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DETECTION, IDENTIFICATION, AND PURIFICATION OF DEGRADATIVE
AND NON-DEGRADATIVE ENZYMES IN BIOLOGICAL SAMPLES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application Serial No.
62/406,781, filed October 11, 2016, which is incorporated by reference in its entirety

herein.

TECHNICAL FIELD
This disclosure relates generally to methods of detecting protease activity in a
complex biological sample, in particular methods of detecting degradative and non-
degradative enzymatic activity in a complex biological sample, such as blood, plasma, or

serum, without sample processing.

BACKGROUND

Over 300 protein post-translational modifications have been identified, and they
profoundly influence protein function, localization, activity, and structure. Common post-
translational modifications include phosphorylation, glycosylation, conjugation of small
proteins such as ubiquitin and SUMO (small ubiquitin-related modifier), and acetylation
of the N terminus and lysine residues, but the proteolytic modification of proteins is often
overlooked in its importance and ubiquity. Indeed, many biomarkers of disease are stable
proteolytic fragments in biological fluids.

Proteases are enzymes that carry out the hydrolysis of peptide bonds within
proteins and polypeptides. Besides their roles in digestion and protein turnover, proteases
function in tightly regulated cascades and signaling events. By precise proteolytic
processing, proteases participate in every biological process including DNA replication
and repair, cell cycle progression, cell proliferation, differentiation and migration,
morphogenesis and tissue remodeling, neuronal outgrowth, hemostasis, wound healing,
immunity, angiogenesis, and apoptosis. Indeed, more than 53 specific hereditary diseases
of proteolysis are recognized, and it is not surprising then that proteases are implicated in

many pathologies. In addition, numerous pathogens use proteases during the invasion of
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their host, for their replication inside the host, or in modulating the host’s immune
response.

For these reasons, proteases are considered important targets for therapeutic
intervention. Proteases represent 5—10% of drug targets. With six classes of proteases that
account for ~2% of the genes of any organism (see the peptidase database MEROPs for
useful information), proteases constitute the second largest enzyme family in man after
ubiquitin ligases, totaling more than 567 proteases. Several protease inhibitors have been
developed into drugs against such diseases as HIV infection, multiple myeloma, and
hypertension. Despite these successes, many protease inhibitors have failed in clinical
trials due to a lack of selectivity or misconceptions about the functional role of the
targeted protease(s).

These examples underscore the importance of having a better understanding of
protease activity in a more complex and biologically relevant setting as part of the early

drug discovery process, life sciences research, and diagnostics development.

SUMMARY

Provided herein are methods of detecting protease activity in a complex biological
sample, in particular methods of detecting degradative and non-degradative enzymatic
activity in a complex biological sample without sample processing. In some
embodiments, the complex biological sample is selected from among blood, plasma, and
serum.

Provided herein is a method of identifying protease activity in a complex
biological sample, comprising: a) obtaining a complex biological sample; b) incubating
the complex sample with a substrate library and a tag to generate cleavage products; ¢)
separating the cleavage products from the complex sample; and d) generating a
proteolytic signature for the complex sample.

In some embodiments of the method, the complex biological sample is whole
blood.

In some embodiments of the method, the substrate library is a synthetic peptide

library. In some embodiments, the synthetic peptide library comprises combinations of
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amino acid pairs, positively and negatively charged residues, or modified residues at
different positions along the length of the synthetic peptides.

In some embodiments of the method, the cleavage products are separated from the
complex sample by gel electrophoresis, capillary electrophoresis, or a combination of DC
and AC electrokinetic techniques.

In some embodiments of the method, the substrate signature is generated by
detecting and ranking individual substrates in the peptide mixture according to migration.
In some embodiments, the individual substrates are detected via the tag. In some
embodiments, the tag is a fluorescent dye, a radioactive probe, or an affinity tag.

In some embodiments of the method, the proteolytic signature comprises multiple
classes of protease activity. In some embodiments, the multiple classes of protease
activity are selected from serine, cysteine, threonine, aspartyl, and metallopeptidase
activity. In some embodiments, the multiple classes of protease activity are detected by
separately incubating the complex sample with an activity inhibitor. In some
embodiments, the activity inhibitor is selected from a metal chelator, a cysteine peptidase
inhibitor, and an elastase-specific inhibitor. In some embodiments, the activity inhibitor is
selected from EDTA, E-64, CAO74, and a chloromethyl ketone inhibitor.

Provided herein is a method of purifying proteases in a biological sample,
comprising: a) obtaining a biological sample; b) contacting the sample with an activity-
based probe (ABP) comprising a chemically reactive group attached to a positively
charged moiety, wherein the ABP binds to the active site of a protease in the biological
sample and the positively charged moiety of the ABP remains exposed outside the active
site of the protease; and c) separating the proteases that have bound ABP.

In some embodiments of the method, the chemically reactive group is attached to
the positively charged moiety via a spacer molecule. In some embodiments of the
method, the contacting occurs by incubating the ABP with the sample in vifro. In some
embodiments, the chemically reactive group reacts irreversibly with the active site
nucleophilic residue. In some embodiments, the proteases that have bound ABP are
separated from the sample by electrophoretic separation

Provided herein is a method of visualizing proteases in a biological sample,

comprising: a) obtaining a biological sample; b) contacting the sample with an activity-
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based probe (ABP) comprising a chemically reactive group attached to a positively
charged moiety, wherein the ABP binds to the active site of a protease in the biological
sample and the positively charged moiety of the ABP remains exposed outside the active
site of the protease; and c) visualizing the proteases that have bound ABP.

In some embodiments of the method, the contacting occurs by injecting the ABP
in vivo. In some embodiments, the chemically reactive group is attached to the positively
charged moiety via a spacer molecule. In some embodiments, the chemically reactive
group reacts irreversibly with the active site nucleophilic residue. In some embodiments,
the ABP further comprises a tag. In some embodiments, the tag is a fluorescent dye or a
radioactive probe.

In some embodiments, the method further comprises performing a biopsy at the
site of visualization. In some embodiments, the site of visualization is a tumor.

In some embodiments, the method further comprises separating the proteases that
have bound ABP by electrophoretic separation.

Provided herein is a method of visualizing protease activity in an acidic
microenvironment in vivo, the method comprising injecting a negatively charged
fluorescently labeled peptide or nanoparticle into an organism, wherein the peptide or
nanoparticle enters an acidic microenvironment and is cleaved by a protease in the
microenvironment to generate a positively charged fluorescent cleavage product; and
visualizing the cleavage product.

In some embodiments of the method, the acidic microenvironment is in a tumor.
In some embodiments, the cleavage product sticks to the cell surface of the tumor.

Provided herein is a method of detecting amphiphilic enzyme substrates in a
complex biological sample by contact angle measurement, comprising: a) incubating a
droplet of a complex biological sample with an amphiphilic substrate that balances
hydrophobicity and hydrophilicity around a protease cleavage site, wherein hydrophilic
and hydrophobic products are released from the amphiphilic substrate; and b) measuring
the contact angle that forms as the hydrophobic cleavage products migrate to the surface
of the droplet-air interface at the surface of the droplet, wherein a decrease in contact

angle indicates protease activity.
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Provided herein is a method of detecting amphiphilic enzyme substrates in a
complex biological sample by fluorescence, comprising: a) incubating a droplet of a
complex biological sample with a fluorescently labeled amphiphilic substrate that
balances hydrophobicity and hydrophilicity around a protease cleavage site, wherein
hydrophilic and hydrophobic products are released from the amphiphilic substrate; and b)
measuring the fluorescence of the hydrophobic cleavage products that migrate to the
surface of the droplet-air interface at the surface of the droplet, fluorescence indicates
protease activity.

Provided herein is a method of detecting non-degradative, charge-transferring
enzymes in a biological sample, comprising incubating positively charged substrates with
complex samples designed to become negatively charged upon phosphorylation by
kinases in the sample and measuring the fluorescence in an electrophoresis gel.

In some embodiments of the method, the substrates comprise residues selected

from serine, threonine, tyrosine, and combinations thereof.

DESCRIPTION OF DRAWINGS

Figures 1A-1B show the use of substrate libraries and the resulting patterns of
substrate cleavage to identify enzymes in a sample. Figure 1A illustrates the use of non-
targeted libraries of substrates and the resulting patterns of substrate cleavage to identify
multiple enzymes in samples. Figure 1B illustrates substrate panels and resulting patterns
of substrate cleavage to differentiate enzymes with overlapping cleavage specificities
such as MMP-2 (top panel) and MMP-9 (bottom panel).

Figures 2A-2D show activity-based probes with charged moieties for protease
purification. Figure 2A shows a protease inhibitor molecule with a negatively charged
inhibiting region and a positively charged tail. Figure 2B shows that the protease binds
the inhibitor molecule and masks the negatively charged inhibiting region while the tail
remains exposed with positive charge, but does not cleave the molecule. Figure 2C
shows application of an electric field to the sample to separate the negatively charged
blood components from the positively charged protease/inhibitor. Figure 2D shows that
the method is used to screen inhibitor molecules in complex samples by separating all

inhibited proteases and characterizing for off-target proteases.
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Figures 3A-3D show in vivo imaging of protease activity and localization using
charge-changing substrates. Figure 3A shows injection of a FRET peptide into an animal
that is negatively-charged to provide better transport in the bloodstream. Figure 3B
shows that upon reaching the tumor microenvironment, the acidity of the tumor
microenvironment protonates histidine, rendering the peptide neutral and able to
penetrate into the tumor. Figure 3C shows the peptide, designed to be cleaved by
proteases associated with the tumor microenvironment, is cleaved and unquenched.
Figure 3D shows that the positively charged cleavage product is “sticky” to the cell
surface. Fluorescent signal indicates tumor protease activity and tumor protease
localization.

Figures 4A-4E show 3-step charge-changing substrates that enhance protease
detection, imaging, and payload delivery in acidic microenvironments of tumors. Figure
4A shows a peptide designed to contain a cleavage site for a protease associated with
cancer that is displayed at the cancer cell surface. The peptide is designed to change
charge with tumor-associated pH change and cancer cell surface-associated proteolytic
cleavage to enhance nanoparticle (NP) delivery. Figure 4B shows the negatively charged
NP in the bloodstream for stealth in circulation. Figure 4C shows the NP is neutral in the
acidic tumor microenvironment and remains slippery to diffuse deep into the tumor.
Figure 4D shows a protease at the cancer cell surface cleaving the peptide at the NP
surface, leaving the NP positively charged for sticky cell binding. Figure 4E shows a
positively charged NP sticks to cancer cell membranes and is electrostatically adsorbed,
triggering cellular uptake.

Figures SA-5B illustrate detection of amphiphilic enzyme substrates. Figure SA
shows the contact angle of sample droplet indicates protease activity yielding
hydrophobic products. (1) The sample is incubated with a substrate that balances
hydrophobicity and hydrophilicity around a protease cleavage site; (2) proteases cleave
substrates, producing hydrophilic and hydrophobic products; and (3) hydrophobic
products migrate to the air/liquid interface and reduce the contact angle of the sample
droplet, indicating proteolytic activity. Figure SB shows the fluorescent hydrophobic
cleavage products assemble at surface of droplet where fluorescence is not quenched by

components of droplet. (1) The sample is incubated with a substrate that balances
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hydrophobicity and hydrophilicity around a protease cleavage site; (2) proteases cleave
substrates, producing hydrophilic and hydrophobic products; and (3) hydrophobic
products migrate to the air/liquid interface and fluorescence is displayed on the surface of
the droplet, indicating proteolytic activity.

Figure 6 is a lateral flow assay / thin layer chromatography of charge-changing
substrate, showing (1) a neutral surface for sample incubation with the substrate and (2) a
cationic surface that binds negative components of blood and causes positive cleavage
product to associate with the liquid phase more than the solid phase.

Figures 7A-7B shows the detection of non-degradative enzymes such as
phosphorylases and kinases using charge-changing substrates and electrophoretic
separation from unprocessed sample. Figure 7A shows (1) a phosphorylase removing
negatively charged phosphate groups from a substrate, such as a phosphorylated serine
group and (2) electrophoretic separation of the positively charged dephosphorylated
substrate. Figure 7B shows (1) kinases adding a negatively charged phosphate group to a
substrate and (2) comparison between samples with kinase activity of negatively charged
phosphorylate substrate that has reduced fluorescence.

Figures 8A-8B show an electrophoresis focusing assay.

Figure 9 shows charge-changing peptide sequences that selectively target
proteases that include coagulation related proteases (thrombin), metalloproteases (MMP1,
MMP3, and MMPS8), cathepsins (cathepsin-S and cathepsin-D), bacterial proteases
(Omp-T and SspB), kallikreins (kallikrein 2 and kallikrein 3), and calpains (calpain 1 and
calpain 2).

Figures 10A-10D show thrombin detection using a thrombin-specific charge-
changing peptide substrate. Figure 10A shows incubation of thrombin and the peptide
substrate in 1xPBS. Figure 10B is a graph showing thrombin concentration after
incubation in 1xPBS. Figure 10C shows incubation of thrombin and the peptide substrate
in citrated blood. Figure 10D is a graph showing thrombin concentration after incubation
in citrated blood.

Figures 11A-11B show whole blood thrombin detection using a thrombin-specific

charge-changing peptide substrate. Figure 11A illustrates fluorescence signal at various
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incubation time points. As compared to a negative control. Figure 11B is a graph
showing fluorescence intensity at various incubation time points.

Figure 12 shows cathepsin-S in buffer (IxPBS) detection using a cathepsin-S
specific charge-changing fluorescent substrate.

Figures 13A-13B illustrate thrombin activity in blood samples from subjects
taking an anticoagulant (aspirin) vs. control. Figure 13A shows fluorescence after time in
control subjects (top panel) vs. anticoagulant subjects (bottom panel). Figure 13B is a
graph showing thrombin activity over time.

Figures 14A-14C illustrate a prototype for coagulation monitoring in real time. A
sample is placed in a sample well with a peptide substrate (e.g., a charge-changing
peptide substrate) (Figure 14A), fluorescence is measured at to (Figure 14B, top panel)
and again at a later time points (Figure 14B, bottom panel). Figure 14C shows that
thrombin activity can be monitored in real time.

Figures 15A-15B show a miniaturized array prototype. Figure 15A shows a
miniaturized array prototype. Figure 15B shows the results of an electrophoresis
focusing assay measuring protease (trypsin) activity as fluorescence intensity vs.
concentration.

Figures 16A-16B show a miniaturized array prototype. Figure 16A shows a
miniaturized array prototype. Figure 16B shows the results of an electrophoresis
focusing assay measuring protease (trypsin) activity after one week as fluorescence
intensity vs. concentration.

Figures 17A-17B show a miniaturized array prototype. Figure 17A shows a
miniaturized array prototype. Figure 17B shows the results of an electrophoresis
focusing assay measuring protease (trypsin) activity in a blood sample as fluorescence
intensity vs. concentration.

Figures 18 A-D show a miniaturized array prototype and results of an
electrophoresis focusing assay.

Figure 19 shows detection of MMP2 and MMP activity in plasma samples from
chronic lymphocytic leukemia subjects vs. control in plasma samples (white bars) and

plasma samples subjected to dielectrophoretic (DEP) separation (black bars).
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DETAILED DESCRIPTION

Provided herein are methods of detecting degradative and non-degradative
enzymatic activity in complex biological samples without sample processing. In some
embodiments, targeted or non-targeted libraries of property-changing (e.g., charge,
hydrophobicity) enzyme substrates are separated from the biological sample based on
their change in properties upon enzymatic action, for example, cleavage or moiety
addition/subtraction. In some embodiments, separation of property-changing (e.g.,
charge, hydrophobicity) enzyme substrates is by electro kinetic methods,
chromatographic techniques, and in sifu assembly at hydrophobic-hydrophilic, e.g. air-
liquid, interfaces. In some embodiments, detection of cleavage products of charge-
changing and hydrophobicity-changing enzyme substrates is done using
fluorescent/colorimetric dyes, impedance/capacitance detectors, contact angle, and
turbidity/light absorption measurement to indicate enzymatic activity in complex
samples. In some embodiments, the complex biological sample is selected from among
blood, plasma, and serum. In some embodiments, formats including non-targeted library
platforms, 96-well plates, lateral flow assays, cassettes, skin patches, and microarrays
adapted for separation based on charge/hydrophobicity changes are used.

Also provided herein are methods of enabling the purification of enzymes, e.g.
proteases, from complex samples without sample processing. In some embodiments, the
complex biological sample is selected from among blood, plasma, and serum. In some
embodiments, charge-balanced probes that inhibit/bind the cleavage/allosteric site of the
enzyme through their negatively charged section are used. In some embodiments, the
enzyme shields this bound negatively charged section of the probe while the positively
charged section of the probe is not shielded and used to separate out the enzyme from the
complex sample under the action of an electric field. In some embodiments, the complex
biological sample is selected from among blood, plasma, and serum.

In some embodiments, an assay technique is used to detect and measure proteases
directly in a few microliters of whole blood. In some embodiments, the protease is
selected from among indigenous and nonindigenous proteases including, but not limited
to trypsin, chymotrypsin, MMPs, and combinations thereof. In some embodiments, the

protease is thrombin. Many indigenous proteases like thrombin are important for blood
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clotting activities and related cardiac diseases (DVT, atherosclerosis, etc.). The
appearance of certain nonindigenous proteases like trypsin, chymotrypsin, and MMPs are
frequently biomarkers for shock, cancer and other diseases. Thus, the ability to measure
protease activity in whole blood will allow researchers to further elucidate the
relationship between circulating protease levels and many important diseases.

Provided herein are synthetic charge-changing fluorescent peptide substrates
which are specific for proteases. In some embodiments, the protease is selected from
trypsin, chymotrypsin, MMP2, MMP?9, elastase, and thrombin. In some embodiments, the
peptide substrates allow direct detection of protease activity in a complex biological
sample and eliminate the need for sample preparation. In some embodiments, the
complex biological sample is selected from among blood, plasma, and serum. In some
embodiments, the substrates are added to a few microliters of a complex sample for
reaction, and the cleaved products are then rapidly separated in a simple electrophoretic
microgel format. In some embodiments, the complex samples is blood.

In some embodiments, the target of the invention are catalytic enzymes,
including, but not limited to proteases, lipases, nucleases, and non-catalytic enzymes. In
some embodiments, the targets are proteases.

In some embodiments of the assays and methods provided herein, the sample to
be analyzed is a biological sample. In some embodiments, the input material is a
biological sample such as blood, saliva, cerebro-spinal fluid, or urine. In some
embodiments, the biological sample is blood. In some embodiments, the sample does not
require special processing before being placed into the process.

In some embodiments, the assays and methods provided herein can be performed
in laboratory ware. In some embodiments, the laboratory ware includes a 96-well pate or
flask, a reaction container such as a cassette, or a lateral flow device similar to a
pregnancy test kit, etc. In some embodiments, a patch-type device for placing on a person
that allows for continuous monitoring is also considered.

In some embodiments, the reacting elements are chemicals. In some
embodiments, the reacting elements include, but are not limited to, synthesized sequences
of peptides, DNA, and RNA. In some embodiments, the chemicals carry ‘tags’ to

facilitate the process. In some embodiments, the chemicals are engineered to bear
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hydrophilic and hydrophobic regions, or positively and negatively charged regions,
although other differentiating features could be chosen. In some embodiments there is a
single chemical used in the process. In some embodiments there is a plurality of
chemicals, where such plurality can be chosen for a unique combination of reaction
outputs. These plurality of chemicals would comprise a ‘library’ of available molecules
for use.

In some embodiments the tags are fluorescent. In some embodiments, the tags are
luminescent or radioactive. In some embodiments, the tag includes a sequence that is
dominated by entities bearing specific physio-chemical properties, such as charge or
hydro-phobicity/philicity.

In some embodiments of the assays and methods provided herein, the reaction
that occurs is a chemical reaction. In some embodiments, the chemical reaction is
proteolytic activity by the enzymes present in the biological sample digesting/degrading
the tag-bearing-chemicals. In some embodiments, the chemical reaction is binding or
another reaction. The tag-bearing chemicals function as substrates for the enzymes, or as
protease-specific peptides. In some embodiments, the reaction cleaves the peptides,
releasing a hydrophobic, or highly-charged, or otherwise ‘polarized’ entity. Such an
entity possesses properties that can be separated and measured, for useful purposes.
Alternatively, in some embodiments, the tag-bearing chemicals function to bind a region
or pocket of the enzyme in the sample, where such binding exposes only one portion of
the chemical, where such exposure allows a method of separation and measurement.

In some embodiments, following the reaction, a processing step can occur. In
some embodiments, the processing step is an electrophoretic process, chromatography,
lateral flow, or hydrophobic moieties moving to the surface of the liquid, etc. This can be
a single step, or several steps. In some embodiments, this processing can also include
purification or extraction of enzymes of interest.

In some embodiments, following the processing, measurement can be performed.
In some embodiments, the measurement is electrical, conductivity, impedance, or
colorimetric. In some embodiments, the measurement is interpreted by an operator, or by

software, that enables a useful result, such as a diagnostic output, to be rendered.
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Protease activity profiling with libraries of charge-changing peptides

Functional characterization of peptidases in a biological system has traditionally
involved identifying a candidate protein, determining the substrate specificity and
generating a specific probe or inhibitor. Although the candidate approach has a proven
track record, there is a need to characterize proteolysis using an unbiased global
approach. Recently two DNA microarray technologies, the Hu/Mu Protln chip and the
CLIP-CHIP®, were developed to study proteases. However, transcript levels only
indicate which proteases can potentially be found in a sample because mRNA levels do
not always correlate with protein abundance and are devoid of information regarding
protease activity. Proteomics offers a means to evaluate the presence of proteins and their
changes in abundance within complex mixtures. However, it also fails to detect the
functional state of a protein. For proteases there is a difference between abundance and
activity, and a technique to track protease activity in complex samples is needed.

To study this, the concept of “reverse degradomics” was introduced, which seeks
to measure the total impact of a complex biological sample on a particular substrate.
Fluorescently labeled substrates are incubated with biological samples, and at different
time points the degree of degradation is assessed in a high-throughput manner. This
enables one to predict and compare the total impact of complex samples on, for example,
key disease-related substrates, in a setting close to the in vivo substrate environment.
However, these reverse techniques, including zymography and mass spectrometry, rely
on time consuming protocols, highly specialized equipment, and manipulation of samples
by processing.

Identifying the proteolytic signature of complex samples

Provided herein are methods of identifying the proteolytic signature of complex
samples. In some embodiments, the complex biological sample is selected from among
blood, plasma, and serum. In some embodiments, provided herein is a method of
generating comprehensive substrate signatures for enzyme classes in complex samples. In
some embodiments, the substrate library and the resulting pattern of substrate cleavage is
used to identify enzymes in a sample. For example, a synthetic peptide library containing
combinations of amino acid pairs, combinations of positively and negatively charged

residues or modified residues at different positions along the length of the synthetic
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peptides, and a tag such as a fluorescent dye can be prepared. In some embodiments,
substrate signatures can be generated after an incubation of complex samples with the
substrate library and separation of the cleavage products of the incubated substrate library
from the complex sample by gel electrophoresis, capillary electrophoresis, or a
combination of DC and AC electrokinetic techniques (Figures 1A-1B). In some
embodiments, individual substrates in the peptide mixture are ranked according to
migration and detected via fluorescence or other tag. In some embodiments, enzymes
with overlapping cleavage specificities can be differentiated. For example, in some
embodiments, MMP-2 and MMP-9 can be differentiated.

In some embodiments, to dissect the contribution of multiple classes of protease
activity such as serine, cysteine, and metallopeptidases, samples are tested after being
incubated separately with various activity inhibitors. In some embodiments, the activity
inhibitors are the metal chelator EDTA, the cysteine peptidase inhibitors E-64 and
CAOQ74, or the elastase-specific chloromethyl ketone inhibitor. In some embodiments,
cleavage-site specificity data from inhibited samples is combined to generate a substrate
signature for each peptidase class. In some embodiments, secondary synthetic peptide
libraries are generated to further define the cleavage preferences of peptidases in complex
samples. In some embodiments, the complex biological sample is selected from among
blood, plasma, and serum.

Protease purification with charge-changing activity-based probes

Identification and quantification of active proteases found in biological samples
can be achieved by combining the use of activity-based probes (ABPs) and mass
spectrometry analysis. ABPs are molecules derived from mechanism-based inhibitors.
ABPs have been developed for several enzyme classes, but have proven particularly
useful for the study of proteases. ABPs targeting serine proteases, cysteine proteases,
threonine proteases, aspartyl proteases, and metalloproteases have been developed. ABPs
irreversibly bind to active proteases but not to inactive zymogens or an inhibited enzyme.
ABPs are composed of a chemically reactive group, often termed a “warhead,” attached
to a tag moiety via a spacer molecule. Selectivity of the probe can be increased by the
addition of a specificity-enhancing module. Upon binding of the ABP to the protease

active site, the chemically reactive group reacts irreversibly with the active site
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nucleophilic residue. The tag of ABPs allows for either visualization (fluorophore or
radioactive probe) or isolation (affinity tag) of the ABP-protease complex.

However, ABP approaches rely on time consuming protocols, highly specialized
equipment, and manipulation of samples by processing. There is a need for techniques
that enable unamplified study of protease activity, as is accomplished with ABP as
opposed to cleavable substrate methods, that also function in complex samples and do not
require specialized equipment such as mass spectrometry. In some embodiments, the
complex biological sample is selected from among blood, plasma, and serum.

In vitro/in vivo purification by activity based probes

In some embodiments, provided herein are activity-based probes with charged
moieties for protease purification. In some embodiments, provided is an ABP design
composed of a chemically reactive group attached to a positively charged moiety via a
spacer molecule (Figures 2A-2D). In some embodiments, the protease inhibitor molecule
has a negatively charged inhibiting region and a positively charged tail. In some
embodiments, the ABP is incubated with a sample in vitro or injected in vivo. In some
embodiments, the ABP binds to the protease active site and the chemically reactive group
reacts irreversibly with the active site nucleophilic residue. In some embodiments, the
protease binds the inhibitor molecule but does not cleave the molecule. In some
embodiments, the protease binds the inhibitor molecule and masks the negatively charged
inhibiting region. In some embodiments, the positively charged moiety of the ABP (e.g.,
tail) remains exposed outside the active site of the protease.

In some embodiments, electrophoretic separation in vifro is used to separate the
proteases that have bound ABP since the positively charged moiety will separate from the
majority of components of the complex biological sample that are negatively charged. In
some embodiments, the complex biological sample is selected from among blood,
plasma, and serum. In some embodiments, an electric field is applied to the sample. In
some embodiments, the negatively charged blood components separate from the
positively charged protease/inhibitor.

In some embodiments, following in vivo injection of an ABP with a positively
charged moiety and an identifying tag such as a near-infrared or fluorescent dye,

visualization of protease activity is possible. In some embodiments, visualization of
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protease activity at the site of a tumor is possible. In some embodiments, the tumor is
biopsied. In some embodiments, after biopsy the ABP-bound proteases are separated
from the complex sample by electrophoretic separation. In some embodiments, ABP-
bound proteases that have been separated from complex samples are available for further
downstream applications and characterization of post-translational modifications,
mutations, etc. In some embodiments, the complex biological sample is selected from
among blood, plasma, and serum.

Protease detection and imaging of acidic microenvironments in vivo

The introduction of whole-body imaging techniques for small animals enabled in
vivo zymography (IVZ). This technique relies on the use of protease-activated
fluorogenic probes. Specific probes have been developed containing different
fluorophores, which allow simultaneous detection of various enzymes. IVZ has allowed
the mapping of MMP activity patterns in an intact organism. However, IVZ probes are
not designed to preferentially localize in certain microenvironments of the body, which
could afford more accurate imaging of hard to access microenvironments of interest, such
as the acidic microenvironments of tumors.

In vivo protease detection by peptides

In some embodiments, provided are methods of imaging protease activity and
localization using charge-changing substrates. In some embodiments, the imaging is in
vivo. In some embodiments, the protease detection technique enables in vivo imaging of
localized protease activity in acidic microenvironments based on charge-changing
fluorescent probes (Figures 3A-3D). In some embodiments, a negatively charged
fluorescently labeled peptide is injected into an organism. In some embodiments, the
peptide is a FRET peptide. In some embodiments, the negative charge of the peptide
affords stealth in the bloodstream of the organism. In some embodiments, upon
encountering the acidic microenvironment of a tumor, the histidine residues of the
peptide become positively charged and the peptide is overall neutral. In some
embodiments, the peptide is rendered neutral and able to penetrate the tumor. In some
embodiments, the neutral charge allows the peptide to penetrate the tumor. In some
embodiments, the peptide is cleaved by the protease for which its sequence was designed.

In some embodiments, the peptide is designed to be cleaved by proteases associated with
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the tumor microenvironment. In some embodiments, the peptide is cleaved and
unquenched. In some embodiments, the cleavage product is positively charged and
fluorescently or near infrared labeled which causes it to stick to the cell surface and
provide imaging of protease activity and localization. In some embodiments, a
fluorescent signal indicates tumor protease activity and tumor protease localization.

Surface charge of nanocarriers influences their penetration into tumor tissues. The
extracellular matrix presents as an effective electrostatic bandpass, suppressing the
diffusive motion of both positively and negatively charge objects, which allows
uncharged particles to easily diffuse through while effectively trapping charged particles.
The optimal particles for delivery to tumors should be neutral after exiting the blood
vessels (see, e.g., Sun Q, Radosz M, Shen Y, Chapter 3: Rational Design of Translational
Nanocarriers. Functional Polymers for Nanomedicine, edited by Younqing Shen).

To deliver a sufficient drug concentration to the tumor center region lacking
vascular perfusion, where the most aggressive and resistant cells reside, the nanocarrier
should not release the carried drug after extravasation but should further diffuse deep into
the tumor. This requires the nanocarrier to remain slippery and have as small a size as
possible. Thus, it is better for the nanocarrier to be neutral and not to present any binding
groups (including targeting groups) until reaching the center of the tumor.

After reaching the targeted region the nanocarrier should efficiently enter the cells
for drug release. Now the same properties that impart stealth to the nanocarrier prevent it
from cellular uptake by tumor cells. Nanocarriers that are negatively charged will be
repelled from the cell membrane due to the electrostatic repulsion. Thus, once in the
tumor, the carrier must become cell-binding or sticky to targeting tumor cells for fast
cellular uptake. The challenge is how to reconcile these two opposite requirements,
stealth for circulation and diffusion versus sticky for targeting. For instance, it is well
known that positively charged carrier reliably stick to cell membranes due to electrostatic
adsorption triggering fast cellular uptake, but positively charged carriers are not suitable
for in vivo applications because they are systemically toxic and have short circulation
time (see, e.g., Sun Q, Radosz M, Shen Y, Chapter 3: Rational Design of Translational

Nanocarriers. Functional Polymers for Nanomedicine, edited by Younqing Shen).
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Positive charges can promote carrier adsorption on the negatively charged
membrane and hence trigger adsorption-mediated endocytosis. Thus, an alternative is to
use tumor extracellular acidity to impart positive charges to the carrier by a “charge-
reversal” technique.

In vivo protease detection by peptide decorated nanoparticles

In some embodiments, provided is a method of detecting protease activity in vivo
using peptide-decorated nanoparticles. In some embodiments, provided is a protease
detection technique that enables in vivo imaging of localized protease activity in acidic
microenvironments. In some embodiments, the method uses nanoparticles decorated with
charge-changing probes (Figures 4A-4E). In some embodiments, the peptide is designed
to contain a cleavage site for a protease associated with cancer. In some embodiments,
the protease associated with cancer is displayed at the cancer cell surface. In some
embodiments, the peptide is designed to change charge with a tumor-associated pH
change. In some embodiments, the peptide is designed to change charge with cancer cell
surface-associated proteolytic cleavage. In some embodiments, the charge change and
cleavage enhance nanoparticle delivery.

In some embodiments of the methods provided herein, a nanoparticle decorated
with negatively charged peptides is injected into an organism. In some embodiments, the
negative charge of the peptide affords stealth in the bloodstream of the organism. In some
embodiments, upon encountering the acidic microenvironment of a tumor, the histidine
residues of the peptide become positively charged and the peptide is overall neutral,
which allows the decorated nanoparticle to penetrate the tumor. In some embodiments,
the peptide on the surface of the nanoparticle is cleaved by the protease for which its
sequence was designed. In some embodiments, the cleavage product is positively charged
which causes the decorated nanoparticle to stick to the cell surface. In some
embodiments, the positively charged nanoparticle is electrostatically adsorbed and
triggers cellular uptake. In some embodiments, the nanoparticle releases its payload of
imaging agents and/or drug molecules into the tumor cell.

In some embodiments of the methods provided herein, the charge-changing
substrates enhance protease detection. In some embodiments of the methods provided

herein, the charge-changing substrates enhance protease imaging. In some embodiments
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of the methods provided herein, the charge-changing substrates enhance payload delivery
in acidic microenvironments of tumors.

In some embodiments of the methods provided herein, the charge-changing
peptide sequences selectively target proteases selected from among coagulation related
proteases, serine proteases, metalloproteases, cathepsins, bacterial proteases, kallikreins,
and calpains (Figure 9). In some embodiments, the coagulation related protease is
thrombin and the charge-changing peptide sequence has the sequence Ac-N-D™-D*-Nle-T-
P-R"//G-S-A-G-A-G-A-G-diamino-ethyl-BFL. In some embodiments, the serine protease
is trypsin. In some embodiments, the metalloprotease is selected from among MMP1,
MMP2, MMP3, MMP8, and MMP9. In some embodiments, the metalloprotease is
MMP1 and the charge-changing peptide sequence has the sequence Ac-N-D™-G-P-Q-
A//T-A-G-Q-G-A-G-diamino-ethyl-BFL. In some embodiments, the metalloprotease is
MMP2. In some embodiments, the metalloprotease is MMP3 and the charge-changing
peptide sequence has the sequence Ac-D -G-P-K*-P-V-E//Nva-Y-N-K(¢-BFL)-NHo>. In
some embodiments, the metalloprotease is MMP8 and the charge-changing peptide
sequence has the sequence Ac-N-D™-G-P-Q-G//Y-A-G-Q-G-A-G-diamino-ethyl-BFL. In
some embodiments, the metalloprotease is MMP9. In some embodiments, the cathepsin
is selected from among cathepsin-S and cathepsin-D. In some embodiments, the
cathepsin is cathepsin-S and the charge-changing peptide sequence has the sequence N-
SUC™-E-G-R"-W-H-T-V-G//L-R"-W-E-C(Cy5’)-R*-CO-NH>. In some embodiments, the
cathepsin is cathepsin-D and the charge-changing peptide sequence has the sequence set
forth in N-SUC™-D™-D™-L-V-V-L//F-V-K"-K™-C(Cy5°)-A-CO-NH>. In some
embodiments, the bacterial protease is selected from among Omp-T and SspB. In some
embodiments, the bacterial protease is Omp-T and the charge-changing peptide sequence
has the sequence Ac-SUC™-D*-G-D-K*-Y-R"//R"-A-W-G-D T-I-diamino-ethyl-BFL. In
some embodiments, the bacterial protease is SspB and the charge-changing peptide
sequence has the sequence Ac-D-G-D™-A-F-S//K"-A-L-P-K(e-BFL)-NH2. In some
embodiments, the kallikrein is selected from among kallikrein 2 and kallikrein 3. In some
embodiments, the kallikrein is kallikrein 2 and the charge-changing peptide sequence has
the sequence Ac-N-D-G-D™-T-F-R™//S-A-A-G-K(e-BFL)-NH2. In some embodiments,

the kallikrein is kallikrein 3 and the charge-changing peptide sequence has the sequence
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Ac-N-D-G-S-S-1-Y//Q-S-S-T-G-diamino-ethyl-BFL. In some embodiments, the calpain
is selected from among calpain 1 and calpain 2. In some embodiments, the calpain is
calpain 1 or calpain 2 and the charge-changing peptide sequence has the sequence N-
SUC™-E"-P-L-F//A-A-R*-K(e-BFL)-NH2.

Detection of amphiphilic enzyme substrates

Contact angle measurement

Provided herein are methods of detecting amphiphilic enzyme substrates. In some
embodiments, the method includes measuring the contact angle of a sample droplet. In
some embodiments, provided is a technique to detect protease activity in droplets of
complex samples. In some embodiments, the complex biological sample is selected from
among blood, plasma, and serum. In some embodiments, protease activity is detected by
contact angle measurement (Figure SA). In some embodiments, the contact angle of a
sample droplet indicates protease activity. In some embodiments, the protease activity
yields hydrophobic products. In some embodiments, amphiphilic substrates are designed
to contain a hydrophobic and hydrophilic section around a cleavage site for a protease of
interest. In some embodiments, the substrates are incubated with a droplet of the complex
sample. In some embodiments, the complex biological sample is selected from among
blood, plasma, and serum. In some embodiments, proteolytic cleavage occurs. In some
embodiments, proteolytic cleavage produces hydrophilic and hydrophobic products. In
some embodiments, hydrophilic and hydrophobic products are released from the
amphiphilic substrate as proteolytic cleavage occurs. In some embodiments, the
hydrophobic cleavage products preferentially assemble at the droplet-air interface at the
surface of the sample droplet. In some embodiments, the contact angle of the droplet
decreases as more hydrophobic cleavage products migrate to the surface of the droplet. In
some embodiments, the contact angle is measured as an indicator of protease activity.

Detection on droplet surface

Provided herein are methods of detecting amphiphilic enzyme substrates. In some
embodiments, the method includes measuring fluorescence of a sample droplet. In some
embodiments, provided is a technique to detect protease activity in droplets of complex
samples. In some embodiments, the complex biological sample is selected from among

blood, plasma, and serum. In some embodiments, protease activity is detected by
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fluorescence detection at the surface of the droplet (Figure 5B). In some embodiments,
fluorescently labeled amphiphilic substrates are designed to contain a hydrophobic and
hydrophilic section around a cleavage site for a protease of interest. In some
embodiments, the substrates are incubated with a droplet of a complex sample. In some
embodiments, the complex biological sample is selected from among blood, plasma, and
serum. In some embodiments, proteolytic cleavage occurs. In some embodiments,
proteolytic cleavage produces hydrophilic and hydrophobic products. In some
embodiments, hydrophilic and hydrophobic products are released from the amphiphilic
substrate as proteolytic cleavage occurs. In some embodiments, the fluorescently labeled
hydrophobic cleavage products preferentially assemble at the droplet-air interface at the
surface of the sample droplet. In some embodiments, the fluorescence at the surface of
the droplet is detected. In some embodiment, fluorescence at the surface of the droplet is
an indicator of protease activity with minimal quenching by the sample.

Lateral flow assay formats for protease detection assavs

Provided herein is a lateral flow assay format for protease detection assays based
on charge-changing substrates (Figure 6). In some embodiments, neutral or negatively
charged substrates are incubated with a complex sample on a neutral section of a lateral
flow surface. In some embodiments, the complex biological sample is selected from
among blood, plasma, and serum. In some embodiment, the neutral incubation section is
adjacent to a cationic section of the lateral flow surface. In some embodiments, the
sample components and negatively charged cleavage products associate with the
positively charged solid surface. In some embodiments, the positively charged cleavage
products are fluorescently or colorimetrically labeled. In some embodiments, the
fluorescently or colorimetrically labeled, positively charged cleavage product associates
with the liquid phase of the lateral flow assay. In some embodiments, the cationic surface
binds the negative components of blood. In some embodiments, the cationic surface binds
negative components of blood and causes positive cleavage products to associate with the
liquid phase more than the solid phase. In some embodiments, the cleavage product
migrates further than the sample components. In some embodiments, the cleavage
product migrates further than the negatively charged cleavage products. In some

embodiments, the cleavage product migrates further than the sample components and the
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negatively charged cleavage products. In some embodiments, the migrating positively
charged cleavage products are detected by their fluorescent label. In some embodiments,
the migrating positively charged cleavage products are detected by their colorimetric
label. In some embodiments, the fluorescent or colorimentric label is detected as a band
away from the quenching sample. In some embodiments, the band indicates protease
activity.

Detection of non-degradative, charge-transferring enzymes

Provided herein is a method of detecting non-degradative, charge-transferring
enzymes in an unprocessed sample. In some embodiments, the method uses charge-
changing substrates and electrophoretic separation from an unprocessed sample. In some
embodiments, the non-degradative enzymes are selected from phosphorylases and
kinases. In some embodiments, substrates with phosphorylated residues are incubated
with complex samples (Figure 7A). In some embodiments, the complex biological
sample is selected from among blood, plasma, and serum. In some embodiments, the
substrates with phosphorylated residues are selected from among serine, threonine, and
tyrosine. In some embodiments, the substrates with phosphorylated residues are designed
to become positively charged upon cleavage of the phosphate group. In some
embodiments, cleavage of the phosphate group occurs by phosphorylases present in the
sample. In some embodiments, the positively charged reaction product is separated from
the complex sample. In some embodiments, the positively charged reaction product is
separated from the complex sample by applying an electric field.

In some embodiments, positively charged substrates were incubated with complex
samples. In some embodiments, the complex biological sample is selected from among
blood, plasma, and serum. In some embodiments, the positively charged substrates
contain residues selected from among serine, threonine, and tyrosine. In some
embodiments, the substrates are designed to become negatively charged upon
phosphorylation by kinases in the sample. In some embodiments, relative kinase activity
across samples can be compared upon electrophoretic separation of phosphorylation
products from the complex sample (Figure 7B). In some embodiments, kinases add a
negatively charged phosphate group to a substrate. In some embodiments, greater kinase

activity results in reduced fluorescence compared to samples with less kinase activity as
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phosphorylated substrates become negatively charged and separate in the direction of the

complex sample rather than the positively charged non-phosphorylated substrate. In some
embodiments, kinase activity is inferred by measuring the reduction in fluorescence at the
band of non-phosphorylated substrate in an electrophoresis gel.

AC/DC electrokinetic microarray devices for protease detection assays in blood

The ability to carry out the detection of proteases and other disease-related
enzymes using AC/DC electrokinetic microarray devices would have special advantages
for developing highly sensitive and specific assays in point of care (POC) and other
formats. However, a general problem for electronic microarray devices is the relatively
low levels of AC and DC voltages and currents that can be applied to devices reduces
their effectiveness in high conductance (> 0.1 S/m) buffers and biological samples
(blood, plasma, serum).

AC/DC electrokinetic microarray devices

In one embodiment, provided herein are robust microarray devices that can be
operated in both AC and DC modes. In some embodiments, each microelectrode is
independently addressable by either direct micro-wiring or imbedded CMOS or other
semiconductor control elements. In some embodiments, such devices are fabricated by
photolithographic and other techniques well known for producing microelectronic
devices. In some embodiments, microarrays are fabricated on silicon, glass, ceramic or
plastic base substrate materials. In some embodiments, the microarrays are further
insulated using silicon dioxide and silicon nitrate materials. In some embodiments,
microelectrode and larger electrode structures are fabricated from platinum, palladium,
gold, carbon, combinations thereof, or other conductor materials resistant to
electrochemical degradation. In some embodiments, such microelectrodes and electrodes
are fabricated onto the support structure using sputtering, e-beam or other deposition
techniques well known to the microelectronics arts. In some embodiments, a key
requirement is that the microelectrode structures is robust and resistant to electrochemical
degradation. In some embodiments, microelectrodes are thicker (100 nm to 10 microns)
and deposited under conditions which reduce defects and allow the
microelectrodes/electrodes to function as a true solid metal. In some embodiments,

microelectrodes on the array device have a variety of shapes which include, but are not
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limited to, circular, oval, rings, squares, rectangular and elongate wire like structures. In
some embodiments, microelectrodes on the array device have a variety of sizes from 10
nm to 900 microns. In some embodiments, electrode structures range in size from 1 mm
to 10 cm. In some embodiments, the number of microelectrodes on the array ranges from
two to twenty thousand with spacing that ranges from 100 nm to 1 mm. In some
embodiments, the microelectrode array structure is over coated with porous structure or
permeation layer. In some embodiments this allows the sample solution (electrolyte,
cations and anions) to contact the metal electrode surface, but prevents the larger
biomolecules from reaching the surface where they can be damaged by the electrolysis
products (H", OH", O,, H,, free radicals, heat, bubbles, etc.). Such permeation layers
could include but are not limited to hydrogels (agarose, polyacrylamide, etc.), glass,
organic, polymer, nylon net-like or porous structures; as well as lawns of nanostructures
which achieve the desired permeation layer properties. In some embodiments, permeation
layers range in thickness from 10 nm to 500 microns. In some embodiments, the
permeation layer is impregnated with covalent and non-covalent binding agents. In some
embodiments, the binding agents allow attachment of other binding agents. Such binding
agents include, but are not limited to, amines, thiol groups, carboxyl groups, biotin,
streptavidin, antibodies, aptamers, oligonucleotides, etc. In some embodiments, the
binding agents are in specific areas of the microarray (on specific microelectrodes). In
some embodiments, different binding agents are located in different areas of the
microarray. In some embodiments, electrokinetic microarrays (chips) are enclosed in a
sample chamber structure with associated microfluidics that allow samples, wash bufters
and reagents to be delivered in a controlled manner. In some embodiments, the sample
chamber structure has a component that secures the microarray (chip), prevents contact
with the electrolyte and provides outside electrical connection to the microarray for
providing the AC and DC voltages and currents required to carry out AC
dielectrophoresis (DEP) and AC electrophoresis processes. In some embodiments, the
sample chamber structure also has a glass, silica or plastic window over the microarray
(chip) which would allow visual monitoring as well as color and/or epifluorescent
detection. In some embodiments, the microarray (chip) enclosed in fluid sample chamber

is connected to an AC/DC power supply and function generator; associated fluidic
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components for delivering samples, wash buffers and reagents and for accepting eluted
samples and fluidic waste; visual monitoring and epifluorescent microscope and
associated computer for overall control, chip monitoring, detection and analysis. In some
embodiments, all components constitute a complete Protease Assay Detection System.

Microarray protease assays carried out in AC mode

In the case of operating even a robust microarray device in the AC mode for
dielectrophoretic (DEP) separations in blood, effective working voltages are limited to
<25 volts AC before aggressive electrochemistry begins to disrupts the process. Under
these conditions (<25 volts AC) red and white cells are concentrated into the DEP high
field regions (between the microelectrodes), nanoscale entities (20 nm-800 nm) are
concentrated into DEP high field regions (on the microelectrodes), while the smaller
biomolecules remain relatively unaffected by the DEP fields. After the separation, a fluid
wash can be used to remove the cells and other low molecular weight plasma components
from the microarray device, while the nanoscale entities remain concentrated in the DEP
high field areas.

In some embodiments, a protease assay on a microarray device operated in the
AC mode utilizes special nanoparticle entities along with the charge changing peptide
substrates which have affinity for the charge changing peptide products. In some
embodiments, as the peptide substrates are cleaved by the protease in the blood, the
charge changing peptide products become bound to the special nanoparticle entities. In
some embodiments, these nanoparticle entities include, but are not limited to, fluorescent
and non-fluorescent nanoparticles in size ranges from 20 nm to 800 nm; polymer, lipid
based, metallic, semiconductor, and ceramic nanoparticles; nanoparticles with negative or
positive charges, nanoparticles modified with ligand binding agents for covalent and
noncovalent binding, including antibodies, aptamers and lectins. In some embodiments,
after the protease reaction is complete, the AC field is applied and the nanoparticles with
the bound peptide products are concentrated into the DEP high field areas on the
microelectrodes, while blood cells are concentrated into the low field areas. In some
embodiments, a fluid wash is then applied. In some embodiments, the fluid wash removes

the blood cells and plasma components along with any unreacted charge changing
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peptide substrate. In some embodiments, the nanoparticles-peptide products remain
concentrated in the DEP high field area where they are detected.

In some embodiments, specific protease assays are carried out using negatively
charged fluorescent charge changing peptide substrates that produce positively charged
fluorescent peptide products together with negatively charged non-fluorescent
nanoparticles. In some embodiments, upon cleavage by the specific protease in the blood,
the positively charged fluorescent peptide product binds to the negatively charged non-
fluorescent nanoparticles. In some embodiments, the AC field is applied and the
nanoparticles with bound fluorescent charge changing peptide product are isolated into
the DEP high field regions. In some embodiments, a fluidic wash is then used to remove
the cells, plasma materials, and any un-reacted negatively charged fluorescent charge
changing peptide substrate. In some embodiments, the nanoparticle-fluorescent peptide
product remains isolated on the microelectrodes for epifluorescent detection and analysis.
This example involving a negatively charged fluorescent charge changing peptide with
negatively charged non-fluorescent nanoparticles is shown in Figure 7. Many other such
AC/DC microarray assay formats are within the scope of this invention, one further
example would include using non-fluorescent nanoparticles labelled with antibodies
which are specific for the charge changing peptide products. Many other AC mode assay
formats are possible.

Microarray protease assays carried out in DC mode

In the case of operating even a robust microarray device in the DC mode for
electrophoretic based separations in blood, effective working voltages are limited to <10
volts DC before aggressive electrochemistry begins to disrupts the process. An additional
problem for DC mode operations is that the electrophoretic attraction of charged entities
like the peptide substrates and products is greatly reduced in high conductance (>0.5 S/m)
buffers and biological samples (blood, plasma, serum).

In some embodiments, provided are novel methods and procedures that allow
protease assays and detection of charge-changing peptide products to be carried out by
microarray devices operated in the DC mode. By way of just one of many examples, a
blood sample with a specific negatively charged fluorescent charge changing peptide

substrate would be applied to the microarray chip device. After the appropriate reaction
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time, a DC field would be applied to the chip with a group of microelectrodes near to the
fluidic input port biased negative and a group of microelectrodes near to the outlet port
biased positive. At the same time, a wash solution containing a low conductance
zwitterionic buffer would be slowly delivered to the chip through the inlet port. As the
low conductance buffer moves over the chip the positively charged fluorescent charge
changing peptide products will become more electrophoretically attracted to the
negatively charged microelectrodes on one side of the chip device while all other
components, cells, plasma proteins and negatively charged fluorescent charge changing
peptide substrates are electrophoretically attracted to the opposite side of the microarray.
Ultimately, the flow of the wash fluid will remove most of the cells and plasma proteins,
while the positively charged fluorescent charge changing peptide products remain
concentrated on the set of microelectrodes near the input port. At this point the
fluorescent peptide products can be detected and analyzed by epifluorescence. In this
procedure, low conductance buffers can include but are not limited to zwitterionic
histidine buffer in the 1 mM to 100 mM range. Many other DC mode separation formats

and detection schemes are well within the scope of this invention.

EXAMPLES

Example 1: Identifying the proteolytic signature of complex samples

A synthetic peptide library containing combinations of amino acid pairs,
combinations of positively and negatively charged residues or modified residues at
different positions along the length of the synthetic peptides, and a tag such as a
fluorescent dye was prepared (Figure 1A). Substrate signatures were generated after an
incubation of complex samples (e.g., blood, plasma, serum) with the substrate library and
separation of the cleavage products of the incubated substrate library from the complex
sample by gel electrophoresis, capillary electrophoresis, or a combination of DC and AC
electrokinetic techniques.

Individual substrates in the peptide mixture were ranked according to migration
and detected via fluorescence or other tag. To dissect the contribution of multiple classes

of protease activity such as serine, cysteine, and metallopeptidases, samples were tested
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after being incubated separately with various activity inhibitors such as the metal chelator
EDTA, the cysteine peptidase inhibitors E-64 and CAQ74, or the elastase-specific
chloromethyl ketone inhibitor. Cleavage-site specificity data from inhibited samples was
combined to generate a substrate signature for each peptidase class. Secondary synthetic
peptide libraries were generated to further define the cleavage preferences of peptidases

in complex samples.

Example 2: In vitro / in vivo purification by activity based probes

An ABP composed of a chemically reactive group attached to a positively
charged moiety via a spacer molecule was designed (Figures 2A-2D). The ABP was
incubated with a sample in vifro or injected in vivo. Upon binding of the ABP to the
protease active site, the chemically reactive group reacted irreversibly with the active site
nucleophilic residue. The positively charged moiety of the ABP remained exposed
outside the active site of the protease. Electrophoretic separation in vifro was used to
separate the proteases that have bound ABP since the positively charged moiety separated
from the majority of components of the complex biological sample that were negatively
charged. Following in vivo injection of an ABP with a positively charged moiety and an
identifying tag such as a near-infrared or fluorescent dye, visualization of protease
activity was possible, such as at the site of a tumor which was biopsied. After biopsy the
ABP-bound proteases were separated from the complex sample by electrophoretic
separation. ABP-bound proteases that had been separated from complex samples were
available for further downstream applications and characterization of post-translational

modifications, mutations, etc.

Example 3: In vivo protease detection by peptides

A negatively charged fluorescently labeled peptide was injected into a mouse.
Upon encountering the acidic microenvironment of a tumor, the histidine residues of the
peptide became positively charged and the peptide was overall neutral, which allowed the
peptide to penetrate the tumor. The peptide was cleaved by the protease for which its

sequence was designed. The positively charged, fluorescent or near-infrared labeled
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cleavage product stuck to the cell surface and allowed in vivo imaging of protease activity

and localization (Figures 3A-3D).

Example 4: In vivo protease detection by peptide decorated nanoparticles

A nanoparticle decorated with negatively charged peptides was injected into a
mouse. Upon encountering the acidic microenvironment of a tumor, the histidine residues
of the peptide became positively charged and the peptide was overall neutral, which
allowed the decorated nanoparticle to penetrate the tumor. The peptide on the surface of
the nanoparticle was cleaved by the protease for which its sequence was designed. The
cleavage product was positively charged which caused the decorated nanoparticle to stick
to the cell surface and release its payload of imaging agents and/or drug molecules into

the tumor cell (Figures 4A-4E).

Example 5: Detection of amphiphilic enzyme substrates using contact angle
measurement

A technique to detect protease activity in droplets of complex samples by contact
angle measurement was developed (Figure SA). Amphiphilic substrates were designed
that contained a hydrophobic and hydrophilic section around a cleavage site for a
protease of interest. The substrates were incubated with a droplet of a complex sample
(e.g., blood) and as proteolytic cleavage occurred, hydrophilic and hydrophobic products
were released from the amphiphilic substrate. The hydrophobic cleavage products
preferentially assembled at the droplet-air interface at the surface of the sample droplet.
As more hydrophobic cleavage products migrated to the surface of the droplet, the
contact angle of the droplet decreased and was measured as an indicator of protease

activity.

Example 6: Detection of amphiphilic enzyme substrates on droplet surfaces

A technique to detect protease activity in droplets of complex samples by
fluorescence detection at the surface of the droplet was developed (Figure 5B).
Fluorescently labeled amphiphilic substrates were designed to contain a hydrophobic and

hydrophilic section around a cleavage site for a protease of interest. The substrates were
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incubated with a droplet of a complex sample (e.g., blood), and as proteolytic cleavage
occurred, hydrophilic and hydrophobic products were released from the amphiphilic
substrate. The fluorescently labeled hydrophobic cleavage products preferentially
assembled at the droplet-air interface at the surface of the sample droplet. The
fluorescence at the surface of the droplet was detected as an indicator of protease activity

with minimal quenching by the sample.

Example 7: Lateral flow assays of charge-changing substrates

A lateral flow assay format for protease detection assays based on charge-
changing substrates was developed (Figure 6). Neutral or negatively charged substrates
were incubated with complex sample on a neutral section of a lateral flow surface. The
neutral incubation section was adjacent to a cationic section of the lateral flow surface
that caused sample components and negatively charged cleavage products to associate
with the positively charged solid surface. The fluorescently or colorimetrically labeled
positively charged cleavage product associated with the liquid phase of the lateral flow
assay and migrated further than the sample components or the negatively charged
cleavage products. The migrating positively charged cleavage products were detected by
their fluorescent or colorimetric label as a band away from the quenching sample which

indicated protease activity.

Example 8: Detection of non-degradative, charge-transferring enzymes

A method by which to measure non-degradative, charge-transferring enzymes
such as kinases and phosphorylases based on charge-changing substrates and
electrophoretic separation from complex samples was developed. Substrates with
phosphorylated residues such as serine, threonine, and tyrosine, were incubated with
complex samples and were designed to become positively charged upon cleavage of the
phosphate group by phosphorylases present in the sample (Figure 7A). The positively
charged reaction product was then separated from the complex sample by applying an
electric field.

Positively charged substrates containing residues such as serine, threonine, and

tyrosine, were incubated with complex samples and were designed to become negatively
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charged upon phosphorylation by kinases in the sample (Figure 7B). Relative kinase
activity across samples was compared upon electrophoretic separation of phosphorylation
products from the complex sample. Greater kinase activity resulted in reduced
fluorescence compared to samples with less kinase activity as phosphorylated substrates
became negatively charged and separated in the direction of the complex sample rather
than the positively charged non-phosphorylated substrate. Kinase activity was inferred by
measuring the reduction in fluorescence at the band of non-phosphorylated substrate in an

electrophoresis gel.

Example 9: Thrombin detection using a charge-changing peptide

Various concentrations (0 nM, 0.5 nM, 5 nM, 10 nM, 20 nM, or 100 nM) of the
thrombin targeted charge-changing peptide shown in Figure 9 (and with the sequence Ac-
N-D-D*-Nle-T-P-R"//G-S-A-G-A-G-A-G-diamino-ethyl-BFL) was incubated in either
1xPBS (Figure 10A) or citrated blood (Figure 10B), both of which contained thrombin.
After incubation, fluorescence was measured, indicating specific binding of the peptide to
the thrombin in the sample. Fluorescence increased with increasing thrombin

concentration.

Example 10: Whole blood thrombin detection

The thrombin targeted charge-changing peptide shown in Figure 9 (and with the
sequence Ac-N-D -D"-Nle-T-P-R"//G-S-A-G-A-G-A-G-diamino-ethyl-BFL) was
incubated in untreated whole blood for up to 33 minutes. A negative control was also
prepared See Figure 11A. Fluorescence was measured at 3 minute intervals during
incubation. Fluorescence signal, indicating specific binding of the peptide to thrombin in
the whole blood sample, increased over time, with peak values observed after about 18

minutes (Figure 11B).

Example 11: Cathepsin-S detection in buffer

The cathepsin-S targeted charge-changing peptide shown in Figure 9 (and with
the sequence N-SUC™-E-G-R*-W-H-T-V-G//L-R*-W-E-C(Cy5°)-R"-CO-NH,) was
incubated in 1xPBS buffer with varying concentrations of cathepsin-S. After incubation,
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fluorescence was measured, indicating specific binding of the peptide to the cathepsin-S
in the sample. Fluorescence increased with increasing cathepsin-S concentration (Figure

12).

Example 12: Coagulation monitoring

To detect thrombin activity and monitor coagulation, the thrombin targeted
charge-changing peptide shown in Figure 9 (and with the sequence of Ac-N-D™-D"-Nle-T-
P-R"//G-S-A-G-A-G-A-G-diamino-ethyl-BFL) was incubated in a drop of whole blood
from subjects taking an anticoagulant (aspirin) and from control subjects that were not
taking an anticoagulant. Fluorescence signal, indicating specific binding of the peptide to
thrombin in the whole blood sample, was measured at various time points up to 30
minutes. The top panel of Figure 13 A shows fluorescence in the control group while the
bottom panel shows fluorescence in the anticoagulant group. Fluorescence increased in

both subject groups over time, but more quickly in the control group (Figure 13B).

Example 13: Protease (trypsin) activity measurements using an electrophoresis
focusing assay and miniaturized array prototype

A miniaturized array prototype was used to measure trypsin activity using an
electrophoresis focusing assay (Figure 15A). A charge-changing trypsin-specific peptide
with a fluorescent tag was incubated with sample containing various concentrations of
trypsin. Electrophoretic separation was used to separate trypsin bond to a charge-
changing peptide substrate. The trypsin with bound substrate were positively charged and
separated from the majority of components of the complex biological sample that were
negatively charged. Increased fluorescence was observed with an increase in
concentration of trypsin (Figure 15B).

Trypsin activity was measured after one week using a miniaturized array
prototype (Figure 16A). Increased fluorescence was observed with an increase in
concentration of trypsin (Figure 16B).

Trypsin activity was also measured in a blood sample using a miniaturized array
prototype (Figure 17A). Increased fluorescence was observed with an increase in

concentration of trypsin (Figure 17B).
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Example 14: Concentration and detection of proteases using DEP

Dielectrophoretic (DEP) separation was used to detect and determine
concentration of MMP2 and MMP?9 in plasma samples from chronic lymphocytic
leukemia subjects and compared to control subjects. Plasma samples were incubated with
a charge-changing peptide substrate specific for MMP2/9. An AC field was applied to
some of the plasma samples and the proteases with bound fluorescent charge changing
peptide product were isolated into the DEP high field regions. As shown in Figure 19,
fluorescence intensity was greater in all subjects in the DEP plasma samples (black bars)

as compared to plasma samples not subjected to DEP (white bars).

OTHER EMBODIMENTS
It is to be understood that while the invention has been described in conjunction
with the detailed description thereof, the foregoing description is intended to illustrate
and not limit the scope of the invention, which is defined by the scope of the appended
claims. Other aspects, advantages, and modifications are within the scope of the

following claims.
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WHAT IS CLAIMED IS:

1. A method of identifying protease activity in a complex biological sample,
comprising:

a) obtaining a complex biological sample;

b) incubating the complex sample with a substrate library and a tag to generate
cleavage products;

¢) separating the cleavage products from the complex sample; and

d) generating a proteolytic signature for the complex sample.

2. The method of claim 1, wherein the complex biological sample is whole
blood.

3. The method of claim 1, wherein the substrate library is a synthetic peptide
library.

4. The method of claim 3, wherein the synthetic peptide library comprises

combinations of amino acid pairs, positively and negatively charged residues, or modified

residues at different positions along the length of the synthetic peptides.

5. The method of claim 1, wherein the tag is a fluorescent dye, a radioactive

probe, or an affinity tag.

6. The method of claim 1, wherein the cleavage products are separated from
the complex sample by gel electrophoresis, capillary electrophoresis, or a combination of

DC and AC electrokinetic techniques.

7. The method of claim 1, wherein the substrate signature is generated by

detecting and ranking individual substrates in the peptide mixture according to migration.

8. The method of claim 7, wherein the individual substrates are detected via

the tag.
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9. The method of claim 8, wherein the tag is a fluorescent dye, a radioactive

probe, or an affinity tag.

10. The method of claim 1, wherein the proteolytic signature comprises

multiple classes of protease activity.

11. The method of claim 10, wherein the multiple classes of protease activity

are selected from serine, cysteine, threonine, aspartyl, and metallopeptidase activity.

12. The method of claim 10, wherein the multiple classes of protease activity

are detected by separately incubating the complex sample with an activity inhibitor.

13. The method of claim 12, wherein the activity inhibitor is selected from a

metal chelator, a cysteine peptidase inhibitor, and an elastase-specific inhibitor.

14. The method of claim 13, wherein the activity inhibitor is selected from

EDTA, E-64, CAO74, and a chloromethyl ketone inhibitor.

15. A method of purifying proteases in a biological sample, comprising:

a) obtaining a biological sample;

b) contacting the sample with an activity-based probe (ABP) comprising a
chemically reactive group attached to a positively charged moiety, wherein the ABP binds
to the active site of a protease in the biological sample and the positively charged moiety
of the ABP remains exposed outside the active site of the protease; and

¢) separating the proteases that have bound ABP.

16. The method of claim 15, wherein the chemically reactive group is attached

to the positively charged moiety via a spacer molecule.
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17. The method of claim 15, wherein the contacting occurs by incubating the

ABP with the sample in vitro.

18. The method of claim 15, wherein the chemically reactive group reacts

irreversibly with the active site nucleophilic residue.

19. The method of claim 15, wherein the proteases that have bound ABP are

separated from the sample by electrophoretic separation

20. A method of visualizing proteases in a biological sample, comprising;

a) obtaining a biological sample;

b) contacting the sample with an activity-based probe (ABP) comprising a
chemically reactive group attached to a positively charged moiety, wherein the ABP binds
to the active site of a protease in the biological sample and the positively charged moiety
of the ABP remains exposed outside the active site of the protease; and

¢) visualizing the proteases that have bound ABP.

21. The method of claim 20, wherein the contacting occurs by injecting the
ABP in vivo.
22. The method of claim 20, wherein the chemically reactive group is attached

to the positively charged moiety via a spacer molecule.

23. The method of claim 20, wherein the chemically reactive group reacts

irreversibly with the active site nucleophilic residue.

24, The method of claim 20, wherein the ABP further comprises a tag.

25. The method of claim 24, wherein the tag is a fluorescent dye or a

radioactive probe.
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26. The method of claim 20, further comprising performing a biopsy at the

site of visualization.

27. The method of claim 26, wherein the site of visualization is a tumor.

28. The method of claim 26, further comprising separating the proteases that
have bound ABP by electrophoretic separation.

29. A method of visualizing protease activity in an acidic microenvironment in
vivo, the method comprising injecting a negatively charged fluorescently labeled peptide
or nanoparticle into an organism, wherein the peptide or nanoparticle enters an acidic
microenvironment and is cleaved by a protease in the microenvironment to generate a
positively charged fluorescent cleavage product; and

visualizing the cleavage product.

30. The method of claim 29, wherein the acidic microenvironment is in a

tumor.

31 The method of claim 30, wherein the cleavage product sticks to the cell

surface of the tumor.

32. A method of detecting amphiphilic enzyme substrates in a complex
biological sample by contact angle measurement, comprising:

a) incubating a droplet of a complex biological sample with an amphiphilic
substrate that balances hydrophobicity and hydrophilicity around a protease cleavage site,
wherein hydrophilic and hydrophobic products are released from the amphiphilic
substrate; and

b) measuring the contact angle that forms as the hydrophobic cleavage products
migrate to the surface of the droplet-air interface at the surface of the droplet, wherein a

decrease in contact angle indicates protease activity.
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33. A method of detecting amphiphilic enzyme substrates in a complex
biological sample by fluorescence, comprising:

a) incubating a droplet of a complex biological sample with a fluorescently
labeled amphiphilic substrate that balances hydrophobicity and hydrophilicity around a
protease cleavage site, wherein hydrophilic and hydrophobic products are released from
the amphiphilic substrate; and

b) measuring the fluorescence of the hydrophobic cleavage products that migrate
to the surface of the droplet-air interface at the surface of the droplet, fluorescence

indicates protease activity.

34. A method of detecting non-degradative, charge-transferring enzymes in a
biological sample, comprising incubating positively charged substrates with complex
samples designed to become negatively charged upon phosphorylation by kinases in the

sample and measuring the fluorescence in an electrophoresis gel.

35. The method of claim 34, wherein the substrates comprise residues selected

from serine, threonine, tyrosine, and combinations thereof.
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