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| evel . The reasonsT hisrapplicatioraclains puadyrtetléSTONM/29% 898i filed Junert, t he

The tecnna oog 0bARLUBEN 87 78, FRRLNGaAhbese 0T Bom BB iten ¢ iy

devel oped. 25aﬁd11ﬁs & eBRfirudtion-infprt 6f GEBNYEEE S84, AledOiafcHP2AI 20D - W de
scale derives fromthree factors: the Ia@ge number of nodi fyi nﬁg roteins,

e.g. WO 03/ 0oitsstfia pominustpniio4wut of USRIN.GY/A 48, 7dR. blgddSeptember de , the
T ar g oboBHreBhufBERRG, 8 SA6ahEs BF G dr e fedfBBHeAT PY

t hese enzynes
by reference herein.

10 ' FIELD OF THE INVENTION

The invention relates to peptides and methods of isolating and

characterizing the same.

BACKGROUND OF THE INVENTION

The activation of proteins by modification represents an important
15  cellular mechanism for regulating most aspects of biological organization
and control, including growth, development, homeostasis, and cellular
communication. For example, protein phosphorylation plays a critical role
in the etiology of many pathological conditions and diseases, including
cancer, developmental disorders, autoimmune diseases, and diabetes. In
20 spite of the importance of protein modification, it is not yet well understood
at the molecular level. The reasons for this lack of understanding are, first,
that the cellular modification system is extraordinarily complex, and
second, that the technology necessary to unravel its complexity has not

yet been fully developed.

25 The complexity of protein modification on a proteome-wide scale

derives from three factors: the large number of modifying proteins, e.g.



nature of protein expression during growh, devel opnent, disease states,
and agi ng. The human genone encodes, for exanple, over 520 different 5
prot ei n kWwpaseendnaki ng them t he nost abundant class of emeymss2knaswn. See
Hunter, Nature 411: 355-65 (2001). Each gf these kinases phosphorylates
specific serine, threonine, or tyrosine fésidues |ocated wthin distinct
am no aci d sequences, or notifs, contained within different protein
substrates. Mst kinases phosphorylate many different proteins: it 10 is
estimated that one-third of all proteins encoded by the human genone are
phosphoryl ated, and many are phosphorylated at nultiple sites by different
ki nases. See kipasess encoged in Himgerese, thersuch fargennymper of §itas on vany  of

Lhese phospROs Bk OB L ESEEA ALTBH) iRbe Bno} #8Loala i AFRsAES and ey

prove to be inportan ragnostic or argets nol ecul ar

nmedi ci ne. Fornatyeerpf proteih expeesvioreduiag gidiithd develapmentadigeaszsstatbsnt i f i ed
to date, 46 are prot ela_gpg1 nases. See Hunter, supra, Oncogeni ¢ ki nhases such

as ErbB2 and 3¥k39ing: dBPyUNeAIhIRARBE GNFOFPRer SKBBI OYe Sea gt
cukem as.s 1 e5REGhIKIRsts, gl IH8MTEIbSt S0uldiht AUy RRRNOL YPe at

| east in part because |ty top sp ory ate | ul ar
pr ot ei ns. Undlmcsmrarﬁieelgiuwterchlatweeﬂdl 655e65e(2:®ﬂd)fEaacd1 bfythelaexmasieeases will

reatly expand our er st andi ng. of .t he nol ecul ar. | vi ng,
o Y neopen oSOk SRR PE g LS RBRa B P3G SouaNEs oY | dent 11y
modi i cati on withiiistirfet @miRH TR eMce8 NosmbAfs, cBRtathel ARhivadiféliant Of

cel lular proteins represents 25 an | nportant new tool for understanding the
key si gnal i ngpetein substrates. l\/mtthmyoes |phpsn‘>r¢@rwlaﬂe imany difesed proteits: is

Goseri bed® ¢ nEEBIREIRE atiHoAuR 41 e Pt B IR Rinan SRl  nom
unsui t abl e fOéret;ﬂﬂ)slph@hﬂé!e@naﬁﬂ rRAHY éﬂecmdsyhowlamobtfmempwtesqﬁﬁ from 30

conpl ex m xtures peptldes on a genone- or cell-w de basis. e WO
03/ 000931 Pmltﬁe@rti@ms Sgerferanes et whi Charnqtady Ehere §8i %&%H&Q%HPLC
proteins are |labeled in

Many of these phosphorylation sites regulate critical biological

processes and may prove to be important diagnostic or therapeutic

15 targets for molecular medicine. For example, of the more than 100
dominant oncogenes identified to date, 46 are protein kinases. See
Hunter, supra. Oncogenic kinases such as ErbB2 and Jak3, widely
expressed in breast tumors and various leukemias, respectively,
transform cells to the oncogenic phenotype at least in part because of

20 their ability to phosphorylate cellular proteins. Understanding which
proteins are modified by these kinases will greatly expand our
understanding of the molecular mechanisms underlying, e.g., oncogenic
transformation. Thus, the ability to selectively identify modification sites,
e.g. phosphorylation sites, on a wide variety of cellular proteins represents

25 animportant new tool for understanding the key signaling proteins and
pathways implicated in diseases, such as cancer.

Although several methods for purifying phosphopeptides have
been described, these methods have significant limitations that render
them unsuitable for the isolation or purification of modified peptides from

30  complex mixtures of peptides on a genome- or cell-wide basis. In one
\



vivo or in vitro with radi oactive phosphate, and the protein of interest is
purified to near honobgeneity (so that it represents at |east 95% of the
prot ei n iwotoB®o®anpl e) before anal ysis. See, e.g. Wettenh&CIr/usn2/ad480 Met hods
5 Enzynol . 201: 186-199 (1991). The highly purified protein is then
digested with a proteolytic enzyne to produce peptides, and the

radi oactively | abeled peptides containing a phosphorylation site of the
single protein are purified by reversed-phase HPLC. Phosphoryl at ed

pepti des are distinguished from nonphosphoryl ated pepti des by neasuring

the 10 radioactivity associated with each HPLC fractjon, and then
chemical ly s@§thaskadhichrgmpleysieyemashrrasePPECIgistnsE Iakeledd? i nport ant

Cimitati : - : | ti ) i tied
pepti des 11 onaShif Y8 wih tHHicaciRe dhosphald GnBithe prfigh dfinfredB8 ' 21
nmet hod 15 canpurifidueioapaarihadindgenaityl(eg theatlit eprgsents ahieast 85%oof the

a5 duri ng BRGNS SATBIP) R RN P i nD808aN8l SLak Mefbbdbar t he
st bror negl gl g1 ASROB9oURS 948 A BEARES RAHFGrsh A

necessarily the 'same. This problemis a I rst puri ng the 20
protein so itwith aybtasiyticaehzysaes tosprogducampeptidesand t radibackiealyr i gor ousl y

' f I o dur i [ afi ' d
Sl vel s "ot epebB RS R ialntadrd BlodnontaRanAts Shut Hable Aot £ om
compl ex pept | sg gilfiedrSprovERfod PhisdAPLON FirbsphbRibisapepagss i nen

applied to proteins that are nodified at evels, for exanple, where

only 25 a smedlistipguisked fge norghospharylatedypeptides dypneasiring ephosphor yl at ed

phosphopatt | dCRARRE BeRe e BRI et BFCEREIcH G aR srliicay 0 2

nonphosphor yl edg@neegdt i des, and the need for a nearly honbgenous
phosphopepti de during chem cal sequencing. Additional shortcom ngs of 30

this method exist. TNOOHPEEPBEsERPI SR ASFBEs sederal important

limitations that render it unsuitable for the purification of modified peptides
from complex mixtures of peptides, e.g. cellular digests. The method

15 cannot be applied to biological samples that cannot be radioactively
labeled, such as tissue biopsy samples. Selective peptide loss during
purification by this method can introduce biases, so that the most
prominent modified peptide before and after the HPLC step is not
necessarily the same. This problem is addressed by first purifying the

20 protein so its level of radioactivity can be measured and then rigorously
accounting for sample recovery during all subsequent purification and
analysis steps. Accordingly, modified sites cannot be identified from
complex peptide mixtures. The HPLC method is often unsuccessful when
applied to proteins that are modified at low levels, for example, where only

25 asmall percentage (less than 10%) of the protein is phosphorylated at
one site. This problem results from the difficulty of purifying a
phosphopeptide to homogeneity against a high background of
nonphosphorylated peptides, and the need for a nearly homogenous
phosphopeptide during chemical sequencing. Additional shortcomings of

30 this method exist.



Several researchers have enpl oyed i mobilized phospho-specific antibodies,
al ong with mass spectronetry (Ms or MS/MS), to identify phosphorylation
sites in WO®BINN31 | mobilized anti-phosphotyrosi ne anti PediUSe2/ase been
used to purify phosphopepti des frontdlgpits of 5 gelsolin, an actin

bi ndi ng-protein. See De Corte, et al Sci. 8: 234- 241 (1999).
However the single protein of interest, gelsolin, was first purified and
phosphorylated in vitro, before digesting to yield gelsolin- specific
phosphopeptides. |nmobilized anti-phosphotyrosine antibodies have

simlarly been enployed to i fy EphB phosphopepti des from 10 urified
EphB di gests (Kal cﬁ%\(eral resegrqe;}gﬁhavggmpi&@g @E@@Q;?SQMSP%C' Burify

al pha- enol as

al pha- enol as?@@?@ﬁ%ﬁ%ﬁﬁﬁ "Eée%g% r ophméetgﬁgﬂgfw}g%@gé)ﬁgg%@%m ).

However, in tpreodphbtydaticn smq)m proteinetimocbbibaddeanti-phdsphetymsireor s expressly
rocphanept | AR BEh Beed Bk R Rob e s oy 1

| WDOSS' bl'g (I 58, Bn %ﬁﬁﬁémdnﬁ%?r@f&ﬂa{‘s&é D@ YOI SV ThbAIRY dypaqbbrcus et

.) that phosSp ospeC| i c anti Dodi es are not generally suitable for
i soI ating phah8es)i ldewehalstheeﬂmgielwoﬂeﬁenf intgrest, @telasbllnnwas fiesti ew on

prot ei n phosphoryl ati nal ut h L.eCcQ ed ers in the 20
field of bi ol Byiesa "rtﬁrg@%%t%y'?ﬁ%@wﬁ ﬁé‘ﬂﬂyea‘f“gﬁﬁ FelOEOR o ecn 2.
261-268 (2002 ecﬁhﬁph@mw Epfidéd. oOm@ibbilived - ﬁ?fdébﬁb@r@élhé@lﬁﬁﬁodlésdl gested
yeast cell extract using an inmobilized epitope-specific antibody has al so

been reportetmave&mllady&eememployeat\m ideadfy kple phspébopwtlo@@ng5 (1998) .

anti body 11 . Ul ERh G E N8R Boche b 2o A PR BRTBEAH Y fas ot
phospho- SpeCl purdy afsteh- éﬁ@l@gélpltgdpﬁ@béptw%@tftdiﬂ% ﬁurﬁmdadlgermumm ein, Tyl
Gag. None of these nmet hodol ogi es are suitable for the selective isolation

of phosphopep2lipbianolass @%@@Ué)@fﬁfxfﬁ%@l)@@mﬁ@pﬂ d’%ﬁ?—%‘?@% 800kri ved 30
frommulti pgﬁ%@g%r&éﬂgﬁdla‘%ﬁ)ﬁﬁé%t e fHIEAYALE tHd 'GuhbfE! Y Pre VO

03/ 000931 P
expressly concluded that the low binding affinity between the antibody

15 and the phosphopeptides makes the detection of phosphorylation sites
almost impossible (/d. at p. 2635). The prevailing view (enunciated by
Marcus et al.) that phosphospecific antibodies are not generally suitable
for isolating phosphopeptides has recently been reiterated in a review on
protein phosphorylation analysis authored by recognized leaders in the

20 field of biological mass spectrometry. Mann et al., Trends in Biotech. 20:
261-268 (2002).

The identification of Ty1 Gag protein epitopes in digested yeast cell
extract using an immobilized epitope-specific antibody has also been
reported. See Yu et al., J. Am. Soc. Mass. Spec. 9: 208-215 (1998).

25 However, the immobilized antibody was a Ty1 Gag epitope-specific
antibody (i.e. was not a general modification-specific antibody), was not
phospho-specific, and recognized only peptides from a single protein, Ty1
Gag. None of these methodologies are suitable for the selective isolation
of phosphopeptides from complex mixtures of peptides that are derived

30 from multiple, unpurified proteins, and most require the timely pre-



-5 purification of desired proteins. Reviewed in Mann et al., Ann. Rev.

Bi ochem 70: 437-73 (2001). Another wi dely used nethod for purifying

nodi fi ed wopBiad®s1is i mobilized nmetal affinity chronmat ogcapisy2/(9480AC)

This pseudo-affinity 5 purification nmethod is based on the interaction of
metal ions and negatively charged peptide noi eties, such as phosphate. See,
e.g. Posewitz et al., Anal. Chem 15: 2883-2892 (1999). Pre-purified,
phosphoryl ated proteins are digested to peptides, and the phosphoryl at ed
pepti des are then purified by passing the digest through a mniaturized 10
chromat ography columm containing a resin with a covalently attached netal
chel ator, e. gurifigpHeaioheesired protainsy ReyiemestistVanaet al., Andalfevn is non-

covalently até@gpgél,_ 9. h?ﬁ_{@k@égiﬁ by treating the resin with one of

several netal suc Nit+, Ga3+, or Cue+. Wen the protein
digest is applied (o the colum, pe ia s wth a sufticiently high negative
15 char g donsi ¢y, Adofbr uifaty Ghed PERbOA ik diripl RO ulRE pERI¥s & he neta
cation. El ut Q%rﬁ@I@itiZé@m&@%ﬁiﬁﬁ%ﬂcmm_@éﬁé@ﬁg (MACheTRiS Pseboausmatyng or by
mass spectronetry gI\/S or M5/ M5)" to assign phosphorylation sites. "As with

t he rever Sed-prficatiopnmtied ivbasednethe iterastion of negtal igpaianded pepti des has

o 1 ed pept T EVEIHaRERER e AP, SReh s Mosthoie, Soe ddcel T ul ar
di gests. The paidwitk sust, Aralachest a6: £883-280D (1SSY). erRrespuifier, Si nce,

phosphopepti des, for exanple, are sensitive to the exact conditions used
for | MAC. It Rhosphorylatesiiripteias aessdiggsind tapaptidesngnd hesphospharyaifshl y used

cations in C(ﬁ‘%ﬂ [ ] gl ] J¢ bl »
conditions al g:}]dé't%%eér? tH\én']i gru ﬁfelgd Pg%% ?ﬁ'hgﬁ ﬁ%%gﬁ%@%ﬁ%@"ﬁg&u}rgﬁabest
suited fao puhronzadgrapheicoinsn sghizinisg @aekincwith asqovaferlyi attachedol ati ng a
second, differen hosphopeptide, fromthe sane, or different, protein may
require a sedBﬁHatl h’B?@t rpﬁ-%dm%@qegﬁ Qrﬂﬁtf"?qtga?ﬁﬂccﬁ@d- [F&atip At hod is
not specific 968 ch é&ﬁ% A fh dhengoati vely 30
charged am noéd;@ﬁh&;@%%g t?gucﬁ g@‘f’oars artic at(f:‘fle g?\ﬁ\x’gl S’t gmrtﬁc aci d)

several metal salts, such as Fe**, Ni¢*, Ga*, or Cu?*. When the protein

digest is applied to the column, peptides with a sufficiently high negative

15 charge density, such as from a phosphate group, can bind to the metal
cation. Eluted peptides can then be analyzed by chemical sequencing or

by mass spectrometry (MS or MS/MS) to assign phosphorylation sites.

As with the reversed-phase HPLC method, IMAC purification of
modified peptides has several limitations that render it unsuitable for the
20 purification of modified peptides from complex mixtures of peptides, such
as cellular digests. The method must be adjusted for each desired
sample, since, phosphopeptides, for example, are sensitive to the exact
conditions used for IMAC. It is not unusual to test peptide binding to all 4
commonly used cations in combination with 3 different pH conditions (12
25 test conditions altogether) in order to find the metal-pH combination best
suited for purification of a single, specific phosphopeptide. Isolating a
second, different phosphopeptide from the same, or different, protein may
require a second metal-pH combination that is unique. The IMAC method
is not specific for phosphopeptides, and peptides with several negatively
30 charged amino acid residues (such as aspartic acid and glutamic acid)



WO 03/ 000931 PCT/ US02/19480 -6 and w thout phosphate can bind to | MAC
resins and contam nate any purified phosphopeptides. This drawback is
especi al I'wopsowlvermati c when only a small percentage of tReTArsoy/e480 sanpl e
is nodified, e.g. a partially phosphorylated protein, because the
background | evel of contaminating 5 nonfhosphorylated peptides can
overwhel mthe | evel of phosphopeptides. For this reason, the I MAC nethod is
not suitable for the isolation of desired nodified peptides from conpl ex
peptide m xtures. Further, the nmethod is not specific for the type of

nodi fied residue, e.g. phosphorylated residue, thus peptides with
phosphoser i neandl@ithbuispinasptiates oaméjndoio IVAG pesing aadicostarhingte ady and el ute

bevel oppont | grantee A RbOBEPHEs. SRTe re s copacp by PRAISEAEE el ar o
suitable for drhgaérﬁgw BbicehtRfe SPAEIr8RiPSRIPHRER hbaife808R) @pdNikur es of

peptides, e.g. 15 digested cell extracts, which contain a"w de variety of
di fferent, noghdsphorylptestprotain, kechupetthe baskgrouaduevel of icoptamioatingst | y

pre-purifi.cation,.steps. ,Th devel opnent of suj.t abl ptide isolation

met hods t Rat %?@@SREPQ@F?@ pe(pﬁqe ggpé’aﬁf\’f'@e'ﬁh{h@ﬁﬁ@'ﬁ\%ul d, for exanple,
enabl e the rapHgbpRopEblitiEd T thivGEAYEH, ItRE IIFIAT ARetifdY B tReIBDM faetHeasi s and
the identification of new 20 diagnostic or therapeutic targets within cell

si gnal i ng patiaekajien o destiee nadifiechpepligastfremtcopplex Peptide auxiuees.er a

currently under il Q r | G- ut et hods
has recentl yq—ﬁ% t leoﬁ}?@‘é‘g.% Aq\égsge C@SS& %&&Xagﬁgﬂm %{'Eo({ &Sﬁé{%?%'é'954- 55
(1999) . SUMMAEGSBRFIBSINSNTIEOt @Epditidenvitiephosghosatinen pr ovi des et hods
for isolating a nodified peptide froma conplex m xture of peptides (such
as exi st sl0 n phesghothregpings or ahgerfotyrepinaall mé!@do@ute(ﬁyrrb'whgm ng a

prot ei naceous,jaf epar at lon froman organism in which nodified peptides
fromtwo or nore different proteins are present; (b) contacting the

protei naceous pr epﬁé@érid%rélw tﬁgrea}lemains a need in the art for the development of
simple peptide isolation/purification methods that are suitable for the
isolation of modified peptides from complex mixtures of peptides, e.g.

15 digested cell extracts, which contain a wide variety of different, modified
proteins, and yet do not require timely or costly pre-purification steps. The
development of suitable peptide isolation methods that are simple and
can be readily automated would, for example, enable the rapid profiling of
activation states on a genome-wide basis and the identification of new

20 diagnostic or therapeutic targets within cell signaling pathways that are at
the forefront of the proteomics era currently underway. The unresolved
need for such high-throughput methods has recently been recognized.
See, e.g. Mann, Nat. Biotech. 17: 954-55 (1999).

SUMMARY OF THE INVENTION

25 The present invention provides methods for isolating a modified
peptide from a complex mixture of peptides (such as exists in a cell
extract digest) by the steps of: (a) obtaining a proteinaceous preparation
from an organism, in which modified peptides from two or more different
proteins are present; (b) contacting the proteinaceous preparation with at



WO 03/ 000931 PCT/ US02/ 19480 -7 |least one inmobilized nodification-specific
anti body; and (c) isolating at |east one nodified peptide specifically
bound by wbe3sjomysbi | i zed nodification-specific antibody. PChaseifasd nay
further include the step of (d) charact?rlzing the nodified peptide(s)

I solated in step (c) by mass 5 spectronetry (MS), tandem nass spectronetry
(Ms-M5), and/or MS3 analysis. The nethod may al so further include the step
of (e) utilizing a search program (such as Sequest) to substantially match
the spectra obtained for the nodified peptide(s) during the
characterization of step (d) wth the spectra for a known Ptlde
sequence, théeaﬁt,onemmpb%hm@ mogdifiaaiiopasrasifiqanitbady; apd ¢¢) 'ﬁﬂlé iR@@tfied

peptide(s). I ndified peptides
cont ai ni ng Vi E?uaﬁ%mgﬁ%@@%&@%ﬁca Ig%ohﬁ{? tgcgnrgmo "1c udi ng but not
limted to phosgdificatibrispdcifieaatigbay.cthe methiddy/mayeddither inclogiglthe atep ehd/ or

gl ycosyl ated residues. Mtif-specific t.ext-i ndependent anti bodi es that
bi nd singl e rSdchAEaEt iIRG the Meglifiad H@tldﬁgis '%‘P'ﬁt?dc'ﬁr%%ﬁ @&Wéﬁ?i ed notifs

conprisin r 3t he

di ggl osed%m%éﬂowgo(kgsg%ﬁgdﬂarﬁaessg%y(?anﬁmnogk fN/l | so gt l|Vlo@;n device for
theh hso:c a: ihoanaijzsm;)'ﬂhé hmihcgtdzma}[yiagsgfmm?randudplrtlens:tgp@ﬂ(g&;?_I«l\izgm%gl ng to the
met hod o e invention nd, an odi es, t 0 .nov n

phosphor I at | $ETeh PeadTam (Eise s Segiesibiopubsianialymeish the sePeiEa et hods.
The method ofodiamedmePiid AddfRANGSIdELY d@mbqhe@hfar&tsrﬁat.owr sibp

I sol ati on (and subsequent characterization) “of nodified peptides om
conpl ex m xt wwitls fhes apéctes farraukiovere pepiide sequaycenthdreby idendifyiegthed or costly

25 and tipnely pre; ur|f| at| n of .desired, peptides or otelns The met hod
enabl s thle PABEPEIEBPHRS ateifiE bREE b el i

characteri Zatﬂh@ﬂs&éh@h’ bf hidified {)é;ﬁro@%tcdméihmgaﬂrtoﬁw aﬂp@pe@rrﬁ@aiﬁ@@dl ng to
a multitude of different nodified proteins and ryganaln g pathways, with a

singl e anti boayinoraeids, inpiuniia Butatot fimited; tedihespliomiatad dacatylstatender s i t
methylated, nitrosylated, and/or glycosylated residues. Motif-specific,

context-independent antibodies that bind single modified amino acids or
15 that bind conserved modified motifs comprising multiple amino acids are

advantageously employed in the disclosed methods.

Also provided are an immunoaffinity isolation device for the
isolation of modified peptides from a complex mixture according to the
method of the invention, and antibodies to novel UFD1 and PTNG

20 phosphorylation sites discovered by the practice of the disclosed
methods.

The method of the invention enables the rapid, efficient, and direct
isolation (and subsequent characterization) of modified peptides from
complex mixtures, such as crude cell extracts, without the need for costly

25 and timely pre-purification of desired peptides or proteins. The method
enables the single-step immunoaffinity isolation, and subsequent
characterization of multiple different modified peptides, corresponding to a
mulititude of different modified proteins and signaling pathways, with a
single antibody. The simplicity of the disclosed method also renders it

30 readily automatable, as only a single isolation step is required. Further



30 readily automatable, as only a single isolation step is required.
Further WO 03/000931 PCT/ US02/ 19480 -8 advantages and preferred
enbodi merwe 00/00MBE i nventi on are described in detail bel oar/UBRY/ERS0
DESCRI PTI ON OF THE DRAWNGS Fig. 1 - g fl ow di agram representation of
the nethod of the 5 invention. Fig. 2 depicts a MALDI - TOF nmass spectrum
of an unpurified mxture of 10 different phosphoryl ated and
nonphosphoryl at ed pepti des, using al pha-cyano-4-hydroxycinnam c acid as
matri x. Peaks |abeled with stars are phosphoryl ated peptides, and peaks

| abeled with circles 10 correspond to _non hosRhoryIated pepti des. Unmarked
peaks are sy#ivasiagesaid prrferod egehadinents ¢f thg inverdionare serbes imoF mass
spectrum of tha P Rﬁﬂhotyr03|ne peptide m xture described in Figure 2,
after |solat|on 0 osphopepti des with nonocl onal P-Tyr-100

ant i body-resin, accordlng to 15 the nethod of the invention. Peaks | abel ed
wth stars are phosphoryl ated peptides, and peaks | abel ed with prined

stars correspond to a phosg&lgpﬁ]gslcﬂep.r%b} Atm,éesnass of M- 78. These

artifacts are also present e un url e mx (Figure 2) but
are obscured by the peaks from nonphosphoryl at ed peptides (M- 80). 20
Fig. 4 - depicts dFigadBt isTOfowedisgrape odprasemtationef the imetteat! afitie unpuri fied
phosphot yr osi. ne ide mx described in Figure 2, using

al pha- cyar?o 404 'g‘f‘ﬁkyci nnam c acid as matrix. The top panel shows the
peptide m x before purification (as in Figure 2), and the bottom panel

shows the peptide pjgs 2af Hepicks MAIILTOF mEsgYpEctilm o?t‘%nﬁ!r‘cburﬁed depicts a
MALDI - TOF mass spectrum of an unpurified m xture of di fferent

phosphor y| at gtixiwe efckbaiffersdmposperyed |aaésnonnh195n§0rylated peptides,

al pha- cyano- 4. %3%4@8;{]180”}1 %y%?d@cﬁ%a%& ottt ad R | PRsa90 ettt

03/ 000931 PCT/
stars are phosphorylated peptides, and peaks labeled with circles

10  correspond to nonphosphorylated peptides. Unmarked peaks are
synthetic peptide byproducts.

Fig. 3 — depicts a MALDI-TOF mass spectrum of the
phosphotyrosine peptide mixture described in Figure 2, after isolation of
phosphopeptides with monoclonal P-Tyr-100 antibody-resin, according to

15 the method of the invention. Peaks labeled with stars are phosphorylated
peptides, and peaks labeled with primed stars correspond to a
phosphopeptide artifact with a mass of M - 78. These artifacts are also
present in the unpurified peptide mix (Figure 2) but are obscured by the
peaks from nonphosphorylated peptides (M - 80).

20 Fig. 4 — depicts a MALDI-TOF mass spectrum of the purified and
unpurified phosphotyrosine peptide mix described in Figure 2, using
alpha-cyano-4-hydroxycinnamic acid as matrix. The top panel shows the
peptide mix before purification (as in Figure 2), and the bottom panel
shows the peptide mix after purification (Figure 3).

25 Fig. 5 — depicts a MALDI-TOF mass spectrum of an unpurified
mixture of 4 different phosphorylated and nonphosphorylated peptides,
using alpha-cyano-4-hydroxycinnamic acid as matrix. Peaks labeled with



-9 stars are phosphoryl ated peptides, and peaks | abeled with circles
correspond to nonphosphoryl at ed pepti des. Unmarked peaks are synthetic
pepti de byproodu®ss. Fig. 6 - depicts a MALDI - TOF nass spe@Crarsoniv4she bound
and 5 unbound peptide fractions after in@unoaffinity i solation/purification
of the phosphothreonine peptide m x destribed in Figure 5, using

al pha-cyano- 4-hydroxycinnam c acid as matrix. The top panel shows the
fraction of the peptide mx that did not bind to a polycl onal

P- Thr-anti body-resin, and the bottom panel shows the fraction of the
peptide mx that did bind to and 10 was eluted fromthe pol ycl onal

- Thr - ant | bocfareHmhaspHRE I7Beides: And eaks labelocwEa SHBIeR! at od

pepti des, an ] ' : h t osphoryl at ed
pepti des. Fi &&%%Hggpﬁog‘gg%ﬂﬁwlﬂs%gﬁpec{?ﬁ%dé%%k%e%gnpuri fied and
purified phosgymtieticossptielepmyprodectsi x described in Figure 2, using 15

al pha- cyano- 4- hydroxycinnam c acid as matrix. This isolationis simlar to

the one described Figy. Bi-gdegistsla MAIDICTOF hbsd spbetr@iiwifiie ®bund and
phosphot yrosi ne peptide m x was reduced to a low level. In all panels,

peaks | abdl ed!naundspentidedractions shies ipmunsafiddytselation/patficationsefitbe wit h
cak , nent | d with 20
e e st ar s BLPiolRBRRR R MpAAGCrBEE ™ e 3 o ¥iBnaghahel 1"/
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Fig. 7 — depicts a MALDI-TOF mass spectrum of the unpurified
~and purified phosphotyrosine peptide mix described in Figure 2, using
15 alpha-cyano-4-hydroxycinnamic acid as matrix. This isolation is similar to
the one described in Figures 2-4, except that the amount of
phosphotyrosine peptide mix was reduced to a low level. In all panels,
peaks labeled with stars are phosphorylated peptides, peaks labeled with
circles correspond to nonphosphorylated peptides, and peaks labeled with
20 primed stars correspond to a phosphopeptide artifact with a mass of M -
78. The top panel shows the unpurified, complex phosphotyrosine peptide
mix. The second panel shows the peptides that did not bind to the
monoclonal P-Tyr-100 antibody-resin, and the third panel shows the
peptides that did bind and elute from the antibody-resin. The bottom panel
25 shows the bound and eluted peptide fraction after treatment with a
phosphatase enzyme, to remove phosphate groups from
phosphopeptides, reducing the observed mass by 80. Lines drawn
between the third panel and the bottom panel show the relationships

between phosphopeptides and dephosphorylated phosphopeptides.



-10 Fig. 8 - depicts a MALDI - TOF mass spectrum of the unpurified and
purified phospho- Akt substrate peptide m x, using al pha-cyano- 4-

hydr oxyciwpaaieaci d as matri x. Peaks | abeled with stars &C&/US02/19480
phosphoryl at ed peptides, peaks | abel ed \A{ith circles correspond to 5
nonphosphoryl ated pepti des, and peaks I'at?e'l ed with squares are

net ast abl e- deconposi ti on phosphopepti de products. The top panel shows the
peptide m x before purification and the bottom panel shows the peptide m X
after purification. Fig. 9 - depicts a MALDI - TOF nass spectrum of the
unpurified 10 and_purified 14-3-3 binding notif peptide m x, usin

al pha- cyano- 4- hydFi8x$cr ARBigIS2 l@'agghﬁg?§§<$p%ﬁﬂg of &R HBRUNHIRT gt ars are

phosphor yl at < RN Ry N Xa]| S i
Ponphosphor yi SISATEFPRoBitiAKt SRk BEbGHIE, Rng alheRapRe-A0

net ast abl e- delnEimogtinnamicdcd @isapalixi Beals etdwitPetks drabel ed with 15

3 bi ndi ng. motbICSRRCPABES! BARIEScPEAG 06 B it EECEE CRESPPRY fhe ant i body' o
known spegi figdd ar(\)gﬁh@#lé’t@dﬁsh'ﬁgﬁhe§,h&%pé§l% REBIARitTsyuaRissg puri fication

and the bottom shHows peptide mx after purification. Fig. 10 -
depi ct s a MAUDetapGeblesdacosmmasitiampldsphiopeptige pretict M hsutoipf pargl by

i mobi lized P-Tyr-1 00 anti bod roma.mxture contajning a _digested crude
3T cel | - oxt rSRANS thecbemtbismbs beioke Rtiisih it i3 Ballchh Pnd e s s
substrate pepbésiRictnik afer plifBbA- cyano- 4- hydroxycinnanmic acid as matrix
(top panel). Peaks | abeled with stars are phosphoryl ated peptides. The

bottom panel showsgigig baepricaiAl B-FOFARRLS debth@nldite dRpafifid treat ment
o

wi th a phosphatase énzynme, to renove phosphate’ groups frg|
phosphopeltk i darsd purifikc 1 4€3-8 hindibg enatif peptids niiy, BIng Alptaasyancadn  bet ween
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nonphosphorylated peptides, and peaks labeled with squares are
metastable-decomposition phosphopeptide products. Peaks labeled with
15 filled stars are phosphopeptides that are not expected to bind fo the 14-3-
3 binding motif antibody because their sequences do not fit the antibody’s
known specificity. The top panel shows the peptide mix before purification

and the bottom panel shows the peptide mix after purification.

Fig. 10 — depicts a MALDI-TOF mass spectrum of the peptides

20  purified by immobilized P-Tyr-100 antibody from a mixture containing a
digested crude 3T3 cell extract, the phosphotyrosine peptide mix, and the
phospho-Akt substrate peptide mix, using alpha-cyano-4-hydroxycinnamic
acid as matrix (top panel). Peaks labeled with stars are phosphorylated
peptides. The bottom panel shows the bound and eluted peptide fraction

25 after treatment with a phosphatase enzyme, to remove phosphate groups
from phosphopeptides, reducing the observed mass by 80. Arrows drawn
between the top panel and the bottom panel show the relationships
between phosphopeptides and dephosphorylated phosphopeptides.

Fig. 11 — depicts a MALDI-TOF mass spectrum of the peptides
30 purified by immobilized phospho-Akt substrate antibody from a mixture



WO 03/ 000931 PCT/US02/19480 -11 containing a digested crude 3T3 cell
extract, the phosphotyrosine peptide mx, and the phospho- Akt substrate
pepti de rmvR,0306198y al pha- cyano-4- hydroxyci nnam ¢ aci d asPERIUSOX14BOP
panel ). Peaks | abeled with stars are pggsphoryl ated peptides, and peaks

| abel ed with squares are netastable 5 deconposition phosphopepti de
products. The bottom panel shows the bound and el uted peptide fraction
after treatment with a phosphatase enzynme, to renpove phosphate groups from
phosphopepti des, reducing the observed mass by 80. Arrows drawn between
the top panel and the bottom panel_show the rel ationships between
phosphopept i de&NtaiRiNg1a diasier prisieys B eell eI nBsaspbstyresige peptidegepi ct s
a MALDI - TOF r t | RUrLL i ' il zed 14-3-3
Bi ndi ng. ot i 1 12A By P AN sERE bRl thi B e d 420 3T el
extract and tlinarédy@aBarbicatio@smairik (topepanale Reaks laisélad with stars are

| pha- -4- hyd ' ] ¢ i d i X., T 15 h
pept ?géy%-”i RAGPECRliRteR ahtidea. b aoaRs el WG SHOR A BB A |
mx after i drAb o9l ' d
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pepti des, peaks es correspond to nonphosphoryl at ed
pepti des, andqeakand ehdta pepiidd fragien afenireatnat sgthad pbodphatap®si ti on

phosphopepti de prodycts. The,botto anel .20 sho t he .hound and el uted
peptide fract® "&%L{BFGF}%&WB@E&O&W rﬁ&pﬁ%%@we@ﬁ@?ﬁefed%mlgemve
phosphat e gr opRHHgePBd RIFREMYOREPAHERS. draffUiiReeh tfe el ganadnmas by 80.
Fig. 13 - depicts a Western bl ot of A431 cells overexpressing the

epi dermal gr obettorh peanet shewdhe selalieraiiys betwaenatwspRicpapidesand 00 25
appear s aith ordeeipPRyeied REPLORRMRSE SF g, 14 - depitis a NALDI - TCF
Col T oxtract with By deBohe MAEPOERSSY SPRYRIM of e Besfiues o 27 431
al pha- cyano- 45 fplicosy rhdBfized A4L 3L3asindMb mhatif antibody from a mixture
containing a digested crude 3T3 cell extract and the 14-3-3 binding motif
peptide mix, using alpha-cyano-4-hydroxycinnamic acid as matrix. The
15 top panel shows the peptide mix before purification, and the middle panel
shows the peptide mix after purification. Peaks labeled with stars are
phosphorylated peptides, peaks labeled with circles correspond to
nonphosphorylated peptides, and peaks labeled with squares are
metastable-decomposition phosphopeptide products. The bottom panel
20  shows the bound and eluted peptide fraction after treatment with a
phosphatase enzyme, to remove phosphate groups from
phosphopeptides, reducing the observed mass by 80.

Fig. 13 — depicts a Western blot of A431 celis overexpressing the
epidermal growth factor receptor (EGFR) and probed with P-Tyr-100
25  antibody. Induction of EGFR expression is shown by the major band that
appears after treating the cells with EGF.

Fig. 14 — depicts a MALDI-TOF mass spectrum of modified
peptides (phosphotyrosine) isolated from an A431 cell extract with P-Tyr-
100 antibody-resin, using alpha-cyano-4-hydroxycinnamic acid as matrix.

30 This cell line overexpresses the EGF receptor and was freated with EGF



30 This cell line overexpresses the EG- receptor and was treated with EGF
WO 03/000931 PCT/ US02/ 19480 -12 to induce phosphorylation at specific
sites i n wWhe3B@s3r eceptor, as shown in Figure 13. Peaks Ipapalsen19se h stars
are phosphopepti des, and peaks | abel ed \glth circles correspond to
nonphosphoryl at ed pepti des. Phosphopept des purified fromthe digested

| ysate with P-Tyr-1 00 5 anti body-resin corresponded to two known naj or
phosphorylation sites in the EG- receptor, as expected (top panel). The
fraction was treated with phosphatase and reanal yzed (bottom panel) to
confirmisolation of = phaosp hggeptldes Li pes, dr awn_between the top and

bot t om panel 0 iNggRResRhAEY! P'&@F§H%¢1f“b§'t%t"\/¢@§rﬁ%ﬁd§%%pﬁﬁ %rwrand 10

dephosphoryl g %@t F t t of 3T3
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untransfected.cells shqws the ect,of Src X ressl e nunber and
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extract of 3T3 cells transtected with Src protein own in
Fi gure 15) withh E@ﬁmemptmecasnaxnectan(]oppanbbdijhe frastiony was treated with

| ph t t 1), P 20 | abel ed
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fraction was treated wth phosphatase and reanal yzed (bottom panel) to
confirmi soI and@ﬁta)themedﬁmm@b@@tbaiwgen IPthSPlquePt@@ﬁlaan an LC- MS/ M5

e cel 190 - A EepbARFBH rBBhpBRRRER 1 hast (s chown im Fi gure 15) wi th

I mobi | i zed P-Tyr-100 anti body. Portions of the spectrumwere anplified to
show | owi nt ensi t YFigy. d8uctiepictzns Westauesiot ofs3TY oells stably tpandfectetdao spect rum

to a phosphot yrosi ne-
express active Src protein kinase constituitively and probed with P-Tyr-
100 antibody. Comparison to untransfected cells shows the effect of Src
expression on the number and level of proteins recognized by the P-Tyr-

15 100 antibody.

Fig. 16 — depicts a MALDI-TOF mass spectrum of modified
peptides isolated from an extract of 3T3 cells transfected with Src protein
kinase (as shown in Figure 15) with immobilized P-Tyr-100 antibody,
using alpha-cyano-4-hydroxycinnamic acid as matrix (top panel). Peaks

20 labeled with stars are phosphorylated peptides, and peaks labeled with
circles correspond to nonphosphorylated peptides. This bound-and-eluted
peptide fraction was treated with phosphatase and reanalyzed (bottom

panel) to confirm isolation of phosphopeptides.

Fig. 17 — depicts an LC-MS/MS spectrum of one of the modified
25 peptides purified from an extract of 3T3 cells transfected with Src protein
kinase (as shown in Figure 15) with immobilized P-Tyr-100 antibody.
Portions of the spectrum were amplified to show low-intensity product
ions. Sequest assigned this particular spectrum to a phosphotyrosine-
peptide from enolase A. The peptide sequence and pertinent Sequest



pepti de fromenol ase A The peptide sequence and pertinent Sequest WD

03/ 000931 PCT/ US02/19480 -13 scores are shown. Peaks | abeled "b" indicate
product IwWOI3H0M@B1 contain the am no-term nus of the peptiPde/USazith48y "

i ndi cates product ions that contain the carboxyl-term nus. The nunber
following the "b" or "y" label indicates3the number of peptide residues in
that ion. Doubly-protonated ions, i.e., 5ions with a charge (z) of 2, are
| abel ed "++". Fig. 18 - depicts a Western bl ot of Jurkat cells treated with
TPA and probed w th phospho-(Ser) PKC substrate anti body. Conparison to
untreated cells shows the effect of TPA treatnment on the nunber and |evel
of proteins ramognareshownt Realghlabpleat BchﬁcHltetpradectdom; Hmhconiﬂ)n Fhey. 19 -
depicts a MALDI mass spectr um, of |de3|s ted froma
TPt 1 oared RIPRReEBIUSR EHEPRHE atbu, iaicateBqiptidions Mal DR, | sed
phospho- PKC SMESdarr@é)@yIJi@rtnhlﬁu@nThé’ﬁQMbeHﬁl%ﬂnn%‘ikl{&‘%”wa?@raﬁehm@f%' nnam c
acid as matrix (top panel). Peaks | abel ed h stars are phosphoryl ated
pepti des, pedks mmmreczf peptidegesidues in thad ion. dspany-pretonsetgshiopphice.y | at ed

e e aRS ik PRSI ZE‘O*BOa%?J%ﬁ%% 3 Cet popt i de 1 raction vas |
| Soration of phosphBbdB T ABRICIEs QUi blgkof J4rkan B Rorete AL B e
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TPA-treated Jur xtract shown 1 n Figure I rmobi i zed
phospho- PKC suu’uts&atade:ellasreho?vsdihe eﬁedtyofﬂ%tneaf:mgah@n ﬂm]owmbahend survey M

scans were collected (t axi_s vaI s t f thet | est peak in
each i ndivi df¥f! %f;ﬂiequ O&HJ;FGPH@/ Bgﬁb%ﬁﬁ } M5 spectra
25 were col l ected (the y- XIS va e sum of the hs of all peaks
in each i¥di vi dual Fighd&tr ﬁ?'CtSmMAlkﬁ)lr-ﬁb 1087 ﬁpe%mﬁnf ‘ﬁdb%el s show
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Figure 18) with immoblllzed phospho-PKC substrate motif antibody, using

alpha-cyano-4-hydroxycinnamic acid as matrix (top panel). Peaks labeled

with stars are phosphorylated peptides, peaks labeled with circles

15 correspond to nonphosphorylated peptides, and peaks labeled with
squares are metastable-decomposition phosphopeptide products. This
bound-and-eluted peptide fraction was treated with phosphatase and

reanalyzed (bottom panel) to confirm isolation of phosphopeptides.

Fig. 20 — depicts various chromatograms obtained by LC-MS/MS

20 analysis of the modified peptides purified from a TPA-treated Jurkat cell
extract (as shown in Figure 18) with immobilized phospho-PKC substrate
motif antibody. The top panel shows where survey MS scans were
collected (the y-axis value is the height of the tallest peak in each
individual spectrum), and the second panel shows where MS/MS spectra

25  were collected (the y-axis value is the sum of the heights of ali peaks in
each individual spectrum). The third, fourth, and fifth panels show where
neutral loss of 49, 32.7, and 24.5, respectively, was detected (the y-axis
value is the height of the neutral-loss ion). The peaks in each

chromatogram are labeled with their corresponding spectrum numbers.



chromat ogram are | abeled with their correspondi ng spectrum nunbers. WO

03/ 000931 PCT/US02/ 19480 -14 Fig. 21 - depicts properties of the peptides
t hat wer ewolws@sosed to undergo neutral -1 0ss during the LCPNB/USE/#9380 ySi S
shown in Figure 20, such as nass, phosp@a}}e content, and correspondence to
peaks in the MALDI-TOF nass spectrum shown in Figure 19. 5 Fig. 22 -
depicts sone of the M5/ MS spectra (left panels) and MS3 spectra (right
panel s) acquired during LC-MS3 analysis of the nodified peptides purified
froma TPA-treated Jurkat cell extract (as shown in Figure 18) with

I mobi | i zed phospho- PKC substrate notif anti boqlaﬁ Each MS3 spectrumis
gr?upgd Wi 'Ejh its c%'&@ép‘oﬂ@lp‘fﬁi meprtiesRidhe pRPtaes Biat vereabservedde

at a- depende 3 : g ; ssign
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23 - depi cts suoh aSmdSss prosptemté icohtenpaarel srrespbridBBcs te peaks i theght

panel s) that caonfir n assi gnnent de by, Sequest to one of the 15
spectra in Fi I&%Lblil%l—a-pmsst%%c&rgﬁ%p OWH fgr\’éeggectra collected for a
bi ol ogi cal peptide_and assigned by Sequest to UFD1_HUMAN residues _333-343
wi t h phosphoser i neFig: 22esfapistssspine phineMS/MA srertias(left panels) asgMST a

col l ected for ptd : | 80\ 1k teS and
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spectra and tpheptRiestiiaified fromtd TRAstreated dudeitell ertrabig(asatwwgninent made by
Sequest. Portions of the ectra wer
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Fig. 23 - depicts the MS/MS spectra (left panels) and MS® spectra
(right panels) that confirm an assignment made by Sequest to one of the
15 spectra in Figure 22. The top panels show the spectra collected for a
biological peptide and assigned by Sequest to UFD1_HUMAN residues
333-343 with phosphoserine at residue 335. The bottom panels are the
spectra collected for a peptide that was synthesized with this sequence
and phosphorylation site. The close correspondence of the biological
20  peptide spectra and the synthetic peptide spectra confirms the
assighment made by Sequest. Portions of the MS/MS spectra were

amplified to show weak-intensity product ions.

Fig. 24 — depicts a Western blot of 3T3 cells stably transfected to

express active Akt protein kinase constituitively and treated with PDGF.
25 The extract was analyzed by SDS-PAGE, blotted, and probed, using

untransfected, untreated cells as a negative control. The top panel is

probed with a general Akt antibody, the second panel with an antibody

specific for phosphorylation at Akt residue Thr308, and the third panel

with an antibody specific for phosphorylation at Akt residue Ser 473. The
30  bottom panel is probed with phospho-(Ser/Thr) Akt substrate motif



wi th an anti body specific for phosphorylation at Akt residue Ser 473. The
30 bottom panel is probed with phospho-(Ser/Thr) Akt substrate notif WO
03/ 000931WB@3HWEBAL/ 19480 -15 antibody. This shows that aeCiusvr/oasof Akt
protein kinase is acconpanied by an increase in the nunber and | evel of
proteins recogni zed by the phospho-Akt 1Substrate antibody. Ot her blotting
experinents showed the nmmjor protein recognized by the phospho- Akt
substrate antibody is the 5 ribosonal protein S6. Fig. 25 - depicts a
MALDI - TOF mass spectrum of nodified peptides purified froman extract of
3T3 cells transfected with Akt protein kinase and treated with PDGF (as
shown i n Fi guardit®dy, Thisi stpvad ihiahactivedion-of Al gratejrckinaserisacainipariedat ri x

t ). I mobilijzed 10 phospho-(Ser/Thr) Akt subst f bod
ums” ubed 10’ gof RRYICTRERH i1 g Hapercat el ot e e BB phle ' ponks
| abel ed W th siqibhodAR s&ﬁ%&héﬁw f@tﬁ@%lbﬁm@ eﬁb%@u'ﬁ@eﬂt@%ﬁb\%d\@héh circles

correspond to nonphosphoryl ated pept peaks | abel ed with squares

are met ast abhnejai¢groigioesaognizesHusiteapmsphad\igrsodstrate amiliodyda the 5
phosphopepti des in the %%) anel are acconpani ed by netastabl e-
deconposi i or! &E‘Eﬁﬂt%f § 'ng fromneutral |oss of phosphate. Two of

these fit the ex f t d f th I
brotein S (2, 250 Bl es Daomatss MAICT OF TER SSettirt oL sahfiag «
phosphat ase tided Hﬁ.lrbf” %Cfrc(rﬁ%hté%&?d%teﬁhhfc%ll&ﬂahhfeﬁtéos\wttﬁtﬁuﬁ?gr&éln 20

phosphopept i . rawn between e top and bottom pane I ndi cat e
the rel ati onslhnase Bedﬁmﬁe@hﬁhﬂ?ﬁ@édﬁs@hsmnd Figyriechhusing &t ehi-

phosphopepti des. Fj i.cts. vario hr omat 9 bt ai ned by
VB W anaipos Byofcinanic e A ratds tgh PRRR B AR ARE Bocr « st ed
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phospho- (Ser/Thr) substrate notif anti body.” The to%g anel shows where

survey MB scamedifiedrrenticles disne the dlgesgecb@ottsao&a%@s lebelesl wigh gtars afe t he
tallest peak 'ﬁos%%oh]ylated peptides, peaks labeled with circles correspond to

nonphosphorylated peptides, and peaks labeled with squares are
metastable-decomposition phosphopeptide products. All four

15 phosphopeptides in the top panel are accompanied by metastable-
decomposition products arising from neutral loss of phosphate. Two of
these fit the expected masses for phosphopeptides from the ribosomal
protein S6 (2,254.5 and 2,334.4). This fraction was treated with
phosphatase and reanalyzed (bottom panel) to confirm isolation of

20  phosphopeptides. Lines drawn between the top and bottom panels
indicate the relationships between phosphopeptides and

dephosphorylated phosphopeptides.

Fig. 26 — depicts various chromatograms obtained by LC-MS/MS
analysis of the modified peptides purified from a PDGF-treated 3T3 cell
25 extract (as shown in Figure 24) with immobilized phospho-(Ser/Thr) Akt
substrate motif antibody. The top panel shows where survey MS scans
were collected (the y-axis value is the height of the tallest peak in each
individual spectrum), and the second panel shows where MS/MS spectra
were collected (the y-axis value is the sum of the heights of all peaks in
30 each individual spectrum). The third, fourth, and fifth panels show where



I ndi vi dual spectrum), and the second panel shows where MS/MS spectra were
collected (the y-axis value is the sumof the heights of all peaks in 30
each i ndiwpdaabosspectrun). The third, fourth, and fifth paoeltsoziasy wher e
WD 03/ 000931 PCT/ USO02/ 19480 -16 neutral loss of 49, 32.7, and 24.5,
respectively, was detected (the y-axi5'1\6a'l ue is the height of the

neutral -1 oss ion). The peaks in each chromatogramare |abeled with their
correspondi ng spectrum nunbers. Fig. 27 - depicts properties of the

pepti des that were observed to 5 undergo neutral-1oss during the LC M5/ M5
anal ysis shown in Figure 26, such as mass, phosphate content, and
correspondenmtﬂmlbmkd49) 32hE ands24b; rHSFenﬁi\@y,swasdetﬁd@d](iha yraxi§i gure 25.

Fig. 28 - dep| t dur i t he LC— l\/B/lVB

Endi yars shonand i eeidor g Bt RI3E W Tl B4k BaEh (ot ont at i vel y
assigned to tdmﬁomakd%rahVamgéeié@rw&mtm m@spdmdfﬁgogﬁédtmmlnbml protein
S6 with one (panel two (panel 2), or three (panel 3) phosphate groups.
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Fig. 29 - deplctsa streate with insu
and an andl ogindergaweutratiloss aleidg\ithe h QM piToariBgsip showdr B Figudi 26 ITDtIf
anti body. Co arlson to ntr ated cel t)rﬂs ows the effegt of, treatnment on

the nunmber artdPRZRMESH 2 CoRieg CPIERSPORECeRRD P REERT BelP 14-3-3

bi ndi ng WDt'fMAnbnmmdasge s2fum SRS IS FRUMARBI - TOF mass spectrum of
nodi fi ed 20 peptides isol ated froma treated COS-1 cell extract (as shown

in Figure 29) wit b
ant i body, using ﬁ gggygéo %qﬂ%?oxym nﬁ%n(%tga]é%%ﬁas Jn}gt xq'??op panel ).
Peaks | abel ed\/lSWISfarsalyaEns shownpin &gnrer2p. dhede p)lm'pelsqlmtramawlesbéelbel ed with

circles carres no or and ks | abel ed with

25 squar &¥. artgﬁt%g'ﬁ’ﬁé/t ﬁ%ﬁg@c}gﬁdéﬁ‘fpﬁrpr&?gb H&)‘@th% Br Eﬂﬂ}yﬂ% Fig. 31 -

depi ct's vari QisodoATRbRIH 8BEWitPRE (55het! ) Liwd BBl 2), or three (panel 3)
phosphate groups. Neuiral loss of one, two, or three phosphate groups is

readily apparent.

Fig. 29 — depicts a Western blot of COS-1 cells treated with insulin
15 and an analog of cAMP and probed with phospho-(Ser) 14-3-3 binding
motif antibody. Comparison to untreated cells shows the effect of
treatment on the number and level of proteins recognized by the phospho-
(Ser) 14-3-3 binding motif antibody.

Fig. 30 — depicts a MALDI-TOF mass spectrum of modified
20 peptides isolated from a treated COS-1 cell extract (as shown in Figure
29) with immobilized phospho-(Ser) 14-3-3 binding motif antibody, using
alpha-cyano-4-hydroxycinnamic acid as matrix (top panel). Peaks labeled
with stars are phosphorylated peptides, peaks labeled with circles
correspond to nonphosphorylated peptides, and peaks labeled with
25 squares are metastable-decomposition phosphopeptide products.

Fig. 31 — depicts various chromatograms obtained by LC-MS/MS
analysis of the modified peptides purified from a treated COS-1 cell
extract (as shown in Figure 29) with immobilized phospho-(Ser) 14-3-3

binding motif antibody. The top panel shows where survey MS scans



anal ysis of the nodified peptides purified froma treated COS-1 cel
extract (as shown in Figure 29) with i mobilized phospho-(Ser) 14-3-3

bi ndi ng myDIoB/oenesi body. The top panel shows where survey WNBTASA$I480
03/000931 PCT/ US02/ 19480 -17 were coll ed (the y-axis value is the

hei ght of the tallest peak in each indiVidual spectrun), and the second
panel shows where MS/MS spectra were collected (the y-axis value is the
sum of the heights of all peaks in each individual spectrum. The third,
fourth, and fifth panels show where 5 neutral |loss of 49, 32.7, and 24.5,

respectively, was detected (the y-axis  value is the height of the
neutral -1 oss ws%ﬁ@&%&ﬁwws gﬁ'@ﬁ is ihe gﬁ@?‘&@?mﬁ tglestRaaiNiB®a/t h their
correspondin r ' - ' Mhd

ept | des.t hat "ealel SBEBERT; dna fletbectRa peePSfibhsMIRAENERTS Rbebb 6 v
anal ysi s showverencdilegted(iBa y-axi® valuetis dse sassof thb deigids ef athpeaks jn and
correspondence to, peaks in the LD|,- TOE Ss spectrum shown in Figure 30.
g 35 Gepratt SRR dakeRectE i T it Wi ek 1) PHEBIE PORRRISanal vs1 <
of two di fsf ergiitra 358y 81549,%7,%@2&.%0'ré%ﬁé@:ti%‘lgSWBQ'deﬁéﬁéélFh(e)y-é%i%
substrate notif antibody (Figure 26) (left panéls of this 15 figure), the
ot her pr epar edalug ishthehhaighioof(tBemeutral-Rs8 ioin hdihegoaaksiin eaght | body (Fi gure

31) (right panels of this figure)..Iln addition t r oni.nent eutral -1 o0ss
Tons. |t e spadipiiageman P with Tl b SRR el e e

spectra are thought, tqo_correspond tq. peptjdes that are resent jn both

sanpl es, due to si 9-&.27'9%'6%Efﬁpeﬂ!%&itb%e&haewaéd\/%g SEHRNY notifs
recogni zed by, ' 1 f b A h QA Weh indiai icts an
Lo VB speettaoBHeuaficas UERG hEL IS Bhafiis stiovih InFipUreS® ¢\ cat ed
COS- 1 cell0 exsudhcas (reesss pbosphate Epgtentd, arkbyomesporidemobitd ipeaks phtispho- ( Ser)

14- 3-3 bindin {i nti body. .Portjons.of.the ectrumwere anplified to
show | owi nt eﬂ@im'ﬁ)qgmﬁs S tri%§h°‘§8d'& équrﬁs@[')gned this particul ar
spectrumto a phosphoserine-, peptide from heat shock 27 k rotein. The
pgpt i de Sequenf:’e ahtg- 33 — depicPs fwo MS/MS spectra acqu?red durinth?leq_C-

MS/MS analysis of two different samples, one prepared with phospho-
(Ser/Thr) Akt substrate motif antibody (Figure 26) (left panels of this

15 figure), the other prepared with phospho-(Ser) 14-3-3 binding motif
antibody (Figure 31) (right panels of this figure). In addition to prominent
neutral-loss ions, the spectra have another prominent product ion in
common. These spectra are thought to correspond to peptides that are
present in both samples, due to similar induction conditions and to

20 overlapping motifs recognized by the antibodies used for purification.

Fig. 34 — depicts an LC-MS/MS spectrum of one of the modified

peptides purified from a treated COS-1 cell extract (as shown in Figure
29) with immobilized phospho-(Ser) 14-3-3 binding motif antibody.
Portions of the spectrum were amplified to show low-intensity product

25 ions. Sequest assigned this particular spectrum to a phosphoserine-
peptide from heat shock 27 kDa protein. The peptide sequence and
pertinent Sequest scores are shown. Peaks labeled “b” indicate product
ions that contain the amino-terminus of the peptide, and “y” indicates
product ions that contain the carboxyl-terminus. The number following the



perti nent Sequest scores are shown. Peaks | abeled "b" indicate product
lons that contain the am no-term nus of the peptide, and "y" indicates
product iwWO30bMB1 contain the carboxyl-term nus. The nunb@cTfusbt/®aBing t he
WO 03/ 000931 PCT/ USO2/ 19480 -18 "b" or 1@3{ | abel indicates the nunber of
peptide residues in that ion. Doubly-protonated ions, i.e., ions with a
charge (z) of 2, are labeled "++". DETAILED DESCRI PTI ON OF THE | NVENTI ON
In accordance with the present invention, there is provided a 5 general
met hod for isolati ng a nodified peptide (derived froma post-

translational |y npdjfied protein froma conpl ex m xture of peptides, such
as a di gested bcé’FIVI'?Eﬁ't'Bd'CﬁFﬁsgt@ﬁéTLﬁT‘ ert?fé’@?é'@ﬁdﬁs'éﬁﬁ%r‘ﬁﬁt?é'qme st eps of:

(a) obtaini “gDéulE’tPgirStd??a? sPIEPRRL /R fdtfé?@e’;\‘gz )VFP2BS Ieﬁtﬂé“ﬂ”"t ein

preparati on conpr ng rm ed pept | des A oM ifor e rent 10
proteins; (b) contacting the pr ot ei naceous prepar atlon with at |east one
I mobi | i zed nodi fi cation-specific antibody; and (c) isolating at | east one

nodi fied peptide specificahiy, lwﬁgsmrhgg q%hbtﬁﬁg yantibody in step

(b). In a preferred enbodi rren er conpri ses the step of

Spectromstry (V5 A ERh Wi bes? RyRpiEnyEs™ Bhipibelie anal vsi s.
or other equiyaheral mesidwPrbr lédlatﬂiy)éhﬁdidlﬁé@b@pfw(@l‘h@dlﬂ’@ﬁfa édie i nvention
provides a nethod for isolating a phosphopeptide froma conpl ex mxture of

pepti des, t hetrangationallydnpdified pgotein fgtre@scwplewlxw@ &f ﬁeﬁtjdf-as, such

o
br 01 el 180 20US PEHALILA R FRAL I RALAONY BB G SR PoRGhobRaCo0US
(b) contacti n@)obeainipgod prdtameoeewpmrattomfnom arhorganisrasthequreteimmobi | i zed

notif-specific, context-i nde nt antj t hat bi nds ti f conpri sing
at | east one P'&H@@WW’EP@%“ f'%%P@Pt"s) ’)'{P%"JMQ?'H@‘)&? 3! 5t one

phOSphOpelFbt'dﬁro%én@@é'&hfa%‘tlh tP@BFtﬂgtﬁ}éc&Bﬁs FERRAtid Rith 2R iéfednel N Step

(b); and (d) "characterizin t de 1solated 1 n step (c) by
mass immobilized modlflcatlon ~specific antlbody, and (c) isolating at least one

modified peptide specifically bound by the immobilized antibody in step
(b). In a preferred embodiment, the method further comprises the step
of (d) characterizing modified peptide(s) isolated in step (c) by mass

15  spectrometry (MS), tandem mass spectrometry (MS-MS), and/or MS®
analysis, or other equivalent method.

In another preferred embodiment, the invention provides a method
for isolating a phosphopeptide from a complex mixture of peptides, the
method comprising the steps of: (a) obtaining a proteinaceous preparation

20  from an organism, wherein the proteinaceous preparation comprises
phosphopeptides from two or more different proteins; (b) contacting the
proteinaceous preparation with at least one immobilized motif-specific,
context-independent antibody that binds a motif comprising at least one
phosphorylated amino acid; (c) isolating at least one phosphopeptide

25  specificaily bound by the immobilized antibody in step (b); and (d)
characterizing said modified peptide isolated in step (c) by mass
spectrometry (MS), tandem mass spectrometry (MS-MS), and/or MS®
analysis. In a preferred embodiment, step (a) further comprises digesting
said proteinaceous preparation to produce a complex mixture of peptides.



spectrometry (MS), tandem mass spectronetry (Ms5-MS), and/or MS3 anal ysis.
In a preferred enbodi nent, step (a) further conprises digesting said

pr ot ei nacwows/opepar ati on to produce a conpl ex m xture of PoEAiS02eEs0 WO
03/000931 PCT/ US02/ 19480 -19 In another, preferred enbodi nent, the notif of

step (b) conprises all or part of a ki'r? e consensus substrate notif or a

protein-protein binding notif, or consists of a single phosphoryl ated

am no acid. In sone preferred enbodi nents, the nethods further conprise the
5 step of (e) utilizing a search programto substantially match the spectra
obtained for the isolated, nodified peptide durin he characterization of
step (d) vmth'nﬁﬂ@t%%fe‘?;f@?%fr%?moféﬁﬁ ,ﬁl@pmoagoé%tagé!t%h'é?mpﬁéﬁs Of dent i fyi ng
t he parent pr I i kff Qe HE : i nvention
enabl es the s‘?énrgr)fe]éz(%ne%fei c?éi“sgp ?g%%%ﬁgate?ﬁéﬂ!ﬁsae%—@gﬂwﬁ%hg{ng@ati on) of
mul ti pl e di f fmotforcodsibtseol sinpladpisosphooylatesipamhionarido a nul titude of
different nodified proteins and signaling pathways, with a single

anti body. The met hipdsdrsie préferreti@mbodimienad)ltiee hithoge otherwodtprise. the
cell-wide or aorganismw de) profiling of actjvation states, and is readily

W g .
aut omat able. SRR Ahéehelizind dwearahgpr ORGP substgptially m&mt,hecsmcirﬁ de
profiling of if [Welyl d : 7 j . Of: y
G Trerent or otanineciRr tRisBifbd inodtiel (o 8aRRG e Bhafbteria2io TR
conpar ed to astepf(dy withehe spéctoa fdrl alknbwre pgptide sequericd, ltherébfr om a heal t hy

organism. Mtif-specific, context-independent agntibqodies nmay be 20
advant ageousl'ﬁ’e@?’r@ﬁwﬂé’& REFephRIO @@83@5%9%@ .pepﬁége anti bodi es bind
short, nodified notifs conprising one or nore am no acids includin at

| east one nodi fi ed! i@ §ieihed phthe inyaRen enakles thepighls/sisRdeplatior BN t he

O e noP! PR e BrBGD SFABI SR TRod L dHkbdbe 1 onal 10
25 their prodemtéspondangtio deiultitagelof differemismadified egoteieand BigdSHing
097148, 712, Cgar?r)lw%tys,a\llvi'th (avg?n&g/alndﬁiggz/.' Tr%e%%qﬁéﬂs??hﬁé?gr&' is&ll?ab?é for

genome-wide (e.g. cell-wide or organism-wide) profiling of activation

states, and is readily automatable. The method allows, for example, the

15 rapid, cell-wide profiling of modification states, such as phosphorylation,
of many different proteins in a test cell or fluid (e.g. a diseased cell) as
compared to a reference cell or fluid (e.g. a normal fluid from a healthy

organism).

Motif-specific, context-independent antibodies may be

20 advantageously employed in the disclosed methods. These antibodies
bind short, modified motifs comprising one or more amino acids including
at least one modified residue in a manner that is highly independent of the
differing protein context in which the motif occurs in multiple signaling
proteins within a genome. Motif-specific, context-independent antibodies,

25  their production, and their applications are described in USSN
09/148,712, Comb et al. (WO 00/14536). Genome-wide profiling of
proteins using motif-specific, context-independent antibodies is generally
described.



proteins using notif-specific, context-independent antibodies is generally
descri bed. WD 03/000931 PCT/ US02/ 19480 -20 The isolation nethod of the
present iwWO®NIWBL represents a significant advance over @ECMIESNL/198@I

met hods for identifying nodification sites in proteins, particularly with
respect to the following: (i) the metho@%-s useful for biological sanples

t hat have not been, 5 or cannot be, radioactively |abeled; (ii) conplex

m xtures of peptides can be resolved in a single-step and there is no need
for timely and costly purification before analysis; (iii) the nethod
utilizes affinity-chromatography and thus is nore specific than existing
net hods, such as I'WFlsofationemetilogl ofdbie foresert inyespiondepreseatpari fi ed, and

unnodi f i ed pe es .do, not contam nate t difie

fracti on. - eveoMigint araBoa e chevaTtonpl Hegtadior ety meiiding ver
low, (iv) t hesﬁé%ﬁﬁ?@ot%ﬂﬁc'pfam“érw Wﬁlﬁ"ré’épﬁé%t H‘fhetibﬂéwﬁf rmdl fied residue
targeted by the affinity purification, thus, fromone corrpl ex, unpurified

15 mixture, the me .(s%fs%%ntfgrbﬁgiocﬁeaqse &L ipithayB9Rn BLeR! appi ng

subsets of nodifi ew]pept es osp rosi ne-contal ning peptides can
be purifiéd uwicapnat benexdibagiivelydabeleddi fi cati on anti body for
phosphotyrosine, etc.); (v) since the nethod is based on a stable

anti body-anti gen (Hpcomb&mﬂtxtm@s dftpe@ﬂe@s oot beaeeolved e acsingletstep as
different sanples are analy (vi) the recognl zed problemw th existing

protein isol aﬁﬁ%ﬂi’%ﬁ%ﬂ%%§eeéff0hWPW93ﬂﬂ)@PS§W&Hr ﬁcé’t'%BﬁfQﬁ@r@ﬂysﬁﬁ ot ei ns
bi nding to, and co-eluting with, bound nodified proteins is obviated since
peptides, not pr ot(@i)ike mateodstilizes affisty-chrreatography, anththysrisseere et hod

ellmnatestheb un S cp-isolation of
protei ns ot hetPS ﬁgklﬂ?ﬁee)(?sé'é@ 'ﬁgﬁwﬁédgﬁ‘%%gwﬁﬁelsﬁ‘% cﬁﬁf;Hécﬁﬂeao
10  peptides are purified, and unmodified peptides do not contaminate the
purified, modified peptide fraction, even when the overall level of protein .

phosphorylation is very low;

(iv) the method specifically isolates the type of modified residue
targeted by the affinity purification, thus, from one complex, unpurified
15  mixture, the method can be used to isolate predefined, non-overlapping
subsets of modified peptides (e.g. phosphotyrosine-containing peptides
can be purified using a general protein modification antibody for
phosphotyrosine, etc.);

(v) since the method is based on a stable antibody-antigen
20 interaction, it does not have to be adjusted as different samples are

analyzed;

(vi) the recognized problem with existing protein isolation methods
of having non-specific peptides or proteins binding to, and co-eluting with,
bound modified proteins is obviated since peptides, not proteins, are

25  purified; accordingly, the present method eliminates the background
associated with the non-specific co-isolation of proteins other than the

desired modified protein; and



WO 03/ 000931 PCT/US02/19480 -21 (vii) the nethod is sinpler and easier to
use than existing nethods, and is, therefore, particularly well-suited to
hi gh-t hr osighlopaoodaut omat i on  and reproducti on. As used her @Cm/USVi®48®| | owi ng
terms have the neanings indicated: 5 "peptide" neans a fragnent of a whole
protein, e.g. a protease cleavage fragddnt, having a sequence two or nore
am no acids long; "nodified peptide" neans a peptide having an am no acid
sequence conprising at |east one, but alternatively nore than one, post-
transl ationally-nodified am no acid, for exanple (but not limted to), a 10
phosphoryl ated am no acid such as phosphotyrosi ne, phosphoserine, or
phosphot hr eoni ne, (vii) the mettod istsiipkamand emsiat, touisethas exstinglméthedae;

nodi fied peptides ont ai n l.tipl dified residuyes of the sanme type
(oo tvo o e, Pikbefstt: srdelary b ol G iafuMRLBRER Saine

nodi fied resighiegepbd@tderi ng type (e.g. a phosphorylated residue and a
15 gl ycosyl ated residue); "conplex m xture of peptides" neans a
substantially unpurified mxture of a plurality of different peptides
correspondi ng to tAwusederein, tefollewing teemne havetbe sieanings indicated;

i ncl udi ng both nodified and unnodified peptides; 20 "protei naceous
preparati én" means‘papfide’bmeansafragmpnbofea whotenpiiodein, papii pretegdfseom one or
nore cells, tissues,_or biological fluids of an organi sm .whether

inpur i ed orIEaIAGE BAORENG Meinecs spatipife Rre8 maPs BRag AUBhES T ude cer
extract, a proteolytic_ digest, serum and the |ike, "antibody" nmeans a
natural or reconbi yﬂ&?ﬁ‘flﬁ‘ﬁg’ﬁ%@!@,mﬁém}@lmpe VIELaRSHYRP &%l , derivative

or fragment t i aTeh : 4] Nt s;
"nmodi ficati on%%@%?id(ﬁéﬁgﬁ%%%@%gﬁ%%ﬂ a@%lﬁ?agé%mg? ﬁi)l n(c)i@é’ t | east one
modi fi ed am narsiatibnadlytredifiat @meinoraci fpaexarpleg babdoff liridedria)i & WO
03/ 000931 PCT/ US02/ 1 4t80 . . . .
10 ~ phosphorylated amino acid such as phosphotyrosine, phosphoserine, or
phosphothreonine, or an acetylated amino acid, such as acetyl-lysine;
modified peptides may contain muitiple modified residues of the same
type (e.g. two or more phosphorylated residues) or may contain multiple
modified residues of differing type (e.g. a phosphorylated residue and a

15  glycosylated residue);

“complex mixture of peptides” means a substantially unpurified
mixture of a plurality of different peptides corresponding to two or more
different parent proteins, typically including both modified and unmodified
peptides;

20 “proteinaceous preparation” means a preparation of proteins and/or
peptides from one or more cells, tissues, or biological fluids of an
organism, whether unpurified or purified (e.g. IMAC pre-purified), for
example a crude cell extract, a proteolytic digest, serum, and the like;

“antibody” means a natural or recombinant antibody, polyclonal or
25 monoclonal, derivative or fragment thereof, including Fap, Fap, Fapy2 and

F(v) fragments;

“modification-specific antibody” means an antibody that binds at

least one modified amino acid, either alone or as part of a modified motif



-22 conprising nultiple am no acids, including a general

nodi fi cation-specific antibody or a notif-specific, context-independent
ant i body;wogeanemal nodification-specific anti body"” nmeans aoTarsvy/imasy t hat
specifically binds a single nodified ampno acid, for exanple 5

phosphot yrosi ne or acetyl-lysine; the té“mincludes, but is not limted to,
a notif-specific, context-independent antibody that binds a notif
consisting of a single nodified am no acid; "notif-specific,

cont ext -i ndependent anti body” means an anti body that specifically

recogni zes a short amno acid notif (typically conprising 10 1 to 6

i nvari ant ani ¢NpIEsiag yNWapleraninagads, irnddding fgersiat medifigation-sperific in a

T8 that i Cahl v . iy di
ok v« ARG EBSREER S el BRRAETE” 2P0
in many, if not t {i L.h which it.. J but dou t

subst a%t i 1’3.| I yor eggggl?'}%gg@;?gﬁﬁgbg%gﬁlfeg'ﬁﬁ:aHSB%):ﬁ)érrﬁéﬁBﬁléFiaéﬁ'%f%gy &?%f the 15
moti f; (the psAuddilgbitds & eHylriddimd &pinoMidiefor examplge a plurality of
peptides or proteins within a genone that contain the target notif, has
been pr eviSouspPiospbotyrppine qrraO@g\rlﬁy%me;atnf,e ten owludgsa but supptdimited ipea

i bod : . R i e i d
ot 1 conpr TRy ae T coniatndenatiicht alidite By Bt FRARENAGRE cu20”
am no aci d ( exfth sidlgle Modifidtamfnodadidinase consensus substrate notif) ;
"parent protein" neans the protein(s) fromwhich a given peptide is (or

potentially is) derppgflspe@i®IUMABERhASENIBRRBALIBoMEThESSs SAEREDSAN] at
| east one, but alternatively nore than one, phosphoryl ated am no acid; and

25 "prot ei n- pthat epecificaityi regogoizes a sheanaminosa@d motitypicady cemprsinchat

et ot == 5,930k BRI R Bt SRS et el Rt

pggsphot yr osijne Riahieh thatosrhighy indegehdient dfkiee ah® 3cROSRRLNEET/ US02/ 19480
surrounding (flanking) the motif in the peptide (i.e. it recognizes the
modified motif in many, if not most, peptides in which it occurs), but does
not substantially recognize peptides containing the unmodified form of the

15 motif; (the production of such antibodies, which recognize a plurality of

peptides or proteins within a genome that contain the target motif, has
been previously described in Comb et al., WO 00/14536, supra.); the
antibody may bind a motif consisting of a single modified amino acid or a
motif comprising multiple amino acids including at least one modified

20 amino acid (e.g. all or part of a kinase consensus substrate motif) ;

“parent protein” means the protein(s) from which a given peptide is
(or potentially is) derived;

“phosphopeptide” means a peptide comprising at least one, but

alternatively more than one, phosphorylated amino acid; and

25 “protein-protein binding motif’ means a short, modified motif that
mediates signal transduction protein binding to a target protein, for
example, 14-3-3 binding motifs, PDK1 docking motifs, SH2 domains,
phosphotyrosine binding domains, and the like.



The teachings of all references cited in this specification are hereby

I ncorporated herein by reference. Further aspects, advantages and uses of
t he i nverwD®d/oem981 descri bed in nore detail bel ow. Protei ReEFAS0%19480
preparations 5 Proteinaceous preparatio cont ai ni ng conpl ex m xtures of
peptides for isolation of nodified pepfic«deés according to the nethod of the
I nvention may be obtained fromany desired organi sm For exanple, the
preparation may be obtained from bacteria, yeast, worns, anphibia, fish,

pl ants, parasites, insects, or mammals. In a preferred enbodi ment, the 10
organismis a manmmal . In another preferred_enbodinment, the mammal is a
human. The nethod dag teachipgs peall refeeensestciiedde dysspeeifigalion atth from one

or nore cell . | rl gani
Pr ot ei naceousﬁ%/rrgggéﬁr)% ’@éﬁ&égﬁﬁgzﬁ%%%d ﬁ%@%ggé%@é’, Qg\{/aﬁg?%% ng cells
in tissue culdnd esesobihdi ingettiprsédrerdbscabedtimndse detaivieslbivag the cells 15

fromculture nmedira by centrifugation, and lysing the cells by sonication or
ot her standard nmeans of disrupting cells.. Proteinaceous preparations nay

al so be obt ai pestefhdce®usyptdpiratibhgsue sanples. In a preferred enmbodi nent,
the tissue sanple is a biopsy sanple. These small pieces of living tissue,

typi cal I'y swei ghi ngpistsiatbaus g pabidhis! ddnBkifliRy cathSickMiRtures bect |y from an
organi smand used directly wt hou_t_wgr owh in"tissue culture. The use of
such living tpedigesdor isalationrafcoodifige pgpiidesaicediding toltbginsthodwdtle of t he

ti i th I nt [ tif hat . ' f
orontn in el nupRioAT Lo Reliediom aryl P eRerhn i dos RaatiG W) b
utilized. Forpesaralioh mhyerottginks fign BackPial yeastbnensk, amphididtfsh,etc.)

may be cultured or obtained by biopsy to study roteins wth roles in
cancer. Neur aplaglsl parasiteesingeetsaoainaannals: i a prefesedambedipiedtdhas i nvol ved

P B b Pl SRR prE ol pHgBndlieney o
Pr ot ei naceousa husdy. Theansthodatarnt be applisd0ols pRileMAte 6T plégtraflGA+a0m - 24
one or more cell types or fluid samples derived from any organism.
Proteinaceous preparations may be obtained, for example, by growing
cells in tissue culture according to standard methods, harvesting the cells
15  from culture media by centrifugation, and lysing the cells by sonication or

other standard means of disrupting cells.

Proteinaceous preparations may also be obtained directly from
tissue samples. In a preferred embodiment, the tissue sample is a biopsy
sample. These small pieces of living tissue, typically weighing less than

20 500 milligrams, are taken directly from an organism and used directly
without growth in tissue culture. The use of such living tissue allows direct
analysis of the biological state of the tissue without introducing artifacts
that may arise as a consequence of growth in culture. Any desired cell
type from a given organism may be utilized. For example, tumor cells (e.g.

25 from breast, prostate, etc.) may be cultured or obtained by biopsy to study
proteins with roles in cancer. Neural cells lines are available to
characterize proteins involved in neurotransmission. Fat cells can be
cultured or obtained by biopsy to study proteins involved in the hormonal

mechanisms of fat deposition. Proteinaceous preparations from tissue



sanpl es may contain peptides or proteins fromnultiple cell lines or types.
In addition, cell lines with specific, desirable features could be

engi neer edo 0geomBi cal |y, e.g., to overexpress a protein trcwgisv2/1@shave an
i nportant regulatory role in a specific pathway, e.g. cell lines
overexpressing Akt 5 protein. In other -@deferred enbodi ments, proteinaceous
preparations are obtained frombodily fluids, such as serum urine, spinal
fluid, or synovial fluid. Preparations from bl ood sanples nay al so be

enpl oyed, whether cells, e.g. erythrocytes, are first renoved or not.

Pr ot ei naceous preparations are obtained by standard nmethods, 10 e.g. for
cel |l s and ti ssampleshyay cantzin peptiddsoorqoreteinsfroonmulifplaselblines eniypest i ¢

R T
e.g., enzyrratgehéw_canf, éf;% lté;@v%@rxbaetshsa@bﬁﬁémhbeghﬂoﬂﬁargavec@h rfpordarst

soni cation for anina I'l's, but other desired nmethods nmay be suitably 15
enpl oyed. Pr deguladeryogie ivrappecilic pathway, eug eelldines @ veeexressing ke
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20 that fractiuddriep@raiiansoldemvileed saaplas may @lsa he epripyed whether
experi nment al 'é’e"saﬁ-%?ftgﬂ@?ég 'a?é‘tﬁtsqlr?émo-\l;gg ghgture can be a crude cell

| ysate (for exanp ssue ul ture, a bropsy, or serun), a partially
fracti onated | ysat for exampl e, a. highl rifie nbr ane o
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vitro nodigf i calyl fit defigEndasubs My sénication) hehddeniEdtion, eBtdsish,enzyme
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sonication for animal cells, but other desired methods may be suitably
15 employed. Proteinaceous preparations for use in the method of the
invention need not be extensively purified prior to the immunoaffinity
isolation step. For example, urine samples or serum samples may be
directly analyzed. This allows less sample processing, which increases
the likelihood of identifying low-level modifications and makes it less likely
20 that fractionation methods will bias or skew the profile of experimentally

assigned modifications.

The mixture can be a crude cell lysate (for example, from tissue

culture, a biopsy, or serum), a partially fractionated lysate (for example, a
highly purified membrane or organelle), or a known and well-defined

25 composition (for example, an in vitro modification reaction, that is, a
protein modification enzyme allowed to react with one or more substrate
proteins). However, if desired, simple purifications may be carried out to
remove non-protein elements and/or non-signaling, structural proteins by
standard methods, e.g. by centrifugation to remove erythrocytes,

30 uitracentrifugation to remove cellular debris and cytoskeletal proteins, or



-25 by treatnent with cl ass-specific enzynes such as nucl eases to renove
DNA and RNA. In a preferred enbodi nent, the proteinaceous preparation is a
crude celwoasiomst or fluid, which has not been extensivelPgTaisnt/id4ed.
Preferably, proteinaceous preparations are obtained so as to 5 reflect the
baseline, in vivo activation state, e.g.2%hosphorylation state, of

proteins in a given cell, e.g. a breast cancer cell. However, proteinaceous
preparations may be obtained fromcells or organisns pre-treated with

i nducers. For example, cells grown in tissue culture can be exposed to

chem cal s such as cal yculin or okadaic acid, which broadly elevate 10

cel lul ar phoslpmtrﬁatmemtrwilﬂeclalss-slpyeciﬁnha'rtzvmasqsuﬁhl ammmlemmm

Al ternatively

r.abl arr nd nore s c_set of
phosphopr ot e} R A B trefiéiied PhingdlitieRl s BEfSbARSAS retsaithes,
such as epi dei!s@bru%%@lfb%t%t 6ff|u’uha«hc¢\cﬁa9/ﬁéteoéaféﬁbnsﬁe@rﬁum@a pat hvays.
Organi sns can also be treated wwth drugs or infectious agents, 15 and the

effects of these pRALIRA Hy6Rh AR HrALeHoRY ot BhRi9saad toanal 21 ng

specific tissues or romt ani sm tain a conplex mxture
of pepti dés, rtelﬁlecpﬂmlmswoepmsqunaewatmw siate, ety. qdhosphoa/ilatk)nastgteeatf vari ety

f different prot ted with i t Loty
e o trypsi n BORRER Balven el G biash ganser ool HaMRVBb olagHoEnat

yields a Slgn;brf ?a?é‘ﬂdrﬁé mgy%%tﬁgmemhﬁh%@ﬁ@e%r rﬁ’Qﬁé?fré%aféd fithnost 1y
pepti des as opp otel ns enpl oyed exanpl e

endopr ot ei nasledut@@- Epr @(amcje ceﬂpgmwnhyhsﬂueyqndttme cande éxpaseihiein. In a

preferred enbgdi nen the en rreistr sin., |f.desir di estion with

two or rmore df %‘r‘@ﬁﬁ lfg"%? 8?'%'9'9}? ?r@g'drrw"cghg 5‘%& elgv to yield

smal | er pﬁpt'&ﬁﬁllérbbﬁ@b'h@prét@fn Ié’ﬁél% b?ﬂﬂﬁ%itﬁf@eééwlé‘rﬁlo% hatdsesd.- . peptides

of about 30 am no acids in g%ﬂ |l ess, for current MS methods).
Yné\HO

Di gestion of bﬂ@ﬂ@tm@)'nﬁﬁobélde wetiendrimere epeiimsetofsol ution, but it
is preferable @5&& i nmobi | i zed
proteol ytic e‘?\é o%?cgttebr{shig(p %ﬂﬁ\&%g‘él‘ ﬁ%&%&d egololgy ﬁébgﬂégﬁlgﬁf rom Applied
Bi osystens, |Rérmones, such as epidermal growth factor, that activate certain signaling
pathways. Organisms can also be treated with drugs or infectious agents,
15 and the effects of these treatments can be evaluated by isolating and

analyzing specific tissues or fluids from the organism.

To obtain a complex mixture of peptides, the proteinaceous
preparation, which contains a great variety of different proteins, is
digested with a suitable proteolytic enzyme, e.g. trypsin or chemical

20 cleavage reagent. Any suitable enzyme that yields a significantly
digested proteinaceous preparation (i.e. mostly peptides as opposed to
proteins) may be employed, for example endoproteinases Lys-C, Glu-C,
Asp-N, chymotrypsin, and thermolysin. In a preferred embodiment, the
enzyme is trypsin. If desired, digestion with two or more different

25  proteolytic enzymes may be carried out to yield smaller peptides suitable
for mass spectrometry analysis (e.g., peptides of about 30 amino acids in
length or less, for current MS methods). Digestion of proteins may be
carried out in an enzymatic solution, but it is preferable to digest the
proteinaceous preparations with immobilized proteolytic enzymes (e.g.

30 trypsin-POROS resin, available from Applied Biosystems, Inc.,



WO 03/ 000931 PCT/ US02/ 19480 -26 Fram ngham MA.; trypsin-Matrix F7m

avai l abl e from MoBi Tec, Marco |Island, FL.), because they can easily be
renmoved fwomsobm3di gest by centrifugation or filtration Ipefrarse2/14460
preparation is contacted with the immbilized antibody. If sol uble

proteol ytic enzynes are used, the di gest2§*5 are preferably treated with

I nhi bitors such as PMSF or aI pha-2- macrogl obulin before the proteinaceous
preparation is contacted with the immunoaffinity purification device, so
that the proteolytic enzyme will not degrade the imobilized anti body

nol ecul es. Preferably, proteinaceous preparations for use in the nmethod of
the 10 i nvenFiaotingbamaivA. Wﬁpﬁhéﬁa@kﬁﬂm,eavailabga frqmd‘deii'pmpMatee fromtwo

or nore different proteins i n nost cases [of0) i fied peptides
rom a il t| BTG 5 Perass eyl bR e hdng cidest Bar ot i on

typically CO(E&rﬁh aﬁoﬁ@'ﬂﬁlt@floﬁ‘ B@f@f@th@fpréﬁabéu@hflé @66@0téd’ﬁ/ﬂﬁ tié nodi fied,
as well as wunnodified, peptides. For exanple, such mxtures nmay contain

pepti des 15 mmmomziecﬂmnpmspanlulala mnteoad@t%zameaﬁremadﬁtm tligests

K1 Shnses ol ter‘??(% rab@%%‘%ﬁ whelRRBoR §0dh o8 PRI BF 33 %gge%e.( 1993) ;
Parekh et al. ma@cb’g:ﬂobulfﬁﬂcbé\‘oré3’[l'\(ét @@E‘élﬁécedi}s préBaritionli§ Séhtacked withntkéer red

enbodi ment, the proteinacequs aration contains 20 phosphopeptldes from
two or nore dlmmun@aﬁfmﬁyaueﬂwo &lisedhat thenereteolylisnenzsnensit iptes of

modi (1 ed PeptydaniEahL S diBAYAb Abstake, e 0. phosphorylati on

state, of sig I'ng pat organrsmor cell type on a
genome-w de or cel

thus pr.ovi d sna vat i on
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pr ot ei NacRPUSiNRERST 8bhtaih ﬁ'@fdif%‘é{tﬁeﬁth@sbé@ebhagphdﬁepﬂdé@ frémitweadd on st at us
in the given organismor cell line, , as discussed above, reflect

activati on stgore differant pr@mle%t ang in, mg@t cwesmnéam sedified peptides fromr

treatment upop gﬁl@ﬁwg féﬂfér%ﬁ Bibteihd. FRE bRtBinBLELSE bRshar ARGy FRMS:

pr ot ei naceous
contains a complex mixture of many different types of modified, as well as

unmodified, peptides. For example, such mixtures may contain peptides

15 modified by phosphorylation, acetylation, methylation, sulfation,
nitrosylation, or glycosylation, among others. See, e.g. Krishna et al., Adv.
Enzymol. Relat. Areas Mol. Biol. 67: 265-98 (1993); Parekh et al., Curr.
Opin. Biotechnol. 8: 718-23 (1997).

In a preferred embodiment, the proteinaceous preparation contains

20 phosphopeptides from two or more different proteins. Accordingly, these
complex mixtures of modified peptides reflect the activation state, e.g.
phosphorylation state, of signaling pathways in a given organism or cell
type on a genome-wide or cell-wide basis, thus providing a snap-shot of
activation states in that organism. The complex mixture of modified

25 peptides in the proteinaceous preparation reflects the baseline, in vivo
activation status in the given organism or cell line, but may, as discussed
above, reflect activation status in a treated cell, so as to reflect the effect

of treatment upon activation status.

In certain preferred embodiments, the proteinaceous preparation

30 comprises a digested biological sample selected from the group



30 conprises a digested biological sanple selected fromthe group WO

03/ 000931 PCT/ US02/ 19480 -27 consisting of a digested crude cell extract,
a di gest ewlotodos9el sanpl e, a digested serum sanple, a di gesrasoniwed
sanple, a digested urine sanple, a digested synovial fluid sanple, and a
di gested spinal fluid sanple. The digested preparati on may be obtai ned
using at least one 5 proteolytic enzyne, such as trypsin. In a preferred
enbodi ment, the proteolytic enzynme is inmmobilized. In another preferred
enbodi ment, the proteolytic enzyne is soluble, and the said digested
preparation is t[eab%% with a proteolysis jinhibitor prior to the
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unnodi fied peptides and/or peptides w th other I cations do not. Thus,
i munoaf fi ni tgrofeolytic erayine issicwoebilined.tio anetherdirefdreskembedinentatieows t he

-step isol atj f a broad f . desi. tides (origjnating f
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to an inert chronmatography resin, such as agarose, styrene, or silica,
by standard techniques, Briefly, the carbohydrate groups of the antibody
nol ecul es ar lnygaugroaEdnity Iselationye al dehyde groups, which are then 25
covalently bonded to the hydrazi de groups of derivatized chromatography
resins. Sée, e.g. Fog praiainacealls peparatinm ovhich conidgéinoa cosplR0M(Xe88) . The

Car by At Bl T OAR Ao BB o 2L . e
is contacted with an immobilized, modification-specific antibody (e.g. anti-
phosphothreonine) in order to isolate many, if not most, peptides
containing the modification for which the immobilized antibody is specific.

15 Peptides with the appropriate modification bind to the immobilized
antibody, while unmodified peptides and/or peptides with other
modifications do not. Thus, immunoaffinity purification according to the
disclosed method allows the one-step isolation of a broad range of desired
peptides (originating from different proteins) from substantially unpurified,

20 complex mixtures of peptides.

In a preferred embodiment, the antibodies are covalently-linked to
an inert chromatography resin, such as agarose, polystyrene, or silica, by
standard techniques. Briefly, the carbohydrate groups of the antibody
molecules are oxidized to reactive aldehyde groups, which are then

25 covalently bonded to the hydrazide groups of derivatized chromatography
resins. See, e.g. Hoffman et al., J. Immunol. Methods 9: 113-120 (1988).
The carbohydrate groups of the antibody are not required for antigen
recognition, so the chemical modification does not interfere with their
ability to bind peptides. Using this standard method or others, antibodies
30 are attached to chromatography supports at high concentrations, and



ability to bind peptides. Using this standard nethod or others, antibodies
30 are attached to chromat ography supports at high concentrations, and WO
03/ 000931WB@3HWBBL/ 19480 -28 because the anti bodi es are arcrasShyt480
covalently to the resin, they do not |each off the support and contam nate
purified sanples. Alternatively antibod8s may be i nmbilized by

non-coval ent attachnment to protein A or protein G which have been
previously covalently linked to agarose resin, 5 as in another preferred
enbodiment. It is sinpler to imobilize antibodies to protein A or
protein G agarose than it is to covalently imobilize antibodies to

agar ose. Howehenausetthe aditibediesrarbidtiozhed covaleotletmnthe resin, phey domotG supports
have the di sadvant t hat they, can be used .onl once,, because the
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coval entl y-| | gleed20L1 Bads st 9 SisaioRi@LOSMHLDNRRCE b
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t hrough the cohssecans@éms Indesctibmof thar antiteciyawittz prbtbin A e prateimbGlis zed
anti body are retained on the colum and unrecqgni zed pepti des pass through
the col urk® Toierupied bydhe cepijonsiged ite eie PrBf %Epm{f@oerg i nent, be

cont ai ned W t\{} ' ' ; ' el | d
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detergent, Orarﬁ)t%c}/ y-rresmag/elggtivaecli)(/]I gﬁ'wds the modified peptides, even when they are

present at low levels (i.e. picomole amounts).

15 For example, in batch format, the proteinaceous preparation is
contacted with the antibody-resin by mixing as a slurry, and the antibody-
resin with bound peptides is then removed by centrifugation, filtration, etc.
Alternatively, in column format, the covalently-linked antibody-resin is
contained within/packed in a chromatography column, and the

20 proteinaceous preparation is passed through the column, so peptides that
are recognized by the immobilized antibody are retained on the column
and unrecognized peptides pass through the column. The antibody-resin
may, in another preferred embodiment, be contained within a micropipette
tip.

25 Column size, flow rates, and conditions (e.g. pH, choice of buffer)
are selected in accordance with standard techniques. For low-level
samples, a substance such as BSA, detergent, or polymer may be added
to the proteinaceous preparation prior to contact with the immobilized
antibody in order to prevent non-specific peptide loss through adsorption.

30 The immunoaffinity purification step may be optimized, if desired, to



to the proteinaceous preparation prior to contact with the i mobilized

anti body in order to prevent non-specific peptide |oss through adsorption.
30 The i nwvomeabdsnity purification step nmay be optim zed, PCi/useyiwed, to WO
03/000931 PCT/ US02/ 19480 -29 ensure that all nodified peptides in the
sanple are quantitatively bound to and28uted fromthe antibody-resin

(i.e. little, if any, desired nodified peptide is unbound). For exanple,
the nolar ratio of antibody to nodified peptides, the anmobunt of antibody
per unit nmass of antibody-resin, the 5 length of tine the sanple contacts

t he anti body-resin (including recirculating the sanple through an
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artisan in practicing the nethod of the invention. In a preferred
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i sol ati on devineeiiedf pdptiieswitinthecamtirdylresino aid. r mel eid desiréd, e Isai t abl e
material, for exanple, fused silica capillaries. The ends of the

capi | | ari ¥k apRiMIZEAMY Herskilled qrigan ybpiasticingthe methad pfdhe inveptiomhe tip is
3 mcroneters or less, using an electronic mcrocapillary puller. The

capi | laries are thina piRgedwnbodmeskdiaungsiinibeisplatiosiin gasied)atgensson
e L A R R A e
Resin parti cl gstictdied mgebilizba o bhiyid moreperousiortrigcioppidusatesin
particle, packed into a thin capillary column, with an internal diameter of
15  about 50 to 300 micrometers. While capillary columns of this type
containing reversed-phase or ion exchange supports are already widely
used, prior to the instant invention, capillary columns packed with
immunoaffinity supports, as disclosed herein, have not been described.
Immunoaffinity isolation devices of the invention may be constructed of
20  any suitable material, for example, fused silica capillaries. The ends of the
capillaries are drawn to fine tips, so the internal diameter at the tip is 3
micrometers or less, using an electronic microcapillary puller. The
capillaries are then packed with chromatography resin using a
Jorgensson and Kennedy pressure bomb, to force the resin slurry into the
25  column through the back end. See Gatlin et al. Anal. Biochem. 263: 93-
101 (1998). Resin particles are larger than the diameter of the capillary
tip, so the resin accumulates in the column and is packed by pressure
applied through thé bomb. When the packed column has reached the
desired length, the pressure is relieved, the empty back of the capillary is

30 trimmed away, and the column is stored or used.



tip, so the resin accunulates in the colum and is packed by pressure
applied through the bonb. Wen the packed col um has reached the desired

| ength, twoopne®sure is relieved, the enpty back of the capiriusar/y4e 30
trimed away, and the colum is stored or used. WD 03/000931 PCT/ US02/ 19480
-30 A preferred resin is POROS, a rigid3®croporous resin devel oped at
Perseptive Biosystens for use in perfusion chromatography. Resin particles
are about 20 mi croneters in dianmeter and are of uniformsize. The resinis
sold commercially through Applied Biosystens (Fram ngham 5 MA), including
chemcally derivatized resins for covalently attaching proteins such as
anti bodi es. O her Amiremmieei r'eyshneis ROROS; iamigié maagroporausasein ddveddidd in t he
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peptides can be readily analyzed after isolation with mninmal sanple |oss.
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spectrometer and acts as a fritless electrospray interface. For example,
using standard low-volume HPLC fittings, the column is inserted into a

15 plastic (PEEK) micro-tee fitting (shaped like the letter T). A capillary line
from the HPLC solvent delivery system is attached to the opposite side of
the micro-tee fitting, in line with the column, so different solvents or a
gradient of solvents can be delivered at low flow rates, typical less than 1
microliter/minute, through the column to elute samples bound to the

20 column. A gold rod is inserted into the third stem of the micro-tee,
perpendicular to the solvent delivery lines and column, to supply the
electrical connection from the mass spectrometer through a liquid-metal
junction. All three devices are secured in the fitting with standard PEEK
micro-fingertight fittings and tubing sieeves. The source normally used

25  with the mass spectrometer is removed and replaced by a metal platform
that holds this micro-tee assembly. The position of the capillary column tip
can be precisely controlled by making adjustments with an XYZ
micromanipulator on the platform, so the position of the spraying column
tip relative to the mass spectrometer orifice is optimized for maximum ion



that holds this mcro-tee assenbly. The position of the capillary colum
tip can be precisely controlled by making adjustnents wth an XYZ

m cr omaniwoloaver3on the platform so the position of the pragop48®l unm
tip relative to the nmass spectroneter orifice is optimzed for nmaxi numion
WO 03/ 000931 PCT/ US02/ 19480 -31 current3lsi gnal . In this way mcrocolum

| i qui d chromat ography and m cro- el ectrospray ionization nmay be conbi ned
into one device. The solutions used to elute bound sanples from

i mmunoaffinity colums, e.g., 30%acetic acid or 0.1 Mglycine, pH 2.3,
typically are not 5 conpatible with direct analysis by el ectrospray nass
spectronetry. cmm\smnaltlhdhismaymﬁo&rbbuiunm midfchmamgratdw ard crorobe used

as the first onent aof a two- mensb HPLC stem where an
i mrunoaf f i ni t‘?}e(’tﬁ RIAY LoiFfPTL ey '&e 'i}té?r%r@d ¥S&e col um are
directly connected., A two-dinensional HPLC systemusing a strong cation

exchange col um 10T%§9W§8H$ yeeq to glute ?@Hn%ﬁégﬁ’l%frﬁmﬁmﬂW%@'@H't}descr| bed.
S V\é‘f:d] 0 d
sterGeam fromt %@Ecsg/a%oef%%“ E\?gcﬁc@d'] %Wast g F;iriéllérai %8[9{%'8' g'}r%ﬁijuéntlog?:‘ inity

purificatison cdrapatitile vetingiret asblyses by eie\ctrbepraymrasmapémtmmgtrpur| fication

colum, they hind to,the downstreamreverse ha e capj ! | | um, but
Che 501 ut i on HONEYHe S TBUHOR IR PUT A Tt Viek BB RE Vst 35 Befistr tod t o

waste. The boiHpsRem % Wdﬁ-ﬁ“ﬁé;&f‘al HPLW %?st%h?%ﬁe?@ drfi yﬁ ?’afﬁﬁﬁ?e col um

usi ng sol vents t%at are conpat wi th direct analysis ectrospray
mass spect ronmmf;catu&htoehmam andlayreversed-phasenceltimnnaneydisolly coanetieddone

ff-1i t 20 tr | pett

ip, as descr BedgeaiioPaRPLR S i B sTantncel R cainAnds SERMTT) ary
colum i mean ﬁ&tf@%fé%éﬂ@l@bd'ﬁha‘@@%l&ﬁﬁ%ﬁs beheeszPbbl ab¥e Ogumms are
nounted in the nass spectroneter and | e are ionized as tRey.elute

fromthe col d\MaSthﬂbgt&!h betl Biatecht I19r24 aﬁVéZOQHnunoaf finity isolation

devi ces conprising capillary colums as 25 described herein are useful not
only for peptides Theatiqhidrsireand frehruthe HiPbG system is diverted to waste

during the immunoaffinity purification step. As samples elute from the
immunoaffinity purification column, they bind to the downstream reversed-
15 phase capillary column, but the solution components used for elution do
not bind and are diverted to waste. The bound samples can then be
eluted from the reversed-phase column using solvents that are compatible
with direct analysis by electrospray mass spectrometry. Alternatively, the
immunoaffinity step can be done off-line, using a solid-phase extraction
20 cartridge in a micropipette tip, as described below, and then applied to a
reversed-phase capillary column in an LC-MS/MS system. In both cases,
the capillary columns are mounted in the mass spectrometer and samples
are ionized as they elute from the column as described in Gatlin, supra.

Immunoaffinity isolation devices comprising capillary columns as
25 described herein are useful not only for peptides that bind and elute from
the column, but also for peptides that bind to the antibodies with lower
affinity and whose passage through the column is retarded, extending the
usefulness of the method. These columns would be reusable and have
lifetimes comparable to other types of capillary HPLC columns. See, e.g.
30 Gatlin, supra.



the columm, but also for peptides that bind to the anti bodies wth | ower
affinity and whose passage through the columm is retarded, extending the
usef ul neswodB/00d981 net hod. These col utms woul d be reusabl e PaRAISAZ 1980
lifetimes conparable to other types of illary HPLC colums. See, e.g.
30 Gatlin, supra. WO 03/000931 PCT/ US02/°f9480 -32 In another preferred
enbodi nent, the imunoaffinity isolation device is a solid-phase
extraction cartridge in a mcropipette tip. Devices that have been
constructed with reversed-phase and other types of HPLC supports (e.g.,

Zi pTips fromMIIlipore) have been described. See e.g., 5 Erdjunent-Bronmage
et al,. J. Chromatl@nothenpisferied embpdimenigihe imyaypoatiisily isalatigne at t ached
to standard | b ' | rﬂgﬁ r e i ' manner
as pipette ti%%&éﬁfgoéﬁgmsgﬁ%%%g?ggg@g%e |ﬁt%mlﬁ§$tellt%,tw? %ecorres bound
t o the chrondhaghaphpesngpostructetivith revetdeshphasesand otfedrdypeebiHPLE t he

sanple in a small volume_far apalysis. The tip, 10 for, ex | e, may be
Fabri cat od bySuiRSEder, 2t ok Giare bEaye Baet Aesibet oae Gt 1x i1 the
di spensi ng e LEr Q[ j . I 1 t al.,
ol - chom - P BEBRTAAN oFpEr FERRriRoY, B e CIeT PO P 150! Thee
stability of dewicdsoae attdched tosstandarddableratary pipatiinddevicep@indeatedry; t he

end user would then rehydrate and congjtion t el 15.cont.ai.nin

b |1 zed 4RABAYE R MANOR] SBattits U S5 THESEMHIS S SRAEN tjlo

smal | - vol ume thiRp, WHEDNMS beeH f@th%rcﬂ*ﬁéﬂn@ftﬁérﬁpﬁ* sBppdrE OlvRich M thefesi red
pepti de) one sanple and then discarded. Immunoaftfinity separation nay al so

be perforned washedbealore ejyiing tbe seonle insaspealt wolumednr anslygtss dbs tipi | trat i on
menbr anes, ,or u r . - , r Y. e, e.g.
Vel | er, Oeseﬁﬁggg'ﬁ‘.p?eﬂﬁﬁ% B%{%lﬁ(ﬁcagé‘%%égeéﬁﬁ& {'%W&%E%E)g%rggﬁ Anal .
Chem 70: 498n%gel(rh88R)in thedispeatignérid/of & eteridapt nHe@pishtrtis.Sédie met hod
of the invention be carried out_w thout additiaonal chronmatography

Steps (e... ©geCbiseceiadnab Chen. EXcHilRyas i (eRDobrkpEyA0VaREAGS o, | n
sone of the general stability of antibody molecules, these devices may be
supplied dry; the end user would then rehydrate and condition the gel
15  containing immobilized antibody immediately before use. These high-
capacity, small-volume tips would be used to fractionate (i.e. isolating
desired peptide) one sample and then discarded. Immunoaffinity
separation may ailso be performed with other types of solid supports, such
as porous filtration membranes or sample supports for MALDI-TOF mass
20  spectrometry. See, e.g. Weller, Fresenius J. Anal. Chem. 366: 635-645
(2000); Liang et al. Anal. Chem. 70: 498-503 (1998).

Immunoaffinity isolation according to the method of the invention
may be carried out without additional chromatography steps (e.g.,
reversed-phase or ion exchange chromatography). However, in some

25 preferred embodiments, additional chromatography methods may be

employed in conjunction with, and prior to, the single-step immunoaffinity
isolation of the present method. For example, a digested cell lysate can
be applied to a reversed-phase solid-phase extraction cartridge and
fractionated by increasing the organic solvent concentration as the

30 cartridge is washed in steps. Each fraction would thus be enriched for



25 preferred enbodi nents, additional chromatography nethods nmay be

enpl oyed in conjunction with, and prior to, the single-step i munoaffinity
i sol ati orwofo3nbm®3pr esent et hod. For exanpl e, a digested ®€rIUShyswEBEe can
be applied to a reversed-phase solid-phase extraction cartridge and

fracti onated by increasing the organi c "s®d vent concentration as the 30
cartridge is washed in steps. Each fraction would thus be enriched for WO
03/ 000931 PCT/ US02/ 19480 -33 certain peptides, with mniml overlap

bet ween fractions, and the fractionated peptides could be nore
concentrated than the peptides in the wunfractionated digested cell |ysate.
In the same megitain peptidesi widls renimad overlay batwearoiradtians, pndfthact i onated wit h
an ion-exchange .sol id: phase 5 extraction cartri which woul d.b

devel oped by TRUHALY REPGRS P bR TR ea e iele Al haRideS 1R ¢ ac i ons
of salt. In operavtivhatdedigesheacidmapsatef I the sEhd ethnrdinpill digésddwetal
affinity chromat ograph MAC) is enpl oyed as an upstream pre-

( )
purificati on/lvsat@tqméecme&a@tipwe@with@n iemexshengaisolidiphasat i on as

phosphopept i dearadipn sepebloRa R ERES o AobSg Y s SBeaRlde®"
limtations (iputepawithibtriebsingtdontenfrafibvisohsyiepti des without specificity
for the particular phosphorylated residue, purification of acidic peptides

that are not phosphéde biféfed eRttithehEoPHeirhe®i fRmpbilRBATREtaPept | des
(i.e., sonme 15 peptides do not bind or elute fromthe | MAC support), and

poor reproduaffibity chsonaliegeaphya(kMAG)tis enfioyad as ab upsireanepreanpl es)) whi ch

osphopept | dBUEBSfEighBforFl ey To Ry Ret e AhAbA SR siosec,
st and- al oe tgsen! AgiscussEE eeflier) ém%uyhylwac@@ﬁidrm@hxpr@mh@?@?im a bul k

phosphopepti de 20 enrichnment/pre-purification step _upstreamo he net hod
of the preserffomi peptide arixtures, ihameverallimroriaay imdagens (GusBEsat very | ow

stringency, Léhrifﬂ:ra%ﬁ Jr PrBEPrlofSpHIRENvitEE RPSERBEY 7 IngPaRftafi D! © W thout

regard for t
phosphorylated residue, purification of acidic peptides that are not

phosphorylated, incomplete purification of phosphopeptides (i.e., some

15 peptides do not bind or elute from the IMAC support), and poor
reproducibility (which makes it difficult to compare samples)) which render
it unsuitable for the selective and facile isolation of phosphopeptides from
complex mixtures. Despite its limitations as a stand-alone technology,
however, IMAC may be desirably employed as a bulk phosphopeptide

20  enrichment/pre-purification step upstream of the method of the present
invention.

For example, IMAC may be performed at very low stringency, in
order to bind as many phosphopeptides as possible without regard for the
much larger number of acidic non-phosphopeptides that would also bind

25 to the IMAC support under these conditions. After elution from the IMAC
column, the peptides would be fractionated further by the method of the
invention, which would separate acidic non-phosphopeptides from
phosphopeptides and which would further separate phosphopeptides into
discrete subsets based on the particular residue that ié phosphorylated.

30 For example, peptides that contain phosphotyrosine and peptides that



much | arger nunber of acidi c non-phosphopeptides that would also bind 25 to
the I MAC support under these conditions. After elution fromthe | MAC
colum, twe opepdtdes woul d be fractionated further by thePogtusoz1aBo t he

i nvention, which woul d separate acidic non-phosphopeptides from
phosphopepti des and whi ch woul d further 3:46‘par at e phosphopeptides into

di screte subsets based on the particular residue that is phosphorylated. 30
For exanpl e, peptides that contain phosphotyrosi ne and peptides that WO
03/000931 PCT/ US02/ 19480 -34 contain the Akt substrate binding notif would
be separated fromeach other and could be isolated fromthe sane

| MAC- pr epur i f¢endait thesikddubetrate bi;zdia’geﬂoﬂﬂweuldrt@ sapdratéddiromieachnvent i on

may be desirab racti C |on ther t.hads .of
ohosphopept | danBLANA oy B et RA A B PSS PREPydTBrERaBY or1
accordance W [yBafehghus ied eéRod bf"fﬁéﬁﬂ@éﬁﬂldﬁ gyl oldditdly peactieediigd out by
using at | east one nodification-specific anti bod t hat sg(w(\:l fi cal |y

recogni zes a epnjenctiopwitbpthrsgnethodaof ahpam@permldefnwdrpa

phosphoryl ati on, acetylation, nethylation, nitrosylation, gl ycosyl ation,

etc. 10 Psef eﬁﬂ%lylﬁc?twﬁ%ﬁb%%@?ec'f'c antibody is: (i) a general

nodi fi cation- speC| Ic a an anti body that bi nds a single
nodi fied am no d_resi due & &1; ;)hot nr eoni r}ﬁ% 0es_not . recogni ze
the unmodified aniTRCCRPaNGEL YT de ”é’ﬁa I3, T RTYNGATHiEy ‘FO '88.'?08"'3 nt ext -

| ndependent  ag HOGYing =@ WWHxE dnBYnbdifcaRI @méﬁmwﬂhat@é@ﬂ@u al., 15 WO
00/ 14536, supra 5(%gl so descri bed bel ow). Tﬁzb use of such y

nodi fi cat i on-EseeNZEe aagiven typeel posdtirangtational mogifigatienn®oi f - speci fi c,

context 1 ndePBRAToh bl e MeRor e MAEROR Rl GhodlaTaRy, | o
motif, regardPesisraply,tthe mmnmedr@nsswwrmmmqustr(w agedsral hmdifwérubncat i on
or notif (i.e. these anti bodi es are not "site-specific" and hence are not

limted to rcBRRAMG PBIPQSY, Baatis.can ﬁ'ﬂt'hmgtbﬁt biage iagdnglequedified amjpesent i ng a
uni quel y- occug&ikRgsidlk e GPphB8SHothreonine, but does not recognize the

unmodified amino acid residue, and/or (ii) a motif-specific, context-
independent antibody produced by the method described in Comb et al.,
15 WO 00/14536, supra (also described below).

The use of such modification-specific antibodies (both general
and/or motif-specific, context-independent) thus allows the single-step
isolation of many, if not most, peptides in a complex mixture that contain
the modification or motif, regardless of the peptide sequence surrounding

20  the modification or motif (i.e. these antibodies are not “site-specific” and
henge are not limited to recognition of particular longer peptide sequences

presenting a uniquely-occurring site epitope).

In a preferred embodiment of the method, the modification (on the
peptides to be isolated) comprises phosphorylation and the modified
25 peptide(s) isolated comprise(s) a phosphopeptide. Particularly preferred
phosphorylated residues are phosphotyrosine, phosphoserine,
phosphothreonine, or phosphobhistidine. Although the invention is
demonstrated in the Examples using phospho-specific antibodies, it will
be recognized by those of skill in the art that other modification-specific



In a preferred enbodi mrent of the nethod, the nodification (on the peptides
to be isolated) conprises phosphorylation and the nodified 25 peptide(s)

i sol at ed wormppni®e(s) a phosphopeptide. Particul arly prefePC&dIS02/19480
phosphoryl at ed resi dues are phosphotyrosi ne, phosphoseri ne,

phosphot hr eoni ne, or phosphohi sti di ne. ';Q5t-hough the invention is
denonstrated in the Exanpl es using phospho-specific antibodies, it will be
recogni zed by those of skill in the art that other nodification-specific WO
03/ 000931 PCT/ US02/19480 -35 antibodies may be readily enpl oyed, for

exanpl e, acetylation-specific antibodies. Virtually any desired nodified
peptide may bantitodies edy esreadidy enmpbexkd, for $xarpienacelylaioRrspesifit | ons”

above. In certai,n preferred enbqdi.nents, . .motif-specific, coptext 5

i ndependent &Y Gg‘?seéﬁﬁ\‘%lg’a%ﬂvyaa‘?%{_ Wgﬁg@rﬁﬂpwgdn?%b?ﬂ%o'a&ﬂﬁﬁése_d met hod
to isol ate medygcribbdNR¥PrAISIhacOS PEGsarafbristidbons. a desired nodified
notif. These antibodies and their production have previously been

descri bed. See Cor’rp1 fésrta”hll mﬁ{%f%eg(ym'%{@%&if‘syégiff}%bmq{‘es bind to

short, nodified noti ecause of their st ze and 10
degener at & seiqgdeperdentatibodiesraretdivantageeusly employed igthedisclosed. occur

or "o tes" ¢ HAERdE SR Mok ot by OnisigS deRie - T P
brrol ogi cal |y, mBRifRRNABHE hese enABEMEs Hhd tﬁemg%mﬂiowmewewu@ for, e.g.

ki nases, in nultiple proteins in cellular signaling pathways. 15 The
i nventi on maybegn deseribact iSeedCembsaiet WQ 00014536y sdps. rTdwe amibadiesf

i , e.g.. signali hway.,.not i f . dified
ani no_aci ds. BRAE gt Mok ek PR i HERELSh P! TR el FBERI re hod, -t he
nodi fi catipn- §egsidrbfe setudpRaY, S6RA nére thah dnee MEBLJINST geRORI(i.8eS a

motif-specific, context-independent antibody that recognizes 20 a notif
conpri si ng atotaHdn twaer prusplidergnhpedeinsi a»oppesed Inlafgry, upidgeer r ed

o e+ KB SRR lhp gl i BRYTUHRS) Uit s a1 o, st
biologically, as consensus sequences and conserved binding sites for,

e.g. kinases, in multiple proteins in cellular signaling pathways.

15 The invention may utilize antibodies specific for any desired motif
of interest, e.g. signaling pathway motifs, comprising one or more
modified amino acids. In certain preferred embodiments of the disclosed
method, the modification-specific antibody used to isolate peptides
comprises a motif-specific, context-independent antibody that recognizes

20 a motif comprising at least one phosphorylated amino acid. In one
preferred embodiment, the motif consists of a single phosphorylated
amino acid, such as phosphotyrosine, phosphothreonine, or
phosphoserine. In another preferred embodiment, the motif comprises all
or part of a kinase consensus substrate motif or a protein-protein binding

25  motif.

For example, in preferred embodiments, motif antibodies specific
for all or part of any of the following kinase consensus or protein-protein
binding motifs are used for immunoaffinity isolation: MAPK consensus
substrate motifs, CDK consensus substrate motifs, PKA consensus

30 substrate motifs, AKT consensus substrate motifs, PKC consensus



phosphoserine. In another preferred enbodi nent, the notif conprises all or
part of a kinase consensus substrate notif or a protein-protein binding 25
notif. FowOesameBe, in preferred enbodi ments, notif anti bedrasoypasefic

for all or part of any of the follow ng-kinase consensus or protein-protein
binding notifs are used for inmunoaffini3y isol ation: MAPK consensus
substrate notifs, CDK consensus substrate notifs, PKA consensus 30
substrate notifs, AKT consensus substrate motifs, PKC consensus WO

03/ 000931 PCT/ US02/ 19480 -36 substrate notifs, PDKl1l docking notif (bulky
ring), phosphothreoni ne-X- arginine, ATM consensus substrate notifs, or

14- 3- 3 bi ndi repbstratd motifd IRDIET ejoakiaginotifdbulkytrirg) spleesphiothreonine-X-

cont ext -i ndependent tibodi es, previqusly.descrjhed in.Conb et al., W

00/ 14536, surﬁrgmd’ﬂ%é&@w&r@ﬂ]?‘és ggbﬁfaqm%qua‘?re{‘?'ﬁég%‘gﬂ% B'lﬁ’t'giz ref erence
in their entirety)_is carried out  bri ef,I,e/ as foI_Ié)ws: G(QRQ Miif-specific
anti bodi es that reH PigRasateR obreliEsPeHC, FOpteddndeRen iBREbashiess i ¢
target resid ' S,pm i apj | e
obt ai ned by yn%’aﬁ){e}gl z1 ng @Eh%frégoytul?%t 8@’3&2?2&3@%&0@% (Iﬂl?%g§9{§§¥l[ér)1 one

pr ef er r ed Sentaidiiniehtare irfmrporabedby refengndesiaghKEXRPeLy }MEXCOOE aher e X= al |
20 am no acids exce& %stei ne and J*= a nodified (*) amno acid (J). It
will be appr%rdﬁf%(t%% IRWS: a shorter or | onger library nay be generated and

| ess than all of the surrounding am no acids may be varied, For 15 exanple,
one to four X resididdoifespasificsanikqdige thatieaskWithoany peptein ok peplide ¢ ani no

oo eavon; meaTTEFNEP  SebERE"VBEp  OLEly fogsORiaNs, bF e |
Wi | e one pref err esurestnmtingrentino eicids mey benebtbineeidoyasymihesizing @ diighier
enbodi merils may - #EIIAIEE ROPHSC B <TTh oo Pt ad yetbaiadiae. - o
Li kew se, the library comprises XXXXXXJ*XXXXXXC where X= all 20 amino
acids except cysteine and J*= a modified (*) amino acid (J). It will
be appreciated that a shorter or longer library may be generated
and less than all of the surrounding amino acids may be varied. For
15 example, one to four X residues may be selectively biased for 1 or
2 specific amino acids, while the remaining X residues are highly
degenerate. In one preferred embodiment, the peptide library is
about 6 to 14 residues long. While one preferred embodiment
utilizes one fixed amino acid (either modified or unmodified) in a
20 varied surrounding context, other preferred embodiments may
utilize a motif comprising several fixed amino acids. Likewise, the
surrounding sequence of the library may be varied at more than
one position simultaneously, or, as in the preferred embodiment,
varied at only one surrounding sequence position per degenerate
25 molecule, such that a library is produced which is completely
degenerate at every position except the fixed residue(s). The
peptide library can be synthesized by standard Fmoc solid phase
peptide synthesis using an ABI peptide synthesizer and using
mixtures of each amino acid during degenerate coupling reactions.

30 The incorporation of unmodified amino acids at fixed



surroundi ng sequence of the library may be varied at nore than one
position sinmultaneously, or, as in the preferred enbodinent, varied at
only one worisoudi ng sequence position per degenerate 25 mwoirasot/e48such
that a library is produced which is conpletely degenerate at every
position except the fixed residue(s). Fh¥ - peptide |ibrary can be

synt hesi zed by standard Fnoc solid phase peptide synthesis using an ABI
pepti de synthesizer and using m xtures of each am no acid during
degenerate coupling reactions. 30 The incorporation of unnodified am no
acids at fixed WO 03/000931 PCT/US02/19480 -37 positions may be sel ected
to m nic conser vedpositiohs maybe eelmtgiddto mimic Eomgmwed anotifepfomtexagpe gi ni ne
residues. (2) In order. to produce.as equal a representation of each am no
acid as possibl e afNGIBHCHLYGIBRANS pEdNfegRsWESer al 5 rounds of altering
the am no acid conpositiqQn, synthesizi ng, and peptide sequencing are
conducted. Amino acid s@%u‘@ne S5 QI Rroduce gs savalr alreprgsestalion pbsaeh ons

al ong the peptide jsifmpnstigt er iy r 1N f!
representation at éle'z](lz posi tlggnﬁgsr%m@t hgteﬁeﬁgﬁ%%eg?gggﬁ‘t asteivgrnali S
mai nt ai ned t hr ougheundshef abering thee einino ldcidvidompusitice aymitrsiziby, ané of

skill in the art that .Jhe nunmber of ro nc{s .vary,.jn order to achi eve an
oqual  di stribut | RSRIELFEIUBHGRE 2% GRNAHCRYCAMIRR AEIdFedysTCeBRRINSIgh y

di verse peptide Ii i oAt i , \/ lignt
coupling to a car ”Q[;?.év?ﬂna‘ﬁ ad*ggeéfn felr%rogleju05?1]%59%% o%%%?ﬁaig%%%[ﬁéﬁ;g

hemocyani n (KLH) everifyidireddom sminmaickl seppresantation aiseadctagposkiioncangl! i ng

, and th |_ed de |lib i.nj d_int. | [y i host,
Sheh s Temle NeREFCNEETAMT, Sepleltiathad dhabthinRdc kel tBe o ven

in incong ete Fresnfthssiadituviinbe YaEbdni2ed IDYOME of SKAPTE the ar2fhaphai ned.
Antibody titer is neasured by a suitable nethod, such as
number of rounds may vary in order to achieve an equal

distribution of all amino acids at each position.

(3) The highly diverse peptide library is used as an antigen,
preferably by covalent coupling to a carrier. In a preferred
15 embodiment, keyhole limpet hemocyanin (KLH) emulsified in
Freund's adjuvant is used as the coupling agent, and the coupled
peptide library injected intradermally into a host, such as female
New Zealand white rabbits. Booster injections may be given in
incomplete Freund's adjuvant untii an immune response is
20 obtained. Antibody titer is measured by a suitable method, such as
ELISA against the motif-specific peptide libraries. Antisera raised in
this manner may be used in either crude or purified preparations,
as outlined below.

(4)  Antisera from the most promising hosts are purified,
25 for example over protein A, and adsorbed over a J (non-modified)
peptide library column. In the preferred embodiment, the
nonadsorbed fraction (flow through) is then applied to a J* column,
eluted at suitable pH, dialyzed and tested for J* specificity by a

suitable method, such as ELISA using J* and J as antigen.

30 (5)  Antibodies affinity purified in this fashion recognize



ELI SA against the notif-specific peptide libraries. Antisera raised in

this manner may be used in either crude or purified preparations, as

out | i ned weloemosgyr) Antisera fromthe nost prom sing host PCASOPUBE | ed,

25 for exanple over protein A and adsorbed over a J (non-nodified)

peptide library colum. In the preferred@nbodi ment, the nonadsorbed
fraction (flow through) is then applied to a J* colum, eluted at suitable
pH, dialyzed and tested for J* specificity by a suitable nethod, such as
ELI SA using J* and J as antigen. 30 (5) Antibodies affinity purified in
this fashion recogni ze WO 03/000931 PCT/ US02/ 19480 -38 the J* peptide

li brary but do notthesKateptideHibrany hutldomairgactnaitiette biibramy ahdgixhibitgs ee of

ificity f J*.. Th t.i bodi further, tested f | ack of
Bactivity agal nstBRATEHTRBGTTREE TR HPbP - FRSTe AGHOCRS ey b8 D aci d.
J¥, or a J* honol ogdead tHrilddiZéMBadtivityl 4R the ulRidiitkd Ri¥fToRpe Baigef (6)

Antibodies may be further tested by western blotting, or another “suitable
met hod, usi ng cel | mexiifieslc amine gsit, edl, faroan Fehomolagueat Wiizing A swithbié t hout a

sel ected otein difi i pn i nhi bitor, such as protein

phosphat ase i nhi b%@iﬁh%cﬁ}f'j'ﬁﬁ@sﬁéﬁlo Treatnments that increase protein
nodi fication will incregge the,. nunber o nti body, reactiv rotejns as
wel | as the intensity o reé@t'!i"?}ﬂ??.maﬁh_ée?“rt“%‘?fetﬁsﬁ(ﬁg)émgsg & RISttRg, | react
with a relatively ér”@hétheﬁ'éﬂf?@dle?ﬁﬂ%ﬁ? ﬁéiﬂg ddlIOERt R iﬁﬁéepa?é& Ffm%eﬁé’t wi

react wwth a very |arge nunber ow ng treatnent. ant i iles wll
show no 15 reacti viregtedi wihtdred iwithout e selentatb girdteind meslifidadion efzynhese

DrOLEI NS o oMt BT, JuPhahs SBRER. ShotondBES, bk, R%uoteRL ™
proteins.jo(7) The frgteens tkgNiRréasIroRManN6EifitBNoPSVIIDIRrease the
number of antibody reactive proteins as well as the intensity of
reactivity. The J* specific antibodies will react with a relatively small
number of proteins from control extracts but will react with a very
large number following treatmeni. The antibodies will show no
15 reactivity with the inactive-non-modified versions of these proteins,
demonstrating a high degree of J* specificity and suggesting broad
cross-reactivity to many different modified-target containing

proteins.

(7) The degree of contexi-independence may be more
20 carefully examined, for example, by ELISA analysis against
individual J* peptides that are mixed together or tested individually.
Such analysis can indicate if poor reactivity occurs with certain
motifs, such as when J* is followed by proline, for example.

(8) The context-dependence of J* antibody recognition may

25 be further examined using an immobilized grid of modified-peptide
libraries. In addition to a fixed target residue, J*, each different

library is synthesized to 6ontain an additional fixed amino acid at

different positions relative to J* but with all other positions

containing all 20 amino acids except cysteine. Each peptide library.

30 is coated, for example, on the bottom of an ELISA well and



20 carefully exam ned, for exanple, by ELISA anal ysis agai nst i ndividual
J* peptides that are m xed together or tested individually. Such analysis
can i ndi caDe3i0b09ppor reactivity occurs with certain notiPET/Usoriv4as when
J* is followed by proline, for exanple. (8) The context-dependence of J*

anti body recognition may 25 be further m ned using an i mmbilized grid
of nodified-peptide libraries. In addition to a fixed target residue, J*,
each different |Ilibrary is synthesized to contain an additional fixed am no

acid at different positions relative to J* but with all other positions
containing all 20 am no acids except cysteine. Each peptide library. 30 is
coat ed, for exanplexpased teethzodt antinddias. Entib‘ndiaslthahdd nad reacoadhsd
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Alternatively, purjifi an e allowed to
bind the rod fi6d BIGHFLAPFRGH faﬂvéimﬁ oI of BifiRtte vashed: avey.
determine & he. amount | of ALGERTYGY iR ISHC PLIRAUSE oM % dIKOHo RSN | n t he
library. This infogimid®no Wird Bd'n%?dlﬁed"”@# ({HFhORiEE! fisraR), € uhBbER@t ed at
each position. Antibodies suitable for use in the nethod of the present

i nvention may be pstqudnoeal Weshed)rmvﬂyorasﬂcl boundegeqh@naesrragnmdt aed eof |
e.g. an Fab frag tive ther |body

A Single 15 anti odyecllognisad@seirtenits i ridathe hOHTEBES AR ne

used in tfge i MUNOgMInANBEM Freent & edMPpOSitIGM e RN libieyli Tisis Tporiation
simul taneously wused to isolate peptides containing different

modi fi cations, e. gwilldodicateawbat amjng acidaae Hewiedaheaepasiiiop t er nat i vel y,
i sol ati on of peptides with one

Antibodies suitable for use in the method of the present invention

may be polyclonal or monoclonal, or may be a fragment thereof, e.g. an
Fap fragment, or a derivative thereof, e.g. a humanized aniibody. A single

15 antibody, e.g. a general phosphothreonine antibody, may be used in the
immunoaffinity step, or two or more antibodies may be simultaneously
used to isolate peptides containing different modifications, e.g. acetylated
lysine and phosphothreonine. Alternatively, isolation of peptides with one
modification may first be carried out with one immobilized antibody, and

20 then peptides with other modifications may subsequently be purified using
other immobilized antibodies and/or resins.

Following contact with the immobilized antibody, the antibody/resin
is thoroughly washed to remove unbound peptides and then peptides
bound to the antibody/resin (i.e. those containing the desired modification)

25  are isolated from the resin by eluting with a small volume of an acidic
solution, e.g. 30% acetic acid, or other suitable eluting solution. The
eluted peptides are analyzed directly as described below, or concentrated

and desalted with a micropipette tip containing reversed-phase resin, and



nodi fication may first be carried out with one i mobilized antibody, and 20
then peptides with other nodifications may subsequently be purified using
ot her i nmwbioBioamal ant i bodi es and/or resins. Foll ow ng contattusez/1438a he

i mobi |i zed anti body, the antibody/resin is thoroughly washed to renove
unbound peptides and then peptides bourf® to the anti body/resin (i.e. those
containing the desired nodification) 25 are isolated fromthe resin by
eluting with a snmall volune of an acidic solution, e.g. 30% acetic acid,

or other suitable eluting solution. The eluted peptides are anal yzed
directly as described bel ow, or concentrated and desalted with a

m cropi pette thep anahyzaa‘dnilfrdpsir@depepﬁﬂqmmnoesand/oaparmpmmoogm
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pepti des containing the desired nodification standard
met hods to dewvashehagydps meewqimaoedmgd@‘t&dmwes we&ﬁeowannl thmed I n

cor 2 Bl S A B SRS AR B ™ 1

et hods, 19 ncgs WBtdrgeMeeoR NIy sblEnt8DSE polgnfrsi ve method for anal yzing
pept i des M5 requires | ess analyte material to provide high-quality

i nformati on about peptides than other current nethods. It will be
recogni zed byahBfysi&idflisslatéd PeptideBat equi val ent or
Isolated peptides containing the desired modification may be
analyzed by standard methods to determine peptide sequence, activation
state, and mass. In certain preferred embodiments, modified peptides
15 isolated according to the method of the invention are analyzed by mass
spectrometry (MS) methods, since MS is presently the most sensitive
method for analyzing peptides. MS requires less analyte material to
provide high-quality information about peptides than other current
methods. It will be recognized by the skilled artisan that equivalent or
20  subsequently improved methods of analyzing modified peptides are within
the scope of the invention. For example, at present, peptides of about 30
amino acids in length or less are most suitable for MS analysis, but future

improvements in methods may allow the analysis of longer peptides.

Accordingly, in a preferred embodiment, the general method of the
25 invention further comprises the step of (d) characterizing the modified
peptide(s) isolated in step (c) by mass spectrometry (MS), tandem mass
spectrometry (MS-MS), and/or MS® analysis. In one preferred
embodiment, matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry is utilized to measure the masses of



20 subsequently inproved nethods of anal yzing nodified peptides are within
the scope of the invention. For exanple, at present, peptides of about 30
am no aciwe modsength or | ess are nost suitable for M5 an&Cydiss/14sd f uture
i nprovenents in nmethods nmay all ow the angl ysis of |onger peptides.
Accordingly, in a preferred enbodi nent,” t'he general method of the 25

I nvention further conprises the step of (d) characterizing the nodified
peptide(s) isolated in step (c) by mass spectronetry (MsS), tandem nass
spectrometry (Ms-MsS), and/or MS3 analysis. In one preferred enbodinent,
mat ri x-assi sted | aser desorption/ignization tinme-of-flight (NMALDI -TOF)
mass spect r onNified Repfides Dol REJ8asespedraraaityts wsefildop saridiyo3 1
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sequence and pegtitecisqutesent amond therpsrifiechmodifiech paytidbs - theFmass of theal ysi s of

peptides is a rgpidly evolving, field, 10 and the preferred nethods for

D bpar tng © s PR RERIeeds saluldied ot et RadwR Sefishen20d: such
anal ysis is |ékabhed %ﬁh@ﬁ@%égé&{?etchﬁ'ﬁm Nonet hel ess, MALDI - TOF analysis is
carried out according to standar net hods (see, e.g. Courchesne et al.,

Met hods in Mol. BiQiar P < : : | : .Sy kgt hese
met hods are withi nmh%jl‘ gﬁ%giﬁ%?é%'ﬂ%‘yé%%iﬁéé’g%%%névggﬁ@gerﬁ%%@ gé‘ghpl e,
i sol at ed Jgept antktheaprefemee aretdodofor pridhdindlichlaed nyxdifiedipeplidesioy a smal |

DO oo Bk b SSk SBAS e laT B bhssh BERLS, come ot i
etk X SOl Ut RBnefheflassd MAVDI- FORMSHefy < ff Gu¥ied Rk Bbéordrigho ftBRdstay ng t he
methods (see, e.g. Courchesne et al., Methods in Mol. Biol. 112: 487-511
(1999)), and improvements in these methods are within the scope of the
15 present invention. For example, isolated peptides are prepared for
MALDI-TOF analysis using only a small portion, 1 to 20%, of the isolated
(purified) modified peptide-containing fraction, and analyzed by mixing
directly with a equal volume of saturated matrix solution, e.g. alpha-
cyano-4-hydroxycinnamic acid, and drying the peptide-matrix solution on
20 the MALDI-TOF sample plate. Other suitable matrix solutions may be
alternatively employed. If necessary, a larger sample aliquot can be
concentrated and desalted with a micropipette tip containing reversed-

phase matrix before mixing it with matrix solution.

To confirm that purified peptides contain the desired modification, a
25  small portion of the sample is preferably analyzed before and after
treatment with an enzyme that removes the modified group from the
peptide. For example, where the modified peptides being purified are
phosphopeptides, phosphate is removed using a suitable phosphatase,
e.g. calf intestinal phosphatase. See, e.g. Larsen et al. Proteomics 1: 223-
30 238 (2001). This is a simple and reliable assay to confirm that peptides



20 the MALDI - TOF sanple plate. Other suitable matrix solutions may be
alternatively enployed. |If necessary, a |arger sanple aliquot can be
concent r awed3amd3tdesal ted with a mcropipette tip contai niPeg/userexsed-
phase matrix before mxing it with matri) solution. To confirmthat
purified peptides contain the desired noditication, a 25 small portion of
the sanple is preferably anal yzed before and after treatnent with an
enzynme that renoves the nodified group fromthe peptide. For exanple,
where the nodified peptides being purified are phosphopeptides, phosphate
I's removed using a suitable phosphatase, e.g. calf intestinal phosphatase.
See, e.g. Laraermedifigd, apd & sewnidhe punbes ofmaoditied graups preseat ineaghsi npl e

and reliable | K [ /19480
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accordi ng to emzymekhowndi théhartimayhe isetectethtcaconfirtnethaé peptidesnisdiated at i on.

See e.g., Krishna,. sypra. |f phosphopeptides are being.isol ated,, . netastable
decompast 11 orPoorngy o as atnfe of i BYBAUAT Sodta g deieaimpERatdTh ¢ ne
Mass spectrungee Mey artigkhE slppanposi tion of phosphopeptides has been noted
by others and can be used to recogni ze and assi gn phosphopeptides in a

MALDI - TOF nass Spﬁggggﬁ%;ﬁém&%a%ﬁg b@ﬁ{rde isgt%?@d -m%%fﬁbl@ﬁéc%éégi%g:gg 1996)) .

The peaks for deco products a roader than the pe 15
phosphop€ift i dasyesalt nethehsresenanpioaddiiiaral peals it thef mass apeetrumi oni zat i on

and the instr nt is confiqured to focuys ions that are s | e . during
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phosphate is 598cah¥bl ustt BRHEEoSHILE BRJIHSIFNISHPOPRBEASS B a MALDE 2
TOF mass spectrum (Annan and Carr, Anal. Chem. 68: 3413-21 (1996)).
The peaks for decomposition products are broader than the peaks for

15 phosphopeptides because the decomposition products form after
ionization and the instrument is configured to focus ions that are stable
during analysis. For similar reasons, the expected mass shift for loss of
phosphate is —98, but -84 mass shifts are observed because, unlike a
stable ion, the mass of a decomposition product changes during analysis.

20  Analysis of a large number of synthetic phosphopeptides by MALDI-TOF
mass spectrometry has indicated that some peptides containing
phosphoserine or phosphothreonine -- but not phosphotyrosine --
residues undergo metastable decomposition. Accordingly, metastable
decomposition is a reliable indicator of peptides that contain

25 phosphoserine or phosphothreonine. Metastable decomposition may be
observed in the MALDI-TOF spectra of some peptides that contain
phosphoserine or phosphothreonine, without additional sample treatment
steps and without consuming more sample.

in other types of applications, for example in a genome-wide

30 analysis employing the disclosed method, it may not be possible to



stable ion, the mass of a deconposition product changes during analysis. 20
Anal ysis of a | arge nunber of synthetic phosphopeptides by MALDI - TOF nass
spect r omewow3la®3i ndi cat ed that sone peptides contai ni ng PEiamspioseri ne or
phosphot hr eoni ne -- but not phosphotyrosine -- residues undergo netastable
deconposi tion. Accordingly, netastable'4ﬁeconposition Is a reliable

I ndi cat or of peptides that contain 25 phosphoseri ne or phosphot hreoni ne.
Met ast abl e deconposition may be observed in the MALDI - TOF spectra of sone
pepti des that contain phosphoserine or phosphot hreoni ne, w thout

additional sanple treatnment steps and wi thout consum ng nore sanple. In
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observed for e are a sequence and

are a nore spsgpadtiotnéteriaral thendhe filagnpentendsgasadreimeadwead! Bee, gegpt i de' s
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can' be unandi JoSuS SOsaNERda Fash AP okt ApRyter ol iRt Beptcl ey
i nterpreting seqeEneerars dnecarmidie speaificendicates of tEepanentprotein than the
peptide’s mass, i.e. the fragment masses are related to the peptide’s
sequence and can be used to identify the protein from which the peptide
15  originated. If the sequence of the peptide’s parent protein is known, then
the peptide can be unambiguously matched to its parent protein without

directly interpreting a sequence from the fragment mass spectrum.

A particular peptide’s measured mass and partial sequence is
sufficient to unambiguously match it to.its parent protein. See e.g. Eng et
20 al. J. Am. Soc. Mass Spectrom. 5: 976-989 (1994). Parent protein
sequences are increasingly becoming available as the genomes of
common biological model organisms become known. MS/MS spectra can
be collected rapidly (< 400 msec per peptide) and in a data-dependent
manner through instrument-control software, so very complex samples
25  are amenable to analysis. With nanospray infusion methods, sample
volumes of 2 microliters can be analyzed for an hour or longer. See e.g.
Wilm et al., Anal. Chem. 68: 1-8 (1996). Accordingly, in a preferred
embodiment of the disclosed method, modified peptides isolated in step
(c) are characterized by tandem MS, for example liquid chromatography
30 (LC)-MS/MS (as described in Example 1V).



A particul ar peptide's nmeasured mass and partial sequence is sufficient to
unanbi guously match it to its parent protein. See e.g. Eng et 20 al. J.
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MALDI - TOF nmasgalaps thataretdy 32Th anef 2.8 lowerythah thé pargitdsphopept i des show ng
neutral loss during LC-MS/ M5 are expected to be the sane phosphopepti des
that gi vejgret ast abNeutrdPie8sRRfing IMS/MIid He dMMhPlprdédssmsmetatableonet ry. For
each neutral 15 | oss MS/MS specfirum the parent ion nass (n) can be

cal cul at ed f rdesornpesifien dntring MARRESOFomagasgectiematry( Feneferadnang ot har ge

(z) inferred yo phosphopeptides showing neutral loss during LC-MS/MS are

expected to be the same phosphopeptides that give metastable

decomposition during MALDI-TOF mass spectrometry. For each neutral-
15 loss MS/MS spectrum, the parent ion mass (m) can be calculated from

the parent ion mass-to-charge value (m/z) and the charge (z) inferred

from the neutral loss value (+2 for neutral loss of 49, +3 for 32.7, and +4

for 24.5). Some individual peptides may be observed to undergo neutral

loss as +2, +3, and +4 ions. A comparison of datasets can confirm that
20 the same peptides are detected by both mass analysis methods.

Following MS/MS éharacterization, modified peptides may be
unambiguously identified by analyzing the product ion spectra with a
search program in an attempt to match the spectra obtained for the
modified peptide with the spectra for a known peptide sequence, thereby

25 identifying the parent protein(s) of the modified peptide. For example,
Sequest, a program that correlates an experimental spectrum to a library
of theoretical spectra derived from protein sequence databases to find a
best-fit match, may advantageously be used for such a search. it will be
recognized that equivalent search programs may be employed in the

30  practice of disclosed method. Accordingly, in a preferred embodiment, the



fromthe neutral |oss value (+2 for neutral loss of 49, +3 for 32.7, and +4
for 24.5). Sone individual peptides may be observed to undergo neutral
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MS/ M5 characterization, nodified pepti dé¥® may be unanbi guously identified
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peptide may not result in unambiguous assignments. This is a common
limitation encountered during MS/MS analysis of peptides containing

15 phosphoserine and phosphothreonine. See e.g., DeGnore et al., J. Am.
Soc. Mass Spectrom. 9: 1175-1188 (1998). Even when phosphopeptides
lose phosphate by neutral loss, the position of the phosphorylation site
can be determined, as long as there is sufficient residual backbone
fragmentation, because neutral loss leaves an unusual residue at the

20  phosphorylation site: phosphoserine becomes dehydroalanine, and

phosphothreonine becomes dehydroaminobutyric acid.

Accordingly, in a preferred embodiment of the disclosed method,
isolated modified peptides may be further characterized by MS? (for
example LC-MS?, as in a preferred embodiment) analysis; that is, the

25 neutral-loss ions may be subjected to an additional level of MS to give
sufficient backbone fragmentation for identification. This process is
simpler to implement on ion trap mass spectrometers than on other types
of mass spectrometers. As peptides elute from the LC system, a survey
MS scan is performed, and MS/MS spectra are collected for the three

30 most abundant ions, if they are above a pre-set intensity threshold and if
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enbodi nent) analysis; that is, the 25 neutral-loss ions nmay be subjected to
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identified usomdlass SpectrdmetrpgndiliiadTiopiss Shmeet20020 the event that a
gi ven peptide is
Following MS?® analysis, peptides may again be identified using a

search program such as Sequest. In the event that a given peptide is

15 unambiguously identified but the program is unable to distinguish between
multiple possible phosphorylation sites, the most likely phosphorylation
site may be chosen by comparing the sites to the known specificity of the
modification-specific antibody used in the isolation. For example, two
possible phosphorylation sites (encompassing Ser 585 and Ser 588 of

20 PTN6_HUMAN) were distinguished by noting that the sequence context
of one possible site but not the other fits the known specificity of the
phospho-(Ser) PKC substrate motif antibody used to isolate the peptide
(see Example V).

In cases where peptides comprising multiple modification sites are
25 isolated, it may be difficult to obtain unambiguous assignments because
of the high level of neutral loss with very little residual fragmentation along
the peptide backbone. At present, for example, multiply-phosphoryiated
peptides cannot be analyzed effectively by LC-MS?® using the currently
available version of Sequest software. The current data-dependent
30 acquisition software isolates and fragments the most abundant neutral-
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site to a spectrum, the assignment may be confirmed by establishing that
a synthetic peptide with that sequence and phosphorylation site gives the
15 same spectrum. This establishes a formal link between a specific
phosphopeptide and its spectrum. This is a simple and convincing way to
further evaluate marginal Sequest assignments, for example, or to confirm

assignments that are considered especially important.

A simple confirmation method is essential to strategies that attempt
20  to assign phosphorylation sites globally, such as the method of the
invention. Neutral loss of phosphate from phosphoserine or
phosphothreonine can make it difficult to assign a peptide sequence to an
MS/MS spectrum and occasionally assignments will be ambiguous. In
contrast to global methods, when analyzing a single phosphorylated
25 protein, e.g., isolated as a stained band by SDS-PAGE, the non-
phosphorylated peptides from the protein will be available for analysis and
will help to identify the protein, making assignment of phosphopeptides
~ simpler, because the set of possibilities can be restricted to peptides that
originate from that identified protein instead of a much larger database of

30 proteins. However, in a global proteomic method, such as the method
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assignments for each spectrum. For non-phosphorylated peptides the
top-ranked assignment made by Sequest is often correct, but for
15 phosphopeptides the correct assignment may not have the highest rank
because of the additional complexities in the spectrum due to neutral loss
and the inability of Sequest to recognize and take into account these
neutral loss peaks. However a unique feature and advantage to antibody-
based isolation methods, such as the present invention, is that the known
20  specificity of the antibody can be used to screen marginal assignments,
i.e., assignments that are not top-ranked, to find ones worth pursuing
further. That is, antibody-based isolation methods have an inherent
advantage over other isolation methods because the antibody’s specificity
can be used to partially compensate for some of the limitations associated

25  with MS/MS analysis of phosphopeptides.

As discussed above, in practicing the immunoaffinity isolation
methods of the invention, a device for isolating modified peptides from the
proteinaceous preparation may be coupled directly to a mass
spectrometer so that peptides are analyzed as they elute from the

30 immunoaffinity-isolation device, enabling the mass spectrometer to



assignnments for each spectrum For non-phosphoryl ated peptides the
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mass spectrometer, and then another set of modified peptides may be

analyzed by a more potent elution from the ion-exchange support onto the

15 reversed-phase support and a second reversed-phase separation into the

mass spectrometer, and so forth, iteratively. See, e.g. Washburn, supra.

It is also contemplated that one dimension of multi-modal liquid
chromatography could be immunoaffinity purification, using general
modification-specific antibodies to purify post-translationally modified

20 peptides, as described herein. In this sense the immunoaffinity column
would resemble a so-called enzyme reactor column, a column of
immobilized protein used upstream of a mass spectrometer to catalyze a
reaction on the sample to be analyzed. See e.g. Amankwa ef al. Protein
Sci. 4: 113-125 (1995). |

25 Identification of Novel Sites; Antibodies

The immunoaffinity isolation methods of the invention allow the
efficient and rapid isolation and identification of peptides comprising
protein modification sites from complex mixtures. Modified peptides
isolated according to the method of the invention may comprise known
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sites enabl esgét}i]&ation of new antibody reagents which are specific for the novel

protein site in its phosphorylated form. For example, the identification of a
novel phosphorylation site (e.g. a particular phosphoserine site) according

15 to the method of the invention enables the generation of phospho-specific
antibodies which bind to that protein only when phosphorylated at the
novel site. If a motif-specific, context-independent antibody is employed
for the immunoaffinity isolation, novel sites identified will match the
specificity of the motif-antibody employed. These modification-specific

20 antibodies against novel sites will be highly useful reagents for the
detection of protein modification, as well as for diagnostic or therapeutic

uses.

Once a novel modification site is identified, modification-specific

antibodies to that site may be generated by standard techniques familiar
25 to those of skill in the art. The antibodies may be polyclonal or

monoclonal. Anti-peptide antibodies may be prepared by immunizing an

appropriate host with a synthetic phospho-peptide antigen comprising the

novel modification site, according to standard methods. See, e.g.,

ANTIBODIES: A LABORATORY MANUAL, Chapter 5, p. 75-76, Harlow & Lane
30 Eds., Cold Spring Harbor Laboratory (1988); Czernik, Methods In



generation of new anti body reagents which are specific for the novel
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standard techniques. See, e.g. Czernik et al., Methods in Enzymology,
201: 264-283 (1991). For example, in the case of a novel phosphorylation

15 site, the antibodies (whether polyclonal or monoclonal) may be screened
against a phospho and non-phospho peptide library by ELISA to ensure
specificity for both the desired antigen (i.e. that epitope including the novel
phosphorylation site/residue) and for reactivity only with the
phosphorylated form of the antigen. Peptide competition assays may be

20 carried out to confirm Iéck of reactivity with other non-target protein

phosphoepitopes. The antibodies may also be tested by Western blotting
against cell preparations containing the parent protein, e.g. cell lines over-
expressing that protein, to confirm reactivity with the desired
phosphorylated target. Specificity against the desired phosphorylated

25 epitopes may also be examined by construction of parent/target protgjﬂn
mutants lacking phosphorylatable residues at positions outside the |
desired epitope known to be phosphorylated, or by mutating the desired

phospho-epitope and confirming lack of reactivity.

In accordance with the present invention, two novel protein
30 phosphorylation sites were identified by the practice of the disclosed
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surrounding and including phospho-Ser335 or Ser588, respectively, may
be selected and constructed in accordance with well known techniques,
15 and used as immunogens to produce poly- or mono-clonal antibodies.
See, e.g., ANTIBODIES: A LABORATORY MANUAL, supra, Czernik, Methods In
Enzymology, supra. The phospho- and epitope-specificity of these
antibodies may be confirmed as described above.

Accordingly, in a preferred embodiment, the invention also
20  provides an antibody that binds ubiquitin fusion degradation protein 1
(UFD1) only when phosphorylated at serine 335, but does not
substantially bind to UFD1 when not phosphorylated at this residue. The
UFD1 (pSer335) antibody of the invention also does not substantially bind
to proteins other than UFD1, although some limited cross-reactivity may
25 be observed with proteins containing sites highly homologous to the
UFD1 phospho-Ser335 site.

In another preferred embodiment, the invention provides an
antibody that binds protein-tyrosine phosphatase 1¢c (PTN6) only when
phosphorylated at serine 588, but does not substantially bind to PTN6

30  when not phosphorylated at this residue. The PTN6 (pSer588) antibody of



10 respectively, only when phosphoryl ated at these novel sites can now
readily be prepared, according to standard techniques. Synthetic

phospho- pepto3derdant i gens conprising the UFD1L or PTN6 sequentaSoyursoundi ng
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Accordingly, the methods disclosed herein are suitable and highly useful

for genome-wide (e.g. cell-wide) profiling of activation states, for example.

The simplicity of the disclosed method also makes it readily automatable,

15 as only a single immunoaffinity isolation step is required.

Facile isolation of modified peptides aids in the identification and
assignment of modification sites in a great variety of different proteins.
These protein modifications occur in response to significant events in the
life of a cell, and in some cases the modifications provide a potential

20 target for diagnosing or preventing the event. As the genome sequences
of various organisms continue to become known, the need to find and
assign these modifications in a given organism will become even more
pronounced. In a broad context, the invention is useful not only to assign
modification sites in well-defined in vitro complexes, but also to generate

25 genome-wide or cell-wide activation/modification profiles, that is, to
determine how global protein modification changes within a given cell or
tissue in response to environmental changes, such as stress,

~ inflammation, disease, drug treatment, etc.



makes possible the single-step i mMmunoaffinity isolation of multiple 10
different nodified peptides, corresponding to a nultitude of different

nodi fi ed WOeBMOIs1 and si gnal i ng pat hways, with a single amCirhmsdy19480
Accordingly, the nethods disclosed herein are suitable and highly useful
for genome-wide (e.g. cell-wide) profil-i%g of activation states, for
exanple. The sinplicity of the disclosed nethod also makes it readily
automatabl e, 15 as only a single inmunoaffinity isolation step is required.
Facile isolation of nodified peptides aids in the identification and
assignnment of nodification sites in a great variety of different proteins.
These protei n nodilin ecattiash o ogrventional propeomiestroethiogs; Whichrfocesent s in t he

life of a cel] n _some t he m)dlflcatlons I OVi tial 20
arget for i BOMLhA PErtelT YRR AORHE TERRATEE RS BAECHERGRETEBtb i s
various Or9an;br%%énﬁﬁ%hf&?fd&ls%‘éﬂ%lllﬁ%@‘&ﬂané@@lrﬂﬁr%(i’elh‘?n&djlﬂgatﬂﬂﬂ assi gn
these nodifications in a given organismw || becone even nore pronounced.

In a broad coieselting frare & givenevent, isuch eefdiseaset ordreatment.d3rsitejn

25 genone i dbobr calfn St o daliod e SBRR SR G tich. SRR 75716 ©

det er m ne howngleoddr S@)\Vlﬂih&‘bﬁrﬁﬂuﬂ.ﬂétlr@arhbﬁ? mb@ﬂQﬁleWOQFUeW piﬂo@s\éé@ cell or
ti ssue in response to environnmental changes, such as stress, |nflannat|on

di sease, dr uglnpwé!engw@@itularetf%nsfwﬁmm@mbganmpwammge" death; gelbont r ast
to C°”””“°”é\}o|é’&8hf‘r‘8|”bﬁa rﬂ&bBB@ﬁmm ! T egﬁ%fggill%pﬁl protein

| evel s change™ n respohse to a p S Ea e esent invention

focuses on ce;bﬂeséarmvbar@el% that itpededes avdednat foensingesitheseg from a given
event, such as d| sease or .treatnent. Protein 5 m)dlflcatlon such as

phosphor yiGat | BRlegHRrsvihijheysntas Which caarareyr wathqut B REEAMRANKIAGE ch f or

nmodul ating nmagy. r Welol n

transformation % ﬁ@éhggv&p@(%%a%&;wﬁfédea ce'II F% Léjb%‘%%eﬂ !r)ltt%reol and
met abol i sm Timay beotniggacbciby aghaobEdn ok modliﬂmatloprswercrfaspm}rﬁd on is that
't provides a lgﬁglpnsg Srotél?lcgﬁcli rr%%t 8{/‘ atcm%%%e in the amount of that protein in the

cell.

15 The immunoaffinity isolation methods of the invention will be useful
for the diagnosis of a condition known to be associated with the activation
(or de-activation) of a given modification site on a protein. For example, a
phosphorylation site on a certain cell signaling protein which is a known
marker of a given disease may be isolated (from a clinical tissue or fluid

20 sample) in accordance with the invention to identify the phosphorylation
status (/.e. activation status) of the marker in a patient. This marker
activation information will assist in the diagnosis of disease and/or identify
subjects at risk of disease. Accordingly, in a preferred embodiment of the
disclosed method, the modified peptide isolated in step (c) corresponds to

25 aknown marker of disease.

The methods of the invention will be useful for profiling protein
activation (i.e. modification) states in a target cell or fluid, on a genome-
wide, or pathway-wide basis, in response to environmental changes such
as disease or drug treatment. For example, biopsy samples may be

30 obtained from cancer patients and analyzed against normal, reference



10 nol ecul ar swi tching events, which can occur w thout an acconpanyi ng
change in the anount of a specific proteinin acell, i.e. a cellular
response woag/ol®3t ri ggered by a change in the nodificati oRCIIEBIE1IGRO a
specific signaling protein, and not by.a change in the anount of that
protein in the cell. 15 The inmunoaffi-fXy isol ation nethods of the

i nvention will be useful for the diagnosis of a condition known to be
associated with the activation (or de-activation) of a given nodification
site on a protein. For exanple, a phosphorylation site on a certain cel
signaling protein which is a known marker of a given disease may be

i sol at ed (f r otissaeodrigallsdiom itlss aemerpdtient.cdAlRonstivaly dheimethodaviddyece wi t h t he

[ ti t id i f,y .t he. ph h | afi t at ' . ti tat
of the. mar kerUsSTuLbost HEfeBORRTE FabeRisi Phatih BiaRefs R pOPREP HPSP | ase ot
0 the di agnosifucf all 8525agSsRYalsii ibsoshie, potiasd Aliphly  sease.

Accordingly, in a preferred enbodi nent of the disclosed nethod,
nmodi fi ed peptinaek thedl sfage of pregrepsipn) Aceardinghoiione@re®sred known mar ker of

activati o (i SEbSfETeor bR ahHEb@indlhica PEpYIRis enpfi i iy gL o' "
genome- wi de, ()icoRfriveRy)-ak GekiAdh ModifitatioR RABSH o PareR pFaBifeRbal changes

such as disease or drug treatnment. For exanple, biopsy sanples may be 30
obt ai ned f r ongxaMeles thsamethed maydeadyatageisdy astpl idep@fyer ence VWO

At ernat i vel yP RS RIERS1PF phis L oS aTaeOol B BT RIBR o

protei n nar kepsreldoced pecahtcarouy piesu®fas oppused, toantnes tieswk.dgrzositiilar assay
for those cancers, perhaps hel mark their stage of prgﬁéessi on.

Accor di ngl®, MANBRE the @?@thpeaviﬁbg%@tgﬁilﬁ@ﬁvawﬁtq He eRliuRIeagkeohBdi f i ed
i Te of a par e ot (e biihocedh praRY oBITE B LR K ceousi y
enpl oyed t o ikisving the dpsiospbifegt] at toodetermise whepéstdosabamaeindusegnal i ng
proteins that to?({c?[y.e L‘gly g>t<aer91ple, cells or tissue treated with a test drug intended to

reduce phosphorylation of a particular protein known to be associated

15  with a certain disease state may be monitored to determine the

phosphorylation state of that protein and/or others. The method could also

be used to monitor the stages and severity of an infectious disease by

monitoring changes in cell-wide modification state during the course of the

disease.

20 Accordingly, in a preferred embodiment, the isolation method of the
invention further comprises the step of (e) comparing the modification
state of the modified peptide characterized in step (d) with the
modification state of a corresponding peptide in a reference sample,
thereby to compare protein activation in the proteinaceous preparation

25  with protein activation in the reference sample. In one preferred
embodiment, the proteinaceous preparation corresponds to a diseased
organism and the reference sample corresponds to a normal organism,
whereby comparison of protein activation provides information on
activation changes resulting from the disease. In a second preferred

30 embodiment, the proteinaceous preparation is obtained from a tissue



or reduced in cancerous tissue, as opposed to normal tissue. In a simlar
10 manner, the nmethod will be useful to evaluate the cellular effects of a
t her apeutwo odioay3(i . e. changes in protein nodification) teCyasge194B0it is
having the desired effect, or to determ ne when its dosage may i nduce
toxicity. For exanple, cells or tissue-tdfated with a test drug intended to
reduce phosphorylation of a particular protein known to be associated 15
with a certain disease state may be nonitored to determ ne the

phosphoryl ati on state of that protein and/or others. The nmethod could al so
be used to nonitor the stages and severity of an infectious disease by

nmoni t ori ng chiinpsy celhoc aldlinivat Buidediniple @inddhe sefarenchusamgle he course of the

di . 20 A dingly, in f d di t, the jsolation.nethod of
the inventi FOTRRROES (b ohiisPased pianisraoWereny)ihe SRR aReraisH i cat i on
state of the é‘&ﬁb‘aﬁibﬁ?ar@ﬁ@bé%oﬁﬁéﬁ@l&h@éfb?f%@' didyridlsfPof(tfe diéddtel fiea

nodi fication state of a corresponding peptide’in a reference sanple,
t hereby to cotinydrirefarmdeembadimentt thenpriotein inseparatien wavespends withraat i on 25

ebod mene |t HOBIG? o R aSn FERELERRS AT BHR Bup bl e,
organi sm and {digreheé @ERMIE cOREBhENELWIR SRARELOd BrauHisml orgsrepaiatioh,

wher eby conparison of protein activation provides information on activation
changes r esul Whagbyrtbcomaparisoaaforotein actiwediondrevides infesmation erbodi nent ,

pCT/ Usoz) 104zt i i8h E88hGER sl o BEsiniar Wi e TRHEetibuhding e

ref erence sanple orr onds to.a di seased, organi s wher ehy. t he
conparison of prot 'g‘i %noeiﬁgf P@i‘?rir%%e W’H@ngﬂh‘? g?m?ﬁ%ﬂn SEBF{)}%‘W or diagnosis
of the digrasgetiviafiod desklibed BbeE idertlifiesaasidifled péiRtidy SHAhbtePz8@# at i on
corresponds with an 5 organismor preparation treated wth at | east one

test conpoundstepdd) Ae corresperdivg te arparentcyioteis Heh pEVIPESlY separtad et ed
organi smor péoeﬂ%o%e'aoirﬁ’ the disease.

The isolation of modified peptides relevant to a given disease as

outlined above may be carried out for virtually any disease in which

15  aberrant signal transduction (i.e. protein activation/modification) is
involved or suspected of being involved. In a preferred embodiment of the
method, the disease is cancer. Similarly, the modified peptide isolation
may be employed to monitor the effects of virtually any test compound or
drug on protein modification. In a preferred embodiment, the test

20 compound comprises a cancer therapeutic. In a particularly preferred
embodiment, the test compound comprises a kinase inhibitor, such as
STI-571 (Gleevac®), an inhibitor of Abl kinase for the treatment of

leukemia.

In the profiling and diagnostic applications described here, the
25  proteinaceous preparation from which modified peptides will be isolated
may correspond, for example, to a diseased cell or fluid, tissue biopsy cell
or clinical fluid sample, or test cell treated with a test drug or fluid from an
organism treated with a test drug, and the reference sample may
correspond to a normal cell or fluid, diseased cell or fluid, or untreated cell

30 or fluid from an untreated organism, whereby the profiling provides



wher eby the conparison of protein activation provides information on
activation changes resulting fromtreatnent with the test conpound. In
anot her pwefoatemdl enbodi ment, the conpari son of protein 1@CaAISOVEUBON
descri bed above identifies the nndifiedfyeptide characterized in step (d)
as corresponding to a parent protein noto’previously reported as so
nodified in the disease. The isolation of nodified peptides relevant to a
gi ven di sease as outlined above may be carried out for virtually any

di sease in which 15 aberrant signal transduction (i.e. protein
activation/nodification) is involved or suspected of being involved. In a
pref erred enbiatbirmationaisefilén cirangeslin, ehe ndodiGestion statmmesultingifroim arl y, t he

dified peptide isolati b | oyed, t i t ffects of
Tt tuarty anyibgate B i ReeGrento GRBRORS of ReTRauh Feroativel, ten & °
preferred embegbrangt sahipfle e cAPeHRIMAALISIBRIBS A5&FarR SiGHKRY r%@.% apeuti c.

In a particularly preferred ‘enbodinent, the test conpound conprises a
ki nase i nhi bi diseasedisampie) e the protefaneeyds preparatian inmegy pomrespastd fana ki nase

for the treatpent of _leukema, ln the profil.in nd .di.agnostic

appl | cat | dne. MDA saanRY 587 SraPlscH BeBE beihd B8l i R IR S os e whi on
modi fied peptindacerwfldisdipel GrluRLeptibing Yo eResRepond, for exanple, to a

di seased cell or fluid, tissue biopsy cell or clinical fluid sanple, or

test cell treated hilsdatidisand prafiiAG hdtbs of 68 Mlen@sgani sen treat ed with
a test drug, and the reference sanplé nmay correspond to a normal cell or

fluid, diseasparticelarlyausefulin the bightthroughpet idestificd®noef mbdifidgafiorom an

d ' by th fili i des WD 03/ 000931
e Us02/ 1048985550 KPR kB RoBdrbie ol R oS BaS5 6 Peiteat i on

state, regul tpgide #Thk Besfssiegenoficshd pRASHRIY infetmatioAdiRragual di sease.
Alternatively, the reference sargl e may correspond to a state of aberrant

signaling (i.dsease giatenske Becs raadiy avtopraialelenand duss, feepearapleon may
correspond t O@y}e”é’év@lta&é&?sﬁ\'/ SMpIdy¥d B BRI nFaceltiRal dsiipaigh Wshifigt €d for

t he presence
to efficiently and rapidly identify markers of disease for diagnostic or

therapeutic applications.

15 The following Examples are provided only to further illustrate the
invention, and are not intended to limit its scope, except as provided in the
claims appended hereto. The present invention encompasses
modifications and variations of the methods taught herein which would be

obvious to one of ordinary skill in the art.

20
EXAMPLE |
A. Isolation of Phosphotyrosine-Containing Peptides from a
Peptide Mixture
25 To establish that phosphopeptides can specifically be purified from

complex mixtures without contamination from nonphosphorylated
peptides, the method of the invention was used to isolate phosphotyrosine
(p-Tyr)-containing peptides from a mixture of phosphory]ated and
nonphosphorylated synthetic peptides. A phosphotyrosine peptide mix

30 comprising 5 phosphotyrosine-containing peptides and their 5



mar ker of di sease or susceptibility to disease. The isolation and profiling
nmet hods of the invention will be particularly useful in the

hi gh-t hr omopooeodsdent i fi cati on of nodification states onPKmasn2/eusunknown
proteins on a genone-w de basis, so as to 10:provide a |ink between genomc
and proteom c information and act ual di%ease states. The nethod is readily
aut omat abl e, and thus, for exanple, mnay be advantageously enpl oyed by
pharmaceutical conpanies wishing to efficiently and rapidly identify

mar kers of disease for diagnostic or therapeutic applications. 15 The
foll owi ng Exanples are provided only to further illustrate the invention,
and are not inergpidsphotylatediparines peptiges waspeepared (Jable tlpdotanthehe cl ai ns
appended hereto. ,The ﬁé@%? t invenbion enconpasses nodifbcations and

vari ations of 'QHRNGRRP COAFPHIHCH DA% INSAPTE SEHCHCER @53B%i ous to one of
ordi nary ski | phdgphobfatict peptilicEoNvBEEnbt ﬁhoé;ﬂ@rﬂbg&f,‘ 194t is, the& contain

Phosphot yr osi ne- Contai ni ng Peptides froma Peptide Mxture 25 To establish

t hat phosphop¥msirrinstead eperkesnhelirpsineePpptides were synthesigag by mbgt ur es

Mvent i on SwacoBRTDon & BETRPRUBEETENGbdis SN abite i en: i dos
froma m xt uriasphmehoant asidgeF edcang(PO@BATOHNMDH batthd phvsphctlrasimept i des.

A phosphot yrosi ne peptide nm x 30 conprisi hosphot yr osi ne- cont ai ni ng

5
pepti dos and REPIOS Yep Gerictobet et Sobsr 9848699) ThelnambHBspbIS! at ed
par tnerpept | i5p e BERRALEL! 4 T0cE dhco BALECHRN: oRppeipaRRar ! ol oo
as ted pe

pepti des have e sane seqguence e phosphory rdes but are
not phosphorylated, that is, they contain tyrosine instead of

Fai i n/ Y otel n TechiAPUT e CBpABBl SbBFhesbLpPfae SEBIR! Y ©7 ©

Calculated Protonated

Sequence Peptide Mass

KIEKIGEGTY*GVVYKGRHK

(SEQID NO: 1) 2,242.174
KIEKIGEGTYGVVYKGRHK
(SEQID NO: 2) 2,162.208
RLIEDNEY*TARQGAKC

(SEQ ID NO: 3) 1,946.879
RLIEDNEYTARQGAKC

(SEQ ID NO: 4) 1,866.912
LQERRKY*LKHRC

(SEQID NO: 5) 1,709.878
LQERRKYLKHRC

(SEQ ID NO: 6) 1,629.911
RQGKDY*VGAIPVDC

(SEQID NO: 7) 1,600.719
RQGKDYVGAIPVDC

(SEQID NO: 8) 1,520.752
GKDGRGY*VPATC

SEQ ID NO: 9) 1,303.550
GKDGRGYVPATC

(SEQ ID NO: 10) 1,223.583

Y*=phosphotyrosine, Y=tyrosine

The MALDI-TOF mass spectrum of the mixture before immunoaffinity

10  purification is shown in Figure 2. Peaks labeled with a star correspond to



I nstrument and using Fnoc- Tyr (PQ( OBzl ) OH)- OH as t he phosphot yrosi ne
nmononmer. See Perich, Lett. Pept. Sci. 6: 91 (1999). The peptide m xture
covers a Wp®aWouyass range designed to resenbl e a protein acgasv2i9iabl e 1:
Conmponents of the Phosphotyrosine Peptide M:x Cal cul ated Protonated
Sequence Peptide Mass Kl EKI GEGTY* GWYKG}HK (SEQ I D NO 1) 2,242.174

Kl EKI GEGTYGVWYKGRHK (SEQ ID NO 2) 2,162.208 RLI EDNEY* TARQGAKC (SEQ ID
NO 3) 1,946.879 RLI EDNEYTARQGAKC (SEQ ID NO 4) 1,866.912 LQERRKY*LKHRC
(SEQ ID NO 5) 1,709.878 LQERRKYLKHRC (SEQ ID NO 6) 1, 629.911

RQGKDY*VGAI PVDC (SEQ ID NO 7) 1,600.719 RQGKDYVGAI PVDC (SEQ I D NO. 8)
1,520. 752 CGKoERpYrovRARd gaidasDandpeaks ighads] 840 opeikBbrRES/FATESHABEQ | D NO,

of the m xtur® BETBIETPARUAAeY RRIoL B | cation |5 shown in Figure 2
Peaks | abel ed wi t hPfjll' ySfEc%%ta%glrnbeps&%ggstvyer\é\gp%gllﬁ%gl 3? ?’s%)la?ecg /fr%%)tzﬁelgwo

diverse peptide mixture by contacting the phosphotyrosine peptide mix (46

5 nmol total) with a phosphotyrosine monoclonal antibody P-Tyr-100

immobilized to agarose resin (Cell Signaling Technology, Inc., product

number 9419) (100 pl). The antibody was incubated with the peptides as a

slurry, in a batch purification format. The slurry was left at room

temperature for 10 minutes and on ice for 1 hour. The unbound peptides

10  were removed by centrifugation through a plastic frit, and the retained
antibody-resin was washed extensively (twice with 1 ml of ice-cold
phosphate buffered saline containing 0.5% NP-40, twice with 1 ml of ice-
cold phosphate buffered saline, and once with water). To elute bound
phosphopeptides, the antibody-resin was resuspended in 400 pl 30%

15 acetic acid, left at room temperature for 10 minutes, and centrifuged. The
eluted peptide fraction was dried and resuspended in 80 pl water (the
volume of the phosphotyrosine peptide mix before treatment with
antibody-resin), and a 1 pl aliquot was diluted and analyzed by MALDI-
TOF mass spectrometry, as described above (Figure 3). Figure 4 shows

20 the mass spectrum of the phosphotyrosine peptide mix before (top panel)
and after (bottom panel) immunoaffinity purification. Note that the fraction
eluted from the antibody-resin contains all 5 phosphopeptides but none of
the nonphosphorylated peptide partners. Accordingly, the method of the
invention specifically isolates all desired phosphopeptides containing a

25  phosphotyrosine, regardless of the different sequences in which the
phosphotyrosine occurs, from a complex mixture of phosphorylated and
nonphosphorylated peptides.



-59 phosphoryl ated pepti des, and peaks | abeled with open circles correspond
to the nonphosphoryl ated partner peptides. P-Tyr-containing peptides were
speci fi cawby3josmBat ed fromthe diverse peptide m xture bpcrarshacusng t he
phosphot yrosi ne peptide mx (46 5 nnol total) with a phosphotyrosine
nmonocl onal anti body P-Tyr-100 i nmobili z&P to agarose resin (Cell Signaling
Technol ogy, Inc., product nunber 9419) (100 |I). The anti body was i ncubated
with the peptides as a slurry, in a batch purification format. The slurry
was |eft at room tenperature for 10 mnutes and on ice for 1 hour. The
unbound peptides 10 were renoved by centrifugation through a plastic frit,
and the retaiBed solationpfRiwaphatbreeninesCentaining/Beptidesifromvd th 1 n  of
i ce-cold phosphatPeptitiedMixduieal i ne containing 0.5% NP-40, twice with | nl
of ice- cold phosphate buffered saline, and once with water). To elute
bound phosphopept Tdemethbd ofittie ivdptiorevias furdher ésmsnsinated usingt@0 | 30% 15

SN RE R L IE N TR
ant | Dody- rest R oond MRV IFTRERON G, RO iR e, v . Tor
mass spect r onglosphodisredeit irtrech atduse ¢Fphpaphodylatediand e 4 shows 20 the
aitor (bot { o BRISPrNGRSEIRS Pepticre: T6e FUKLPREOESEILAT  RORPU | on
The. nonphosphoE et R e e e e ot hod of Che

i nventi on sperofphasipherylsiedgparineaiideptides (see pablephopbetMAkRI-EOHt mieasng a 25
hosphot yrosi ne, .regar,dl ess, of .t he.. differen equen in which t

P hoennot yithe: HReathiirestafid A cdifinRa AT br BRI Bl Peithpidt

nonphosphor yl gfiyeBefeed irmAfMoafAit) P UPHEIRIn BeddrdirgtolRé dventidB iBshb@al at i on

of Phosphot hr eoni ne- Cont ai ni ng tgepti des froma
in Figure 5.

Table 2: Components of the Phosphothreonine

Peptide Mix
Calculated Protonated
Sequence Peptide Mass

DTQIKRNT*FVGTPFC

(SEQ ID NO: 11) 1,806.825
DTQIKRNTFVGTPFC

(SEQ ID NO: 12) 1,726.859
CKEGLGPGDTTST*F

(SEQ ID NO: 13) 1,491.620
CKEGLGPGDTTSTF

SEQ ID NO: 14) 1,411.653

T*=phosphothreonine, T=threonine

A P-Thr-polyclonal antibody (Cell Signaling Technology, Inc., product

15  number 9381) was linked to agarose resin using a hydrazide chemistry
(the same chemistry used o produce the P-Tyr-100 agarose resin used in
Example 1A above), using a commercially available crosslinking kit
(BioRad Affi-Gel HZ Immunoaffinity Kit, product number 153-6060) and
following the manufacturer's instructions. Each milliliter of resin was

20 reacted with 1 milligram of antibody. P-Thr-containing phosphopeptides



Peptide M xture The nethod of the invention was further denonstrated using
a second general protein nodification antibody, a phosphothreonine 5

pol ycl onawoanwddeedy P- Thr-pol yclonal to purify peptides c@®araisnd/mgso
phosphot hr eoni ne froma m xture of phosphoryl'ated and nonphosphoryl ated
synthetic peptides. The m xture consi st$Tof 4 synthetic peptides: 2
phosphot hr eoni ne- cont ai ni ng peptides and their 2 nonphosphoryl ated partner
pepti des (see Table 2). The MALDI - TOF nass 10 spectrum obtained as

descri bed above, of the phosphot hreonine peptide mx before immunoaffinity
purification according to the invention is showmn in Figure 5. Table 2:
Conponent s of weteespéakigailytisolatad frem tRisphixtieeNyxcabdbctingthed Pr ot onat ed

Sequence Peptide S DIQ KRNT* FVGTREC I ,.11) 1. 806. 82

DT KRNTEV T HSSAERTPBTIIE P eTTiiAg Ogston el it RaPRIy 8 (#90%a 13)
1, 491. 620 h o fjd ni ne,
T=t hr eoni nec};\Iﬁ - Th@%&'%@ﬁ'%ﬁ?ﬁégnmt %ﬁﬁ%@%‘%ﬁi étuél ggglle{ﬁgﬁgec nolggg\é//,sgl nc.,
product 15 nrecbrere2B&1d washedl, arkkthet bowrghperdtilasaséne elstany paodesdedzi de
chem stry

(the,sane_chem stry, used to produgce, the P- - arose resin
ised i n Ecarf SRADZE0 A8)IesGEPH BRoue ants Sngwasae MABFEPBSBRRRK n ki
(Bi oRad Affi - &edcti¥of thBUMMRUhY HndYbdiidd pdstREUPActiinEdThe LPB0ORE PachpA
follow ng the manufacturer's instructions. Each mlliliter of resin was 20
react ed wit h gonthinsiajlr4peptidesincleding tire phosphrnentideagupderdpaopept i des

particular conditions utilized, which were not optimized, some of each
isolated phosphopeptide has passed through the column. The bound
10 fraction contains both phosphopeptides but does not contain the
nonphosphorylated peptide partners. Accordingly, the method of the
invention selectively isolates all desired phosphopeptides containing a
phosphothreonine, regardless of the different sequences in which the
phosphothreonine occurs, from a mixture of phosphorylated and

15  nonphosphorylated peptides.

C. Isolation of Phosphotyrosine-Containing Peptides from Low-
Level Samples

The isolation of modified peptides from low-level samples (i.e.
where the amount of each modified peptide is about 1 pmol or less)

20 according to the method of the invention was demonstrated using low-
picomole amounts of phosphotyrosine peptides from the 10-peptide mix
and the immobilized phosphotyrosine antibody P-Tyr-100, as described
above in Part |A. P-Tyr-containing phosphopeptides were isolated from
this complex mixture, by contacting the 10-peptide mix (24 pmol total) with

25  the P-Tyr-100 antibody-resin (CST product number 9419) (10 pl). The
peptide mixture contained 100 ng BSA to reduce non-specific peptide loss
through adsorption. The resin was recovered and washed extensively
(twice with 0.5 mi PBS containing 0.5% NP40, twice with 0.5 ml PBS, and
five times with 0.5 ml water). Phosphopeptides bound to the antibody-

30 resin were eluted by washing the resin three times with 5 ul 0.1 M glycine,



WO 03/ 000931 PCT/ US02/ 19480 -61 were specifically isolated fromthis

m xture by contacting the phosphothreonine peptide mx (20 pnol total)
wi t h thi swansiotodly-resin (100 1), and incubating the resiPpeTarsd2/papii des at
4 C overnight. The resin was recovered and washed, and the bound peptides
were eluted, processed, 5 and anal yzed-#2 descri bed above. Figure 6 shows
the MALDI - TOF nass spectra of the unbound and bound peptide fractions. The
unbound fraction <contains all 4 peptides, including the phosphopepti des;
under the particular conditions utilized, which were not optim zed, sone
of each isol ated phosphopepti de has passed t hrough the colum. The bound
10 fraction cpiitZa3. n'EheJthree ehdiopsopeptdatelineds antbes aliquotwas diesalfdrk

nonphosphoryl ated pe artners ccor di ngl of the

i nvention sel‘é@? ?\)ﬁP ‘g%‘f"g‘? nghqqre Pr e?ﬁ' *B%%ﬁ%?%@@gbémﬁ ning a
phosphot hreor@l?@ineﬁﬁl@@fé?é@ﬁlﬂhMAEDﬁT@Ff%@é@%ha%%uences in which the
phosphot hreoni ne occurs, froma m xture of phosphorylated and 15

hosphor yl at d
nonphosphory1at ed PGS f2Bout nbTfhel btk R BB e B A 12 o
| ow- | evel 3Ssanipdfere (topqaaneiMmdeaftéTe(tmnmumnel))lfrnraanbaﬁﬁmdy pudficgdimpnt | de i s about
1 I I 0 di t hod
denonst rat ed SEFNIGR LG UIEPR SL IRV B FRASHERS P ML SEEL | des from
the 10-pepti dgyfdshordnd I;iHb%thfWé}bH'pé%ﬂd@@%&hﬁééﬂ(s"@b@%d%ﬁh BRegsP- Tyr - 100,

as descri bed above In P- Tyr-contai ni n opepti des were
i sol ated f romoweﬁponddnﬁhemonphow@rylbjed:palttla@tme'@dteISeAll@ peptide mx (24

| total th 25 th Tyr-10 t duct 9419
(10 1) The "adenaeehfises, Ahell siiam 20t P eembly e RS Kot ROTREC £ e
peptide I@ss aﬁ&é@@d‘fr@ﬁ"ﬁﬂfe%ht%dé régmr(ﬁ’ﬁfmpé\ﬁéi%)r@lctﬂéeﬂﬁ Peptiiésiaghed
extensively (twice with PBS cont ai ni ng 5% NP40, twice with 0.5 nl

PBS, and fi viaat ioms3 weare d@t@:teni initestnboumssasiioneseraed pabeENd t he
ant i body they were all nonphosphorylated peptides. The bound peptide fraction was

neutralized, treated with calf intestinal alkaline phosphatase, an enzyme
that can remove phosphate from phosphopeptides, and re-analyzed to

15  confirm the phosphopeptide assignments (Figure 7, bottom panel). As
expected, the phosphopeptides were completely dephosphorylated to
produce ions with masses 80 lower than the phosphopeptides. This was
particularly helpful in assigning the peaks at 1,869 and 1,523 to
phosphopeptide synthesis artifacts and the peaks at 1,867 and 1,521 to

20  non-phosphopeptides. Accordingly, the method of the invention selectively
isolates all desired phosphopeptides, even at low levels, that contain a
phosphotyrosine, regardless of the different sequences in which the
phosphotyrosine occurs, from a low-level mixture of phosphorylated and
nonphosphorylated peptides.

25 D. Isolation of Akt Substrate Phosphopeptides from a Peptide
Mixture

The method of the invention was further demonstrated using a
motif-specific, context-independent polyclonal antibody, phospho-
(Ser/Thr) Akt substrate antibody, to purify phosphopeptides containing the

30 phospho-Akt substrate motif from a mixture of phosphorylated and



30 resin were eluted by washing the resin three tines wwith 51 0.1 M

gl yci ne, WO 03/000931 PCT/US02/ 19480 -62 pH 2.3. The three elutions were
conbi ned,warnd/oen3nl i qguot was desalted with a ZipTip devi ®eT(Ugh/194p0Tr €
Corp.., part nunber ZTCl8SM6), since glyci-ne interferes with MALDI - TOF
mass anal ysis. Figure 7 shows the nass -sﬁ\;’ectrumfor the | ow | evel
10-peptide mx 5 before (top panel) and after (third panel) imunoaffinity
purification according to the nethod of the invention. Peaks |abeled with
a star correspond to phosphoryl ated pepti des, and peaks |abeled with
circles correspond to the nonphosphoryl ated partner peptides. Al 5
phosphopept i desnpradsphondateprsysératicaretioles ( Phe éikb pejtelnekindse plsgysea bound 10
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neutralized, treated w cal esti nal kal I ne phosphat ase, an enzyne

that can renoUSARGSHHR-d 768d20pM0 spibirapsiriptionabragulatican@opeitiand 15
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expect ed, %h%‘?@@ﬁﬁo?&’ t%@swg?g&ﬁﬁﬁpﬁ(@[og’m) Jéﬁr@@m@}fgw@a%ﬂ% pr oduce
ions with masge t§%hb§ﬁﬁ6ry‘lehé'bréﬂéﬁ1 alesrney apthréenine DtiserindTesigaesi cul arly
hel pful in assigning the peaks at 1,869 and 1,523 to phosphopeptide

synt hesi s ar t Whagtke target iesiguearecus withgsthesgansensps sequencetietibhosphope

Gesi rod phospropente ek WfBR BrerBlifeds i 4 bl 3G Ehiy TS tnabagsat o= 21!
phosphot yr osi the, targaarndopise of sédire.di fferent sequences in which the
phosphot yrosi ne occurs, froma | owlevel mxture of phosphoryl ated and

Y e BRBL e ot i SO ettt BoH Bent on vas
e aeTorSIhalifg TeEhABlofy, Rl 'drodRG S mber ST FebodiEER 8T ly
of different phosphorylated proteins that contain the consensus sequence
motif when phosphorylated, but does not recognize the analogous
unphosphorylated motif. The specificity of the phospho-(Ser/Thr) Akt
15 substrate antibody is that it binds preferentially to proteins and peptides
that contain phosphothreonine or phosphoserine preceded by lysine or
arginine at positions -5 and -3, i.e., (K/IR)X(K/R)XX(T*/S*) (SEQ ID NO:
15), in @ manner substantially independent of the surrounding amino acid
sequence (i.e. the context of the motif). It is now demonstrated here that
20 this antibody can be used to purify peptides that contain the

phosphorylated Akt consensus substrate motif.

Akt motif-containing phosphopeptides were selectively isolated
from a mixture of phosphorylated and nonphosphorylated synthetic
peptides according to the method of the invention. The mixture consisted

25  of 8 synthetic peptides: 3 phosphothreonine-containing peptides, 1
phosphoserine-containing peptide, and their 4 nonphosphorylated partner
peptides (Table 3). The phospho-Akt substrate consensus sequence is
present in all 4 phosphopeptides in this mixture, and it is known from
ELISA that these phosphopeptides are recognized by and can bind to the

30 phospho-Akt substrate antibody.



(Ser/ Thr) Akt substrat

e anti body,

to purify phosphopeptides containing the

30 phospho- Akt substrate notif froma m xture of phosphorylated and WO

03/ 000931WB@3 L8R/ 19480
protein kinase pl ays-a

Trends Bi ochem Sci.
Proc. Natl. Acad. Sci.
regul ati on (Scheid and
Akt protein kinase is

t hr eoni ne or serine residues

central

growth (Marte

- 63 nonphosphoryl ated synt heti c ppgftSo2iertso The Akt
role-in cell

and Downwar d,

22: 355-358 (1997)84 - angi ogenesis (Jiang et al.

USA 97: 1749-1753 (2000)),
Curr.

5 Wodgett,

Bi ol .

and transcripti onal
10: R191-194 (2000)).

The

abl e to phosphorylate protein substrates at

when the target

resi due occur

s within the

consensus sequendable: Compeneisbsihe RhesphdrAksSabsfraterfégptidei dixany am no

acid,

Technol ogy, Inc., prod

phosphoryl at ed prot eins that contain the conserl¥gtonaigdence

phosphoryl ated, but does not $gfegeeze the anagsiesMasggphosphoryl ated

CEPRRR
Q)

notif.
is that

The speC|f|C|ty
it binds prefe

phosphot hreoni ne or phd

positions -5 and -3, i
manner substantially i
(i.e. the context of t
anti body can be used t|g
consensus substrate

and T/ S indicates
Phospho- (Ser/ Thr) Akt substrate pol ycl onal

uct number 9611)

the target threonine or serine.

r ecogni

10
anti body Cell Signaling
Zedlchiai®diral ity of different
notif when

N[TAT)  AKT 15 subs

3

1/S*) (SEQ ID NO
r(@ﬁ@[mm 1)7) the sur

and1 <=8t t

roundjo0g.828 no a

(SEQ R NG Te)

CEKBR @T*H'KDAajgls ”?‘r’]"c

L. contai

denonstrat ed her

PR o)A

trate anti body
hat contain
gi ni ne at

15), in a
cid seqguence
e that 20 this
osphoryl at ed Akt
i des were

selectively isolated

nonphosphoryl ated synt
i nvention. The m xtur
phosphot hr eoni ne- cont

: i ne- 1l
and their 4 nonphosph ¥
substrate consensus sell&RRQGTHKDAEIL ™

BRIRSCATWRKRRIK  phd
HSH@ ID NPt i%les accor

oo H

sphoryl at ed and
di ng1{7q7:886 net h

od of the

ﬂl“

Sf*‘éélﬂﬁk ﬁll@fﬂ\ 8 sy

pf

pept

COI’]t

D et e

nthetic peptides:

3
ai ni ng pepti de,

The phospho- Akt

(SEQ ID NO: 21) 1,725.906
SRPRSCTWPLPREI
(SEQ ID NO: 22) 1,696.906
CRSLTGKPKLFIIQA
(SEQ ID NO: 23) 1,674.972

Phosphopeptides were isolated from this peptide mixture by

contacting the phospho-Akt substrate peptide mix (5 pmol each peptide)

5  with phospho-(Ser/Thr) Akt substrate antibody immobilized to agarose

resin (Cell Signaling Technology, Inc., part number 9619) (20 pl, 2 pg/ul).

The antibody was incubated with the peptides as a slurry at 4 °C for 2

hours. Unbound peptides were removed by centrifugation, and the

antibody-resin was washed extensively (two times with 0.5 ml ice-cold

10

PBS containing 0.5% NP-40, two times with 0.5 ml ice-cold PBS, and

three times with 0.5 ml ice-cold water). Bound peptides were eluted with

three 10ul aliquots of 0.1 M glycine, pH 2.3. A & ul portion of the fraction

containing bound and eluted peptides was desalted and concentrated with

a reversed-phase ZipTip microcolumn before analysis by MALDI-TOF

15

mass spectrometry, as described above.



present in all 4 phosphopeptides in this mxture, and it is known from
ELI SA that these phosphopepti des are recogni zed by and can bind to the 30
phospho- AKD 0si0t®8r at e anti body. WD 03/ 000931 PCT/ US02/ 1948QT/Us6219ab| e 3:

Conmponents of the Phospho- Akt Substrate Peptide M X

Sequence Peptide Mass CSPRRRAAS* MDNNSKER - (SEQ | D NO 16) 1, 989. 889

CSPRRRAASVMDNNSKFA  (SEQ I D NO 17) 1,909.923 CLKDRQGI*HKDAEI L
18) 1, 805.872 SRPRSCT* WPLPREI

(SEQ ID NGO 20) 1,754.938 CLKDRQGTHKDAEIL (SEQ ID NO 21) 1,725.906

SRPRSCTWPL PREI

Cal cul ated Protonated

(SEQ I D NO
(SEQ ID NO 19) 1,777.856 CRSLT*GKPKLFI | QA

(SEQ ID NO 22) 1,696.906 CRSLTGKPKLFI|IQA (SEQ ID NO 23)
1,674. 972 Phospholpigpté Beshowsrtheirsadsaspattfa afthephospbotAkdsubsitater e by

W Uh phospho. CRBRPTAR batere TR GERa) Erar ATty T BunioemIBe ose . resi n

(Cel I Si gnal i pgifitaGbRoPasKs Idblfed witR Al statetess pHntth di‘%%pgo%@?ﬂéﬂrﬂéé) :

anti body was incubated with the peptides as a slurry at

Unbound pept i peaksiebeledawidy et apgnciivle coregnangiito noigphosphorylated

5

10

15

20

25

peptides, and peaks labeled with a square are phosphopeptides that have
undergone metastable decomposition and neutral-loss of phosphate
(discussed in Example V below). The fraction of peptides that bound to
and eluted from the immobilized antibody (bottom panel) contains all 4
phosphopeptides but does not contain the nonphosphorylated partner
peptides. Accordingly, the method of the invention selectively isolates ali
peptides in this synthetic peptide mixture that contain the phospho-Akt
substrate motif, whether they contain phosphothreonine or phosphoserine
residues. As desired, peptides that contain the nonphosphorylated

consensus motif are not isolated.

E. Isolation of 14-3-3 Binding Motif #1 Phosphopeptides from a
Peptide Mixture

The method of the invention was further exemplified using a
second motif-specific, context-independent monoclonal antibody,
phospho-(Ser) 14-3-3 binding motif antibody, to purify phosphopeptides
containing the 14-3-3 binding motif from a mixture of phosphorylated and
nonphosphorylated synthetic peptides. The 14-3-3 proteins regulate
several biological processes through phosphorylation-dependent protein-
protein interactions (Muslin et al., Cell 84, 889-897 (1996)). Nearly all
binding partners of 14-3-3 proteins contain at least one of two different
phosphoserine-containing consensus sequences (Yaffe et al. Cell 91,
961-971 (1997)). One consensus sequence, motif #1, is (R/K)SXS*XP,
where R/K indicates arginine or lysine, S is serine, X is any amino acid, S*
is phosphoserine, and P is proline.

The

hour s.



anti body-resin was washed extensively (two tines with 0.5 nml ice-cold 10
PBS containing 0.5% NP-40, two tines with 0.5 m ice-cold PBS, and three
times w twWo®3500981 i ce-cold water). Bound peptides were el rCadsee/149380 t hr ee
10l aliquots of 0.1 Mglycine, pH 2.3. A5 1 portion of the fraction

contai ni ng bound and el uted peptides wa$bdesal ted and concentrated with a
rever sed- phase ZipTip mcrocolum before analysis by MALDI - TOF 15 nass
spectronetry, as descri bed above. WO 03/000931 PCT/ US02/ 19480 -65 Figure 8
shows the nmass spectra of the phospho- Akt substrate peptide mx before
(top panel) and after (bottom panel) inmmunoaffinity purification. Peaks

| abel ed with a st dPhasphoeéPernd4t33 minding opaetjimoieesiongl eakibotp(E2d Wit h an

open circle correspond ta nonphosphorylated 5 pepti and .peaks. | abel ed
Weh & squar daIEBRGE SpERRREE TrRaprarrE noofheE ce0R s 2 raf Speenc
deconposi ti Or‘arﬁ%_d@/‘-‘tHéf @cobﬁ&%s%o@ﬁﬁéﬁ}ﬁ%s théi Ssamadid dorfseasus e Vv
below). The fraction of peptides that bound to and eluted fromthe

i mobi | i zed avindingdyotibdt.tide ph3ed pinding eioti§ antibody isgtighlyispesificifdes but
does not contain. t he npnphasphor,yl ated partner, 10 peptides. Accardi ngly,
the_nethod of Pelites ARho iR BRareenlan JRE T eBSuioterB s liaRe, 17
synthetic pepby gRlifiexdtUhe +Rfsitmnad Brdifife R af\fe -3 pbsitioat ge.mot i f,
whet her they contain phosphot hreoni ne _or phosphoserine residues. As

desir edl, pegtﬁ*ﬁ@yl(ﬁ’é?&ppldﬁ IDNGie24ioRpeearptien {8 snegific tosikensus not i f dar e
! e . ONPHE P o !
from o pept; RPSARoRFERLAbIte it g b BbERRNElY hsbbe BAERRAMEE ol T ca

using a secogrdNdifg aphes btid, sexprnes (i é.rtierentst of teeotignThisant i body,
phospho- (Ser) 14-3-3 binding notif antibody, to purify phosphopeptides 20
cont ai ni N t hantipdy ekl gregs-iesets with SRRIRHR SEAECRFCHEYUBNNY | at ed and

nonphosphorylpﬁﬁ h%\’rﬂjeﬁﬁﬁ‘nieciﬂ?tpe% i °§§Q§?érﬂfesih?‘hg3@%ﬁ'ns regul ate several

bi ol ogi cal pr'ocesses through phosphor on-depen pr ot ei n-
To identify other proteins that bind to 14-3-3 proteins or to profile

known binding partners on a genome-wide (cell-wide) basis, immobilized
14-3-3 binding motif antibody may be employed to immunoaffinity purify

15  phosphopeptides from a proteinaceous preparation in accordance with
the method of the invention. To demonstrate the feasibility of this, this
antibody was first employed to selectively isolate phosphopeptides from a
mixture of phosphorylated and nonphosphorylated synthetic peptides
when the phosphopeptides contain motif sequences that match the

20 antibody’s known specificity. The mixture consisted of 13 synthetic
peptides (Table 4). Four peptides in the mixture contained sequences that
match the antibody’s known specificity, 3 with phosphoserine (SEQ ID
NOs: 26, 28, 29) and 1 with phosphothreonine (SEQ ID NO: 27). It is
known by ELISA that these three phosphoserine-containing peptides are

25  recognized by and can bind to the 14-3-3 binding motif #1 antibody. The
peptide mixture contained 9 other peptides that should not bind to 14-3-
3 binding motif antibody: 2 phosphotyrosine-containing peptides, 2
phospho-Akt substrate motif peptides, and 5 nonphosphorylated partner
peptides.

30 Table 4: Components of the 14-3-3 Binding Motif Peptide Mix



protein interactions (Muslin et al., Cell 84, 889-897 (1996)). Nearly al

bi ndi ng partners of 14-3-3 proteins contain at |east one of two different
25 phosphweasicem3ctont ai ni ng consensus sequences (Yaffe et palr/us@zid448®1,
961-971 (1997)). One consensus sequence, notif #1, is (R K)SXS*XP, where
R'K indicates arginine or lysine, Sis-&Hrine, Xis any amno acid, S is
phosphoserine, and P is proline. WO 03/000931 PCT/ US02/ 19480 -66

Phospho- (Ser) 14-3-3 binding notif nonocl onal antibody (4E2) (Cel
Signaling Technol ogy, Inc., product nunber 9606) is a notif-specific

anti body that recogni zes phosphopeptides that contain this consensus

bi nding notif #1. The 14-3-3 binding notif anti®aldylated hi ghly specific for
5 peptides and proteins that contain this noti fPropdregetioseri ne surrounded

by proline at the +2 p03|t|o eﬁﬂ% gi ni ne or the -3 position,
e O KT R XS XP ( SEauRNO e ] L.u'??/'?c@é?ﬁ%?.. for the
phosphoryl at ed formoft%;lrﬁzgQ Qﬂﬁqﬁgggﬂistantlajlg'|ndependent of the
surroundi ng anmi no acid §§6hﬁhbﬁ3¥25ha the ¢ont exi988t88%he nmptif). This 10
anti body weakly cross-CSRRRRAASMBNANSKIOANS sequences cont gi ni ng
phosphot hr eoni ne i nste serine ijn thi )4 . Tq identify.other
proteins that bind to i(?:,E‘gj J@mfég)llb or—to W_U?%()g@%()m bi ndi ng partners
on a genonme-w de (cell-w de) basis, imobilized 14-3-3 binding notif

anti body may be enpl oyed to innunoaffinity purify 15 phosphopeptides froma
pr ot ei naceous preparation in accordance with the nmethod of the invention.
To denonstrate the feasibility of this, this antibody was first enpl oyed
to selectively isolate phosphopeptides froma m xture of phosphoryl ated
and nonphosphoryl ated synt hetic peptides when the phosphopepti des contain
notif sequences that match the 20 antibody's known specificity. The m xture
consisted of 13 synthetic peptides (Table 4). Four peptides in the mxture
cont ai ned sequences that nmatch the antibody's known specificity, 3 with
phosphoserine (SEQ ID NGs: 26, 28, 29) and 1 with phosphot hreonine (SEQ ID
NO 27). It is




known by ELI SA that these three phosphoserine-containing peptides are 25
recogni zed by and can bind to the 14-3-3 binding notif #1 antibody. The
pepti de mvetoawersspnt ai ned 9 ot her peptides that shoul d notrcChiusd21wsd4- 3- 3
bi nding notif anti body: 2 phosphotyrosine-containing peptides, 2

phospho- Akt substrate notif peptides, arftB5 nonphosphoryl ated partner
peptides. 30 Table 4: Conponents of the 14-3-3 Binding Mdttif Peptide Mx WO
03/ 000931 PCT/ US02/19480 -67 Calculated Protonated Sequence Peptide Mass
CSPRRRAAS* MDNNSKFA (SEQ I D NO 25) 1, 989.889 CSPRRRAASMDNNSKFA (SEQ ID
NO 26) 1,909.923 WO 03/000931 PCT/ USO2/ 19480 -68 FRCGRSRS* APPNLWAC ( SEQ
ID NO 27) 1,797.836 SRPRSCT*WPLPREI (SEQ ID NO 28) 1,777.856

TRSRHSS* YPAGTEEC ( SEQ FR@@R@APM\]]@QA&OS CAEYLRSI S*LPVPVL (SEQ I D NO
Isr,g) Né 73525j 82,669595(??\( b‘ﬁiﬁ&zﬁ% - 31) 1, 7091’%§_83§RF RSCTWPLPREI ( SEQ
 RPRSCT\PLPRE]
(SEQ ID NO: 28) 1,777.856
TRSRHSS*YPAGTEEC
(SEQ ID NO: 29) 1,760.705
CAEYLRSIS*LPVPVL
(SEQ ID NO: 30) 1,738.896
LQERRKY*LKHRC
(SEQ ID NO: 31) 1,709.878
SRPRSCTWPLPREI
(SEQ ID NO: 32) 1,696.906
TRSRHSSYPAGTEEC
(SEQ ID NO: 33) 1,680.739
CAEYLRSISLPVPVL
(SEQ ID NO: 34) 1,658.929
MSGRPRTTS*FAESC
(SEQ ID NO: 35) 1,609.649
RQGKDY*VGAIPVDC
(SEQ ID NO: 36) 1,600.719
RQGKDYVGAIPVDC
(SEQ ID NO: 37) 1,520.752

A 14-3-3 binding motif #1 antibody (Cell Signaling Technology,
Inc., product number 9606) was linked to agarose resin using a hydrazide
chemistry (the same chemistry used to produce the P-Tyr-100 agarose
5 resin used in Example 1A above), using a commercially available

crosslinking kit (BioRad Affi-Gel HZ Immunoaffinity Kit, product number
153-6060) and following the manufacturer’s instructions. Each milliliter of
resin was reacted with 1 milligram of antibody. Phosphopeptides were
selectively isolated from the 14-3-3 binding motif peptide mixture by

10  contacting the peptide mix (10 pmol each peptide) with this antibody-resin
(10 wl, 1 pg/ul). The antibody was incubated with the peptides as a slurry
at room temperature for 1 hour and 4 °C for 1 hour. Unbound peptides
were removed by centrifugation, and the antibody-resin was washed
extensively (twice with 1 ml ice-cold PBS and once with 1 ml ice-cold



(SEQ ID NGO 33) 1,680.739 CAEYLRSISLPVPVL (SEQ ID NO 34) 1,658.929
MBGRPRTTS* FAESC (SEQ I D NO 35) 1,609.649 RQGKDY*VGAI PVDC (SEQ I D NG 36)
1, 600. 719WOREHDPYVCGAI PVDC (SEQ I D NGO 37) 1,520.752 A 14- BC3/usondidsg not i f
#1 anti body (Cell Signaling Technol ogy, Inc., product nunmber 9606) was

| i nked to agarose resin using a hydrazi'@@' chem stry (the sanme chem stry
used to produce the P-Tyr-1 00 agarose 5 resin used in Exanple 1A above),
using a comrercially available crosslinking kit (BioRad Affi-Gel HZ

| munoaffinity Kit, product nunber 153-6060) and follow ng the

manuf acturer's instructions. Each mlliliter of resin was reacted with 1
m | I'i gram of waterh@bundipeptidesvegrei aletedweiireons 80adtaligediyofi GdlMt ed from t he
14- 3- 3 bi ndi nq not i f pe8t ide m xture by 10 contacting the peptide mx (10
pnol each pepdlyeigp, RiHth0t AiSsplpartion afthelpted paptides wagdesalterhanéint i body
was i ncubat ed. w t] Iy at or 1 hour
and 4 C for 10#(9%&'13%@3&? %S/%{slaegiééhééme;%y }peﬁn%?}’é)g&gbﬁ rﬁ@%@?é?ﬂé&? {Son, and

the anti body-beMALDEFORanass specttansiry edsyddédonibed aiove. 1 m i ce-col d PBS
and once with 1 m ice-cold WO 03/000931 PCT/US02/ 19480 -69 water). Bound

peptides were el utehe mdds sretdbflthélpetiod nitk befoke Mopopaitdingnd Bfte?- 0. A 9 |
portion of the eluted peptides was desalted and concentrated with a

r ever sed- phas@ofopTpanel imsespatinity usfieatiofearesshownip hours 9Teeakass
et o B e D BB B e B o
are shown in itgaheogbn Sesksorrbgbencetd norighasphbaylatedrpeptidesdPésks
phosphopepti des, and peaks | abel ed ) )
labeled with filled stars are phosphopeptides that are not expected to bind
10 to the 14-3-3 binding motif antibody because their sequences do not fit
the antibody’s known specificity. Of the four phosphopeptides in the
mixture that contain the 14-3-3 binding motif, three were isolated by the
14-3-3 binding motif antibody, and they correspond to the major peaks in
the fraction of peptides that bound to and eluted from the immobilized
15 antibody (Figure 9, bottom panel). One 14-3-3 binding motif
phosphopeptide was not isolated (SEQ ID NO: 29, calculated protonated
peptide mass of 1,738.9), but it also could not be detected in the
untreated peptide mix, i.e. it may be a poorly ionizing peptide. The
phosphothreonine-containing peptide, which contains a slightly variant
20  motif (phosphothreonine in place of phosphoserine), was also isolated
(SEQ ID NO: 27, calculated protonated peptide mass of 1,777.8); it was,
in fact, expected to cross-react weakly with the antibody. Two peptides
that do not contain sequences that match the antibody’s specificity were
isolated, one was a phosphopeptide containing the phospho-Akt substrate
25 motif (SEQ ID NO: 35, calculated protonated peptide mass of 1,608.6)
and the other was unphosphorylated (SEQ ID NO: 25, calculated
protonated peptide mass of 1,910.9). Several peaks in the bound and
eluted fraction (1,941, 1,770, 1,642, 1,526) are also present in the bound
and eluted fraction of a negative control, antibody-resin treated with buffer

30 instead of peptide mixtures. These artifactual peaks appear to originate
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14-3-3 binding notif antibody, and they correspond to the major peaks in
the fraction of peptides that bound to and eluted fromthe imobilized 15
anti body (Figure 9, bottom panel). One 14-3-3 binding notif phosphopeptide
was not isolated (SEQ ID NO 29, calculated protonated peptide mass of
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unbhggpﬁgrsl gﬁ %&%ﬁlggm&iﬁmw Iigy Ry !ﬁatiﬁpbﬁ‘)éﬁﬁﬁ@’ép%t}?ﬁ% Mass of
1,910.9). Se ' | ' 41, 1,770,
1,642, 1,526 %‘?ﬁ”%ﬁ?@é‘?ggg’ﬁﬁ nggllét & houn Hégﬁ’gsiﬁlgﬁtggﬂg?g(haﬁon of a
negat i ve contcootagin dme targelyseqeincetmaetifiredy wot be isdidted, 30djonstlead of pepti de

I xt . Th .artif | Kk to,.originate WD, 03/ 000931
BT/ USo2) 10488P1106% el H31.L200R 00 PR MRt E AT PONCHRRICSh pr obabl y be
avoi ded by ERTHERBNIYDLRARCE, BEFEAsSnstharetel RRIYar feiBrtheRBshihgh! v puri fied

antibody or by pre-eluting the antibody-resin before applying peptide
m xt ures. Thicompeteness andispecificitybf thehdisclobed qatbodireprgsenitstane net hod of

the 5 invention by _show ng that .desired,phosphopeptid an be
| sol at ed/ enrisb‘ﬁﬁﬁr%ﬁﬁ? a‘?“re.rr%'tﬁif‘aﬁ'ﬁ’ﬁi °§8§58%&'£%W?&°&2'Pﬂed herein. As
methods. As previously described, it is anticipated that, in cases where
undesired peptides lacking the target motif are co-isolated along with
15 desired peptides, the former may be avoided by increasing the number or

stringency of the resin washes to remove non-specifically bound peptides.

ExaMPLE I

A. Isolation of Phosphotyrosine-Containing and Phospho-Akt
Substrate Peptide Subsets from a Digested Crude Cell Extract

20 Example | demonstrates that several phosphorylation-specific
antibodies can be employed in the method of the invention to selectively
separate desired phosphopeptides from non-phosphopeptides. The
antibodies may be general modification-specific antibodies or motif-
specific, context-independent antibodies that recognize a short non-unique

25 motif comprising several invariant residues, which motif is present on a
plurality of different peptides or proteins within a genome. As shown in
Example I, the antibodies can distinguish phosphopeptides from non-
phosphopeptides even when the only difference between the peptides is

the presence or absence of a phosphate group. In the present Example, it



previously discussed, in certain cases, as here, sone peptides that

contain the target sequence notif may not be isolated, and/or other

pepti des wbas/oam®3not contain the target notif may be i nadeemrtesnt/ispsor 10
artifactually purified, for reasons that_are unclear. Nevertheless, the
conpl et eness and specificity of the di scilosed method represents a

subst anti al advance over alternative phosphopeptide purification nethods.
As previously described, it is anticipated that, in cases where undesired
peptides lacking the target notif are co-isolated along with 15 desired
pepti des, the fornmer may be avoi ded by increasing the nunber or stringency
of the resin iashows that desiea phosplpegitiies atdybé saledtipelptisaleted byEXEVPLE | |

A. |solation of ,Phpsphot.yrosi ne- Cont ai ni and Phospho: Akt Substrate
Pept i de. Subs ctettac A heryeiasfrein 7 Eomalax BREYE GOMBBG, ampl o |
denonstrat es bﬁ@éph%%\éﬁfiéés Bh@%@tﬁ%@éé.%@rﬁ@%d‘d &f tﬂ@tihMIo%Sséléfbsbe_

enpl oyed in the method of the invention to selectively separate desired
phosphopept i dée ghasphepapiide spbegidpai wesld benexpentied bodhe vasisyofidbe gener al

nodi fi cation-specific_anti bodi r i fr ecifi nt -in ndent
Tt bodt et raRtR ROt dBE NS aNeutTRi fned REEkdults cHEBhES oyl HEEd e o
i nvari ant resihduagthothiocdtuf®icefl eixfrabisesiestly fsbemblBlthe 2ésdls edtamedftsr ent
peptides or proteins within a genone. As shown in Exanple |, the

anti bodi es caapRlyiegithgunethogie syofrinadranthetionpersisie Phddiesopept i des even
when the only difference between the peptides is the presence or absence
of a phosphat e grolibe exampiarypreparatiofmfanihledsolatiomoesariioabbarein was

PCT/ US02/ 19480 -71 ,i A hat , desj red ph h tid o}
el ectivel y 1 SUMRPERe Bl e eIel Aie & SRt IS BRITE R AREOBIRR e i xt ur e
contai ni ngy  PHOSIRIROAMOLKE @%e pﬁoﬁbﬁd-Akﬁéﬁbétbé@§geBﬁa@ niiRhaod pekntdtRiednvent i on

I sol ates the ﬁhOSphOpeFtlde subset that wou e expected on the basis of

the 5 anti bodyhe cayseccell exirgct was madglfean sownousfibsabiastcasls thatdimdai ned by

applying. ¢ hep gt 06 RaRlifoc el disld 261 A8l KiRREURs AR Y

and that had been treated with 50 ng/ml platelet-derived growth factor
(PDGF) for 15 minutes. The cells were washed, harvested, and lysed by
15 sonication, proteins in the lysate were denatured, and the lysate was
cleared by centrifugation. The extract was then digested to peptides with
endoproteinase Glu-C immobilized to F7m, a polyvinyl matrix bead
(MoBiTec, part number P5101), and the immobilized Glu-C was removed
by centrifugation. The digested extract was treated with phospho-(Ser/Thr)
20 Akt consensus substrate motif antibody (Cell Signaling Technology, Inc.,
product number 9611) to remove endogenous peptides recognized by this

antibody.

This depleted digested extract was mixed with the phosphotyrosine
peptide mix (Table 1) and the phospho-Akt substrate peptide mix (Table
25  3), so that each peptide was present at a concentration of 10 pmol/ml and
the background of peptides from the digested extract was 250 pg/ml. This
peptide-extract mixture (1 ml) was treated with either immobilized P-Tyr-
100 antibody (Cell Signaling Technology, Inc., part number 9419) or
immobilized phospho-Akt substrate antibody (20 pl, 2 pg/ul). After 2 hours

30 at4 °C, each antibody-resin was collected by centrifugation and



applying the nethod to well-defined synthetic peptide m xtures. The

exenpl ary preparation for the isolation described herein was conposed of a
di gest ed wowdmoweal | extract to which the phosphotyrosi ne PCO/Useptd4se nm x
and t he phospho- Akt substrate peptide m x have been added. The crude cell
extract was made from 3T3 nouse fibrobl-a&-cells that had been stably
transfected to express active Akt protein kinase constituitively and that
had been treated with 50 ng/ M platelet-derived growh factor (PDG) for
15 m nutes. The cells were washed, harvested, and |ysed by 15 sonication,
proteins in the |ysate were denatured, and the |ysate was cleared by
centri fugati oextebigebxwasivdd (theeet tiraas withek tré ita-cold B S dad twiottimes with

endopr ot ei nase J,u-C | bilized to F7m a polyvinyl matrix bead (MBI Tec,
part number P I@ﬁe-cgmm)ﬁ%@iwepz@ﬁsmreéhé&@llﬁ%mmwonw w

trifugatiogg ' ext Y - [ Thr) 20
At consensus i oEDACREGICRY, P Bald Faleicty MARRATROCass'/ 110
product nunbegp&fifichetiy dct@stibeddEtaespaD pairiictesf treckegctictecbrisininy s

anti body. This depl eted digested extract was m xed with the phosphotyrosine
peptide miXx (Hewikang elfad Peptigedwassiosrited @hdiqoncentiaiad Wh @i x (Table 25

3), so that e Rep | : a concentration of 10 pnol/m and
t he backgroun%vélr peBt'lgg(;ees r'@ﬁ?'ﬁ)gbl [ gne'sted extract was 250 g/m . This

tide-ext t m t i th.eith ' L] P-Tyr -
100 ant 1 body (ool 1 P& BRLTID vulttRnt BEerarthodatoldiibnadie dhing®h, "
i mobi 1§ zed pihessHetrdt SRORS thattRe aRtbBOYolA8d 3. ofAne/s phoshofyrodinBour s 30

at 4 C, each antibody-resin was collected by centrifugation and WO

03/ 000931 PCTPeMEEsitutgmne gfthe ¢ piiespherAktmbstaty phoshapeptidesy wiich n
I ce-cold S ' ' . LGge--cal Ldes were
 oen St . 5,20 o Uil Bhodichyrghiod, ohf i B S p PR RERIL S
anal ysi s by M Bkpdéedrusesto thpemtibodws specifisityl (Riguicoedl tabpamel)aP@aks por ti on
of the fraction containing 5 bound and el uted- ,eéot i des was desal ted and
concent r at ed \@Pelpchwith a star correspond to phosphope;g)tl es, and peaks labeled

with an open circle correspond to nonphosphorylated peptides.

‘Comparison to Figure 4 shows the 2 phosphotyrosine-containing peptides

15 that were not identified from the peptide-extract mixture gave low signals
from a relatively simple mixture of synthetic peptides. These peptides may
ionize poorly when other peptides are present because they poorly

compete for protons.

For the phospho-Akt substrate antibody, a motif-specific, context-
20 independent antibody, the spectrum shows the antibody isolated 3 of the 4
phosphopeptides from the phospho-Akt substrate peptide mix but none of
the 5 phosphotyrosine peptides (Figure 11, top panel). Comparison to
Figure 8 shows that the single phospho-Akt substrate peptide that was not
identified from the peptide-extract mixture gave low signals from a
25  synthetic peptide mix.

The phosphopeptide assignments shown in Figures 10 and 11
were confirmed by treating a portion of the bound peptide fraction with
calf-intestinal phosphatase, which can remove phosphate from
phosphopeptides. As expected, most assigned phosphopeptides were

30  dephosphorylated to produce ions with masses 80 lower than the



rever sed- phase ZipTip m crocolum. For P-Tyr-1 00 anti body, a general

nodi fi cation-specific antibody, the spectrumshows that the antibody

i sol at ed WOamB/00d981 5 phosphot yrosi ne peptides but none of PChaS2/phsspho- Akt
substrat e phosphopepti des, which 10 do not contain phosphotyrosine, and
none of the 9 non-phosphopepti des, aS'QQbected due to the antibody's
specificity (Figure 10, top panel). Peaks |abeled with a star correspond

t o phosphopepti des, and peaks |abeled wth an open circle correspond to
nonphosphoryl ated peptides. ,Conparison to Figure 4 shows the 2
phosphot yr osi ne- cont ai ni ng peptides 15 that were not identified fromthe
pept i de- ext r aghosphopaptidem(dgles ) gndii§, béttampanedd)aAcoaidingdy,npl e mi xture

of synthetic peptides. These,..peptides .1onijz rly _when ot her
peptides are ‘g‘?ﬁr ggﬁ%orfé) B&Bt"?ﬁv‘%ﬁ%ﬂ g@&t&v i Epgatgg?rogﬁl 3tQ9r'i'§Pl_e¥:or t he
phospho- Akt  smbaliferdtordihgRedive nfeth®d bf thedipgéhtich. context- 20 independent
anti body, the spectrum shows the anti body isolated 3 of the 4

phosphopepti des fromthe phospho- Akt substrate peptide m x but none of the

5 phosphotyrogi ne R@pifiés of PodphdpkbtideSrCoRtithing fHYPA3.S Binding Fi gure 8

shows thaly the.si glgeRRARAIBIdIod Glaie b &1 BSRidce (nal was ol
pti1de-exirac

i dentified fromthe pe m xture gave low signals froma 25

synt hetic peptide gi ﬁﬁ"iﬁ" | : i ' es 10
and 11 were conf |'§§rré oﬁ{/é‘?te?(ggfpﬁﬁg% pdﬁgit@%%ggalﬁgs (')ru%rbgwgggpfdc?e%! action
wi th cal f-i néxtsddisnslosplyoesbaibties the mdsultd obeainad mithavelRdefiried syrfthetic
phosphopepti des. . expect ed, st I gned phosphopepti des were 3
dephosphor yl a@%?i"@é“ﬁ?t c 818 Brthag @afﬁﬁﬁgg\éegglogowg%@g}pﬁ)q%totlﬁ@a%1 / 000931
PCT/ US02/ 194848 2 15i# 3i h ' ' Hﬁml nel s).
Accordi ngly, 85)3&'.@'29%ﬁ@@%ﬁ@g@f‘?&@n@bﬁ@%ﬁ@% \q;éfnyptp%o at %‘3 froma
conpl ex I xtcompasingradcelbextradt laadreemirddreodf syiméhetioveentides. B. | sol ati on of
Phosphopepti des Contai ning the 14-3-3 Binding

The exemplary preparation for the isolation described herein was

composed of a digested crude cell extract to which the 14-3-3 binding
motif #1 peptide mix (Table 4) has been added. An endoproteinase Glu-C-
digested crude cell extract was prepared from 3T3 mouse fibroblast cells
15 stably iransfected to‘express active Akt protein kinase constitutively, as
described in Example lI(A) above. This digested exiract was mixed with
the 14-3-3 binding motif peptide mix (Table 4), so that each peptide was
present at a concentration of 10 pmol/ml and the background of peptides

from the digested extract was 0.5 mg/ml.

20 Immobilized 14-3-3 binding motif antibody was prepared by mixing
1 mg of 14-3-3 binding motif antibody and 0.1 ml of protein A-agarose
resin (Roche, product number 1 134 515) overnight at 4 °C. Unbound
antibody was removed by washing the resin three times with cold PBS.
The amount of antibody bound to protein A-agarose was shown to be

25 4 mg antibody/ml resin by measuring the absorbance at 280 nm of the

antibody solution before and after immobilization.

The peptide-extract mixture (1 ml) was treated with immobilized 14-
3-3 binding motif #1 antibody (20 pl, 1 pg/ul). After 2 hours at 4 °C, the



5 Motif froma Digested Crude Cell Extract As another exanple confirmng
that results obtained with crude cell extracts closely resenble the
results owbDasne®3ni th wel | -defined synthetic peptide m xPeTass02/193680 net hod
of the invention was enployed to isolate 14- 3-3 binding notif-containing
phosphopeptides from a conpl ex nixture -1@# tonprising a cell extract and a
m xture of synthetic peptides. The exenplary preparation for the isolation
descri bed herein was conposed of a digested crude cell extract to which
the 14-3-3 binding notif #1 peptide mx (Table 4) has been added. An
endoprot ei nase G u-C digested crude cell extract was prepared from 3T3
mouse fi br obl arfibasiyl resim@as caliésted byreshtiiugatioroans extensively washdétt protein

ki nase consti futivel as. de khed i n_ Exanple I.L(A bove.. Thi s  di gested
ot ot Come s G 1 Pioe cHIT BEY Tnd Anfe MR T ikeboBED. Poubre 5 oo
t hat each pepgd twi Bk :and t he
backgr ound po? béﬁ)@ﬁ%ﬁ?ﬁ@?%’{ﬂﬁg V(\g'i@hggg? ggq&?’? é gg{b%g@%t'rlgl%éége.h@zo
| nmobi i zed  1d6id- Beforecamaysis yfMabDI-dQfymass speepametryppsmescrilged 1 ng of
o, proade ST AT SRR oI bl RS e R 6 o by ves
removed by "‘@gﬁk%@s‘éﬁé’d Z)ilsh nEQﬁﬁ-‘é’teH'\ﬁ'iﬁ?a%&&s&&lgﬂma@g?ipﬂ%‘e anmount - of

un e 4

anti body bo to protein A-agarose was shown to anti body/ m
resi n by neasmmiégragoluhm.absor bance at 280 nm of the antibody sol ution
before and after inmmobilization. The peptide-extract mxture (1 m) was

treated with i mobFigured2ishows tBelpepddeg thattidrertoumat anbduté®from the 9/ 1) .
After 2 hours at 4 C._the WD 03/000931 PCT/US02/ 19480 -74 antibody resin
was col | ect ed!4rp-3 @ntibPayriRain Jreallabelednuith aisjan e rRsPondiiRi ce with 1

Lo oo TR IIRERRLPEE o LosPE0led U h oo catptpaiganere then
anal ysi s by MitiphoSphondatedspeptidesn8bmparisen aé Fagurbe® dnchbiguee %9a 9 |
portion of thg fidfe Mettodkaldled the S5me B0r 1554 St PhbsShopeptides
from the synthetic peptide mix, even when the mixture was diluted into a
large background of potentially interfering, non-binding peptides from a
15 digested cell extract. Accordingly, desired phosphopeptides may be
selectively isolated from a complex mixture according to the method of the

invention.

ExampLE I

20 Isolation of Phosphotyrosine-Containing Peptides from An Extract of
Cells Overexpressing Epidermal Growth Factor Receptor
The selective isolation of modified peptides from a complex mixture
according to the method of the invention was further demonstrated using a
25 digested whole cell extract and a general phosphotyrosine antibody to
isolate known phosphopeptides. A model system, the A431 epidermoid
carcinoma cell line overexpressing the human epidermal growth factor
receptor (EGFR), was selected since the modification (phosphorylation) of
sites on this protein is well-studied. Activation of EGFR family members is
30 associated with many tumors. Five sites of in vivo autophosphorylation
have been identified in EGFR: three major sites (Tyr-1068, Tyr-1148, and



was desal ted and concentrated with a reversed-phase ZipTip mcrocolum.
Figure 12 shows the peptides that were bound and eluted fromthe 14-3-3
ant i body-wesB009Peaks | abeled with a star correspond to l@®cghsepmapepti des,
and peaks | abeled with an open circle correspond to nonphosphoryl ated
pepti des. Conparison of Figure 12 and FV@ure 9 shows the nmethod isol ated
the sanme four 14-3-3 notif phosphopeptides fromthe synthetic peptide mx,
even when the mixture was diluted into a |arge background of potentially
interfering, non-binding peptides froma 15 digested cell extract.

Accordi ngly, desired phosphopeptides may be selectively isolated froma
conpl ex mi xt diye-14d3d addigotroinoh sites (TyweP A andhdyr-l 8ehDaowwadarlEJ 11 20

| sol ati on of Ph hot yt 0si ne: Al Petldsf .0om An ] Cells
Over expr essi % IE?%&@? %ﬁé%ﬁ%%gg %ga&%f t% %’Efecw%ﬁé’()%% i on of
nodi fied pepl{98s): MAtoRs 608P] BMBO J1 943752880 (o), VWailfoheot gt DoBicpf the

I nvention vvas fur't her “denonst'r at ed using a 25 di gésted whol e cel |l extract

and a generaIChﬂms%@r‘titﬁﬁ)s541é1%ﬁﬁ &Q§Rtl©th%mad@rep rylatedpeisipt i des. A
del [ [ th
human e de @gﬁ»egﬁe@@?#%e%?@# ﬂwﬁ‘é‘;ﬁmﬁ% v s ool ected o nee the
di f t h | t t, t | | - st,udi ed
At vat ?o'nogf“ée‘é Shbicpardlidnbesib 'teﬁga%gée{"%%d&%f iOler el ve
sites of in yipoay ﬂﬁhE@Fﬂ%F%'rﬁﬁm% aRRHRDRASEAIBRY bRk idd TFR  three

M2 E

maj or sites (Tyr-1068 Cgr- 1 148, and WO 03/000931 PCT/ US02/19480 -75
Tyr-1173) andellawere fysedsby senicatjon, gyoteinmdinTthe lusadg ayere venaiwied, and al ., J.

Bi ol . Chem 260; 14538- 5 5 trd 9 519- 27
(1989); Mar chSh‘? lysgfe s © ad by 86{951,[#_@%?@0@8-5*1% E%'b%‘t?g%%%%n%@ ed by
Biol. Chgm @ﬁ@PA@E%&#V\(a%@&ﬂ)Blottnﬁ@ﬂiishawtthe |6V ©F pPOSSIGYYIad @t ed protein
5 expected to be expressed in this cell i

EGFR (Figure 13). Compared to untreated cells (Figure 13, lane 1), the

major protein recognized by P-Tyr-100 antibody in EGF-treated cells is

EGFR (lane 2). Proteins in the extract supernatant were digested to

peptides with trypsin immobilized to POROS resin (Applied Biosystems,

15 part number 2-3127-00), and the immobilized trypsin was removed by

centrifugation.

To selectively isolate phosphotyrosine-containing peptides from the
complex mixture of peptides contained in the proteinaceous preparation,
the trypsin-digested crude extract (about 2.5 mg protein/mL) was

20  contacted with an immobilized general tyrosine modification antibody, P-
Tyr-100 antibody-resin (Cell Signaling Technology, Inc., product number
9419) (20 nl). The slurry was incubated and processed as described
above, except that the first wash was with 0.5 ml PBS containing 0.1%
Tween 20. Figure 14 (top panel) shows the mass spectrum for the bound

25 peptide fraction from this complex mixture (digest). Peaks labeled with a
star correspond to two known phosphotyrosine sites in EGF receptor: the
protonated tryptic peptide containing pTyr-1148 has an expected mass of
2,316.0, and the peptide containing pTyr-1086 has an expected mass of
2,479.2. Note that these EGF receptor peptides were expected to be the



A cell preparation was obtained as follows: A431 cells were treated wth
20 ng/mM EG- for 5 mnutes and then washed and harvested. The «cells were

| ysed by worBoe9dspn, proteins in the |ysate were denat ur e®CTarsd2/1948@ | ysate
was cl eared by centrifugation. The cell _extract was anal yzed by 10 SDS- PAGE
and Western blotting to show the |evel -0f® phosphoryl ated EGFR (Figure 13).
Conpared to untreated cells (Figure 13, lane 1), the mmjor protein

recogni zed by P-Tyr-100 antibody in EG-treated cells is EG-R (lane 2).
Proteins in the extract supernatant were digested to peptides with trypsin
I rmobilized to PORCS resin (Applied Biosystens, 15 part nunber 2-3127-00),
and t he i mobingjarghosphplyirosingpeptiaes idtheyboundrfradtiongbhecause the calll ecti vel y

i sol at e phosphot yr osi ne- cont ai pi eptides fromthe conplex mxture of
pept i des conﬁm%éﬂer%p'feﬁ@eﬁﬁ%‘? Eﬁgl'iegtgﬁiorpr eparation, the trypsin-di gested
crude extract (about 2. rotein/ nm s 20 contacted with a

Tmobi |1 zed gener al 0 CPBE ASRARIOESion i SPIAH e porpe) boplde

ant i body-r esi i difehl Wast@afdd Rt h‘é@éég aiime, IO ibdHRNe, d4d9) (20

| ). The slurry was I ncubated and processed as “descri be above, except that
the first Swasthevesated fiacfios redanBBBeddoyt MALDHJ QF hags spestnondry, Bsgure 14

t I h ot t the b d 25 tide, f ti f
thi e Compl ex B3 bES BN GEIgurS HdabRltPRLAED B rrectdd Bhese apond to tuio
known phOSph%fYés%Sio’b%pﬁdé@ﬁ/e'ré‘ cBpIStERPHosphby a8l % PRIRS e Rrise

peptide contal ni pTyr-1 148 has an éxpected nmass of ,316.0, and the
pepti de cont awith magsegr8lLiose@r tkan the phgaphopeptides asrrespoudiagio thet e t hat

th EGF t tid d . 0931

pCT) so2l 104080 B BG P RBERRTRBcRE eplh BEaldS; ARANGRERE 1 acti on.
because tffte crlethod bNBiedM @SR SSiectvehhieokis rrefidpeptitess ey, ittided hese
assignnents, the isolated (i.e. bound) peptide fraction was treated with a

phosphat ase e¢itaimingagherphatyiestnealionea canplexsmixere thadispreseatin dn
re-anal yzed bﬁ{ro%hgééo-rﬂ: p%%?at?o?‘ne@ﬁé%@& EMude®Cell extract). Similar isolations
may be carried out for any desired proteinaceous preparation using a

desired, immobilized modification-specific antibody.

15 ExXAMPLE IV

Isolation of Phosphotyrosine-Containing Peptides from an Extract of
Cells Expressing Activated Src Protein Kinase

To demonstrate that the set of phosphopeptides isolated by the

general phosphotyrosine antibody is a property of the cell extract, the

20  method of the invention was applied to a digested whole celi extract
different from the one used in Example lll. Here, the exemplary system is
3T3 mouse fibroblast cells stably transfected to express active Src protein
kinase constituitively. The Src family of protein kinases is important in the
regulation of cell growth and differentiation (Thomas and Brugge, Annu.

25 Rev. Cell. Dev. Biol. 13, 513-609 (1997)). Src protein kinase participates
in many different signaling pathways and can affect diverse biological
processes. Src is known to phosphorylate its target proteins on Tyr

residues, i.e., it is a tyrosine-specific kinase.



descri bed above (Figure 14, bottom panel). As expected, these two
phosphopepti des were conpl etely dephosphorylated to produce newions wth
masses 80Wbhaamoosshan t he phosphopepti des, correspondi ng t®@crhesoz/tasoval of
one phosphate group from each peptide. Accordingly, the 10 nethod of the

i nvention selectively isolates nodified/deptides, e.g. those containing
phosphotyrosi ne, froma conplex mxture that is present in a proteinaceous
preparation (digested crude cell extract). Simlar isolations my be
carried out for any desired protei naceous preparation using a desired,

I mobi | i zed nodification-specific antibody. 15 EXAMPLE |V I sol ati on of
Phosphot yr osi ne- CohAtdigested cetpkirdetswds prapanedthy hervesiing 338 callsExpr essi ng

Act i ted S Pr ot ei ' .To d t th t t . of. ph h tid
ool areq by L RSGENG S ARG ABESE oL el ety By FiR o b o colt
extract, (e pRRTEYNAk DEalchiercrtaTined, A8 (BORSERsicg cledloay od vhol e

cell extract " different fromthe one used pl . Here,
exenpl ary systentiiugaos. hesbewithay agiivated Seg proteindingse hathsf ect ed to

cxpress s EnSuioRgsH Bart BRERRIARS, b BB A ©
di fferenti at | SDS(FAGEENGWeStsHOBIeHinY (FiguréS SReActivEtioh-ofSte préle] - 13,
513-609 (1997)). Src protein kinase participates in many different

si gnal i ng pat fiRase wassheam by plegingiexisacie on%ﬁatra@s;f@aied (s tbard Srerc s

yrosi ne- Spect fITSER T2 S bEFsE8 A Bl d R WoL Wi P 15900, Gost e cal |
extract was paejfidyd Oyl Signalbsf TachrdlSg\s ehe.s praziuet aesibeg 981 ¢). et ei n

ki nase. The cells were Igsed by sonication, proteins in the |lysate were
denat ur edl0 anlgvelrnd gxtepbolysotine Rhasphyyylatienwyas myshidseaterd edlisihehat

T Vot et DRLBEE TR RRL PR ERE R ALBATTRN PURhRIRE 15y
Activation ofcelisc protein
Proteins in the extract were digested to peptides with immobilized
trypsin, and the immobilized trypsin was removed by centrifugation.
15  Immobilized P-Tyr-100 antibody was prepared by mixing 1 mg of P-Tyr-
100 and 0.1 ml of protein G-agarose resin (Roche, product number 1 243
233) overnight at 4 °C. Unbound antibody was removed by washing the
resin three times with cold PBS. The amount of antibody bound to protein
G-agarose was shown to be 5 mg antibody/ml resin by measuring the
20 absorbance at 280 nm of the antibody solution before and after

immobilization.

Phosphotyrosine-containing peptides were isolated from the
complex mixture of peptides contained in the proteinaceous preparation
by contacting the trypsin-digested extract (about 12 mg, 1 mg/mi) with

25  phosphotyrosine antibody P-Tyr-100 that was bound to protein G resin
(20 pl, 5 mg antibody/mil resin) in batch format at 4 °C for 16 hours.
Unbound peptides were removed by centrifugation, and the antibody-resin
was extensively washed (three times with 1 m} ice-cold PBS and twice
with 1 ml ice-cold water). Bound peptides and antibody were then eluted

30 with 100 pl of 0.1% trifluoroacetic acid, and the eluted peptides were



ki nase was shown by blotting extracts of untransfected (lane 1) and Src-
transfected (lane 2) 3T3 cells and probing the blot wwth P-Tyr-1 00

ant i body wG@aBloo@sgnal i ng Technol ogy, Inc., product nunber PEAAKp2/19iBEe 10

| evel and extent of tyrosine phosphorylation was much greater in cells that
had been stably transfected with Src prof&in kinase than in untransfected
cells. Proteins in the extract were digested to peptides with immobilized
trypsin, and the i mobilized trypsin was renoved by centrifugation. 15
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peptide, to confirm the eluted peptides are phosphorylated (Figure 16,
bottom panel). The masses of eight peptides bound and eluted from
phosphotyrosine antibody-resin gave new ions with masses 80 lower than
15 the phosphopeptides after treatment with phosphatase, indicating they are
phosphopeptides.

The peptides that bound to and eluted from the phosphotyrosine
antibody were further analyzed by LC-MS/MS. A 25 ul portion of the
peptide fraction was desalted and concentrated with a reversed-phase

20  ZipTip microcolumn and eluted with 2 ul 0.1% trifluoroacetic acid, 40%
acetonitrile. An 0.4 ul aliquot of the eluted fraction was mixed with an
ACHA matrix solution and analyzed by MALDI-TOF mass spectrometry,
and it gave a spectrum similar to the one shown in Figure 16. The
remainder of the eluted fraction was analyzed by LC-MS/MS.

25 LC-MS/MS analysis was performed with a ThermoFinnigan
Surveyor HPLC system coupled to a ThermoFinnigan LCQ Deca ion trap
mass spectrometer. To reduce its acetonitrile concentration to a level that
would allow peptides to bind to a reversed-phase support, the sample was
diluted 10-fold with 0.5% acetic acid, 0.005% HFBA (heptafluorobutyric



The masses of the peptides that bound to and eluted fromthe
phosphot yr osi ne anti body were neasured by MALDI - TOF nass spectronetry
bef ore (FWQuws@0mBT top panel) and after (bottom panel) tPeaLSOY1U4BE
peptide fraction with shrinp al kal i ne phosphatase, which can 10 renove
phosphat e groups from phosphopeptides an® produce ions with nasses 80
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confirmthe eluted peptides are phosphorylated (Figure 16, bottom panel).
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supra. ThermoFinnigan Xcalibur software was used for instrument control

and data acquisition. As peptides eluted from the LC column, MS/MS

15  spectra were collected in a “top-three” data-dependent manner: the
method performed a survey MS scan and then collected MS/MS spectra
for the three most abundant ions, if they were above a pre-set intensity
threshold and if they were not recently analyzed by MS/MS already

(recognized by using the dynamic exclusion feature of Xcalibur software).

20 Peptides were identified by analyzing all the MS/MS product ion
spectra with Sequest, a program that correlates an experimental spectrum
to a library of theoretical spectra derived from protein sequence
databases to find a best-fit match. One unambiguously identified
phosphopeptide is a phosphotyrosine-containing peptide from enolase A

25  (Figure 17), an abundant enzyme. The residue identified as a
phosphorylation site by this method is known to be phosphorylated in cells
transfected with Src (see, e.g. Tanaka et al. J. Biochem (Tokyo) 117: 554-
559 (1995) and Cooper et al. J. Biol. Chem. 259: 7835-7841 (1984)). This
phosphopeptide corresponds to a prominent peak detected during

30 MALDI-TOF mass spectrometry, labeled “1,885.2” in Figure 16,



M chrom Bi oresources, part nunber 9996610000) and equilibrated wwth 0.5%
acetic acid, 0.005% HFBA, 5% acetonitrile. Peptides were eluted fromthe
col utm bywe oBioemwar gradi ent of increasing acetonitril e comcenisnzid4en at a
nomnal flow rate of 250 nl/mn. 10 To induce electrospray at the tip of
the colum, 2,000 V was applied to a I'iaﬂn'd junction upstream of the
colum at a cross used to nodulate the flow rate fromthe HPLC punp, as
described by Gatlin at al., supra. ThernoFi nnigan Xcal i bur software was
used for instrument control and data acquisition. As peptides eluted from
the LC colum, MS/MS 15 spectra were collected in a "top-three"
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EXAMPLE V

Isolation of Peptides Containing the Phospho-(Ser) PKC Substrate
Motif from an Extract of Jurkat Cells Treated with Tetradecanoyl
15 Phorbol Acetate

The method of the invention was further demonstrated using a
motif-specific, context-independent polyclonal antibody, phospho-(Ser)
PKC substrate motif antibody, to purify phosphopeptides containing the
phospho-(Ser) PKC substrate motif from a digested whole cell extract.

20  Protein kinase C (PKC) family members are involved in a number of
cellular processes such as secretion, gene expression, proliferation and
muscle contraction (see e.g. Nishikawa et al. J. Biol. Chem. 272: 952-960
(1997) and Pearson and Kemp Methods Enzymol. 200: 62-81 (1991)).
Conventional PKC isozymes phosphorylate protein substrates at serine or

25 threonine residues when the target residue occurs within the consensus
sequence motif (R/K)R/K)X(S/T)(hyb}(R/K) (SEQ ID NO: 38), where R/K
indicates arginine or lysine, X is any amino acid, S/T indicates the target

serine or threonine, and hyb is a hydrophobic amino acid.



5 these cell culture conditions and, as expected, the assigned site fits
the antibody's known specificity. This result, isolation of a known

enol ase wbespopepti de froma di gested extract of nouse @€riGsp2/i®wsé n st ark
contrast to the results reported in Marcus et. al.,supra., where, follow ng
the failure to isolate a phosphotyrosi nélcontai ni ng peptide fromgel 10
purified human enol ase (the sanme protein), it was expressly concluded that
i mmunoaffinity purification of phosphopeptides is al nost inpossible.
EXAMPLE V I sol ation of Peptides Containing the Phospho-(Ser) PKC Substrate
Motif froman Extract of Jurkat Cells Treated wth Tetradecanoyl 15

Phor bol Acet at e Theheosphm(Ser) PK2 substeateinotifiwadibbdy (Gell Sigmalingt r at ed usi ng

i f - specifi | d | onal i , ha- (S
PKC oubst ot T T SNIRG o RISSER RDTERF 2251 b EsRepize S AmE Ry pEAfRRY Y, fo°"
phospho- ( Ser ) pRSEroABIIASBITRS ifatldontain 1t BemibushRlRenst maufiRe - 20

Protei n kinase C (PKC) famlgl menbers are involved in a nunber of cellular
processes sucphesphosyatad buf dagsnotarpednize tie apalogofisuaphesphoivatetiscl e

contracti (se . Ni shi. ) j 125 -960. (1997)
and Pear son aﬁ‘(?%f(grr#% ?\%‘?ﬁ%%@%%hgggp%bs.g%gkﬁg@ﬁ%%)a.zm'bggﬁ\'/%ﬁﬁtonal PKC
i sozymes phosipbfds! greferBntalR 1 wukaid ahe peplidesthal €ontai? phbsirsyering

resi dues when the target residue occurs within the consensus sequence
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substrat e ant ahtiltbdyi cart batused in accordance with the method of the invention to
purify peptides that contain this phospho-(Ser) PKC substrate motif, to
_identify other proteins that may be phosphorylated by conventional PKC

15 isozymes on a genome-wide (cell-wide) basis.

For this example, the model system was Jurkat cells, a human cell
line derived from an acute T cell leukemia, that had been treated for 10
minutes with a potent activator of protein kinase C, tetradecanoyl phorbol
acetate (TPA). The cells were washed, harvested, and lysed by
20  sonication, proteins in the lysate were denatured, and the lysate was
cleared by centrifugation.

To show that TPA had activated protein kinase C and caused an
increased level of PKC-specific protein phosphorylation, the cell extract
was analyzed by SDS-PAGE and Western blotting (Figure 18). Induction

25 of PKC substrate phosphorylation was shown by probing a blot of TPA-
treated cell extract (lane 2) and untreated cell extract (lane 1) with
phospho-(Ser) PKC substrate antibody (Cell Signaling Technology, Inc.,
product number 2261). This showed that TPA treatment altered the
phosphorylation state of a large nhumber of different proteins that contain

30 the phospho-(Ser) PKC substrate motif.



it binds preferentially to proteins and peptides that contain phosphoserine
preceded by arginine or lysine at positions -2 and +2 and a hydrophobic
resi due awotob®oopd1 position, i.e., (R K)XS*(hyb) (R K) (SEQPCD/US®2/14B8), in a
manner substantially independent of the surrounding am no acid 10 sequence.
The anti body does not recogni ze the non—%nsphoryl ated notif or the notif
cont ai ni ng phosphothreonine. It is denonstrated here that this antibody
can be used in accordance with the nmethod of the invention to purify

pepti des that contain this phospho-(Ser) PKC substrate notif, to identify
other proteins that may be phosphoryl ated by conventional PKC 15 isozynes
on a genone-w de (Eedteingiindhe pawact weterdigestedda peplides with nodel syst em was

Jurkat cells, unan_cel i he der.iv om_an .acute T cell ] eukem a,
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harvested, and |ysed by 20 sonication, proteins in the |lysate were

denat ured, anlly ceelrifygaiion. msoblizedrhwsphodesty PKGitbistiale otikodwwanat TPA
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SDS- PAGE and {m&singsle 1V).0rHe ingm6biliged anfiBddy wad estleited@ asafestiibegubst rat e
phosphoryl ati on was shown by probing a blot of TPA- treated cell extract

b . !
(lane 2) and ap@veanedfpuwnd 10 eontaind Mg anfbody parm!l ofgesEbho- (Ser) PKC
substrate antibody (Cell Signaling Technol o%y, I nc., FQ%OdUCt nunber 2261).
Thi s showed that TPhosphepaniidesgontairingthe phpaplpider) RKC substralee of a

subst rate ot ot e B FBheB kel oG aSHEE Pudd s B AP L act
ver e di gesy edaftbdeiitireesilivéd to peisiaG-eigaraasesid. orHe diigﬁ@tb%z'bb_zlﬁdot o F7Tm a
pol yvinyl matrix bead (MBi Tec, part nunber P5101), and the ipnmpbilized
A u-C was rentiged mgimigaatainy waacreiactadwiibimmanilizetaypihedysesi BRC
substrate ant hlb ﬁ%g»ﬁﬁ in batch format at 4 °C for 16 hours, and unbound peptides
were removed by centrifugation. The antibody-resin was washed
extensively (three times with 1 ml ice-cold PBS and twice with 1 ml ice-
15  cold water). Bound peptides were then eluted with 150 pl 0.1%
trifluoroacetic acid, and the eluted peptides were separated from eluted
antibody by centrifugation through a Microcon YM-10 membrane
(Millipore, product number 42407), which retains molecules with
molecular weights above 10,000. Before analysis by MALDI-TOF mass
20  spectrometry, a 9 ul portion of the YM-10 flow-through fraction was

desalted and concentrated with a reversed-phase ZipTip microcolumn.

MALDI-TOF Analysis

The masses of the peptides that bound to and eluted from the
phospho-(Ser) PKC substrate antibody were measured by MALDI-TOF
25 mass spectrometry (Figure 19, top panel). Phosphatase treatment and
metastable decomposition (bottom panel) showed that the antibody-
purified peptide fraction contains several candidate phosphopeptides with
phosphoserine or phosphothreonine, as expected based on the antibody’s

specificity. In Figure 19, peaks labeled with a star correspond to



5 prepared as descri bed above for imobilized P-Tyr-100 anti body (Exanple
V). The immbilized anti body was eval uated as descri bed above and found
t o cont aiwodsfgpeant i body per m of resin. Phosphopepti desPconisat/m48@g t he
phospho- (Ser) PKC substrate notif were purified fromthe d u-C-digested
crude cell extract with the 10 antibody33 Tmobilized to protein G agarose
resin. The digest (about 40 ng, 1 ng/mM protein) was contacted with

i obi lized anti body-resin (40 |, 4 ng/m) in batch format at 4 C for 16
hours, and unbound peptides were renoved by centrifugation. The

anti body-resin was washed extensively (three tinmes with 1 m ice-cold PBS
and tw ce wi tphdsphiopeptdes, pasks labeled withBamnpepeptiedeyragpondttben el ut ed

with 150 |1 0.1 %, triflyoroacetic aci nd th | yt ed_ pepti des were
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peptide fraction contains several candidate phosphopeptides with
phosphoser i newith aphasplobtl ABE draisreeparinergakatePOSastnl Thesetoompanivody' s

specificity. In Figure 19 eak %ﬁ'el ed with.a star correspond to WO

057 000051 Ptk BIRE s sBre R Bp H A s e W th an open
circle cofg esproshiopeptigas ernba by miutdi-RRBtdf{Eosphate WAk thd abeled with a
square are phosphopepti des that have undergone netastabl e deconposition

and neutr al - Pesphepeptide ivng are traveling to the detector of the mass
spectrometer. The peaks for decomposition products are broader than the

peaks for phosphopeptides because the decomposition products form
after ionization and the instrument is configured to focus ions that are

15 stable during analysis. For similar reasons, the expected mass shift for
loss of phosphate is —98, but —84 mass shifts are observed because,
unlike a stable ion, the mass of a decomposition product changes during
analysis. Metastable decomposition of phosphopeptides has been noted
by others and can be used to recognize and assign phosphopeptides in a

20 MALDI-TOF mass spectrum (Annan and Carr, supra.). Analysis of a large
number of synthetic phosphopeptides by MALDI-TOF mass spectrometry
indicates that some peptides containing phosphoserine or
phosphothreonine (but not phosphotyrosine) residues undergo metastable
decomposition. For this reason, metastable decomposition is a reliable

25 indicator of peptides that contain phosphoserine or phosphothreonine.

The phosphorylation state of the peptide fraction was also
evaluated by treating it with shrimp alkaline phosphatase, which can
remove phosphate groups from phosphopeptides to produce ions with
masses 80 lower than phosphopeptides for each phosphate group in the

30 peptide. All phosphopeptide candidates were affected by phosphatase



5 Phosphopepti de peaks detected during MALDI - TOF nmass spectronmetry (Figure
19, top panel) are acconpani ed by conpani on peaks that are broader and
appar ent [wod4/00meer in nass, e.g., the peak wth a mass eCTAB89186 a
partner peak at 1905, etc. These conpani on peaks correspond to netastable
deconposition products of 10 phosphopepta"des, formed by neutral -1o0ss of
phosphate whil e the phosphopeptide ions are traveling to the detector of
the mass spectroneter. The peaks for deconposition products are broader
than the peaks for phosphopepti des because the deconposition products form
after ionization and the instrunment is configured to focus ions that are 15
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mass spectrometry, and it gave a spectrum similar to the one shown in
Figure 19. An 0.8 pl aliquot of the eluted fraction was analyzed by LC-
MS/MS.

LC-MS/MS analysis was performed as described above (Example

15 1V). The chromatogram obtained by analyzing this sample is shown in
Figure 20. The first panel of Figure 20 shows where survey MS scans
were collected, and the second panel shows where MS/MS specira were
collected. The third, fourth, and fifth panels show where neutral loss of 49,
32.7, and 24.5, respectively, was detected. During the fragmentation

20  process of MS/MS, peptides containing phosphoserine or
phosphothreonine often form an ion by simple loss of phosphate to
produce a neutral-loss ion that has a mass 98 lower than the
unfragmented parent ion. If the parent ion has a charge of +1, the neutral-
loss ion has a mass-to-charge value (m/z) of 98/1 or 98 lower than the

25  parent ion mass-to charge value. Likewise, phosphopeptide parent ions
with charges of +2, +3, or +4 will give neutral-loss ions with m/z values
that are 49, 32.7, and 24.5 lower than the parent ion. The occurrence and
intensities of neutral-loss ions are plotted in the third, fourth, and fifth
panels of Figure 20 to help locate candidate phosphopeptides. The



LC- M5/ M5 Anal ysis 5 The peptides that bound to and eluted fromthe
phospho- (Ser) PKC substrate notif antibody were further analyzed by

LC- M5/ M5. WA 04000931 porti on of the peptide fraction was desaCTabozmdso
concentrated with a reversed-phase Zi pTé£ m crocol um and eluted with 2 |
0.1 % trifluoroacetic acid, 40% acetoni®tile. An 0.4 | aliquot of the
eluted fraction 10 was m xed with an ACHA matri x sol ution and anal yzed by
MALDI - TOF nmass spectronetry, and it gave a spectrumsimlar to the one
shown in Figure 19. An 0.8 | aliquot of the eluted fraction was anal yzed
by LG MS/M5. LC-MS/ M5 anal ysis was performed as descri bed above (Exanple
15 1V). The chedreltioss aiginshew feaat thosaphapgplideycandidatesipnad to sluieearlyi n
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of M5/ MB, peptiea¥df adVi/MS §pestes sgsesiing this sampissisHughlyasichedof t en f or m

an ion by si phate to produce a neutral-loss ion that has
a nmass 98 %Somng!tﬁtdﬁgﬁa?ﬁ%eﬁ@%%iagnent ed parent ion. If the parent ion has a

58/ 100r 98 Tover thadgdissed et ot R BEPRCR P8 53 Blotess Baw se.
phosphopept i dgegdtabie devdtnpoitich GIPRRALTI-TGF nidss Sectrbriétry. A§ ve

neutral-loss ions with mz values that are 49, 32.7, and 24.5 | ower than
the parent i ofXperied,guany péthecphefPhopeptides shewingrnadial legs-dwing kens are

Candi dat e pholsHusip RS PerBhis oA Akt s Bnbo BB = nhEoRR ! oo™ °
| oss pl ot B shewtistablepderopinsitivn derirpNNLIHIESF teask $gecttometrneFigire i n t he

chromat ogram as expected for phosphopeptides due taq t;]e hydr ophi licity of
phosphat e gr otsiorfianellngee fdaneA1. Fot sack nghtial-ipsg M&/MS spectrum, the

parent ion mass (m) can be calculated from the parent ion mass-to-
charge value (m/z) and the charge (z) inferred from the neutral loss value
(+2 for neutral loss of 49, +3 for 32.7, and +4 for 24.5). Some individual

15 peptides were observed to undergo neutral loss as +2, +3, and +4 ions.
For example, LC-MS/MS spectra 533, 534, and 535 show neutral loss
and correspond to +4, +3, and +2 ions, respectively, of a candidate
phosphopeptide labeled “2,413.3" in Figure 19. Both MALDI-TOF mass
spectrometry and LC-MS/MS give this peptide a mass of 2,413, and the

20  neutral loss observed during both mass analysis methods show the
peptide contains one phosphate. A comparison of datasets shows the
same peptides are detected by both mass analysis methods, and all the
neutral-loss MS/MS spectra show the peptides contain one phosphate
group (Figure 21).

25 All the MS/MS product ion spectra were analyzed with Sequest in
an attempt to assign a phosphorylation site and parent protein to each
peptide, but this did not result in unambiguous assignments. During
MS/MS nearly all phosphopeptides underwent neutral loss to a very high
degree with very little residual fragmentation along the peptide backbone,

30  which is needed to produce spectra of a quality high enough for



many of the MS/ M5 spectra, suggesting this sanple is highly enriched 5 with
phosphopepti des. As discussed, neutral loss during MS/MS is the sane
process a8O0 oawo@st abl e deconposition during MALDI - TOF mas®CIfsor/1asetry. As
expected, many of the phosphopeptides showi Ag neutral |oss during LG MsS/ M5
(Figure 20, panels 3-5) are the sane ph86phopeptides that gave 10

net ast abl e deconposition during MALDI - TOF nass spectronetry (Figure 19,
top panel), see Figure 21. For each neutral-loss MS/ M5 spectrum the

parent ion mass (m can be calculated fromthe parent ion mass-to- charge
value (mz) and the charge (z) inferred fromthe neutral |oss value (+2
for neutral lwesnhiud®s assighmens |7 geaerdl béckiboneraginentation waslavtdual 15
pepti des were obs
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little residual fraarrent ation al on t he peEt i de backbone, 30 which is

needed t d0pr StplyEr neqald paoaem hEgPr¥IYy eeRIpas HehydroamiogP e 31
PCT/ US02/ 19484 - 36 unanbi guous assi gnnents. In general backbone
fragmentation was at the sanme |evel as chenical noise, obscuring the
f eatures needed to identify

LC-MS? Analysis

Some phosphopeptides in this sample were identified by LC-MS?,

that is, the neutral-loss ions were subjected to an additional level of MS to

15 give sufficient backbone fragmentation for identification. This process is
simpler to implement on ion trap mass spectrometers than on other types
of mass spectrometers. As peptides elute from the LC system, a survey
MS scan is performed, and MS/MS spectra are collected for the three
most abundant ions, if they are above a pre-set intensity threshold and if

20 they have not been recently analyzed by MS/MS already. However, if
neutral loss of 49, 32.7, or 24.5 is detected during MS/MS, then before
collecting another MS/MS spectrum or another survey MS scan, the
instrument first isolates the neutral loss ion, fragments it, and measures
the product ion masses. If the neutral-loss ion no longer contains

25 phosphate, it is more likely to fragment like a non-phosphorylated peptide
and give a useful product ion spectrum. With certain modifications to the
instrument control software, MS® spectra can be collected in the same
data-dependent manner as MS/MS spectra, and the MS® spectra can be
analyzed further with Sequest. See Tomaino and Rush et al., supra.



t he peptides. As noted above, this is a cormon limtation encountered
during M5/ M5 anal ysis of peptides containing phosphoserine and 5
phosphot hweanionm®31 See e.g., DeGhore et al., supra. Even wrem/UsS02/19480
phosphopepti des | ose phosphate by neutral |oss, the position of the
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dehydr oal ani ne, and phosphot hreoni ne beconmes dehydroani nobutyric acid.
LG MS3 Anal ysis Sone phosphopeptldes in this sanple were identified by
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Because neutral loss of 32.7 was detected during MS/MS, the mass

spectrometer automatically subjected the neutral-loss ion to MS® to

15  produce the spectra shown in the right panels. These show several

product ions of varying intensities distributed throughout the spectra, and

as expected they resemble MS/MS spectra of non-phosphorylated

peptides.

Using Sequest a phosphorylation site and parent protein can be

20 assigned to each of the three MS? spectra shown in Figure 22. As noted in
Figure 21, all three of these assigned phosphopeptides correspond to
candidate phosphopeptides identified during MALDI-TOF mass
spectrometry. Panel 1 corresponds to PTN6_HUMAN, residues 576-595,
with phosphorylation at Ser-585 or Ser-588. Although Sequest

25  unambiguously identified the peptide, in this example, it could not
distinguish the two possible phosphorylation sites. However, the sites can
be distinguished based on the known specificity of the phospho-(Ser)
PKC substrate antibody: the sequence context of Ser-588 (KGS*LK) fits
the antibody’s specificity but the sequence context of Ser-585 does not



(left panels) and the MS3 spectra (right panels) for three phosphopeptides
that were identified by this nethod. Each MS/ M5 spectrum contains 5

pr edonm nawplog/oe0981 pr oduct ion, an intense peak differing PCamsohe4par ent
ion mass by 32.7, consistent with | oss of one phosphate froma
phosphopeptide ion with a charge of +3- SRear | y all other peaks in the
spectrumare at |east 20-fold less intense than the neutral-1oss ion. The
M5/ M5 spectra collected during LC-MS3 anal ysis of this sanple are very 10
simlar to the M5/ M5 spectra collected during LC-MS/ M5 anal ysis, described
above, and illustrate how neutral |oss can dom nate M5/ M5 spectra of

pepti des cont ﬁﬁﬁ_ﬁ@)ﬂundpﬂmedweﬂdue&% mgels freospeciiiciiyrvotif Because neutral

| oss of 32.7 ring Ms/ M5, the mass spectroneter
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t hree MS35s pephcm)hs)pemdemlnﬁh@m@ezmemyvafetmmﬁled fromn @u‘iumall celllinet hr ee of

| dont 11 o0 oS NG oRRBE s Col ERRRRRS ity BAS) BB BPBLERRE, o

PTN6_HUVAN, 1 BRy|. db¥psm 57 £2.567%- sszwiéymﬁé\v@@ dgdg@gte@thaﬂttthré@pe'éﬁi@ or Ser-588.
Al t hough Sequest 25 unanbi guously identifie eptide, in this exanple,

it could not tymhsine phosphatase isi lbﬂi@ééﬁYb‘?}éCﬁﬁg@ﬁtﬁﬂwme on sites. However,

bhospho- ( ser)PIERECLIAT 18 M6 sPAIRC pROwURE RGN SUSBER It Pebr o/ S5
(KGS*LK) fioi t sidehfiffiedinPidsedity sthepasihbdwftiie nventibe hagddentifiedc®atssd  of
Ser-585 does not WO 03/ 000931 PCT/ US02/ 19480 -88 (EKS*KG [underli ned

resi dues mat c@s 8iRossibe pite ef PCrnediated rerp&shpapityTyiatien |

Panels 2 and 3 correspond to two overlapping peptides from
UFD1_HUMAN that contain the same phosphorylation site. Sequest
assigned residues 322-343 with phosphorylation at Ser-335 to the

15  spectrum in panel 2 and residues 333-343 with phosphorylation at Ser-
335 to the spectrum in panel 3. The longer peptide is related to the
shorter peptide by incomplete proteolytic cleavage: Glu-C did not cleave
at Glu-332 completely. In both cases the quality of the Sequest
assignments is good, and the position of the phosphorylated residue is

20 unambiguous. The sequence context of Ser-335 (GQS*LR) partially fits
the antibody’s specificity. UFD1 is ubiquitin fusion degradation protein 1.
This protein has not been previously shown to be phosphorylated.
Presently, the method of the invention has identified Ser-335 as a novel

phosphorylation site.

25 Confirmation of Sequence

For demonstrative purposes, one of the novel phosphorylation sites
was confirmed by showing a synthetic peptide with the assigned
sequence and phosphorylation site gives MS/MS and MS?® spectra that
are identical to the MS/MS and MS® spectra of the biological peptide, i.e.,



PTN6 is protein-tyrosine phosphatase 1 ¢, also known as hematopoietic cel
protein-tyrosi ne phosphat ase, relevant because the 5 phosphopeptides in

t hi s expewormoosere purified froma hunman cell |ine deripcadiShz/ons@an acute
T cell leukem a (Jurkat cells). Brunell et al. (J. Biol. Chem 272:
875-882 (1997)) have suggested that thr89pecific tyrosine phosphatase is
I nhi bited by PKC- nedi ated serine phosphorylation, but the specific
phosphoryl ation site has not been 10 identified. Presently, the nethod of
the invention has identified Ser-588 as a possible site of PKC nediated
serine phosphorylation. Panels 2 and 3 correspond to two overl appi ng

pepti des fr orthe peEptidelipunified thytthe onethiod of tiee iswaptiopmopholy-Cadigestesi t e.

Sequest assign resi S 343, W t Q orylation at Sers:335 to the
15 spectrum i r%%ncﬁ SZBEﬁ)& ?ﬁ?géé’é‘%@g@gﬁ% t\ﬁgﬁﬁ)ﬁg ﬁ8F§?pe?§iQﬁi at Ser-
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shorter peptide by inconplete proteolytic cleavage: du-C-did not cleave
at 4 u-332 campliieddyHPLE and theteanalyzasbugjnaithe gave LEdMSeqedaed

assi gnnment_s | Q nd the position of the phosphoryl ated residue is 20
unamnbi guous. %fl@%ﬂ@@ﬁgg- context of Ser-335 (GQS*LR) partially fits the
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phosphoryl ation site. Irmation of Sequence For denopnstrative
pur poses, onePationsef HesMS/Mibspeaira/haita beers nmplificddy aclastorrafd® oy showi ng

a synthetic peptide w.th the assigne se nd phoryl ation site
gives MBI/ VB aﬁg’wssoﬁﬁ%'i ﬁ‘:?”ttﬁst”e%g’ﬁg"qsééﬁ’?ﬁ@%g@ HRdRRE VS and W3
spectra ofy t herhispopaefée bResdrfithe MSéSﬁeM@ 83nPRAafesiRaL HRORESIGHED - 89
the peptide purified by the nethod of the invention from d u-C-di gested

Jurkat cel | s.paptide S3Ricsss andadspheplatigrsiigaresgeirerts Fyen thauahdhe

quality of the MS/MS spectra is compromised by a dominant neutral-loss
ion, there is good correspondence between the minor peaks of the two

spectra.

15 In this example, Sequest assigned a peptide sequence and
phosphorylation site to a spectrum, and the assignment was confirmed by
showing a synthetic peptide with that sequence and phosphorylation site
gives the same spectrum. This establishes a formal link between a
specific phosphopeptide and its spectrum. This is a simple and convincing

20  way to further evaluate marginal Sequest assignments or to confirm

assignments that are considered especially important.

Marginal Assighments

As discussed above, neutral loss of phosphate from phosphoserine
or phosphothreonine can make it difficult to assign a peptide sequence to
25 an MS/MS spectrum and occasionally assignments will be ambiguous. In
a global proteomic method, where phosphopeptides are isolated and
analyzed separately from non-phosphorylated peptides, often the only
peptide from a particular protein will be the purified phosphopeptide, and
unambiguous assignments are likely to be more difficult to achieve.



Si gnal i ng Technol ogy using Fnoc chem stry. The full-1length peptide was
purified by HPLC and then anal yzed using the sanme LC-MsS3 nethod 5 descri bed
above. ThwoMBAMB3IBNd MS3 spectra for the biol ogical pepti@eT(isopipanel s)
and the synthetic peptide (bottom panels) are conpared in Figure 23.
Portions of the M5/ MS spectra have been lified by a factor of 10 to
show i ons other than the neutral-loss ion nore clearly. The 10
correspondence between the MS3 spectra denonstrates that the assigned
pepti de sequence and phosphorylation site are correct. Even though the
quality of the MS/MS spectra is conprom sed by a dom nant neutral -1o0ss

i on, there i sAcodingly, rmaqunaiassignbmnt&mm e ofrhigber pahules aofl manebe wo
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wor t h pur sui ng further. Marginal assignnents that are worth further
KC substrate motif, and the other two mapped to UFD1 and fit the motif

partially. A comparison of the peptide sequences showed a variation of
the motif might be sufficient for antibody recognition: the PTNG site
contained the sequence S*LKRK, and the UFD1 site contained the

15 sequence S*LRKK. Based on this, all the Sequest output files were
searched, which listed the top 20 candidate peptide sequences for each
spectrum, for marginal results that fit the consensus sequence
S*L(R/K)X(R/K) (SEQ ID NO: 40).

This search found a fourth candidate phosphopeptide in an MS/MS

20  spectrum: BRB1_HUMAN, residues 206-233 with phosphorylation at Ser-
228. The sequence contains S*LRTR. This peptide has a mass of 3,297
and corresponds to a peak observed during MALDI-TOF mass
spectrometry (assigned mass 3,294 in Figure 21). It is a good example of
a marginal phosphopeptide assignment: it is the fourteenth-ranked

25 peptide after the initial round of Sequest scoring, and the eighth-ranked
peptide after the final scoring round. Although there are higher-ranked
peptides after the final round, they all received very poor scores in the
initial round, where they were ranked ninety-fourth or worse.

Nevertheless, this result is worth pursuing because the assigned peptide



i nvestigation can be identified by using sinple conputer prograns to

screen the bulk results for assignnents that fit the known specificity of
the 5 antwbadyowssed to i sol ate the phosphopepti des. As anPegarspt/e948d t hi s,
the M5/ M5 spectra of the sanple described here was further screened for
mar gi nal assi gnnents, using antibody sfcificity and our higher-confidence
MS3 results as guides. As described above, MS3 analysis identified two
novel phosphorylation sites in three 10 different peptides: one mapped to
PTN6 and fit the known phospho-(Ser) PKC substrate notif, and the other
two mapped to UFD1 and fit the notif partially. A conparison of the

pepti de sequéfits ¢ise ahtibedy’s knawhapecificy and fitfitemtellftheitggherbeondidehcei ent f or
anti body recognition:, the PTNG, site. ¢ ai ned the sequence S*LKRK, and the
UFDI site co %ﬁ'mevﬁénﬁée%&n@&@é@%ﬁp% @d on this, all the Sequest
output files were _searched, which listed the top 20 candi date peptide
sequences for eachBRBJdstheiR! Bradyiiningiesaptor b i krowmihatthe Blhe consensus

sequence S* : : ~Thi : urth

candi dat e phtés%/ﬁg%'égﬁ epgog%gﬁlb%}g%ofe%k@%g%ﬁ Eserﬁyggﬁg@mgﬂr&ﬁf g’/Sr)esi dues
206- 233 wist h Hhosdragigh 36t 602-80532001 ) 2Bhertharesrnkmowe phosplompatiBh LRTR.

This peptide has .a mass of 3, 297 and corresponds . a peak observed during
MALDI - TOF nas%tesslﬁé'a?ﬁﬂn'%ﬁaﬂyk'(’ﬁb%%c&ﬁ %&@e%%o@ﬁm g‘%ﬁ%’t%'?. It is a
good exanpl e el i b HRBAon bf piotei
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there are higher-ranked _peptides after. the final round, all _received
very poor scopretein kingge Cip%potspgpryll%moqf rﬁﬁ%’?@rst ﬁ@?g%?@oﬁﬁﬂ%g asa
ni nety-f oyt "%éﬁerépﬁ@%hahﬁwﬁfdr%&@pﬁér dédusitiR%Bh! 1tis thpefoie Polisonabe because
the assigned peptide WO 03/000931 PCT/US02/ 19480 -91 fits the antibody's
known speci f i foi prgsame that pratsinddnase GeonidjpeesphwmyleteBd decepioryasent s nade
on the basis v?/fell.Nﬁw?’aagi%cC)F\,r #is known that the expression of the BRB1 receptor is

upregulated on T cells derived from peripheral blood of patients with

multiple sclerosis, relevant because this phosphopeptide was purified
15 from a human cell line derived from an acute T cell leukemia (see e.g.,

Prat et al. Neurology 53:2087-2092 (1999)). The site of phosphorylation

tentatively assigned here is in a domain of the protein that is predicted to

be cytoplasmic. This tentative assignment may be further explored by

analyzing a synthetic peptide with the assigned sequence and

20 phosphorylation site as described above.

The ability to filter assignments and extract marginal assignments
that are worth investigating further is a unique advantage of antibody-
based purification methods. Without use of an antibody and knowledge of
the antibody’s specificity, these marginal assignments would be

25 overlooked.



BRB1 is the 131 bradykinin receptor. It is known that the 131 bradykinin
receptor activates protein kinase C (see Christopher et al. 5 Hypertension
38: 602- 00D 03A0OI)). There are no known phosphoryl ation ®ICTraso/m4she Bl
bradyki nin receptor, but the B2 bradykinin receptor is phosphorylated at
Ser residues in response to activation-&@ protein kinase C (see Bl aukat et
al. J. Biol. Chem 276: 40431-40 (2001)). Furthernore, protein kinase C
phosphoryl ati on of receptors has been postulated as a 10 general mechani sm
for receptor desensitization. It is therefore reasonable to presune that
protein kinase C could phosphorylate Bl receptors as well. In addition, it
is known that the expression of the BRBIPLEVEptor is upregulated on T
cells derived from peri pheral blood of patients with nultiple sclerosis,
rel evant becausieoldtion phPeplicies Containing ther Aki Sdbdtrate WMotif fromeam cel | [ i ne

derived from an acgk#adt 6f bllbeeﬁtjsﬁa's@idgsketiea@quPP%tem Kihasd\eur ol ogy
53:2087-2092 (1999)). The site of phosphorylation tentatively assigned

here is in a domaipegfddd\Comamig) thetAdlsubstrateeott RXRRXTBAB CYt opl asmi c.
This tentative assignment may be further explored by analyzing a synthetic

pepti de wist h Tiphesphotweoriagueirphosptioseins) eeprs sélactivaly isolateds descri bed

That are wor oo gbPpln MRV REMERL SRR e e BEB L8l 238 Boay.
based purifi cakt grotdipkhnge is Ghtitpditans eegeiiatanobedll adwanadd kisutihedge of
the anti body's specificity, these margi nal assignments woul d be 25

over | ooked.  \EiD0Biren bos yendem oty ingdeptargets haxeaean identiied. sxtpdiesor
Pepti des Cont aj.ni ; ' Cells
Expressing Ac ‘t@g? g%\teﬁgpéﬁlgéépﬁg%%géﬁ ﬂgpﬁl%%%er’gstaég(’)n al%?%g' ge' Akt
subst r at e oot 333-GBERXYIB)) G5, wéll 3¢ HEhasqihsis lof knowneAkt Phesgphsptaider i ne) can
be selectively isolated froma conBI ex m xé %re % Q%péi 8?5 sgch as a
di gest ed cel |Sitgpse &SKdFranke et al. Cell 88: 435- 37 (1997)), Bad (Pap et al.,
J. Biol. Chem. 273: 19929-19932 (1998), and Caspase-9 (Cardone et al.,
Science 282: 1318-1321 (1998)) indicate that Akt phosphorylates its
substrates only at a serine or threonine in a conserved motif characterized

15 by arginine at positions -5 and 3.

Phospho-(Ser/Thr) Akt substrate polyclonal antibody (Cell

Signaling Technology, Inc., product number 9611) is a motif-specific,
context-independent antibody that recognizes phosphopeptides with the
consensus substrate motif RXRXX(T*/S*), where R is arginine, X is any

20 amino acid, and T*/S* indicates phosphothreonine or phosphoserine. The
specificity of the phospho-(Ser/Thr) Akt substrate antibody is that it binds
preferentially to proteins and peptides that contain phosphothreonine or
phosphoserine preceded by lysine or arginine at positions —5 and -3, i.e.,
(K/IR)X(K/R)XX(T*/S*) (SEQ ID NO: 15), in a manner substantially

25 independent of the surrounding amino acid sequence. To identify potential
substrates on a genome-wide (cell-wide) basis, immobilized phospho-Akt
substrate antibody was used to immunoaffinity purify phosphopeptides
from a proteinaceous preparation in accordance with the method of the

invention, as described below.



Akt protein kinase
signaling, but very
St udi es wOtoh/o80p8t he
Lett. 399: 10 333-33
phosphoryl ation sit
Bad (Pap et al., J.
(Cardone et alL, Sci
phosphoryl ates its
notif characterized

s an inportant regulator of cell survival and insulin

fewof its in vivo targets have been identified.

tic peptide substrates of Akt (Al essi PET/E02/194BEBS

8 (1996)) as well as the analysis of known Akt

es on GSK-3 (Franke98t- al . Cel| 88: 435-437 (1997)),
Biol. Chem 273: 19929-19932 (1998), and Caspase-9

ence 282: 1318-1321 (1998)) indicate that Akt

substrates only at a serine or threonine in a conserved
15 by arginine at positions -5 and -3.
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antibody (Cell Signaling Technology, Inc., product number 9275), and

phospho-Akt (Ser473) antibody (Cell Signaling Technology, Inc., product
15 number 9271). This showed that PDGF treatment altered the
phosphorylation state of Akt protein kinase (panels 2 and 3) but not its

overall ce

llular expression level (panel 1). PGDF treatment also altered

the phosphorylation state of a large number of different proteins that

contain th

e phospho-Akt substrate motif, shown by probing the blot with

20 phospho-Akt substrate antibody (panel 4). In a separate experiment, it

was shown that the major protein recognized by phospho-Akt substrate

antibody after PDGF treatment (the dark band near the bottom of panel 4,

lane 2) is

the ribosomal protein $6, which is known to be phosphorylated

in response to growth factor treatment (Ferrari and Thomas, Crit. Rev.

25  Biochem.

Mol. Biol. 29: 385-413 (1994)).

Proteins in the extract were digested to peptides with

endoproteinase Glu-C immobilized to F7m, a polyvinyl matrix bead

30

(MoBiTec, part number P5101), and the immobilized Glu-C was removed
by centrifugation. Phosphopeptides containing the phospho-Akt substrate
motif were purified from the digest with phospho-Akt substrate antibody



To show that activated Akt protein kinase had phosphorylated nmany target
proteins, the cell extract was anal yzed by SDS- PAGE and Wstern blotting
(Fi gure 2wp.o3meddvati on of Akt protein kinase was shown 1@ChyUSpr/ohlBmng a
bl ot of PDG--treated, transfected cell extract (lane 2) and untreated,
untransfected cell extract (lane 1) w t94Akt anti body (Cell Signaling
Technol ogy, Inc., product nunber 9272), phospho-Akt (Thr308) anti body
(Cell Signaling Technol ogy, Inc., product nunmber 9275), and phospho- Akt
(Ser473) antibody (Cell Signaling Technol ogy, Inc., product 15 nunber
9271). This showed that PDGF treatnent altered the phosphorylation state
of Akt pr ot eiimniobilzes {Qpagarose bydrydraide ghemistry, s dasgabad labowe fforl ar

[ I I 1). PCDE tr.eat t alsg.alt d h
phosphor y1 at B Pt U 00 driackioal sRRBRF GRS eoteMover fetd  contain
the phospho- Afith 5 ¥Rfiigrame dfintibod P MYGRLCPAIgBERA drie Rieftlextvath(ablut
phospho- Akt substraté antibody (panel 4). In a separate experinent, it was

shown t hat t He5meg.d}.2prmag/elmreiesngras eentagteshuith iomalbilizediphasghe-Aldnt i body

Ehe i bosamaSpsHets anteschGRis BRO BSR BT pa@hiBEhals R S & 16 o Facpanse
to growt h fagiqirs taRRLABOENd Bg?ﬁd’ésj wardrethev@sby Gehtrifudition. heBi ochem Mol .

Bi ol . 29: 385-4_13’ (1994)). Proteins in the extract were digested to
pepti des wi t lFantivodypesinavaswasted extensisdy (foretimes mm.wg@eﬁm%yl mat rix

by cent 11 f ugdrBSANCHRBED e nas mllE-alf WettHBouiE Brbtdes Wl rac e 30
motif were pypbhidistediVvatA ﬁf‘@ﬁtﬂbgelﬂtgl?%;igg, Jﬂh%@.@efél‘é aRHNSEt MARDI: body WO

03/000931 PCT/ US02/ 19480 -94 i muobi to agarose by hydrazide
cheni st ry1p asTOEsnasdspecttametry as deshebéd apove, 09 mb podicomad tharediieddy; each

milliliter of resin was reacted, with 2 m/|lljgrans of ,antib . The

G u- G di gest diactionduas desal ?%@PO@%H[ﬁted@.“g' %{)‘?VQS?'%P%P%%%T'& ein) was
contacted wi th:d M+ zed phospho- Akt 5 substrate anti body-resin (40 pd, 2
pg/pl) in bat@#r%@%ﬂat 4 C for 16

MALDI-TOF Analysis

The masses of the peptides that bound to and eluted from the

15 phospho-Akt substrate antibody were measured by MALDI-TOF mass
spectrometry before (Figure 25, top panel) and after (bottom panel)
treating the peptide fraction with calf intestinal phosphatase, which can
remove phosphate groups from phosphopeptides and produce ions with
masses 80 lower than phosphopeptides for each phosphate group in the

20 peptide, to confirm the eluted peptides are phosphorylated. in Figure 25,
peaks labeled with a star correspond to phosphopeptides, peaks labeled
with an open circle correspond to nhonphosphorylated peptides, and peaks
labeled with a square are phosphopeptides that have undergone

metastable decomposition and neutral-loss of phosphate.

25 Four candidate phosphopeptide peaks (Figure 25, top panel) are
each accompanied by companion peaks that are broader and apparently
84 lower in mass, e.g., the peak with a mass of 2,404 has a partner peak
at 2,320, and likewise 2,334, 2,324, and 2,254 have partner peaks at
2,250, 2,241, and 2,171, respectively. These companion peaks



hours, and unbound peptides were renoved by centrifugation. The

anti body-resin was washed extensively (four times with 0.5 ml ice-cold PBS
and threew0Diogog9di th 0.5 nl ice-cold water). Bound pepti de€TsSon1948hen
eluted with 120 pl 0.1 Mglycine, pH 2.3. Before analysis by MALDI 10 TOF
mass spectrometry as descri bed above, a® pl portion of the eluted

fraction was desalted and concentrated with a reversed-phase Z pTip

m crocol um. MALDI - TOF Anal ysis The masses of the peptides that bound to
and eluted fromthe 15 phospho-Akt substrate anti body were neasured by
MALDI - TOF mass spectronetry before (Figure 25, top panel) and after

(bot t om panel dorrespeeaidi tngneﬂastaiﬁmdbd@mpoaitioh @nodudts otahbs;bhurmxtidaa,l

h hat , ' h h tid d
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group in the t?é\/é?i‘ﬁgttb%e dtefécﬁé’t”cﬁf‘th@rﬁ@&% StiRindBPIVIERStae phosphoryl at ed.

In Figure 25, peaKs |abeled with a star correspond to phosphopeptldes
peaks | abel eddemm;boaholmpéph@?pp’rtapepbd% bep beentroted by lothesand

Undor gone 5 ot S inesoBREa st oA Re BB e S MRS 5%5“ 25" Four

candi dat e phosgdieR@R(AfRaPaad TdrF i And/eCRSm. 68P3pea2H) 1996)) Agch acconpani ed
by conpani on peaks that are broader and apparently 8 | ower in nmass, e.g.,

t he peak wit hdesariped leﬁh@pn@aowmexwpl@rt s haesobsarved H185 somRl | i kewi se

respect | vol y. SSHiBete EOMidk GrBRIN @R e Ros of pRRTp el UnERth s

cor respond t%ﬁ@m@&ﬁbbmed@s@mpeanﬁefgb pretakiable décophmssitiwmndpiei des,  f or med

by neutral -1 oss of _If)hosphate whi | e t he phasphopepti de ions are travel i ng

to the detlect MALBH-EQE masssspasdim BhEigsre 2%‘?‘35‘:@@@@%%6@%6@ tion of
phosphopept i dag e%jt?lﬁ ﬁ&ﬁ@&F%bQ’g%ﬁ{n@}%b%o%@HnQ%r%hH§ﬁi‘f’otﬁFédrﬁﬁ‘é3,9m ze and

assi gn phosphop
in accordance with the antibody’s known specificity.
When the bound peptide fraction was treated with calf intestinal

phosphatase, 3 of the 4 candidate phosphopeptides gave

15 dephosphorylated peptides that were 80 (for one phosphate group) or 160
(for two phosphate groups) lower in mass than the peptides before
treatment (Figure 25, bottom panel): 2,404 and 2,324 differ from 2,244 by
two or one phosphate groups, respectively, and 2,334 differs from 2,254
by one phosphate group. The presence of metastable decomposition

20  peaks after phosphatase treatment indicates these peptides are still
phosphorylated, i.e., the phosphopeptide with a mass of 2,404 probably
contains at least three phosphate groups, and the peptide with a mass of
2,334 probably contains at least two phosphate groups. This is supported
by the LC-MS/MS analysis described below, which defined the phosphate

25 content of these peptides more precisely.

It is believed that two of the four immunoaffinity-purified peptides
(Figure 25, top panel) correspond to a known phosphopeptide from the
ribosomal protein S6 (accession number P10660), which is the major
protein in the PDGF-treated cell extract recognized by Western blotting
30 with phospho-Akt substrate antibody (Figure 24): the phosphopeptides



spectrum (Annan and Carr, Anal. Chem 68: 3413-21 (1996)). As described in
the previous exanple, it has been observed that sone synthetic peptides
cont ai ni ngophospPBoseri ne or phosphot hreoni ne but not pho®pohaisyr/oesne

resi dues undergo netastabl e deconpositigon. The 10 MALDI - TOF nass spectrum
in Figure 25 indicates these candidate'géhosphopeptides probably contain
phosphoseri ne or phosphot hreonine, in accordance with the antibody's known
specificity. When the bound peptide fraction was treated with calf

i ntestinal phosphatase, 3 of the 4 candi date phosphopepti des gave 15
dephosphoryl ated peptides that were 80 (for one phosphate group) or 160
(for two phospittae apsenyes) masswef 2i254nmand 2H334.4 rﬁiétf]ﬁaﬁxpejﬁeg efas for

to o one. pHOBgHHTEREPOERdTon SeubieiS clBRERRLOSIERAR $RBE (R 554 by
one phosphat eygF Qq'FwitEWearﬁH ogheBhafe GroLPS! RBbECHRAP(RAGIIAIean 20 peaks

af ter phosphatase treatnent indicates these pegéi des are still

phosphor yl at getotanated peptide nmsses 98 Bid e andI2, 334as Bagedonthe probabl y

57354 pr opapl et 4 P HREUER: RN et RaIBICAR HidCafior O
by the LC- MS/tNB craet yplosphoeylatiat (aatainet ahicBiofleharnd26be2antesphat e 25
content of these ;)eptldes nmore precisel t is believed that two of the

o
f Otlir i mmﬂoaf(ﬂﬁﬁﬂ lyitpeexpeciead fepiathed off*m guhespBoryiadipnsites in thisr r espond to
a known t ' | : | nber -
510600y, "whi AP arE FiidsBbhyitet SBP2AEA BEED, indBrinBBGRRRS 00, P!

Ele:_cogni zgd préhﬁﬂMeGSh dqdﬁdncéfs'hbg/n%bmﬁet Fuptheanbre thlese swbsiteatirtrent i body
igure 24): the phosphopeptides WO 03/000931 PCT/ USQ2/ 19480 . -96 with an
observed ¥assPefi ,fﬁég.e Knawy spesiieity O?Fhe P'F\%‘-‘F&?%(Stt%g)%@g% apgt?oc?)f. he

A u- G pepti d?&rz%@fﬁg }@(F@ggén égdﬁggqglgq{'@ gSKSE (SEQ ID NO 41) with
1 and 2 phosphate groups, respectively (calculated protonated peptide
masses of 2,254.2 and 2,334.2). Based on the

L.C-MS/MS Analysis
The peptides that bound to and eluted from the phospho-Akt
substrate antibody were further analyzed by LC-MS/MS. A 25 pl portion of
15 the peptide fraction was desalted and concentrated with a reversed-phase
ZipTip microcolumn and eluted with 2 pl 0.1% trifluoroacetic acid, 40%
acetonitrile. An 0.4 pl aliquot of the eluted fraction was mixed with an
ACHA matrix solution and analyzed by MALDI-TOF mass spectrometry,
and it gave a spectrum similar to the one shown in Figure 25. The
20 remainder of the eluted fraction was analyzed by LC-MS/MS.

LC-MS/MS analysis was performed as described above (Example

IV). The chromatogram obtained by analyzing this sample is shown in
Figure 26. The first panel of Figure 26 shows where survey MS scans
were collected, and the second panel shows where MS/MS spectra were

25  collected. The third, fourth, and fifth panels show where neutral loss of 49,
32.7, and 24.5, respectively, was detected, characteristic of ions with
charges of +2, +3, and +4 that have undergone neutral loss of phosphate.
The occurrence and intensities of neutral-loss ions are plotted in the third,
fourth, and fifth panels of Figure 26 to help locate candidate



5 duration of PDG- treatnent in this experinment and published reports on
the order of phosphorylation (Ferrari et al. J. Biol. Chem 266: 22770-5
(1991 )) ,wotosiososekpect ed that only 2 of the 5 phosphoryl atCaruse2/1agoin this
pepti de are phosphoryl ated, Ser235 and Ser236, underlined in the peptide
sequence shown above. Furthernore these9¢wo sites in the 10 peptide fit the
known specificity of the phospho-Akt substrate antibody: Ser235 fits
KXRXXS*, and Ser236 fits RXRXXS*. LC-MS/ M5 Anal ysis The peptides that bound
to and eluted fromthe phospho-Akt substrate anti body were further

anal yzed by LGMS/MS. A 25 | portion of 15 the peptide fraction was

desal t ed andphospiwpepdided. Whe heatrakloss ptads phawdhadi ple)?,phdp@ptidel um and
eluted with 2| %trlflu?roacetlc 40% acetonitri An 0.4 |

al i quot of tﬁ@ngpﬁfeéotef‘pée W qRy i t%aﬁmnﬂq{ogwmﬁm Pr%‘ft?s)f O'sol ution and
anal yzed bymgﬁbgibh%afnm%%u%%%é%varrdpmncut@raﬂ p'hbsﬁﬁéﬂ% @oﬁ@@férwfﬁeﬁ' mlar to

t he one sho In Figure 25 r emai ndeéer e el'uted fraction was
anal yzed by beutval InBs i9. absdvas immaEnyfsheddS/MS speetsa, sugassting thied above

Ex I Th t hi I h
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Col Lected. The t ediotesgatier. aaaiesn e MBIk SRR biRbess Foss of

49, 32.7, apght %étfgle agé&ﬁgéémérﬁHunﬁgm&eﬂ)ﬁ%@%ag@@baéﬁr@mbﬁ i Asof ions

wth charges hat ™ have undergone neutral [oss of
phosphat e. Ehpectedumaamyaﬁtha@hoaplwmpttldes sbbwmneuﬂralllcssdunm@ L&-e plotted

in the third fifth neI Fi 6 to

candi dat e “@}\%@%@E E?32,% W?% @?am‘?g@b%@é@&apﬁa% g%ﬁéut ral
loss plotig shewabizdle ABOSRPOSNEHH udﬂn%wmnammbegépb@tr@ﬂn@t@ (PRfury in the
chromat ogram as expected for phosphopeptides due to the hydrophilicity of

phosphat e gr @dptop panel).leee Figuia 24 Mpelseentidesishomirg neHtrable§s duringe Vs/ Vs
spectra, Sug%ﬁ\hé‘%oﬁ{éﬁed more than one phosphate group. The MS/MS spectra

often gave a clear indication of the number of phosphate groups present
in each peptide ion, which MALDI-TOF mass analysis did not provide
15 even after treating the peptides with phosphatase.

The phosphopeptide from the ribosomal protein S6 was observed

with one, two, and three phosphates, in good agreement with the MALDI-
TOF results described above. Figure 28 shows a portion of the MS/MS
spectra for the S6 phosphopeptide with 1 (panel 1), 2 (panel 2), or 3

20  (panel 3) phosphates, the parent ions for all three spectra have a charge
of +3. Panel 1 shows the spectrum of a parent ion with an m/z value of
752.51 undergoing neutral loss to give a product ion with an m/z value of
719.86, a difference of 32.65, close to the theoretical m/z difference of
32.66 for loss of 98 from an ion with a charge of +3. Only one loss of this

25 m/z value is detected, that is, a product ion corresponding to loss of two
phosphate groups (m/z of 687.20) is not detected. On this basis the mass
of the peptide is 2,254.5, and it contains 1 phosphate group. Similarly
panel 2 shows product ions that have lost this m/z value once and twice,
allowing assignment of two phosphate groups, and panel 3 shows loss

30 one, two, and three times, corresponding to 3 phosphate groups. In



5 sanple is highly enriched with phosphopeptides. As noted earlier, neutral
|l oss during MS/M5 is the sane process as netastable deconposition during
MALDI - TORWpas®o®pect ronetry. As expected, many of the phesphspzpusdes
showi ng neutral loss during LG MS/MS (Figure 26, panels 3-5) are the sane
phosphopepti des that gave 10 net ast able98econposition during MALDI - TOF nass
spectronetry (Figure 25, top panel), see Figure 27. Mst peptides show ng
neutral | oss during MS/MS contained nore than one phosphate group. The

M5/ M5 spectra often gave a clear indication of the nunmber of phosphate
groups present in each peptide ion, which MALD - TOF mass anal ysis did not
provi de 15 eagreamhérirwith &s imgpatent pepmiadess créagehby pAdonsach The

phosphopepti de fromthe ribosomal protein was observed, with one, two,
End-Ehr ec. phaagNRNELPN 3P g droid A SiRecld ANt RAORROEREP TGS SIS <

descri bed abewfier HuaiHhGerrseiqMase HPLE I Nthe pHdaphMR dnteAPReidaaetor the S6
phosphopeptide wth 17(panel 1), 2 (panel 2), or 3 20 (panel 3% phosphat es,
t he parent i with 3,&, ailll phdaphate geaspsaha peptide ehidedat 703, 748, ambhdd 1 shows

the spectrumaf a parent.ion with an miz value of 752.51 undergoing
neutral | ssn?'BUtSiS\fgsBeﬁW@ﬁ’ﬁct ion with an mz value of 719.86, a

difference of 32.65, close to the theogret.ic z difference aof 32.66 f
| oss of 98 from aiﬁi%ﬁ'wwpaowﬂ&sﬁg'agfrq@na%ﬁ%‘%Ré‘_’ﬁ’%@e@f Lghi s 25 rﬂzOr
val ue is det ‘Rﬁé@ﬁ? ﬁﬁ‘?ﬁftg} %oﬁe@glféﬂé'%a sélacs%bﬁgrgngbt%gré|atédoss of two

phosphat e group 687.20) Is not detected. IS basis the nass
of the pepti gphossh@egsitics, ladmted tpeptide Ai"ris Figyra&p Adecohpesvgd mEisses ar | y

panel 2 shows cL i t hat have | ost {thi | ue..once and twi ce,

al | owi ng ass?@‘g%g%ﬁ'%KW&angﬁﬁgﬁﬂﬁ?t@ %PBB@S?”@%?%&Q{IE M’sﬂyﬁ%ws | oss 30 one,
t wo, andlghrgﬁogbmg,g@gbg)espondi ng to 3 phosphate groups. In WO 03/000931
PCT/ US02/ 19480 -98 agreenent with this the parent ion masses increase by

P o oo o AR IAASIAR SR e 8 uRRpREaRGc i, cbgaaligpent | des
i ncreased:  an attempt to assign a parent protein and phosphorylation site to each
peptide. This did not resuit in unambiguous assignments because of the
high level of neutral loss with very little residual fragmentation along the
15 peptide backbone. At present, this type of multiply-phosphorylated sample
cannot be analyzed effectively by LC-MS® using the currently available
version of the software. The current data-dependent acquisition software
isolates and fragments the most abundant neutral-loss ion; for multiply
phosphorylated peptides this corresponds to the peptide with one
20 phosphate removed by neutral loss, leaving one or more phosphate
groups to undergo neutral loss during MS2. The acquisition software is
being revised (per personal communication) to recognize multiples of
neutral loss and to isolate and fragment the ion with the highest level of
neutral loss, even if it is not the most intense product ion. For example for
25  the spectrum in panel 2 of Figure 28, the current software would select for
MS® analysis the ion with an m/z value of 746.33 because it is the most
intense neutral-loss ion; but the revised software will select the ion with an
m/z value of 713.87 because it shows a higher level of neutral loss. It is

expected that further analysis of this sample with revised acquisition



with 3, 2, or 1 phosphate groups the peptide eluted at 7.3, 7.6, and 7.8 5
m nutes respectively. Like this group of ribosonmal protein S6
phosphopewDiodes)93lLC- M5/ M5 anal ysis showed there nay be aPrsgasnzigsoup of
rel ated phosphopeptides, |abeled "peptide A" in Figure 27. The observed
masses are 2,324.5 (with two phosphate9@r-oups) and 2,404.6 (wth three 10
phosphat e gr,oups) Al the M5/ M5 product ion spectra were analyzed with
Sequest in an attenpt to assign a parent protein and phosphorylation site
to each peptide. This did not result in unanbi guous assi gnnents because of
the high level of neutral loss with very little residual fragnmentation
along the 15 mfmardembmthe paféntpreteimd and phesplymglation sites of some

mul ti ply-pho | at ed  sa cannot be anal d effectively by LC M53
usi ng the cur‘?'?t %/?/PQQBW% lge UU@F@'WL@E’ @??égrz%ft ware. The current

dat a- dependent acqui sition software isolates and fragnents the nost
abundant neut r al - | B¥& WifRout RampiguPps Jragprsyalicn 9“3%(%’[@1 the tantalde t hi s

corresponds t tral |oss,
| eavi ng one o Ssmgﬁﬁ%‘]s%@é%’% mge%%fpp{p%td §93‘§§rﬁ o&%phéﬂ?ggc{lje ﬁérsrgﬁ‘ uring Ms3.
The acqui si tigoserhidlyaotein $6 iBeongistent Ivﬁl(théptﬁTn mmtan@aésmeWmmat ion) to

recogni ze mul tiples of neutral |oss and to isol nd fra nt the ion
with the hi ghtgasstvélisdhe maior phosphepeoteindgieste ,t{y H%OSP&O ggﬁ nost intense

product ion. Egexa |80t]fi %ﬁh%%@@%@]@'ﬁl%ﬁ;aﬁﬁgﬁbsﬁh tcﬁ'n@éﬂ@ 28, the

current software vvou for an mz val ue
of 746.33 becagree with pebliétrednesbrtmontpdmsehueﬁmtrcm ofl thisspriotein affet t he revi sed
software wi |l sel ect t{}“a an nlz value of 713.87 because it shows
a hi gher | evelfeMEN yy! grqv\ggféctpg ‘is expected that further analysis of
this sanple with revised acquisition WO 03/000931 PCT/US02/ 19480 -99
software will allow the parent proteins and phosphorylation sites of sone
of these peptides to be unanbi guousl assiEgoﬁd. Even wi t hout unanbi guous
fragnment atd on spectra, the tentativ PL

Isolation of Peptides Containing the 14-3-3 Binding Motif
from an Extract of Cells Treated with a Cyclic AMP Analog and
Insulin

The method of the invention was further employed to isolate

15 phosphopeptides containing a 14-3-3 binding motif from a complex
mixture of peptides existing in a digested cell lysate. The 14-3-3 proteins
regulate several biological processes through phosphorylation-dependent
protein-protein interactions. A phosphoserine-containing consensus
sequence, motif #1, (RIK)SXS*XP, is present in some binding partners of

20  14-3-3 proteins. Many protein kinases such as Akt and cCAMP-dependent
protein kinase (PKA) can phosphorylate this motif to initiate binding of
14-3-3 proteins.

Phospho-(Ser) 14-3-3 binding motif monoclonal antibody (4E2)
(Celi Signaling Technology, Inc., product number 9606) is a motif-specific,
25 context-independent antibody that recognizes phosphopeptides
containing consensus binding motif #1. This antibody is highly specific for
peptides and proteins that contain the consensus motif (RIK)XXS*XP,
where R is arginine, P is proline, X is any amino acid, and S* indicates
phosphoserine. This antibody weakly cross-reacts with analogous



assignment of sone of these peptides to a phosphopeptide fromthe 5

ri bosonmal protein S6 is consistent with Western blotting results, which
suggest S§0i03/00(9e1 maj or phosphoprotei n detected by phospheCaaiSo2/subst r at e
anti body, and the observed nasses and phosphate contents agree with
publ i shed reports on phosphoryl ation of1@his protein after treatnent with
gromh factors. 10 EXAMPLE VII| Isolation of Peptides Containing the 14-3-3
Binding Motif froman Extract of Cells Treated with a Cyclic AMP Anal og
and Insulin The nethod of the invention was further enployed to isolate
15 phosphopepti des containing a 14-3-3 binding notif froma conpl ex

m xt :Jre of peﬂ;cﬂquéesesmbetdinﬁgg iphoaphibtyesiréne ostéad géphcmphﬁseriaairstirm pr ot ei ns
regul at e severa l.ca roce s. throu hosphor endent

pr ot ei n- pr ot éT‘ﬁ &}‘ ’%ﬂki%i%( ﬁa%”% gb‘rﬁ%@??%@“&ﬁﬁf‘ﬁ? p&@ﬁ?@ﬁ‘g

sequence, MOthy 8éntam%62.§¥$%ﬁ. a g‘f’ ofRfrRReBLs ipheS4raRoR] $81a8 & RR¥tifer s of 20
14-3-3 proteins. Many protein ses such as Akt and cAMP- dependent
protein Ki naqwo(ahrfs\)hatmypbeWwowwerecmg@lmblﬂdln@ paitneraoé 16:3di ng of
14- 3-3 pr te| ns Phospho- (Ser) 14-3-3 binding notif nonocl onal anti body
(4E2) OIS ng Technol ogy, | nc. product nunmber 9606) is a

motif-s f text-ind d ti bod
phosphoggg!t i hgs cﬁ%ﬁra{ﬁnfﬁ %FEIB'ES en ‘t S I Vﬁ‘i‘%pbgi Cé%?& Cﬁﬁﬁ%ody i s
hi ghl'y speci fdérvfearfrc?{ﬁfi%s?&ﬁweﬂ‘ﬁloﬂké’)? Ridﬁ%gtdéﬂé H80had Bebhercz@ds @itpus not i f

( R/ K) XXS* XP, ere 'S arginine |'i ne, IS any amno acid, and
S* indicates lnslbinsalhnbﬁe(m-cn‘rdorobhesylﬂno) bﬁW (wa-chMI%)r trtdindaducesdhen

anal ogous WO 03/ 000931. PCT/ USQ2/ 1948 -100 s nc
phosphot hr eorfNfPTP éﬁ@SSf a ﬁ% ?H%‘H%”P%BES %?E?Pca?%sé&gﬁt i body was
used to immungaiip dHaldg Méucky¥ tﬁ@m@mﬁa@é Iﬂ@@.ndhhéa kai¥eaivinot i f #1 froma
pr ot ei naceous preparation, so as to identif

phosphorylate many protein sites, and among these many will be 14-3-3

binding sites, that is, some proteins will become binding partners of 14-3-

3 proteins as a result of phosphorylation by the Akt, PKA, and other

induced protein kinases. A culture of COS-1 cells was treated with 1 pg/ml

15 insulin and 1 mM 8-(4-chlorophenylthio)-cAMP (cpt-cAMP) for 10 minutes.
The cells were washed, harvested, and lysed by sonication, proteins in

the lysate were denatured, and the lysate was cleared by centrifugation.

To show that treatment with insulin and the cyclic AMP analog had
caused an increased level of protein phosphorylation at potential 14-3-3
20 binding sites, the cell extract was analyzed by SDS-PAGE and Western
blotting (Figure 29). Probing the treated cell extract (lane 2) and the
untreated cell extract (lane 1) with phospho-(Ser) 14-3-3 binding motif
antibody (Cell Signaling Technology, Inc., product number 9606) showed
that this treatment altered the phosphorylation state of a significant
25  number of different proteins that contain the 14-3-3 binding motif #1.

Proteins in the extract were digested to peptides with
endoproteinase Glu-C immobilized to F7m, a polyvinyl matrix bead
(MoBiTec, part number P5101), and the immobilized Glu-C was removed
by centrifugation. Immobilized phospho-(Ser) 14-3-3 binding motif



proteins that may be previously unrecogni zed binding partners of 14-3-3 5
proteins. For this exanple, the nodel systemwas COS-1 cells, a cell line
derived fwormswomssf or ned nonkey kidney cells, that had be@oTtusezi®sso with

i nsulin and.8-(4-chl orophenylthio)-cAMP (cpt-cAWP). Insulin induces the

Akt protein kinase, and the nenbrane-pe? abl e, netabolically stable 10
CAMP anal og i nduces the PKA kinase. The induced kinases will phosphoryl ate
many protein sites, and anong these many will be 14-3-3 binding sites,

that is, sone proteins will becone binding partners of 14-3- 3 proteins as
a result of phosphorylation by the Akt, PKA, and other induced protein

ki nases. A cuhooogonél a@dbotlyddERS waspreparedeas desdiibed indxamplg3iB nsul i n and

1 nmM 8- (4-chl orpphenyl t hi 0) - cAMP, ( cpt - CA for, 10 mnutes. The cells were
washed, har ve%Q@gW?S%‘dPﬂ&é%ﬁctag}’ %M@'&t&?wp%'ﬁ{%irﬁ?q'n the lysate were
denatured, and the Igsate was cl eared by centr tion.. To show tha

. i f . .

ltreat ment with i ndulesPhamepfides egpiaming ﬂé—%@?g g Mol yeaye pyrifig rfaased
e o . il e~ Creaser,

bol T ent rbop o RARSIBROC e Bnitle QM Etg R ithbiitisphod@ep) Jielg S115s. the

Probi ng tBe tbirdingdnotfl moeatioral artibady Wundmitotdire G-agarasatredincdhke extr act
(lane 1) with phospho-(Ser) 14-3-3 bindi notif antibody (Cell Signalin
Technol ogy, |9igest (spgatits "%mr%wggd@é?tegﬂgmﬁco'ﬂtﬁatedtwt% '%F@gﬁ%@ﬁt alter eg
t he phosphory, [ t 6 ~0f I g fl fo i ffar roteins
that contain %ﬂ@o@?-%&@ @ioﬂ%,li %&aﬁgﬂnfﬁéw%ﬁa&t%e%ﬁ 1tqiﬂé6%§t fgﬁét IoWer e -
di gested to pafdueispaptides vesareaphmivedaseerBifugBtionhé bhilbedy-redivm  a

pol yvinyl matrix bead (MBI Tec, part nunber P5101), and the inmobilized
A u-C was rengeewasphpd extensivelydhremtimesmygl 1 mldee-salssBRS-anskwo 14- 3-3

ves. pf apaea Eoadty ! B e RRR, BEAR nepliis BRpE Bl aT e, oo
anti body per 0.9 tri#iabroacetibesi)epenht dasted papities Mere Beparkted Fohi ndi ng

notif were purified
eluted antibody by centrifugation through a Microcon YM-10 membrane
(Millipore, product number 42407), which retains molecules with
molecular weights above 10,000. Before analysis by MALDI-TOF mass
15  spectrometry, a 9 ul portion of the YM-10 flow-through fraction was

desalted and concentrated with a reversed-phase ZipTip microcolumn.

MALDI-TOF Analysis

The masses of the peptides that bound to and eluted from the
phospho-(Ser) 14-3-3 binding motif antibody were measured by MALDI-
20 TOF mass spectrometry (Figure 30). In Figure 30, peaks labeled with a
star correspond to phosphopeptides, and peaks labeled with a square are
phosphopeptides that have undergone metastable decomposition and

neutral-loss of phosphate.

Metastable decomposition showed that the antibody-purified
25 peptide fraction contains several candidate phosphopeptides with
phosphoserine or phosphothreonine, as expected based on the antibody’s
specificity. Metastable decomposition arises when phosphopeptide ions
undergo neutral-loss of phosphate while traveling toward the instrument’s
detector and is indicated in MALDI-TOF spectra by the presence of broad



fromthe 3 u-C-digested crude cell extract with phospho-(Ser) 14-3-3 5

bi ndi ng noti f nonocl onal anti body bound protein G agarose resin. The

di gest (awouws/od®@3ny, 0.5 g/l protein) was contacted w th ipewaisod/imed

anti body-resin (40 I, 4g/l) in batch forrrat at 4 C for 16 hours, and
unbound pepti des were removed by centrit %atl on. The anti body-resin was
washed extensively (three times with 1 nml ice-cold PBS and two 10 tines
with I m ice-cold water). Bound peptides were then eluted with 150 | 0.1
%trifluoroacetic acid, and the eluted peptides were separated from el uted
anti body by centrifugation through a Mcrocon YM 10 nenbrane (M1 Ii pore,

pr oduct nunberomaallﬂ@m pamik'saboubfiéilmwerrﬁnlmass thanvintaet pbpephoeptidei ght s above

10, 000. Before a MALDI - 15. spect.rometry, a 9. ortion
of ' the YW 10 IBNovAY HPIsLR FraBPes v pad ViceriedBe i ShHhsns Peptidesdy t b o
rever sed- phasfdigafed memﬁéaéqimposmn%a@%om@émréluaﬂr@uﬂm@ﬁopf the
peptides that bound to and eluted fromthe phospho (Ser) 14-3-3 binding

motif anti boc@ep/t@lle@ th@h@nntetm mDSMbIIQ%FmQOF plaesphaibrenhing, sertiery (Fi gure

30). In Fi gure ak r. r epti des,
and peaks ) ab%? Oﬁn'?g%i?@%a r']’b‘?"sit@ 'Bctﬁ Sg)sé%?&ﬂé tﬁ\gg&%@gr gone
net ast abl e degfgém,tdf(@ﬁe antlbo u§é(§1for| #icafiomhosphat e. Met ast abl e
deconposi tion showed that the %tl body- Fgﬁrl fied 25 peptide fraction

contains several CARIHMRANTIRG MRDDI-FOF Mbs @&%ﬁh@ﬁﬂfs 88mPI
phosphot hr eoni ne, 'gs experctoed Egé;ed on the anti gg speC| |C|9tey

Met ast Iab: e de(ﬁugqreﬁﬁ)land T@&Nlﬁwhﬁ’éﬁtqlwﬁmplﬁm@ﬂbﬁé i Emgmpmbl’é(@gured
and 1 o i ndi ol SNV RARE MHEPE SR Shaslh i aWRRH b B S e BBl 657 o005t

PCT/ US02/11948Q expdBieCiostisid forRalk Sampias, tﬁélAkpwemmmwtaban i nt act
phosphopepti de |ons As noted in Exanp les V and VI, experience with

synt hetic pepinddeed anddow@f@ssamlagﬁ%s@e@&@ts%@éma iigoslies ysrdfari ¢ and
reliable indi Sﬁés%rho%eptlde purification overlap [(R/K)XX(S*)XP for the phospho-

(Ser) 14-3-3 binding motif monoclonal antibody 4E2 versus
(RIK)X(R/K)XX(S*/T*) for the phospho-(Ser/Thr) Akt substrate motif
15  polyclonal antibody]. Two peptides that the sample sets may have in
common correspond to the Glu-C peptide from the ribosomal protein S6,
QIAKR RRLSS LRAST SKSE (SEQ ID NO: 41) with 1 phosphate group
~ and with 2 phosphate groups (see Figure 27). Ser235 and Ser236,
underlined in the peptide sequence shown above, fit the Akt substrate
20  motif fully and the 14-3-3 binding site motif partially.

LC-MS/MS Analysis

The peptides that bound to and eluted from the phospho-(Ser)
14-3-3 binding motif antibody were further analyzed by LC-MS/MS. A 20
ul portion of the peptide fraction was desalted and concentrated with a
25 reversed-phase ZipTip microcolumn and eluted with 2 pl 0.1%
trifluoroacetic acid, 40% acetonitrile. An 0.4 pl aliquot of the eluted fraction
was mixed with an ACHA matrix solution and analyzed by MALDI-TOF
mass spectrometry, and it gave a spectrum similar to the one shown in



pepti des that contain phosphoserine or phosphothreonine, so the 5

appear ance of netastable deconposition in this spectrumfits the known
speci fi ciwg oafoombe anti body used for purification. A conp&cirdsn2/of48d he
MALDI - TOF mass spectrum for this sanple Figure 30) and the Akt substrate
sanpl e descri bed in Exanple Vi (Figure‘1q J shows there may be sone overl ap
between the two sanple sets. This 10 is expected because, for both

sanpl es, the Akt protein kinase was induced and for both sanples the
specificities of the antibodies used for phosphopeptide purification
overlap [ (R K)XX(S*) XP for the phospho- (Ser) 14-3-3 binding notif

monocl onal arftigbsd§04HPe remainder pRhe) slyRaAKyactios* was analyzed by LC- ,
phospho-(SeLgﬁghg kt substrate notif 15 polyclonal antibody]. Two peptides
that the sa ts may have in comon correspond to the d u-C peptide

fromthe ribosonal (g;‘@é&l{l qélAKR SS LRAST SE?E SEQ Il,iD NO 41) with
1 phosphate group - gﬁ‘“ﬁlyﬁl’ﬁ) BRRegogNgd 3§ qesc @&P ¥E gbxamglg 235 and
Ser 236, under [ | kt
substrate 20 NoryT CifitoRRith kel eash IR Mg B Rle BNl 1y,

LC MBS/ MS Anal Kiguee 3heTlpret1tst panet @fd‘flgb[ﬁﬁﬂShQW&N@%ewUECByf Ménsasne

phospho- (Ser) 14- 3 di ng_no I bod t her  anal zed by

CC M v, A e oglsiiath A Foerat pandinovr bt sylS et Beréi ng
concentrated w(leBted, %ﬁdrtﬁé‘?ﬁlﬁ&%ﬁﬁﬁ%dzﬁﬂﬂ FQn@I‘g@h@VPWH@Fé REGtrAll68Lef Wi th 2

| 0.1 % trifluoroacetic acid, 40% acetoni .4 | aliquot of the
el uted fracti4h 32uasand 245, ispectvelxomas sletedtsd,silanacteristimaf i@nawithed by

MALDI - TOF S spec v one
o R R I R R R
el uted frigct ipie b@@ur@éwdefamiuwném.‘es M dEralliésdohbarapidties in theshipgr f or med
as descri bed above \? The chronmat ogr am obt ai ned by anal yzi ng
this sanple i gughownd flﬁh panels of Figure 31 to help loCate candidate

phosphopeptides. The neutral loss plots show that phosphopeptide

candidates tend to elute early in the chromatogram, as expected for

phosphopeptides due to the hydrophilicity of phosphate groups, and that

15 neutral loss is observed in many of the MS/MS spectra, suggesting this

sample is highly enriched with phosphopeptides.

Many of the phosphopeptides showing neutral loss during LC-

MS/MS (Figure 31, panels 3-5) are the same phosphopeptides that gave
metastable decomposition during MALDI-TOF mass spectrometry (Figure

20  30), see Figure 32. Like the Akt substrate sample described in Example |
VI, most peptides showing neutral loss during MS/MS contained more
than one phosphate group. The LC-MS/MS analysis results support the
interpretation made on the basis of the MALDI-TOF mass spectrum, that
there is likely to be considerable overlap between the set of peptides

25  purified with the Akt substrate antibody and the 14-3-3 binding motif
antibody, including the téntatively assigned multiply phosphorylated

peptides from ribosomal protein S6.

Another indication of overlap between the two sample sets is
provided by residual backbone fragmentation observed in some of the
30 MS/MS spectra, see Figure 33. The left paneis are MS/MS spectra from



5 Figure 31. The first panel of Figure 31 shows where survey M5 scans were
col l ected, the second panel shows where MS/MS spectra were collected, and
t he thirdwofoemewb; and fifth panels show where neutral | o®€TAS02/4480 32. 7,
and 24.5, respectively, was detected, characteristic of ions with charges
of +2, +3, and +4 that have undergone nH#ral |oss of phosphate. 10 The
occurrence and intensities of neutral-loss ions are plotted in the third,
fourth, and fifth panels of Figure 31 to help | ocate candi date
phosphopepti des. The neutral |oss plots show that phosphopepti de

candidates tend to elute early in the chromatogram as expected for
phosphopept i dhe Akt substratecartioddysainipleisel; aoid throighit paselgraregbe and t hat 15

tral | i s_ob d i t /. tra,. ] hi
Sampl 6 i 5°hi PR R HE TIRAGR Ao 0 Ty B SaIRE SRbpept | des
showi ng neut rede {d?ﬁﬁar%lé'af’@bb@ra%%ﬁ@ {cnitstiedy Blan RANRIE aﬁ:@rgéb‘ﬂﬂhe same

phosphopepti des that gave netas | e deconposition during MALDI - TOF nmass
spect ronet ry qoFregpoadig Bdhe Sfepeptidpuwih 3@0 phioRphatecgraKps sinissiditianetos anpl e

cont ai ned Sror B ges, M ARSHFER B Ag oGy o Fultiedh e YRR e 22l ts
support the poys@sipERs BY7-MPDYASoa0Ct iBR Wit %héf%et dfer MV dRtuldied rmrsef

spectrum that there is |ikely to be considerable overlap between the set
of peptides 285504) flihedatian peRelsse bolhassigned 4o endeayvitina chagelof- 3- 3

bi ndi ng notif i (AP Lo Y | ﬂ&ﬂj | ply
phosphoryl at e'tf1 ﬁ’%@&%@%@a}s go%%%%%g%@g?ﬁ%ﬂ%sf@on%pﬁﬁ%g er Slmré |{Hcat I on of
overl ap bet wesppctriaesHow agromlict iseidthian miz osliudesf 990.7.esi dual backbone
fragnentation observed in sone of the 30 MS/MS spectra, see Figure 33. The

left panelgs are '\/Sé\lwﬁueswmlrsaprfoﬁgm 0R HcHERste é?@TﬁéﬂQ?aftﬁ%?;@estihM the

Akt substrate antibody sanple set, and the right panels are the
cor r espondi ngars péemphid assign lsephiosphoryiafionisiteyane perenimreighio eaghl e set .

The top panel bsep%lrd%. qﬂtn%ﬁf Eiagé"seﬁlellee(%aatlé.ov ﬁ!)?édtiﬂ E%&njlrﬂgsv ér}?d ?/I)Cthﬁsr ge of +4
did not result in unambiguous assignments because of the high level of
neutral loss with very little residual fragmentation along the peptide
15 backbone. MS/MS showed that many of the most abundant
phosphopeptides are multiply-phosphoryiated and will be amenable to
MS? analysis after the current data acquisition software is revised to
recognize multiples of neutral loss and to isolate and fragment the ion with
the highest level of neutral loss (as noted in Example V).

20 One peptide in this sample that was unambiguously identified is a
phosphoserine-containing peptide from heat shock 27 kDa protein (Figure
34). The residue identified as a phosphorylation site by this method, Ser-
78, is known to be phosphorylated by several protein kinases, including
S6 kinases and mitogen-activated protein kinases, which are likely to

25 have been activated by the treatments used to prepare this sample. See
e.g., Landry et al. J. Biol. Chem. 267: 794-803 (1992) and Bird et al.
FEBS Lett. 338: 31-36 (1994). This phosphopeptide corresponds to a
prominent peak detected during MALDI-TOF mass spectrometry, labeled
“2,384.6” in Figure 30. The MS/MS spectrum for the peptide as an ion

30 with a charge of +2 shows a prominent neutral-loss product ion,



corresponding to the S6 peptide with two phosphate groups: in addition to 5
neutral |oss, both spectra show a product ion with an niz val ue of 668. 2,
possi bl y wbha3los3sH3PO4 product ion with a charge of +3 (caCraisat/edsn z of
668.04). The bottom panels are both assigned to an ion with a charge of +4
that has a mass of 3,204 and contains t phosphat e groups: both spectra
show a product ion with an mz value of 990.7. 10 All the MS/ M5 product ion
spectra were analyzed with Sequest in an attenpt to assign a

phosphoryl ation site and parent protein to each peptide. In nmany cases
here (as also noted in Exanples V and VI) this did not result in

unanbi guous asmisipierwith mssafomegihdsphate gitoupeggee Figurerd2)t Thé | oss with

Showed t hat RERFIU AL SHEEL DS BRAARA 2 IGSEMaapErdadesrgoniaton ste”
rul 1l y- phoSs Sk bl o SIESANE e ETal fth & Afdrge t he

current data acquisition software is revise recogni ze nmul ti ples of

neutral | oss Qind.As ¢xusicied thadevaneaaontextof Ser-v8 (BALSABQ)ifighthet | evel of

neutral 1@ss  (as noted.i. mhe V). a2 jde i LS | £ that
NS UnanbegudieryY FeeEdiR; AR Brgsehd i S ERME bl AR RS ¢ om
heat shock 2%oldRifptifd ghasghopeptige é orlindE rdsidistatdieiie dpetfiony a
phosphorylation site by this nethod, Ser- 78, is known to be phosphoryl ated
by several priool (rR/Ki)%{SSé)éP]-i ncl uding S6 kinases and mitogen-activated
protein kinases, which are likely to 25 have been activated by the
treatnents used to prepare this sanple. See e.g., Landry et al. J. Biol.
Chem 267: 794-803 (1992) and Bird et al. FEBS Lett. 338: 31-36 (1994).
Thi s phosphopeptide corresponds to EXAMPEMHENt peak detected during

MALDI - TOF. MBS Sisopfdn Of Peplidds EBhEAininctitenGs %B-I’f%g‘iilgocgiﬁg MetitS M

in :
spectrum.for the peptide E a prom nent
neutral - I1 ss product ion, WO 0§'1/08€@9 FL"Y‘{‘L F@ 480 -105 consistent with

| oss of one phosphate group (see Figure 32). The spectrumthat could be
assigned a parent pggicisicaitdinipsieshospabiRDKS idogking motif

(FXXF(S*/T*)(F/Y) (SEQ ID NO: 42), where F is phenylalanine, X is any
amino acid, S*/T* indicates phosphoserine or phosphothreonine, and F/Y

15 indicates phenylalanine or tyrosine) may be selectively isolated from a
complex mixture of peptides, such as a digested cell lysate. Many protein
kinases contain this docking motif sequence, and phosphorylation of this
sequence is required for these kinases to bind to 3-phosphoinositide-
dependent kinase 1 (PDK1). PDK1 plays a central role in the activation of

20 several growth factor-induced protein kinases, including protein kinase B
(PKB), p70 S6 kinase, several PKC isotypes, and serum and
glucocorticoid-induced kinase (SGK). See, e.g. Belham et al., Curr. Biol.
11: R93-R96 (1999).

The phospho-PDK1 docking motif 18A2 (bulky rings) monoclonal
25 antibody (Cell Signaling Technology, Inc., product number 9634) is a
motif-specific, context-independent antibody that recognizes
phosphopeptides with the consensus sequence FXXF(S*/T*)(F/Y), where
F is phenylalanine, X is any amino acid, S*/T* indicates phosphoserine or
phosphothreonine, and F/V indicates phenylalanine or tyrosine. To

30 identify other proteins with this PDK1 docking motif or profile the



by Sequest was produced fromthe same peptide as an ion with a charge of
+3. As expected, the sequence context of Ser-78 (RALS*RQ fits the 5 known
speci fi ciwg oafoombe phospho-(Ser) 14-3-3 binding notif antPoodsoussse to
purify the phosphopeptide [underlined residues match the specificity notif
(R K) XXS*XP] . EXAMPLE VI |1 Isolation of 18@pti des Containing the

Phospho- PDK1 Docking Motif 10 froma Crude Cell Extract Peptides

cont ai ni ng the phospho-PDK1 docking notif (FXXF(S*/T*)(F/Y) (SEQ I D NG
42), where F is phenylalanine, X is any amno acid, S*/T* indicates
phosphoseri ne or phosphot hreonine, and F/Y 15 indi cates phenyl al ani ne or

t yrosi ne) mayadivatioh staies @f knowalRDKH stibstnates ancerpelbxvidé baaise of pepti des,

h di d.cel ) . in ki ' ' '
ot i1 sequencBIaRiER BRI DAY PADS Bt DRk EnoskeBey P&V HRAPRYSHor « hose
Kinases to bidn] %mﬁﬁﬁgeﬁi@%dsioﬁsraeﬂ%%&ﬂéinlﬂ embtif féNe - POK

plays a central role in activation of 20 several growth factor-induced
prot ei n ki naseamplenahixtliregpfpeptides, Kichaasea Bigaskdyell lysatesé dkiexanwle,sever al

el ham ot o @ BRolpTacEPUf PrendfatEn 5ies BhEUAH HaRta EOSTRIYBEA  docki ng
noti f 18A2 ( buthdmkey) figst ovErersiessad AkESrobdlh] ROAY3 TS 6éNs Ghat)itigted

Technol ogy, Inc., product nunmber 9634) is a notif-specific,

cont ext - i ndep¥itdglatelghdervey growth faetosger fie JuprridpHBE) CRURBSTRE th t he
Consensus S UURES NI TeA ST SR oL B A i X 1 20
i ndi cat es pherBrbaliaddtrisirepardiRingd), thEd dgestdamitH wnmbbmze@mypsﬁnr@r with
this PDK1l docking notif or profile the WO 03/000931 PCT/US02/19480 -106
activati ol st@hes PEeRs®™wn PDKI substrates on a cel |l -wi de basi s,
i mrobi | i zed PDK1 docking nmotif (bulky rings) antibody may be enpl oyed
Phosphopeptides containing the PDK1 docking motif are isolated
from the complex mixture in the digested cell lysate with the bulky rings
monoclonal antibody (PDK1 docking motif) immobilized to agarose resin
by hydrazide chemistry, as described above for P-Tyr-100 monoclonal
15 and P-Thr polyclonal antibodies. The digest is contacted with the
antibody-resin in batch format at 4° C for 1 to 16 hours. Unbound peptides
are then removed by centrifugation, and the antibody-resin is extensively
washed before eluting bound peptides with 0.1 M glycine, pH 2.3. The
eluted peptides are concentrated and desalted with reversed-phase
20  ZipTip microcolumns. The masses of the eluted peptides are measured
before and after treating aliquots of the eluted peptides with phosphatase,
which can remove phosphate groups from the phosphopeptides and
reduce the phosphopeptide masses by 80 for each phosphate present in
the peptide. The mixture of phosphopeptides is then analyzed by MS/MS,
25 as described above, to obtain partial peptide sequence information to
facilitate identifying the parent proteins from which each phosphopeptide
originated. It is expected that each phosphopeptide sequence will fit the

PDK1 docking motif consensus sequence described above.



to i munoaffinity purify phosphopeptides containing the notif froma
conplex m xture of peptides, such as a digested cell |ysate. For exanple, 5
a prot ei NXO®eB09pTr epar ati on may be obtai ned froma COS celPCTIUSnB194800Nnkey)
t hat overexpresses Akt protein, from3T3 cells (nouse) treated wth

pl atel et derived growth factor, or fromQUrkat (hunan) ceIIs The extract
I's prepared and proteins denatured as descri bed above (see "Proteinaceous
preparations"), then digested with inmobilized trypsin or 10 other

pr ot eases. Phosphopepti des containing the PDKI docking notif are isolated
fromthe complex mxture in the digested cell Iysate with the bul ky rings
nmonocl onal anti body (PDK1 docki ng noEXANPLEMXobi | i zed to agarose resin by
hydrazi de chemi stry, as descri bed above for P-Tyr-1 00 nonoclonal 15 and
P-Thr pol ycl onal anti bigblationldfeAcktybhisine-ComtaptingdPeptides he

anti body-resin in batch format figmé Cridé ChlltExttacthours. Unbound pepti des
are then renoved by centri fugation and the anti body resin is extensively

washed before el utp@lgt tgﬁe‘ggj %én‘%ylgteésd; Cﬁ’ (Hc@ lat% L |3Ie The

el uted peptides are concent rat rev ase 20 ZipTip
m cr ocol ums. mahédensedsetsredf isbleted frotred cpﬁmile)dﬂrsxtareaohmemldesdsuchieésae and

Femove. phosprBeSiBRSRIQ B rReESae shopEEsaet e aVoR G dborigwn O 7"
phosphopepti Qﬁa[*ﬁéétgﬁat@ﬁ régulafds &ﬂ%ﬁna‘ﬁ'ﬁ%ﬁﬁf&?&r@ aﬁfoe%%% abfivit ttHFbu%pt i de. The

m xture of phosp des™i's then anal yzed 25 as descri bed
above, to obtmodlflpatltvm af hﬁmem@ct&qumfwonrfa@tprmtar@rthue speaificl i t at e

i dentifying t.h ar e ei,ns romvvh h each Q ti Qri gi nat ed.
1Ts explibe oASEREh achbiEk halit WAl CR R BRI ARERNAS pR: yock ng
moti fconsenss SBUHESE StAES 6f iHeed HdIBYRalYNEhSGENQRBEIRCT/ US02/ 19480 -
107 EXAMPLE | X I sol ation of Acetyl-IySine-Containing Peptides froma

Crude Cell Extractpgetylated-lysine monoclonal antibody (Cell Signaling Technology,
Inc., product number 9681) specifically recognizes proteins that have
been post-translationally modified by acetylation at lysine epsilon-amino

15  groups. To identify other sites of acetylation, immobilized acetylated-
lysine antibody may be used to immunoaffinity purify modified (i.e.
acetylated) peptides from a proteinaceous preparation, according to the
method of the invention. For example, a digested cell lysate containing a
complex mixture of peptides may be prepared from a COS cell line

20 (monkey) that overexpresses the HIV Nef protein, which is acetylated at
lysine-4. The proteinaceous preparation is prepared and proteins
denatured as described above (see “Proteinaceous preparations”), and
digested with immobilized trypsin or other suitable immobilized proteases

that can be removed from the digest by centrifugation.

25 Acetylated peptides may then be isolated from the digested cell
lysate with the acetyl-lysine specific antibody (a general modification-
specific antibody) linked to agarose resin using a hydrazide chemistry, as
was described above for the P-Tyr-100 monoclonal antibody and the P-
Thr-polyclonal antibody. To isolate acetylated peptides, the digested

30 crude extract may then be contacted with the immobilized acetylated-

lysine monoclonal antibody at 4 °C overnight. The resin may then be



5 Peptides containing acetylated residues, e.g. acetylated-lysine, may be
selectively isolated froma conplex m xture of peptides, such as a

di gest ed weloB/obopsat e, according to the nmethod of the inveRCirars2/14486 s known
that acetylation regulates chromatin structure and gene activity through
nodi fi cation of histones and transcripti@h-factors, and thus specific 10

i solation of acetylated peptides would provide inportant information on
the activation states of these biologically inportant proteins.

Acetyl at ed- 1 ysi ne nmonocl onal antibody (Cell Signaling Technol ogy, Inc.,
product nunber 9681) specifically recognizes proteins that have been

post -t r ans| atreocowtrieg hyockritrifugiatipn @andtexiendively atashediasedeguribedrabaveno 15
groups. To identf ther sites of acetylation, .i bili,zed acetyl at ed
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met hod of the invention. For exanple, a digested cell |ysate containing a
conpl ex m xt dheough pefastidddt. nay be prepared froma COS cell line 20

(rmonkey) that overexpresses the -HV Nef protein, which is acetylated at
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Analysis of other acetylated peptides purified by this method may identify

new, previously unknown acetylation sites, and in these cases the partial

15 sequence analysis is necessary to match each acetylated peptide with its

parent protein. Generally, a peptide’s mass and a partial sequence of that

peptide is sufficient to identify the parent protein for that peptide, as long

as the parent protein’s sequence is stored in a public protein sequence

database. See Mann et al., Anal. Chem. 66: 4390-4399 (1994).

20
EXAMPLE X

Profiling of Activated Pathways in Tumor Tissue by Isolation of
Modified Peptides from a Crude Tissue Extract

Activation status of important biological signaling pathways in
25 diseased tissue may be profiled by selective isolation of modified peptides
in accordance with the method of the invention. Activation of specific
cellular signaling pathways depends, for example, upon the
phosphorylation of specific proteins. Therefore, protein phosphorylation

states in target cell, e.g. tumor cells, may be used to profile pathway



with an eluting solvent such as 0.1 %trifluoroacetic acid and
centrifugation through a plastic frit. 5 For this cell line, the

over expr ea0ad/oblovt Nef protein is the nost prom nent acet PCatusd2/pred ei n in
the cell, and it is expected that acetylated H V Nef peptides will be
specifically isolated, along with ot heﬂ@%etyl ated peptides, according to
the nmethod of the invention. These peptides and other acetyl ated peptides
may be further analyzed by M5/ M5 to obtain 10 partial sequences that can be
used to identify the parent proteins. For the HV Nef protein, for
exanple, a partial sequence will help confirmthe peptide isolated from

t he crude extacivatios byrmteparing oell exisadcis ¥raNe bigpsytssinmples af tumei tissoesot her

acetyl at ed tides purif.Led by.this t hod nmay .identif new, previousl
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anal ysis is necessary, to tch egch acetyl ated peptide with its ar ent
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peptide is S%rtebgiﬁl%oriééll',ﬂﬁybé Yalridg &Rrb‘?rﬁbtgiﬁ@qe%’bgé%fj hghspeptide, as

|l ong as the parent protel sequence Is’store IC protein
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these pathways have been shown to be involved in breast cancer and are
important targets for current and future drug development and patient
therapy.

15 To evaluate changes in the signaling pathways of specific breast
cancer biopsies, a proteinaceous preparation is obtained from the biopsy
sample and desired modified peptides, e.g. phosphopeptides, from that
fraction are immunoaffinity purified and characterized by MS as described
above. A protein fraction is obtained from frozen biopsy tissue by

20  sonication, and insoluble material and cytoskeletal proteins are removed
by centrifugation. The supernatant fraction, containing the bulk of the
cellular proteins, is then denatured by heat treatment and digested with
immobilized trypsin or some other specific proteolytic enzyme. This
proteinaceous preparation contains modified phosphopeptides from

25  multiple different proteins. The proteinaceous preparation is contacted
with an immobilized general phospho-specific antibody, e.g. a
phosphotyrosine-specific antibody, to isolate phosphopeptides from the
complex mixture in the proteinaceous preparation by immunoaffinity
isolation. A single type of antibody-resin-or several types of antibody-resin

30 in series may be employed; e.g., the protein fraction is contacted with an



Profiling of protein phosphorylation states in tunor cell, e.g. a breast
tunor cell, may be carried out by obtaining a proteinaceous 5 preparation,
whi ch comweimso@3conpl ex m xture of peptides, fromthe targetusor/umsr cell.
A protei naceous preparati on nmay be obtai ned from a single needle biopsy
froma breast tunor, which provides suffi@rent cellular extract to profile
the activation status of multiple signaling pathways, including, e.g., the
MAP ki nase pat hway, various growth factor receptor 10 pat hways, including
epidermal growmh factor receptor, steroid receptors, such as the estrogen
receptor, and the PI-3-kinase Akt pathway. Al of these pathways have been
shown to be iimmobviizied phoseratyrostnecgedifitaatieodyi (repmriﬂarﬂolmmngass for

t d fut t d t t .th | t
changes |t tRIeYiogst Feus DEShyu e M EouBR Tactbp diclt tP5eER HRape: s a
pr ot ei naceousyPiteRaift AR inhfobRleal AQSubsPHd MetiRspastc asmibdyanand desi red

nodi fied peptides, e.g. phosphopeptides, fromthat fraction are
i munoaf fi ni tgeq@ndusup@@rbﬁtc mrlmmlllmab%Q@*@@@e@@rwmd above. A

e Fnool dor cfnsire b drBRle BRUhE &S pRhPRRRIEt REpBes sy = ' O
centrifugati ofe BHRdSHEIRIdRSF Adlfonfis A6 AiboveRs BY ReBbng it Bntibodytreshe

cellular proteins, is then denatured by heat treatnent and digested with
i mobi | i zed twwfpgnrelwngsme@&fﬂmh %spedu% tiflypreneaioadid. enzyme. This

pr ot ei naceous preparation contains nodified phosphopepti des from 25

mul ti pl e differentTie etuded phoIpleoprndides mie doersapalyped dyiMALDETEOIMt act ed

wi th an i mmohj,li ze ene al hos.ho eC|f|c ant i bod e .g.,a
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I sol ation. A si [r;g anti body-resin or several es of

ant i body- r esiwh reduscereachirepichel rogesl by 80gor eaele p pﬁl?fiiﬂﬁ gredRtion is
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peptide fraction is analyzed by MS/MS. The partial sequence information

obtained, along with the peptide mass, is sufficient to unambiguously

15 identify the parent protein of each peptide. See Mann et al. (1994), supra.

Ideally, this procedure is performed with tumor and normal cell biopsies

from the same patient. However, if certain phosphorylation sites are

known to be diagnostic markers for a specific cancer, then the method

can be used to assay the presence of those markers only, without a

20 normal cell reference.

The amounts of phosphorylated peptides isolated from the target
cells from tumor tissues are compared to levels observed in extracts from
reference cells from normal tissues. Alterations in phosphorylation of a
given peptide (and thus, its parent protein), when compared to the

25 reference cell phosphorylation state, will indicate activation of the
corresponding signaling pathway. Information obtained from this profiling
may be used to determine the best therapy for the patient, as well as to
monitor the specific effects of the therapy, e.g. drug treatment, on the
targeted signaling pathways. Profiling of phosphorylation states in a target

30 diseased celi, such as a breast tumor cell, also provides information



previ ously described), and the unbound fraction fromthat step is then
treated with an inmobilized Akt substrate notif-specific antibody in a
second suwpasiposet c. The i mmobilized anti body-resins are waThesd2/m480
extensively to renove unbound (e.g. nonphosphorylated) pepti des, and the
bound peptide fraction is then recovere& y treating the antibody-resin
with an eluting solvent such as 0.1 %trifluoroacetic acid. The eluted
phosphopepti des are then anal yzed by MALD - TOF MsS, and phosphorylation is
confirmed by neasuring the peptide mass 10 again after treating an aliquot
of the bound fraction wth phosphatase, which should reduce each peptide
mass by 80 f ousafalih drhg<ievetopmperiue.g. torassessithe en‘ﬂeetabalrtést@mug,eq&i des to

t heir parent tei.ns, the bound e tiﬁf Rr ctlo is a zed by MsS/ MB.
The parcial SURERC oaer ratadih 1o HentRonhi e ooy B8: Y rmss. i s
suffici ent tOpamm‘gssw Wdrvéémlsiﬁaﬂcfoerfcaes p@'ﬂ?é’ﬁpd%‘t%ﬁ'sféﬂ@haﬁa(?h pepti de.

See Mann et al 94), supra. ldeall this procedure is perfornmed with
t unmor and normf@rilfl@étlonmbpmt@@s thatonay rghavengmdleﬁase slalessguchigs certain
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only, mnthout a 20 normal cell reference. The anmounts of phosphoryl ated
peptides isolated fromthe target cells fromtunor tissues are conpared to
| evel s observed in extracts from reference cells fromnormal tissues.

Al terations in phosphorylation of a given peptide (and thus, its parent
protein), when conpared to the 25 reference cell phosphoryl ation state,

will indicate activation of the corresponding signaling pathway.

I nformati on obtained fromthis profiling may be used to determ ne the best
therapy for the patient, as well as to nonitor the specific effects of the
therapy, e.g. drug treatnent, on the targeted signaling pathways.
Profiling of phosphorylation states in a target 30 diseased cell, such as a
breast tunor cell, also provides information WO 03/000931 PCT/US02/19480 -
111



useful in drug devel opnment, e.g. to assess the effect of a test drug, as

wel | as for cancer research to identify which signaling proteins and

pat hways wpoe3ioomedl ved i n specific cancers. O her post-trarsTatSouneEBo

nodi fications of proteins that may be rel evant to di sease states, such as 5

cancer, may simlarly be exam ned by th¥ldret hods discl osed herein. WO

03/000931 PCT/ US02/ 19480 -112- WHAT IS CLAIMED I'S: 1. A nethod for

isolating a nodified peptide froma conplex m xture of peptides, said

met hod conprising the steps of: 5 (a) obtaining a protei naceous preparation

froman organism wherein said protei naceous preparation conprises

nodi fied peptides fromtw or nore different proteins; (b) contacting said

pr ot ei naceousVpAE=CaAMED I8i t h at | east one i mmobilized

nodi fication-specific antibody; and 10 (c) isolating at | east one nodified

pepti de specifically bound by  said i mpbilize di fication-specific

antibody in step (djmethodferdsalgiing@ ’ngg'ﬁgiﬂﬁp%,ge%m W@@%W&%@ the step

of (d) char agtRIHigb8% &8 nbitiBE icbhaftis led8chset-ated in step (c) by mass
P> e et

15 spectrometr tandem nass ec metr M5- MS), and/ or NMS3

lysis. 3. Th hod el aj : ' i o 2
Comt 1 se5 5 MLDr - Teb NeoPREIER P Ee R BE R SR LR T PRCHOEILY <o

LC- 20 MS/ M5, and wherei saiggirdtdifiicennslpreparationuonyserisesCndtified4. The net hod
of claims 2 or 3, further conprising the step of (e) wutilizing a search
program to subst arRgRfidey fram dwohanelieclifergnbBroieiNed for  sai d nodified
peptide during the characterization of step (d) with the 25 spectra for a

known peptide sequéce,cartiactisigysaiddneteinacegus meepriatian wilhy akleast(@)e of said

nodi fied peptide. .5. Th . of. ¢l ai m.1, J ai d protei naceous

preparation comr'h@gb'ﬁzﬁéggﬂg%ft@ﬁoﬁ%gg]f%aqn\%@§ﬁg’l %‘@el ected fromthe group
10 (c) isolating at least one modified peptide specifically bound by

said immobilized modification-specific antibody in step (b).

2. The method of claim 1, further comprising the step of (d)
characterizing said modified peptide isolated in step (c) by mass
15  spectrometry (MS), tandem mass spectrometry (MS-MS), and/or Ms®

analysis.

3. The method of claim 2, wherein said mass spectrometry comprises
MALDI-TOF MS, wherein said tandem mass spectrometry comprises LC-
20  MS/MS, and wherein said MS® analysis comprises LC-MS®.

4. The method of claims 2 or 3, further comprising the step of (e)
utilizing a search program to substantially match the spectra obtained for
said modified peptide during the characterization of step (d) with the

25 spectra for a known peptide sequence, thereby identifying the parent
protein(s) of said modified peptide.

5. The method of claim 1, wherein said proteinaceous preparation
comprises a digested biological sample selected from the group

30 consisting of a digested crude cell extract, a digested tissue sample, a



30 consisting of a digested crude cell extract, a digested tissue sanple, a
WO 03/000931 PCT/ US02/ 19480 -113 digested serum sanple, a digested urine
sanpl e, awoiogesied synovial fluid sanple, and a di gest edpPspiusat/194Bui d
sanple. 6. The nethod of claimb5, wherein said digested preparation is 5
obt ai ned using at |east one proteol ytitl&dzyme or chemical cleavage. 7.
The nmethod of claim®6, wherein said proteolytic enzyne is imobilized. 10
8. The method of claim®6, wherein said proteolytic enzyne is soluble, and
wherein said digested preparation is treated with a proteolysis inhibitor
prior to said contacting step (b). 9. The nethod of claim1l, wherein step
(a) further cdigpstedeserpmesariplepardijgstad usinedampe e digestad synayvielfwid on by

i mmobi li zed netal, affinity chromat,qgraph | MAC). 10. The nethod of claim
1, wherein sad"Pln8Bf @ é‘é@s@ﬁt‘?%g%ﬁg&‘é{’& (b) is covalently-linked to a
chromat ography resin or noncovalently- 20 linked to protein-A- or
protein-G agarose. 11. The nethod of claim 10, wherein said resinis

cont ai ned wi thi n aThe olaeihod of clairord pyhsseinesaid gigested prepriiatioreishod of cl ai m
2, wherein sai,d_ impbi.liz apti body, of .. ste b) i,S i. ilized in

chr onat oggaph?pq?mdnpwg HFE?%PBB?Lﬁ’ﬁﬁ";eOLV&Pﬁnzgm%ﬁﬁc%é?'ﬁnéﬂ%ﬁﬁi% to a mass
spectroneter for said characterization of step (d). 30 13. The nethod of

claim1, wherein said nodification conprises phosgh_oryl ation. WO 03/000931
PCT/ US02/ 19480 - 1The methgn of giaimdy varereinsgaid protepkyiieiehzyaieds nodi f i ed

peptide(s) ¢ j . ) a phosphopeptide. 5 15. The nethod of claim1,
wherein said 'ﬁﬁﬁ%'ﬁ%{@l on-specific anti body

10 8. The method of claim 6, wherein said proteolytic enzyme is soluble,

and wherein said digested preparation is treated with a proteolysis

inhibitor prior to said contacting step (b).

9. The method of claim 1, wherein step (a) further comprises pre-
15 purifying said proteinaceous preparation by immobilized metal affinity
chromatography (IMAC).

10.  The method of claim 1, wherein said immobilized antibody of
step (b) is covalently-linked to a chromatography resin or noncovalently-
20 linked to protein-A- or protein-G-agarose.

11.  The method of claim 10, wherein said resin is contained within a

column or micropipette tip.

25 12. The method of claim 2, wherein said immobilized antibody of
step (b) is immobilized in chromatography resin within a column, said
column being coupled to a mass spectrometer for said characterization of
step (d).

30 13. The method of claim 1, wherein said modification comprises

phosphorylation.



conprises a notif-specific, context-independent antibody that recognizes a
notif conprising at | east one phosphorylated amno acid. 16. The nethod of
cl ai m 15, wateaeiosl said notif consists of a single 10 phogpharsyt/st4ed am no
acid. 17. The nethod of claim15, wherein said notif conprises all or part
of a kinase consensus substrate notif-dt4a protein-protein binding notif.
15 18. The nethod of claim 17, wherein said kinase consensus substrate
notif is selected fromthe group consisting of MAPK consensus substrate
notifs, CDK consensus substrate notifs, PKA consensus substrate notifs,
AKT consensus substrate notifs, PKC consensus substrate notifs,
phosphot hr eoni ne- X- argi ni ne, and ATM consensus substrate 20 notifs, and

tockeny 7o L R AR Sed eFAuLApR | o o P
modi ficati on-éd}ﬁﬁhgéﬁ(g%grﬁﬂoggwpeémea monocl onal antibody or a polyclonal

anti body. 25 20." The thod of claiml, wherein said nodified peptide
isolated in step (c) corresponds to a known marker of disease.

WO
03/ 000931 PCT/ US02/1948Q, -115 21., The neth of 1. i er.ej aid
nodi fi ed ﬁepti#e ZJE%%P&%FQ?’ i°§8ﬁ"i“n1’é“{ e'Paﬁa?cgmﬂﬂjﬁf@gwésfpe&m}n%ﬁvJ?%dil
modi fication gbhprisds &hétif-SpRIcHR! contekeindepdrdertinntivelhalaoeceywizes 2 or 3,
further conprisi n% the step of (e) 5 conparing the nodification state of
sai d nodi fi eda pagitiicomprisingat least-eite phosmwag% aminchagide nodification
state of a corresponding peptide in a reference sanple, thereby to conpare
protein activation in said proteinaceous preparation with protein

activation i ngai dThehesthod of ciimpl % whedeRZaid heotifebhsidtsodf abiagle 22,
wherein said protei naceous preparation
10  phosphorylated amino acid.

17.  The method of claim 15, wherein said motif comprises all or part of

a kinase consensus substrate motif or a protein-protein binding motif.

15 18. The method of claim 17, wherein said kinase consensus substrate
motif is selected from the group consisting of MAPK consensus substrate
motifs, CDK consensus substrate motifs, PKA consensus substrate
motifs, AKT consensus substrate motifs, PKC consensus substrate
motifs, phosphothreonine-X-arginine, and ATM consensus substrate

20 motifs, and wherein said protein-protein binding is a 14-3-3 binding motif

or a PDK1 docking motif.

19.  The method of claim 1, wherein said modification-specific antibody
is a monoclonal antibody or a polyclonal antibody.

25
20. The method of claim 1, wherein said modified peptide isolated in

step (c) corresponds to a known marker of disease.



corresponds to a diseased organi smand said reference sanple corresponds
to a nornmal organi sm whereby conparison of protein activation provides

i nf or mat WO 08/00@6t i vati on changes resulting fromsaid 15Pdirasaye4s®4. The
met hod of claim 22, wherein said protei naceous preparation is obtained
froma tissue biopsy cell or a clinical1t3uid sanple and said reference
sanpl e corresponds to a di seased organi sm whereby the 20 conpari son of
protein activation provides information useful for diagnosis of said

di sease. 25. The nethod of claim22, wherein said protein preparation
corresponds with an organi smor preparation treated with at | east one test
25 conpound &id safhie metlkodofelaiadp whetein seghmodified peptatle unt r eat ed

i t.i t h [ f R ' ' [
or ot dos. | nf G RERTBHeShinep. @1 Faioasan gBunkaCinraEr i sRERE Wit i ¢ 1
said test compREAfprodin26. The method of claim 23, wherein the conparison

of protein activation identifies the nodified peptide characterized in
step (d) as \82.03/Tomaetheeof cgims 298D furtherearaprisiag heisiey afdeh par ent

rotein nQt previously repqrt i,fi - | Lsease 7. The
et hod of Sc s T thsRBRk Rt Sicl? af S b Binel PeBbe MePdiSedi, 1othoc
of claim 25, sbg(§) Witk &hélnicificationreatahf eocmTdspendihg F@tRY inther apeut i c.

29. The nmethod of claim 25, wherein said test compound conprises a 10

ki nase i nhi bifefrenge sampiatthetebyde dostaseinfgiell RAIRBIR S8lde from a
bt ai ing a protdiaedE AeGRm R RO SEBIOT Il Rerelef DL 2k
pr ot ei naceoussgmplpar ati on conpri ses
10

23. The method of claim 22, wherein said proteinaceous preparation

corresponds to a diseased organism and said reference sample

corresponds to a normal organism, whereby comparison of protein

activation provides information on activation changes resulting from said

15 disease.

24. The method of claim 22, wherein said proteinaceous preparation is
obtained from a tissue biopsy cell or a clinical fluid sample and said
reference sample corresponds to a diseased organism, whereby the

20  comparison of protein activation provides information useful for diagnosis

of said disease.

25. The method of claim 22, wherein said protein preparation
corresponds with an organism or preparation treated with at least one test
25 compound and said reference sample corresponds with an untreated
organism or preparation, whereby the comparison of protein activation
provides information on activation changes resulting from treatment with

said test compound.

30 26. The method of claim 23, wherein the comparison of protein

activation identifies the modified peptide characterized in step (d) as



phosphopeptides fromtwo or nore different proteins; (b) contacting said
pr ot ei naceous preparation with at |east one inmmobilized notif-specific,
cont ext - iwoapeaent anti body that binds a notif conprisi RgTAISOY/eEs8E one
phosphoryl ated am no acid; 20 (c) isolating at | east one phosphopepti de
specifically bound by said i mobilized!4tibody in step (b); and (d)
characterizing said nodified peptide isolated in step (c) by mass
spectronetry (MS), tandem mass spectronetry (Ms-MsS), and/or MsS3 anal ysis.
25 31. The nethod of claim 30, further conprising the step of (e) utilizing
a search programto substantially match the nmass spectra obtained for said
nmodi fi ed peptcéateesponding tche patent pcotein neit previooslysepprieéd)asdd modifiedmass
spectra for -a pepti,de of one or nore known protein(s), thereby identifying
30 the par ent'“p'%agcﬁ diSRESS- of said nodified peptide. WD 03/000931

PCT/ US02/ 19480 -117= 32. The nethod of claim 32, wherein said nmass
spectronetry conprises MALDI - TOF M5, wherein said tandem nmass spectronetry
conpri ses LC-2&/ MS[hamethod ofclainaddomB3 viereinssaid disgasesesancens3. 5 33.
The net hog of claim 32, wherein step (a) further conprises digesting said
pr ot ei naceous preparation to produce a conplex m xture of peptides. 10 34.

The met hod of2g| ai Théthethbg ot cl2irh@ 5] wiréih S2fid fstRopPoup@Bnpises &1 | or
part of a kinase consensus substrate notif or a protein-protein binding

motif, or conedngesthgragedli;qigl e phosphoryl ated am no acid. 35. An
i mmunoaffinity isolation device for the isolation of nodified peptides a
conplex m xture, said device conprising a support conprising 15 at |east

one nodi fi cat2®n- sPee nidthodf cladrd 25, mhehéini saidltdst canfpouind, commprisgsas ous or
macroporous resin., .
10  kinase inhibitor.

30. A method for isolating a phosphopeptide from a complex mixture of

peptides, said method comprising the steps of:

(a)  obtaining a proteinaceous preparation from an organism,
15 wherein said proteinaceous preparation comprises

phosphopeptides from two or more different proteins;

(b)  contacting said proteinaceous preparation with at least one
immobilized motif-specific, context-independent antibody that binds
a motif comprising at least one phosphorylated amino acid;

20 (c) isolating at least one phosphopeptide specifically bound by
said immobilized antibody in step (b); and

(d)  characterizing said modified peptide isolated in step (c) by
mass spectrometry (MS), tandem mass spectrometry (MS-MS),
and/or MS® analysis. :
25
31.  The method of claim 30, further comprising the step of (e) utilizing
a search program to substantially match the mass spectra obtained for
said modified peptide during the characterization of step (d) with the mass
spectra for a peptide of one or more known protein(s), thereby identifying
30 the parent protein(s) of said modified peptide.



36. The device of claim 35, wherein said support is selected fromthe
group consisting of a thin capillary colum having an internal dianmeter of
about 50 WO 030@93i cronmeters and a m cropipette tip. 20 37PCThssoziemBce of
claim 35, wherein said nndification-speg%%ﬁc anti body conprises a

noti f-specific, context-independent aniibody. 38. The device of claim 36,
wherein said colum is adapted to be coupled to an el ectrospray source on
a mass spectroneter. 25 39. An antibody that binds ubiquitin fusion
degradation protein 1- (UFD1) only when phosphoryl ated at serine 335, but
does not substantially bind to UFD1 when not phosphorylated at this

resi due. WO 03/000931 PCT/ US02/ 19480 -118 40. An anti body that binds

protei n-tyrosjpe q T ; m]b%@ ated at serine
588, but doe:ﬁr}ot p?ﬁ%@i%h?‘??#'}?%@d%m@%d en %@ﬁgﬁﬁﬁhoryl ated at
t hi s resi due.comprises MALDI-TOF MS, wherein said tandem mass spectrometry

comprises LC-MS/MS, and wherein said MS?® analysis comprises LC-MS®.

33.  The method of claim 32, wherein step (a) further comprises
digesting said proteinaceous preparation to produce a complex mixture of
peptides.

10 34. The method of claim 30, wherein said motif of step (b) comprises
all or part of a kinase consensus substrate motif or a protein-protein

binding motif, or consists of a single phosphorylated amino acid.

35.  An immunoaffinity isolation device for the isolation of modified
peptides a complex mixture, said device comprising a support comprising
15 at least one modification-specific antibody immobilized to a rigid, non-

pOrous or macroporous resin.

36. The device of claim 35, wherein said support is selected from the
group consisting of a thin capillary column having an internal diameter of
about 50 to 300 micrometers and a micropipette tip.

20 37. The device of claim 35, wherein said modification-specific antibody

comprises a motif-specific, contexi-independent antibody.

38. The device of claim 36, wherein said column is adapted to be

coupled to an electrospray source on a mass spectrometer.

25 39. An antibody that binds ubiquitin fusion degradation protein 1
(UFD1) only when phosphorylated at serine 335, but does not
substantially bind to UFD1 when not phosphorylated at this residue.
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40.  An antibody that binds protein-tyrosine phosphatase 1¢ (PTNG6)
only when phosphorylated at serine 588, but does not substantially bind to
PTN6 when not phosphorylated at this residue.



