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ARTICLE INFO ABSTRACT

Keywords: Reactive Oxygen Species (ROS) in the form of H,0, can act both as physiological signaling molecules as well as

H20 damaging agents, depending on their concentration and localization. The downstream biological effects of HoO4

D-amino acid oxidase were often studied making use of exogenously added H20, generally as a bolus and at supraphysiological levels.

g;;i:; consumption rate But this does not mimic the continuous, low levels of intracellular H,O2 production by for instance mitochondrial
respiration. The enzyme p-Amino Acid Oxidase (DAAO) catalyzes HyO, formation using p-amino acids, which are
absent from culture media, as a substrate. Ectopic expression of DAAO has recently been used in several studies
to produce inducible and titratable intracellular HyO,. However, a method to directly quantify the amount of
H,0, produced by DAAO has been lacking, making it difficult to assess whether observed phenotypes are the
result of physiological or artificially high levels of HoO». Here we describe a simple assay to directly quantify
DAAO activity by measuring the oxygen consumed during HoO production. The oxygen consumption rate (OCR)
of DAAO can directly be compared to the basal mitochondrial respiration in the same assay, to estimate whether
the ensuing level of HoO2 production is within the range of physiological mitochondrial ROS production. In the
tested monoclonal RPE1-hTERT cells, addition of 5 mM p-Ala to the culture media amounts to a DAAO-
dependent OCR that surpasses ~5% of the OCR that stems from basal mitochondrial respiration and hence
produces supra-physiological levels of HO5. We show that the assay can also be used to select clones that express
differentially localized DAAO with the same absolute level of HyO, production to be able to discriminate the
effects of HyO, production at different subcellular locations from differences in total oxidative burden. This
method therefore greatly improves the interpretation and applicability of DAAO-based models, thereby moving
the redox biology field forward.

1. Introduction

H50, is produced endogenously at several subcellular locations,
either directly or indirectly as the more reactive superoxide anion (0%)
that is subsequently dismutated to form HyO,. The main intracellular
sources of HyO, are the mitochondrial electron transport chain (ETC)
and NADPH oxidases located in the plasma membrane, endoplasmic
reticulum, and nucleus [1]. The Redox Signaling field has rapidly
emerged following the discovery that endogenously formed Hy05 serves

Abbreviations: DAAO, p-amino acid oxidase; OCR, Oxygen consumption rate.
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as a second messenger. Redox signaling proceeds through the specific
and reversible oxidation of dedicated cysteines in proteins, and over the
past few decades the involvement of redox signaling downstream of
H,0> in the regulation of a wide range of vital processes has become
apparent [2-4]. Cell fate downstream of redox signaling may range from
enhanced proliferation [5] and differentiation [6-8] to induction of cell
death dependent on where and how much Hy05 is produced [9,10],
reviewed in Ref. [11].

With the development of sensitive techniques to detect HyO5 in live
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cells [12-15], it became clear that endogenous H,0- is characterized by
steep concentration gradients, and hence does not diffuse far from its site
of production [4,7,14,16-18]. These observations also strengthened the
notion that redox signaling should preferably be studied under condi-
tions that best mimic physiological circumstances [19]. Hence, using
localized, low levels of steady state HyO9 production rather than bolus
addition of exogenous Hy02. To this end, the redox biology field has
embraced a chemogenetic approach to achieve inducible, titratable, and
targetable endogenous HyO5 production that makes use of the ectopic
expression of the enzyme p-amino acid oxidase (DAAO, E.C. 1.4.3.3)
from the yeast R. gracilis [20-22]. Administration of p-amino acids,
which are normally (largely) absent from culture media and animal
model systems, is subsequently used to induce HyO production (Fig. 1).
The DAAO system has been used recently in a variety of studies aimed at
e.g., measuring whether HoO; produced in the mitochondrial matrix is
released to the cytosol or to study the isolated effect of oxidative damage
in the hearts of rats in the absence of other cardiac pathology. A
(non-exhaustive) overview of recent studies applying R.gracilis DAAO to
generate HyO5 in vivo or in live cells is provided in Table 1.

Many of these studies make use of fluorescence-based H20O, sensors
like HyPer7 as a means to quantify HpO, production by DAAO. These
sensors can be either expressed as a fusion protein of DAAO or expressed
separately, for instance with a different localization tag to assess HoO5
gradients across organelles [22-24]. This approach can report on rela-
tive HyO5 levels within one model system, but it may not be suitable to
directly compare DAAO activity, and therefore Hy0O, levels under
varying conditions or when DAAO is expressed at different subcellular
sites. DAAO activity is dependent on its expression level, localization,
presence of the cofactor FAD and availability of its substrate p-amino
acids. The latter will likely not only depend on how much substrate has
been administered to the culture media, but also on its uptake, and
diffusion and transport rates across organellar membranes. Further-
more, genetically encoded fluorescent sensors like HyPer7 report on the
combined rates of oxidation (by HyO5) and reduction (by the thioredoxin
system in case of HyPer7) [25], and therefore its ratiometric readout
depends not only on DAAO activity but also on the local reductive ca-
pacity, which varies between organelles and cell lines [26]. Hence, ab-
solute levels of HpOy produced by DAAO and H3O» concentration
measured with for instance HyPer7 may not necessarily be directly
proportional, and this may influence conclusions drawn. Besides,
HyPer?7 itself could in principle affect the reductive capacity by acting as
an H,05 sink, making comparisons between conditions and cell lines
even more difficult.

We have developed an assay that reports directly on DAAO activity
independent of the local reductive capacity. Since HyO» production by
DAAO consumes an equimolar amount of oxygen, DAAO activity can be
determined by measuring the oxygen consumption of cells upon the
addition of p-amino acids using for instance a Seahorse XFe Analyzer,
which is a widely available piece of equipment in research institutes. We
show that this method can be used to quantify DAAO activity in
monoclonal RPE1-hTERT cell lines that express the enzyme at various

D-Amino Acid 7—:}Im|no Acid %}a Keto Acid
FAD

DAAO

Fig. 1. Schematic of the reaction catalyzed by DAAO.

DAAO converts p-amino acids to imino acids, reducing its cofactor FAD. FAD is
subsequently oxidized, generating H>O, while consuming equimolar amounts
of O,. The formed imino acids spontaneously hydrolyze to a-keto acids.

Free Radical Biology and Medicine 206 (2023) 134-142

Table 1
A selection of recent studies using ectopic expression of R. gracilis DAAO.

Study topic Localization & References

Role of Hy0, in neuronal health
and development

Expression of DAAO without localization
sequence [21]

Expression of membrane-associated DAAO
[27]

In vivo injection of recombinant DAAO [28]
Addition of recombinant DAAO to cells [29]
Expression of DAAO without localization
sequence [20,30]

Expression of mitochondrial matrix,
peroxisomal and ER DAAO [31]

Expression of mitochondrial matrix and
cytosolic DAAO [32]

Expression of mitochondrial matrix DAAO

DAAO as putative anti-cancer
therapy

Mitochondrial HO5 dynamics and
release

[14,33]
Oxidative heart failure in rats and Expression of nuclear DAAO in
mice cardiomyocytes in vivo [34]

Expression of cytosolic DAAO in

cardiomyocytes in vivo [35-37]
ROS-dependent cell cycle Expression of nuclear and cytosolic DAAO [5]
regulation

Nuclear redox environment Expression of nuclear DAAO [38] *

# This study uses human DAAO.

subcellular sites. This allowed us to determine and directly compare at
what levels HyO» impairs viability when produced in different com-
partments. We show that intramitochondrial H,O2 production prevents
outgrowth of cells at much lower levels as compared to production at the
outer mitochondrial membrane or near the genomic DNA. We also
provide evidence that the uptake of p-amino acids competes with that of
L-amino acids and that p-amino acid uptake is a rate-limiting step in
intracellular DAAO-dependent HyOy production. We think that our
OCR-based approach to directly quantify HoO2 production levels is of
value to the redox biology community and could be applied to the
quantification of other enzyme activities that consume or produce ox-
ygen as a byproduct.

2. Results
2.1. Oxygen consumption rate can be used as a proxy for DAAO activity

We hypothesized that if the activity of ectopically expressed DAAO
would be high enough as compared to other oxygen dependent cellular
reactions, DAAO activity could be directly monitored by measuring the
oxygen consumption rate (OCR) in a Seahorse XFe24 analyzer. The
standard injection ports of the machine can be used for the addition of p-
amino acids, allowing for baseline and induced OCR measurements
within the same run. We used p-Ala (CID 71080) with the rationale that
its other reaction products besides HyO» (i.e. pyruvate and ammonia)
are abundantly present and rapidly metabolized, and therefore rela-
tively minor increases in the flux of these metabolites would have
negligible effects on cell physiology or OCR. Most previous studies using
DAAO also used p-Ala as a substrate. To minimize variation, in this study
we used monoclonal Human RPE1-hTERT cells that stably expressed
R. gracilis DAAO (without its C-terminal peroxisomal localization signal
SKL) fused to various localization tags as well as mScarlet. Localization
tags used in this study can be found in Table 2.

Fig. 2A shows that an increase in OCR upon addition of p-Ala (using
L-Ala (CID 5950) as a control) can indeed be observed in RPE1-hTERT-
TOM20-DAAO (ca)fs. At 20 mM p-Ala, the Hy0, production is about 60
pmol/min which translates to ~1.5 fmol cell”! min~!. OCR before
addition of p-Ala consists predominantly of mitochondrial respiration as
this can be largely inhibited by the ATP synthase inhibitor oligomycin
(CID 52947716) (Fig. 1A). Metabolic differences between wells are ex-
pected to be largely eliminated by addition of Oligomycin, yielding a
more reliable baseline that correlates better with cell number.
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Table 2
Utilized localization tags to target DAAO.

abbreviation  Localization tag and targeted Model for which endogenous
compartment H,0, source
TOM20 Targeting sequence of human Release of H,0, from
TOMMZ20; cytosolic side of the mitochondria
outer mitochondrial membrane
H2B Human Histone 2B; Nucleosome H,0, production close to the
genomic DNA (e.g. as done by
LSD1)
MLS 2 x Presequence of human COX-8;  H,0, production in the
Mitochondrial matrix mitochondrial matrix.
MS Presequence of human DIABLO; H,0, production in the

Mitochondrial Intermembrane mitochondrial intermembrane
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Fig. 2. Hy0, production by ectopically expressed DAAO can be estimated by
measuring oxygen consumption in a Seahorse XF analyzer.

A. RPE1-hTERTTOM20-DAAO (elis treated with 1- or p-Ala in the presence and
absence of oligomycin. Treatment with p-Ala, but not 1-Ala leads to an increased
OCR. Oligomycin inhibits mitochondrial respiration, resulting in more reliable
estimation of DAAO-dependent OCR with lower signal-to-noise ratio. The error
bars represent the standard deviation of 2-3 technical replicates (multiple wells
per condition in one Seahorse plate). Typical result of several biological repli-
cates. B. Sequential injections show [p-Ala] dependent increases in the mean
OCR of RPEI-hTERTTOM20-PAAO cells. The third timepoint after oligomycin
addition was set to 100%. Note that addition of oligomycin decreases the
variability of the measurements between wells. The indicated [p-Ala] on the
horizontal axis represents the total [p-Ala] in the well after each injection. Error
bars: standard deviation of 5 technical replicates. Typical result of at least 4
independent experiments with similar conditions.

Furthermore, DAAO-induced OCR can in this way be compared to the
OCR that stems from mitochondrial respiration, to estimate whether the
observed rates are near-physiological or not. It has been estimated that
under basal conditions about 1% of oxygen passing through the ETC
ends up as superoxide [39,40], and two superoxide molecules will
generate one molecule of HyO, (catalyzed by SOD). Fig. 2B shows that
oligomycin treatment indeed provides a larger relative increase above
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baseline, allowing for more robust measurements.

Each well in a Seahorse XF Analyzer has four injection ports. DAAO
activity can thus be titrated using increasing p-amino acid concentra-
tions in a single well. This allows for the comparison of the DAAO ac-
tivity across a range of incremental p-Ala concentrations, without having
to use different wells (and normalization) for each p-Ala concentration
(Fig. 2B), the oligomycin-normalized oxygen consumption of RPE1-
hTERTTOM20-DAAO (a5 js shown at different concentrations of p-Ala.
Fig. 2B also shows that normalization to the OCR after oligomycin
treatment eliminates most variation across different wells. The DAAO-
dependent OCR is linearly proportional to the applied extracellular
concentration of p-Ala over the tested range (0-20 mM). A plateau in
OCR is observed for each concentration, suggesting that also at the
lowest applied concentration substrate does not become limiting over
the time-course of the measurement (50 min following each addition).

2.2. The HyPer7 signal is dependent on glucose availability

Glucose metabolism is a major source of the reducing equivalent
NADPH, and HyPer7 reports on the combined rate of oxidation (by
H505) and reduction (by Thioredoxin). We compared the cytosolic NES-
HyPer7 signal in response to HyO5 produced by DAAOTOM?0 cultured in
media containing either 1 g/L or 4.5 g/L glucose. Indeed, the oxidized/
reduced HyPer7 ratios in low glucose media are much higher as
compared to those in high glucose media at the same concentration of p-
Ala (Fig. 3). Under low glucose conditions the HyPer7 ratio increases
roughly twice as fast as under high glucose conditions at [p-Ala] < 10
mM. Above 20 mM [p-Ala] or when a bolus of exogenous Hy05 is pro-
vided, oxidation of the HyPer7 probe seems to outcompete reduction
also under high glucose conditions. This example illustrates that HyPer7
indeed reports on HyO, dependent changes in the ratio of oxidation and
reduction and not directly on HoO; levels, and that care should be taken
to keep culture conditions identical when HyPer7 is used to estimate or
compare Hy0, levels. Because the rate of HpOy production can be
deduced from the OCR experiments, the relative reductive capacity of
the cytosol under different conditions can be estimated from the HyPer7
ratio.

2.3. Transmembrane transport of p-amino acids can be a rate limiting
factor for DAAO activity and depends on the specific p-amino acid used

Based on the reported in vitro Michaelis-Menten constant for DAAO
using p-Ala as a substrate (2.6 mM) [41], one would expect that DAAO
activity would be ~75% saturated at 5 mM and almost 95% saturated at
10 mM of p-Ala. Our experiments in live cells however suggest a linear
increase in DAAO activity upon an extra addition of 10 mM p-Ala (to
yield a total of 20 mM) and hence an apparent Ky that is much higher
than 2.6 mM. To test whether the rate of import of p-Ala over the plasma
membrane could be a limiting factor for DAAO activity we per-
meabilized 20 mM p-Ala treated RPE1-hTERTTOM20-DAAO (ells in the
Seahorse machine by adding Saponin (CID 198016) or Digitonin (CID
6474107) from the third injection port. Indeed, permeabilization leads
to a rapid increase in DAAO-dependent OCR (Fig. 4A). p-Ala likely uses
the same amino acid importer as 1-Ala, and several other amino acids
[42]. Indeed, an injection with an excess of 1.-Ala subsequently decreased
the p-Ala induced OCR, suggesting that 1-Ala and p-Ala compete for the
same import machinery (Fig. 4B). This observation is in line with a
previous study by Erdogan et al., which demonstrated that the presence
of 1-Ala in the media results in decreased HyPer7 oxidation when p-Ala
was administered to DAAO-expressing cells [23].

It has been observed that the rate and extent of HyPer7 oxidation
upon DAAO activation is dependent on the type of p-amino acid used
[23]. For instance, p-Phe (CID 71567) addition was shown to result in a
faster plateau in HyPer7 oxidation levels as compared to p-Ala. To
investigate whether we could corroborate these findings with our
method, we compared OCR upon addition of different concentrations of
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Fig. 3. HyPer7 is not solely dependent on DAAO-
activity but also on glucose availability.
Measurements of NES-HyPer7 oxidation in RPE1-
hTERT-DAAO™M?0  cells cultured in either low
glucose (1 g/L) or high glucose (4.5 g/1) conditions.
The skull symbols indicate the induction of massive
cell death as judged by cellular morphology. Upon
activation of DAAO, HyPer7 oxidation increases more
rapidly and to a higher level in low glucose media
compared to high glucose media. Only at very high
oxidative insults (>20 mM p-Ala or 400 uM of exog-
enous Hy03) a similar oxidation of HyPer7 is detected
irrespective of media glucose concentration. This il-
lustrates that assessment of DAAO-dependent H,0,
production using HyPer7 measurements can be
influenced by factors like glucose availability. The
graphs show changes over time of the mean values
and standard deviation of the mean HyPer7 ratios of
>250 cells in view in two biological replicates
(HyPer7 ratio was set to 1 at t = 0, before addition of
p-Ala).

Fig. 4. Transmembrane transport of p-Ala is a rate
limiting factor for DAAO activity.

A. Normalized OCR of RPE1-hTERT"OM?0~PAAC ang
parental RPE1-hTERT cells treated with oligomycin,
20 mM p-Ala and 25 pg/mL saponin or digitonin at
the indicated intervals. These concentrations of
saponin and digitonin lead to permeabilization of the
cell membrane [43]. Permeabilization leads to a
rapid ~ two-fold increase in DAAO activity, indi-
cating that transmembrane transport of p-alanine is a
rate limiting factor in DAAO activity. The third
timepoint after oligomycin addition was set to 100%.
The error bars represent the standard deviation of 2
technical replicates. One example out of two inde-
pendent experiments with similar conditions is
shown. B. Normalized OCR of RPE1-hTERT-
TOM20-DAAO (el treated with oligomycin, 10 mM
p-alanine and 40 mM r-Ala (media as control). The
addition of a surplus of 1-Ala decreases DAAO activ-
ity, suggesting L-Ala competes with p-Ala for transport
over the membrane. The third timepoint after oligo-
mycin addition was set to 100%. The error bars
represent the standard deviation of 2 technical rep-
licates. C. Normalized OCR of RPE1-hTERT-
TOM20-DAAO  cells treated with oligomycin and
different concentrations of p-Ala and p-Phe (left), or
one concentration followed by subsequent saponin
injection (right). p-Phe addition leads to higher levels
of OCR as compared to p-Ala, and differences be-
tween p-Phe and p-Ala disappear upon permeabiliza-
tion of the plasma membrane, suggesting that the
higher DAAO activity upon p-Phe addition is due to a
higher rate of transport over the plasma membrane.
The third timepoint after oligomycin addition was set
to 100%. The error bars represent the standard de-
viation of 8-10 technical replicates (separate wells of
cells measured within the same experiment).
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p-Ala and p-Phe (Fig. 4C left). Indeed, addition of 5 mM of p-Phe led to a
substantial higher OCR as compared to p-Ala. In contrast to p-Ala,
further increasing the concentration of p-Phe led only to a minor relative
OCR increase, indicating that the intracellular [p-Phe] already surpassed
the Michaelis-Menten constant for DAAO at 5 mM bp-Phe in the extra-
cellular environment. The difference in apparent enzyme kinetics be-
tween p-Ala and p-Phe was no longer observed upon membrane
permeabilization by saponin injection (Fig. 4C right), demonstrating
that the enhanced concentration-dependent increase in OCR upon p-Phe
injection is facilitated by faster uptake. Unlike observed for p-Ala,
membrane permeabilization by saponin injection did not further
enhance the OCR when p-Phe was used as a substrate, suggesting that
transmembrane transport of p-Phe is not rate limiting for DAAO activity.

TOM20 20

IMS  MLS

200

1504

100
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50
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2.4. OCR analysis enables the calibration of cell lines expressing DAAO in
different compartments

We next used our Seahorse technology-based assay to calibrate and
select monoclonal RPE1-hTERT cell lines that have similar DAAO ac-
tivity, but that express DAAO at different subcellular locations. These
cell lines could help to elucidate whether an HyO5-induced phenotype is
indeed the result of differential localized production or due to a differ-
ence in DAAO activity and ensuing overall oxidative burden. To this end,
we lentivirally transduced RPE1-hTERT cells with constructs expressing
DAAO fused to various localization tags (See Table 2) and generated
monoclonal lines. Fig. 5B shows that different monoclonal lines
expressing DAAO targeted to the same location can indeed can have
different DAAO activities.

Clones with similar DAAO activities were selected based on OCR
measurements using increasing [p-Ala]. RPE1-hTERT-DAAO™S clone 2

Fig. 5. RPE1-hTERT- MLS-, IMS-, TOM20-and H2B-
DAAO cells produce comparable levels of HyO5.

A. Schematic overview of the localization of TOM20-,
IMS- and MLS-DAAO constructs. H2B-DAAO is local-
ized to nucleosomes (not shown). B. Normalized OCR
of different MLS- and IMS-DAAO clones. MLS-DAAO
clone 2 and IMS-DAAO clone 2 cells have a very
similar level of oxygen consumption/DAAO activity
at 20 mM p-Ala. The third timepoint after oligomycin
addition was set to 100%. The error bars represent
the standard deviation of 2-3 technical replicates. C.
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Normalized OCR of MLS-, IMS-, TOM20-and H2B-
DAAO cells treated with sequential injections of p-
alanine. p-alanine treatment of MLS-, IMS-, TOM20-
and H2B-DAAO cells leads to comparable levels of
DAAO activity. Wild-type cells and r-Ala-treated cells
do not show increased oxygen consumption. The
third timepoint after oligomycin addition was set to
100%. The indicated p-Ala concentrations represent
the total concentration of p-Ala in the well after each
injection. The error bars represent the standard de-
viation of 4 technical replicates. One example of two
independent experiments with similar conditions is
shown. D. Normalized OCR of DAAO cells plotted
against the p-Ala concentration. DAAO activity seems
to increase proportionally with the p-Ala concentra-
tion. The third timepoint after oligomycin addition
was set to 100%. Each dot represents a technical
replicate. TOM20-DAAO data is also displayed in
Fig. 2B. The trendlines were calculated using simple
linear regression. Similar results were obtained in
multiple replicates with similar conditions.
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and RPE1-hTERT-DAAOMS clone 2 had very similar levels of DAAO
activity (Fig. 5B), and so did the RPE1-hTERT-DAAO"?® and RPE1-
hTERT-DAAO™M20 ¢lones but note that the activity of the MLS and IMS
localized DAAO was lower as compared to H2B and TOM20 localized
DAAO (Fig. 5C-D), and we did not find clones with equal activity at all
four localizations. The RPE1-hTERT-DAAO"® and RPE1-hTERT-
DAAOTOM20 cells consumed an amount of oxygen equivalent to roughly
20% of the basal mitochondrial respiration at 10 mM p-alanine. For
MLS- and IMS-DAAQO cells, this was 7%. These numbers are much higher
than what can likely be achieved physiologically. Lowering [p-Ala]
further will result in (near) physiological HyO» levels, but these would
be more difficult to pick up in this assay. The lower DAAO activity in the
RPE1-hTERT-DAAO™® and RPE1-hTERT-DAAOM lines should be
considered when comparing the effects of DAAO-derived H305. Using a
range of [p-Ala] in experiments could help to achieve similar rates of
H20; production in all four lines.

2.5. The site of H,Oz production determines its lethal dose

An advantage of using these OCR-based calibrated monoclonal
RPE1-hTERT-DAAO cell lines is the possibility to directly compare
phenotypes downstream of equal but differentially localized HyO5 pro-
duction. This may uncover for instance differences in local reductive
capacity or the engagement of different signaling cascades. As an
example, we have used the four monoclonal RPE1-hTERT-DAAO cell
lines to measure whether changes in cell viability in response to local-
ized Hy0; production depend on the site of production. Cell viability
was also somewhat decreased at higher levels of the 1-Ala control in all
four lines, which could be due to competition with essential amino acids
for the same transporter. This observation suggests that care should be
taken when studying the effects of redox signaling on cell cycle using the
DAAO system, and that ideally equimolar amounts of 1-Ala should be
used as a control for p-Ala. Production of HoO5 at the nucleosome or the
cytosolic side of the outer mitochondrial membrane shows a sudden
decrease in cell viability at ~20 mM p-Ala, whereas HyO5 production in
the mitochondrial intermembrane space or matrix showed a more
gradual drop in viability, starting already at 2.5 mM p-Ala (Fig. 6 & Sup.
Fig. 1). Note that the DAAO activity in the RPE1-hTERT-DAAOMS and
RPE1-hTERT-DAAO™S was about half that of DAAO activity in RPE1-
hTERT-DAAO™?® and RPE1-hTERT-DAAOTOM20 cells at equal [p-Ala],
which makes the difference in response even bigger.

3. Discussion

The use of yeast p-amino acid oxidase has recently spurred research
on intercompartmental H>O5 diffusion and signaling. However, as far as
we know an assay that reports on the DAAO activity in live cells inde-
pendently of the local reductive capacity has not been described before.
The here described OCR-based DAAO activity assay can be used to
compare DAAO activity across different cell lines, subcellular com-
partments, and p-alanine concentrations and gradients, irrespective of
differences in local or global reductive capacity. This allows the estab-
lishment of DAAO model systems with comparable levels of HyO, pro-
duction, to distinguish phenotypic effects that stem from differences in
for instance reductive capacity or total oxidative burden. By combining
this assay with ultrasensitive, genetically encoded H20; sensors like
roGFP2-Tsa2 and Hyper7, the (local) reductive capacity could be esti-
mated by comparing the DAAO-dependent OCR with the Hyper?7 signal,
although it should be noted that these two parameters can as yet not be
assessed simultaneously within the same well of cells.

The use of oligomycin in the assay makes it possible to compare
DAAO-dependent HyO2 production to the amount of oxygen used in
mitochondrial respiration. Mitochondrial respiration is a major source
of ROS but the estimates of what percentage of oxygen used in mito-
chondrial respiration ‘escapes’ as superoxide and subsequently forms
H20; are quite variable in literature. Often a value of 1-2% is reported
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Fig. 6. The subcellular site of H;O, production determines its lethal dose

Quantification of crystal violet assay shown in sup. Fig. 1 with RPE-1-hTERT-
DAAO lines treated with increasing concentrations of L- or p-Ala for 48h. The
decrease in confluency is not only dependent on the p-Ala concentration used,
but also on the subcellular location of DAAO. Statistical significance was
determined by 2-way Anova + Sidék’s multiple comparisons test (* = p < 0.05,
**%% — p < 0.0001, n = 8). A typical result of at least 3 replicate experiments
with similar setup is shown.

based on pioneering work with isolated mitochondria [39,44]. More
recently, however, far lower estimations between 0.1% and 0.5% have
been reported [45-48]. Brand [48] even suggests that mitochondrial
H30, generation is not directly related to the amount of mitochondrial
respiration. It is therefore difficult to make a good estimate of what
DAAO-dependent OCR is comparable to physiological levels of (mito-
chondrial) Hy0; production. However, at the levels of DAAO expression
in our cell lines a substrate concentration of 2.5 mM p-Ala yields already
more HyO; than the maximum estimates mentioned in literature. At 10
mM p-Ala the amount of oxygen used for DAAO-dependent H;0, pro-
duction was as much as 7-20% of basal mitochondrial OCR. The exact
percentage depended on the monoclonal line and may therefore not be
directly translated to other systems using DAAO expression. Note that
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oligomycin blocks ATP synthase and thereby inhibits OCR indirectly,
whereas a combination of antimycin A and rotenone could potentially
decrease mitochondrial OCR even further. We do however not expect
that this would lead to much more accurate comparisons of
DAAO-dependent OCR to mitochondrial OCR.

The observed differences in HyOy production between clones
expressing the same localized DAAO protein are likely to be caused by
variable expression of DAAO (Fig. 5B). However, we also observe that
certain DAAO localizations tend to display lower activity compared to
others; DAAO expressed within mitochondria shows substantial lower
levels of Hy0, production compared to DAAO™2® and DAAQTOM20
(Fig. 5C). While localization signals may affect protein expression and
turnover, these differences might also stem from differential availability
of p-alanine and/or FAD across cellular compartments. The transport of
p-Ala over the plasma membrane is rate limiting (Fig. 4A), and transport
over additional intracellular membranes is likely to also cause differ-
ences in [p-Ala] between subcellular compartments. The advantage of
using OCR as a readout for HyO, production is that DAAO activity be-
tween compartments can still be compared despite compartmental dif-
ferences in for instance [p-amino acid], [FAD] or reductive capacity.

The OCR-based DAAO activity assay can in principle also be applied
to other oxidases. Seahorse XF analyzers have previously been used to
measure the activity of a genetically encoded NADPH oxidase, LbNOX
[49]. Similarly, the activity of a genetically engineered NADPH oxidase
and H,0, generator, P450 BM3, might also be estimated by measuring
its oxygen consumption [50]. But since these enzymes use substrates
that are, unlike p-amino acids, present normally in cultured cells it is
more difficult to compare baseline and induced activity for these
NADPH oxidases.

There are also some points to consider regarding the OCR-based
DAAO activity assay. Firstly, it is difficult to measure levels of DAAO
activity that are smaller than the variations in baseline OCR, even in
oligomycin-treated cells. Increased oxygen consumption could reliably
be measured upon addition of 5 mM p-alanine, but the corresponding
levels of Hy05 production are probably already supraphysiological. At
lower p-alanine concentrations HyO5 levels must therefore be extrapo-
lated, which comes with the risk that for some reason the mathematical
relationship between [p-Ala] and [H302] changes at [p-Ala] < 5 mM.
Secondly, HyO5 that is reduced by catalase yields molecular oxygen, and
therefore this fraction of HyO» no longer contributes to OCR. The DAAO-
dependent OCR may therefore underestimate the amount of HyO2 pro-
duced. Since catalase is localized to peroxisomes this may not be a major
issue.

Besides these practical concerns, it is important to keep in mind that
the OCR-based DAAO activity assay measures the amount of HyOy
produced by DAAO and not the resulting HoO, concentration. If DAAO is
localized to a relatively small subcellular compartment, a higher HoO5
concentration may be reached compared to equal DAAO activity in a
larger compartment (assuming HyOs does not diffuse out of the
compartment).

Despite these limitations, we think that the method described here
will contribute to a better understanding of DAAO-based model systems
to generate Hy0, and by extension move the redox biology field
forward.

4. Materials

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

2-Deoxyglucose Acros Organics 111980250
Blasticidin Bio Connect ant-bl-1
d-alanine Sigma-Aldrich A7377
d-Phenylalanine Sigma-Aldrich P1751
Digitonin Sigma-Aldrich D141
DMEM/F12 Sigma-Aldrich D8062

(continued on next column)
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(continued)
REAGENT or RESOURCE SOURCE IDENTIFIER
DMEM High glucose Sigma-Aldrich D6429
DMEM Low glucose Sigma-Aldrich D5546
Fetal Bovine Serum Bodinco BDC-17748
Glucose Merck Millipore 1.08337.1000
l-alanine Sigma-Aldrich A7627
l-glutamine Lonza 17-605E
NaOH Merck Millipore 1.06498.1000
Oligomycin Sigma-Aldrich 75351
Penicillin-streptomycin Lonza DE17602E
Polybrene Sigma Aldrich TR-1003
Rat tail collagen 1 Corning 354236
Saponin Sigma-Aldrich 47036-250G-
F
Seahorse XF base media Agilent 102353-100
Seahorse XF Calibrant Agilent 102353-100
Sodium Pyruvate Sigma-Aldrich S8636
Trypsin Sigma-Aldrich T3924
Critical commercial assays
Pierce™ BCA Protein Thermo Scientific 23225
assay kit
Seahorse XF24 V7 PS cell ~ Agilent 100777-004
culture microplates
Seahorse XFe24 FluxPak Agilent 102340-100
Experimental models: Cell lines
RPE1-hTERT H2B-DAAO
RPE1-hTERT IMS-DAAO
RPE1-hTERT MLS-DAAO
RPE1-hTERT TOM20-
DAAO
RPE1-hTERT TOM20-
DAAO + NES-HyPer7
Software and algorithms
FLJI imaging software https://fiji.sc/
GraphPad Prism 9.3.1 https://www.graphpad.com/scienti
fic-software/prism/
Wave Desktop and https://www.agilent.com/en/pr
Controller 2.6 Software  oduct/cell-analysis/real-time-cell
-metabolic-analysis/xf-software/seah
orse-wave-desktop-software-740897
Other
iMark Microplate Bio-Rad 1681130
Absorbance reader
Seahorse XFe24 analyzer  Aligent 420017
ZEISS Cell Observer ZEISS N.A.

microscope

5.1. Cell culture & lentiviral transduction

RPE1-hTERT cells were cultured in DMEM/F-12 supplemented with
10% FBS, 2 mM t-glutamine and 100 Units Penicillin-Streptomycin. The
cells were cultured at 37 °C under a 6% CO2 atmosphere. The IDT (www
.idtdna.com) codon optimization tool was used to convert the DAAO
c¢DNA sequence from Rhodotorula gracilis for expression in human cells.
The C-terminal peroxisomal targeting sequence was removed and a
geneblock (see Supplementary information) was ordered for further
cloning (Integrated DNA technologies). Fusions with the H2B-, TOM20-,
IMS- and MLS-DAAO signals in a pLenti backbone were made by infu-
sion cloning. DAAO-expressing cells were generated using lentiviral
infection and were subsequently made monoclonal by single-cell sort-
ing. Generation of NES-HyPer7 lentiviruses and infection of TOM20-
DAAO cells was performed as described previously [51]. After infec-
tion, TOM20-DAAO + NES-HyPer7 cells with high HyPer7 fluorescence
were single-cell sorted in conditioned media and expanded to generate
monoclonal cell lines.


https://fiji.sc/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
http://www.idtdna.com
http://www.idtdna.com
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5. Methods
5.2. Determination of OCR using a Seahorse XFe analyzer

A Seahorse Bioscience XFe24 Analyzer was used to measure of oxy-
gen consumption rates of RPE DAAO cells. A day before the assay, 24-
well V7 Seahorse culture plates were coated with 50 pL of 50 pg/mL
rat tail collagen 1 in 0.1% acetic acid for 20 min at room temperature.
Afterwards the plate was washed with PBS and 40,000 cells were seeded
in 100 pL media. To 4 wells 100 pL of media containing no cells was
added to serve as background correction. After the cells had attached, an
additional 150 pL of media was added. In parallel, the Seahorse sensor
cartridge was hydrated with Seahorse calibrant solution a day before the
assay. Similarly, the Seahorse XFe24 analyzer was also turned on at this
time to let it warm up overnight. On the day of the assay, cells were
washed twice with assay media (XF base media supplemented with 2
mM L-glutamine, 17.5 mM glucose, 1 mM Sodium Pyruvate and 0.5 mM
NaOH). Cells were incubated for 60 min in assay media in a non-CO»,
humidified incubator at 37 °C before starting the assay. Injections of L/p-
alanine, 2 pM oligomycin, 25 pg/mL saponin and digitonin were used.
The oxygen consumption rate was normalized to the oxygen consump-
tion rate measured 25 min after oligomycin injection. For more details
on the Seahorse-based DAAO activity assay see addendum 1.

5.3. HyPer7 live imaging

For measuring HyPer7 oxidation by live microscopy, we refer to the
method described previously by our laboratory [52].

5.4. Crystal violet-based viability and outgrowth assay

Cells were counted after trypsinization and seeded in 96-well plates
at a density of 0.5e10% cells per well. The next day, cells were exposed to
a concentration range of [p-Ala] using the same concentrations of 1-Ala
as a control. p/1-Ala was left on the cells for 48 h. The plates contained 8
replicates for each cell line with a different DAAO localization and D/L-
Ala concentration. Plates were washed twice with PBS, followed by
fixation with ice-cold MeOH for 10 min. MeOH was aspirated and wells
were overlaid with 0.5% w/v Crystal Violet in 25% MeOH for 10 min,
followed by thorough washing with HyO. 8 empty wells per 96 well plate
were used as blanks. Plates were air-dried overnight and scanned on an
EPSON flatbed photo scanner. Crystal Violet was redissolved by adding
100 pL of 10% Acetic Acid per well and quantified by spectrophotometry
(595 nm) using a Biorad iMark plate reader.
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