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Carfilzomib (CFZ) is a second-generation proteasome in-
hibitor that is Food and Drug Administration and Euro-
pean Commission approved for the treatment of relapsed
or refractory multiple myeloma. CFZ is an epoxomicin
derivative with an epoxyketone electrophilic warhead that
irreversibly adducts the catalytic threonine residue of the
�5 subunit of the proteasome. Although CFZ produces a
highly potent, sustained inactivation of the proteasome,
the electrophilic nature of the drug could potentially pro-
duce off-target protein adduction. To address this possi-
bility, we synthesized an alkynyl analog of CFZ and inves-
tigated protein adduction by this analog in HepG2 cells.
Using click chemistry coupled with streptavidin based IP
and shotgun tandem mass spectrometry (MS/MS), we
identified two off-target proteins, cytochrome P450 27A1
(CYP27A1) and glutathione S-transferase omega 1
(GSTO1), as targets of the alkynyl CFZ probe. We con-
firmed the adduction of CYP27A1 and GSTO1 by strepta-
vidin capture and immunoblotting methodology and then
site-specifically mapped the adducts with targeted
MS/MS methods. Although CFZ adduction of CYP27A1
and GSTO1 in vitro decreased the activities of these en-
zymes, the small fraction of these proteins modified by
CFZ in intact cells should limit the impact of these off-
target modifications. The data support the high selectivity
of CFZ for covalent modification of its therapeutic targets,
despite the presence of a reactive electrophile. The ap-
proach we describe offers a generalizable method to eval-
uate the safety profile of covalent protein-modifying
therapeutics. Molecular & Cellular Proteomics 15:
10.1074/mcp.M116.059709, 3233–3242, 2016.

Drugs that act by covalently modifying their target mole-
cules through electrophilic reactive groups are being used
with an increasing frequency in the clinic (1, 2). These drugs
are typically characterized by low treatment doses and long
effect durations, as a result of their presumed high specificity
for the target molecule (3). Historically, drug designers have
been reluctant to create compounds that act via covalent
protein modification, because of concerns about potential
toxicity arising from off-target binding of the compound to
other cellular proteins. However, recent successes with de-
signed covalent inhibitors such as ibrutinib have renewed
interest in this class of molecules (1–6).

Carfilzomib (CFZ)1 is a second-generation proteasome in-
hibitor that has been Food and Drug Administration and
European Commission approved for use in relapsed and re-
fractory multiple myeloma (7–9). Structurally, CFZ is an ep-
oxyketone tetrapeptide that irreversibly adducts the protea-
some at catalytic threonine residues in the �5 subunits and
inhibits chymotrypsin like activity of the proteasome (10).
Functionally, CFZ has been demonstrated to overcome resist-
ance to the first-in-class proteasome inhibitor bortezomib and
to inhibit the proteasome for a longer duration (11, 12). In the
clinic, CFZ has been observed to have a broad tissue distri-
bution with a short half-life of less than 30 min. CFZ is well
tolerated with acceptable toxicity profiles and few instances
of dose limiting toxicity resulting in cessation of treatment (13,
14). Both single agent and combination therapies with CFZ
have demonstrated good response profiles for patients with
relapsed/refractory multiple myeloma and CFZ is now under-
going trials for use as a first-line treatment (11, 15–22). How-
ever, an unanswered question for CFZ, and for the field of
covalent inhibitors in general, is the extent to which the elec-From the ‡Department of Biochemistry, Vanderbilt University

School of MedicineNashville, Tennessee; §Onyx Pharmaceuticals, an
Amgen subsidiary, San Francisco, California 94080

Received March 9, 2016, and in revised form, June 10, 2016
Published, MCP Papers in Press, August 8, 2016, DOI 10.1074/

mcp.M116.059709
Author contributions: J.D.F., S.G.C., H.L.W., F.P.G., and D.C.L.

designed research; J.D.F., S.G.C., S.G., M.E.A., E.L., and J.T. per-
formed research; J.D.F., S.G.C., M.E.A., E.L., J.T., H.L.W., F.P.G., and
D.C.L. analyzed data; J.D.F., E.L., J.T., H.L.W., F.P.G., and D.C.L.
wrote the paper.

1 The abbreviations used are: CFZ, carfilzomib; AmBic, ammonium
bicarbonate; AP-MS, affinity purification mass spectrometry; BSA,
bovine serum albumin; co-IP, co-immunoprecipitation; CYP, cyto-
chrome P450; DMEM, Dulbecco’s modified eagle’s medium; DMSO,
dimethylsulfoxide; DTT, dithiothreitol; GST, glutathione transferase
(O1: omega 1); IP, immunoprecipitation; LC-MS/MS, liquid chroma-
tography-tandem mass spectrometry; LDS, lithium dodecyl sulfate;
PBS, phosphate buffered saline; PRM, parallel reaction monitoring;
TBST, tris-buffered saline plus 0.05% Tween-20 (v/v).

Research
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

crossmark

Molecular & Cellular Proteomics 15.10 3233

http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.M116.059709&domain=pdf&date_stamp=2016-8-8


trophilic warhead in a covalent inhibitor produces off-target
damage to proteins. Furthermore, if CFZ does produce pro-
tein damage, is that damage a risk for treatment?

Direct mass spectrometry (MS)-based identification of pro-
tein adduction by covalent inhibitors provides the most ex-
perimentally accessible opportunity to define the potential
off-target adductome of a given drug. The integration of alky-
nyl probes and cleavable click reagents for the purification of
adducted proteins into the MS workflow has greatly broad-
ened the utility of this technique. This approach has proven
valuable for functional proteomics studies by activity-based
proteome profiling (23–25) and to explore cellular protein tar-
gets of oxidants and electrophiles (26–31).

Here we describe the application of an alkynyl analog of
CFZ to explore off-target binding of CFZ to proteins in a
hepatic cell model. We report the identification of 12 off-target
proteins following treatment of HepG2 cells with the alkynyl
CFZ analog at concentrations close to the maximum plasma
concentration of 7.94 �M observed clinically for CFZ at a dose
of 36 mg/m2 (32, 33). We further characterized the sites of
CFZ adduction on two of the off-target proteins and assessed
the effect of adduction on their activities. This study confirms
the high specificity of CFZ for its therapeutic targets and
provides a useful approach to assess the safety of covalent
protein-modifying drugs.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Unless otherwise started, all reagents
were purchased from Sigma-Aldrich (St. Louis, MO). CFZ was pur-
chased from ApexBio (Houston, TX). Purified human GSTO1 was
purchased from Abcam (Cambridge, MA). Human CYP27A1 was
prepared as described (34). Bovine adrenodoxin was expressed in
Escherichia coli DH5� cells with the expression plasmid pBA1159 (35,
36). Bovine NADPH-adrenodoxin reductase was expressed in E. coli
JM109 cells as described (36, 37), using a pCWori� expression vector
(38).

Primary antibodies used in this study were: PSMB5 (Cell Signaling
Technology, Danvers, MA; catalog number 11903S), CYP27A1
(Novus Biologicals, Littleton, CO; catalog number H00001593-D01),
GSTO1 (US Biological, Salem, MA; catalog number 127609), and
streptavidin (Life Technologies, Carlsbad, CA). Secondary antibodies
were from Life Technologies: anti-mouse 680 (catalog number
A21058) and anti-rabbit 680 (catalog number A21109).

Click analogs of CFZ were synthesized by Nanosyn (Santa Clara,
CA). The syntheses of (S)-6-azido-N-((S)-4-methyl-1-((R)-2-methyl-
oxiran-2-yl)-1-oxopentan-2-yl)-2-((S)-4-methyl-2-((S)-2-(2-morpholi-
noacetamido)-4-phenylbutanamido)pentanamido)hexanamide (OP-
0058830; OP-830), 4-methyl-2-[2-(2-morpholin-4-yl-acetylamino)-4-
phenyl-butyrylamino]-pentanoic acid [2-(4-azido-phenyl)-1-
[3-methyl-1-(2-methyl-oxiranecarbonyl)-butylcarbamoyl]-ethyl]-
amide (OP-0058828; OP-828), and 4-methyl-2-[2-(2-morpholin-4-yl-
acetylamino)-4-phenyl-butyrylamino]-pentanoic acid [2-(4-ethynyl-
phenyl)-1-[3-methyl-1-(2-methyl-oxiranecarbonyl)-butylcarbamoyl]-
ethyl]-amide (OP-0058829; OP-829) are described in Supplementary
Methods. The photocleavable azidobiotin click reagent (azido-UV-
biotin) was synthesized as described previously (30).

Cell Culture and Treatments—HepG2 cells were obtained from
ATCC (Manassas, VA) and grown in Eagle’s Minimal Essential Me-
dium (ATCC) supplemented with 10% fetal bovine serum (v/v) (Atlas

Biologicals, Fort Collins, CO) at 37 °C in a humidified atmosphere with
5% CO2 (v/v). Cells were plated in 15 cm dishes prior to treatment.
Plated cells were treated with OP-829 for 1 h at 37 °C, then washed
and harvested in phosphate-buffered saline (PBS). Harvested cells
were pelleted at 100 � g for 5 min at 4 °C and then washed twice with
PBS. Washed cells were frozen at �80 °C until use.

Human hepatocellular carcinoma SNU-449 cells (ATCC) were cul-
tured in RPMI 1640 Medium (ATCC) supplemented with 10% fetal
bovine serum (v/v), 2 mM L-glutamine, and 50 U penicillin and 50 �g
streptomycin per ml. The day before treatment, 30,000 cells per well
were seeded on a 96-well flat bottom plate. The following day, serial
dilutions of test compounds were added to the cells (4 �M maximum
final concentration, 0.1% dimethyl sulfoxide (v/v) (DMSO)) for 1 h
followed by a PBS wash and then addition of hypotonic lysis buffer
(20 mM Tris pH 8.0, 5 mM EDTA).

To assay activity in the SNU-449 cell lysates, succinyl-Leu-
Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC; Boston
Biochem, Cambridge, MA) was utilized as a specific fluorogenic pep-
tide substrate for detection of the chymotrypsin-like activity of the
constitutive (�5) proteasome subunit and immunoproteasome (LMP7/
�5i) subunit (39). Ten �l of sample lysate were mixed with 10 �l of
Suc-LLVY-AMC substrate (60 �M, 1% DMSO (v/v) final) in a 384-well
low volume plate. Signal from the released amino-4-methylcoumarin
reaction product was detected using a fluorescent plate reader
(Tecan, Männedorf, Switzerland) with excitation and emission wave-
lengths of 380 and 465 nm, respectively. Activity was quantified at the
60 min reaction time point and normalized to DMSO-treated controls.
Data are presented as mean � S.E.

Metabolic Stability of CFZ Analogs in Hepatocytes—
Treatment and Sample Preparation—Cryopreserved human hepa-

tocytes (Xenotech, Kansas City, KS) were quickly thawed in a 37 °C
water bath and added to supplemental Dulbecco’s Modified Eagle
Media (DMEM without penicillin/streptomycin) and isotonic Percoll.
Cells were centrifuged and supernatant was aspirated. Cell pellets
were re-suspended in supplemental DMEM (without penicillin/strep-
tomycin) and viable cells were counted using trypan blue and a
hemocytometer. Hepatocyte incubations were performed with a via-
ble cell concentration of 0.75 � 106 cells/ml and a concentration of 1
�M CFZ, OP-828, OP-829, or OP-830. Positive control incubations
with 1 �M 7-ethoxycoumarin and negative control incubations without
substrate were also conducted. Total initial incubation volume was
400 �l. Hepatocytes were incubated in a 37 °C incubator containing
5% CO2/95% ambient air (v/v). Aliquots (50 �l) were collected from
the plates at 0, 15, 30, 60, 90, and 120 min and were mixed with three
volumes of acetonitrile with the internal standard to quench the re-
action. After quenching, cells were centrifuged and diluted 1:2 (v/v)
with water and 0.1% formic acid before analyzing by liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) for quantification.
For these experiments, incubations were conducted in duplicate.

LC-MS/MS Analysis of CFZ Analogs—LC-MS/MS analyses were
performed on an ABSCIEX 5500 QTRAP mass spectrometer (Foster
City, CA) equipped with Shimadzu LC-20ADvp pumps, autosampler,
and controller system (Columbia, MD) using an XBridge BEH C18, 3.5
�m, 2.1 mm � 100 mm column (Waters, Milford, MA). The instrument
was operated in the positive ion electrospray mode using multiple
reaction monitoring with parameters individually optimized for each
compound and internal standard. The mobile phases (both LC-MS
grade) were acetonitrile with 0.1% formic acid (solution A) and water
with 0.1% formic acid (solution B), purchased from J.T. Baker (Phil-
lipsburg, NJ). For CFZ and 7-ethoxycoumarin, the following elution
method was used at a flow rate of 0.3 ml/min: initial isocratic phase at
25% B (v/v) for the first 0.3 min, a linear gradient from 25 to 95% B
over 1.7 min, isocratic phase at 95% B (v/v) for 0.7 min and then
re-equilibration to initial conditions. For OP-828, OP-829, and OP-

Protein Adduction by Carfilzomib

3234 Molecular & Cellular Proteomics 15.10



830, the following elution method was employed at a flow rate of 0.4
ml/min: initial isocratic phase at 25% B (v/v) for the first 0.3 min, a
linear gradient from 25 to 95% B (v/v) over 1 min, isocratic phase at
95% B (v/v) for 1.4 min and then re-equilibration to initial conditions.

CYP27A1 and GSTO Inhibition Assays—Inhibition assays for
CYP27A1 upon CFZ treatment were carried out in 0.5 ml reaction
volume containing 1.0 �M CYP27A1, 2.0 �M adrenodoxin, 0.2 �M

adrenodoxin reductase, 100 mM potassium phosphate buffer (pH
7.5), 150 �M L-�-1,2-dilauroyl-sn-glycero-3-phosphocholine, and a
final cholesterol concentration of 50 �M. The stock solution of cho-
lesterol was prepared in 310 mM (2-Hydroxypropyl)-�-cyclodextrin
(45% HP�CD (w/v)). A 5 �l aliquot of stock cholesterol solution was
added to the 500 �l final reaction volume. The concentration of CFZ
was varied from 2 pM–25 �M. Assays were done with and without
preincubation with CFZ. For with pre-incubation, the reaction mixture
was kept at 37 °C for 1 h. After that, enzymatic reactions were
initiated by the addition of 150 �l of an NADPH-generating system
(final concentrations: 20 mM glucose 6-phosphate, 1 mM NADP�, and
2 U/ml yeast glucose 6-phosphate dehydrogenase) (40) and incu-
bated for 15 min at 37 °C. The reaction was quenched with methylene
chloride (2 ml), and the products were extracted twice with 2 ml of
methylene chloride and centrifuged at 2000 � g for 10 min (23 °C).
The organic layers were combined and evaporated to dryness under
a nitrogen stream. The residues were dissolved in acetonitrile and
subjected to LC-MS (APCI�) analysis. LC-MS was performed on an
LTQ mass spectrometer (ThermoFisher Scientific, San Jose, CA) with
a Waters Acquity UPLC system and ACQUITY UPLC BEH octadecyl-
silane (C18) (1.7 �m, 2.1 mm � 100 mm) column at 35 °C at a flow
rate of 0.3 ml/min. Mobile phase A consisted of 95:5 (v/v) water and
acetonitrile with 0.1% formic acid (v/v); mobile phase B consisted of
5:95 (v/v) water and acetonitrile with 0.1% formic acid (v/v). The LC
gradient was programmed in linear steps as follows: 0–8 min, 80%
mobile phase B (v/v); 8–9 min, 80% mobile phase B to 100% mobile
phase B (v/v); 9–20 min, 100% mobile phase B; 20–21 min, 100%
mobile phase B to 80% mobile phase B (v/v); 21–30 min, 80% mobile
phase B (v/v). The product 27-hydroxycholesterol was detected at
m/z 385 and confirmed by comparing with a commercially available
authentic standard (Enzo, Farmingdale, NY). Data were analyzed us-
ing Prism software (version 5.04, GraphPad, San Diego, CA).

Inhibition assays for GSTO1 upon CFZ treatment were carried out
in 96-well plates using a 0.2 ml reaction volume containing 1.0 nM

GSTO1 enzyme, 1.0 mM GSH, 1.0 mM chloro-2,4-dinitrobenzene, 100
mM potassium phosphate buffer (pH 6.5), and variable amounts of
CFZ. The concentration of CFZ was varied from 5 nM–25 �M. Assay
was done with and without pre-incubation with CFZ. For pre-incuba-
tion, reaction mixture containing PBS, enzyme and CFZ, was kept at
37 °C for 1 h. After that, GSH was added to the reaction mixture and
enzymatic reactions were initiated by the addition of chloro-2,4-
dinitrobenzene, to a final concentration of 1 mM, and a linear increase
in absorbance at 340 nm was monitored (41). Data was analyzed
using GraphPad Prism software (version 5.04).

Detection of OP-829 Adduction of CYP27A1, GSTO and PSMB5 by
Click Capture and Immunoblotting—For each experiment, four plates
of cells treated with OP-829 were lysed in modified NETN buffer (1
ml/plate; 50 mM Na� HEPES, 150 mM NaCl, 0.5% Nonidet Nonidet
P-40 (v/v), 0.25% SDS (w/v), pH 7.5) plus protease and phosphatase
inhibitors (0.5 �M AEBSF, 10 mM aprotinin, 1.0 mM leupeptin, 5 �M

bestatin and 1.0 �M pepstatin, 1.0 mM sodium orthovanadate, 1.0 mM

sodium molybdate, 1.0 mM sodium fluoride, and 10 mM �-glycero-
phosphate). After resuspension in this buffer, the lysates were soni-
cated for 20 pulses, incubated on ice for 20 min, clarified by centri-
fugation at 10,000 � g for 10 min, and filtered through a 0.22 �m
syringe filter GHP membrane (Pall Life Sciences, Radnor, PA). Protein
concentrations were determined using a bicinchoninic acid (BCA)

assay (Life Technologies). A total of 16 mg of protein was used for
each treatment at a concentration of 2.7 mg/ml; samples were split
into two aliquots for ease of sample preparation. Huisgen 1,3-dipolar
cycloaddition (click chemistry) was performed as described (29) with
0.2 mM azido-UV-biotin (30), 1 mM sodium ascorbate, 1 mM cupric
sulfate, and 0.1 mM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
to couple the alkynyl analog-adducted proteins to the N3-UV-biotin
linker. Proteins were precipitated with methanol to remove excess
small molecule reagents, and each sample then was applied to a
prewashed (2� modified NETN) 1 ml slurry of streptavidin beads (GE
Life Sciences, Pittsburgh, PA) and incubated at room temperature
with rotation for 1.5 h. The beads with bound proteins were washed
twice with 1% sodium dodecyl sulfate (w/v), twice with 4 M urea, and
then once each with 1 M NaCl and PBS. The tagged proteins then
were eluted by photorelease with UV light in 1 ml of PBS for 1.5 h. The
eluted proteins were passed through a QIAshredder (Qiagen, Valen-
cia, CA) to remove any beads from the elution and then concentrated
to a total volume of 60 �l in PBS with a 10 kDa molecular weight cutoff
Nanosep centrifugal devices that contain an Omega membrane for
low protein binding (VWR, San Dimas, CA). To the 60 �l concentrated
elution was added 5 �l of 1 M dithiothreitol (DTT) and 15 �l of lithium
dodecyl sulfate (Life Technologies), and the samples were frozen at
�80 °C until use.

For immunoblot analysis, sodium dodecyl sulfate-polyacrylamide
electrophoresis was performed with either 50 �g of cell lysate or 16 �l
of click-labeled, captured protein and run for 50 min at a constant 180
V. Proteins were then electrophoretically transferred to PVDF mem-
branes (Life Technologies) with a BioRad (Hercules, California) wet
transfer system operated at a constant 300 mA current for 90 min at
4 °C. Membranes were blocked with a 1:1 mixture (v/v) of Tris-
buffered saline plus 0.05% Tween-20 (v/v) (TBST) and blocking buffer
(Rockland) for 1 h at room temperature with rocking. Primary anti-
bodies to CYP27A1, GSTO, and PSMB5 were diluted in the same
buffer used for blocking, added to the membrane, and incubated at
4 °C overnight with rocking. After incubation, the membranes were
washed three times with TBST, incubated with the appropriate sec-
ondary antibody diluted 1:10,000 (v/v) in the same buffer used for the
primary antibody, and allowed to rock for 30 min at room tempera-
ture. The membranes were then washed three times with TBST,
visualized using a LiCor Odyssey (Lincoln, Nebraska), and analyzed
using Odyssey v3.0 software.

Sample Preparation for LC-MS/MS Analyses—Bead-bound pro-
teins were eluted in LDS buffer and heated at 95 °C for 10 min prior
to being loaded on a 10% (w/v) Bis-Tris gel (Life Technologies). The
gels were loaded with 30 �l of the eluate (one sample in every other
lane) and were then run at a constant 180 V for 3 min and then
paused. An additional 30 �l of each sample was loaded on top of the
previous sample in the empty loading lanes. The gels were restarted
and allowed to run for an additional 7 min to ensure that all of the
loaded proteins were inside the gel. Gels were then stained with
Simply Blue safe stain (Life Technologies) for 1 min in a microwave
oven and then were destained in distilled water for 2–3 h. Each
sample lane was cut as a single band and diced into �1 mm cubes.
The gel pieces were placed into individual Eppendorf tubes and
washed twice with 200 �l of 100 mM (Ammonium Bicarbonate (AmBic)
buffer). Each sample then was reduced with 5 mM DTT in AmBic
buffer for 30 min at 60 °C while shaking at 1000 rpm and then
alkylated with 10 mM iodoacetamide in AmBic buffer for 20 min in the
dark at room temperature. Excess blue die was then removed with
three 200 �l washes of 1:1 (v/v) 50 mM AmBic buffer/acetonitrile and
the gel pieces were dehydrated by soaking in 100% acetonitrile for 20
min. The gel pieces were rehydrated in 200 �l of 25 mM AmBic buffer
with 500 ng of trypsin per sample and placed in a 37 °C incubator for
16 h. Peptides were extracted with three 20 min incubations of 200 �l
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of acetonitrile: water (3:2, v/v) containing 1% formic acid and evap-
orated to dryness in vacuo. The peptides were resuspended in 50 �l
of water containing 2% acetonitrile and 0.1% formic acid and injected
for LC-MS/MS analysis.

LC-MS/MS Analyses—LC-MS/MS shotgun proteomics of the sin-
gle gel fraction samples were carried out on a Q Exactive mass
spectrometer (ThermoFisher Scientific) equipped with a Proxeon
nLC1000 LC (ThermoFisher Scientific) and a Nanoflex source
(ThermoFisher Scientific). Peptides were loaded onto a 15-cm long
column with a 75 �m internal diameter (New Objective, Woburn, MA)
packed with 3 �m particle size and 120 Å pore size ReproSil-Pur
C18-AQ resin (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany).
Peptides were eluted over a 150 min gradient with a mobile phase
containing aqueous acetonitrile and 0.1% formic acid programmed
from 2–5% acetonitrile over 15 min, then 2–35% acetonitrile over 100
min, then 35–90% acetonitrile over 5 min, then 11 min at 90%
acetonitrile, then 7 min from 90–2% acetonitrile, followed by holding
at 2% acetonitrile for 2 min, all at a flow rate of 300 nl/min. A single
MS1 scan from m/z 300–1800 at 70,000 resolution with an automatic
gain control (AGC) of 1e6 and max injection time of 5 msec was
recorded as profile data. A top 12 method was used whereby the 12
most intense precursors were automatically chosen for MS2 analysis
and a dynamic exclusion window of 20 s was employed. For each
MS2 scan, a resolution of 17,500, and AGC of 1e5, a max injection
time of 250 msec, a 2.5 m/z isolation window, and a normalized
collision energy of 27 was used and profile data were recorded.

Parallel reaction monitoring (PRM) assays were performed on a Q
Exactive Plus instrument (ThermoFisher Scientific) equipped with a
Proxeon nLC1000 LC (ThermoFisher Scientific) and a Nanoflex
source (ThermoFisher Scientific), utilizing the same LC column as
described above. For PRM analyses, peptides were separated over a
70 min gradient: from 2–5% acetonitrile over 5 min, then 5–35%
acetonitrile over 50 min, then 35–90% acetonitrile over 5 min, fol-
lowed by 10 min at 90% acetonitrile, at a flow rate of 300 nl/min. The
PRM method consisted of an MS1 scan at 17,500 resolution with an
AGC value of 3e6, max injection time of 64 msec, and scan range
from m/z 380–1500 recorded as profile data. This was followed by 14
targeted MS2 scans at a resolution of 17,500 and with an AGC value
of 5e5, a max injection time of 80 msec, a 0.5 m/z isolation window,
a fixed first mass of 150 m/z, normalized collision energy of 27, and
recorded as profile data. The targeted-MS2 methods were controlled
via an inclusion list containing the target precursor m/z values and
charges (supplemental Tables S1 and S2).

Data Analysis—Thermo .raw datafiles from shotgun LC-MS/MS
runs were converted to mzml format using Proteowizard version
3.0.5211 (42). The mzml files were searched using MyriMatch version
2.1.132 (43) and MS-GF� version 9517 (44) against the human Ref-
seq version 54 database (Sep 25, 2012; 34,590 entries). A semi-
tryptic search was employed with a maximum of four missed cleav-
ages allowed. A fixed carbimidomethyl modification on Cys, a variable
OP-829 adduction on Thr with a monoisotopic mass of 743.4258, a
variable oxidation on Met, and a pyro-Glu on Gln were allowed with a
maximum of 3 dynamic mods per peptide with a precursor ion toler-
ance of 15 ppm and a fragment ion tolerance of 20 ppm. Protein
identifications required a minimum of two distinct identified peptides.
A target-decoy search was employed using a reverse sequence da-
tabase to allow calculation of FDR for peptide-spectrum matches
(45). Protein-level FDR was calculated by dividing the number of
reverse sequence proteins identified by the total number of proteins
identified, multiplying by two and converting to a percent. All search
result files were parsimoniously assembled in IDPicker 3 version
3.1.643.0 (46).

PRM analyses to detect CFZ-modified peptides were designed and
analyzed using Skyline (47). Summed peak areas of the three best

transitions of the target adducted and unadducted peptides were
normalized to an internal reference peptide (a different unmodified
peptide from the same protein) (48) to control for variations in instru-
ment performance and protein loading on the gel. To confirm identi-
fication of adducted peptides, manual inspection and annotation of
adducted peptide spectra was performed.

Experimental Design and Statistical Rationale—Metabolic stability
and activity assays for CFZ and the three analogs were performed
in biological duplicate to evaluate reproducibility. Shotgun LC-
MS/MS analyses of OP-829 adducted proteins were performed in
biological triplicate. Statistical analysis of shotgun data was carried
out using Quasitel, which requires at least three replicates in order
to effectively identify differences using a generalized linear model-
ing approach (49). Targeted identification of CFZ adducted peptide
spectra were performed once, although each analysis provided
several examples of each adducted spectrum. Protein inhibition
assays for CYP27A1 and GSTO1 were performed with 3 and 1
replicates respectively. Raw data files can be downloaded at:
ftp://massive.ucsd.edu/MSV000079427.

RESULTS

To identify cellular proteins modified by CFZ, we employed
a click chemistry-based strategy, which has been used in
several recent studies to identify targets of covalent protein
modification (23, 24, 28–31, 50). With this technique, a tagged
(alkyne or azido group) small molecule is introduced into cells
and allowed to react with target proteins. The cells are lysed
and the adducted proteins are linked by a copper catalyzed
cycloaddition reaction to a linker containing a complementary
azido or alkynyl functional group and an affinity tag (usually
biotin). This linker-protein adduct conjugate is then purified
with streptavidin for identification and analysis.

For this technique, we initially prepared three CFZ analogs
(Fig. 1A and supplemental Methods). After verifying the suc-
cess of the compound synthesis, all three analogs were
tested for metabolic stability and proteasome inhibition activ-
ity (Fig. 1B and supplemental Fig. S1A). All three CFZ analogs
exhibited proteasome inhibitory activity comparable to CFZ
and compounds OP-829 and OP-830 exhibited similar stabil-
ity in hepatocytes. Compound OP-829 was chosen for further
analysis based on these data and the ready availability of the
photocleavable click biotinylation reagent azido-UV-biotin,
which we had used previously for similar analyses (30).
MS/MS analyses of both CFZ and OP-829 were performed to
further confirm their structures and identify the fragmentation
patterns of both compounds (supplemental Fig. S1B–S1C).

HepG2 cells were chosen as our cellular model for carfil-
zomib adduction as they are derived from human liver cells
and thus contain a relevant protein population. Cells were
treated (biological triplicates) with 0 �M (DMSO vehicle control
0.05% v/v), 2.5 �M, or 5 �M OP-829 and adducted proteins
were biotinylated with azido-UV-biotin, captured with strepta-
vidin, and analyzed by LC-MS/MS (Fig. 1C).

After MS/MS analysis and database search, peptide-spec-
trum matches were filtered at a 1% FDR and the datasets
(three replicates each of the 0, 2.5, and 5 �M OP-829 treat-
ments) were combined to generate a single protein assembly
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(see supplemental Data set). To control protein-level FDR, a
minimum of 10 MS/MS spectra per protein was required for
retention in the final dataset. A total of 882 protein groups
(indistinguishable proteins) were identified across all condi-
tions at a protein FDR estimated at zero (i.e. no reversed
sequence proteins were in the final dataset).

Initial examination of the spectral count profiles for proteins
identified at the two OP-829 treatment levels indicated a

steep decline in spectral counts (�100 fold) from the most
highly represented to least highly represented proteins (sup-
plemental Fig. S2A). This relationship contrasts dramatically
with that observed in our previous study (29) for protein ad-
duction in RKO cells by the relatively nonselective lipid elec-
trophile probes alkynyl-4-hydroxy-2-nonenal (aHNE) or alky-
nyl-4-oxo-2-nonenal (aONE), which exhibited a shallow
spectral count differential (�10-fold) between the most and

FIG. 1. Carfilzomib off-target identification strategy. A, The structures of the parent carfilzomib compound and three clickable analogs of
it. B, Metabolic stability and activity assays comparing the performance of the click analog compounds to the parent compound. C, Workflow
for the click capture and LC-MS/MS of the OP-829 analog in HepG2 cells.
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least highly represented proteins (supplemental Fig. S2B).
Among the most highly represented OP-829 targets were
proteasome subunits that are known therapeutic targets of
CFZ.

Inventories from click labeling and streptavidin capture in-
evitably contain proteins that nonspecifically copurify with
true probe targets. To generate the highest confidence in-
ventory of OP-829 targets, we performed spectral count
based comparisons by generalized linear modeling with the
program Quasitel (49). The generalized linear modeling ap-
proach generates quasi-FDR values (multiple comparison
adjusted quasi-p values). The two treatment conditions (2.5
and 5 �M) each were compared with the untreated (DMSO)
controls to identify proteins that increased significantly in
spectral counts relative to the untreated controls. We further
assumed that true OP-829 targets should demonstrate con-
centration-dependent increases in spectral counts with in-
creasing probe dose.

Based on these considerations, we employed a tiered
approach to identify the highest confidence OP-829 target
proteins, as shown in Table I. In addition to criteria for
inclusion into the final protein assembly, we required that
protein differential expression between OP-829 treatment
and control have a quasi.fdr � 0.1 and that differential
proteins display at least fourfold higher spectral counts in
OP-829 treated cells than in controls (last column, Table I).
This reduced the dataset from over 800 proteins to just 27
in the 2.5 �M to DMSO comparison and 32 in the 5 �M to
DMSO comparison.

Overlapping the proteins identified in the filtered dataset
above showed that there were a total of fifteen common
proteins at the highest stringency criteria for both treatment
levels (Table II). Of those fifteen proteins, three (PSMA1,
PSMB3, PSMB5) were components of the proteasome, which
is the known target of carfilzomib. Of the other twelve, ten
were present at a total of 51 spectral counts or less for the
data set and thus represent low-level protein adduction can-
didates. The final two proteins in the list, CYP27A1 and
GSTO1, both demonstrated OP-829 concentration-depend-
ent increases in spectral counts with total spectral counts of
184 and 200 respectively and thus constituted potential off-
target proteins. We chose to further investigate CYP27A1 and
GSTO1 as potential CFZ adduct targets.

Comparison of the spectral counts of GSTO1 and CYP27A1
to the known carfilzomib target protein (PSMB5) showed sim-
ilar concentration-dependent increases in spectral counts
with OP-829 treatment concentration (Fig. 2A). To validate our
observations of selective, OP-829 concentration-dependent
adduction for these three proteins, we performed immunoblot
analyses on the UV-photoreleased proteins following click-
streptavidin capture (Fig. 2B). We detected both PSMB5 and
GSTO1 in the elution lanes of both the 2.5 and 5.0 �M OP-
829-treated samples but not in the untreated control samples,
thereby confirming the MS results. We were unable to confirm
the presence of CYP27A1 in the click UV photoelution sam-
ples by immunoblotting; this may have been because of the
inability of the antibody to recognize the adducted form of the
protein. However, we attempted to probe these samples for
CYP27A1 with several different antibodies, but were unable to
detect the protein (data not shown).

To further characterize CYP27A1 and GSTO1 as off-target
proteins for CFZ adduction, we performed two additional
experiments on purified proteins in vitro. First, we treated the
proteins in vitro with OP-829, repeated the adduct click
biotinylation, and analyzed them by immunoblot streptavidin
detection (Fig. 3). CYP27A1 did indeed exhibit a dose-de-
pendent increase in adduction (Fig. 3A), consistent with the
LC-MS/MS results. GSTO1 also showed an OP-829 concen-
tration-dependent increase in adduction (Fig. 3B), which ap-
peared to be more modest than for CYP27A1.

We also considered the possibility that, even though the
alkynyl CFZ analog OP-829 adducted these proteins, CFZ
may not. We thus treated the pure proteins with carfilzomib
and then performed parallel reaction monitoring (PRM) tar-
geted MS analyses for cysteinyl peptides in both unadducted
and CFZ-adducted forms. We identified CFZ adducts on three
peptides for CYP27A1 (Cys228, Cys427, and Cys476; sup-

TABLE I
Filtering process for candidate OP-829 adducted proteins

Comparison PSM FDR � 1%;
� 6 spectra/protein

Proteins Proteins

quasi.fdr �
0.10

� 4-fold
change

DMSO vs 863 31 27
OP-829 2.5 �M

DMSO vs 845 41 32
OP-829 5.0 �M

TABLE II
Proteins identified at 2.5 and 5.0 �M OP-829 treatment concentrations

or both concentrations

OP-829 2.5 �M Both OP-829 5.0 �M

CES2 AIFM1 C3
CPNE3 CYP27A1 CTSB
KIAA0368 DHRS1 DDX18
LMAN1 ERMP1 GNL3
NOL11 FBL H2AFY2
PGAM5 GSTO1 ILF3
PSMB8 PSMA1 IQGAP1
PTGR1 PSMB3 KHSRP
RSL1D1 PSMB5 MCCC2
SEC24A RPL19 METTL7A
TXNRD1 SEC63 NSUN2
ZMPSTE24 SGPL1 PSMB10

TXNDC12 PSMB7
UPF1 PSPC1
YME1L1 RRM1

SAMM50
TFB1M
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plemental Fig. S3A) and two peptides for GSTO1 (Cys32 and
Cys192; supplemental Fig. S3B), thus confirming that CFZ
itself can adduct these proteins. In addition to the CFZ
mass-shifted precursor and peptide fragment ion signals,
the MS/MS spectra also contained characteristic fragments
of CFZ itself (see supplemental Fig. S1B), which increased
confidence in the spectral annotation. Interestingly, Cys476
on CYP27A1 has been reported to be important for binding
of the heme group to this enzyme (51) and Cys32 on GSTO1
is the known active site cysteine residue (52). These adduct
site localizations suggested that adduction of these proteins
may impact enzymatic activity.

Having established sites of CFZ adduction on CYP27A1
and GSTO, we quantified the unadducted and CFZ-adducted
cysteinyl peptides following treatment of the purified proteins
in vitro with 0, 1, and 10 �M CFZ (supplemental Fig. S4,
supplemental Table S3). Although the adducted peptides in-
creased with CFZ treatment concentration, the levels of the
unadducted peptides decreased only modestly. This result, in
incubations of CFZ with purified protein, suggests that, al-
though CYP27A1 and GSTO1 are significantly adducted in
treated cells, the fractional consumption of these enzymes is
expected to be low. In contrast, PRM analysis of the OP-829-
adducted and unadducted PSMB5 N-terminal Thr-containing

FIG. 2. Verification of CFZ adducted
proteins. A, Plots of spectral counts for
the proteasome and two off-target pro-
teins from the shotgun study demon-
strating concentration-dependent in-
creases. B, Immunoblot validation of MS
data. See text for discussion of lack of a
positive signal for CYP27A1.

FIG. 3. Adduction of CYP27A1 and
GTSO1 in vitro. Concentration depend-
ent adduction of (A) CYP27A1 and (B)
GSTO1 by OP-829 in vitro as assessed
by streptavidin-based immunoblots.
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peptide (the therapeutic target of CFZ) from OP-829-treated
HepG2 lysates indicated near-complete consumption of the
unadducted peptide (supplemental Fig. S4).

Having confirmed that CYP27A1 and GSTO1 were both
alkylated by CFZ on potentially important residues, we deter-
mined whether these modifications inhibit catalytic activities
of these proteins. We tested for functional inhibition of each
protein by analysis of cholesterol 27-hydroxylation activity
(CYP27A1) and of chloro-2,4-dinitrobenzene-glutathione con-
jugation (GSTO1) in vitro. CFZ produced concentration-de-
pendent inhibition of both proteins (Fig. 4).

DISCUSSION

An important problem presented by the emergence of elec-
trophilic covalent protein-modifying drugs is the scope and
impact of off-target protein binding. We chose to address this
question for the drug CFZ by utilizing the alkynyl analog
OP-829, which allowed us to specifically purify and identify

adducted proteins through LC-MS/MS shotgun assays. In
addition to the known proteasome covalent targets of OP-829,
we identified CYP27A1 and GSTO1 as off-target proteins with
which the probe formed covalent adducts. We validated the
adduction of CYP27A1 and GTSO1 by OP-829 through immu-
noblot analysis and directly identified peptide sequences ad-
ducted in vitro by CFZ itself. We demonstrated a concentration-
dependent decrease in enzymatic function of both CYP27A1
and GSTO1 in vitro upon CFZ treatment. Nevertheless, our data
suggest that the impact of inhibition of these enzymes by CFZ
at therapeutically relevant concentrations would be minimal and
that, despite our identification of off-target binding, CFZ dis-
plays impressive selectivity for its therapeutic targets.

Our studies with CFZ and OP-829 provide a generalizable
strategy to identify potential off-target protein adducts of a
drug and to assess the potential for off-target protein modi-
fications to contribute to toxicity. The creation of a clickable
analog compound with a similar activity profile offers a
straightforward way to test for off-target adduction in relevant
model systems. Combining the click purification of protein
adducts with high throughput quantitative LC-MS/MS assays
makes identifying off-target proteins fast and efficient. We
synthesized the alkynyl CFZ analog OP-829, which was suit-
able for click chemistry-based immunopurification and had a
similar activity profile to the parent CFZ molecule. Two other
CFZ analogs were not further evaluated but could have pro-
duced reinforcing datasets. Subsequent LC-MS/MS assays of
adducted proteins identified a small number of potential off-
target proteins. We then used orthogonal methods to validate
the adduction of two of these proteins (CYP27A1 and GSTO1)
by both the alkynyl analog and the parent CFZ. This additional
validation of the two most abundantly adducted proteins in the
shotgun analysis by the parent chemical structure serves as a
proof of concept for the utility of this approach for the investi-
gation of off-target binding by covalent inhibitors.

We note that this approach is distinct from activity-based
protein profiling with chemoselective probes (23–25), where
the objective is functional protein classification based on probe
reactivity. The use of click analog molecular probes to assess
target selectivity of candidate proteasome inhibitors has been
described (53, 54), but the assessment of global target speci-
ficity is a novel, but important extension of this approach. In-
deed, recent studies of antitumor drugs that covalently modify
the epidermal growth factor receptor have employed clickable
analogs to profile off-target reactivities (55).

A potential concern with probe capture strategies is non-
specific binding of proteins to the capture beads, which pro-
duces false-positive target identifications. This can be con-
trolled in several ways, including the use of a biologically
inactive clickable analog of the probe compound. However,
this type of control may not be appropriate for studies of
covalent modifiers, where the issues of structure specificity
and covalent modification are difficult to separate. Thus, we
employed a vehicle control, together with two concentrations

FIG. 4. Functional effect of protein adduction by CFZ. (A)
CYP27A1 and (B) GSTO1 were adducted by CFZ in vitro and activity
assays were performed to assess the consequences of adduction.
Both proteins show concentration-dependent decreases in activity in
response to adduction.
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of the probe. Proteins that are true targets of the probe should
be modified in higher amounts with increasing probe concen-
tration, as we have shown in previous studies of electrophile
targets (29). This requirement combined with a tiered data
analysis strategy provided a stringent filtering of proteins
identified in the capture experiments.

The limited number of off-target CFZ-adducted proteins
identified by our shotgun study highlights the specificity of
CFZ for its target. Evidence of specificity is indicated by
ranking OP-829 protein targets by spectral counts, where a
few proteins had high spectral counts but most were repre-
sented by few spectral counts, which is consistent with the
profile for modification by a nonspecific electrophile (supple-
mental Fig. S2). Of the proteins with higher spectral counts,
proteasome components represented known therapeutic tar-
gets for CFZ modification. However, this group also included
CYP27A1 and GSTO1, which we validated as targets of OP-
829 and CFZ. However, adduction by a covalent inhibitor
does not necessarily imply any functional consequences. To
evaluate the impact of the CFZ off-target adduction, we
treated CYP27A1 and GSTO1 in vitro with increasing amount
of CFZ and evaluated the impact of adduction on protein
function (Fig. 4). We measured inhibition of enzymatic activi-
ties for both proteins by CFZ treatment with IC50 values in the
micromolar range. However, our quantitative estimates of ad-
duction of CYP27A1 and GSTO in vitro suggests that these
proteins are much less efficiently modified than proteasomal
targets and that fractional inhibition of these off-targets would
be minimal in intact cells.

Given that CFZ has been well tolerated in the clinic with few
reports of dose-limiting toxicity, it is perhaps not surprising
that the number of off-target proteins identified in our study
was low. The data presented here demonstrate that this elec-
trophilic drug displays high specificity for its therapeutic target
and adds further mechanistic support to the clinical safety
profile of CFZ.
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