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SUMMARY

Chemoprevention is an active cancer preventivetegfyato inhibit, delay or
reverse human carcinogenesis using naturally doguar synthetic chemical agents. In
recent years, it has emerged as one of the mappaghes for reducing cancer. Dietary
natural products and diet-derived agents are patesttemopreventive agents since they
are relatively safe and exhibit no or low toxicity.

Activation of the transcription factor NF-E2-reldti@actor-2 (Nrf2), leading to up-
regulation of the antioxidant response element (AREcellular defense against reactive
oxygen species and xenobiotic electrophiles, is irmaportant strategy for cancer
chemoprevention. Under basal conditions, Nrf2 shaned in the cytosol by a Kelch-like
ECH-associated protein 1 (Keapl) dimer. Keapl sea® an adaptor between the
Cullin3 (Cul3)-based E3-ligase ubiquitination coepland Nrf2, directing constitutive
ubiquitination of Nrf2 and thus its proteasomal @&ation. The low concentration of
Nrf2 in the nucleus results in low expression of ARriven genes. Upon exposure of
cells to the ARE activators, Nrf2 ubiquitinationirghibited, leading to the stabilization
and accumulation of Nrf2 in the nucleus, whereimetizes with a small Maf protein,
binds to AREs and stimulates cytoprotective geaesiription.

Numerous potential ARE activators have been idedtifmany of which are
abundant in natural plants. However, how these dpeaventive agents activate ARE
through Nrf2-Keapl signaling pathway is still urale In this dissertation, mass
spectrometry was employed to improve the high-thhput screening assay we
developed previously to find compounds that mo#i&apl, and to facilitate elucidation

of the mechanism of the Nrf2-Keapl signaling pathvaresponse to ARE activators.
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SUMMARY (continued)

Firstly, since our previous matrix-assisted lasesadption time-of-flight mass
spectrometry (MALDI-TOF MS) based screening methodliscover natural products
that modify Keapl is not able to detect some olné&gysuch as sulforaphane, a potent
ARE activator, a more sensitive screening assay deagloped. In this new method,
electrophiles that reversibly modify Keapl proteam be trapped by BME and identified
by mass spectrometry as adducts. Isoliquiritigeaiknown ARE activator that targets
Keapl, was used to validate the method by ubBqmgd chromatography-tandem mass
spectrometry (C-MS-MS). To evaluate the screening assay, syiftaae was spiked
into a crude extract of cocoa nibs. Use of higlolggn accurate mass measurement on
a HPLC-ion trap-TOF mass spectrometer (IT-TOF M&J automated peak detection
software, permitted approximately 20-fold more #@res detection than our previously
developed MALDI-TOF MS-based assay and improve@m#spects of that assay. This
new screening method is applicable to detection laf abundance reversible
chemopreventive agents in natural product mixtures.

Modification of Keapl cysteines has been demorestr&d be a critical step for
chemopreventive agents to active the ARE. Sigmticeffort has been undertaken to
identify the key cysteines in Keapl and their fimtt However, there are conflicting in
vitro and in vivo data regarding which Keapl cysteresidues become modified for
some ARE activators such as sulforaphane. Althaughkt biological data indicate that
modification at C151 is essential for sulforaphangon, some recent studies using mass
spectrometry have failed to identify C151 as a <ife Keapl modification by

sulforaphane. To address this issue, a revisedlsgmmgparation protocol was developed.
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SUMMARY (continued)

Our studies indicate that iodoacetamide treatmsnélly used during sample preparation
promotes dissociation of sulforaphane-cysteine eddespecially adducts with C151 of
Keapl. By eliminating the iodoacetamide treatmeésp sand reducing sample preparation
time, we showed that C151 is detected as one dbtlvemost reactive cysteine residues
in Keapl towards sulforaphane. These results arsigtent with cell studies and in vivo
findings.

Next, in order to investigate whether iodoacetantr@atment will affect other
ARE activators’ modification pattern during in dtrexperiments, the reversibility of
another five activators including isoliquiritigenirxanthohumol, 1-[2-cyano-3-,12-
dioxooleana-1,9(11)-dien-28-oyllimidazo(€DDO-Im), prostaglandin A (PGAp), and
15-deoxyA*?*“prostaglandin 2 (15d-PGJ) were evaluated. Subsequently, the Keapl
cysteine alkylation pattern of PGAnd 15d-PGJwas investigated using a linear ion trap
Fourier transform ion cyclotron resonance mass tepeeter (LTQ-FT ICR) with an
appropriate sample preparation protocol. Contranpnost of the ARE activators reported
previously, we found that C151 is not detected as of the most reactive cysteine
residues in Keapl towards either PGk 15d-PGgd These in vitro results are consistent
with some in vivo evidence reported recently th&AR and 15d-PGJare Keapl C151-
independent.

Alteration of the Keapl1-Cul3 interaction is a premg mechanism of regulating
ARE activation by decreasing Nrf2 ubiquitinationo Support this mechanistic study,

mass spectrometry was used to help elucidate hoapXKeonformation changes upon
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SUMMARY (continued)
C151 modification by an ARE activator and subsetjyealters the binding to Cul3.
First, we used an indirect method to investigate flotein structure change that occurs
when isoliquiritigenin, a well studied ARE activateported previously, binds covalently
to Keapl. The conformation of Keapl may affectr@sctivity, and the 27 cysteines of
Keapl may be used as conformational probes. Tcsiigate whether modification of
Keapl C151 leads to a conformational change, bdtiKeapl and a Keapl C151W
mutant, which simulates the modification of C151 ddgctrophiles, were modified by
isoliquiritigenin, either with or without the presse of Cul3, and modified cysteines were
monitored. We found that there is no significarfteslence between wt Keapl and the
Keapl C151W mutant in terms of their reaction wdbliquiritigenin. However, Cul3
C636 is differentially modified by isoliquiritigeniwhen binding to wt Keapl or Keapl
C151W mutant. This observation implies a chang@énKeap1-Cul3 interaction induced
by the modification of Keapl C151, apart from a @endisruption of the Keapl-Cul3
complex, changing the current model in the fielle Tmost reactive cysteine of Cul3,
C636, may play a functional role in the signalingtlpvay, and this needs further
investigation.

Next, considering the unavailability of the threienénsional structure of either
Keapl or Cul3 protein, we covalently linked Keapid &Cul3 using a cross-linker and
used mass spectrometry to probe directly the KeaqilCul3 structure, as well as their
interaction interface. After the optimization ohggle preparation conditions, thirty intra-

or intermolecular cross-linked peptides were ideti These results can be further used
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SUMMARY (continued)

for protein docking models. In addition, we founchatt the cross-linker

bis(sulfosuccinimidyl) suberate (BS is more suitable for intermolecular
cross-linking studies than is glutaraldehyde dueit$olonger spacer and reaction
specificity. Finally, we found that with a much fas scanning speed, more efficient
fragmentation and high mass accuracy of both psecuand product ions, the LTQ
Orbitrap Velos is a more suitable instrument farssrlinked peptides identification than
the LTQ FT-ICR mass spectrometer.

In conclusion, these mass spectrometry-based metivaie developed to 1)
screen natural product extracts for possible cheevaemtive agents that can activate
ARE-mediated gene expression; and 2) facilitaterifdation of the Nrf2-Keapl
signaling pathway mechanism in terms of cysteinieylation, reversibility of the
cysteine-electrophile adducts and protein 3D simgctThe methods developed here can

also be used in studies of other signaling pathwiagtshave a similar mechanism.
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1 INTRODUCTION

1.1 Cancer chemoprevention by natural products

1.1.1 Cancer chemoprevention

Cancer is a major public health problem in the &bhiftates and many other parts
of the world. Currently, one out of every four deain United States is due to cancer.
Prostate, lung, breast and colorectal cancersharenbst common cancers in both men
and women according to the American Cancer So¢igtyHowever, the overall new
diagnoses and death rates from all cancers armééch the recent ten years, which may
be at least partially attributed to the progressancer prevention, early detection, and

treatment.

Various human diseases, including cancer can bectaefély prevented by
avoidable causes such as cigarette smoking andtredwf environmental toxins, in
combination with a healthy diet and regular phylsmetivities [2-4]. The concept of
chemoprevention, as first proposed by Dr. MichaelSBorn in the early 1970s, was
defined as the use of natural or synthetic compsuadnhibit, suppress or reverse the
development and progression of cancer [5]. SinceLBe W. Wattenberg articulated the
concept of selective inhibition of carcinogenesising either initiation, promotion or

progression phases [6], the field of cancer chemamtion has grown rapidly.

Recently, it has become increasingly clear thahaprevention is a rational and
appealing strategy. It is applicable to healthyvidiials or to individuals who may be at

a higher risk of developing cancer due to familstdiiy. For cancer patients being treated



with the goal of killing cancer cells, chemopreveatagents may be used along with
chemotherapeutic agents to provide additive or gysiic effects with fewer side effects.
Moreover, chemopreventive agents are becoming g@origint component in the post-

therapy of cancer patients to prevent the recuer@fiche disease (as shown in Figure 1)

[71

High-Risk Post-therapy
Healthy Individuals Individuals Cancer Patients Cancer Patients

— —

—
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Dietary agents ~~ Pharmacological Chemotherapeutic Dietaryand >
and natural products agents and agents pharmacological agenrs\
phytochemicais
Chemotherapy Chemoquiescence | \

Chemoprevention

Figure 1. Selective responsiveness of a healthylptipn as well as cancer patients to
chemopreventive agents [7].

Numerous cancer cell lines and animal models haen lused to evaluate the
chemopreventive effects of dietary compounds. Tledfsets have yielded great success
in the discovery of novel chemopreventive agent$hsas polyphenols from green and
black tea, and flavonoids from soybeans. For exajripbthiocyanates from cruciferous
vegetables have progressed from the bench to alimi@ls [8]. Considering that the
overall cancer preventive effects of these chemamteve agents are contributed by a
complex cellular process involving altered protexpression and signaling transduction
modulation, elucidation of their underlying mectsns of cancer prevention action at
the molecular level plays a pivotal role in undansling their uses. Recently, some of the
most promising molecular targets for chemoprevenstudies are the cellular signaling

cascades mediated by nuclear factor E2-relate@drf&t(Nrf2), nuclear factor-kappaB



(NF-«B), cyclooxy-genase-2 (COX-2), activator proteifAP-1), and mitogen-activated

protein kinases (MAPKS) [9].

1.1.2 Natural productsin chemoprevention

Natural products, herbs and spices have been osguidventing several diseases
since ancient times. Despite the great interegtieh as a strategy to prevent and cure
cancer with little or no toxicity, it was not untihe late twentieth century that diet-
derived chemoprevention mechanisms began to beastodd. Since the National Cancer
Institute initiated a Diet and Cancer Program apimnately 35 years ago, studies have
shown that the high content of bioactive compoumr@sent in fruits and vegetables has
important roles in the prevention of chronic digsasincluding cancer, diabetes and
hypercholesteremia [7, 10]. Some of the diet-derisebstances widely consumed in the
United States that have been reported to reduceriexgntal carcinogenesis are indole-3-
carbinol (I3C) from cruciferous vegetable [11], cumin from the root of curcuma,
present in the Indian spice turmeric [12], resvetatfrom grapes [13], and
epigallocatechin gallate (EGCG) from tea [14]. @tbemmonly consumed foods and

their targets are shown in Figure 2.
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Figure 2. Some of the chemopreventive natural prtsdwidely consumed in the United
States and reported to have chemopreventive effichhe circles indicate reported
mechanism(s) of action for these agents [7].

Recently, the use of natural agents as nutritigwplements or alternative
medicines has grown and continues to show an uptsnd. The general public as well
as cancer patients use natural agents for preveatieven for treatment of cancer. Data
from 2004 show that natural products and theirvdgirres account for 44% of all new
drugs [15]. Since natural products may not be ideddemopreventive or
chemotherapeutic agents as found in nature, naageahts could still guide medicinal
chemists toward the synthesis of more effective safdr analogs, which could become

novel therapeutic agents for the treatment or prigme of various cancers in the future.



In addition, studies of underlying mechanisms aiurel agents’ action at a molecular
level will facilitate evaluation of the potentiaf natural agents in chemoprevention, as
well as the basis of mechanism-based biomarker lolewvent, both of which are

important for winning the battle against cancer.

1.2 Molecular mechanisms of the Nrf2-K eap1 chemopr evention pathway

Induction of phase Il detoxification enzymes suck BAD(P)H-quinone
oxidoreductase 1 (NQO1) and glutathione S-transésa(GSTs), and endogenous
antioxidant enzymes such as heme oxygenase-1 (H®rInatural chemopreventive
agents is a promising strategy for reducing thle ofscancer and other chronic diseases
[16]. In the early 1990’s, Pickett and colleaguiest fdiscovered a regulatory element in
the promoter region of r&st-Yaand termed it the antioxidant responsive elem&RE)
[17]. Mutational analysis further revealed 5’-GTGA@GC-3’ to be the core sequence
of the ARE in the same laboratory, where n reprssemy base [18]. Numerous
subsequent analyses have demonstrated that AREleneo battery of cytoprotective
enzymes [19-21] and is upregulated in responsevtida range of chemicals including
oxidative stress, xenobiotic electrophiles, endogsnoxidized metabolites, toxic heavy
metals, UV irradiation, and natural products [1@-25]. Up-regulation of the ARE

causes cells to produce more cytoprotective enzymes

The NF-E2-related factor 2 (Nrf2), a member of tBap-N-Collar (CNC) of
basic-leucine zipper NF-E2 family, is ubiquitousiypressed at low levels in all human
organs [27]. It was first cloned and characteriggdan (human Nrf2) in 1994 [28] and

Yamamoto (chicken Nrf2) [29] independently as adachat binds to the NF-E2/AP-1



repeat of thep-globin gene promoter. Soon after, Kensler and ckers provided
convincing evidence demonstrating that Nrf2 is iéical regulator of ARE-dependent
transcription. They showed that Nrf2-knockout miead reduced levels and impaired
induction of a variety of phase Il detoxifying enzgs and endogenous antioxidants,
rendering the knockout mice more susceptible taisagen-induced cancers [30].
Several other groups showed that Nrf2 initiatesdcaption of ARE-driven phase Il
genes, upon translocation to the nucleus, formatioa heterodimer with a small Maf
protein and binding to the ARE [31-34]. Since thainf2 has emerged as the master
regulator of a cellular defense mechanism to ptotells against various electrophilic

and oxidative damages.

The activity of Nrf2 is negatively regulated by gsteine-rich protein termed
Kelch-like ECH-associated protein 1 (Keapl). Gemodkout of Keapl resulted in
constitutively hyperactive Nrf2 signaling both ialls and animal models [35-38]. Keapl
was first identified and cloned using the Neh2 dom@pproximately the first 100
residues) of Nrf2 as bait in a yeast two-hybridesor by Itoh and colleagues from
Yamamoto’s group in 1999 [37]. Keapl mainly disties in the cytoplasm,
immobilized by binding to actin cytoskeleton [39}14The human Keapl consists of five
domains shows in Figure 3: an amino-terminal redidMR), a bric-a-brac, tramtrack,
broad complex (BTB), an intervening region (IVR),Kalch/double glycine repeat
(DGR), and a carboxyl terminal region (CTR) [37helBTB domain is required for
Keapl homodimerization [42]. The DGR and CTR domaimds to two Neh2 motifs,
termed the DLG (low-affinity) and ETGE (high-affig) motifs, so that the Keapl dimer

recognizes one molecule of Nrf2 and prevents catiste Nrf2 nuclear accumulation



[43, 44]. The IVR domain is the most cysteine-rdbmain and is indispensable for

cytoplasmic sequestration of Nrf2 [45].

In 2004, Keapl was proved to be a substrate adppatein for a Cullin3 (Cul3)-
based E3-ligase ubiquitination complex, responsiloie Nrf2 degradation, by four
independent groups [46-49]. Keapl serves as a diidgween Nrf2 and Cul3. Keapl
brings Nrf2 into the E3 ligase complex through ratging Cul3 with BTB domain, and
binding Nrf2 with DGR domain. Under basal condiipthe concentration of Nrf2 is low
due to constitutive ubiquitination by the Cul3-béde3-ligase ubiquitination complex
and then degradation by the 26S proteasome; thidtsein low expression of ARE-
driven genes [47]. Upon exposure of cells to AREvators, Nrf2 ubiquitination is
inhibited, and Nrf2 accumulates in the nucleus wheforms a heterodimer with a small
Maf protein and binds to the ARE to stimulate cyaipctive gene transcription [37]
(Figure 4A). Activation of this pathway is a promg strategy for the prevention of

numerous human diseases including cancer.

N-terminal BTB Intervening region Kelch repeat/double glycine region C-terminal
region (dimerization;bindsto Cul3) (cysteine-rich) (bindsto Neh2 domain of Nrf2) region (CTR)
Lwnr 5% VR %5 |

1 59 178 321 609 624

Figure 3.Schematic representation of five regions of humeagl protein.

Although numerous ARE activators have been idedjfithey share few
structural similarities [50]. Talalay and coworkg®5, 51, 52] have noted that the

majority of ARE activators are electrophilic andnca&ovalently modify cysteine



sulfhydryl groups. Since human Keapl binds Nrf2 a@odtains 27 cysteine residues,
Dinkova-Kostova in Talalay’'s group proposed in 2@0at Keapl might be a regulatory
sensor for the ARE pathway and provided the finstitro evidence that four cysteines
C257, C273, C288, and C297 in mouse Keapl were ntlost reactive toward

dexamethasone, a thiol reagent using mass spedtyorfdS) [52]. However, how

signals from these compounds are transmitted toNH&-Keapl-Cul3 system and
activate the ARE response is still unclear. Basadaonumber of studies, several
mechanisms have been proposed for Nrf2 nucleusnmadation in response to the

activators and are shown in Figure 4

Itoh and co-workers [53] first postulated that Nif2released from the Nrf2-
Keapl complex in the cytoplasm in response to acteyn with electrophiles or oxidative
stressors and translocates to the nucleus resutiingiclear accumulation and ARE-
regulated gene expression in 1999 (Figure 4B). @asea primarily study by Dinkova-
Kostova et al., in which native EMSAs conductedhwitouse Keapl and Neh2 proteins
show that the Keapl-Neh2 complex band is disruptethe addition of sulforaphane, a
direct Nrf2-Keapl dissociation model was establishe 2002 [52]. Since then,
significant effort has been undertaken to identify critical cysteines in Keapl and their
function. Keapl C273 and C288 located in the IVR domain,rageiired for efficient
ubiquitination and basal inhibition of Nrf2 [35, 4%4, 55]. Zhang et al, first
demonstrated in cell that C151 was the only cystaletermined to be required for
stabilization and activation of Nrf2 in responseARE activators such as sulforaphane
and tert-butylhydroquinone (tBHQ) using mutagenegproach [45]. Located in the

BTB domain (Figure 3), Keapl C151 is a 100% corsgreysteine among species.



Modification of C151 might play a critical role iregulating electrophile signaling.
However, mass spectrometry studies showed confljicikeapl cysteine adduction
patterns in vitro by different groups. Our groupwlkd that C151 is the three most
reactive cysteines in human Keapl towards biotieglaodoacetamide (BIA) [56], 1-
biotinamido-4-(4[maleimidoethyl-cyclohexane]-carboxamido) butaBMCC) [57], as
well as the natural product ARE activators xanthmblufrom hops, isoliquiritigenin from
licorice and 10-shogaol from ginger [57]. Indepamttie Honget al. showed 15 cysteines
of human Keapl modified by BIA without C151 [58]o Teconcile the contradict results,
our group evaluated the methods used by both granggound C151 is one of the most
highly reactive cysteines in human Keapl agreed weth other biological evidence.
The no detection of C151 by Liebler’'s group is daehe relatively harsh treatment of
Keapl in the membrane method, which probably resultan unfolded or misfolded
Keapl at the time of BIA modification [56]. Subseqtianalysis further confirmed that
C151 is the most reactive cysteine towards mosthef ARE activators including
sulforaphane [59], 1-[2-cyano-3-,12-dioxooleanal1]19-dien-28-oyl]imidazole (CDDO-
Im) [59], ebselen (a seleno-organic antioxidanf)][&nd neurite outgrowth-promoting
prostaglandin (NEPP), which protects neurons fromdative insults [61]. Recently, we
showed that a C151W mutation to mimic electrophifiodification was sufficient for
Keapl to lose the ability to repress Nrf2 [59]. ldghshiet al. [62] have categorized
ARE activators into six classes using a “cysteinde, which defines the preferential
target cysteine(s) and distinct biological effedt®st ARE activators belong to class 1 of

the “cysteine code”, where C151 is essential forayg.



10

Although the model of direct disruption of Nrf2-Kelacomplex by alkylation on
the Keapl had become widely acceptddences from two independent groups showed
that the direct disruption model is invalid [47,]6Zhanget al. showed that neither
sulforaphane nor quinone-induced oxidative stresslts in quantitative release of Nrf2
from Keapl as determined by immunoblot analysi¥yahg immunoprecipitation [47].
In 2005, through a combination of chemical, mascgpmetry, and isothermal titration
calorimetry methods, our group found that the hukeapl and Neh2 proteins bind with
a high affinity Kd of 9 nM. Modification of humand&pl by a variety of ARE activators
including sulforaphane, isoliquiritigenin, 15-deex$2, 14-prostaglandin-J2, and
menadione, does not alter the affinity of Keapltfe Neh2 domain protein of Nrf2, nor
does it alter the binding stoichiometry [63]. Théiselings unambiguously indicated that
C151 is extremely reactive and plays a criticat riol the Nrf2-Keapl signalingathway,
but modification of C151 by an electrophile is soifficient to disrupt the Nrf2-Keapl

interaction.

While modification of Keapl cysteines does notrattee affinity of Keapl for
Nrf2, several studies indicated that the Keapl-Cul&raction is disrupted by
modification of Keapl C151 by electrophiles, whibdbwnregulates Nrf2 ubiquitination
and degradation (Figure 4C). Zhaegal. first demonstrated that less Cul3 precipitated
with Keapl when treated with sulforaphane or tBH&Ng coimmunoprecipitation,
whereas a C151S mutation largely abrogated thiscefid7]. Afterwards, consensus
results were obtained by two independent groups;dJsoimmunoprecipitation, Gagt
al. showed a reduced association of Cul3 with Keap@numodification of Keapl

cysteines by oxidized eicosapentaenoic acid (EPADr)ajor component of fish oil [64].
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Rachakondat al. from Liebler's group observed a progressive ldsgrotein secondary
structure of wild type Keapl assessed by CD spsubpmy, accompanied by dissociation
of the Keapl and Cul3 complex after exposurd-iodoacetylN-iotinylhexylenediamine
(IAB). In contrast, a C151S mutant of Keapl wassicantly resistant to IAB-induced
structural change and did not dissociate from @6&3. However, it is unknown whether
modification of other Keapl cysteines in additionG151 is required to alter the Keapl

and Cul3 interaction.

Recently, to address this question, our collaboraggleret al, mutated Keapl
C151 to the amino acid with the largest partial anololume, tryptophan, to mimic
sterically the modification of C151 by electropbiolecules. Remarkably, transfection
with Keapl C151W was largely unable to catalyze2Nrbiquitination, resulting in a
level of Nrf2 that was similar to that observedthre absence of overexpressed Keapl.
Moreover, immunoblot analysis and isothermal titrat calorimetry indicated that
modification of Keapl C151 to a tryptophan destabd Keapl-Cul3 interaction but did
not alter the affinity of C151W Keapl for Nrf2. BEraing a homology model of the
interaction of the BTB domain of Keapl with Cul3d#tre 5), it appears that a bulky
modification at C151 does not impose a loss of séany structure that could disrupt
Keapl-Cul3 binding. It is probable that a bulky nficdtion at C151 alters the
interaction between two helices via a steric clafstine tryptophan side chain with K131,
thereby forcing the-helix containing K131 away from position C151. TR&35 residue,
depending on its orientation, is also close endogitash with the tryptophan. Movement
of this helix on which two residues reside, woulért affect the positioning of residues

125-127 relative to Cul3, altering Keapl-Cul3 bigli Considering that residues K131
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and R135 are conserved in sequences of Keapl msotem divergent species, we
hypothesize that modification of Keapl C151 by decteophile of sufficient partial
molar volume alters the secondary structure of KeHpough steric clashes, which
results in an alteration of Keapl-Cul3 binding aedreasing of Nrf2 ubiquitination [59]
(Figure 4D). However, 15d-PgJa reactive endogenous lipid electrophile withgéar
partial molar volume, has recently been reporteoetindependent of C151 in a zebrafish
model [62]. This result indicates that Keapl deéfetially responds to activators of Nrf2-
dependent transcription. Further investigation egjuired to determine how Keapl
modifications alter the Keap1-Cul3 interface andrade Nrf2 ubiquitination, and what is

the sensor for other C151 independent ARE actigedoch as 15d-P&J
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Figure 4. Schematic potential mechanisms of Nrf2yKesignaling pathways leading to
Nrf2 nuclear accumulation and ARE activation by mbereventive agents. A) Nrf2 is
constitutively ubiquitinated and degraded underabasndition. Nrf2 ubiquitination is
inhibited upon cells exposure to ARE activatorgdiag to Nrf2 accumulation and
cytoprotective enzyme transcription activation. Bject Nrf2-Keapl disruption model.
Nrf2 is released from Keapl upon modification ofaldé cysteines by ARE activatiors.
C) Keapl dissociates from Cul3 accompanied bydbs&apl secondary structure when
Keapl C151 is modified. D) Modification of Keapl Fllalters the interaction between
Keapl and Cul3, which downregulates Nrf2 ubiqutioma
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Figure 5. Hypothetical model of the putative KedplB-Cul3 interaction interface and
the location of residue 151 of Keapl. A portionttid modeled TB domain of Keapl is
shown as a ribbon diagram in green, and a portidheomodeled Cul3 surface is shown
in teal. Keapl residue 151 is modeled both as teioys (yellow) and as a tryptophan
(white). The locations of the Keapl residues 12%-a8d 162-164 in the putative Cul3
binding region are shown colored in magenta [59].

Although, significant progress has been made bgrgel number of studies over
the past decade, there are still a lot of puzzézled to be solved to clarify the molecular
pathway. For instance, whether the screening absdyour group developed previously
[66] is sensitive enough to identify the ARE actora from complex natural product
extracts? Whycontradictory in vitro and in vivo results were ebged regarding which
Keapl cysteine residues become modified towarderaphane, a potent natural ARE
activator? ©nsidering the huge amount of IAB, a synthetic ARffivator Rachakonda
et al. used in the experiment [65], whether other aabirsgatespecially a natural product
will result in a similar Keap1-Cul3 dissociationam alteration of Keap1-Cul3 interaction

at a much lower concentration?
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To address these questions, in this dissertatiennwproved our high throughput
Keapl screening assay.&Mnvestigated whether the apparent unreactivityCab1l
towards sulforaphane reported by Haetgal. [67] was a methodological artifact due to
the reversible binding of sulforaphane to Keaplaipe residues. In additiorg support
our recent model, we investigated the Keapl-Cultraction change using two
approaches using mass spectrometry: 1) the regcti the cysteines was used to
indirectly probe Keapl-Cul3 conformational changegross-linking coupled with mass
spectrometry was used to directly probe the KeayatllGul3 three dimensional structures,
as well as their interaction interface. Finallytiteation approach was used to determine
the relative reactivity of Keapl cysteines towafdsl-PGJd and PGA, which might

imply a common sensor for C151-independent AREvattis.

1.3 Mass spectrometry-based proteomics

Mass spectrometry has emerged as an indispensatit@ique to understand
complex systems and diseases from a molecular tewge organism level. Its excellent
sensitivity and selectivity have facilitated suafabk applications to protein analysis
including primary sequence, post-translational rhicalions (PTMs) and protein-protein
interactions [68]. Mass spectrometric measuremargsarried out in three general steps:
1) ionization of the analyte; 2) separation of #malyte in an electromagnetic field based
on the mass to charge ratiom/@); and 3) detection of the separated ions usingtactor.

In order to interpret the tremendous quantitieslatfa that can be acquired by the mass
spectrometer in an automated fashion when masstrepexters are interfaced to
chromatography systems such as HPLCs, databasshisegpis required. Figure 6 shows

the general process of a mass spectrometry-baséebprics experiment. In the context
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of proteomics, the key parameters are sensitivigplution, mass accuracy, and the
ability to generate information-rich peptide fragitee These parameters are closely
associated with the ion source and the mass amalyzevell as the database searching

algorithm for post-analysis.

1
Sample Sample PN lon — Mass — N Data
Preparation - Introduction Source Analyzer Detector 1 Analysis
1

Mass spectrometer

Figure 6. Schematic of a typical mass spectromedised proteomics experiment.

1.3.1 lon source

Electrospray ionization and matrix-assisted lasesodption/ionization (MALDI)
are the two ionization techniques most commonlydusevolatize and ionize proteins
and peptides during the mass spectrometry studi®s T0]. Electrospray ionizes
molecules directly from solution, either by evapmma of the solvent from charged
analyte molecules or through analyte ion evapanatiom droplets. Multiply charged
ions are usually observed using electrospray, whachlitates the analysis of ions of
several thousand Da. When sample size is smalintist sensitive form of electrospray
is nanospray, which allows protein amounts in tw fmol range to be ionized and

measured.

MALDI relies on the utilization of a matrix capabdé absorbing strongly at the
wavelength of the incident laser light. Ultraviotetd infrared lasers are used for MALDI

mass spectrometry, and UV lasers predominate $iegeare less expensive to purchase
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and maintain. Proteins or peptides in the apprtprsolvent are mixed and co-
crystallized with matrix. When the probe is hit ®pulsed UV laser beam, the energy is
absorbed by the matrix and protons are exchangédebe analytes and matrix
molecules in the gas phase [70-72]. The advantbyAb.DI over electrospray is that it

is more tolerant of sample contaminants like bsfend salts.

1.3.2 Hybrid mass spectrometers

There are five basic types of mass analyzer comynased in proteomics. These
are ion trap, time-of-flight (TOF), quadrupole, Feu transform ion cyclotron resonance
(FT-ICR), and orbitrap. They have distinct designsl performance specifications with
their own advantages and disadvantages. Theseanabgers can be used alone or put
together in tandem to take advantage of complememtass spectrometry technology.
As described in the next sections, three hybridsnsgectrometers that are widely used in
proteomics due to their high sensitivity, resolafi@and mass accuracy were applied to

Nrf2-Keapl chemoprevention pathway studies dutg dissertation.

1.3.2.1 lon trap-time of flight mass spectrometer (IT-TOFMS)

IT-TOF mass spectrometers consist of an ion trap i used for ion storage,
selection and fragmentation, followed by a reflectiTOF analyzer for accurate mass
measurement with a high mass range (Figure 7). Yeltcombination of these two mass
analyzers, high resolution (resolving power >10)38@ high mass accuracy (5 ppm) are
achievable in all modes including MS, MS/MS, and"MSigh scanning speed coupled
with rapid polarity switching allows analysis offférent types of ions during a single

LC-MS" analysis.



18

With the use of accurate mass measurement and aeftdesigned for LC-
MS/MS studies of proteomics and metabolism, th& OF mass spectrometer may be
used to determine elemental compositions and stictanalysis of peptides and
proteins. For example, the Shimadzu MetID softwan# compare data from an
unmetabolized control sample and a metabolizecetazgmple to detect metabolites and
then determine elemental compositions with greditbiity due to high resolution
accurate mass measurement. It should be notedhbajuadrupole TOF hybrid mass
spectrometer has performance specifications tleasianilar to the IT-TOF MS (except

that only MS and M&measurements are possible) and is also widely fasguoteomics

analyses
ESI Ion Source Qarray Octopole Lens Qluoart]d_rrl:ggle Time of Flight (TOF)
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Figure 7. Schematic of an ion trap-TOF mass spewter (IT-TOF MS) [73].

1.3.22 Linear ion trap Fourier transform ion cyclotron resonance mass

spectrometer (LTO FT-ICRMS)

The Thermo hybrid LTQ FT-ICR mass spectrometer fég8) is one of the
highest resolving power mass spectrometers avaifablproteomics research. ICR mass
spectrometry was first described in the late 19404,it was not until Marshall and

Comisarow invented the FT-ICR mass spectrometé®if4 that the technique could be
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used to detect multiple ions simultaneously [74]Je LTQ FT-ICR mass spectrometer is
designed with a standard linear ion trap as tis¢ stage for ion regulation and rapid MS
capability, combined with a Fourier transform igiclotron resonance mass spectrometer
for ultrahigh resolving power that can exceed 600,0ons are accumulated in the linear
ion trap before being transferred to the ICR cell high mass accuracy (<1 ppm)
measurements. Precursor ions can be selected tisngon trap, fragmented using
collision-induced dissociation, and then transfére the ICR for mass measurement at
high resolving power using a fast Fourier transfation, peak detection, and mass
calculation. During the time in which the FT-ICRaequiring a high resolution spectrum,
the LTQ is able to perform fragmentation and aauiS/MS data for the next

measurement.

Linear
ion trap ICR cell
ey ey

1 ”*«: : ;{1|=I?i%k‘-‘_“rh i -

Figure 8. Schematic of a linear ion trap Fouriangform ion cyclotron resonance mass
spectrometer (LTQ FT-ICR MS) [75].

The LTQ FT-ICR mass spectrometer routinely operategparallel detection
mode, which provides both MS and MS/MS data dursgmple analysis. This
information allows a higher confidence level forppde and protein sequence

assignments for complex proteomics work.
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With the high sensitivity, high mass resolution dmgh mass accuracy, LTQ FT-
ICR mass spectrometry is ideal for analysis of guwhtic peptides (bottom-up approach

to proteomics) and for analysis of intact protdiog-down proteomics) [76, 77].

1.3.2.3 Linear ion trap orbitrap mass spectrometer

The LTQ orbitrap mass spectrometer such as themihé&rTQ Orbitrap Velos
(Figure 9) is becoming a popular technologicalfplat for proteomics research because
it combines the sensitivity, speed, and robustr@séinear ion trap with the high
resolution capabilities of the orbitrap analyzeweleped by Makarov [78]. During
operation, ions are accumulated in the linear i@p tand transferred into a radio
frequency-only quadrupole called a C-trap due $oletter ‘C’ shape. This additional
storage improves the analytical capabilities of thsetrument because structurally
informative fragmentation may be carried out ahkigenergy than is possible in the ion
trap. Subsequently, the ions accumulated in theagdre transferred to the orbitrap by a
pulse [78]. The orbitrap functions like a high @00) resolving power ion trap. Similar
to LTQ FT-ICR mass spectrometry, a typical operalosetup in LTQ Orbitrap mass
spectrometer is that both mass analyzers work mallpa While a high resolution
accurate mass spectrum is acquired in the orbitregfast linear ion trap carries out
fragmentation and may be used to acquire MS/MS tepeaf selected peptides.
Depending on the requirement of the experimengs|itiear ion trap can send precursors
or MS" product ions to the orbitrap for accurate masssuements. Precursor ions can
also be sent to the C-trap for fragmentation atbdigenergy before being measured in the

orbitrap.
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Figure 9. Schematic of linear ion trap orbitrap smagectrometer (LTQ Orbitrap Velos)
[79].

The 29 generation Thermo LTQ Orbitrap system termed Véhas was used in
this investigation provided significantly improvesknsitivity and higher scan speeds
compared with the *Lgeneration LTQ Orbitrap and LTQ FT-ICR mass speoéters.
These improvements enabled more proteome coveragagdpeptide mapping. In
addition, the combo C-trap and higher-energy dolial dissociation (HCD) cell with an
applied axial field improved fragment ion extractidrapping capabilities and enhanced

sequence ion formation [79].

1.3.3 Dataanalysis

Database searching is an essential element ofgonate that facilitates peptide
and protein identification based on tandem masstspeat minimal computational
expense [80]. The principle of this approach isdorelate the tandem mass spectra in the
data set with the theoretical spectra created ftbensequence database via protease
digestion in an automated fashion. The scores nmeturfrom the search reflect the

probability that a match is a random occurrenceiodia probability-based post-search
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algorithms have been developed to analyze protedatia sets automatically. The key
difference among these algorithms lies in how eaghroach scores a potential match
between experimental and theoretical spectra. Ty on four basic approaches of
score models: descriptive, interpretative, stoébasind statistical/probabilistic models

80, 81].

1331 SEQUEST

SEQUEST is the first software designed to autonpatéein identification, and
was developed by Enet al. [82]. It is still one of the most commonly used atzse
searching programs that use a descriptive scoreeimdtle algorithm of SEQUEST s
illustrated in Figure 10A. The strategy begins wrdducing background noise by
performing an initial reduction of the MS/ms datdl but the 200 most abundant
fragment ions are removed. Amino acid sequencestrae identified in a protein
database by matching the molecular mass of thedeefat a sequence within the defined
mass tolerance. The preliminary scores Sp arerassitp these candidates by evaluating
the number and quality of the fragment ions matghine predicted ones derived from the
database. With a generated ranking list, the tdpld&3t fit sequences are then subjected

to a correlation-based analysis to generate a $icade and ranking of the sequences [82].

Two parameters %, andAC, from the cross-correlation analysis have shown a
trend that is useful for distinguishing correctntgcations from false positives. o
value is an absolute measure of spectral quality daseness of fit to the predicted
spectrum in the searchC, is the difference between the normalized corratasicore of
the first- and second-ranked sequences in thelseasalts. It is useful to determine the

uniqueness of the match¢% is independent of the database size and refleetguality
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of the match between spectrum and sequence; whaf@as database size dependent
and reflects the quality of the match relative éamnmisses [80, 83]. A general rule is that
an X.orr value greater than 2.0, 2.2 and 3.75 for 1+, 2¢ &h charge-state peptides,

respectively, and AC, value over 0.1 indicate a good correlation [84].

1.3.3.2 MassMatrix

MassMatrix is a newly developed database searctwad package [85] for
characterization of peptides, proteins and theisttpanslational modifications from
MS/MS data (Figure 10B). This probability-basegogithm incorporates mass accuracy
into scoring the potential peptide and protein asc It uses two independent scoring
models, a descriptive model and a mass accuragjtisenstatistical model, to calculate
three distinct scores for a peptide match. The statistical scores, pp and pp2 are
calculated as the negative logarithm of the prditglihat a peptide match is a random
occurrence. The pp score is based on the numbmatidhed product ions, and the pp2
score is based on the total abundance of matchedugtr ions in the experimental
spectrum. The pg score is a statistical score based on a MonteoGarlulation, and it
is a standard to discriminate true matches frosefahes. Each of the scores can be used
to ascertain the quality of the match independentlye combination of the scores
reflects the significance of protein matches ana loa used to differentiate true protein

matches from random ones [86, 87].

Traditionally used database search programs suctSEBQUEST, Mascot,
OMSSA, and X!Tandem are not applicable to crossiig analysis. Due to the
exponentially increased search space by cross;lfalse positives need to be controlled

by validated scoring algorithms and by decoy seatctegy [88, 89]. MassMatrix has an



24

option to perform analysis of tandem MS data fromass-linked peptides. It is an
extension of a validated database search engine twiee probability-based scoring
algorithms, and cross-links can be identified alamigh other fixed and/or variable

modifications in tandem MS data [87, 90].

The three independent statistical scores, pp, ppd pgg from the scoring
models are mainly used to evaluate the quality eyftide-spectrum matches for both
cross-linked and non-cross-linked peptides. A pmstnalysis program XMapper is used
to calculate the overall score for cross-link assignts using the following equation and

to generate a heat map figure for each match [90].

: — VN 1 p 1 p np
Cross-link  score = szl[(zmaxm’;lppm + Emaxmnzlppzm + max,,_, PPtag,,) X

logs (np + 2)]
N: the number of peptides assigned to the crogs-lin
np: the number of spectral matches for peptide p thighcross-link

pp, PR, and pgpyg the statistical scores for a spectral match
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Figure 10. Data analysis flow diagrams for protezmprotein identification software A)
SEQUEST and B) MassMatrix.



2 SCREENING FOR NATURAL CHEMOPREVENTION AGENTSTHAT

MODIFY HUMAN KEAP1

2.1 Introduction

Modification of the sensor protein Keapl by eleptrites plays a critical role in
directing Nrf2 accumulation in the nucleus and sgjoent ARE activation [45, 59, 62].
Many ARE activators have been identified, some biclv are abundant in edible plants
including sulforaphane in broccoli sprouts [91], nkhumol in hops [92],
isoliquiritigenin in licorice [93], and quercetin green and black tea [94]. Although there
is no common structure among these activatorsJayaknd coworkers [35, 51, 52] have
categorized them into 10 distinct classes and fotlvad most are electrophiles with
reactivity toward sulfhydryl groups. Because of thmgnificant role of Keapl in
chemoprevention, there is keen interest in diséngenew compounds that modify this

protein and ultimately activate the ARE.

Previously, we reported a screening method to gecaatural products, either
individual compounds or constituents of complex toni&s, that covalently modify Keapl
[66]. This assay begins with MALDI-TOF MS measuren® determine whether any of
the test compounds covalently bind to Keapl andease its mass. If the active
compound is a constituent of a complex mixture sasla botanical extract, the mixture
is incubated with glutathione (GSH), and precuisartandem mass spectrometry is used
to detect GSH conjugates followed by product iomd&an mass spectrometry to obtain
structural information. However, some ARE activat@uch as sulforaphane are not
detected using this method. Although incubatiorkKeépl with sulforaphane at a molar
ratio of 1:15 resulted in an average of 9 molecofesulforaphane attached per molecule

26
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of Keapl (based on absorbance spectrophotome8}) ¥ALDI-TOF MS did not detect
any modification of Keapl. The most probable exatem for this observation is that
sulforaphane dissociated from Keapl during MALDI.

Therefore, a new mass spectrometry-based screemitigod was developed as
part of this dissertation to enable the detectibrcampounds that reversibly modify
Keapl like sulforaphane. This new method is basedeaction of electrophiles with
Keapl followed by exchange wiffrmercaptoethanol (BME) and then analysis using
high resolution accurate mass measurement. Thi®app was inspired by Freeman and
coworkers [95], who used a similar method for diédecand quantification of reversibly
adducted electrophiles in plasma, organelles, aalld tissue homogenates [95].This
strategy is effective for the detection and idecdiion of compounds that form reversible

adducts with Keapl including those that cannotdieated using MALDI-TOF MS.

2.2 Experimental section

2.2.1 Proten preparation and material

Recombinant human Keapl protein was expressed aritled as described
previously [63]. The protein (100M) was stored in 50 mM Tris-HCI buffer (pH 8.0), 2
mM Tris[2-carboxyethyl]phosphine hydrochloride (TEE(Thermo Fisher Scientific;
Rockford, IL), 250 mM sodium chloride and 20% glgae (v/v). Isoliquiritigenin,
naringenin, Tris-HCI, sodium chloride, glycerolsiuc acid, dimethyl sulfoxide ang-
mercaptoethanol (BME) were purchased from Sigmaiéd (St. Louis, MO).
Sulforaphane was purchased from ICN Biomedicalss{&dlesa, CA), and micro Bio-

Spin 6 columns were purchased from Bio-Rad (Hes;u{®@A). Deionized water was
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prepared using a Milli-Q purification system (Mibre, Bedford, MA). Methanol (HPLC
grade) was purchased from Thermo Fisher (Hanowds, Rg, Cocoa nibs were provided

by Hershey Foods (Hershey, PA).

2.2.2 Modification of Keapl and BM E exchange

A 10 mM stock solution of isoliquiritigenin was jpa@ed in dimethyl sulfoxide
(DMSO). Keapl (10 pM) was incubated with isoligtgenin at molar ratios from 1:0.5
to 1:5 (Keap1l/isoliquiritigenin) in 100 pL 20 mMi$+¥HCI buffer (pH 8.0). The reaction
was carried out at room temperature for 2 h. Introbrexperiments, 20 mM Tris-HCI
buffer (pH 8.0) was substituted for human KeapldMed Keapl was separated from
free isoliquiritigenin using a micro Bio-Spin 6 sizxclusion column. The fraction
containing modified Keapl was incubated for 1 hhviit2 M BME at room temperature
to trap isoliquiritigenin as it dissociated from &¥. The incubation mixture was
evaporated to dryness and reconstituted in 10%oagusethanol containing 250 nM
naringenin as an internal standard prior to anslysing LC-MS-MS with selected

reaction monitoring.

To evaluate the selectivity of the screening asaayethanolic extract of cocoa
nibs was prepared as described previously [96}. &tiract (10 mg/mL) was spiked with
sulforaphane (2@M final concentration) and incubated with Keapl (M) or 100uL
Tris-HCI buffer (pH 8.0) for 2 h. Size exclusionromatography and exchange with
BME was carried out as described for isoliquiritige Since it was unknown if the cocoa
extract contained compounds in addition to sulfbesqe that could reversibly modify

Keapl, a Shimadzu high resolution LC-IT-TOF mascipmeter was used to screen for
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all possible BME adducts. Positive and negative ébectrospray mass spectra were

acquired over the mass rangenf 100-800.

LC-MS chromatograms of the experiment (with Keaphyl control (without
Keapl) were compared using Shimadzu MetlD Solusoftware to identify peaks
corresponding to BME adducts. Peaks enhanced inchihematogram of the Keapl
incubation but not in the control incubation werepected to be BME adducts.
Identification of BME adducts was carried out usio@-MS/MS product ion analysis
with accurate mass measurement and comparisonstatitdards. A sulforaphane-BME
standard was prepared by incubating sulforapharee BRIE at a ratio of 1:10

(sulforaphane/BME).

2.2.3 MALDI-TOF mass spectrometry

Positive ion MALDI-TOF mass spectra of intact Keap&re acquired using an
Applied Biosystems (Foster, CA) Voyager DEPRO nmesectrometer. A L aliquot of
the Keapl solution was mixed withul. matrix solution which contained sinapinic acid
(10 mg/mL) in acetonitrile/water (1:1, v/v) aciaifl with 0.1% (v/v) trifluoroacetic acid.
A 1 uL aliquot of the mixture was then spotted on the INDATOF sample stage and air
dried before analysis. For each sample, 300 ldsas svere acquired in linear mode and

signal averaged over the rangé& 65,000-80,000.

224 LC-MS-MSanalyssof BME-adducted isoliquiritigenin

Levels of isoliquiritigenin and isoliquiritigeninfBE were analyzed using

negative ion electrospray on a Thermo (San Josg¢ Stiveyor HPLC system interfaced



30

to a Thermo TSQ Quantum triple quadrupole masstispaeter. Isoliquiritigenin and its
BME adduct were separated using a YM( @verse phase column (2.0 m®0 mm, 5
um, 120A) using a 6 min linear gradient from 10%1@0% methanol with a counter
solvent of 0.1 % formic acid in water at a flowegaif 0.2 mL/min. Argon was used as the
collision gas for collision-induced dissociation2& eV for isoliquiritigenin, 20 eV for its
BME adduct, and 21 eV for naringenin (internal gal). Selected reaction monitoring
(SRM) was used to monitor the transition from tleertonated molecule of each analyte
to its most abundant product ion. Specifically,licggritigenin and naringenin were
measured using the SRM transitionsnak 255 tom/z 119 andm/z 271 tom/z 150.5,
respectively. The SRM transition of/z333 tom/z 255, corresponding to elimination of
BME from the deprotonated molecule, was used tosorea BME-isoliquiritigenin.
Product ion tandem mass spectra of isoliquiritigeand sulforaphane and their BME
adducts are shown in Figure 11. These tandem rmpasta were used for the selection of

product ions for SRM and for confirmation of chealistructures.

225 LC-IT-TOF MSanalysis of BME-adducted sulforaphanein cocoa nibs crude

extract

After incubation of the modified Keapl and contwith BME, samples were
analyzed using a high mass accuracy Shimadzu (Kylapan) IT-TOF hybrid mass
spectrometer. The same HPLC separation conditiare wsed as for isoliquiritigenin,
except that a 15-min linear gradient was used f@% to 100% methanol using a
Shimadzu Prominence HPLC system. Positive and ivegan electrospray mass spectra

were acquired using polarity switching over the snange ofn/z100-800.
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2.2.6 Dataprocessing using Shimadzu M etl D Solution software

The LC-MS chromatograms of both experiment androbmtere processed using
Shimadzu MetID Solution software to identify peatsrresponding to adducts with
BME. Background subtraction was allowed, and peaigration was performed on the
peaks with at least 10 sec width and 500/min slépe.retention time within 0.1 min,
and peak area difference within 50% between exmarinand control were set to be
determined as the same peak. New or enhanced gaaek® Keapl modification in the
experiment data file compared with control werenideed based on automated data
processing and confirmation by manual inspectidre &lemental compositions of BME-
adducts (within 5 ppm) were determined using a tdampredictor based on high

resolution accurate mass measurements.

2.3 Resultsand discussion

2.3.1 Comparison of the new screening method with our previously developed

MALDI-TOF M S-based assay

2.3.2 LC-MS-MSanalysisof BME-adducted isoliquiritigenin

Isoliquiritigenin (2,4,4’-trihydroxychalcone) (Fige 11A) is an example of a
chemoprevention agent containing a Michael acceptoch is common to many ARE
activators [97]. Ther,S-unsaturated carbonyl group inisoliquiritigenin legn shown to
modify specific cysteine residues of Keapl in vi@]. Since Michael addition reactions
are reversible (see also section 3.3.2), the dujwiin of their reaction with Keapl

cysteines can be shifted by addition of anothex tmiicleophile at a high concentration to
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form a new thioether adduct with isoliquiritigenj@5]. Although several thiol-based
nucleophiles should be suitable such as BME, ditingatol (DTT) and TCEP, BME was
selected for this study due to its small size dmudfore minimal steric hindrance during

reaction with electrophiles like isoliquiritigenin.
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Figure 11. Chemical structures and electrospragymrbion tandem mass spectra of the
natural chemoprevention agents used in this stadytlaeir corresponding adducts with
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sulforaphane-BME adduct.
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The first step was to establish the feasibilityusing BME to trap reversibly-
bound electrophiles as they dissociated from Keapllto detect these electrophile-BME
adducts by using LC-MS-MS. Keapl was incubated vaittiquiritigenin, passed over a
size exclusion column to remove free isoliquiritige and the recovered covalently
modified protein was treated with BME. Levels dfliquiritigenin and isoliquiritigenin-
BME were monitored by LC-MS-MS. Initially, LC-MS-M®iith constant neutral loss
scanning of the neutral molecule BME from the déprated molecules was used as a
general approach to detect thioether adducts of B88E Since constant neutral loss
scanning was not sensitive enough for measuring lemgls of isoliquiritigenin-BME
(data not shown), this approach was not pursuestedd, LC-MS-MS with collision-
induced dissociation and SRM was used to measalgugitigenin-BME to establish
feasibility.

An isoliquiritigenin-BME adduct was detected aftéeapl was incubated with
isoliquiritigenin followed by BME (Figure 12). Asxpected, no isoliquiritigenin or its
BME adduct were detected in control incubationsnfwhich Keapl had been omitted.
This indicates that the isoliquiritigenin-BME adduletected using LC-MS-MS (Figure
12B) was formed by reaction of BME with isoliquigénin that had been released from
Keapl. These results establish a proof-of-conceat BME may be used to capture
electrophiles released from Keapl. There was r®if@liquiritigenin carried over from
the Keapl (or buffer control) incubation during §#tation. In addition, the amount of
BME-isoliquiritigenin adduct increased in proportido increasing molar ratios of

[isoliquiritigenin]/[Keapl] (Figure 13B). This isoosistent with past observations that the
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number of Keapl cysteines modified by isoliquietign is related to the concentration of

isoliquiritigenin in the incubation [57].
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Figure 12. Computer-reconstructed mass chromatafamnegative ion electrospray
LC-MS-MS analysis of isoliquiritigenin-BME addudisrmed from isoliquiritigenin that

had modified Keapl and was then exchanged by inicubaith BME. Selected reaction

monito

ring (SRM) ofm/z 255 tom/z119 was used to monitor isoliquiritigenin, and SRM

of m/z 333 tom/z 225 was used to monitor isoliquiritigenin-BME. Agoliquiritigenin

was in

cubated with Keapl at a 2:1 molar ratio feld by gel filtration and BME

exchange. B) Control incubation using Tris-HCI lenfbut no Keapl. The relative MS-
MS SRM responses are shown on the y-axis (nornthtzeéhe peak at 6.66 min in part

A, and

the absolute MS-MS responses (in arbitrarispyare shown in the upper right of

each chromatogram.
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2.3.2.1 MALDI-TOF mass spectrometry of Keapl-isoliquiritigenin adducts

Our previous MALDI-TOF MS-based assay is most eifecfor the detection of
compounds that cause a mass shift in a significamiber of Keapl molecules. For
example, MALDI-TOF MS-based screening can detechass shift of Keapl due to
reaction with isoliquiritigenin, but at least a ff)d excess of isoliquiritigenin over
Keapl is required so that at least three molecisesquiritigenin become bound to
Keapl (Figure 13A). The 858 Da increase in the més®apl indicated that an average
of 3.3 isoliquiritigenin molecules were covalendftached to each molecule of Keapl.
Using the new approach of gel filtration followe¢ hC-MS-MS, isoliquiritigenin
modification of Keapl was detected sensitively godntitatively at a molar ratio of 1:1.
As long as a compound modifies Keapl and can lppéchby BME, it can be detected
by LC-MS-MS. This new approach, which is more s@siand more quantitative than
the previous MALDI TOF MS-based assay, is limitedyoby the detection limit of the
LC-MS-MS system. In this application, the BME exeba method was approximately

20-fold more sensitive than the MALDI TOF-MS scregnmethod.
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Figure 13. Detection of Keapl modification by igaiiritigenin. A) Positive ion MALDI
TOF mass spectra of Keapl after incubation withgsoitigenin at molar ratios of 1:1,
1:2, 1:5, 1:10, and 1:20 [Keapl/isoliquiritigeniaf with Tris-HCI buffer as control
(solide line). The mass of Keapl increased duetalent attachment of isoliquiritigenin
molecules to Keapl cysteine sulfhydryl groups. Bggative ion electrospray LC-MS-
MS with SRM of isoliquiritigenin-BME adducts. Themrcentration of isoliquiritigenin-
BME adducts increased in proportion to the molaioraf isoliquiritigenin/Keapl. No
isoliquiritigenin-BME adduct was detected in thenttol experiment that contained no
Keapl (N.D. = none detected).



38

2.3.3 Screening of complex mixturesfor Keapl modifiersusingBME and LC-M S

To investigate the potential of the new Keapl/BMiSay for screening mixtures
such as botanical extracts for compounds that tedorm covalent adducts with Keap1l,
sulforaphane (R-1-isothiocyanato-4-methylsulfingtime) (Figure 11A) was selected as a
model compound, and a cocoa extract was usedessd matrix. Sulforaphane is a potent
ARE activator from cruciferous vegetables [99] tiatbeing evaluated for safety and
efficacy in clinical trials [100-102]. Since modifition of Keapl cysteines by
sulforaphane could not be detected in our previdA&DI-TOF MS assay, the utility of
the new approach using BME trapping and LC-MS asislyas investigated by testing a
cocoa extract spiked with sulforaphane (0.2% dltaeight).

Instead of using LC-MS-MS with SRM transitions r faletection of
isoliquiritigenin-BME, LC-MS with a high resolutioiT-TOF mass spectrometer was
used in developing the general screening procediméke scanning instruments like
guadrupole mass spectrometers that typically regprtb a few mass spectra per second,
the TOF analyzer can record thousands of massrappet second. Therefore, TOF-
based mass spectrometers can be used to obtainghahy LC-MS chromatograms
while recording entire mass spectra. Comparing ex@at and control LC-MS data
containing thousands of mass spectra to find BMiuet$ in incubations with Keapl can
be labor intensive if each pair of chromatogranmsesrched manually, ome/zvalue at a
time. Therefore, this task was automated usingvswé originally designed to find drug
metabolites (Shimadzu Met-ID Solution software)eTdoftware automatically searched
all possible computer-reconstructed mass chromanogito find peaks enhanced in the

experiment compared with the control.
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Figure 14.Electrospray LC-IT-TOF MS analysis of a cocoa nihsthanolic extract
spiked with sulforaphane (0.2% by weight) and irated with Keapl (solid line) or
buffer (dashed line), followed by gel filtration tsolate the protein and then treatment
with BME to trap reversibly bound electrophiles lsuas sulforaphane. A) Total ion
chromatograms of experiment (solid line) and cdnf{dashed line). B) Computer-
reconstructed mass chromatograms showing the aetexfta sulforaphane-BME adduct
of m/z256 eluting at 6.5 min that was enhanced in thgesment (solid line) compared
with the control (dashed line). The positive iondam mass spectrum shown in the insert
identifies this peak as sulforaphane-BME (see stahoh Figure 11).

Positive ion electrospray and negative ion elepiiag LC-MS data files of the
incubations of the cocoa extract containing sufjbeme with Keapl and without Keapl
were compared, and peaks that were enhanced inhwomatogram relative to the other
were identified. Only one enhanced peak was deteatethe cocoa/sulforaphane
experiment during positive ion electrospray LC-MBhe peak was observed at a

retention time of 6.5 min and was enhanced 4-foldhe experiment relative to the
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control (Figure 14). Accurate mass measurementateld that this peak corresponded to
a protonated molecule oh/z 256.0498. There are four formulae within 5 ppmtrog
measured mass (TABLE 1), and the elemental compasiif GH;/NO,S; (AM 1.56
ppm) is the only formula that contains at least sulur, one oxygen and at least two
carbon atoms contributed by the BME moiety. Thaeefothis formula probably
corresponded to an adduct between BME and sulfarspFigure 11D). Observation of
a fragment ion oim/z 178 corresponding to loss of BME and a base péak/p136
during positive ion electrospray tandem mass spetwdtry (Figure 14B, insert) were also
consistent with a BME adduct. Finally, the addueisvidentified as sulforaphane-BME
by comparing the retention time and fragmentatiattgons with an authentic standard

(Figure 11).

TABLE |

ELEMENTAL COMPOSITIONS WITHIN 5 PPM OF THE MEASUREMASS OF
M/Z 256.0498 FOR THE PEAK ELUTING AT 6.5 MIN IN THEEAP1/BME LC-MS
SCREENING EXPERIMENT SHOWN IN FIGURE 14

Rank Score Formula lon Meas. m/z Pred. Diff Iso DBE
m/z (ppm) Score

61.45 CgHgNsO3S [M+H]" 256.0498 256.0499  -0.39 61.45 7.0
61.19 CHgNy;;0S, [M+H]" 256.0498 256.0506  -3.12 64.61 3.0
50.86 CgHi;;NO,S; [M+H]"  256.0498 256.0494 1.56 51.58 1.0 |
4478 CyHsN;O  [M+H]" 256.0498 256.0505 -2.73 46.81 16.0

AN

Since the Keapl modification experiment shown iguFé 14 used cocoa spiked
with sulforaphane, detection and identificatiortlué final sulforphane-BME adduct was
a simple process. In case an unknown adduct ictéeteas an enhanced peak in the

experiment compared with the control by automatiftvgare analysis, a dereplication
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strategy would be used. Positive and negative i@ &hd MS analyses would be used
to provide structural information regarding thetedphilic molecule that had reacted with
BME and Keapl. The elemental composition, retentime and fragmentation patterns
would be compared with standards prepared by @acfi BME with known constituents

of the sample or literature values for these compgewbtained using natural products

databases such as the NAPRALERT database [103].

This new assay is designed to detect electropthiasreversibly bind to Keapl
such as the natural products sulforaphane andjigotigenin but is not appropriate for
compounds that form irreversible adducts with Keapth as the synthetic electrophile
N-iodoacetyIN-biotinylhexylenediamine (IAB). However, reversibkeapl modifiers
might be superior chemotherapeugigentssincethey tend to display less cytotoxicity than
irreversible modifierswhich might also irreversibly bind to DNA and othenportant
biological molecule$104]. Also, reversible binding tdieapl might produce an appropriate
chemoprevention signaling response (instead of Hagpigation) while allowing Keapl
to be reused within the cell instead of requirireggihdation and energy-consuming re-

synthesig98].

24 Summary

A new screening assay has been developed to scaepounds and complex
mixtures such as botanical extracts for potentlaneoprevention agents that form
covalent but reversible adducts with Keapl. Thisagsis based on the detection of
adducts of BME with electrophiles that were reuvdgsibound to Keapl using LC-MS
with automated peak detection software and higbluésn accurate mass measurement.

Compounds such as sulforaphane can be detecteglth@8mew screening approach that



42

are missed by our MALDI MS-based screening assaytduts facile dissociation from
Keapl. In addition, this strategy combines idecsifion and characterization of
chemoprevention agents in a single mass spectrgrsiep, whereas our previous assay
used MALDI MS for detection followed by LC-MS/MS afacterization and

identification.



3 CYSTEINE MODIFICATION PATTERNS OF HUMAN KEAP1 BY

ELECTROPHILIC NATURAL PRODUCTS

3.1 Introduction

Found in cruciferous vegetables such as broccolilffomphane (R-1-
isothiocyanato-4-methylsulfinyloutane) (Figure 1%)as been investigated as a
chemopreventive agent using cell culture, animadl@and in clinical trials [105-110].
Sulforaphane exerts its chemopreventive effecteamt in part through the Nrf2-Keapl
signaling pathway with efficacy in the high nanoaralange [100-102]. Kobayaséi al.
[62] found that induction of ARE-regulated genesz@brafish by sulforaphane is highly
dependent on C151 of Keapl and have categorizddrapihane as a class 1 ARE
activator. This is consistent with Zhareg al [45] who reported that NIH3T3 cells
expressing Keapl C151S were not responsive torapliane. However, LC-MS/MS
measurements by Horej al. [67] indicated that sulforaphane modified Keapitnairily
in the Kelch domain instead of at C151; and LC-MS/kheasurements carried out by
Ahn et al.[111] did not show direct binding of a sulforapkaamalog to C151 of Keapl,

although mutation of C151 reduced overall labebhéleapl by the analog.

On the basis of these contradictory results reggrdkeapl C151 and
sulforaphane, we investigated whether the apparetiility of C151 to react with
sulforaphane, as reported by Hoeigal [67] was a methodological artifact due to the
reversible binding of sulforaphane, an isothiocyan#& thiols (Figure 15). To address
this question, we compared the Keapl modificatiattepn by sulforaphane in vitro using
two sample preparation methods. One method isubed previously to map cysteines of
Keapl that form stable adducts with electrophileshsas IAB and the natural products

43
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xanthohumol, isoliquiritigenin and 10-shogaol [5], and includes derivatization of
unreacted cysteine residues with iodoacetamide.ofther method omits iodoacetamide

treatment and is designed to account for the réstersature of sulforaphane adducts.

” /S Keapl-SH T'D ”
e e NP T NN N P s keapt

Sulforaphane

Figure 15. Reversible reaction of sulforaphane Wi#apl cysteine sulfhydryl groups.
The asterisk indicates the isothiocyanate electlioptarbon.

Since theu,f-unsaturated carbonyl group is commonly found inEA&ttivators,
and Michael addition reactions are reversible sé@ple preparation method used to map
modified cysteines by ARE activators which containMichael acceptor groups is
important to obtain correct modification pattem.this investigation, reversibility of six
ARE activators witha,p-unsaturated carbonyl groups were studied to fat#li the
sample preparation method selection, and the sik A&ivators were classified in terms

of their reversibility.

In addition, cyclopentenone prostaglandins, prdatatin A (PGAy) and 15-
deoxyA'**prostaglandin 2J (15d-PGJ), are a class of endogenous electrophile that
plays a regulation role in the inflammation procéss exploiting the Nrf2-mediated
transcriptional pathway [112, 113]. Kobayagti al. [62] have categorized these two
electrophiles into a separate class different ftbennatural chemopreventive agents like

isoliquiritigenin or sulforaphane in the “cysteioede”. The alkylation pattern of these
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two electrophiles has not been reported in detad was one of the subjects of this

investigation.

3.2 Experimental section

3.21 Materials

Sulforaphane was purchased from ICN Biomedicals, (Bosta Mesa, CA), and
recombinant human Keapl was expressed and pumiedescribed previously [63].
Isoliquiritigenin was purchased from Sigma-Aldri¢Bt. Louis, MO). Prostaglandin,A
(PGAy) and 15-deoxyr'**prostaglandin 2J(15d-PGJ) were purchased from Cayman
Chemical (Ann Arbor, MI). Xanthohumol was isolatadd provided by Dr. Luke R.
Chadwick and Dr. Guido F. Pauli of the Universifyllbnois at Chicago. 1-[2-Cyano-3-
12-dioxooleana-1,9(11)-dien-28-oyl]imidazole (CDD@} was a generous gift from Dr.

Michael B. Sporn of the Dartmouth Medical School.

3.2.2 Covalent modification of Keapl

Keapl (10 uM) was incubated with sulforaphane aammatios of 1:0.5, 1:1, 1:2,
1:5, or 1:10 (Keapl/sulforaphane) in 100 uL 20 mi&-HCI buffer (pH 8.0) for 2 h at
room temperature. Similar incubation with P&£AS5d-PGg and isoliquiritigenin were
carried out at molar ratios of 1:1, 1:2 or 1:5 (K&&lectrophile). The reaction was
guenched by adding 1 mM dithiothreitol (DTT) folled by incubation for an additional
15 min. Samples were either analyzed immediatelfarrsulforaphane molar ratios of
1:0.5 and 1:10 only; for the other three electrigshmolar ratios of 1:2 only) incubated

with 3 mM iodoacetamide for 45 min in the dark éolled by addition of 5 mM DTT to
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remove the excess iodoacetamide before analysiss Maectrometry grade trypsin
(Promega; Madison, WI) was added to each sampke taypsin/Keapl ratio of 1:50
(w/w) and incubated at 37 °C for 1.5 h. The trypigptides were analyzed using LC-
MS/MS as described below to determine sites of fraadion by sulforaphane, PGA

15d-PG4 and isoliquiritigenin.

3.2.3 Revearshbility of Keapl-electrophile adducts

Human Keapl (10 puM) was treated with sulforapharssliquiritigenin,
xanthohumol, PGA 15d-PGgd or CDDO-Im at a molar ratio of 1:2 (Keapl/electnog)
in 100 pL 20 mM Tris-HCI buffer (pH 8.0) for 2 h abom temperature. Unbound
electrophile was separated from the Keapl-electi®plducts using a micro Bio-Spin 6
gel filtration column (Bio-Rad; Hercules, CA). TKeapl-electrophile adducts from the
gel filtration column were diluted 20-fold with 26hM Tris-HCI buffer (pH 8.0)
containing 3 mM iodoacetamide to test the reveigibof electrophile modification of
Keapl or else with buffer containing no iodoacetianand incubated for 5 h at room
temperature (24 h for sulforaphane and 3h for COBQ-Aliquots of 10 pL each were
removed from the incubations at different time p®ito evaluate the reversibility of
Keapl modification by each electrophile. Each altgwas mixed with 10 pL 500 nM
naringenin in 30% methanol as an internal standactanalyzed immediately using LC-
MS/MS. In a separate experiment, the maximum amotiatectrophile bound to Keapl
was determined by measuring the reduction in epbite concentration during a 2-h
incubation of sulforaphane (initial concentratioh2® puM) with 10 uM Keapl. The

amount of electrophile released from Keapl at eshcinter time point was calculated by
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comparing the amount of free electrophile preseme incubation solution with the total

electrophile bound to Keaplduring the incubation.

3.2.4 DTT quenching time optimization

Human Keapl (10 uM) was incubated with sulforaphana molar ratio of 1:2
(Keapl/sulforaphane) in 100 pL 20 mM Tris-HCI buffpH 8.0). The reaction was
carried out at room temperature for 2 h and quehde adding 1 mM DTT. To
determine optimum quenching time while minimizirge tloss of Keapl-sulforaphane
adducts, sulforaphane concentration was monitotes] 45, 30, 45, and 60 min using

LC-MS/MS as described below.

3.25 LC-MSMS analysis using LTO-FT ICR and TSO Ouantum mass

spectrometers

Keapl peptide digests were analyzed on a Thermo J8se, CA) hybrid LTQ-
FT ICR mass spectrometer equipped with a Dionexb(#, CA) microcapillary HPLC
system. Reversed phase microcapillary HPLC wasechout using an Agilent Zorbax
Cig column (3.5 um, 75 pm i.ck 150 mm) and an LC Packinggsg®epMap precolumn
cartridge (5 um, 0.3 mm i.ck 5 mm). The solvent system consisted of a 60 nmieali
gradient from 5% to 45% solvent B and then fromtd®0% solvent B over 15 min
(solvent A: 95:4.9:0.1; and solvent B: 4.9:95:Whter/acetonitrile/formic acid, v/v/v) at
a flow rate of 250 nL/min. Positive ion electrosptandem mass spectra were acquired
in a data-dependent mode in which each MS scanfellasved by five MS/MS scans
using a normalized collision energy of 35%. Dynaexclusion was enabled to minimize

redundant spectral acquisitions.
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All LC-MS/MS data were processed using two différeearch programs to
improve confidence levels of identification, BioWer3.3.1 (Thermo) based on the
SEQUEST algorithm, and MassMatrix [86, 87, 114, ]11%he mass accuracy for
precursor ions was set to 10 ppm with up to 2 mlisdeavages allowed. Modification
was permitted to allow for the detection of theldweling (using sulforaphane as an
example): methionine oxidation (+15.9949 Da), aagawe/glutamine deamidation
(+0.9840 Da), cysteine carbamidomethylation (+5¥40Pa) and sulforaphane adducts
(+177.0282 Da). Only peptides with modificationsifid in both search programs were
nominated as potential matches, and the Keapl roatidn sites were further validated
by manual inspection of the tandem mass spectaXff andAC, scores of the peptide
matches from Bioworks were evaluated as descrilpdéidmget al [84], and pp, pp2 and

pptag scores from MassMatrix were statisticallyngigant with p values < 0.05 [86].

Sulforaphane released from Keapl-sulforaphane #&slduas measured using
positive ion electrospray tandem mass spectromitity collision-induced dissociation
and SRM on a Thermo TSQ Quantum triple quadrup@ssspectrometer equipped with
a Surveyor HPLC system. Sulforaphane and naringdmternal standard) were
separated using a YMC§xeverse phase column (5 um, 2.0 miB0 mm, 120A) with a
6 min linear gradient from 30% to 100% methanol armb-solvent of 0.1% formic acid
in water at a flow rate of 0.2 mL/min. Argon wasdsas the collision gas for collision-
induced dissociation at 11 V for sulforaphane atdV2for naringenin. During SRM,
sulforaphane was measured using the ion transitbbéms/z 178 to 114, and naringenin
was measured using negative ion electrospray an@&®RM ion transition om/z271 to

150.5. Isoliquiritigenin, xanthohumol, PGAor 15d-PGgd released from Keapl-
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electrophile adducts was measured using negative electrospray tandem mass
spectrometry and the same gradient HPLC mobileg@SDO-Im and naringenin were
separated using a 0.8 min linear gradient from %0%.00% acetonitrile with a co-

solvent of 0.1% formic acid in water at a flow ratedd.4 mL/min.

3.3 Reaultsand discussion

3.3.1 Modification of Keapl cysteine residues by sulforaphane

3.3.1.1 Rdease of sulforaphanefrom K eapl-sulforaphane adducts

On the basis of the lack of detection of Keapl C4@lforaphane adducts by
Hong et al. [67] and the reversibility of such adducts, we tednto ascertain if C151-
sulforaphane adducts could be detected when addability was maximized during
sample preparation. The effect of iodoacetamidepstition and sample processing time
on the formation and stabilization of Keapl-sulfstane adducts was assessed by
removing unreacted sulforaphane from the reactioxtume using gel filtration
chromatography followed by dilution into buffer dbuffer containing 3 mM
iodoacetamide. The decrease in Keapl-sulforaphatdicd concentration by the
dissociation of free sulforaphane from the adduas wetermined by the observation of
an increase in free sulforaphane in the incubdiidgfer (Figure 16). The concentration of
free sulforaphane increased steadily over timeraadhed a stable concentration after 3
h. At that time, 70% of the sulforaphane had bedeased from the Keap1l-sulforaphane
adducts indicating that equilibrium had apparentlgen reached between adduct

formation and dissappearance.



50

100%

80%

60%

40% *

20%

% Sulforaphane released
>(.

0% e —— L= L= —_— | - - L L L

0 0.25 0.5 1 2 3 4 5 24
Incubation time (h)

Figure 16. Sulforaphane released from Keapl-syfaae adducts during incubation
with 20 mM Tris buffer (empty bars) or Tris buffeontaining 3 mM iodoacetamide

(solid bars). Total sulforaphane bound to Keapl0%pwas determined by measuring
the reduction in sulforaphane concentration duang h incubation with Keapl. Free

sulforaphane was measured using LC-MS/MS. Datagpeessed as the mean + SD of
triplicate experiments. Statistically significantfdrences < 0.05) are denoted by “*”.

When iodoacetamide was added to the dilution buffiee extent of adduct
disappearance increased so that approximately 50lforaphane was released during
the first 30 min of the reaction instead of only2as observed in the incubation without
iodoacetamide. lodoacetamide derivatization of tgsteines effectively blocked, i.e.,
competed against, free sulforaphane from reactiith Weapl. The loss of Keapl-
sulforaphane adducts was 80% complete after 3 dh,nanKeapl-sulforaphane adducts

were present after 24 h (Figure 16).

3.3.1.2 DTT quenching time optimization

To minimize the loss of Keapl-sulforaphane adddaisng sample preparation,

DTT quenching time was optimized as shown in Figlife More than 5 min but no
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longer than 15 min was needed to quench excessapifane using DTT. By shortening
the quenching time from 30 min used in our previgustocol [57] to 15 min, by
eliminating iodoacetamide treatment and by diggstith trypsin for 1.5 h (instead of up

to 3 h), the total sample preparation time was ceduo less than 2 h.

100% - l
Quench by
80% - DTT

60% -
40% -

20% -

0% B e N.D N.D.

Before After 5 15 30

2 h incubation with Keap1 Incubation time with DTT (min)

% Free sulforaphane in solution

Figure 17. DTT quench time optimization. Sulforapdavas incubated with Keap1l for 2
h and quenched with 1 mM DTT. The minimum quenchetineeded to remove free
sulforaphane (15 min) was obtained by monitorirege fsulforaphane in solution using
LC-MS/MS. Data are expressed as the mean + SD iplicate experiments and
normalized to the initial amount of sulforaphaneha solution(N.D. = none detected)

3.3.1.3 Effect of iodoacetamide treatment on Keapl cysteine modification pattern

by sulforaphane

We then examined the Keapl modification patterraiobtd using LC-MS/MS
following this streamlined sample preparation powe. During peptide mapping and
sequencing using high resolution LC-MS/MS, the @irosequence coverage was at least
90%, and all 27 cysteines were detected and igestdmong the tryptic peptides. As

expected, fewer modified cysteine residues werectled in Keapl-sulforaphane samples
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that had been treated with iodoacetamide thannpkss prepared using the streamlined
protocol (TABLE IlI). Treatment with iodoacetamidés@ resulted in an apparently
different modification pattern compared with that samples that were untreated.
Significantly, no labeling of C151 by sulforaphamnas detected in samples treated with
iodoacetamide; instead, C151 was observed to beatieed only by iodoacetamide in

these samples (Figure 18C). However, in samples tWere not treated with

iodoacetamide, labeling of C151 was detected dt high (1:10) and low (1:0.5) ratios

of Keapl to sulforaphane (Figure 18B). Sulforaphlabeling at C241, C273, C288, and
C319 in the central linker domain, C395, C406, @484 in the Kelch domain, and at
C613, C622 and C624 in the C-terminal domain wase detected only in the samples

that were not treated with iodoacetamide (TABLE II)

In the iodoacetamide-treated Keapl that had bemrbated with sulforaphane at
a ratio of 1:0.5, sulforaphane adducts were dealecidy at C38, C226, and C368
(TABLE 1l). These three sites of sulforaphane bingdiwere detected in all Keapl
samples incubated with sulforaphane regardlessdacetamide treatment or the ratio
of Keapl to sulforaphane. Sulforaphane adducts7at &d C489 were detected in all
samples except the lowest Keapl to sulforaphame (&t0.5) in iodoacetamide-treated
samples. Several other sites of sulforaphane attech including C23, C171, C196,
C513, C518, and C583 were observed in both theaimetamide-treated and untreated

samples but only at the highest sulforaphane t@pKeatio of 10:1.
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Figure 18. Product ion tandem mass spectra of Kpapfide 151 to 168 obtained during
data-dependent LC-MS/MS analysis of tryptic digestsKeapl. Data were acquired
using high resolution accurate mass measuremethtinaiss assignments were within 10
ppm of the theoretical values. Keapl samples weespgoed identically except as
follows: A) Control that had not been treated wsthiforaphane or iodoacetamide. The
[M+2H]%* ion (corresponding to a neutral mass of 2,133)0das used as the precursor
for product ion tandem mass spectrometry; B) Kaapabated with sulforaphane but not
iodoacetamide. The abundant [M+3Hijon (corresponding to a neutral mass of 2,310.07
u) was used as the precursor ion for MS/MS, andadaiuct with sulforaphane was
detected; C) Keapl incubated with sulforaphaneoWadd by derivatization with
iodoacetamide. The [M+3Ef] ion (corresponding to a neutral mass of 2,190 0&as
selected for MS/MS. Instead of sulforaphane, iodtanide was found to have reacted
with the peptide.
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TABLE I

DETECTION OF CYSTEINE RESIDUES IN HUMAN KEAP1 MODIED BY
SULFORAPHANE WITH AND WITHOUT IODOACETAMIDE TREATMENT

No iodoacetamide lodoacetamide
treatment treatment
Domain Cysteine 0% 10 0.5 10
N-terminal C13
Cl4
c23 1,2,3 2,3
C38 1,2,3 1,2,3 1,2,3 1,2,3
BTB C77 1,3 1,2,3 1,2
Ci1s51 1,2,3 1,2,3
Cil71 1,2,3 1,2,3
Central C196 1,2,3 1
linker C226 1,2 1,2,3 2,3 1,2
C241 1,2,3
C249
C257
C273 1,2,3
C288 1,3
C297
C319 1,3 1,2,3
Kelch C368 1,2,3 1,2,3 1,2,3 1,2,3
C395 1
C406 3 1,2,3
C434 1,3 1,2,3
C489 1,2,3 1,2,3 1,2,3
C513 1,2,3 1,2,3
C518 1,2,3 1
C583 1,3 1,2,3
C-terminal C613 1,3 1,2,3
C622 2,3
C624 2,3

& Sulforaphane was incubated with Keapl at a moldio raf 0.5:1 or 10:1
(sulforaphane/Keapl).

® Triplicate experiments were performed. The numbet&ate the experiments in which
sulforaphane-modified peptides were detected bygusC-MS/MS.

To determine the relative reactivities of the 27ap® cysteines towards

sulforaphane, a titration-like process was usetlitftduded five ratios of sulforaphane to
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Keapl ranging from 0.5:1 to 10:1 and no iodoaceadantreatment (TABLE IIl). The
number of modified Keapl cysteines increased asefladive sulforaphane concentration
was increased, and 22 out of 27 cysteines coulehdidified by sulforaphane. All of the
cysteines in the Kelch, BTB and C-terminal domdimst not all in theN-terminal and
central linker domains) were modified at the hidhratio of sulforaphane to Keapl. The
four most readily modified cysteines of human Keéylsulforaphane were C38 in the
N-terminal domain, C151 in the BTB domain, and Ca68 C489 in the Kelch domain.
The five cysteines that did not react with sulfdrape were C13 and C14 in the
terminal domain, and C249, C257 and C297 in theraklinker domain. The 27 Keapl
cysteines were placed into 7 groups according édar tleactivity towards sulforaphane
(TABLE III). Covalent binding of sulforaphane to @8, which belongs to the third most

readily modified cysteine residues in Keapl, hasoeen reported previously.
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ORDER OF REACTIVITY OF KEAP1 CYSTEINE RESIDUES TOVRDS
SULFORAPHANE MEASURED USING HIGH RESOLUTION LC-MS/$/

[Sulforaphane]/[Keap1]

Domain Cysteine 0.5 1 2 10
N-terminal C13
Cl14
C23 2 2,3 1,2,3 1,2,3
C38 1,2,3 1,2,3 1,2,3 1,2,3 1,2,3
BTB C77 1,3 2,3 1,2,3 1,2,3 1,2,3
C151 1,2,3 1,2,3 1,2,3 1,2,3 1,2,3
Ci71 1,2,3
Central C196 1 2,3 1,2,3
linker C226 1,2 1,2,3 1,2,3 1,2,3 1,2,3
C241 1,3 1,2,3
C249
C257
Cc273 3 1,3 1,2,3
C288 1,3
C297
C319 1,3 1,2,3 1,2,3 1,2,3 1,2,3
Kelch C368 1,2,3 1,2,3 1,2,3 1,2,3 1,2,3
C395 2,3 1,3 1
C406 3 2,3 2 1,2,3 1,2,3
C434 1,3 1,2,3 1,2,3 1,2,3 1,2,3
C489 1,2,3 1,2,3 1,2,3 1,2,3 1,2,3
C513 2,3 1,2,3 1,2,3 1,2,3
C518 1,2,3 1,3 1,2,3
C583 1,3 1,3
C-terminal C613 1,3 2,3 1,2,3 1,2,3 1,2,3
C622 2,3
C624 2,3
Cysteinereactivity”
—— e
High L ow
38, 151, 368, 77, 226, 319 406, 513, 23, 395, 196, 241, 171,288,
489 434 613 518 273, 583 622,624

& The numbers indicate the experiments out of thdsmtical replicates in which
sulforaphane-modified cysteines were detected mgusC-MS/MS.

® The order of the Keap1l cysteine reactivity basedriplicate data.
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Previously studies have probed the in vitro modifien of Keapl cysteines by
sulforaphane and its analogues [67, 111], but #selts are inconsistent with in vivo
observations that demonstrate the importance ofLtGi%sensing sulforaphane [35, 55,
59, 62, 65, 111]. While investigating these comifig C151 data for sulforaphane, we
found that omitting derivatization with iodoacetaai from the sample preparation
procedure and shortening the overall procedure tprier to LC-MS/MS analysis
allowed the detection of C151 as one of the maadilg modified cysteine residues of
Keapl towards sulforaphane (TABLE II). The otherstoeadily modified cysteine
residues were C38, C368 and C489. Our modifiedytinal procedure resulted in an in
vitro “cysteine code” for sulforaphane that is dstent with in vivo observations and

reconciles previous conflicting data.

It is important to note that we have shown in avignes study that the Keapl
protein preparation we used in the MS studies ptesgehere is fully capable of binding
to Cul3 and Nrf2, which are its in vivo binding paers [116]. Furthermore, the Cul3-
Rbx1-Keapl complex is functionally active and cataltyze the ubiquitination of Nrf2,
which is the process by which Keapl regulates lzllevels of Nrf2 in vivo. Since our
recombinant human Keapl has the appropriate tediad quaternary protein structure to
bind to and form a complex with Cul3 and Nrf2, tiesin a biologically suitable and

relevant conformation for reaction with sulforapban

The ARE is activated in response to the modificatad Keapl C151 by an
increased amount of Nrf2, a result of decreasedok@aediated Nrf2 ubiquiritination,
and degradation [47, 59]. This decrease in NrfZjuitination appears to arise from a

diminished interaction between Keapl and Cul3 ugmn modification of C151, as
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shown by coimmunoprecipitation experiments in ctdisboth Keapl C151W [59] and
for sulforaphane [47], as well as for IAB using ified Keapl and Cul3 [65]. Another
model for the activation of Nrf2 upon modificatioh Keapl cysteines is the disruption
of the Keapl-Nrf2 interaction. However, we have nsaesing isothermal titration

calorimetry that modification of Keapl cysteinesliing C151 by IAB does not alter
the affinity of Keapl and Nrf2 [63]. In addition,ewfind that modification of Keapl

cysteines by sulforaphane does not alter its gliitbind Nrf2, as determined by native

electrophoretic mobility shift assays.

The eight most readily modified Keapl cysteine dess towards sulforaphane
(C38, C151, C368, C489, C77, C226, C319, and CH&bnging to the Land 29 most
readily modified groups in TABLE IIl) have also lmeeeported to be modified by other
electrophilic ARE activators [56-58, 63, 117]. Reac of sulforaphane with C406 is
reported here for the first time, and reactionshwi23, C241, C319, C406, and C622
were not reported previously by Horeg al [67]. Although C273 and C288 have been
reported to be functionally important [35, 45, 58)ese cysteine residues were not
readily modified by sulforaphane and appear in3ieand &' groups, respectively, in

terms of cysteine reactivity (TABLE IlI).

The electrophilic isothiocyanate group of sulforapd and its analogs reacts
rapidly but reversibly with Keapl cysteine sulfhyldgroups to form dithiocarbamates
[52]. Since iodoacetamide covalently modifies cystesulfhydyl groups through\3
reactions to form stable thioethers, treatment @apl-sulforaphane adducts with
iodoacetamide will result in time-dependent losswuforaphane (initially from the most

highly modified cysteine residues) and subsequentakization of these cysteine sites
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by iodoacetamide. Natural product ARE activatorscluding xanthohumol,

isoliquiritigenin and 10-shogaol have been repottednodify Keapl preferentially at

C151, C241, C273, C288, C319, C434, and C613 Pd@vever, these cysteine residues
have only been detected previously as targets tibraphane when iodoacetamide
treatment was not used during sample preparatibis Juggests that the binding of
sulforaphane to these sites can go undetectedodihe inherent reversibility and loss of
sulforaphane during sample processing. In conttaisgling of sulforaphane to C38,
C226 and C368 of Keapl has been detected desgstientent with iodoacetamide, which
suggests that these cysteine residues are lesssitdgeand form more stable adducts

with sulforaphane.

lodoacetamide derivatization of Keapl has been tsdéibck unreacted cysteine
residues so that they cannot react with each atharm disulfide bonds or continue to
react with excess sulforaphane during subsequemhplsa preparation. Since
iodoacetamide derivatization was eliminated fronr guotocol, DTT was used to
consume unreacted sulforaphane. Therefore, it l&kely that significant additional
reaction could occur between sulforaphane and icgsteluring sample processing. Since
at least 90% protein coverage was obtained using/ISIMS, disulfide bond formation
did not interfere with peptide mapping or sequegamd was not a concern using our

new method.

Located in theN-terminal domain of Keapl and a target of sulfoeaph) C38 is
conserved across most species with the exceptidheoKeapla isoform in zebrafish
[62]. Strongly reactive towards sulforaphane, C3®nly weakly reactive towards other

ARE activators including xanthohumol [57]. Sengtito S-glutathionylation in vitro,
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C23 can also form a disulfide bond with C38 undevitro conditions of oxidative stress
[117], suggesting the C23-C38 disulfide bond foioramight reduce Keapl repression
of Nrf2. However, a C23Y mutant has been foundbieast cancer that results in
inhibition of Keapl-directed ubiquitination of Nrfa18]. Interestingly, a C23A-C38A
double mutation did not affect the repressor atgtiof Keapl [35]. Further studies will
be needed to explain the physiological significant€38 and C23 in Keapl function

and potential regulation through C38 modificatignshilforaphane.

Sensitive to both sulforaphane modification andl@aghionylation [117], C368
is located inside the inner barrel of the propetiethe Kelch domain which is the Nrf2-
binding region on Keapl. An energy minimizationdstundicated that modification at
C368 by glutathione could interfere with the Keamphding of Nrf2 by inducing a
conformational change of the protein [117]. Althbuge did not observe any disruption
of the interaction of Keapl and Nrf2 when usingetactrophoretic mobility shift assay
after 9 Keapl cysteines including C368 were medifiby sulforaphane [63],
modification at C368 might reduce the affinity beem Keapl and Nrf2 to a degree that
is undetectable at the protein concentration usetd assay. Another cysteine residue in
the Kelch domain, C489 reacts strongly with sulptva@ne and has been reported to form
adducts with xanthohumol, isoliquiritigenin, 10-gloal, andN-ethylmaleimide [52, 57],

but the biological importance of adduct formati®r€489 remains uncertain.

3.3.2 Revershbility and optimization of sample preparation

The reversibility of binding of Keapl of five Michhacceptor that are also ARE

activators, including isoliquiritigenin, xanthohum&DDO-Im, PGA, 15d-PGd, and



61

sulforaphane (described in section 3.3.1.1) wevestigated in vitro with two purposes.
First, the reversibility of protein-electrophile cactts and the effect of iodoacetamide
treatment on these adducts was investigated inroteselect a suitable sample
preparation method. Second, information on thersdvdity binding to Keapl of these
known ARE activators might be valuable for the iptetation of data for their

chemoprevention effect.

3.3.2.1 Revershbility of binding and sites of modification of Keapl by the natural

productsisoliquiritigenin and xanthuhumol

Isoliquiritigenin (2,4,4’-trinydroxychalcone) (Fige 18A) is a constituent of
licorice (Glycyrrhiza glabrg, tonka bearDipteryx odorata(Aubl.) Willd, and shallot
(Allium ascalonicurpn [93, 119]. It has potential as a chemopreventigent due to
induction of phase 2 enzymes that protect cellsnagaeactive, toxic, and potentially
carcinogenic species [97]. Xanthohumol (Figure 1BBA prenylflavonoid derived from
the female flowers of the hop platiymulus lupulud..) and has been reported to be a
cancer chemopreventive agent both in vitro andivo {92, 120]. Both isoliquiritigenin
and xanthohumol have been reported to form adduitts Keapl in vitro. The most
reactive sites on Keapl towards isoliquiritigenme £151 and C226; and the most
reactive Keapl sites towards xanthohumol are tleetye residues C151, C319 and

C613 [57].

The procedures used to assess the reversibilitpkealforaphane adducts were
applied again to study the reversibility of Keapthquiritigenin and Keapl-
xanthohumol adducts as well as the effect of iodtzmnide. Approximately 10% of

isoliquiritigenin had been released from the Keggaliquiritigenin adducts after 30 min
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time and reached a stable concentration aftem3bre 20% of isoliquiritigenin had been
dissociated from the adducts. Unlike the Keaplesaffhane adduct, Keapl-
isoliquiritigenin showed the same initial rate adsbciation with or without the addition
of iodoacetamide. Keapl-xanthohumol showed a caelpldifferent dissociation profile
from that of Keapl-isoliquiritigenin or Keapl-sulphane. No free xanthohumol was
detected during incubation of the Keapl-xanthohumomplex with or without
iodoacetamide for up to 5 h (data not shown). Higholution LC-MS/MS analysis
showed that three Keapl cysteines (C151, C319, @6#3) were modified by
xanthohumol within 5 h, but no modified cysteinesrev detected after 24 h. This

suggests that xanthohumol has a much slower ratessdciation from Keapl.
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Figure 19. Reversible reaction of five ARE activatavith Keapl cysteine sulfhydryl
groups. The asterisk indicates the electrophilicbaa. A) isoliquiritigenin, B)
xanthohumol, C) 1-[2-cyano-3-,12-dioxooleana-1,%dien-28-oyllimidazole (CDDO-
Im), D) prostaglandin A(PGAy), and E) 15-deoxy'**“prostaglandin J(15d-PGJ).
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Figure 20. Isoliquiritigenin released from Keapakhguiritigenin adducts during
incubation with 20 mM Tris buffer (empty bars) orisl buffer containing 3 mM
iodoacetamide (solid bars). The total isoliquietign bound to Keapl (100%) was
determined by measuring the reduction in isoligigeinin concentration during a 2 h
incubation with Keapl. Free isoliquiritigenin wagasured using LC-MS/MS. Data are
expressed as the mean = SD of triplicate experisnent

3.3.2.2 Reversbility of Keap1l-CDDO-Im adducts

CDDO-Im is the most potent ARE activator descrilbedlate, and activation of
the Nrf2 pathway is believed to be mediated by Meihaddition reaction of CDDO-Im
with nucleophilic cysteine sulfhydryl groups on kaa[102]. Recently, it has been
reported that modification of C151 by CDDO-Im ispantant for activation of the ARE

in cells [59].

The initial dissociation rate of Keapl-CDDO-Im adtuwas very fast and
reached an equilibrium within 10 min (Figure 21}.ejuilibrium, approximately 40% of
CDDO-Im had been released from the Keap1l-CDDO-Impiexes. No time points were

acquired within the first 5 min due to the time staints of sampling and analysis. When
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iodoacetamide was added to the dilution buffer, riite of dissociation of the adducts
increased during the first 5 min; whereas, less OEIB (30-35%) was detected released
compared to the one without iodoacetamide addsiter reaching the equilibrium. It is

possible that some impurity in the CDDO-Im standaatted with iodoacetamide, which

accounted for the disappearance of CDDO-Im afteetjuilibrium.

The dissociation of Keapl-CDDO-Im adducts beginsindugel filtration and
continues during the dissociation step. For rapdisociating complexes such as this,
substantial amounts of CDDO-Im probably dissociatedng gel filtration and were not
recovered. According to the concentration of fré2DO-Im measured in buffer after 10
min of the isolated Keapl-CDDO-Im adducts and thitee, approximately 40% of
CDDO-Im was released into solution. If substantabntities of CDDO-Im were lost
during gel filtration, then essentially all remaigiCDDO-Im might have been released

from Keap1l after dilution and incubation for onl§y tin.
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Figure 21. CDDO-Im released from Keap1-CDDO-Im addwuring incubation with 20
mM Tris buffer (empty bars) or Tris buffer contaigi3 mM iodoacetamide (solid bars).
The total CDDO-Im bound to Keapl (100%) was deteadiby measuring the reduction
in CDDO-Im concentration during a 2 h incubationthwkeapl. Free CDDO-Im was
measured using LC-MS/MS. Data are expressed asmiban + SD of triplicate
experiments. No statistically significant differessc between samples treated or not
treated with iodoacetamide.

3.3.2.3 Revesbility of Keapl adducts with prostaglandins PGA, and 15d-PGJ,

PGA; and 15d-PGJare lipid oxidation products that accumulate itiscand
tissues during acute inflammation. They have profbeffects on redox status by
activating Keapl/Nrf2 cascades [121]. The preseariamn o,/-unsaturated cyclopentane
ring makes PGAand 15-PGyelectrophilic and susceptible to Michael additteactions
with the sulfhydryl group of cysteine residues (K& 18D, 18E). Yamamotet al [62]
reported that both Keapla and Keaplb in zebrafighrgos have a sensor site for PGA

and 15d-PGyJ which is different from most of the other ARE igators such as
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sulforaphane and tBHQ that only respond to Keapditaining a reactive analogous

C151.

The reversibility of Keapl-PGA adduct was investigated using the same
procedures that were used for sulforaphane inctudyel filtration, dilution and
iodoacetamide derivatization. The reversibility foeo of Keapl-PGA (Figure 22) is
similar to that of isoliquiritigenin (Figure 20).pproximately 10% of the total PGAhat
was originally bound to Keapl was released and anedsn the dilution buffer after 30
min. By 2 h, an equilibrium had been reached betvasieluct formation and dissociation
at which time, 20% of the original bound P&wWas free in solution. With inclusion of
iodoacetamide in the dilution buffer, there were gtatistically significant differences

between samples treated or not treated with iodaaude.

Although structurally similar to PGA 15d-PGd formed adducts with Keapl that
were irreversible during the first 5 h, whethermmt iodoacetamide was added to the
dilution buffer (data not shown). This indicatesattlalthough PGAand 15d-PGJhave
been categorized into the same class due to CHgpémdence [62], it is still possible
that they activate the Keap-Nrf2 pathway differalhyi and lead to distinct biological
effects due to different rate of dissociation fr&@apl. Additional studies are needed to

investigate these potentially different mechanisinaction.
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Figure 22. PGAreleased from Keapl-PGAadducts during incubation with 20 mM Tris
buffer (empty bars) or Tris buffer containing 3 mddloacetamide (solid bars). The total
PGA; bound to Keapl (100%) was determined by measuhegreduction in PGA
concentration during a 2 h incubation with KeapteeFPGA was measured using LC-
MS/MS. Data are expressed as the mean £ SD oictitpl experiments. No statistically
significant differences between samples treatatbbtreated with iodoacetamide.

3.3.2.4 Effect of reversibility on mapping of modified Keapl

Base on the previous binding studies, six ARE attits could be ranked order
according to their reversibility as follows: CDD@l > sulforaphane > PGA>

isoliquiritigenin > xanthohumol = 15d-PgFigure 23).
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Figure 23. Reversibility of six ARE activators. Thelid bar represents the maximum
percentage of each electrophile released from kKetgrtrophile complex during the first
5 h incubation. N.D. represents the complex diddmsgociate within the first 5 h, which
indicated that the compound form stable adduct Wehp1.

Previously, we showed that a revised sample préparemethod should be used
when mapping Keapl modification pattern by sulfbaape, due to its reversible reaction
with Keapl cysteines. To determine whether revirseapl modifiers other than
sulforaphane should be investigated using thisastlieed procedure, the more slowly
dissociating Keapl modifier PGAand isoliquiritigenin were used. These compounds
were incubated with Keapl using the method with #mel new method excluding

iodoacetamide, and the Keapl adducts were comparneg LC-MS/MS.

More than 90% of Keapl sequence coverage was ebitavhile mapping PGA
and isoliquiritigenin modification using either rhetl. As shown in TABLE 1V, there
were only minor differences in Keapl modification BGA, using iodoacetamid or the

new sample preparation procedure excluding iodeatee. There were also minor
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differences in Keapl modification by isoliquiritiga using either method. C434 was
found to be modified by PGAonly when iodoacetamide was omitted, and C38 was
found to be modified by isoliquiritigenin only uginthe sample preparation without
iodoacetamide. However, these two cysteines weanadido be modified using either
method when the molar ratio of Keapl/electrophikswncreased from 1:2 to 1:5 (data
not shown). Although most sites of Keapl modificatiby slowly dissociating
compounds like isoliquiritigenin and PGA10-20% dissociation over 5 h) can be
detected using LC-MS/MS following either samplegamation method, the fact that one
additional modified cysteine can be detected foche&lectrophile indicates that

iodoacetamide treatment should be avoided evethése compounds.

At a molar ratio of 1:20 (Keapl/CDDO-Im), CDDO-Imaw incubated with
Keapl and then prepared using the iodoacetamidboshetnd the streamlined method
excluding iodoacetamide. No modified Keapl peptidesld be detected (data not
shown). Considering that the dissociation rate ehKl-CDDO-Im adducts was faster
than Keapl-sulforaphane adducts, it appears thaC@DO-Im had dissociated from
Keapl by the end of either sample preparation phaeefor peptide mapping. However,
when Keapl that had been in incubated with CDDOwas analyzed directly using
MALDI-TOF MS without iodoacetamide treatment orgsynization, Keapl increased in
mass (Figure 24). Therefore, the sample preparatiocedure that had been optimized
for Keapl-sulforaphane adducts appears to permitntach dissociation to occur for

adducts that are less stable.
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DETEATION OF CYSTEINE RESIDUES IN HUMAN KEAP1 MODIED BY PGA
OR ISOLIQUIRITIGENIN WITH AND WITHOUT IODOACETAMIDE

TREATMENT

Domain

Cysteine

PGA’°

Isoliquiritigenin

No IA IA

No IA IA

N-terminal

BTB

Central
linker

Kelch

C-terminal

C13
Cl4
C23
C38
Cr7
C151
Cil71
C196
C226
C241
C249
C257
C273
C288
C297
C319
C368
C395
C406
C434
C489
C513
C518
C583
C613
C622
C624

1,2,3 1,2,3

2,3 2,3

1,2,3 12,3
1,2,3 1,3
1,3

2,3
2,3

w w

13 1,2,3
2,3

1,2,3 12,3

1,2,3 1,2,3

1,2,3 12,3

1,2,3 2

& PGA; or isoliquiritigenin was incubated with Keapl at molar ratio of 2:1

(electrophile/Keapl).
b A = iodoacetamide treatment.

¢ Triplicate experiments were performed. The numbwiicate the experiments in which
PGA; or isoliquiritigenin-modified peptides were dettby using LC-MS/MS.
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Figure 24. Positive ion MALDI-TOF mass spectra oéapl after incubation with
CDDO-Im at molar ratio of 20:1 (CDDO-Im/Keapl). Tiselid line indicates Keapl
incubation with buffer (control) nj/z 71,746). The dashed line represents Keapl
incubated with CDDO-ImnG/z72,853).

3.3.3 Maodification sites of human Keapl treated by 15d-PGJ, and PGA,

15d-PGJ, a cyclopentenone prostaglandin, exerts cytoptiggeeffects that are
mainly mediated through the Nrf2 pathway [112].hlis been reported by several
independent studies that 15d-BG@drgets Keapl cysteines other than C151 [54, 122,
123]. Yamamotcet al [62] showed that ARE activation by 15d-B@ad also PGA
were largely independent of C151 in zebrafish embryansfected with mouse Keapl
C151S. Similarly, our group found that ARE actieatiby 15d-PGyin human cells is

much less dependent on Keapl C151 than that afrapliane or CDDO-Im [59].

Park et al [124] reported that C257 and C273 were modifigd1bd-PGdin
HEK293T cells transfected with mouse Keapl. Yamanettal [62] showed that C273
and C288 in mouse Keapl were modified by 15d-P&dd that C273, C297, and C489
were modified by PGA However, no human Keapl modification by 15d-P@aktern
has been investigated, and the modification of Kelayp PGA reported in the previous

section was the first such study. Considering thigjue features of the interaction of
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these compounds with mouse Keapl, additional stualig¢heir modification of human

Keapl might provide insights into their mechanishaction.

A titration-like process was used that includedaBos of PGA or 15d-PGgdto
Keapl ranging from 1:1 to 1:5 (Keap1l/electrophiath no iodoacetamide treatment to
determine the relative reactivity of the human Keapsteines towards these two ARE
activators (TABLE V). With protein coverage over%0all 27 Keapl cysteines were
detected as either modified by electrophiles or odtifred. As expected, more cysteines
became modified as the concentration of electrephis increased. Consistent with the
in vivo results, PGA and 15d-PGJdisplayed a distinctly different pattern of Keapl
modification than previously studied ARE activatossich as sulforaphane and
isoliquiritigenin. Both PGA and 15d-PGJmodified human Keapl more readily in the
central linker domain followed by the Kelch domarather than BTB domain, where
C151 is located. Specifically, C151 was not detécs modified, in agreement with
previous results reported by others in the cell aglorafish studies [62, 123]. However,
the sensor cysteines of human Keapl that were raddiy PGA and 15d-PGJwere

slightly different from those reported using moks=apl.

The five most readily modified human Keapl cysteiesidues by PGAwere
C226, C319, C273, C368, and C434; whereas thenfigst readily modified cysteine
residues by 15d-PGwere C241, C249, C273, C513, and C518. Freeeataal [125]
carried out kinetic studies and found that the tregies of some cysteine residues
towards IAB are significantly different in humandamouse Keapl. Thus, the difference
between our findings and these other studies nbghtue to the species differences.

Although 15d-PGJand PGA modified Keapl at different sites, C273 was onehef



74

most reactive Keapl sites towards both electrophiltherefore, C273 might be a
common sensor for these two non-C151 dependent ARiZators. The tandem mass
spectra of the peptide ions containing C273 residhat been covalently modified by

PGA; or 15d-PGgare shown in Figure 25.

TABLEV

ORDER OF REACTIITY OF KEAP1 CYSTEINE RESIDUES TOWAR PGA OR
15d-PGJ MEASURED USING HIGH RESOLUTION LC-MS/MS

[PGAy)/[Keapl] [15d-PGg/[Keapl]
Domain Cysteine 1 2 5 1 2 5
N-terminal C13

C14
Cc23 1,2
C38 T 1 1,3 1,2

BTB C77
C151 2,3
Cl71

Central C196

linker C226 1,2,3 1,23 1,23 2 1,2,3
C241 1,2,3 1,2,3 1,2,3
C249 1 1,3 1,2,3 1,2,3 1,2,3
C257
C273 2 2,3 1,2,3 1,2 1,2,3 1,2,3
C288 1 1 1,2
C297 2
C319 1,2 1,23 1,23 2 2,3

Kelch C368 3 123 123 3 2,3
C395
C406
C434 1 1,3 1,2,3 2,3
C489 2,3 3
C513 2,3 1,2,3 1,3 1,2,3 1,2,3
C518 2,3 1,2,3 1,3 1,2,3 1,2,3
C583

C-terminal C613 1,3 2,3

C622
C624

% The numbers represent the experiments out of ibesical replicates in which PGA
or 15-PGd modified cysteines were detected by using LC-MS/MS
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Figure 25. Product ion tandem mass spectra of Kpapfide 273 to 287 obtained during
data-dependent LC-MS/MS analysis of a tryptic diggd<eapl that had been incubated
with A) PGA; ([M+3H]*" ion corresponding to a neutral mass of 2121.10usas as the
precursor ion); or B) 15d-PGJ[M+3H]*" ion corresponding to a neutral mass of
2103.09 was selected for MS/MS). Data were acquigdg high resolution accurate
mass measurement, and mass assignments were Wtppm of the theoretical values.
Keapl samples were prepared identically.

34 Summary

The reaction of Keapl cysteine sulfhydryl groupshvdulforaphane is a highly
reversible process. After Keapl has formed addwdis sulforaphane, treatment with
iodoacetamide causes competition between iodoamaand the free-sulforaphane that
was formed via dissociation from the Keapl-sulfbiape adduct. lodoacetamide has
been routinely used to block unmodified cysteined prevent disulfide bond formation

during tryptic digestion and mass spectrometric Iy However, we have
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demonstrated that the use of iodoacetamide carumbsesults and interpretation since
highly reversible, cysteine-sulforaphane adductssitgs such as C151 can readily
dissociate and be outcompeted by iodoacetamideelifiemaking the cysteine-
sulforaphane adducts undetectable. By shorteniaddfiT quenching time, eliminating
treatment with iodoacetamide, and minimizing trgptigestion time, sample preparation
is shortened so that even the most reversible iogstilforaphane modified residues
such as C151-sulforaphane can be detected. In@ddiur methodology shows that one
can routinely obtain at least 90% amino acid cayer@nd detection of all 27 cysteines of
Keapl. This approach revealed a Keapl modificapattern that is considerably
different from those reported previously or obtaingduring this investigation using
iodoacetamide in the protocol. Notably, C151 waemeined to be one of four cysteine
residues preferentially modified by sulforaphame] these chemical mapping results are
consistent with in vivo observations reported byltiple investigators. Future mapping
studies of electrophiles that reversibly react withapl cysteine sulfhydryl groups
should also minimize sample preparation time armdaunnecessary derivatization with

iodoacetamide.

Electrophiles that react with Keapl through Michaadlition belong to a common
classes of ARE activators. The relative rates wemgbility of five Michael additions
acceptors that are also ARE activators were ingattd including isoliquiritigenin,
xanthohumol, CDDO-Im, PGAand 15d-PGJ The order of dissociation from Keapl of
these five Michael addition acceptors as well afosmaphane was CDDO-Im >
sulforaphane > PGA> isoliquiritigenin > xanthohumol = 15d-P&Because Michael

addition products are reversible, LC-MS/MS base@piray studies of tryptic peptides of
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modified Keapl must be carried out quickly. A stndaed procedure that eliminates
iodoacetamide treatment was found to be esserdrathle detection of sulforaphane
adducts with C151 of Keapl. Compounds that formaghtty less reversible adducts
with Keapl such as PGAand isoliquiritigenin also benefitted from the nifcstl

procedure. However, Michael addition acceptors ag&&DDO-Im that form much less
stable adducts with Keapl than does sulforaphassadiated too quickly for any sites of

Keapl modification to be detected using even thdifieal sample processing procedure.

Finally, the sites of human Keapl modification lne tpotent ARE activators
PGA; and 15d-PGJ were identified. Previously, binding of these @munds had been
investigated only using mouse Keapl. Our in vitatadagreed well with previous in vivo
observations of mouse Keapl that indicated P&#d 15d-PGJImodify sites other than

C151.



4 EFFECT OF CUL3ON CYSTEINE MODIFICATION OF WILD-TYPE

HUMAN KEAP1 AND KEAP1 C151W MUTANT BY ISOLIQUIRITIGENIN

4.1 Introduction

Keapl serves as a redox-regulated substrate adaqati@in for Cul3. Since the
original Nrf2-Keapl dissociation model was challeddooth in vitro [63] and in vivo
[47, 126], disruption of the Nrf2 ubiquitinationtpavay facilitated by the Cul3-based E3-
ligase ubiquitination complex has attracted attemtiZhanget al [47] have found that
the Keapl C151S mutant was significantly resiste@ntdownregulation of Keapl-
dependent ubiquitination of Nrf2 by both tBHQ amdf@araphane in the presence of Cul3.
They proposed that modification of Keapl C151 bgcebphiles such as tBHQ or
sulforaphane reduces the ability of Keapl to as¢eavith Cul3, targeting less Nrf2 for

ubiquitination and degradation and leading to nim2 in the nucleus.

Studies by Gaet al. [64] using coimmunoprecipitation and Rachakordaal.
[65] using CD spectroscopy demonstrated that tleorstary structure of wild-type
Keapl protein changes and is accompanied by dasmtiof the Keapl and Cul3
complex after exposure to oxidized eicosapentaemai, a major component of fish oil
[64], or IAB [65]. In contrast, a C151S mutant oé#pl was resistant to IAB-induced
structural change and did not dissociate from Cui3.order to find out whether
modification of other Keapl cysteines in additiond151 is required to alter the Keapl-
Cul3 interaction, Eggleet al [59] mutated Keapl C151 to the amino acid with th
largest partial molar volume, tryptophan, to mirthe steric modification of C151 by
electrophilic molecules. Remarkably, transfectediikle C151W was largely unable to
facilitate Nrf2 ubiquitination, resulting in a levef Nrf2 that was similar to that observed
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in the absence of overexpressed Keapl. In additimmunoblot analysis indicated that
modification of C151 to a tryptophan destabilizedali1-Cul3 interaction but did not
alter the affinity of mutant Keapl for Nrf2. Conerthg the large amount of IAB (molar
ratio Keapl/IAB = 1:135) used by Rachakomdal [65], it is questionable whether IAB
at a physiologically relevant level would produdenitar conformational changes in

Keapl and disrupt the interaction between KeaplGarid.

To help clarify how Keapl modification at C151 camsrupt Keapl-Cul3
interaction, peptide mapping studies were carriedusing isoliquiritigenin as a Keapl
C151-dependent natural product ARE activator [R-MS/MS was used to probe for
conformational changes that altered cysteine mzatibn on Keapl and Cul3 before and
after binding. Alteration in cysteine accessibilitp electrophiles has been used
previously as a tool to detect protein conformatlochanges [127, 128]. The Keapl
cysteine modification pattern in wild type Keapddhe C151W mutant as well the Cul3

cysteine modification pattern were determined duKeapl Cul3 binding.

4.2 Experimental section

4.2.1 Protein preparation and materials

Recombinant human wild-type (wt) Keapl, Keapl Cl5iwitant and Cul3
proteins were provided by Dr. Aimee Eggler and Bvan Small of the University of
lllinois at Chicago. The details of cloning, exmies, and purification were described
elsewhere [47, 59, 63]. The proteins were storea @ncentration of 250M in 50 mM
Tris-HCI buffer (pH 8.0) containing 2 mM TCEP, 25@M sodium chloride and 20%

glycerol (v/v).
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4.2.2 Reaction of isoliquiritigenin with wt Keapl1 and Keapl C151W

Human wt Keapl or Keapl C151W (10 uM) were preiatedh for 30 min with
Cul3 at molar ratio of 2:1 (Keapl/Cul3) and thecuibated with isoliquiritigenin at molar
ratios of 1:2, 1:5 and 1:20 (Keapl/isoliquiritigenin 100 pL 20 mM Tris-HCI buffer
(pH 8.0) for 2 h at room temperature. As a cont@u)3 (5 uM) was incubated with
isoliquiritigenin at molar ratios of 1:4 and 1:1Cu|3/isoliquiritigenin). A comparison
reaction was carried out in a reverse order bybating wt Keapl (10 uM) that had been
preincubated with isoliquiritigenin at molar ratiot1:2 and 1:5 (Keapl/isoliquiritigenin)
for 2 h with Cul3 for 2 h at a molar ratio of 2.Kgap1/Cul3). Reaction products of the
1:20 molar ratio incubation were analyzed using NDMTOF MS immediately after
incubation and the other reactions were quencheadojng 1 mM DTT and incubating
for an additional 15 min. lodoacetamide (3 mM) wlzsn added to block any remaining
free cysteine residues. After incubating for 45 minthe dark, an additional 5 mM DTT
was added to remove excess iodoacetamide befgtctdigestion. Mass spectrometry
grade trypsin (Promega; Madison, WI) was addedathh esample at a trypsin/Keap1 ratio
of 1:50 (w/w) and incubated at 37 °C for 1.5 h. Tiyptic peptides were analyzed using
LC-MS/MS as described below to determine the siéscovalent attachment of

isoliquiritigenin.

4.2.3 MALDI-TOF mass spectrometry

Aliquots (1.0 pL) of each Keapl reaction solutioergv mixed with 1.0 pL
aliquots of a matrix solution consisting of sinapad in acetonitrile/water/trifluoroacetic

acid (50:49.9:0.1, v/v/v) at a concentration ofri@/mL. Immediately before analysis, 1
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pnL of each mixture was spotted onto the MALDI saenplate and air-dried. Positive ion
MALDI-TOF mass spectra were acquired over the rasfga/z65,000-80,000, operating

in a linear mode.

424 Highresolution NanoLC-MSMS

To identify the cysteine modification sites on wedpl, Cul3 and the Keapl
151W mutant, analyses were carried out using amba&TQ-FT ICR mass spectrometer
equipped with a Dionex microcapillary HPLC systenfiryptic peptides were
concentrated on a LC Packinggs®epMap precolumn cartridge (5 pm, 0.3 mm x 5 mm)
and separated on an Agilent Zorbay @verse phase column (3.5 pm, 75 pm x 150
mm). The solvent system consisted of a 35 min ftigeadient from 5% to 45% solvent B
and then from 45% to 80% solvent B over 15 minysol A: 95:4.9:0.1; and solvent B:
4.9:95:0.1, water/acetonitrile/formic acid, v/v/a) a flow rate or 250 nL/min. Positive
ion electrospray mass spectra were acquired onET ICR hybrid mass spectrometer
in data-dependent MS/MS mode in which the five nadsindant peptide ions in each
mass spectrum were selected for CID using a nozedlcollision energy of 35%. All
LC-MS/MS data were processed using Bioworks 3.8d lassMatrix with searching
parameters described previously, followed by mamadidation of each modification

site.
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4.3 Resultsand discussion

431 Effect of Cul3 binding on cysteine modification of human wt Keapl by

isoliquiritigenin

4311 MALDI-TOEFMS

Incubation of Keapl with isoliquiritigenin at a maolratio of 1:20 resulted in an
average increase in mass of Keapl of 909 Da duomuttple Michael acceptor additions
(Figure 26A). The presence of Cul3 as a bindingnearof Keapl resulted in a smaller
increase in average mass of Keapl of 792 Da (FigGB). The smaller mass increase
indicates that Cul3 binding prevents modificatidreome cysteine residues of Keapl by
isoliquiritigenin. However, this experiment did reddress which cysteine(s) of Keapl or

Cul3 were affected when Cul3 bound to Keap1.
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Figure 26. Positive ion MALDI-TOF mass spectra adadpl after incubation with A)
isoliquiritigenin; and B) isoliquiritigenin in thpresence of Cul3. The solid lines indicate
Keapl incubation with buffer (controlyn(z 71,978). The dashed line in A) represents
Keapl incubated with isoliquiritigenim(z72,887) and in B) represents Keapl incubated
with isoliquiritigenin after preincubation with Gi(m/z72,770).

4312 LC-MSMSanalysis

To address this question of which cysteine resicdiidbe Keapl-Cul3 complex
are modified by isoliquiritigenin, tryptic digesticand LC-MS/MS analysis was used to
identify specific modified sites. Routinely, 90%da60% of the Keapl and Cul3 protein
sequence, respectively, were covered by MS/MS aisabf the tryptic digest using the
LTQ-FT ICR mass spectrometer. All the Keapl andtrobthe Cul3 cysteine-containing
tryptic peptides were detected, except C156, C26iL@622 of Cul3. Cysteine residues

on both Keapl and Cul3 were found to have reaci#d isoliquiritigenin. Examples of
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MS/MS sequencing of Keapl and Cul3 peptides mallibie isoliquiritigenin are shown

in Figure 27.

Among the 27 cysteines of human Keapl, the cyste@salues most readily
modified by isoliquiritigenin were C23, C151, C228319 and C613 (TABLE VI). The
most readily modified of the 10 cysteine residue€a3 were C187 and C636. TABLE
VI shows that the binding of Cul3 to Keapl reduamddification of Keapl by
isoliquiritigenin at C226 and enhanced modificatednC196. When Cul3 was bound to
Keapl, C187 of Cul3 was no longer modified by iaiitigenin. Notably, the most
reactive residue of Keapl C151 [57], was still iifeed as one of the top two reactive
sites in the presence of Cul3, as determined byntimaber of time the peptide was
detected in triplicate experiments. This is comsistwith the hypothesis that C151 of

Keapl functions a sensor for electrophiles in tfEAactivation pathway.
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Figure 27. Product ion tandem mass spectra ofitry@ptides of Keapl and Cul3 after
incubation with the Michael addition acceptor igairitigenin obtained during data-
dependent LC-MS/MS analysis using high resolutiocusate mass measurement. Mass
assignments were within 10 ppm of the theoreticdli@s. The samples were prepared
identically except as follows: A) Keapl peptide 161168. The abundant [M+2H]ion
(corresponding to a neutral mass of 2389.13) wasd as the precursor ion for MS/MS;
and B) Cul3 peptide 630 to 642 incubated with @adlitigenin. The [M+2Hf" ion
(corresponding to a neutral mass of 1627.79) wiasteel for product ion MS/MS.

4.3.2 Effect of Cul3 binding on the cysteine modification pattern of human Keapl

C151W mutant by isoliquiritigenin

Based on the fact that a variety of ARE activattepend on Keapl C151 to fully
activate the ARE and the high reactivity of C15Wvaeds many activators [56, 57, 62],
Eggleret al. [59] mutated C151 to tryptophan, the amino acithwhe largest partial
molar volume, to mimic the modification of C151 bjectrophiles. In MDA-MB-231
cells, the elevated ARE level showed that C151Watm causes Keapl to lose its

ability to repress Nrf2. Remarkably, no disruptioh Keapl-Nrf2 interaction by the
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Keapl C151W mutation was detected; whereas, theraiction with Cul3 was
destabilized [59]. Since C151 is located in the iKe8TB dimerization domain, which
interacts with Cul3, modification at C151 might saua Keapl conformational change

specifically affecting the interaction with Cul3stead of altering binding to Nrf2.

Isoliquiritigenin was used as a model compound tobe changes in Keapl
modification as a result of C151W mutation. LC-MSMnalysis of Keapl C151W and
wt Keapl showed similar cysteine modification pauseby isoliquiritigenin (TABLE
VI). With the addition of Cul3, modification of Kpa by isoliquiritigenin was enhanced
at C38 and C196. Similar to wt Keapl, C187 of Cwlds not modified by
isoliquiritigenin when Cul3 was bound to Keapl CWbIThis implies that C187 of Cul3
might be located in the Keapl and Cul3 bindingrfiatee so that modification of C187 by

isoliquiritigenin is blocked when the two prote@® bound to each other.

Interestingly, C636 on Cul3 was not modified byliairitigenin when Cul3 was
bound to Keapl C151W. However, C636 was modifiedidmliquiritigenin in the
presence of wt Keapl (TABLE VI). A possible explaoa for the different reactivity of
wt and mutant Keapl bound to Cul3 might be that X¥5mutation represents Keapl
100% modified by isoliquiritigenin at C151 beformdling to Cul3, which simulates the
stimulated condition by activators in cells; whexea Keapl represents 0% modification
before binding, which simulates the basal conditibhe differential modification of
Cul3 C636 implies a Keapl-Cul3 conformational cleihgy the C151W mutant, either

by concealing C636 or lowering its activity.
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CYSTEINE RESIDUES IN HUMAN WT KEAP1, KEAP1 C151W MIANT AND
CUL3 MODIFIED BY ISOLIQUIRITIGENIN

Conditions Modified cysteines
Preincubation| Additior Keap? Cul¥ Keap? Cul®
Keapl wt isoliquir| C23"*7, C151%", Cc23%%, C38~,
itigenin | C226*° C319*3 C151+23 C226>3
C613 C319%° c613
Keapl C151W| isoliquif C23, C226"*", Cc23+", C38~,
itigenin | C3192° C613 C226° C319%%
C434, c613°
Cul3 isoliquir Cc187+, C1877%
itigenin C636%2 C636-2°
Keapl wt + | isoliquir C23, C38, C636"*" Cc23*%, C38~, C636"*"
Cul3 itigenin | C151*° C1967 C151%% C196%°
C319*° C613 C226*° C319*°
Cc368, C613°
Keapl C151W,| isoliquir c23'%, C38", None | C23"%%, C38* C196, | None
+ CulF itigenin | C226 C319*° | detected| C226'° C319*° detected
Cc434, Cc613*°
Keapl wt + Cul® c23, C38, None | C23' C38, C151%, None
isoliquiritigeni C151*° C319 | detected C196° C2267, detected
n C319° C368° C395,
Cc613

o

o

e

Molar ratio isoliquiritigenin/Keapl = 2
Molar ratio isoliquiritigenin/Keapl =5
Molar ratio isoliquiritigenin/Cul3 = 4

Molar ratio isoliquiritigenin/Cul3 = 10

Keapl wt or mutant was incubated with Cul3 atahamratio of 2:1.

" Triplicate experiments were performed. The numbatiate the experiments in which
isoliquiritigenin-modified peptides were detectgdusing LC-MS/MS.

If modification at Keapl C151 prevents modificatiohC636 of Cul3 bound to

Keapl, then a question arises about the sample hithwKeapl and Cul3 are

preincubated, followed by isoliquiritigenin additioln this sample, why is C636 still
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detected as modified, even though C151 is showretaodified? One explanation for
the detection of Cul3 C636 modification in this Ki¢apl experiment is that only a small
percentage of Keapl was modified at Keapl C15lbandd to Cul3, and the majority of
Keapl was unmodified at C151. A second explanasamat Cul3 prebound to Keapl
blocks the conformational change in Keapl triggeogdC151 modification, allowing
modification of C636. A third explanation is kinegj that Cul3 C636 had already been
modified by the time the conformational change oéaldl happened after C151
modification, and thus C636 modification was detdcafter tryptic digestion. If all the
exposed cysteines including Keapl C151 and Cul®®&¥e an equal opportunity to be
modified by isoliquiritigenin, the first scenaris unlikely. However, we do not know
what percentage of Keapl was modified at C151, taerdexperiment did not address
whether the extent of modification was sufficiemtrésult in a conformational change of

Keapl and the sequential alteration of Cul3 intéwac

To address this question further, we premodifiecaKle with isoliquiritigenin
followed by binding to Cul3. In order to rule otet possibility that modified Cul3 C636
would not be detected due to insufficient isoligigenin in the reaction, we used LC-
MS-MS to measure the isoliquiritigenin concentmatio the solution (as described in
2.2.4) before Cul3 addition to ensure that excesdiquiritigenin was available.
Modification of Cul3 C636 was not detected when %026f the original isoliquiritigenin
was still free in solution before Cul3 addition.elsimplest explanation is that C151 was
modified in the majority of Keapl molecules priar €ul3 addition, preventing C636
modification, ruling out the possibility that onlg small percentage of Keapl was

modified at C151 in the previous experiment. THs®dandicates that the binding rate of
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Cul3 to Keap1l is much faster than the rate of readif isoliquiritigenin with C636. It is
unknown whether the Keapl conformational chang&dad by C151 modification is
slower than the reaction of C636 with isoliquirgrgn, or whether Cul3 binding blocks
this conformational change. However, modification iboliquiritigenin at a 1:2 ratio
(Keapl/isoliquiritigenin) is sufficient to induckd conformational change in the Keapl-

Cul3 interaction thereby concealing Cul3 C636.

Although a change in binding affinity cannot beedilout, Keapl and Cul3
definitely bind even after modification of Keapl %11 which is contrary to a previous
study reporting that Keapl and Cul3 do not bin@rafhodification of C151 [65]. We
propose that modification of C151 of Keapl generaeconformational change that
extends to the Cul3 protein in the Keapl-Cul3 caxplThis hypothesis is consistent
with the observation that certain activators, idahg IAB and tBHQ, not only cause
decreased ubiquitination of Nrf2 but also incre&d3-dependent ubiquitination of
Keapl [47, 58]. This increased ubiquitination ofal§é is only possible if in the cellular

environment Keapl and Cul3 are associated.

Most previous studies have focused on the oxidattuess sensor properties of
Keapl, and no studies have reported the ideniibicadf any key cysteine residues on
Cul3 yet. In this investigation, Cul3 C636 was itlieed for the first time as a reactive
cysteine. It is notable that besides indicating aafkl-Cul3 structural alteration,
modification of Cul3 C636 might play a sensor rmleARE activation. Further detailed
investigation is needed to determine the role of3C0636 in the ARE activation

pathway.
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44 Summary

Modification of Keapl C151 has been proposed taugisNrf2 ubiquitination by
inducing Keapl conformational changes and destafithe Keapl-Cul3 interaction.
The large amount of eletrophile used in these studhises the question of whether a
more physiological concentration of electrophilewabhave the same effect. To address
this concern, we used the well-studied natural AR&ivator isoliquiritigenin to

investigate changes in Keapl modification uponibigdo Cul3.

The pattern of modification of Keapl by isoliquggnin has been reported by our
group previously [56]. However, whether conforma#ib changes of Keapl or Cul3
occur during the activation of the ARE were unclé&y comparing Keapl modification
by isoliquiritigenin with or without binding to C8) we found that the reactivity of two
cysteine residues of Keapl, C226 and C196 wereedligoon binding of Keapl to Cul3.
However, the key sensor cysteine of Keapl, Clillskowed high reactivity after Cul3
binding. Isoliquiritigenin modified wt Keapl andetiKeapl C151W mutant in a similar
manner in the absence of Cul3. With the additioG i3, the reactivity of C38 and C196
of Keapl mutant were enhanced. C187 of Cul3 was lorger modified by
isoliquiritigenin, when Cul3 was bound to wt KeamlKeapl C151W. This indicates the

C187 of Cul3 moght be protected within the Keap13@omplex.

Cul3 C636 was identified as a site that is reprddyc modified by
isoliquiritigenin when incubated with Cul3 alone©ul3 with wt Keapl1. However, Cul3
C636 does not react with isoliquiritigenin when &8 bound to Keapl C151W, which
implies that a Keapl-Cul3 conformational change ucgcdue to Keapl C151

modification (such as mutation of cysteine to tog#tan). By preincubating wt Keapl
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with isoliquiritigenin before allowing Keapl to o Cul3, it was confirmed that C636
of Cul3 is prevented from reacting with isoliqug#nin. This was probably due to a

conformational change that might also shut dowr2Nubiquitination and cause Keapl

ubiquitination.



5 MAPPING THREE-DIMENSIONAL STRUCTURES OF THE KEAP1-CUL3
COMPLEX BY CHEMICAL CROSS-LINKING AND MASS

SPECTROMETRY

5.1 Introduction

Understanding of the three-dimensional structur@roteins as well as protein-
protein interactions plays a crucial role in conmygneding the molecular mechanisms
underlying biological processes. To date, x-raystajography and nuclear magnetic
resonance (NMR) spectroscopy are two primary sgjrase offering high-resolution
structural characterization of protein and proteomplexes. However, both techniques
require a large amount of material, are intringycame-consuming and in many cases,
not feasible, if the protein does not form crystidlat diffract well or is too large for

NMR.

Chemical cross-linking of proteins has long beeaduto map protein-protein
interactions. With the recent improvements in mstent sensitivity, mass accuracy,
peptide fragmentation, and database searchings-tirdsng in combination with mass
spectrometry has emerged as an indispensable ooastfuctural characterization of
protein and protein-protein interactions [129-13Although the structural information is
low-resolution in its nature, this alternative apgeh has great potential to overcome
some of the inherent limitations of X-ray crystgllaphy and NMR. MS analysis is
applicable to identify exact interaction sites notpin complexes with a relatively small
amount of material, fast analysis speed and authddta process. In addition, since the

identification of cross-links is based on the péptievel, the mass range of the protein
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complex is theoretically unlimited. Furthermoreg thide range of specificities for cross-
linkers toward functional groups and spacer leruftér diverse options for experimental
design [132], which can provide important suppletaemformation to X-ray or NMR
structural data and can provide low-resolution cdtral information when X-ray or
NMR methods are not possible. However, despiteapparent advantages, identification
and correct assignment of the cross-linked peptliedMS can be hampered by the
complexity of the peptide mixtures containing predizantly non-cross-linked peptides.
Moreover, most of the commercialized database beaycsoftware such as SEQUEST
and Mascot do not have an option to deal with cliogng data. Manual inspection
becomes an essential tool in cross-linking studydeéd, this laborious and low-
throughput data analysis and validation has ofesendikened tofinding a needle in a

hay stack”[133].

As discussed in the previous section, modificabdrC151 of Keapl appears to
alter the interaction between Keapl and Cul3 bgrdarmational change upon exposure
to chemopreventive compounds such as isoliquiniige However, there are some
exceptions to this partial molar volume dependewndeh such as the Keapl C151-
independent activator 15d-P£&Jo understand the molecular mechanisms undertyiag
interaction of Keapl and Cul3 precisely, three-disienal structure analysis is essential.
Due to the difficulty in crystallizing the full-legth dimeric Keapl [134] and the large
size of both proteins, no three-dimensional stmectif Keapl or Cul3 has been solved to

date.

Here, we investigated the structure of a Keapl diamel Cul3 complex using

cross-linking coupled with mass spectrometry. TheapklL and Cul3 complex was
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subjected to the cross-linking reaction followed egzymatic digestion and mass
spectrometric analysis. Homobifunctional crosséirskwere used to crosslink Keapl and
Cul3 protein by targeting primary amines on thetgres. The structural information
yielded from this strategy is low resolution, butetidentification of intra- and
intermolecular cross-linked peptides will be valeato gain insight into how the proteins
fold, and which residues are exposed on the sudademay involved in the Keapl and
Cul3 interaction. In addition, these data will Is=ful to facilitate protein-protein docking
models and guide X-ray analysis with the ultimatalgof elucidating the role of the

Keapl and Cul3 complex in the molecular mechanism.

5.2 Experimental Section

521 Materials

Recombinant human Keapl and Cul3 proteins wereigedvby Dr. Eggler and
Dr. Small of the University of lllinois at Chicagdhe details of cloning, expression, and
purification were reported elsewhere [47, 63]. Phateins were stored at a concentration
of 250uM in 50 mM Tris-HCI buffer (pH 8.0) containing 2 mMCEP, 250 mM sodium
chloride and 20% glycerol (v/v). Cross-linking reat bis(sulfosuccinimidyl) suberate
(BS®) was purchased from Thermo Fisher Scientific (Rock IL). A bio-Silect 250 size
exclusion column was purchased from Bio-Rad (HesulCA). Centricon 20 devices
[30,000 molecular weight cut-off (MWCO)] were puased from Millipore (Bedford,
MA). Mass spectrometry-grade trypsin and chymotrypgere purchased from Promega
(Madison, WI). Glutaraldehyde solution (25 wt. % K3O) and other reagents were

purchased from Sigma-Aldrich (Milwaukee, WI and ISiuis, MO).
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5.2.2 Chemical cross-linking method optimization using glutar aldehyde

The protein storage buffer of both Keapl and Cu3 exchanged with cross-link
buffer 20 mM HEPES (pH 8.0) containing 2 mM TCERI&50 mM sodium chloride
using a Centricon 20 device by performing threeusatjal 180-fold dilutions according
to the manufacturer's instructions. Keapl-Cul3 clEmp(250 u M) was made by
incubating Keapl (50@M) and Cul3 (250uM) at a molar ratio of 2:1 at room
temperature for 30 min. Different concentration&ebpl-Cul3 complex ranging from 1
uM to 250uM were treated with glutaraldehyde aqueous stotikiso (25%) to produce

a final glutaraldehyde concentration ranging fro®i6 to 5%.

5.2.3 Keapl-Cul3 complex cross-linking using glutaraldehyde

Recombinant human Keapl and Cul3 proteins wergzsdl overnight into cross-
link buffer. Keapl (56.M) was incubated with Cul3 (28,8V) at a molar ratio of 2:1
([Keapl)/[Cul3]) in the cross-link buffer at rooremperature for 30 min. The Keapl-
Cul3 complex was separated by a Bio-Silect 2528 skclusion column on a Pharmacia
AKTA FPLC system (Amersham Biosciences; Piscatawdy) at a flow rate of 0.5
mL/min. Freshly prepared glutaraldehyde aqueouskssolution (5%) was added to 3
uM Keapl-Cul3 complex to produce a final concentratbf 0.05% (w/v) in 10QuL of
cross-link buffer. The reaction was carried outoaim temperature for 20 min in the dark
and quenched by the addition of 1M Tris-HCI (pH)&®a final concentration of 50 mM
for additional 15 min to ensure complete deactoraiof the glutaraldehyde. The cross-
linked Keapl-Cul3 complex was purified again withe tsize exclusion column to

minimize the non-reacted reagent and non-speaifiss:linked products.
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The cross-linked complex was then reduced with 5 BIM for 30 min at room
temperature, and cysteines were reacted with 10iodibbcetamide in dark for 45 min in
50 mM Tris-HCI (pH 8.0). Subsequently, 10 mM DTTsnvadded to quench remaining
iodoacetamide. Mass spectrometry-grade trypsin added at a trypsin-to-protein
complex ratio of 1:20 (w/w) and incubated at°87overnight. The tryptic peptides were
quenched by 10% of formic acid to pH 3 and stote@@°C before analyzing using LC-
MS/MS as described below to identify intra- andertoss-linked peptides by

glutaraldehyde.

524 Keapl-Cul3 complex cross-linking using bigsulfosuccinimidyl]l suberate

(BS’)

Recombinant human Keapl and Cul3 proteins wergzasidland incubated using
the same procedure as glutaraldehyde treatmentilseg@bove. After the Keapl-Cul3
complex was separated by the size exclusion coldresh prepared homobifunctional
cross-linking reagent BSin cross-link buffer was added at a molar ratio36ffold
excess of the @M complex in a total volume of 100L reaction. The reaction was
carried out at room temperature for 60 min in taekcand quenched by the addition of
1M Tris-HCI (pH 8.0) at a final concentration of BM for 15 min. The cross-linked
Keapl-Cul3 complex was purified again with the sxelusion column to minimize the

non-reacted reagent and nonspecific cross-linkedyats.

The cross-linked complex was reduced and alkylatedh DTT and
iodoacetamide, respectively, as glutaraldehyde trvesat described above. Mass

spectrometry-grade trypsin was added at an enzgrpestein complex ratio of 1:50
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(w/w) and incubated at 3 overnight. Half of the samples were quenched @ bf
formic acid to pH 3 and stored at -20. For another half of the samples, chymotrypsin
was used as a second digestion enzyme and incub@teghother 8 h at the same
enzyme-to-protein ratio as trypsin. The enzymagptgles were quenched and stored
before analyzing using LC-MS/MS described belowidentify intra- and intercross-

linked peptides by BS

525 LC-MSMS analysis of cross-linked peptides using LTO-FT ICR mass

spectrometer

The peptide mixture was analyzed on a Thermo Famigan Jose, CA) hybrid
LTQ-FT ICR mass spectrometer equipped with a Diogxburn, CA) microcapillary
HPLC system. Reversed phase microcapillary HPLC e@sed out using an Agilent
Zorbax C18 column (3.5 pum, 75 pm 150 mm) and LC Packings C18 PepMap
precolumn cartridge (5 um, 035 mm). The solvent system consisted of a 60 migali
gradient from 5 to 45% solvent B and then from 4580% solvent B over 15 min
(solvent A: 95:4.9:0.1; and solvent B: 4.9:95:Ghter/acetonitrile/formic acid, v/v/v) at
a flow rate of 250 nL/min. Positive ion electrogpraass spectra were acquired in a data-
dependent mode in which each MS scan was followefiie MS/MS scans using a
normalized collision energy of 35%. Dynamic exolusiwas enabled to minimize

redundant spectral acquisitions.

526 LC-MS/MSanalysisof cross-linked peptidesusing L TO-Or bitrap Velos

The cross-linked peptides sample was analyzed d@-Ofbitrap Velos by Dr.

Alexander Schillling with the similar separatiomdation we used on LTQ-FT ICR mass
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spectrometer. Instead of acquiring five MS/MS scafter MS scan using collision
induced dissociation cell (CID) with a normalizeadllision energy of 35% on LTQ-FT
ICR mass spectrometer, he acquired ten most infggside ions using a higher-energy
collisional dissociation cell (HCD) with a normadiz collision energy of 15% on LTQ-

Orbitrap Velos.

5.2.7 Database searching and parameter s setting

The MS raw files were converted to mzXML files ugpitMassMatrix data
conversion tools. Isotope distributions for theqursor ions of the MS/MS spectra were
deconvoluted to obtain the charge states and motopis m/z values of the precursor
ions during the automatic conversion [90]. Searcese conducted against a created
database containing the sequences of human KeapCw@ only using MassMatrix [86,
87, 114, 115]. The mass accuracy for precursorpaaduct ions was set to 10 ppm and
0.6 Da, respectively for FT ICR data, or 10 ppm ar@ll Da, respectively for Orbitrap
data. Trypsin was chosen as the digestion enzyrireupito 2 missed cleavages allowed
for glutaraldehyde and with up to 4 missed cleasaj®wed for BStreated samples, as
chymotrypsin was used as a second enzyme. Carbareitiglation on cysteine (+57.
0214 Da) was set as a fixed modification and meth® oxidation (+15.9949 Da) was

set as a variable modification.

For glutaraldehyde treatment, the chemical formaflahe linker between two
lysines is specified assB4 with a monoisotopic mass of 64.0313 Da. One aulusi
variable modification for lysine was specified dioethe dead-end induced by Tris-HCI

buffer (+185.1052 Da) (Figure 28A). For BSeatment, the chemical formula of the
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linker between two lysines is specified agl¢sO, with a monoisotopic mass of 138.0681
Da. Two additional variable modifications for lysinvere specified due to the dead-end
induced by water (+156.0786 Da) and Tris-HCI buff€259.1420 Da) (Figure 28B).
Cleavages by proteases at modified lysines by giltehyde or B&were excluded and
the maximum number of cross-links allowed for egelptide was set to 2. The search
result files were sent to a posthoc analysis progrdMapper to calculate an overall
score and generate cross-link assignments usingat rhap figure. The cross-linked
peptide candidates identified by automated matchivgre validated by manual

inspection of the tandem mass spectra.
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o /\/\/\o - S /\/\/\N ~
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[¢]
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Dead-end cross-links on protein

Figure 28. Structure of cross-linking reagent Altgtaldehyde and B) BSand the
possible dead-end cross-links introduced by quewgcheagent. The lengths shown are
spacer arms of the cross-linking reagents.
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5.3 Resultsand discussion

5.3.1 Identification of cross-linked peptides using glutar aldehyde

5.3.1.1 Method optimization

The cross-linking reaction prior to MS analysi<igiical to the identification of
cross-linked peptides and the following proteirerattion mapping. During the reaction,
the three-dimensional structure of the proteinsioaibe disturbed, but on the other side,
sufficient amounts of cross-linked peptides havedagenerated to allow for subsequent
mass spectrometric detection. Thus, the concemradf proteins and the amount of

cross-linking reagent to be added were optimizatierfirst step.

Most proteins contain many lysine residues, usuakposed on the protein
surface due to the polarity of the amine groupaddition, lysine residues are generally
not involved in the catalytic site, which preveptstein conformational change and loss
of biological activity by moderate cross-linking38]. Glutaraldehyde, CICH,CHO),,
was selected due to its high reactivity and lowt aosddition to its widely application in
fast and efficient “freezing” interactions in ti€su[136]. It is a homobifunctional reagent
and it can bridge the.amino group of lysine side chains on the surfdcde protein by

forming Schiff bases [137].

Treatment with various amounts of glutaraldehydelifferent concentration of
the Keapl-Cul3 complex showed that either high eatration of protein complex or
glutaraldehyde causes protein aggregation by sizkrson chromatography (data not
shown). Maintaining the protein complex concentratat less than 1M and 0.05%

glutaraldehyde final concentration reduced the urtech aggregation. In addition, to
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minimize the nonspecific cross-linked products dmgh molecular mass aggregates,
size-exclusion chromatography was applied befoceadter the cross-linking reaction to

separate the Keap1-Cul3 complex and the crossdinkenplex, respectively.

5.3.1.2 Cross-linked peptidesidentification

The sequence coverage of Keapl and Cul3 proteins 3@ and 64%,
respectively. A large amount of high charge stagtides were eluted after 60 min with
high organic phase. Since the length of cross-tinkeptides was enhanced by the cross-
linker and the miscleavage site at the modifiethlysesidues, the low coverage for both
proteins compared to previous alkylation studiespiisbably due to the incomplete

digestion using trypsin only.

The potential cross-linked peptides were identifeedi mapped in the heat map
using XMapper (as shown in Figure 29). A majorifyttee cross-links showed in the map
are background cross-links with low scores in lighte or cyan. They were possibly
formed on the proteins with structure altered dyitime cross-linking experiment, which
are biologically irrelevant and represent the @xse of noise in cross-linking
determination [90]. As shown in Figure 29, two hitere identified with a score higher
than 50 (cell in red), BK397-BK273 and BK711-BK1Roth hits are intramolecular

cross-links on Cul3 protein, and BK397-BK273 waarntified in duplicated experiments.
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Figure 29. Cross-links in the glutaraldehyde clodsed Keapl-Cul3 complex analyzed
by LTQ-FT ICR MS followed by database searchingngdlassMatrix. Each cell in the
heat map represents a cross-link between two lyseselues. “A” chain represents
Keapl protein and “B” chain represents Cul3 prot€anfidence of the identification of
each cross-link is indicated by its score displayeithe scaled color heat map.
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However, the scores of these two hits are not fsogmtly higher than the
background cross-links and neither intermolecutass-links nor intramolecular cross-
links from Keapl protein were identified. These ss:dinked peptides are probably
undetected because glutaraldehyde is too shorbsslnk the subunits of dimeric Keapl
or form intermolecular cross-links between Keapd &3 proteins with a spacer length
of 7.5A. A cross-linker containing a longer spaaan may favor intermolecular cross-
linking and have a better opportunity to interptie¢ interaction between Keapl and
Cul3. In addition, the number of lysine residuestioa Keapl surface is important for
intramolecular cross-link formation. Keapl protémonomer) contains only 16 lysine
residues (2.6% of the coverage), which are evemdjributed. Low content and the
accessibility of lysine residues may also cause line efficiency of forming

intramolecular cross-links.
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Figure 30. Possible forms of glutaraldehyde in agsesolution and reactions with
proteins. A) monomeric form, B) cyclic hemiacetairh, C) polymerico,-unsaturated
form reacts with protein via aldol condensationpen) or Michael addition (lower), and
D) polymeric cyclic hemiacetal form.

Moreover, some studies indicated that glutaraldehyeduces high background
during the process of cross-linking with proteingedo other reactions. Besides lysine,
glutaraldehyde can react with other amino acids slthins such as cysteine and histidine
due to its high reactivity. It has been demonsttrdtet in addition to the predominant
monomeric form of glutaraldehyde (Figure 30A), atftgms including cyclic hemiacetal
of its hydrate (Figure 30B), polymerigB-unsaturated form (Figure 30C), and polymeric
cyclic hemiacetal forms (Figure 30D) are preseraiqueous solution [138]. All of these
forms might participate differently in cross-lingimeactions with proteins, in spite of the
negligible quantity in the dilute solution [139]hds, the nonspecific reaction with amino

acids and multiple forms of glutaraldehyde resolaibroad range of conjugates, which
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decreased the cross-linking efficiency and draraliyicincreased the complexity of

database searching and identification.

5.3.2 ldentification of cross-linked peptides using BS®

A slightly longer cross-linker B11.4 A) was used next to crosslink the Keap1-
Cul3 complex. BS reacts with primary amines in lysine side chains grotein N-

termini.

5.3.2.1 Enzyme digestion optimization

Chemically cross-linked peptides were classifidd o types: interchain cross-
links and intrachain cross-links. Peptides with entitan two cross-links are difficult to
characterize by tandem MS due to poor fragmentatiahlarge size. Four possible types
of cross-linked peptides were classified with upvto cross-links as shown in Figure 31.
Type 1 peptides only have interchain cross-lingpet2 peptides only have intrachain
cross-links; type 3 peptides are hybrids with biotier- and intrachain cross-links; and
type 4 peptides have circular chains [87]. Onlytjggs with up to 2 cross-links were
considered in MassMatrix. Therefore, manipulatihg peptides within an appropriate
size facilitates the cross-linking identificatio@hymotrypsin was used as a second
enzyme after trypsin for half of the samples ineortb increase the digestion efficiency
of long cross-linked peptides. The sequence coeecdd<eapl and Cul3 using trypsin
were 67% and 72%, respectively. Chymotrypsin aolditncreased the coverage to 78%
and 81%, respectively. In addition, more high sdote (score > 50) were identified with

low background in the sample using two enzymesufeig32B) compared to the one
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using trypsin only (Figure 32A). Thus, a secondyemz is essential for large complex

cross-linking study such as Keapl1-Cul3 complex.

Typel

Type2 ] 1 ] il [
S N

Type3

Type4 g

Figure 31. Four possible types of cross-linked igegtwith up to two cross-links.
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Figure 32. Digestion efficiency comparison of ustngpsin alone and trypsin followed
by chymotrypsin in B&cross-linked Keap1-Cul3 complex analyzed by LTQ}ER MS
or LTQ-Orbitrap Velos. A) Trypsin alone and analyzesing LTQ-FT ICR MS, B)
trypsin followed by chymotrypsin and analyzed usitiQ-FT ICR MS, and C) trypsin
followed by chymotrypsin and analyzed using LTQ-@dp Velos. Each cell in the heat
map represents a cross-link between two lysineduesi “A” chain represents Keapl
protein and “B” chain represents Cul3 protein. Gaerice of the identification of each
cross-link is indicated by the scores displayethenscaled color heat map.
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5.3.2.2 BS®crosslinked peptides analysis using L TO-FT | CR mass spectr ometer

A protein-to-cross-linker ratio of 1:30 was useda@ading to the suggestion of
manufacturer’s instructions. Compared to glutatayde showed in Figure 29, B&ad
relatively lower background cross-links with muagher scores for cross-links, which is
easier to distinguish cross-linked peptides (FIR2B). Thirteen peptides were detected
with intra- or intercross-links with a cutoff scan€40. Six peptides were detected with a

score higher than 50, including two with a scorerad00 (as listed in TABLE VII).

The two cross-linked peptides with highest scor&S@-BK668 and BK568-
BK569 are intramolecular cross-links in Cul3. Calesing the length of BSspacer (11.4
A), the length of a lysine side chain, which istard 6-6.5 A and an estimated coordinate
error for mobile surface residues (1.5 A) [140k thaximal distance of linkable lysine
residues will be around 27.4 A. Unfortunately, heee-dimensional structure of Cul3 is
available to compare and validate whether these dwss-links fell below this range.
One intramolecular cross-link in Keapl was ideatifas AK131-AK323. K131 is in the
BTB domain, which involves in Keapl dimerizatiordaDul3 binding, and K323 is in the
Kelch domain. Although the crystal structure of Kéd&elch domain is available [141],
it is still hard to compare this cross-link withahie whole protein structure. No cross-
links were identified within Kelch domain. Instealassuming the low efficiency of the
cross-linking, it is possible that there are narlgsresidues within a 27 A range, or some
big groups between two sites block the cross-litkse cross-link was identified between
K312 in the Keapl and K401 in the Cul3. K312 ishivitthe Keapl IVR domain, which

associates with the N-terminal of Cul3 [48]. Howeweith a boundary score within 40-
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50 and without the structure information, it is dhvdo confirm this cross-link as a true

positive or background link.

In addition, twenty-two peptides were identified dsad-ends introduced by
guenching reagent, including two from Keapl andntywefrom Cul3. This kind of
modification does not provide any information osihe distances within a protein or
between Keapl and Cul3 as cross-links do, butitates that these lysine residues are

on the surface of a protein, accessible to reagtigaps.

TABLE VII

IDENTIFIED CROSS-LINKS IN THE KEAP1-CUL3 COMPLEX USIG BS® CROSS-
LINKING REAGENT FOLLOWED BY LTQ-FT ICR MASS SPECTR@ETER

ANALYSIS
Cross-Link Score Type Cross-Linked Peptide
BK569-BK668  >100 C-intrd  GPVKKEDGSEVGVGGAQVTGSNTR TVNDQFTSKL  [B565:588 B660:669]
| |
BK568-BK569 C-intra GPVLKlKEDGSEVGVGGAQVTGSNTR [B565:588]
BK689-BK700 __ 60-70 C-inta _ VDDDRKHEIEAAIVR KETRQK [B695:709 B689:694]
I—
BK673-BK680 C-intra  VKIQTVAAKQGESDPER [B672:688]
L
BK568-BK668  50-60 C-intra _ TYNDQFTSKL GPVKK [B660:669 B565:569]
1
BK28-BK569 Ciintra GPVKEDGSEVGVGGAQUTGSNTR DEKWSIW [B565:588 B26:34]
BK38-BK88 20-50 C-intra _ EVVTEHLINKVR KNAIQEIQR [B79:90 B38:46]
L1
BK38-BK174 C-intra  KNAIQEIQR ERKGEVVDR [B38:46 B172:180]
I
AK131-AK323 Kintra  EQGMEVVSIEGIHPKVM HKPTQUMPCRRKVGR [A117:133 A311:326]
AK312-BK401 KC-inter  VKIQTVAAKQGESDPER KGVKGL HKPTQVMPCR  [B672:688 B398:403
BK398-BK680 C-intra | | | A311:320]
BK649-BK651 C-intra EPISISKEIENGHIF [B647:659]
BK589-BK712 C-intra  KHILQVSTF IMKSR [B589:597 B710:714]
(i

AK represents lysine residue on Keapl protein; Bigresents lysine residue on
Cul3 protein.

C-intra represents the intramolecular cross-lingedtide in Cul3 protein; KC-inter
represents the intermolecular cross-linked pefiatereen Keapl and Cul3 protein.

[A/Bxxx:xxx] represents the location of the peptisethe Keapl or Cul3 protein
sequences.
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TABLE VIII

IDENTIFIED DEAD-ENDS IN THE KEAP1-CUL3 COMPLEX USIS BS’ CROSS-
LINKING REAGENT FOLLOWED BY LTQ-FT ICR MASS SPECTR@ETRY

ANALYSIS
Lysine Type Lysine Type
Keapl: Cul3:
K131 HO° K569 HO/ Tris-HCI
K312 Tris-HCI K589 HO/ Tris-HCI
Cul3: K649 HO
K88 H.O K651 HO
K262 H.O K668 HO
K292 Tris-HCI K673 HO
K395 Tris-HCI K689 Tris-HCI
K397 Tris-HCI K694 HO/ Tris-HCI
K398 HO/ Tris-HCI K700 Tris-HCI
K401 HO/ Tris-HCI K731 HO
K521 H.O K743 Tris-HCI
K568 HO/ Tris-HCI

& H,0, Tris-HCIl or HO/Tris-HCI indicates the dead-end introduced by ngixng
reagent HO, Tris-HCI or both, respectively.

5.3.2.3 BS®crosslinked peptides analysis using L TQ-Orbitrap Velos

The sequence coverage of Keapl and Cul3 using Lig#&p Velos was even
better than using LTQ-FT ICR mass spectrometerchvis 82% and 87%, respectively.
Thirty cross-linked peptides were identified witlswtoff score of 40 using LTQ-Orbitrap
Velos (TABLE IX). Eighteen peptides had a scorero%@, including nine over 100.
Most of the cross-linked peptides identified by L-FD ICR mass spectrometer were also

identified by LTQ-Orbitrap Velos with a higher seor

Three intermolecular cross-links were detected witecore over 60. They are
AK312-BK638 (>100), AK108-BK88 (80-90) and AK298-BK9 (60-70). Previously in
4.3.2, C636 in Cul3 was identified differentiallyjkyated by isoliquiritigenin in the

present of wild-type Keapl or Keapl C151W mutatticlv indicates the conformational
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change of Keapl-Cul3 complex upon modification df5€C in Keapl. The identified
cross-link between K312 in Keapl and K638 in Cuiférs an alternative explanation
from a structure point of view. Since these twotjus fell below a distance of 27.4 A
range, it suggests that C636 might be located withe Keapl and Cul3 interaction
interface. Modification of C151 in Keapl might altee interaction with Cul3 such that
C636 is no longer accessible to modification, ppshphysically blocked by Keapl. No
similar cross-links or dead-ends were detectedgukinQ-FT ICR mass spectrometer,

since this peptide was not in the Cul3 sequencerege.

AK298-BK569 is another noteworthy intermoleculaoss-link identified. K298
was found to be the ubiquitination site on Keapthwhe treatment of ARE activator
IAB [58]. Hong et al proposed that ARE activator adduction on Keapdgérs a
switching of Cul3-dependent ubiquitination from Riio Keapl, which results in Nrf2
activation. However, not all of the ARE activatansluce ubiquitination on Keapl. So
far, only 1AB, tBHQ [142], quercetin [94], ebsel§0] and falcarindiol [143] have been
reported to induce a high molecular weight fornKefpl in vitro or in vivo and K298
was identified as a target site with IAB. The crbsk we identified indicates that K298
in the wild-type Keapl is accessible to ubiquitid ajuite close to K569 on the Cul3. It is
possible that the modification on Keapl cysteimtoduces a change in the Keapl and
Cul3 interaction, which results in the ubiquitirgat switching from Nrf2 to Keapl.
Since ARE activators have different alkylation pats, they will cause different extents
of interruption. Sulforaphane has been shown toswatch ubiquitination [142]. It is
probable that modification by some activators sashsulforaphane causes K298 to be

buried inside the structure and unable be modiiedbiquitin or the modification is not
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sufficient to cause the shift of ubiquitin targebrh Nrf2 to Keapl, thus, no high
molecular weight form of Keapl was observed. Algjiothis hypothesis requires further

testing, it is interesting to note that K298 in K&aand K569 in Cul3 are quite close.

In addition, six and twenty-six peptides with desautls were identified in Keapl
and Cul3, respectively (TABLE X). Most of the deawld peptides detected using LTQ-

FT ICR mass spectrometer were also detected by Qfi§trap Velos.

TABLE IX

IDENTIFIED CROSS-LINKS IN THE KEAP1-CUL3 COMPLEX USIG BS’ CROSS-
LINKING REAGENT FOLLOWED BY LTQ-ORBITRAP VELOS ANALYSIS

Cross-Link  Score Type Cross-Linked Peptide
BK569-BK668 >100 C-intra GPVITKEDGSEVGVGGAQVTGSNTHZVNDQFTS‘<L [B565:588 B660:669]
BK568-BK569 C-intra GPV|I_<|KEDGSEVGVGGAQVTGSNTR [B565:588]
BK457-BK568 C-intra YGPVlKKEDGSEVGVGGAQVTGSNTR NIS!ITLK [B564:588 B453:459]
BK398-BK401 C-inra  KGVKGLTEQEVETILDK [B398:414]
BK673-BK680 C-intra  VKIQTVAAKQGESDPER [B672:688]
L
BK742-BK743 C-inra  FLPSPVVIKKR [B734:744]
L
BK38-BK72 C-intra  DLLKNAIQEIQR HGEKLY [B35:46 B69:74]
|
BL38-BK88 C-intra  EVVTEHLINKVR DLLKNAIQEIQR [B79:90 B35:46]
L 1
AK312-BK638 KC-inter ~HKPTQVMPCRAPK ALQSLACGKPTQR [A311:323 B630:642]
L |
BK742-BK762  90-100 C-intra  FLPSPVWVIKKR KVY [B734:744 B762:764]
L
AK108-BK88 80-90 KC-inter ASSSPVlFKAMFTNGL EVVTEHNK‘VR [A101:115 B79:90]
BK694-BK700 C-inra  QKVDDDRKHEIEAAIVR [B693:709]
L 1
BK568-BK668  70-80 C-inta  TVNDQFTSKL GPVKK [B660:669 B565:569]
L |
AK298-BK569  60-70 KC-inter NATFYGPVKIKEDGSEVGVGGAQ\GSNTR CIKDY [B560:588 A297:300]
BK569-BK716 C-inra  GPVKKEDGSEVGVGGAQVTGSNTR ‘(KMQNVL [B565:588 B715:722]
|
BK444-BK673  50-60 C-intra VKIQTVAAKQGESDPER LLTNKESDDSEK [B672:688 B440:452]
BK72-BK638 C-intra ALQSLACGIKPTQR TMVLHKHGEIKL [B630:642 B63:73]
BK12-BK414 C-intra GLTEQEVETILDKAMVL SKGTGSRKDTKM [B402:418 B5:16]
BK326-BK336  40-50 C-intta  VSEEGEGKNPVDYIQGLL EQGHKA [B329:346 B323:328]
I I
BK326-BK452 C-intra [B442:457 B321:328]

TNKSVSDDSEKNMISK LREQGKAL
L 1
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BK349-BK689 C-intra QGESDPERKETR IQGLLDLKSR [B681:692 B342:351]
BK15-BK610 C-intra NNRElKYTFEEIQQETDIPER KD'Il'KMR [B606:625 B12:17]
BK289-BK638 C-intra VHMLII<NGKTEDL QSLACGI(PTQR [B285:296 B632:642]
BK395-BK743 C-intra FLPSPWIlﬁKR SLFIDDKLK [B734:744 B389:397]
BK521-BK712 C-intra WPTQSATPKCNIPPAPR IMKSR [B513:529 B710:714]
AK84-BK326 KC-inter CDVTLQVFYQDAPAAQF EQGlKAL [A77:93 B323:328]
AK323-BK12 KC-inter HKPTQVMPCRAP@KDTK [A311:326 B12:15]
BK223-BK638 C-intra VRALQSLACGKPTQR QMESQKF [B628:642 B218:224]
BK349-BK743 C-intra FLPSPVVIKKRIEGL IQGLLDLKSR [B734:748 B342:351]
BK689-BK742 C-intra IQTVAAKQGESDPERlKETRQK FLPSP\VP(1KRIEGL [B674:694 B734:748]
TABLE X

IDENTIFIED DEAD-ENDS IN THE KEAP1-CUL3 COMPLEX USIS BS’ CROSS-
LINKING REAGENT FOLLOWED BY LTQ-ORBITRAP VELOS ANALYSIS

Lysine Type Lysine Type
Keapl: Cul3:
K61 H,O? K398 HO/ Tris-HCI
K108 HO K401 HO
K216 HO K444 HO
K303 HO/ Tris-HCI K457 Tris-HCI
K312 HO K459 HO
K323 HO K568 HO/ Tris-HCI
Cul3: K569 H,O/ Tris-HCI
K12 H,O/ Tris-HCI K610 HO
K15 H,O/ Tris-HCI K668 HO
K38 H.O K673 HO/ Tris-HCI
K88 H,O K680 HO
K236 Tris-HCI K700 HO
K262 H,O/ Tris-HCI K715 HO
K326 H,O K731 HO
K336 HO K742 HO
K367 HO K743 HO/ Tris-HCI
K397 H,O

& H,0, Tris-HCI or HO/Tris-HCI indicates the dead-end introduced by nghéng
reagent HO, Tris-HCI or both, respectively.
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5.3.3 Comparison of LTO-FT ICR and L TO-Orbitrap Ve os mass spectrometer in

cross-linking studies

Cross-linking coupled to mass spectrometry studiese been based on
comparing the mass spectra of cross-linked sampiies all the possible cross-linked
peptide masses that the searching program compautdslists. Considering that a
combination of two theoretical peptides leads t@aponential number of possible cross-
linked peptides, identification of cross-linked pdps relies predominantly on the
accuracy of mass spectra [144]. Thus, exact massurmement using high-resolution
FTICR or Orbitrap mass spectrometry offers distiaclvantages for cross-linking
analysis. With the help of the state-of-the-art snapectrometric instrumentation, the
sensitivity, throughput and false positive rate dnalramatically improved [132, 140,
145]. However, our results showed that much moossztinks were identified with a
significantly higher score by using LTQ-Orbitraplv® Three features of LTQ-Orbitrap
Velos offer marked advantages over LTQ-FT ICR mgssctrometer in cross-linking

studies.

First of all, for LTQ-FT ICR, isolation and dissation of precursor ions in the 2-
D linear trap and the exact mass measurement otifg@ ions in ICR cell are achieved
at the expense of loss of some ions and scan sheaty the transmission. However,
with a dual-pressure ion trap, the isolation arahemg rate are drastically accelerated in
LTQ-Orbitrap Velos. It routinely enables acquisitiof up to ten most intense peptide
ions instead of five on LTQ-FT ICR mass spectromgt8]. Therefore, better sequence
coverage as well as more cross-linked peptidesdaad-ends were observed from the

LTQ-Orbitrap Velos run compared with the LTQ-FT I@kss spectrometer run.
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Secondly, HCD in the C-trap of LTQ-Orbitrap Veldodeos better fragmentation
efficiency than CID in the 2-D linear trap of LTQFHCR mass spectrometer. Since the
length of cross-linked peptides is usually londsant non-modified peptides and blind
spots are generated by cross-linking, poor fragatemt patterns are always obtained due
to insufficient fragmentation in CID and the low ssacut-off limit of ion trap (Figure
33A). In contrast, HCD has “triple quadrupole-likbehavior [79]. The dissociation
occurs at a higher energy, so that more fragmergsganerated, which covered the
preponderance of y-ions and the absence of a loss roat-off for fragments (Figure
33B). Figure 33 showed the MS/MS spectra of a elioked peptide detected by both
instruments. The fragment ions detected by LTQ-ER Imass spectrometer accumulate
in the mass range of 400-1200zdue to the “1/3” limitation of ion trap. Whereasore
fragment ions were detected by LTQ-Orbitrap Velod they were evenly spread in the
mass range of 100-1400/z Thus, the more efficient HCD fragmentation speectr
resulted in a better sequence coverage and goaratifoes higher score than the one

detected by LTQ-FT ICR mass spectrometer.
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Figure 33. MS/MS spectra of intramolecular cros&éd peptides DLLKSNAIQEIQR

and EVVTEHLINKgg'VR by BS within Cul3. The peptide was detected by A) LTQ-FT
ICR mass spectrometer with an XMapper score of240ahd B) LTQ-Orbitrap Velos
with an XMapper score of 176.1.s;K andKgg" represent the two lysine residues cross-
linked by BS. The amino acid residues tagged in green, bluereshdepresent a pair of
consecutive y ions, a pair of consecutive b ioréslaoth pairs of consecutive y and b ions
were detected, respectively. Product ions from nakubss are labeled by * (loss of
ammonia) and (loss of water).

Furthermore, high resolution and high mass accuké8iMS was acquired in the
Orbitrap as sensitive as relatively low mass acayuMS/MS in the ion trap of LTQ-FT
ICR mass spectrometer. The statistical significasfche improvement of the fragment
mass accuracy is extremely crucial. Because thee gsathe negative logarithm of the
probability that a match is random, raising massueacy has an immediate positive

effect on the overall statistical confidence in i assignment by reducing false
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positives and substantially improving peptide ssdog true positives [85]. Owing to the
intrinsic complex nature of the cross-linked pegsidthey are more prone to false
positives and harder to be identified comparedérnon-modified peptides. Except type
one cross-linked peptides illustrated in Figurel#t allow good fragmentation sequence
coverage, other peptide types can suffer from Iaseguence coverage due to blind spots
in the product ion series [87]. Therefore, imprgvihe mass accuracy of fragment ions
can dramatically reduce the false positives andeases the sensitivity of identification
of true positive cross-linked peptides. Figure Bdveed a cross-linked peptide detected
by both instruments with a blind spot KIQTVAAK iogluced by the intrachain cross-
link. With the limited residues can be sequencedth@ peptide, mass accuracy is
especially critical to peptide identification. LTEF ICR mass spectrometer detected five
pairs of consecutive y and b ions; whereas, LTQH€xb Velos detected seven pairs of
consecutive y ions. Due to the high mass accuraoyiged by the Orbitrap, the
identified cross-linked peptide got a 2.5-fold hegiscore than using ion trap in LTQ-FT

ICR mass spectrometer.
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Figure 34. MS/MS spectra of intramolecular croskdd peptide (intrachain)
VK679 IQTVAAK ¢sd QGESDPER by B3within Cul3. The peptide was detected by A)
LTQ-FT ICR mass spectrometer with an XMapper sadrél.76, and B) LTQ-Orbitrap
Velos with an XMapper score of 155.28K andKesg represent the two lysine residues
cross-linked by B% The amino acid residues tagged in green, blueredidepresent a
pair of consecutive y ions, a pair of consecutivers and both pairs of consecutive y
and b ions were detected, respectively. Produd foom neutral loss are labeled by *
(loss of ammonia) andloss of water).

54 Summary

Interaction between Keapl and Cul3 proteins hasvrdrattention due to its
promising role in the mechanism of disturbing NufZiquitination and ARE activation.
Independent groups have shown evidence that th@lk€al3 interaction was altered
when the critical cysteine(s) on the Keapl was frextliby various techniques, such as

immunoprecipitation, homology models, etc. [47-498, 65]. However, no direct
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evidence has been reported in terms of the locatibrthe interface due to the

unavailability of three-dimensional structure aher protein.

In this investigation, we used chemical cross-hgkicoupled with mass
spectrometry to directly probe the protein strugsuand the interface. The information
we got here is limited and in low resolution, husiuseful to facilitate the future protein
structure modeling and mutation work. In the meaatithe cross-link data we obtained
here for Keapl-Cul3 complex is the largest coltettio date. It provides a valuable

resource to understand method and instrument gpasibects on cross-linking studies.

Two cross-linkers glutaraldehyde and *BSere used to crosslink Keap1-Cul3
complex. In order to minimize the background criasisng and protein aggregation,
both protein complex and cross-linker should bet legdow concentration. In addition,
gel filtration was used before and after crossHigkreaction to separate the cross-linked
complex specifically. Considering the larger siZeciss-linked peptides as well as the
up to 2 cross-links searching limit, trypsin folled/by chymotrypsin digestion were used
to modulate the proper size of cross-linked peptialed it showed better efficiency and

sequence coverage compared to using trypsin alone.

BS® showed much better cross-linking efficiency thdotayaldehyde. From a
structural point of view, BShas a longer spacer, which is more suitable tonfor
intermolecular cross-links. Considering the chemipaoperties, glutaraldehyde is
reactive to several amino acid residues besideselydMoreover, several forms of
glutaraldehyde co-exist in solution that can formffedent cross-links. Thus, high

background cross-links were found in the glutadaydie cross-linking experiments and it
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is hard to distinguish the correct hit from theséapositives. Whereas, with single target
at lysine residue, BScross-linking experiments showed quite low backgmb cross-

links and some potential cross-linked hits hadificantly high scores.

By comparing the results and the features of the dtate-of-art instruments, we
found that LTQ Orbitrap Velos is more suitable ¢ooss-linking analysis in three aspects
than LTQ-FT ICR mass spectrometer does. Fastersgad allowed more low abundant
cross-linked peptides to be identified; HCD geretabetter fragmentation patterns for
assignment and high mass accuracy measurement & the Orbitrap improved
the sensitivity and specificity of the databaserdeadentification. These features of
LTQ-Orbitrap Velos dramatically increase the e#fitcy and confidence of cross-linked

peptides identification, especially for a largetpio complex.



6 MAIN CONCLUSIONS
Natural products play a promising role in cancegrsbprevention. In order for
natural product-based drug discovery to continuédcsuccessful, new and innovative
approaches are required. As a reliable modern tggbnmass spectrometry has emerged
as a powerful tool to provide a mature platform ogh throughput screening and in-
depth protein characterization for molecular medranstudies. The objective of this
dissertation has been to develop and improve acalyinethods for the Nrf2-Keapl

chemoprevention pathway study.

Human Keapl and Nrf2 are important chemopreverttogets because of their
role in regulating the ARE in response to oxidatsieess and exposure to xenobiotics.
First, a LC-MS based screening method was develapedprove our existing MALDI-
TOF based screening method to discover naturalustedhat modify Keapl. This new
assay is based on the detection of adducts of BiiEelectrophiles that were reversibly
bound to Keapl using high resolution LC-MS withcamated peak detection software. It
can identify some potential chemopreventive agevith poor ionization in MALDI
source such as sulforaphane, and permits approxyn2@-fold more sensitive detection
than MALDI-TOF MS-based assay with low false pastidentification. Therefore, it
can be a supplemental screening method to ourirexiassay. Together with these two
assays, we can identify more low abundant chemeptexre agents from natural product

extracts and accelerate structure elucidationefdhd compounds.

Modification of specific cysteine residues by ch@meventive agents has been
demonstrated to be a critical step in up-regulabb®RE activation. Significant effort

has been undertaken to identify the Keapl modibogpattern both in vitro and in vivo.

123
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However, there are conflicting in vitro and in vidata regarding which Keapl cysteine
residues become modified towards sulforaphane,tenpmatural ARE activator. Here,
we have reconciled these conflicting data usingsnsgectrometry with a revised sample
preparation protocol and confirmed that C151 iseed among the reactive sites of
Keapl towards sulforaphane. Previous mass spedinpimesed studies had used
iodoacetamide during sample preparation to dergatiee cysteine sulfhydryl groups
causing loss of sulforaphane from highly reactinel aeversible cysteine residues on
Keapl including C151. By omitting iodoacetamidenirdhe protocol and reducing
sample preparation time, mass spectrometry-basetiest now confirm previous cell
studies indicating that sulforaphane modifies foighly reactive cysteine residues of
Keapl including C151. Considering the reversibktdes of Michael addition acceptor,
one of the common classes of ARE activators, theersibility of five potential
chemopreventive agents were investigated. The afdissociation from Keapl of the
six activators including sulforaphane was CDDO-Im sulforaphane > PGA >
isoliquiritigenin > xanthohumol = 15d-P&Jrhe streamlined procedure was found also
beneficial to compounds that form slightly lessamible adducts with Keapl such as
PGA; and isoliquiritigenin. However, Michael additioncgptors such as CDDO-Im that
form much less stable adducts with Keapl than dolsraphane dissociated too quickly
for any sites of Keapl modification to be detectsming even the modified sample
processing procedure. In addition, the human Keapdification patterns by PGAand
15d-PG4d were also studied. We found that the five mostditgamodified cysteines
towards PGA are C226, C319, C273, C368 and C434; and the rinost readily

modified cysteines towards 15d-PGare C241, C249, C273, C513 and C518. Our in
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vitro “cysteine code” agreed well with other in @iwbservations using mouse Keapl,

which indicated that PGAand 15d-PGlactivators are C151 independent.

To support the molecular mechanistic study of hasaKL modification at C151
alters Keapl-Cul3 interaction, mass spectrometrg &pplied to probe for protein
conformational changes that altered cysteine nuatibn on Keapl and Cul3 by
isoliquiritigenin before and after binding. By mtitey Keapl C151 to tryptophan to
simulate the modification at this site, we foundttht does not induce a significant
change in Keapl modification pattern by isoliqugenin. However, in the presence of
Cul3, C636 in Cul3 was differentially modified bgoliquiritigenin when binding to
human wt Keapl or Keapl C151W. By reversing thelibo order of isoliquiritigenin
and Cul3 to Keapl, we demonstrated that isoliggettin is sufficient to alter the Keapl-
Cul3 interaction at molar ratio of 1:2 (Keapl/ispliritigenin). In addition, Cul3 C636 is
first reported as a reactive cysteine residue oi3.GQuis plausible to predict that C636
should be an important cysteine residue in Cul®lved in the Nrf2-Keapl signaling

pathway. Further detailed investigation is needeelucidate the role of Cul3 C636.

Next, a mass spectrometry-based cross-linking ndetixas developed to study
the Keapl and Cul3 as well as their interface tye&Vith ultra-high resolution and
mass accuracy, both LTQ-FT ICR and LTQ-Orbitrapdgeinass spectrometer facilitate
detection of BScross-linked intra- and intermolecular peptidearahiguously based on
exact mass measurements. These results are usefupport the future protein-docking
model and mutation work. Meanwhile, by comparing tjuantity and quality of the
cross-linked peptides we detected, LTQ-Orbitrapogedlrns out to be more suitable than

LTQ FT-ICR for cross-linking study, especially fibre large complex. Since the data we
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obtained for Keapl-Cul3 complex here is the largaslection to date, the method
optimization, database searching, as well as imsri comparison are useful for further

protein(s) structure analysis and elucidation.
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