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Abstract

A common approach to investigate oxidant-regulated intracellular pathways is to add exogenous
H,0, to living cells or tissues. However, the addition of H,O, to the culture medium of cells

or tissues approach does not accurately replicate intracellular redox-mediated cell responses.
D-amino acid oxidase (DAAQ)-based chemogenetic tools represent informative methodological
advances that permit the generation of H,O, on demand with a high spatiotemporal resolution
by providing or withdrawing the DAAQ substrate D-amino acids. Much has been learned about
the intracellular transport of H,O5 through studies using DAAO, yet these valuable tools remain
incompletely characterized in many cultured cells. In this study, we describe and characterize

in detail the features of a new modified variant of DAAQO (termed mDAAOQ) with improved
catalytic activities. We tested mDAAQ functionality in several cultured cell lines employing
live-cell imaging techniques. Our imaging experiments show that mMDAAO is suitable for

the generation of H,0O, under hypoxic conditions imaged with the novel ultrasensitive H,0,
sensor (HyPer7). Moreover, this approach was suitable for generating H,O, in a reversible and
concentration-dependent manner in subcellular locales. Furthermore, we show that the choice
of D-amino acids differentially affects mnDAAO-dependent intracellular H,O, generation. When
paired with the hydrogen sulfide (H»S) sensor hsGFP, administration of the sulfur-containing
amino acid D-cysteine to cells expressing mDAAO generates robust H»S signals. We also

show that chemogenetic H,O, generation in different cell types yields distinct HyPer7 profiles.
These studies fully characterize the new mDAAO as a novel chemogenetic tool and provide
multiparametric approaches for cell manipulation that may open new lines of investigations for
redox biochemists to dissect the role of ROS signaling pathways with high spatial and temporal
precision.
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Introduction

Hydrogen peroxide (H205) is one the most studied reactive oxygen species (ROS) in biology
both because of its involvement in pathological oxidative distress as well as its roles as
a critical cell signaling molecule in redox-regulated pathways [1]. H,O, causes oxidative
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distress at higher concentrations, while lower H,O, concentrations lead to oxidative
eustress that can drive physiological redox-signaling [2]. Natural sources for H,O5 include
the enzymatic dismutation of superoxide anion (O,™) generated by the mitochondrial
respiration chain, as well as intracellular enzymes capable of directly synthesizing H,O,,
such as NADPH oxidase 4 (Nox4) [3]. Under physiological conditions, these biochemical
reactions are restricted to specific intracellular sites modulating redox-sensitive responses
[4]. Yet, for many decades, HoO5 responses were typically studied by administering high
concentrations of exogenous H,O» to cells and tissues, which often led to contradictory
results [5-7]. This approach may be informative in some experimental applications, yet in
general, the practice of exposing cells to exogenous H,O5 fails to model the complexities
of spatially-restricted redox-mediated signaling pathways in cells [6]. Owing in part to
the lack of suitable experimental tools, the intracellular roles of endogenous H,O, remain
incompletely understood.

Over the last few years, a chemogenetic approach to generate H,O, using recombinant
yeast-derived D-amino acid oxidases (DAAQ) has emerged as a novel technique that

permits dynamic control of intracellular H,O, [8-11]. By differentially targeting genetically
encoded recombinant DAAO constructs, HoO, can be generated in different subcellular
locales simply by supplying the enzyme’s D-amino acid substrate [6,8]. The provision

or withdrawal of D-amino acids can thereby modulate oxidant-regulated pathways in
particular intracellular sites in living cells and tissues. The use of genetically-encoded H,O»
biosensors, such as HyPer [12-14], allows simultaneous production of H,O, (by DAAQ)
and real-time detection (by HyPer) using high-resolution live-cell fluorescence imaging [15].

Contemporaneous advances in other genetically encoded biosensors have allowed the
precise quantitation of diverse second messenger molecules, including other reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [16—21]. Combining chemogenetic
approaches with next-generation biosensor methodologies has opened up new lines of
investigation in complex model systems. Multispectral and multiparametric imaging allow
the analysis of intracellular redox dynamics with high precision [22-26]. These approaches
can be highly informative and enable the dynamic monitoring of oxidant-modulated

cellular responses both in physiological conditions and in disease states characterized by
pathological oxidative stress.

The experimental conditions optimal for exploiting chemogenetic tools paired with genetic
biosensors are still being developed and validated in diverse cell systems [22]. In this paper,
we characterize a mutated version of DAAO (“mDAAQO”) and use this new chemogenetic
construct in multiparametric imaging approaches exploiting recently developed informative
biosensors [27,28]. We also provide new insights in the effects of different D-amino

acid substrates on mDAAO-modulated H,O, production. Our methods and multiparametric
imaging techniques may provide new technological strategies to apply chemogenetic tools
more precisely across a broad range of experimental conditions.
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Material and Methods

Chemicals

Cell culture

Dulbecco’s modified Eagle’s medium (DMEM), phenol-free DMEM, penicillin and
streptomycin, trypsin, and fetal bovine serum (FBS) were purchased from Pan Biotech
(Aidenbach, Germany). High glucose DMEM without methionine and cysteine were
purchased from Sigma Aldrich (Istanbul, Turkey). Cell culture supplements such as
normocin were purchased from Invivogen (Toulouse — France) and hypoxanthine (HAT)
supplements from LGC Standards (Istanbul, Turkey). Transfection reagent Polyjet was
purchased from Signagen (Maryland, USA). D-amino acids D-alanine, D-arginine, D-
phenylalanine, D-methionine, and D-tryptophan were purchased from Alfa Aesar (Landau,
Germany). D-serine, D-valine, were purchased from Sigma Aldrich (Istanbul, Turkey). D-
cysteine was purchased from ChemCruz (Heidelberg, Germany). P-Azido-L-phenylalanine
(pAzF) was purchased from Bachem (Bubendorf, Swiss). L-Alanine and all chemicals to
prepare imaging media and buffer solutions were purchased from neoFroxx (Einhausen,
Germany).

Human embryonic kidney cells (HEK293), HeLa cells, human colon carcinoma cells
(HCT116), and Uppsala 87 malignant glioma cells (U-87 MG) were grown in a high-glucose
(4.5 g/L)) complete medium including 10% FBS and 100 pg/ml streptomycin and 100

U/ml penicillin in a humidified incubator (37 °C, 5% CO>). Immortalized human umbilical
vein endothelial cells (EA.hy926) were cultured in the same complete media as the cell

lines described above except for additional supplements, including 2% HAT supplement
(consisting of sodium hypoxanthine (5 mM), aminopterin (20 uM), and thymidine (0.8
mM)) and 100 pg/ml normocin. One day before transfection, cells were seeded (~3 x 10°
cells per well) on a 30 mm glass coverslips No.1 (Glaswarenfabrik Karl Knecht Sondheim,
Germany). At ~70-80% confluency, cells were co-transfected with CMV-driven mammalian
expression vectors (AAV-MSC (Stratagene) or pCS2 (RZPD)) encoding the chemogenetic
DAAO enzymes or genetically encoded biosensors using PolyJet transfection reagent
according to the manufacturer’s instructions. All imaging experiments were performed 24

h after transfection. HEK293 cells transfected with hsGFP were cultured in a complete
medium without L-methionine and L-cysteine containing 1 mM p-Azido-L-phenylalanine
(pAzF) for 36-48 h. After this incubation, the culture medium was replaced by a fresh
completemedium without L-methionine, L-cysteine, and pAzF for an additional 12 h to
deplete the remaining pAzF before imaging experiments. All cell lines were cultured up to
passage 30.

Molecular Cloning

DAAO constructs were differentially targeted to the cell nucleus [29], mitochondria matrix
[30], and cytosol [31] using signal sequences, and were tagged with the red fluorescent
protein mCherry2. The cDNA for mCherry2-mDAAO-NLS was synthesized and subcloned
in the CMV-driven mammalian expression vector AAV-MSC (Stratagene) using the flanking
restriction sites EcoRI and Hindlll. The mitochondria-targeted constructs were generated by
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introducing a double tandem signal sequence of COXVIII by introducing the restriction site
Agel.

Buffer solutions and imaging media

Unless otherwise stated, all chemicals were purchased from neoFroxx (Einhausen,
Germany). Prior to imaging experiments, cells were incubated at room temperature in a

cell storage buffer consisting of 138 mM NaCl, 2 mM CaCl,, 5 mM KCI, 1 mM MgCl,, 1
mM HEPES, 2.6 mM NaHCO3, 0.44 mM KH,POy, 0.34 mM NayHPO4, 10 mM D-glucose,
0.1% vitamins, 0.2% essential amino acids, and 1% penicillin/streptomycin, pH 7.4 for 40
min. Imaging media for superfusing cells was a HEPES-buffered physiological salt solution
consisting of 138 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10mM D-glucose, 10
mM HEPES. All imaging buffers were adjusted to pH 7.4. All D-amino acids were prepared
fresh on the day of the experiment and dissolved in physiological buffer. For hypoxia
experiments, physiological salt solution was bubbled for 1 hour at room temperature with
nitrogen (N») gas, and pH was subsequently adjusted. No-mediated hypoxia was maintained
during the imaging experiments.

Real-time fluorescence imaging and high—resolution confocal microscopy

Real-time cell imaging experiments were performed on inverted wide-field epifluorescent
microscopes, either the Axio Observer.Z1/7 or the Axio Vert.Al (Zeiss, Germany).

These microscopes are equipped with a Plan-Apochromat 20x/0.8 dry objective, a Plan-
Apochromat 40x/1.4 DIC (UV) VIR-IR oil immersion objective, and monochrome CCD
cameras Axiocam 503. Axio Observer.Z1/7 was equipped with an LED light source Colibri
7 R[C/Y] CBV-UV and Axio Vert.Al with an LED light source Colibri 2 (365nm, 470

nm, 625nm). For ratiometric imaging of HyPer7, the Axio Observer.Z1/7 was used. Probes
were alternately excited with the excitation wavelength of 423/44 nm and 469/38 nm using
LED modules of Colibri 7, and emission was alternately collected using a motorized dual
filter wheel equipped with the filter combinations: beam splitter FT455 (for HyPer low),
FT495 (for HyPer high) and emission filter BP 525/50 for both channels. For the HyPer
ratio, the GFP emission excited in the GFP channel was divided by the GFP emission
excited in the CFP channel (F469/F423). Intensiometric HyPer 7 imaging was performed
using Axio Observer.Z1/7 by exciting with 469/38 nm, and the emission was collected

with the filter combinations FT495 (BS) and emission filter BP 525/50. Differentially
targeted mCherry-mDAAQ imaging with Axio Observer.Z1/7 was excited with 555/30 nm,
and emission was collected with the filter combinations FT570 (BS) and emission filter

BP 605/70. Intensiometric HyPer 7 imaging on Axio Vert.Al was excited with the LED
module 470 nm, and emission was collected with the filter cube combination number 38
(GFP). mCherry-mDAAO images were taken by excitation with the LED module white,
and emission was collected with the filter cube combination 43 (DsRed). Data acquisition
and control on both imaging systems was carried out using the Zen Blue 3.1 software
(Zeiss, Germany). All imaging experiments were performed using a gravity-based or pump-
driven custom perfusion system to supply or withdraw drugs or substrates to the cells. The
perfusion chamber was purchased from NGFI (Graz, Austria). Camera binning for real-time
imaging was set to 4x4, light intensities were adjusted between 1.5% and 5%, and exposure
times were adjusted according to the expression rate set between 30 ms and 300 ms.
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High-resolution confocal images were taken using a laser scanning confocal microscope
LSM 800 (Zeiss, Germany) equipped with a Plan-Apochromat 40x/1.3 DIC (UV) VIS-IS
oil immersion objective. Differentially targeted HyPer7 were excited with a 488 nm and
405 nm laser, and emissions were collected using a 509 nm filter system. Fluorescence
detection was acquired with an A GaAsP-PMT detector and 400-565 nm filter using a
Multialkali-PMT detector. mCherry-mDAAQ constructs were excited using a 561 nm laser,
and emission wavelength was captured between 616-700 nm. The digital detector gain for
all channels was set at 1; detector gain was applied between 500-1000 V. Laser intensities
were set between 0.90% to 0.95%, and the pinhole was set between 29-32 um according
to the expression level of the fluorescent proteins. Bright-field images were taken using

a photodiode detector. Regions of interest were selected and processed using Zen Blue
3.1 software (Zeiss, Germany). All experiments have been conducted under normal air
conditions (18 kPa) unless stated otherwise in the figure legends (see Figure 2).

Design and generation of an oxygen-controlled on-stage chamber and experimental

procedure

The oxygen-controlled on-stage chamber was designed in computer-aided design (CAD)

to fit the microscope stage of an Axio Observer.Z1/7. The chamber was 3D printed using
stereolithography methods (Formlabs Form 3, Cat No: PKG-F3-WSVC-BASIC, USA) using
white resin (Formlabs White Resin, Cat No: RS-F2-GPWH-04, USA). After 3D printing, the
chamber was washed with isopropanol and cured by exposing the construct to 405 nm light
at 65°C for 1h (Form Cure, Cat No: FH-CU-01, USA). For live-cell imaging under oxygen-
controlled conditions, cells were placed in a perfusion chamber (NGFI, Austria) which was
placed into an airtight hypoxia chamber sealed with a Plexiglas. Air in the chamber was
displaced with 99.9% N, gas using silicon tubing holes. O, levels were measured using

an Arduino IDE-based oxygen sensor integrated into the chamber (Grove Oxygen Sensor,
Winsen, Cat No: 101020002, China). Buffers were also gassed with 99.9% N, using a
magnetic stirrer. When < 5% O-, levels were reached in the chamber, cells were incubated
under low oxygen conditions (5% - 1% O,) for 2 hours before the experiment. After
preincubation, real-time imaging experiments were performed using N»-gassed buffers.

Statistical analysis

All acquired imaging data were analyzed using GraphPad Prism software version 5.04
(GraphPad Software, San Diego, CA, USA). All experiments were repeated at least three
times. The number of experiments is given as ‘N’, and the total number of cells imaged

is indicated as “n.” For instance: 3/18 indicates N=3 (triplicate) and n=18 (number of cells
imaged in this particular experiment. All statistical data are presented as +SD in addition to
the representative real-time traces shown as curves (if not indicated otherwise). Statistical
comparison of two groups was evaluated using a two-tailed Student t-test. Statistical
significances were considered significant and indicated with “*”. Statistical comparisons
of multiple groups, one-way ANOVA analyses of variances with post-test Bonferroni
(comparison of all pairs of columns), or Dunnett (multiple comparison post test), or Mixed
effect analysis (Tukey’s multiple comparison test) were performed. Concentration-response
curves were calculated using non-linear regression (log agonist vs log response) and the
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application of the formula: Y=Bottom + (Top-Bottom)/(1+10"((LogEC50-X))). All single
values for concentration-response were performed at least in triplicate.

Expression and functional characterization of mDAAO in single cells

Figure 1A shows a schematic of DAAO catalysis, in which the yeast-derived enzyme
oxidizes D-amino acids to their corresponding alpha-keto acids in the presence of FAD

and molecular oxygen (O5), producing equimolar concentrations of H,O,, pyruvate, and
ammonia (NH3). Due to the high intracellular concentrations of pyruvate and NH3, the
generation of these DAAQ co-products yields only a negligible effect on pyruvate and
ammonia levels in cells, whereas there is a striking fold increase in levels of intracellular
H,0, following DAAO activation [32]. A mutant DAAO variant (termed mDAAQ) has been
developed that was found to have a ten-fold lower K, for the DAAO co-substrate O, [33].
We hypothesized that this more O,-sensitive mMDAAO mutant might have advantages over
the original DAAQ construct. To our knowledge, the mDAAO mutant has not previously
been reported in chemogenetic applications. We generated mMDAAO by introducing five
distinct amino acid substitutions into the wild-type DAAQO, which include S19G, S120P,
Q144R, K321M, and A345V mutations as previously described [33]. We then made a
chimeric construct in which the mDAAQO was fused to a red fluorescent protein (mCherry)
at the N-terminus of the mDAAO enzyme. For our initial characterizations of the mCherry-
mDAAO constructs, we studied HEK?293 cells, a cell line that can be efficiently transfected
and imaged. To confirm the functionality of mDAAQO, we employed real-time imaging of
H,0, using the recently developed genetically encoded biosensor HyPer7 [27]. HyPer7
permits the detection of chemogenetically-produced H,O, with high spatial and temporal
resolution as it reversibly and rapidly increases its fluorescence when oxidized by H,0,
(Figure 1A). D-alanine yields robust and reliable chemogenetic H,O, signals in cells

and tissues expressing mDAAQ and HyPer7. To date, most of the cell- and tissue-based
chemogenetic reports on DAAO have utilized D-alanine as the DAAO substrate to generate
intracellular H,O,. We tested mDAAO functionality in HEK293 cells co-expressing
mDAAO and HyPer7 by providing D-alanine (1 mM) to cells. As expected, D-alanine
treatment led to a rapid increase of the HyPer7 ratio signal that plateaued within minutes,
while L-alanine treatment did not affect the HyPer7 signal (Figure 1B-D), confirming

the stereoselectivity of mMDAAO for D-amino acids. Subsequent addition of 50 uM H,0-,
directly to the cells in culture significantly increased the HyPer7 ratio in cells treated with
L-alanine, but led to no further increase in the HyPer7 signal in cells that had been treated
with D-alanine. These observations indicate that 1 mM D-alanine is sufficient to robustly
and rapidly generate intracellular H,O5 to a level similar to that seen when 50 uM H,0, is
added exogenously.

mDAAO is suitable for chemogenetic H,O, generation under hypoxic conditions

Previous studies have shown that the mDAAQO enzyme has significantly higher enzymatic
activity at low O, and low D-alanine concentrations compared to wild-type DAAO [33].
We compared the wild-type DAAO and mDAAO under hypoxic conditions utilizing a
hypoxia chamber with an integrated oxygen sensor to control the pO, levels in the chamber
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during imaging (Figure 2A). Before the imaging experiments, cells were placed in a metal
superfusion chamber that was fixed in the hypoxia chamber under airtight conditions and
continuously gassed with N5 for 2 hours to establish hypoxic conditions in the chamber and
to allow cells to adapt to low oxygen (Figure 2B). We used a pump-driven custom-made
superfusion system to provide and withdraw the imaging media and continuously purged
the buffers and the hypoxia chamber with N, gas. The rate of the maximum amplitude of
the HyPer7 ratio in response to D-alanine administration to cells expressing mDAAQO was
significantly higher than for wild-type DAAO, indicating increased levels of H,O, derived
from mDAAO under hypoxic conditions (Figure 2C+D). Kinetic analyses showed that the
rate of the HyPer ratio increase over time was also significantly higher in cells expressing
mDAAO than with wild-type DAAO, further confirming the greater activity of mDAAO
under hypoxic conditions (Figure 2E). Our observations demonstrate that both mDAAO and
HyPer7 are suitable for live-cell imaging studies under hypoxic conditions, and show that
mDAAO vyields a more robust HyPer7 signal compared to wild-type DAAO.

Substrate and locale-dependent kinetic activity of mDAAQO’s

We next generated differentially-targeted mCherry-mDAAO constructs to test the
performance of these constructs in three specific subcellular locales: mitochondria, cytosol,
and nucleus. We again used HEK?293 cells, and co-transfected cells with the differentially-
targeted mCherry tagged mDAAQO and HyPer7 plasmid constructs. High-resolution laser
scanning confocal microscopy images confirmed correct localization and similar expression
levels of both constructs in a given cell (Figure 3A-C). Addition and withdrawal of D-
alanine (10 mM) for a short period (300 seconds) evoked a rapid and strong H,0O, signal
that plateaued within a few minutes in all three compartments tested. The recovery phase

of the HyPer7 signal lasted for approximately 60 more minutes until the HyPer7 ratio

signal returned to baseline. Subsequent D-alanine treatment with the same concentration and
duration evoked similar HyPer7 profiles and levels as were observed following the initial
addition of substrate (left panels of Figure 3D-F). These experiments verify the reversibility
and functionality of both the H,O, generator (MDAAO) and the H,O, biosensor (HyPer7)
in different subcellular locales. We next performed D-alanine concentration-response curves
in the cytosol, nucleus, and mitochondria, and recorded the HyPer7 ratios. We observed a
dose-dependent relationship between the concentration of added D-alanine and the HyPer7
ratio response in all three compartments. The half-maximal response (ECsp) values in the
three cell compartments were comparable, indicating that the substrate D-alanine can reach
different subcellular locales to activate mDAAO and generate H,O, (middle panels of Figure
3D-F). Kinetic analyses documented that the rate of increase in the HyPer7 ratio response
to D-alanine also increased in a concentration-dependent manner (right panels of Figure

3). Overall, our data confirm that the mDAAO-dependent production of H,O» in different
subcellular locales can be modulated by varying the concentration of D-alanine provided to
the transfected cells.

Different D-amino acids allow temporal manipulation of H,0, levels in cells

In mammalian cells, amino acid transporters appear to broadly distributed in different
subcellular locales, including the plasma membrane [34], the inner mitochondrial membrane
[35], and lysosomal membranes [36]. We next sought to test mMDAAO-dependent H,0,
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generation following the addition of different D-amino acids to the transfected cells. We
again used HEK293 cells and tested the kinetics of HoO, generation — measured by HyPer7
ratio — in response to different D-amino acids, each at a concentration of 1 mM. We

chose amino acids from chemically distinct classes, including polar (D-serine), charged
(D-arginine), hydrophobic (D-alanine, D-phenylalanine, D-tryptophan and D-valine), and
sulfur-containing (D-cysteine and D-methionine) amino acids. Considering D-alanine as
the standard, treatment with 1 mM D-alanine evoked a robust H,O, signal and plateaued
with a rate of 3.58 + 2.11 AF*s~L (Figure 4A). The hydrophobic amino acid D-valine
yielded a much lower HyPer7 signal (0.9 + 0.31 AF*s~1). The aromatic amino acids
D-phenylalanine and D-tryptophan yielded a robust HyPer7 signal (6.71 + 3.72 AF*s~L

and 4.46 + 2.41 AF*s~ respectively) compared to D-alanine. The positively charged amino
acid D-arginine (1.24 + 0.82 AF*s~J) elicited only a weak HyPer7 response while polar
uncharged amino acid D-serine (3.87 + 1.71 AF*s~%) displayed comparable on-kinetics to D-
alanine. Much to our surprise, the sulfur-containing amino acids D-cysteine (25.10 + 10.34
AF*s~1) and D-methionine (52.51 + 20.37 AF*s~) produced extremely robust H,0, signals
that plateaued within a few seconds (Figure 4A). The kinetics and magnitude of HyPer
signals that are observed following addition of different D-amino acids (Figure 4A) reflect
multiple independent parameters, including the rates of D-amino acid uptake transport

into the cells, the differential distribution of D-amino acid into cellular compartments,

as well the rates of enzyme catalysis for different D-amino acid substrates. As shown

in Figure 4B, 1 mM D-alanine treatment in HEK293 cells induced a robust HyPer7

signal. However, under the same experimental setup, a mixture of 1 mM D-alanine and

1 mM L-alanine yielded a significantly lower HyPer7 signal. Increasing the D-alanine
concentration relative to the L-alanine concentration yielded considerably higher HyPer7
signals. The subsequent withdrawal of L-alanine from the cell media while maintaining the
same D-alanine concentration led to a stable increase of the HyPer7 signal (Figure 4C).
These observations suggest there is competition between D- and L-amino acids at the level
of amino acid transporters - even if the mDAAQ enzyme itself is highly stereoselective for
the D enantiomer.

Real-time imaging of H,S generation with mDAAO

Hydrogen sulfide (H,S) is a gaseous second messenger involved in many biological
functions, and may have cytoprotective effects in oxidative stress [37]. H,S can be
produced from L-cysteine by cystathionine B-synthase, cystathionine-y-lyase, and 3-
mercaptopyruvate sulfurtransferase. MDAAQ’s can also generate H,S from D-cysteine when
the 3-mercaptopyruvate produced by mDAAQ is converted into pyruvate plus H,S [38].
Figure 5A shows a schematic of the D-cysteine-dependent pathway. In analogy to H,O,
generation with mDAAQO and detection with HyPer7, we used the genetically encoded H,S
biosensor hsGFP to visualize H,S [28]. hsGFP contains a synthetic amino acid in the
chromophore that becomes reduced in the presence of H,S, which leads to an increase in
fluorescence (Figure 5A, right part). To test the generation of H,S by mDAAO in response
to sulfur-containing amino acids, we again used HEK293 cells and sequentially added 1
mM D-alanine, D-methionine, and D-cysteine. As expected, D-cysteine but not D-alanine
nor D-methionine generated robust H,S signals (Figure 5B). It should be noted that the
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oxidation of D-cysteine by mDAAQO generates both H,0, as well as H,S, which confounds
the interpretation of experiments using D-cysteine to selectively probe the roles of H,S.

Chemogenetically induced H,0, in different cell types

We next extended these experimental approaches from HEK293 cells to other cultured cell
lines. We co-transfected cancer and endothelial cell lines with nucleus-targeted HyPer7 and
mCherry-mDAAQ, including HCT116, HelLa, U-87 MG, EA.hy926, or HEK293 cells. As
shown in Figure 6A, transfected HEK?293 cells treated with 1 mM D-alanine yielded a rapid
HyPer7 signal (0.77 + 0.33 AF*s~1), while the other cell lines responded more slowly;
HCT116 (0.37 £ 0.10 AF*s™1), EA.hy926 (0.26 + 0.28 AF*s™1), U-87 MG (0.24 + 0.12
AF*s™1) and HeLa cells (0.21 % 0.05 AF*s~). These data suggest that D-alanine treatment
of different cell lines transfected with mDAAQ leads to variable rates of intracellular H,O,
responses, although all cell types showed similar mDAAO expression (Figure 6A, inset).
We next tested the effects of D-methionine on transfected HEK293 cells, and found that 1
mM D-methionine led to a robust HyPer7 response that plateaued within several seconds
(6.60 + 2.27 AF*s~1). In contrast, the immortalized endothelial cell line EA.hy926 showed
significantly slower on kinetics (1.44 + 0.89 AF*s~%), while the cancer cell lines U-87 MG
(7.20 + 3.99 AF*s71), HelLa (12.13 + 5.70 AF*s1) and HCT116 (13.75 + 4.20 AF*s™)
rapidly generated H,0O, following the addition of 1 mM D-methionine but not to D-alanine
(Figure 6B). As shown in Figure 6C 1 mM D-methionine yielded significantly higher
HyPer7 amplitudes in all cell lines compared to 1 mM D-alanine. Moreover, D-methionine
derived HyPer7 signals appeared to be significantly faster compared to 1 mM D-alanine
(Figure 6D).

Discussion

In these studies, we have pursued multiparametric imaging approaches using the mutated
DAAO variant mDAAQO, and we have expanded the toolbox and the possible experimental
approaches that exploit chemogenetic tools for analyses of intracellular redox balance. To
characterize intracellular H,O signals derived from mDAAO in single cells, we paired
this enzyme with the novel ultrasensitive genetically encoded biosensor HyPer7 [27] and
have shown the chemogenetic enzyme’s functionality and stereoselectivity for D-amino
acids (Figure 1). The various HyPer biosensors have been well established as probes of
intracellular H,O,[17] in many experimental systems [6,9-11,15,32]. In addition, many
other redox probes such as NeonOxIrr [39], probes of the roGFP family [18,40,41], UFP-
Tyr66pBoPhe [42], OxyFRET [43], Apollo NADP* [44], NADP-Snifit [45], or the iNAP
biosensors [46] family are also useful for detection of intracellular redox responses in single
cells. Here we have exploited the ultrasensitive HyPer7 biosensor to investigate kinetic
properties of mMDAAO in chemogenetically generated H,O5 levels in subcellular locales of
cultured cells (Figures 3-6).

Previous studies of mDAAQ catalysis have shown that the mDAAO variant is more active
at lower substrate concentrations than the wild-type enzyme, both for molecular O, and
for various D-amino acid substrates [33]. The lower substrate requirements of mDAAO
represent a critical feature that may have advantages over the original DAAQ construct
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for many in vivo and in vitro applications. Such experimental model systems include long-
term cultured cells under oxygen-controlled conditions [47], ischemia-reperfusion injury
model systems in cultured cells [48], or solid (cancer) organoid model systems [49].
Employing real-time imaging experiments in cultured cells using a custom-made hypoxia
chamber, we confirmed the first time in live cells that the mDAAQO variant indeed performed
better than wild-type DAAO under hypoxic conditions (Figure 2). Also, these experiments
demonstrate the functionality of the HyPer7 biosensor under hypoxic conditions. However,
we acknowledge several limitations to this hypoxia imaging system. We preconditioned cells
for only 2 hours before the imaging experiment in this setup representing acute hypoxic
conditions. Future studies with cells adapted to long-term normoxia/hypoxia conditions

will help us to more completely understand the functionality of mMDAAO combined with
HyPer (or other relevant biosensors for detecting H,0O,) and the chemogenetic enzymes.
Notably, many fluorescent protein-based genetically encoded biosensors rely on O, to
adopt the fluorescent state [50]. Thus, oxygen-dependent maturation of the chromophore
and functionality of the probe may be affected under hypoxic conditions, and this may

alter the signal observed. Despite the differences in the redox states that are found in
different subcellular organelles [51] and the existence of intracellular membrane barriers
with distinct biochemical properties, chemogenetic approaches can be devised to generate
and control H,O, generation in different subcellular locales (Figure 3). Our data confirm
that the mCherry-mDAAO chimera can be readily expressed and remains fully functional

in different organelles. This is a critical finding, as the genetic encodability of mDAAO
permits its subcellular localization to virtually any cellular compartment using appropriately
designed recombinant targeting constructs. More importantly, D-alanine appears to reach
these various subcellular locales with similar kinetics, and mDAAQO can generate H,0O,

in different organelles in a concentration-dependent manner (Figure 3). These important
features of the mDAAO-HyPer7 approach permit experimenters to control oxidative eustress
or distress with high spatial and temporal resolution.

Another parameter that allows the dynamic control of chemogenetic H,O, generation in
cells is the choice of specific D-amino acids as substrates for recombinant mDAAQ, which
represents a powerful tool to modulate intracellular HoO5 either for acute or more sustained
ROS stress (Figure 4). D-alanine is currently the gold standard as a DAAO substrate
because it can readily be metabolized to its final product and does not affect cellular

pH levels; moreover, D-alanine is quite inexpensive [8]. In addition, pyruvate is present

in cells in high concentrations, and thus there are only nominal changes in intracellular
pyruvate following the oxidation of D-alanine to pyruvate by DAAQ. Our findings also
document for the first time that the substrate type dependent chemogenetic H,O, generation
in single cells is a critical parameter that can be exploited to more accurately control
oxidative stress generation. However, one needs to consider that different D-amino acid-
derived byproducts yield different a-keto acids upon oxidative deamination by DAAO. For
example, D-methionine is converted to 2-keto-4 (methylthio) butanoic acid [52]. D-cysteine
administration to DAAQ yields 3-mercaptopyruvate [38], instead of the pyruvate that is
produced from D-alanine. The DAAO-catalyzed oxidation of D-phenylalanine produces
phenyl pyruvic acid [53]. With D-tryptophan as its substrate, DAAQO generates indole-3-
pyruvic acid [54]. In addition, other amino acids used in this study may affect local pH [8],
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which can confound experiments using genetically-encoded biosensors since most of these
biosensors are pH-sensitive [55,56].

Here we employed the relatively pH stable biosensor HyPer7; however, attention

and awareness are required when using different D-amino acids. We found that the
aromatic amino acids D-tryptophan and D-phenylalanine allow for the generation of rapid
intracellular H,O, even in the cell nucleus within seconds after providing the substrate to
cells (Figure 4A). In contrast, D-valine, and D-arginine show slower kinetics of intracellular
H»0, production from mDAAQ, and these amino acids may be more suitable to yield
chemogenetic H,O, generation over a more extended period. Taken together, these findings
indicate that the choice of the specific D-amino acid used for chemogenetic generation

of H,0, can affect the cellular consequences of mMDAAO activation. We conducted these
experiments in a simplified cell media consisting of physiologically essential salts and
lacking any amino acids except for D-amino acids. Indeed, under cell culture conditions, the
nutrient medium often consists of L- amino acids, macromolecules, and other biochemicals
to maintain cell functionality- which may affect the amino acid uptake machinery or

even DAAQ activity. Here we tested the consequences of adding L-alanine together with
D-alanine (Figure 4B). Our findings confirm that mDAAO-generated H,0, level was
significantly reduced when cells were provided with equal amounts of D- and L-alanine
(Figure 4C), suggesting that these two enantiomers compete with one another. The mDAAO
enzyme does not act on L-alanine as a substrate, exhibiting exquisite stereoselectivity. Thus,
the inhibitory effects of L-alanine on D-alanine-dependent mDAAQ activation probably
reflects competition at the level of amino acid transport into the cells. Indeed, most

amino acid transporters exhibit only modest stereoselectivity [57]. This hypothesis is in

line with former studies with recombinant DAAQO’s demonstrating that L-amino acids are
neither substrates nor inhibitors for the enzyme [58,59]. Overall, we conclude from these
observations that the presence of L-amino acids under some experimental conditions can
importantly influence the intracellular generation of H,O, by mDAAO by interfering with
D-alanine transport.

In 2013 a new biosynthetic pathway was identified for the generation of H,S from D-
cysteine involving DAAO in mice brains and kidneys [38]. Shibuya et al. demonstrate that
D-cysteine-derived H,S has cytoprotective effects on cultured cerebellar neurons against
H,0,. Our results employing mDAAO paired with the H,S sensor hsGFP confirm the
enzyme’s capability to robustly generate H,S from the substrate D-cysteine, but not

when D-methionine or D-alanine are provided (Figure 5). However, our data also suggest
that interpretation of cellular responses using D-cysteine as a mDAAQ substrate can be
confounded due to the generation of both species, H,S and H,0, (Figures 4 and 5).
Future studies employing multispectral co-imaging of H,O» and H5S using optimized and
spectrally distinct biosensors may provide new information on the cellular metabolism and
signaling properties of these two important biomolecules.

We also explored the features of mDAAQ expressed in different cell types, including cancer
cell lines, immortalized endothelial cells, and HEK cells (Figure 6). To our surprise, we
observed striking differences in the kinetics of the HyPer responses between different

cells in response to the same D-alanine concentration. Although the expression levels
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for mDAAQ was similar in all cell types investigated, only HEK cells showed robust
chemogenetic H,O, generation in response to D-alanine (Figure 6A). But in contrast

to the variable mDAAO responses to D-alanine in different cells, D-methionine evoked

a reproducibly robust and rapid intracellular H,O, signal in all cell types (Figure 6B).

Thus, the addition of D-methionine to all cells expressing mDAAO generated significantly
higher levels of H,O, with more rapid activation kinetics compared to D-alanine (Figure
6C+D). Variations in the HyPer response to D-alanine might be caused by differences in the
expression levels of amino acid transporters [15].

Our data demonstrate that there is no absolute general rule in the application of
chemogenetic tools to induce oxidative eustress or distress in different cell types and
under different experimental conditions. In order to most effectively validate and compare
cellular responses in different models, we recommend a systematic characterization of
key experimental parameters—the identity and concentration of the D-amino acid used,
the treatment period and culture conditions, and the subcellular locale of the recombinant
DAAO- for any given model system.

Conclusion

Multiparametric manipulation and imaging of intracellular redox-pathways exploiting
chemogenetic enzymes paired with informative biosensors represent novel and powerful
techniques that have recently been added to the experimental toolbox of redox scientists.
Here we have characterized the variant D-amino acid oxidase mDAAQ in the context of
genetically encoded biosensors for HoO, and H,S. We provide detailed information on how
to manipulate single cells controlling multiple parameters that need consideration when
investigating redox pathways with the aid of chemogenetic tools and redox biosensors. We
found striking differences in the D-alanine activation kinetics of mDAAO between different
cultured cell lines, yet we found that D-methionine led to robust mDAAQ activation in all
the cell types we studied. Our findings help to demonstrate that multiparametric real-time
imaging methods are valuable tools to manipulate and dissect redox signaling pathways in
cells. We anticipate that the work presented here will be helpful to scientists who are seeking
to apply chemogenetic tools in different experimental conditions and to understand the roles
of Hy05.
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Highlights
. mDAAQ catalyzes H,0, generation even under relatively hypoxic conditions
. Different D-amino acids differentially promote H,O, generation by
recombinant mDAAO
. Targeted mMDAAQ can reversibly generate H,05 in discrete subcellular locales

. H,0, generated by mDAAO in different cell types yields distinct cellular
responses

. mDAAQ catalyzes the oxidation of D-cysteine to yield H,S, which can be
visualized with hsGFP in single cells
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Figure 1: Mechanism and stereoselectivity of DAAO:
(A) The left part of the schematic in Panel A shows the generation of H,O, following

the DAAO-catalyzed oxidation of D-amino acids to the corresponding a-keto acid plus
equimolar ammonia, with FAD serving as a cofactor and molecular O, as the co-substrate.
The right side of Panel A is a schematic showing that the H,O, generated by DAAO can be
detected by the genetically encoded biosensor HyPer7. (B) This panel shows representative
intensiometric pseudo-colored wide-field images of HEK cells imaged over time in response
to addition of 1 mM D-alanine (D-Ala, upper row) or L-alanine (L-Ala, lower row),
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followed by the addition of 50 uM H,0,. (C) The left panels show representative real-time
traces quantitating the H,O» signals (red curve) generated by cytosol-targeted mCherry-
mDAAO-NES and visualized with cytosol-targeted HyPer7 in HEK293 cells following
addition of 1 mM D-Alanine. The right panel shows the same treatment in response to 1 mM
L-Alanine (black curve). In both experiments, cells were subsequently exposed to 50 uM
exogenous HyOo. (D) The bar graph on the left show the maximum HyPer7 ratio signals that
are observed in response to 1 mM D-Alanine (red bar, n=3/36) or to exogenous 50 pM H,0,
(white bar, n=3/36). The bar graph on the right shows the maximum HyPer7 ratio signals of
in response to 1 mM L-Alanine (black bar, n=3/42) or exogenous H,O, (white bar, n=3/42).
Unpaired t-test, two-tailed = p < 0.0098 P-value summary **, p< 0.0001 P-value summary
***_All values are given as £SD.
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Figure 2: Hypoxia and HyPer7 responses to DAAO and mDAAO activation:
(A) This panel shows our design of a 3D-printed airtight hypoxia chamber equipped with

an integrated oxygen sensor and perfusion chamber. (B) This panel shows a representative
time course of pO5 levels measured in the sealed hypoxia chamber following continuous
exposure to N, gas. Light gray shows the duration of incubation of cells at ~1% pO,, for 2
hours before real-time imaging experiments. highlighted in dark grey. (C) This panel shows
the HyPer7 ratio measured in HEK293 cells co-expressing the untargeted version of HyPer7
along with cytosol-targeted mCherry-mDAAO-NES or DAAO-NES in response to 10 mM
D-Alanine, followed by addition of 100 uM H,O, under hypoxic conditions. Cells were
kept at ~1% O, for 2 hours before the experiment. (D) This bar graph shows quantitative
analysis of the maximum HyPer7 ratio as derived from the experiments shown in panel C.
Bars show maximum HyPer7 ratio signals of HEK293 cells co-expressing either mnDAAO
(red bar, n=3/122) or DAAO (black bar, n=3/165) in response to 10 mM D-Alanine. (E) Bars
represent kinetic analysis showing the maximum slope of HyPer7 ratio signals derived from
the experiment shown in panel C. Unpaired t-test, two-tailed = p< 0.0001 P-value summary
***_All values are given as +SEM.
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Figure 3: D-alanine dependent H,O2 generation by mDAAO targeted to subcellular locales
Representative confocal images of HEK293 cells co-expressing HyPer7 (left panels) and

mCherry-mDAAO (middle panels) are shown in the cytosol (A) nucleus (B) or mitochondria
(C). Right panels show phase-contrast images overlayed with the GFP and RFP channel.

Scale bar represents 20 um. (D) The left panel shows representative real-time traces of

HyPer signals in response to the addition of 10 mM D-Alanine in HEK293 cells expressing
the cytosolic mCherry-mDAAO-NES and HyPer7-NES. Middle panel shows normalized
changes in maximum HyPer7-NES ratio signals in response to D-Alanine concentrations as
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shown, including 100 pM (n=3/61), 500 pM (n=3/56), 1 mM (n=3/44), 10 mM (n=3/45) and
30 mM (n=3/54). The right panel shows the initial maximum slope of the HyPer ratio in
response to different D-Alanine concentrations derived from the data shown in the middle
panel. Panel (E) shows the same experimental setup as presented in panel A in HEK293
cells expressing the nuclear-targeted mCherry-mDAAO-NLS and HyPer7-NLS. Normalized
concentration response curve: 100 uM (n=3/65), 500 uM (n=3/61), 1 mM (n=3/54), 10 mM
(n=3/58) and 30 mM (n=3/53). Experiments in panel (F) show results in HEK293 cells
expressing mitochondria-targeted Mito-mCherry-mDAAO and Mito-HyPer7. Normalized
concentration response curve: 100 uM (n=3/54), 500 uM (n=3/46), 1 mM (n=3/55),

10 mM (n=3/42) and 30 mM (n=3/57).0ne-way ANOVA and Bonferroni’s multiple
comparison post-test were applied to compare all columns with each other. Concentration-
response curves were calculated using non-linear regression (log agonist vs log response)
and the application of the formula: Y=Bottom + (Top-Bottom)/(1+10((LogEC50-X))).
Concentration-response curves are shown as +SEM values and slope analysis as £SD.
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Figure 4: H>O generation by mDAAO in response to different D-amino acids
(A) Left panel shows normalized average curves of HyPer7 signals in HEK293 cells

expressing HyPer7-NLS and mCherry-mDAAO-NLS in response to different D-amino acids
as indicated in the figure. Bars in the right panel show maximum initial slope in response

to various D-amino acids (all added at 1 mM) as indicated: D-Methionine (n=3/89), D-
Cysteine (n=3/71), D-Phenylalanine (n=3/89), D-Tryptophan (n=3/81), D-Serine (n=3/75),
D-Alanine (n=10/254), D-Arginine (n=3/89), and D-Valine (n=3/87). D-alanine has been
defined as the control group, and all D-amino acids were compared to the kinetics
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of D-alanine using One-way ANOVA analysis, Dunnett’s multiple comparison post-test
comparison of all columns vs. control column (D-alanine) p < 0.05 P-value summary *** or
** or *, (B) Left panel shows normalized average curves of H,O5 signals in HEK293 cells
co-expressing mCherry-mDAAO-NLS and HyPer7-NLS in response to 1 mM D-alanine
(red curve, n=3/70) or 1 mM D-alanine and 1 mM L-alanine (black curve, n=3/68). The
right panel shows statistical analysis of the experiments shown in the left panel. Unpaired
t-test, two-tailed = p < 0.0001 P-value summary ***. All values are given as £SD. (C)
Average curve (n=20 cells) of real-time HyPer traces shows results obtained in HEK cells
co-expressing nuclear-targeted mCherry-mDAAO-NLS and HyPer7-NLS. Cells were pre-
incubated in 1 mM L-Alanine for 1 hour prior to imaging and during imaging experiments
consecutively provided with L-Ala or D-Ala at the concentrations indicated in the figure.
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Figur_e 5: Mechanism of mMDAAO-dependent H»S generation and detection in response to D-
cysteine

(%\) This left hand portion of this schematic represents the simplified biochemical pathway
for the oxidation of D-Cysteine by mDAAO to 3-mercaptopyruvate, leading to formation
of H,S.The right hand portion of the schematic shows reduction of the genetically encoded
hsGFP biosensor upon its interaction with H,S. (B) The left panel shows representative
real-time traces of chemogenetically-produced H,S in response to 1 mM D-Alanine,
D-Methionine, and D-Cysteine, respectively, in HEK293 cells co-expressing untargeted
hsGFP and mCherry-mDAAO-NLS. The bar graph shows statistical analysis of the
maximum response of hsGFP in response to 1 mM D-Alanine (n=27, white bar), 1 mM
D-Methionine (n=27, black bar), 1 mM D-Cysteine (n=27, yellow bar). One-way ANOVA
and Bonferroni’s multiple comparison post-test were applied to compare all columns with
each other, p< 0.0001 P-value summary ***. All values are given as £SD.
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Figure 6: Expression of mDAAO and H,O generation in different cell types
(A) Normalized average curves of HyPer7 signals measured in different cell types (as

indicated in the figure) expressing mCherry-mDAAO-NLS and HyPer7-NLS in response to
1 mM D-alanine or (B) 1 mM D-methionine. (A) The inset shows statistical analysis of the
mean fluorescence intensity of mCherry-mDAAO-NLS expressed in theEA.hy926 (n=60),
HCT116 (n=59), HEK293 (n=61), HeLa (n=59), U87-MG (n=26). Mixed-effects analysis
with Tukey’s multiple comparison post-test was performed p>0,9999 (n.s.) (C) Normalized
maximum HyPer7 signals in response to 1 mM D-alanine or 1 mM D-methionine in
different cell lines as indicated in the figure. Shown are the cell lines HTC116 (D-met,
n=4/50; D-ala, n=3/44); HeLa (D-met, n=4/67; D-ala, n=3/53); U-87 MG (D-met n=2/16;
D-ala, n=5/19); HEK293 (D-met, n=3/62; D-ala, n=3/83); and EA.hy926 cells (D-met,
n=4/9; D-ala, n=5/26). (D) Bars show kinetics of the HyPer7 signal comparing signals

seen following addition of 1 mM D-alanine or 1 mM D-methionine in different cell types.
HTC116 (D-met, n=4/50; D-ala, n=3/44), HeLa (D-met, n=4/67; D-ala, n=3/53), U-87

MG (D-met n=2/16; D-ala, n=5/19), HEK293 (D-met, n=3/62; D-ala, n=3/83), EA.hy926
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(D-met, n=4/9; D-ala, n=5/26). Unpaired t test was applied: p < 0.0001 (Two-tailed) P-value
summary ***. All values are shown as £SD.
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