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Genetically encoded fluorescent H,O, probes continue to
advance the field of redox biology. Here, we compare the
previously established peroxiredoxin-based H,O, probe
roGFP2-Tsa2ACr with the newly described OxyR-based H,O,
probe HyPer7, using yeast as the model system. Although not
as sensitive as roGFP2-Tsa2ACg, HyPer7 is much improved
relative to earlier HyPer versions, most notably by ratiometric
pH stability. The most striking difference between the two
probes is the dynamics of intracellular probe reduction. HyPer7
is rapidly reduced, predominantly by the thioredoxin system,
whereas roGFP2-Tsa2ACy is reduced more slowly, predomi-
nantly by the glutathione system. We discuss the pros and cons
of each probe and suggest that future side-by-side measure-
ments with both probes may provide information on the rela-
tive activity of the two major cellular reducing systems.

The development of genetically encoded redox probes for
the specific sensing of small-molecule oxidants (e.g., H,O5)
and redox couples (e.g., GSH/GSSG) has advanced the field
of redox biology (1). Such probes provide information on
chemically defined redox changes as they occur in living
cells, in real time and with subcellular resolution. They have
enabled the identification of physiological and pathophysi-
ological redox changes, for example, in development and
injury (2).

Two major types of genetically encoded probes are most
commonly used for sensing H,O,. Both are fusion proteins
in which a fluorescent protein is linked to an H,O,-
reactive domain. Both are dynamic, meaning that they
reflect the interplay between probe oxidation by H,O, and
probe reduction by intracellular reducing systems. Both
are excitation-ratiometric, meaning that dual excitation
provides emission ratios indicative of the probe’s redox
state.

One type are the roGFP2-thiol peroxidase fusion pro-
teins, specifically roGFP2-Orpl (3), roGFP2-Tsa2ACg (4),
roGFP2-Tsa2ACpACr  (4), roGFP2-Tpx1(C169S) (5),
roGFP2-Prx2, and roGFP2-Prx2(C172A) (6). In these con-
structs, selective reactivity toward H,O, is facilitated by a
thiol peroxidase domain, from either the glutathione
peroxidase or peroxiredoxin (Prx) family. The peroxidatic
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cysteine reacts with H,O, to form a disulfide bond, which is
then rearranged by thiol-disulfide exchange to create a
disulfide bond on the surface of the attached roGFP2
domain (reviewed in (7)). The roGFP2 disulfide bond causes
a small conformational change on the inside of the B-barrel,
which in turn alters the protonation state of the chromo-
phore, thus facilitating the ratiometric measurement. The
roGFP2 disulfide bond is susceptible to reduction by the
glutathione system, but is fully resistant to reduction by
thioredoxin (Trx) (8), apparently for steric reasons (9).

The other type are the cpYFP-OxyR fusion proteins, in
which a circularly permuted fluorescent protein is inserted
into the H,O,-reactive (regulatory) domain of the Escherichia
coli transcription factor OxyR, specifically HyPer (10), HyPer2
(11), and HyPer3 (12). Similar to a thiol peroxidase (13), the
OxyR regulatory domain harbors an active site that catalyzes
the reaction between a cysteine residue and H,O, (14). The
resulting disulfide bond leads to a substantial conformational
change (15), which then affects the attached cpYFP domain.
E. coli OxyR has been reported to be reducible by glutathione
(16), whereas Pseudomonas aeruginosa OxyR has been shown
to be reduced by Trx (17), suggesting that the reduction
mechanism depends on the specific type of OxyR and/or the
host environment. To our knowledge, it has not been clarified
how the OxyR domain of HyPer is actually reduced inside
cells.

A major problem of the conventional HyPer probes is their
pronounced pH sensitivity, which is shared by many other
probes based on circularly permuted fluorescent proteins, in
particular cpYFP (18). The circular permutation introduces a
cleft in the p-barrel that exposes the fluorophore’s pH-
sensitive phenoxy group to the ambient environment (19).
Therefore, to separate the effects of pH and oxidation, it has
been expedient to compare HyPer with a redox-insensitive
cysteine mutant, which has been named SypHer (20). In fact,
SypHer has since been used as a superior pH probe in its own
right (21).

Most recently, a new member of the HyPer family, HyPer7,
has been introduced (22). HyPer7 differs from earlier HyPer
versions in two important ways. First, it uses the more sensitive
regulatory OxyR domain from Neisseria meningitidis. Second,
it was subjected to both targeted (Y145F) and random muta-
genesis (D135N, G298S, and T379P) to select for favorable
properties. Overall, it is reported to be brighter, more sensitive
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H,0, probes in yeast

to H,O,, and largely pH insensitive when measured in the
ratiometric mode (22).

Because Saccharomyces cerevisiae is a key model
eukaryote in redox biology and offers unmatched possibil-
ities for high-throughput genetic screening, we considered it
important to test the use of HyPer7 in yeast and compare it
to the previously established roGFP2-Tsa2ACy probe. In
short, we find that HyPer7 is well expressed and brighter
than previous probes. As previously reported (22), it does not
appear to be influenced by pH in the way that confounded
the interpretation of conventional HyPer responses. While
exhibiting a larger dynamic range, HyPer7 is not as sensitive
to H>O, as the previously described roGFP2-Tsa2ACy probe.
The most striking difference between the two probes is the
dynamics of intracellular probe reduction. HyPer7 is reduced
faster, predominantly by the Trx system, while roGFP2-
Tsa2ACy is reduced more slowly, by the glutathione sys-
tem. The more efficient reduction of HyPer?7 likely leads to a
higher turnover of endogenous H,O,, raising the question if
the expression of HyPer7 changes endogenous H,O; levels
and, perhaps, cellular stress resistance and behavior. We
conclude that the two probes can be considered comple-
mentary in the sense that they provide information on the
activity of the two major cellular reducing systems. Future
studies using both probes side-by-side may reveal interesting
information about the dynamic regulation of the reducing
systems.

roGFP2-Tsa2AC,

Results

Expression of HyPer7 in yeast

To evaluate the performance of HyPer7 in yeast, and to
compare it with roGFP2-Tsa2ACp, we expressed correspond-
ing codon-optimized coding sequences under control of the
TEF promoter. Both probes were expressed at comparable
levels, with only minor signs of degradation (Fig. 14). Both
probes exhibited the expected cytosolic distribution, with
HyPer7 fluorescing more strongly than roGFP2-Tsa2ACy
(Fig. 1B). Excitation spectra recorded from living cells
confirmed that both probes respond to an externally applied
bolus of H,O, in the expected manner (Fig. 1C): Oxidation of
roGFP2-Tsa2ACy (left panel) lowered excitability at 488 nm
and increased excitability at 405 nm. In contrast, oxidation of
HyPer7 (right panel) increased excitability at 488 nm and
decreased excitability at 405 nm. In conclusion, HyPer7 can be
expressed in yeast cells in a functional manner.

For roGFP2-based probes, it is common practice to ‘cali-
brate’ measurements by treating cells with high amounts of
oxidants and reductants to obtain maximal and minimal
fluorescence ratios, corresponding to the fully oxidized and full
reduced states, respectively. From these reference values, the
probe’s degree of oxidation (OxD) can be calculated (9). In
principle, such reference measurements and OxD calculations
should also be applicable to HyPer7. The fully reduced state is
usually obtained by DTT treatment, and oxidized HyPer7 can
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Figure 1. Expression of HyPer7 in yeast. A, expression of roGFP2, roGFP2-Tsa2ACg, and HyPer7 under the TEF promoter in the WT BY4742 strain.
Immunoblotting with anti-GFP and anti-Pgk1 antibodies. B, fluorescence (520 nm) emitted by WT BY4742 yeast cells expressing either roGFP2-Tsa2ACg
(upper panels) or HyPer7 (lower panels), after excitation at 405 (left panels) and 488 nm (middle panels). The scale bar represents 4 um. C, fluorescence
excitation spectra (emission: 520 nm) of yeast cells expressing roGFP2-Tsa2ACg (left panel) or HyPer7 (right panel). Cells were left untreated (black line) or
treated with 10 mM H,0, (red line). Dashed vertical lines indicate the position of the 405- and 488-nm laser lines. Data in this figure are representative of n =
3 independent experiments with n = 3 independent replicates each. ev, empty vector.
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be reduced by externally added DTT (Fig. S1A). However,
DTT unexpectedly increased the baseline 488/405 ratio of
HyPer7 (Fig. S1B). Given uncertainty about the proper cali-
bration of HyPer7, we decided to abstain from calculating OxD
values and only use fluorescence ratios throughout the study.

Response of cytosolic HyPer7 to externally applied H,0,

Having confirmed that HyPer7 is expressed and responsive,
we performed a titration experiment to determine the minimal
amount of exogenous H,O, that is required to elicit a
detectable probe response. In a previous study (4), 10 uM
elicited a response of roGFP2-Tsa2ACg, while 200 pM was
needed to observe a HyPer response. First, we compared the
response of both probes to H,O, concentrations in the range
between 100 and 1000 pM (Fig. 2A and Fig. S2A). Interestingly,
the two probes showed markedly different dynamic behaviors.
Both probes oxidized quickly, but HyPer7 returned more
rapidly to the reduced state. HyPer7 clearly responded to a
100 uM H,O, bolus, thus confirming its higher sensitivity
relative to the original HyPer. As described previously (4), the
basal roGFP2-Tsa2ACy redox state is strongly influenced by
changes in oxygen availability, because endogenous H,O, is
generated from oxygen. The continuous lowering of the
probe’s baseline ratio reflects ongoing oxygen depletion in the
sample. Notably, HyPer7 is not sensitive to the small changes
in endogenous peroxide generation related to changes in ox-
ygen pressure. We then compared the response of the two
probes to H>O, bolus concentrations in the range between 1
and 100 uM (Fig. 2B and Fig. S2B). The lowest concentration
triggering a detectable response was =~ 5 uM for roGFP2-
Tsa2ACgr and ~ 20 uM for HyPer7. In summary, HyPer7 is
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more sensitive than the original HyPer but not quite as sen-
sitive as the Prx-based probe.

pH sensitivity of HyPer7 in yeast

The central problem of previous HyPer probes (HyPer1-3) is
their marked pH sensitivity. To deconvolute the influence of
H,0, and pH, we generated and expressed the H,O,-insen-
sitive mutant HyPer7(C121S), which we named SypHer7 in
analogy to the original HyPer—SypHer pair of probes (23, 24).
SypHer7 did not respond to any of the H,O, concentrations
tested (Fig. 3A). Equilibration of probe-expressing yeast cells in
different pH buffers (pH 4-9) had a relatively minor influence
on the steady-state fluorescence ratio (Fig. 3B). In conclusion,
the ratiometric H,O, response of HyPer7 in yeast does not
seem to be confounded by pH effects. The excitation spectrum
of SypHer7 was completely unaffected by H,O, treatment
(Fig. 3C); however, we also noticed something unexpected:
SypHer7 should behave like a fully reduced HyPer7 (as it
cannot form the disulfide bond that links the two OxyR half
domains) and therefore should never exhibit a higher 488/405
fluorescence ratio than HyPer7, yet its excitation spectrum
(and the corresponding ratio) indicated it to be in a (seem-
ingly) more oxidized state than HyPer7 in untreated cells
(Fig. 3C). This baseline ratio difference is also evident in
Figure 3B. This observation suggests that the C121S mutation
not only abolishes redox sensitivity but also influences the
protonation state of the cpYFP fluorophore.

Influence of thiol-reducing systems on cytosolic HyPer7

roGFP2-Tsa2ACy is known to be predominantly reduced by
the glutathione system (4). Having observed pronounced
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Figure 2. Response of cytosolic HyPer7 to externally applied H,0,. A, response of BY4742 cells expressing roGFP2-Tsa2ACx, (left panel) or HyPer7 (right
panel) to exogenously applied H,0, boli in the concentration range of 100 to 1000 uM. B, response of BY4742 cells expressing roGFP2-Tsa2ACg (left panel) or
HyPer7 (right panel) to exogenously applied H,0, boli in the concentration range 1 to 100 uM. Data in this figure are representative of n = 3 independent

experiments with n = 3 independent replicates.
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Figure 3. pH sensitivity of HyPer7 in yeast. A, response of BY4742 cells expressing HyPer7 (left panel) or SypHer7 (right panel) to exogenously applied
H,0, boli in the concentration range of 10 to 1000 uM. B, response of BY4742 cells expressing HyPer7 (left panel) or SypHer7 (right panel) to exogenously
applied pH buffers in the range between 4 and 9. C, fluorescence excitation spectra (emission: 520 nm) of yeast cells expressing HyPer7 or SypHer7,
collected at pH 6. Cells were left untreated or treated with 10 mM H,0,. Data in this figure are representative of n = 3 independent experiments with n = 3

independent replicates each.

differences in the reduction kinetics of the two probes (Fig. 2,
A and B), we wondered which thiol-reducing system is mainly
responsible for the reduction of HyPer7 in the cytosol of
S. cerevisiae. To this end, we measured probe responses in
strains lacking either glutathione reductase (Glrl) or the two
cytosolic Trxs (Trx1 and Trx2). In the absence of Glr1, but not
in the absence of Trx1/2, the basal redox state of roGFP2-
Tsa2ACy shifted to a higher fluorescence ratio (Fig. 44). In
contrast, the HyPer7 response was only slightly altered in the
absence of Glr1 (Fig. 4B, left and middle panel). Instead, it was
enhanced and prolonged in the absence of Trx1/2. Moreover,
in the absence of Trx1/2, HyPer7 showed a higher basal
fluorescence ratio followed by increased reduction over time
(Fig. 4B, right panel), suggesting that it has become sensitive to
oxygen availability, similar to the Prx-based probe. In
conclusion, HyPer7 differs from roGFP2-Tsa2ACy in that its
reduction is mostly dependent on the Trx system.

Influence of HyPer7 expression on the cell’s H,O, removal
capacity

Both HyPer7 and roGFP2-Tsa2ACy react with and therefore
eliminate H,O, from the cell. As the probes are ectopically
expressed at relatively high levels, we asked to which extent
probe expression contributes to the cell’s overall capacity to
remove H,O,. Previous experiments have shown that roGFP2-
Tsa2 ACy makes a negligible contribution to overall peroxidase
activity (4). To make a broad assessment also for HyPer7, we
asked if probe expression can rescue a growth defect that is

4 Biol. Chem. (2021) 297(1) 100866

caused by the lack of the two endogenous cytosolic Prxs Tsal
and Tsa2. As expected, ectopic re-expression of WT Tsa2
efficiently rescued growth of a tsalA tsa2A strain under H,O,
exposure (Fig. 5). Neither roGFP2-Tsa2ACr nor HyPer7
rescued to a significant extent, and HyPer7 behaved mostly like
SypHer7 (Fig. 5B, right panel).

Discussion

In this study, we investigated the utility of HyPer7 in
S. cerevisiae and directly compared it with the previously
established roGFP2-Tsa2ACy probe. We found that HyPer7 is
suitable for expression in yeast and highly preferable over
earlier HyPer versions in terms of brightness and H,O,
sensitivity. Importantly, ratiometric HyPer7 responses do not
seem to be confounded by ambient pH, at least not within the
specific context of our experiments. It seems to be an inter-
esting open question which of the mutations specific to Hy-
Per7 renders the probe ratiometrically pH stable and why.

Although HyPer7 is much more sensitive than earlier HyPer
probes, it is not quite as sensitive as the Prx-based roGFP2-
Tsa2ACy probe. In our bolus response experiments, HyPer7
detected ~ 20 pM of exogenously added H,O,, whereas
roGFP2-Tsa2ACy detected ~ 5 uM. It should be noted, as
discussed previously (4, 25), that these exogenous concentra-
tions translate to endogenous concentrations in the low
nanomolar range. The higher sensitivity of the Prx-based
probe is also evident in two other ways: First, roGFP2-
Tsa2ACy records the drop in H,O, steady-state levels that
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Figure 4. Influence of thiol-reducing systems on cytosolic HyPer7. A, response of WT (left panel), Glr1-deficient (middle panel), and Trx1/Trx2-deficient
(right panel) BY4742 cells expressing roGFP2-Tsa2ACg to a range of different H,0O, concentrations (0-100 uM). B, response of WT (left panel), Glr1-deficient
(middle panel), and Trx1/Trx2-deficient (right panel) BY4742 cells expressing HyPer7 to a range of different H,O, concentrations (0-100 pM). Data in this
figure are representative of n = 3 independent experiments with n = 3 independent replicates. Trx, thioredoxins.

follows the drop in oxygen availability, while HyPer7 is
insensitive to these changes. Second, roGFP2-Tsa2ACy be-
comes maximally oxidized at bolus concentrations around
750 uM H,0O,, while HyPer can resolve boli in a higher con-
centration range.
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A clear advantage of HyPer7 over roGFP2-Tsa2ACy is its
larger dynamic range, that is, the fold change in ratio between
the fully reduced and fully oxidized states, which is mostly due
to the larger intensity change in the 488 nm excitation channel.
However, for reasons that remain unclear to us, we found it

0.25 mM H,0,

—— Empty vector
10 20 30 — Hyper?
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— GFP2Tsa2AC,
0.25 mM H,0, — Tsa2 WT

Time (h)

Figure 5. Influence of the probes on cell growth and endogenous H,0, scavenging. A, growth curve of a WT BY4742 strain transformed with an empty
vector, Tsa2 WT, roGFP2-Tsa2ACg, HyPer7, or SypHer7. The cells were exposed to 0.25 mM of H,0, 2 h after the start of the experiment. B, growth curve of a
tsalA tsa2A strain transformed with an empty vector, Tsa2 wt, roGFP2-Tsa2ACg, HyPer7, or SypHer7. The cells were exposed to 0.25 mM of H,0, 2 h after the

start of the experiment.
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difficult to reliably “calibrate” HyPer7 inside cells, in particular
to determine the exact ratio for the fully reduced state. This is
why we decided to present intensity ratios only. It seems that
HyPer7 can be slightly modulated by factors unrelated to the
thiol-disulfide state of its OxyR domain, and this is potentially
also reflected by our observation that SypHer7 shows a higher
fluorescence ratio than reduced HyPer7. However, this may not
be of practical relevance for most applications.

A key finding of this study is that the two probes differ
significantly in how they are reduced in the cytosol of
S. cerevisiae. Although both probes are oxidized rapidly, Hy-
Per7 is much more quickly reduced than roGFP2-Tsa2ACk.
We found that HyPer7 is predominantly reduced by the Trx
system, whereas roGFP2-Tsa2ACy is predominantly reduced
by the glutathione system, as engineered by design (4). The
predominant coupling of the two probes to different reducing
systems leads to differences in the probe response dynamics
(Fig. 2). There is also a difference in how the probes respond to
the absence of their respective primary reducing system: For
roGFP2-Tsa2ACy, the main effect is an upward shift of the
baseline fluorescence ratio, which is expected because the
probe is already sensitive to baseline H,O, fluctuations in WT
cells and hence responds with a substantial upward baseline
shift when the predominant reducing system is deleted.
Because of the shifted baseline, all bolus-induced changes are
compressed into a smaller ratio window, for which resolution
is much more limited. In contrast, HyPer7 is not sensitive
enough to “see” baseline changes in WT cells, but the deletion
of the relevant reducing system makes it sensitive to baseline
fluctuations, as evidenced by the appearance of ‘baseline decay’
(caused by ongoing oxygen depletion) in Trx1/2-deficient cells.

It is important to recall that both probes, although
commonly perceived only as H;O, probes, are actually
reporting on the dynamic interplay between H,O,-dependent
thiol oxidation and NADPH-dependent thiol reduction. This
means that they are sensitive not only to changes in H;O,
availability but also to changes in thiol-reducing capacity.
Hence, the response depends on the interplay between
oxidation and reduction kinetics in a given situation and
environment, as pointed out earlier (1).

It is difficult to say which of the probes is oxidized more
rapidly. The observed overall oxidation rate should approxi-
mately correspond to the rate of formation of the relevant
disulfide bond, that is, the one that alters the fluorescence
properties of the attached fluorescent protein. It seems quite
likely that the rate of the initial reaction with H,O, (leading to
sulfenic acid formation) is faster for the Prx-based probe than
for the OxyR-based probe. However, the Prx probe requires
two additional steps (sulfenic acid—thiol condensation fol-
lowed by thiol-disulfide exchange) to transform the oxidizing
equivalent into the roGFP2 disulfide bond. HyPer7 forms the
conformation-altering disulfide bond more directly, in one
condensation step from the sulfenic acid. Indeed, under the
bolus response conditions tested, a major difference in the
initial rate of probe oxidation does not seem to exist (Fig. 2).

Obviously, in a situation of sudden H,O, exposure, it is the
kinetics of probe reduction that determines if (and how fast)

6 . Biol. Chem. (2021) 297(1) 100866

probe oxidation (i.e., accumulation of probes in the disulfide
state) can build up to rise above the detection level. An in-
crease of H,O, concentration will not translate into increased
probe oxidation as long as the probe reduction system can
keep up; only the flux of oxidizing equivalents through the
probe system will increase. The roGFP2-Tsa2ACy probe has
been deliberately designed to limit reduction by the Trx sys-
tem: the removal of the resolving cysteine in the Prx domain
prevents the formation of Trx-reducible Prx—Prx intersubunit
disulfides, and the roGFP2 disulfide bond is not sensitive to
reduction by Trx (8), for steric reasons (9). Indeed, previous
experiments have demonstrated that the sensitivity of the
roGFP2-Tsa2(wt) fusion protein is limited by the action of the
Trx system on the probe (4). Our data suggest that the Trx
system also limits the sensitivity of HyPer7 because both basal
oxidation levels and the H,O, response are increased in a
Trx1/2 KO background (Fig. 4). Thus, it seems that for HyPer7
slow and small changes in H,O, availability are “ironed out” by
fast and efficient reduction. This makes the probe less sensitive
but has the potential advantage of allowing for better temporal
resolution under conditions of rapidly changing H,O, levels.
Overall, it seems impossible to say which probe is “more
authentic,” given that the two probes are coupled to different
reducing systems and therefore reflect different aspects of
redox homoeostasis.

We suggest that roGFP2-Tsa2ACyr and HyPer7 can be
considered complementary probes, in the sense that they
couple to different reducing systems, at least in the yeast
cytosol. A side-by-side comparison of the two probes may be
of interest to uncover changes in one reducing system relative
to the other. However, it must be kept in mind that the
reducing system acting on HyPer7 may, to some extent,
depend on the host environment. It is possible that in a
different subcellular compartment, or organism, or under
different nutrient conditions, the relative contribution of the
two major reducing systems is changing. It seems expedient
that the interpretation of probe responses considers changes
or differences in reduction, not just in oxidation.

The probes we are discussing are facilitating the reduction
of HyO, to water, and there is always the question if the
ectopic (over)expression of such probes can alter endogenous
H,O, levels or transients. In other words, the concern is that
an H,O, probe may potentially perturb its own measurement.
The rapid reduction of HyPer7 (Fig. 2) by the Trx system
(Fig. 4) suggests that it turns over oxidizing equivalents rapidly,
potentially consuming more H,O, than roGFP2-Tsa2ACg. To
make at least a rough assessment, we tested the ability of
HyPer7 to compensate for the lack of endogenous peroxidase
activity and found no significant influence, suggesting that the
impact of HyPer7 expression on the overall cellular H,O,
reduction capacity is rather limited.

There are some additional aspects that may be counted as
pros and cons for one or the other probe. Prx-based probes
offer an opportunity that is not available to the HyPer-type
probes. The double mutant roGFP2-Tsa2ACpACy lacking
both peroxidatic and resolving cysteines is almost as sensitive
as the roGFP2-Tsa2ACy probe (4). This probe is catalytically
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inactive; it does not consume H,O, on its own, yet it receives
oxidizing equivalents from endogenous Prx with which it
forms mixed oligomers. This probe makes it possible to
observe H,O, responses without enhancing the cell’s intrinsic
H,0O, consumption capacity. However, the oligomeric nature
of roGFP2-Tsa2ACpACr and roGFP2-Tsa2ACr (or similar
probes) may also be a disadvantage for certain kinds of ap-
plications, especially when fusing the probe to other proteins.
In such applications, the use of HyPer7 is likely to be an
advantage, as it does not have to form dimers to be functional.
It is also conceivable that Prx-based probes to some extent
interfere with the sensing and signaling functions of endoge-
nous Prxs (by oligomerizing with them). In this respect, Hy-
Per7 can be seen as advantageous because it is completely
foreign to the yeast cell and therefore less likely to interact
with endogenous systems.

On a topical note, a very recent study has compared HyPer7
with the roGFP2-Tpx1(C169S) probe, which is the corre-
sponding Prx-based probe in Schizosaccharomyces pombe (26).
In agreement with our study, it finds that the Prx-based probe
is more sensitive than HyPer7, and that the latter is predom-
inantly reduced by the Trx system. Another new study eval-
uated the use of HyPer7 in plants (27).

In conclusion, HyPer7 is a welcome addition to the yeast
redox biology toolbox. Future studies using different types of
probes side-by-side are likely to reveal interesting information
about the dynamic regulation of not only H,O, levels but also
reducing activities.

Experimental procedures
Yeast strains and plasmids

All experiments used the BY4742 strain (MATa his3AI1
leu2A0 lys2A0 MET1S ura3A0). Single-gene deletion strains
were taken from the deletion collection (Euroscarf) (28),
generated using the KANMX marker. Strains lacking Trx1 and
Trx2 (trxlA trx2A) or Tsal and Tsa2 (tsalA tsa2A) have been
described previously (9). All plasmids used in this study are
based on the p415 vector backbone and expressed under
control of the TEF promoter (29, 30). Plasmids expressing
roGFP2, Tsa2(wt), and roGFP2-Tsa2ACy (in which the
resolving cysteine of Tsa2 (C171) is mutated to alanine) were
published previously (9, 17). The yeast codon optimized cod-
ing sequence of HyPer7 was synthesized (Life Technologies)
and cloned into p415TEF. SypHer7, that is, HyPer7(C121S),
was generated by site-directed mutagenesis. All constructs
were verified by DNA sequencing (Eurofins).

Growth conditions

Yeast strains were grown in synthetic complete dextrose
medium (0.17% w/v yeast nitrogen base without amino acids,
with 0.5% w/v ammonium sulfate (Difco, BD), 2% w/v glucose
(Sigma), Kaiser complete amino acid mix with or without Leu
(Formedium)) at 30 °C with shaking (180 rpm). Media were
solidified by the addition of 2% (w/v) agar (Sigma). For H,O,
bolus treatment of liquid cultures, hydrogen peroxide (Sigma)
was added at the indicated concentrations.

SASBMB

H,0, probes in yeast

Fluorescence measurements

Plate reader—based fluorescence measurements were per-
formed as described previously (9, 18). Briefly, yeast strains were
grown to the mid-exponential phase and harvested by centrifu-
gation. Cells were resuspended in MES-Tris buffer (pH 6) and 1.5
Agoo units were dispensed (per well) into black 96-well flat bot-
tom plates (Falcon). Plates were centrifuged briefly (30 rpm,
2 min) and then measured in a PHERAstar FSX or CLARIOstar
plate reader (BMG Labtech) at 30 °C. Excitation/emission
wavelengths were 405/520 nm and 488/520 nm with a bandwidth
of 10 nm. In experiments investigating the influence of pH, cells
were resuspended in a buffer (50 mM NaH,PO,, 150 mM Na(l,
1 mM EDTA) adjusted to different pHs between 4 and 9, incu-
bated for 15 min, and then measured. Hydrogen peroxide (Sigma)
was added at the indicated concentrations. For reduction ex-
periments, 25 mM DTT (AppliChem) was added as indicated.

Cell lysis, SDS-PAGE, and immunoblotting

Yeast cells were lysed by bead beating in PBS containing
cOmplete Protease Inhibitor Cocktail (Roche). Lysates were
run on 12% BIS-Tris acrylamide gels. Probe expression was
visualized by immunoblotting with a polyclonal anti-GFP
antibody (PABGI, Chromotek) recognizing a broad range of
GEFP derivatives, including roGFP2 and cpYFP. Detection of
phosphoglycerate kinase with an anti-Pgkl antibody (Life
Technologies) served as a loading control.

Fluorescence microscopy

For fluorescence microscopy, an Olympus IX81 inverted mi-
croscope was used with a PL APO 100x/1.45 oil differential
interference contrast objective and a Hamamatsu ORCA-R2
camera. Olympus xCellence software was used for image acqui-
sition. Images were further analyzed with FIJI software (31).

Growth rate measurements

To assess the influence of exogenously applied H,O, on the
cellular growth rate, growth curves were measured as reported
previously (4). Briefly, yeast cells were grown until reaching the
stationary phase and then diluted to Agge = 0.1. The suspen-
sion was dispensed in triplicates into a 96-well plate (200 pl/
well) and the Agoy monitored with a plate reader (OMEGA,
BMG Labtech) at 30 °C, measuring every 15 min after 10 s of
shaking. The H,O, bolus (0.25 mM) was added to individual
wells 2 h after the start of the experiment as indicated.

Data availability

All data presented in this study are contained within this
article.
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