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Capillary electrophoresis/time-of-flight mass spectrometry(CE/TOFMS) has been used for analysis of in-gel
digests of protein spots excised from two-dimensional sodium dodecyl sulfate polyacrylamide gel
electrophoresis (2-D SDS-PAGE). An off-line purification and preconcentration procedure with a Zip
Tip is used before CE/TOFMS analysis which allows for detection of protein spots with<1l picomole of
material from 2-D gels. The off-line procedure provides sufficient purification for analysis while
maintaining the quality of the CE separation. Using this procedure, several proteins from Coomassie
Blue and zinc negatively stained gels are identified by the peptide maps generated and database searching.
CE/TOF tandem mass spectrometry is used for the confirmation of database searching results and
structural analysis of peptides that do not match the expected peptide maps obtained from the database in
order to identify structural modifications. Several modifications were pinpointed and identified by this
method. Copyright © 1999 John Wiley & Sons, Ltd.
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Two-dimensional (2-D) gel electrophoresis has become anthe MALDI-MS process, which is highly dependent on
essential tool for the study of the protein content of a cell. sample preparation. HPLC/MS has been used as an
This method can resolve thousands of proteins in cell lysatesalternative for protein identification based upon peptide
based upon separation along a pH gradient in one dimensiormapping’ the sequence tag methddand correlation of
followed by an electrophoretic separation, which is related peptide fragmentation data with a database using the
to the molecular weight in a second dimension. 2-D gel SEQUEST method® HPLC/MS provides a much more
electrophoresis has become a convenient method for theextensive coverage of the protein sequence by elimination
study of protein synthesis regulation in normal and tumor of suppression effects and MS/MS structural information
cells and as a means for detection of the differential can be obtained using an ion trap or quadrupole mass
expression of proteins in response to external cell stimuli. spectrometer.
The recent development of mass spectrometry based peptide An alternative method for analysis of protein spots from
mapping methods combined with database searching ha-D gel separations is capillary electrophoresis mass
resulted in a means for rapid identification of proteins from spectrometry (CE/MS)® Capillary electrophoresis can
2-D gel separations.** provide much improved resolution of peaks in complex
Matrix-assisted laser desorption/ionization mass spectro-mixtures in a much shorter time than HPLC. A CE
metry (MALDI-MS) and liquid chromatography/mass separation of a tryptic digest can be performed in 5-
spectrometry (LC/MS) have become methods for analysis 10 min compared to 30—-40 min for an equivalent HPLC
of proteins separated by 2-D gel electrophoresis. Proteinsseparation, although in recent work Lee and co-workers
are digested with an enzyme either via in-gel digestion or by have developed a novel integrated microscale LC column
being electroblotted onto a membrane for on-membrane electrospray ionization (ESI) interface and variable flow
digestion. MALDI-MS can provide identification based solvent delivery system so that digests of gel-separated
upon the peptide maps generated and the match obtainegbroteins can be analyzed 110 min!’ In addition, CE
against a database. However, often a limited coverage of theconsumes only nanoliter amounts of sample which is
protein sequence is obtained due to suppression effects inmportant when dealing with limited amounts of material
from 2-D gel electrophoresis. The concentrated bands
generated by the high resolution and the slow flow rate
*Correspondence to: David M. Lubman, Department of Chemistry, make CE ideal for high sensitivity in detection by mass
University of Michigan, Ann Arbor, MI 48109-1055, USA. spectrometry, which is a concentration dependent detector.
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The maindisadrantageof CE relative to capilary HPLC
for analyss of peptidedigestsfrom 2-D gel separabns is
the lack of preconcetration in the CE separabn, which
limits the concentrabn detectioncapalilites. The volume
of a 50cm long capillaty with 50pum i.d. is about1 plL.
Since the optimal analyte resolutim and sepaation
efficiency are achievedwith less than 2% of the total
capilary column, the amount of sampleinjected into a
50cm, 50um i.d. capillary will belessthan20nL. Several
appracheshavebeendevebpedto increag the amountof
sanple injected onto the CE sepaation. On-column
isotachophoesis (ITP)®> sample stacking?® and field
ampified polarity switching?’ have beenusedto obtaina
premncentréion factor of 100. In othe work,?® on-line
couping capillaty ITP has been used to acheve a
concentrationfactor of 1000.

A secoml problemin theuseof CE for anal/sisof protein
digestsfrom 2-D gelsis that CE requires sanple cleanup
prior to injection. Complkex sample contairing salts and
detagentslower the sensiivity and affect the CE separa-
tion. Solid phase extraction devices have been used for
sanple cleanupand preconcetration. Seveal groupshave
usedan on-line coupling premncentraor with an impreg-
nated membane?® or a mini-column packedwith reversel
phase absorbent®3° Recently the inlet of a capillary
packel with C,g hasbeenusedto achieve sanple stacking
and cleanup®' Although the® methods improve the
premncentréion of the sample,the nonhonogenoussolid
phaseandhigh orgaric contentof eluting solventdegrades
the sepaation.

In this work, we useoff-line solid phaseextractbn with
CE/TOFMS to identify 2-D gel-se@rated protens from
cance cell lines. Thein-gel proteindigestis cleanedwith a
commercial ZipTip Cyg (Milli pore)for CE analyss. In this
off-line procealure, the sampleis recmstituted from the
ZipTip in a coupleof microliters of deionizd waterwhere
the preconcetration effect is achievedby minimizing the
final sanple volume.lt is shownthatprotein digestscanbe
detectedfrom femtomolelevelsof materid injectedandthat
a relatvely broadcoverageof the proteinsequace canbe
obtaned. The use of the off-line purification method
maintains the high resoluton of the CE separationwhich
is espe@lly importantin case whereon-line MS/MS may
be requiral for further detailedstructurd analyss.

EXPERIME NTAL
2D PAGE

Proeinsfrom Esophagal AdenocacinomaandThymocyte
cell extractswereseparatetby 2-D gelelectrophoesis,with
pH 4-8carrierampholytesisoelectic focusing(IEF) asthe
first dimenson and SDS polyacrylamide as the secoml
dimensgon. The 2-D gelsusedin this studywere run at the
Department of Pediatics, the University of Michigan,
accoding to a proceduredescrited previousy.3?

Gel staining

After separabn of proteinsfrom Esophagal Adenocaci-
nomaand Thymacyte cells by 2-D gel electrophoesis,the
gelswerestainedwith eitherCoomasieBlue R-2500r zinc
negaive staning. If Coanasse Blue stainingwasused gels
were fixed with 5% acett acid and 50% ethanol for two
hours then stainal with 1% CoomassieBlue R-250, 10%
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aceticacid, 40% methaml for 30min and destaned with
10% acetic acid, 40% methamwl for 30min. The zinc
stainingmethodwasusedto avoid interferenceof the dye®
in the analyss. Gelswerefirst equilibraedin 1% Na,COs
solution for 5min, stainel with 200mM imidazole, 0.1%
SDSfor 15min, washedwith deionizdwaterfor 1 min and
thendevelogdwith 0.1 M Zn(Ac), until sufficient contras
wasobtaned. The gelswererinsedwith waterthreetimes
before gels were destainedwith 1% citric acid twice for
20min by vortexing.

In-gel digegion

The digestionprocedurebasicallyfollows that of Williams
etal.,>*butwith some modifications.Gel sposwerecutinto

0.5x 0.5mm pieces and washed with buffer B (50%
CH3CN, 50% 100mM NHzHCOs) twice for 30 min. After

removingthe washirg buffer, gel pieceswerecoveredwith

buffer B and45mM dithiothreitol (DTT) wasthenaddedto

bring the final concentation to 1mM. Reduction was
complete after 20min incubation at 37°C. Twice the
volume (ascomparel to the volumeof 45mM DTT added)
of 100mM iodoacetamidewas addedand the pieceswere
incubatedfor 40 min at 37°C for the alkylation. After the
supernanthadbeenremoved the gel pieceswerewashed
again with buffer B for 30 min once and then twice for

15min all with vortexing. After washing, the gel pieces
were dried under speedvacum for 20min. In order to

perform digestion, 10 uL aliquots of trypsin solution (1—
2ug in 100mM NH4HCO3) were gradually addedto the
dried gel piecesuntil they were fully swollen, and more
digestion buffer was addedto sufficiently cover them.
Digestian wasperformedat 37°C for 24 hr. After digestion,
the peptides were extraced with 1% trifluoroacdic acid
(TFA), 60% CH3CN by sonicaion threetimes for 30 min.

The combined extractsweredried by speedac.

Solid phaseextraction

The digests were restoredwith 10puL 0.1% TFA and
cleanedusing ZipTipc1s from Millipore3® A ZipTip is a
10uL pipette tip packel with appraximately a half
microliter of silica C,g. Briefly, the ZipTip was first wet
with 50%acetonitile/H,O andequilibraedwith 0.1%TFA.
The proteindigestswereboundto the ZipTip by aspiraing
and dispensingthe samplefor 10 cycles. The remainirg
liquid was dispensd to waste.The tip was washedwith
buffer (0.1%TFA/H,0) andwasdispensd to wage.Elution
was achieved with 4yl of 0.1% TFA/ 60% acetonitile/
H,0 by aspiratng anddispensingthe eluantthroughthetip
four times. The eluate wasdried underspeedvacum again
anddislvedin 4 uL of deionizdwater.

On-line sheahlessCE/MS system

Thedigestswereseparatedising a capillaly electophoresis
apparats constru¢ed in-house, which includes a 30kV
high voltage power suppl (model CZE 1000R, Spellman
High Voltage Electronic Corp., Plainview, NY, USA) and
a Pdybrene(postive) coatedcapillaly column(37umi.d.)
preparedaccoding to the procedureof Li.3® The detector
usedwas an ion trap storagereflectron time-of-flight (IT/
reTOF)massspectraneterdescibedin previouswork ¢
The appaatus consiss of a quadupole ion trap storage
device (model 1251,RM. JordanCo., GrassValley, CA,
USA) interfacal to areflectron TOF massanalyzer (model
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Figure 1. CE/UV electrophorogramsf wasteand eluateof tryptic digestsof C2 after ZipTip cleanup.CE
conditions:70cm long, 75um i.d. fusedcapillary, injection: 8000V x 20s, separation26kV.

D1450). Argon buffergas(1 mTorr) wasintroducedinto the
ion trap to enhancethe trapping. Detedion was achieved
using a 40mm triple microchanmel plate (MCP) detector
(Model C-2501,R.M. JordanCo.).

The anodic end of the CE capillaty was used as the
sheathtss microelectrospray tip. This configuration was
achieved by coating the capillaty tip with silver3®
Eledrokinetic injection was performedwith 5000V for
20s. The powersupplyof the capillary electrospay wasset
atca.—12kV, while themicroelectrospay needlevassetat
3kV, so that the total voltage acrossthe capillaly was
—15kV.

The massdata were colleded and processé using a
250MHz transientrecorder(Model 9846, Precison Instru-
merts Inc., Knoxville, TN, USA) conneted to a Dell
PentiumIl 400 Mz processar Data analysiswas accom-
plished using cusbom 2-D false color image software as

Copyright© 1999JohnWiley & Sons,Ltd.

descibed in previouswork, with the m/zspectrum on one
axis, TIE elution time asthe otheraxisandm/zintensityas
the imagecolor.3® A cursor on this imagemap (or on the
mass spectraand TIE plot) could be usedto dispay the
corresponéhg individual m/z spectrum on the x-axis and
also integratemultiple spectraoveranelution time rangeto
increasethe signalto-noise (S/N) ratio. This integration
capalility allowed peaksof low intensity to be identified.

On-line CE/MS/MS

Ondine CE/MS/MSwith storedwaveforminversel Fourier
transform (SWIFT) technobgy hasbeendevebpedin the
ion trap reflecton time-of-flight mas spectometer*®
Briefly, asa peakelutesit is detectedand digitized by a
P19845 digitizer board in the computer. The computer
interects with an arbitrary waveform generabr board
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Figure 2. CE/TIC of tryptic digestsof spotZ23 with capillariesof (a)
75umi.d. (b) 37 um i.d. Injection: 5000V x 20s, separation300V/
cm.

(AWGB) (model WSB-100-10,Quaech,Akron, OH, USA)
which creates a notchin the frequeng domainand parent
ionsareisolatedandaccumuétedin theion trapwhile other
ionsareejectedout of theion trap. A TICKLE waveformis
appied to inducethe collision betwea the parentions and
buffergasions.Fragnentionsareejecedby aDC pulssand
detected by a reflecton TOF mass spectraneter. The
TICKLE voltageis optimized on-line and MS/MS spectra
are achievedat a sampling rate of 4 Hz. MS/MS can be
achievedatasamplingrateup to 8 Hz*° ata compromiseof
the S/N of thespectrim; 4 Hz waschose in thiswork asthe
bestcompromisebetwee the speedof MS/MS acquistion
andthe quality of the mass spectraThe sequencef events
for acquiring a single MS/MS spectrun andthe timing of
thes eventson the ion trap instrument using SWIFT and
TICKLE waveforms and correspondingwaveform time
scalesfor eacheventat a 4 Hz rate, as usedin this work,
include (1) Accurmulateionsin thetrap (136ms).(2) Stop

Rapid CommunMassSpectrom13, 2327-2334(1999)
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Figure 3. CE/TICsof tryptic digestsof threeidentified proteinsfrom
Coomassidlue stainedgel (a) spotsC2, (b) spotsC3and(c) spotsC7.
Injection: 5000V x 20s, separation3000V/cm.

ions from enteringthe trap usinganion gatingvoltage.(3)
Apply the SWIFT isolaton wavefom (32ms). (4) Cod
(25ms). (5) Apply the TICKLE activaion waveform
(32ms). (6) Cod (25ms). (7) Ejections from the trap. (8)
Digitize the mass spectra (9) Permit ions to begin
accumulaing in the trap again.(10) Transferdigitized data

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 4. 2-D false color map of tryptic digestsof C3. The x-axis s flight time andy-axisis CE elutiontime.

to the computer. (11) Save mass spectradata in the
computer. (12) Analyze mas spectrato determire appro
priate TICKLE voltageto apply onthe nextcycle.

RESULTS AND DISCUSSION
Method development

The use of CE/MS as a method for analyzihg complex

sample mixtures often encourters the two problems of

sample cleanup and concentration limit of detecion

(CLOD). In orderto overcone theseproblens, previous
work has been performed with on-line couping of solid

phaseextractbn (SPE}°! or membane premncentréion

to on-line CE/MS.* Althoughon-line SPE/GE/MS hashigh

sensiivity and samplerecovery the heterogeeity of the

SPE/@ZE coupling and the use of organic solvents for

eluting the materialmay resultin deterioraton of the CE

separdbn. Thus,we haveinvestigatedthe CE/MS of gel-

separatd protein digests using an off-line SPE procedure
for sanple cleanupand premncentréion.

Thedigestsof gel-sefratedproteinsalwayscontain salts,
detergats, watersolubk polymersandtiny gel particles.If
the sampleis not purified before injection into the CE
capillary, the capillaty can be easily clogged and the
separdabn degradedvherecontaninantsmay suppresghe
various peaksin mass spectranetric detection. In other
work, HPLC hasbeenusedto cleanand separag proten
digestsfrom gelssinceLC is more toleranttoward saltsand
detergats compare with CE** Thusin this work SPEis
usedto cleanthe protein digestsobtainedfrom 2-D gels
The ZipTip is usedbecauseét contairs a microliter bed of
C,g absobent which leads to improved samplerecovery
Figure 1 showsthe CE/UV electophorogamsof eluateand
wasteafter treatmentwith the ZipTipc1g The proteinspos
usedwerecut from 2-D gelsof an Esophagal Adenocaci-

Copyright© 1999JohnWiley & Sons,Ltd.

nomacell line stanedwith CoamassieBlue. Thei.d. of the

capilary was 75um and the sample was injected with

80Q0V for 20s. In orderto improve the separabn with

relaively large amountsof injected materid, an on-line

stecking technigiewasused After sampleinjection, 50 mM

NH4OH was injected with 8000V for 10s and then
sepaationwascompletedwith —26kV. The CE separation
of the wastemateral (Fig. 1(a)) containsa large saturated
peakeluting arourd 4—6min, while CE of the eluate(Fig.

1(b)) containsthe peptidepeakswhich elute after 4 min. If

the sanple is not cleanedbefore CE separabn, contani

nans and peptde peaks overlap and the signal is

suppessd.

A narrower capilary (37 umi.d.) wasusedto replacethe
75um i.d. capillary column to improve the separabn. The
amauntof sampe introducedby electokineic injection into
a37umi.d. capillawy is only onequarterthat of the sanple
injectedinto a75umi.d. columnunderthesamecondiions.
Figure 2 shows the separabn of Spot Z23 from a
Thymocyte cell with negative zinc staining by capillaries
of two different diametes. The CE separatiorwith 37 um
i.d. provides much improved resuts conpared with the
sepaationwith 75um i.d., while peakintensties werestill
sufficiently strorg for identificaion of proteins.Decreasig
theamaunt of sampleinjectedandincreasng theseparation
voltage also improved the CE separdbn. The use of a
37um i.d. capillaty provides sufficient sensiivity to
analze proten digests from 2-D gels with improved
sepaation.

Figure 3 showsthe CE/TIE of spotsC2,C3,C7 andFig. 4
shows a 2-D falsecolor imagemapof protein spotC3. The
protein spos from eight piecesof gel which wereobtainel
from eight 2-D gelsrun simultaneouslywere conbinedto
perform digestionfor CE/MS anajsis. Eachspotfrom the
gel of C2 wasestimaed to contain0.5—1picomole before
in-gel digestion. The digestswas dissohed in 4 uL of the

Rapid CommunMassSpectrom13, 2327-2334(1999)
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Table 1. Proteins identified from 2-D SDS-PAGEseparation of cancer cell line by CE/MS

Spot Proteinidentified Acc# MW kDa
Cc2 HSP-60 P10809 61055
C3 Actin, Cytoplasmicl,2 P02570/PR571 41737
Cc7 Adenosinekinase P55263 37491
723 Tubulin beta-1Chain P07437 49759

PI Sequenceoverage Consideringmodification?
5.7 54% yes
46% no
5.29 44% yes
38% no
6.28 41% yes
41% no
4.75 33% yes
19% no

soluion wheremorethan40 CE/MS experimens could be
performed. It is estimaed that aroundten femtamoles of
sanpleareinjectedoneachCE/MSexpeimentwhere~20—
30nanoltersareinjectedoneachrun.Howeve atleast2 uL
of the liquid must be available in the 0.5mL microcen-
trifuge tubein orderto performthe electokinetic injection
propely sothatonly half the sampleis actuallyused.Since
CE/MS only consunes nanolter amaunts of sample
multiple expeiments are possibg, including on-line CE/
MS/MS and, in principle, CEIMSMS/MS which can be
usedto further confirm the idertification of protens and
posttranlatioral modifications of proteinsobtainedfrom 2-
D gels It shouldbe noted thatwe could performanalyss of
evena single gel piece using this method;however, since
eight gel pieceswereavailable the entire samplewasused
since it was much easierto hande the larger amountsof
matefal. The original eight pieces of gel provide a
maximum of 2—4 picomolkes of materialfor analyss since
half of the sanple canbe used.Since40 injectionswith 10
femtamole per injection amountto 400 femtomoles, the
losesinvolved are still substantil Further proceduresfor
enhaning recoveryin the purification procedurewill be
required.

Identification of proteins by databasesearchcombined
with CE/MS/MS confirmation and analyss

The pepide masspeaksobtaned from the 2-D false color
mays were usedfor the databasesearch.The integration
capalility of the 2-D programallows for detectionof weak

Table 2. Databasesearch results with and without modification
consideredThe modifications consideredhere include N-
terminal glutamine to pyro-Glu, oxidation of methionine
and phosphorylation of Sand T

Spot Considering Rank MOWSEscore  #(%)Masses Swiss-Prot
modification? matched Acci#t
Cc2 Yes 1 4.67E+ 07 43/51(88%) P10809
No 1 1.43E+ 08 34/51(66%) P10809
C3 Yes 1 5.57E+ 03 17/26(65%) P02570
2 5.56E+ 03 17/26(65%) P02571
3 791 12/26(46%) P12718
No 1 1.09E+ 04 10/26(38%) P02570
2 1.09E+ 04 10/26(38%) P02571
Cc7 Yes 1 1.17E+ 06 19/44(43%) P55263
2 1.73E+ 03 16/44(36%) P48775
3 193 15/44(34%) P14550
No 1 4.86E+ 05 14/44(31%) P55263
Z23 Yes 1 2.15E+ 04 21/35(60%) P07437
2 5.80E+ 03 21/35(60%) P05217
3 1.53E+ 03 18/35(60%) P04350
No 1 3.21E+ 03 10/35(28%) P07437
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peptidepeaks.MS-FIT createl by UC SanFrandsco was
chosenasthe searchengine becase MS-FIT combinespl

range, MW range potential modifications, minimum
matchingpeptidenumber andothe featuresThe seaching
resultswith andwithout modification werecomparel. The
modifications consideed hereinclude oxidation of methio-
nine and peptideN-terminal GIn to pyro-Glu. The search
can be performedin different protein datdbases.SWISS-
PROT and NCBInr are two major databasg usedfor the
proteinsearch.

Tablel listsfour protensidentifiedby CE/MS.Thespots
C2,C3 andC7 werecut from CoomasieBlue staned 2-D
gel separatiosof anEsohagealAdenocarchomacell line,
while 223 is from a 2-D gel separatiorof zinc negatiely
stained Thymacyte cells. It was found that performing
databaseseaching without consideing possibé modifica-
tions results in a lower peptide matching percenage;
however it generaly providesone good match,as shown
in Table 2. In the case of datdase searching with
modificaions consideed, slighty lower MOWSE scores
wereobtaine for samplesC2 andC3 ascomparel with the
case of C7 and Z23, where databasesearchng with
modificaions increasedhe MOWSE scole comparedwith
thosewith no modification constdered.It shouldbe noted
thattherearetwo kinds of peptidematch:scoing matches
and non-goring matches.Scoringmatche include unmo-
dified peptides and acrylamide modified cystene and N-
terminalglutamire to pyro-Gluandoxidationof methionine
in the presenceof the unmodifed peptide Non-scaing
matchesinclude pyro-Glu and oxidation of methionne in
the absenceof the unmdified peptide acetyhted N-
terminal, phosphoylation of S, T andY andsinge amino
substitutons. In computingthe MOWSE scoreunmdched
massesreignored.In the caseof multiple matchng mases
the scoresaremultiplied togethe. The final MOSWE score
is ngzrmalsedto anaverageproteinmolecuar weight of 50
kD.

C2 has beenidertified as HSP 60. A high matching
percentagandMOWSE scoreareobtanedfor this sanple.
SpotC3hasbeenidentifiedasactin, § ory chan, where the
major differencebetwea the f andy chan is in the first
tryptic fragmentWe did not detectthefirst fragment, sowe
were unabk to differentiate betweenthesetwo proteins.
Many parametesin thein-gel digestionandSPEprocealure
affect the peptide recovery. It is possibé that some
hydrophlic peptides arelost during the washirg procedire.
In order to improve peptide recovery mixed absobents
have beenusedby one group? C7 hasbeenidentified as
adenosin&kinase.Z23 hasbeenidentified astubulin beta-1
chain.

Databasesearchng in different databasg will provide
different resuls. In this case,a comparison betwe@ such

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 5. CID spectraof two peakschoserfrom tryptic digestsof (a) spotsC3, m/zof parention
895.67,sequenc&SYELPDGQVITIGNERand (b) spotsZ23, m/zof parention 580.58,sequence

LAVNMVPFPR whereM is oxidized.

resuts mustbe cautiowsly analyzed.In orderto confirm the
idertification, tandem mass spectrome&y is required.
Becaus CEMS only consunes nanolters of sampleper
run, detailed information concening post-trankational
modification of proteins can be obtainel by CE/MSMS.
CE/MSMS confirmedspotC3 asacin andZ23 astubulin
beta-1 chain. The collision induced dissocation (CID)
spectraareshownin Fig. 5. The CID spectrun of parention
895.67 from C3 matchel the sequaice SYELPDGQVI-
TIGNER, thoudh the m/z of the sequaice MQKEITA-
LAPSTMKIK is similar to thatof the parent ion too. Figure
5(b) shows the CID spectrumselectedfrom the CEMS
mapping of the Z23 tryptic digest. The sequenceis
LAVN MVPFPRwhere methionne is oxidized.

Copyright© 1999JohnWiley & Sons,Ltd.

CONCLUSIONS

Capillary electophoress/TOFMS has been used for the
analsis of in-gel digests of protein spotsseparatedy 2-D
SDSPAGE The methodwas capaltbe of analyzingspots
from Coomass Blue stained gels and zinc negatively
stdned gelswherelessthanl1 picomole of materid may be
avaiable for analysis. An off-line purification and pre-
concentration procedureusing a ZipTip was used before
CE/TOF massspectranetric analsisfor purification of the
sanple from detergats and salts and to achieve a
concentrationlevd allowing detection of the pepide digest
produds from gels. This off-line methodwasusedsince it
provided sufficient purification of the sanple while

Rapid CommunMassSpectrom13, 2327-2334(1999)
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mainiaining the quality of the CE separation The CE/
TOFMS methodwas usedto idertify actual protein spots
from 2-D gelsin the m/zrangefrom 40 to 60 kDa using
pepide maps anddatabassearchig. Theion trapwasused
to perform tandem mas spectranetry on sekectedpepides
to pinpointthe preenceof modifications.

Acknowledgenents

The authors gratefully acknowledgesupport of this work by the
National Institutesof Health undergrantNo. 2-R01GM49500-5and
the National ScienceFoundationundergrantNo. BIR-9513878.

REFERENCES

1. DucretA, vanOostveem, EngJK, YatesJR,AebersoldrR. Protein
Sciencel998;7: 706.

2. Courchesn®L, JonedVD, RobinsonJH, SpahrCS,McCrackenS,
Bentley DL, Luethy R, PattersonSD. Electrophoresisl998; 19:
956.

. Wilm M, Shevchenkadd, HouthaeveT, Breit S, Schweigerer,
FotsisT, Mann M. Nature1996;379 466.

. NeubaueiG, MannM. Anal. Chem.1999;71: 235.

. ZugaroLM, Reid GE, Ji H, EddesJS,Murphy AC, BurgessAW,
SimpsonRJ. Electrophoresisl998;19: 867.

. Reid GE, RasmusseRK, Dorow DS, SimpsonRJ. Electrophor-
esis1998;19: 946.

. HenzelW,Billeci TM, StultsJT,WongSC,Grimely C, Watanabe
C. Proc. Nat. Acad.Sci.1993;90: 5011.

. Williams K, LoPrestiM, StoneK. Internal ProteinSequencingf
SDS-PAGE SeparatedProteins: Optimization of In-Gel Digest
Protocol, In Techniquesin Protein ChemistryVIIlI, Marshak D
(ed).AcademicPress1997.

9. EckerskornC, Grimm R. Electrophoresisl996;17: 899.

10. Rosenfeld J, Capdevielle J, Guillemot JC, Ferrara P. Anal.
Biochem.1992;203 173.

11.Li G, Waltham M, Anderson NL, Unsworth E, Treston A,
WeinsteinJN. Electrophoresisl997;18: 391.

12. ZhangWZ, Czernik AJ, Yungwirth T, AebersoldR, Chait BT.
Protein Sciencel994;3: 677.

13. Loo RO, StevensorTl, Mitchell C, Loo JA, AndrewsPC. Anal.
Chem.1996;68: 1910.

14. MannM, Wilm M. Anal. Chem.1994;66: 4390.

15. YatesJR, lll. EngJK, McCormackAL, SchieltzD. Anal. Chem.
1995;67: 1426.

16. Figeys D, DucruetA, YatesJR, AebersoldR. Nature Biotech.
1996;14: 1579.

17. DavisMT, Lee TD. J. Am. Soc.MassSpectrom1998;9: 194.

o N o O~ W

Rapid CommunMassSpectrom13, 2327—23341999)

18. FangL, ZhangR, Williams ER, ZareRN. Anal. Chem.1994; 66:
3696.

19. MuddimanDC, RockwoodAL, Gao Q, SeversJC, UdsethHR,
SmithRD. Anal. Chem.1995;67: 4371.

20. BanksJF, DreschT. Anal. Chem.1996;68: 1480.

21.Lazar JM, Xin B, Lee ML, RockwoodAL, FabbiJC, Lee HG.
Anal. Chem.1997;69: 3205.

22.Hsieh F, Baronask, Muir C, Martin SA. Rapid Commun.Mass
Spectrom1997;13: 67.

23.Mccomb ME, Krutchinsky AN, StandingKG, PerreaultH. J.
Chromatogr.A. 1998;800: 1.

24. PalmerME, ClenchMR, Telter LW, Little DR. Rapid Commun.
MassSpectrom1997;13: 256.

25. ThompsonTJ, ForetF, VourosP, KargerBL. Anal. Chem.1993;
65: 900.

26. ChienR-L, Burg DS. Anal. Chem.1992;64: 489A.

27. Albert M, Debusscherk, DemesmayC, RoccalL. J. Chromatogr.
A 1997;757. 281.

28. StegehuidDS, TjadenUR, Van der GreefJ. J. Chromatogr.1992;
591 341.

29. TomlinsonAJ, BensonLM, BraddockWD, OdaRP, Naylor S. J.
High Res.Chromatog. 1995;18: 381.

30. Qin J,Herring C. J. Rapid CommunMassSpectrom1999;13: 1.

31. PeterssorM, WahlundK-G, Nilsson S. J. Chromatogr.A 1999;
841 249.

32. StrahlerJR, Kuick R, HanashSM. Protein Structure:A Practical
Approach.CreightonT. (ed).IRL Presd.td; Oxford. 65-92.

33. Castellanos-Serrh, ProenzaW, HuertaV, Moritz RL, Simpson
RJ.Electrophoesis1999;20: 732.

34. Williams K, LoPrestiM, StoneK. Internal Protein Sequencingf
SDS-PAGESeparatedProteins: Optimization of In-Gel Digest
Protocol In Technique# ProteinChemistryl1il, MarshakD (ed)
AcademicPress1997.

35. HornshawMP, ParkeKC, SheeiDG. Proc. 46" ASMSConf.Mass
Spectrometryand Allied Topics 1998

36. Li MX, Liu L, WuJ-T,LubmanDM. Anal. Chem.1997;69: 2451.

37.Wu J-T,QianMG, Li MX, Liu L, LubmanDM. Anal. Chem.1996;
68: 3388.

38. Mallory GO, Hajdu JB. ElectrolessPlating: Fundamentalsand
Applications American Electroplaters and Surface Finishers
Society.

39. Li MX, Wu J-T,ParusS,LubmanDM. J. Am.Soc.MassSpectrom.
1998;9: 701.

40. JinX, Kim J,ParusS,ZandR, LubmanDM. Anal. Chem1999;71:
3591.

41.ChenY, Jin X, Misek D, HindererR, HanashSM, LubmanDM.
Rapid CommunMassSpectrom1999;13: 1907.

42.Clasuer K, Baker P. MS-Fit instructions. Available: http://
prospector.ucsf.edu/ucsthtml3.2fingt/fitman.htm.

Copyright © 1999JohnWiley & Sons,Ltd.



	mk1

