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TheCapplicationCofCaChypothesis-driven€methodCforCtheCsensitiveCdeterminationCfClysine
acetylation®ites@n@nzymatically@igested @roteins@®@escribed. @ omparative@ensitivity@ests
were@arried®ut@sing@erial@ilution®f@n@cetylated®ovine@erum@lbumin@AcBSA )@igest
toCassessCtheCperformanceCvfCCmultipleCreactionCmonitoring@{MRM)—-BasedCapproachCas
compared@@@nore@onventional@recursor@anning@PS)@ethod. @oth@ethods@ere@apable
of@electively@etecting@n@cetylated @eptide@t@he@ow@emtomole@evel@vhen@piked@nto@
background@fG00@mol@ix-protein@ryptic@igest. The@IRM@pproach@vas@oughly@enfold
more@ensitive@han@recursor@canning@vith@ne@cetylated @eptide@etected@nd@equenced
at@he@evel®fQ@mol@n-column.he@echnique@vas@ubsequently@pplied@o@&el-derived
sample@f@ytokeratin-8@CK8)@hown@o@ontain@cetylatedQysine@esidues@y@Vestern@®lot
analysis.@The@strategyCappliedCherein,Ctermed©OMRM-initiated©detectionCandCsequencing
(MIDAS),©resulted©in©the©facile©identification©ofOnovelOsites©of©acetylation©on©this
protein.© (JAAMGoc@lassGpectrom@007,A8,0423-1428)@Q007@ merican@Gociety@or@iass

Spectrometry

modification@PTM)@nvolved@n@he@egulation

of@@umber®f@ey@ellular@rocesses@ncluding
transcription@1],@rotein—protein@nteractions@2],G@nd
protein@tability@3]. &he@mportance@f@his®iologically
relevant@nodificationGhas@ecently@een@omparedCGo
that@f@hosphorylation@],Gvhich@@@&ey@egulator®f
biological@rocesses,@nd@hus@here@s@@rowing@eed
forCtheCsensitive@detection©andClocation@ofCsitesCof
acetylation@n@roteins. @@umber®©f@ass@pectrometry
(MS)—Based@nethods@ave@een@sed@or@he@ etermi-
nation@f@rotein@cetylation@b,®]. @ne@uch@pproach
relies@n@he@etection@f@®@haracteristic@eporter@on@t
126.1@h,@orresponding@@e@nmonium@n®@{f@cetyl
lysine©-NH,;,@pon@ollisionally@ctivated@issociation
(CAD)@b].@lthough@his@@&hdeed@®ensitive@pproach,
and@®as@he@dded@dvantage@®f®eing@ompatible@vith
additional© protein/peptide© modifications,© a© more
promising@trategy@vith@egard@o@ensitivity@vould®e
to@se@@nultiple@eaction@onitoring@MRM)@ransition
as@he@rigger@or@n@nformation-dependent@cquisition

ﬁ cetylation©is©an©importantOposttranslational
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(IDA)@xperiment@nd@enerateGequence@nformation
from@@ubsequent@roduct@on@can.Clhis@echnique,
termed MIDAS—for MRM-initiated detection and se-
quencing—has been previously applied to phosphory-
lation studies and was shown to be on the order of ten
times more sensitive than the commonly used —79
precursor@n®can@’].@n&his@ ork,Eor@he@irst@me,&e
demonstrate a similar improvement in sensitivity of a
MIDAS-based acetylation method over an existing pre-
cursor scanning approach.

Experimental
Sensitivity Comparison

Acetylated bovine serum albumin (AcBSA, Invitrogen,
Paisley, UK) was diluted to 15 pmol uL ™' in 100 pL of
25 mM ammonium bicarbonate and digested at 37 °C
overnight by addition of modified porcine trypsin (Pro-
mega, Southampton, UK) at a 50:1 total protein:enzyme
ratio. The digest was dried and resuspended in 150 uL
of 2% (vol/vol) acetonitrile/0.1% (vol/vol) formic acid,
providing a stock concentration of 10 pmol uL~'. The
stock sample was further diluted in the same solvent
containing a six-protein mix tryptic digest, to generate
standard solutions. A single preparation of this AcBSA
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digest@as@sed@n@ll@xperiments.@he@ix-protein@nix
sample,Cronsisting@ofCtrypsin-digested©BSA,Calcohol
dehydrogenase,©apo-transferrin,© 3-galactosidase,©ly-
sozyme,CandCrytochrome-C,CwasCliluted from€a€100
pmolClyophilized@ample§(LCCPackings,CAmsterdam,
The@etherlands)@sing@%@vol /vol)@cetonitrile /0.1%
(vol/vol)@ormic@cid@nd@onstituted@he@ackground
matrix@00@mol®@n-column@oading).

Preparation of CK8 Sample

HCT116@olon@arcinoma@ells@ere@ultured@@®ulbec-
co’s@nodifiedCEagle@medium@Invitrogen),€10%&vol/
vol)@etal@alf@erum@HarlanGera@.abs,@.oughborough,
UK),@and©penicillin/streptomycin®(Invitrogen).CCells
were@reated@vith@odium@utyrate@Calbiochem,@ot-
tingham, @K)@s@ndicated.
CytoskeletalGisolations©wvereCperformedC@mainlyCas
described@y@lerrmann@t@l.@8] Briefly, FICT116@ells
were@ultured@vith@odium@utyrate@5@nMT@or@7@).
Low-detergent@uffer@low@®uffer)@ndGigh-detergent
buffer@high@uffer)Gvere@repared@sQletailed@revi-
ously@8].@ @ellet@ontaining@ytoskeleton@as@sed@or
further@nalysis.
Samples@vere@repared@or@wo-dimensional@2-D)
gelsCusingCtheCEttan€2-DCClean-upCkit,CfollowedCby
protein@ssay@ising@he@ttan™Q-D@uant@&it@Amer-
sham@iosciences,@ittle@halfont, K)@ccording@@he
manufacturer’s@nstructions.@rotein@amples@vere@e-
suspended@n@25@LO®f@oelectric@cusing®@uffer [ 9 M
urea,@®@hiourea,@%@wt/vol @HAPS,&5@M@ithio-
threitol, @.5%@vol/vol)@mmobilized@H@radient@PG)
buffer@ Amersham@Biosciences,CLittle@Chalfont,CUK)]
and@oaded@nto@-cm@mmobilized @H@radient@trips
(pPH@E7).@s0electric@cusing@vas@erformed@sing@he
IPGphor™@Amersham@iosciences)@tQ0EC.CIheGec-
ond@dimension@vasCCstandardC5DS-PAGECprotocol
using@0%@nini@rmat@els. Strips@ere@quilibrated @r
10@nin@n@quilibration®uffer¢s0@MQ@ris-HClL,H®.S,
6@IQurea,@30%Cvol/vol)Glycerol, & %Gvol /vol)&DS]
containing®5@M@ithiothreitol@nd@hen@r@0@ninGn
the@sameCbufferCrontaining€240©mMCiodoacetamide
before©running©the©second©dimension.©Gels©were
stained@sing@ oomassie@lue@Sigma,@oole,@JK).An-
gelCtrypticCdigestionsCwereCperformedCasCdescribed

previously@9].

Liquid Chromatography and Mass Spectrometry

For@each@experiment,CbCuLCofCdigestedCsample©was
loaded@ontoCaCl 5Crm©OX €75CumdcinnerCdiameterID)
PepMap,@C18,EBCumCrolumn@LCCPackings),CusingCa
standard ©LCCPackingsCUltiMateCpumpCandCFAMOS
autosampler. HPLC@ufferscA@nd@BQonsisted Q2%
(vol/vol)@cetonitrile:0.1%Tvol /vol)&ormic€cid,Cand
80%Cvol/vol)@cetonitrile:0.1%Gvol / vol ) dormicCcid,
respectively.8amples@ere@esalted@n-line®efore®@ep-
aration@sing@@nicro@recolumn@@nmC G00Q@mAdD)
cartridge.€rhe@vashing@olventGvas@.1%dormicGcid
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deliveredCat@aCflowCrate@fCB0CuLCmMin ~*°for@Cmin.
Peptides@ ere@®@eparated®@ver@@radient@om®%@uffer
B@o@0%@Buffer@@ver@0@in@t@@low@ate@fG00@L
min~'.@Chromatography©@vaserformed@n-lineGoCa
4000@QTRAP@nass@pectrometer@Applied@Biosystems,
Framingham,@1A,@QJSA).

The@nstrument@ettings@nCGhe@nass@Gpectrometer
were@ept@onstant@r@ach@can@ode. @n@n®praying
voltage@fCr 2300V @vas@sed@vith@Bource@as@etting
of @.@he@nterface@emperature@vasdeld@t@55@C.

MRM-initiated Detection and Sequencing
(MIDAS)

The@IIDAS@rotocol @ hich@kes@ull@dvantage@f@he
combined@unctionality@f@he@000@QTRAP,@Elescribed
inCdetailCelsewhereC|7].CBriefly, CaCtriple€quadrupole
MRM@can@s@ised@o@ensitively@elect@or@ostulated
acetylated@eptides.@nder@ow-energy@ollision@ondi-
tions,@cetyl@ysine@esidues@ave@een@hown@o@rag-
ment,Groducing@@liagnosticGon@t@n/z 126.1@orre-
sponding@o@he@mmonium—NH,; ion{6]. CAGable@f
potential@acetylated©peptidesCforCthe©protein@under
study@s@irst@enerated@ising@@oftware@cript@level-
oped®y@ ppliedBiosystems. @his@epresents@he@et@f
precursor@asses@®e@equentially@ansmitted®y@1,
held@t@w®@esolution,@hile@3@as@eld@tatic@t@26.1
m/z (unit@esolution) @.imited@tudies@n@ur@aboratory
suggest@at©ptimal@ollision@nergies@@acilitate@hese
transitions@approximateCtoCtheCprecursor@m/z X€0.1
irrespective@f@harge®@tate. @ ollision@nergies®etween
50€and€80CeV&(laboratoryCframeCofCreference)Cwere
assigned@@ach@ransition@epending@n@e@recursor
m/z such@hat@i/z of@bout@00@800, & EG-G0@V;@bout
600-700, CE = 60 eV; about 700-800, CE = 70 eV; >800,
CE = 80 eV.

Each step in the MRM list has an associated dwell
time. Should a signal exceed a user-defined threshold
(200 cps) following this period, then once all MRMs
have been completed the instrument is instructed to
switch modes (enhanced product ion, with Q3 now
functioning as a linear ion trap) to perform three
MS/MS scans before once again repeating the full list of
MRM transitions. The total cycle time for the sensitivity
comparison, including MS/MS switching, was 7.7 s,
which is equivalent to a 40-ms dwell time for each of the
72 MRM transitions.

Precursor Scanning at m/z 126.1

Precursor scanning is a selective and sensitive scanning
technique used on triple quadrupole mass spectrome-
ters© [10,© 11].© Based© on®© previous© reports© the
immonium—NHj ion of acetyl lysine (m/z 126.1) is a
more sensitive and selective reporter ion for precursor
scanning@nalyses@]@han@e@nmonium@n@tself@r/z
143.1)@12]. @3@vas@herefore@eld@tatic@t@26.1@h&@vith
resolution set to unit, whereas Q1 was scanned over the
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Figure 1. Total ion chromatogram (TIC) of 10 fmol acetylated BSA in 500 fmol six-protein mix using
(a) information-dependent acquisition (TIC of EMS), (b) precursor ion scanning at m/z = 126.1 (TIC of
precursors), and (c) MIDAS (TIC of MRM) analysis.
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Figure 2. MS/MS spectra for the acetylated BSA peptide kVPQVSTPTLVEVSR upon MIDAS

analysis of (a) 5 fmol and (b) 2 fmol acetylated BSA in 500 fmol six-protein digest on-column loading.

k denotes an acetylated lysine residue.

mass@ange@50©01200h@ver@@eriod®f 3 s with a 1
amuGtep@ize@resolution@et@o@ow).@he@ollision@ell
was@amped ©@verG0SB0@V@laboratory@rame®@{f@efer-
ence)@uring@achGcan. ANADAQrigger@hreshold@f
1000@psGras@et,@ndGubsequent@S/MSQlataGvere
acquired€from@100€to€1500€Th.€TheCtotalCrycleCtime
including@®1S/MS@witching@vas@.2@.

Results and Discussion
Sensitivity Evaluation

Acetylated BSA (AcBSA) was used to assess the sensi-
tivity and suitability of the MIDAS method compared
to precursor scanning for this application. A dilution
series of trypsin-digested AcBSA in the range 50 to 1
fmol (on-column loading) was prepared, spiked into a
500 fmol six-protein digest and analyzed in triplicate.
First, an MS-driven IDA experiment was carried out
with 10 fmol AcBSA in a 500 fmol six-protein digest
injected on-column. The background proteins were
easily identified, although the level of acetylation was
below the threshold detectable for all peptides using
this approach (data not shown). A more focused strat-
egy was therefore required to identify lower levels of

acetylation. Both MIDAS and the precursor scanning
methods offer an improvement in sensitivity and selec-
tivity @igure@@hows@he@otal@on@hromatogram@I'1C)
for@1S-driven@DA@Figure€a),@recursor@canning@t
126.1@h@Figure@b),@ndMIDASEFigure@c)@f@0@mol
AcBSA in a 500 fmol six-protein digest. This figure
demonstrates how the MS-driven IDA experiment
spends the majority of the duty cycle switching to
MS/MS mode on prominent nonacetylated peptides at
the expense of the less abundant acetylated peptides. In
contrast, both precursor ion scanning and MIDAS are
tuned to select for only those peptides that are likely to
be acetylated (i.e., release an ion of m/z 126.1 upon
fragmentation) and therefore suffer from much less
interference in the respective TIC. This figure also
demonstrates how relatively uncluttered the MIDAS
scanCisC(FigureCl c)CcomparedCtoCtheCprecursorCscan
(Figure@b).

To ensure a valid comparison between the two
methods, it was necessary to keep both cycle times
approximately the same. Thus, a cycle time, including
any MS/MS scans, was set to about 8 s, with the initial
triggering scan (MRM or precursor scan) having a cycle
time of about 3 s. The consequence of this was a dwell
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Figure 3. MIDAS experiment for the acetylation of CK8 showing (a) extracted ion chromatogram
(XIC) for the MRM transition 608.32 — 126.1 with a switching threshold of 200 counts per second (cps),
and (b) the annotated MS/MS spectrum generated for the acetylated peptide LVSESSDVLPk, where

k denotes an acetylated lysine residue.

time@f@0@ns@or@ach@IRM@ransition@72@ransitions
with@-msGause@etween@ach)@nd@@orresponding
“dwell@ime” @or@he@S@f@@ns@450©1200@mu@nG&
with@lCmuCstepCsize). CFromCthisCalone,ConeGwould
expect@e@IIDAS@ethod@o®e@n@he@rder@f@enfold
greater@ensitivity@han@he@S@nethod@or@his@rotein.
This@vas@ndeed@ound@o@e@he@ase Figure@@hows
the©MS/MSOspectrum©for©the©@acetylated©peptide,
kVPQVSTPTLVEVSRGwhereCk denotesCnCacetylated
lysine@esidue),@etected@tG@mol@cBSAG@B00@mol
six-protein@igest@Figure@a)@nd@@mol@ cBSACFigure
2b)@ising@IIDAS. @his@eptide@vas@learly@etected@n
all@hree@eplicates@t@he@E@molTevel ®ut@h@nly@ne®@f
the@@mol@amples,Gndicating@hat@ange@or@eliable
level@f@letection.@n@ontrast, G0@mol@fCAcBSAGvas
required@or@imilar@dentification@ising@he@recursor
scan@pproach@data@ot@hown).

ItCisCalso©worthCnotingCthatCtheEMIDASCmethod
detected@n@cetylated@eptideGALKAWSVAR)@n@he
six-protein digest when no AcBSA was added. Using
precursor scanning this peptide was detected with only
50 fmol AcBSA present.

Analysis of Cytokeratin 8

Having confirmed that MIDAS was superior to both
precursor scanning and IDA analysis on our instru-
ment for identification of acetylation sites on a simple
peptide mixture, we next demonstrated the applica-
tion of this technique to a biological system by
probing lysine acetylation on the intermediate fila-
ment protein, cytokeratin 8. Intermediate filaments
(IFs) are cytoskeletal structures that are crucial for
maintaining the structural and mechanical integrity
of@ells@nd@issues@13]. @ ytokeratin@Gvas@artially
purified from cells by enrichment of the cytoskeletal
fractionsCusing@differentialCletergent@olubilityC[8].
Proteins were resolved using gel electrophoresis.
Western immunoblot analysis with anti cytokeratin 8
and anti-acetyl lysine antibodies detected the pres-
ence of cytokeratin 8 and an acetylated protein of
similar molecular weight in the cytoskeletal-enriched
fractions (data not shown). The acetylation status of
cytokeratin 8 was analyzed by mass spectrometry
using the MIDAS approach based on detection of the
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126.1@n/z diagnostic@n®ecause@his@as@etermined
to®e@he@nost@ensitive@pproach.

A 5-pL@liquot@f@he@ytokeratin@@ligest@econsti-
tuted@n@uffer@@as@njected®n@olumn@nd@nalyzed
using@@IIDAS@rotocol. @hree@IRM@ransitions@elat-
ing@®@reviously@etermined@onacetylated@eptides©f
cytokeratin@@LSELEAALQR,@ASLEAATADAEQR,@nd
ELQSQISDTSVVLSNDNSR)@& ere@ncluded@@he@ist@f
84@IRM@riggers@@onfirm@he@rotein@dentity@nd@o
check®uccessful@nzymatic@igestion.@hese@ransitions
had@@Ghorter@well@ime@20@ns)@han@heCpredicted
acetylated@eptides@0@ns)@nd@he@hree@eptides@ere
identified@yCtheC@analysisCronfirmingCtheGdentityCof
CKS8.CInCaddition,CfiveCnovelCacetylationCsitesCwere
identified@unpublished®@bservations).@'ypical@ata@or
the@acetylated©peptide©@LVSESSDVLPk (AcK482)Care
presented@n@igure®.@igure@a®hows@e@xtracted@n
chromatogramCforCtheCtransition€608.320—C126.1.CA
prominent@eak@t@@etention@me®@fB6.24@ninG@vith@
signal@f@bout@000@ps@sGhown. @Because@his@ignal
breached@he@reset@witching@hreshold®f@00@ps,@he
instrument®witched@odes@nd@cquired®1S/MS@ata
enabling@mnambiguous@onfirmation@f@he@cetylation
(Figure@b).

Conclusion

The® application© of© a© hypothesis-driven© analysis
(MIDAS)CforCtheCdeterminationCofCacetylatedClysine
residues@inCaCmixtureCofCtrypticCpeptidesChasCbeen
demonstrated©forCtheCfirstCtime.ClnitialGexperiments
using@cetylated BSA@s@@nodel@ompound@how@n
approximately@0-fold@mprovement@n@ensitivity@ver
the€26.1@n/z precursor@canning@pproach@n@@t000
QTrap.@Vhen@pplied@o@he@nalysis@fQ@Bet@f@ oo-
massie®@lue-stained@-D@el@pots,@ontaining@ytoker-
atin€B8,CfiveCpeptidesCincorporatingCacetylatedClysine
residues@vere@etected@nd®equenced,@eading@oGheir
unambiguous@ssignment.CThis@pplication@ote@lem-
onstrates@hat@he@@IIDAS@pproach@ay®e@pplied@o

J Am Soc Mass Spectrom 2007, 18, 1423-1428

posttranslational@nodifications@ther@han@hosphory-
lation;@ndeed, @ny@nodification@hat@enerates@Gpe-
cific reporter ion, tag, or neutral loss may be amenable
to investigation using this technique.
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