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ABSTRACT: Biochemical reactions in eukaryotic cells occur in
subcellular, membrane-bound compartments called organelles. Each

kind of organelle is characterized by a unique lumenal chemical

Low Ca* High H*
composition whose stringent regulation is vital to proper organelle Figh Ca™ by

function. Disruption of the lumenal ionic content of organelles is
inextricably linked to disease. Despite their vital roles in cellular
homeostasis, there are large gaps in our knowledge of organellar
chemical composition largely from a lack of suitable probes. In this
Outlook, we describe how, using organelle-targeted ratiometric probes, one can quantitatively image the lumenal chemical
composition and biochemical activity inside organelles. We discuss how excellent fluorescent detection chemistries applied largely to
the cytosol may be expanded to study organelles by chemical imaging at subcellular resolution in live cells. DNA-based reporters are
a new and versatile platform to enable such approaches because the resultant probes have precise ratiometry and accurate subcellular
targeting and are able to map multiple chemicals simultaneously. Quantitatively mapping lumenal ions and biochemical activity can
drive the discovery of new biology and biomedical applications.

Lysosomal Ca*

B INTRODUCTION “solution conditions” within promote specific chemistries
unique to the organelle while simultaneously disfavoring
other biochemistries that occur in related organelles.20 Indeed,
in the endoplasmic reticulum, peptide bonds are being formed,
and in the Golgi, proteins are being glycosylated; in the
peroxisome, long fatty acid chains are broken down into
shorter ones, and in the lysosome, proteins are degraded into
amino acids.”! Therefore, we posit that the set of all ion
channels and transporters on a given organelle gives rise to an
emergent property—sculpting a lumenal ionic environment
uniquely suited to the internal biochemistry of the organelle
(Figure 1).

We are poised at a very interesting time-point in cell biology,
where we are discovering how the rich biology of single cells
can drive emergent phenomena based on the coordinated
responses of many connected cells. This renewed interest in
cell biology has been empowered by successful molecular and
chemical technologies. For example, genetic engineering has
given us fluorescent proteins of any desired wavelength.' ™
With gene editing,* one can now make previously prohibitively
difficult cellular expression systems tractable.”~” Super-
resolution microscopy, expansion microscopy, and cryoelec-
tron microscopy are now revealing subcellular architecture and

organelle connectivity with unprecedented resolution.” "

With computational algorithms and deep learning applied to One of the aspects of the cell that
big data sets, we can extract any desired parameter from we still do not know very much
thousands of images."” When overlaid with proteomics, these about is the lumenal chemical
approaches provide a molecular picture of organelle form and environment of organ elles
function that was simply impossible to visualize even two )
decades ago.M_16 Indeed, disruptions in organelle movement,
morphology, fusion, fission, and trafficking are tied to protein
composition of the organelle.'””'” These methods are
converging to reveal the different ways in which organelle
physiology regulates cell physiology.

One of the aspects of the cell that we still do not know very
much about is the lumenal chemical environment of organelles.
This knowledge could potentially add a new layer to inform
how proteins might function in organelles or how whole
organelles might function. In terms of fundamental chemistry,
organelles can be considered as different chemical reactors.
Within these chemical reactors, the lumenal environment or

Excellent chemical and genetically encodable probes for pH
reveal that when organelles malfunction, the lumenal pH is
often disrupted.22’23 However, we have no knowledge of what
happens to other ions that make up the lumenal micro-
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Figure 1. Organelles and their lumenal chemistries. Schematic of various organelles within the eukaryotic cell (black font). Organelles are
specialized subunits, and each organelle executes specific biochemistries (gray font) enabled by its unique lumenal chemical environment to

maintain cellular homeostasis.

environment. This is important particularly in organelles
because the level of every major ion such as HY, Ca’*, CI,
Na', or K" is dependent on the level of at least one other ion.
These ions are considered the major ions as they are the most
abundant; their transport is crucial for setting up membrane
potential, and they are also well-accepted second messengers
that initiate signaling pathways in development and disease.
For many diseases, especially neurodegenerative diseases,
organ dysfunction can be traced right down to a dysfunctional
organelle in the cells comprising that tissue.”»*> Lumenal ionic
imbalances can be caused by dysfunctional ion channels or
transporters that fail to bring in specific ions with the right
efficiencies,”*”” or defective membrane proteins that chan%e
the permeability of the organelle membrane to different ions.”®
The altered lumenal environment would broadly impact
biochemical reactions within the lumen and impede cell
function. Thus, if we could develop ways to measure the levels
of organellar ions in living cells, it would help us identify
molecules that could reset the balance of key ions in
dysregulated organelles, rescue the affected organellar bio-
chemistries, and ameliorate disease.””

In this Outlook, we describe the development of an
emerging class of reporters based on DNA specifically suited
to quantitatively image chemicals within organelles that was
previously inaccessible to precise measurement. Since this
DNA-based, chemical imaging technology is modular, most
new chemical sensors can be integrated to image the relevant
analyte in a range of organelles currently accessible to the
technology. At the same time, accessing a new organelle opens
up the possibility to study a range of new chemistries for which
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DNA reporters are already available. Using DNA reporters,
one can image ions, reactive second messengers, and even
enzymatic activity in organelles.””~>* We will discuss how one
can construct a quantitative “chemical heatmap” of subcellular
organelles starting from the development of a small-molecule
dye that can fluorescently report a given chemical. As to how
the DNA reporters can be directed to other organelle lumens,
the readers are directed to a forthcoming sister review in
Nature Reviews Materials. For this Outlook, the reader is
advised to simply note that DNA reporters can be targeted to a
specific organelle.

B PRINCIPLE OF RATIOMETRY AND EARLY
REPORTER TECHNOLOGIES FOR CHEMICAL
IMAGING

Ratiometry Enables Quantitation. The 1:1 ratio of
sensing fluorophore and a reference fluorophore is crucial for
accurate quantitation if the sensing dye is not intrinsically
ratiometric. At fixed temperature and standard experimental
conditions, the absolute intensity of the sensing fluorophore
(I,) is affected by both analyte concentration, [a], and sensor
concentration, [s] (Figure 2a). Thus, I, « [s] [a]k where k is a
value that is determined by the nature of the sensing
mechanism, where k > 0 for a turn-on sensor and k < O for
a turn-off sensor. It is impractical to control [s] across different
live cells due to their intrinsic heterogeneity in endocytic
uptake and relative internal trafficking efficiencies. However,
adding another fluorophore, that is insensitive to environ-
mental chemicals in a 1:1 ratio to the sensing fluorophore, can
normalize for the contribution of [s] to the signal intensity, I.
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Figure 2. Ratiometric quantification and its application to DNA reporters. (a) Ratiometric imaging corrects for sensing fluorophore intensity
differences which arise due to cell-to-cell heterogeneity. (b, c) Sequence and structure of I-switch. Alexa 546 is the donor dye on I, and Alexa647 is
the acceptor dye on I*. (d) D/A ratio of I-switch increases with the increase in pH. (e) Available and characterized I-switch variants and their pH-
sensing regimes. (f, g) Sequence and structure of Cl” sensing DNA probe, Clensor. Schematic of Clensor showing Alexa647 as a normalizing
fluorophore (red) and BAC as a sensing fluorophore (green) attached to a PNA strand (blue). (h) Clensor reports on CI~ by collisional quenching
of fluorophore BAC. (i) Clensor ratiometric response (R/G) increases with Cl~ concentration. (j) Construction of heatmaps of I-switch and
Clensor in lysosomes of C. elegans obtained by dividing D to A images and R to G images, respectively.

The intensity of such a normalizing fluorophore, I, is
proportional only to the amount of sensor, ie, I, « [s].
Thus, the ratio I;/I, yields a normalized intensity

NL = & [a]k that is proportional only to the amount of

In
analyte and can be used to derive [a] quantitatively. This
principle can be demonstrated with and without ratiometry
regardless of analyte concentration (Figure 2a).

Small-Molecule-Based Chemical Reporters. Several
excellent examples exist of sensitive and specific sensors that
are based on small molecules that report on diverse ions,
reactive species second messengers, and other cellular
analytes.”>™> Small-molecule sensors are bright and have
better cell permeability than biological macromolecules, high
selectivity to the analyte that they report, and high responsivity
or dynamic range. By integrating excellent detection
chemistries to well-known fluorophore cores, one can achieve
high molar brightness that surpasses most fluorescent
proteins.”**® The high molar brightness that turns on due to
either the relief of photoinduced electron transfer (PeT) or
uncaging leads to dynamic ranges that are simply not accessible
to fluorescent proteins.’”** The introduction of cleavable ester
groups can enhance the cell permeability of most small-
molecule sensors.’® However, most small-molecule sensors are
single wavelength, which limits the ability to quantitate analyte
levels in cells. Further, they diffuse rapidly and homogeneously
throughout the cell which obscures valuable spatial informa-
tion.

Genetically Encodable Fluorescent Proteins. In terms
of spatial addressability, nothing su(?ersedes genetically
encodable fluorescent proteins (FPs).”*’ In general, plasmids
encoding FPs must be transfected or genomically integrated
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and then undergo transcription and translation to yield the
fluorescent reporter. FPs can be targeted to subcellular
locations within the cell or tissue of choice in vivo™' ~** and
therefore provide spatial and temporal information on cell or
tissue morphology or protein expression. However, FPs are
limited in terms of the chemical information they can provide.
Organelle-targeted photoactivatable FPs provide information
on their biogenesis and maturation,*™*> but measures of
absolute protein activity within organelles have not yet been
achieved.”® Most FPs are pH sensitive in the acidic regime and
therefore have been used as effective reporters of acidic pH by
utilizing a second fluorescent protein that is less sensitive to
pH as a ratiometric signal."” Genetically encoded Ca?*
indicators and genetically encoded voltage indicators have
also been realized, but these cannot yet report on absolute
values of calcium or membrane potentia11.48_50 Recently, a few
FP reporters have been realized for K, reactive oxygen species,
and nitric oxide (NO) by fusing two different FPs, and this
enables ratiometric imaging.”””'~>® However, the pH
sensitivity of these reporters limits their deployment in
organelles, whose lumens are frequently acidic.

Hybrid Reporters. The disconnect between small
molecules and FPs was somewhat solved by a distinct class
of reporters that are hybrids between fluorophores that are
sensitive to an analyte, e.g., pH or CI”, and macromolecules
such as dextrans or proteins, where the latter act as endocytic
tracers.'”>* Fluorescein-labeled dextran is, in fact, the most
widely used reagent for imaging pH in endocytic organelles.””
Tagging fluorescein to transferrin, a ligand for the transferrin
receptor, has been used to label and measure the pH of the
recycling endosome.>® Conjugating pH or chloride-sensitive
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fluorophores to endocytic tracer proteins such as choleratoxin
B (CTxB) has been used to estimate pH and chloride in
organelles such as the Golgi apparatus in the secretory
pathway.”® In such probes, the small-molecule reporter
provides the chemical imaging capability whereas the protein
or macromolecule provides stable and robust spatial confine-
ment within the cell, so that the lumen of the organelle can be
chemically imaged.

Generally, reporter dyes are attached to the protein of
interest using N-hydroxysuccinimide or thiol-maleimide
chemistries by conjugation in vitro. This labels a fraction of
all the exposed lysines or cysteines respectively on the protein.
This leads to sensors with batch-to-batch variability in terms of
reporter stoichiometry which further complicates quantitative
imaging due to the presence of only a single fluorophore. The
alternative is the introduction of a second external reference
dye, frequently by comixing with a protein labeled with a
second ion-insensitive fluorophore to give a two-component
reporter system.'”*® This further increases the variability, since
both components can distribute nonuniformly across organ-
elles within the same cell. In fact, images of organelles that
contain only one of the components are excluded from
subsequent analyses.'”*” However, these quasiratiometric
approaches are important as they provided pioneering
estimates of organelle ionic composition.'”*

B DNA-BASED RATIOMETRIC REPORTERS

DNA-based reporters integrate the specificity, sensitivity, and
photophysical properties of small-molecule fluorescent probes
with the stable subcellular localization afforded by bio-
logics.sg’59 DNA synthesis is facile, pure, and economical.
Further, the 1:1 ratio of Watson—Crick—Franklin base-pairing
in a DNA duplex makes it an ideal scaffold to develop
ratiometric reporters. This makes DNA-based ratiometric
reporters molecularly precise, have negligible batch to batch
variation, and specifically modifiable at any given nucleotide
position.’”®" Ratiometric DNA reporters can be easily made by
annealing complementary oligonucleotides each conjugated to
a sensing and a reference fluorophore, respectively. A good
reference fluorophore should be insensitive to ions and reactive
species in the cellular environment. It is always present in
known stoichiometry, typically 1:1, with the sensing
fluorophore in the DNA reporter, and therefore also in every
organelle containing the reporter.” It can hence be considered
an internal reference for normalization. Ratiometric imaging
corrects for sensor intensity differences arising due to
nonuniform probe uptake, trafficking differences among cells,
and other parameters that cause inhomogeneous probe
distribution due to cell-to-cell heterogeneity and enables
quantitation.63

DNA-based reporters integrate
the specificity, sensitivity, and
photophysical properties of
small-molecule fluorescent
probes with the stable subcellular
localization afforded by biologics.

The modularity of the DNA scaffold enables one to integrate
different modules with independent and dependent functions,
with stoichiometric precision on a single scaffold.** There are a

1941

library of DNA and RNA sequences encompassing an array of
sensing capabilities that can be used as independently
functioning modules.*”****~* Thus, precharacterized mod-
ules may be integrated or substituted to give a new device.”””"
This opens up a panoply of combinations for sensing,
normalizing, and targeting, facilitating the quantitation of any
analyte for which detection chemistry already exists, in a range
of biological contexts. Thus, ratiometric DNA-based reporters
are targetable, modular, and programmable and present a
versatile platform for selective, subcellular quantitative imaging
of ions and small molecules in cells and in vivo.

B SUBCELLULAR TARGETING OF DNA
NANODEVICES

DNA nanodevices localize inside a given organelle by
displaying specific targeting motifs. Thus, in addition to a
reporter module, DNA devices frequently incorporate a
targeting module.”®’> The targeting module is a domain
displayed on the DNA reporter scaffold that encodes
trafficking information. Thus, when added to the cell culture
milieu, the DNA reporter binds a specific cell-surface protein
through its targeting module and gets transported to a specific
endocytic organelle. Even in Nature, pathogens such as
bacteria, fungi, viruses, and their secreted toxins have
designated destinations within specific cells.”**””>”* They
contact the cell membrane, dock onto specific cell-surface
trafficking proteins, and coopt the associated trafficking route
of the latter to reach a target organelle.””~"” DNA reporters
can display these same molecular signals to traffic into specific
organelles.”

DNA is a natural endocytic ligand for scavenger receptors,
also known as anion ligand binding receptors (ALBRs). The
polyanionic phosphate backbone binds ALBRs and enters the
endolysosomal pathway by receptor-mediated endocytosis.
Therefore, DNA sensors can be specifically targeted to label
every organelle stage on the endolysosomal pathway such as
early endosomes, late endosomes, or lysosomes in a time-
dependent manner.”® A broader framework and more general
molecular logic underlying various targeting strategies are
described in a forthcoming review in Nature Reviews Materials
in 2021.

H QUANTITATIVE IMAGING WITH REVERSIBLE
SENSORS

Selection of a Compatible Sensing Fluorophore.
Many fluorophores do not change their chemical sensing
properties upon conjugation to the DNA backbone.®>”!
However, most fluorophores get quenched to different degrees
thus changing their sensitivity to the analyte of interest. A few
photophysical properties like quenching by PeT or collisional
quenching are affected by proximity to nucleobases or the
negatively charged phosphate backbone. These issues can be
circumvented by separating the fluorophore and the DNA
assembly by an inert linker (e.g, PNA and PEG).*"*>”’
Integrating fluorophores to DNA nanodevices could expand
the use of reporters to a variety of biological contexts. For
example, two-photon active dyes could enable deep tissue
imaging.*” FLIM-compatible fluorophores would enable FLIM
imaging in systems with high autofluorescence,®' and positron
emission tomography (PET) active small molecules could be
used for in vivo imaging in larger vertebrates.*”

https://dx.doi.org/10.1021/acscentsci.0c01076
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Design and Working Principle of DNA-Based Single
lon Reporters. In this section, two different strategies are
described to demonstrate how one can use DNA reporters for
quantitative chemical imaging. One is a pH reporter where pH
changes the conformation of DNA leading to a fluorescence
change, and the other is a CI” sensor based on collisional
quenching of a chloride-sensitive dye.””> Whether DNA is
actively involved in the sensing mechanism or acts as a passive
scaffold that positions various dye molecules, ratiometric
quantification allows the unambiguous determination of
environmental pH or chloride levels.

DNA-Based pH Reporter. The I-switch is a ~60 bp DNA
duplex comprising two oligonucleotides I and I* that, when
hybridized, can report environmental pH. The I-switch
comprises two domains: a sensing domain and a targeting
domain (Figure 2b).”

Sensing Domain. I° has a cytosine-rich 5’ region (orange
font, Figure 2b) which folds into a four-stranded structural
motif called an i-motif at acidic pH.*> This pH-driven
conformational change is transduced into a change in
fluorescence properties by incorporating a FRET pair on I°
and TA.%*% 1P bears a donor fluorophore (Alexa 488, D) at its
5’ end. An acceptor (Alexa647N, A) is optimally positioned on
I* such that when the I-switch “closes” at ~pH §, D and A are
proximal and show high FRET (Figure 2c). At pH 7, it is in an
“open” conformation with no FRET. The sensor domain is a
mismatched duplex that, at pH 7.0, positions D and A out of
FRET distance.

The pH responsive regime of an I-switch is determined from
an in vitro calibration curve corresponding to the ratio of D/A
intensities as a function of pH. The linear region where D/A
changes with pH corresponds to the pH regime in which a pH
reporter may be deployed (Figure 2d). The pH responsive
regime in I-switches may be tuned by (i) changing the number
of cytosines, (ii) using chemically modified cytosines, or (iii)
changing the number and position of mismatches in the sensor
domain (Figure 2¢). The tunability of DNA has led to a range
of I-switch variants that cover different pH regimes.*"’
Further, since the I-switch works by FRET, it is not limited to
specific dyes, and one can use FRET pairs of different
wavelengths that are compatible with diverse fluorescent
protein backgrounds. One can envisage other pH sensors
based on DNA that use pH-sensing dyes such as pHrodo or
Oregon Green 488 as seen in pHlava or Ly (Figure 2&3).24’31

Targeting domain. The lower half of the I-switch is a 27-
mer duplex (Figure 2a). This domain prevents the dissociation
of I” and I* when the sensor domain forms the “closed” state
and also harbors organelle targeting moieties (Figure 2b).

DNA-Based Chloride Reporter. Clensor is a pH-independ-
ent chloride sensor. It comprises three sequences: a 12-mer
peptide nucleic acid (PNA, P), a 26-mer DNA (D1), and a 38-
mer DNA (D2). Clensor too comprises sensing and targeting
domains (Figure 2f).%°

Sensing Domain. This is a 12 mer PNA—DNA duplex of P
and D2, where P bears a Cl -sensitive dye called 10,10"-bis[3-
carboxypropyl]-9,9’-biacridinium dinitrate (BAC), and a D2
bears a Cl -insensitive, normalizing dye Alexa 647 (Figure Z(g)
BAC is collisionally quenched by CI™ ions (Figure 2h).>>*®
PNA conjugation moderately preserves the Cl” sensing
abilities of BAC which are very badly affected when conjugated
to DNA.*>® The high-melting PNA—DNA duplex positions
the normalizing dye, Alexa647N, out of FRET range from
BAC, and the duplex DNA domain incorporates the targeting
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module. An in vitro calibration plot is generated from the ratio
of fluorescence emission intensities of BAC (G) to Alexa647N
(R) as a function of ClI” concentration (Figure 2i).

Constructing Chemical Heatmaps with Ratiometric
DNA Reporters. This is a two-step process. First, the
performance characteristics of DNA-based probes in cells or
in vivo are determined through rigorous calibration. Next, these
calibration profiles are used to quantitate lumenal ions in
organelles in situ.

In situ calibration profiles for DNA reporters in organelles
yield the expected values of R/G or D/A for Clensor or an I-
switch variant when organellar CI” or pH is fixed to known
values, in a given in vivo context and in a given instrumental
setup. Typically, endosomes of the cells of interest are first
labeled by any of the targeting mechanisms. The labeled
endosomes are then “clamped” by artificially setting the
lumenal ionic composition to known pH or CI~ values.”” %>
Typically this is achieved by soaking labeled cells or nematodes
for 70 min in clamping buffer of designated pH (or designated
CI™) containing a mixture of ionophores that act to equilibrate
the lumenal pH (or Cl7) value to that in the clamping
buffer.””®° Note that nematodes or cells that are pH or CI
clamped are not in their physiological state. However, the
purpose of the in vivo clamping experiment is to evaluate probe
performance and check probe integrity, at fixed pH or CI”
values, prior to chemically imaging the living system in a
physiological scenario.

Fluorescence images of clamped cells are acquired in the
donor (D) and acceptor (A) channels for pH imaging with the
I-switch or the BAC (G) and the normalizing dye (R) channels
for CI” imaging with Clensor (Figure 2j). In order to construct
a pH map of I-switch-labeled endosomes, the ratio of the D
and A intensities at every pixel is computed and converted into
a spatial D/A image, with the values of D/A pseudocolored
according to their magnitude to generate a pseudocolor pH
map, also called a pH heatmap. A typical example of a pH
image is shown in Figure 2j. A similar operation on R and G
images with Clensor yields an R/G or CI” heatmap. The R/G
or D/A values of ~50 endosomes are computed for each value
of pH or CI™ and plotted as a function of pH or CI” to yield
the in-cell or in vivo calibration profile for the DNA reporter.
The fold change (FC) in the signal is defined by the ratio of
the maximum to the minimum values of D/A for pH or R/G
for CI". If the integrity of the DNA reporter is maintained
within the living system, then the in vivo or in-cell FC would
match the in vitro value.

In situ chemical maps of organelles in the desired context are
constructed by first labeling with the I-switch or Clensor and
then imaging in the D and A channel for pH or R and G
channel for CI”. The obtained D/A or R/G values are
compared with the in-cell calibration profile which provides
the pH or CI” value in the labeled organelle.

Combination DNA Reporters and Two-lon Measure-
ment (2-IM). Accurately measuring key physiological cations
such as Ca’', Na*, K', etc. within organelles is not feasible
unless one can simultaneously measure pH for the following
reasons. First, the entry of a given ion into an organelle is tied
to the pH within that organelle. For example, Ca*" entry into
the lysosome or Na' entry into the recycling endosome is
coupled to its lumenal pH.”*~* Thus, if the entry or exit of a
given ion is affected, the lumenal pH is concomitantly affected.
Second, many ion-sensitive fluorophores sense the relevant ion
via protonatable groups that coordinate the ion via electron
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pairs that quench a fluorophore core via photoinduced electron
transfer (PeT).*>*%7*%* The binding of the specific ion
engages the lone pairs and thus turns on the fluorescence by
relieving the PeT. For example, Ca*"-sensitive fluorophores
have carboxylic acid groups that coordinate CaZ*."***’
Changes in environmental pH in the acidic regime change
the extent of PeT efficiency, rendering the fluorescence
readout ambiguous.”® Finally, the presence of protonatable
groups in the sensing moiety also changes the binding affinity
(Ky) toward the specific ion. For example, protonation of
carboxylic acid groups in the Ca®" sensing fluorophore
increases the Ky as the acidity of the milieu increases. This
makes quantitation by the dye inaccurate because, apart from
fluorescence intensity, one needs to account and correct for the
contribution of pH in order to accurately estimate Ca*
concentration. Therefore, the ideal approach is to simulta-
neously measure two coupled ions in the same organelle, with
single organelle resolution.

Two-lon Measurement (2-IM). With combination DNA
reporters, one can now measure two different ions in the same
organelle simultaneously, such that the information on
concentration of each ion is addressable at the single organelle
level.”>”* This new imaging modality is denoted two-ion
measurement (2-IM), and although described first for pH and
CI7, it can be applied to any two ions. Typically, a 2-IM probe
harbors at least two reporter domains; one for each ion reports
on each ion quantitatively, and the readout from one reporter
domain does not interfere with the other. For example, the 2-
IM probe ChloropHore is a combination sensor for pH and
CI”, where sensing mechanisms of either ion are independent
of each other (Figure 3a).”

The DNA scaffold is modular and enables one to display an
I-switch reporter module for pH sensing and the Clensor
reporter module for Cl™ sensing into a single DNA assembly as
in ChloropHore. Importantly, the in vitro pH and CI” sensing
characteristics in ChloropHore are identical to those of the
corresponding I-switch and Clensor, respectively.”>’> Thus,
neither module affects the performance of the other when
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DNA reporters can measure two
different ions in the same organ-
elle at the same time, with this
information being addressable at
the level of the single organelle.

integrated into a single assembly. To characterize a 2-IM
reporter in vitro, the concentration of both constituent ions
must be fixed. The pH sensitivity of the I-switch domain must
be tested at a range of Cl™ concentrations covering the
physiological regime, and the CI™ sensitivity of the Clensor
domain must be tested over the complete physiological pH
regime. Thus, 2-IM probes will yield calibration surfaces rather
than calibration curves (Figure 3b,c). Similarly, in-cell
calibrations must use a full range of clamping buffers to assess
probe characteristics across the entire physiological regime of
pH and CI".”°

One of the applications of 2-IM probes is to chemically
resolve organelles into subpopulations. Organelle subpopula-
tions are difficult, if not impossible, to resolve in live cells by
mapping only one ion because of averaging effects (Figure 3d).
As in bulk biophysics, averaging effects tend to obscure the
contribution of different functional subpopulations.”” How-
ever, single molecule biophysics resolves functional conforma-
tional populations and thereby yields insights into structural
mechanisms of biomolecules that are simply not accessible
with bulk biophysics.”® Similarly, 2-IM enables organelle
subpopulations to be chemically resolved in situ because the
information on ion-levels is addressable at the single organelle
level (Figure 3d).

As an illustrative example, ChloropHore-labeled lysosomes
could be resolved by 2-IM. Lysosomal activity is facilitated by
its unique ionic milieu maintained, in turn, by a specific
lysosome membrane protein composition. Many cell types
have specialized lysosomes that perform distinct functions, in
addition to normal lysosomes. For example, skin cells have
melanosomes,”” neutrophils have azurophil granules,”® and
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cytotoxic T-cells have secretory lysosomes.” Specialized
lysosomes are distinguished by specific membrane protein
markers, revealing a slightly different protein composition and
biochemical activity from normal lysosomes.'*”'°" Therefore,
lysosomes can be chemically resolved into subpopulations
based on their ion content. By imaging lysosomes in four
channels corresponding to D, A, R, and G, one builds D/A
maps corresponding to pH and R/G maps for the same
lysosomes corresponding to CI™. By plotting the value of
lysosomal pH versus the corresponding value of CI™ per
lysosome for about ~600 lysosomes, one can generate a scatter
plot (Figure 3e). Converting the scatter plot into a density plot
yields a 2-IM profile for lysosomes (Figure 3e).”” Two distinct
peaks in the density plot correspond to two different lysosome
populations.

One can better understand why 2-IM is so effective at
resolving organelle populations by analogy with 1D and 2D gel
electrophoresis (2D-GE).'*” In 2D-GE, proteins that cannot
be separated in 1D by their isoelectric point are resolved in the
second dimension by separation based on their mass. Similarly,
organelle populations that are difficult to resolve using a single
ion can be resolved in another dimension based on a second
ion.

pH-Corrected lon Maps. Many ion-sensitive dyes cannot be
used in organelles, as they are pH-sensitive. Using a
combination DNA reporter for Ca** and pH, denoted
CalipHluor, we illustrate how pH-corrected maps of or;anellar
ions can be obtained using such dyes (Figure 4a).”' This
methodology can be applied to those organelles that can be
labeled by DNA reporters. Lumenal Ca’* regulates the
function of several organelles. One can modify an I-switch of
the appropriate pH sensitivity to the organelle of interest with
a Ca’*-sensitive dye (Figure 4c,d). One should also have a
prior rough estimate of the range of Ca’* in the compartment
and choose a Ca’*-sensitive dye of appropriate dissociation
constant (Kj). For example, to map Ca®* in lysosomes of
nematodes, CalipHluor incorporates a novel Ca’*-sensitive
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fluorophore Rhod-SF which has a Ky of 330 uM at pH 5.0,
which corresponds to lysosomal pH in Caenorhabditis elegans
(Figure 4b).%*

To obtain a map of pH-corrected lysosomal Ca*', we first
obtain images of CalipHluor-labeled lysosomes in the four
channels, D, A, O, and R, where O and R correspond to the
emission of Rhod-SF and the reference dye under direct
excitation. From the D and A images, one can generate a D/A
map. The D/A map can in turn be transformed to a “pH map”
where the D/A value at every pixel is substituted with its
corresponding pH value (Figure 4e).”' From the in vitro and
in-cell calibration, surfaces at all physiologically relevant
combinations of Ca?>* and pH provide information on how
the Ky of Rhod-SF varies as a function of pH. Similarly, the pH
map can be transformed to a Ky map (Figure 4e). Thereafter,
once the values of the minimum and maximum values of O/R
are experimentally determined, one can generate a pH-
corrected Ca®* map by taking the pixel-wise product of the
K4 value and the O/R value from the K; and the O/R maps,
respectively, using the expression (O/R — O/R.;,,)/(O/Rpe —
O/R) (Figure 4e).”" Such an approach can be used to obtain
ion heatmaps as well as absolute values of ion content and is
generalizable across ions.

B QUANTITATIVE IMAGING WITH IRREVERSIBLE
REPORTERS

Quantitating Enzymatic Cleavage. Perturbations in
organellar ionic concentrations affect the lumenal activity of
enzymes residing in the relevant organelle.””'” Thus, the
ability to quantitate enzymatic activity exclusively in a given
organelle would provide insight into how its activity impacts
organelle function. It could be used as a diagnostic for diseases
arising due to enzyme dysfunction and also as a tool to develop
therapeutics for these diseases. It is extremely challenging to
develop reversible reporters of enzymatic activity. This is
because enzyme activity involves more than just reversible
binding of a chemical entity; it usually converts the bound
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substrate into a different entity by a chemical reaction. Thus,
most reporters of enzymatic activity are either irreversible or
quasireversible.'”*

In this section, we outline a paradigm to quantitate
enzymatic activity at subcellular resolution using irreversible
reporters. Nearly 70% of all the enzymes in biosynthetic
pathways are distributed into distinct subcellular pools.'”
These distinct pools play different roles depending on their
location. Thus, the ability to map their activity with subcellular
resolution will help deconvolute their contribution to various
biological processes.'’° A well-developed protein-based
reporter platform for enzymatic activity includes kinase activity
probes that have been used to study the dynamics of diverse
kinases such as PKA, PKC, ERK, and Src kinase in live
cells.'”'%® So far, FP-based sensors simultaneously report the
overall activity within the cell. While such reporters can
effectively track the activity of the major populations of
enzyme, contributions from minor populations are over-
whelmed in these scenarios and not amenable to investigation.

DNA reporters targeted to organelles can selectively address
the activity of intraendosomal disulfide reductases. The major
disulfide reductases protein disulfide isomerase-3 (PDI-3) and
thioredoxin-1 (TRX-1) were shown to have minor populations
present in endosomes using a DNA-based reporter for disulfide
reduction, denoted TDX (Figure 5a).*” Disulfide reduction is
sensed by a caged fluorescein derivative, where fluorescence is
quenched by a carbonate linked to a 2-thiopyridyl group
through a disulfide linkage (Figure 5b).'”” Reduction of the
disulfide bond chemically uncages the fluorescein moiety. The
DNA reporter TDX uses Rhodamine Red X as a normalizing
fluorophore.*>'"°
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The TDX reporter is a tripartite system, that uses two
additional DNA reporters: one which reports the maximum
value of G/R corresponding to 100% disulfide reduction of the
sensor, called TDXy, and a second that reports the minimum
value of G/R corresponding to basal levels of nonspecific
uncaging of the sensor, called TDXoge (Figure Sa,b). Worms
or cells are treated separately with each of the three reporters,
TDXon TDXgpr, and TDX; once they label the organelle of
interest, they are imaged in both channels, and G/R values are
computed for labeled endosomes (Figure Sc). The percentage
response of the reporter TDX in any context may be calculated

using the formula %response = (“/*TDX — “/*TDX )

/(¢/R*TDX oy — G/RTDXOFF)
(Figure 5d).>

This method revealed that endosomal disulphide reduction
was brought about mainly by two thioreductases, TRX-1 and
PDI-3. Although TRX-1 and PDI-3 are mainly present in
cytosol and ER, respectively, the tripartite reporter system is
able to exclusively interrogate a minor population of these
proteins localized in late endosomes.

Quantitating Reactive Species. Note that genetically
encoded reporters of enzymatic activity generally reveal steady
state activity because they are expressed constitutively rather
than on inducible promoters. Thus, unless the enzyme of
interest can be activated by a biochemical cue, reporting
cannot be initiated at a specific time. The advantage of an
externally added reporter that undergoes enzymatic cleavage is
that one can use a kinetic paradigm to quantitate enzyme
activity. DNA reporters have the advantage of being
extraneously introduced. Thus, the dynamic evolution of the
reporter signal may be used to quantitate enzyme activity at
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basal levels or upon stimulation. A case in point is the
utilization of DNA-based reporter NOckout that senses NO®,
to quantitate eNOS or NOS3 activity (see later) at two
different subcellular locations (Figure 6a).””

An outstanding challenge is to measure the in situ activities
of enzymes that produce reactive species such as reactive
oxygen species (ROS) or reactive nitrogen species (RNS).
This is because they cannot be stored and released on demand
and must be produced in the right amount, at the location, and
on cue.""! They diffuse rapidly from the point of production,
react with surrounding biomolecules, and can also travel in
solution to have effects at locations far away from the site of
production. Thus, reactive species have highly variable half-
lives depending on the physiological context."'* The effective
concentration of a reactive species changes with time, making
it even more challenging to quantitate the activity of reactive
species producing enzymes in situ. Hence, the activities of
these enzymes are best quantified by the rate of production of
reactive species. Some reactive species such as NO*® are charge
neutral and can cross the membranes easily while others such
as H,0, need specific membrane transporters.”” NO is a
reactive nitrogen species produced by three NO synthase
isoforms, iNOS or NOS2, eNOS or NOS3, and nNOS or
NOSL.'"> We describe a framework here on how DNA
reporters enable the measurement of ROS or RNS production
rates to measure the activities of nitric oxide synthase 3
(NOS3), an NO producing enzyme.”*””

The DNA reporter NOckout uses diaminorhodamine-4 M
(DAR) as its NO sensing module (Figure 6b).*° Developed by
Nagano et al, DAR is bright, photostable, highly specific to
RNS, and pH insensitive.” DAR fluorescence is quenched by
the lone pair of electrons on its aromatic amine groups. Upon
reaction with NO, the amine groups form a triazole that
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relieves PeT quenching (Figure 6b).*® Therefore, the normal-
izing fluorophores must be insensitive to reactive species,
especially NO, e.g., Atto647N or Alexa488. NOckout was used
to quantitate the activity of the enzyme NOS3 that is present at
two distinct subcellular locations—the plasma membrane and
the trans-Golgi network."'* Two NOckout variants, NOck-
out™ and NOckout™V, that each localize at the plasma
membrane and the Golgi, respectively, were used to track NO
production at each of these locations and thereby quantitate
NOS3 activity selectively at either location (Figure 6a).”’

The activity of NOS3 at a given subcellular location was
measured from the rate of NO production at that location
(Figure 6c—e). Using the plasma membrane as an illustrative
example, the plasma membrane of cells was labeled with
NOckout™ and fixed. To these cells, a known amount of NO
was generated chemically by adding specific amounts of an NO
donor such as DEA-NONOate, and the cells were continu-
ously imaged in the DAR and normalizing dye channel (R).
The rate of increase of the DAR signal yields a sigmoidal curve
from which the rate of NO production (r) was computed
(Figure 6¢). A plot of the rate of NO production versus the
concentration of NO vyields a calibration curve (Figure 6e).””
Thereafter, a similar procedure on live cells with or without
NOS3 activation, followed by measurement of r, yielded the
activity of NOS3 basally or upon stimulation (Figure 6d,e).””
This methodology has been applied to measure the activity of
NOS2 at the phagosome and can be extended to quantitate
other reactive species such as HOCI, also produced in the
phagosome.’"”*

B CONCLUSION

There are several examples of highly selective small-molecule
modulators of ion channels and transporters that are resident

https://dx.doi.org/10.1021/acscentsci.0c01076
ACS Cent. Sci. 2020, 6, 1938—1954


https://pubs.acs.org/doi/10.1021/acscentsci.0c01076?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01076?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01076?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01076?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01076?ref=pdf

ACS Central Science

http://pubs.acs.org/journal/acscii

OFF state ON state
a
|
11 TEEN B @ i
: ligand -
/ A —_ —
v —
Aptamer —Vc . - _
B - AUG
-
Expression
platform
b
— 2\ —
— + O — -
Non-fluorescent Fluorogen Fluorescent

Aptamer

complex

Figure 7. Small-molecule recognition domains in riboswitches and their application in fluorescence imaging. (a) Schematic showing control of gene
expression using aptamer domains in a riboswitch, where ligand binding to the aptamer motif unmasks a cryptic AUG codon (ON state). (b) An
unbound weakly fluorescent molecule fluoresces intensely upon binding its aptamer, as in the RNA mimic of green fluorescence protein, Spinach.

on the plasma membrane, many of which have now become
successful drugs.''® However, examples of small-molecule
modulators of oréganellar channels and transporters are
exceedingly rare,'''"” despite organelles having ~10 times
as many ion channels or transporters than the plasma
membrane.”” Many are directly linked to diseases ranging
from cancer to neurodegeneration. Thus, a chemical imaging
platform for ions in organelles could make it possible to
systematically target a desired organellar ion channel or
transporter and potentially treat the relevant disease by
restoring the disrupted ionic milieu in the dysfunctional
organelle.

In a singular recent example in 2019, the therapeutic
potential of restoring ion homeostasis in the lysosome was
shown to stunning effect.''® An infant with a novel
hyperactivating CLCN7 mutation—which hyperacidifies lyso-
somes—showed severe neurological impairments. The infant
seemed to simultaneously manifest three different lysosomal
diseases. Treatment with chloroquine, which alkalinizes
lysosomes, reversed the impairments in a particularly dramatic
fashion.'"® This was a singular case of a lysosomal disease
caused by hyperacidification, for which there is, fortunately, a
therapeutic solution. For the vast majority of neurodegener-
ative diseases where imbalances in specific ions, e.g, low
chloride, high pH, or suboptimal Ca* in lysosomes, are well-
documented, a catalog of small molecules that could rebalance
that specific ion is not available.

The ability to accurately estimate differences in ionic
composition in organelles arising from protein activity
modulated either by small molecules or by genetic intervention
allows us to address fundamental biology of ion channels and
transporters in organelles. For example, the localization and
function of chloride transporters DmCIC-c and DmCIC-b in
Drosophila melanogaster was unknown. By measuring chloride
levels in specific endocytic organelles using Clensor, in wild-
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type and mutant cells, one could pinpoint DmCIC-c action in
early endosomes and in recycling endosomes, while DmCIC-b
acted in lysosomes.”> In a second example, much is known
about proteins that release Ca®* from lysosomes since one can
assay their activity using reporters of cytosolic Ca**. However,
for a long time, there was no knowledge related to mechanisms
of Ca® import into lysosomes, since there was no tool to
measure Ca’* in the acidic lysosome lumen. The development
of CalipHluor made it practical to assay Ca®* in acidic
organelles, and thus, the first example of a protein that
facilitated lysosomal Ca** import in the animal kingdom was
identified. This protein, ATP13A2, is a major risk gene for
Parkinson’s disease.”"

Analyzing lysosomes by 2-IM revealed that lysosomes could
be chemically resolved into subpopulations in live cells derived
directly from patients suffering from Niemann—Pick diseases.”
Not only was it possible to chemically subtype the three
different types of Niemann—Pick diseases, but also, 2-IM
profiles in the presence of therapeutics for Niemann—Pick A,
B, or C revealed responsivity to therapeutics at a cellular level.
This was because the 2-IM profiles of each subtype shifted
toward normal only when the cells were treated with the
appropriate therapeutic and remained unchanged when they
were treated with the wrong therapeutic. 2IM enables one to
screen for drug molecules in an unbiased way; it could also be
used to assess patient suitability for a specific therapeutic
treatment or to monitor disease progression and patient
responsivity at a cellular level.

Disruptions to the ionic milieu of an organelle are expected
to alter the internal biochemistry of the organelle."" Thus, the
ability to assay enzyme activity selectively in organelles is a
necessary complement that can also be studied using DNA
reporters. The ability to study enzyme activity at subcellular
resolution also opens up the avenues for discovering location-
specific endogenous regulators as well as small-molecule
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modulators of the protein in a given organelle. NOckout can
also act as a reporter for NOS3, that has activity both at the
plasma membrane and at the Golgi.”” By reporting on NO
generated specifically at the plasma membrane or at the Golgi,
one can similarly identify protein or small-molecule modu-
lators that have location specific activity. NOS3 is a well-
known clinical target for cardiovascular disease and cancer.
The ability to regulate its activity with subcellular resolution
will offer new therapeutic avenues.

Measuring reactive nitrogen species such as NO in the
phagosome now enables one to quantitate the strength of an
immune response elicited by an immunogen. For example,
since NOckout per se is nonimmunogenic, phagosomal NO in
an immune cell acts as a direct readout of NOS2 activity.”'
Thus, the introduction of a specific immunogenic motif or
pathogen associated molecular pattern (PAMP) can reveal its
immunogenicity and can also be used to identify the cognate
pathogen recognition receptor (PRR) responsible for immune
activation."?° For example, using NOckout, it was shown that
pathogen-derived ssRNA could act as PAMPs in zebrafish, and
TLR7 was identified as its cognate PRR. PRRs are known to
act synergistically. For example, TLR9 and TLR21 or TLR2
and TLR3 can synergistically recognize CpG and lipoproteins/
dsRNA, respectively, as PAMPs.'”' By displaying the
appropriate PAMP combinations with a precise stoichiometry
on NOckout and measuring the amount of phagosomal NO,
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one can identify synergistic or antagonistic PRRs. Many TLRs
in humans and various model organisms do not as yet have
ligands identified. Further, new PAMPs are being continuously
identified."*”'*> NOckout could be used to identify the
cognate PRRs of novel PAMPs.

Measuring reactive oxygen species and reactive nitrogen
species in the phagosome at single cell resolution potentially
enables one to assay the activity of single immune cells
phenotypically. In conjunction with other single cell analysis
methods such as scRNA—seq,124 or immunofluorescence,'’
one can begin to construct quantitative models of the immune
response.

Outstanding challenges for DNA reporters in quantitative
imaging are developing ways to sense and report on physical
cues within the cell. These are challenging tasks even for
protein-based reporters. However, given the remarkable
engineerability of nucleic acids, it is likely that breakthroughs
may emerge on these fronts. For example, DNA-based
reporters have been used to sense force at the plasma
membrane and membrane potential within organelles.'*”"*”
The DNA-based tensile force sensor denoted DNAMeter
(Figure 8c) senses tensile force by unfolding a DNA hairpin
structure, causing a fluorescence change. Such devices offer
great promise to measure extracellular and intracellular forces
noninvasively if they can be targeted to desired locations.'**
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The integration of advanced imaging modalities in live
imaging significantly expanded the scope of genetically
encoded reporters such as GFP. For example, anisotropy
imaging of GFP-fused GPI-anchored proteins has revealed
their nanoscale organization that controls cell signaling.'*”
Fluorescence lifetime imaging has been used to pinpoint
protein interactions in live cells. We envisage that DNA
reporters can be designed expressly for FLIM, anisotropy,
Raman imaging, STED, STORM, or PALM by incorporating
fluorophores especially suited to these imaging modalities.
Single-molecule localization microscopy (SMLM) in the form
of DNA-PAINT or its quantitative version, qPAINT, is already
being deployed to count RNA and proteins, albeit in fixed cells
and tissues."*’ FLIM has already been used on DNA reporters,
albeit to check device integrity, and not to elicit chemical
information.®® Integration to imaging modalities such as lattice
light sheet microscopy and two-photon excitation microscopy
could enable longer imaging times and deeper tissue
accessibility, respectively.'*"""*> Thus, DNA reporters are ripe
for integration into more specialized imaging modalities to
uncover new regimes of physicochemical information within
the cell.

While there are excellent DNA reporters for temperature,
they have yet to be deployed within living systems.'*
Molecular reporters for current, viscosity, and osmolarity
await creation and development. Novel reporters of physical
parameters in subcellular spaces would give us new knowledge
of the cell and likely reveal new biology.

The susceptibility of DNA devices to nucleases present in
blood and their subsequent excretion via the renal system limit
the time-window in which DNA nanodevices can act as
reporters in vivo in vertebrate models. Chemically modified
DNA or RNA that incorporates non-natural nucleotide
analogues can potentially increase the in vivo half-life of
DNA reporters. These include phosphodiester backbone
modifications (e.g, L-DNA, LNA, or phosphorothioates),
sugar modifications (e.g,, 2'-fluoro and 2’-O-methyl), end-
modified oligonucleotides (e.g, PEGylation or 3’ inverted
thymidine), or modified nucleobases (e.g, SOMAmers)."**

Quantitative imaging of biomacromolecules like RNA can
provide spatial information on gene expression. Most current
methods to achieve this are based on fluorescence in situ
hybridization (FISH)."** Other techniques such as DNAzymes
or gold nanoparticle mediated amplification have also been
used to image RNA molecules."*® Short fluorescent
oligonucleotides can hybridize reversibly and rapidly to
endogenous target RNAs or to oligonucleotide-bearing anti-
bodies bound to endogenous protein targets. Using points
accumulation for imaging nanoscale topography (PAINT), one
can quantitatively image endogenous RNAs or proteins at
super-resolution, albeit in fixed samples."*’

Although the quantitative chemical imaging we describe in
this Outlook is focused on organelles, the imaging paradigm
described in here is generalizable and adaptable to all parts of
the cell. New classes of hybrid probes that could potentially
enable quantitative chemical imaging are chemigenetic
indicators and protein spherical nucleic acids (ProSNAs).
ProSNAs use a protein core conjugated to several fluorescent
oligonucleotides. They can potentially be modified to report
on both chemical content and biochemical activity in the
cytoplasm using small-molecule dyes and the protein scaffold,
respectively.**"*” Chemigenetic indicators consist of intra-
cellularly expressed HaloTagged proteins conjugated to small-

1949

molecule fluorophores that provide subcellular targeting
(Figure 8b). Structural changes in the protein scaffold upon
encountering an analyte reposition the fluorophore in a
different microenvironment leading to a fluorescence change.
Chemigenetic probes for Ca®* and voltage have been realized
but do not yet provide absolute measures.'*’ Chemigenetic
indicators need to circumvent pH sensitivity of fluorescent
protein modules to enable quantitative imaging in organelles
with acidic lumens.

Despite the attractive properties of chemigenetic indicators,
there is tremendous opportunity for genetically encoded RNA-
based sensors that are making rapid improvements using
powerful in vitro evolution methods.'*"'** The emergence of
Spinach, a chemigenetic RNA reporter for ligand localization,
can be integrated to a palette of aptamers that sense cellular
metabolites (Figure 8a).'*> Newer riboswitches responsive to
diverse small molecules using RNA sensing domains, e.g,
cyclic di-GMP, thiamine, or flavin mononucleotide, are being
continually discovered.'** A few, e.g., cyclic di-GMP and S-
adenosylmethionine (SAM), have been integrated to Spinach
to semiquantitatively map these molecules in the cytoplasm
(Figure 8a).'*>!*® There are many more exciting riboswitches
responsive to ions, amino acids, vitamins, and antibiotics,*’
which could potentially be used to map their targets using the
framework described here (Figure 7a,b). In fact, ratiometric
DNA devices that use shape-shifting aptamer domains
interfaced to Spinach variants have been used to construct
cAMP maps, albeit in giant unilamellar vesicles."*® RNA can be
anchored to specific locations via interactions with proteins,
and the problem of probe diffusibility we expect will be
surmounted. The introduction of ratiometry into Spinach
technology promises to be the next leap for quantitative
chemical imaging in the cytosol.'* We envisage that
quantitative chemical imaging applied to ratiometric small-
molecule-based probes and biomacromolecule-based scaffolds
that provide stable spatial localization within the cell will
enable the study of diverse biological processes at an entirely
new level of molecular detail.
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