (H205), to the unstable hydroxyl radical (OH"), and finally to water
(H,0). (b) Oxidation of b-amino acids by DAAO to form H,0,. DAAQ converts p-amino
acids into their corresponding a-keto acids along with equimolar H,O, and ammonia (NH3),
with O, serving as a cosubstrate and flavin adenine dinucleotide (FAD) as the cofactor
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needed for catalysis of the enzymatic reaction. Panel 6 adapted from images created with
BioRender.com.
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Figure 2.
Reactive oxygen species (ROS) hormesis showing biphasic cellular responses to ROS.

Hormesis can be defined as a biphasic dose response in which a specific chemical
subserves a physiological role at lower concentrations yet has a pathological effect at higher
concentrations. This is a fundamental feature of ROS in cells and tissues, with lower ROS
concentrations causing oxidative eustress to mediate physiological cellular responses, while
higher concentrations of ROS lead to oxidative distress and to the development of cellular
dysfunction and disease (25). Figure adapted from images created with BioRender.com.
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Figure 3.

Schematic model for the effects of differentially targeted hydrogen peroxide (H,05) on
endothelial nitric oxide synthase (eNOS) phosphorylation pathways. This figure presents
a model summarizing studies of endothelial cells expressing recombinant differentially
targeted p-amino acid oxidase (DAAO). These experiments probed the effects of H,0,
generated in distinct subcellular compartments on oxidant-modulated phosphorylation
pathways in vascular endothelial cells. DAAO is a soluble protein but can be targeted

to different subcellular locales using N-terminal signal sequences. Following addition of
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the DAAO substrate p-alanine, the phosphorylation of key phosphoenzymes was analyzed.
H,0, synthesized by DAAO constructs targeted either to endothelial cell nucleus (right)

or to caveolae (7ef?) led to the activation of protein kinase pathways that promote the
phosphorylation of eNOS. H,0, generated in either the nucleus or the cytosol leads to
phosphorylation of the kinases PI3K, Aktl, and AMP-activated protein kinase (AMPK) and
to the phosphorylation of acetyl CoA carboxylase (ACC) and eNOS. But only the H,0,
generated in the endothelial cell nucleus, not in the caveolae, leads to eNOS phosphorylation
via AMPK: Caveola-derived H,O, does not promote eNOS phosphorylation via AMPK,
suggesting that different cellular pools of AMPK may be differentially regulated by
oxidants. This figure exemplifies the importance of the subcellular localization of oxidants
in the modulation of cell signaling pathways. Figure adapted from Reference 32 using
BioRender.com.
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Figure 4.

Comparison of conventional versus chemogenetic approaches to perturb cellular redox
balance. (Left) Conventional approach to perturb intracellular redox balance by adding
exogenous hydrogen peroxide (H,0,) or redox-active small molecules to cells or tissues.
The direct addition of H,0, to cells has highly variable effects on intracellular pathways
due to the variable permeability of cell membranes to HoO5 and the differential distribution
of H,0, between intracellular organelles. Moreover, the concentrations of exogenous H,0,
needed to activate physiological pathways can also produce toxic effects on cells. Redox-
active small molecules can also be added to cells, with variable (and often nonspecific)
effects on intracellular oxidants. (Right) A chemogenetic approach that permits dynamic
regulation of H,O, generated by recombinant yeast p-amino acid oxidase (DAAQ)
expressed in mammalian cells. H,O, can be reversibly generated in specific intracellular
organelles by providing (or withholding) p-amino acids. DAAQ can be cloned as a fusion
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protein along with the H,O, biosensor HyPer to document H,O, formation within specific
subcellular compartments. Alternatively, the DAAO and HyPer can be differentially targeted
to distinct subcellular organelles to study intracellular H,O, diffusion from the site of H,0O,
synthesis by DAAO to the organelle in which H,0 is detected by HyPer. Chemogenetic
approaches have been used both in cultured cells and in animals in vivo to dissect both
physiological and pathophysiological oxidant-modulated pathways. Chemogenetic methods
have enabled experimenters to isolate redox state as an independent variable of both in

vitro and in vivo systems. Moreover, biosensors can be targeted to compartments distinct
from the organelle expressing DAAO, enabling the experimenter to study the effects of
oxidants generated in different subcellular locales. Figure adapted from images created with
BioRender.com.
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Chemogenetics: recombinant stereo-
specific enzyme activated by substrate
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Figure5.
Comparison of optogenetics with ligand-activated versus substrate-dependent chemogenetic

manipulation of cellular responses. The figure contrasts the basic features of dynamic
cellular control by optogenetic or chemogenetic approaches. In experiments exploiting
optogenetics (/ef?), the recombinant protein (typically an ion channel) is dynamically
modulated by light at a specific wavelength, leading to dynamic activation or deactivation of
the channel either in vitro or using intravital approaches (76) to control channel activity. The
middle and right panels contrast two different chemogenetic approaches: ligand-based cell
activation [designer receptors exclusively activated by designer drugs (DREADD), middle]
or substrate activated [p-amino acid oxidase (DAAQ), righfl. DREADD methods employ
genetically engineered cell surface receptors—typically G protein—coupled receptors—that
are designed to be activated only by highly specific ligands, which are designer drugs

that are chemically modified to interact exclusively with their target receptor but otherwise
elicit no other cellular response. Thus, recombinant DREADD receptors can be targeted

to specific cells or tissues and remain quiescent until their cognate ligand is provided and
activates the DREADD receptor, leading to the stimulation of receptor-mediated responses.
In contrast to ligand-based DREADD chemogenetics, DAAQ represents the archetype for
substrate-based chemogenetic approaches, in which recombinant (yeast) DAAQ is targeted
to specific organelles within mammalian cells or tissues. The recombinant DAAO enzyme
remains quiescent until its p-amino acid substrate is provided to the animal or cell, leading
to the generation of hydrogen peroxide (H205) in the subcellular organelle to which the
DAAQ is targeted by means of N-terminal signal sequences. Figure adapted from images
created with BioRender.com.
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Summary of animal models for human cardiovascular disease states that are associated with oxidative stress

Human cardiovascular disease state

Animal models

Key review

Atherosclerosis

ApoE KO, others

6

Hypertension

Renal artery ligation, high-salt diet, Ang-I1 infusion

125

Heart failure (both HFrEF and HFpEF)

TAC, aortocaval fistula, genetic models, HFD and L-NAME

Diabetic cardiomyopathy

HFD, STZ, ob/ob mouse, db/ab mouse

126

Myocardial infarction

LAD ligation, ischemia/reperfusion

This table lists the principal animal models for various human cardiovascular states, with the unifying feature that all these diseases have been
observed to be associated with excess reactive oxygen species. Abbreviations: Ang-11, angiotensin-11; HFD, high-fat diet; HFpEF, heart failure with

preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; KO, knockout; L-NAME, N-®nitro-L-arginine methyl ester; LAD,

left anterior descending artery; STZ, streptozocin; TAC, transverse aortic constriction.
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