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57 ABSTRACT

Described herein are nucleic acid molecules and complexes
useful for spatiotemporally mapping intra-endosmal thiol
disulphide exchange. Aspects of the disclosure relate to a
composition comprising a first nucleic acid conjugated to a
normalization moiety; and a second nucleic acid conjugated
to a catalytic substrate; wherein reaction of the substrate
with a catalyst produces a detectable product; and wherein
the first and second nucleic acids are complementary or
substantially complementary. Further aspects relate to a
composition comprising: a first nucleic acid conjugated to a
normalization moiety and to a catalytic substrate; and a
second nucleic acid; wherein reaction of the substrate with
a catalyst produces a detectable product; and wherein the
first and second nucleic acids are complementary or sub-
stantially complementary.
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METHODS AND COMPOSITIONS FOR
SPACIAL AND TEMPORAL MEASUREMENT
OF CATALYTIC ACTIVITY

CROSS REFERENCE APPLICATIONS

[0001] This application incorporates by reference and
comprises an international application claiming priority to
U.S. Provisional Application 62/484,666 filed on Apr. 12,
2017.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with government support
under DMR-1420709 awarded by the National Science
Foundation. The government has certain rights in the inven-
tion.

FIELD OF THE INVENTION

[0003] Embodiments are directed generally to biology,
medicine, and biotechnology.

BACKGROUND

[0004] The inability to image enzymatic function in real
time in living systems presents a major challenge in the
study of cell signalling. It is even more challenging to
directly visualize enzymatic activity corresponding to a
minor protein population that is responsible for a specific
cellular function. In this regard, thiol-disulphide exchange
presents a particular challenge because although disulphide
reduction occurs within organelles, it is non-trivial to decon-
volute from background cytosolic reduction.

[0005] Thiol disulphide exchange is crucial for cell physi-
ology and cell survival. In the cytosol and in the endoplas-
mic reticulum, the correct folding of proteins stabilized by
disulphide bonds critically depends on efficient thiol-disul-
phide exchange. Disulphide reduction of specific proteins
changes protein conformation that in turn triggers important
signalling cascades. For example, disulfide reduction of
pentameric C reactive protein to its monomeric form acti-
vates endothelial cells, and disulfide reduction of C terminal
SRC kinase results in kinase activation leading to cell
proliferation and cancer. In organelles such as endosomes,
thiol disulphide exchange is critical for degrading endocy-
tosed cargo such as proteins and pathogenic material, medi-
ating pathogen infection as well as antigen cross-presenta-
tion.

[0006] Recently, intra-endosomal disulphide reduction has
assumed great importance because it is one of the most
widely leveraged cellular chemistries for both drug and gene
delivery. Disulphide reduction within endosomes is particu-
larly challenging, since low endosomal pH impedes thiol-
disulphide exchange. Consequently, the mechanism of intra-
endosomal disulphide exchange is debated.

[0007] Accordingly, there is a need in the art to identify a
universally applicable, quantitative reporter system for
organellar thiol-disulphide exchange that could be used in a
plug-and-play format across diverse endocytic pathways.

SUMMARY OF THE INVENTION

[0008] Described herein are nucleic acid molecules and
complexes useful for spatiotemporally mapping intra-endos-
mal thiol disulphide exchange. Aspects of the disclosure
relate to a composition comprising a first nucleic acid

Apr. 1,2021

conjugated to a normalization moiety; and a second nucleic
acid conjugated to a catalytic substrate; wherein reaction of
the substrate with a catalyst produces a detectable product;
and wherein the first and second nucleic acids are comple-
mentary or substantially complementary. Further aspects
relate to a composition comprising: a first nucleic acid
conjugated to a normalization moiety and to a catalytic
substrate; and a second nucleic acid; wherein reaction of the
substrate with a catalyst produces a detectable product; and
wherein the first and second nucleic acids are complemen-
tary or substantially complementary.
[0009] The term “substrate” refers to a chemical species
that can be converted to a product. In some embodiments,
the substrate is an enzymatic substrate, which refers to a
chemical species that is converted to a product by an enzyme
and typically by binding to the active site of an enzyme. It
is specifically contemplated that one or more substrates may
be excluded in an embodiment. It is also specifically con-
templated that one or more enzymes may be excluded in an
embodiment.
[0010] In some embodiments, the first and second nucleic
acids are in a duplex. It is well understood by those in the
art that two complementary nucleic acids may exist in
solution as a duplex or single-stranded. This depends, at
least in part on the salt, pH, and temperature of the compo-
sition. In some embodiments, the normalization moiety and
catalytic substrate are in a 1:1 ratio. In some embodiments,
the detectable product is fluorescent. The detectable product
may remain conjugated to the nucleic acid or may be
released from the nucleic acid upon catalytic conversion.
Suitable methods for conjugating detectable protected mol-
ecules to nucleic acids and to a relevant substrate are known
in the art and described herein. The term “protected” as used
herein refers to a modification to a detectable moiety that
reduces or eliminates its detectable properties (e.g., fluores-
cence). The protection may be released by catalytic conver-
sion of the substrate, thus increasing or exposing the detect-
able element, such as fluorescence.
[0011] In some embodiments, the catalytic substrate com-
prises a disulfide bond. In some embodiments, the catalytic
substrate comprises is a thioester moiety. In some embodi-
ments the catalytic substrate comprises the dipeptide Gly-
Phe. In some embodiments, the catalytic substrate comprises
Cbz-Phe-Lys. In some embodiments, the catalytic substrate
comprises a protected fluorophore. In some embodiments,
the catalytic substrate is derived from 6'-O propargyl fluo-
rescein. In some embodiments, the catalytic substrate com-
prises:
/‘1%:0 o o\"/o\/\s/s N
(LT |
O

A

[0012] In some embodiments, the reaction comprises a
thiol disulfide exchange. Thiol-disulfide exchange is a
chemical reaction in which a thiolate group —S— attacks a
sulfur atom of a disulfide bond —S—S—. The original
disulfide bond is broken, and its other sulfur atom is released
as a new thiolate, carrying away the negative charge. Mean-
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while, a new disulfide bond forms between the attacking
thiolate and the original sulfur atom.

[0013] In some embodiments, the normalization moiety
and detectable product each comprise a fluorophore com-
prising an emission wavelength. In a related embodiment,
the fluorophore of the normalization moiety and the fluoro-
phore of the detectable product have different emission
wavelengths. It is contemplated that a certain fluorophore
and/or a certain emission wavelength may be excluded in an
embodiment.

[0014] In some embodiments, the nucleic acid acts as a
targeting nucleic acid. In some embodiments, the duplex
nucleic acid acts as a targeting nucleic acid whereas the
single-stranded nucleic acid exhibits a reduced amount of
specificity for the target or exhibits substantially no speci-
ficity for the target. In some embodiments, the nucleic acid
duplex directs a cell to localize the duplex to a specific
organelle. In other embodiments, the nucleic acid is a
targeting nucleic acid that is specific for a cell type, tissue
type, or biochemical compartment described herein. In some
embodiments, the nucleic acid duplex comprises an aptamer
that directs a cell to localize the duplex to a specific
organelle. In some embodiments, the nucleic acid duplex
directs a cell to localize the duplex to the endosome. It is
contemplated that compositions and methods involve cells
but it is also contemplated that a cell may be mimicked in
vitro such that an entire cell is not used in an embodiment.

[0015] Further aspects relate to a kit comprising a com-
position of the disclosure. The kit may also comprise addi-
tional reagents that can be used to serve as control for
background detection (i.e. fluorescence) or as a positive
control. For example, the kit may also comprise a compo-
sition comprising a first nucleic acid conjugated to a nor-
malization moiety; and a third nucleic acid conjugated to a
background correction moiety, wherein reaction of the back-
ground correction moiety with the catalyst does not produce
a detectable product and wherein the third nucleic acid is
complementary to the first nucleic acid. In some embodi-
ments, the catalytic substrate comprises a disulfide bond and
the background correction moiety lacks a disulfide bond. In
some embodiments, the first and third nucleic acids are in a
duplex. In some embodiments, the normalization moiety and
background correction moiety are in a 1:1 ratio. In some
embodiments, the background protection moiety comprises
a protected fluorophore.

[0016] In some embodiments, the kit further comprises a
composition comprising: a first nucleic acid conjugated to a
normalization moiety; and a fourth nucleic acid conjugated
to a detectable positive control moiety; wherein the fourth
nucleic acid is complementary to the first nucleic acid. In
some embodiments, the first and fourth nucleic acid are in a
duplex. In some embodiments, the normalization moiety and
the detectable positive control moiety are in a 1:1 ratio in the
duplex. In some embodiments, the normalization moiety and
the detectable positive control moiety each comprise a
fluorophore comprising an emission wavelength. In some
embodiments, the emission wavelength of the fluorophore of
the normalization moiety and the fluorophore of the detect-
able positive control moiety are different emission wave-
lengths. In some embodiments, the kit further comprises
instructions for use. In some embodiments, the detectable
positive control moiety and the detectable product moiety
each comprise a fluorophore; and wherein the fluorophore
for the detectable positive control moiety and the detectable
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product emit fluorescence at the same wavelength and/or are
the same fluorophore. In some embodiments, the second,
third, and/or fourth nucleic acid comprise the same nucleic
acid sequence. In other embodiments, the first, second, third,
and/or fourth nucleic acid may comprise the same sequence
or a complimentary sequence to the first, second, third,
and/or fourth nucleic acid. In some embodiments, the first,
second, third, and/or fourth nucleic acid may comprise
sequences that are not the same or that are not complemen-
tary to the first, second, third, and/or fourth nucleic acid
sequence.

[0017] The nucleic acids of the disclosure may be at least,
at most, or equal to 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 20,
25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 125, 150, or 200
nucleic acids in length (or any derivable range therein). The
nucleic acid may include DNA, RNA, or modified nucleic
acids known in the art such as locked nucleic acids (LNA),
2-aminopurine-modified bases, 2,6-diaminopurine, 5-bromo
dU, deoxyuridine, inverted dT, inverted dideoxy-T, dideoxy
C, 5-methyl dC, deoxyinosine, 5-hydroxybutynl-2'-deoxyu-
ridine, 8-aza-7-deazaguanosine, S-nitroindole, 2'-O-methyl
RNA bases, and hydroxmethyl dC. A nucleic acid molecule
may comprise a combination of such modifications, such as
LNA at the N- or C-terminal end of a nucleic acid molecule.
One of skill in the art will understand that the nucleic acids
and associated duplexes described herein need not be made
from DNA, but could be made from another natural or
unnatural analogue that is bound by the relevant target (e.g.,
cell receptor).

[0018] Further aspects of the disclosure relate to a method
for detecting catalytic activity in a biological compartment
comprising administering to a first population of at least one
cell a composition of the disclosure comprising a catalytic
substrate to allow for the substrate and catalyst to react to
form the detectable product; detecting the product; and
detecting the normalization moiety. In some embodiments,
the detectable product and the normalization moiety each
comprise a fluorophore comprising an emission intensity at
a first (P) and second (N) wavelength, respectively; and
wherein the method further comprises determining a nor-
malized value for the detectable product, wherein the nor-
malized value of the product (X) is the ratio of P/N.
[0019] In some embodiments, the method further com-
prises performing a background correction, wherein the
background correction is performed by administering to a
second population of at least one cell a composition com-
prising: a first nucleic acid conjugated to a normalization
moiety; and a third nucleic acid conjugated to a background
correction moiety, wherein reaction of the background cor-
rection moiety with the catalyst does not produce a detect-
able product and wherein the third nucleic acid is comple-
mentary to the first nucleic acid; detecting the emission
intensity at the first (P') and second (N') wavelength from the
second population of at least one cell; calculating the
normalized value of the background correction (Y); wherein
Y is the ratio of P'/N' from the second population of at least
one cell; and subtracting Y from X to obtain a value for the
background-corrected product intensity (Z). Therefore, the
background correction can be determined according to the
following formula: Z=X-Y where X=P/N and Y=P'/N' or
Z=(P/N)-(P'/N").

[0020] In some embodiments, the catalytic substrate com-
prises a disulfide bond and the background correction moi-
ety lacks a disulfide bond. In some embodiments, the first
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and third nucleic acid are in a duplex. In some embodiments,
the normalization moiety and background correction moiety
are in a 1:1 ratio. In certain embodiments, a catalytic
substrate that does not have a disulfide bond is used.
[0021] In some embodiments or the method, composi-
tions, and kits of the disclosure, the ratio of the normaliza-
tion moiety to any of: the catalytic substrate, the background
correction moiety, or the positive control moiety is at least,
at most, or exactly 0.2:1, 0.5:1, 0.75:1, 1:1, 1:1.5, 1:2, 1:3,
1:4 or 1:5 (or any derivable range therein). In some embodi-
ments, the background protection moiety comprises a pro-
tected fluorophore.

[0022] In some embodiments, the method further com-
prises calculating the background corrected total emission
intensity (Z') comprising: administering to a third population
of at least one cell a composition comprising: a first nucleic
acid conjugated to a normalization moiety; and a fourth
nucleic acid conjugated to a detectable positive control
moiety; wherein the fourth nucleic acid is complementary to
the first nucleic acid; detecting the emission intensity at the
first (P") and second (N") wavelength from the third popu-
lation of at least one cell; calculating the normalized value
of the total emission intensity (X'); wherein X' is the ratio of
P"/N" from the third population of at least one cell; and
subtracting the normalized value of the background correc-
tion (Y) from the normalized value of the total emission
intensity (X') to obtain the value for the background-cor-
rected total emission intensity (Z'). Therefore, the back-
ground corrected total emission intensity can be calculated
from the following: Z'=X'-Y wherein X=P"/N" and
Y=Y=P'/N' or Z'=(P"/N")-(P'/N").

[0023] In some embodiments, the first and fourth nucleic
acid are in a duplex. In some embodiments, the normaliza-
tion moiety and the detectable positive control moiety are in
a 1:1 ratio in the duplex. In some embodiments, the nor-
malization moiety and the detectable positive control moiety
each comprise a fluorophore comprising an emission wave-
length. In some embodiments, the emission wavelength of
the fluorophore of the normalization moiety and the fluoro-
phore of the detectable positive control are different emis-
sion wavelengths. In some embodiments, the method further
comprises determining the fraction of emission intensity (A)
of the detectable product; wherein the fraction of emission
intensity of the detectable product is the ratio of Z/Z'.
Therefore, the fraction of emission intensity can be calcu-
lated as A=7/7'. In some embodiments, the percent response
is calculated (A'), wherein A'=A*100.

[0024] In some embodiments, the biological compartment
is a cellular organelle. In a related embodiment, the cellular
organelle comprises an endosome. In some embodiments,
the biological compartment comprises a tissue, organelle,
fluid or other biological compartment described herein. In
some embodiments, the cellular organelle is an organelle
that is not an endosome.

[0025] In some embodiments, the catalytic activity com-
prises thiol disulfide exchange. In some embodiments, the
method comprises calculating the fraction of emission inten-
sity (A) at two or more different time points. In some
embodiments, the method comprises determining A, A', Z,
7', X, Y, P, P, P", N, N', N" at one or more time-points. In
some embodiments, 1, 2, 3,4, 5, 6,7, 8, 9, 10, 12, 14, 16,
18, 20, or more (or any derivable range therein) time-points
may be taken for a given parameter. The time-points may be
at least about, at most about, or about 0.4, 1, 2, 5, 10, 20, 60
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minutes or 1.5, 2, 2.5,3,4, 5, 6,18, 12, 18, 24 hours, or 1.5,
2,3,4,5, 6,7,8,9, 10, 20, 30, 40 days apart (or any
derivable range therein).

[0026] Insome embodiments, the first, second and/or third
populations of at least one cell are derived from a vertebrate.
In some embodiments, the vertebrate is a human. In some
embodiments, the second, third, and/or fourth nucleic acid
have the same sequence. In certain embodiments, a nucleic
acid sequence is a human sequence, meaning a human
genome comprises that sequence.

[0027] As used herein the specification, “a” or “an” may
mean one or more. As used herein in the claim(s), when used

in conjunction with the word “comprising”, the words “a” or
“an” may mean one or more than one.

[0028] The use of the term “or” in the claims is used to
mean “and/or” unless explicitly indicated to refer to alter-
natives only or the alternatives are mutually exclusive,
although the disclosure supports a definition that refers to
only alternatives and “and/or.” As used herein “another”
may mean at least a second or more.

[0029] Throughout this application, the term “about” is
used to indicate that a value includes the inherent variation
of error for the device, the method being employed to
determine the value, or the variation that exists among the
study subjects.

[0030] Other objects, features and advantages of the pres-
ent invention will become apparent from the following
detailed description. It should be understood, however, that
the detailed description and the specific examples, while
indicating preferred embodiments of the invention, are given
by way of illustration only, since various changes and
modifications within the spirit and scope of the invention
will become apparent to those skilled in the art from this
detailed description.

DESCRIPTION OF THE DRAWINGS

[0031] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of specific
embodiments presented herein.

[0032] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0033] FIG. 1A-D shows the design and response of
ratiometric reporters of disulphide exchange described in the
Example 1.

[0034] FIG. 2A-E describes the characterization and use
of the TDX reporter system to measure thiol disulphide
exchange described in the Example 1.

[0035] FIG. 3A-D shows that endosomal disulphide
reduction is protein-mediated.

[0036] FIG. 4A-C shows that PDI-3 and TRX-1 catalyze
disulfide exchange in late endosomes.

[0037] FIG. 5A illustrates 20% native polyacrylamide gel
electrophoresis of TDX reporter (upper panel) and TDX -
reporter (lower panel). The gel was run for 3 h at 150 mV
in presence of 1xTBE (Tris-Borate-EDTA) buffer.
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[0038] FIG. 5B illustrates the fluorescence signal evolu-
tion of TDX -z at A_,, =520 nm (green) and A_,,=590 nm
(red) in presence of 5 mM GSH at pH 7.2. at different time
point.

[0039] FIG. 5C illustrates the sensitivity of sensing dye,
(compound 8) in presence of different analyte such as 1.
Phosphate buffer (pH=7.2), 1 mM of 2. Na+, 3. K+, 4. Ca2+,
5. Fe2+, 6. Zn2+, and 5 mM of 7. H,O,, 8. His, 9. Ser, 10.
Lys, 11. Val, and 12. Cys. Each intensity is normalized from
the intensity of compound 8 before treatment with respective
analytes.

[0040] FIG. 6 Illustrates pseudocolour images of TDX
(upper panel) and TDX . (lower panel) at 10 min, 20 min
and 60 min post injection of wild type worm (N2). Sale
bar=5 m.

[0041] FIG. 7A illustrates 0.8% Agarose gel electropho-
resis of I*%*7,,, (1st lane) and precursor of icosahedron VU
(2nd lane). The gel was run for 1 h at 100 mV in presence
of 1xTAE (Tris base-acetic acid-EDTA) buffer. The gel was
imaged in two channel at A_,,=520 nm (green border) and
A, =060 nm (red border).

[0042] FIG. 7B illustrates a fluorescence signal evolution
of 1757, (3 uM) at A, =520 nm (green) and A_,,~660 nm
(red) in presence of only buffer, (1) Dex-SH (trace 2, 40
KDa, 1 mM), Glutathione (trace 3, 1 mM) and H,S (trace 4,
1 mM) in 0.1 M phosphate buffer at pH=7.2 at 1 hr time
point of incubation. In presence of smaller size thiol such as
glutathione and H,S, I4%*7 ., shows increase emission at 520
nm wavelength compare to that of bigger size thiols like
Dextran-SH (40 KDa).

[0043] FIG. 8A-L illustrates for A-F and A'-F": Pseudoco-
lour images and quantification data for TDX,,, (upper
panel) TDX (middle panel) and TDX . (lower panel) at 20
min time post injection (a, b, ¢, d, e and f) and their
respective G/R ratio plot at 20 min post injection for (a', b',
¢, d, e and f') for pdi-1, pdi-2, C14B9.2, pdi-6, Y49E10.4,
C30H7.2 RNAi worm respectively. Scale bar=5 um. For
G-L and G'-L': Pseudocolour images and quantification data
for TDX 5, (upper panel) TDX (middle panel) and TDX -
(lower panel) at 20 min time post injection (g, h, I, j, k and
1) and their respective G/R ratio plot at 20 min post injection
for (¢, ', T, j', k' and 1) for M0O4D5.1, trx-1, trx-2, dpy-11,
C35D10.10, F56G4.5 RNAi worm respectively. Scale bar=5
um. For M-N and M'-N": Pseudocolour images and quan-
tification data for TDX,,, (upper panel) TDX (middle
panel) and TDX .~ (lower panel) at 20 min time post
injection (m and n) and their respective G/R ratio plot at 20
min post injection for (m' and n') for Y54E10A.3,
Y55F3AR.2 RNAi worm respectively. Scale bar=5 pum.
[0044] FIG. 9A illustrates colocalization of GFP::RAB-7
with TDX® at 20 min post injection of pdi-3, trx-1 double
RNAi worm. It confirms that the endosomal trafficking does
not disturb due to knock down of these two gene by RNA..
[0045] FIG. 9B illustrates percentage (%) colocalization
of TDX® with pdi-3, trx-1 double RNAi worm and wild type
(N2) worm at 20 min post injection. Scale bar=5 m.
[0046] FIG. 10A illustrates phylogenetic tree comparing
the proteins having A) more than one thioredoxin domain
(upper).

[0047] FIG. 10B illustrates one thioredoxin domain
(lower) of C. elegans (blue) with H. sapiens (black). The
numbers, in red, next to each node represent a measure of
sequence similarity for the node. These are generally num-
bers between 0 and 1 where 1 represents maximal similarity.
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[0048] FIG. 11 illustrates a synthesis scheme of thio-
pyridyl conjugated blocked 6'-O propargyl fluorescein.
[0049] FIG. 12 illustrates a synthesis scheme of benzyl
conjugated blocked 6'-O propargyl fluorescein.

[0050] FIG. 13A-D shows the design and response of of
the PPT probe for thio-esterase activity in endo-lysosomal
compartment described in the Example 2.

[0051] FIG. 14A-D shows the design and response of
reporter sensing system for cathepsin activity described in
the Example 3.

DETAILED DESCRIPTION OF THE
INVENTION

1. Compositions and Complexes

1.1 Targeting Nucleic Acids

[0052] Compositions of the disclosure relate to nucleic
acid conjugated to catalytic substrates and detectable labels.
In certain embodiments, the nucleic acids are targeting
nucleic acids and target the complex to a biological com-
partment. A “targeting nucleic acid” as used herein is a
nucleic acid that has an affinity for a certain target or, by
virtue of its chemical makeup, is targeted to a particular
location in the cell. The targeting nucleic acid can act as a
handle to target the nucleic acid complexes of the disclosure
to different subcellular locations. The targeting nucleic acid
may be a nucleic acid that specifically binds to a receptor
protein, and the receptor protein may be one that is intrac-
ellularly targeted or conjugated to a protein that is specifi-
cally intracellularly targeted. The targeting nucleic acid or
receptor protein may be a plasma membrane protein that is
endocytosable, any proteins that possess a natural receptor,
a protein that traffics between intracellular locations via the
plasma membrane, toxins, viruses and viral coat proteins,
cell penetrating peptides, signal sequences, intracellular
targeting sequences, small organic molecules, endocytic
ligands and trafficking proteins. In some embodiments, the
targeting nucleic acid is an aptamer, a duplex domain
targeted to an artificial protein receptor, a nucleic acid
sequence that binds an anionic-ligand binding receptor, or an
endocytic ligand. The targeting motif may also be a G4 core
sequence or ribozyme.

[0053] As used, herein, a “biological compartment”
includes: organs, tissues, extracellular matrices, organelles,
cytosol, and biological fluids. Examples of organs include,
but are not limited to, heart, lung, brain, eye, stomach,
spleen, bone, pancreas, kidney, liver, intestine, skin, urinary
bladder, ovary, uterus and testicle. Examples of tissues
include, but are not limited to, epithelial tissue, connective
tissue (which includes blood, bone and cartilage), muscle
tissue and nervous tissue. Examples of extracellular matrices
include, but are not limited to, the interstitial matrix and the
basement membrane. Examples of organelles include, but
are not limited to, the mitochondria, the Golgi apparatus,
endoplasmic reticulum, endosomes, exosomes, chloroplasts,
vacuoles, an endocytic vesicle, lysosomes, peroxisomes,
vacuoles, microsomes, plasma membrane and nucleus.
Examples of biological fluids include, but are not limited to,
allantoic, amniotic, bronchioalveolar, cerebrospinal, intrac-
ranial, interluminal, extracellular, extravascular, interstitial,
intraocular, lymph, pleural and synovial.

[0054] Targeting nucleic acids and methods of making
targeting nucleic acids are known in the art. In some
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embodiments, the targeting nucleic acid is an endosome-
specific nucleic acid. In some embodiments, the endosome-
specific nucleic acid (i.e. the first, second, third, or fourth
nucleic acid) comprises the following sequence: 5-AT ATA
TAT GCC GAC TGC TGC ACT GAC CGC AGG AT-3'
(SEQ ID NO:1). In some embodiments, the first, second,
third, or fourth nucleic acid comprises the following endo-
some-specific nucleic acid: 5'-AT CCT GCG GTC AGT
GCA GCA GTC GGC ATA TAT AT-3'.

[0055] In some embodiments, the nucleic acids target the
complex to the Golgi or endoplasmic reticulum. For
example, the nucleic acid may comprise a signal sequence of
Furin known in the art and described in WO2013054286A1,
which is herein incorporated by reference. In some embodi-
ments, the nucleic acids target the complex to a recycling
endosome. For example, the nucleic acid may comprise a
transferrin aptamer known in the art and described in
WO02015159122, which is herein incorporated by reference.
[0056] In some embodiments, the nucleic acid is an
aptamer that is specific for a biological compartment. The
term “aptamers” as used here indicates oligonucleic acid
molecules that bind a specific target. In particular, nucleic
acid aptamers can comprise, for example, nucleic acid
species that have been engineered through repeated rounds
of in vitro selection or equivalently, SELEX (systematic
evolution of ligands by exponential enrichment) to bind to
various molecular targets such as small molecules, proteins,
nucleic acids, and even cells, tissues and organisms. Aptam-
ers are useful in biotechnological and therapeutic applica-
tions as they offer molecular recognition properties that rival
that of the antibodies. Methods of making and identifying
aptamers with specificity for a particular biological com-
partment are known in the art. For example, U.S.
20090081679 describes methods for making targeting
nucleic acids with specificities for a particular biological
compartment.

[0057] The first, second, third, and/or fourth nucleic acid
may be complimentary to each other or substantially
complementary to each other. Nucleic acid duplexes may
have at least, at most, or exactly 1, 2,3,4,5,6,7,8,9, or
10 mismatches (or any derivable range therein). The nucleic
acids may also be at least, at most, or exactly 70, 75, 80, 85,
86,87, 88,89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100%
(or any range derivable therein) identical to a nucleic acid
described herein.

1.2 Detectable Moieties

[0058] The oligonucleotides and nucleic acid molecules in
the compositions and methods described herein may include
one or more detectable moiety. For example, the normal-
ization moiety, detectable product, and positive control
moiety all comprise a detectable moiety. The detectable
moiety may be one known in the art or described herein. A
“normalization moiety” as used herein is a a detectable
moiety whose fluorescence properties are insensitive to the
enzyme of interest’s catalytic activity. In some embodi-
ments, the normalization moiety is insenstive to lumenal
ionic variations within endocytic organelles. In some
embodiments, the normalization moieties for disulfide
isomerase, thioesterase, and cathepsin activity comprise
rhodamine, Alexa-647, and A647N, respectively. Nucleic
acid molecules can be labeled by incorporating moieties
detectable by one or more means including, but not limited
to, spectroscopic, photochemical, biochemical, immuno-
chemical, electrochemical or chemical assays. As used
herein, “detectable moieties” are chemical or biochemical
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moieties useful for labeling a nucleic acid and include, for
example, fluorescent agents, chemiluminescent agents,
chromogenic agents, quenching agents, radionucleotides,
enzymes, substrates, cofactors, inhibitors, nanoparticles,
magnetic particles, and other moieties known in the art. The
method of linking or conjugating the moiety to the nucleo-
tide or oligonucleotide depends on the type of label(s) used
and the position of the label on the nucleotide or oligonucle-
otide. Detectable moieties may be covalently or noncova-
lently joined to an oligonucleotide or nucleotide. It is
specifically contemplated that one or more detectable moi-
eties is excluded in an embodiment.

[0059] In some embodiments, the nucleic acid molecules
may comprise a “fluorescent dye” or a “fluorophore.” As
used herein, a “fluorescent dye” or a “fluorophore” is a
chemical group that can be excited by light to emit fluores-
cence. Some fluorophores may be excited by light to emit
phosphorescence. Dyes may include acceptor dyes that are
capable of quenching a fluorescent signal from a fluorescent
donor dye. Dyes that may be used in the disclosed methods
include, but are not limited to, the following dyes sold under
the following trade names: 1,5 IAEDANS; 1,8-ANS;
4-Methylumbelliferone; 5-carboxy-2,7-dichlorofluorescein;
5-Carboxyfluorescein (5-FAM); 5-Carboxytetramethylrhod-
amine (5-TAMRA); 5-Hydroxy Tryptamine (HAT); 5-ROX
(carboxy-X-rhodamine); 6-Carboxyrhodamine 6G; 6-JOE;
7-Amino-4-methylcoumarin;  7-Aminoactinomycin D
(7-AAD);  7-Hydroxy-4-methylcoumarin;  9-Amino-6-
chloro-2-methoxyacridine; ABQ; Acid Fuchsin; ACMA
(9-Amino-6-chloro-2-methoxyacridine); Acridine Orange;
Acridine Red; Acridine Yellow; Acriflavin; Acriflavin Feul-
gen SITSA; Alexa Fluor 350™; Alexa Fluor 430™; Alexa
Fluor 488™; Alexa Fluor 532™; Alexa Fluor 546™; Alexa
Fluor 568™; Alexa Fluor 594™; Alexa Fluor 633™; Alexa
Fluor 647™; Alexa Fluor 660™; Alexa Fluor 680™; Aliza-
rin Complexon; Alizarin Red; Allophycocyanin (APC);
AMC; AMCA-S; AMCA (Aminomethylcoumarin); AMCA-
X; Aminoactinomycin D; Aminocoumarin; Aminomethyl-
coumarin (AMCA); Anilin Blue; Anthrocyl stearate; APC
(Allophycocyanin); APC-Cy7; APTS; Astrazon Brilliant
Red 4G; Astrazon Orange R; Astrazon Red 6B; Astrazon
Yellow 7 GLL; Atabrine; ATTO-TAG™ CBQCA; ATTO-
TAG™ FQ; Auramine; Aurophosphine G; Aurophosphine;
BAO 9 (Bisaminophenyloxadiazole); Berberine Sulphate;
Beta Lactamase; BFP blue shifted GFP (Y66H); Blue Fluo-
rescent Protein; BFP/GFP FRET; Bimane; Bisbenzamide;
Bisbenzimide (Hoechst); Blancophor FFG; Blancophor SV;
BOBO™-1; BOBO™.-3; Bodipy 492/515; Bodipy 493/503;
Bodipy 500/510; Bodipy 505/515; Bodipy 530/550; Bodipy
542/563; Bodipy 558/568; Bodipy 564/570; Bodipy 576/
589; Bodipy 581/591; Bodipy 630/650-X; Bodipy 650/665-
X; Bodipy 665/676; Bodipy FL; Bodipy FL. ATP; Bodipy
F1-Ceramide; Bodipy R6G SE; Bodipy TMR; Bodipy
TMR-X conjugate; Bodipy TMR-X, SE; Bodipy TR;
Bodipy TR ATP; Bodipy TR-X SE; BO-PRO™-1; BO-
PRO™-3; Brilliant Sulphoflavin FF; Calcein; Calcein Blue;
Calcium Crimson™; Calcium Green; Calcium Orange; Cal-
cofluor White; Cascade Blue™; Cascade Yellow; Cat-
echolamine; CCF2 (GeneBlazer); CFDA; CFP-Cyan Fluo-
rescent  Protein; CFP/YFP  FRET;  Chlorophyll;
Chromomycin A; CL-NERF (Ratio Dye, pH); CMFDA;
Coelenterazine f; Coelenterazine fcp; Coelenterazine h;
Coelenterazine hcp; Coelenterazine ip; Coelenterazine n;
Coelenterazine O; Coumarin Phalloidin; C-phycocyanine;
CPM Methylcoumarin; CTC; CTC Formazan; Cy2™; Cy3.
18; Cy3.5™, Cy3™; (Cy5.18; Cy5.5™; Cy5™; Cy7™;
Cyan GFP; cyclic AMP Fluorosensor (FiCRhR); Dabcyl;
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Dansyl; Dansyl Amine; Dansyl Cadaverine; Dansyl Chlo-
ride; Dansyl DHPE; Dansyl fluoride; DAPI; Dapoxyl;
Dapoxyl 2; Dapoxyl 3; DCFDA; DCFH (Dichlorodihydro-
fluorescein Diacetate); DDAO; DHR (Dihydorhodamine
123); Di-4-ANEPPS; Di-8-ANEPPS (non-ratio); DiA (4-Di-
16-ASP); Dichlorodihydrofiuorescein Diacetate (DCFH);
DiD-Lipophilic = Tracer; DiD (DiIC18(5)); DIDS;
Dihydorhodamine 123 (DHR); Dil (DilC18(3)); Dinitrop-
henol; DiO (DiOC18(3)); DiR; DiR (DiIC18(7)); DNP;
Dopamine; DsRed; DTAF; DY-630-NHS; DY-635-NHS;
EBFP; ECFP; EGFP; ELF 97; Eosin; Erythrosin; Erythrosin
ITC; Ethidium Bromide; Ethidium homodimer-1 (EthD-1);
Euchrysin; EukoLight; Europium (III) chloride; EYFP; Fast
Blue; FDA; Feulgen (Pararosaniline); Flazo Orange; Fluo-3;
Fluo-4; Fluorescein (FITC); Fluorescein Diacetate; Fluoro-
Emerald; Fluoro-Gold (Hydroxystilbamidine); Fluor-Ruby;
FluorX; FM 1-43™; FM 4-46; Fura Red™; Fura Red™/
Fluo-3; Fura-2; Fura-2/BCECF; Genacryl Brilliant Red B;
Genacryl Brilliant Yellow 10GF; Genacryl Pink 3G; Gena-
cryl Yellow 5GF; GeneBlazer (CCF2); GFP (S65T); GFP
red shifted (rsGFP); GFP wild type, non-UV excitation
(WtGFP); GFP wild type, UV excitation (wtGFP); GFPuv;
Gloxalic Acid; Granular Blue; Haematoporphyrin; Hoechst
33258; Hoechst 33342; Hoechst 34580; HPTS; Hydroxy-
coumarin; Hydroxystilbamidine (FluoroGold);
Hydroxytryptamine; Indo-1; Indodicarbocyanine (DiD);
Indotricarbocyanine (DiR); Intrawhite Cf; JC-1; JO-JO-1;
JO-PRO-1; Laurodan; LDS 751 (DNA); LDS 751 (RNA);
Leucophor PAF; Leucophor SF; Leucophor WS; Lissamine
Rhodamine; Lissamine Rhodamine B; Calcein/Ethidium
homodimer; LOLO-1; LO-PRO-1; Lucifer Yellow; Lyso
Tracker Blue; Lyso Tracker Blue-White; Lyso Tracker
Green; Lyso Tracker Red; Lyso Tracker Yellow; LysoSensor
Blue; LysoSensor Green; LysoSensor Yellow/Blue; Mag
Green; Magdala Red (Phloxin B); Mag-Fura Red; Mag-
Fura-2; Mag-Fura-5; Mag-Indo-1; Magnesium Green; Mag-
nesium Orange; Malachite Green; Marina Blue; Maxilon
Brilliant Flavin 10 GFF; Maxilon Brilliant Flavin 8 GFF;
Merocyanin; Methoxycoumarin; Mitotracker Green FM;
Mitotracker Orange; Mitotracker Red; Mitramycin; Mono-
bromobimane; Monobromobimane (mBBr-GSH); Mono-
chlorobimane; MPS (Methyl Green Pyronine Stilbene);
NBD; NBD Amine; Nile Red; NED™; Nitrobenzoxadidole;
Noradrenaline; Nuclear Fast Red; Nuclear Yellow; Nylosan
Brilliant Tavin E8G; Oregon Green; Oregon Green 488-X;
Oregon Green™; Oregon Green™ 488; Oregon Green™
500; Oregon Green™ 514; Pacific Blue; Pararosaniline
(Feulgen); PBFI; PE-Cy5; PE-Cy7; PerCP; PerCP-Cy5.5;
PE-TexasRed [Red 613]; Phloxin B (Magdala Red); Phor-
wite A R; Phorwite BKL; Phorwite Rev; Phorwite RPA;
Phosphine 3R; Phycoerythrin B [PE]; Phycoerythrin R [PE];
PKH26 (Sigma); PKH67; PMIA; Pontochrome Blue Black;
POPO-1; POPO-3; PO-PRO-1; PO-PRO-3; Primuline; Pro-
cion Yellow; Propidium Iodid (PI); PYMPO; Pyrene; Pyro-
nine; Pyronine B; Pyrozal Brilliant Flavin 7GF; QSY 7;
Quinacrine Mustard; Red 613 [PE-TexasRed]; Resorufin;
RH 414; Rhod-2; Rhodamine; Rhodamine 110; Rhodamine
123; Rhodamine 5 GLD; Rhodamine 6G; Rhodamine B;
Rhodamine B 200; Rhodamine B extra; Rhodamine BB;
Rhodamine BG; Rhodamine Green; Rhodamine Phallici-
dine; Rhodamine Phalloidine; Rhodamine Red; Rhodamine
WT; Rose Bengal; R-phycocyanine; R-phycoerythrin (PE);
RsGFP; S65A; S65C; S65L; S65T; Sapphire GFP; SBFI;
Serotonin; Sevron Brilliant Red 2B; Sevron Brilliant Red
4G; Sevron Brilliant Red B; Sevron Orange; Sevron Yellow
L; sgBFP™; soBFP™ (super glow BFP); sgGFP™;
sgGFP™ (super glow GFP); SITS; SITS (Primuline); SITS
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(Stilbene Isothiosulphonic Acid); SNAFL calcein; SNAFL-
1; SNAFL-2; SNARF calcein; SNARF1; Sodium Green;
SpectrumAqua; SpectrumGreen; SpectrumOrange; Spec-
trum Red; SPQ (6-methoxy-N-(3-sulfopropyl)quinolinium);
Stilbene; Sulphorhodamine B can C; Sulphorhodamine G
Extra; SYTO 11; SYTO 12; SYTO 13; SYTO 14; SYTO 15;
SYTO 16; SYTO 17; SYTO 18; SYTO 20; SYTO 21; SYTO
22; SYTO 23; SYTO 24; SYTO 25; SYTO 40; SYTO 41;
SYTO 42; SYTO 43; SYTO 44; SYTO 45, SYTO 59; SYTO
60; SYTO 61; SYTO 62; SYTO 63; SYTO 64; SYTO 80;
SYTO 81; SYTO 82; SYTO 83; SYTO 84; SYTO 85;
SYTOX Blue; SYTOX Green; SYTOX Orange; TET™;
Tetracycline; Tetramethylrhodamine (TRITC); Texas
Red™; Texas Red-X™ conjugate; Thiadicarbocyanine
(DiSC3); Thiazine Red R; Thiazole Orange; Thioflavin 5;
Thioflavin S; Thioflavin TCN; Thiolyte; Thiozole Orange;
Tinopol CBS (Calcofluor White); TMR; TO-PRO-1; TO-
PRO-3; TO-PRO-5; TOTO-1; TOTO-3; TriColor (PE-CyS);
TRITC TetramethylRodaminelsoThioCyanate; True Blue;
TruRed; Ultralite; Uranine B; Uvitex SFC; VIC@); wt GFP;
WW 781; X-Rhodamine; XRITC; Xylene Orange; Y66F;
Y66H; Y66W; Yellow GFP; YFP; YO-PRO-1; YO-PRO-3;
YOYO-1; YOYO-3; and salts thereof. It is specifically
contemplated that one or more dyes is excluded in an
embodiment.

[0060] Fluorescent dyes or fluorophores may include
derivatives that have been modified to facilitate conjugation
to another reactive molecule. As such, fluorescent dyes or
fluorophores may include amine-reactive derivatives such as
isothiocyanate derivatives and/or succinimidyl ester deriva-
tives of the fluorophore.

[0061] The detectable moieties can be conjugated to the
nucleic acid molecules directly or indirectly by a variety of
techniques. Depending upon the precise type of moiety used,
the moiety can be located at the 5' or 3' end of the
oligonucleotide, located internally in the oligonucleotide’s
nucleotide sequence, or attached to spacer arms extending
from the oligonucleotide and having various sizes and
compositions to facilitate signal interactions. Using com-
mercially available phosphoramidite reagents, one can pro-
duce nucleic acid molecules containing functional groups
(e.g., thiols or primary amines) at either terminus, for
example by the coupling of a phosphoramidite dye to the 5'
hydroxyl of the 5' base by the formation of a phosphate
bond, or internally, via an appropriately protected phos-
phoramidite.

[0062] Certain embodiments of the disclosure relate to
protecting the detectable moiety. The term “protecting” as
used herein refers to a modification of the detectable moiety
that reduces or eliminates the detection of the moiety until
the modification is removed or until the moiety is further
modified to induce the detectable nature of the moiety. For
example, fluorophores can be protected by conjugation to a
carbonate linker. Examples are further described in S. Bhu-
niya et al., Angew Chem Int Ed Engl. 53, 4469-4474 (2014)
and S. Maiti et al., J Am Chem Soc. 135, 4567-4572 (2013),
which are herein incorporated by reference.

[0063] As described in the examples of the application, the
detectable moiety may be protected and catalytic conversion
of a reaction substrate attached to the moiety may result in
deprotection of the moiety and detection of the molecule.

[0064] Furthermore, the background correction moiety
may comprise a protected detectable moiety that cannot be
or is inefficiently deprotected by a catalyst. In some embodi-
ments, the background correction moiety and the detectable
product comprise the same detectable moiety. In some
embodiments, the background correction moiety and the
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positive control moiety comprise the same detectable moi-
ety. In some embodiments, the detectable product and the
positive control moiety comprise the same detectable moi-
ety. In some embodiments, the positive control moiety,
detectable product, and the background correction moiety
comprise the same detectable moiety. In some embodiments,
the background correction moiety and the detectable product
comprise a different detectable moiety. In some embodi-
ments, the background correction moiety and the positive
control moiety comprise a different detectable moiety. In
some embodiments, the detectable product and the positive
control moiety comprise a different detectable moiety. In
some embodiments, the positive control moiety, detectable
product, and the background correction moiety comprise
different detectable moieties.

[0065] Fluorescence in the sample can be measured in a
variety of ways, such as using a fluorometer or fluorescence
microscopy. In general, excitation radiation, from an exci-
tation source having a first wavelength, passes through
excitation optics. The excitation optics cause the excitation
radiation to excite the sample. In response, fluorophores
associated with the nucleic acids in the sample emit radia-
tion which has a wavelength that is different from the
excitation wavelength. Collection optics then collect the
emission from the sample. The device can include a tem-
perature controller to maintain the sample at a specific
temperature while it is being scanned. If desired, a multi-
axis translation stage can be used to move a microtiter plate
holding a plurality of samples in order to position different
wells to be exposed. The multi-axis translation stage, tem-
perature controller, auto-focusing feature, and electronics
associated with imaging and data collection can be managed
by an appropriately programmed digital computer. The
computer also can transform the data collected during the
assay into another format for presentation.

[0066] In some embodiments, the detecting includes mea-
suring the magnitude of the signal generated, wherein the
magnitude indicates the amount of catalytic activity of the
cell or region thereof. As used herein, the term “detectable”
refers to a property of the moiety that allows one to
determine the level of activity of a biological sample by
detecting the moiety, e.g., fluorescence.

1.3 Introduction of Nucleic Acids into Cells

[0067] In some embodiments, the sample in which cata-
Iytic activity is detected can be a biological sample, e.g., a
biological tissue or a cell or an organism. The method is
suitable for measuring catalytic activity in a specific region
of the cell, e.g., the cytosol, or an organellar space such as,
but not limited to, the inner mitochondrial matrix, the lumen
of the Golgi, the endoplasmic reticulum, the chloroplast
lumen, the lumen of a lysosome, the nucleus, or the lumen
of an endosome.

[0068] The nucleic acid molecules described herein can be
readily introduced into a host cell, e.g., a mammalian
(optionally human), bacterial, parasite, yeast or insect cell by
any method in the art. For example, nucleic acids can be
transferred into a host cell by physical, chemical or biologi-
cal means. It is readily understood that the introduction of
the nucleic acid molecules yields a cell in which the intra-
cellular catalytic activity may be measured. Thus, the
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method can be used to measure intracellular catalytic activ-
ity in cells cultured in vitro. The compositions can also be
readily introduced into a whole organism to measure the
catalytic activity in a cell or tissue in vivo. For example, the
nucleic acid compositions and complexes of the disclosure
can be transferred into an organism by physical, chemical or
biological means, e.g., direct injection.

[0069] Physical methods for introducing a polynucleotide
into a host cell include calcium phosphate precipitation,
lipofection, particle bombardment, microinjection, elec-
troporation, and the like. Methods for producing cells com-
prising vectors and/or exogenous nucleic acids are well-
known in the art. See, for example, Sambrook et al.
(Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory, New York, 2001), and in Ausubel et al.
(Current Protocols in Molecular Biology, John Wiley &
Sons, New York, 1997).

[0070] Chemical means for introducing a polynucleotide
into a host cell include colloidal dispersion systems, such as
macromolecule complexes, nanocapsules, microspheres,
beads, and lipid-based systems including oil-in-water emul-
sions, micelles, mixed micelles, and liposomes. One colloi-
dal system for use as a delivery vehicle in vitro and in vivo
is a liposome (i.e., an artificial membrane vesicle). The
preparation and use of such systems is well known in the art.
[0071] Insome embodiments, the use of lipid formulations
is contemplated for the introduction of the polynucleotide
into host cells (in vitro, ex vivo or in vivo). In some
embodiments, the nucleic acid complex may be associated
with a lipid. The nucleic acid complex associated with a lipid
may be encapsulated in the aqueous interior of a liposome,
interspersed within the lipid bilayer of a liposome, attached
to a liposome via a linking molecule that is associated with
both the liposome and the oligonucleotide(s), entrapped in a
liposome, complexed with a liposome, dispersed in a solu-
tion containing a lipid, mixed with a lipid, combined with a
lipid, contained as a suspension in a lipid, contained or
complexed with a micelle, or otherwise associated with a
lipid. The lipid/nucleic acid compositions are not limited to
any particular structure in solution. For example, they may
be present in a bilayer structure, as micelles, or with a
“collapsed” structure. They may also simply be interspersed
in a solution, possibly forming aggregates which are not
uniform in either size or shape.

[0072] Liposome-mediated oligonucleotide delivery and
expression of foreign DNA in vitro has been very successful.
Wong et al. (Gene 10, 87-94, (1980)) demonstrated the
feasibility of liposome-mediated delivery and expression of
foreign DNA in cultured chick embryo, HelLa and hepatoma
cells. Nicolau et al. (Biochem. Biophys. Acta, 721, 185-190,
(1987)) accomplished successful liposome-mediated gene
transfer in rats after intravenous injection.

2. Assay Methods

[0073] The compositions and nucleic acid molecules of
the disclosure are useful for spacially and temporally detect-
ing catalytic activity in a cell or organism. It is contemplated
that any catalytic substrate can be used in the methods
described herein. Described below are exemplary catalytic
substrates useful in the methods of the disclosure:

2.1 Peptidases

[0074] The compositions and methods can be created
using a reactive group, such as an amine, of the fluorophore.
The following uses Rhodamine 110 as the fluorophore, but
it is contemplated that any fluorophore may be used. The
squiggle denotes attachment to the nucleic acid.
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[0075] An exemplary positive control moiety includes the
ON sensor below:
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[0076] An exemplary background correction moiety
includes the OFF sensor below:

OFF sensor

[0077] An exemplary catalytic substrate to determine gly-
phe peptidase activity includes:

s

O
)I\/ NH,
N
H

¢}

A

[0078] In some embodiments, the method using the cata-
Iytic substrate above is for detecting gly-phe catalytic activ-
ity. In some embodiments, the method using the catalytic
substrate above is for detecting enzymatic conversion of the
substrate by the enzyme cathepsin C. In some embodiments,
the method may be for detecting or diagnosing Papillon-
Lefevre syndrome or for discovering modulators of this
activity or disease phenotype.

[0079] The following catalytic moiety can be used to
detect arg-arg peptidase activity. In some embodiments, the
method using the catalytic substrate below is for detecting
enzymatic conversion of the substrate by the enzyme cathe-
psin B:

H>N

=

HN
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[0080] The following catalytic moiety can be used to
detect leu-arg peptidase activity. In some embodiments, the
method using the catalytic substrate below is for detecting
enzymatic conversion of the substrate by the enzyme cathe-
psin K. In some embodiments, the method may be for
detecting or diagnosing pycnodysostosis or for discovering
modulators of this activity or disease phenotype.

HN,

Y NH,
NH
(€]
H H
N N
N
H
(6] (6]
H

!

[0081] The following catalytic moiety can be used to
detect phe-arg peptidase activity. In some embodiments, the
method using the catalytic substrate below is for detecting
enzymatic conversion of the substrate by the enzyme cathe-
psin L.
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[0082] The following catalytic moiety can be used to
detect ala-ala-phepeptidase activity. In some embodiments,
the method using the catalytic substrate below is for detect-
ing enzymatic conversion of the substrate by the enzyme

TPP1. In some embodiments, the method may be for detect-
ing or diagnosing neuronal ceroid lipofuscinosis (NCL) or
for discovering modulators of this activity or disease phe-
notype.
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2.2 Glucosidases enzymatic conversion of the substrate by a beta-glucosidase
L. o enzyme. In some embodiments, the method may be for
[0083]. The m01et1.es beloW are exemplary m01et1e§ for detecting or diagnosing Gaucher disease or for discovering
detection of glucomdgse activity. The following moieties modulators of this activity or disease phenotype.
have been created using the oxygen of the fluorophore,
fluorescein, to attach the catalytic substrate, but the methods
may be easily adapted to other fluorophores and detectable [OH
molecules through the use of are active group on the u

detectable molecule. The squiggle in the structures below

-0
represents attachment to the nucleic acid. HOpo . 0 0 0
[0084] An exemplary positive control moiety includes the i O O O
H H
O

following
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[0087] The following catalytic moiety can be used to
detect beta-galactosidase activity. In some embodiments, the
method using the catalytic substrate below is for detecting
ON sensor enzymatic conversion of the substrate by a beta-galactosi-
dase enzyme. In some embodiments, the method may be for
detecting or diagnosing GM1 gangliosidoses or for discov-

1[331?1 ?es 3‘12 f:,:])](g&lipé;y background - correction moiety ering modulators of this activity or disease phenotype.
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[0086] The following catalytic moiety can be used to
detect beta-glucosidase activity. In some embodiments, the [0088] The following catalytic moiety can be used to
method using the catalytic substrate below is for detecting detect beta hexosaminidase activity. In some embodiments,
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the method using the catalytic substrate below is for detect-
ing enzymatic conversion of the substrate by a beta-
hexosaminidase enzyme. In some embodiments, the method
may be for detecting or diagnosing Tay-Sachs disease or for
discovering modulators of this activity or disease phenotype.

[0089] The following catalytic moiety can be used to
detect beta alpha-glucosidase activity. In some embodi-
ments, the method using the catalytic substrate below is for
detecting enzymatic conversion of the substrate by a alpha-
glucosidase enzyme. In some embodiments, the method may
be for detecting or diagnosing Pompe’s disease or for
discovering modulators of this activity or disease phenotype.

2.3 Other Assay Method Aspects

[0090] In a similar manner, positive control, catalytic
substrates, and background control moieties may be con-
structed to perform the methods and make the compositions
of the disclosure directed to other enzyme activities, includ-
ing but not limited to, activites such as phosphatase, kinase,
amylase, lipase, protease, phosphorylation, myristoylation,
glycosylation, oxygenase, and hydroxylase.

[0091] Exemplary substrates and enzymes include those in
the following table:

Ezyme Substrate

a-D-Glucose
B-D-Glucose
a-D-Galactose

a-Glucosidase
B-Glucosidase
a-Galactosidase
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-continued

Ezyme

Substrate

B-Galactosidase
a-Mannosidase
B-Mannosidase
N-Acetyl-p-glucosaminidase
B-Glucuronidase
B-D-Fucosidase
a-L-Fucosidase
B-L-Fucosidase
L-Iduronidase

Cellulase
a-Arabinopyranosidase
B-Xylosidase
a-N-Acetyl-neuraminidase

guanidinobenzoatase
alkaline phosphatase
acid phosphatase

aryl sulfatase
4-nitrophenyl phosphatase
Pyruvate oxidase
L-amino acid oxidase
Aldehyde oxidase
Xanthine oxidase
Glucose oxidase
Glycollate oxidase
Sarcosine oxidase
Galactose oxidase
pepsin

Protease S

Protease K

trypsin

DNase I

DNase II

Rnase
RNase T1

Nuclease S1
Beta-agarase

Beta amylase
cellulase
dextranase
lysozyme

Cholesterol esterase

B-D-Galactose

a-D-Mannose

B-D-Mannose
B-D-N-Acetyl-Glucosamine
B-D-Glucuronic Acid

B-D-Fucose

a-L-Fucose

B-L-Fucose

a-L-Iduronic Acid

B-D-Cellobiose

a-L-Arabinopyranose

B-D-Xylose

a-D-N-Acetyl-neuraminic acid (Sialic
acid)

aryl esters of p-guanidino-benzoic acid
aryl or alkyl phosphate monoesters
aryl or alkyl phosphate monoesters
aryl sulfate monoesters

aryl phosphates

pyruvates

L-amino acids

aldehydes

xanthines

glucose

glycollate

sarcosine

Galactose

Proteins, esters

Aspartic or glutamic moieties in proteins
Proteins, amides

Lysine or arginine moieties in proteins
Single chain and double stranded DNA
Single chain and double stranded DNA,
p-nitropheny! phosphodiesters

RNA

RNA between 3'guanylic and adjacent
nucleotides

Single stranded DNA and RNA
1,3-linked beta-D-galactopyranose and
1,4-linked 3,6-anhydro-alpha-1.-galacto-
pyranose

Alpha-1,4-linked D-glucose
Beta-1,4-linked D-glucose units
1,6-alpha-glucosidic linkages

Beta-1,4 bond between N-acetyl muramic
acid and N-acetylglucosamine

Sterol esters

lipase Primary acyl bond in triglycerides

Phospholipase A2 Sn-2-acyl bond in phospholipids

Phospholipase C Bond between glycerol and phosphate

chymotrypsin Amides and esters of leucine, methionine,
asparagine, glutamine, etc . . .

clostripain Arginine carbonyl

collagenase collagen

elastase Elastin, N-acyl-L-alanine 3-p-nitroanilide

[0092] It is within the knowledge of those skilled in the art

to construct a detectable molecule comprising a substrate of
interest to monitor the activity of an enzyme of interest.
Furthermore, the disclosure provides exemplary methods of
protecting fluorophores, conjugation of a reactive element,
and conjugation to a nucleic acid.

[0093] In some embodiments, intracellular enzymatic
activity may be monitored for the purposes of examining
cellular phenomena and/or screening the effects of various
compounds, wherein the level of the signal from a nucleic
acid complex described herein (e.g., increased or decreased
signal) in a test sample at a first time point is determined and
compared with the level found in a test sample obtained at
a later time point. The change in signal may reflect a relative
change in enzymatic activity between the two samples.
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[0094] As one of skill in the art will understand, there will
be a certain degree of uncertainty involved in making this
determination. Therefore, the standard deviations of the
control group levels can be used to make a probabilistic
determination and the method of this disclosure are appli-
cable over a wide range of probability-based determinations.
Thus, for example, and not by way of limitation, in one
embodiment, if the measured level of signal falls within 2.5
standard deviations of the mean of any of the control groups,
then that sample may be assigned to that group. In another
embodiment if the measured level of signal falls within 2.0
standard deviations of the mean of any of the control groups
then that sample may be assigned to that group. In still
another embodiment, if the measured level of signal falls
within 1.5 standard deviations of the mean of any of the
control groups then that sample may be assigned to that
group. In yet another embodiment, if the measured level of
signal is 1.0 or less standard deviations of the mean of any
of the control groups levels then that sample may be
assigned to that group. Thus, this process allows determi-
nation, with various degrees of probability, in which group
a specific sample should be placed.

[0095] Statistical methods can also be used to set thresh-
olds for determining when the signal intensity in a test
sample can be considered to be different than or similar to
the reference level. In addition, statistics can be used to
determine the validity of the difference or similarity
observed between a test sample’s signal intensity and the
reference level. Useful statistical analysis methods are
described in L. D. Fisher & G. vanBelle, Biostatistics: A
Methodology for the Health Sciences (Wiley-Interscience,
N Y, 1993). For instance, confidence (“p”) values can be
calculated using an unpaired 2-tailed t test, with a difference
between groups deemed significant if the p value is less than
or equal to 0.05.

3. Diseases Detection and Monitoring

[0096] The methods, compositions, nucleic acids, and kits
of the disclosure can be used for the detection of diseases,
the monitoring of diseases, and as a drug screening platform.
In some embodiments, the disease is characterized as a
lysosomal dysfunction disease. In some embodiments, the
pathology of the disease includes lysosomal dysfunction.

[0097] Lysosomal dysfunction diseases include, for
example, autosomal recessive osteopetrosis, Farber disease,
Krabbe disease (infantile onset and late onset), Fabry disease
(Alpha-galactosidase A), Schindler disease (Alpha-galacto-
sidase B), Sandhoff disease (infantile, juvenile, or adult
onset), Tay-Sachs, juvenile hexosaminidase A deficiency,
chronic hexosaminidase A deficiency, glucocerebroside,
Gaucher disease (Type 1, 11, and III), lysosomal acid lipase
deficiency (early onset and late onset), Niemann-Pick dis-
ease (Type A and B), sulfatidosis, metachromatic leukodys-
trophy (MLD), saposin B deficiency, multiple sulfatase
deficiency, mucopolysaccharidoses: MPS I Hurler Syn-
drome, MPS 1 S Scheie Syndrome, MPS 1 H-S Hurler-
Scheie Syndrome, Type II (Hunter syndrome), Type III
(Sanfilippo syndrome), MPS III A (Type A), MPS III B
(Type B), MPS 111 C (Type C), MPS III D (Type D), Type
IV (Morquio), MPS IVA (Type A), MPS IVB (Type B), Type
VI (Maroteaux-Lamy syndrome), Type VII Sly Syndrome,
Type IX (Hyaluronidase Deficiency); Mucolipidosis: Type I
(Sialidosis), Type II (I-cell disease), Type III (Pseudo-Hurler
Polydystrophy/Phosphotransferase Deficiency), Type IV
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(Mucolipidin 1 deficiency); Niemann-Pick disease (Type C
and D), Neuronal Ceroid Lipofuscinoses: Type 1 Santa-
vuori-Haltia disease/Infantile NCL (CLN1 PPT1), Type 2
Jansky-Bielschowsky disease/Late infantile NCL (CLN2/
LINCL TPP1), Type 3 Batten-Spielmeyer-Vogt disease/Ju-
venile NCL. (CLN3), Type 4 Kufs disease/Adult NCL
(CLN4), Type 5 Finnish Variant/Late Infantile (CLN5), Type
6 Late Infantile Variant (CLNG6), Type 7 CLN7, Type 8
Northern Epilepsy (CLNS), Type 8 Turkish Late Infantile
(CLNB), Type 9 German/Serbian Late Infantile (Unknown),
Type 10 Congenital Cathepsin D Deficiency (CTSD); Wol-
man disease, alpha-mannosidosis, beta-mannosidosis, aspar-
tylglucosaminuria, fucosidosis, lysosomal transport dis-
eases, cystinosis, pycnodysostosis, salla disease/sialic acid
storage disease, infantile free sialic acid storage disease
(ISSD), glycogen storage diseases, Type Il Pompe Disease,
Type IlIb Danon disease, and cholesteryl ester storage
disease. In some embodiments, the disease is autosomal
recessive osteopetrosis. In some embodiments, the disease is
Niemann-Pick C disease.

[0098] In certain aspects, methods of the disclosure can be
used to diagnose or analyze a a sample from a patient. The
term “subject” or “patient” is meant any single subject for
which the method can be applied and includes, for example,
humans, cattle, dogs, guinea pigs, rabbits, chickens, and so
on. Also intended to be included as a subject are any subjects
involved in clinical research trials not showing any clinical
sign of disease, or subjects involved in epidemiological
studies, or subjects used as controls. human sample. In some
embodiments, a method of the disclosure is performed on a
sample from a subject with a disease described herein. The
methods of obtaining a sample from a subject include
methods of biopsy such as fine needle aspiration, core needle
biopsy, vacuum assisted biopsy, incisional biopsy, excisional
biopsy, punch biopsy, shave biopsy or skin biopsy. In certain
embodiments the sample is from a diseased or non-diseased
tissue. The sample may be obtained from any of the tissues
provided herein that include but are not limited to tissue
from the serum, gall bladder, mucosal, skin, heart, lung,
breast, pancreas, blood, liver, muscle, kidney, smooth
muscle, bladder, colon, intestine, brain, prostate, esophagus,
or thyroid tissue. Alternatively, the sample may be obtained
from any other source including but not limited to blood,
sweat, hair follicle, buccal tissue, tears, menses, feces, or
saliva. In certain aspects of the current methods, any medical
professional such as a doctor, nurse or medical technician
may obtain a biological sample for testing. Yet further, the
biological sample can be obtained without the assistance of
a medical professional.

[0099] A sample may include but is not limited to, tissue,
cells, or biological material from cells or derived from cells
of a subject. The biological sample may be a heterogeneous
or homogeneous population of cells or tissues. The biologi-
cal sample may be obtained using any method known to the
art that can provide a sample suitable for the analytical
methods described herein. The sample may be obtained by
non-invasive methods including but not limited to: scraping
of the skin or mucosal membrane, swabbing of the cheek,
saliva collection, urine collection, feces collection, collec-
tion of menses, tears, or semen.

[0100] The sample may be obtained by methods known in
the art. In certain embodiments the samples are obtained by
biopsy. In other embodiments the sample is obtained by
swabbing, scraping, phlebotomy, or any other methods
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known in the art. In some cases, the sample may be obtained,
stored, or transported using components of a kit of the
present methods. In some cases, multiple samples may be
obtained for performance of the methods of the disclosure.
In other cases, multiple samples, such as one or more
samples from one tissue type and one or more samples from
another tissue may be obtained for performance of the
methods of the disclosure. In some cases, multiple samples
may be obtained at the same or different times. Samples may
be obtained at different times are stored and/or analyzed by
different methods. For example, a sample may be obtained
and analyzed by routine staining methods or any other
cytological analysis methods.

[0101] In some embodiments the biological sample may
be obtained by a physician, nurse, or other medical profes-
sional such as a medical technician, endocrinologist, cytolo-
gist, phlebotomist, radiologist, or a pulmonologist. The
medical professional may indicate the appropriate test or
assay to perform on the sample. In certain aspects a molecu-
lar profiling business may consult on which assays or tests
are most appropriately indicated. In further aspects of the
current methods, the patient or subject may obtain a bio-
logical sample for testing without the assistance of a medical
professional, such as obtaining a whole blood sample, a
urine sample, a fecal sample, a buccal sample, or a saliva
sample.

[0102] In other cases, the sample is obtained by an inva-
sive procedure including but not limited to: biopsy, needle
aspiration, or phlebotomy. The method of needle aspiration
may further include fine needle aspiration, core needle
biopsy, vacuum assisted biopsy, or large core biopsy. In
some embodiments, multiple samples may be obtained by
the methods herein to ensure a sufficient amount of biologi-
cal material.

[0103] General methods for obtaining biological samples
are also known in the art. Publications such as Ramzy,
Ibrahim Clinical Cytopathology and Aspiration Biopsy
2001, which is herein incorporated by reference in its
entirety, describes general methods for biopsy and cytologi-
cal methods.

[0104] In some embodiments of the present methods, the
molecular profiling business may obtain the biological
sample from a subject directly, from a medical professional,
from a third party, or from a kit provided by a molecular
profiling business or a third party. In some cases, the
biological sample may be obtained by the molecular profil-
ing business after the subject, a medical professional, or a
third party acquires and sends the biological sample to the
molecular profiling business. In some cases, the molecular
profiling business may provide suitable containers, and
excipients for storage and transport of the biological sample
to the molecular profiling business.

4. Kits

[0105] The materials and components described for use in
the methods may be suited for the preparation of a kit. Thus,
the disclosure provides a detection kit useful for determining
the catalytic activity and/or the presence, absence, or con-
centration of an analyte in a sample, cell or region thereof.
Specifically, the technology encompasses kits for measuring
the catalytic activity of one or more cells or intracellular
compartment in a cell in a sample. For example, the kit can
comprise a nucleic acid complex as described herein.
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[0106] In some embodiments, the methods described
herein may be performed by utilizing pre-packaged kits
comprising the necessary reagents to perform any of the
methods of the technology. For example, such a kit would
include a detection reagent for measuring the catalytic
activity of a biological sample or compartment. In one
embodiment of such a kit, the detection reagents are the
nucleic acid complexes of the disclosure. Oligonucleotides
are easily synthesized and are stable in various formulations
for long periods of time, particularly when lyophilized or
otherwise dried to a powder form. In this form, they are
easily reconstituted for use by those of skill in the art. Other
reagents and consumables required for using the kit could be
easily identified and procured by those of skill in the art who
wish to use the kit. The kits can also include buffers useful
in the methods of the technology. The kits may contain
instructions for the use of the reagents and interpreting the
results.

[0107] In some embodiments, the technology provides a
kit comprising at least one sample packaged in one or more
vials for use as a control. Each component of the kit can be
enclosed within an individual container and all of the
various containers can be within a single package, along
with instructions for performing the assay and for interpret-
ing the results of the assays performed using the kit.

[0108] In some embodiments, the kit comprises a device
for the measurement of catalytic activity in a sample. In
some embodiments, the device is for measuring catalytic
activity in a biological compartment in cell culture or in
whole, transparent organisms (e.g., C. elegans).

5. Examples

[0109] The following examples are given for the purpose
of illustrating various embodiments and are not meant to
limit the present invention in any fashion. One skilled in the
art will appreciate readily that the present invention is well
adapted to carry out the objects and obtain the ends and
advantages mentioned, as well as those objects, ends and
advantages inherent herein. The present examples, along
with the methods described herein are presently represen-
tative of preferred embodiments, are exemplary, and are not
intended as limitations on the scope of the invention.
Changes therein and other uses which are encompassed
within the spirit of the invention as defined by the scope of
the claims will occur to those skilled in the art.

5.1 Example 1: DNA Nanodevices
Spatiotemporally Map Enzymatic Function In Vivo

[0110] The paucity of technologies to directly visualize
enzyme activity in vivo is a major obstacle to investigate
dysregulated signalling. Described in this example is a
DNA-based imaging technology to spatiotemporally map
protein disulphide isomerase activity. It confines the detec-
tion chemistry to a designated organelle, and quantitatively
images disulphide reduction therein. A range of enzymatic
cleavage reactions are amenable to analysis by this reporter
system. Traditional reporters either target a specific protein
or use small molecules, and these afford information only on
cellular locations corresponding to either maximal protein
abundance or activity. This is the first molecular imaging
technology that can interrogate minor, yet important, sub-
cellular populations of enzyme activity.
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5.1.1 Design and Response of Ratiometric
Reporters of Disulphide Exchange

[0111] The DNA-based, ratiometric reporter consists of
three modules with three distinct functions (FIG. 1A). The
first is a sensing module, consisting of a reaction centre for
thiol-disulphide exchange that results in the formation of an
active fluorophore (star, FIG. 1A, A, =520 nm), described
later. The second comprises a normalizing module, consist-
ing of a rhodamine dye (red, FIG. 1A, A_,=590 nm) whose
fluorescence properties are insensitive to disulphide
exchange, and to lumenal ionic variations within endocytic
organelles. The third module comprises a targeting func-
tionality consisting of a 34 nucleotide DNA duplex that
serves two purposes, wherein the diamond indicates
TDX ;77 The first is to display the sensing and normalizing
modules in a precise, 1:1 stoichiometry. The second is to
target the entire assembly for specific uptake by coelomo-
cytes in C. elegans, by co-opting scavenger receptors for
trafficking along the endolysosomal pathway.

[0112] The working principle of the sensing module of the
disulphide exchange reporter is shown in FIG. 1B. This
module comprises a dye such as one derived from 6'-O
propargyl fluorescein whose fluorescence is diminished
because the molecule is conjugated via a carbonate linker. At
the other end, the carbonate linker is connected to a thio-
pyridyl group via a disulphide bond. Disulphide reduction
by thiol exchange results in the formation of a thiol-con-
taining intermediate that undergoes spontaneous intramo-
lecular cyclization to eliminate 1,3-oxathiolan-2-one, releas-
ing the fluorescein moiety leading to a dramatic increase in
fluorescence intensity at 520 nm. The synthesis of this
module is described herein (Scheme 1 and Scheme 2).

[0113] To make a quantitative reporter system for disul-
phide reduction under conditions of high autofluorescence
that are encountered in living systems, two more nanode-
vices were made. One of these, TDX ,,,, comprises the DNA
duplex attached to fluorescein at the 6'-O position (FIG. 1B),
where fluorescein is not protected. TDX,, can also be
obtained by completely reducing TDX, such that the fluo-
rescein moiety on TDX is 100% deprotected. TDX could
also turn on due to hydrolysis of the carbonate at the 3'-O
position. To account for this, TDX . was also made, which
is designed to capture background hydrolysis, where 6'-O
propyl fluorescein is protected with a benzyloxycarbonate
moiety. Thus TDX - reports non-specific hydrolysis and
reveals the specificity of disulphide exchange reported by
TDX. The synthesis and characterization of TDX, TDX,,
and TDX - are described in Scheme 1 and 2 and the
description below.

[0114] In the presence of 5 mM glutathione (GSH) in 0.1
M phosphate buffer, pH=7.2, TDX fluorescence at 520 nm
(G, 6'-O propyl fluorescein) increases with time, while the
fluorescence of the normalizing module, at 590 nm (R,
rhodamine), remains constant. FIG. 1D shows the ratio of
emission intensities of 6'-O propyl fluorescein and rhod-
amine (G/R) as a function of time that reveals that the
reaction is 80% complete in 30 min (FIG. 1D). Importantly,
under the same experimental conditions, TDX ., showed
no such fluorescence increase (FIG. 5B) with the G/R ratio
remaining unchanged over at least 2 h, indicating that the
fluorescence increase observed in TDX is only due to
disulphide exchange (FIG. 1D).
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5.1.2 TDX Detects Thiol Disulfide Exchange in
Late Endosomes In Vivo

[0115] The inventors then sought to deploy the TDX
reporter system to measure thiol disulphide exchange, if any,
that occurs along the endolysosomal pathway in Caenorhab-
ditis elegans. DNA nanodevices selectively label six scav-
enger cells called coelomocytes that are present in pseudo-
coelom of'the C. elegans. This is because DNA nanodevices
undergo endocytosis mediated by scavenger receptors pres-
ent on coelomocytes. Briefly, on this endocytic pathway
post-injection into the pseudocoelom, DNA nanodevices
localise in early endosomes at t=10 min, in late endosomes
at t=17 min, and in lysosomes at t=60 min.

[0116] Upon injection of 2 pM TDX into the pseudo-
coelom of wild type (N2) nematodes, fluorescence images of
live nematodes were acquired in fluorescein (G) and rhod-
amine (R) channels as a function of time. At each time point,
ratiometric maps of G/R intensities were generated as
described and are presented in pseudocolour in FIG. 2A. It
was observed that the G/R ratio was maximal at 20 minutes
post injection and remained almost constant thereafter (FI1G.
2A). When a similar experiment was conducted with
TDX ,z7 in N2 nematodes, the G/R ratio showed negligible
change and remained constant up to the maximum duration
of the experiment, i.e., 60 mins (FIGS. 2B and 6). This
clearly indicates that the increase in G/R ratio observed in
the case of TDX is due to thiol-disulphide exchange and not
from esterolytic cleavage.

[0117] Along the endolysosomal pathway, the lumenal pH
decrease affects the fluorescence of fluorescein due to the pH
sensitivity of the latter. Described herein is the development
of'a tripartite reporter system for endosomal thiol-disulphide
exchange comprising TDX,5, TDXpr and TDX, that
jointly corrects for a number of effects on the fluorescence
of the sensor module. For each time point, in N2 nematodes,
three separate sets of experiments are performed, injecting
either TDX 5, TDX - or TDX, and for each, fluorescence
images in the G and R channels are acquired, G/R ratios are
calculated, and heat maps are generated as described (FIG.
2B). At any given time t, the G/R ratios and heat maps of
TDX,, correspond to the maximum observable value of
thiol-disulphide exchange, and the heat maps of TDX
correspond to the minimum observable value of thiol-
disulphide exchange, independent of compartment identity.
Thus, at each time-point, one could calculate the percentage
response of TDX (FIG. 2C) as a function of time in live
nematodes using the equation (FFTDX-“FTDX . )/(¢
RTDX 50 FTDX pp). This yielded a sigmoidal curve for
thiol-disulphide exchange as a function of time where, 20
min post injection the reaction was complete. (FIG. 2C).
[0118] Importantly, for as long as 10 minutes, TDX hardly
reacts, starts responding at t=15 min and by t=20 minutes,
the disulphide exchange reaction is 80% complete. In order
to determine the identity of the endolysosomal compartment
at t=20 min, colocalization studies were performed with
various endosomal markers. TDX carrying only a rhod-
amine label (TDX®) was injected in transgenic nematodes
expressing GFP::RAB-5 as an early endosomal marker,
GFP::RAB-7 as an late endosomal/lysosomal marker and
LMP-1::GFP as a lysosomal marker and assayed for colo-
calization of GFP with TDXZ at 20 min post injection (FIG.
2D). TDX® showed only 30% and 10% colocalization in
GFP::RAB-5 and LMP-1::GFP positive vesicles respec-
tively, but for GFP::RAB-7 the inventors observed 85%
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colocalization (FIG. 2E). This indicates that, at 20 min
post-injection, TDX® is present predominantly in the late
endosome. Taken together with the kinetic evolution of the
G/R ratio (FIG. 2B), the tripartite TDX reporter system
clearly reveals that thiol-disulphide exchange occurs in late
endosomes in the coelomocytes of C. elegans.

5.1.3 Endosomal Disulphide Reduction is
Protein-Mediated

[0119] In theory, the observed intra-endosomal disulfide
exchange could be mediated either by small molecules like
cysteine, glutathione, H,S, etc., or by enzymes. To check
which of these two scenarios is operational in the endosomes
of C. elegans, a well-characterized, porous icosahedral DNA
nanocapsule developed by the inventors was used. The
nanocapsule has a uniform pore size of 2.8 nm. A chemically
modified dextran (FD) bearing 2-3 disulphide sensing mod-
ules on average was created, the synthesis and characteriza-
tion of which is presented in detail in the information
following. Then the FD was encapsulated inside a DNA
icosahedron bearing an Atto647N label on one of the com-
ponent strands to give [4%*7, (FIG. 3A). The Atto647 dye
acts as a normalizing fluorophore as its fluorescence inten-
sity at 665 nm (R) is independent of disulphide exchange
while simultaneously functioning as a fiducial fluorophore
to locate icosahedron inside coelomocytes. The synthesis
and characterization for 14%*7 is also presented in (FIG.
7A).

[0120] Due to its well-defined, pore size I4%*",,, should
permit small thiols such as GSH, cysteine and H,S, with
sizes <1 nm, to pass freely through the capsule, access the
chemically modified dextran FD encapsulated within and
mediate disulphide exchange on FD. However, macromo-
lecular thiols with sizes greater than 3 nm should not be able
to access the interior of the icosahedron and therefore be
unable to reduce the encapsulated FD. The inventors tested
14547, for size selectivity towards disulphide exchange
with a spectrum of differently sized thiols in vitro and
observed that an increase in fluorescence intensity at 520 nm
(G) occurred only in the case of smaller size thiols such as
glutathione, cysteine and H,S, while larger thiols of molecu-
lar weight >10 kDa could not reduce FD (FIG. 7B). The fold
change in G/R ratio of I*%*,,, for complete disulphide
exchange for this size selective reporter was found to be 9.4
(FIG. 3B). The inventors also made a sample of DNA
icosahedron carrying an Atto647N label, and encapsulating
FD which had been completely disulphide exchanged to
give [4%%7 ... The inventors also made a sample of empty
DNA icosahedron, carrying an Atto647N label, without
cargo inside to give I“**" .,z to evaluate the contribution
of autofluorescence.

[0121] The inventors then used a tripartite nanocapsule
reporter system comprising 14%*7... 14%%_ .. and
%% .on to test whether the observed intra-endosomal
disulphide exchange was mediated by proteins or by small
molecule thiols. Since DNA nanocapsules are also taken up
by scavenger receptors in coelomocytes, the inventors
injected either 4%, T4%%7 . or 4% . into the
pseudocoelom of N2 nematodes and acquired images in the
fluorescein and Atto647N channels at t=30 min. If T4%*7
undergoes disulphide reduction by small molecule thiols,
then, it should show a G/R ratio similar to that of I4%*7 ., ..
Importantly, the G/R ratio of #%*7 ., at t=30 min was only
16% that of 14°*7 ., ,; (FIG. 3C and FIG. 3D). The resis-
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tance of %7, to turn on compared to TDX reveals that
disulphide exchange due to small molecule thiols is insig-
nificant within endosomes. In addition, a comparison of the
in vitro and in vivo kinetics of disulphide exchange at pH 6
strongly indicates that intra-endosomal disulphide exchange
is enzyme catalysed (FIG. 1D).

5.1.4 PDI-3 and TRX-1 Catalyze Disulfide
Exchange in Late Endosomes

[0122] Next, the molecular players that mediate disulfide
reduction in late endosomes in coelomocytes were identi-
fied. Proteins that catalyze disulfide exchange generally
contain thioredoxin domains, e.g., thioredoxins or protein
disulfide isomerases. Using BLAST” approximately 23 pro-
teins were found in the C. elegans genome that contained at
least one thioredoxin domain. Seven were excluded as they
contained either a mitochondrial or nuclear localization
sequence, which precluded their presence in the endosomal
milieu (Table 4). Fifteen candidate genes were narrowed by
RNA interference (RNAi) and, in each of these genetic
backgrounds the inventors quantitated the extent of intraen-
dosomal thiol disulfide exchange using the tripartite TDX
reporter system (FIG. 8). Efficiency of RNAi knockdown of
relevant genes were confirmed by RT-PCR followed by
analysis using gel electrophoresis (FIG. 4C).

[0123] Ina given genetic background, the inventors
injected either TDX ,,, TDX - or TDX and measured G/R
ratios for each of these DNA assemblies at 20 min post
injection. The percentage response of TDX in each genetic
background was mapped. FIG. 4A shows representative
pseudocolor maps for three different genetic backgrounds.
The percentage response for each genetic background was
quantified (FIG. 4B). Two clear hits were found, where
knocking down pdi-3 or trx-1 knockdown showed 50% and
40% reduction in disulphide exchange respectively as com-
pared to wild type nematodes (FIG. 4B). Importantly, simul-
taneous knockdown of both pdi-3 and trx-1 in nematodes
showed a dramatic reduction of disulfide exchange, nearly
comparable to G/R values seen with TDX . This indicates
that disulfide reduction in the late endosome is predomi-
nantly due to pdi-3 and trx-1. The main function of TRX-1
is to reduce several disulfide containing proteins, thus serv-
ing to enhance the activity of stronger reducing proteins e.g.,
protein disulfide isomerases (PDIs). In fact, the oxidation
potential of PDIs are nearly 50 fold higher than thioredoxin,
suggesting that, at an acidic pH of 6.0 in the late endosome,
PDI-3 it is likely to be the major player along with TRX-1.
[0124] Interestingly both PDI-3 and TRX-1 are soluble
proteins. Thioredoxin-1(TRX-1) is known to be maximally
present in the cytosol. PDI-3 has an ER retention signal
suggesting that the major population is in the endoplasmic
reticulum (ER). In fact ERp57, which is the vertebrate
homolog of PDI-3, has been shown to be localized in the ER
(even though it has a slightly weaker ER retention signal).
Importantly these DNA-based probes reveal the existence of
a minor population of TRX-1 and PDI-3 in late endosomes,
and that this minor population carries out an essential
function for the cell by mediating disulfide exchange
therein. In mammalian cells, both thioredoxin-1 and ERp57
undergo secretion where they adhere via electrostatic inter-
action at the plasma membrane. It is notable that despite the
presence of PDI-3 and TRX-1 on the plasma membrane, and
the presence of extracellular glutathione at 1-10 uM, disul-
phide reduction of the DNA-based probes occurs specifi-
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cally in the late endosome revealing the existence of a minor
pool of PDI-3 and TRX-1 in the late endosome.

5.1.5 Conclusion

[0125] The modular design of the DNA-based tripartite
fluorescent reporter system enables quantitative imaging
assays for intra-endosomal disulphide exchange in situ in
coelomocytes of C. elegans. It revealed that thiol-disulphide
exchange along the endolysosomal pathway occurs mainly
in the late endosome.

[0126] As thiol-disulphide exchange can be mediated by
small molecule thiols or by enzymes, the inventors devel-
oped a nanocapsule reporter system that is responsive only
to disulphide reduction by small molecule thiols. This
revealed that disulfide reduction in the late endosome was
mediated by molecules larger than 2 nm, implicating the
action of proteins. Lumenal pH of the late endosome cor-
responds to pH 6.0, where uncatalyzed disulphide exchange
is expected to be impeded given that cysteine or glutathione
have pKa values greater than 8.0. In fact, the pK, of the
N-terminal active site cysteine of PDI can be as low as 4.8,
while that of thioredoxins can range between 6.0-7.0. Thus,
in the late endosome lumen, proteins such as PDI and
thioredoxins are highly efficient at disulphide exchange,
unlike cysteine or glutathione.

[0127] Quantitative imaging of thiol-disulphide exchange
in RNAi knockdowns of various candidate genes revealed
that PDI-3 and TRX-1 were responsible for the observed
disulfide reduction in vivo. Though PDI-3 and TRX-1 are
predominantly localized in the endoplasmic reticulum (ER)
and cytosol, it is clear that a minor pool of these proteins is
localized in pockets of the cell where they perform critical
functions. For example, a minor population of endosomal
ERp57 is essential for antigen cross-presentation required
for an immune response. Interestingly pathogens like B.
cenocapacia, C. diphtheriae, the HIV virus, the rotavirus
ECwt, ganjam virus etc. exploit such minor populations of
PDI-s like ERp57 present on the plasma membrane or in
endosomes, to infect the host cell. Thus the inhibition of this
minor population of PDIs is of great interest to develop
broad-spectrum anti-infectives. Our tripartite reporter sys-
tem is able to directly assay enzyme activity of these minor,
yet important populations by localizing the detection chem-
istry within a compartment. This concept may be general-
ized to a wide swath of enzyme-cleavage chemistries by
displaying the appropriate detection chemistry on an organ-
elle targeted DNA nanodevice, and the use of corresponding
“ON”/“OFF” nanodevices to selectively interrogate enzy-
matic function in organelles.

[0128] Traditional small molecule reporter systems cannot
provide spatial information within the cell. Strategies to
probe enzymatic function such as activity based protein
probes can pinpoint multiple players for a given chemistry,
however the dynamics of protein activity remains inacces-
sible, as these probes function by enzyme inhibition. While
localization technologies such as fluorescent proteins, the
SNAP-tag or the Halo-tag provided do provide spatial
information, the information they provide is restricted to the
major population of the protein of interest. The organelle-
targetable nanodevice system described here can selectively
interrogate minor populations of enzymes involved in criti-
cal cellular functions, which cannot otherwise be studied.
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5.1.6 Materials and Methods

[0129] All the chemicals used for the synthesis were
purchased from commercial source (Sigma, USA). '"H NMR
and '*C NMR spectra of the newly synthesized compounds
were recorded on a Bruker AVANCE II+, 500 MHz NMR
spectrophotometer. TMS is used as an internal standard.
Mass spectra were recorded in Agilent 6224 Accurate-Mass
TOF LC/MS. HPLC purified oligonucleotides conjugated
with either fluorophore or azide functional group were
obtained from Integrated DNA Technologies (IDT, USA).
All oligonucleotides are ethanol precipitated and quantified
by UV absorbance at X=260 nm.

[0130] Scheme 1: Synthesis of thiopyridyl conjugated
blocked 6'-O propargyl fluorescein is shown in FIG. 11.

[0131] Reagents and conditions: a) MeOH, rt, 12 h,
yield=72%, b) K,CO,, DMF, 65° C., 4 h. yield=92%, c)
NaOH, THF-H,O, rt, 2 h. yield=41%, d) Compound 3,
COCl,, Et;N, THF, yield=40%

[0132] Synthesis of Compound 3: The synthesis of com-
pound 3 was partially followed from literature reported
procedure (M. R. Molla, et al, Macromolecules. 45, 8561-
8570 (2012)). 1 g (4.5 mmol) Aldrithiol was dissolved in 10
ml of methanol in a round bottom flask. 2-mercapto ethanol
(0.106 ml, 1.5 mmol) was added dropwise and the reaction
mixture was stirred overnight at room temperature for 12 h.
Methanol was evaporated from the reaction mixture and the
residue was purified by silica gel column chromatography
using 30% ethyl-acetate in hexane as an eluent. Pure com-
pound 3 was obtained as a colourless liquid in 72% yield. "H
NMR (500 MHz, CDCl;, TMS): & (ppm): 8.51 (m, 1H), 7.58
(m, 1H), 7.40 (m, 1H), 7.16 (m, 1H), 3.80 (t, 2H), 3.0 (t, 2H).
HRMS: m/z calculated for C,H,NOS,=187.0126, found
187.0128.

[0133] Synthesis of Compound 6: Synthesis of compound
6 was modified from literature (L. Mugherli, et al., Bioorg
Med Chem Lett. 16, 4488-4491 (2006)). 1 g (2.5 mmol)
Fluorescein was dissolved in 15 mL anhydrous DMF in a
round bottom flask. 1.22 g (10 mmol) anhydrous potassium
carbonate followed by 0.82 ml propargyl bromide (10
mmol) was added to it. The reaction mixture was then stirred
at 65° C. for 4 h under inert atmosphere. DMF was evapo-
rated under reduced pressure from the reaction mixture. The
residue obtained was washed with water and filtered to
afford a yellow solid as the product in 92% yield. ‘H NMR
(500 MHz, CDCl,, TMS): 3 (ppm): 8.25 (d, 1H), 7.80 (t,
1H), 7.68 (t, 1H), 7.33 (t, 1H), 7.06 (d, 1H), 6.81-6.79 (m,
3H), 6.55 (m, 1H), 6.45 (s, 1H), 4.79 (d, 2H), 4.58 (d, 2H),
2.61 (s, 1H), 2.33 (s, 1H).

[0134] HRMS: m/z calculated for C,4H,,05=408.0998,
found 408.0990.

[0135] Synthesis of Compound 7: 0.8 g (1.9 mmol) com-
pound 6 was dissolved in 5 mL. THE in a round bottom flask.
2.5 g (62.5 mmol) NaOH was dissolved in 5 mL water and
dropwise added to the reaction mixture. The mixture was
stirred at room temperature for 4 hr and THE was evaporated
under reduced pressure. The pH of the reaction mixture was
adjusted to 2 by adding concentrated hydrochloric acid
dropwise. A yellow precipitate was collected by vacuum
filtration. Further the precipitate was purified by silica gel
column chromatography using 20% ethyl acetate in petro-
leum ether. Yield=41%, ‘H NMR (500 MHz, CDCl,, TMS):
d (ppm): 8.02 (m, 1H), 7.67-7.63 (m, 2H), 7.17 (d, 1H), 6.87
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(d, 1H), 6.74-6.69 (m, 4H), 6.54 (m, 1H), 4.72 (s, 2H), 2.56
(s, 1H), HRMS: m/z calculated for C,;H,,0,=370.0841,
found=370.0848.

[0136] Synthesis of Compound 8: Preparation of com-
pound 8 was modified from the literature (E. A. Dubikov-
skaya, et al., Proc Natl Acad Sci USA. 105, 12128-12133
(2008)). 126 mg (0.68 mmol) compound 3 was taken in a
round bottom flask and 1 mL anhydrous THE was added to
it under inert atmosphere. Then 4 mL (15 wt % in toluene)
phosgene solution was added dropwise to the reaction
mixture at 0° C. and the mixture was stirred for 4 hr. THE
as well as phosgene was evaporated by purging N, through
the reaction mixture in a fume hood to obtain corresponding
chloroformate. This precipitate was dissolved in dry THE (1
ml) and kept under N, atmosphere. In a separate round
bottom flask 50 mg of compound 7 (0.135 mmol), dissolved
in 0.5 ml anhydrous THE and 0.115 mL (0.811 mmol)
triethylamine was mixed and cooled to 0° C. The chloro-
formate containing THE was then added slowly over a
period of 15 minutes to compound 7 containing reaction
mixture and stirred at 0° C.-RT overnight. After the comple-
tion, THE was evaporated from the reaction mixture under
reduced pressure. Pure compound 8 was obtained by using
preparative TLC (40% ethyl-acetate in hexane). Yield=40%.
'"H NMR (500 MHz, CDCl,, TMS): 8 (ppm): 8.45 (m, 1H),
8.03 (d, 1H), 7.63 (m, 5H), 7.17 (m, 1H), 7.11 (m, 2H), 6.88
(m, 1H), 6.82 (m, 1H), 6.72 (m, 2H), 4.72 (s, 2H), 4.52 (m,
2H), 3.14 (m, 2H), 2.56 (s, 1H). *C NMR (CDCL,): §
(ppm): 169.1, 159.3, 152.9, 152.7, 152.1, 152.0, 151.9,
151.8, 149.8, 137.0, 135.1, 129.9, 129.1, 129.1, 129.1,
126.4,125.1,123.9,121.0,120.3,120.1, 116.8, 112.5, 111.8,
109.7, 102.1, 82.1, 75.5, 66.4, 56.0, 36.8.

[0137] HRMS: m/z calculated for C,;,H,,NO,S,=583.
076, found=583.0759.

[0138] Scheme 2: Synthesis of Benzyl conjugated blocked
6'-O propargyl fluorescein is shown in FIG. 12.

[0139] Reagents and conditions: e) Benzyl chloride, Tri-
ethylamine, anhydrous THF, 0° C.-rt, 12 h.yield=80%
[0140] Synthesis of Compound 9: 26 mg (0.07 mmol)
compound 7 was dissolved in 2 mL anhydrous THF. Then 98
uL (0.7 mmol) of triethylamine was added to it and stirred
at 0° C. under inert atmosphere for 5 minutes. 50 pl
benzyl-chloroformate in 1 ml, anhydrous THF was added
dropwise to the reaction mixture. The mixture was stirred at
0° C. to room temperature under inert atmosphere for 12 h.
THF was evaporated under reduced pressure. The residue
was purified by silica gel flash column chromatography
using 10% ethyl acetate in petroleum ether. An off white
solid was obtained as the product in 80% yield. 'H NMR
(500 MHz, CDCl,, TMS): 8 (ppm): 8.12 (d, 1H), 7.67 (m,
1H), 7.45-7.17 (m, 9H), 6.88-6.70 (m, 4H), 5.28 (s, 2H),
4.73 (d, 2H), 3.65 (s, 1H). '*C NMR (CDCl,): 8 (ppm):
169.1, 159.3, 153.0, 152.9, 152.3, 152.2, 151.8, 151.5,
135.1, 134.4, 129.9, 128.7, 128.7, 128.6, 128.6, 127.5,
126.9,126.1,125.1,123.9,116.9,116.8,112.5,111.8, 109.8,
102.1, 82.1, 76.0, 70.6, 65.4, 56.0. HRMS: m/z calculated
for C;,H,,0,=504.1209, found=504.1212.

[0141] Synthesis of TDX Reporter (Catalytic Substrate
Moiety):
[0142] Rhodamine and azide conjugated DNA-oligo-

nucleotides were mixed in equimolar concentration (25 pM
each) in 20 mM phosphate buffer containing 100 mM KCl
at pH 7. The mixture was heated at 90° C. for 10 min and
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then cooled down to room temperature at the rate of 5° C./15
min and stored in 4° C. for overnight to form a complete
DNA-duplex.

[0143] Next, Rhodamine DNA-duplex was conjugated
with compound 8 by reported copper catalysed azide-alkyne
click chemistry protocol (S. 1. Presolski, et al., Curr Protoc
Chem Biol. 3, 153-162 (2011)). Initially 20 pl. rhodamine
conjugated DNA duplex was (25 M) dissolved in 13.5 pl.
water, to that of 3 pl. compound 8 (5 mM) in DMSO was
added. Then 1:1 (v/v) premix solution of 7.5 pul., of CuSO,
(0.1M) and THPTA (0.2M) was added to it. The reaction
mixture was degassed with N, for 2 min and followed by this
6 uL of sodium ascorbate (0.1M) was added. The mixture
was further degassed for 0.5 min and then stirred at room
temperature for 1 hr under N, atmosphere. Native PAGE
(20%) showed complete formation of TDX reporter (FIGS.
1A and 5A). Subsequently, the reaction mixture was diluted
with pH=6.0 phosphate buffer and washed with 10%
acetonitrile (to remove excess of compound 8) using amicon
filter (MWCO 3 KDa). The same washing procedure was
continued until the filtrate showed no trace of compound 8
using fluorescence spectroscopy (A, =520 nm).

[0144] Synthesis of TDX 5 reporter (positive control moi-
ety): 10 uL. TDX reporter (8 M) was mixed with 1 uL. (5 mM)
NaSH solution in 0.1M phosphate buffer at pH 7.4 and
stirred for 2 hr at room temperature. Followed by this, excess
thiol was removed by ultracentrifugation using 3 KDa
MWCO membrane filter to obtain TDX ,, reporter (see FIG.
1A).

[0145] Synthesis of TDX - reporter (background correc-
tion moiety): TDX . reporter was prepared in a similar
procedure like TDX reporter, except compound 9 was used
here instead of compound 8. The formation of TDX
reporter was characterized by using gel electrophoresis (see
FIG. 5A).

[0146] Conjugation of compound 8 with azido dextran: 2
mg Azido functionalized dextran (10 kDa, 2-3 azido group
per dextran) was dissolved in 90 plL milli Q water. 20 ul. of
compound 8 (5 mM), followed by 50 puL. CuSO,, (0.1M) and
THPTA (0.2M) mixture (1:1) was added to it. The reaction
mixture was degassed for 2 min and 40 uL. sodium ascorbate
(0.1M) was added, purged again with N, for 0.5 min before
stirring at room temperature for 1 hr under N, atmosphere.
The resulting dextran conjugate was diluted with milli Q
water and washed with the 10% acetonitrile to remove
excess of compound 8 using an amicon filter (MWCO 3
kDa).

[0147] Self-assembly of 14%*7,.,,: Half icosahedrons (VU
and VL) were prepared using the same procedure describe
elsewhere (D. Bhatia, et al., Nat Commun. 2,339 (2011)). In
order to synthesize the DNA-icosahedron, VU; and VL, (3
uM each, 30 ul, in 50 mM phosphate buffer, pH 6.0)
containing 2 mM solution of the compound 8 conjugated
dextran (FD) (M. Wt.~10 KDa) was mixed in an Eppendorf
tube and heated to 37C for 30 minutes. The temperature was
brought down to 20C with a rate of 1° C./3 min and followed
by incubation for 2 h. The reaction mixture was transferred
to refrigerator at 4° C. for further incubation for longer time
periods up to 48 hours. The formation of I4%*,,, was
characterized by 0.8% Agarose gel electrophoresis (FIG.
7A).

[0148] Preparation of I*%*7 ., ;. 10 uL solution (3 M) of
157, was treated with 1 uL (5 mM) NaSH solution in
0.1M phosphate buffer at pH 7.4 and stirred for 2 hr at room
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temperature. The excess thiol was removed by ultracentrifu-
gation using 3 KDa MWCO membrane filter.

[0149] Determination of Size of different thiol: DLS
experiment was done in Wyatt Dynapro Nanostar & Plate
Reader. Samples were dissolved in milli-Q water or buffer
filtered through 0.22 pm filter to remove dust particles.
Samples were illuminated with laser wavelength of 658 nm,
at a sensitivity of 80% and a scattering angle set at 90 with
a 10 second acquisition time for data collection. Percentage
intensity observed for each sample, was plotted against
respective R, values. The size of PEG-SH (3.2 KDa),
Dex-SH (10 KDa) and Dex-SH (40 KDa) was determined
from DLS measurements. Aqueous solution of the free thiol
containing polymer (1 mg/ml.) was again filtered in a
dust-free environment, and DLS measurement was carried
out with this solution. For glutathione, cysteine and H,S, the
inventors used Chem 3D ultra 8.0 software and used the end
to end distance of the energy minimized structure as diam-
eter of those molecules.

[0150] In vitro fluorescence measurements: Fluorescence
spectra were recorded on a FluoroMax-4 instrument (Horiba
Jobin Yvon). TDX and TDX , reporter was diluted to 100
nM in 0.1M phosphate buffer at pH=7.2 in presence or
absence of 5 mM GSH. These samples were excited at 450
nm (for fluorescein emission) and 575 nm (for rhodamine
emission). The emission spectrum was collected between
460-600 nm and 590-700 nm for fluorescein and rhodamine
respectively at different time point. Three independent mea-
surements were recorded for each sample.

[0151] The specificity of reporter dye was checked
towards thiol disulfide exchange reaction and treated the
reporter dye (compound 8) with different metal ions and
amino acids. No reaction was observed with any of the metal
ions and amino acids tested except cysteine (FIG. 5C).
[0152] In order to check the substrate availability for
disulfide exchange reaction with 14%*7,., as a function of the
size of reactive thiols (1 mM), I“**",,, (3 uM) and FD was
treated with various thiol and checked the emission spectra
after 1 hour of incubation. For monitoring the emission
spectra, the samples were excited at 450 nm (fluorescein
channel) and 647 nm (Atto647 channel). The emission spec-
trum was collected between 460-600 nm and 650-750 nm
for fluorescein and Atto647 respectively. (FIG. 7B).

[0153] Protocols for C. elegans and strains: Standard
methods for the maintenance of C. elegans were followed.
The inventors used wild type C. elegans strain isolated from
Bristol (Strain N2). Mutant strain used for the experiment is
VC586 [pdi-1(gk271) II1].

[0154] Transgenic strains used for this study are; (i)
cdls131 [pccl::GFP::rab-5+unc-119(+)+myo-2p::GFP], a
transgenic strain that express GFP-fused early endosomal
marker RAB-5 inside coelomocytes. (ii) cdIs66 [pecl::
GFP::rab-7+unc-119(+)+myo-2p::GFP], a transgenic strain
that express GFP-fused late endosomal/lysosomal marker
RAB-7 inside coelomocytes. (iii) pwIs50 [Imp-1::GFP+Cbr-
unc-119(+)], a transgenic strain that express GFP-fused
lysosomal marker LMP-1.

[0155] TDX and I4%*7 ., reporters targeted to coelomocyte
of C. elegans: For coelomocyte targeting (D. Bhatia, et al,
Nat Commun. 2, 339 (2011)), the inventors microinjected 2
M of TDX reporter in the dorsal side in the pseudocoelom,
just opposite to the vulva, of 1-day-old wild type hermaph-
rodites. Injected worms then placed in a new NGM agar
containing petriplates at 22° C. for incubation at different
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time point. Followed by this they were mounted in an Agar
pad (2.0%) and anaesthetized using 40 mM sodium azide in
MO buffer and performed fluorescence imaging experiment.
Same protocol was followed in the case of TDX . and
TDX on
[0156] encapsulated reporters,
T eoon and 197, .~ 3 M each) were
injected to the wild type worms as described earlier and
imaged at 30 min post-injection period.

[0157] Colocalization of TDX® with late endosomes in
coelomocytes: In order to investigate the localization of
TDX reporter at 20 minute post injection, the inventors have
conducted co-localization experiment using cdIs131, cdIs66
and pwls50 transgenic worms. For this, the inventors have
injected 2VM rhodamine DNA-duplex to these worms and
imaged after 20 minutes. The inventors have observed 85%
co-localization of TDX reporter with RAB-7::GFP positive
vesicles, which marks late endosomal and lysosomal com-
partments (see FIG. 2D and FIG. 9).

[0158] RNAIi experiment: BLASTP (S. F. Altschul, et al, s,
D. J. Lipman, Basic local alignment search tool. J Mo Biol.
215, 403-410 (1990). to look for thioredoxin domain con-
taining protein in C. elegans genome. Bacteria of our
interest, expressing double-stranded RNA (Table 3) were
obtained from Ahringer RNAI library (R. S. Kamath, et al.,
Methods. 30, 313-321 (2003)) and Vidal Unique (J.-F. Rual
et al., Genome Res. 14, 2162-2168 (2004)). Cloned bacteria
were fed to the worms and ~60 one-day adults of the F1
progeny were used for screening. The Ahringer or Vidal
unique library did not contain bacterial clones for
Y73B6BL2 and hence this gene was not included in this
screen.

[0159] mRNA was assayed to determine levels of the
candidate genes by RT-PCR. Briefly, the inventors isolated
total RNA using the Trizol-chloroform method; 2.5 pg of
total RNA was converted to cDNA using oligo-dT primers.
5 pl of the reverse transcription reaction was used to set up
a PCR using gene-specific primers. PCR products were
analysed on a 1.5% agarose-TAE gel. Size of the PCR
products expected for each gene were: actin (360 bp), pdi-3
(682 bp), C30H7.2 (798 bp), trx-2 (316 bp), trx-1 (261 bp).
[0160] Microscopy and ratiometric image analysis: Wide-
field microscopy was performed on an IX83 inverted micro-
scope (Olympus Corporation of the Americas, Center Valley,
Pa., USA) using a 60X, 1.42 NA, phase contrast oil immer-
sion objective (PLAPON, Olympus Corporation of the
Americas, Center Valley, Pa., USA) and Evolve® Delta 512
EMCCD camera (Photometrics, USA). Filter wheel, shutter
and CCD camera were controlled using Metamorph Premier
Ver 7.8.12.0 (Molecular Devices, LL.C, USA), appropriate
for the fluorophore used. Images on the same day were
acquired under the same acquisition settings. Confocal
imaging was carried out on a Leica SP5 II STED-CW
super-resolution microscope, using an Argon ion laser for
488 nm excitation and DPSS for 561 nm excitation with a set
of dichroic, excitation, and emission filters suitable for each
fluorophore. Crosstalk and bleed-through were measured
and found to be negligible between GFP/fluorescein and
Rhodamine.

[0161] All the images were background subtracted by
using mean intensity calculated from an adjacent cell-free
area. Fluorescein and Rhodamine images were colocalized
and endosoms showing good colocalization were analysed
using Imagel-Win64 software (NIH). Mean fluorescence

DNA-icosahedron

IA 647
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intensity in each endosome was measured in fluorescein (G)
and rhodamine (R) channels. A ratio of G/R intensities was
calculated from these values. Pseudocolour images were
generated by measuring the G/R ratio per pixel. Using
Imagel software, pixels were then colour coded accordingly
to indicate differences between high and low G/R ratios.

[0162] % Response Calculation: Percentage response of
the TDX-reporter at different time points for the wild type
worm and for the RNAi worm (20 min) were calculated
using the following equation,

[0163] % Response=[ “FTDX-"2TDX ppp/ “FTDX o=
RTDX %100, (Here, “FTDX, “®TDX,;- and
“RTDX , indicate the observed fluorescence intensity ratio
of fluorescein to that of rhodamine at a given time point by
using TDX, TDX,,, and TDX . reporters respectively).

[0164] Statistical analysis of percentage (%) response:
Graphpad unpaired t test calculator (available on the world
wide web at graphpad.com/quickcales/ttestl/?Format+
SEM) was used to check the statistical significance between
the pdi-3, trx-I and pdi-3, trx-I1 double RNAi worm with wild

type (N2) control.

5.1.7 Tables
[0165]
TABLE 1
Mean G/R intensity ratio of TDXp, TDX and
TDX o7 inside coelomocyte at different time points,
post injection in C. elegans (N2).
Mean G/R Mean G/R Mean G/R %

Time of TDX o of TDX of TDXpmm  Response
10 min 0.24 = 0.02 0.07 = 0.05 0.05 = 0.02 10%
15 min 0.24 = 0.04 0.13 = 0.03 0.05 = 0.02 42%
20 min 0.26 = 0.04 0.21 = 0.03 0.04 = 0.03 77%
30 min 0.26 = 0.03 024 +0.04 0.05x0.01 90%
60 min 0.20 = 0.04 019 =0.04  0.05x0.01 93%

TABLE 2

Mean G/R intensity ratio of TDXy, TDX and TDXz and percentage
(%) response of TDX reporter inside coelomocyte at 20 min
post injection in different RNAi background worm.

Mean G/R Mean G/R Mean G/R

Mutant or ratio ratio ratio %
RNAI worm of TDXpn of TDX of TDXpmm Response
pdi-1 0.24 £ 0.04 0.21 £ 0.07 0.05£0.03 90+ 46
pdi-2 0.24 £ 0.06 0.21 £ 0.08 0.08 £0.02 8245
pdi-3 0.28 + 0.06 0.16 = 0.06 0.05£0.03 50 %23
C14B9.2 0.22 £ 0.07 0.21 £ 0.08 0.05£0.02 99 +3.7
pdi-6 0.26 = 0.06 0.24 £ 0.05 0.06 £ 0.02 88 + 3.6
Y49E10.4 0.24 = 0.08 0.21 £ 0.06 0.05+£0.02 9327
M04D5.1 0.27 £ 0.08 0.23 £ 0.06 0.04 £ 0.03 88 3.2
C30H7.2 0.22 £ 0.04 0.21 £ 0.04 0.05£0.02 90 3.2
trx-1 0.28 + 0.07 0.19 £ 0.07 0.05£0.03 6323
trx-2 0.27 £ 0.08 0.25 £ 0.06 0.09 £ 0.01 89 +44
Y55F3AR.2 0.22 £ 0.07 0.19 = 0.08 0.05 £0.04 93 +38
Y54E10A.3 0.23 £ 0.07 0.22 £ 0.07 0.07 £ 0.02 89 +3.1
dpy-11 0.30 £ 0.08 0.28 + 0.08 0.06 £ 0.04 98 +4
C35D10.10 0.24 £ 0.06 0.22 £ 0.08 0.05£0.03 89 =34
F56G4.5 0.21 £ 0.09 0.20 = 0.08 0.04 £0.03 97 £3.2
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TABLE 3

Azido and Rhodamine labelled oligonucleotide
sequences used for TDX reporters and others
are used ag primers for RT-PCR experiment.

Name Sequence

Azido 5'-AzideN/AT ATA TAT GCC GAC TGC
labeled TGC ACT GAC CGC AGG AT

oligo

Rhodamine 5'-RhoR-N/AT CCT GCG GTC AGT GCA
labeled GCA GTC CCC ATA TAT AT

oligo

pdi-3L AATTCGGAGTTAAGGGATTC

pdi-3R TTGGTCCATTGGATACTTTC

C30H-L GAAGCCGCGAAAAGAGAGTA

C30H-R AAGCAGGCTTCAACTTCTCG

trx-2L CTTCAAAAATGACACAATTACG

trx-2R GAGAACGTCCTCGATAAAATC

trx-1L CTTGCTGATATGAGTGACTTTG

trx-1R ATACGTGCTCCAACACTTTTT

TABLE 4

Thioredoxin domain containing proteins present in C. elegans obtained
from BLASTP search against C. elegans genome. Corresponding e values
from best BLASTP match with H. Sapiens genome.

Candidate protein E value
C elegans protein PDI-1 9.59e-108
containing thioredoxin PDI-2 5.3e-155
domail PDI-6 1.4e-131
C14B9.2 4.1e-155
PDI-3 4.3e-112
Y49E10.4 7.4e-101
M04D5.1 5.86-29
C30H7.2 1.4e-90
TRX-1 8.9¢-18
TRX-2 1.1e-261
Y73B6BL.12 1.3e-17
Y55F3AR.2 9.9¢-19
Y54E10A.3 8.2e-63
dpy-11 2.5e-54
C35D10.10 8.1e-50
F56G4.5 8.7e-75
Thioredoxin protein with F35G2.1 1.5e-43
mitochondrial localization T10H10.2 7.8e-49
signal F47B7.2 3.3e-57
Thioredoxin protein with C35B1.5 1.1e-19
nuclear localization trx-5 4e-22
signal trx-3 Se-15
F29B9.59 3e-17

5.2 Example 2: Probe for Spatiotemporal Detection
of Thio-Esterase Activity in Endo-Lysosomal
Compartment

[0166] Described in this example is a DNA-based ratio-
metric probe that reports thio-esterase activity inside lyso-
some of live cells. Palmitoylation and depalmitoylation of
various intracellular proteins plays an important role in
intracellular protein trafficking and signaling in a variety of
cell types. Palmitoyl protein thio-esterases (PPT) are pres-
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ents in lysosomal compartment and catalyzed the depalmi-
toylation of its substrate protein. The loss of function of
these specific protein leads to a neurological disorder called
infantile neuronal ceroid lipofuscinosis 1 (INCL1) which
leads to infantile death. In situ detection of PPT1 activity in
live cells has diagnostic applications.

5.2.1 Design and Response of the PPT Probe for
Thio-Esterase Activity

[0167] The PPT probe has three modules (FIG. 13A): a) a
sensing module consisting of a reaction center for thio-
esterase activity that leads to the formation of an active
fluorophore; here the fluorophore is Rhodol; b) a normaliz-
ing module, consisting of a Alexa-647 dye whose fluores-
cence properties are insensitive to thioesterase activity and
luminal environment of endocytic vesicle, and ¢) a targeting
module consists of a 38 nucleotide DNA duplex comprising
two oligonucleotides O-DBCO and O-Alexa 647 that serves
two purposes. The first purpose is to display the sensing and
normalizing modules in a precise, 1:1 stoichiometry. The
second purpose is to target the entire assembly for uptake
along the endo-lysosomal pathway by co-opting scavenger
receptor mediated endocytic pathway. All three functions are
integrated with stoichiometric precision by simply hybrid-
izing DNA strands bearing each of these functionalities.
[0168] FIGS. 13A-E illustrate the patiotemporal detection
of thio-esterase activity by DNA based tripartite reporters.
Specifically, FIG. 13A shows the structure of the PPT
reporter (left): the sensing module (grey) is a protected
rhodol dye conjugated with a thioester moiety, the normal-
izing module (red) is a thiol-insensitive Alexa 647 fluoro-
phore, and the targeting module is a DNA duplex (black
lines). The reporter (PPT) undergoes thioester hydrolysis to
give highly fluorescent PPT,. PPT 5 (right) is a consti-
tutively off version of PPT where rhodol is protected by a
thioalkyl group non-responsive to thio-esterase (blue). In
FIG. 13B, the chemical structure of the protective Rhodol in
PPT ,zand normalizing fluorophore Alexa 647 is provided.
FIG. 13C shows the working principle of sensing module of
PPT in presence of thio-esterase enzymes. FIG. 13D illus-
trates representative pseudo-color images of PPT reporter’s
present inside lysosomes of HEK cells. Finally, FIG. 13E
includes a box plot showing G/R ratio of tripartite reporter
(n=50 cells, =150 endosome) present in lysosome. Scale bar,
10 pm.

5.2.2 HEK Cells Detect PPT1 Activity Inside
Lysosome

[0169] For quantitative detection of thio-esterase activity
in lysosome, the inventors made another two devices such as
PPT,, which will report the maximum response of the
probe and PPT .. which will report any nonspecific activity
as well as the autofluorescence signal from the cell. The
design of the tripartite reporter system and the chemical
structure of the sensing module is shown in FIG. 13A. The
inventors used HEK cells for the detection of the PPT1
activity inside lysosome. HEK cells lacks the scavenger
receptor. Initially, the inventors transfected the cells with
scavenger receptor type B and targeted the DNA device to
the lysosomes via receptor mediated endocytosis. The
inventors incubated the cells with 1 uM of each probe
separately for 30 min at 37° C., followed by incubation of
the cells without probe for 12 h at 37° C. The inventors then
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checked the thio-esterase activity by imaging live cells at
Rhodol (G, A, =525 nm) and Alexa 647 (R, A,,,=670 nm)
channel. At a given time point the ratiometric map of G/R
intensities are generated and the pseudo-color images were
presented in the FIG. 13D.

5.2.3 Materials and Methods

[0170] Synthesis of PPT, PPT ,,, PPT ozt HPLC purified
oligonucleotides conjugated with either Alexa 647 or DBCO
functional group were obtained from Integrated DNA Tech-
nologies (IDT, USA). DBCO and Alexa 647 conjugated
DNA-oligonucleotides were mixed in equimolar concentra-
tion (30 uM each) in 20 mM phosphate buffer containing
100 mM KC1 at pH 7. The mixture was heated at 90° C. for
10 min and then cooled down to room temperature at the rate
of 5° C./15 min and stored in 4° C. for overnight to form a
complete DNA-duplex.

[0171] Compound 1, 2 and 3 was synthesized according to
literature. Next, the DNA duplex was conjugated with the
Compound 1 via Cu free azide alkyne click chemistry.
Initially, 16 pl. A647 conjugate DNA duplex was diluted
with 29 ul, phosphate buffer (0.1 M) of pH=7.2, to that of 5
uL of compound 1 was added and stirred at room tempera-
ture for 1 h. Followed by the excess fluorophore was
removed using Amicon Ultra—0.5 mL centrifugal filter
(MWCO 10kDa). Native PAGE (15 wt %) showed complete
formation of the PPT reporter.

[0172] ThePPT,, and PPT .. synthesis, similar protocol
was followed except the compound 2 and compound 3 was
used respectively instead of Compound 1 for PPT probe.

[0173] Targeting PPT probe to endo-lysosomal pathway in
HEK cells: HEK cells transfected with scavenger receptor A
(kind gift from M. Schwake lab) and incubated for 48 h at
37° C. Followed by, it was pulsed with either PPT,,, PPT
and PPT ;. for 30 min at 37° C. in DMEM media without
FBS. After that, the cells were washed with PBS (pH=7.4)
and chased for 12 h in complete media. Prior to imaging
cells were washed with PBS and imaged in HBSS buffer
(Hank’s Balanced Salt Solution, GE healthcare).

[0174] Microscopy and ratiometric image analysis: Wide-
field microscopy was performed on an IX83 inverted micro-
scope (Olympus Corporation of the Americas, Center Valley,
Pa., USA) using a 60X, 1.42 NA, phase contrast oil immer-
sion objective (PLAPON, Olympus Corporation of the
Americas, Center Valley, Pa., USA) and Evolve® Delta 512
EMCCD camera (Photometrics, USA). Filter wheel, shutter
and CCD camera were controlled using Metamorph Premier
Ver 7.8.12.0 (Molecular Devices, LL.C, USA), appropriate
for the fluorophore used. Images on the same day were
acquired under the same acquisition settings. All the images
were background subtracted by using mean intensity calcu-
lated from an adjacent cell-free area. Rhodol (G) and Alexa
647 (R) images were colocalized and endosomes showing
good colocalization were analyzed using Imagel-Win64
software (NIH). Mean fluorescence intensity in each endo-
some was measured in fluorescein (G) and rhodamine (R)
channels. A ratio of G/R intensities was calculated from
these values. Pseudocolor images were generated by mea-
suring the G/R ratio per pixel. Using Imagel software, pixels
were then color coded accordingly to indicate differences
between high and low G/R ratios.
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5.3 Example 3: Probe for Spatiotemporal Detection
of Cathepsin Activity in Lysosomes

[0175] Lysosomes are the degradation centers for extra-
cellular material taken up by endocytosis and intracellular
material by autophagy. In the lysosomal system, protein
degradation is a result of the combined action of various
proteases. Cystiene cathepsin proteases are a group on such
hydrolases which play a key role in MHC class II complex,
bone remodeling, keratinocyte differentiation, tumor pro-
gression and metastasis, rheumatoid arthritis, osteoarthritis
and atherosclerosis. As such, detection of endo-lysosomal
cathepsin activity in live cells has diagnostic applications.
[0176] Described in this example is a DNA based ratio-
metric probe that reports on cathepsin protein activity inside
lysosomes of live cells. The inventors have created two such
probes for two cathepsin proteins which have been highly
associated to tumor progression and inflammatory response:
Cathepsin B/L. and Cathepsin C. The DNA probes integrate
all three desired functionalities—sensing, quantitation, and
targeting—in precise ratios onto a single scatfold by hybrid-
izing DNA strands bearing each functionality. The inventors
have leveraged (i) the diversity available to small molecule
probes, (ii) a range of organic fluorophores for quantitation,
(iii) high stability of dsDNA in acidic pH, and (iv) the
specific targetability of these probes. The reporter module
consists of a DNA strand (R), bearing an azido-rhodamine
with both amines protected by coupling to dipeptide moi-
eties (FIG. 14A-B) that are substrates for a specific cathe-
psin. Cathepsin C cleaves the N-terminus of the dipeptide
Gly-Phe. Cathepsin B and L cleave N terminal protected
Cbz-Phe-Lys. When the dipeptide protecting groups are
cleaved by the relevant cathepsin, thodamine fluorescence is
recovered. The azido-Rhodamine-(dipeptide)2 will be
attached to a dibenzylcyclooctyl-DNA strand (DBCO-DNA)
by click chemistry to give strand R. The normalizing module
uses an A647N labeled DNA strand, R' for ratiometry that is
complementary to R. The targeting moiety comprises the
duplex RR' which localizes in lysosomes by binding scav-
enger receptors.

5.3.1 Design and Response of Reporter Sensing
System for Cathepsin Activity

[0177] The design of the reporter system and the chemical
structure of the sensing module is shown in FIG. 14.
J774A.1 cells were used for the detection of the cathepsin
activity inside lysosome. The inventors incubated the cells
with 500 nM of each probe separately for 30 min at 37° C.
Followed by incubation of the cells for 1 h in complete
medium at 37° C. The inventors then imaged for the
cathepsin activity by imaging live cells in Rhod (G, A,,=520
nm) and Alexa 647 (R, A_,,=670 nm) channel.

[0178] FIGS. 14A-14D illustrate the detection of the
cathepsin activity inside lyosome. FIG. 14A illustrates the
cathglo probes for various cathepsins (blue pentagon). FIG.
14B shows rhodamine (green star) is attached to DNA and
protected by pendant peptides that are substrates for specific
cathepsins. FIG. 14C shows the sequences of pendant pep-
tide substrates and their corresponding cathepsins. FIG. 14D
shows the upper panels: fluorescence image of reacted
CathgloC in lysosomes of J774A.1 cells in the rhodamine
(G) and Atto647N (R) channels and the ratiometric image
(G/R). Lower panels are the activity images in the presence
of a cathepsin C inhibitor E64. Scale bar: 5 pm.
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5.3.2 Materials and Methods

[0179] Synthesis of CathgloC and CathgloB: HPL.C puri-
fied oligonucleotides conjugated with either Alexa 647 or
DBCO functional group were obtained from Integrated
DNA Technologies (IDT, USA). DBCO and Alexa 647
conjugated DNA-oligonucleotides were mixed in equimolar
concentration (20 M each) in 20 mM phosphate buffer
containing 100 mM KCl at pH 7. The mixture was heated at
90° C. for 10 min and then cooled down to room temperature
at the rate of 5° C./15 min and stored in 4° C. for overnight
to form a complete DNA-duplex.

[0180] Azide labelled Rhodamine 110 labelled with spe-
cific dipeptide sequences using protocols from literature.
Next, the DNA duplex was conjugated with the protected
rhodamine via Cu free azide alkyne click chemistry. This
was followed by removing the excess fluorophore using
Amicon Ultra—0.5 mL centrifugal filter (MWCO 10 kDa).
Gel electrophoresis showed formation of the cathepsin
reporter.

[0181] Targeting probe to lysosomes in J774A.1 cells:
J774A.1 cells were pulsed with 500 nM of a Cathglo probe
for 30 mins at 37° C., washed and imaged after 1 h of
incubation in complete medium. Images were acquired in
brightfield, Rhodamine 110 (green; G) and A647 (red; R)
channels.

[0182] All of the methods disclosed and claimed herein
can be made and executed without undue experimentation in
light of the present disclosure. While the compositions and
methods of this invention have been described in terms of
preferred embodiments, it will be apparent to those of skill
in the art that variations may be applied to the methods and
in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit
and scope of the invention. More specifically, it will be
apparent that certain agents which are both chemically and
physiologically related may be substituted for the agents
described herein while the same or similar results would be
achieved. All such similar substitutes and modifications
apparent to those skilled in the art are deemed to be within
the spirit, scope and concept of the invention as defined by
the appended claims.
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1. A composition comprising:

a first nucleic acid conjugated to a normalization moiety;
and
a second nucleic acid conjugated to a catalytic substrate;
wherein the first nucleic acid and the second nucleic acid
are in a nucleic acid duplex;
wherein the nucleic acid duplex directs a cell to localize
the nucleic acid duplex to a specific organelle;
wherein reaction of the catalytic substrate with a catalyst
produces a detectable product; and wherein the first
nucleic acid and the second nucleic acid are comple-
mentary.
2. A composition comprising:
a first nucleic acid conjugated to a normalization moiety
and to a catalytic substrate;
a second nucleic acid;
wherein reaction of the catalytic substrate with a catalyst
produces a detectable product; and wherein the first
nucleic acid and the second nucleic acid are comple-
mentary.
3. The composition of claim 1, wherein the catalytic
substrate is an enzymatic substrate.
4. The composition of claim 1, wherein the normalization
moiety and the catalytic substrate are in a 1:1 ratio.
5. The composition of claim 1, wherein the detectable
product is fluorescent.
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6. The composition of claim 1, wherein the catalytic
substrate comprises a disulfide bond.
7. The composition of claim 1, wherein the catalytic
substrate comprises a thioester moiety.
8. The composition of claim 1, wherein the catalytic
substrate comprises Gly-Phe or Cbz-Phe-Lys.
9. The composition of claim 1, wherein the catalytic
substrate comprises a protected fluorophore.
10. The composition of claim 1, wherein the catalytic
substrate is derived from 6'-O propargyl fluorescein.
11. The composition of claim 1, wherein the catalytic
substrate comprises:
/‘1,2{0 o o\n/o\/\s/s | NQ
(6]
O

F

12. The composition of claim 1, wherein the reaction
comprises a thiol disulfide exchange.

13. The composition of claim 1, wherein the normaliza-
tion moiety and the detectable product each comprise a
fluorophore comprising an emission wavelength.

14. The composition of claim 13, wherein the fluorophore
of the normalization moiety and the fluorophore of the
detectable product have different emission wavelengths.

15. The composition of claim 5, wherein the nucleic acid
duplex comprises an aptamer that directs a cell to localize
the duplex to a specific organelle.

16. The composition of claim 15, wherein the duplex
directs a cell to localize the duplex to the endosome or
lysosome.

17. The composition of claim 15, wherein the duplex
directs a cell to target one of the endoplasmic reticulum or
golgi.

18. A kit comprising: the composition of claim 1.

19. (canceled)

20. (canceled)

21. (canceled)
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22. (canceled)

23. (canceled)
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25. (canceled)

26. (canceled)

27. (canceled)

28. (canceled)

29. (canceled)

30. (canceled)

31. (canceled)

32. A method for detecting catalytic activity in a biologi-
cal compartment comprising administering to a first popu-
lation of at least one cell the first composition of claim 1 to
allow for the substrate and catalyst to react to form the
detectable product; detecting the product; and detecting the
normalizationmoiety.

33. (canceled)

34. (canceled)

35. (canceled)

36. (canceled)

37. (canceled)
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43. (canceled)
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47. (canceled)

48. (canceled)

49. (canceled)

50. (canceled)

51. (canceled)

52. A composition comprising:

a first nucleic acid conjugated to a normalization moiety;

and

a second nucleic acid conjugated to a catalytic substrate;

wherein reaction of the catalytic substrate with a catalyst

produces a detectable product; and wherein the first
nucleic acid and second nucleic acid are substantially
complementary.



