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Chemoproteomic methods can report directly on endogenous, ac-
tive enzyme populations, which can differ greatly from measures of
transcripts or protein abundance alone. Detection and quantifica-
tion of family-wide probe engagement generally requires LC-MS/MS
or gel-based detection methods, which suffer from low resolu-
tion, significant input proteome requirements, laborious sample
preparation, and expensive equipment. Therefore, methods that
can capitalize on the broad target profiling capacity of family-wide
chemical probes but that enable specific, rapid, and ultrasensitive
quantitation of protein activity in native samples would be useful
for basic, translational, and clinical proteomic applications. Here we
develop and apply a method that we call soluble activity-dependent
proximity ligation (sADPL), which harnesses family-wide chemical
probes to convert active enzyme levels into amplifiable barcoded
oligonucleotide signals. We demonstrate that sADPL coupled to
quantitative PCR signal detection enables multiplexed “writing” and
“reading” of active enzyme levels across multiple protein families
directly at picogram levels of whole, unfractionated proteome.
sADPL profiling in a competitive format allows for highly sensitive
detection of drug–protein interaction profiling, which allows for di-
rect quantitative measurements of in vitro and in vivo on- and off-
target drug engagement. Finally, we demonstrate that comparative
sADPL profiling can be applied for high-throughput molecular phe-
notyping of primary human tumor samples, leading to the discovery
of new connections between metabolic and proteolytic enzyme ac-
tivity in specific tumor compartments and patient outcomes. We
expect that this modular and multiplexed chemoproteomic plat-
form will be a general approach for drug target engagement, as
well as comparative enzyme activity profiling for basic and clinical
applications.

chemoproteomics | chemical probes | proteomics | diagnostics |
proximity ligation

The maturation of broad-scale “-omic” profiling methods and
platforms has enabled the quantitative comparison of bi-

ological signal regulation at each step within the central dogma.
In addition to providing unprecedented views of transcriptome-
wide and proteome-wide regulation, these studies have unam-
biguously shown that mRNA transcript levels do not reliably
predict protein abundance (1–3). Further complicating the situ-
ation, in principle the mere presence of a protein does not
provide any information about the functional state of that pro-
tein, which can be impacted by posttranslational modifications,
protein-protein or protein-metabolite binding, spatial compart-
mentalization, and other factors. Activity-based protein profiling
methods utilize chemical probes upstream of common detection
methods, such as liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) or gel-based protein separation, to specifically
detect and quantify only active subpopulations of the proteome of
interest (4, 5).
Family-wide chemical proteomic probes are particularly useful

because they can report on the activity of large swaths of the
active proteome simultaneously, with published examples avail-
able for serine hydrolases (6, 7), kinases (8, 9), metalloproteases

(10), cysteine proteases (11), and other functionalities that reg-
ulate protein activity (12–14). Although large sections of the
proteome can be interrogated using these probes, commonly used
gel- and MS-based detection platforms place significant limitations
on the biological contexts that can be efficiently studied. Gel-based
profiling is readily accessible but is inherently low-throughput,
suffers from poor resolution, and has a narrow dynamic range
for low-abundance target proteins and input proteome. MS-based
platforms, on the other hand, are multiplexed and target-agnostic,
enabling profiling across entire families. However, these attributes
are accompanied by several trade-offs, including laborious and
expensive sample preparation (days per sample), the need for
large quantities of input proteome (typically several milligrams)
for a single analysis, and the capability of analyzing only one
sample at a time per instrument, which limits parallel and repro-
ducible sample analyses. Therefore, while ideal for discovery mode
activity-based profiling, these strategies are poorly suited for rapid,
ultrasensitive, and multifamily activity profiling that could be
useful for complex and limited abundance samples like patient
tissues, cells, and fluids. Indeed, chemical proteomic approaches
have not been widely adopted for clinical samples, despite their
significant potential to diagnose disease and ultimately track and
guide patient treatment decisions.
To address the inherent shortcomings of existing chemical

proteomic technologies and to more readily enable translational

Significance

We report the development of a chemical proteomic platform,
soluble activity-dependent proximity ligation (sADPL), which
enables ultrasensitive and multiplexed quantification of en-
dogenous active proteins in complex proteome samples from
cells, fluids, and tissues. Single-plexed and multiplexed sADPL
can be implemented to “write” and “read” barcoded oligonu-
cleotide amplicons derived from specific active enzymes in
extremely low levels of whole proteome. We apply sADPL to
quantify in vivo protein–drug interactions from blood samples,
as well as perform hundreds to thousands of parallel activity
measurements in fresh or flash-frozen patient tumor samples
in a matter of hours on a benchtop. Combined, these studies
provide compelling proof-of-concept examples for future ap-
plications for the molecular analysis of biological and clinical
samples.

Author contributions: G.L., M.A.E., J.W.C., E.L., and R.E.M. designed research; G.L., M.A.E.,
J.W.C., J.E.M., and A.C. performed research; G.L., M.A.E., J.W.C., E.L., and R.E.M. contrib-
uted new reagents/analytic tools; G.L., M.A.E., J.W.C., E.L., and R.E.M. analyzed data; and
G.L. and R.E.M. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: rmoellering@uchicago.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1912934116/-/DCSupplemental.

First published October 7, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1912934116 PNAS | October 22, 2019 | vol. 116 | no. 43 | 21493–21500

BI
O
CH

EM
IS
TR

Y
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
22

, 2
02

1 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1912934116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:rmoellering@uchicago.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912934116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912934116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1912934116


www.manaraa.com

applications, we endeavored to develop a gel- and MS-free
chemical proteomic platform that in principle can overcome lim-
itations while providing 3 features: (1) broad and immediate com-
patibility with existing family-wide chemical proteomic probes to
measure active proteins in native samples, rather than overall
protein abundance; (2) signal deconvolution, superior dynamic
range, and high sensitivity through signal amplification, to allow
measurement of low abundance proteins and small quantities of
input proteome; and (3) rapid, multiplexed, parallel, and simul-
taneous analysis of active targets within and between multiple
protein families in diverse sample types.
We recently reported an imaging-based activity-dependent

proximity ligation platform, termed ADPL imaging, which en-
ables spatially resolved detection of active enzymes in single cells
using family-wide probes (15). While the concept behind this ap-
proach addresses several shortcomings, the imaging-based format
places limitations on samples types that can be interrogated (i.e.,
incompatible with biofluids), as well as low processing throughput
involved with sample preparation and microscopy. Finally, the
initial report of this approach was limited to single-plex mea-
surements, which precludes profiling across multiple enzymes
within a family or proteins among different families.
Here we report a platform that we call soluble activity-dependent

proximity ligation (sADPL) and show that sADPL profiling can
quantify active enzymes at picogram levels of whole proteome
from cells, blood, and primary patient tissue samples. This mul-
tiplexed activity-based approach can be applied to directly quan-
tify small molecule-protein target engagement in vivo, as well as
molecular phenotyping of disease states through direct quantita-
tive profiling of active enzyme biomarkers in tissue samples.

Results
sADPL Enables Ultrasensitive and Specific Activity Measurements for
Diverse Enzyme Targets. sADPL integrates the activity-dependent
and family-wide tagging of endogenous, active enzymes using
chemical probes with the specific and robust signal amplification
afforded by barcoded oligonucleotide proximity ligation and am-
plification (Fig. 1) (15–18). In contrast to the majority of studies
that only use chemical probes in homogenized cell lysates, we
sought to label active enzymes in their native environment, and
therefore performed sADPL by pulsing live cells with one probe
or a combination of several family-wide probes (Fig. 1A). After
cell lysis whole proteome is incubated with barcoded, protein of
interest (POI)-specific antibody-oligonucleotide conjugates and
streptavidin-oligonucleotide conjugates, which recognize the biotin
recognition tag present on family-wide probes (Fig. 1B). The use of
POI-directed antibodies allows for deconvolution of signals from
several family-wide probes, which may have tagged hundreds of
proteins, to the signal from a single POI. Subsequent incubation
with complementary splint oligonucleotides permits ligation of
proximal antibody- and streptavidin-conjugated oligonucleotides
(i.e., on the same protein molecule), thereby forming unique

barcoded amplicons that report on and amplify the activity of each
POI. Finally, ligated amplicons are amplified and detected by
PCR with a barcoded orthogonal primer binding site design,
allowing for specific real-time quantitative PCR (qPCR) readout.
To pilot sADPL, we targeted proteins associated with can-

cer phenotypes in 2 well-characterized enzyme families, serine
hydrolase and cathepsin cysteine protease enzymes, using
widely available fluorophosphonate-biotin (FP-Bio) (15) and an
acyloxymethylketone-based cathepsin probe (19), respectively. In
parallel, we synthesized antibody-oligonucleotide (Ab-oligo) con-
jugates for specific proteins within each enzyme family, as well as
probe-specific streptavidin-oligonucleotide (SA-oligo) conjugates
(SI Appendix, Fig. S1) (20). Using monoacylglycerol lipase (MGLL)
as a model enzyme, we optimized the absolute and relative con-
centrations of Ab-oligo and SA-oligo conjugates required for the
sADPL signal and dynamic range in whole-cell proteome (SI
Appendix, Fig. S2). We then tested the sensitivity and dynamic
range of sADPL quantification for diverse protein targets, in-
cluding the serine hydrolase enzymes neutral cholesterol ester
hydrolase 1 (NCEH1), MGLL, fatty acid amide hydrolase 1
(FAAH), and dipeptidyl peptidase-4 (DPP4), as well as the cys-
teine protease enzymes cathepsin B (CTSB) and cathepsin L
(CTSL). sADPL profiling and qPCR signal quantification of all 6
enzyme targets were successful, with ΔCT values of approximately
5 to 10 cycles between background and probe treatment, a linear
dynamic range 3 to 4 orders of magnitude over proteome con-
centration, and high reproducibility among technical and bi-
ological replicates (Fig. 2 A and B). These data suggest that
sADPL can be used for both comparative and competitive activity
profiling of diverse targets within and between protein families
while maintaining very low sample requirements. Indeed, side-by-
side comparison of sADPL, which by design detects only active
protein, and Western blot analysis for NCEH1 confirmed a limit
of detection at least 6 orders of magnitude lower for sADPL,
which could detect active protein in picogram quantities of whole
proteome (Fig. 2 C and D).

sADPL Accurately Quantifies Differences in Endogenous Enzyme
Activity. Parallel, miniaturized, and rapid quantification of ac-
tive enzymes from native biological samples could provide op-
portunities for accurate and efficient molecular phenotyping
of cells, fluids, and tissues. To test whether sADPL could ac-
curately quantify endogenous differences in enzyme activity
between phenotypically distinct cells, we profiled the activity state
of several enzymes in paired ovarian cancer cell lines SKOV3IP1
and OVCAR3 of high and low aggressiveness, for which both
activity- and abundance-based proteomic profiling data have been
published (15, 21–23). Each cell line was pulsed with either vehicle
control (DMSO) or a combination of serine hydrolase and ca-
thepsin protease probes, followed by sADPL profiling and relative
activity quantification of 6 biomarker enzymes (Fig. 2E). NCEH1
and MGLL activities were 12.5- and 13.3-fold higher, respectively,

Fig. 1. Schematic of the sADPL workflow. (A) Live cells pulsed with a combination of family-wide chemical probes label active proteins within their native
environment. (B) Labeled proteome is incubated with a mixture of barcoded antibody-oligonucleotide conjugates that recognize the POIs and streptavidin-
oligonucleotide conjugates directed to the probe detection handle (biotin), which enables specific templating of proximity ligation events and formation of
unique barcoded amplicons. Ligated amplicons are preamplified by PCR and quantified by real-time qPCR with the barcoded primers.
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in SKOV3IP1 cells relative to OVCAR3 cells, which matched
previous reports using MS-based, gel-based, and imaging-based
activity measurements in these cell lines (15, 21, 22). In contrast,
FAAH activity was approximately 2-fold higher in the nonag-
gressive OVCAR3 cells relative to SKOV3IP1 cells, consistent
with previously published bulk activity-based profiling data in
several cancer cell lines (Fig. 2E) (24). Finally, the activity states of
both cathepsin enzymes and the peptidase DPP4 were significantly
increased in the more aggressive SKOV3IP1 cells (Fig. 2E).
To determine whether these high-throughput measurements

of active enzyme were equivalent to or similar to overall protein
abundance, we compared sADPL activity measurements with a
previously published quantitative LC-MS/MS–based proteomics
study in these cell lines (23). In general, there was a positive
correlation between sADPL profiling and MS-based abundance
measurements (Fig. 2F and SI Appendix, Fig. S3); however,
closer inspection of these measurements revealed significant
differences between relative enzyme abundance and activity in
these cell lines. Cathepsin abundance and activity ratios between
cell lines were almost identical for CTSB, but the CTSL activity
ratio was moderately increased relative to abundance (Fig. 2F).
Significant differences were found for NCEH1 and MGLL, with
abundance ratios of 37.7-fold and 50.2-fold for each enzyme,
respectively, compared with the more modest activity ratios of
slightly above 10-fold (Fig. 2F). In contrast, the activity of FAAH
was 2-fold lower in SKOV3IP1 cells compared with OVCAR3
cells, whereas abundance was nearly 4-fold lower in SKOV3IP1
cells, indicating that a higher percentage of FAAH is active in
SKOV3IP1 cells relative to OVCAR3 cells. Finally, the corre-
lation between MS-based abundance and activity of DPP4 was
highly divergent, with nearly 350-fold higher protein levels ob-
served in SKOV3IP1 cells by LC-MS/MS, contrasted with just a
3.2-fold increase in activity.
To further verify the differences observed for DPP4 and

CTSL, we measured their protein levels by Western blot analysis.
The DPP4 level was 3.7-fold higher in SKOV3IP1 cells, which
closely matched the activity difference measured by sADPL (SI

Appendix, Fig. S3). The CTSL level was 4.1-fold higher in
SKOV3IP1 relative to OVCAR3; however, this measurement
recognizes both precursors and mature CTSL, again supporting a
significant difference between activity and abundance (SI Appen-
dix, Fig. S3). The differences observed between MS-based and gel-
based methods for these 2 proteins underscore the limitations in
dynamic range accuracy and the caveat that MS can also detect
protein fragments. Moreover, these results confirm that protein-
and context-dependent differences exist between protein abun-
dance and direct measures of active protein, which represents a
fundamentally distinct and likely more meaningful assessment of
proteome state in a biological system.

sADPL Enables Quantification of Small Molecule Target Engagement
In Vitro and In Vivo. Due to the coupling of the enzyme activity
state with the oligonucleotide signal, we hypothesized that sADPL
could be a powerful platform for directly quantifying small mol-
ecule target engagement in a variety of biological sample types
(Fig. 3A), which would be useful for both basic and translational
studies (25–27). To test this, we first treated cultured cells with
selective small molecule inhibitors of NCEH1 (JW480) (28) and
FAAH (PF3845) (29), followed by FP-Bio probe treatment and
sADPL processing. Each small molecule ablated the sADPL sig-
nal for its respective target protein (Fig. 3B and SI Appendix, Fig.
S4). In addition, sADPL detected graded changes in NCEH1
activity levels in response to increased JW480 concentrations, an
indication of direct occupancy of this enzyme by its small molecule
inhibitor (IC50 = 10.5 nM; Fig. 3C). Parallel quantification of
MGLL activity in response to JW480 treatment showed no effect
(Fig. 3C), confirming the specificity of each sADPL signal within
the serine hydrolase family. These results also suggested that both
on- and off-target enzymes could be quantified from in vivo
treatments and clinical samples. To test this possibility, we first
asked whether our sADPL protocol was compatible with target
enzyme profiling in patient-derived peripheral blood mononuclear
cells (PBMCs). FP-Bio probe treatment and sADPL profiling of
isolated PBMCs from human or mouse blood samples resulted in

Fig. 2. Ultrasensitive, specific activity measurements for diverse protein targets in whole proteome with sADPL. (A) sADPL signal profiles for 6 enzyme
targets across whole proteome dilutions from the indicated cancer cell lines. ΔCT, cycle threshold normalized to no lysate (PBS) control. (B) Correlation plot of
representative sADPL runs for NCEH1 activity performed on different days. Each data point represents 3 technical replicates within each biological replicate.
(C) Side-by-side comparison of sADPL with Western blot detection of active and total NCEH1 in PC3 cell proteome, respectively. (D) Total proteome con-
centration limit of detection values for each enzyme, expressed for the sample and assay, which also accounts for dilution during sample processing. (E)
Comparative sADPL profiling of active enzyme levels between aggressive (SKOV3IP1) and nonaggressive (OVCAR3) ovarian cancer cell lines. The mean activity
ratio between lines is shown above each enzyme. (F) Plot correlating SKOV3IP/OVCAR3 activity ratio measured by sADPL (x-axis) and protein abundance
measured by LC-MS/MS (y-axis). Spearman’s r = 0.66. All data points are from triplicate technical replicates from representative biological replicates in 2 or
more biological experiments. Values represent the mean, and error bars represent the SD.
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specific and inhibitor-sensitive signals from each enzyme tested
(Fig. 3D and SI Appendix, Fig. S5).
Given these results, we next asked whether in vivo target en-

gagement of a small molecule could be detected and quantified by
sADPL profiling of PBMCs collected from live animals. C57BL/6
mice were treated with vehicle alone, an approximate ED50 dose
of JW480 (3 mg/kg), or a supersaturating dose of JW480 (80 mg/kg)
for 4 h, followed by PBMC collection and processing for
sADPL (Fig. 3E). In agreement with previously published phar-
macokinetic and pharmacodynamic data on JW480 (28), the
NCEH1-dependent sADPL signal was reduced in a dose-dependent
manner (Fig. 3F). Parallel quantification of the activity of FAAH
and MGLL, 2 related off-target serine hydrolases, showed no
significant inhibition of either target at either dose, consistent with
previous gel-based profiling in mice treated with JW480 (28).
These measurements proved to be extremely sensitive and statis-
tically robust, confirming the potential to directly profile both on-
and off-target engagement of small molecule inhibitors in vivo via
sADPL.

Multiplexed sADPL Enables Parallel Biomarker Profiling of Patient
Tumor Samples. A central aspect of the sADPL design is the con-
version of endogenous protein activity into an amplified, quanti-
fiable oligonucleotide signal. The potential to barcode these signals
enables quantification of multiple protein targets simultaneously
via unique oligonucleotide identifiers and subsequent deconvolu-
tion with real-time PCR or other amplification/detection methods
(30). Given this potential, and our intent to perform many mea-
surements in parallel (e.g., profiling of many targets across many
samples), we also tested whether sADPL could be reformatted for
multiplexed signal “writing” and “reading” of many protein targets
in the same sample. In the multiplexed format, single or multiple
family-wide probes create a uniform biotin/desthiobiotin tag on all
members of the protein family (or families) recognized by a
streptavidin-oligo conjugate containing a universal identifier se-
quence, which also acts as reverse primer binding site (Fig. 4A and

SI Appendix, Fig. S6). Specific active proteins of interest are rec-
ognized with antibody-oligo conjugates each harboring an orthog-
onal identifier sequence located adjacent to a universal forward
primer site. Within this format, all probe-bound target proteins can
be recognized by a universal splint oligonucleotide, which tem-
plates proximity ligation and sequence preamplification. Finally,
each signal can be amplified and detected using a combination of
orthogonal forward primers, universal reverse primer, and qPCR
(Fig. 4A). We tested this multiplexed approach for the 6 active
enzyme biomarkers using new oligonucleotide designs and barcoded
reagents and observed equally robust signal and target fidelity
compared with the single-plex format (Fig. 4 B and C and SI
Appendix, Fig. S7).
Having established the ability of sADPL to rapidly measure

parallel target protein activities with very low input proteome, we
next tested whether sADPL could be used to profile enzyme
activities in human clinical samples. In particular, we sought to
determine whether sADPL profiling of enzymes previously as-
sociated with cancer cell aggressiveness in ovarian cancer patient
samples could provide insight into the biological mechanisms
associated with disease state and progression. Toward this end,
we performed a series of between-patient and within-patient
sADPL profiling screens using banked, flash-frozen primary
ovarian and corresponding metastatic tumors and ovarian cancer
spheroids from patients with high-grade serous ovarian cancer
(Fig. 5A). We first measured the relative activity of 4 serine
hydrolases (NCEH1, MGLL, FAAH and DPP4) and 2 cathepsin
proteases (CTSB and CTSL) in cancer spheroids collected from
15 patients during initial debulking surgery (SI Appendix, Table S1).
In the same samples, we simultaneously measured the abundance
of a loading control protein, GAPDH, using proximity ligation
assay (PLA)-qPCR as a way to normalize for sample, processing,
and amplification differences across patients (SI Appendix, Fig.
S8) (20). The resulting activity profile confirmed that NCEH1,
MGLL, CTSB, and CTSL activities were generally correlated
within the same patient spheroids, whereas active FAAH levels

Fig. 3. Quantification of in vitro and in vivo small molecule target engagement by sADPL. (A) Schematic depiction of in vitro and in vivo proteome processing
and sADPL target engagement profiling. (B) Enzyme-specific sADPL signals for NCEH1 and FAAH, which are completely abrogated following treatment of live
cells with selective inhibitors. (C) Dose-dependent and target-specific engagement of the NCEH1 inhibitor JW480 in PC3 cancer cells quantified by sADPL
quantification of both NCEH1 and MGLL activity. (D) In vitro target engagement in human patient-derived PBMCs across whole-cell proteome dilutions. Data
points are from 3 technical replicates from 2 or more biological replicates. (E) Schematic timeline of in vivo target engagement experiments. (F) sADPL signals
from on-target (NCEH1) and off-target (MGLL and FAAH) enzymes in isolated PBMCs from mice following the indicated in vivo compound treatments for 4 h.
Data in F are derived from triplicate technical measurements from 5 mice dosed across 2 duplicate biological experiments. The whisker plot shows mean
normalized activity signal, with error bars denoting SEM. ns, not significant; **P < 0.01; ***P < 0.001, Student’s t test.
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were more variable and DPP4 activity was undetectable (SI
Appendix, Fig. S9).
These data confirm the potential to perform multiplexed ac-

tivity profiling directly in primary patient samples with sADPL,
which inspired us to next interrogate enzyme activities between
unique tumor compartments in the same patients. To accomplish
this, we profiled matched primary and metastatic tumor tissue
from 18 patients with high-grade serous cancer (SI Appendix,
Table S1). We hypothesized that comparing the relative enzyme
activities between biologically distinct tumor tissues (i.e., primary
tumors in hormone-producing ovaries and metastatic tumors in
adipose tissue-rich omentum) (31) from the same patient could
provide insight into the potential role of these enzymes in metastasis.
As a proof-of-concept example, we executed a multiplexed

analysis of 6 biomarker activities in triplicate from 2 distinct tumor
compartments in 18 ovarian cancer patients all in a single exper-
iment that took approximately 5 to 6 h. This single biological
replicate represents 648 individual quantitative activity measure-
ments with minimal sample preparation and high sensitivity (e.g.,
from nanogram quantities of whole proteome) (Fig. 5 A and B).
This analysis revealed a distinct pattern of activities between tu-
mor sites and several general co-occurring enzyme activity trends
in comparisons across all patients (Fig. 5 B and C). For example,
the activities of both cathepsin proteases CTSB and CTSL were
significantly higher in the primary tumor compared with the cor-
responding metastatic tumor (Fig. 5D). In contrast, several en-
zymes showed no quantitative difference in activity between the
primary and metastatic tissues across the entire patient group (SI
Appendix, Fig. S10A).
The notion that the relative protein activity between primary

and metastatic sites could be informative prompted us to test for
correlations between activity ratios and clinical outcomes, such
as patient survival. Intriguingly, the activity ratio for several en-
zymes, including FAAH, CTSL, and MGLL, showed a significant
negative correlation with disease-free survival across the patient
cohort (Fig. 5E). In all cases, a larger metastatic/primary tumor
activity ratio was correlated with decreased patient survival. The
activity ratio for FAAH was also correlated with overall survival.

Unsupervised k-means clustering of patients using a principal
component analysis of all available clinical data (SI Appendix,
Fig. S10B), segregated patients into 3 distinct groups with statis-
tically significant differences in overall survival and disease-free
survival. The mean FAAH activity ratio differed significantly
among these groups (SI Appendix, Fig. S10 C and D). FAAH has
been peripherally implicated in tumor metabolism, and thus these
data present novel hypotheses for future testing. While conclu-
sions about the prognostic potential of these enzyme activity ratios
are premature given the small patient sample, these data dem-
onstrate that hundreds to thousands of ultrasensitive parallel ac-
tivity measurements can be made directly with fresh or flash-
frozen patient samples in a matter of hours on a benchtop, which
stands in stark contrast to activity-based readouts by existing
methods.

Discussion
We have developed a general chemical proteomic platform that
permits ultrasensitive, multiplexed, and activity-dependent quan-
tification of endogenous proteins in complex biological samples.
This platform is directly compatible with existing (or future)
family-wide chemical probes provided that they have suitable
recognition elements (e.g., biotin or desthiobiotin used here),
thereby providing target-specific information without the need for
dedicated probe development. Compared with PLA-based meth-
ods of detecting protein abundance alone, this method has the
benefit of requiring only 1 polyclonal or monoclonal antibody and
involves formation of the ADPL ternary complex in native binding
conditions. This latter aspect carries the future possibility of in-
terrogating the binding partners of active enzymes, but also the
limitation that an active protein will not be recognized if its
antibody-binding epitope is masked by neighboring proteins or
other biomolecules. Future exploration of additional recognition
moieties, both chemical and orthogonal receptor-based, is war-
ranted to expand the sensitivity and multiplexing capacity of the
approach.
Beyond direct compatibility with a wide range of probes, we

sought to address several limitations associated with existing

Fig. 4. Multiplexed sADPL enables simultaneous quantification of active enzymes. (A) Schematic outline of multiplexed “writing” and “reading” of active
enzyme signals can be performed simultaneously with sADPL. FP, forward primer sequence; RP, reverse primer sequence. (B and C) Signal profiles for rep-
resentative enzyme targets detected by multiplexed sADPL (B), which are highly correlated to single-plex measurements (C) and display comparable dynamic
ranges. All data points are 3 technical replicates from 2 or more biological replicates. Values represent the mean, and error bars represent the SD.
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chemical proteomic platforms. Chief among these were the
trade-offs between the breadth and depth of information pro-
curable by gel-based or MS-based methods, their narrow dynamic
range, and the general requirement for relatively large input
proteome amounts. sADPL overcomes these issues through the
coupling of probe labeling with specific and robust oligonucleotide
amplification. Here we demonstrated that the proximity-dependent
ligation and amplification of barcoded oligonucleotides permits
measurement of active enzymes across families from samples that
are several orders of magnitude smaller than required for Western
blot analysis.
While we have shown that sADPL is uniquely suited for fo-

cused questions around a subset of target proteins, especially in
samples with limited abundance or when higher-throughput pro-
filing is needed, we do not believe that this method should be
viewed as a replacement for LC-MS/MS–based activity profiling
approaches. Rather, we view sADPL as complementary to tradi-
tional gel- and MS-based readouts of active enzymes.
Despite the minimal sample requirements, the resulting quan-

titative activity measurements by sADPL are highly consistent with
bulk measurements made by gel- and LC-MS/MS–based methods.
Direct comparison of protein abundance, measured by LC-MS/MS,
and active protein levels, measured by sADPL, in 2 ovarian

cancer cell lines provided further evidence that protein abun-
dance alone is not a suitable surrogate for protein activity, as in
several cases we observed large differences between abundance
and activity. These results, along with accumulating evidence of
poor correlations between mRNA and protein levels, confirm
the need for methods like sADPL that can directly quantify the
active proteome in complex biological samples. We envision that
future integration of the sADPL workflow with mRNA and
protein abundance measurements from the same samples (through,
e.g., sequencing) could provide new insight into biological regulation
across the central dogma.
Probe-dependent protein detection not only provides a way to

specifically measure active proteins, but also provides opportu-
nities for competitive profiling and detection of small molecule–
protein interactions. Like gel- and MS-based activity profiling,
sADPL is able to directly quantify specific and dose-dependent
engagement of chemical probes with proteins of interest following
in vitro and in situ cellular treatments. Here we extended this
potential to directly measure pharmacodynamic target engage-
ment following in vivo administration of a specific NCEH1 in-
hibitor in mice. sADPL profiling of an readily accessed cellular
sample, PBMCs, showed highly consistent, dose-dependent target
engagement of the intended target in mouse PBMCs. Parallel

Fig. 5. Multiplexed sADPL activity profiling in patient-derived tumor samples. (A) Schematic depiction of sADPL profiling of cancer spheroids and primary
tumor and metastatic tumor tissues. (B) Heatmap depiction of a representative, multiplexed sADPL profiling experiment detecting 6 active enzymes from 2
tumor compartments in 18 patients. All data points are z-scores normalized from 3 technical replicates from 1 biological replicate. Individual activity mea-
surements below the detection threshold are shown in black. (C) Metastatic/primary tumor activity ratio co-occurrence for each enzyme target measured
across the 18-patient cohort. Active enzymes that show higher co-occurrence are yellow on the relative scale. (D) Within-patient activity measurements
between primary and metastatic tumor sites reveals that CTSB and CTSL activities are significantly altered across the patient cohort. *P < 0.05, Wilcoxon
signed-rank t test. (E) Correlation between patient survival and metastatic/primary tumor activity ratios demonstrates the presence of significant negative
correlations for the enzymes shown. Each point represents an individual patient and corresponding mean activity ratio from 3 technical and 2 biological
replicates.
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profiling of 2 related enzyme family members showed no effect
of the NCEH1-specific inhibitor on their activity, confirming spe-
cific target engagement in vivo in a workflow that has minimal
processing steps, is benchtop-compatible, and can be performed
in a matter of hours.
Importantly, the solution-based ADPL approach described

herein is distinct from our previously reported imaging ADPL
readout for several reasons. First, compared with imaging ADPL,
which involves the “writing” and “reading” of activity-dependent
amplicons on the cell surface with iterative incubation and wash-
ing steps, it was not obvious that a “one-pot” approach would
enable target-specific signal when profiling multiple targets with 1
or more family-wide probes. Indeed, we demonstrated that we can
specifically measure the activity of multiple enzymes within and
between families using barcoded reagents and a multiplexing
scheme. This permits profiling of many types of biological samples
with greater ease and higher throughput than would be possible
with imaging-based detection and quantification alone. We an-
ticipate that similar profiling studies could be performed from
isolated cellular or tissue samples (e.g., fine-needle aspirates) as
well as in biofluids for this and other target families, providing a
more robust and accurate measure of drug action compared with
serum concentrations alone.
Finally, the barcoding capacity of the oligonucleotide signals

allows for multiplexed labeling, oligonucleotide amplification,
and quantitative measurements in the same sample. These at-
tributes are specifically attractive for complex, limited-abundance
samples like clinical tissues and fluids, which are an active area of
focus for ultrasensitive protein detection technologies (32–36).
The high-throughput nature of this proof-of-principle application
to clinical samples highlights the ability to perform hundreds to
thousands of activity measurements with minimal sample prepa-
ration, high sensitivity, and good reproducibility. In comparison,
sample preparation and analysis by LC-MS/MS detection would
be considerably more expensive and take weeks to months for the
same experiment.
Owing to the ability to quantify these marker activities across

tumor sites and patients, we discovered several novel disease
associations. For example, we found a significant decrease in the
activity of the cathepsin proteases CTSL and CTSB in the met-
astatic tumor compartment compared with the primary tumor.
This finding is consistent with previous studies implicating high
CTSB and CTSL protein abundance in aggressive ovarian cancers;

however, no previous studies have probed protease activity or
tumor compartment-specific activity (37–39). The relatively high
activity in the primary tumor site is in agreement with the roles of
microenvironment remodeling factors and proteases during the
epithelial-to-mesenchymal transition in primary metastatic tumors
(40), and also could be related to microenvironmental conditions
in the primary tumor that may promote the activity of these en-
zymes. Importantly, protein and mRNA abundance measurements
alone could not detect this context-specific change in activity.
Furthermore, we observed significant trends between the activity
ratio in the metastatic tumors compared with primary tumors for
the lipid-hydrolase enzyme FAAH. While the distinct biological
mechanisms underlying these differences are the subject of future
dedicated investigations, these results establish the potential for
sADPL profiling in clinical samples to provide novel biological
hypotheses as well as potential diagnostic correlations based on
activity and not solely on protein expression. We expect that op-
timized protocols, automation, and contemporary methods to
generate oligonucleotide-protein conjugates (20) will further
augment these capabilities, and that sADPL will find many ap-
plications in the molecular analysis of biological and clinical
samples.

Materials and Methods
The materials and methods used in this study are described in detail in SI
Appendix. Information includes banking patient-derived tumor tissue,
spheroid samples, isolation of human and mouse PBMCs, antibody- and
streptavidin-oligo conjugates, general single-plex sADPL, competitive sADPL
profiling of small molecule target engagement, comparative multiplexed
sADPL activity profiling in patient-derived spheroid cells and tumor tissues,
and PLA assays. Patient-derived cells, tissues, and clinical information were
collected with informed consent and protocol approval by the University of
Chicago’s Institutional Review Board (IRB protocol 13372). All patient in-
formation was deidentified before use in this study.
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