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ABSTRACT

The dynamic S-palmitoylation regulates many intracellular events, including
protein trafficking, anchoring, targeting, and protpnotein interactions. Direct detection
of S-palmitoylation byconventionalifuid chromatographynass spectrometry (L-®IS)
methods is challenging because of the tendency of palmitoyl loss during sample
preparation and gas phase fragmentation. Additionally, the high hydrophobicity of the
palmitoyl group can prevent @per elution of palmitoyl peptides from the commonly
used C18 column. Here, we developed a comprehensive strategy tailogpbforitoyl
detection using three palmitoyl peptide standawie found thatS-palmitoylation was
largely preserved in neutral i$r buffer with tris(2carboxyethyl)phosphine as the
reducing agent and that various fragmentation methods provided complementary
information for palmitoyl localization. Moreove&-palmitoyl peptides were efficiently
analyzed using a C4 column and the eization of free cysteine with a hydrophobic
tag allowed relative quantification of palmitoyl peptides and their unmodified
counterparts. We further discovered potential complicatior&palmitoylation analysis

caused by the use of ProteaseMXXan MScompatible detergent. The hydrophobic
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degradation produsbf ProteaseMAX" reacted with the free cysteine thiojenerating
artifacts that mimicS-acylation and hydroxyfarnesylation. Another M&mpatible
detergent, RapiGe'$t, did not produce such detts, and showed the ability to stabilize
Spalmitoylation by preventing thioester hydrolysis and dithiothretduced thioester
cleavage. Moreover, we found ththe palmitoyl peptide GgamLGNAK could undergo
intermolecular palmitoyl migration from ¢hcysteine to the peptide-tdrminus or the
lysine side chain during sample preparation, and this could lead to false discoiery of
palmitoylation. RapiGe&Y inhibited such migration, and is thus recommendedSfor
palmitoyl sample preparation. We thenphgd the established method to analyze the
regulator of Gprotein signaling 4 (RGS4) whichad beenreportedto undergoS
palmitoylation by radioactive labeling. iad also beereportedthat theS-palmitoylation
state of RGS4 affects its GTPase activity. With-MS/MS analysis, we found that the
addition of palmitate to the cell culture medium in metabolic labeling experiments could
boost the level ofs-palmitoylation, leading to false discovery wéw S-palmitoylation
site(s). We also noteddiscrepanciedetweenthe Spalmitoylation sites identified by
radioactive labeling and by L-®IS/MS analysis. Further studies are needed to evaluate

the reliability ofS-palmitoyl detection by these two methods.
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Chapter 1:  Introduction to Protein Palmitoylation

Spalmitoylation is a type of protein podtanslational modification (PTM)
resulting fromthe covalent attachment of a saturated sixtmebonacyl chain to a
cysteine residue through a thioester linkage. It was first discovered ¢ime virus
glycoprotein E1/E2 in 19791]. Later t was shownthat Spalmitoylation is post
translational[2], dynamic[3], sensitive tchydroxylamine(HA) treatment4], andis an
ubiquitousmodification occurring in viruss[5], plans [6], yeas{7, 8], and animal cells
[9]. In the following decadesnanyproteins,includingion channelg10], receptorg11],
small G proteing12], secreted proteind 3], have beeound to underggalmitoylation
in viva. Unlike other lipid modifications€.g.N-terminalmyristoylation, prenylation, and
glycophosphatidyl inositolGPI}-linking), S-palmitoylation isreadilyreversible owing to
the labile nature of the thioester boithus,S-palmitoylation,similar tophosphorylation,
may vary in differentntracellular environmestand is subject to change upagulation
Cycling between the palmitoylation and depalmitoylatiorstates regulates several
important intracellular events such as protein sorting, trafficking, anchoring, stability, and
proteinpratein interactions[14, 15]. This chapter reviews the mechanism of S

palmitoylation andhe methoddor its characterizatian

1.1 Mechanisms of Protein Palmitoylation

1.1.1Non-Enzymatic and Enzymatic Palmitoylation
Investigation ofthe molecular mechanisrof protein palmitoylationbeganwith

the identification ofthe palmitoyl doror. In 1984, by usingoulsechase radioactive
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labeling followed bythe analysis ofthe labeled lipid extracted frombaby hamster
kidney cells, Berger and Schmidt identified palmit€yA as the only potential acyl
donorin vivo [16]. Later,a series oftudieswas performed in which purified proteins
that are know to undergon vivopalmitoylaton such as r hodopsin
SNAP-25, were incubatedn vitro with palmitoyFCoA, underphysiological conditioa
andhe results showed that palmitamould be incorporatedinto these proteins
spontaneouslj17-22]. Moreover thisin vitro palmitoylationappeared to targéte same
sitesasthose foundn vivo[17, 21, 23]. It came as no surprigkatin vitro palmitoylation
could occurnonenzymatically becausehe thioesterbond in palmitoytCoA is highly
activatedand thismakes the transfean energetically favored proce®y studying the
reaction kinetics, Bharadwaj and Bizzozero showed ithatitro palmitoylation is a
secondorde reaction angbroposedhat it is the nucleophilic attack tfe protein/peptide
thiolates to the thioester bond in palmit@®A that initiates the transfer process (Figure
119 [21, 24]. The pKa ofthe thiol group in a freeysteine is ~8.4Thus, under
physiological conditioa (pH 7.4), thecysteinethiol groupshould exist primarilyn the
protonated form (RSH), instead of in theeactive ionizedhiolateform (R S), andthus
palmitoyl transfershould not beavored However, thelocal environmensurrounding
eachcysteine thiol group could significantly chanige pKa. For example, the presence
of positively charged amino aci@siduessuch as histidine arourttie cysteineresidue
couldstabilizethe thiolate anion, thusiakingit more reactivg25]. Sucha difference in
the local environmentnay acount for the selectivity of aupalmitoylation to certain

cysteineresidues Bharadwaj and Bizzozero alstatedthat the calculated activation



energyfor theautcacylation processould be significantly lowethan thatfor enzymatic
transacylationand suggested that enzymatic palmitoylatioray not play an important
role in vivo. This hypothesis was supported e lack ofdefinedconsensus sequersce
for palmitoylationandfailure to identifya palmitoyl transferase in early dayslowever,
the theoryof nonenzymatic palmitoylationhas also drawn sharp criticism3he
palmitoyl reactiorperformedn atest tube with buffers, proteins, and palmit@dA isa
far too simplemodelto mimic thein vivo palmitoylationprocess Since the spontaneous
palmitoylation ratedepends on the concentration of palmiGgA, one shouldake into
consideration thgariousplayess affectingthelevel ofin vivo palmitoytCoA. Indeed, the
concentration ofree palmitoydCoA in the cytoplasm is reported be in thenanomdar
range, much lower thaexpectedbecausenost palmitoy yCoA isboundto the acyiCoA
binding protein (ACBP)which is considered aghe palmitoyrCo A i muhud e r
sequesténg its reactivity with thiolated26, 27]. The importance of ACBP is further
exemplifiedby the factthat the rate oin vitro autopalmitoylation is atteuated by the
addition of ACBP in a concentratiadependent manng28, 29]. Theaddition of ACBP
at the physiological concentration almost suppressed-patmitoylation to basal level
(>95% inhibition). Finally, the rate ofin vitro spontaneous palmitoylation, even
absencef ACBP, is much slower thahereportedn vivo palmitoylationrate Therefore,
it is unlikely that spontaneous palmitoylation is the major mechanisminforivo
palmitoylation with fast turnover raf@g].

Historicaly, research orenzymatic palmitoylation began with the attempt to

characterize fdacyl transf er [30.tBased oithed0 by E



results froma previous study, they postulated that the acylation reaction might occur
the endoplasmic reticulumBR). Therefore,microsomes rainly small ER particles
reformedin vitro) were purified from various cell lines and incubated together with viral
protein E1 and'fC]palmitoy-CoA. This incubation led to the addition of*C]palmitate
to E1 However the investigators reported thpalmitoyl transfer wasbolishedif the
microsomes wer@bsentor had beerpre-boiled (deactivated)and thissuggestedhat
something residingvithin the microsomes has the ability to acylate praeusing
palmitoyl-CoA &s the palmitoyldonor.For nearly a decadeesearchers/ere unableo
purify anenzyme bearing such activitpom the microsomedMeanwhile the discovery
of auto-palmitoylationin severabther proteins put the existencepailmitoyl transferases
into guestion. Bartels and eworkersfinally broke thedamby developinga yeast sain
whoseviability is dependent upon the palmitoylation of R§32. Any gene mutation
resulting in the failure of Ras2 palmitoylation will lead to the deatthe$eyeast cells.
Genetic screeninglentified two genes ERF2and ERF4 (ERF, effect on Ras function)
as important players for Ras2 palmitoylat{ai. Furtherstudiesconfirmed that the Erf2
Erf4 complex is a protein acyl transferase (PAT) #mat it specifically palmitoylates
Ras2 in yeast. Erf2 ia multi-pass membrane protein residing tbe ER. It contains a
motif of Asp-His-His-Cys (DHHC) in a cysteinrech domain (DHHGCRD) within the
cytosolic loop betweernhe transmembrane regisrifM2 and TM3. The DHHC-CRD
motif is critical for the enzymectivity; its mutationled tofailure of Ras2 palmitoylation.
Some researchers further proposed thaDHHC-CRD domainis the catalytic center of

PAT [32]. Erf4 is a DHHCPAT-associated proteithat playsanindispensableole in the



enzyme activity, probably becaus@revents ubiquitirmediated degradation of Eréhd
stabilizes the palmitoyErf2 intermediate before the palmitoyl transf&3]. Later,
another yeast PAT and it®rresponding substrate, Akrlp and Yck@gre discovered

and characterize@34]. Interestingly, Akrlp and Erf2 shared no homologous region
exceptfor the DHHGCRD sequence. Thisnding conveyd the message thatprotein
containingthe DHHC-CRD sequence might ke PAT candidateA search against the
GenBank database found 23 genes in mammalian cells that encode DHHC proteins,
many of which showed authentic PAT actiyitigar substratgreference was studied by
overexpressingeach individual DHHC protein together with substratef interest
followed by the detection of palmitate incorporat{35].

With the identification ofanincreasing number of DHHC PATS, the notion that
protein palmitoylation occurs enzymatically has been widelgeptedThe research is
now focused on the indepth study ofthe mechanism by which PAT catalyzes the
palmitoyl transferreaction.No consensus exists to datrdtwo different models have
been proposed. In the first model (Figur&b).[32, 36], PAT initially undergoes auto
palmitoylation in the presence of palmitagbA, forminga palmitoylPAT intermediate.

In the second step, the substrate binds to the palrit&yl intermediate, leding to the
transfer of palmitate to the substrag. monitoring the release of Ce8H and palmitate,
Mitchell and ceworkers found that the intermediat®uld undergo very fast palmitoyl
turnover if it failed to meet its substratdhey also showedhat the DHHC region is
required forthe formation of theintermediateas well ador the palmitoyl transfef32].

However,there vas no direct evidenc@inpointing the autepalmitoylation siteto the



cysteineresiduein the DHHC region. The secongdroposedmodel (Figure 11c) was
based on experimental results from Dietrich andvodkers[37]. They observed that
Vac8 needsin equimolaramountof its palmitoyl transferasérkt6, to achievesufficient
palmitoylationin vitro, yet this observatiordoes notconform to theclassic catalytic
reaction. In addition, Ykt6 birglto bothpalmitoylCoA and CoA-SH. It is possible that
palmitoyl-CoA binds toYkt6 through norcovalent interactios) with the CoA fitting into
the binding pocket. The subsequent associatiorYldb to its substrate brings the
palmitoylCoA closeto thetargeted thiolate group, ub facilitating thepalmitoyl transfer
reaction.After the reactionCoA-SH still binds toYkt6 and sequestsits activity. Thein
vivo machinery to reactivatgékt6 by releasing CoASH may regulate the palmitoylation
process. Note that the two models presented Heraot necessarilycontradictone
arother, sincethey deal withdifferent PATs. Furthermore Ykt6 in the second model is
not a classic protein palmitoykinsferaseasit does not contain the DHHC domain.

Another family of PAB, known asthe MBOATs (membraneboundO-
acyltransferase) have the ability to palmitoylate secreted proteins such as Sonic
hedgehog, Spitzand Wnt, via theirreversible amiddinkage [38]. MBOAT -catalyzed
palmitoyl transferproceeds via differentmechanisnfrom thatcatalyzed by th&®HHC
PATs as discussed above. Sin¢be mainfocus of this thesisis Spalmitoylation, the
detaikedinformationon MBOAT PATswill notbereviewed here.

In summary, the discovery andarhcterization of various palmitoyiansferases
and their substratdsaveunderminedhe notionof spontaneous vivo S-palmitoylation.

PATs are crucial and necessary fpalmitoylation of many proteins. However, in



certain cellular environmentsuch as in mitochondria, where the free palmi@gA is
presentat a very high level,autepalmitoylation carbecome the major pathwdgr in

vivo palmitoylation.
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Figure 1.1 Proposednechanisms of protein palmitoylaticadaptedrom referencg26].
(a) Spontaneous palmitoylation; (b) Palmitoylatioa apalmitoyFPAT intermediate(c)

Palmitoylation with theassistancef atransfer protein.



1.1.2Palmitoyl Dynamics
Due to the labile nature a@he thioesterlinkage S-palmitoylationis a reversible
and dynamic modification. A protein can go through several cycles of
palmitoylation/depalmitoylatiorduring its lifdime [39]. The regulation of palmitoyl

turnover by stimuls or environmerdl change has been implicated in many studies.

Wedegaertnerandasor ker s demonstrated t haarenergiggoni st

receptor induces i ncr e 6 eatiHugsan and ¢cowwrkees t ur no

showed that PS5 undergoes depalmitoylation in response to glutamate activation in
neurons[41]. Robinson and cworkers found that bradykinin, a G proteiaupled
receptor ligand, induces depalmitoylatiaf the endothelial nitric oxide synthase 3
(eNOS)[42]. Depalmitoylation is believed to be catalyzeddapalmitoyl thioesterasé.o

date four thioesterasehave beemliscovered: palmitoyprotein thioesterasgé (PPT1),
palmitoylpratein thioesteras@ (PPT2), acyprotein thioesterasg (APT1), and acyl
protein thioesteras2 (APT2)[43]. PPT1 and PPT2 are lysosomal enzymes responsible
for removal ofS-palmitoylation from proteins which are takep by the lysosome for
degradation[44]. They are not involved in the regulation tfe palmitoylation/
depalmitoylation cycle, because they only depalmitoylatgeprs at the end aheir
lifetimes [13]. On the other hand, APT1 and APT2 are locatethe cytosol,and they
catalyze the depalmitoylation eiembraneassociated cytosolic proteins, or membrane
proteins bearing palmitoyl group at the cytoplasmic faceeirTactivity is subject to

change in response to extracellular signal other stimuli, making them important



factorsin palmitoyl turnover. They have a variety of substrates includirfg as , GUs,

GAP-43,andeNOS[12, 45]. Their biological rols are reviewed irthe next section.

1.1.3Biological Roles of Protein Palmitoylation/Depalmitoylation
Palmitoylationis involvedin manyintracellulareventssuch agprotein trafficking,
anchoring, activity, stabilityandproteinprotein interaction. In this sectioexamples are

given to illustrate the variousles of protein palmitoylatian

1.1.3.1Membrane Association andProtein Trafficking

H-RasShuttling

H-Ras has beemvokedas a classic modébr palmitoylationmodulatedprotein
anchoring/trafficking. HRas is a plasma membraassociated GTPasthat relays
extracellular signaling to control cell proliferation, differentiation, invasion, and
apoptosisH-Rashas three cysteinagarits C-terminus Cysl81, G/s184, and @s186.
The newly synthesized -Ras locatedn the cytosol is first recognized ke protein
farnesyl transferase through itst€minal CAAX sequence. A farnesyl group is then
added to C186 on the CAAX motif, followed by cleavage of AAX and methylation of the
carboxyl group of C18¢46]. The farnesyl group increases the hydrophobicity dds
and allows weak assmtion of HRas with the Golgi. Although this association is
reversible and not sufficient to tetherR&s permanently tthe Golgi, it increass the
likelihood of H-Ras to present itself to the Golgi resident DHH[@9]. Subsequent
palmitoylationon C181 and C184 by DHHC9 dramatically increasgge hydrophobic

interaction withthe lipid bilayer, allowing HRas to associate stably with the Golgi



1C

membrane. The mature-Ras is then transported through trafficking vesiclegh®
plasma membrane, where it exerts its function in signal transdyd@pnCleavage of
the thioester linkage by APT results tine turnover of palmitoylation, leading to the
shedding of FRas fromthe plasma membrane into the cytof#9, 50]. H-Rascan be re
palmitoylated byinteracing with DHHC9 on the Golgi surface As a result,the
palmitoylation/depalmitoylation process modulatde activity ofH-Ras via its shuttling
between diffeent subcelluar compartment&. similar mechanism also applies to other
membraneassociated signaling proteins includingRds[50], 0, Lyn [51], eNOS
[52], and others[53, 54]. Figure 1.2shows a typical palmitoylation/depalmitoylation
cycle that leads to the shuttling of prowebetweenthe Golgi apparatusandthe plasma

membrane.
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Figure 1.2 Schematicof palmitoylationregulated cytosolic protein anchoring and

trafficking, adapted from referencgb)].

PSD95-Mediated Protein Internalizatiom Responséo Extracellular Stimuli

PSD95 is a major component of the postsynaggasity (PSD) at glutamatergic
synapses. It associates withe U-amino3-hydroxy-5-methyt4-isoxazolepropionic acid
(AMPA) receptor through a trafficking proteistargazinand has been showa bean
importantplayer inthe translocation othe AMPA receptor. Stimulation othe AMPA
receptor by glutamate results in depalmitoylation of PGBDin parallel with the
internalization of the glutamate receptdtMPA. Pharmacological interruption of the

palmitoylation/depalmitoylation cycle of PSEb results ina change in the number of
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AMPA receptos at synapsesherebyattenuating the synaptic signaling. Therefaréas
beensuggested that the AMPA stimulation leads to FsDdepalmitoylation, which in
turn results inthe internalization of the glutamate egator AMPA, and servesas a
feedback to deactivate the signaling pathway. It iswell understood howAMPA
signaling affecd the palmitoyl dynamics of PSB5, butit has beenpostulate that
activation of the glutamate recep®MPA may lead tosconformdional changen PSD

95, making it more accessible to APA1].

1.1.3.2Protein Activity

lon ChannelsCross Talk between Palmitoylation and Othd&is

Palmitoylationhas beershown tobe involved in the modulation of ion channels.

Palmitoylation of ion channelsoccurs onintracellular loops or theN-/C- terminal
cytoplasmic domam Theseregions areimplicated in protein disorderssuggesting
possible involvement gpalmitoylationin changing the protein conformatiga0, 56].
Recentstudiesof big potassium (BK) channeblre discussed belovas an exampleo
illustrate the modulation gfroteinactivitiesby palmitoylation. The cytosolic-@&rmirus
of BK channels containdoth a palmitoylation siteand a phosphorylation site.
Palmitoylation promotes theassociation ofthe C-terminusto the plasma membrane,

whereas phosphorylation, induced by protein kinase A (PKA), responsible for

inhibitonoftheBK channel s & a eworkevsifaund that priogpmorylationd

by PKA leads to the dissociation afs C-terminus fromthe plasma membrane,
presumably due to protein depalmitoylation, whereas mutatidheqdalmitoyl cysteine

residueabolishes PKAmediatednhibition of BK channeld57]. Althoughthe detailsas

c

(0]
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to how thecrossalk between theetwo dynamic modificationgccurs remain unknown
it is clear thaphosphorylation and paltoylation together orchestratige activitiesof the
BK channels|t is possible that phosphorylation either blocks palmitoylation in the first
place or facilitateshe depalmitoylation process. Loss of itst€minus anchgrn turn,
results in global conformation changkat shuk down the BK channels.Such an
interplay of palmitoylation with other PTMs (phosphorylation, nitrosylation) has also
been demonstrated to occur on several signaling profB#60] and is reviewed in
referencq15].
Regulator othe G-Protein Signaling (RGS) Family

Proteins ofthe RGS family known as GTPase activating proteins (GARsN
bind a G protein to activate its intrinsic GTP#sat isresponsible for switching off the G
protein signaling. All RGS proteins contain a homologous domain namedbBGS
which is required fortheir GAP activity. Palmitoylation can occur on several family
membersat the conserved cysteinesiduelocated at RG-box. In vitro studiesshowed
that palmitoylation orthe conserved cysteine resultsdecreaseAP activity of RGS4

and RGS1(61], ascompared t@anincrease irthat of RGS1662].

1.1.3.3Protein Targeting
Protein targetingto lipid rafts is anotherlocalization regulation mechanism
besides protein traffickingA lipid raft is a specializeduhctional plasma microdomain,
known as a center of biological processuch as proteimssembt and cell signaling.
Because lipid rafts anech in cholesterol as well as sphingolipids wdtsaturated fatty

acyl side chain[63], proteinswith very hydrophobic modificationsend to have an
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affinity to lipid rafts that is higherthan their attaractiorto the surrounding bilayer.
RGS16 haghreepotential palmitoylation sites (Cys2/Cys12, and Cys98). Interestingly,
unlike HRas, RGS16 without palmitoylatiaranstill be anchored and transportedtte
plasma membrane. However, mutation of Cys2Although not leading to the protein
shedding fronthemembrane, makes RGS16 unable to locabzielipid raft. Failureof

the RGS1@argeting to lipid raft prevents itdurther palmitoylation at Cys98nd leads

to adecrease in its activity, suggesting the crucial role of palmitoylation in lipid raft
targeting[62]. The essentiakole of palmitoyation for proteintargeting to lipid raf is

also implicatedn signaling proteins such as C81, LAGhd Usb, integrin, and has been

reviewed in referencd 12, 64].

1.1.3.4Protein-Protein Interactions

The involvement of palmitoylatiorin proteinprotein interactios has been
demonstrated by severstudies Yang and cawvorkers reported that mutation of cysteine
residuesthat may be palmitoylatedn CD151abolishedits association with CD@nd
CD63 [65], leadng to failure ofthe assembly othe signaling network in response to
integrin stimulation[66]. A recent study by Yu andoevorkers showed that theral
proteinfrom theHepatitis C VirusNS4B, hastwo potentialpalmitoylationsiteson its G
terminus, andhat absence of palmitoylation on both sites signifigargduced binding
of NS5A to NS4B[67]. Tu and Ross discovered that GU
response t o t kadrengedefomThec e p @ In miotf ohgdl ahigherd GU
affinity to RGS proteirs and their associationesultedin the deactivation of thé-

adrenoeceptorinducedsignaling pathway68, 69]. Kostiuk and ceworkers showed that



15

palmitoylation of mitochondrial HME&0A synthase (HMGCS2)promoted its
association with PPARU, | eadithegmgtsageneh e

[70].

1.1.3.5Protein Stability

Recent studies on tramembrane protein adenosine receptor | 1], HIV
receptor CCR [72], RSV glycoprotein73], Tlgl [74], showedthat there isre positive
correlatiors between palmitoylation and protein stability. Gao andwookers
investigatedhe palmitoyldeficient mutant of adenosineaptor Al and found that the
majority of the mutant Al receptamderwentproteolysis, forming a 2kDa receptor
fragmentwhoseturnover ratewasmuch fastethanthat ofthewild-type They therefore
concluded that palmitoylatiosan prevent protein degdation[71]. A more irdepth
study by ValdezTaubasand Pelham using a different modeglprovided hints for a
possible mechanism, althoughmay notbe applicablego all cases. SNARE Tlgl is a
palmitoylated transmembrane protein, and its palmitoylationatalyzedby Swfl, a
member ofthe DHHC family in yeast In the Swfl mutant yeast, Tlgl showed an
abnormal intracellular distribution due to the loss of palmitoylation, and the
unpalmitoylated Tlglcould be recognized by TullnaE3 ubiquitin ligase, andharked
for proteasomatlegradatior{74]. It is possible that palmitoylation on Tlgseaves as a
checkpoint in the process of protein quality control. Palmitoylaban modulate the

protein conformationandprevent Tullfrom accessinghe ubiquitinationsite[14].

act
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1.1.4Protein Palmitoylation in Diseases

1.1.4.1Palmitoylation and Oxidative Stress

Oxidative stress contributes to a number of human diseases, including
neurodegenerative diseases, diabetes, cancers, and cardiovascular dysfuhlcgons.
increased presence of reactive oxygen species (R€siting from the incapability of
the cell defense system against excess oxidants,higllmark of oxidative stresgr5].
ROS can affect cell functions through modifications of lipids, proteins, and DNA,
causing loss ahecell integrity, protein dysfuniin, and genomic instability.

Several studies have demonstrated the regulatory role of oxidative stress in
palmitoylation turnover and its involvement in pathologicaimdge RodriguezCapote
and ceworkers found thain vitro exposure of the surfactantgbein SPC to oxidants
caused significant decrease in-Shalmitoylation. Palmitoylation on S@ is crucial for
the formation ofthe lung surfactant filmin vivo, and they suggested that the interplay
betweenoxidantsand palmitoylation maye one of themechanisms for aipollution-
induced lung diseasdg76]. Parat and cavorkers reported that treatment erfidothelial
cells with hydrogen peroxide remarkably decreased the incorporatiochijbdimitate
into caveolinl in a dosalependent manner: 500 ubf hydrogen peroxide inhibited
nearly 90% palmitoylatiorin caveolinrl [77]. A similar effect was also observed by
Clark and ceworkers when they studied CD81 proteinthe Jurkat cell line. They
showed that, under oxidative stress, palmitoylation of CD81 was completely blcoked,
this resultedin enhanced association of CD81 with-38 [78]. A more recenstudy by

Burgoyne and cavorkers showed thaunder metabolic stress derived frahre high
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fat/high sugar treatment, bovine aortic endothelial cells suffered apoptmadent
with a decrease in HRas palmitoylation, abnormal intracellular distributioh H-Ras,
and reduced survival signaling from-Rhas. They further indicatethat it was the
intracellular oxidants thaked to the failure of palmitoylation on 4Ras, rendering it

incapableof relaying extracellularsignals andtriggeringapoptosig79].

The mechanism by which oxidative stress inhibits protein palmitoylation is not
fully understood. One explanation is that oxidas#smodify reactive cysteine residues,
therefore competing with protein palmitoylatipi9]. It is also possible that oxidative
stressinduced modifications on other amino acids may result in local or global changes
in the protein structure, making them resistant to processing bysPAT mae

susceptibleéo thioesterase cleavage by ART

1.1.4.2Palmitoylation and Dysregulation of DHHC PATSs

The biological importance of DHHC PATSs, whiblaveno knownactivities other
than protein palmitoylation, has been demonstrated in several studiesninating the
reasons for their significant correlation with neurological disorde(®HHCS,
DHHC17)80-82], osteoporosis (DHHC1§83], cancerdDHHC2, DHHC9, DHHC11,
DHHC14) [84-88], andother diseasef83, 89, 90]. For exampleYanaiand ceworkers
discoveredthat, in Huntington diseaseHIP14 (Huntington interacting protein 14,
DHHC17) showed a decrease in iatetiors with its substratethe mutant Huntington
protein (HTT), leading to impaired palmitoylation. The unpalmitoylated HTT muiamt
mislocalize, aggregate, and form inclusion bodies, whretapparentlytoxic to neurons

[82]. Mukai and ceworkers showed that tihhc8knockout nice developed a serie$



18

behavioral abnormities whickeresimilar to the symptoms in human schizophrg8ig.

A further genetic analysis demonstratidtthere is astrongcorrelation between the risk

of schizophrenia anthe occurrence odlifferent DHHCS8 variants in the Han Chinese
population[81]. Since many proteins are substrates of DHHCS8 in neurons, failure of
protein palmitoylation mayead to thedevelopment of mental disordef80]. Yeste
Velasco and cevorkers reported that DHHC14 is a tumor suppressor gene loased
several observations: (1) there is a significant decreag® gxpression of DHHC14 in
clinical testicular germ cell tumor samples as well as tumor cell lines; (2) DHHC14
heterozygous deleted cells showed the ability to form laogdonies whereasan
increase inthe expression of DHHC14nhibited the xenograft tumor initiationand (3)
overexpressionf DHHC14 resultedin apoptosis on tumor cell lines quantitativEBp].
Correlation of members of DHHC family to bladder can@$], colorectal cancei87],

and stomach canc¢B8] hasalso been reported. In the futurewitll be necessaryo
identify the downstrean&-palmitoylation target ofthe DHHC family, to promotein-

depthstudies orthe molecular mechanisaf tumor initiation and progressidg4].

1.1.4.3Palmitoylation and Dysfunction of Fatty Acid Synthase (FAS)

FAS is the only enzyme catalyzing tlie novosynthesis of palmitate using
acetytlCoA and malonylCoA as substrage[91]. The involvement of FAS ivarious
physiological and pathological conditions (cancers, diabetes, hyperlipida)as very
complexand has been review¢€l1-93]. However, FAS and protein palmitoylatidvad
not beenlinked until2008,whenFiorentino and ceworkers found that overexpression of

FASN in human prostate epithelial celtsinlead toan increase of palmitoylation on
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Wntl. Palmitoylated Wntlsubsequenthactivatest h e  Weateriin/ pathway, which
takes part in the development of padstcancef94]. Later, Wei and covorkers reported
that specificknockdownof FAS from endothelial and hematopoietic cells in mewtto

mild increase in blood pressurepnsistentwith a decrease ifrmembraneassociated
eNOS.A furtherin vitro study showed that FAS is physically associated with eNOS, and
FAS-deficiency results irdecreasedhe eNOS palmitoylation which is necessary for
eNOS function[95]. Wei and ceworkers also showed thd&AS-deficiency in the
intestine led to intestinal inflammatiphecaus€&AS is required to palmitoylate MucP,

an important intestinal barriproteinthat haghe ability to neutralize rotaviry96)].

1.2 Traditional Methods to Investigate Protein Palmitoylation

1.2.1Radioactive Labeling
Detection of protein palmitoylation by radioactive labeling was first introduced by

Schmidt and cavorkers in 19791]. In a typical experimenthe proten of interestis
overexpressedy either virus infection or plasmid transfectiaf cultured cells A
subsequent incubation of the cells with tritiated palmitic acid, usually[8H]Qalmitic
acid, is thenperformed.The tritiated palmitic acid can be utilized by the cells in the
routine metabolic process to form radioactive palmi©gh, which is the acyl donor for
protein palmitoylatior{16]. Thus, proteirs undergoingpalmitoylation naturallycan also
incorporatethe radioactivéabeled palmitateTo achieveoptimal labelingjt is important
to tailor the incubation time specifically for the protein of interest, based on its synthesis
rate and palmitoylation turnover spefd¥]. After incubation, the protein of interest is

enriched,subjectedo sodium dodecyl sulfate polyacrylamide gel electrophor&ixS
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PAGE), exposed to Xay films and detectelly fluorography Becausdritium decay is a
very slow process, the autoradiography exposure usually takes areeksnmonthsto
complete and this long exposure time is a mdisadvantagef the radioactive labeling
method A few studies utilizing £3-IC16] palmitate (18odo-hexadecanoic acid) as an
alternativelabel havealso been reporte®8-100. The rationaldo substitute thenethyl
group with an iodine atom is based on thsimilar volume Compared toH, ' is a
high energy emitter alfdcanobe detectdd dphosphor e mi t t
imaging autoradiography with higher sensitivity and reduced exposure time.

Since Spalmitoylation is not the only fatty acylatidhat occuran vivo, further
linkage analysis is usually performed to distinguish am$iigked, O-linked, andN-
linked fatty acylation. Thigan beachieved by treatment tiie palmitoyllabeledprotein
with HA [4], which is known tospecifically cleave thioester linkageunder neutral
conditiors [97]. Moreover, the released fatty acid can be furtttearacterizedy thin
layer chromatography (TLC) or gas chromatography ([G{)

Besides palmitoyl detection, radioactive labelzan alsobe used to monitoin
vivo palmitoyl turnover.The haltlives of palmitatemodificationson proteinsjncluding
ankyrin [101],  G1D# Ua-adrenergic receptorl03, H-Ras[104], and N-Ras[3],
havebeen determined by pulehase experimestin which cellsare labeled witt9,10
[*H] palmitic acidfor a short periocbf time (the pulse) followed by incubation with
excess nomadioactive palmitate (the chasé@he radioactive palmitatés incorporated
into the proteinduring the pulse phase. If palmitoyl turnover occurs, the protein

underg@s depalmitoylation, losingthe radioactive palmitate, followed by -e
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palmitoylation with norradioactive palmitate during the chase phaBerough his
process palmitoyl turnover leads to gradual decrease the radioactive signal. Further
studies showethat thehalf-life of palmitoylation measured the pulsechase assay is
usually longer thamhe actualvalug due to the complexity of fatty atimetabolism An
accurate measurement requities analysto accountfor [*H] palmitate recycling during
thechase phasg05.

As mentioned above radioactive labelingenabled discovery of protein
palmitoylation andhis approaclinas been extensively used for the last three decades. It is
a very sensitive and effectivanethod for the absolute quantitationof protein
palmitoylation However, one mustexercise particular care ithe handling ofthe
radioactive material The procedw is alsotedious andime-consuming.Although the
use of }?1-1C16] palmitatecan significantly shorten the exposure tinme methochas
never become populas it is nocommercially availableA serious limitation is that the
radioactive labeling experimeonly examinesa single protein whichs predictedto be
palmitoylated. Moreovetthe ratio ofthe palmitoylated protein versuts unpalmitoylated
counterpart cannot be determin&adirthermore, this methad incapable ofletermining
the mlmitoylation sités), unless mutations are madé6, 107], or antibodies that target

regions of interest are used in conjunction whikenzymatic digestiofil0g].

1.2.2 Acyl-Biotinyl Exchange (ABE) Chemistry
In 2004, a novel methatthat utilizesa radioactive alkylation reagent totroduce
the palmitoyl group byn vitro chemical reactionsvas described by Dridel and Green

[109. This method takes advantage of the specific cleawddbe S-palmitoyl groupby
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HA. In their study, free thiol groups generatedH treatment were irreversiblglocked

by *H-N-ethylmaleimide and this moietywas detected with autoradiographyrhe
palmitoyl group modifications tollathree proteinsused intheir study,theU7 / 5 HT 3 A
subunit, SNAP25, andPSD95, have beemronfirmed These investigatoralsocompared
the results fronthar method tothose obtained byraditional metabolic labeling with
tritiated palmitate and claimed thiattwas much more sensitive. Moreovérey showed
that tissue sampke could also be analyzed by the newly developedmethod
demonstating another advantage ov#re radioactive metabolic labelingnethod which

is almost exclusivg appliedto cultured cellsThe authors alsdiscussed th@otential
for thiol labeling bynonradioactive reagents, such agluorophore chemiluminescent
probe, or biotinln particular,biotinylation ofthe HA-released thiol groupvould allow
subsequent detection using streptaviganseradish peroxidase. This idea water
realized by Roth and coworkers who developedhe acytbiotinyl exchange (ABE)
chemistryand applied it to theletection of protein palmitoylation on a proteomic scale
[8, 110. Their multi-step methodnvolved (Figure 1.3: (1) blocking of all free cysteine
thiols with N-ethylmaleimide (NEM);(2) removal ofthe thioesteflinked palmitoyl
groups via hydroxylamineinduced hydrolysis; (3) labeling of the newly fde¢hiol
groups with biotirHPDP; (4) enrichment of biotinylated proteimsth streptavidin
agarose beaddn-solution tryptic digestiorwas performed, and the resulting peptides
were analyzedby integrated strong cation exchange/reversed phageperformance
liquid chromatography (SCRP-HPLC) coupled toa tandem mass spectrometexr,

method commonlyreferredto as multidimensional protein identification technology
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(MudPIT). The datawvere searched against a protein database using SEQUESIg

this method, a total af2 known and 35 novel palmitoyl proteiwereidentified inthe
yeastSaccharomyces cerevisig8]. This marled the first performance ofargescale
profiling of protein palmitoylation (palmitoyl proteomicsyvas As indicated, one
advantage of the ABE approach is the achievement of palmitoyl peptide/protein
enrichment from complex samplesying to the specific binding of biottlPDP with
streptavidinagarose bead®llowed by samplereleasefrom beads simply byisulfide
bondreduction Eithera single targeted protein or total protein extracts can be analyzed
by LC-MS analysis.

The lack of palmitoyspecificantibodies hagreatlyimpededthe study of protein
palmitoylation in the past. The substitution @fpaimitoyl group with a biotin tag
together withthe availability of commercial anbiotin antibodies enables targeted
palmitoyl detection bywWesternblotting. However, theABE method involves multiple
reactions and sample cleanup by triple precipitationbetween eactof the reaction
stepsand thismay cause severe sample lessAs the authors themselves mentioned
false positives could arise due to incomplete blockage of free cysteines, and false
negatives could occur due to inadequate thioester hydrolysis by hydroxylamine, or
inefficient biotinlabeling. Further, palmitoylation is not the only form of thioester
linkage, and the ABE method could lead to false assignments of palmitoylation when the

cysteine is occupied by othipes of acymodification.
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Figure 1.3 Schematiof the ABE chemistry, adated from referencgl1(.

1.2.3Non-Radioactive Metabolic Labeling
In 2009, Martin and Cravatt introducedn alternative approactor palmitoyl
detection which utilizesendogenous labeling with the palmitic acid analogue, 17
octadecynoic acid (:®DYA), and clickchemistry[111]. Their methodchas shown great
promise in palmitoyl proteomics using mammalian cell lifgsZ. In that study,17-
ODYA was first incorporatethto proteinsundergoingn vivo palmitoylation in cultured
cells.With Cu(l) catalysis, the alkye group on -0 D Y Aclickedd  wanazide which

had beenprelinked to a reporter molecule. The reporter molecudgher biotin or
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rhodamine, allowd the enrichment and detection of palmitoyl proteinsing either MS

or nonMS methodgFigure 1.4. In conjunction with mass spectromettlis approach
wasused forglobal profiling of palmitoyl proteins and more than one hundred palmitoyl
proteins were identified from Jurkat Icells [112. Since it is ametabolic labehg
method,a pulsechase assay can be performed to examine palmitoyl turnéieen
combined withthe stable isotope labeling by amino acids in cell culture (SILAC)
techniqug 113, differences in globe palmitoyl dynamics under various conditions can be
monitored[114]. This approach involvegsewer reaction stepsompared to the ABE
chemistry resulting in a simplesample prepation procedure ana significant reduction

in sample losss However,, it is difficult and costly to extenthe useof such a metabolic
labeling methodo study palmitoylation in large organisms. MoreoversQDYA is a
potent inhibitor of cytochrome P85 -hydroxylasg 115, which plays an important role

in fatty acid metabolisnpl116. The effect of 17ODYA upon the palmitoyl machinery in
living systens is still unclear.In addition,17-ODYA undergoes degradation biye b-
oxidation pathway[117], forming shorter acyl chain ana®gvhich may targetN-
myristoylation sites leading to false discovery fi#-palmitoyld proteins. Relatig
guantification of protein palmitoylation remains challenging, as the unpalmitoylated
proteins are not retained. As discussed below, care must also be taken to minimize loss of

palmitoyl groups during each reaction and sample cleanup step.
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Chapter 2:  Introduction to Mass Spectrometry

MS is an analytical chemistry techniquéhat providesvaluable structural
information on analytes by measuring themassto-charge ratiosn/2. Because ofts
ability to analyzevarious types of moleculesranging from biomolecules such as
DNA/RNA, proteins, lipids, carbohydrates, and metabolites, to synthetic
compounds/polymersViS is playingan increasingly significant role in numeroiisids
such as molaular biology, materials science, environmental science, archaeology, drug
discoveryandclinical diagnosis.

Modern MS instruments can be coupled to various separation devices, such as a
GC, LC, or electrophoresis equipment, allowing the analysis of a complex mixture in a
single run that yields rich information. A typical mass spectrometer consists of three main
parts: an ion source, a mass analyzer, and a detBetmause MS measures timézvalue
of analyte ionsa molecule of interestustfirst beionized. The molecular ions are then
separated based on their méssharge ratios, and their signals are reedrdais a
function of scan timeBecause of itdhigh sensitivity, accuracy, and efficiency, MS
becoming an indispensaldad reliable tool for proteomic studigkl9g. In this chapter,
the most commonly used MS instrumerits analysis of proteins/peptides will be

reviewed.

2.1lon sources

In early days, the application of MS to analyze proteins/peptides avas
challenging and not completely achievable doatausehere was no fully satisfactory

ionization method. Proteins/peptidese large, nonvolatile, and thermally unstable
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molecules, and it is difficulto volatilize them in ordetto utilize long-established
ionization methods such as electron ionization (El) and chemical ionization (CI) without
extensivethermal degradation.For a long time,MS technique were limited to the
analysis ofsmall moleculesTthe emergencef soft ionization methodBnally led to the
wide-spread application of MS to analyze complexbiomoleculesand thislaid the
foundationfor modern proteomic stlies. Today, he two by far most important soft
ionization methodsare matrix-assisted laser desorption/ionization (MALDI) and

electrospray ionization (ESI).

2.1.1Matrix -Assisted Laser Desorption/lonization (MALDI)

MALDI was first reported by Michael Karas arfetanz Hillenkamp in 1987
[120. Before positiveion MALDI-MS analysis (Figure2.1), the analyte is usually
dissolved inan acidic solution andpotted together with excess matndoleculeson a
steel plateSolvent evaporatiofeads to the carystallizationof the analyte with matrix
molecules. The steel plate is thelaced invacuum and a pulsed lagesudly a nitrogen
laser(337 nm)or thetripled frequency355 nn) from a Nd:YAG lasefor UV-MALDI ,
is used to irradiatehe crystals, leading to the ablation of clustersnaftrices withthe
analyteentrained within Matrices are usually small molecules with a chromophore that
canabsorbat the laserwavelength (UV or IR)to assist the evaporation of anakt&he
matrix can also serve as the proton donor to facilitate ionization of angly2és The
use ofa high molar excess ohatrix prevents analyte degradation caused by direct laser

irradiation. Sinapinic acid (SA)2,5di hydr oxy benzoi ecyamsd-i d

( DF
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hydroxycinnamic acid (CHCA) are the most commonly used matriceld\feMALDI -

MS analysis oproteinsandpeptides.
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Figure 2.1 Schematiof the MALDI processadapted from referen¢&22].

Besidesits reputation as soft ionizationtechniquethe reasons for the wide use
of MALDI-MS for protein/peptide analysisnclude several other advantages. As
described above, sample preparation is simiLDI hasa fairly high salt/contaminant
tolerance, and thusin most casesgood results can be obtainesith minimal
purification. For highthroughput analysishbusands of laser shots can be applied during
a burst in a very short tim&he peptides in dryptic digestarepredominantlydetectedas
singly charged ions in MALDImass spectometry and this smplifies the spectral
interpretationAs a pulsed ionization source, MALDI can be easily couplddgtTime-
of-Flight (TOF) mass spectrometrMALDI -TOF MS analysishas been extensively
used in peptide mass fingerprinhg [123 due to its high throughput andasily

interpretable spectra. Howeverthe MALDI-MS technique may suffer from poor
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reproducibility due toshotto-shot signalariation,and this carundermine its potential
use in quantitative studieanless internal standards are includéds difficult to couple
online separatioto a MALDI source but offline deposition of chromatographic fractions

ontoa MALDI plate is straightforward

2.1.2Electrospray lonization (ESI)

Like MALDI, ESI is a widelyusedsoft ionization techniquéor modern mass
spectrometry analysifirst introduced into the worldwide community the Nobel Prize
winner John Fenfil24, 125; a parallel development took place in Rugdgiaq. ESI
allows the direct transfer of anadgtfrom solutioninto the gas phase under atmospheric
pressure. Figur@.2 illustrates the most widely accepted ESI mechanism. The sample
solution is loaded t@ syringe or capillaryto which a high voltage is appliedlhe
electric field pushesthe solution forward,forming aTaylor cone at the end of the tip.
Charged droplets continuously bud frdire Taylor cone when the electrostatic force
overcomeshe surface tension. Utilization afnebulizer gas in this step can facilitate the
formation of a fine mist of charged droplets. Charged drofetsundergo evaporation,
usually with theassistancef a flow of bath gas as well as a heated transfer capillary
during their travel tdhe analzerinlet, leading to shrinkage of droplets and increiase
their surfacecharge densityThelargerdroples break aparto form smallerdropletsin a
process terme@oulomb fissionwhen the surface tension of the shrinking drapbein
no longer withsand the increased charge repulsiahthe Rayleigh limit. This solvent

evaporation/Coulomb fission cyclepeas until eachdroplet carries asingle analyte



31

molecule within, from which the nakedtharged analyte is produced by further

evaporation of solvémmoleculeq127, 12§).
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Figure 2.2 Schematiof the proposed&SI mechanismadapted from referen¢&2g.

ESI offers several advantagesover other ionization techniques. First and
foremost, since analyteseionized and transferred the gas phase frora continuousy
flowing solution, ESI can be coupled online HPLC or capillary electrophoresis (CE),
allowing the qualitative and quatative analysis of complex samples with high
sensitivity and reproducibility. SeconBSI often produce ions with multiple charges,
and thissignificantly extends thaupper massletectionlimit of mass spectrometera
propertywhich is particularly used for mass analyzensith limited m/zranges Third,
because the desolvation process duringdéBsumesnergy, analytecan beefficiently
cooled and onlya small amount oénergy is deposited to the analypes beforemass
analysis.Thus, ESI isan even softer ionization technique than MALBhd more easily

camble of preservingnoncovalent interaction However, ESI often requires extra
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samplecleanup stepsbecause EStloes not work well with samples containing salts,
detergents or other carhinants,and evena small amount ofimpurity may lead to

significantreduction(or complete suppressioa) the analyte signal.

2.2 Mass Analyzersand Detectors

A mass analyzer measurtbe masgo-charge ratio®f ionsand is the central part
of the mass spectrometdiransmission efficiencymnassresolution, and mass accuracy
are the key parameters for the performanca ofass analyzemransmission efficiency
corresponds to the percentage of ions that actually thaathetector from the ion source.
Transmission efficiency affects the instrument sensitiatyparameter referring to the
minimum sample amount required to produce detectable MS sidmgilfs sensitivity is
especially important for analyzing leabundancesamples.Mass esolution or mass
resolving powedescribeghe ability of a mass analyzer distinguishions with closely
separatedn/zvalues andtan becalculated ashe ratio of than/zof a peak divided by its
width, usually determinedt the half maximumheight The absolute @ss accuracy ithe
difference between thexperimentabnd theoreticai/zvalues,and it isoften expressed
in a relative termas the ratio of the mass measurement error to the theoreticaimrmass
partspermillion (ppm). High mass accuracy (low maseasuremergrror)is crucialfor

confidert identification.

2.2.1Time-of-Flight (TOF)
As its name indicates, tane-of-flight mass analyzer determines tméz value of

an ionby measuring its transit time from the ion source todbtctor A TOF analyzer
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requires a pulsed ion beaandthus itis usually coupled with a MALDI ion sourckut

it can also be coupled with an ESI source via orthogonal ion injection, as implemented in
Q-0-TOF and FT MSinstrumentsThe MALDI-TOF MS is o of the most commonly
used MS instruments due to its low costease ofsample preparation, user friendly
operation, andelatively high sensitivity andnassresolution.In a MALDI-TOF MS
measurement, lurst of ions extracted frome MALDI plate are acelerated by atatic
electric field and all ions carryintpe same chargé€z) will gain the same kinetic energy

(Ex), which is expressed as:
o ga b a0 Eqn. 2.1
wherem andz arethe massnd charge of the igmespectivelyy is the velocityof
the ion as it exits the ion souroeis the elemental chargeandV is the accelerating
potential. After acceleration, all iorigversea field-free flight tube in vacuum to reach

the detector. Assuming the length of the tubd.,ighe flight time ofan ioncan be

calculated as
o) 2 Eqgn. 2.2
0
Combining theEquations 2.1 and 2yelds:

o 2 Egn. 2.3
Qw «

The equationgboveoutline the principle of operation for af OF massanalyzer:

ions with ahigherm/ztravel withalower velocity andthusmore slowly tharnons with a

lower m/z so they take a longer time toreachthe detector. For a giveaccelerating
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potential(V) and distancef flight (L), the m/zvalueof an ion scalgquadratically with
its time of flight [127.

The linearMALDI -TOF MS design as described aboysuffersfrom its poor
mass resolution because ions produced feolALDI source have different initial
velocitiesas well as aertain degreef temporalandspatial distributionsandtherefore
ions with samem/z do notall arrive atthe detectorsimultaneously; this leado peak
broadening Two techniques have been widatyplementedin modern MALDITOF
instrumens to improve the mass resolution: pulsgelayed extraction antthe reflectron
geometry Figure 2.3 illustrates thechematicof a MALDI-TOF/TOF instrument with
pulseddelayed extraction anda reflectron. The pulseddelayed extraction is
accomplished bywo-stage ion acceleratioithe extractiorvoltage(Ue) is applied to the
sample platdollowing a short time delay (usually ssnal hundred nanoseconds) after
ions are produced bihe pulsed laser desdipn/ionization. Theunderlyingprinciple is
that slowerions will not travel as farfrom the sample plateluringthe delay and when
the extractionvoltage is applied, they wiitay inthe extractiorelectric field longer and
obtain more kinetic energy. Nénthe delaytime and accelerating voltagee properly
chosen ions with a lower initial velocitywill emerge fromthe extraction fieldwith a
slightly higher final velocityallowing them tocatch up at the detectomyith ionswith a
higher initial velocity The optimal extraction voltage msassdependent and linear to the
m/zof ions being focusedl29; the user haotadjust the voltage and delaye in order
to optimize theresults.Use of a reflectron rather than a simple linear flight tubis,

another strategy to compensate for the inkiaétic energy spread of ioné. reflectronis
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an electrostaticdevice thatsits between two stages of thight tube that can be
physically the same but traversed in opposite directitinacts as an ion mirror that
creates aetardingelectric field where ios can be deflected and sento the second
stage ofthe flight tube.lonsthat entetthe reflectron are subjexd to deceleration by the
electric field. Theirvelocitieswill eventuallyreach zerpat which point ions begimo
movein the opposite directin and regairthe lost kinetic energy before they are expelled
from the reflectronlons with higher kineticenergiespenetrate more deeply into the
retarding field and spend more timetire reflectron than ions with lower kinetic energy
thus compensatg for a shorter flight time outside of the reflectroand leading to

improvedmass resolution.

first source region first TOF region collision cell second TOF region reflectron
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Figure 2.3 Schematiof aMALDI -TOF/TOFinstrument adapted from referen¢&3Q.

2.2.2Quadrupole Mass Analyzer
A quadrupole mass analyzer consists of four paralteketal rods that are
symmetrically assembled arouttte z axis (Figure2.4). In order for ions taeach the

detector they must have stable trajectorigside the quadrupoleA quadrupoleis
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operated in suchway thatopposite potentials’g and-/¢) areapplied tothetwo pairs of
opposing rodso create a quadrupolar electric field
n Y 0o®OEDdD HEQD Y ong D Eqn. 2.4

where U is direct current (DC) voltagey is radio frequency RF) voltage
oscillating at &requencyof ¥, andt is the time. Whereathe quadrupolar field contains
no zcomponentallowing ions to traverse the quadrupatehinderegdion motion inthex
and y directions is very complex and governed by the oscillating electric Tieédion
trajectory must remain bound in both the x and y directions in order for ions to travel
through the quadrupole without striking the rogure 2.5 showshe stabilitydiagram
for an ion anddepicts the first stability region in tHd/V space whee ion motion is
confined in both x and y directions. The stability regions of ions with diffenér¥alues
have the same shgpmut their dimensions scale linearly with the iorzvalue.During a
scanning event) andV are successivelyncreasedat afixed ratio along theoperating
line, allowing thesequential transfer ardetection of ions with increasingly highe/z
values.The U/V ratio is auserdefined value thatontrolsthe resolving power of the
guadrupole mass analyzea higher U/V ratio leadsto a higher resolving power.
However, achieving thaighestresolving powerlsocomes athe price of reducedon
transmission efficiency (sensitivity) arstan speed (throughpugnd one must make a
compromise t@btain the best resyultased on the objectives of the experiment

A quadrupole can function not only asmass filtebut also as afon guide. By
setting the proper U and V values, only ions with the selectedn/z value can be

transmitted througtthe quadruple, while ions with otherm/zvalueswill haveunstable
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trajectories and strike the rods. When operatedhm RF-only mode U = 0), a
guadrupolallowsall ions abovea certainm/zcutoff to pass thoughurningit into an ion
guide oranion focusing deviceA triple quadrupole mass spectrometer (QaE@nsisting
of three quadrpoles (Q1, g2, and Q3as its name suggests a good example to
illustratethe versatility of quadrupolmstrumens. While Q1 and Q3 are mass analyzers,
g2 operates exclusively in thRFonly mode, serving as an ion tsdar device and
collision cell. A triple quadrupole instrumennay be operated undeeveral modes
depending onwhetherQ1 and Q3Jperate in the scanning mode or as massdilterthe
MS/MS modealso known as the product ion scanning mdge works as a mass filter,
transmitting ions of interest to gavhere they are subjext to dissociation, usually
collisionrinduced dissociation (CIDAIl fragment ionsand the remaining precursor ions
are subequently focused and guidedto Q3 where they are mass analyzetus
providing detailed structural information on the precursor. iBmother common
operating mode for a triple quadrupole instrument is the selective reaction monitoring
(SRM) or multiplereaction monitoring (MRM) mode, where Q1 is tuned to transmit a
selected precursor ion of interest and Q3 is tuned to transmit a specific fragment ion from
that precursor ion. The SRM mode monitors
than its mas alone, which leads to improved confidence and S/N ratio in the monitoring
of apreselected componemspecially in complex samples.

Quadrupole mass analysarewidely used becaugbey arenexpensiveeasy to
build and operateThey are characterizdaly their high transmission efficiency and fast

scan rateA quadrupole mass analyzer hasnass range up troundm/z 4000 (though
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often lower) and can be usdd analyze largéighly chargediomolecules whewgoupled
to anESI source. Howevethe massesolutionof quadrupole mass analyzesgypically

low, up to a fewthousand at best.

-(U + Vcosot)

|

Y

+(U + Vcoswt)

Figure 2.4 Schematiof aquadrupole mass spectrometer, adapted from refef@Bdle
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Figure 2.5 The stability diagrams of ions with differemizvaluesin theU/V space.

2.2.3Linear Quadrupole lon Trap (LIT/LTQ)

A linear ion trap(LIT) is a mass analyzepuilt with three ses of RFonly
guadrupolesrranged in a linear configuratig¢Rigure 26). A differential RF potential is
appliedto all three sets of quadrupol&strap the ions alonthe x andy directiors (or
radialy), whereas &C potentialis superimposed on the two end quadruptdesonfine
ion motion alonghez direction or axialy). During an MS scan cycle, a packet of ioiss
first injected intothe LIT and trapped there. A gas such as helium is commonly used to
cool down the ions without introducing fragmentatj@nd focus therto the center othe
LIT. Theamplitude ofthemain RF potentialV, is then ramped up, which moves the ions

out of their stability regions, and ejects the ions radially, fromrowions to hign m/z
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ions. An auxiliary alternate current (ACyoltage ata fixed frequencyis oftenappliedto
thex-rodsduringthe main RFrampto facilitaterapid resonangjection of the ionsyhich
not only improves thaecanning speed and mass resolution, but ialseaseshe upper
massdetectionlimit. Besides functioning as a mass analyzerlIT can alsobe used to
perform CID experimentsDuring an MS/MS event, ions witha specific m/z value are
isolatedby applyingresonancejectionvoltage tox-rods at thesecular frequencies of all
ionsexcept for theon of interestandthis leads tdhe ejection of all unwanted iofidm
the trap.Theionsselectecasprecursos arethenexcited bycollision with the neutrabas
molecules inside the trajgo produce fragent ions Note that there is a traddf between
the extent of fragmentation antthe observation of low mass product iQres a higher
energy deposiin in the precursor iongequires the main RF to operate at a higher
amplitude,and thisunfortunately leads to an increase in the-loass cutoffof the LIT
and the loss of low mass fragment ions from the trap

As described above, LIT isnaion trappingdevice. Precursoion isolation,
fragmentation, and analysis of products@an be condttedsequentiallyin oneplace in
the LIT, whereas precursor and product ion analyses are performed in two physically
separated mass analyzar®ther tandem instruments.g, triple quadrupolenstrumens.
Consequently, it is possible to perform mgtage tandem MS analysis (known as an
MS" experiment) in an LITAn LIT also hasa large ion trapping capacity and space
charge effecthat is reducedompared t@ 3D ion trap[132. An LIT can eitherserve as
a stanealone mass spectrometer, i combined withamother mass analyzéo form a

hybrid MS instrument such #ise LTQ-Orbitrap.
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Figure 2.6 Schematiof alinear ion trap, adapted from refererjé83.

2.2.4Fourier Transform lon Cyclotro n Resonance (FTICR)

The major components oh&TICR massanalyzer area magnet and three pairs
of electrodeswhich form an ICR cell An ICR cell usesthe combination of a
homogeneous magnetic field aadinhomogeneous electric fietld trap the ionsFora
cubic ICR cell(Figure 27), two pairs of electrode plateplaced in parallel withthe
magnetic fieldand oriented alonghe z axis,areused for ion excitation and detectjon
respectively, ana third pair of plategtrapping plates)positionedperpeadicular tothez
axis, are responsible fothe axial ionconfinement An ion in a homogenous magnetic
field experience a Lorentz force(O 1 & 6) which is perpendicular to its velocity,
and the direction of the magnetic field. The Lorentz forcas always normal to the

direction of the ion motionleading to thecyclotron motionof an ionabout thez axis.
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The cyclotrorfrequency of an iom a constant magnetic field inversely proportional to

its massto-charge ratio, adescribedy the equion below:

q 9 Egn. 2.5
C

Q-

where f. is the cyclotron frequencygq is the ion charge,B is the strength of
magnetic field,andm is ion mass. Thereforéhe massto-charge ratio ofanion can be

determinedy measuring its cyclotron frequenic22.
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Figure 2.7 Schematic of a cubic ICR cell and the ion cyclotron motion.

In atypical FTICRMS experimentions are injected intthe ICR cell with low
kinetic energy, so that they can be trapped witbw electric potential applied to the
trapping plates. Trapped ionsdergo cyclotron motion in the center of 1R cell, but
their signals cannot be detected becahsehermakyclotronradii are toosmall for the
ions toproduce a measurable signahd more immrtantly, theinitial cyclotron motions

of ions are out of phaseand thus the smallsignals produced btheir incoherent ion
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motions would cancel out. Afrequencysweeping RF voltage which containsthe
cyclotronfrequencies ofons with a widerange ofm/zvalues is applied to the excitation
plates,bringingall ions to larger orb#in coherent motionThe cyclotron motiosof the
excited ionsinducealternating currestat the detector platkknown asimage currers)
which are subsequentlgmplified andrecordedas a time domain transiefit34. Fast
Fourier Transform (FFTpf the transients then performed togenerate a frequency
domain spectrunthat can be subsequently convertatb a mass spectrumia mass
calibration

Although the ICR massanalyzer is operated in a pulsed modesaih be easily
coupled to acontinuous ion sourcédy gated ion trapping. Commercial FTICR
instruments are oftecoupledto an externaion isolation andstorage device. Figur28
illustrates theschematicof the solariX Qh-FTICR, a hybrid MS instrument built by
Bruker Daltonics It contains adual MALDI/ESI source,two ion funnek, a negative
chemical ionization(nCl) source,a split ocbpole, a mass selectingquadrupole a
collision cell, an ion transfer guide, anch &CR cell. Briefly, ions arefocused and
transferred to the first quadrupole (Q) where iohmterestcan be isolated and guided to
the collision cell The ionsof interestcan beaccumulated in the collision ceindthey
mayundergo CID oelectron transfer dissociation (ETD)this cell From thereions are
transferrednto the ICR cell for mass analysisr tandem MS analysid¥Jnlike the RF
only ion trap, an ICR cell offers a unique capability in that the magtielt can
efficiently confine the radial electron motion, allowing the performanceslettron

capture dissociation (ECDg, soft fragmentation method that can retain labile PTMs. In
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addition, an FTICR mass analyzer offers superior mass resolving powermess

accuracy making itwell suited forde novosequencing and tegown analysis.
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Figure 2.8 Schematicof a solariX™ Fourier transform ion cyclotron resonanoeass

spectrometeradapted fronthe usermanual(Bruker Daltonics)

2.2.50rbitrap
An Orbitrap is an electrostatic ion trap with a spiAidte inner electrode and a barrel
like outerelectrodewhich is split in the middl€Figure 29). lon trajectoriesinside an
Orbitrap consistof threeperiodic motions: rotation around the z axiadial oscillation,
and axial oscillation alongthe z axis. Whereashe rotational frequency(¥s) andthe

radial oscillation frequencyy,) are affected byhe initial ion velocity andposition,the



45

axial oscillationfrequency(¥, only depends on then/z values of the ionsand the

instrument parametees shown irtheequation below:

,—Q, Eqgn. 2.6
a Ta

wherek is the field curvature. Thuspms withthe samen/zform a packet and oscillate
harmonically alondghe z direction in the shape of a thin ring around the inner electrode,
and this motion producessmall alternatingmage currenbetween the two halves of the

outer electrodethe frequency of whicttan be obtainedyy performing FFT on the

recorded transienandthereafteused to generate the mass spectrum

Figure 2.9 The cutawayview of an Orbitrap mass spectrometer, adapted from reference

[134.

The Orbitrap has becomthe mass analyzermost frequently employedn proteomic
studies,owing toits high sensitivityyery highmass resolving power and accuraapd

wide mass range. Figur@.10 illustrates theschematicof a commercially available
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Orbitrapinstrumentknown as thé TQ-OrbitrapVelosE hybrid mass spectrometdt is
made up of an ESI source, a series of ion transfer optosalgpressurd TQ/LIT, a G
trap, anOrbitrap anda higherenergy collisional dissociation (HC2pllision cell.lons
passthrough a serie®f ion lenses and nftipoles, that are operated with stepwise
decreasingressurs, to the LTQ wheretheycan be stored, isolated, and fragmented. The
resulting ions can either be ejected radially for LTQ detectiomj@ctedaxially into the

C trap.TheC trap is a curvetinearquadrupole iorirap which coolg¢he ionsandfocuses
them withn a smallvolume theninjectsthemtangentially ,,into theOrbitrap as a tight
packet. The inner electrodpotential is then increasgandtheion packets are squeezed
to thecenterof the electrode and begin coherent axial oscillations at various frequencies
according to theim/zvalues The Orbitrap can also receive ions produdedhe HCD
collision cell, an octopole devicevhere precursor ions can underbmher energy
fragmentéion. The Orbitrapdoes not suffefrom the low mass cutoff issuthat is
encountered imanLTQ and isthussuitablefor detection olow molecular weight reporter

ionsand immonium ioa

Electrospray lon Source S-lens Square Quadrupole Octopole High Pressure Cell Low Pressure Cell Multipole C-Trap HCD Collision Cell
Q I
L) A '
iy m o v |1 S
[ pe—
|
ass Analyzer

Figure 2.10 Schematicof an LTQOrbitrap Velos mass spectrometer, adapted from

referencg135.
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2.3 Application of Mass Spectrometry to Proteomic Studies

MS is the enablingtechniquefor modern proteomicstudies due to its high
efficiency, sensitivity, and accuracy.istwidely used foprotein sequencedetermination
guantification, characterization oPTMs study of proteinprotein interactions among
other tasksThesuccess of M®ased proteomicsiems from the htlepth development of
protein/peptide preparation/separation techniques, ionization methodsphasses
fragmentationmethod, spectral interpretation and bioinformatics softwanel relevant
databaseBottomup proteomicswhich involves proteolytic digestiors by far the most
widely-usedapproachfor MS-based proteomicdn a bottomup proteomics experiment,
the btal complement oproteins fronthebiological sanples, either tissues or cekllets
are frst extractedwith a lysis buffer usually in combination withsonication and/or
homogenization. Proteolytic digestion of proteins of intefesttotal proteingis then
performedeitherin-gel orin-solution, usually by trypsin, leading to tlcenversia of
proteins into peptide fragmernttsat are subsequentignalyzed bymassspectrometryin
an approach commonly referred to as the peptide mass fingerprinting (BPlIBgt of
peptide masses obtained fralre MS measurement can be compatedoredicted sets
generated byn silico digestion of proteins ira databaseto deduce the presence of
certain proteirs. However, it is very likely that one peptide mass can be assigned to
multiple sequences in the databgsetentiallyleading to erroneouslentificatiors even
when multiple highly accuratepeptide massesre used In order toimprove the

confidence of peptide assignmenteptidesof interestcan be isolated ansubjectedo
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tandem MS (MS/MS) analysisvherebyeachselected peptides fragmented to produce
pieces that can basedto deducethe peptide sequence. tontrast tothe bottomup
analysis, topdown proteomicsis a methodused toanalyze proteins without enzymatic
digestion or chemical cleavage. Intact proteins are skrdctly into the mass
spectrometer where their masses can be determineth@ntfagmens can be generated
in the gas phase to deduce thetein sequencand to identify PTMs These two
approaches can be used independently, or in paf#éghrdless of themethod of choice
tandem MSanalysishas become an integral part obnfident protein sequencing.
Moreover,tandem MS analysis also plays an important rolisotopecoded affinity tag
(ICAT)- and tandem mass tagTMT)-basedprotein quantification The nextsection

reviews thegandem MS methods that are widelsedin protein analysis.

2.3.1Tandem Mass Spectrometry

Proteinsand peptides are lineabiopolymers made up from the20 naturally
occurring amino ackl as the building blocks which are linkedby amide bods as
illustratedin Figure2.11 There are three types of chemical bonds along the backbone of
proteins/peptidesthe C UC(carbonyl) bond,the amide bond, andhe N-C Ubond.
Cleavage of these bonds gévese to three pairs of fragment ions which are classified
into two categorie$136): N-terminal fragmentsvhich are defined as-, b-, andc-type
ions andC-terminal fragmentsvhich arelabeledasx-, y-, andztype ions(Figure 2.1).
Only thosefragmentghatretain at least one chargan be detected®ackbongragments
areessentiafor determining theprotein/peptide sequencéhe mass differencleetween

two adjacent fragment ionsf the sametype can be used tassignthe amino acid
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increment that differentiatebese two fragmentdn principle, thefull sequence can be
deducedde novoif all inter-residue cleavages are observén practice, even the
reconstruction of a partial sequence (or a sequence tag) can significantly improve the
confidence of assignmeriesides the backbone fragment ionadeam MS analysis may

also produce other types of ions, such as satébiaekbone pluside chain cleavage)

ions @, v-, and w- ions), immonium ionsand internal fragment ionsthese ions,
although adding complexity to thndemmass spectra, may also provide valuable

information for sequencing.

1

—

OH

Figure 2.11 Nomenclature of peptide backbone fragmentatemtapted from reference

[137.



5C

2.3.1.1Collision-Induced Dissociation (CID), including Higher Energy
Dissociation (HCD)

CID, also known as collisiaily activated dissociation (CAD), is a widely used
tandemMS technique to dissociate protein/peptide ionthegas phase. Durintpe CID
process, ions collide witneutral gas molecules.§.He, N, or Ar) and gportion of the
translationalenergy isconvertedto internal energy, leading to the decomposition of the
activated ions, producing mainbs andy- ions. CIDcan befurther classified into three
categories based on thegnitude of the collisional energy, which influences the rate and
extentof energy depositL3g:

High-Energy CID (Fast Activation)

High-energy CID isusuallyperformed ora magnetic/electric sector or TOF/TOF
instrument. lons are accelerated to gain sewdialelectron volts (keVdf kinetic energy
asthey enter the collision cell. In additiothe gas (usually He) pressure time collision
cell is adjusted t@ level at which onlya single or a few< five) collision(s)take place
during the i on 0 sThecellsiondkceent@retheion aotevatian levemt)e
occurs within a very short timame (several microsecondsjlue tothe high kinetic
energy of the ionand thdow gasdensity It is believed that protonated proteins/peptides
areactivated byhigh-energy CIDmainly fragmentia chargeremotepathways because
the energydepositionto the ionsis sufficiently high. Besidegproducingb- andy- type
ions asseen inother typs of CID experiments high-energy CID can alsgenerate
fragment ionghat exhibitside chain losses, whi@reespecially usefuior differentiation

of isomeric residue.g, leucineandisoleucing139.
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Low-Energy CID (Shw Activation)

CID experimend performed inRF-only quadrupole or other multipotievices are
characterized bw collision energyof less than 100 e\gnd are commonlyeferredto as
low-energy CID. The gas pressure is optimized to allow precursor i@mudlitte with the
gas moleculemultiple times (up to a few hundred times), watemall amount of energy
being depositedhto the ions duringeachcollision event. The longer activation time in
low-energy CID (usually varying from hundiedf microseconds to a femillisecond$
significantly improves the fragmentation efficiency. The other advantage of asing
multipole deviceasthe collision cell is that fragment ions can be focused after collision.
Instead of direct amide bond cleavagich requiresa high energyinput, the backbone
cleavage of protonated proteins/peptides in-émergy CID is believed to be triggered by
mobile protois and to follow a chargedireced fragmentation pathway14Q. In the
mobile proton modelthe energy deposited in the iofagilitatesthe transfer of goroton
from basicresiduesuch aghe guanidine group on arginira the amino group on lysine
or the peptide Nterminus to the backbone amidaitrogen or carbonyl oxygenThe
protonation otthe amide nitrogeror carbonyl oxygemot only weakens the amide bond,
but also increases the electrophilicity of the corresponding amide cdBackbone
cleavage issubsequently initiated by the nucleophilic attack of the oxygen from the N
terminal neighbang amide bond to the amide carbon atom, formangxazoloneb ion
anda y-ion (Figure 2.2) [140, 141]. Commercial instruments utilizing lownergy CID
include triplequadrupolgQqQ), quadrupole timef-flight (Q-TOF), andhybrid FTICR

mass spectrometerdt needs to be pointed otihat the HCD that takes place ithe
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octopole collision cellat the far end of the -@apin the LTQ-Orbitrapand QExactive
instrumentsfalls into upperenergyrange ofthis categoryand may produce sigghain as
well as backbone cleavages
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Figure 2.12 The oxazolone pathwayn the low energy CID process, adapted from

referencqg141].
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lon-Trap CID (Very Slow Activation, Slow Heating)

CID performed in ion trap instrumensuch as LIT, QITand thelCR cell takes
advantageof the ion residence tim@sidethe trapthat is longetthanin collision cells.
lons areresonantlyexcited to gain only a few eV of kinetic energy, and this allows
multiple collisionsto takeplace duringa very long time window (tens to hundreds of
milliseconds. lon activation is also accompanidxy deactivation process such as
collisional cooling and/or IR emissiofil32. Consequentlythe ion internal energys
built up slowly and canachieve extremely high dissociation efficiency. Sacklow
heating methods known to beable to efficiently dissociate high mass iorf442.
However, because ioitrap CID is a slow heating method, it preferentially breaks the
weakest bond in a molecule, and is not vseited for characterization of labile
modifications. Furtheras mentioned beforeletection of the products frofow-energy
CID performed in a quadrupole ion trap (LIT or QIi¥)limited bythe lowmass cutoff

issue

2.3.1.2Electron-Capture Dissociation (ECD)
ECD is anothe fragmentation methothat caninduce efficient dissociation of
proteinsand peptides It was firstintroduced by McLafferty and Zubarew 1998[143.
In ECD, multiply charged proteir peptideions are irradiated by lovenergy electrons
(< 0.2 eV) which can be captured atprotonated site. The electron capture is an
exothermic process resulting in the release of ~®feMcombinatiorenergy. Instead of

undergoinginternal energyandomization, theeleasedenergy isused locallyto induce
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peptidebackbone cleavagevia a nonergodic process. Theassic ECDfragmentation
mechanisn{also known as the Cornell mechanigmnyposedoy Zubarev isllustratedin
Figure 2.13The addition of an electron ta protonated amine group {RHs") produces
anodd electron species (RHﬁ. An H” candissociate from FNHaAand migrate tan
amide carbonyl group which hasigher Ffaffinity thantheamine group. Theesulting
carboncentered aminoketyl radical intermediate induceSgdleavage to produce and
ztype iond144. Compared to CIDECD hasthe advantage dbeing ableto generate
extensive backbone cleavageghile preserving the types oflabile PTMs é.g.
phosphorylation and glycosylatiotf)at are oftenlost during CID. In addition, disulfide
bond cleavagds favored bythe ECD processpresumablybecause ofthe higter
hydrogen affinity ofthe sulthydryl group (ﬁaﬁinity: sulfhydryl group> amide carbonyl
group > amino group)145. Moreover, isomeri@amino acidresiduese.g,asparticand
isoasparticacids can be distinguished by ECD through secondeaglicatinduced side
chain cleavaggl4q.

The nonergodic premise in the Cornell mechanvgas later challenged by the
Utah-Washington mechanism which maintains that electron capture can occur directly at
a backbone amide sjtavith sufficient Coulomb stabilization. The subject of ECD
mechanisr(s) has beemxtensivelyreviewed 147, 148, and will not be discussed further
here. Despite its many advantagethe use of ECD has been limited because its
implementation is largely restricted to expensive FTICR instrum@ugitionally, ECD
is only applicable to multiply charged precursons, ard its dissociation efficiency is

relatively low.Finally, it is important to recognize th&lD andECD arecomplementary



55

methods, and thus it is desirable to combine the information obtained from both

whenevelpossible.
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Figure 2.13 The mechanismproposed at Cornelifor ECD of protonated peptide

adapted from referen¢é49.

2.3.1.3Electron-Transfer Dissociation (ETD)

ETD is anECD-like fragmentation method introduced by Hunt andrakers in
2004[149. Instead ofelying ondirect electron capturéhe ETD process originates via
electronstransferred fronmreagent aniorradicak to multiply charged analyte catians
ETD sharesmany featureswith ECD, including the extensive backbone cleavage,

production ofc- and z-type ions, andpreservation of labile PTM#\ major advantagef
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ETD over ECDis thatETD can be performenh low cost instrumerstsuch as LI'E and
QITs. Thus, ETD has quicklypeen widely implementeth proteomics researchiETD
appears to ba moe gentlefragmentationprocess than ECD, due i3 smaller energy
deposit andhe presence afollisional coolingin ion trap instrumentsandthus everthe

most labile PTMs such as sulfation can be preseiuedgETD.

2.3.2Sample Preparation Prior to Mass $ectrometry Analysis

In parallel with their developmentof better MS instrumentation anchovel
fragmentation techniques, researchegealsoexerteda great deal of effort toptimize
the protocols for sample preparation priorNts analysis. A poorly prepared sample not
only leads to failure of MS detection, lmanalsobedeleterious tdhe mass spectrometer
hardware. Whereas there is no univessahplepreparation strategy, the protosaieed
to be tailored case by case kh®m the sample typeand quantity experimerdl goals,
and the detection method. Successfulproteomic sample preparatiorarc be time
consuming andnayinvolve (but is not limited toXhe optimization oproteinextraction,
proteolysis, enrichment, sepaaatj and desalting. Generally speaking, the common goal
here is to efficiently reducthe sample complexity and remove impuritiedheit without

causing appreciable sample less

2.3.2.1Sample Enrichment
Successful MS analysis of targeted prateam the wholgroteome relies othe
efficient enrichmenof the proteilfs) of interest especially folow-abundanceproteins

Enrichment can be performexd either theprotein orthe peptide level. For examplée
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targeted protein can be affinity purifiedinga specific antibodyln order tdfacilitate the
purification, as well ago increase the abundanoéthe target proteirthe protein under
investigationcan be(ovenexpressed withaffinity tag(s) such aghe His-tag, Flagtag, or
GST-tag, so that itcan belater pulled down by corresponding resins. Meanwhile,
enrichmentat thepeptide level ioften usedor PTM studies A successful example is
phosphoproteomig¢svhere thetotal protein extract i®ften first digested into peptides

followed bythe enrichmenof phosphopeptides by immobilized metal chromatography

[150.

2.3.2.2Sample Desalting
Buffer saltsandother additives such as detergents are usually not compatible with
MS analysisand have to be removdéim the analyte solutigmsthese impurities can be
ionized so easily that their presence will significantly suppress the signal of analyte
molecules Additionally, additiveanalyte clusters may be formed, spreading the analyte
signalinto many peaks, whichhot only reduceshe intasities of individual signalbut
also complicatesspectralinterpretation.Commonly used desalting techniques include

dialysis, centrifugal filtrationandsolid-phase extraction (SPE)

2.3.2.3Sample Separation
The btal protein mixture extracted from biologicalsamplesis usually too
complex to be analyzed directly by MBhe MS instrument has a limited dynamic range
and lowabundanceproteins may not be efficientlyionized and will be difficult to

identify in a complex mass spectrum dominated by ions fniggh-abundance proteins.
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Additionally, there is a serious isswused by the overlap of ions withsimilar m/z
valuesin complex samplesReduction of thesample complexity is a demandirgyt
important task for successful proteomasalysesImprovedsemration beforehe MS
analysisowerstheinterference amonganalytesandincreases thamformation content in
the resulting mass spectia. the early daysof proteomics protein separation for MS
analysiswas mainly getbased.With this approach, netein mixtures aresubjectedto
eitheronedimensional separation BDSPAGE or two-dimensionapolyacrylamidegel
electrophoresis (2iPAGE) which separates proteins based bath their molecular
weightsandbr isoelectric pointsA gel spot containinghe protein of interest igxcised
and subjectedo a seriesof treatmens including reductive alkylation, proteolytic
digestion, peptide extraction, and desalting. The massi oésulting peptides can be
measured by MALDITOF MS. By combining the MS datase search result witie
protein isoelectric poinand molecular weightinformation from the2D-PAGE, the
protein sequence can be determined.-liasled protein separation is still widely used
today because iseparates proteins welg simple to performandcan easily remove
impurities[15]].

More recently,HPLC hasbecomeincreasinglywidely used HPLC isa type of
getlfree separation technique tightly linked to MBalysesA modern HPLC instrument
typically consists ofa sample injectora mobile phase (solvengradient systein a
stationary phaseugually densely packed column® degassersolvent pumps,a UV
detector, anda fraction collector.An analyte mixture is firg dissolved inthe mobile

phase and introduced into HPLC throughsample injector. The mobile phase is pushed
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by the pumps through the system, bringing the analytbdaanalyticalcolumn where
different components in the mixture can be separatedr Aftmponents elute from the
column, they areletected athe detector, recorded as peaks in a chromatodgtarting
analytes can be collected bg fraction collector for later analysis. The degass@iased

prior to the pump to remove apocketsin the mobile phase, leading to better
chromatographic baselines. Optimizationtleé HPLC conditiors is a delicate and time
consumingask In order to obtain a desirable chromatogram, several parameters need to
be optimized including the mobile phase composgi/pH/flow rate, the column
material/dimensions/temperaturdie sample concentration/solubilitgnd theinjection
volume.

The commonly used stationary phafar separation oproteinsand peptidesare
thereversed phas&P) materias, typically with alkyl chains (C4, C8, or C18) covalently
bonded taa silica resin. RFHPLC separates analgtbased on their hydrophobicity. The
mobile phase of RIPIPLC consists ofan aqueous solution (water) arah organic
modifier (e.g.acetonitrile, mtéhanol). The samplas initially loaded into the system with
a high percentage dhe aqueous solution. The analytean adsorb to the surface of the
stationary phase though hydrophobic interactiddition of theorganic modifier leads
to partition of the analytesdetweenthe mobile phase anthe stationary phase and the
analytes will elute fran the stationary phase into mobile phase waenitical organic
concentration is reached. The separation is achieved by gradually increasing the
concentration othe organic modifier: molecules with higher hydrophobicity bind to the

stationary phase more tightly, so thdtigher percentage of organic modifier is needed to
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elute them oytleading to a longer retentian the column. A major advantage of RP
HPLC is that its mobile phase is compatible wite ESI source, and by scaling down the
flow rate to nL/min level, RIHPLC, asa single phase or théast dimension of
multidimensional separatiofl5Z, can be coupledirectly to amass spectrometer
equipped with afeSI source. In addition, the column for onHH®LC analysisis usually
packed with smaller pacles (1.7 pum vsthe traditionally used5 pm), significantly
boostingthe separation speed with superior resolution and sensifi&§. Generally a
trapping column can be mounted before the analytical cotonemableonline desalting
and sample enrichmenthe couplingof HPLC to MS is the cornerstone for shotgun
proteomics, enabling globaroteomeanalysis in a single ruwhile generating a huge

amount of structuradata[157.



61

Chapter 3:  Direct Detection of S-Palmitoylation by Mass Spectrometry

3.1 Introduction

It is often desirable to perform MS analyeisproteinPTMs in their native form
as it does not requir@borious reactions, such as derivatization, metabolic labeling, or
click chemstry, and minimizes artifactdluring sample preparatioriThere are few
ambiguities the type of modificatios and theirlocationscan be determined with high
confidence by tandem MS analysiWhen coupledvith modern separation techniques,
very complex sampgecan be analyzed and both qualitative and quantitative information
can be obtained in a singggperiment However,direct PTM analysis caalsobea very
difficult task. The barriers for successfdetection of PTM may include its low
abundance®r ionization efficiency,nstability and potential loss durifdS and MS/MS
analysesVariousstrategieso overcome these barriers have been develapddare still
an active research aréko date MS-basedmethods haveeen extensively applied to the
studiesof many types of PTMs, including phosphorylatiphb4], acetylation[155,
deamidation[156], ubiquitination[157], among other$158 159. MS has becomean
increasingly powerful anéhdispensabldool for everyday PTM analysis in proteomic
studies

Direct detection ofS-palmitoylation by MS has also been repor{d®0-165.
This usually starts with the purification of the proteins of interest, followed by a classic
bottomup proteomic sample preparation involvinguetion,alkylation, tryptic digestion

either ingel or insolution, and sample cleanup. MS analysis, typically ugaiNtALDI -
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TOF or a MALDI-TOF/TOF instrumentcan then be performed for palmitoyl peptide
identification. This seemgly straightforward method has never becomeéely adopted
and no followup study with advanced instrumentation has been reported. Most
resarchersstill choose thelaborious ABE chemistry or metabolic labeling over this
simple approactecause of thdifficulties for direct palmitoyl detection.

Although the approach described above has stsmamesuccess othe discovery
of novel palmitoyléion sites in someproteins it is not always applicable to other
proteins especiallythosewith alow degree ofpalmitoylation. Quantificationcould also
be problematic, as completer partial palmitoyl loss may occur during sample
preparation, becausé the labile thioester linkage. In particular, controversy exists over
the stability of palmitoylation when dithiothreitol (DTT) is used as the reducing agent
[68, 165 166]. The effect of other experimentdictors, sucltasbuffer salts, temperature,
and the presence afetergentson the palmitoyl stabilityhas not been investigated.
Additionally, palmitoyl groups may be lost, through prompt or metastable fragmentation,
during tandenMS analysis, leading to uncertainty in palmitoylation site determination.
Finally, the large difference in the hydrophobicity of the palmitoylated and
unpalmitoylated peptides makes relative quantification a challenging task. All these
uncertainties andifficulties havegreatly impedd palmitoyl analysis and necessitate the

development o& universal protocol tailored fatirect detection o-palmitoylation.

In this section, wavill presenta comprehensive strategy for direct detectio-of
palmitoylation by MS The stability of palmitoylation in several palmitoyl peptide

standards under various experimental conditions was investigated in order to establish a
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sample preparation protocol that retains palmitoylation for MS analysis. Theiglotént
a derivatization strategy for relative quantification of palmitoyl peptides and their
unmodified counterparts was also explored. Lasthg fragmentation behavior of
palmitoyl peptides under several dissociation modes studied to evaluate their

applicability for characterization of palmitoyl peptides.

3.2 Experimental Section

3.2.1Materials

Cysteinecontaining synthetic peptide standards, PDFRIAFQELLCLR,
MGCVQCKDKEA, and ARAWCQVAQKF were acquired from AnaSpec (San Jose,
CA). Palmitoyl chloride, Tris(Zaboxyethyl)phosphine (TCEP), DTT, tetrahydrofuran
(THF), ammonium bicarbonate (ABC), ammonium acetate (AA), and
tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigiahach (St. Louis,
MO). Trifluoroacetic acid (TFA), formic acid (FA), iodoaeetide (IAM), and micro
BCA (bicinchoninic acid assay) protein assay kits were purchased from Pierce (Rockford,
IL, USA). N-[(3-perfluorooctyl)propyl] iodoacetamide (FIAM) was obtained from
Fluorous Technologies Inc. (Pittsburgh, PA). The MALDI mabkB was obtained
from Bruker Daltonics (Billerica, MA). Acetonitrile (ACN) and isopropanol (IPA) were

obtained from Burdick and Jackson (Muskegon, MI).

3.2.2Preparation of Palmitoyl Peptides

The palmitoylation reaction was performed as previously repdaéd with

some modi fications. Each peptide standard
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pal mi toyl chloride in 10 €L of 100% TFA
mixture was dried under a nitrogen flow. Purification of the products wasrpedoon

an Agilent 1200 series HPLC system (Agilent Technologies, Santa Clara, CA) using a
Vydac 214ms5215 column (C4, 5 pm, 300 A, 2.1 mm ID x 150 mm). Mobile phase A
consisted of 95:5 water/ACN with 0.1% TFA and mobile phase B consisted of 85:10:5
ACN/IPA/ wat er with 0.1% TFA. The sampl e was
palmitoylated peptides) or 40% B (doubly palmitoylated peptides), sonicated for 1 min,
centrifuged for 10 mirat 21,000 RCKrelative centrifugal force)The supernatant was

colleced and centrifuged for another 10 min before HPLC injection. A linear gradient of

(0]

S

301100% B (singly p al m0d0%oBy (daublye palmipwaed | d e s )

peptides) over 20 min was employed with a flow rate of 0.3 mL/min. UV detection was
performed at214 nm. The palmitoyl peptide fractions were collected, aliquoted, and
dried. The amount of palmitoyl peptide in each aliquot was determined by a micro BCA

protein assay kit. Aliquots were frozen-80 °C for later use.

3.2.3Stability Test of Palmitoyl Peptides
Aliquots of HPLGpurified palmitoyl peptides were incubated in 100 mM ABC
(pH 8.0), 50 mM Tris (pH 7.4), or 50 mM AA buffer (pH 4.0), with or without the
presence of DTT or TCEP in different concentrati@igjther37 °C or 55°C. At several

time points, a0 L al i quot was taken and dilAut ed

portonofdi | uted sampl-er Y9t 8l EiL2edvawi clo 0. 5 €L

50% ACN/0.1% TFA) on a steel MALDI target plate, and later analyzed therea

Reflex IV MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA) or an
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ultrafleXtreme MALDFTOF/TOF mass spectrometer (Bruker DaltonB#lerica, MA)
with 25~50% laser poweA typical MALDI-TOF mass spectrum was acquired by signal
averagiy over 4000 laser shots from a SmartbdbM Nd:YAG laser operating at 355
nm and a repetition rate of 2 kHzhe MALDI-TOF mass spectra were analyzed using

the FlexAnalysis 3.4 software.

3.2.4Preparation of IAM - and FIAM -labeled Peptides
Alkylation with IAM was performed accordingtohe manuf acturer 6s
FIAM-labeling was performed following the protocol as described previguég with
slight modifications. The peptide standard was first dissolved in 50 mM Tris buffer (pH
7.4) with 0.5 mM TCEP and kept at 37 °C for 30 min; the resulting solution was
incubated with equal amount of 10 mM FIAM dissolved iHFTat 37 °C for 30 min in
the dark. The mixture was dried under a nitrogen flow. Purification was performed using
a |linear gradient of 301100% B over 20 min
IAM - and FIAM-labeled peptides in each fraction wasedetined using a micro BCA

protein assay kit. Aliquots were frozen-80 °C for later use.

3.2.5HPLC Separation
The HPLC behavior of IAMIabeled, FIAMIabeled and palmitoyl peptides was
investigated on an Agilent 1200 series HPLC system using a Vydac 214ms3adm
with the solvent system as described above. The samples were introduced at 20% B and

analyzed with a |inear gradient of 2071100%
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Peaks were detected by the UV absorption at 214 nm, and fractions wectedodiad

analyzed by MALDITOF MS for identification.

3.2.6LC-MS Quantification

Quantification was achieved by EKIS on an LTQOrbitrap XL instrument
(Thermo Fisher Scientific, San Jose, CA) equipped with a nanoACQUITY UPLC
(Waters, Milford, MA) and a Trivers&Nanomate system (Advion Biosystems, Inc.,
Ithaca, NY). A nanoACQUITY BEH300 C4 column from Waters (1.7 um, 150 pum ID X
100 mm) was used for separation. Mobile phase A consisted of 95:5 water/ACN with
0.1% FA and mobile phase B consisted of 95:5 ACN/watén ®&.1% FA. Palmitoyl
peptides and FIAMabeled peptides were combined at different ratios and introduced at
40% B with a flow rate of 0.5 pL/min. The gradient was held at 40% B for 20 min,
followed by a ramp to 100% B over 30 min. It was then held a®al@for 5 min,
followed by a ramp to 40% B over 2 min, and was maintained at 40% B for 23 min for
column reequilibration. All mass spectra were acquired in the Orbitrap and analyzed by

the Xcalibur software.

3.2.7Tandem MS Analyses
Off-line tandem MS analysesere performed on a 1P solariX hybrid Qh
FTICR mass spectrometer (Bruker Daltonics, Bremen, Germany). hpBtified
palmitoyl peptides were dissolved in 50:50 water/ACN with 0.1% FA to a concentration
of 1 pmol/puL and directly infused into the mass sp@uoeter. Precursor ions of interest

were isolated by the fromnd quadrupole and fragmented by different dissociation



67

methods. CollisioAnduced dissociation (CID) was performed with the collision voltage
set to 7 to 20 V; electron capture dissociatio€[f was achieved with irradiation of
~1.5eV electrongrom an indirectly heated cathode disperise’50 ms; electron transfer
dissociation (ETD) was performed with a 4@ reagent accumulation and a 50 to-100
ms reaction time. A-f transient was acqed for each scan and each spectrum was the

result of summing 100 transients. Fluoranthene anions were used as the reagent for ETD.

Online LC-MS/MS analyses were performed on the LOgbitrap XL mass
spectrometer. Datdependent acquisition was performeddwitching between one MS
scan ( = 60,000 atm/z 400) and three MS/MS events £ 7,500). The three most
abundant ions with charge st am/zor@D,RBighwer e
energy CID (HCD), and ETD (with fluoranthene anions). The normalized collision
energy was set at 35% for CID, and 30% for HCD. ETD reaction time was set at 80 ms

with supplemental activation set at 15.

3.3 Results and Discussion

3.3.1Stability of Palmitoyl Peptides

Synthetic  peptides = PDFRIAFQELLCLR, = MGCVQCKDKEA, and
ARAWCQVAQKF were chosen as model systems because their sequences contain
palmitoylation motifs from proteins that are known to undergeivo palmitoylation:
beta2 adrenergic receptofl0q, tyrosineprotein kinase Fyn169, and glutamate
decarboxylase 4170, respectively The chosen sequences do not contain serine,

threonine, or tgosine residues, which are targets Ofpalmitoylation that could
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complicate the analysis. The vitro palmitoylation was performed in 100% TFA, under
which condition all basic groups, including theté&tminal amine and the side chains of

the lysine and rginine residues, were protonated and not palmitoylated. Tandem MS
analysis showed that palmitoylation occurred at the cysteine and tryptophan residues,
producing PDFRIAFQELLGanLR, MG CoamVQCraimKDKEA, and

ARAW painlCpanQVAQKF. The stability of palmitoylation in various buffers was
investigated by incubating HPLgurified palmitoyl peptides at 3 for 1 hr, 3 hr, 6 hr,

and 16 hr. The MALDITOF mass spectraFigure 3.} show that ér incubation of
MGCpamVQCpamKDKEA in the staadard tryptic digestion buffer (100 mM ABC, pH

8.0) at 37°C already led to significant palmitoyl loss, whereas all three palmitoyl
peptides were stable after overnight incubation in either the neutral buffer (50 mM Tris,
pH 7.4) or the acidic buffer (50 ivh AA, pH 4.0). Further investigation revealed that
even incubation in the pH 7.4 ABC buffer resulted in complete depalmitoylation within
16 hr, and this was attributed to the gradual pH increase o$dhgion containing the

ABC buffer (Figure 3.2), presnably because GOs more volatile than N Since most
proteases used in proteomics research attain their highest enzymatic activities at or near

physiological pH, Tris buffer was used in the following studies.
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Figure 3.1 Stability of the three palmitoyl peptide standards in 100 mM ABC buffer (pH

8.0), 50 mM Tris buffer (pH 7.4), and 50 mM AA buffer (pH 4.0) afG7
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Figure 3.2 Plot of the pHvalue of several buffer solutions measured at various time

points after preparation. All solutions were kept afG7

To test the effect of the reducing agents on the palmitoyl stability, palmitoyl
peptide standards were incubated in Tris buffer in the presence of DTT or TCERCat 37
or at 55°C for 30 min and 1 hr. The results are summarized in Figu8snd 3.4 which
show the relative abundances of the palmitoyl peptides and their depalmitoylated forms
as a function of the incubation time and temperature, with DTT @EPT DTT, a
reducing agent commonly used for reduction of disulfide bonds and other reversible
oxidaive modifications of cysteines, accelerated the depalmitoylation process for all
three peptides, but the other widelyed reducing reagent, TCEP, did not cause

appreciable loss of palmitoylation. Further, the depalmitoylation rate was significantly
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increased at higher temperature, as one would expect for any reaction with an activation

barrier.
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Figure 3.3 Stability of three palmitoyl peptides, as represented by the relative abundance

of the palmitoyl pepties and their various depalmitoylated forms after 30 min or 60 min

of incubation in Tris buffer (50 mM, pH 7.4) at 8C or at 55°C, in the presence or

absence of DTT or TCEP.
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Figure 3.4 Stability of the three palmitoyl peptide standards in the presence of 1 mM and

10 mM DTT/TECP in 50 mM Tris buffer (pH 7.4).

The mechanisms for disulfide bond reduction by DTT and by TCEP are illustrated
in Figure 3.5 For DTT, disulfide reduction proceée via sequential thieHisulfide
exchange reactions, where one of the two disulfide sulfur atoms is attacked by a thiolate
group of DTT, releasing one cysteine residue and creating a mixed disulfide species; the

subsequent nucleophilic attack by the revmg thiolate of DTT releases the other
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cysteine and forms cyclic oxidized DTT. Although thi$ulfide exchanges are
reversible, disulfide bond reduction by DTT is quite unidirectional, as the byproduct, the
oxidized DTT, is highly stable due to itsnéembered ring structure. DTT is reactive only

at pH >7 since the negatively charged thiolate is the only reactive form. Furthermore,
DTT must be used in at least-&fld molar excess to the disulfide bond to ensure
complete reductiofl71. However, thiolate is a strong nucleophile that can also attack
the carbonyl of the thioester linkage $palmitoylated peptides, resulting in disruption

of the palmitoylation, as observed here.

The reactive group on TCEP is the frelectron pair on the phosphine group,
which can attack the disulfide bond, releasing one cysteine and forming an intermediate
phosphorussulfur linkage. The subsequent nucleophilic attack to the positively charged
phosphorus by the oxygen of a water moleceleases the second cysteine, and forms a
phosphine oxide. This reaction is irreversible because of the formation of a strong
phosphorusxygen double bond in the oxidized TCEP74 and proceeds at nearly
stoichiometric ratio. TCEP is a potent reducing agent, and works under a broad pH range
since phosphine is a very weak base and retains its nucleophilic character even in acidic
solutions. In additin, phosphine does not react with a thioester, making TCEP an ideal

reducing agent for studyirfgpalmitoylation.
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3.3.2Analysis of Palmitoyl Peptides by RFHPLC

Several HPLC methods have been developed to analyze very hydrophobic
peptides[173 and peptides with lipid modificationNd74, 175. Due to their dramatic
difference in hydrophobicity, it is challemgy to analyze palmitoyl peptides and their
unmodified counterparts in a single HPLC run. While it is possible to analyze lipid
modified peptides on a C18 column, it requires the use of strong organic solvent systems.
For example, Gustafssan al.reportedthat SPC, a 35residue palmitoyl peptide, can be
separated on a C18 column by using 60~75% methanol/ethanol as the initial solvent
followed by elution with isopropandll75, under which conditions most unmodified
peptides cannot be retained. Meanwh@d, columns retain palmitoyl peptides through
weaker interactions, allowing separation and elution of palmitoyl peptides using mild
organic solvents such as acetonitrile. However, C4 columns are not suitable for analysis
of unmodified peptides which are wdly not retained.Figure 3.@& shows the
chromatogram of a mixture of the three palmitoyl peptide standards and their IAM
labeled counterparts, acquired on a C4 column with the gradient program shown in the
inset. Although all three palmitoyl peptidegemretained and well separatado of the
three IAM-labeled peptides flowed through with the initial solvent. One way to overcome
this difficulty is to increase the hydrophobicity of unmodified peptides through
derivatization. FIAM, with its structure showin Figure 37, is a cysteine alkylation
reagent with a hydrophobic perfluoroalkyl moiety, that our laboratory has demonstrated
to be useful for enrichment of native cystegsmntaining peptides and the RHPLC

analysis of the mixtures of these produstth their irreversibly modified analod468§.
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For the quantitative studies undertaken herein, we rationalizat this selective
hydrophobic FIAM labeling of the cysteine thiol group in the unmodified peptides would
allow them to be analyzed simultaneously with the palmitoyl peptides. RBdilreshows

the chromatogram of a mixture of the palmitoyl peptides armr thIAM-labeled
counterparts, acquired on a C4 column using the same gradient program as shown in
Figure 3.6a. All six peptides were retained on the C4 column in the initial phase, and

were well resolved by gradient elution with mild organic solvent.
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Figure 3.6 (a) Chromatogram of a mixture of three palmitoyl peptides and their IAM

labeled counterparts; (b) Chromatogram of a mixture of three palmitoyl peptides and their

FIAM-labeled counterparts.
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Figure 3.7 Chemical structure dfl-[(3-perfluorooctyl)propyl] iodoacetamide.

3.3.3Relative Quantification of Palmitoyl Peptides by OnLine LC-MS

Site-specific quantification of protein palmitoylation can dhieved by utilizing
either the ABE chemistry or metabolic labeling. However, these methods are not suitable
for relative quantification of palmitoyl peptides with respect to their unpalmitoylated
forms, as the unpalmitoylated peptides are usually natined under the HPLC
conditions employed. As demonstrated above, with FHabkling, all the cysteine
containing peptides, both with and without palmitoylation, can be analyzed in a single LC
run. Here, an oifine LC-MS study of palmitoyl and FIAMlerivatzed peptide mixtures
was performed on an LTQrbitrap XL mass spectrometer using arhouse built C4
column to explore the potential of using extracted ion chromatograms (EICs) for the

relative quantification of peptide palmitoylation.

Figure 38a showslte total ion chromatografTIC) of a mixture of palmitoyl and
FIAM-labeled peptide standards containing equal amounts of each peptide. The six
peptides were well separated from one another and eluted between 50% and 90% B. Note
that the differences in thpeak areas observed for these peptides likely results from
differences in their ionization efficiencies. H@S analyses were then performed on
mixtures of these peptides at seven different ratios (FIAM/palm = 10:1, 5:1, 2:1, 1:1, 1:2,

1:5, and 1:10). Theon abundance of each peptide was calculated as the sum of the
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chargestate normalized integrated peak areas of all observed charge states in their
respective EICs using the Xcalibur Quan browser. The calibration curve for relative
guantification was geneted by plotting the ratio of the calculated ion abundance as a
function of the ratio of the amount of peptides injected. As shown in FiguBlesl 3for

all three pairs of palmitoyl and FIAN&beled peptides, a satisfying linear correlation
exists betweerthese two ratios, thus establishing the validity of relative quantification
based on the integrated EIC peak areas of the palmitoyl and-BxMatized peptides.

It is important to note that all samples must be analyzed under the same LC conditions as
those used to generate the calibration curve. A change in the column, solvent system,
and/or gradient program would lead to changes in the solvent composition during elution

of peptides of interest, and consequently, their ionization efficiencies.
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Figure 3.8 Relative quantification by UPL®S analysis on an LT@rbitrap XL mass
spectrometer. (a) The total ion chromatogram of a mixture of palmitoyl and FIAM
labeled peptides; (b), (c), and (d) the relative gtfiaation calibration curves of the
DFRIAFQELLC-avLR  and  PDFRIAFQELLG..LR  peptide  pair, the
MGCramVQCramKDKEA and MGGamVQCoanKDKEA peptide pair, and the

RAWCE A QVAQKF and ARAW,.inCranQVAQKF peptide pair, respectively.

3.3.4Tandem MS Analysis ofPalmitoyl Peptides
Tandem mass spectrometry is a powerful tool for identification and localization of

PTMs, and has been applied to characterize-hpadiified peptide$l68 [176-178. In
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general, the thioether linkage is stable underém&rgy CID conditions, as illustrated by

the retention of the perfluoroalkyl group in most CID fragment ions from the FIAM
labeled peptidegl6§. Hoffman and Kast reported a CID study of peptides with various
lipid modifications, including N-myristoylation, farnesylation, and-palmitoylation

[176. Whereas\N-myristoylation was fairly stable under CIBpalmitoylation was labile

upon collisional activation, producing abundarit 238 ions as the result of the thioester
bond breakage either before or after the backbone amide cleavage. On the other hand,
labile modifications are often preserved under ECD, which is considereergodic and
directional towards the backbomeCy bond cleavage. Guan studied the CID and ECD
fragmentation behaviors of ghrelih77], a peptide wittO-acylation, and found that ECD
produced far more extensive backbone fragmentation withoutibgetthe ester bond,
while the estetinked octanoyl group was lost in many CID fragments. Kaczorowska

al. recently studied the CID and ECD fragmentation behavior&-dipalmitoylated
peptides, and found that both CID and ECD could provide structdoairiation on the
peptide sequence and the modificatji@i@g. However, in theS-dipalmitoylated peptides
reported in tht study, the palmitoyl groups were not directly attached to jisteime

thiol group, but were connectefth ester linkages to a glycerol, which was linked to the
cysteine via a thioether bond. Since the thioester linkage is more labile than the ester
linkage, we felt that it would be important to study the fragmemtabehaviors ofS-
acylated peptides under different dissociation conditions. A systematic investigation of
the fragmentation behaviors Sfpalmitoyl peptides was performed here with CID, ECD,

and ETD as the dissociation modes. Tandem mass spectra were acquired itieeoron
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the LTQ-Orbitrap instrument (CID, HCD, and ETD), or difie on the hybrid Q{+TICR
instrument (CID, ECD, and ETDRepresentative tandem mass spectra of the three
palmitoyl peptide standards and their corresponding cleavage maps are shogures

3.9, 3.11, and 3.12espectively.

For the triply charged peptide, PDFRIAFQEL LR, low-energy CID spectra
acquired on both instruments provided complete intesidue cleavage coverage,
generating abundabt andy-type ions, as well as a feavions Figure 3., b). Somey-
ions, labeled with an asterisi*), were also observed with loss of the palmitoyl group
(C16H300, 238.23 Da). In general* ions were in much lower abundance than norynal
ions, and should not have a significant impact on palmitoylation site determination.
Similar sequence coverage was obtained by HElGu(e 3.2). However, with its higher
energy input, HCD also resulted in increased palmitoyl losses from maions.
Nonetheless, the palmitoylation site could still be localized to the cysteine residue based
on the presence of a higibhundancey; ion with the palmitoyl group attachean(z

629.44) ad absence of any smaller palmitoyl grezgryingy-ions.

The ECD spectrumRjgure 3.9l) of the same precursor ion was characterized by
extensivec- and z ion series, providing complete inteFsidue cleavage coverage.
Surprisingly, ECD also produced manyons with loss of a palmitoyl group, labeled as
Z ions, some of which were in very high abundance. Considering that insignificant
palmitoyl loss was aterved in the CID spectra of this peptide, formation of tke&ms
was unlikely an ergodic process. It has been previously reported that the alpha carbon

radical formed upon Ny bond cleavage in ECD can initiate further backbone and/or



83

sidechain cleaages, with or without radical migratigh79-181]. Figure 3.1@uillustrates

a possible mechanism for ttee ion formation, in which the backbone alpharbon
radical abstracts a hydrogen from the alpha carbon of the palmitoyl group, and the
subsequent radicahduced alpha cleavage releases a tetradecylketegtds(O, 238.23),
leaving the radical on the sulfur atom of the cysteine residue. Palmitoyl loss here was
driven by the stability of the sulfteentered radical formed, whereas in the cas®-of
acylation, no acyl loss was observed because it would have redqo&eahfavorable
formation of an oxygeftentered radicdll77]. The ECD spectrum also contains another
series of ions, labeled & ions, which correspond te ions with partial loss of the
cystene sidechain (Q5H31008&, 271.21 Da). The® ions were likely formed as the result

of radical induced alpha cleavage following radical migration to the alpha carbon of the
cysteine residueF{gure 3.10@). Loss of the @g,H31COSA group was so energetically
favored, once the radical was formed at the alpha carbon of the cysteine residue, that
neither thezs nor thezs ion was observed in the ECD spectrum. Th€d\bond cleavage
N-terminal to the palmitoylated cysteine residue was always followed by the partial
cysteine side chain loss, leading to the formation of an abumgfaitn. Overall, we

found that ECD generated too many sitsnspecific side chain loss pghact ions as a

result of radical migration to be useful for palmitoylation site determination.

Similar to ECD, ETD of the triply charged PDFRIAFQEL}4LR precursor
also produced extensive- and z- ion series, with complete inteesidue cleavage
coverge. However, unlike ECD, no palmitoyl loss was observed in any of tbes

formed. Moreover, only one® ion was detected: &° ion. Note that thez® ion is
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essentially thevs ion, and its formation did not require radical migration. It appears that
radical migration was suppressed in ETD, either due to its lower energy input, or because
of radical stabilization by collisional cooling. The palmitoylation site could be
confidently assigned to the cysteine residue based on the mass difference betwgen the
andcy, ions. The absence of tlzgion and the presence of tiag ion provided additional

evidence for cysteine palmitoylation.
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Figure 3.9 Tandem MS spectra of PDFRIAFQELL&LR: (a) CID onsolariX, (b) CID
on Orbitrap, (c) HCD on Orbitrap, (d) ECD on solariX, and (e) ETD on solariX. *

indicates loss of (gH300 (238.23 Da); § indicates loss o_f_5631COSA(271.21 Da).
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Figure 3.10 Proposed mechanisms for formatiorzoéindz® ions in ECD.

The tandem MS fragmentation behavior of the doubly palmitoylated peptide,

MGCpamVQCpamKDKEA, was similar to that of the PDFRIAFQELLGLR peptide,
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but also showed some distinct differences. r Fahe triply charged
MGCpamVQCpamKDKEA precursor ion, lowenergy CID Figure 3.14&) produced only a
limited number ofb- andy- type ions, and the palmitoylation site at the second cysteine
residue could not be determined because no backbone cleavaikeatside of that
cysteine residue was observed. Although its HCD spectfigure 3.1b) was more
informative, and provided 100% cleavage coverage, most palrsiboyaining fragment
ions also underwent extensive palmitoyl loss during the fragmengatmess, including
some with loss of two palmitoyl groups,g.the yio ion, thus preventing reliable
palmitoylation site localization. For this peptide, unlike in the previous case, ECD
(Figure 3.1t) produced complete cleavage coverage with minimumipa}l loss. Note
that the PDFRIAFQELLGanlR peptide contains polar residues (D, E, and R) near both
termini, allowing it to adopt a folded gghase conformation, in which the palmitoyl
cysteine residue was close to several potential backbone cleatesydUgion the PCy
bond cleavage by ECD, the radical could migrate from the initiap@3ition to the
spatially adjacent palmitoydysteine residue even if it was distant in sequence, initiating
further side chain losses and formatiorzbéindz ions. Sich spatial proximity may not

be present in the MG&imVQC,anKDKEA peptide, because all of its polar residues (K,
D, and E) were located on one side of the palmitggkeine residues, and the two bulky
hydrophobic palmitoytysteine side chains furthergvented formation of a compact
structure. Consequently, radical migration was not prevalent here, resulting in only two
low-abundancez;® and zs® ions. As in the previous case,ions with an Nterminal

cysteinezs and zg, were not observednstead, clavages Nierminal to the two cysteine
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residues led to the formation of tlag€ (ws) andz® (we) ions, which could be used to
confirm the two cysteine palmitoylation sites. The ETD spectrum of
MGCpamVQCpamKDKEA (Figure 3.1%) was very similar to its ECD spectrum,
containinga complete series of -8y bond cleavages, with no palmitoyl loss. Partial
cysteine side chain loss was only observed Zaons with an Nterminal cysteine.
Interestingly, twoc ions with partial cysteineide chain lossgs® and ci®, were also
observed. A ions are even electron species, radical migration was unlikely to play a
role here. Since boths® and ci¢® ions were singly charged ions produced from triply
charged precursor ions with all threetgrtial protonation sites residing within the first
nine residues, these two ions were likely formed as a result of two electron transfer
processes, with one accounting for the cysteine side chain loss, and the other leading to

the backbone MNCybond cleaage.
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Figure 3.11 Tandem MS spectra of MGGV QCranKDKEA: (a) CID on Orbitrap, (b)
HCD on Orbitrap, (c) ECD on solariX, (d) ETD on Orbitrap. * indicates loss,;gfl4gO

(238.23 Da); § indicates loss oi5e3lcos&(271.21 Da).

The general features of the tandem mass speEtguré 3.12 of the triply
charged peptide, ARAWNCpamQVAQKF, resemble those of the other two peptides.
Abundant palmitoyl losses were observed in its-Evergy CID Figure 3.12) and HCD
spectra (Figure S3b). For ECFigure 3.12), in addition to the palmitoyl loss and
cysteine side chain loss, abundant tryptophan side chain loss remote from the ECD
cleavage site was observed, in agreement with findings from a previous] k3@y.
Again, the ETD spectrumF{gure 3.12) was the most informative with minimal
secondary side chain losses, except for the characteristic cysteine sideoshanhthe

cysteine cleavage site.
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Figure 3.12 Tandem MS spectra of ARAWC,anQVAQKF: (a) CID on Orbitrap, (b)
HCD on Orbitrap, (c) ECD on solariX, (d) ETD on Orbitrap. * indicates loss;gfl4gO
(238.23 Da); § indicates loss of 1485,COS" (271.21 Da); # indicates loss of

C15H31CONGHs (354.28 Da).

3.4 Conclusion

S-palmitoylation is a labile modification both in solution and in the gas phase. In
order to minimize palmitoyl loss during proteomic sample preparation, it is recommended
that palmitoyl (and other acylated) proteins and peptides be processed underameutral
slightly acidic conditions and at room temperature. Use of DTT should be avoided;
instead, TCEP is the preferred disulfide reducing agent for palmitoyl protein analysis.
The drastic difference in hydrophobicity between palmitoyl peptides and their
unpamitoylated forms can be reduced by derivatization of free cysteine residues with a

perfluoroalkyl tag, enabling relative quantification of palmitoylation byM6S. CID of
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Spalmitoylated peptides can lead to facile loss of palmitoyl groups, whereas ECD can
result in extensive radical migration and secondary side chain loss driven by the
formation of stable sulfucentered radicals. ETD appeared to be the best fragmentation

method for tandem MS analysis of palmitoyl peptides because it produced extensive
badkbone fragmentation with minimum palmitoyl loss. In summary, this study presents a

comprehensive strategy, including sample preparatioAMISCand tandem MS analysis,

for direct detection and quantification $palmitoyl peptides.
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Chapter 4: S to N-Palmitoyl Tran sfer during Proteomic Sample Preparation

4.1 Introduction

BesidesS-palmitoylation, dess common formi\-palmitoylation, has also been reported,
and this involves palmitoyl attachment to the lysine side cfhrs, 183185 or the
protein Nterminus[186-19(. Unlike S-palmitoylation, N-palmitoylaton is irreversible
and not regulated. The biological functionsNepalmitoylation are not well understood,
but are believed to derive primarily from its interaction with lipid bilayers. Olsen and
Andersen suggested that palmitoylation at the lysiney(osine/threonine) residue of the

R peptide of the Moloney murine leukemia virus could play a role in controlling the
conformational change of the p15E transmembrane protein and regulating the viral
budding proces$183. Hackettet al. reported thatdenylyl cyclase toxin, a virulence
factor responsible for forming hemolytibannels and catalyzing the conversion of ATP
to 3',5'cyclic AMP in host cells, underwent palmitoylation at lysine 983 in the-tyjbe
Bordetella pertussis stain. In contrast, the cgaficient mutant strain lacking the
acyltransferase showed no toxinh@molytic activity, signifying the importance of lysine
palmitoylation for membrane insertion and delivery of the catalytic dofd&#j. In vivo
N-terminal palmitoylation was first detected in human sonic hedgehog (Bl&&), an
extracellular signaling protein that is a key regulator for cell proliferation and
differentiation during embryonic developmgn91]. For Shh, palmitoylation on its-N
terminal cysteine is required for its normal distributemmd for inducing cell signaling
[187, 188. Another secreted ligand, Spitz, was also found to undergerminal

palmitoylation, and this could restriits diffusion to allow proper local signalirid89.
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Recently, Kleusgtal.r e por t eds tbhwrti tt hef Ut he hetdésr ot ri m
palmitoylated on its Merminal glycine (GIg) [19(, in addition to its welknown S
palmitoylation site at Cys308§. Gly2-palmitoylation appeared to lead to more efficient
stimulation of particulate adenylyl cyclases, and this was attributed to its preferential
membrane localization. Localization of the palmitoylation site to Gly2 was confirmed by

the observation of a palmitoylatdg ion in the CID spectrum of the tryptic pape

*GpaimCiam LGNSK®,

The mechanism foN-palmitoylation is still under debate. It was originally
suggested that {fierminal palmitoylation of Shh is a twsiep process involving
intramolecularSY N palmitoyl transfer after the initial palmitoyl attachment to the
cysteine sulfhydryl groud186. Consistent with this, Glypalmitoylation was not
observed in the Cys3 mutardsf  t hpeotei Uater, however, Buglinet al. showed
that hedgehog acyltransferase (Hhat) could directly catalyze palmitoyl attachment to the
N-terminal amino group of Shh without a thioester intermedis®@)]. Interestingly, the
three proteins with NMerminal palmitglation reported to date all contain a cysteine
residue either at the-derminus (Shh, and Spitz), or next to the N r mi nJulsis ( GU
unclear whether such proximity of a cysteine residue to therminus is a required
motif for the acyltransferase adty, or the evolutionary result to facilitate intramolecular

palmitoyl transfer.

Although no explicit studies o8Y N palmitoyl migration in peptides have been
reported to dateSY N acyl transfer in small model systems has been extensively studied

[193196¢]. For the series C¥£OS(CH)NHs", at pH < 7, acetyl transfer from sulfur to
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nitrogen was observed wher= 2 or 3, but not fon O [493. SY N acyl transfer has
also been utilized in protein synthesis by native chemical ligation (NC2J. NCL
works effectively when the @&rminal peptide segment of the protein contains a cysteine
residue at its Nerminus, thus enabling intramolecular transacylation via an entropically
favoredfive-membered ring intermediaf@9§. Similarly, rapidOY N acyl transfer was
observed only when the esterified serine residue was present até¢hmiNus[199. The

rate of transacylation increes with increasing pH. At pBl intramolecular acyl transfer
via larger ring intermediates could also take p[d@S|. As protein characterization often
involves sample processing in neutral or slightly basic solutions, it is important to
investigate whetheBY N palmitoyl migration could occur during sample preparation,
even when the cysteine residue is not at tierisinus, and whether this would lead to

erroneous reporting af vivo N-palmitoylation.

In this study, an analogue of thet&fminal tryptic peptid f r om t hge pr ot e
GCLGNAK, was chosen as the model system to test the palmitoyl migration hypothesis.
The seriné residue was replaced by an alanine residue to avoid potential interference

from O-palmitoylation.

4.2 Experimental Section

4.2.1Materials
Syntheic peptide GCLGNAK was acquired from AnaSpec (San Jose, CA).
Palmitoyl chloride, DTT, and ABC were purchased from Sigktgrich (St. Louis, MO).

TFA, FA, and IAM were purchased from Pierce (Rockford, IL, USA). Rapit3ests
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obtained from Waters (MilfordMA). DHB was obtained from Bruker Daltonics
(Billerica, MA). ACN and IPA were obtained from Burdick and Jackson (Muskegon,

MI).

4.2.2SamplePreparation

Palmitoyl peptide standard G&LGNAK was produced by incubating
GCLGNAK with excess palmitoyl chloride inTFA, followed by C4RP-HPLC
purification on an Agilent 1200 series HPLC system (Agilent Technologies, Santa Clara,
CA) as described previous]20Q. The incubation typically took place in either 100 mM
ABC buffer (pH 8.0) or 50 mM Tris (pH 7.4) at 37 °C for Bwith or without 0.1%
RapiGest". The resultant peptides were diluted;arpstallized withDHB, and analyzed
on an ultrafleXtreme MALDITOF/TOF instrument (Bruker Daltonics, Billerica, MAA.
typical MALDI-TOF mass spectrum was acquired by signal averaging over 4000 laser
shots from a Smartbeath™ Nd:YAG laser operating at 355 nm and a reftirate of
2 kHz. Alternatively, the resultant peptides were desalted by POROS R1 50 and

subjecedto LC-MS/MS analysis.

4.2.3Mass Spectrometry Analysis
Online HPLGMS/MS was performed on an LFQrbitrap XL instrument
(Thermo Fisher Scientific, San Jose, CAuipped with a nanoAcquity UPLC (Waters,
Milford, MA) mounted with a BEH300 C4 column (150 pm ID x 10 mm, 1.7 pm,
Waters). Mobile phase A consisted of 5:95 ACN/water with 0.1% FA and mobile phase

B consisted of 95:5 ACN/water with 0.1% FA. Samples werdddao C4UPLC with
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equal amount at 20% B at a flow rate of 0.5 pL/min. The gradient was held at 20% B for
15 min, followed by a ramp to 100% B over 40 min and then held at 100% B for 5 min. It
was then ramped to 20% B over 2 min, and held at 20% B foni@5or column re
equilibration. Data dependent acquisition was performed by switching between the MS
scan ( = 60,000) and MS/MS events £ 30,000) with an inclusion list of peptides of
interest. The isolation window was *8/z The normalized collisioenergy was set at

35% for CID. ETD reaction time was set at 80 ms with supplemental activation set at 15.

4.2.4UV Monitoring of S-Palmitoyl Peptides
The kinetics of d&S-palmitoylation due to thioester hydrolysis & N palmitoyl
migration was studied by monitoring the UV absorption of the thioester functional group
at > = 230 nm, me a s ur e-Vis dpgctrophotomAter i(Agikemt t Car
Technologies, Santa Clara, CA). The WA absorption of the palmitoyl pepéd
standard GgamLGNAK was monitored for 3 hr following its incubation in 50 mM Tris

(pH 7.4) buffer with or without the presence of 0.1% Rapilest 37°C.

4 .3 Results and Discussion

4.3.1Preparation of the SPalmitoyl Peptide Standard GGamLGNAK
Reliable invesgation of theSY N palmitoyl migration requires the use of a pure
Spalmitoyl peptide standardn vitro palmitoylation with palmitoyl chloride in TFA
should produce onl§ and O-palmitoylation, but noiN-palmitoylation, since the amino
and guanidino grqas would be protonated in an acidic solution and lose their

nucleophilic property. Incubation of the peptide standard, GCLGNAK, with palmitoyl



101

chloride in TFA produced a singly palmitoylated peptide, (GCLGNAK)as evidenced

by the 238.28a mass shift in its MALDITOF mass spectrum (Figuré.la, b).
HA/IAM treatment of the HPLcpurified peptide (GCLGNAK)m led to complete
palmitoyl loss (Figurel.1lc), suggesting that all palmitoyl peptides existed in the fafrm
GGamLGNAK, where the palmitoyl group was connected to the cysteine residue via a
thioester linkage, as HA should selectively rem8ymalmitoylation[68, 201] but notN-

palmitoylation[207.

(a) _, [GCLGNAK+HJ*

—~

[GCowrsLGNAK+H]*
0
L1 L
(b) E P [GCLGNAK+palm+H]*
—>238.23<
L
(c) - [GCwLGNAK+Na]*
[GCLGNAK+H]*|
\ no observation of
| 7 [GCuAmLGNAK+paIm+H]+
e
t T l l T T/ T T T T 1
600 800 1000 1200 1400 m/z

Figure 4.1 MALDI -TOF mass spectra of the peptide standard, GCLGNAK, (a) before
and (b) after reaction with palmitoyl chloride 100% TFA. (c) The MALDITOF mass

spectrum of sample (b) after subsequent incubation with 500 mM HA/25 mM IAM.
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4.3.2Intermolecular Palmitoyl Migration
After a 3hr incubation at 37 °C in either 100 mM ABC buffer (pH 8.0) or 50 mM
Tris buffer (pH 7.4), GeanlGNAK gave rise to a mixture of peptides, containing zero,
one, or two palmitoyl groups, respectively (Figut). The presence of a doubly
palmitoylated peptide is indicative of the occurrenceirofvitro palmitoyl transfer

between two palmitoyl peptides.

(a) [GCLGNAK+palm+Na]*
AN
[GCLGNAK+palm+H]* < [GCLGNAK+2palm+H]*
[GCLGNAK+2palm+Na]*
[GCLGNAK+H]* A [GCLGNAK+3palm+Na]*

A |
| [ GCLGNAK
+H

o
l GCLGNAK
L L

L

(b) [GCLGNAK+palm+H]*
N\\ 7 [GCLGNAK+palm+Na]*

[GCLGNAK+H]*
[GCLGNAK+2palm+H]*

T [GCLGNAK+Na]*
7 [GCLGNAK+2palm+Na]*

~u/ L Ili;

600 800 1000 1200 1400  m~z

Figure 4.2 MALDI -TOF mass spectra of the palmitoyl peptide standarga@GNAK,
after incubation in (a) 50 mM ABC buffer (pH 8.0) or (b) 50 mM Tris (pH 7.4) at 37°C

for 3hr.

In neutral or slightly basic solutions, hydrolysis $palmitoyl peptides should
produce primarily palmitate ions (pKa of palmitic acid is 4.78) which are not reactive

towards amino groups. Thus, intermoleci®#rN palmitoyl transfer must have occurred
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directly between two palmitoyl peptides without palmitoyl release into the solution, and
this would require that the palmitoyl group on one peptide be in the vicinity of the amino
group on the other peptide. In support of this hypothesisha incubation of the
peptides GEamLGNAK and GGav LGNAK in the 100 mM ABC buffer at 37 °C led to
intermolecular palmitoyl transfer only between two palmitoyl peptides, but not from a
palmitoyl peptide to an IAMabeled peptide, as no (G&LGNAK)pam peptide was
obseved (Figure4.3). This preference may be attributed to the aggregation of palmitoyl
peptides in aqueous solutions because of the hydrophobic interaction between their
palmitoyl groups. Such interaction was lacking between an-l&id¢led peptide and a

palmitoyl peptide.

(a) [GC|AMLGNAK+H]+

7

7 [BCpamL GNAK+H]*

N

(b) ? [GCiamLGNAK+H]* no observation of
< [GC,amnLGNAK+palm+H]*
) [GCLGNAK+palm+H]*
3] 0 [GCLGNAK+2palm+H]*
8 [/?
LN X |
[ | I [N | ] I | I I |
600 800 1000 1200 1400 m/z

Figure 4.3 MALDI-TOF mass spectra of a mixture of GCpalmLGNAK and
GCauLGNAK (a) before and (b) after incubation in ABC buffer (pH 8.0) at 37%C3fo

hr.
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4.3.3The Effect of Detergent onPalmitoyl Migration

If the intermoleculaBY N palmitoyl migration was facilitated by the aggregation
of palmitoyl peptides, it could be suppressed by disrupting their hydrophobic interaction.
To test this hypothesis, G§LGNAK was incubated in eithefO0 mM ABC buffer (pH
8.0) or 50 mM Tris buffer (pH 7.4) with 0.1% RapiG&s(structure shown in Figure
44), an MScompatible detergent commonly used to solubilize proteins and to prevent
protein/peptide aggregation. The MALDhassspectrum remained largely unchanged
after 3 hr of incubation at 37 °C, although a very low level of doubly palmitoylated
peptide was observed (Figu#e5). Therefore, it seems that RapiG¥ssignificantly

reduced the intermolecular palmitoyl transfer.

/—(\o _(CHy);—SO3Na

O @)

CH?,(Cl'|.2)10><

Figure 4.4 The chemical structure of RapiGESt
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(a) [GCLGNAK+palm+H]*

\ [GCLGNAK+palm+Na]*
‘ [GCLGNAK+2palm+H]*
N [GCLGNAK+2palm+Na]*

/

(b) [GCLGNAK+palm+Na]*
[GCLGNAK+palm+H]* 7

N

[GCLGNAK+2palm+Na]*

|
600 800 1000 1200 1400 m/z

Figure 4.5 MALDI -TOF mass spectra of the palmitoyl peptide standargdaGGNAK,
after incubation in (a) 5M ABC buffer (pH 8.0) /0.1% RapiGé&t or in (b) 50 mM

Tris buffer (pH 7.4)0.1% RapiGest at 37°C forl8.

Though the MALDITOF MS analysis provided solid evidence for the occurance
of intermoleculampalmitoyl migration, it was unable to determine wiegtthe palmitoyl
group was transferred to the peptideddminus or the lysine side chain. Neither did it
suggest whether intramolecular migration took place since it is not possible to
differentiateamongthe three palmitoyl peptides, GgLGNAK, GpanCLGNAK, and
GCLGNAKpambased only on theim/zvalues. LEMS/MS analysis was then performed
in order to distinguish and determine the relative abundasfcarious palmitoyl peptide
isomers, since separation of isomeric palmitoyl peptides by reversed phase HPLC has
been previously reportdd 99, and tandem MS analysis would provide information for

palmitoyl localization. All samples were analyzed by orlgveUPLC-MS/MS analysis
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on an LTQOrbitrap XL instrument with equal sample loading amounts. Fig@end

4.7 show the base peak chromatogram (BPC) and the extracted ion chromatograms
(EICs) of various forms of peptides identified after-ardncubation of GGanl GNAK

in 50 mM Tris (pH 7.4) without and with 0.1% RapiG¥&stThe palmitoylation sites on
various peptides were determined based on their tandem mass spectra4 Egjuaad

will be discussed later. Note that the depalmitoylated peptide, GCLGNAK, observed in
the MALDI-TOF massspectra was not detected by IMS/MS, becausdt was very
hydrophilic and had been removed during the desalting step. EIC of
[GCLGNAK+palm+2HF* (m/z 450.7830) contains a single peak (Figudedb, 4.7b),

and it is assigned as G&LGNAK base on the similarity of its retention time (RT =
40.8 min) and fragmentation pattern to those of thgaAGSNAK standard (Figure
4.13a). Meanwhile, EIC of [GCLGNAK+2palm+2H] (m/z 569.8978) (Figurest.6c,

4.7c) contains two peaks with baseliseparation and these two isomers are later
identified as GGamL GNAK paim (RT = 51.9 min) and ganCpamLGNAK (RT = 53.2 min)
(Figures 4.6¢c, 4.12ab). Another pair of isomeric peptidesfz 899.5509) were also
observed in very low abundance, and they cpoed to the disulfiddbonded home
dimer of GCLGNAKyam (RT = 47.25 min) and of GnCLGNAK (RT = 47.76 min)

(Figures4.6d,4.7d). These dimers were not observed in the MAIDIF mass spectra.
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Figure 4.6 (a) The base peak chromatogram of GEL.GNAK after incubation in 50
mM Tris buffer (pH 7.4) at 37°C for 8r; (b-d) the EICs of various modified forms of
GCLGNAK. Palmitoyl localization was achieved by tandem MS analysis, as illustrated

in Figure4.16.
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Figure 4.7 (a) The base peak chromatogram of GEL.GNAK after incubation in 50
mM Tris buffer (pH 7.4) with 0.1% RapiGé¥tat 37°C for 3hr; (b-d) the EICs of
various modified forms of GCLGNAK. Palmitoyl localization was achieved by tandem

MS analysis, as illustrated in Figu4el6.

We further evaluated the effect of RapiG¥son SY N palmitoyl migration by
comparing the relative abundasa# the various peptideshatresulted from incubation
of GGarlGNAK in the Tris and TrisRapiGest" buffers from the LEMS/MS data.
The absolute ion abundance of each peptide was measured as the sum of thetatiearge
normalized integrated peak areasatif observed charge states in their respective EICs
and is presented in a bar graph (Figu4e3). Each data set was derived frdive

experimental repeats with the same loading amount. The average ion abundance of each
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peptide and its relative ratio beterethe two incubation conditiomsepresented in Table
41. Addition of RapiGest' led to a significant decrease in the level of
GGCoamLGNAK pam and GanCpamLGNAK, and an increase in the level of disulfide
bonded homalimers, especially the fa\CLGNAK dimer. This is understandabks the
hydrophobic palmitoyl group can be effectively solvated by the Rapitsesitelle, and

this should inhibit intermolecular palmitoyl migration and may facilitate intramolecular
palmitoyl migration. If so, the NMerminalamino group should be the preferred target site
for intramolecular palmitoyl migration due to its proximity to the cysteine residue, which
explains the preference for the formation of thg{&LGNAK dimer. It is, however, not
possible to determine thempentage of the GGl GNAK peptides that underwent inter

or intramolecular palmitoyl migration based on the-M5/MS result, since the resultant
peptides have different ionization efficiencies.

The thioester group has a very strong UV absorption ah@B@ith an extinction
coefficient (§ of 4300 M* cm'* compared to that of the amide grolip=(122 M* cm' %)
[195. Thus, the change in th&palmitoyl content ¢ under various incubation
conditions can be studied by monitoring the UV absorbafrat(230 nm, according to
the LamberBeer law:A = U ¢, WhereL is the light path length. Figu#9a shows that
the UV absorbance of G&LGNAK was reduced by nearly half when incubated in 50
mM Tris buffer (pH 7.4for 3 hr, indicating a significant loss &palmitoylation. This is
in stark contrast to the previous observation that $hmalmitoyl group in several
palmitoyl peptide standds was stable in neutral Tris buffétowever the S-palmitoyl

loss in GGamLGNAK can be greatly slowed by addition of RapiG€db the incubation
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buffer, by an estimate of 510 fold (Figudb). Meanwhile, the LEMS/MS result
showed that addition of RéGest™ led to an abundance decrease of the two doubly
palmitoylated peptides, GGmLGNAKpam and GanCpamlGNAK, presumably the
intermolecular palmitoyl migration products, by only-28d and 5fold, respectively
(Table 1). Thus, the thioester decaythe Trisonly buffer should mainly result from the

thioester hydrolysis rather than from the intermolecular palmitoyl migration.

Table 4.1 Theaverage ion abundarsef the peptidesesulting fromincubation in Tris

and TrisRapiGest" and their relative ratios.

Peptide Sequence Average lon Abundance Abundance Ratio
Tris Tris-RapiGest” Tris /Tris-
RapiGest"
GCramLGNAK 916255313 10680552362 0.09
GGCraimLGNAK paim 52499259 1875914 27.99
GpaimCpam-GNAK 339175845 68210171 4.97
GCLGNAKpam (dimer) 229817 519292 0.44

GpamCLGNAK (dimer) 349611 3655364 0.10
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Figure 4.8 Comparison of the ion abundas@d GC,anl GNAK -derived peptides after a
3-hr incubation in 50 mM Tris (pH 7.4) ithe absence or presence of 0.1% Rapi®est

Unpaired t test, standard deviation, n =5, * p < 0.05, ** p < 0.01.
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Figure 4.9 The decay of UV absorbance at 230 nm of, ieCGNAK in 50 mM Tris (pH

7.4)buffer without (a) and with (b) 0.1% RapiGESbver a 3hr incubation.

4.3.4RapiGest™: an S-palmitoyl Stabilizer in Aqueous Solution
The stabilizing effect of RapiGé&t upon Spalmitoylation was further
investigated by incubating the three previousglydied palmitoyl peptide standards in the

presence of DTT. All three palmitoyl peptides underwent severe palmitoyl loss when
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DTT was added to the neutral Tris buffer, whereas addition of RapiGeseatly
decelerated the DFihduced depalmitoylation press in all cases as shown in Figure
4.10. We suggest that the hydrophobic alkyl chain of the palmitoyl group can either insert
into the RapiGe&Y' micelle or aggregate with the RapiG&tmolecules, and such
interaction would shield the thioester groupnfradhe nucleophilic attack by water or

DTT, thus stabilizing th& palmitoylation. (Figuret.11)

PDFRIAFQELLCpamLR MGCpaimVQCpamKDKEA ARAWpaimCpaimQVAQKF

100% 100% 100%
80% 80% 80%
60% @0 palm 60% 00 palm 0% @1 palm
@1 palm 21 palm W2 palm
o
0% 40% H2palm 40%
20% 20% 20%

0% 0% 0%
Tris DTT DTI/RG Tris DTT DTT/RG Tris DTT DTURG

Figure 4.10 Stability of the three palmitoyl peptide standards, as represented by the
relative abundanseof the palmitoyl peptides and their various depalmitoylated forms
after xhr incubation in 50 mM Tris (pH 7.4), 50 mM Tris/10 mM DTT, and 50 mM

Tris/0.1% RapiGest'/10 mM DTT. All experiments were performed at 37 °C.
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palmitoyl peptide

palmitoyl peptide @

Figure 4.11 Proposed mechanism for the stabilization of the thioester group by

RapiGest".

4.3.5Tandem MS Analysis of Palmitoyl Peptide Isomers
In proteomic studies, tandem MS is often used for characterization of R3iMs,
which successfl PTM localization requires PTM retention at its original site. For labile
PTMs, such as sulfation ar@-glycosylation, CID can lead to facile sidhain group

loss, thus preventing accurate PTM localization. Additionally, PTM relocation has been
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observedduring CID of phosphotyrosireontaining peptide monoaniof203, although
another study suggested that such relocation of the phosphate group was minimal during

CID of both tryptic and LysN generated peptide catiofz04].

Here, we first investigated the EKZS/MS behaviors of three singly palmitoylated
peptide isomers [GCLGNAK+palm]. The EIC of thiepalmitoyl peptide standard
GGamLGNAK contained a single peak (Figufel2a), with the doubly charged ioas
the dominant species in its mass spectrum (Figur2c). Incubation in 100 mM ABC
(pH 8.0) followed by DTT treatment produced three peaks in the EIC for the singly
palmitoylated species (Figul2b). The isomer with the shortest retention time was
identified as GEamLGNAK based on its similar retention time, ionization pattern and
CID/ETD spectra as th&-palmitoyl peptide standard (Figurdd3a,4.14a). The isomer
with the intermediate retention time was assigned as GCLGMNAKased on the
obsenation of a series of palmitoylatedz ions in its CID/ETD spectra (Figur&sl3b,
4.14b). The isomer with the longest retention time was assigneg.@SGGNAK based
on the presence of a series of palmitoylabéd ions (Figures4.13c, 4.14c) in its
CID/ETD spectra. Noticeably, GCLGNAKm and GanCLGNAK produced doubly
charged precursor ions in much lower abundance thgafEGNAK (Figure 4.12c), as
expected when one of the two favored protonation sites was occupied by the transferred

palmitoyl group.
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(a) GCpamLGNAK
(b) GCLGNAK,.m
GpamCLGNAK
GCpamLGNAK
(C) GCpaimL GNAK GCLGNAK i GpaimCLGNAK
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Figure 4.12 Integrated EICs of the singly palmitoylated species [GCLGNAK+palm]
obtained from the L@JS analysis of theS-palmitoyl peptide standard G&rlGNAK

(a) before and (b) after at8 incubationin 100 mM ABC (pH 8.0) buffer at 37°C
followed by DTT reduction. (c) MS spectra of the three [GCLGNAK+palm] isomers.
Note that each integrated EIC represents the sum of the sm{@y#5%0.78) and doubly

(m/z900.56) charged species of [GCLGNAK+palm].
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As expected, the CID spectrum of th&palmitoyl peptide standard
GGamLGNAK (Figure 4.13a) was characterized by a series of palmitoylatess (-
bs) and y ions without palmitoylatiory, y», y4, andys). Surprisingly, a palmitoylated,
a palmitoylatedo;, and an unpalmitoylategs ion were also observed in relatively high
abundance, although they were supposed to be the diagnostic ions for palmitoylation at
the Nterminus. The presence of these ions suggests the occurrence of palmitoyl
migration from the cysteine residue to the peptideeishinus during the CID process.
For peptide ions, the formation bf andy- ions during CID is usually initiated by the
proton migration from a charged basic siggg(the amino group at the-iérminus) to an
amide group along the peptide backbone. Protonation at a backbone amide not only
weakens the amide bond, but also increases the electrophilicity of the amide carbon,
which is subsequently attacked by the oxygen from #tershinal neighboring caonyl
group followed by chemical rearrangement to produce an oxazddolwa and its
complementary ion (Figure4.15a). Theb; ion cannot be produced via the oxazolone
pathwayin the absencef carbonyloxygen on the Nerminal side of the first amide
group along the peptide backbone. For the peptidg.fAGNAK, however, the carbonyl
group of the cysteine thioester may be nucleophilically attacked by tterniihal
nitrogen during CID, leading to the transfer of the palmitoyl group from the cysteine thiol
to the amine at the férminus. After migration, the carbonyl oxygen from the palmitoyl
group can attack the-Mrminal amide carbon to produce a palmitoyldtedbn and its
complementary unpalmitoylategs ion (Figure 4.15b). Because of the palmitoyl

migration, CID of GGamLGNAK generated the samie- and y-ion series as that of
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GpanCLGNAK, but with different ion abundances. A major difference between the CID
spectra of these two peptides is the presence of a [M -+ 238.23[ ion in the
GGoamLGNAK spectrum but not in that of faCLGNAK. The 238.23 Da loss from the
precursor ion corresponds to the loss of a palmitoyl grougHggO), which is diagnostic

to Spalmitoyl peptides, as reported previougB0(. Meanwhile, Hoffman and Kast
reported that no neutral loss of a myristoyl group was observed in CID of the doubly
charged GAPVPYPDPLEPR with a mmgtoyl group covalently attached to its- N
terminus through the amide linkage which is the same linkage as -teemihal
palmitoylation in GanCLGNAK studied herg176. Moreover, in the CID spectrum of
GCLGNAKpam (Figure 4.13b), the palmitoyl group was also retained on the precursor
ion and all fragment ions, further indicating that the arhidleed N-palmitoylation is
stable under CID and that the presence or absence of 288:23] could be used for

the differentiation o5 andN- palmitoyl peptide isomers.

The lysine palmitoylation in GCLGNAKm could also be identified by ETD
based on the observation of several palmitoylatmhs (Figure4.14b). However, it was
challenging to use ETD for differentiation of G{lLGNAK (Figure 4.14a) and
GpamCLGNAK (Figure 4.14c). ETD produced the same backédragments from these
two isomers, as the potential diagnosticfragmentshad too low abundanct® be
efficiently charged. The other potential diagnostic ion, the palmitoylaiedn from
GGamLGNAK, underwent efficient side chain loss, producing Hagnews ions (n/z
556.31) as that of GnCLGNAK. However, different from GCLGNAK (Figure

4.14c), the ETD spectrum of G&nLGNAK (Figure 4.14a) contains two peaks assigned
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as [M + 2H- CisH3:COHST Am/z 629.35) and [M + 2H NHs]" Am/z 844.54). The
neutral loss of gH3:COHS from the precursor ion was commonly observed in ECD and
ETD of Spalmitoyl peptideqd200, and may be produced by electron transfer to the
protonated carbonyl of the thioester linkage followed by the radidaiced alpha
cleavage (Figuret.15c). The NH loss from the chargeeduced precursor ion is very
common inECD/ETD, and generally does not provide any information for peptide
sequencing. However, as the NHssoften originates from the {ierminal amine, the

absence of NElloss could suggest the presence of thefhinal modificatio{ 205.

As was the case for the singly palnyitted peptide isomers, it is also possible to
identify the doubly palmitoylated isomers [GCLGNAK+2palmj/£569.8978) based on
their fragmentation behaviors. A-I8 incubation of GGunLGNAK in the Tris or
Tris/RapiGest” buffer produced twaloubly palmitoylated isomers (Figurds$c, 4.7c).

The CID spectrum of the isomer that eluted first (RT = 51.9 min) (Figu®a) was
characterized by a series ypfons with a palmitoyl groupy(, Y., Y4, andys), indicating

that the Gterminal lysine vas one of the palmitoylation sites. Meanwhile, the presence of
[M + H - 238.23] indicated that the second palmitoyl group was attached to the cysteine
residue. Thus, the first isomer could be identified asEGNAK pam The doubly
palmitoylated isometthat eluted later (RT = 53.2 min) was similarly identified as
GpanCpamLGNAK based on the observation of the [M +1238.23f ion and a series of

b ions carryingtwo palmitoyl groups lf,.s) (Figure4.16b). The CID spectra of the two
disulfide-bonded dimes (Figurest.6d, 4.7d) areshown in Figuret.16cd, and they could

be identified as the homdimer of GCLGNAKym (RT =47.25 min) and GinCLGNAK
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(RT = 47.76 min), based on the characteristic palmitoylatedns and b-ions,

respectively.
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Figure 4.15 Proposed mechanisms for (a) formationbsfand y- ions in CID; (b)

formation ofb;+palm andys-palmions from the peptide G&nLGNAK in CID; and (c)

formation of the [M + 2H Cy5H3:COHSJ Aon from the peptide G&mLGNAK by ETD.
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Figure 4.16 CID spectra of (a) GgimLGNAKpam, (b) GanCpamlGNAK, and the

disulfide-linked homedimers of (¢) GCLGNAKamand (d) GanCLGNAK.

4.4 Conclusion

Here, using theS-palmitoyl peptidestandard GCoanlGNAK, as the model
system, we observed palmitoyl migration from the cysteine residue to either the peptide
N-terminus or the lysine side chain during incubation in both neutral (Tris, pH 7.4) and
slightly basic buffers (ABC, pH 8.0dommonly used for proteomic sample preparation.
Moreover, the thioester of G&LGNAK underwent extensive hydrolysis, even in the
neutral Tris buffer, whicthad previouslybeenreported to preserve tt&palmitoylation
on aher palmitoyl peptide standards. It was found that addition of thecdpatible
detergent RapiGe®! at suggested concentration could significantly inhibit thioester
hydrolysis, DTTinduced thioester cleavage, and intermolecu N palmitoyl

migration.Although the use of detergent may slightly facilitate intramolecular migration,
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it should not be a major concern for the palmitoylation site localization, since the inter
and intramolecular migration processes are both fairly slow. Therefore, RapfGiest
recommended during palmitoyl protein/peptide sample preparation. The palmitoylation
site(s) in various palmitoyl peptide isomers can be generally determined by tandem MS
analysis. However, complicatismay arise due to the gabase transfer of the maitoy!

group from the cysteine residue to the peptideiihinus during CID, which may lead to
false identification oN-palmitoylation. One must be careful with sample preparation and

interpretation of tandem mass spectra for identificatidd-palmitoylation.
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Chapter 5:  Surfactant-Induced Artifacts during Proteomic Sample Preparation

5.1 Introduction

Bottomup proteomics is aMS-based methodology for protein identification and
quantification, and for characterization®TMs[206-21(. In bottomup proteomics, MS

is often used in conjunction with chromatographic separation to analyze peptides
generated by enzyrtia digestion of proteins. The success of a bottgomproteomics
experiment hinges upon attaining high sequence coverages, and this requires optimized
sample preparation prior to MS analysis. A typical sample preparation procedure involves
protein solubilzation, disulfide reduction, enzymatic digestion, and sample cleanup.
Detergents are often used to solubilize and denature proteins to improve their
accessibility to enzymatic digestion thereby producing more peptide fragments,
especially for hydrophobigroteins. However, many detergents interfere wliiB
separation and MS analysis, and must be removed after digestion. Recently, several acid
|l abile surfactants (ALSOS) have b¢g2dln desi ¢
213. As its name suggests, an ALS degrades in acidic conditions, and its degradation
products can be readily eliminated before subsequenMBCanalysis.Figure 5.1
illustrates the decomposition pathway of a widely used ALS, sodit{(d-@uran2-
yl)undecyloxy)carbonylamino)propatiesulfonate, marketed by Promega under the
trade name of ProteaseMAX (PM) [213. The hydrophilic head of PM is connected to

its hydrophobic alkyl tail through a labile furanyl carkae group. Hydrolysis of PM
produces a hydrophilic zwitterionic species-afBinopropand-sulfonic acid) and a

lipophilic compound (4(furan-2-yl)undecanl-ol), both of which can be easily removed,
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by RP-SPEand by centrifugatiorrespectively. Unlike othreALSs, PM hydrolyzes under
weakly basic conditions.g, over the course of tryptic digestion (pH 8.0, 37 WGus
eliminating the need for buffer acidification after digestion. Moreover, the hydrophobic
degradation product of PM helps to improve theovwery of peptides by preventing their
adsorption to plastic during and after digestion. These advantages over other ALSs would

seem to make PM the favored surfactant forM6E analysis.

H,0*
O / o] /
a + N -t
)J\ N HaN SO; Na
o H/\/\ y on

S
CHs(CHy)q S0; Na co, CHs(CH,

Chemical Formula: C;5H,40,

ProteaseMAX Monoisotopic mass: 238.193 Da

Figure 5.1 Schematiof acidinduced decomposition of ProteaseMAX

A major confounding factor in M®ased PTM analysis is the introduction of
artifacts during sample preparation, especially in bottpnproteomics, which requires
additional sample processing p$eassociated with proteolyqig14-216. Artifacts may
be produced simply because of theolonged sample incubation in various buffer
solutions. A common artifact in botteap proteomics is asparagine deamidation in the
tryptic digestion buffer, and its conversion to an aspartate may be mistakervias
deamidation [217] or misinterpreted as a marker farewly releasedN-linked
glycosylation sites following PNGase F digesti#18. Sample exposure to ambient
oxygen species may also lead to a variety of oxidative modifications that are difficult to

differentiate fromin vivo oxidative PTMs[219221]. Moreover, the presence of
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chaotropic, reducing, or alkylating reagents, detergents and other chemicals can cause
additional modifications that complicate the spectral interpretation. For example, the
unpolymerized acrylamide in polyacrylamide gels can regtt a free sulfhydryl group

to form a cysteinylS-propionamide addudi222-224]. Cyanate, which is a degradation
product from urea, can react with the amino and sulfhydryl groups to prauwaieo
carbanylation [225 226. Some chemical modifications may be mistaken iasvivo
PTMs, as highlighted in two recent studies. Thibault andvadkers showed that the
common silvesrstaining procedure could introduce artifactual fatidn on serine,
threonine and tyrosine residues, and this may be misinterpretedsias sulfation oras
phosphorylation if only lowmass accuracylata are availabl¢227]. Mann and ce
workers showed that lysine residues could be covalently modified by two acetamid
molecules when iodoacetamide was used as the alkylating rd2@&nht The resultant
114.0429Da mass shifts the samasthat caused by the diglycyl modification from the
ubiquitin remnant after trypsin digestion, and this could lead to erroneous reporting of

ubiquitination sites.

The work presented here was prompted by our recent study on the lipid
modifications ofRGS4from insect cells. RGS4 is a member of the family of GTPase
activating proteins which are responsible for switching off the G protein signaling
pathway. It was previously reported that RGS4 contains three potSipzimitoylation
sites at Cys95 and Cy$2/sl12 residues, as determined ayradioactive labeling
experiment and site mutatig61]. We have recently shown that with optimized sample

preparation, MS can be ust direct detection o&-palmitoylation[200. TheMALDI -
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TOF MS analysis of the RGS4 tryptic digest revealed the presence of two types of
hydrophobic modifications, which were initially assigned &palmitoylation and
hydroxyfarnesylation based on their mass shifts and response tdAthieatment.
However, these twanodifications were found to be ubiquitously present in all cysteine
residuesa characteristic ofn vitro modifications. The present study aims to understand
the origin of these modifications and to evaluate whether they could be problematic for

PTM anaysis.

5.2 Experimental Section

5.2.1Materials

Tris, ABC, DTT, HA, and CHAPS were purchased from SigAidrich (St.
Louis, MO). TFA, FA, IAM, and the micro BCA protein assay kit were acquired from
Pierce (Rockford, IL, USA)DHB was obtained from Bruker Daltonics (Billerica, MA).
ACN was obtained from Burdick and Jackson (Muskegon, BJ.and Trypsin Gold"
were purchased from Promega (Madison, WI). Rapi®®e@RG) was acquired from
Waters (Milford, MA). NENTA Magnetic AgaroseBeadswere obtained from Qiagen
(Valencia, CA). C18 ZipTip and 10K MWCO centrifuge filter were acquired from
Millipore (Billerica, MA). POROS R1 50 was obtained from Applied Biosystem (Foster
City, CA). Insect cell culture medium 8f0 0 E | | S F Medwvrans Invjfregenc h a s
(Carlsbad, CA). Complete EDTF&kee protease inhibitor cocktail tabletsere acquired
from Roche (Indianapolis, IN). The RGS4 baculovirus was generously provided by Prof.

Elliott M. Ross at the University of Texas Southwestern MedicateZen
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5.2.20verexpression and Purification of HisTagged RGS4 from Sf9 Cells

Sf9 cells were maintained in the-8f0 0 E | | S F Magogeel 8GS# wasHi s
overexpressed by infection of the Sf9 cells with baculovirus. Cells were harvested after
the 24h infection ad washed with PBS twice. The ceklles were resuspended in 10
volumes of lysis buffer (300 mM NaCl, 25 mM sucrose, 0.5% CHAPS in 1x PBS
supplemented with the protease inhibitor cocktail), sonicated, and kept on ice for 30 min.
The cell debris was remodeby centrifugation a1,000x g for 20 min at 4 °C. The
affinity purification of Histagged RGS4 was performed by incubation of the resultant
cell extract with NiINTA magnetic agarose beads followed by elution against 250 mM
imidazole in the lysis buffer according to the QlAexpressiopi®tocol [228. The
amount of proteinvas determined by the BCA protein assay. A small portion of the
purified proteins was separated by SPAGE, digested by ypsin according to theM
in-gel digestion protoco]229, and analyzed by an ultrafleXtreme MALDDF/TOF
mass spectrometéBruker Daltonics, Billerica, MAYor protein ID. A typical MALDI-
TOF mass spectrum was acquired by signal averaging over 4000 laser shots from a
Smartbearil ™ Nd:YAG laser operating at 355 nm and a repetition rate of 2 kHz. The

rest of the proteimixture wasaliquoted and stored &80 °C for later use.

5.2.3In-Solution Proteolytic Digestion of HisTagged RGS4
In-solution tryptic digestion was performed following tH&M in-solution
digestion protoco[23(Q. Briefly, a 50ug aliquot of purified Higagged RGS4 protein
was precipitated with 4 volumes of cold acetone. The prqteliet was solubilized by

adding 20 pL of ABC buffer (50 mMpH 8.0) containing 0.2% PM, and vortexing for
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15~20 min. Another 71 pL of ABC buffer was then added to the resultant protein
solution. Reductive alkylation was performed by addition of 1 pL of DTT (500 mM) and
incubation at 56 °C for 20 min, followed bydition of 3 pL of IAM (500 mM) and
incubation at room temperature for 15 min in the dark. Digestion was performed by
addition of 1 pL of PM (1%) and 4 pL of trypsin (0.5 pg/pL) and incubation at 37 °C for
3 hr. For tryptic digestion without reductive allkyion, 50 pg of purified Higagged
RGS4 was buffer exchanged against 100 pL of Tris (50 mM, pH 7.4)/0.05% PM solution
through a 10K MWCO centrifuge filter, followed by addition of 2 pg of trypsin and
incubation at 37 °Gor 3 hr. In both cases, the retat digests were incubated with 0.5%
TFA at room temperature for 10 min to hydrolyze PM and to deactivate trypsin. The
insoluble PM degradation product was removed by centrifugation at 18,900r 10

min. The digests were aliquoted, dried and store8GtC for later use.

5.2.4LC-MS/MS Analysis

RGS4 digests with (RGSRA) or without reductive alkylation (RGS40RA)
were desalted by C18 ZipTip. Briefly, samples were loaded onto C18 ZipTip pipette tips
in 5% ACN/0.1% TFA, eluted with 90% ACN/0.1% TFA aftér washes with 5%
ACN/0.1% TFA, dried down, and 4gissolved in 5% ACN/0.1% FA. LGAS/MS
analyses were performed on an L-Opbitrap XL instrument (Thermo Fisher Scientific,
San Jose, CA) equipped with a nanoAcquity UPLC (Waters, Milford, MA) and a Triversa
Nanomate system (Advion Biosystems, Inc., Ithaca, NY). Mobile phase A consisted of
99:1 water/ACN with 0.1% FA and mobile phase B consisted of 1:99 water/ACN with

0.1% FA. Samples were loaded onto a Waters Symmetry trapping column (C18, 5 um,
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0.18 mm ID x20 mm) at a flow rate of 4 pL/min and washed with 95% A for 4 min.
Separation was performed on a Waters BEH1:
mm ID x 100 mm) at a flow rate of 0.5 pl/min. The gradient was held at 5% B for 3 min,
increased to 95% B ev 90 min, and kept at 95% B for 9 min. It was then ramped to 98%

B in 1 min, kept at 98% B for 4 min, and ramped down to 5% B over 3 min followed by
column reequilibration at 5% B for 15 min. The MS event cycle consists of one MS scan

(r = 60,000 atm/z400) and three dat@dependent MS/MS scans £ 7,500), where the

three most abundant i1 ons with charge state
+3 m/zfor CID tandem MS analysis with the normalized collision energy set at 35%. The

MS data were mrcessed manually using the Proteome Discoverer software (Thermo

Fisher Scientific, San Jose, CA).

5.2.5MALDI -TOF MS Analysis of the Hydrophobic Peptides
Hydrophobic peptides were enriched using the homemad8HEPtips packed
with the POROS R1 50 resin. Arigulot of RGS4noRA was dissolved in 5% ACN/0.1%
TFA and loaded onto the POROS R1 50 tip. After 3 washes with 5% ACN/0.1% TFA,
the sample was sequentially eluted with 20% ACN/0.1% TFA, 40% ACN/0.1% TFA, and
60% ACN/0.1% TFA. A small portion of the RG®RA digest and each of its three
fractions were crystallized with DHB (10 ¢
on an ultrafleXtreme MALDITOF/TOF mass spectromet@ruker Daltonics, Billerica,
MA). Additional aliquots of the 40% ACN eluent which contaihe majority of the
hydrophobic peptides were dried down and incubated either in the 50 mM ABC buffer

containing 10 mM DTT at 37 °C for 1 h, or in 1 M HA (pH 7.4) at room temperature for
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1 h. The resulting peptides were also analyzed on the ultrafleXtrestrament. The

spectra were analyzed with the FlexAnalysis 3.4 software.

5.3 Results and Discussion

5.3.1Extraction of His-Tagged RGS4 from Sf9 Cells
SDSPAGE of the purified proteins showed a major band at ~25 kDa (> 90%
purity, Figure5.2). This band was exseal and subjected to reductive alkylationsgel
digestion, and MALDITOF MS analysis. Peptide mass fingerprinting showed a match of
the 25kDa band to RGS4 witfi3% sequence coverage by tryptic digestion, indicating

the successfudverexpression and pughtionof RGS4.
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Figure 5.2 MALDI -TOF massspectrum of the tryptic digest of the major band at 25 kDa
in the SDSPAGE of NiNTA purified proteins from the Sf9 cells overexpressed with

His-tagged RGS4Peptide mass fingerprinting showed a match of this band to RGS4

with a 73% sequence coverage (top).

5.3.2Characterization of the Hydrophobic Peptides by MALDI-TOF MS Analysis
Although the ingel tryptic digest of RGSRA covered 9 out of 11 cysteine

residues,ncluding all three reporteth vivo palmitoylation sites, no palmitoyl peptide
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was observed. The absence of palmitoyl peptides could be due to their low abundances
and/or facile palmitoyl loss during sample preparatorMS analysis It was recently

shown thatS-palmitoylation is unstable in the regular ABGntaining tryptic digestion

buffer, and that the presence of DTT greatly accelerates the depalmitoylation process
[20Q. Here, following the protocol suggested by our previous studgolution tryptic
digestion of purified RGS4 was performadthe neutral Tris buffer (50 mM, pH 7.4)

with PM (0.05%) added to the digestion buffer to prevent protein aggregation and
adsorption of hydrophobic peptidés onto plastic surfaces Since theras no disulfide

bond in RGS4, the reductive alkylationgsteas skipped to minimize potential palmitoyl

loss. Enrichment of the hydrophobic peptides was achieved by stepwise elution as

described in the experimental section.

The MALDI-TOF massspectra of RGS#0RA and itdigestion productéFigure
5.3) showed tht nearly all peptides were recovered in the 20% and 40% ACN elution
buffers, with rough separation of theore hydrophilicpeptides into the 20% ACN/0.1%
TFA eluent and the hydrophobic peptides into the 40% ACN/0.1% TFA eluent. The
majority of the hydropbbic peptides contagd either modification X (238.19 Da) or
modification Y (220.18 Da)Kigure 5.4). To further determine the linkage of these
modifications, the 40% ACN eluent was subjected to either DTT or HA treatment, and
the MALDI-TOF massspectra of the DTTand HAtreated samplareshown inFigure
5.4b and Figureb.5, respectively Incubation with DTT or HA resulted in the loss of
modification X from all xmodified peptides, whereas modification Y was resistant to

the DTT and HA treatmest HA cleavage is considered specific to the thioester linkage
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and has been commonly used to distinguiSkacylation from other cysteine
modifications. Because modification X resulted in a mass shift close to that caused by
palmitoylation (238.230 Da), andvas similarly susceptible to the DTT and HA
treatments, it seemed reasonable to assign itSgmimitoylation. Meanwhile,
modification Y was tentatively assigned as hydroxyfarnesylation (220.183 Da) due to

their comparable mass shift and similar resistandhe DTT and HA treatments.
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Figure 5.3 MALDI -TOF mass spectra of RG®RA (a) and its sequential eluents with

20% ACN/0.1% TFA (b), 40% ACN/0.1% TFA (c), and 60% ACN/0.1% TFA (d).
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Figure 5.4 MALDI-TOF mass spectra of the hydrophobic peptides in the 40% ACN
eluent (a) before and (b) afterhlincubation with 10 mM DTT at 37C. X-modified
peptides are labeled in bluernvodified peptides areabeled in red, and unmodified

peptides are labeled in black.



































































































































































































