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ABSTRACT: Electrophiles generated endogenously, or via the metabolic bioactivation of drugs and other
environmental chemicals, are capable of binding to a variety of nucleophilic sites within proteins. Factors
that determine site selective susceptibility to electrophile-mediated post-translational modifications, and
the consequences of such alterations, remain largely unknown. To identify and characterize chemical-
mediated protein adducts, electrophiles with known toxicity were utilized. Hydroquinone, and its mercapturic
acid pathway metabolites, cause renal proximal tubular cell necrosis and nephrocarcinogenicity in rats.
The adverse effects of HQ and its thioether metabolites are in part a consequence of their oxidation to the
corresponding electrophilic 1,4-benzoquinones (BQ). We now report that BQ adeh@efylcysteins
yl)benzoquinone (NAC-BQ) preferentially bind to solvent-exposed lysine-rich regions within cytochrome

c. Furthermore, we have identified specific glutamic acid residues within cytochcamsenovel sites of
NAC-BQ adduction. The microenvironment at the site of adduction governs both the initial specificity
and the structure of the final adduct. The solvent accessibility and |8galfthe adducted and neighboring
amino acids contribute to the selectivity of adduction. Postadduction chemistry subsequently alters the
nature of the final adduct. Using molecular modeling, the impact of BQ and NAC-BQ adduction on
cytochromec was visualized, revealing the spatial rearrangement of critical residues necessary forprotein
protein interactions. Consequently, BQ-adducted cytochrorfals to initiate caspase-3 activation in
native lysates and also inhibits Apaf-1 oligomerization into an apoptosome complex in a purely reconstituted
system. In summary, a combination of mass spectroscopic, molecular modeling, and biochemical approaches
confirms that electrophiteprotein adducts produce structural alterations that influence biological function.

Cells are exposed to reactive electrophiles generated fromoccurring electrophiles present in the environment, and those
a variety of sources, including byproducts of oxidative formed via the metabolism of xenobiotics, can form covalent
metabolism. Peroxidation of lipid membranes results in the adducts with proteins. The technical challenges involved in
formation of electrophilic aldehydes, and reactive carbonyl the identification of such xenobiotic-derived protein adducts
species such as glyoxal and 3-methylglyoxal are productshaye limited the ability to determine their biological and/or
of glycolysis. The ability of electrophilic carbonyl species toxjcological significance. Nonetheless, such chemical-
to form protein adducts has been implicated in a number of ;4. ced post-translational modifications (PTMsan alter

disease processes, including diabetes, atherosclerosis, anghe strycture of proteins, with consequences that may alter
neurodegenerative diseases. In a similar fashion, naturallyprotein function. These functional alterations may include
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such as Western analysis and radiolabeling, and moreinduction of apopotosis involves formation of the multipro-
recently by utilizing mass spectrometry analy§is4). This tein apoptosome complex. During apoptosis, cytochreame
latter mode of analysis has typically occurred at the amino is released from mitochondria and binds to cytosolic apop-
acid level of proteins, for characterization of the chemically tosis protease activating factor 1 (Apaf-1), with subsequent
reactive species and for location of the exact amino acids recruitment and activation of initiator caspase-9 and effector
which are modified on the proteir8), Several chemical caspase-3 and -7, thus forming the apoptosohée (7).
toxicants capable of covalently modifying proteins have  Following chemical adduction, cytochromevas analyzed
electrophilic properties. As a result, nucleophilic sitesich by MALDI-MS and LC—MS/MS, followed by database
as cysteine thiols, lysine amines, histidine imidazoles, and mining algorithms and manual validation to identify the site
protein N-terminal aminesare potential targets for the specificity and types of adduction. Molecular modeling was
reactive electrophilic toxicant/(5). then utilized to predict the structural modifications imposed
Quinones represent an extensive class of electrophilic upon the protein following the BQ and NAC-BQ adductions.
molecules that can form covalent adducts with proteins and We demonstrate that the chemical adduction of cytochrome
can produce toxicological effects via such adduction. Quino- ¢ is site-specific and that postadduction chemistry dictates
nes are also capable of redox cycling and, consequently, offinal adduct formation. Knowledge of this postadduction
producing reactive oxygen specieB) (and a subsequent chemistry is critical in identifying site-specific PTMs.
oxidative stress7—9). Because of the nucleophilicity of  Additionally, we demonstrate that these PTMs cause a
cysteinyl sulfhydryls, protein and nonprotein sulfhydryls are change in structure that leads to changes in protein function.
key targets of electrophilic quinone molecules. Glutathione
(GSH), the major cellular nonprotein sulfhydryl, generally MATERIALS AND METHODS
serves as a cytoprotectant because reactive electrophiles can
covalently bind to its nucleophilic sulfhydryl, thus sparing

the covalent modification of cellular macromoleculdsg). ~ (TFA), and silver oxide were purchased from Aldrich
1,4-Benzoquinone (BQ) is an example of a reactive quinone (Milwaukee, WI); NAC-HQ was synthesized and purified

that is an environmental toxicant. BQ is formed through as d:scribe];d previouslyrl}). 'HPILC—gradehsoIvents V\r/1ere
oxidation of benzene, a low-molecular weight hydrocarbon purc ased_ rom EdMD C emica s.”Hor:se eart cytoc r(;me
and an environmental pollutant. Because of the electrophilic & S€duéncing-grace trypsin, and all other reagents were from

nature of BQ, several GSH molecules can be conjugated to>'9Ma (St Louis, MO).
BQ through the GSH free sulfhydryB(6, 10, 11). The 1,4-Benzoquinone Mpd|f|cat|o_n on Cytochrpmd—l«:)rse
conjugation of BQ with one GSH results in 2-(glutathion- heart cytochromgwas dissolved in deionized dls_tllled Wate_r
Sy)BQ (GSBQ). Subsequent conjugation with GSH results @t @ concentration of 1 mg/mL. BQ was dissolved in
in the formation of multisubstituted GSH conjugates of BQ Methanol at a concentration of 5 mg/mL. Cytochramveas
(12). BQ and its quinol-thioether metabolites cause renal reacted Wlth BQ at.a molar ratio of 1:10 at room temperature
proximal tubular cell necrosis, and 2,3,5-tris(glutathin- ~ for 30 min. The mixture was centrifuged at 5@0for 1 h
yhydroquinone (TGHQ) is nephrocarcinogenic in the Eker through a Millipore Microcon 10 000 Da molecular mass
rat; these effects are mediated by their ability to generate cutoff centrifugal filter to remove excess BQ. The control
ROS and their protein-arylation capabilities3(15). and treated cytochrome samples were spotted onto the
Although full characterization of chemically induced PTMs MALDI target, and whole protein spectra were acquired.
represents a significant challenge, recent advances in mass Oxidation of NAC-HQ to NAC-BONAC-HQ was dis-
spectrometry and bioinformatics have increased the likeli- solved in deionized distilled water with 0.1% TFA at a
hood of success in detecting such PTMs. We have usedconcentration of 50 mg/mL. Approximately 5 mg of silver
cytochromec as a model protein for in vitro adduction with ~ oxide was added, and the solution was vortexed for 1 min.
BQ and NAC-BQ (selected to minimize the metabolic The solution was filtered through a Own syringe filter.
complexity of utilizing TGHQ) to characterize the covalent The solution was then purified by HPLC. A Shimadzu HPLC
protein binding of these compounds and to demonstrate thesystem (LC-10AS) was used with a WWis spectrophoto-
influence of such chemical-induced PTMs on protein struc- metric detector (280 nm) and an Ultrasphere OD§ C
ture and function. Modification of cytochroneby BQ has ~ column (5um packing, 10 mnx 25 cm, Beckman-Coulter).
been previously demonstrated in our laboratory, where this The mobile phase consisted of acetic acid, methanol, and
electrophilic toxicant binds to solvent-exposed lysine-rich water (1:10:89, v/v). Aliquots of oxidized NAC-BQ (28.)
regions of the proteind). We will be using BQ adduction ~ were injected into the HPLC system and separated isocrati-
on cytochromec to gain an understanding of the role this cally at a rate of 3.0 mL/min. The product eluted at 12.4
chemical adduction plays in potential protein structural and min. The yellow product was then analyzed by ESI-MS on
functional changes. Cytochronwewas selected as a model @ Finnigan MAT TSQ 7000 triple-quadrupole mass spec-
protein to map the interaction between proteins and the trometer (ThermoElectron, San Jose, CA). NAC-BQ was the
electrophilic toxicants because it is structurally well char- dominant productrfyz 269).
acterized by NMR and X-ray crystallography. Additionally, NAC-BQ Modification on Cytochrome. ¢Horse heart
cytochromec contains no free sulfhydryls, so the adduction cytochromec (1 mg) was dissolved into buffers (1 mL) at
of the electrophilic toxicants to non-sulfhydryl nucleophiles pH 6 (50 mM ammonium bicarbonate and 50 mM am-
can be analyzeds]. Furthermore, because cytochromes monium acetate), pH 7 (100 mM ammonium bicarbonate),
an integral component in the apoptosis pathway, the selectiveand pH 8 (100 mM ammonium bicarbonate). Aliquots were
adduction of certain residues on the protein may influence taken from each cytochrome solution prior to NAC-BQ
its biological function. One necessary pathway for the addition for use as control samples. NAC-BQ was dissolved

Chemicals 1,4-Benzoquinone (BQ), trifluoroacetic acid
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in deionized distilled water at 5 mg/mL. Each cytochroene  primary peptide sequence shifts the peptide mass, which may
solution was reacted with NAC-BQ at a 1:10 molar ratio at be experimentally observed as a difference between the
room temperature for 30 min. The mixture was filtered once measured mass of the modified peptide precursor ion
through a Millipore Microcon 10 000 Da molecular mass (adjusted for charge state) and the predicted mass of the
cutoff centrifugal filter fo 1 h at500Q@) to remove excess  unmodified peptide. The mass shift also will be observed in
NAC-BQ. The control and treated samples were spotted onthe m/z values of fragment ions containing the modified
the MALDI target, and whole protein spectra were acquired. amino acid. Scores witR values of>0.01 were discarded
The samples were then digested toh with sequencing-  as false positives2(). Upon collision-induced dissociation
grade trypsin at a 1:50 (w/w) ratio at 3T in the dark. The (CID) of the peptides, b- and y-ion fragments are gener-
digested samples (control and treated) were analyzed by LC ated: the b-ion series represents cleavage of the peptide bond
MS/MS. and corresponds to the N-terminus, and y-ions result from
MALDI-TOF. Prior to MALDI-MS analysis, samples were  cleavage of the amide bonds and contain the C-termRi)s (
desalted using a ¢ 0.6 mL ZipTip (Millipore, Bedford, Manual validation of MS/MS spectra was then used to
MA), with 0.1% formic acid in water as the equilibration confirm the peptide sequence and adduct mass location.
buffer and 1% formic acid in 50% acetonitrile/water as the Peptides identified as being adducted by both X! Tandem
elution buffer, following the manufacturer’s protocol. MALDI- and P-Mod were then manually validated using lonGen
TOF spectra were recorded on an Applied Biosystems (trademark to SSL, The University of Arizona). lonGen
Proteomic Solution 1 System instrument ket 2 mflight generates theoretical b- and y-ions for user-specified peptides
path in the positive ion mode. The instrument was equipped containing an adduct. This program facilitates faster, more
with a nitrogen laser operating at 337 nm. Standard methodaccurate validation of adducted peptides. Only adducted
para- peptides identified from X! Tandem, P-Mod, and manual
meters were used with a delay time of 200 ns. The solutions validation with lonGen were used.
were diluted 1:1 imi-cyano-4-hydroxycinnamic acid, and 1 Molecular Modeling The X-ray crystal structure coordi-
uL was drop-dried on a target plate. Whole protein spectra nates for the horse cytochrorastructure from Protein Data
were acquired in linear mode over the mass range of $000 Bank entry 1HRC were used as a starting model to build
100000 Da, where the spectra were sequentially stacked, andQ- and NAC-BQ-adducted cytochroneg22). Molecular
internal calibration was done with the cytochromeeak. modeling studies were carried out using the Biopolymer
LC—MS/MS Cytochromec was digested as described module of Insight Il modeling software (Accelrys, Inc23].
above, and peptides were separated via microbore HPLCBQ-cyclized diquinone and NAC-BQ were both built from
(Magic 2002, Michrom BioResources, Auburn, CA) on a the fragment library, and each adduct was formed on the
freshly packed 0.5 mnx 50 mm MAGIC MS Gg column appropriate residues of the protein. The charges were
(5um, 200 A pore size) using a mobile phase of methanol, assigned using extensible systematic force field (ESFF)
water, acetic acid, and trifluoroacetic acid, A (2:98:0.1:0.02) parameters24). The modified structures were then subjected
and B (10:90:0.09:0.02), with a gradient from 5 to 65% B to 1000 steps of minimization using Discover 3.0. The
over 30 min at a flow rate of 5 nL/min. The HPLC system complex structure was then soaked within a 10 A layer of
was coupled on-line with an electrospray ion trap mass T|p3p water molecules26). This assembly was then
spectrometer (Finnigan-MAT LCQ Classic, Finnigan, San g hiected to equilibration for 40 ps and dynamic simulations
Jose, CA), set to a positive mode spray voltage of 3.5 KV 5100 ps. Trajectories were collected every 0.1 ps. The
andecvigglgg ;?gn%?rgtfur"esg:r?ghgg%gﬁ(s'r?gmigge&g&S lowest-potential energy structure was selected and then
. X X minimized using 3000 steps of minimization. The final
microscans. Dependent data setting was performed with 8 ninimized structure was then used for analvsis. The NAC-
default charge of 2, an isolation width of 2 amu, an activation yslIS.
BQ-adducted cytochrome structures were viewed and

amplitude of 35%, an activation time of 30 ms, and a minimal : . L
signal of 50 000 ion counts. Global dependent data settingsman'pljlatecj using PYMOL (DeLano_ Scientific, LLC). The
lowest-potential energy conformation of the NAC-BQ-

were as follows: reject mass width of 1 amu, dynamic ; )
exclusion enabled, exclusion mass width of 3 amu, repeatadducted cytochromg constructed using Insight Il, was then

count of 3, repeat duration of 1 min, and exclusion duration Placed in PyMOL. Spatial rearragement of critical residues
of 1 min. Scan event series included one full scan with a Within cytochrome as a consequence of NAC-BQ adduction
mass range of 4062000 Da, followed by one dependent Was assessed by overlaying the adducted models with a
MS/MS scan of the most intense ion. Mass spectrometer scarnative model of cytochrome.
functions and HPLC solvent gradients were controlled by  Circular Dichroism SpectroscopyCircular dichroism
the Xcalibur data system (ThermoFinnigan, San Jose, CA). measurements of native cytochromeBQ-adducted cyto-
Identification and Confirmation of Modified Tryptic Pep- chromec, and NAC-BQ-adducted cytochroneevere taken
tides The protein sequence of cytochromeCYC HORSE at 20uM on a Jasco-810 spectropolarimeter (Jasco, Easton,
P00004, was obtained from the NCBI database. PeptideMD) in 100 «M Tris-HCl at pH 7.5 using a quartz cell with
sequences were identified using the open-source searctan optical path length of 1.0 mm over a wavelength range
engine X! Tandem, which correlates the MS/MS spectra with of 180—260 nm. Each CD signal is the average of three scans
amino acid sequences in a user-specified NCBI datatise ( at room temperature. The CD spectra are baseline-corrected,
19). P-Mod was used to confirm the X! Tandem data, and the signal contributions due to the buffer were subtracted.
including the identification of spectra displaying character-  Cell Culture and Preparation of Cell LysateBhe human
istics of BQ or NAC-BQ adductions. P-Mod is an algorithm monocytic THP.1 tumor cell line was maintained at %7
that screens data files for MS/MS spectra corresponding toin RPMI 1640 medium supplemented with 10% heat-
peptide sequences in a search list. Modification of the inactivated fetal calf serum, 100 units/mL penicillin, and 100
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mg/mL streptomycin, in an atmosphere of 5% £@d 95% changes in cytochrong possibly altering residues involved
air. THP.1 cells were resuspended in lysis buffer containing in Apaf-1 binding, and thus inhibiting apoptosome formation.
50 mM PIPES/KOH (pH 6.5), 150 mM KCI, 2 mM EDTA, Previous site-directed mutagenesis studies showed that
0.1% (w/v) CHAPS, 5 mM dithiothreitol, 20 mg/mL leu- cytochromec forms complexes with Apaf-1 via an annulus
peptin, 10 mg/mL pepstatin A, 10 mg/mL aprotinin, and 2 of lysine residues on K K25, K3°, 62ETLM®, and K2
mM phenylmethanesulfonyl fluoride. The cells were frozen Because the LEMS/MS analysis indicated that BQ forms
in liquid nitrogen and thawed three times to ensure complete a cyclized diquinone adduct on specific lysine residugs (
lysis and then centrifuged (45 min at°€) at 2000Q and the BQ structure was built to mimic this binding to
10000@ to obtain cytosolic lysates. The protein concentra- cytochromec. The cyclized diquinone adduct is the formation
tion of the lysates was determined by the Bradford assay of one BQ molecule on a lysine residue and the formation
(Bio-Rad Laboratories, Hercules, CA). of another BQ molecule on an adjacent lysine residue. These
Inhibition of Apoptosome Function by BQ-Modified Cy- two BQ molecules adjoin to form one adduct with a mass
tochrome c.In vitro activation of the Apaf-1 apoptosome of 196 Da @). With the cyclized BQ addition to B—K?27
was initiated by incubating human monocytic THP.1 lysates of cytochromec, the protein conformation changed to

(10 mg/mL, protein concentration) for 30 min at 3Z with accommodate this molecule, modifying the bond distance
2 mM dATP, 2 mM MgC}, and various concentrations of of lysine residues 2527 from 5.26 A in the native
BQ-adducted cytochrome or native cytochrome (2—40 conformation to 9.27 A with the addition of cyclized BQ

#M). The ability of adducted and unadducted cytochrame  (Figure 1). The residues in cytochrorehat interact with

to initiate formation of the Apaf-1 apoptosome and sequential Apaf-1 are highlighted in this model, and following adduction
activation of caspase-9 and -3 in human monocytic THP.1 of cyclic BQ to K&5—K?7, the specific residues involved in
tumor cell lysate was assessed by measuring caspase-fteraction with Apaf-1 exhibit spatial rearrangement.
DEVDase activity. Because the apoptosome recruits and Adduction of NAC-BQ to Cytochrome ¢ at pH 6, 7, and

activates caspase-9 and -3, the |nd|rect activation of the8. To determine the mechanism by which NAC-BQ mediates
complex was detected by measuring caspase-3 DEVDase

activity (16). Caspase-3 activity was measured as the ability chemically induced PTMs, cytochro as adducted by

P . NAC-BQ at a 1:10 molar ratio at pH 6, 7, and 8. Following
to cleave the fluorophore 7-amino-4-methylcoumarin (AMC) the adduction, MALDI spectra were recorded for the control
from the caspase-3 target sequenbkacetyl-aspartate-

glutamate-valine-aspartate-AMC (DEVD-AMC), as previ- and treated whole proteins at each (@ {The control spectra

ously described2g). Liberation of AMC from DEVD was of cytochromec showed a peak _am/z 12.360' Wh'c.h
monitored continuously using 380 nm excitation and 460 corrlt(asponds o the mass OLthf Eatlve prolteln. NIO adgltlonal
nm emission. Lysates were assayed for DEVDase activity pﬁa S Wefl_rﬁ pﬁi’f_glm each oft fe contrr(]) samp d%s ( a(;a not
in caspase assay buffer [0.1% CHAPS, 10 mM dithiothreitol, E Oll'lV:():' B € toH 6 shpectrltjr:n 0 t(;ytoc trorLrea ltJrCT:/e

100 mM HEPES, and 10% sucrose (pH 7.0)]. The reaction y ) g atp | Sd%V_V_S ? na I\I:e cytoc rom(eja_ z h
was started with 2@M DEVD-AMC, and the reaction was 12360 and several additional peaks corresponding to the

followed for 2-4 min. The DEVDase activity was calculated ;dditior: of N'?‘r? -BQ to th de dglrotei?.zlgléb\g-BQ ‘(’jVi:LmOdifi ‘
and expressed as picomoles per milligram of protein per € protein with a mass addition o a, and the peaks a

minute. His-tagged caspase-9 was expressé&sanerichia m'z12 628, 12 897, and 13 168 correspond to one, two, and
coli BL21(DE3)-pLysS, and His-tagged Apaf-1XL and three NAC-BQ additions, respectively, on cytochromat

procaspase-3 were expressed using a baculovirus-mediate§ 8 (Figure 2A). At pH 7, the MALDI spectrum of

insect cell (Hi-Five) expression system. Caspase-9, caspaseCytochromec adducted by NAC-BQ shows a similar pattern

3, and Apaf-1XL were purified with a Ni-NTA (Qiagen) of multiple 268 Da additions_ of NAC-BQ on the_p_rotein as
affinity column, followed by MonoQ anion-exchange chro- seen at pH 6. However,_ th|_s s_am_ple_ . se\_/eral
matography. Caspase-9 (200 nM) and Apaf-1XL (200 nM) additions of 105 Da, which is indicative of postadduction

were incubated with either cytochronoeor BQ-adducted ~ thioether loss and apparent BQ addition (106 Da) on
cytochromec (10 uM), along with dATP (10xM) and cytochromec. The peak atr/z 12 465 corresponds to a 105

DEVD-AMC for 5 min at room temperature in 20L of Da mass additi(_)r_1, and the peaknafz 12 732 corresponds
caspase assay buffer. The reaction was initiated by addingl© @ mass addition of 105- 268 Da (Figure 2B). The
procaspase-3 (500 nM), and the rate of release of AMC wasMALD! spectrum of cytochrome modified by NAC-BQ
measured using a Victbplate reader (Perkin-Elmer). For at pI_—|_8 identifies the most abundant modification as the mass
gel filtration assays, Apaf-1XL oligomerization was induced addition of 105 Da (Figure 2C).
using either cytochromeor BQ-adducted cytochrone(10 These samples were then subjected to tryptic digestion and
uM) along with dATP (10u«M) for 20 min at room tem- LC—MS/MS analysis to characterize the NAC-BQ adduct
perature in a final reaction volume of 2@Q. The reaction formation on cytochrome. Peptide sequences were identi-
sample was then loaded onto a Superose 6 10/300 GL columrfied using X! Tandem database searching followed by P-Mod
(GE Healthcare), pre-equilibrated with buffer 20 mM Hepes, analysis and manual validation. Following the reaction at
50 mM NacCl, and 1 mM DTT (pH 7.5)] at 4C. Fractions pH 6 (as stated in Materials and Methods), six peptides were
(500 uL) were collected and further analyzed by immuno- identified as having an addition of 268 Da (Table 1). The
blotting with a rabbit polyclonal Apaf-1XL antibody. 268 Da addition was found on either lysine or glutamic acid
residues within these peptides. The pep#eETLMEY-
RESULTS LENPKK"® was one of the tryptic peptides with the 268 Da
Predicted Protein Conformational Changes Associated addition; for this peptide, the addition was identified off.K
with 1,4-BQ Modification BQ may induce conformational  The modification is isolated to the C-terminal portion of the
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Ficure 1: Structural modification of cytochromeas a result of BQ adduction. MS/MS data showed a 194 Da BQ adduct®rkK’ of
cytochromec. The model was derived from the coordinates of the protein structure of Protein Data Bank entry 1HRC, and Insight Il was
used to build the adducted protein. Following adduction with the BQ molecule, the distance bet¥feard K27 has corrected for the
addition. Native cytochrome has a R5—K27 bond distance of 5.26 A (left), and BQ-adducted cytochrarhas a R5—K?27 bond distance

of 9.22 A (right). Several of the residues involved in the Apafeytochromec interaction are impacted by the adduction t&KK27 and

are highlighted in green.

peptide (amino acids 7173); however, the modification  spectrum for this reaction showed additions of 105 and 268
most likely resides on K, because adduction at'&would Da to the protein, and the LEMS/MS data confirmed this
prevent tryptic cleavage at this site, thus creating a larger observation. Three of the modified peptides had a mass
peptide. Additionally, the peptidé*KTGQAPGFTYT- addition of 268 Da in the reaction at pH 7. The peptides
DANK?®3 had the 268 Da addition on*K The peptide  *KTGQAPGFTYTDANKS and**GITWKEETLMEYLEN-
92EDLIAYLKK 1% had the 268 Da addition on®E(Figure PKK” had mass additions of 268 Da on*Kand K7,
3A). The glutamic acid residue is a novel site of adduction respectively. The y-ion series for the pepti&&ITW-
and is specific to the pH 6 reaction. The b-ion series of this KEETLMEYLENPKK? clearly indicates the modification
peptide shows a mass shift at several b-ions that indicateis isolated on residues #I73, with K'? as the likely
E®? as the site of the 268 Da addition. The y-ion series of candidate because of its reactivity in comparison to the
this peptide indicate no mass shift at the C-terminal portion; proline residue, and because this lysine was missed by tryptic
thus, the modification is not located on the lysine residues, cleavage (Figure 1A of the Supporting Information). Six of
but instead on the glutamic acid residue. Interestingly, the the nine modified peptides contained a mass addition of 105
peptide® EETLMEYLENPKK™ was again identified; how- Da. The 105 Da addition was detected on regions of the
ever, the 268 Da addition was found of?.EH he b- and y-ion protein slightly different from that of the 268 Da addition,
series isolate the modification to®Eor E? (Figure 3B). where the 105 Da adduct occurred mostly on lysine residues
Although manual validation specifies that the modification adjacent to another lysine residue, either as a direct neighbor
could occur on either & or B2, X! Tandem and P-Mod  or separated by one amino acid (KK or KXK). Because of
both found the modification on % In this case, the low this motif, and because the 105 Da addition is indicative of
pK, of this protein region most likely allows for the stability the BQ structure, this may indicate that the 105 Da
of the 268 Da adduct. The glutamic acid residue is able to modification can form an adduct linking two neighboring
adduct NAC-BQ via two possible mechanisms. One pos- lysine residues or can form an adduct on just a single lysine
sibility is through carboxylate anion formation and stabiliza- residue. These observations may indicate that following
tion at pH 6. This allows for Michael addition of thecarbon NAC-BQ binding, stretches of amino acid residues with a
to the ring of the BQ (Figure 4A). An additional mechanism high pK, lead to instability of the adducted NAC-BQ,
of NAC-BQ adduction is through deprotonation of the resulting in postadduction chemistry, which yields the 105
o-hydrogen, followed by resonance structure formation and Da adduct. The LEMS/MS spectrum of the peptide
stabilization at pH 6 via protonation of the backbone &MIFAGIKKK & shows the 105 Da addition is located on
carbonyl. Thea-carbon is then able to adduct the BQ ring the C-terminal portion of the peptide (residues—&8)
of NAC-BQ via Michael addition (Figure 4B). Additional (Figure 1B of the Supporting Information). The y-ion series
experiments have been performed to further confirm the of this peptide indicate a mass shift of 105 Da beginning
glutamic acid adduction by quinol-thioether metabolites of with y; and continuing until y, and the b-ion series shows
BQ. Malonic acid, which is structurally similar to glutamic a crucial mass shift atsbBecause this 105 Da addition could
acid, was incubated with NAC-BQ at pH 6, 7, and 8. MS link two neighboring lysine residues,®&K?® is the likely
analysis showed that malonic acid was adducted by NAC- position of hinding, because 8K was recognized as a
BQ via similar chemistry at pH 6 and 7, but not at pH 8 cleavage site; thus, no modification would likely form at this
(data not shown). site. Furthermore, this addition is able to form on a single
The reaction of NAC-BQ with cytochrome at pH 7 lysine residue. The peptid&KTGQAPGFTYTDANKNK?®S
revealed nine modified peptides (Table 1). The MALDI had an addition of 105 Da on°Kk-K55, however, the addition
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Ficure 2: MALDI-TOF whole protein spectra for cytochronegeacted with NAC-BQ. (A) Cytochromewas incubated in a buffered pH

6 ammonium acetate/ammonium bicarbonate solution and then reacted with a 1:10 molar ratio of NAC-BQ. The resulting MALDI spectrum
shows several additions of 268 Da to cytochromeorresponding to one addition etz 12 628, two additions atvVz 12 897, and three
additions at/z 13 168. (B) Cytochome was incubated in a buffered pH 7 ammonium bicarbonate solution and reacted with a 1:10 molar
ratio of NAC-BQ. MALDI analysis reveals additions of both 268 and 105 Da to cytochmorReaks atn/z 12 628, 12 897, and 13 168
correspond to one, two, and three 268 Da mass additions, respectively. The pgak 2465 corresponds to one addition of 105 Da, and

the peak at/z 12 732 corresponds to one addition of 268 Da and one addition of 105 Da. (C) Cytochmaseincubated in a buffered

pH 8 ammonium bicarbonate solution and reacted with a 1:10 molar ratio of NAC-BQ. These data revealed additions of 105 and 268 Da;
however, the peaks corresponding to the 268 Da additions are low in abundance in comparison to their counterparts at pH 6 and 7. Addionally,
the MALDI analysis shows the most predominant peak to be native cytochzowtich may also be a result of NAC-BQ instability at pH

8. The insets in panels-AC are magnified regions of each spectrum.

is most likely isolated on K, because addition toRwould the site specificity of the 105 Da addition following the
prevent tryptic cleavage at this site (spectrum not shown). reaction at pH 8 match those peptides with 105 Da additions
This adduct location illustrates the 105 Da addition to a single found at pH 7. The b-ion series in the E®IS/MS spectrum
residue. Additionally, this adduct position ofKis unique of the peptidé*GGKHKTGPNLHGLFGR® indicate that the
to the 105 Da additions, as no 268 Da additions have beenl105 Da addition is located on the C-terminal portion of the
observed at this residue. NAC-BQ thioether bond cleavage peptide, and the reactivity of the lysine residues within this
following adduction at K2 is most likely a result of the  portion indicates that the adduct is most likely ofPKK??
adjacent K5 which is attributed to an increase in the (Figure 3 of the Supporting Information). No peptides were
surrounding K, However, K5 is not spatially oriented to  identified as containing the 268 Da addition following the
form an adjacent linkage to the HQ ring, and a single 105 reaction at pH 8.
Da adduct forms. Predicted Protein Conformational Changes Associated
Following the reaction of cytochromzand NAC-BQ at with NAC-BQ ModificationLC—MS/MS data followed by
pH 8, five tryptic peptides were identified with mass software analysis and manual validation have indicated that
additions of 105 Da (Table 1). The peptide sequences andseveral residues of cytochrorn@re modified following the
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Table 1: Tryptic Peptides Found following the pH-Dependent Reaction of Cytochcomith NAC-BQ?
adducts pH 6 pH7 pH 8
NAC-BQ 105 adduct no adducts found SGKKIFVQK?13 SGKKIFVQK?™®
BGGKHK TGPNLHGLFGR8 2GGKHKTGPNLHGLFGR®
SKTGQAPGFTYTDANKNKS® 4 TGQAPGFTYTDANKNKS®®
S6GITWKEETLMEYLENPKKYIPGTK™ 8OMIFAGIK K K88
SOMIFAGIK KK?®8 8’'KK TEREDLIAYLK %
8’KK TEREDLIAYLK %
NAC-BQ 268 adduct 2GGKHKTGPNLHGLFGR® K TGQAPGFTYTDANK?? no adducts found
K TGQAPGFTYTDANKS? S6GITWKEETLMEYLENPKK™®
SIEETLMEYLENPKK™ 8OMIFAGIK K K88
SIEETLMEYLENPKK™®

89TEREDLIAYLKKATNE 104
92EDLIAYLKK 100

2 Bold indicates the residue at which P-Mod or X! Tandem found the modification. Underlined regions consist of residues where manual validation

found modification.
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Ficure 3: MS/MS spectra of cytochrome tryptic peptides

268 Da addition to R2 and a 105 Da addition to®K?’, so
these models were also constructed (panels A and B of Figure
2 of the Supporting Information, respectively). The results
of the reaction at pH 8 indicated formation of a 105 Da
addition to K>—K?7, and a stable model of this modification
was also constructed (Figure 4 of the Supporting Informa-
tion). Subsequent energy minimizations and dynamics were
performed, and the effect of the NAC-BQ modification could
be assessed through conformational rearrangement of certain
residues within cytochrome. In the case of R®—K?7 and
K86-K87 a cyclic BQ species is added, which links both
residues at opposite sides of the BQ ring structure. Again,
the critical residues involved in binding Apaf-1 are high-
lighted for viewing of any additional conformational changes
in these residues following NAC-BQ addition.

Circular Dichroism Spectroscopy following Modification
of Cytochrome c¢ with BQ and NAC-B@-ollowing the
reaction of cytochrome with BQ and NAC-BQ (Materials
and Methods), far-UV spectroscopy was used to establish
whether the secondary structures of BQ-adducted cytochrome
¢ and NAC-BQ-adducted cytochrontewere significantly
different from that of native cytochrome (Figure 6).
Molecular modeling of the modified and native cytochrome
¢ predicted structural changes associated with the modifica-
tions, and further structural data were necessary to support
the results of the modeling studies. Functional studies
measuring caspase activity following modification of cyto-
chromec with BQ have also indicated that the biological
function of this protein is altered upon BQ modification (see
below). Consequently, we determined whether the secondary

modified by NAC-BQ at pH 6. Raw data from LCQ Classic were structure of the protein remained intact following BQ and
analyzed using X! Tandem and P-Mod. The resulting adducts were NAC_BQ modifications. CD Spectra were measured to

confirmed using manual validation. (A) The cytochromgeptide

92EDLIAYLKK 100 was adducted by NAC-BQ, where the 268 Da

modification was located on®E (B) The cytochromec peptide
SIEETLMEYLENPKK™® had the 268 Da modification onS&

reaction of NAC-BQ with cytochrome. Like BQ, NAC-

determine whether the BQ and/or NAC-BQ modifications
induced sufficient conformational changes to result in
significant misfolding of the protein secondary structure,
which might be responsible for the inhibition of protein
function. The CD spectra of BQ- and NAC-BQ-adducted

cytochromec appear similar to the native spectrum with no
significant visible band shifts between the spectra. To further
investigate the structural changes associated with this chemi-
modification was added to®E (Figure 5), on the basis of cal adduction on cytochromg intrinsic fluorescence mea-
the results of the reaction of NAC-BQ and cytochroonat surements were conducted using the samples prepared for
pH 6. The reaction at pH 7 also indicated formation of a CD analysis; however, the proximity of the tryptophan

BQ may also inhibit apoptosome formation by inducing
conformational changes in critical residues involved in
cytochrome c—Apaf-1 binding. The 268 Da NAC-BQ
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Ficure 4: NAC-BQ 268 Da adduction on glutamic acid residues at pH 6. (A) The glutamic acid forms an enolate anion where the electron
density is shared between both oxygen atoms and is then protonated at pH 6 to a more stable spegiearbimeis then capable of
adducting the BQ ring via Michael addition. (B) Deprotonation ofdhleydrogen of the glutamic acid residue allows for resonance structure
formation, which is stabilized at pH 6 via protonation of the backbone carbonyl.oft&rbon is then able to adduct the BQ ring of
NAC-BQ through Michael addition.

residue to the heme in cytochroneelikely resulted in binant Apaf-1, procaspase-9, procaspase-3, and either native
quenching of the tryptophan fluorescence (data not shown).or BQ-adducted cytochrome As expected, native cyto-
Therefore, the CD results indicate that the BQ- and NAC- chrome ¢ induced oligomerization of Apaf-1 and conse-
BQ-induced PTMs likely create subtle structural rearrange- quently activated caspase-9 and -3, resulting in caspase-3
ments of critical residues involved in the normal functioning DEVDase activity. However, adducted cytochrootiled
of the protein, and with spatial rearrangement of these critical to induce Apaf-1 oligomerization and consequently failed
residues, the biological activity of cytochromes altered. to activate caspases (Figure 7B,C).
The samples used for CD analysis were analyzed via
MALDI-TOF analysis to ensure modifications of cytochrome DISCUSSION
¢ by BQ and NAC-BQ. Cytochromec has been utilized as a model protein to
Adduction of 1,4-Benzoquinone to Cytochrome c Inhibits characterize chemical-induced post-translational modifica-
Formation of the Apaf-1 Apoptosome and Aation of tions (PTMs) on the protein resulting from reaction with BQ
Caspase-9 and -Next, we examined the ability of native and NAC-BQ. Additionally, because intact cytochromis
and BQ-adducted cytochroneeto initiate formation of the  critical for the normal function of the stress-induced apoptosis
Apaf-1 apoptosome and sequential activation of caspase-9athway, site-specific modification of residues within this
and -3 in nare human monocytic THP.1 tumor cell lysates protein could disrupt essential proteiprotein interactions
and in an entirely reconstituted apoptosome model. The required for the initiation of cell death. Moreover, the MS
addition of native cytochrome to THP.1 lysates led to a  data were analyzed to determine whether reactive electro-
concentration-dependent increase in caspase-3 DEVDasghiles preferentially target specific amino acids on the basis
activity, implying that cytochrome had induced formation  of the orientation of the amino acids and on the basis of the
of the Apaf-tcaspase-9 apoptosome, which in turn activated chemical and physical properties of the solvent-exposed
procaspase-3 (DEVDase activity). By contrast, no significant residues within the protein. Identification of potential
increase in DEVDase activity was observed in lysates preferential binding characteristics may facilitate selective
incubated with BQ-adducted cytochrormméFigure 7A). To adduction on certain amino acid residues, based upon specific
confirm that BQ-adducted cytochroneecould not activate  electrophile binding motifs (EBM) within proteins. Potential
the apoptosome, we reconstituted the complex with recom-quinone EBMs have previously been identified as containing
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K25, K39, 2ETLMS®5, and K'? (27). Selective binding of BQ
and/or NAC-BQ to any of these cytochroroeesidues may
disrupt the cytochrome—Apaf-1 interaction. Modification

of one of these residues involved in cytochromeApaf-1
interaction decreases the level of caspase-3 activa®ion (
However, modification of multiple residues involved in this
interaction or a change in the spatial orientation of these
critical residues as a result of binding elsewhere on the
protein has an additive effect on the decrease in the level of
caspase-3 activation, and thus the ability of cytochroroe
initiate the apoptosis pathwayl§ 17, 28). Interestingly,
several of the reactive electrophile-induced PTMs we have
identified are located on KK?5, K39, E®2, and K2 Because
these residues are crucial contributors to protgirotein
interactions, their modification by BQ or any of its quinol-
thioether metabolites may cause a significant decrease in the
level of cytochromec binding and caspase-3 activity.
Additionally, modification at these sites by BQ, or any of
its quinol-thioether metabolites, may contribute to inhibition

_ of Apaf-1 oligomerization necessary for apoptosome forma-
Ficure 5: Molecular model of cytochrome following covalent

adduction by NAC-BQ at 2 MS/MS data provided results tion (Figure 7). . )
showing the NAC-BQ 268 Da adduct was located 6af&llowing The pH dependence of the reaction of cytochrameéth

the reaction at pH 6. The model was created using Insight II. quinol-thioether metabolites of BQ was investigated to
Following molecular dynamics and energy minimizations, the determine whether pH influences the nature and/or selectivity
lowest-potential energy structure was placed in PyMOL. The ot protein modification. MALDI-MS and LE&MS/MS

modified protein (yellow residues) is overlaid with the native protein : ) .
(blue residues) to observe spatial rearrangement of critical residuesanaIySIS revealed that these NAC-BQ adducts do form in a

involved in cytochromet function. Residues highlighted in the ~PH-dependent manner on solvent-exposed cytochrome
modified and native proteins are those crucial for binding of residues. This analysis has revealed that following reaction

cytochromec to Apaf-1. of NAC-BQ with cytochromec, 268 Da adducts are found
at pH 6 and 7, but 105 Da adducts are found at pH 7 and 8

y (Figure 2). The observed pH dependence is likely due to
4 the instability of the protein-adducted NAC-BQ at increasing
_ 1 pH values, where the final 105 Da addition occurs as a result
5 2 of postadduction chemistry following binding of NAC-BQ
£E ol° Lgueussas at these residues. Thus, elimination of ti@cetylcysteine
t p T ih moiety from the BQ ring gives rise to the 105 Da adduct
s 2 . =t observed at increasing pH values. The postadduction chem-
§’ 4 . : istry that occurs to give the 105 Da adduct is observed mostly
5 . . on amino acids that are surrounded by regions with a high
;c-: 5 . pKa, Whereas the 268 Da adducts are observed in protein
o) At e, .t regions with a lower K, These regions with a lowky
-8 il ‘ T Tcc appear to stabilize the 268 Da adduct, preventing elimination
10 1;“: « CCBQ of the N-acetylcysteine moiety. In addition to the lysine
. CCNACBQ residues that have been shown to be targets of these
412 ———— electrophilic compounds, we have identified glutamic acid
S 3 N p s a 3 as a novel residue modified by NAC-BQ at pH 6 (Figure

3). Only glutamic acid residues that are surrounded by
regions with a low K, are sites of the 268 Da adduction,
FIdeURE %i Far-lﬁv CifCU_Il_?]f d(i:CSFOism of BfQ-hang szj%_BQ_d further signifying the importance ofigy in quinol thioether
B o e ales, i o A S . adductformalion and the associated postadcuciion chemisty.
chromec (blue circles) are shown with the spectrum of the native Additionally, this novel adduction site further characterizes
cytochromec structure (red squares). protein targets of quinone compounds and helps elucidate
their mechanisms of binding.
runs of lysine residues in a specific orientation, generally  Protein modeling of BQ and NAC-BQ modification on
including two lysine residues flanking a nucleophilic amino cytochromec was conducted to predict structural changes
acid (KXK) or two lysine residues preceded or followed by in the protein conformation following covalent modification
a nucleophilic amino acid (XKK or KKX). Proteins contain- by these compounds. Modeling BQ and NAC-BQ adduction
ing these EBMs may be predisposed to BQ- and NAC-BQ- to cytochromec on critical lysine (Figure 1) and glutamic
mediated modification, leading to alterations in structural and acid (Figure 5) residues revealed a change in the orientation
possibly functional characteristics. Site-directed mutagenesisof these residues for accommodation of the quinone adducts
studies have revealed that cytochromérms complexes  (postulated structures of these chemical adducts are found
with Apaf-1 through specific interaction with residues, K in Figure 5 of the Supporting Information). This structural

Wavelength (nm)
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Ficure 7: Adduction of cytochrome with BQ inhibits formation of the Apaf-1 apoptosome and prevents caspase activation. (A) THP-1
lysates were activated with dATP in the presence of increasing concentrations of cytodwoB®@-adducted cytochronme Apoptosome-

mediated activation of procaspase-3 was assessed using the caspase-3 substrate, DEVD-AMC. (B and C) Native and BQ-adducted cytochrome
¢ were examined for their abilities to induce oligomerization of recombinant Apaf-1 into an apoptosome complex, capable of activating
procaspase-9 and -3.

adjustment induced subsequent changes in the spatial oriwith cytochromec-initiated caspase activatiogq, 30). The
entation of additional residues within cytochrorogpar- authors suggest that the nucleotides interact at the same sites
ticularly those residues which facilitate the cytochrome on cytochromec necessary for Apaf-1 binding and are
c—Apaf-1 protein-protein interactions. This observed struc- therefore able to inhibit cytochrome-initiated caspase
tural rearrangement following adduction by these quinone activation by preventing proteirprotein interactions without
compounds suggests one possible mechanism for the inhibithe associated structural rearrangements. Because we have
tion of the interaction of cytochromewith Apaf-1, resulting shown that BQ and its quinol-thioether metabolites bind to
in inhibition of cytochromec-initiated caspase activation. many of the same sites on cytochromenown to be crucial
Alternatively, it is possible that BQ and its quinol-thioether for Apaf-1 interaction, the simple masking of these protein
metabolites induce global changes in cytochranwenfor- protein interaction sites may be sufficient to cause a loss of
mation sufficient to produce a loss of protein function. In function independent of any local conformational changes.
this case, the more subtle local conformational changes In summary, BQ and its quinol-thioether metabolites
affecting only the spatial orientation of specific residues (NAC-BQ) are capable of creating PTMs in cytochrome
would likely be overwhelmed by the consequences of grossthat alter protein structure. In addition, the nature of the
changes in protein structure. However, circular dichroism chemical adduct is dependent on the physicochemical
(CD) analysis of the BQ- and NAC-BQ-modified cytochrome characteristics at the site of adduction. Thus, postadduction
c revealed that the secondary structure of the protein remainschemistry can result in rearrangements that may render
essentially intact following modification (Figure 6). These invalid assumptions about the proposed structure of chemical-
data therefore suggest that reactive electrophile-inducedinduced PTMs. However, despite such difficulties, identifica-
PTMs cause a loss of protein function in the absence of grosstion of EBMs recognized by specific classes of reactive
alterations in protein structure. Thus, the spatial rearrange-electrophilic metabolites should assist in directing the search
ment of the affected residues following this quinone adduc- for chemical-induced PTMs, and the consequences thereof.

tion on cytochromee is sufficient to inhibit cytochrome In this respect, BQ- and NAC-BQ-induced PTMs in cyto-
protein—protein interactions, and thus loss of protein func- chromec produce changes in the structure of cytochrame
tion. sufficient to inhibit its ability to promote the processing of

Adduction to any site on cytochroneethat is involved in caspase-3 by the apoptosome. The contribution of chemical-
protein—protein interactions may be sufficient to produce a induced PTMs to the toxicity associated with chemical
loss of protein function independent of any structural exposure remains to be determined but will likely involve
changes. Recent literature has demonstrated that negativelynultiple protein targets. Assessing which, if any, of these
charged nucleotides bind to cytochrorodikely through PTMs alter structure and function sufficient to influence cell
electrostatic interactions and that these nucleotides interfereviability remains a challenge.
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