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Abstract

Liver microsomes are widely used to study xenobiotic metabolism in vitro and covalent binding to
microsomal proteins serves as a surrogate marker for toxicity mediated by reactive metabolites. We
have applied liquid chromatography-tandem mass spectrometry (LC-MS-MS) to identify protein
targets of the biotin-tagged model electrophiles 1-biotinamido-4-(4'-[maleimidoethylcyclohexane]-
carboxamido)butane (BMCC) and N-iodoacetyl-N-biotinylhexylenediamine (IAB) in human liver
microsomes. The biotin-tagged peptides resulting from in-gel tryptic digestion were enriched by
biotin-avidin chromatography and LC-MS-MS was used to identify 376 microsomal cysteine thiol
targets of BMCC and IAB in 263 proteins. Protein adduction was selective and reproducible and
only 90 specific cysteine sites in 70 proteins (approximately 25% of the total) were adducted by both
electrophiles. Differences in adduction selectivity correlated with different biological effects of the
compounds, as IAB, but not BMCC induced ER stress in HEK293 cells. Targeted LC-MS-MS
analysis of microsomal glutathione-S-transferase cysteine 50, a target of both IAB and BMCC,
detected time-dependent adduction by the reactive acetaminophen metabolite N-acetyl-p-
benzoquinoneimine during microsomal incubations. The results indicate that electrophiles
selectively adduct microsomal proteins, but display differing target selectivities that correlate with
differences in toxicity. Analysis of selected microsomal protein adduction reactions thus could
provide a more specific indication of potential toxicity than bulk covalent binding of radiolabeled
compounds.

Liver microsomes are widely used to study the metabolism of drugs and other xenobiotics in
vitro. Microsomes are membrane vesicles that consist largely of ERL, with lesser contributions
from plasma membranes, lysosomes, peroxisomes, nuclear membranes and cytoplasm and
have high specific contents of CYP, UGT, GST, FMO and other xenobiotic-metabolizing
enzymes (1). In vitro microsomal metabolism studies provide a useful indication of primary
oxidative pathways for metabolism of drugs and are widely employed in exploratory drug
metabolism and safety evaluation (2). Microsomal metabolism studies also are widely used in
toxicity screening, as reactive metabolites bind covalently to microsomal proteins (3). This
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covalent binding often reflects the tendency of a compound to produce covalent binding and
toxicity in vivo (4).

Despite the widespread use of in vitro microsomal covalent binding to assess the formation of
reactive metabolites, very little is known about the microsomal protein targets of reactive
metabolites. In common practice, covalent binding assays detect only bound radioactivity after
incubations with radiolabeled substrates. Levels of covalent binding are low (typically in the
range of pmol mg 1 microsomal protein) and potential for modification of perhaps hundreds
of microsomal proteins has precluded the characterization of covalent binding in any molecular
detail (3).

Identification of the protein targets of covalent binding becomes important in three contexts.
First, elucidation of electrophile targeting of proteins at the sequence and structure level
provides new insights into the factors that govern the susceptibility of proteins to damage.
Second, drugs and chemicals whose metabolites bind covalently to proteins nevertheless may
differ considerably in toxicity (5,6). Identification of targets and binding patterns whose
modification is associated with toxic outcomes could enable prediction of toxicity with greater
specificity. Finally, microsomal covalent binding is also significant because microsomes are
formed from ER, which plays a key role in cellular stress responses.

ER stress describes the cellular response to unfolded proteins, perturbations in protein thiol-
disulfide redox status and protein glycoslyation abnormalities in the ER (7,8). The ER stress
response is thought to be triggered by binding of the ER resident chaperone Bip/GRP78 to
unfolded or misfolded proteins in the ER lumen, thereby dissociating BiP from and activating
the proteins PERK, ATF6 and IRE1. BiP isamember of the Hsp70 family of protein chaperones
and increases in levels of unfolded proteins are thought to lead to BiP dissociation from these
mediators, which then down regulate protein translation and up regulate transcription of ER
stress response genes and activate complementary stress pathways (8). The ER stress pathway
is induced by reactive electrophiles and thus appears to govern susceptibility and adaptation
to chemical toxicity (9,10). Recent work also indicates that S-nitrosylation of ER proteins
contributes to ER stress associated with neurodegenerative disease (11).

Previous work has applied immunoblotting methods or radiolabeling to detect and identify a
small number of ER proteins adducted by reactive metabolites of halothane, diclofenac,
bromobenzene, acetaminophen and other xenobiotics (12-20). Immunochemical approaches
are limited by the availability, sensitivity and specificity of antibodies against adducts, whereas
radiolabeling is limited by the specific activity of radiolabel. In both cases, detection of bands
or spots on 1D or 2D gels led to the identification of protein(s) that co-migrate with the detected
label. These analyses identified protein and peptide sequences, but did not identify specific
adducts at the level of amino acid sequence. This reflects not only the limitations of the methods
used (e.g., Edman sequencing), but also the difficulty of detecting adducts in the presence of
excess unmodified proteins in complex mixtures.

The use of affinity-tagged model electrophiles has recently provided new opportunities to probe
the specificity and selectivity of covalent protein binding by model electrophiles. Biotin-tagged
electrophiles containing electrophilic functional groups can be used to probe complex
proteomes for protein targets that display affinity and high reactivity towards specific
chemotypes (21,22). Application of biotin-tagged model electrophiles together with shotgun
proteome analyses by LC-MS-MS has recently enabled sequence-specific identification of
over 500 electrophile protein targets in cytoplasmic and nuclear protein fractions from human
cells (23).

Here we have applied the same approach to identify protein targets of biotin-tagged model
electrophiles BMCC and IAB (Figure 1) in human liver microsomes. The biotin-tagged
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peptides resulting from in-gel tryptic digestion were enriched by biotin-avidin chromatography
and LC-MS-MS was used to identify 376 microsomal cysteine thiol targets of BMCC and IAB
in 263 proteins. Protein adduction was selective and reproducible and correlated with different
biological effects of the compounds, as IAB, but not BMCC induced ER stress in HEK293
cells. The results indicate that electrophiles selectively adduct microsomal proteins, but display
differing target selectivities. Assessment of microsomal protein adduction selectivity thus
could provide a more specific indication of potential toxicity than bulk covalent binding of
radiolabeled compounds.

EXPERIMENTAL PROCEDURES

Chemicals and reagents

Human liver

BMCC, IAB and DTT were obtained from Pierce (Rockford, IL). Streptavidin sepharose was
from Amersham Bioscience (Piscataway, NJ) and an Alexa Fluor 680-conjugated streptavidin
was from Molecular Probes (Eugene, OR). Mass spectrometry grade trypsin (Trypsin Gold)
was purchased from Promega (Madison, WI) and other reagents were from Sigma (St. Louis,
MO). Antibody to BiP/GRP78 was from BD Transduction Laboratories (San Jose, CA).
Antibody to a-actin was from Abcam (Cambridge, MA). Antibody to calreticulin was from
Affinity Bioreagents (Golden, CO). Alexa Fluor 680-conjugated anti-mouse 1gG secondary
antibody was from Molecular Probes (Junction City, OR).

microsomes and cell culture

Human liver microsomes were generously provided by Drs. F.P. Guengerich and M.V. Martin.
Human livers were obtained from organ donors through Tennessee Donor Services (Nashville,
TN), stored at —80°C and used to prepare microsomes by differential ultracentrifugation as
described previously (24,25). The final microsomal pellet was washed and resuspended in 10
mM Tris acetate buffer (pH 7.4) containing 1 mM EDTA and 20% glycerol. Protein
concentrations were estimated using the bichinchoninic acid method according to the supplier’s
recommendations (Pierce Chemical Co., Rockford, IL) using bovine serum albumin as a
standard. The isolated microsomes were stored at —80°C. For treatment with electrophiles, 3—
5 mg mL~1 of microsomes were incubated with 100 uM BMCC or IAB in 50 mM Tris-HClI,
5mM EDTA, pH 8.0 at 37°C for 30 min and the reactions were stopped by adding DTT to a
final concentration of 10 mM at room temperature. The samples then were suspended in LDS
4X loading buffer (Invitrogen, Carlsbad, CA) for SDS-PAGE.

HEK?293 cells were obtained frozen at low passage from Master Cell Bank cultures from
GIBCO Invitrogen Cell Culture (Grand Island, NY). Cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 pg/mL
penicillin and 100 pg/mL streptomycin. Cells at approximately 90% confluence in 100 mm
plates were washed with PBS and treated with up to 100 uM of electrophile or equal volumes
of vehicle (DMSO at 0.3% of total volume) delivered in 4 mL DMEM with 5% fetal bovine
serum.

SDS-PAGE and western blot analyses

Microsomal proteins were separated on a NUPAGE 10% SDS-PAGE gel (Invitrogen, Carlsbhad,
CA) using NUPAGE MOPS SDS running buffer. Each gel lane was loaded with 40 pg
microsomal protein in 4X LDS buffer. Proteins on the gels were stained with colloidal
Coomassie blue (Invitrogen). For detection of electrophile adduction, BMCC- or IAB-treated
microsomal proteins separated on gels were transferred to PVVDF membranes and biotin-labeled
proteins were detected by immunablotting with Alexa Fluor 680-conjugated streptavidin
(Molecular Probes, Junction City, OR). For the analysis of BiP induction by electrophiles,
HEK?293 cells were treated with IAM, IAB, BMCC or NEM for 0, 3, 8 and 24 h and then lysed
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in NP-40 buffer (1% NP-40, 50 mM Tris-Cl, pH7.4, 150 mM NaCl, 5 mM EDTA) with protease
inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Proteins (15 pg) were separated on
10% SDS-PAGE gels and transferred to PVDF membranes for western blot. BiP was detected
by immunoblot analysis with anti-BiP at a 1:500 dilution. Anti-a-actin (loading control) was
used at a 1:3000 dilution. Detection was done with an Alexa Fluor 680-conjugated anti-mouse
secondary antibody. Immunoblot images were acquired and processed using the Odyssey
infrared imaging system (Li-Cor Biosciences, Lincoln, NE).

To detect adduction of BiP and calreticulin by western blotting, microsomes (400 pg protein)
treated with BMCC or IAB were incubated with streptavidin sepharose high performance beads
(GE Life Sciences, Piscataway, NJ) to capture biotinylated proteins. The supernatant
(designated “flow-through™) was collected and the beads then were washed twice with RIPA
buffer and once with water. Bound proteins then were eluted with 25% acetonitrile/1M acetic
acid for 1 h at room temperature, followed by a second elution overnight. Proteins taken from
lysates, from flow-through and eluate fractions were separated on 10% SDS-PAGE gels and
transferred to PVDF membranes for western blotting. BiP and calreticulin in these fractions
were detected by immunoblot analysis with anti-BiP at a 1:500 dilution or anti-calreticulin at
1:1000 dilution. Detection and image analysis were done as described above.

In-gel digestion and peptide extraction

SDS-PAGE gel lanes containing microsomal proteins were cut into 18 slices comprising the
entire molecular weight range and each individual gel slice was further cut into 1 mm pieces,
which were washed in 100 mM ammonium bicarbonate and subjected to reduction and
alkylation with DTT and iodoacetamide as described (26). Gel pieces were then dehydrated
with acetonitrile and residual solvent was evaporated in vacuo in a SpeedVac vacuum
centrifuge (Thermo-Fisher Scientific, Waltham, MA). Dried gel pieces were rehydrated on ice
in 25 mM ammonium bicarbonate containing 10 pg mL™1 of trypsin for 10 min and then
incubated overnight at 37°C. Digested peptides were extracted twice from the gel pieces with
1% aqueous formic acid/60% acetonitrile for 15 min and then evaporated to dryness in a
SpeedVac. Samples were resuspended in 100 mM ammonium bicarbonate for affinity capture.

Affinity capture of biotinylated peptides

Biotinylated peptides from each gel slice were subjected to affinity capture using 0.1 mL of a
50/50 (wi/v) slurry of streptavidin sepharose high performance beads. Beads first were
equilibrated with 100 mM ammonium bicarbonate and then peptide samples were incubated
for 30 min with streptavidin beads with gentle rotation. The beads were washed three times
with 100 mM ammonium bicarbonate and twice with deionized water, then bound peptides
were eluted with 5 % formic acid/70 % acetonitrile for 30 min twice followed by a third elution
overnight. The mixtures were centrifuged at 5,000 g for 5 min and the supernatants were
collected and evaporated in a SpeedVac and resuspended in 0.1 % aqueous formic acid for LC-
MS-MS analysis.

LC-MS-MS analyses and identification of protein adducts

Peptide samples were analyzed on a Thermo LTQ linear ion trap instrument (Thermo Electron,
San Jose, CA) equipped with a Thermo Surveyor solvent delivery system, autosampler and a
microelectrospray source and equipped with a 6 cm (100 um inner diameter) fused silica
capillary C18 desalt pre-column operated as described previously (27). Peptides were loaded
and desalted for 15 min with 2% acetonitrile/0.1% formic acid and then resolved by reverse-
phase chromatography on an 11 cm fused silica capillary column (100 um inner diameter)
packed with Jupiter C-18 (5 pm) (Phenomenex Inc., Torrance, CA) with the flow set at 700
nL min~L. The mobile phase consisted of 0.1 % formic acid in either HPLC grade water (A)
or acetonitrile (B). Peptides were eluted initially with 98% A for 15 min, then a linear gradient
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to 75 % A by 50 min, then held at 10% A from 65-74 min and the programmed to 95 % A at
75 min and returned to 100% A from 80-95 min.

MS-MS spectra of the peptides were acquired using data-dependent scanning in which one full
MS spectrum (mass range 400-2000 m/z) was followed by three MS-MS spectra. MS-MS
spectra were recorded using dynamic exclusion of previously analyzed precursors for 30s with
a repeat duration of 2 min. The MS-MS spectra were matched to human database sequences
(UniRef100; http://www.pir.uniprot.org/database/download.shtml) with the SEQUEST
database search algorithm (28). S-carboxamidomethylation of Cys (+57 amu), oxidation of
Met (+16), BMCC adduction at Cys (+533 amu and +549 for oxidized form) and IAB adduction
at Cys (+382 and +398 for oxidized form) were specified as dynamic modifications to identify
spectra of adducts. Criteria for acceptance of MS-MS spectrum to database sequence matches
for adducted peptides have been described previously (23).

Microsomal metabolism of acetaminophen

Microsomal metabolism of acetaminophen to NAPQI was confirmed by trapping this
metabolite as its GSH conjugate by modification of previously described methods (29,30). The
reaction mixture contained 500 uM substrate compound, 1 mg mL~1 microsomal protein, 10
mM GSH, 1 mM NADP*, 10 mM glucose-6-phosphate, 1 U mL™1 glucose-6-phosphate
dehydrogenase, 5 mM MgCl, and 50 mM potassium phosphate buffer, pH 7.4. After a 60 min
incubation at 37°C, reactions were terminated by adding one volume (0.5 mL) of ice-cold
acetonitrile to precipitate proteins. After vortexing and centrifugation, the resulting supernatant
was diluted further with an equal volume of water for LC-MS-MS analysis of GSH conjugates.
Incubations for detection of mGST protein adducts of the substrates were performed similarly,
except that the reaction (0.2 mL final volume) was performed without GSH and was terminated
by adding LDS loading buffer (Invitrogen, Carlsbad, CA) and 75 mM DTT.

LC-MS-MS analysis of GSH conjugates

Samples were subjected to chromatographic separation on a 150 x 2.0 mm Luna 5um C18
column (Phenomenex, Torrance, CA) and eluates were analyzed with a Thermo LCQ DecaXP
ion trap mass spectrometer (ThermoElectron, San Jose, CA) operated in precursor ion
monitoring mode to detect ions that fragment with loss of 129 Da, which corresponds to the
loss of the glutamate residue (31). Elution solvents were 5% acetonitrile, 95% H,0O and 0.5%
acetic acid (solvent A) and 95% acetonitrile, 5% H,O and 0.5% acetic acid (solvent B). GSH
conjugates were eluted with a segmented linear gradient programmed from 0-2 min at 95%
A/5% B, then programmed from 5% to 85% B from 2-35 min, then held at 85% B from 35—
45 min, and finally to 95% A from 46-56 min at a flow rate of 200 uL min~L. The GS conjugate
of acetaminophen was detected at 4.6 min. MS-MS spectra of the M+H" ions of the conjugate
was obtained to confirm the identity of the GS-NAPQI conjugate.

Targeted LC-MS-MS analyses of mGST adducts of acetaminophen

Microsomal incubations with acetaminophen and SDS-PAGE separations of treated
microsomal proteins and colloidal Coomassie staining were performed as described above.
The prominent band at approximately 17 £ 5 kDa corresponding to mGST was cut and two
bands from adjacent lanes representing replicate samples were combined for each analysis.
Following in-gel tryptic digestion as described above, the peptides were evaporated in vacuo
and then reconstituted in 100 pL of 10% acetonitrile, 0.1% formic acid. The samples (2 pL)
were injected on a LTQ linear ion trap mass spectrometer equipped as described above. For
reverse-phase LC, solvent A contained 0.1% formic acid in water, and solvent B contained
0.1% formic acid in acetonitrile. The peptides were desalted for 15 min with 2% solvent B then
eluted with a linear gradient from 2% to 25% solvent B over 35 min, then to 90% B over 15
min at a flow rate of 0.7 uL min~1. For SRM analysis, the MH»2* to yq* fragmentation
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transitions of the predicted adducts of the mGST peptide containing Cys50
(VFANPEDC*VAFGK) modified by NAPQI (m/z 773.7 — m/z 1114.4 + 1.0) were recorded.
MS-MS instrument parameters included isolation width 2.0, normal CID 35%, activation Q
0.25 and activation time 30 ms. For SIM analyses, MS-MS of the carboxamidomethylated
cysteinyl (+57 Da) peptide (resulting from 1AM treatment during workup) was monitored by
collision-induced dissociation of the selected ion at m/z 727.6 (z = +2) as an internal standard,
and MS-MS of the predicted Cys50 peptide adduct also was monitored to confirm the reliability
of SRM results. The ratios of each adduct SRM peak area divided by the internal standard IAM
adduct SIM peak area were calculated for the adduct at each time point of incubation. Because
the mole fraction of Cys50 modified was low, the percentage of the IAM-modified Cys50
peptide in each sample was approximately constant. Spectra and chromatograms were analyzed
with Thermo Xcalibur version 2.0 software.

Induction of ER stress by electrophiles in HEK293 cells

As in our previous work (23), we employed electrophile probes with two different alkylating
chemistries to study the relationship between protein adduction and ER stress. The biotin-
tagged thiol-reactive electrophiles IAB and BMCC (Figure 1) display reaction chemistries that
are characteristic of many toxicologically relevant electrophiles. |AB reacts with protein thiols
by an Sy2 reaction mechanism typical of aliphatic epoxides, and alkyl halides and episulfonium
ions, whereas BMCC reacts with thiols by a Michael addition mechanism typical of quinones
and a,B-unsaturated carbonyls. We also employed the corresponding non-biotinylated analogs,
IAM and NEM in our initial studies of ER stress in HEK 293 cells.

Stevens and colleagues demonstrated that IAM induces upregulation of hsp70 and grp78
expression and causes both apoptotic and necrotic cell death in renal epithelial cells (9,32).
However, sublethal concentrations of IAM induce protective induction of an ER stress response
that blocks apoptosis by subsequent IAM treatments (10). To assess the relationship between
protein alkylation and induction of ER stress, we treated HEK293 cells with the alkylating
agents IAM and NEM and their biotinylated analogs IAB and BMCC. We also treated cells
with the bona fide ER stress inducers DTT (an inhibitor of disulfide formation), thapsigargin
(an inhibitor of Ca2+-ATPase) and tunicamycin (an inhibitor of protein N-glycosylation).
Treatment with 25 uM IAM and 100 uM IAB as well as ER stress inducers substantially
increased BiP protein expression in 24 hr (Figure 2). However, treatment with 25 pM NEM or
100 uM BMCC failed to induce BiP expression, suggesting that some protein adduction
specific to IAM and IAB induces ER stress.

Protein targets of IAB and BMCC

Preliminary studies with microsomes prepared from HEK293 cells failed to yield reproducible
preparations with a high enough specific content of ER proteins for proteomic analysis (data
not shown). The choice of human liver microsomes for these studies was based on the
abundance of ER protein targets in these preparations and their utility as a model system to
study the bioactivation of model substrates to electrophiles (see below). Electrophile
concentration and exposure time was determined empirically, with the objective of producing
detectable protein labeling without saturating the available targets (23). Incubation with 100
uM 1AB or BMCC produced time-dependent accumulation of adducts (Figure 3) and
incubation for 30 min appeared to provide sufficient labeling that did not saturate the pool of
protein targets. Visual inspection of the blots indicated clear differences in distribution of
adducts formed by IAB and BMCC (Figure 3).
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The major challenge in analyzing microsomal protein targets of electrophiles is the presence
of many hydrophobic and membrane-associated proteins. We used the “GeLC-MS” approach,
in which the proteins are resolved by 1D SDS-PAGE, the gel is then sliced into fractions and
tryptic peptides are generated by in-gel digestion (33,34). This method separates membrane
proteins from detergents and other common contaminants of membrane preparations and
enables efficient digestion even of hydrophobic membrane proteins. Adducted peptides from
the in-gel digests were captured with streptavidin-conjugated sepharose beads and then
subjected to LC-MS-MS analysis.

Peptide adducts were identified by database searching with Sequest (28), in which variable
modifications to cysteines were specified as the expected adduct masses or their S-oxidized
forms (+534/+550 Da for BMCC and +382/+398 for IAB). (We commonly observe S-oxidation
of thioethers from in gel tryptic digests; the adducts contain oxidizable sulfur atoms in the
biotin ring and the alkylated cysteine linkage.) Diagnostic b- and y-ion fragments allowed
mapping of adducts to specific cysteines. Only peptide adducts that were detected in at least
three of five experiments were accepted.

A total of 376 modified peptides derived from 263 proteins were identified and 243 of these
were adducted by IAB and 223 by BMCC (Figure 4A). Several representative adduct MS-MS
spectra are shown in Figures S1 and a complete list of the identified protein targets of IAB and
BMCC are presented in Tables S1 and S2, respectively (Supporting Information).
Approximately 36% of the identified AB targets were annotated in the UniRef100 database
as localized to the ER, whereas 26% and 20% are annotated as localized to cytoplasm and
mitochondria, respectively. Similarly, 31% of BMCC adduct targets were annotated as ER
proteins, whereas 25% are cytoplasmic and 22% mitochondrial. Smaller percentages (<5%)
of the remaining protein targets carried nuclear, peroxisomal, lysosomal, plasma membrane or
Golgi localization annotations. Among targets annotated as ER proteins, a total of 114 cysteines
in 69 proteins were identified (Figure 4B). Covalent adduction of over 90% of the adducted
proteins occurred at one or two cysteine residues (Figure 5), which is consistent with adduction
frequency within protein sequences observed with cytoplasmic and nuclear proteins (23).

In our previous studies of cytoplasmic and nuclear protein targets of electrophiles, target
selectivity differed considerably between the electrophile structures studied (23). We observed
the same dichotomy in target selectivity in microsomal proteins. Differences in electrophile
selectivity were also grossly evident in the streptavidin blot analysis of adducted proteins
(Figure 3). Only 90 peptides (19% of the total) in 70 proteins (21% of the total) were modified
by both IAB and BMCC (Figure 4A, Table 1)2. Among proteins annotated as having ER
localization,, 27 proteins were found to be consensus targets (Table 1). These included
xenobiotic metabolizing enzymes, enzymes of lipid and sterol metabolism, chaperones and ion
transporter proteins.

Covalent adduction of BiP

A recent study by Liu et al. employed a biotinylated analog of a quinone methide metabolite
of the selective estrogen receptor modulator raloxifene and detected covalent labeling of BiP
in rat liver microsomes (35). Although their experimental design captured labeled proteins,
rather than peptides, BiP appeared to be among a handful of the most prominent targets of this
biotinylated electrophile. In our analyses, we were surprised that no BiP peptide adducts were
detected for either IAB or BMCC. It is possible that some adducted peptides did not ionize
efficiently or did not yield MS-MS spectra that matched to a BiP peptide sequence in the
database. To further explore the possibility that BiP was adducted in our experiments, we

2Burnette, E.B. and Liebler, D.C., manuscript in preparation.
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incubated 1AB- and BMCC-treated microsomal proteins with streptavidin beads to capture
biotinylated proteins and then analyzed this captured protein fraction by SDS-PAGE and
western blotting with anti-BiP antibodies (Figure 6). These analyses detected BiP in
streptavidin-captured proteins from microsomes treated with IAB or BMCC, but not in
untreated controls. Western blotting with anti-calreticulin in the same samples detected
calreticulin (Figure 6), which was demonstrated by the LC-MS-MS analyses to be a target of
both IAB and BMCC. This confirmed adduction of BiP by both electrophiles, despite the lack
of detection of BiP-adducted peptides by LC-MS-MS.

Evaluation of Cys50 of mGST as a target for acetaminophen

Because 20% of the identified cysteine targets reacted with both IAB and BMCC, we postulated
that these “consensus” targets may be highly reactive toward other electrophiles. If so,
adduction to these consensus targets could provide a quantitative index of reactive metabolite
formation in microsomal systems. We performed a limited test of this hypothesis by analyzing
the adduction of Cys50 of mGST, which was one of the consensus targets (see Table 1). Cys50
of mGST provides a functionally relevant target for alkylation, as this residue serves as a switch
whose alkylation activates enzyme activity (36,37). We chose acetaminophen, which is
metabolized by microsomal CYP enzymes to the thiol-reactive quinoneimine NAPQI.
Incubation of acetaminophen with human liver microsomes supplemented with an NADPH
generating system and GSH resulted in formation of the expected GS-conjugate of NAPQI
(Supplemental Figure S17). Targeted quantitative analysis was performed on the NAPQI-
adducted Cys50-containing tryptic peptide isolated from the SDS-PAGE band corresponding
to mGST. These analyses yielded an MS-MS spectrum confirming adduction of the NAPQI-
adducted mGST Cys50 peptide (Figure 7A). The MS-MS transition from the doubly charged
precursor to the yg* product ion was used to quantify the formation of the NAPQI-Cys50 adduct
over time and was normalized to the SIM signal for the IAM-modified peptide from unadducted
mGST (Figure 7B). Adduct accumulation was linear for up to 1 hr (Figure 7C), thus indicating
the ability of a specific protein adduct to serve as a quantitative indicator of microsomal
covalent binding.

DISCUSSION

The analysis of covalent binding of electrophiles has changed little in the past 30 years. The
most common approach requires the synthesis of radiolabeled compounds, which represents a
significant expense that limits implementation (3). The measurement of bound radiolabel
indicates adduction of proteins of unknown identity and scope and is only a crude indicator of
possible adverse effect. Indeed, both toxic and non-toxic compounds generate covalent adducts
in microsomes and other test systems and bulk covalent binding measurements are unable to
predict toxic versus non-toxic outcomes. Here we have applied model electrophile probes and
LC-MS-MS-based proteomic analyses to identify microsomal protein targets for adduction.
The data reveal a broad repertoire of microsomal targets, yet indicate differences that
distinguish probes with different biological effects in intact cells.

The electrophile probes we used are similar or identical to those used in our previous studies
(23). Whereas the iodoacetamide-like electrophile was used previously, here we used IAB,
which is more cell-permeable than PEO-IAB. Other studies in our laboratory demonstrate
significant differences in cellular stress responses elicited by IAB and BMCC. These
compounds display different abilities to activate the transcription factor Nrf2 (38) and to
inactivate protein phosphatase 2A in vitro (39). These probes enter cells and form covalent
adducts with proteins in all cellular compartments2. Here we show that the iodoacetamido
compound IAB induced ER stress characterized by induction of BiP, similar to the previously
reported effect of its non-biotinylated congener 1AM (9,10). In contrast, both the N-
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alkylmaleimide BMCC and its non-biotinylated congener NEM failed to cause BiP induction.
Interestingly, both IAB and BMCC adducted BiP itself (Figure 6), which suggests that BiP
modification per se is not critical to the induction of ER stress.

The collection of microsomal protein targets modified by IAB and BMCC includes a total of
376 cysteines in 263 proteins. The fact that only a third of the proteins adducted are annotated
as ER proteins probably reflects the heterogeneous, complex nature of microsomes, which are
vesicles formed from multiple organelles during tissue disruption. This complexity of
microsomal preparations was previously observed in shotgun proteome analyses (34).

As in our previous work (23), only cysteine adducts were detected, as our database searches
specified IAB and BMCC adducts as variable modifications to cysteine residues. We note that
adducts to other protein nucleophiles are possible (e.g., histidine imidazones, lysine a-amines,
arginine guanidinium and protein N-termini), but we did not attempt to include these other
modifications in the database searches, as these would have dramatically increased both search
times and false-positive identification rates. Reactions with these other protein nucleophiles
probably would compete poorly with cysteine alkylation, but could occur in some cases,
particularly when noncovalent complexation of electrophiles juxtaposes them favorably with
these nucleophiles.

Only about 20% of the protein targets identified in these studies were alkylated by both IAB
and BMCC. The relatively modest overlap in protein targeting by the two electrophile probes
is similar to that we observed in cytoplasmic and nuclear proteins (23) and probably reflects
both differences in alkylation chemistry of the electrophiles (Sy2 alkylation for IAB versus
Michael addition for BMCC) and more subtle steric differences in the linker chains connecting
the electrophile and biotin moieties. Consensus targets of both IAB and BMCC include proteins
associated with well-established ER functions in vivo, including drug metabolism (CYP, GST
and UGT enzymes), ion transport (SERCAZ2) and protein folding (calreticulin). Several
previous reports indicated adduction of the chaperone protein PDI in microsomes (40) and in
cell and tissue systems (11,19,41,42) and with purified PDI proteins (43,44). Our electrophile
probes alkylated different PDI-like proteins. IAB alkylated thioredoxin domain containing
protein 5 (Q8NBS9), whereas BMCC alkylated PDI A3 (P30101) (Supplemental Tables 1 and
2). Itis important to note that targeting specificity in complex proteomes will differ depending
on the electrophile studied, the analytical method and the experimental system studied.
Whereas the previous studies with purified proteins identified adduction sites in PDI, the
studies with complex proteomes only identified proteins that co-migrated with adduct
immunoreactivity or radiolabel in 2D gel separations. Our approach both identified protein
targets and mapped adducts to specific cysteine residues in the proteins.

Our observation that differences in covalent adduction targeting correlated with differences in
ER stress induction is important, because it suggests that adduction specificity encodes
biological effect. ER stress induction can be triggered by diverse agents that affect thiol-
disulfide redox balance, protein glycosylation, S-nitrosation and alkylation damage (7-11).
Generalized adduction of ER proteins is not sufficient to induce ER stress. Our data indicate
that, although both IAB and BMCC adducted equivalent numbers of ER proteins, only IAB
induced the ER stress response. We note also that IAB, but not BMCC induces apoptosis in
HEK293 cells as the doses used in these studies3. Some targets adducted only by IAB may be
mechanistically linked to the induction of ER stress and apoptosis, but the relationship between
protein alkylation and these outcomes probably is not simple. Studies with additional
compounds would be needed to establish predictive relationships between adduction selectivity

3Wong, H.L., Orton, C.R. and Liebler, D.C., manuscript in preparation.
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and toxic or adaptive responses. Analyses of target-specific adduction in microsomes or other
model systems may offer greater predictive utility than bulk covalent binding assays.

The microsomal proteins adducted by IAB and BMCC probably are targets for adduction by
other electrophiles. If so, analysis of adducts to these specific targets could provide quantitative
indices of electrophile-mediated damage. We tested this hypothesis with a preliminary study
directed at one such target, Cys50 of mGST. After first establishing conditions for microsomal
acetaminophen activation to NAPQI and the formation of the corresponding GS-conjugate, we
targeted the mGST Cys50-containing peptide. NAPQI adduction of the target peptide
accumulated linearly with time during microsomal acetaminophen metabolism (Figure 7C).
Thus, individual protein adduction reactions can be quantified if suitable targets first can be
identified. Beginning with the list of proteins adducted by IAB and BMCC, detection of other
adducts to these proteins in MS-MS analyses can be done with the aid of novel software tools,
such as SALSA (45, 46) and P-Mod (39, 47, 48).

In summary, our work shows that different target selectivities of the two electrophile probes
correlated with different biological outcomes and that alkylation reactions of specific targets
can be quantified. It thus appears possible that quantitative analyses of specific protein
adduction reactions could be used to decipher mechanisms of toxicity and adaptation to stress.
Moreover, analyses of protein adduction to a selected population of key targets could enable
prediction of the adverse effects of electrophilic xenobiotic metabolites and of endogenous
electrophiles formed by oxidative stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of IAB and BMCC.
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Treatment of HEK293 cells with 25 uM 1AM or 100 uM 1AB induced BiP expression, as
measured by western blotting (upper panel). Treatment with 25 uM NEM or 100 uM BMCC
did not induce BiP expression (lower panel).
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Figure 3.

Time-dependent increase in covalent adduction of human liver microsomal proteins by 100
uM IAB and BMCC. After exposures to the electrophiles for the times indicated, samples of
microsomal protein were analyzed by SDS-PAGE and western blotting with streptavidin. Note
differences in adduction patterns produced by IAB and BMCC.
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Figure 4.

Summary of protein and peptide targets of IAB and BMCC in human liver microsomes.
Adducts were found in three of five independent experiments and represent all targets found
in microsomes (A) or targets in proteins with ER subcellular annotation (B) according to

PSORTII (see http://psort.ims.u-tokyo.ac.jp/).
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Figure 5.

Number of adduct sites on identified human liver microsomal protein targets of PEO-IAB
(filled bars) and BMCC (open bars).
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Figure 6.

Detection of BiP and calreticulin adduction by streptavidin capture and western blotting.
Human liver microsomes were treated with vehicle (CTL), IAB or BMCC as described under
“Experimental Procedures”. Protein extracts then were incubated with streptavidin beads,
washed to remove non-biotinylated proteins and then biotinylated proteins were eluted from
the beads. The whole protein extracts (lanes 1, 4 and 7), unbound protein (lanes 2, 5 and 8) and
proteins eluted with acetonitrile/acetic acid (lanes 3, 6 and 9) were analyzed by western blotting
with anti-BiP (upper panel) and anti-calreticulin (lower panel). The presence of anti-BiP and
anti-calreticulin immunoreactivity in lanes 6 and 9 indicates BMCC and IAB adduction of BiP
and calreticulin, respectively. In contrast, eluted protein from untreated controls contained
neither BiP nor calreticulin immunoreactivity (lane 3).
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Figure 7.

Detection and quantitation of mGST adduction at Cys50 by NAPQI during microsomal
metabolism of acetaminophen. Targeted LC-MS-MS analysis of microsomal proteins
harvested from microsomal incubations with acetaminophen revealed an M + 149 adduct at
Cysbh0 (A). Selected reaction monitoring of the MS-MS transitions from the doubly-charged
IAM-adducted or NAPQI-adducted Cys50 peptide ions to the corresponding yg product ions
(B) enabled quantitation of the NAPQI adduct as a function of incubation time (C).
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