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Abstract

Recent advances in genetically encoded fluorescent probes have dramatically increased the toolkit
available for imaging the intracellular environment. Perhaps the biggest improvements have been
made in sensing specific reactive oxygen species (ROS) and redox changes under physiological
conditions. The new generation of probes may be targeted to a wide range of subcellular
environments. By targeting such probes to compartments and organelle surfaces they may be
exposed to environments, which support local signal transduction and regulation. The close
apposition of the endoplasmic reticulum (ER) with mitochondria and other organelles forms such
a local environment where Ca%* dynamics are greatly enhanced compared to the bulk cytosol. We
describe here how newly developed genetically encoded redox indicators (GERIs) might be used
to monitor ROS and probe their interaction with Ca2* at both global and local level.
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Introduction

Calcium is one of the most versatile and universal cellular second messengers [1]. Across a
typical animal cell Ca2* concentrations range 10,000 fold and its signals last from ps to
days, modulating processes as disparate as neurotransmitter release, muscle contraction,
oxidative metabolism, organelle distribution, cell division and death. Cells pay a tremendous
energetic price to establish and maintain large concentration gradients through a diverse
array of ion exchangers and pumps. Conversely, CaZ* signaling events permit Ca2* to flow
down the energetic gradient through gated channels. The field of Ca2*-signaling has
embraced the concept of limited spatial or temporal features, the [Ca2*]., oscillation is a
beautiful example of an event with carefully confined temporal characteristics [2, 3].
Similarly, the physical arrangement of Ca2* channels, impermeable membranes and buffers
promote signals confined to um-scale subcellular regions [4, 5]. Neurons offer extreme
examples; localized CaZ* dynamics restricted to millisecond timescales in terminals isolated
at incredible distances from the cell body which allow synaptic transmission independent of
other terminals [6]. Such restrictions offer tremendous benefits in terms of efficiency, signal
quality and safety, by focusing Ca%* in time and space. Global, rather than local signals,
would force compromise on energetic cost, signal amplitude, speed or the potential for Ca2*
overload.

Below the um scale, Ca2* inevitably forms local concentrations in the nm range upon
channel opening [7]. This occurs when individual or clusters of Ca* channels in the ER/SR
or plasma membrane (PM) are gated open, allowing passage to the cytosol of Ca2* from the
ER/SR lumen or extracellular space - the two principal stores. Here, the Ca?* overwhelms
local buffering capacity leading to elevated free Ca2* forming a gradient from the channel
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mouth to the bulk cytosol. Such microdomains form and persist in the 10-100s of ms and
extend for 10-100s of nm [5, 8]. The distances implied by calculations of Ca2* diffusion
match those observed where the ER forms associations with organelles like the PM (Figure
1. B Pink). Here, cells selectively concentrate Ca%* sensors (Stim [9]) and channels (Orai
[10]) forming a transient physically tethered interface promoting the formation of a
microdomain which increases Ca?* uptake efficiency [11]. Its dynamic construction allows
the ER to be moved by motor proteins, remodeled by fusion and divided into functional sub
domains [12-14]. Given the dynamism of the mitochondrial network, it is not surprising that
the two motile organelles form transient stochastic associations. However, various
experiments have demonstrated that the ER and mitochondria form a robust structure
physically stabilized by protein tethers [15-17]. At these locations, elevated microdomains
of Ca?* were proposed [18] as a solution to the high-threshold of mitochondrial Ca2* uptake
now known to be mediated by specific proteins of the mitochondrial Ca2* uniporter [19, 20].
Successful attempts to measure the Ca2* nanodomain at the ER-mitochondrial interface [21,
22] demonstrated that local Ca2* is enhanced =10 fold compared to the bulk cytosol.
Evidence from many fields supports the hypothesis that all second messengers may form
micro/nanodomains including cAMP and NOX-induced H,0, [23, 24].

Reactive oxygen species (ROS) modify the spatial and temporal profile of both global and
local Ca2* signals by functional modification of Ca?* handling proteins [25-28]. By direct
and indirect tuning, ROS may modulate protein activity at a local level, giving rise to
spatially confined heterogeneity in Ca?* pumping, flow and exchange. This interaction is
facilitated by concentration of ROS production and degradation at the organelles primarily
involved in Ca2* handling. For example, the close apposition of the ER to potent ROS
sources like mitochondria, suggest exciting new ways in which second messengers may
interact locally at organellar interfaces. In order to determine the mechanisms and
significance of the interplay between Ca2* and ROS, it is important to establish specific and
sensitive means to track and perturb ROS in live cells down to level of subcellular
organelles. We here summarize recent developments in technology that allow monitoring of
ROS in spatially and temporally resolved manner and even simultaneously with monitoring
of [Ca2™].

1. Measurement of ROS

Fluorescence Measurements — Fluorophores—Both small-molecule dyes and
fluorescent proteins allow real-time imaging of diverse species within individual cells. Small
molecule probes are often easier to introduce to a cell but may not be targeted to tissue or
cell type, and are subject to saturation, leak, extrusion or compartmentalization when used
beyond short time periods, and as such may not be used to track lengthy physiological
processes such as development or wound healing. Furthermore, evidence has accumulated
on the lack of specificity of several small molecule probes and on a range of artifacts.
Presently, we seek to highlight the possibilities afforded by the range of genetically encoded
redox indicators (GERIs) currently available. Early experiences demonstrated the sensitivity
of fluorescent proteins (FPs) to changes in the chemical environment, such as pH or

CI™ [29]. Efforts were made to create chemically stable variants [30] while others exploited
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the sensitivity to measure the intracellular environment. The development of circular
permuted FPs [31] allowed insertion of an adapter protein that linked conformational change
to optical information. Almost immediately, Ca2*-sensitive motifs were used to create a new
generation of genetically encoded Ca2* indicators (GECIs) [32-34]. By adding peptide
motifs from selected endogenous proteins, fluorophores could be targeted to cellular
compartments and membranes, permitting measurements using non-invasive imaging
equipment [35].

Tools for sensing ROS and Redox

Since evidence gathers that ROS and redox regulation engage all modes of physiological and
pathological signaling, interest in their measurement has grown. Conversely, intracellular
measurements using small molecule dyes still rely upon a cabal of sensors based upon
reduced ethidium, fluorescein or rhodamine. Use of these indicators is fraught with difficulty
even in experienced hands. They offer few targeting options, little ROS selectivity or
specificity and myriad mechanisms for producing anomalous data [36, 37]. Currently, no
small molecule indicator is ratiometric, reversible or capable of sensing redox metabolites
such as NAD(P)H or GSH in live cells. For these reasons, measurements made with small
molecules must feature extensive controls and the results interpreted within the context of
their limitations. However, where conditions are tightly controlled, such as permeabilized
cell systems or isolated organelles, their convenience offers more promise. In contrast to
small molecule indicators, GERIs have developed rapidly. Living organisms harbor proteins
evolved to sense ROS and redox changes in order to adapt to their environment. This has
produced two categories of indicators: those that equilibrate with the redox potential, and
those that specifically sense a redox active molecule.

Redox environment probes

rxYFP—The first redox sensor, rxYFP, (Table 1) was produced by substituting two residues
close to the YFP chromophore for a cysteine pair capable of forming a disulfide bond [38].
Upon oxidation, the disulfide bridge induces a conformation change in the adjacent
chromophore, enhancing absorption/fluorescence at 512 nm while proportionally decreasing
(absorption only) at 404 nm. When expressed in the cytosol, rxYFP equilibrates with the
redox environment within individual living cells. rxYFP is fully oxidized or reduced by cell-
permeable thiol reagents 2,2 -dipyridyl disulphide (DPS) and dithiothreitol (DTT), but when
purified, in vitro rxYFP responds slowly to GSH:GSSH ratios. This strongly implicates
proteins with glutaredoxin (Grx) activity as necessary cofactors in sensing GSH:GSSG [39].
The pH sensitivity of rxXYFP was noted in the characterization, probe fluorescence increases
with pH in the physiological range however, reduced and oxidized forms show divergent
responses, with the reduced form 50% brighter at pH 7.4. Consequently, rxYFP requires
consideration of changes in pH, halides or nitrate [40].

roGFP—Following rxYFP, the disulfide bond strategy was applied to modulate the
chromophore of wild type avGFP, retaining two excitation peaks at 395/475 nm (Table 1)
yielding redox-sensitive roGFP1 [41]. A further mutation, S65T yielded the brighter,
spectrally shifted and higher dynamic range roGFP2. The advantages of roGFP probes over
rxYFP are numerous, essentially rendering rxYFP conceptually important but functionally
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obsolete. Both roGFP variants are true ratiometric fluorophores which display greater redox
sensitivity (1: —291mV, 2: —280mV vs. rXYFP: -261mV) in the physiological range
(cytosol: —260 to —200mV [42] the more reducing mitochondrial matrix: =330 to —300mV
[43]), while eliminating most potential artifacts. H*, Halide and other small anions do not
affect GFP at physiologically relevant concentrations. While roGFP2 fluorescence decreases
upon acidification, both excitation wavelengths respond equally [44]. It should be noted that
uniform changes in both wavelengths of a ratiometric indicator may still be subject to
artifacts created by endogenous autofluorescence prevalent in primary cells and often subject
to independent redox modulation [45]. In relatively few steps, GERIs have developed as
methods to assess the intracellular redox environment; they offer real-time measurements of
individual cells without the artifacts created by biochemical sample preparation. That roGFP
may be targeted to any compartment of the cell is of great utility, but caveats remain. /n vitro
reactions with common oxidants, such as H,O,, show poor sensitivity compared with the
same probe expressed in HelLa cells [41]. The oxidation/reduction of roGFP and rxYFP by
equilibration with GSH:GSSG in vitrois extremely slow compared to the rate inside living
cells. While the intracellular mechanism is not fully understood, addition of glutaredoxin
(Grx) to in vitro assays dramatically enhances the relationship between GSH:GSSG ratio
and the redox state of the probes, implying that cellular redox status is communicated to the
probe via endogenous enzymes [39]. Subsequent fusion of Grx1 with roGFP2 increased
probe sensitivity to common oxidants [44], demonstrating that roGFP is not a ROS probe,
rather, it integrates into the cellular thiol network with uncertain efficiency. Therefore,
dynamic measurements rely upon endogenous redox proteins which vary between cell type
and compartment.

Specific ROS probes: H,0, HyPer—It is accepted that ROS generated by metabolism
and ROS generating enzymes, occur in the form of superoxide however, its half-life in most
cellular environments forces the equilibrium in favor of dismutation to H,O5 [46].
Measurement of H,0, has traditionally relied upon unspecific small molecule dyes or
extracellular detection with HRP-Amplex red [47]. The discovery of specific microbial
H,0, sensors OxyR, in E.coli, and the Orpl-Yapl H,O, relay system in S.cerevisiae [48,
49] was critical to the design of GERIs with real ROS specificity. The regulatory domain of
OxyR (amino acids 80-310) contains two key cysteine residues (Cys 199 & 208). Cys 199
resides in a hydrophobic pocket that is freely accessible to H,O, but not superoxide. Upon
oxidation Cys 199 forms a sulfenic acid, which leaves the hydrophobic region to form a
disulfide bridge with C208. Critically, the reaction is between OxyR and H,O» directly, with
no cofactors, causing a marked conformational change in the flexible 205-222 region [49].
Belousov and colleagues used this conformational change to modulate the fluorescence of
cpYFP using a similar strategy to the construction of the Ca2*-sensitive pericam [32, 50].
The result “HyPer” was the first GERI to measure ROS directly and perhaps the first probe
of any kind to measure intracellular H,O, specifically. The specificity of the OxyR domain
has been robustly demonstrated by multiple groups /n vitro, and in diverse cell models. Its
microbial origin implies no endogenous binding partners and resultant perturbations [51].
HyPer appears to function as a monomer [52] allowing activity to be maintained when
attached via the N or C terminal, or placed into the middle of a complex polypeptide chain.
Further to previous attempts to target HyPer [53, 54], we illustrate in Figure 1 a range of
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subcellular locations to which the probe may be directed. Pre-validated sequences to target
HyPer to the bulk cytosol, the intracellular surface of the plasma membrane, the nuclear
lumen, the cytosolic surface of the endoplasmic reticulum (ER-M), the outer mitochondrial
membrane (OMM) and the mitochondrial matrix were used (Figure 1, AB). We found that in
all locations HyPer functions as a ratiometric HoO, probe with a lower limit of sensitivity
around 2-5 UM and contrary to previous reports, a dynamic range = 5 [52]. Addition of
H»0, to nuclear-targeted HyPer yields a dramatic and opposing change in fluorescence
intensities with 488 and 405 nm laser lines (Figure 1, C) Furthermore, in the mitochondrial
matrix we see elevated initial ratios and enhanced dynamic range (= 8) which we attribute to
the alkaline pH of the compartment. Belousov and others have commented upon the pH
stability of HyPer as a function of the cpYFP fluorophore [52, 55]. Combined with earlier
observations of rxYFP, it is tempting to speculate that H,O, sensing may superimpose upon
pH changes [38]. For this reason, the development of “SypHer” was opportune, the probe is
essentially a redox desensitized derivative of HyPer with Cys 199 mutated to serine which
essentially operates as fully reduced HyPer [54, 56]. The study highlighted CaZ*-induced pH
changes which are mirrored by HyPer in the absence of H,O,. While small molecule pH-
sensing dyes, such as carboxy SNARF-1, may be imaged simultaneously with HyPer, they
are difficult to target and do not share pKa values. A more straightforward situation is to
assess HoO» using HyPer and SypHer constructs targeted to the same location. Following
comparison between HyPer and SypHer, suspected H,O, elevations should be confirmed
with thiol reducing agents, such as DTT, which should reduce the probe, fully matching the
fluorescence ratio to that of SypHer. Similarly, inducing the maximal HyPer ratio under
experimental conditions (=100 uM H,0,) will provide valuable reference range for any
H,0, detected. All drugs should be tested at working concentrations to ensure matched pH,
as differences can equilibrate across the plasma membrane with considerable delay.

Following HyPer, three additional variants HyPer 2, 3 and HyPerRed have been developed
[52, 57]. HyPer 2&3 derive from HyPer with mutations to the OxyR domain. These
mutations increase the apparent dynamic range from ~3 to ~8, and in the case of HyPer 2
slow the response. It is interesting that the increase in dynamic range comes without
changing the cpYFP fluorophore. Indeed, we speculate that the dynamic range of HyPer3
mimics that of HyPer in an alkaline environment. Perhaps the H34Y mutation of HyPer3
removes the proton donor histidine, favoring a deprotonated chromophore core. If true, then
HyPer2 and 3 would represent improvements by being resistant to small alkalization events.
HyPerRed was produced by fusing the original OxyR domain to the circularly permuted
fluorophore from the calcium sensor R-GECOL1[58] and represents a spectrally shifted, non-
ratiometric HoO, sensor with similar sensitivities to both H,O, and pH but a somewhat
truncated dynamic range (1.5-2.0).

Alternative strategies to sensing H,O, were derived from the yeast Orp1-Yapl redox relay
system. In this pathway, the Orpl is oxidized by H,05, forming a disulfide bridge with the
cysteine rich domain of Yapl [59]. This phenomenon was exploited by Enyedi and
colleagues to produce two sensors, OxyFret and PerFRET which use conformational
changes to increase and decrease Forster Resonance Electron Transfer (FRET) respectively.
Both probes demonstrate reversibility upon wash out of H,0,. Although OxyFRET has two
Yapl-derrived cysteine rich regions in place of Orpl-Yapl, it is easily oxidized, implying
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that endogenous enzymes are interacting with the cysteine rich domains in manner as yet
uncharacterized [60]. The probes, particularly PerFRET has the advantage over rxYFP and
HyPer in that it is FRET based, using Cerulean and Venus is an upgrade over legacy FRET
redox probes [61] in that the chosen FRET pair is largely unaffected by pH changes although
such FRET pairs typically occupy a large part of the available optical spectrum. A simpler
strategy employed by Dick and colleagues, used Orpl to peroxidate roGFP2 [62]. The result
is a probe which has H,O5 specificity conveyed upon it by fusion to Orpl. However, in the
absence of adapter proteins, roGFP2 responds to H,O, and other oxidants via endogenous
redox proteins. So far it has not been demonstrated whether roGFP-Orpl may be oxidized
independently of H,O, via such mechanisms.

Grx1-roGFP2—The GERI Grx1-roGFP2 sits between probes which monitor the redox
environment, and those which measure a specific moiety. The probe was created by fusing
roGFP2 with human Grx1 resulting in direct, reversible communication of the GSH:GSSG
state to the thiol pair in roGFP2 [44]. The improvement in performance is remarkable, Grx1-
roGFP2 reduction with GSH and oxidation by GSSG happens in seconds when measured /n
vitro, in contrast to roGFP2 which senses GSH:GSSG with poor efficiency. The probe does
not directly sense ROS such as H,O», but can sense this via the GSH:GSSG ratio in a
manner dramatically enhanced by the presence of glutathione peroxidase (GPx). In live cells
the probe responds rapidly, although with a slower kinetic than HyPer, to low (12.5 uM)
concentrations of H,O, which may be completely reversed by DTT. Furthermore, redox
shifts in response to TRAIL-induced apoptosis, Ca2*-store depletion, serum starvation and
activation of NADPH oxidase have been documented with Grx-roGFP derivatives [63],
contrasting the limitations of plain roGFP in responding to physiologically relevant stimuli
[64].

NADH—The nicotinamide adenine dinucleotide (NAD*/NADH) and nicotinamide adenine
dinucleotide phosphate (NADP*/NADPH) redox couples are major determinants of redox
state in the cell upstream of the GSH:GSSG relay. Half a century ago, fluorescence from
living tissues was attributed to the autofluorescence of NAD(P)H [65]. Subsequently this
endogenous redox indicator was used to demonstrate the coupling between Ca?* signaling,
mitochondrial metabolism and the redox balance in response to physiological [51, 66-68]
and pathological stimuli [69]. While imaging NADH and NADPH individually is possible
with fluorescent lifetime imaging (FLIM), it requires specialist equipment and artificially
elevated NADPH levels [70]. Fortunately, fluorescent probes for NADH have been
developed. Both are based upon microbial Rex/T-Rex NADH sensing domains and use the
NADH-induced conformational change to modulate the fluorescence of circularly permuted
fluorophores. Frex (fluorescent Rex) (Table 1) is based upon cpYFP [71] whereas Peredox
(Table 1) uses UV excitable GFP derivative termed T-Sapphire fused to mCherry as a stable
reference [72]. Both probes demonstrate acute changes in NADH:NAD+ ratios in response
to manipulation of mitochondrial metabolism and substrates. Since many metabolic
manipulations modulate pH, constructing Peredox with a pH insensitive GFP paired with a
stable reference fluorophore, represents a coherent strategy [73].
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Choosing a GERI—Within this special issue, we have tried to draw the attention of Ca*
researchers to the tools available to visualize ROS and redox dynamics. GERIs emerge as
having significant advantages over small molecule probes, GERIs may be expressed in
living cells, tissues or whole organisms to reversibly study specific species over extended
periods of time. Such features may be used to design experiments with maximum
physiological relevance. Which GERI is selected should be informed by the experiment,
specifically the environment to which the probe will be exposed and the information desired.
Currently, Grx1-roGFP2 stands as the most “fool proof” option, a significant change to the
redox environment will be revealed since the GSH:GSSG ratio serves to integrate and
channel redox information to one species. This occurs because of direct or protein-catalyzed
reduction by GSH of ROS/reactive nitrogen species (RNS), including superoxide, H,O, and
peroxynitrite [74-76]. Grx1 ensures that the probe senses GSH:GSSG independently, unlike
rxYFP/roGFP. As such, experiments may be planned where members of the Gpx/Grx/Trx
family are ablated or inhibited without compromising the sensing. The roGFP2 fluorophore
is well-characterized, free of major pH artifacts, easily targeted, and the excitation/emission
spectra are amenable to common filters or laser lines (405/488 nm). However, protocols that
deplete the total glutathione pool, such as buthionine sulphoxamine (BSO) treatment, or
permeabilization, are likely to substrate-limit the probe, potentially compromising the data.

Following detection of redox shifts, the investigator may wish to assess ROS directly; Orpl-
roGFP2 shares the same fluorophore, and is therefore equally stable and directly comparable
with Grx1-roGFP2. Using such information, it may be determined whether free H,O»
precedes or trails GSH oxidation. Should fast kinetics and sensitivity be required, HyPer
remains state of the art. Oxidation of OxyR by H,0O, changes the fluorescence of HyPer
extremely quickly, without need for cofactors. This may be critical when the environment to
which the probe is targeted is physically confined, containing finite glutathione pools and
limited populations of catalytic enzymes. HyPer must be assessed in paired experiments
with the redox desensitized derivative SypHer, to control for pH dynamics [56]. While
HyPer2 and HyPer3 have been advertised as having enhanced dynamic range, HyPer2
possesses a slow kinetic and therefore offers no advantage over Orpl-roGFP2. HyPer3 is
described as having equal pH sensitivity to legacy SypHer, but the mechanism of the
enhanced dynamic range is unexplored [52]. Production of a C199S mutant “SypHer3”,
followed by characterization of the probes’ responses to a full range of H,O, and pH is
advised to determine whether the dynamic range has increased, or the protonation state of
the chromophore is shifted.

While targeting motifs exist for almost every neighborhood within a cell, some regions are
problematic for the described GERIs. The lumen of the endoplasmic reticulum hosts
tremendous CaZ* and redox dynamics, but probes based upon thiol pairs such as HyPer
cannot be trusted to directly sense H,O, in a compartment populated with “professional”
thiol modifying machinery [77].

Experiments with ratiometric probes should be planned as to assess the cellular environment
in the context of the fully reduced and oxidized range of all probes. DTT and H,0O, are ideal
to obtain minimum and maximum ratios (Figure 1, C, 2, A). Furthermore, data should be
carefully analyzed at both excitation wavelengths separately to ensure that ratio changes
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attributable to redox derive from opposing changes in fluorescence, rather than large shifts in
overall signal.

Correlated Imaging—Since ROS/Redox and Ca2* display mutual regulation,
investigators may wish to probe the dynamics of both systems simultaneously. The recent
expansion of GECIs means that there are now many probes which may be used with GERIs,
with the advantage that either probe may be targeted independently [78, 79]. As an example,
we co-transfected HEK?293 cells with Grx1-roGFP2 and RCaMP, each targeted to the
cytosol. Upon application of H,O, (200uM) the GSH:GSSG ratio became rapidly and fully
oxidized (Figure 2, B. Blue). Within 100 s, H,O»-induced [Ca%*]. elevations were detected
by RCaMP (Figure 1, B Black) indicating the sensitivity of Ca2* release to H,0O, and
GSH:GSSG shifts. In addition to the GECIs, small molecule Ca2* sensitive fluorescent
indicators can also be simultaneously used with GERIs. For example, HyPer or Grx1-
roGFP2 can be combined with rhod-2 or X-rhod-1 (fluorescence excitation and emission
maxima at about 550nm and 580nm for rhod-2 and 580nm and 600nm for X-rhod-1,
respectively). HyPerRed fluorescence can be monitored simultaneously with the ratiometric
dye fura-2 (excitation at 340nm and 380nm and emission at 500nm). These Ca?* sensitive
fluorescent indicators can be loaded to the cytoplasm using their acetoxymethyl ester
derivative or using microinjection of their free acid form. Although the small molecule
indicators cannot be specifically targeted to any organelles of interest, in particular cell
types, using particular dye loading protocols preferential compartmentalization of certain
dyes in certain locations like mitochondrial matrix or ER lumen is feasible (eg in
hepatocytes [51, 80]).

2. Tools for local measurements

Membrane Anchored Probes—Measurement of local dynamics may be measured
without special techniques in situations where the local dynamics are extreme, such as the
local Ca2* sparks elicited by clusters of ryanodine receptors [84]. In cells with less physical
confinement and more modest Ca2* release, soluble probes may bind calcium and diffuse
freely, destroying the spatial information. By confining a Ca*-sensor to the OMM,
Giacomello and colleagues identified “hot spots” on the mitochondrial surface that were
exposed to high-CaZ* microdomains [21]. An approach to target the Ca* sensor to
organellar interfaces fuses a GECI into a membrane-targeted protein containing a
rapamycin-binding domain. By targeting a different color fluorescent protein to the opposing
organelle and equipping it with a protein that binds a different portion of rapamycin, the
linker halves represent a drug-inducible heterodimer. By tuning the length of the respective
linker halves, fluorescent probes may be concentrated specifically to organellar interfaces,
such as the ER-mitochondrial or PM-mitochondrial contact sites (Figure 1, B. Pink) [22].
Targeting probes to the interface allows dramatic enrichment of information from interface
regions that are below the spatial resolution of conventional fluorescence microscopy. Such
techniques might have the ability to sense the nanometer-scale regions where ROS and redox
are locally elevated, whereas the volume and antioxidant machinery present in the cytosol
precludes the detection of changes in non-pathological conditions. To measure changes in
the vicinity of a target protein, the protein can be tagged with a reporter protein directly. Pal
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and colleagues, chose to directly monitor the activity of NADPH oxidase by creating a
fusion protein from roGFP2 and the p47°"°% subunit [85]. The skeletal muscle and
macrophage systems showed specific oxidation of roGFP2 upon assembly/activation of
NOX2, over the course of minutes. The fusion protein approach is demonstrably viable, for
any protein amenable to tagging, although retaining a Grx1 or Orpl as a conjugated catalyst
would retain greater sensitivity.

3. The ER-mitochondrial interface: a potential stage for local redox-Caz*

interactions

Using genetically encoded luminescent Ca2* sensors, Rizzuto, Pozzan et al. demonstrated
effective delivery of Ca2* released through 1P5 receptors (IP3R) to the mitochondria. To
explain the disparity between the maximum [Ca%*]. and the minimum [Ca2*] necessary for
mitochondrial Ca?* uptake, they reasoned that the ER and mitochondria must be
functionally linked and proposed a locally elevated [Ca2*], microdomain mediating the Ca%*
transfer to the mitochondria [18]. As described under section 2, this idea has been validated
by direct measurement of [Ca%*] at the ER-mitochondrial interface [21, 22]. Furthermore,
close association of ER and mitochondria was demonstrated by electron microscopy studies
long ago, more recently, ER-mitochondrial tethering species were revealed that show
diversity in shape and length spanning 10-60nm interorganellar gaps [15]. The presence of
ER-mitochondrial tethers explains why a fraction of the ER, referred as mitochondria
associated membranes or MAM, co-purifies with mitochondria upon cell or tissue
fractionation [86]. The MAM is enriched with numerous proteins which coordinate ER Ca2*
release and sensing by adjacent mitochondria [18]. The protein tethers are required for
efficient Ca2* transfer [15], as explored using artificial variable-length drug-inducible linkers
[22]. By extending the contact area, Ca2* transfer enhanced, conversely, reducing the
distance to below the protrusion of the IP3R inhibited transfer, demonstrating that the ER-
mitochondrial interface tunes cellular energetics via mitochondria. The extent of the ER-
mitochondrial interaction is a regulated event, induction of ER stress enhances the
association [15, 87] but the functional relevance of the rearrangement remains elusive.

The ER is the primary source of interface Ca2* but mitochondrial respiration and ROS
production must impact the restricted environment [88]. Sources of redox perturbation lie on
both sides of the interface: the ER lumen is an oxidizing compartment with H,O»-producing
enzymes enriched at the MAM [89] and behind the OMM, the intermembrane (IMS) space
that may be highly oxidized [90]. Further studies show that the IMS becomes oxidized when
access to the cytosol is blocked, implying the exchange of oxidized products from the IMS
to the mitochondrial surface [91]. VDAC proteins are present at the ER-mitochondrial
interface and provide access to the IMS for small molecules including Ca2* [92, 93]. That
VDAC forms a tether complex with grp75 and IP3R, which all co-purify in a biochemical
MAM fraction, provides evidence that a portion of VDAC allows exchange between the IMS
and the interface volume. It is tempting to speculate that VDAC provides privileged
communication between the IMS and interface involving Ca2*, ATP and redox
intermediates.
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A central molecular component of the interplay between redox changes and Ca?* signaling
is the IP3R. Although there are species differences, each of the three IP3R isoforms show
sensitization of channel activation in response to oxidants [94]. Increased generation of ROS
at ER-mitochondrial interfaces would sensitize IP3R channels localized to the interface and
drive additional ROS production as a consequence of enhanced mitochondrial Ca2* uptake.
This could be part of a regulatory positive feed-back loop contributing to several modes of
cell death. The mechanism of redox sensitization of IP3Rs is poorly understood but may
involve oxidation of critical thiols and/or altered association with regulatory proteins.
Changes in the binding of the ER luminal oxido-reductase ERp44 to the type 1 IP3R has
been proposed to confer redox sensitivity to the channel [94]. The balance of oxidized and
reduced IP3Rs has also been found to be affected by another ER luminal oxido-reductase
ERO-1alpha, acting indirectly by binding to ERp44 [95]. Interestingly, there is evidence that
ERp44 and ERO-1alpha are enriched at the MAM interface [95, 96]. Although intraluminal
regulation may contribute to redox regulation of the type 1 IP3R, it is more likely that
modification of critical cytosol-exposed thiols represent a general mechanism for
modulation of all IP3R isoforms. Identifying these thiols, and understanding their role in
modifying the channel gating mechanisms revealed by recent high-resolution structures of
the IP3R [97], remains a major challenge.

Local generation of ROS and redox shifts within the interface could form an elevated
nanodomain by shielding oxidants from rapid reduction in the cytosol. As such, OMM or
ER-M bound ROS generators would exert an amplified effect upon ROS targets in their
vicinity. Such systems exist, for example, OMM localized monoamine oxidase enzymes,
which in the presence of appropriate neurotransmitter substrates generate H,O5 in a Ca?*
stimulated manner are overactive in the astrocytes of Parkinson’s disease patients [98] the
disease also displays many features of mitochondrial dysfunction and Ca2* dysregulation
[99, 100]. A logical place for such pathology to begin, and for investigators to look, would
be at organellar interfaces, where mitochondria and Ca2* handling machinery gather.

While this review has focused upon the ER-mitochondrial interface as an exciting example
of local interactions between Ca2* and redox, this is a single example. Wherever gradients of
Ca?* and redox exist local elevations and signaling should also. The plasma membrane
divides a high Ca2* and oxidized cell exterior from the low Ca?* and reducing cytosol, as
such Ca2* entry drives local elevations in neuronal models [101] which may be detected
with probes anchored to the membrane but not the diffuse cytosol [102]. Local elevations of
Ca?" restricted to the nm range below the plasma membrane have been shown to modulate
neighboring plasma membrane Ca2* pumps [103] which are further regulated by local
mitochondria [104]. That the ER/SR mitochondria and plasma membrane gather so closely
and utilize local Ca?* signals invites detailed investigation of the respective interfaces with
respect to Ca2* and redox, we have demonstrated that probes targeted to the OMM and PM
may be used to investigate the interface between the parent organelles [22] however, given
the proximity of mitochondria and plasma membrane sources of ROS such as NADPH
oxidase, significant opportunities exist to probe ER-PM and OMM-PM interfaces with
targeted GERIs.
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Conclusions future directions

It is increasingly apparent that signaling events begin locally and that they engage in cross
talk and mutual interregulation. Ca2* and ROS/redox are examples of such signaling
pathways. Micro and nanodomain transients of Ca2* have been observed across many
models for some time, owing largely to the quality of tools available for Ca?* measurement.
Small molecule redox indicators have never approached the performance of their Ca2*
counterparts, but the harnessing of microbial H,O, sensors and glutathione sensitive
proteins, means that GERIs can compete on a level playing field. While Ca2* persists as a
single entity, redox biology exists as a diverse group of related species and metabolites, as
such; opportunities exist to develop probes for these processes. The sensing of superoxide is
an obvious candidate, and for a period was thought possible using the SOXRS system,
however, evidence emerges that this is indirect [105]. Controversy surrounds the use of
cpYFP in this regard, and as such the discovery of a superoxide sensitive domain with true
specificity would be invaluable to understand the proximal generation of ROS and the route
taken to its terminal reduction [83, 106]. Certain metabolites with key roles in the
antioxidant cascade are also excellent candidates, GSH:GSSG is now easily monitored, but
the upstream reductant NADPH is difficult to assay. There are many proteins which interact
with NADPH specifically and as such a sensing domain with affinity in the physiological
range is likely to exist. Further upstream, glucose-6-phosphate stands as the only way to
generate NADPH in many cell types. Sensing the flow of metabolic reducing equivalents
may reveal that there is more to oxidative stress than simply changes in ROS generation.
Further developments of fluorophores are also eagerly anticipated. Current ratiometric
fluorophores require illumination with near-UV light, which is unfavorable for experiments
where photooxidation is a potential problem. An improvement would be a red shifted
ratiometric probe that would limit photodamage, and potential autofluorescence artifacts.
Elimination of pH sensitivity is another goal. While it has been suggested that pH sensitivity
is inherent in cpYFP, there is evidence from variants of the protein that the pKa can be
shifted. Were it shifted out of the physiological range, a sensor using it would be free of pH
artifacts in practice.
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Highlights

. Recent advances have led to a new generation of ROS and redox
indicators

. Genetically Encoded Redox Indicators (GERIs) may be specifically
targeted

. Real-time specific measurements can be made in local cell
environments

. Correlated redox and calcium imaging is now reliable and convenient
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Figure 1.
The genetically encoded redox indicator HyPer is a functional H,O, sensor when targeted to

diverse subcellular environments. (A) Confocal images of HelLa cells transfected with HyPer
targeted to the cytosol, cytosolic surface of the plasma membrane (PM), nucleus, cytosolic
surface of the endoplasmic reticulum membrane (ER-M), cytosolic surface of the outer
mitochondrial membrane (OMM) and mitochondrial matrix. Images are the sum of 488 &
405 nm excitation with a 1 pixel median filter step. (B) Scheme depicting some subcellular
organelles viable for probe targeting, Plasma membrane (blue), ER membrane (red),
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Nucleus (orange), outer mitochondrial membrane (OMM, green), mitochondrial matrix
(light green) and cytosol (tan). Close appositions of the ER with the plasma membrane (PM-
ER interface), mitochondria (ER-mito interface) are highlighted (red). (C) HeLa cell
expressing HyPer targeted to the nucleus. Fluorescence intensity images of 488 nm
excitation (red) and 405 nm excitation (green) before and after addition of H,O, (100 uM).
Overlaid images (right) show increase in 488 nm fluorescence (red) and decrease in 405 nm
fluorescence (green) following H,O, addition.
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Figure 2.
Calcium and redox status may be imaged simultaneously. (A) HEK293 cells transiently

transfected with HyPer (black) or the redox-desensitized derivative SypHer (grey) treated
with the sarcoendoplasmic reticulum Ca2* ATPase inhibitor thapsigargin (Tg, 2uM) to
induce cytosolic and mitochondrial Ca2* elevations. Small shifts in HyPer and SypHer occur
in response to Tg, but a lack of response to DTT suggests that any changes are pH derived.
H,0, (200 uM) is added at the end of the experiment to demonstrate maximal response. (B)
HEK?293 cells transiently transfected with Grx1roGFP2 (blue) and RCaMP (black) targeted
to the cytosol. Addition of H,O, (200 uM) oxidizes the GSH:GSSG ratio, subsequently,
dysregulated H,0,-induced cytosolic Ca%* elevations occur. An IP3-linked agonist,
carbachol (CCh, 100 uM) is added at the end of the experiment to demonstrate the effect of
maximal IP5 receptor-mediated Ca2* release.
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