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both presently pending, the disclosures of which are hereby incorporated

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 eticlogy 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 exiraordinarily complex, and
second, that the technology necessary to unrave! 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.



substrate proteins that are nodified by these enzynes, and the dynam c
nature of protein expression during growth, devel opnent, disease states,
and agi ng. The human genone encodes, for exanple, over 520 different 5
protein kinases, making themthe nost abundant class of enzynes known. See
Hunter, Nature 411: 355-65 (2001). Each of these kinases phos@gHdl&fl b%s
specific serine, threonine, or tyrosi ne £esi dues | ocated within distinct

.am no acid 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
hosphoryl at ed,. and many. are phosphorylated at nmultiple sites b di fferent
p phory e:d:lnﬁ;ﬁ%g y P y

ki nases. See GS3%S: &pC R9e; theapch apgernumber qf sieopn” Many of

t hese phosphor gl kdi Aol H ' ' r es and may
prove to be i mortr‘gﬁ‘p%@ﬁf\%@aﬁﬂ? @tpa{ﬁ%gr ptg%el %hﬂ}fggﬁ’?gépgdﬁﬁrﬁﬂ ecul ar
medi ci ne. . For Raitrepplrotein expressior duting guodvthddenelepmenindisgasestatatent i fied to

date, 46 are 1N, ki Hunt a. cogend l.hases such as
Erbg2 and Jak P raliey e iRen B8RamE $HsBhes O bipaR LR a2l ke as
respectively, proteimkinases,ardiing thent e PosOgRNdENPHIESObY B8zyRted €ast in part
because of 20. their aqgl It &o 'phosphoryl ate cel |l ul ar proteins.

Under st andi ng KiR%h Ses ‘frétf"%/l alyre 4daBPPE8 (BP0 Esehof thesedingses greatly

expand our  ungsphanfited ifidse I.l%n,ré nd Mg, e.g.,
oncogeni c tran_sf_sgr rrf:;t/t%:l onts_ﬁél'crl\ug i éﬁggélﬁp?’;&? ﬁ%ﬁe ec?@%ﬁ;lléc%gé%t ify
nodi fi cation sWithig distisctamishanishseouencesrorgnetifs, cantainedindibindiffersny of

Koy si gnal i ng oSS SAEREAGE. MRSk BRb ARy B R Y el OB S Cancer

. Al t houghlds evie satimatadibaboriethinfidiyiroginshermodeg dytthe Aamamvgenoheen

descri bed, the t hods, have significant Iimtations that render them
unsui t abl e forgrg Wg'%?gﬁ?%{ﬁ"%% aBa "8%!?31 %qectg}qsghogia %a{]ml’hlﬂ’?ﬁ)ﬁ'iﬁ% s from 30
conpl ex mi xt urdiffereht kipsés SvedBrades enalEFPhanaee). IThet. &2 hasig.(1bggpne 7 21
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Many of these phosphorylation sites regulate critical biclogical

processes and may prove to be important diaghostic 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 aé 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 undetlying, 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 mixiures of peptides\\on a genome- or cell-wide basis. In one



met hod, which enpl oys reversed-phase HPLC, proteins are |abeled in vivo or
in vitro with radioactive phosphate, and the protein of interest is
purified to near honpgeneity (so that it represents at |east 95% of the
protein in the sanple) before analysis. See, e.g. Wttenhafi at al. Methods
5 Enzynol . 201. 186-199 (1991). The highly purified proteinis %hiﬁ %H%ested
with a protéolytic enzyne to produce pep@tdes, and the radioact £V § 0

| abel ed peptides containing a phosphorylation site of the single protein are
purified by reversed-phase HPLC. Phosphoryl ated peptides are distinguished
from nonphosphoryl at ed peptides by neasuring the 10 radioactivity associ ated

with each HPLC f actlg t hen ch ca I% sequenced. The reversed-phase
HPLC net hod ha®® ICh PY%\Fﬁverﬁq RLC prafelneAklabeledifs ui t abl e for
the purificatigpoef inmgh W:tﬁ%@l%@&ﬁ hél@ %Hﬁrﬂ{e‘?yﬁm’i@ ﬁtolf'frﬁére?{ jgPept i des,

e.g. cellular digests. The neth not o‘ ogi cal sarrpl es.

that cannot bePW dé@@eavmmog@mweq thaiuidlapmeisaidejl%ﬂ/syf $anpl es.

b1 ases, g0t hat oL Prbetagl pete arcifiie et o WSl af Herhds or ¢ ne
HPLC step iss nBtzymuicB5aB6-199 (1899RTke e poiedl sratdin isthdnangatody i st

purifying the 20 protein .so its |evel radloact|V|t can be nmeasured and
t hen ri gor ousl ‘V’?h 5@5@%&'38”?%9 §%H§9dé'°? PeBldas; agd rth‘?lbi‘cﬁq’qm'yﬁb’s equent

purification aa%ma%km%&ﬁ%m rﬁs&woﬁ%%n éﬂéddéfth@@ng i BRowGAN ! be

identified from co eptid tures.” The- HPL ten
unsuccessf ul m&m"flﬁ%bVéWQrw%Dbaaﬂ HELEh Bhosphorptatiict peptides almw | evel s, for

exanpl e, vvhergdgﬂ.l %%dqrmbhl%ﬁggpﬁggﬁ%gs pgé@%%@%@%ﬁ'ﬁ% f the protein is

phosphoryl at e site emr (?fflculty of

purifying ¥ padipbtipbrassdeiated WtﬂmegdePUj‘- feapdionsanditheingthebdcddlyr ound of

nonphosphoryl a&eﬁ@leﬁ@é}& i des, and the need for a nearly honmpgenous _

phosphopept i de ng ‘cheni cal sequenci ng. Additional shortcom ngs of .30

this method exist. ﬂ\e reversed-phase HPLC method has several important
limitations that render it unsuitable for the purification of modified peptides
from compiex 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 infroduce 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 s level of radicactivity 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 fora nearly homogenous
phosphopeptide dun"ng 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 proteins. Imobilized anti-phosphotyrosine antibodies have been
used to purify phosphopeptides fromdigests of 5 gelsolin, an actin

bi ndi ng-protein. See De Corte, et a!., Prot. Scl. 8: 234- 241 (1999).

However the single protein of interest,‘@elsolin, was first purifi@d OIS
phosphorylated in vitro, before digesting to yield gelsolin- specific
phosphopepti des. | nmobilized anti-phosphotyrosine anti bodies have simlarly
been enpl oyed to identify EphB phosphopeptides from 10 purified EphB digests

(Kale et al., Bio 8. 14 6 ganm?Q) andto I’If% al pha- enol ase
phosphopepti des fr V&" Waa il 3&% IQ‘FB a$ecEiiBr cus et
al., Eect rOpr}ﬁﬁéd@SZélongm rﬁ@e?s%;ﬁe’e%@ﬁiét M@BPM@IM Nolifigntipt ter attenpt

the method failed, and thé authors expressl ly concl udegl)that t He | ow bi ndi ng

Sf finity be]'E \Aﬂ@?ﬂst?h@'y}ﬂ’filpn@ﬁ% in proteing lmm@tpnf@dpﬂnﬂnﬁmspbemms t he )
2635 T
ot o0 O BB bt o AR 2055 ™

ant i bo:ju e; 5ar egetslinganeckn binding-prateie. SéeoDeiCurtatol ﬁg, @ms%lo&mL desI has
recently been in a_revi protein.p r |on anal ysi s
aut hored by r e%%g@gégh?_&ﬁ’%ﬁi'ﬁ the ¢ing ﬁé"’%@ "’P‘?fgm?r‘?ﬁt %‘ﬁ ""‘é’éaf ,
spectronetry. dhiied %hd%}gosp SIORES InfViffh, BA6e- d!&&tlng%égte?@ﬁel%é’ﬂ@z) The

identification of Tyl elnelto es in esSte east cell extract
usi ng an |mmtﬁneﬁféwhéﬁpfﬂ@i%ﬁiéﬁéclmm@b@imql Eb‘iﬂ‘?hﬂ%@'lcﬁyrsiélnl@@éfﬂbodl@ﬁorted See

:{lrjrng}ol ?: zed ant | bo%ﬂ m&@ggd g%fdté%gzés%leéc%ﬁ% gé?‘t {&‘c’ﬁd/rﬁ et h\i/as not
a general ¥odipurified |Enh1&qhge$ts i(ialaret ﬁboﬂfp):bema§8n't4396p4ﬂ&£ﬂl9t99))sqmldof ic, and
oot o, or BB SR B RO AGBE R Ry RPUIBAE ot e
from conpl ex nalpha+erslasé (Wentisde g/, ,tEbbtraplm)dar‘slzﬂedemzfsﬁemm)) i ple,
unpurified pr qzlg\}vgvsér mrltge?%er a{tg Lc{h% rtng fm?eal a%dethe au oIrEsF 2005
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 lsolating phosphopeptides has recently been reiterated in a review on
protein phosphorylation analysis authored by recognized leaders in the
20 field of biological mass spectrometiry. Mann et al., Trends in Biotech. 20:
- 261-268 (2002). |

The identification of Ty1 Gag protein epitopes in digested yeast cell
extiract using an immobilized epitope-specific antibody has also been
reported. See Yu et al., J. Am. Soc. Mass. Spec. 8: 208-215 (1998).

25 However, the immobilized aniibody was a Tyt 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 mixiures of peptides that are derived
30 'fro'm multiple, unpurified proteins, and most require the timely pre- “



5 2 1 DEC 2005 purification of desired proteins. Reviewed in Mann et af.,
Ann. Rev. Biochem 70.437-73 (2001). Another w dely used nethod for
purifying nodified. peptides is immbilized nmetal affinity chronatography
(IMAC). This pseudo-affinity 5 purification nmethod is based on the

I nteraction of netal -1ons and negativel y,_charged pepti de noieties, such as
phosphate. See, e.g. Posewitz et alL, ARSC Chem 15: 2883-28922@1@g9ﬂm%
Pre-purified, phosphorylated proteins are digested to peptides, and the
phosphoryl ated peptides are then purified by passing the digest through a
m ni aturi zed 10 chronat ography columm containing a resin wwth a covalently

attached net . e. g ilmnodacetigc. qr nitriJofriacetic acid. A
cation is non%%@@%@i?f?ﬁ%ﬁ#&éﬁ@aﬁ eé’f‘?é"eéﬁeﬁé%? e{ﬁ)ﬂt‘ﬁf"@aﬁeﬁg the resin

wi th one of sBloehamh. m-tfa'z-mu(mn_such as Fe3", N2+ , &3"', or Cu2"'. \Wen
the protein digest is applied to the colum, peptides. with a sufficiently

hi gh negative 15 chaigRedeisiytusedsHsioaor hiailing PROEREAHEoteQYp, can bind to
the nmetal catjon. Eluted s es can theél E}é %nal 'zed by gﬁg%)ﬁ cal

sequenci ng or IMEyoRiized @9@Egg’%ﬁphspn@tmwphwﬁﬁ\m)-t hispsaugie-affinityhor yl at i on
sites. As W iodiiRalis fehRil BBSEq BRliie HRbRRAn bR L6t Ton of

nodi fi ed pepti as severa Imtations t uitable for the
20 purificati oregativelyahbrged peptite desiefies) sucivapiphosphateLSes, . pepti des, such

S nce,  phosphob gt ol Areb Caaf 35 25 SnU | Fhe) PeSPhnefiact - cond 1 ons

~used for | MAC. pHdspherysted protsinalard Gig_bf@fefd t@%érp&id@s,taﬁm_a%hbepqézrylggedtCO{mDnI y
| es ’

used cations in conbination with.3 ferent pH conditions (1.
condi tions al tREPEERR ATe thengrdEipd by Peswindihe digeshirpygtca miniaiitized best

sui ted forypuridrb@dtd®Aolf cdtush %h%iniﬁgsqbéih%iﬂhgéeggggg} Lifftnehsol ating a
second, different phosphopeptide fromThe same, or di rent, protein may
requi re a secddfidl skelatorprgcormdiacaticrormittotriacatiniagice A Gationlismannet hod s
not speci fi ¢ 1QfaRiAT BRABRRS {168 chBRbMSAILRT thb Wsif I He o0t vely

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. lt is not unusual fo test peptide binding o 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 unigue. 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)



30 charged ami no acid residues (such as aspartic acid and glutamc acid) 21
DEC 2005 6 and wi t hout phosphate can bind to I MAC resins and contam nate any
purified phosphopeptides. This drawback is especially problematic when only
a small percentage of the protein sanple is nodified, e.g. a partially
phosphoryl at ed protein, because the background | evel of contanﬂﬂb@ﬂhﬁM%
nonphosphoryl at ed pepti des can overwheln®the | evel of phosphopeptides. For
this reason, the MAC nethod is not suitable for the isolation of desired
nodi fi ed peptides from conpl ex peptide m xtures. Further, the nethod is not
specific for the type of nodified residue e.g. phosphoryl ated residue,

t hus peptides wth phosphoseri ne, hosphot hr eoni ne, or phosphotyrosi ne

all bind and e3ng wit hqtsmhpwl@tercaguhﬂyi oAMAS; mesiitg end corteminalendniis a need i n
the art for t ”&%QI LLfication

met hods t hat er ggﬂhggﬁﬁéﬁeg‘rﬁﬁ?%sf F'q a |or§§i§§béc?éol®;ﬂr§§{e SPt Vgﬁ% from
conpl ex m xt urasy afsmﬂmeirclaﬁageo@the]pﬁomwgmpb is ehddified, reag:t@parﬁhﬂych contain
a wde variety .of rent .. nodified ot.ei ns ono require
Cimely or costrypepPasiRe Bratsify Brcale o8 beEroR Bk iEartdrhatng an e
peptide isg atncﬁmm@ﬁl’i&g@téd@épt@é@ cBh REAVIRIG theddvdper readi |y aut omat ed -
woul d, for exa enaple the rapid profiling of activation states on a

genome- wi de bd@?@Phﬁl@ﬁH"W@si El@ﬁhlsffﬁéﬁ‘@ﬂ dhe WAﬁéﬂﬁﬂ"@dﬁ agheydtable %f thener apeut i c
hi f f th
targets withingGeibn 5t @éﬁ&ﬁ&ﬂo&ﬁé@ﬁ%@e&ﬁﬁ@ %Pﬁ]gﬁéx péeﬂ@le iflegnt of the

proteom cs era current for such
hi gh- t hr oughpufurther Hibdsnéthed isenerspegifib darihe dgpyof medified 8esidues .egg. Mann, Nat .

Biotech. 17: 9 U Y _of.  JHE .1 NVENT] ON 25 The present
i nvention pro %@gﬁﬁé’flgﬁ%ﬁ%’@ % %gqtquﬁsaw 5P basermgpt i de froma conpl ex
nm xture ofi(peptticphothsemingorghospisotyrosheca Bind ext ehas idngBSAL by the steps

of : (a) obtainin a protei naceous preparation froman organism in which
nodi fi ed pepti’'@&¥%from two or nore different

Accordingly, there remains a need in the art for the deveiopment 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 recognize'd.
See, e.g. Mann, Nat. Biofech, 17: 954-55 (1999).

SUMMARY OF THE INVENTION

25 The present invention provides methods for isolating a modified
peptide from a complex mixiure of peptides (suéh 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



proteins are present; (b) contacting the proteinaceous preparation with at
7- 21 DEC 2005 | east one immobilized nodification-specific antibody; and (c)
isolating at |east one nodified peptide specifically bound by the

i rmobilized nodification-specific antibody. The nethod may further include
the step of (d) characterizing the nDdl;led pepti de(s) |solated I n step (c)
by mass 5 spectronetry (MS), tandem nmass’Spectronetry (NB—NB)Z A8/ Vs

anal ysis. The nethod may al so further include the step of (e) ut|I|2|ng a
search program (such as Sequest) to substantially match the spectra

- obtained for the nodified peptide(s) during the characterization of step (d)

with the spect f sequenc reb tlfylngthe 10
parent protei nlg%tcﬁ{e &R}%dﬂ%ﬁjﬁﬁ%ﬁﬂ%&@n ﬁﬁl?é’g rﬁ)ﬁ\;@’b 3&'1'?9 dfpasses the
i sol ation of nl@dstfdr@mbéﬁbd%?ti@@%@dlﬁa'ﬂgbbbh&!%?'tlhé’:rﬁ;%bﬂli&? of nodi fied

am no acids, including but not |[imted to phospho rﬁ'@'ted acetyl at ed,

met hyl at ed, ni WPQE‘F@%Q"E%PGC&’WTBWOQVy'ﬂl%meﬂ't%i:mﬁlé@ﬂ dncluga the-sfepof fi c,

' text-ind ids or

cont x| nden e ehlraR et i R U R S AR 05 O
advant ageous| yspeaerooyedty (M)t twddmhs&qnba’(mﬂmqqhﬂ%m) andfor 8P are an

I mmunoaffinity_| olat on_device S ed peptides from
a conpl ex ni x%/%n d}ed'“ﬁﬁ“’f’d“?!ha'rs°f§%'§?€6d"“3\d3%ﬂkeﬁtﬁ%’gf‘?%&ﬁl\mag.g gnt i bodi es
to novel UFD1 @a"ailclf’im@r&a (Qmwséqh@éﬂ @%Lﬂjstﬁlaﬂ'y Fefotethedpayrh he practice
of the disclosed , net hods. The et hod the invention enables the rapid,

ef ficient, andoRfgipgddor ﬁ‘@dﬂ%ﬁ'ﬂ%PeR’(ﬁiﬁéﬁ)%@édmﬁhaf@ﬁwg’e\’ﬂ@? pizgiep &) of
nodi fi ed peptl racts,
wi t hout the ne\g?%%%ngtﬁ%pégﬁ%m&ﬁﬁseﬁé@%ﬁﬁ féﬂégt I on’ ogﬂﬁéey red
pept i des ol prraArentrroteinis) ﬁ%ﬁhﬁdwdl&ethbmﬁsiel(@ﬂbe frylention epcompasesaf finity

oot e cor (LB IEBRYEt modial Akt TRRL RSl AL B SRRy 0. o
si gnal i ng pat havaine,acids, incuding bt reotdintitetd do phodpteorgliatea, mcetylated, t he di scl osed
met hod al so r el‘?lg'ﬁl ?atéé nitrosylated, and/or glycosylated residues. Motif-specific,
context-mdependent.antibbdies 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
isclation 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
muititude of different modified proteins and signaling pathways, with a
singie antibody. The simplicity of the disclosed method also renders it

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



. Figure.

30 readily automatable, as only a single isolation step is required. Further
8- 21 DEC 2005 advantages and preferred enbodi nents of the invention are
described in detail below BRIEF DESCRI PTION OF THE DRAWNGS Fig. | - is a
f 1 ow di agram representation of the nethod of the 5 invention. Fig. 2 -
depicts a MALDI - TOF mass spectrum of an unpurified n1xture ?ﬁn%gzﬂtfferent
phosphoryl ated and nonphosphoryl at ed pep@rdes usi ng

al pha- cyano- 4- hydroxyci nnanic acid as matri x. Peaks labeled with stars are
phosphoryl at ed peptides, and peaks labeled with circles 10 correspond to
nonphosphorylated pepti des. Unnarked peaks are synthetic peptide
byproducts. Fi depicts_a MALD - TOF mass spectrum of the

phosphot yr osi n%d"r?@ e&é"W\ Q(?fﬁ”@dcfgﬁfé‘?qlﬁ@ﬁtﬁ of the dviestion agg degcribedlimt i on of

. phosphopept i aWbéB nocl onal P-Tyr-100 anti body-resin, according to 15
the nmethod of the rnvention. Peaks |abeled with-stars are phosphoryl ated
pepti des, and peaks | abeled with prinmed stars correspond to a
phosphopeptide artifact with a mnass of M- 78. These artifacts are also

present in the unpurified pBﬁiéﬂP&éﬁﬂbﬁdﬂ&”ﬁ%éhﬁlﬂesﬁfe obscured by the
‘peaks from nonphosphoryi ated peptides (M - . 20 Fig. 4 -- dep| cts a

MALDI - TOF mass spectrum of the purified and unpur| fi ed phosphotyrosine
peptide mix descri 3d@ 1ﬁ‘$?é’l9i"’ed1§9r%i'%93%t§m @fytéﬁcﬁﬂethﬁ?ﬁfgbeyci nnani ¢ aci d
as matrlx 5The ggﬂ panel shows the peptide mx before purification (as in
8 e bottom panel shows the peptide mix after purification
(Figure. 3) 25 Fig._a -- depicts a MALDI - TOF mass spectrum of an unpurified
m xture of 4 differfddi2 priiepiive MALRHTQRMmagsenesbproelamurlriiept i des, usi ng

al pha- cyano- 4- g ey 4buetbt HosBnéry1dtBd bha noRBRHHoRASEbeplibds,° 21 DEC
using alpha-cyano-4-hydroxycinnamic acid as matrix. Peaks labeled with
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 specfrum 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 bhosphorylated
peptides, and peaks labeled with primed stars correspond toa
phosphopeptide artifact with a mass of M - 78. These artifacts are a!sb
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 specfrum 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 nonphosphoryiated peptides,
using alpha-cyano-4-hydroxycinnamic acid as matrix. Peaks labeled with



stars are phosphoryl ated peptides, and peaks |abeled with circles

correspond to. nonphosphoryl ated peptides. Unmarked peaks are synthetic
pepti de byproducts. Fig. 6 - depicts a MALD1- TOF nass spectrum of the bound
and 5 unbound peptide fractions after inmunoaffinity isolation/purification
of the phosphothreoni nepeptide m x described in Figure 5, using

al pha-cyano- 4-hydroxycinnam c acid as n8rrix. The top panel'%qﬁﬁﬁlhhe
fraction of the peptide mx that did not bind to a pOchIon&I 05

P- Thranti 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

P-Thr-anti body-resin. Peaks |abeled with stars are phosphoryl ated peptides,
and peaks | abeli8§ afpPhosphylated peptides panipeaksisbelre syithoriiplest ed pepti des.
Fig. 7 -- depi ~ hale] ified and purified
phosphot yr osi n?r%esg?%%) Hjﬂj’é?@? @@ggﬁ%b@gsupgh%@k%ﬂgpﬁégﬂgﬁrﬁ

al pha- cyano- 4-Syyithedic\peprida byprodutid. as matrix. This isolation is simlar to
the one described in Figures 2-4, except that the amount of phosphotyrosine
peptide mi x was rediigeli—-tdepictds e WMAlENeTOFImasd $paguioa of theheakd dnabel ed with

stars are phos l,at e L des eaks | aphel.ed wth ci.rcles correspond to
nonphosphoryl a‘ﬁﬁ’g’{’ﬁ@?Pﬂ%"gﬁg@P S %k Jries S"H'twqowﬂfﬁlpbﬂﬁﬁ%%?féﬁ@

correspond t o ghagphethreuming etstiderixausicrivéd th RigiRss, Wwindbiphd@yaitee top panel
shows the unpuyjfied, conplex phosphotyrosi ne peptide mx. The second panel

shows t he pept4'ﬂ@°%@”%?p‘§ ag el d heriep prbelchowsdhe fraciien obthe

t. b d _ . . : .. . ] . . d d
clLt e 17 om ¢ hOARE g attid ofiidi & ol idraP e AFEEER o Siing' A"
el uted pepti deatiogrpanst showethe fractionesfttheipehtide mphibap Hist kise teangme, to
hogph ' ' d b
50, Li nos 3 aues QLR e boROBRENR TR S Sl Fdfe MR Rt he o
rel ati onshi ps sitrstane phogprosphtstieeptides, amtipsiEisHabgbd mithadimtbsphosphopept i des.

10- 21, DEC 2008 L npteBS el MblesTOF s spectrum of the

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 péptid_e 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 pane! shows the unpurified, complex phosphotyrosine peptide
mix. The sscond panel shows the peptides that did not bind to the
monoclonal P—Tyf—1 00 antibody-resin, and the third panel shows the
peptides that did bind and eiute from the antibody-resin. The bottom panel
25 shows the bound and eluted peptide raction after treatment with a
phosphatase enzyme, to remove phosphate grbups 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.



and purified phospho- Akt substrate peptide m x, using al pha-cyano-4-

hydr oxyci nnam c acid as matri x. Peaks | abeled with stars are phosphoryl ated
pepti des, peaks | abeled with circles correspond to 5 nonphosphoryl ated
pepti des, and peaks | abeled with squares are netastabl e-deconposition
phosphopepti de products. The top panel shows the peptide m x begf.or¢
purification and the bottom panel shows e peptide m x 'after%ﬂuéﬁecfm@%tion.
Fig. 9 -- depicts a MALDI - TOF nmass spectrum of the unpurified 10 and
purified 14-3-3 binding notif peptide m x, using al pha-cyano-4 -

hydr oxyci nnam ¢ acid as matri x. Peaks | abeled with stars are phosphoryl ated

pepti des, peaks | ahele (th circle respond to nonphosphoryl at ed
pepti des, and peakd 8291 GPIGH ?Wﬁéhﬁhfrég raRes spRsiruet effhe-uneutfiesbsi ti on

phosphopept i degpf NN bbbl | 1 g2
phosphopepti des _t'ﬂg?.%gfpgoﬁgt_ e%ggiﬂgﬁq‘?gb%tﬁﬁn%%{%lutyﬁg%@%%wﬂ%ndl ng notif
anti body becady@lirexysinnasiigaeidsassmabixnBeaks kbeled vtit $tarsdgres  known

ificity. T : i m.x , bef ore purification and
the’ bot s om particseiBERRE RoRRY pbAfs BBBRIR bt eRRto o 10" depi ct s
a MALDI - TO5 nasmphpspiioryiatef pdpticlepepid pesks 13Belpd withi Riiabys renobi | i zed
P-Tyr-100 antibody, froma m xture containinhg a dlgtested crude 3T3 cell |
extract, the dﬁ%@%ﬁ?ﬂ?&%@‘?m@:’%@% piersniopep PAECtS phRR P&l substrat e

peptide m X, UHod@ tAb Rt oy BlSALEL : ' IeHet oP
panel ). Peaks | abel ed%ﬁglﬁygﬁps ar gﬂphosgﬂ?ﬁg]tg? ggﬁéﬂé%?‘ieggﬁgwgm(g bottom

panel shows t Hepigamix after puificatiopept i de fraction 25 after treatnent with a
phosphat ase enzyne, to renove phosphate groups from phosphopepti des,
reduci ng t he obser\fdg regiepisjs s MALRYBRE raasswpechummeidhe tungurified panel and

‘dephosphor ! at i R (223 o Ag Wtk Pepyde e BB MR " e

spect rum of t Heydpaxycinmamic 8GidmsrmairizdPbgks labeled withestasharepho- Akt substrate
antibody fr Omp%o@bﬁél%fa?eg %e&%és,z gg‘ks' I%%eled with circles correspond to
nonphosphorylated peptides, and peaks labeled with squares are
' metastab!e-_décomposition 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 énzyme, 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 dephoéphorylated phosphopeptides.

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



containing a digested crude 3T3 cell extract, the phosphotyrosine peptide
m x, and the phospho- Akt substrate peptide m x, using al pha-cyano-4-

hydr oxyci nnam c acid as nmatrix (top panel). Peaks | abeled with stars are
phosphoryl at ed peptides, and peaks |abeled with squares are nﬂqqgtqgje 5
deconposi ti on phosphopepti de products. The bottom panel shows the gund_and
el uted peptide fraction after treat nent Mith a phosphat ase enzynme, to
renove phosphate groups from phosphopeptides, reducing the observed mass by
80. Arrows drawn between the top panel and the bottom panel show the

rel ati onshi ps bet ween phosphopepti des and 10 dephosphoryl at ed

h h ides. .Fig. 12 - depi Dl - TOF f th id
DhoSIOPCpt | o e o1t A RS e PPt 0
bept | de mix.. Lorsahd herphdiphe i Sabst e dopide R sify dpndoia ! 19 T’ 1
top panel shovtydrewycihapniiciacidias matris(iopmanel)i Baakslabekddvitthetars atél e panel

I T g s P B A
o Bt abl oo L on Bt F o e B Tieel 20 shows
t he bound and%@n”ﬁaéﬂdpéﬁﬁa@@pﬁa%gﬁgw atgrdroaient yrith # Rﬂoﬁﬁhﬂag?)hosphat ase
enzyme, to I ergnOmRh RSN ® S;smpﬁétefgreapjs ﬁb&%&gﬁgﬂgéﬁﬁ% , fggggﬁﬁ'gng the

observed mass by 80. Fig. -- depicts a Wester ot o ells
over expr essi ngh® Reserypd Mmassdy - ofMraws Seavsn betwasmt tbe foEpemyl anddher obed with

- P Tyr-100 25 aiihofinel %HG\H%%?Qaf?cﬁrhsﬁfﬁé%%gé\nﬁ?,ﬁbﬁﬁép%aﬁggw}/ the maj or

appears ter treating e cells depicts a
MALDI - TOF 19as lephesphanatsd phoatiphopeptidespt i des (phosphot yrosi ne) i sol at ed
froman A431 cell extract with P-Tyr- 100 anti body-resin, using
al pha- cyano- 4- hydr #ig.cl 2mdepictsz MALLE-TOR mass spécifamsofdied peptides

OVEr expresses ptu%eg 9; ir?nﬁ'l%%ﬁlizgé 13@3‘%%&%& ren%ttiF gnt\ilgotd}g( f%gn: a_r%&fu-rg 1 DEC 2005
containing a digested crude 3T3 cell exiract 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 fo
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 witha
phosphatase enzyme, to remove phosphate groups from
phosphopeptides, reducing the observed mass by 80. .

Fig. 13 — depicts a Western blot of A431 cells 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 (phosphotyrbsine) 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 treated with EGF



to i nduce phosphorylation at specific sites in the EG- receptor, as shown

in Figure 13. Peaks | abeled with stars are phosphopepti des, and peaks

| abel ed with circles correspond to nonphosphoryl ated pepti des.
Phosphopeptides purified fromthe digested |ysate with P-Tyr-100 5

anti body-resin corresponded to two kno maj or phosphoryl ati,on.si in the
EGF receptor, as expected (top panel).%QRé fraction was treggkgﬁ$$ﬁi 7
phosphat ase and reanal yzed (bottom panel) to confirmisol ati on of
phosphopepti des. Lines drawn between the top and. bottom panels indicate
the rel ati onshi ps between phosphopepti des and 10 dephosphoryl at ed

hosphopepti d 1 g. .15 - depicts a stern bl ot of 3T3 cells stably
'Ito rangf egt gd t33“&@ﬁgé’i?saé?ﬁ@@%@i35?%?%@??%3‘&% GHoresepioni s $RaWn and pr obed
with P-Tyr- 1G9Fjiiré 180PeakeBBaBUSAN sftg(/sﬁ}b@a%pﬁ&ﬁéﬁid&&'éﬁd gﬁé&ﬁé@s the effect

of Src expression on the nunber and ot'el'ns recogni zed by the
P-Tyr- . 15 iawlkeawithsirglesmogespend todupiphosphoryiatadl paiidesass spect rum of

P L ot e heP prsBnopaiies urfied v X dited lysRE WiEE Al s, Sor Sl00
T S tnls ittt etpasiseverstirbeliitaey et bouitite S ST
-eakKs ape S rs are (0] or i y .

RS ool oo O EME e e RIS bl T el Ectinn gveis rpeded with

bound- and- el utphdspliftate Bad réatly-ad (BegorhRALI% VbhftnPReRERBALRSE and

reanal yzed (bottom panel) to confirmisolation of phosphopeptides. Fig. 17

- depicts an pENueRiiges  Hnes drwhrketween the pand keftorepapeipt i des purified

from an extragty; : gﬂ%ﬁ, ' . ein kinase (as shown
in Figure 15) %valt&;ﬁe?m ﬁ:t%n;sggfs - y?ﬁggosggsrﬁoilbg%‘%&é&rtions of the spectrum
wer e anpl i18i edlepbosphanylptad phasphepeptidesoduct i ons. Sequest assigned this
particul ar spectrumto a phosphotyrosi ne- peptide fromenol ase A The

pepti de sequence a PEy Liga stdéméf'esrh b1célt%ﬁ’ 3%%'0%?%%3&@&&%&&1% e shown.

Peaks | abel ed "b" i1 nlicate product 1ons that ¢
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 — depicis a MALDI-TOF mass spectrtim 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
circies 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 fransfected with Src protein
kinase (as shown in Figure 15) with immobilized P-Tyr-100 aniibody.
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




am no-term nus of the peptide, and "y" indicates product ions that contain
the carboxyl term nus. The nunber following the "b" or "y". |abel indicates
t he nunber of peptide residues in that ion.-Doubly-protonated ions, i.e., 5
ions with a charge (z) of 2, are |abeled Fig. 18 - depicts a Western bl ot of
Jurkat cells treated with TPA and probed with phospho-(Ser) PKC substrate
anti body. Conparison to untreated cell-si&hows the effect of JTFFEQ gat ment
on the nunmber and |evel of proteins recognized by the phospho- PKC substrate
anti body. 10 Fig. 19 - depicts a MALDI - TOF mass spectrum of nodified
peptides isolated froma TPA-treated Jurkat cell extract (as shown in
Figure 18) with imobilized Pphoss)ho- PKC substrate notif antibody, using

al pha- cyano- 4- $ERIeDRIESHEhiFeaks labeled Thitndisate popdys inrs) thatemitain tade| ed

with stars are i des .« d,withcircles 15
correspond to %@ﬁ%ﬁ‘ggﬁ%‘lﬁﬁ g%efpdébgfg& ?ﬁgsﬁqiﬁga%gﬁéﬁcﬁﬂ]sgﬂawwm squar es
are net ast abl ethdeadmybtarminusphe pinaribes follbevimg S-UGE 8r “yFhatsel ifeRasass and- el ut ed
peptide fracti %n Vu\%ﬁ) t r<?at ed, wi t h, phosphat as_eb and reanal yzed (bottom panel)
to confirm i solGTUEPESP BﬁB@%’@ﬁ@b@?d@ 12t oy Doptply-projeipited iongake-ous

chr omat ogr 975 iBh% Witﬁ@cl@{gé@'\ﬁ%e dBeralysi s of the nodified peptides
purified froma TPA-treated Jurkat cell extract (as shown in Figure 18)

with i mmobilized p = RIS ‘ ' i : panel shows
where survey N5 sc;ﬁgp%_r E’é?bﬁgﬂéﬁbﬁ‘t'ﬂ'gp?ﬂ%%?@ d\?gggréaltey\mjie?ﬁéi ght of the
tal | est peak i#ndpiobedwid phaspho-(SpRiKQ sybsimatd antivodye Qomparsoalio shows wher e

M5/ M5 spectra , o) t ' e is the sum qf the heights
of all peaks i%’ﬁgeaac ?%’%iév”."%f&a*ﬁgs?ﬁ%?f?‘u‘iﬁ'ﬁ. h%ﬁ%‘?%r#i%{ SR aNGng fifth
panel s show whevel of peateinalretaprizenf bylhe [FdsphoBKE 2dbsirate @sfiesdy. vel y, was
detected (the y-axis 'value is the height of the neutral-loss ion). The

peaks in eHch chr dfigt t@ralepictea MMEDETOR ise sotruevof wegitiedi ng spect rum
nubers. 14 2 R6C F00R68H0m 4 Tra HERS anili 3BFLHrSR (GL shilgn RePL des that
Figure 18) with immobilized 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 specira
25  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
neutral loss of 49, 32.7, and 24.5, respectively, was detected (thé y-axis
value is the height of the neuiral-loss ion). The peaks in each
chromatogram are labeled with their corresponding spectrum numbers.



undergo neutral -1oss during the LC-MSI M5 anal ysis shown in Figure 20, such
as mass, phosphate content, and correspondence to peaks in the MALD -TOF
mass spectrum shown in Figure 19. 5 Fig. 22 - depicts sonme of the M5/ M5
spectra (left panels) and MS3 spectra (right panels) acquired during LC M3
anal ysis of the nodified peptides purifjied froma TPA-treated Jurkat cell
extract (as shown in Figure 18) with i-nfobi | i zed phospho- PKC substrate
notif antibody. Each M3 spectrumis grouped with its corrd$p6tdilhg MS/ VS
spectrum which 10 caused the data-dependent MS3 spectrumto be acquired.
Sequest was able to assign parent proteins with good confidence to the

three MS3 spectra . shoyw. Fig., 23 - depicts the M5/ NS spectra (left panels)
and MS3 spectra ( |'§1#\4]E§EQPG5 PW&H{E’@&T&W@ ReRfidesdBalgMereRbsea®d tBy Sequest

to one of the ynkargPREGFA-I6SS MishY Bedb-MEIMS 1%@2%@?#19{5;%@%”6

coll ected for a biological peptide and assigne | - HUVAN
resi dues 333-B4H as mass pboppieaie contenitandecirtisposdnceTedals froinepanel s are

the spectra ' ) nt hesi zed with this sequence
and phgsphorylcrgb!'gﬁﬁ-g%t%‘.ggﬁ'%%&gﬁ&'égﬁg‘&aﬁa@ﬁ%ﬁ'ce of the biological 28
eptide s tra and., S het c_pept. ctra confirns the I gnment
ﬁagel by Sg uest . P%H@%gyd%i"f%@’n%%eg@?@ﬁsaﬁﬂ%aﬁf%%eﬁbﬁi"ﬁ&sﬁ apd slhgw
weak- i nt ensi t yspeetrd Yaghti pamels) Bequirédtdurirdeot o s® ahél%ié ef thethedified 3T3 cells
stably transfected to express active Akt protein kinase constituitively and
treated with des pyrifigtbiTenig ARA-WRaled dulkaterll eijrasbasrsiown Bl ot t ed, and
bed, i f i ' . The t

probed. using FakEATH Wi fitnobiiddaH hﬁﬁoﬂgfﬁﬁﬁa@ﬂﬂﬁﬁg}ﬁ%ﬁc@{.@%ﬁ e top

panel is probed, general AKt antib the secon W th an
anti body spedilBi epedium kfoaionpey Withiiisrcomespinding MSIWS Tpecdos), vehich t he third

panel Wt} a | Qﬁ%” ' 3 ' ' | due Ser 473.
The 30 botﬂtbomrbp?gﬁé{j lei%sjéfapl)fr%lo ghymg?ﬂ'a%h%@%ﬁwgb$%h§@rﬁt%géﬁ%¥e notif _15
2 1--DEC 2005 able to assign parent proteins with good confidence to the three Ms®

spectra shown. '

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 p'anels 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
assignment made by Sequest. Portions of the MS/MS spectra were
amplified {o 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, unireated cells as a negative control. The top panel is
probed with a generél 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



anti body. This shows that activation of Akt protein kinase is acconpani ed
by an increase in the nunber and | evel of proteins recognized by the
phospho- Akt substrate anti body. Ot her blotting experinents showed the nmajor
protein recogni zed by the phospho- Akt substrate antibody is the 5 ri bosona
protein S6. Fig. 25 - depicts a MALDI - TOF mass spectrum of nodified
peptides purified froman extract of 3735eells transfected wgkﬁﬁgﬁt protein
ki nase and treated with PDG- (as shown in Figure 24), u5|n&

cyano- 4- hydroxyci nnam c acid as matrix (top panel). Inmobilized 10

phospho- (Serf Thr) Akt substrate notif antibody was used to purify nodified
peptides fromthe digested extract. Peaks |abeled with stars are

phosphor yl at ecBngiepdy.ddds shevesk thak ablisatidn wi Akt pioteih dinaseris espomplrtied

nonphosphoryl tides. and peaks |abel.ed with s uar e

net ast abl e- deibyr%bggfqagﬁ "ﬁm?s'ﬂ)% p?qddgv‘%rq;&’u%t?g‘s T&FPY q%@ﬁb}i@e

phosphopept i d%ot-sphé—l?\ﬁt Soistizee thltﬂ)’c@ @ﬂfé?@kﬂﬂh@éxﬁé’mﬁ@ht@%‘h@%ﬂ the
deconposition products arising fromneutral |oSs phosphate. Two of these

fit the expectBHOHRER rﬁ%%ﬁ?ﬂ@ﬁﬂh@ﬁ@&%ﬁ@#@&ﬂ?@ﬁﬂh@bﬁaﬁhe protein 56
(2,254.5 ard Zin338mal nrofdth el raction was treated with phosphatase and
reanal yzed (bot tom pa% to confirmisolation of 20 phosphopeptides. Lines

drawn bet ween t he I nshi ps bet ween
phosphopepti des angl:? e@ospﬁory ate &Esgﬁ%%%lblﬁh frlfﬁéé&}ﬁéfg - depicts '
vari ous chronme@gdesrpumftﬁch’rmmcbntgxtnae&m‘n\zscellsrtainmcﬁe@mthmed proteihi ed -
peptides purified fro P d 3T3 ce tract S shown in
Fi gure 24) wi tquﬁtﬁ%ﬁm q@%ﬁfﬁﬁ%%%@??%ﬂ qpre zgﬁlﬁ@'tnlgaﬁ"&‘armtlf ant i body.
The th ophpanﬁl csrhnm wmmaufawﬁaabfamamx( ). Infzﬁmduzéah% y- axh S \r/]al ue
i s the height n eac vi dual spectru and the
second pa %%‘i’ré-l. @%@&@@f@@oﬂaﬂt@owwaé&w t()t%f}&-am s value is
the sum of thQnMﬁéli‘béptﬂfeséﬁdm W&gested%%rsacbeenélaﬁdvé@mﬁ@@% iy . The

thlrd fourth, and fif panel s show where
phosphory!ated peptides, peaks labeled w:th c:rcles correspond o

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

15 phosphopeptides in the top panel are accompanied bmeetastable-
decomposiﬁon 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 (boftom panel) to confirm isolation of

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



-16 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
chromat ogram are | abeled with their correspondi ng spectrum nunbers. Fig. 27
-- depicts properties of the peptides that were observed to 7$lm0dmﬁgo
neutral -1 oss during the LG MSIMS anal ysis shown in Figure 26, such as nass,
phosphat e content, and correspondence td6peaks in the- MALDI - TOF nass
spectrum shown in Figure 25. Fig. 28 - depicts three MSIMS spectra acquired
during the LC- MsSIMS anal ysis shown in Figure 26. These three spectra have
been 10. tentatively assigned to the nultiply phosphoryl ated peptide from
the ribosomal protein S6 . wth one anel 1), two (panel 2), or three (panel
3) phosphat e "guBapeSS %ﬁ?:r@]dﬂi@sé‘gﬁa respectivaly, was datected gihesptnds e groups i s
readi ly appar iEl ; i a r (o} -1 cells treated
with insulin Q’%%'ea{g Al R%?@Q%F“@i@ﬁ%ﬁ%ﬁ-pﬁ%é% '["P‘F ospho- (Ser) 14-3-3
bi ndi ng noti f cararnatogsam Goaviabeledanith theirdormspending lshaciahawainigs.ef f ect  of
treatnment on the nunber and | evel of proteins recognized by the phospho-

(Ser) 14-3-3 bindi fig.raTt+ tepiots groperiiesiofthe3septided @RiicisredbYBREGtOF Mass
spectrum o% nodifi ed 9228 m)t idee_s isoL&t ed froma treated COS-1 cell extract
(as shown Pn HgEEON 53?' ssiluripadng o Me/MR enslvsis shawn indigure 28,ndi ng not i f
anti body, usi Bgch ak PhissC ROSH ' ' | ' | op panel).
Peaks | abel ed S\II tlﬁ star'g ar eh%t@h%gg%?(%rg{&ggb%%%ﬁég‘ggﬁoggg%sﬁtg%el ed with
circles corredpiH-TOF nozgshersshiumshavetindeguie®fs, and peaks | abeled with 25

squares are netastabl e-deconposition phosphopeptide products. Fig. 31 -
depi cts various chFigr8ogreapisisdhres MEMS specirvBoy@recdiaingsihe La3- t he nodified

N eh bt |1 S aRekEs sa6 s 2o hase SR SR TREIRM The top panel
shows whed® stentalvelassigmead tolifie multiply phosphorylated peptide from the

ribosomal protein S6 with one (panel 1), two (panel 2), or three (panel 3)

phosphate groups. Neutral loss of oné, two, or three phosphate groupé is

readily apparent.

Fig. 29 — depicts a Western blot of COS-1 celis treated with insufin
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-immobiiized phospho-(Ser) 14-3-3 binding motif antibody, using
alpha-cyano-4-hydroxycinnamic acid as mairix (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



21 DEC 2005 were collected (the y-axis value is the height of the tallest
peak in each individual spectrum, and the second panel shows where M5/ M5
spectra were collected (the y-axis value is the sumof ithe heights of all
peaks in each individual spectrumy. The third, fourth, fand fifth panels
show where 5 neutral loss of 49, 32.7, and 24.5, respectidehp; yppps detected
(the y-axis value is the height of theeutral-1oss ion). The peaks in each
chromat ogram are | abeled with their correspondi ng spectrum nunbers. Fig. 32
- depicts properties of the peptides that were observed to undergo
neutral -1 oss during the LG MS/ M5 anal ysis shown in Figure 31, 10 such as
mass, phosphate conﬁent, and correspaondence eaks in the MALDI-TOF mass

to

spect r um shown"Ve7 qollgcted (B y-pxig vatye is ﬂé%b@iéhkoﬁh@ talisshealpisach acquired
during the LG % [yS W -er , ared with
phospﬁo- (Serll'lIlPﬁdN%Lt sur%ﬁ?g?%ﬂtﬁﬁov%%hgrﬂ%ﬁngg%y Egl '&ﬁ'?e“"gg)ﬂs%i’ggﬁ panel s of
this 15 fi gur eygretdedectet dihepraxiavaliievs tie plroxfiite tEghls cF4llPeakdimdi ng not i f
anti bod Fi gu L right s, of .this fiqgur In addition to prom nent
meut ral 1 oss i e nlefRhach R Fnd et it Ak reneR ebt Whesk i
comon. These rsqueel foas af 491 SMUGAA 24.5¢ RisheshRIN Was dstBledqthel Aakisar e
present in both sarr%%gsig%ue to simlar induction conditions and to 20

r i

over | appi ng nofaly&sis » atthgyneual-loseiioe Tee pgaksiinfeichpuri fi cation.  Fi g.
L dont o : £ e
34 - depicts dhrbivaldgrdfs <18 pticlddWith tﬁé?ﬁc&feépﬁﬁﬂ{ﬁgaglpfgbﬁ%%%{g?s purifie

froma treated COS extract (as shown 1 I rmobi i zed

phospho- (Ser) 14- 3-giqL33didaficiPblobeftis! Y pofitids'fltwale SEABrRRRE! " um ver e

anplified to show oW I ntenSity produ equést  assighed this
particul ar spedtdergo neutzalivsssiitingehe ME-MSMS aralysioshdvenin Bigock3R7 kDa

protein. T [ t t scar re shown. Peaks
abel ed b2 i eh Soan s BEBEM AL fonfit eSO o b B e Fh it o e
pepti de, and "MALDRITIOFahess spaciame showndn Figgite 80Nt ai n t he car boxyl -t er m nus.
The nunber follow ng the -18 :

Fig. 33 — depicts two MS/MS spectra acquired during the LC-

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 fhis 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, d@e 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 exiract (as shown in Figure
29) with immobilized phospho-(Ser) 14-3-3 binding motif antibody.
- Portions of the specirum were amplified to show low-intensity product
25 lons. Sequest assigned this particular spectrum to a phosphoserine-
peptide from heat shock 27 kDa protein. The peptide sequence and
periinent 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



- 21 DEC 2005 "b" or "y" |abel indicates the nunber of peptide residues in
that ion. Doubly-protonated ions, i.e., ions wwth a charge (z) of 2, are

| abel ed "++". DETAI LED DESCRI PTION OF THE I NVENTION I n accordance with the
present invention, there is provided a 5 general nethod for isolating a
nmodi fi ed peptide (derlved froma post- translatlonally nDdlfled proteln)
froma conplex mxture of peptides, suchtéas a di gested cel I @

general, the nethod conprises. the steps of: (a) obtaining a’ g? E@ﬂﬂﬁceoUs
preparation froman organism the protein preparation conprising nodified
peptides fromtwo or nore different 10 proteins; (b) contacting the

pr ot ei naceous pf, epar, th st one immobilized

modi fi cati on- sBeE f.@abfﬁm&émf&?é ﬁ‘&d@i—'f@ r ofPepHde rRpidies ivdkatiome nodifi ed
peptide speci fpgait r&@Hé‘l@dt?dné 08, hdﬂmmtﬂé Qg“ef(ez' % {b). Ina
preferred enbodi rne*iIF1¥5 the method further %ﬁ g 'S ZB?%’ arérl‘aﬁélgé’f+(d)
characterizing nodified peptide(s) isol ated in step (c) by nmass 15
spectronetry (MS), tandem mass spectronetry (Ms-MsS), and/or MS3 anal ysis,

or other equival ent methodpetALEyDESGHIPRORORTHEINERRRA MENt, the invention
provi des a nethod for isolating a phosphopeptide froma corrpl ex m xture of

bepti des, the et IiegosedBnES LAt thd)BresbRPRvBhtiorl flerhd Biclidad 2 pr ot ef naceous

pr epar ation 20 froman or ganl sm wherein FI’ ot el naceous pr epar at i on

conprises Sphdasetépethaddoriselatingyd nmdlfﬁﬁd@eﬂi def(dedvad foorteepost:  (b)

t act th bi | d
ot 1 speci {1 dartisioRal AR ERAN Hon? B il B3 S8Rt TR o1 i ng
at | east one gshadigested cwlldybaimln@eaeral, the adethsd catprigesithel stelset ofone

h h tid i fical bound by th nmobi | d n st
phosahopert) e b Gkl bl SRl PR 0 7.,
mass spect rorpﬂeparatlbﬁ):on'tpﬂsﬂgnmm&éd p@ﬁﬁiers(ffmﬁ two oMok Hiffepetit/ or MS3
anal ysis. |na refer further conprises digesting

o o ot lona A, (S eaei0g T Pl tEaaRe S RIGRHIAdAN R IRa PN Be o | e - 16

immobilized modification-specific antibody; and (c) isolating at least one

" modified peptide specifically bound by the immobilized antibody in step
{b). In a preferred embodiment, the meth‘o'd 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 inveniion provides a method
for isolating a phosphopeptide from a complex mixture of p'epti'des, the
method comprising the steps of: (a) obtalning a proteinaceous preparation

20 from an organism, wherein the proteinaceocus preparation comprises
phosphopeptides from two or more different proteins; (b) contacting the
proteinaceous'preparation with at least one immobilized motif-specific,
contexi-independent antibody that binds a motif comprising at least one
phosphoryiated amino acid; {c} isoiating at least one phosphopeptide

25  specifi célly bound by the immobilized antibody in step (b); and (d)
characterlzmg said modified peptide isolated in step (c) by mass
spectrometry (MS), fandem mass spectrometry (MS-MS), andfor MS®
analysis. In‘a preferred embodiment, step (2) further comprises digesting
said proteinaceous preparation to produce a complex mixture of peptides.




21 DEC 2005 In another preferred enbodi nent, the notif of step (b) conprises
all or .part of a kinase consensus substrate notif or a protein-protein
binding notif, or consists of a single phosphorylated amno acid. In sone
preferred enbodi ments, the methods further conprise the gzts of (e)
utilizing a search programto substantially match the spe + HEC @83 ai ned for
the isolated, nodified peptide during tH& Ttharact eri zati on of step (d) with
t he spectra for a known pepti de sequence, thereby identifying the parent
protein(s) of said nodified peptide. The nethod of the invention enables the
singl e-step isolati on (and 10 subsequent characterization) of nultiple

di fferent m)dlfled |fd orres ondln 1o a mltitude of different

modi fi ed prot ey ?Sﬂ'ﬁﬂeﬁé’ dﬁfﬁ ¢fipiep h)wgmprisas ebedy. The

method i's, thesgf @F &kméé% b@rﬁ%@sﬁ@%ﬂb&%@%ﬁ%‘?% dr@tgﬂw-g&?érhgm&ﬁgaut omat abl e.

organi smw de) profil ng of activation states, rea

The net hod al | B@HS, oF @@nsestaabaélngtmehqahomﬁam agind agidde pr of i I i ng of

nodi fication states, such as phosphorylation, of many different proteins in
atest cell or fl u.ittlsomegare&rwdmbmﬂmets 1heamethud|sﬁartmt domprisedher ence cel |

or fluid (e g. 5 luid o f mahealth or ni s Motif specific,
cont ext - i n?epe%‘%%ﬁf eﬁ’#l'%‘ﬁ?%‘?af?ﬁyp@@r%f% BHGICH EFRAATS i n t he
di scl osed net hsidsined festhe @eﬁlatb@d‘h@mﬂe@'p@ﬁtt@é"@ﬁr‘ing ﬂi@cﬁﬁa'r@éieﬁ'ﬁétt[bh%f conpri si ng
one or nore am no&cgmds i ncl udi ng | east one nodified residue in a nmanner

that is highlySiPR ﬁ@ﬁb@ﬁtspéﬁfrﬂ@aHﬂqwrbpewepﬁmnﬁectbate@n in which the
f
motif occurs 'Jﬂeﬁﬂiklhb@l‘l@?éﬁgf‘@r% s)BFQé: :H\éd g%ﬂ , genome.

Moti f-specific t ext antl eir production, and

their applications Weemgﬁr%?rdfl?f?éjm\/?nma@@&ﬂé&u@&s&@@!&%ﬁ(ﬁnc( VO

00/14536) . Genorre- wi dem?I ? ot el ns usl speci
cont ext - i n@epe&\@éﬁﬂu%m peagteriza @n)gﬁmulaplew:ﬁefeabmod@ad peptid#sC 2005 - 20

corresponding to a mulfitude of different modified proteins and signaling
pathways, with a single antibody. The method is, therefore, suitable for
genome-wide (e.g. cell-wide or organism-wide) profiling of activation
states, and is readily automatable. The method aliows, for example, thé

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
dlffermg protein context in which the miotif 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 &t al. (WO 00/14536). Genome-wide profiling of
protelns using motlf-speclﬁc context-independent antibodies is generally
described.



The isolation nethod of the present invention represents a significant
advance over conventional nethods for identifying nodification sites in
proteins, particularly with respect to the following: (i) the nethod is
useful for biological sanples that have not been, 5 or cannot be,

radi oactively labeled; (ii) conplex mxtures .of peptides éddEbdlesol ved in

"~ a single-step and there is no need for20i-tely and costly purification

before analysis; (iii) the nethod utilizes affinity-chromatography and thus
is nore specific than existing nmethods, such as I MAC, since only nodified
10 peptides are purified, and unnodified peptides do not contam nate the _
purified, nodified peptide fraction, even when the overall |evel of protein
phosphoryl ati on i s Therigolation meithod ofitbe peedent irveation rembsents 0l at es the type
of nodified resj rgeted by the affini rificatjion, thus, from one
corpl ex.  unpurtaitint BBATe eohuEBnnl Hetnbrifer BB hodfidation
predefined, nasktesweptodsing Nsarti Bh fdspeltid thedos@hydes (e. 9.
phosphot yr osi ne- cont ai ni ng peptides can be purified using a general protein

modi fication anti bogiyhbohethel RSRELbOBIbRGIcaP5Emblos(thit BaREfotiagnmet hod i s
based on a stable antibody-antigen 20 interaction, 1t does not Have to be
adj usted as digrfcapeebe; sadipagtivelydabeladl yzed; (vi) the recognized probl em

with existing protein isolation nmethods of having non-specific peptides or

“proteins binding t dif).cosmdex miduigsial geplides carbbanesatvat ini esinglecttep ns i s

obvi et ed <t PerinbiciE b Atk B el T Ak SRR S SRR Y Y, e,
0 So0et 190 Oh ) RO ok o B b S B RGED oT
net hods,  and spegific feareéxisting mathiode usuohl g5 WMAC; sine¢ edlytmodifigdh- t hr oughput
automat| %Mo peptides are purified, and unmodified peptides do not contaminate the
' purified, modifled 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



and reproduction. As used herein, the followi ng ternms have the meani ngs

I ndicated: 5 "peptide" neans a fragnent of a whole protein, e.g. a protease.
cl eavage fragnment, having a sequence two or nore am no :ﬁci ds | ong;-

"nodi fied peptide" nmeans a peptide having an am no aci d; sequﬁ@@ﬁmgorrpri si ng
at | east one, but alternatively -nore than one, post- :

transl ational l y-nodi fied am no acid, for2fxanple (but not limted to), a 10
phosphoryl ated am no acid such as phosphotyrosi ne, phosphoserine, or
phosphot hr eoni ne, or an acetylated am no acid, such as acetyl-I|ysine;

nodi fied peptides may contain multiple nodified residues of the sane type
(e.g. two or nore phosphorylated residues) or may contain nultiple nodified
resi dues of differi(uid) thepeethed is simpidresgheasidrds ede tiear existiranthethodss

gl ycosyl at ed rgsjdug).. ..conplex.m xture .of tiﬂ_gs" means, a substantially
unpurifi ed m'ﬁdugeﬁgfefgp%{%ﬁﬁﬁqub’V?.’)?Fjlf'ﬁlli”%fdetgg—ﬁﬂh" B?Q@&aym%bndi ng to
two or nore dafd mpesdughienent proteins, typically including both nodified
and unnodi fied peptides; 20 "protei naceous preparation” nmeans a preparation

of proteins and/or eptides.fro ne.or, nore cells, tissues, or biological
fluids of an or garﬁ‘g\"rged/\ﬁ%rteﬁﬁh%m”ir\gi t@H“%F'aY)‘%thef neanings indigalpds
pre-purified), for , extﬁg),l e a crude cell extract, a proteolytic digest,
serum and X he | i kePEPYHR iMRRIIP 2 Heamenkolmwhels protein.cegrdPHigASeant i body,

pol ycl onal ot clévaBeTPAdmEn navlfl b\ hldfedtnd SARBRILmilGq] longhc! udi ng Fab,

Fab', F(ab')2 and "F(v)~ fragnent odi f1cation-specitic antiBbdy" neans an
part of 'a modi f1ed mReIeE " BpR A B e IR nrBlAdk & o et ds.
i ncl udi ng a gesefUENcercdinprisiagiat feasp oné fhut altarnativeltyneone thamonef pagteci fi c,
cont ext - i ndepepgeitic3ah-Afified amino acid, for example (but not limited {o), a
10 phosphorylated amino acid such as phosphotyrosine, phosphoserine, or
phosphothreonine, or an ace’ty!ated amino acid, such as acetyl-lysine;
modified pepfides 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 profeins, 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 c'rude 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, Fiapyz and
F(v) fragments;

“modification-specific antibody” means an antibody that binds at
least one madified amino acid, either alone or as part of a modified motif



"general nodification-specific antibody" neans an anti body that
specifically binds a single nodified anmino acid, for exanple

phosphot yrosi ne or acetyl-lysine; the termincludes, but is not limted to,
a nmotif-specific, context independent anti body that binds a notif
consisting -of a single nodified amno acid; "notif-specific,

cont ext -i ndependent anti body" neans an -&at- body t hat specZ | |ﬂealzmug

recogni zes a short anmino acid nmotif (typically conprising 10 1 to 6

~invariant amino acids) conprising at |east one nodified anmino acid in a

manner that is highly independent of the am no acid sequence surrounding
(flanking) the nmotjf in the peptide (i.e. it recognizes the nodified notif
in many, if ndOMRISNG @HB’P'Q@?W%@}% dneliding eagneral mndifiestion-specific

substantial ly jed formof the 15
motif; (the préo @g gFg P%aan’téagﬁ%h &gbﬁl ngg ize a plurality of
pepti des or protein | e tar not.i f, has
been previously des?re}a%e%wbr?%ﬁ%ﬁgﬁgﬁegh&%n@%%%%én %'H% gy)th b he

anti body may tspedifiaalt;obinﬂs asirgles modificaf araingisvid, fommdinipled am no acid or a
not i f corrprl Si tiple am Cli, ds Iud| ng .at | apst one npdi fi ed 20
amino aci d 3e. %% EH ty@%”ﬁa‘?’ia‘@?yliy Jé% Qf%@@ﬁ'g % Potdinaitaddp; )
"parent prot eipstirepReHc! &m@;ﬁqﬁ@éﬁynabnf ammaerwﬁét And ¥ BibiReBhdishg S (or

potentially is) derived; "phosphopeptide" neans a peptide conprising at

| east one, butdf asingle madiied Wm@ld han one, phosphoryl ated am no acid; and
25 "protein-protein binding notif' means a short, nodified notif that

medi at es si gnal tr ameefispeeific, M@Mﬂdﬂm@dﬁgt ardibady’angsns pn @ntbody f or
exanmpl e, 14-3+3

phosphot yr osi ne %ﬂé Iﬁagn%%tr?apﬁlzeg% Dﬂ he | %g%é@ﬁ%p%ﬁ%gg ¢ bﬁlghe
teachings 16f allo G mﬂfer[@ntmmmaceﬁ) complisisg s tamist ooa nionifiear aminberciby

o porat e s B R P BN oI o A SRS and voes o

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 unmedified form of the

15  motif; (the production of such antibodies, which recognize a plurality of
peptidés 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 pepiide comprising at least one, but
alternatively more than one, phosphorylated amino acid; and

25 “protein-protsin 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.




Pr ot ei naceous preparations 5 Proteinaceous preparations containing conpl ex
m xtures of peptides for isolation of nodified peptides according to the
nmet hod of the invention may be obtained from any desired organism For
exanpl e, the preparation may be obtained from bacteria, yeast, worns,
anphi bia, fish, plants, parasites, insects, or mammals. In a preferred
enbodi ment, the 10 organismis a mamual23In anot her preferred enbodi-nent, -
the manmal is a human. The nethod can be applied to a p?éﬂ&ﬁ #eous
preparation from one or nore cell ‘types or fluid sanples derived from any
organi sm Proteinaceous preparations nmay be obtained, for exanple, by

growing cells in ttss e %ul ture according to standard nmethods, harvesting
the cells 15 from clig iaegioh all yefetattces Cligin bis spasifidajien e t he cel |'s by

soni cati on or {E@;\Q [ S ' lls. Lphaceous
preparations rpaé;égsrrggé e o%?i‘ieﬁg%gir%g c% F%Ibn %?Etsz aggﬁ@%gég In a

pref err ed enbdfidusss, of tie investarcareaigscabed inambreogstpil bslowl e. These smal |

pi eces of living tissue, typically weighing | ess than 20 500 mlligrans, are
taken directly froman organismand used directly wthout growth in tissue
culture. The uUdefeinaceelss prepargtionssue all ows direct analysis of the

bi ol ogi cal state of the tissue without .introducing artifacts that nay arise
as a consequence ofPrgieivackous praparations caniginipg coaylexemixturegeé from a gi ven

[ L aF | | ] . 25 f b ,
or ot at o ot o Heattes o Wate el AT ol R sttt metiaEhd! Mt ot o1 ns
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proteins involved in neurqgtransm ssion. Fat cells can be cultured or
obt ai ned by bifSpRIatign QQY?HP %?té'tnéﬂrf@"i' heefetad/aast. mrsmse amphibia, fisbchani sns of

fat depositio ' r j f | ; 005 -24
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sanpl es may contain peptides or proteins fro ce I nes or types.
I n additidR, cEganisnies mammatdaanpiher peieired smotivaent; g meoingl tise

eng | neer ed  geNRlimER! The mBtifod cdrbPHFHIRERG SitofbitdRbEE BrifiHf b have an
. one or more cell types or fluid samples derived from any organism.
Prdteinaceous 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 directislz
without growth in tissue culture. The use of such fiving 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, prbstate, 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 -



regulatory role in a specific pathway, e.g. cell lines overexpressing Akt 5
protein. In other preferred enbodi nents, proteinaceous preparations are
obtained frombodily fluids, such-as serum wurine, spinal fluid, or synovial
fluid. Preparations from bl ood sanples may al so be enploggq3$2@ t her cells,
e.g. erythrocytes, are first renoved or not. Proteinaceo ' rations are
obt ai ned by standard nethods, 10 e.g. -f&k~cells and tissues, by sonication,
honogeni zati on, abrasion, enzymatic digestion, or chem cal solubilization.
Generally the nethod used to lyse cells will be the one nost commonly used
for that specific cell type, e.g., enzymatic lysis for bacteria, abrasion
for plant cells, and sonication for animl cells, but other desired nethods
may be sui tab|§amﬂe§mﬂyowmm Peptidemearprotaing fromamultiplenss!ifiines ws ¢ypes. t he
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of experi mnt aproiéin, ﬂﬁ%&m?ﬁef@ﬁ@dfe‘rﬁﬁdxrﬁéﬁts E%lﬁéé‘édﬁfs?r‘ééé‘ralﬂﬁggaﬂ ude cell

|ysate (for exanple, fromtissue culture, a bio a partially
fracti onated |Sanedfros: bedilyfiids, sich s gaTym purine; Bemahﬁmﬁrmmjnomabr ganel | e),
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react wth oneceils, ecgreryﬂubsytesa,taeef“mtmmonsd orhoiever, if desired, sinple
purifications may be carried out to renove non-protein el ements andl or

non-si gnal i ng, st r (Ribteirdcepus pespasatinns vt abtkined by shedard methodsy
col | Ul ar dithr 1&boeh TR G lneues Y Sieatia, Remogshibeton 6988, by 1 ot ment
with class- Spwﬁynfauerngeman Sordhedficdl elubaRaton, Gardramethehethdad RNA. In a
preferred errbOds!erﬁgtlyse ce?ls l?lgee Ithneagﬁg lrjnsos%gnglgﬁro?'ﬁ); t?sned for that specific cell
type, e.g., enzymatic lysis for bacteria, abrasion for plant cells, and
sonication for animai 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 o_f identifying low-level modifications and makes it less likely
20  that fractionation methods will bias or skew the profile of experimentalty -
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 vifro 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 protéins by
standard methods, e.g. by centrifugation to remove erythrocytes,

30  uitracentrifugation to remove cellular debris and cytoskeletal proteins, or



Is a crude cell extract or fluid, which has not been extensively purified.
Pref erably, proteinaceous preparations are obtained so as to 5 reflect the
baseline, in vivo activation state, e.g. phosphorylation state, of proteins
in a given cell, e.g. a breast cancer cell. However, prQteiframgpus
preparations may be obtained fromcells or organisns pre-treated with

i nducers. For exanple, cells grown in tiZdsue culture can be exposed to

chem cal s such as calyculin or okadaic acid, which broadly el evate 10
cel l ul ar phosphoprotein Ilevels by inhibiting cellular phosphatases.
Alternatively, a considerably narrower and nore specific set of

‘phosphoproteins in pathways can be induced by treatment with hornones, such

as epi dermal dwoigaimeat wih classppegificienzymes stchas niclpases fyrepavenay's.

Organi sns can eat ] . i f ' ) 15 and the
effects of the[?gﬁ% " gg:t{%hﬁ‘sgg'ééﬁé#;d g‘f,“ﬁ?g'g?ée"é @?ﬁé@%ﬁeﬁggﬁhﬁa@% yzi ng
speci fic tissiga audd beli extrdat onfinidewhicharmisarot bEen elxtansively parifieldex m xture of
pepti des, the proteinaceous preparation, which contains a great variety of

di fferent proteins Preferaisly gastehthosioud pesithliciy sreuebined ¥bize tenzyne, e.g.

trypsin or chenjcal, 20 cleavage reagent, Any suitable enzynme that yields a
significantly rgﬁ‘?%é‘%‘? 8@8%}"& # W%@%ﬁ’@“ﬁ?@ﬁ?& f-JoPhespherylaiinn $toieept i des as
opposed t0  pPrpbRindsh A GieR S 8. Bdasi Gincar 38R IfowaePhtEhaRREE LYS- C.

G u-C, Asp- N,mchyrrqt ryps?n, ea%t her mﬁ ysni n. élgiﬁ I-ZO pref ’eé@gﬁherrbg i ment, the
enzyne is trypeeparaiensimeayreeaoblaingd Stonpeells errorganisms preresalied withent 25

proteolytic e ri .y el tides suitable
for mass spec?ﬁ%dn%?sr'ﬁr%%ygli 5 dg@&'g%np@&s}égggﬂgﬁ%ﬁe §g&°§ﬁg38 acids in
| ength or | esshefricals suckens chMBculizt dronkedaicaedsvhion bedadly eleeites may be
carried o in n tic solution .Qut..it i referable to digest the
pr ot ei nacgg}us Cﬁi@ﬁgpéﬁ r?/\t)fame\’ﬂﬁﬁgi"%ﬂ'flé@ﬁg ﬁ?@f'gbghﬁﬁp%‘agrﬁ?nes (e.g. 30
trypsi n- PORCS Alshativelyy ai dorslderdblp naionbi @6 Biops ¥péeiiGsel 6ic. , 2 1 DEC 2005
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phosphoproteins in pathways can be induced by treatment with

hormones, such as epidermal growth factor, that activate certain signaling

pathways. Organisms can aiso 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 obiain a complex mixture of peptides, the proteinaceous
preparatibn, 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. mosily 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 ouf to vield smaller peptides suitable

' for mass specirometry 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.,



I sl and, FL.), because they can easily be renoved fromthe di gest by
centrifugation or filtration before the preparation is contacted with the

i mobi | i zed anti body. If soluble proteolytic enzymes are used, the digests 5
are preferably treated with inhibitors such as PMSF or aIHH@F%QO
macr ogl obul i n before the protei naceaus preparation is cont'at %Vth t he

i munoaffinity purification device, so-td@at the proteolytic enzyme will not
degrade the i mobilized anti body nol ecul es. Preferably, proteinaceous
preparations for use in the nethod of the 10 invention contain nodified
peptides, e.g. phosp hope ptides, fromtwo or nore different proteins, and

“in nost cases contain nodified peptides from a nultitude of different

protei ns. The faginghastddbs tiypeipavliatrixdrm ﬁMadablB;iromMuEhTets Marconpl ex
1 xt f f d fied, '
pept i des. For Helh e Woald By el bB3rr Bt Fom ARcLoB8Bioai 11 e by

phosphoryl at i me,ntrﬁc@t;dn&bnftbtretldnﬁiéfweame(piﬁepaatlérﬁtsl cUhtactdd WitAshé at i on, or

gl ycosyl at i on, Pz g ?5 %g %& shna et alL, Adv., EnzynoL Rel at .
Areas Ml . BlATMGPZednt gdy-1 @féyble leplylc earymes e usegh the digsisechnol 8.
718-23 (19%7) aré'bréfe RIY feated vﬂﬂﬂﬁﬁibﬂﬁfétsu&% @M?,Fedr e'H?xtEr?é’n pES preparation

contains 20 phosph og tides fromtwo or nore roteins.
Accordingly, trn@@r@gl Qﬁ?)b@fﬁfﬁiﬁh& Rrotinageons dir¢paratipreist Goméacted with the t he

ai ven or gani srrrrSafinity B RERAceS o Hitfe pfotadi i Frbltfe B 17 Fus”
provi di ng a sndggradethedmmatiiizedadnitibody rafleésuleés) t hat organi sm The conpl ex
m xture of nodified 25 peptides in the proteinaceous preparation reflects

the baseline, in viRreferaahﬂy,i pratehmeshabt&pératlddsa‘oguy@m tegasthednodthecel | 1 ne,
but may, as, di,scussed ove, refl f activatio treated cell,
so as to ra@f | 8 e'ﬁ’ﬁ@ C@f"?aé'éfmdgfedtq ORSrf: ﬁmpﬁe %Soho@t In certain
preferred embqfbrRdisrent PRISIAGHIIIAGRS TaBELBG AN madmé@ fégaéﬂaslﬁcﬁﬁ a
ei gested biol ogical sanple selected fromthe group - C 200

a multitude of different proteins. The protelnaceous preparatlon typically

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 stat_es in that organism. The complex mixiure 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



consisting of a digested crude cell extract, a digested tissue sanple, a

di gested serum sanple, a digested blood sanple, a digested urine sanple, a
di gested synovial fluid sanple, and a digested spinal flluid sanple. The

di gested preparation nay be obtained using at |east one 5 roteolytic
enzynme, such as trypsin. In a preferred gnbodlnent, the HidECINHti c enzyrme
I's immobilized. In another preferred ei dinent, the proteolytic enzyne is
sol uble, and the said digested preparation is treated wth a proteolysis
~inhibitor prior to the contacting step (b). Imunoaffinity Isolation-10 The
~ proteinaceous preparation, which contains a conplex m xture of nodified and

dified t f | it f diff t t tact ed
W T an § oy (9B RERdeBiad G bel prectcs pidsoidd fesig soinmtea T
phosphot hr eon'di@éstéd‘s@r"uﬁ?éaﬁ‘lﬁle' éQﬁg’és?edTﬁiBbSd séﬁ*np'ﬂé)f? ﬁgééted%‘ﬁﬂ%' des CO”t aining

the nodification for which e 1 nmobilized anti bo S specl
Peptides with &W%pﬁ)ﬁ@ﬁﬁ‘i@dﬁdn%ﬁ ﬂuid:aamale Bnd e dlgestaé spimabuit zed

ant i body, mhll p ot her

nmodi fi cations o not %ggStgama 9)?6 ﬂ’?ﬂ‘g@ﬁ“@#& %%Paﬁng to the

di scl osed ffet hwdicalytiownzyme, sxmh—ﬁtqppsnrs(bﬂ] atpreferret! embasdizdnt, @nge of desired
peptides (originating fromdifferent protei s from ub anti al | y
unpurified, %0%8M?§QZ¥H’§H%F@E°®PZ%§ Pf? T Aient #58di nent, the
anti bodi es ar q:rﬁt@w%e@hizymbIfsﬁ&ﬁdbtbOancﬁfheléﬁd Hng@@fé&%ﬁSfa%BHst §§tb8 SUC“ as

agar ose, polystyren or silica, by standard t echni ques. Brie

car bohydr at e~ gV 9"Q§P°Wﬁé'W't%@ﬂ?”%ﬁ@@ma@@nﬁﬁtemm)dl zed to reactlve

al dehyde groups, which are then 25 covalently bonded to the hydrazi de groups
of deri vati zednfihiA6%H Bbatiohesi ns. See, e.g. Hoffrman et al., J. [ mmunol.
Met hods 9: 113-120 (1988). The carbohydrate groups of the antibody are not

required figr anti gqme grefREbiPPrepdraticSwARBTorMind o0es not
interfere with their I:rblltytoﬁ p% Wﬁgﬁ Imgtﬁis stanﬁrd met hod

or others, antaftepdiied ay ﬁmféoé*f@féﬁﬁbfdﬁﬁsd‘p Tarn ecrtaralir efistiflersabprotaiss,at  hi gh
concentrati ongg ogidoted vilart MiMobilized, modification-specific antibody (e.g. anti-

phosphothreonine) in order fo 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 accordiné 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 mixiures 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 reaciive 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 fo bind peptides. Using this standard method or others, antibodies
30 are attached to chromatography supports at high concentrations, and




-28 .because the antibodies are attached covalently to the resin, they do

not |each off the support and contami nate purified sanples. Alternatively
anti bodi es nmay be i mobilized by non-coval ent attachnent to protein A or
protein G which have been previously covalently |linked to agarose resin, 5 -
as in another preferred enbodinent. It is sinpler to innnbiﬂ%i&zaﬁtibodies
to protein A- or protein Gagarose thardét- is to covalently i mobilize

anti bodi es to agarose. However anti bodies inmobilized to protein A or

protein G supports have the di sadvantage that they can be used only once,
because the interaction of the antibody with protein A or protein Gis 10

di srupted by the conditions used to elute peptides fromthe anti body. Wen

t he conpl ex nibacakse die artfhodirssaremtianbed covalentltodbs resiethepdomoti s

ant bocy- r st neaolf e Bie AP SR Sonainble PR Lo R ARG En « hey ar e

- present at | ovaritibudies nfay be inmobiteé® bamottovlent SttacHmentasprsteini A obat ch

format, the protein ce%u reparation is contacted with the anti body-resin
by nixing as &TeElN gy')” EM% eg Rrevigysly coyplpntly limkeshiorganess 168 i s t hen
renoved by scerdd ihfangeHd bl tendid elifis of | VYo b m
format, the covall ent F{%rﬁp?]fﬁfggljant idggg?/'jt‘rae‘gllsnswiﬁéie‘?g%ﬁﬂg}ﬂgﬂé%e\?mh%(ﬁﬁ %acked in
a chr omat ogr aghpretsi oF piptEin Reagayope Hran ihisdewoyalenty immpbiine i s passed

t hrough the ¢ : e ' o bilized
anti body are (r)Ae lgp %iggq%ﬁﬁﬁﬁggbapﬁgﬁér %ﬁ@88%§§W'%8q§&E&EW%ass t hrough
t he col um. -Thotir Gagbporte diane thegisadvardags thet thpyedar bedsahbaidi ment , be
cont ai ned within m cropipette .ti 25 lym_size, .flow rates, .and
condit i ons (¢ Geepppedisanhg Tiprastion Br e arRodimaR it ebtbit @d i t h
standard t@chrdigtupied fyothel condliens Lsed aBlutspestideeFadr Rteamtibiodyas BSA,
detergent, or be added_  to, the proteinaceous preparation prior

ol ymer ma . . > ]
to contact wi RS ﬁ?fﬁéliel’cirﬁ'é@"'e gheesiiay in MeP@iRineepqserepAatieniSspeci fi c
peptide 10Ss tdynpiql MiR WP bhbdyIBsihIfh &itHer Bagth drtididinR ¥rhidt GRk! On step may
be optim zed, if desired, to,
antibody-resin selectively binds 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




-29 21 DEC 2005 ensure that all nodified peptides in the sanple are
quantitatively bound to -and eluted fromthe anti body-resin (i.e. little, if
any, desired nodified peptide is unbound). For exanple, the nolar ratio of
anti body to nodified peptides, the anount of antibody per unit mass of

anti body-resin, the 5 length of tine the sanple contac?$ DEB€IfNt i body-resin
(including recirculating the sanple thr-&&%h an anti body-resin colum), the
tenperature at which contact occurs, the inclusion of additives (e.qg.,
salts, detergents, organic solvents, or polyners) that nmay enhance
Interaction of nodified peptides with the antibody-resin, etc., may, if
desired, each be 10 optim zed by the skilled artisan in practicing the

met hod of the enfkEdthadgll modified pepiidesiie theesdropierarequantitativelpbbind toy

isolation is ¢ | A | J 2] dgvi ce_consi stin f one or nore
modi fi cati on- s%{ec!:'lglﬁ %(%rﬂttﬁ%gmﬁedsdy?ﬁ%%b@ﬁ @ﬁﬁ’ 'Fﬂmé qsgsmagl ,”%‘f@f‘?—dgor ous or

macr opor ous r esépiidefimunboural). Pacdseshplo] theandlai mtivadiantiBédy ©chedMed Wi th an

i nternal dianeter, of 15 about[ogo to 300 mcroneters. While capillary colums

of this type mpﬁﬁ PRGMAHE @Gﬂ%ﬁ’s}@ré@“ifﬁ?ﬁ%ﬁpﬂiﬁb@@%%ﬁi@d €s are al ready
widely useq, [Eﬁgt‘grofttiﬁ"léﬂl% édﬁ%lé‘?&nt‘aﬂféefﬂé'a%bo@g-\%éirﬁl gl:léiggig urms packed wi th

i mmunoaffinity supports, as disclosed herein, descri bed.
| munoaf fi ni t yeckellalingihedample $hrotigh Be antibedy-resin nolumnd; thenst ruct ed of 20

the “cap; 11 ar i ouiter e 2knEH BORteEe odB8 g it BhodiVas oo Btoat the tip
is 3 m cronetdsisrgentd, esganicisoluentayorgpapheas)iticatmhay esteridelisteyadiihlogr . The
and Kennedy pr/0oUTIRE PBBfiSS i i SR rodl; Bios ey deiatcaends O
col umm. t hr mughoptintizéd bl tienskillseeartiSan In pradticiag the Aidkthodhfahb &ent®s: 93- 101
(1998). Resin particles are larger than the dianeter of the capillary tip,

so the resin accunihatgefdribd ifbSdinent idffiroafMngiasatn BcBRfd &t applied
t hrough the bonb. Wien the packed col um has reached the desired |ength,

the pressure i ¥iizingRdevies goRsiging ofane rmereamegifcalio-gpaciic

antibodies immobilized to a rigid, non-porous or macroporous resin
particle, packed into a thin capillary column, with an internal diameter of
15 about 50 to 300 micrometers. While capillary columns of this type
contaihing 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 fo fine tips, so the ihternal diameter atthetipis 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 ef 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 the bomb. When the packed column has reached the
desired length, the pressure is relieved, the empty back of the capillary is
30 frimmed away, and the column is stored or used.



30 trimred away, and the colum is stored or used. -30- 21 DEC 2005 A
preferred resin is PORCS, a rigid nacroporous resin devel oped at Perseptive
Bi osystens for use in perfusion chromatography. Resin particles are about
20 microneters in dianeter and are of uniformsize. The resin is sold
comercially through Applied Bi osysterns (Fram ngham 5 MA), including
chenmical ly derivatized resins for covaF&Btly attaching2bP i d0hs such as
anti bodies. Qther suitable types of resins known to those of skill i'n the
art may be enployed, for exanpled, magnetic DynaBeads from Dynal. This

I mmunoaffinity isolation colum can be adapted to be used as 10 (i.e
coupled to) part of an el ectrospray source on a nmss spectrorreter so t hat
pepti des can be reddplefersathiepings P@R@S asigichmiaoroparaus nesin dedelopeainpl e | oss.

acis ab a 1) o Eetabelb Rbasielys tanoBRis beiou hPuelba BRI RRERC tncara.
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per ponai cut ar o S0kl A3 B Yh.a bRy Aok Bl CBblhntc BuRigis, “The

el ectrical cofeeDynalfromthe mass spectronmeter through a |iqui d nmet al
junction. Al three devices are secured in the fitting with standard PEEK
m cro-fingertight fﬂhﬁéWﬂg&ncfdfmutyubmla’ﬂbrstﬁamscanBEaMé@@o beuged by used 25

with the sssectr s .re >d and repl aced | atform that
hol ds t hi g% Peg’seté’iﬁﬁ“?fa&%% GSPEYFRUM® ehd ﬁﬂ%ﬁ@"@@@um tip can
be precisely vs@ﬁhéﬂbé;ﬁraeexcaml r@QdI%ﬂhﬁsﬁi@réf&r\iﬂcﬂé’uoﬁrwﬁw&]lmmaq:r omani pul at or
on the platform so the 03|t|ono t he spra colum tip relative to the.

mass spect r omS@EPIRjasei tae capibyyiceiunaitselyis 5%13' ﬂj' aftlbte the mass
spectrometer and acts as a fritless electrospray interface. For example,

using standard low-volume HPLC fittings, the column is inserted into a

15  plasiic (PEEK) micro-tee fitting (shaped like the letter T). A capillary line
from the HPLC soivent 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 fow flow rates, typical less than 1
microliter/minute, {hrough the column to elute samples bound to the

20 column. A gold rod is inserted inio 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 sleeves. 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




-31 21 DEC 2005 current ‘signal. In this way m crocolum liquid

chromat ography and micro- el ectrospray ionization my be conbined into one
devi ce. The solutions used to elute bound sanples frominmunoaffinity
colums, e.g., 30% acetic acid or 0.1 Mglycine, pH 2.3, typically are not
5 conpatible with direct analysis by el ectrospray mass qugt[ﬂi@nﬁ gy.
However, the immunoaffinity purificati e@ldevice can be used as the first
conponent of a two-dinensional HPLC system where an i mmunoaffinity
purification colum and a reversed-phase colum are directly connected. A
t wo- di nensi onal HPLC system using a strong cation exchange col um 10
upstream of a reversed phase colum has been described. See, e.g. Wshburn
et al. Nat. Bicdfedhsignsl irptihis way microoalummiiaid chyorditegraphyrafid avitrohe HPLC

Sampl e ol ut o JrERepy BREo RV G TNFTIRREE RVt fm. they bina 1o the

' I h | utJ
used for el ut i on: adTeSLRR§SaRE aPle oG Feiope s En@tndsiBona. sampl os

~can then be  eoiunmeg, f@B0%eacetiv etk PN M glyeReUPA US| 1DBicsH) A@Hot that are

conpatible_wth di'EFCt' an_alc%{si s by electrospray mass Spectronetry.

Al ]tga(rj na';] ively ;:;Omf@t'. W%Eg'ﬁ‘? iﬁﬂﬁgﬁ'sﬁk@eéﬁ?ﬁnﬁ@y H‘@ﬁté speEUromAky. usi ng zg |

sol i d- phase eidasld T I N0 | cribe

bel ow, and thend applr’?tgg tgﬁgbéﬁgvgﬁgg@b—%ﬁ?ge&%%p%ﬂl%eregéécug?suﬁrr%fﬂ‘ﬁtsan LC M5/ M5
system | n botdempenest of a tveo-diapnsicnay HELQUsysteray whenewant issmimodffigityras s

spectroneter . I r.e .i_oni they,elute fromthe cqlym as
described in gu?irlﬁ%msﬁo?ﬁrgﬁaﬁ%‘%&é&%ﬁ%ﬁﬁ;el 81‘.%'? P@ndl 'N&&E“%%ﬁ‘gri si ng
capillary col Wrivso-disnerdnaesPt Comdtdmiusing sasieonpeltion e@hangeé ¥oiliain pept i des
t hat bind %.nd ur(i:PISFrte fr m, . but

Wi t

om the colu al so fqor peptides that bind to the
ant i bodi ed Bayof aafﬁ’?rﬁfagf%ﬁﬁﬁ %&bhi%é%%aeﬁ&’%g%e%égcm um is
retarded, extengshiirh Beal. WeefBbResSTRi24phmmEioheyl. These col umms woul d be
reusabl e and have |I|ifetines conparable to other types of capillary HPLC

colums. See, e.d. The liquid siream from the HPLC system is diverted to waste

during the immunoaffinity purification step. As samples elute from the
immunoafiinity purification column, they bind {o 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. Alterhatively, 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,eluté 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 afso for peptides that bind to the antibodies with lower
affinity and whose passage through the column is retarded, extending the
usefulness of the method. Thase columns would be reusable.and have
lifetimes comparable to other types of capillary HPLC columns. See, e.g.
30  Gatlin, supra.



30 Gatlin, supra. -32- 21 DEC 2005 In another preferred enbodi nent, the

I mmunoaffinity isolation device is a solid-phase extraction cartridge in a
m cropipette tip. Devices that have been constructed with reversed-phase
and other types of HPLC supports (e.g., ZipTips fromMIllipore) have been
described. See e.g., 5 Erdjunent-Bronage et al,. J. Chromatogr. A 826:
167-181 (1998). These devices are attacRed to standard 1 8BDggsory pi petting
devices and are wused in the same nanner as pipette tips: as the sanple is
aspirated into the tip, it becones bound to the chromatography support,
which is then washed before eluting the sanple in a small volunme for

analysis. The tip, ;10 for ex | e, may. be fabricated_by enbeddi ng
i mobi |i zed anti bo&'}gpg_&eﬁpr&??%ﬁ%(?smboﬁﬁ‘??thﬁﬁdwmf@% ahyisslaliprend of a
standard m cr qRivRelis @ Jolig-phase extrﬁetﬁmf(gﬂﬁfgbﬁ% th@hs;{i% | pr.y 72

3605- 3610 (2000). Taking advant age' of -t gener al of anti body
nol ecul es, t hdBal hfvgikess Gapgtryeted wilhpeversedmhaseradaibieniypes abdPHCt hen

mdi at ol bSaPe 80 AT o MABEHE) B bR E R b " o be

used to fract iErdarentiBremage@! al.i HLhrosmiogdA Bt 168)1891¢988)Pheseand t hen

di scarded. | npaf f i ni separatio al so_be perfornmed with other types
of solid supp V?ﬁssatﬁ%ﬁhggée‘% r%%‘%dq‘rallqr&i?tpﬁhp'ﬁﬁﬁﬁ'ﬂa‘{?é@e@ra@eﬁfﬁl e supports
for MALDI - TOF yzag3n #e S48 hiaimer BY pi Fip8: i eni . Anal .
Chem. 366: 635- 645n_ (2000); Lian g{p@%@.tlpﬁng? F%éeﬁﬂe?lg?@@@%gma(1998).

| mrunoaf f i ni t yhe 884 ihbeenines bewr Wegdhe shraeateatarby sepperiewhishdmitieoon nmay be
carried out w REeHetd LR : sed- phase
or ion. exchar%ée}’?lgﬁr onmat oég'jl?ta h@%%%@% ,elmlgﬁvéoma E)g%grg’éﬁfsgf lrj-g%%é’rrbodi ment s,
addi t i onallOchrfenexangplapmay betfabinatedby pmbeddingdyembhilizedoantibody-resin wi t h, and

Por Cexanpl e 47 s R EBGERbbo Unlvor Shd HicRipibSR LR hase” "
sol i d-phase ex.g.dChifica etak,tAnal gehem.d72:13686t361052000 % Takingrazaniaget he or gani ¢

sol vent concery Ehaet bgr?ergﬁstggﬁty 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 (j.e. iso!.ating
desired peptide) one sample and then discarded. Immunoaffinity
separation may also be performed with other types of solid supports, such
as porous filiration 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 in{lention
may be carried out without additional chromatography steps (.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
fréctiona’ted by increasing the organic solvent concentration as the
30 cartridge is washed in steps. Each fraction would thus be enriched for



30 cartridge is washed in steps. Each fraction would thus be enriched for
-33- -21 DEC 2005 certain peptides, with mninml overlap between fractions,
and the fractionated peptides could be nore concentrated than the peptides:
in the wunfractionated digested cell lysate. In the same manner, the
digested cell [ysate could be prefractionated with an ion-gfchaa/% :
sol i d-phase 5 extraction cartridge, whi¥ woul d be devel ope bﬂf hi ng t he
cartridge in steps with increasing concentrations of salt. In one preferred
enbodi mrent of the method, inmobilized netal affinity chromatography (1 MAC
I's enpl oyed as an upstream pre- puri#ication/fractionation step prior to

i mmunoaflinity isolation as disclosed 10 herein. As discussed earlier,

al t hough | MAC casirirepeptidespwiib shioireqitavadap betweanfepttiods, anickiher es, it has

several inport Lt at urification of phosphq tides
W t hout speci f%‘?bé@grﬁéﬁ@g%%@ﬁg& @?sre ﬁ%“?ﬁhéﬁ%}ﬁ tﬁ?@%‘@ B%%@,'R@E)ﬁi fication
of acidic pepturdestibhatedaligested celplysatehhr fleakath maRfemtheligeddtidgicat i on of
., sone 15 pe tig\(eng_do not bind or elute fromthe | MAC
i

phosphopepti des (/i .e. . ] ]

support), andqﬁ%%? copldhe prafiagiiongigd gHomaekange splidphaset to conpare
sanpl es)) whi cdkir=RiE¢Eartlidad! WHid Y : il 1solation
of phosphopept i des fr_o?n_ Icgo('i'rJ’rpI exﬁﬁ%@uﬁ%ﬂ?@eﬁgﬁ%ﬁﬁ?wgéﬁﬁﬁs as a

st and- al one t dBI$tRISOENN increagigeoncenixationsofsaltdesi rabl y enpl oyed as a bul k
phosphopepti de 20 enrichnent/pre-purification step upstream of the nethod of
t he present i nventlhone preferredambadimemd thayndiboghdmhmobifibdahetabry | ow

stringency, i ' y_phosphopept i des as possi bl e w t hout
regard for th%mwr?ﬁg@!gﬁhﬁm#s Empi‘ﬁ’@%r?&q@’bHB@[ﬁ%% Bti des that woul d
al so bi nd 25 tmurifibatidrivéstzunation stepnshior i IMsenocaidity isoRsionAlstdsciédad i on from
the IMAC gcolum,. the peptides uld.be fractjionated further by the nethod
of the il gn;he(fﬁ',n' \rb‘ﬁ @ﬁg‘x}ﬁ?&ﬁ&%@ﬁa&ﬁ}%@&d%QC%ﬁnm@mﬁ@epﬁzﬂf@ from
phosphopept i deForansbptidiechixiupes, dt hal sdeiralSPparastinmRapRE e agles into
di screte subsets _based on the particul ar residue that is phosphoryl ated.
purification of phosphopeptides without specificity for the particular
phosphorylated residue, purification of acidic peptides that are not
phosphqrylgated, 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 fo bind as many phosphopeptides as possible without regard for the
much larger number of acidic non-phosphopeptides that would also bind

25 tothe IMAG support under these conditions. Aiter 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 fur.theri separate phosphopepiides info
discrete subsets based on the particular residue that ié phosphorylated.

30 For example, peptides that contain phosphotyrosine and peptides that



30 For exanple, peptides that contain phosphotyrosine and peptides that -34
21 Utz 2005 contain the Akt substrate binding notif would be separated from
each other and could be isolated fromthe sane | MAC prepurified digested
cell lysate. Thus the nethod of the invention may be desirably practiced in
conjunction wth othef methods of phosphopeptide purification. 5

Modi fication-Specific Antibodies In accdidance with the inventjqns

i mmunoaffinity isolation is carried out by using at |east one

nodi fication-specific antibody that specifically recognizes a given type of
post-translational nodification, e.g. phosphorylation, acetylation,

met hyl ation, nitrosylation, gl ycosyl ation, etc. 10 Pr ef erably, the

modi fi cati on- spatainitae Akt s t binding)matifyeoidd e aaparatedé‘orroeacrspem fic

asi due. e o ahacafd el sRiRdetedirork e Sale ARGl Bhed Beo B0 oo am no

aci d residue, laaateo'lfhlﬁs the metodiof tiepieeehiion megbeaddsirablydaaeivédnh anti body
produced by the rret hod d supra (al so

s 15 WD 00/ 14536,
descri bed bel 0%} @%E‘%W@W%C?E’B%WWPQQ%@Pf'fl%atléﬁt| bodi es (both

general and/or rmtlf specific, context-independent) thus allows the

singl e-steps lmUﬁ’ida(m:mSpéﬁmAntfbdtﬂ’észDSt peptides in a conplex mxture
that contain the nodification or notif, regardl ess of the peptide sequence

surrounding 20 the Iﬁ%béﬂd@ﬁ&é W’thQﬁe Wishfior | imPhuric2@ifity ﬂ%ﬁ&ﬁ‘s%’érﬁdﬁ‘ not,

"site-specific”" and hence are not limted to recogni articul ar

longer pépt i deOWdyisigat |e@$té§@rm9@\'§0@ﬂmﬂ1$nﬁ@@"q&fﬁtb@dy Khat@pgclflealbrpl tope). In

a preferred enhag ﬁl;gég a%aosp ory Qz?&*trénlg EBP%L’;‘RQ@E#H&%?@ the peptides to

be isolated) conp |ses l'on an pepti de(s)
i sol at ed corrprlblw@bpryéatmnosmtmaém irdethyRdion; nitrbsylajor oéfcesylation, etc.

Phosphot hr Boni Petegble e dRa R ARGt e o g i Tha SRt Froghiigagon-
denonstrat ed i specifie ﬁmaow dhatlis] argapiiriyithaisyieds &ishgiehiddifiddesninbt wi l |
acid residue, e.g. phosphothreonine, 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 medification-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 "slte-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 medified
25  peptide(s) isolated comprise(s) a phosphopeptide. Particularly preferred
phosphorylated residues are phosphotyrosine, phosphoserine,
phosphothreonine, or phosphohistidine. 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 .



be recogni zed by those of skill in the art that other nodification-specific
21 DEC 2005 -35 antibodies may be readily enpl oyed, for exanple,
acetylation-specific antibodies. Virtually any desired nodified peptide nay
be isolated, as described in "Proteinaceous Preparations, $E§§ﬁ5 I'n certain
preferred enbodi ments, notif-specific, context 5 independ%h bodi es are
advant ageously enployed in the discl osed3d+rethod to isolate many, if not
nost, peptides containing a desired nodified notif. These anti bodi es and
their production have previously been described. See Conb et aL, WO’

00/ 14536,. supra. The antibodies bind to short, nodified notifs, which,
because of their small size and 10 degenerate sequences, occur nore than
once in a gi vedntipadiasemay be readityemployed,for exarmule caakitylatiorespegifiot ei ns, as

opposed to | ar | Qe i "sites” that statistically occur only
once) and thusg"sﬁébro\%g,}" %ﬁqilg%ln&%ﬁ@e&)g?%ﬁwggg ey W@@e‘irﬂ? conser ved
bi ndi ng sites dfescribed iy Prictehasous iPreparbtiond’ebpyet eins in cel lular signaling

- pathways. i5 The invention may utilize antibodies specific for any desired

motif of inter ESt1ln&eﬂairﬁb@fkﬁrféd@nﬁedih‘lm&,mﬁﬁtif-fsﬁeciﬁ@,rﬁﬁnitéitﬂg one or nore
nmodi fi ed am noiaaci ds, In certain preferred enbodi ments of the disclosed

met hod, the moliPependens antibedies A apanirgepusl @mplayedsis the dissigneddes

conprises a Mopthoesidibe : - e&ﬁﬂ [; recogni zes 20
a notif corrpriﬁs-‘:eﬁlh at q%ﬂ%@tmg%t‘m%ﬁ’ry a@gghgﬁn%ﬁldéﬁig%egfsn% one preferred
enbodi ment ,  t heodiliedmetinthesesardibodiesiangl theip puxhustioy have greviodsho aci d, such

as phosphot yr osi h ' r oserin | n.anat her
preferred e%o@%%ﬁ?@@%g' 'ﬁ%l @R@o‘%ﬁ%”i’ g‘é@ @Pffﬁ%gr SHAP ﬁéﬁ a&“@?‘ﬁﬁ%e consensus
substrat e not i bindito ahqnt,ahedifies ruties, whidh) deoguse?sf their ishallfsiie gxdnpl e, in
preferred odi ment motif antibodi es ecific for all or part of any of
the foll oﬂg_ %g@géast@oqgggﬁg%, BFCLHHB?@itEgBPB?%%a gmeﬁtﬂeﬁ'&"?ﬁ)@-ief s are used
for i mmunoaf i&dduy it 6l ot inefe dilBfdkt pRASIABSASopposed to larger, unique

epitopes or “sites” that statistically occur only once) and thus serve,

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 speéiﬁc for any desired motif
of interest, e.g. signaling pathway motifs, comprising one or more
modified amino acids. In cettain preferred embodimen.ts 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. Inone
preferred embodiment, the motif consists of a single phosphorylated
amino acid, such as phosphotyrosine, phosphothreonine, or
phosphoserine. In ancther 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, mofif 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 subsirate motifs, PKC consensus



substrate notifs, CDK consensus substrate notifs, PKA consensus 30 substrate
motifs, AKT consensus substrate notifs, PKC consensus -36 21 DEC 2605
substrate notifs, PDKlI docking motif (bulky ring), phosphot hreonine-X-
argi ni ne, ATM consensus substrate notifs, or 14-3-3 binding notifs. The
preparation of notif specific, context-i-ndependent antibodies, previously
described in Conb et al., WD 00114536, -Sipra (the discl opppge sf50f which are
i ncorporated by reference in their entirety) is carried out 6r|efly as
follows: (1) Mdtif-specific antibodies that react with any protein or.
peptide containing specific target residues independently of the
surroundi ng am no aci ds may be obtained by synthesizing a highly 10

degener at e peubgisatei metsyPDKA dogkingrmastt r(galﬂy ¢inph gihoephqthidoaing-Xbr ar y

3% o 11 e gnen A oaiesfs Subtate Fah i SRR BB, Shor t or o

| onger |ibrary may generated. and |ess tha |1, of the surrounding am no
acids may be vari eﬁ%ﬁggp%ﬁ@aﬂmﬂfgl&%ﬁ%8%@6?'%9%2‘5%%@@%@9%

sel ectivel y bimpeddudlpdedcrived id Cupals bf bk, WO mwwm&%#gmﬂ(th@disb@swmi ning X
resi dues. are hi %l%, degenerate. In one preferred enpbodi ment, the peptide
library is3 asBWhieh a5 IReoTpatated by refrancein thelr eniisely) isrearviediovhbodi ment
utilizes one fyriefd a8 FbiRvsaci d (either' nodifed or unnodified) in a 20 varied
surroundi ng context, other preferred, enbodinments may wutilize a notif

conprising several (vémqf_gﬁg% ?{éﬁ%eé_mé@%g&wﬁ$§ﬂyy%ﬁfgﬂéggtgfﬁuence of

the library may be ried at n one poslt or, as
in the preferred esbothinment speciici edrget ordsjdumse buependetitiyy skqtience

PO o Pe!, e 9enSiEbind T Ais BT Bo B Y ke BERRCC 2 e

peptide lilgrary canebenemstd hepiide diiirgnst mndaed pfefeges obmbodihrse, the
library comprises XXOCOOXXJI*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 fibrary is
about 6 to 14 residues long. While one preferred embodiment
utilizes one fixed amino acid (gither modified or unmodified) in a
20 varied surrounding context, other preferred embodiments may

ufilize a motif comprising several fixed amino acids. Likewise, the
surrounding sequence of the fibrary may be varied at more than
one position simulianeously, 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 synthesizér and- using
mixtures of each amino acid during degenerate coupling reactions.

30 The incorporation of unmodified amino acids at fixed




pepti de synthesis using an ABI peptide synthesizer and using m xtures of
each am no acid during degenerate coupling reactions. 30 The incorporation
of unnodified am no acids at fixed 21 DEC 2005 -37 positions may be sel ected
to mmc conserved notifs, for exanple zinc fingers or repeating arginine
residues. (2) In order to produce as equal a representatiZdrliifZ0gsach ami no
acid as possible at each degenerate posi3d-on, several 5 rounds of altering
the ami no acid conposition, synthesizing, and peptide sequencing are
conducted. Am no acid sequence analysis at several different positions
along the peptide is conducted to verify a randomamno acid representation
at each position and that the randomrepresentation is maintained

t hroughout the 10 spasitiessimay be sslddiedio mimigeorsetydaymotifs, 06r stdnplei n t he
art that the nun‘oezgi ??rf[ rounds mg%/ va@i in or.aer to achi eve an equal
distribution of al I“U'TFRAEF PN ZHMHEIPPIPUSS: (3) The highly diverse
peptide library is used an_ant.igen, referably by coval ent coupling to a
carrier. In- a preferre’dﬁfl%o otBiﬁ’FQHP?é)I@éy‘Pﬂ}lai gf@[%ﬁemé?ﬁfb?Bﬁﬁﬁﬁ( KLH)
emul sified in Freungimoadbidvas! pbssibie st achNBeGaidic posieh! sctBrhi L he

coupl ed p%pt ide library injected intradermaliy into a host, such as fenale
New Zeal and whit e "fRHRYS &f atietrg dhe amine wcish somagsitien,gsyrdhesinng acdnpl et e

Freund' s adj uvant :w | ARE § S obt: al Lhody titer
is. nmeasured by a sul tlggl%teéqlrjrgﬁ%?kgé@ﬁ ased.é\_rﬁ%g %@ﬁ%gﬂeq(@géﬁ%’ -specific
peptide |ibraries. atngéveealadiffarenégasitions halengetheegeptily isecoris@dted t@i t her
crude or purified rations as outlined below (4) Antisera fromthe
nost proni sing hossif%gfg W%PPT agino 3gid Eﬁp.r%%.{ﬁ?ﬂoé‘ 66/@?‘3@&5}5&0&5‘ and and
adsorbed over a J (than-thedidndes) regRkkaiatibh bisamaisRine® thidughbgt RR&T er red
enbodi nent, the . . . -

10 synthesis. It will be recognized by one of skill in the art that the

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 fo 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 untl 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 embodimént, 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 ()  Antibodies affinity purified in this fashion recognize |




nonadsor bed fraction (flow through) is then applied to a J* colum, eluted
at suitable pH, dialyzed and tested for J* specificity by a suitable

met hod, such as ELI SA using J* and J as antigen. 30 (5) Antibodies affinity
purified in this fashion recognize -38 21 DEC 2005 the J* peptide |library
but do not react with the J library and exhibit a high deorpm PS
specificity for J*. These antibodi es mm3&e further tested for Tack of
reactivity against the unnodified formof the target nodified am no acid,
J*, or a J* honol ogue, utilizing a suitable 5 method, such as ELISA. (6)
Anti bodi es may be further tested by western blotting, or another suitable
met hod, using cell extracts prepared fromcells treated with and without a
sel ect ed protein ribaiJf illlea’tldle)hbren/zlwtmo nathrehdttvdih, thel.ldﬂbra@ awmxtma

phosphat ase i nhi bi t a 10, _Treatnment s i ncr rotein

nodi fication will l’ﬁ@? gégge ﬁfesg%%rhod roh¢ a'{:hqsﬁo%mtbroaﬁét m@g hs as wel |
as the intensity oftesﬂeea‘cztlaakb&reaﬁﬁﬁtylégeﬁrmffhé Uﬁmaaﬁ“bHWn%fWe'térgfe?aCt Wi th
a relatively snall proteins fromcontrol extracts but

react.with a very ma&ﬁ%grﬂmﬁera% #ovmg 'r ketnaleatie. vhlzinga Ewtﬁbé@ WI N
show no 15 g eact i Virhyhat Sudhss Egm i ve-non-nodi fied versions of these
pr ot ei ns, dennnstratlng a hi gh degree of J* specificity and suggesti ng

broad cross-reacti Vi tyéB P MRRYbAEES $h \dritedlel %&s’cgﬂ'{’@gmgar efully

proteins. (7) The degre f context-in e en ence nay
exam ned, for exanpiregnobiyerEuitsileameathps Esmg&:sl’n@ktractdlpreplamﬂ fiomeps i des t hat

o e, o0 et Bl o W2 oS D R B o L o,
proline, for exanpliehibii) sSluvh @enprotbindppessieiss: ahhibitorikabary at@cogni tion
may 25 be furt her 'ﬁ'egim en‘:f‘s tHaf nrgcrggsel r{)rrrgt%H In‘%oedc| ifi cgaculot(%I vc\)!];li ﬂ%?égslee?hg eptide

number of antibody reactive proteins as well as the intensity of

reactivity. The J* specific antibodies will react with a relatively smali

number of proteins from control exiracts but will react with a very

large number following treatment. The antibodies will show no

15 reactivity with the inactive-hon-modified versions of these proteins,

demonstrating a high degree of J* specificity and suggesting broad

cross-reactivity to many different modlfted~target contalnmg

proteins. '

(7) The degree of context-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—pebtide
libraries. in addition to a fixed target residue, J*, each different

library is synthesized to contain 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 boitom of an ELISA well and



~or block binding. Ater ngt ively

“libraries. In addition to a fixed target residue, J*, each different

library is synthesized to contain an additional fixed amno 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 coated, for
exanple, on the bottomof an ELISA well and -39 21 DEC 2005 exposed to the
J* antibodies. Antibodies that do not redct with a parti c@ledEcsppt (peptide
library) on the grid do not bind when the specified amno acid Is present
at the specified position. This analysis determ nes whether or not a :
particular amno acid at a 5 particular position relative to J* will allow
purified antibodi es can be linked to

resin,, allowed t #X¥PPRAC tadhaddiantivadigs. Antensies wt donat yeact mithumd

sequences washed avl?ﬁ- pad S e . | to am no
acid sequencing to etK_:erm' %@&t@%p@%ﬂﬁ@?@fm{egﬁ‘@g %"m?‘ﬁgbé{‘%ﬁ@@%m at
each position in tapecifiedaaminaTiacid isfpoesent i atnthenisbbcifiedi padtnwWEtis ani no
acids are tolerate | tion. . Antibodies suitable for yse in the -
met hod of the pr es%@ﬁsfs‘rﬁ%g%ﬁ?ﬁﬁesn@ﬁe@gﬁ& | B REFIQar Jnia adidiat &r nay be
a fragment % her eof ,paliculagsositfoalrefatiog i 0t wilcillow slasibMabiMmgt hereof , e.g. a
humani zed anti body. A single 15 anti body, e.g. a general pﬁosphot hr eoni ne

antibody, may be used i AHeheativelyTunemeli BhBbJRE Ran0bet Wked td0E8inaNt | bodi es
may be sinmultaneously used to isolate peptides containing differeht

modi fi cations, e.g.2lawedyteRind hesimeditady gshespiesifiadedhrans. unbeendhat i vel y,

I sol ati on of pepti | ar%i, | d ' b e ut with
one i nmobilized an%i%ggggé&a&gﬁg% t edcﬁﬂ’ %@tgt? e@\%ﬁ{:{%&@tﬁ%%o&%{eﬁ%& i ons may
subsequent |y be pursubjesttasming acid isequémingtd detedminetthb eoamt ahdach r esi ns.

thor ougntyGasned 18RS FLPERRR 4 ARR AR By tre R ThRTEEN Sl To ¢ e

anti body/resin (i. ewillirdicste edwat aminoacithareietsrated atedichipositioan)

Antibodies suitable for use in the method of the present invention

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

15 antibody, e.g9. 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 (/.. those containing the desired mddificatioh)

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 deséribed below, or concentrated
and desalted with a micropipette tip containing reversed-phase resin, and



25 are isolated fromthe resin by eluting with a snmall volume of an acidic
solution, e.g. 30% acetic acid, or other suitable eluting solution. The

el uted peptides are anal yzed directly as descri bed bel ow, or concentrated
and desalted with a mcropipette tip containing reversed-phase resin, and
-40 21 DEC 2005 then analyzed. If desired, peptide seque or. parent
protein information is obtained by nasﬁﬂgpectroscopy.. Eﬁ%gg&&gin i

ci rcunst ances, analysis of purified peptides (as described bel ow) nmay

i ndi cate that sonme undesired peptides that lack the 5 target notif are
co-purified along with peptides that contain the desired target notif. In
such cases, tﬁgﬁnunber stringency of the resin washes nmay be increased

r
to elimnate Ué‘ﬁ@‘é’??’q?-c'f peyirach epfidriperyience @ndy Rayersprotgitshes may be

i ncreased acc ' ib0ial ' L I(,h the art, for exanple, by
I ncl udi ng addﬁ?ﬁ?@?‘%ﬁﬁ@gggge ba%:\%gérpoét%%dr%i ng, such 10 as detergents,
organi ¢ sol vents, ?ﬁ% Sl . I Ldes |sol ated

pepti des cont ai ni ngﬁfﬁgéiﬁnﬁr{cﬁg nog|¥‘fé|"iae|1 |[%h§ﬁ%@e§l3)$giﬁg%g ed by standard
met hods to detdaseiibed pelpwi) deaysiadicateciiat sarne watlesired péptides taatdaciee. |1 n
certain prefer Lments...npdi fied, pept.ide 5 isolated according to

t he met hod%of t%ﬁ%tﬁ-%@%h 8?1"pHF'@é$ﬂi8P9%d@ Qﬁ’%‘ﬂﬁ§§"ajt§88 '?@}?Efquife MB) net hods,’
since M5 is priasghiiofif.llheuohseses e hivper oEStHAgerdy ofanatein Rashept | des. M5
requires | ess %gﬁggte material to provide_high gual ity information about

| -
pepti des than InGipaeas to elimingignonrspagific papiide binding. Addnggnoyied skil | ed
artisan that inaal r- SR ' al yzi ng
nodi fi ed pept ?ﬂéégg\égr@wagmcﬁgat he scgggé E‘%’@ﬂ@@ﬁ%’%ﬁ%ﬁ%%eﬁﬁm e, at

present, pept ifdeexaspplabby incBalingadiditvescthatreiduce bagkdround beslingasechost
sui table fgr iS. 2 Weaels ments in nethods may all ow the
¥ | B BIERIE oo LS, of SR

anal ysi s of | onger a preferred enbodi nent, the
general nethod of the 25 invention further conprises the step of (d)

char act eri zi ngagQ)Hs/E0sk Sbffled Peptides

Isolated peptides containing the desired modification may be
analyzed by standard methods to determine péptide 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-quaiity information about peptides than other current
methods. It will be recognized by the skilled artisan that equivalent or

20  subsequently improved methods of analyzing medified 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




peptides. MALDI - TOF mass spectronmetry is, useful for rapidl I ng
SO

peptide(s) isolated in step (c) by mass spectronetry (MS), tandem nmass
spectrometry (Ms-Ms), and/or MS3 analysis. In one preferred enbodinent,
mat ri X3 assisted | aser desorption/ionization time-of-fliight (MALDI-TOF) nass
spectronetry is utilized to neasure the masses of -41 21 DEC 2005 purified

sanpl es before anal yzing them by ot her, “Hor e conplex nmetho as tandem
mass spectronetry (MS/ MS) (see bel ow), and is both sensitive and si npl e. For
proof -of -princi pl e experi nents or diagnhostic 5 assays, where the objective
of the isolation is to determine if an expected peptide is present among

the purified 'f' ti nmass of .t he UI’If pe de(s) is

calcul ated fr fﬁﬁ%@ﬁ&? é‘ﬁgﬁ%mﬁ MRS RRAL ORIy | §é‘§?ﬁ’igﬂ ‘?&ﬁ'llﬁ n the mass
spectrum NMALRcrdépin ijBé WipR’BeiSreanlyzZRRPhEAESY bfhe? olving field,
10 and the preferre ods for: reyparl ng |s%l at ed rhrari)é %‘?‘%‘gypeptldes for

anal ysis and dBetpd @uglmﬁs §W@n&mﬂ5§§P§Cﬁr@nﬁtl’kéM§/M8 (seahglow)yand isi ne.

Nonet hel

ethode (sce, SoHPseivaad Kpidle P Rbqr AibrBitin B RRNAGsI RBBSALT ¢,

(1999)), arfd |aasamemim1‘e§he nbjehmmeomehmﬂm:mne twdemrmlﬁmﬁaﬁ@ﬁg@?teﬂ the 15
t i t E t repare or

VALDI - TOF analytte RpreeRlBBa InihteRa odhod BopBich Hie B85% Rtiesol at e

(purified) rodidrified p@pﬁde(d)ansaﬁlttumwd Ront thedidtide’ sa@féw@méﬁée Bigm xi ng

directly with a ual_vol unme of saturated ITB.tI’IX solution, e.g. alpha-

cyano- 4- hydroﬁﬁ?ﬂ"gﬁﬁl E[“atbﬁdl“asérﬁpe&wphg the peptide-matrix solution on 20
the MALDI - TOF sanple plate. Gther suitable nmatrix solutions may be

al ternatively enpl &ald! T@FHEQ%%%'WS af peptigles is arfppiglyevcijing Ti f%ldn be |
concentr at t ersed- phase
concen beflg?eﬂﬂxtﬁﬁg%feﬁﬁd%étﬁo@s er‘fﬁ' ri?l@ léaafﬁdﬂnﬁ&?éér%@%% fg}lj” Ceq

pepti des cont @nslysiscantbeanrdag nut:m:thmalms isdikely to change over time.

Nonetheless, MALDI-TOF analysis is carried out according to standard
methods (see, e.g. Courchesne et al., Methods in Mol. Biol. 112: 487-511
(19989)), and improvements in these methods are within the scope of the

15 presenf invention. For example, isolated peptides are prepared for
MALDI-TOF analysis using only a small portion, 1 fo 20%, of the isolated
(purified) modified peptide-containing fraction, and analyzed by mixing
directly with & equal volume of saturated matrix solution, e.g. alpha-
cyano-4-hydroxycinhamic 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

concenirated and desaited with a micropipette tip containing reversed-
phase matrix before mixing if 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 ah 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. caif intestinal phosphatase. See, e.g. Larsen et al. Profeomics 1: 223-
30 238 (2001). This is a simple and reliable assay to confirm that peptides



25 smal |l portion of the sanple is preferably anal yzed before and after
treatment with an enzyne that renoves the nodified group fromthe peptide. _
For exanple, where the nodified peptides being purified are

phosphopepti des, phosphate is renoved using a suitabl e phosphatase, e.g.
cal f intestinal phosphatase. See, e.g. Larsen et al. ProtebhlEgZH5 223 30
238 (2001). This is a sinple and reliabl’® assay to confirmthat peptides -
42 21 DEC 2005 are nodified, and to count the nunber of nodified groups
present in each peptide. For exanple, phosphatase treatnment will reduce the
observed peptide mass by 80 for each phosphate group I n the peptide. The

mass of a pep ted not chan result of
5 phosphat ase %Hr cejrﬁ?&lﬁ&? é@ t%%togﬁ{@%%g% 8?"[”? Bé‘?ﬁeﬁﬁ%ﬁ fic
enzyme known i peyitide. Bot exemyplbepixaiphatasd tt@tm@ﬁfwm%&h\ﬁithlé%eﬂ%gi i sol at ed
according to the nethod Ofﬁé e I nventi on contain desired nodification.

See e.g., Krishepiidednizssby WBW@BF@*&&O'&P@tbélnﬁ*@tld%oﬂmmﬁs pkt ast abl e
decorrp03| tion g hEpHRYihEERY 8 aks in the mass
spectrum  Met aét%b |l e decoOtt Qleéﬂﬁy% %ﬁgﬁae ée %‘ﬂlﬁ en not ed by
others and caphasghatase tlte@tmemio@mrkarlyaady aemtgen mutificatiopepetiies in a MALDI -

peaks 1 or docorpatid Fiuan fidfie fithay C8Feieall sofimiiatientecs bld 1

phosphopept i dezcdosting fethehmetied affflasinveptivrpeaisiatite Hesiradfioamicaliei zat i on
and the instru ?r;t? i r?q%ﬁfi ured to focus ions that are stable during
19, a

anal ysis. For 3 he expected mass shift for |oss of

phosphate is -98, -84 mass Shlf% are observed because, unlike a stable
ion, the mass of a BESRYASS 357 being iselkiad aetasiableglosatpgsition 20
Anal ysi's ofp a fay essuiires @%eﬁdé‘éﬂ"@ddﬁor@?%éﬂl@iﬂ%ﬁé ntRS dpecitnDl - TOF - nmass

spectronetry has indicat ed that sone peptides containlng osphoserine or
phosphot hr eoni Métastablg deeamppaiigheitshosphereptides dies dees notetbbyothers ast abl e

deconposi ti on. o fre g 194e to fBebGT88hE assign phosphopeptides in a MALDI-
" 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 decompasition 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 phosphothreconine - 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



deconposition is a reliable indicator of peptides that contain 25
phosphoserine or phosphot hreoni ne. Mt astabl e deconposition nmay be observed
in the MALDI - TOF spectra of sone peptides that contain iphosphoseri ne or
phosphot hreoni ne, w thout additional sanple treatnent étgppﬂgp g t hout
consum ng nore sanple. In other types of applications, for exanple in a
genonme-w de 30 anal ysi s enpl oyi ng t he-dPscl osed method, it may not Dbe.
possible to 21 DEC 2005 -43 identify the nodified peptides isolated fromthe
conplex m xture present in a proteinaceous preparation sinply by nmeasuring
pepti de masses because many different peptide sequences coul d produce-each
mass . observed  in.the isqo]ated difi tide fractiopn. Accordingly, in
another 5 pr ef‘g‘?gﬁgﬂ BQQﬁﬁﬂlﬁ’@P{gaﬁﬁjﬁSPEg@fpig’ﬂttﬂ%é’gmp BPEFErIesRRonpl ex

m xtures (e. ; 5§Pﬂ S
spectronetry g?ﬁg?%%mgﬁ%kgﬁ?ﬁ§%@§g§%%§¥ﬁﬁgpﬁ%ﬁgﬁﬁggygée i%bgﬁi stage of
mass spect r orgcaysanmanydifdrentpaptidetsegyaneascebuly prositice Siaghsn4ss t he nass

spectroneter, ' e ee, 10 Yates,
Met hods in Enz@#%f%%@n5%%O%%?gﬁ?‘r@@g‘%ﬁae?ﬁ?’ﬁ%ﬁ&ngﬁa@s@ttﬁser ved for
each ]p_ept i GS_ gyreferreidramissdiment, nﬁdlﬁﬁed)ﬁ@tidéﬁ'i@alatﬁddmcer_r@m ralxéures nor e )
specific indicator of the parent protein than the eptide's ss, i.e. the
fragnent mass -%P@J%WE’(%@%@T?F@a%lM?%QY “@%@@Eﬁépﬁﬁﬁorﬁﬁ{g’ibe used to

i dentify the pnp/RiSof MeR), WhefdpéhRicioRs is@%t%ﬁi@?%%bﬁ@b?ﬂmégs the sequence

of the peptide's parent protein is known, th the peptide can be

unanbi guousl| y spectheety @re delijraaieit fragroerted by adllisipns initheB@sg i nterpreting a
sequence from ' Lde'.s nmeasured
racs and parti SecroREEaha FRAING RBHMndSsBatls Fitallrale Bobi B, o, Tl
par ent pr di0ei nYat8eglWethgds iingnegmol2Qy 7 1: 351-BfT (1846). \esEagpeot rom 5:

as the genomodBrsARIE Bt Badr B R Gebaf STHL B o Verhe

spectra can sequence and are a more specific indicator of the parent protein 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 origfnated. 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 fo.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 ge‘ndmes 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 V).



be collected rapidly (< 400 nsec per peptide) and in a data-dependent
manner through instrunent-control software, so very conplex sanples 25 are
anenabl e to analysis. Wth nanospray infusion nmethods, sanple volunes of 2
mcroliters can be analyzed for an hour or longer. See e.g. WImet at.,
Anal . Chem .68:1-8 (1996). Accordingly, in a preferred ephqgicrmegpt of the
di scl osed nethod, nodified peptides isol¥fted in step (c) are characterized
by tandem M5, for exanple liquid chromatography 30 (LC) -MsIMS (as descri bed
in Exanmple 1V). -44 21 DEC 2005 If phosphopeptides are being isolated, it
may be observed that during the fragnentation process of MSIMS, peptides
contai ning phosphoserine or phosphot hreonine often forman ion by sinple

| oss of phosphat e !t PhesPheneptidesaratheing isokaded, drmay he obasrvadriaats 98 | ower

than 5 the unf ; ' rent..Jon has.a charge of +1,
the neutral l%@@gﬁﬁ%%g@?éﬁ%jﬁge%%gﬁl@%f@% lﬁ%t'fjﬁ?%n%m'%ll or 98 | ower
than the par eptiosphoserimesort ghosbhohecoraheloften fdrevarsion BIsIFPRORESLEF de par ent
ions with charges [ eutral -l1'oss ions with mz

f,.+2, +3, or +4 will give
val ues that ar °§ant§§9ﬂr°‘iﬁﬁ? %H!?Btryd% ionr{hat hasea piase @8 lpwar theo Neut r al

| oss during Msh¥Bnfraghbatepha e trahl Sitl on during
MALDI - TOF mass spgcrt?omeﬁry. ‘el'ﬁfai?gf g?@ﬁ%’%@*%ﬁ@h@%ﬂ@%%ﬁ&“ﬁ des show ng

neutral . | oss REWhipss@n/basB nass-toelpprge valuedmife) afl98/5an®8 jsveerghampept i des

cach neutrar ocracoe RRRIEENRAR Alie e smosPnditeRRRteA e - T

cal cul at ed fr dons with chargsstofi+) +Gpeis+4 vilcdies geulvallioss ionsz)ithand: t he charge
(z) inferred fromthe neytr | oss, value (+2 for neutral |oss of 49, +3 for
32.7, and +4 ‘faéqesztii'.a%“.e&rﬁ'?_'m"ﬁgﬁ“’eﬂglﬁ?@ E&P%Fﬁg}{lee- observed to undergo

‘neutral |1Qgss as + +3, .and, +4 i <A conparison of datasets can confirm
that 20 the same p %f%?sérdé"@&"@gh% 'Sog?/"ebr%m‘? RResessps Malastalie hods.

Fol | owi ng M5/ Miacehoftiofrdutinl MALDIPOF hass Sissdticffsn/ateRSore many of
the 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'IMS_ 6haracterization, modified peptides may be
unambiguously identified by analyzing the product ion épectra with a
search program in an attempt to match the specira obtained for the
modified peptide with the spectra for a known peptide sequence, thereby

25  Identifying the parent profein(s) of the modified peptide. For example,
Sequest, a program that correlates an experimental spectrum t_o' a library
of theoretical specira derived from protein sequence databases to find a
best-fit match, may advantageously be used for subh 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 .



unanbi guously identified by analyzing the product ion spectra with a search
programin an attenpt to match the spectra obtained for the nodified
peptide with the spectra for a known pepti de sequence, thereb ﬁéi

i dentifying the parent protein(s) of the nodified peptide. 2Iﬂoﬁ/E Bl e,
Sequest, a programthat correlates an experinental spectrumto a library of
t heoretical spectra derived from protei-rffSisequence databases to find a '
best-fit match, nay advantageously be used for such a search. It will be
recogni zed that equival ent search prograns may be enployed in the 30
practice of disclosed nethod. Accordingly, in a preferred enbodi nent, the 21
DEC 2005 -45 nethod of the invention further conprises the step of (e)
utilizing a seBpRd qityinyantien Bilber aamprses thewtemoft {8 usijizicy aseatthai ned for

the nodified ' MaTen er | ith the
spectra for a ﬂ‘éﬁ?\,ﬁ%pgl?)’tﬁt%g[aﬁslgm%g@g@%ﬁcﬁé%ﬁﬁﬂgﬁhrﬁbgﬁ%c‘cﬁﬂﬁﬁ“ par ent
protein(s) of papdids dunidg thedharepteridetion of step (d)i wittcieespectrh fh@wsphopept i des
are being isolate i t. may be observed, that uring M5/ MG, so

phosphopept i de@%&&?@@eéﬂp?ﬁ?&?ﬁ%@@t‘@"ﬁw @’erﬁag nw&%&,s) Q{%ﬁ_ very
little reslﬂu%oﬁjrjggFQM@_l on al ong the peptide backbone (whi ch i's needed
to produce spectra of a quality high 10 enough for unanbi guous assi gnnents).

I n such cases, anallygbftaipfca¥bs) hﬁmg Hidedare Rolsed1Gt rch program
(such as Sequest) in an atteggfpto assi%r‘n a phos %rg%g‘%cpon'ﬁg?tsg and parent

protein to eactsep@stthab dwepg MP/MS seme phosphapepiidpsdindesga heptraint s. This is

Containing 15 PRbooneaaAlucais, iR i AuidR Do bR g e, o ot

J. Am Soc. Nmepiidgpeckbara (viiichlistmetieddo piadBE spEviea ofvaepafiyddghopept i des

can be dorty mreyana b ESes aruBsit) 1 e beiest ARRRF SRR ° ' °

fragment at i on, prodectisespediter @ing assaletapregramn (sUthusSedqesstdianat the 20
phosphorylatl of 81 4% aBiign A FhoephOiaton M Bnd aront ot b sach
peptide may not result in unambiguous assignmenits. This is a common
limitation encountered duri_ng MS/MS analysis of peptides containing
15 phosphoserine and phosphothreonine. See e.g., DeG.nore etal,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 neufral-loss ions may be subjected o an additional level of MS to give
sufficient backbone fragmentation for identification. This process is
simpler o implement on ion trap mass spectrometers than on other types
of mass spectromsters. 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




phosphot hr eoni ne becones dehydroam nobutyric acid. Accordingly, in a
preferred enbodi ment of the disclosed nethod, isolated nodified peptides
may be further characterized by MS3 (for exanple LC-VMB3, as in a preferred
enbodi ment) analysis; that is, the 25 neutral-loss ions nmay be subjected to
an additional level of M5 to give sufficient backbone fragnmentation for .
identification. This process is sinpledbto inplenent on ion trap nass
spectronmeters than on other types of nass spectroneters. As peptides elute
fromthe LC system a survey M scan is perfornmed, and MS/ M5 spectra are
collected for the three 30 nost abundant ions, if they are above a pre-set
intensity threshold and if -46 they have not been recently anal yzed by M5/ M5
al r eady. HovvevtBPY haye ngtbeernrecentiy 2palvzes bsMSAVISaIreadysHowewen, #ct ed duri ng
M5/ M5, then b I t4 ta, r t her survey M
scan, the in?ﬁ%%élr?tggﬁfggt3?1&@;?%??%%%@%%@0?}2@5' §®|§'otﬁ,%ﬂg)?g°§ﬁents it, and
measures 5 t hecqliediing:andtber M&dd8spetinumioe anather stirvelyddBiseaaphiedes, if the

neutral - | oss i I er,_contains osphate, it js nore likely to

fragment |i ke-'Q%‘T’{ﬁ%}gﬁg@fﬁ'ﬁ%ﬁﬁé?@8”58‘9??%‘8”&&%9’8?0% ih aREdPeAsURHduct i on
spectrum W't fthe pesdutt oresdds; i tHaNsasb®f bRssp HOEStf R Heufl. SOf t war €,
MS3 spectra can be collected in the same data-dependent nmanner as MS/ M5

spectra, and .88 ohdolgageirantains phesmiwte it ypwe lkelyitadragmant lisequest . See
Tomal no and  Rysp : ey r : ASNVB
Conf erence on Nagii‘ésgggg{leﬁgé teﬁgé%nﬁéﬁlv%i%‘%#@pﬁég{,}éﬁ%ﬁéb%&ﬂ%g&wFoI | owi ng
MS3 anal ysi s, qssiain ohedificatjonsgtai the instiudwent conteal softivage,dMS3 epaatia ganogr am such
as Sequest. | Lven peptide is 15 i guously identified
but t he. pr ogr 4 P IeEikaEh e B o BB SRl rhma SRR BB i
Bhosphory!m i ?heﬂ\m%@ectrh&taﬂﬁﬁaﬁéljfaid}funhmp_ o i!fiﬂSEhaéitﬁFSeeST drRaifidyange chosen
y conparing the sites,to : n_speci figi 0 e

modi fi cati on- ‘é%ﬁ”fa(é ﬁéﬁf{%ég—ﬁbgg@% ef‘?l@‘*&é&)ﬁ!ﬁ% InASMS Copigtane® two
possi bl e phosipkebeSpesirehbes ah8 MIRMPRSHE)JuRe 6, 2G62.and Ser 588 of 20
PTN6_HUVMAN) were distinguished by noting that the sequence context

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 hackbone. At present, for exarhple, 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-



of one possible site but not the other fits the known specificity of the
phospho- (Ser) PKC substrate notif antibody used to isolate the peptide (see
Exanple V). In cases where peptides conprising rmultiple:nodification sites
are 25 isolated, it may be difficult to obtain unanblgu?gs[géﬁhgnnents
because of the high | evel of- neutral l-oss with very littl !

fragnentation along the peptide backbdﬁg"AI present, for exanple,

mul tiply-phosphorylated peptides cannot be analyzed effectively by LC MS3
using the currently available version of Sequest software. The current

dat a- dependent 30 acquisition software isolates and fragnents the nost
abundant neutr

| 21 tiply phosphorylated
peptides this @8? % lg?@ Rh?éph%%\t¢tﬁgewqeﬁ tg‘éé"’ﬁl%@ te thenoved by
tral | b | 1
neutral |oss MeRGgiHPo8e @ﬁ@m; H@d&[ ral |oss
during Ms3. Hovxg\;/ler t he ggaw s,a?egl on softv\gerlg@s él ng revi seﬁ?'bger
per sonal commPhQ?@hﬁfﬂﬂfOU@S@ Hadergninestralipss puwg M“S nelowesér, thess and t o

i sol ate and fr of neutr | oss, even
if it is not the m)sq W%e%%ﬂgd%gge[ﬁ]ﬁqﬁe{s 89'553’(“&? 'Of'ﬂ efore, that
further and ysnesognﬁlzemulilmlas!eﬁn@htf'alﬁihs arebiistiatevaid fragveseHe 3twitRi tion
software will Io th tlp teins and nodification sites of sone of
these pepti de ég'é/%gﬂé'&eu fd) ogEcoYeh ihijignokthe Qs dente piedupk esent

i nvention incl '!dﬁeﬁi lssé%ﬂécfé& %éfefdr@“théﬂ ﬂﬂﬁef"é‘rﬁi&\[ s‘?é% FH"uﬁl ﬁfé sition

sof tware, such as Sequest | owi ng assi gn gf{rﬁge sequence and
phosphor yl at i oPPRides vty r&V@pé@Cﬂulmtlon Isefteygrs ‘gﬂﬂrﬁlnw ﬂm;pab@ltqmnﬁemsrred by

establ i shing taf moalfﬁgmmgﬁiscof%é gﬁh%ég '%r umtﬁ?ﬂ%ugﬁg(@}egbl i shes a formal

phosphorylatlon site glrves
l i nk bet weh aAegsedinglycthehemopeaf dne pmsemdvemtmrspeludeslaucﬁ'futmel s a sinple

xarpl o o oedBhrsrand rbiohh oL Pk SEE et SR 1y
;{T g;r;[)?nt . A sinpl eFoqlg\rf]vfiﬁgr a%tlg']r%)mnerrﬁe &f%ogeﬁtlaees%aggt%éeaéné 8h8§5h%t ioertS that
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 fo
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 =~
conifrast to 'global methods, when analyzing a single phosphorylated
25  protein, e.g., isolated as a stained hand 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



20 to assign phosphorylation sites globally, such as the nmethod of the

I nvention. Neutral |oss of phosphate from phosphoserine or phosphothreonine
can make it difficult to assign a peptide sequence to an MSI M5 spectrum and
occasional ly assignnents will be anbiguous. In contrast to global nethods,

when anal yzi ng a si.ngl e phosphoryl ated 25 protein, e.g., zﬁpt@y@g as a

stai ned band by SDS-PAGE, the non- phosgforyl ated peptides fromthe protein
will be available for analysis and wll help to identify the protein,
maki ng assi gnnent of phosphopeptides sinpler, because the set of
possibilities can be restricted to peptides that originate fromthat
identified protein instead of a nuch |arger database of 30 proteins.
However, in a seesad hersine yicee. for exsmnplephospbopeptidestaredsolated and1 DEC 2005

di scl osed herei K ﬁaﬁﬁ@ | .sol ated and
anal yzed sepa%a@gigagegﬁrgggﬁ-fmgghgp ?/ at e ngebﬁ@%déggg @#ﬁﬁ%t only

pepti de from gpeapéide from apapticularipnotein willtke thbésalstet phedpipdyestidepent | de, and
unanbi guous assignnents are likely t e. nore diffjcult to achieve. 5

Assi gnnment s t%%%”%am?fgﬁé%mt%e mswe d tB)PCE‘!ﬁYﬁhesi zing a
peptide W tsh tAigHments ehised wenGRarabigubioeANBs Bhafin Y By sdhtadskingnal yzi ng
it by LCGMS/ M5 or LC-NB3 to determ ne whether it prodgcg%_ 3(iq-%he slg spectrum
as the bi ol ogiBePtsepyithithe aasigned sedpencados phospherylatioeaityand sonme
phosphopepti d : NN lraf a3 ﬁﬁ% r s of
phosphat e can%&%ir}#@bgiﬁl cul Wg'cgé@l 3‘2 d%@eque%@%{ht%ght J(Jaddsc(|cg))§ct rum of a
particul ar. pHbeshoesiecttam &% thgrkiolegisalofepdise Sequest provi de a ranked |i st

of assignnents for each spectrum For non-phosphoryl ated peptides the:
t op-ranked assi gnnévs dessdbed pbSez)iks teridency besoroe phesphopapiidésto 15

Pecause orit namsafi RS L SRR IB He TRl oRE bt BRI e BB ouc ral 1 oss
and the i nabi |diffigulbfo Sesigreatsetoericecioghé spectnom bk eartijutaraccount t hese
neutral , | 0ss ppen%lérsaho;l)_leopvt\%\é.erPrggl%rr]rilsqéJL?chfaesaégéL?es?Bgov? evg rr‘ér?!?e% IFsScjc.vfa ntibody-
assignments for each spectrum. For non-phosphorylated peptides the
top-rankéd assignment made by Sequest is often corract, but for
15 phosphopeptides the correct assignment may not have the highest rank
bécause of the additional complexities in the spectrum due fo neutral loss
and the inability of Sequest fo recognize and take into account these
neufral loss peaks. However a unique feature and advantage fo antibody-
based isolation methods, such as the present invention, is that the known
20 specificity of the antibody can be used to screen marginal assighments,
l.e., assignments that are not top-ranked, fo 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 cbmpensate 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 direcily to a mass
specirometer so that peptides are analyzed as they elute from the

30 immunoaffinity-isolation device, enabiing the mass spectrometer to



based isol ati on net hods, such as the present invention, is that the known 20
specificity of the antibody can be used to screen margi nal assignnments,
i.e., assignments that are not top-ranked, to find ones worth pursuing
further. That is, antibody-based isolation nethods have an inherent
advant age over other isolation methods because the anti bo@y' E¢spgsci ficity
can be used to partialty conpensate for-4bae of the limtations associated
25 with Ms/ M5 anal ysis of phosphopeptides. As di scussed above, in practicing
the i munoaffinity isolation nmethods of the invention, a device for
I solating nodified peptides fromthe proteinaceous preparati on may be
coupled directly to a nmass spectroneter so that peptides are anal yzed as
they el ute fro@Ralyee 8en menmocampleniniyiure bhpemided evorexanepie)d fiqgdt he mass
spectroneter tQ. . .anal yze even re coppl ex,m xtures of
pepti des. For gr)l(rgr%?%qragﬁ %?@Q%ECHSB%S%SWE%P@?@JWW%{%nat es conpl ex
peptide mi xt ursimpiertmixtiuresiplitich afexthen emalydatGRntidiatt ey tRedasged | medi atel y
ter wi thout inptervening sanple-handling steps. In this

by the nass s ecq&rror% anmpl e |

manner, 5 the SEneler witkoyt infervente sampledianding siepadndhisteanneso as to

al l ow t he ffingl | l‘i’[ﬂﬂﬁﬂ LSkl At Wi . des from
conpl ex m'sit uﬂpgsiﬁ@ﬂ?gé!arﬁgﬁggé t he tIEI glblgﬁg%]@]y %P&%B%ggé Sg[gr%@&gtsﬂ!‘%ven
further, the ¢ffigent high-twengipuhishiationof emdifisd peptidet fiomrootaplexi . €. it can
operate in 10 r'hg&r% nore separation nodes sequentially. For exanple, one
set of nodified peptides may be eluted from an ion-exchange support onto a

rever sed- phase sup \ |l a.reversed-phase separation into the
nmass spectrometer, pﬁ%@m{%ﬁ tﬁ%ﬁ‘ﬁ?\’%ﬁcg for W@B’& Fgﬁ“@[s?sﬁé’ﬁﬁﬁﬂ@gef be
anal yzed by a liguicclmohentgrabhy systefrmmay bbendlfimsiet a) Geantpreests ignt o the 15
rever sed- phase sg&por t and a. secoad r evern%eﬁ)-, pEase separation into the nmass
spect romet B, MPIIHORG, SR TENAres BpgHensagy. 9@?’@7@[3 Aoeaseidipra. It is
al so cont enpl amedifitl Pephtss Mayposdied Horidhtidn-BREHENgL! tdbErt onto a

reversed-phase support, followed by a reversed-phase separation into the

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 immﬁnoafﬁnity 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 o be analyzed. See é.g. Amankwa ef al. Profein
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

4



chromat ography could be immunoaffinity purification, using general

nmodi fi cation-specific antibodies to purify post-translationally nodified 20
pepti des,, as described herein. In this sense the i Mmunoaffinity colum woul d
resenble a so-called enzyne reactor colum, a colum of inmobilized protein
used upstream of a mass spectroneter to catalyze a reaction on the sanple

to be anal yzed. See e.g. Amankwa et a!.-®otein Sci. 4: 113-125 (1995). 25

| dentification of Novel Sites; Antibodies The i munoaffZrilfg 5ol ation
met hods of the invention allowthe efficient and rapid isolati.on and
I dentification of peptides conprising protein nodification sites from

conpl ex m xtures. 'ﬁcﬁg‘iér]; k_ed pegt i ?tesl i so}ég%%ed accor di ng to@dt he net hod of the
i nventi on may ¥Rvwn adericulatproteiipor may ganepriseorovel sites o a
particul ar propRidHk : | | f | fication previously
unreported. For exgﬁgﬁsr&Wﬁ@%ﬁnﬁégﬁ@g%ﬁioorr%éﬁlﬁeg uglk'tq@ghof a particular
protein may bepheiphoryiatioh sites of ecarticulaeprotdin nayehenieshiiibdih t he present

i nvention. Sinj t t hods .of the ipvention n | sol ate and

i dentify si tegbéﬁ;é%n%‘gﬁq E@Q;F'PEW% qf h%PFWBE'BHB’?@H%ﬁ%K@”W gheknown, per se,

but whose npdi frietfddsf th@irrentie fagusalateCld idehtirf SHEs whbSE ARRIRLAbS. etC. is
not known. Thus, the djsclosed nethods enable, in part, the identification

of modificati off-&iRNASPaeryfaiiep) isingwn, peosei s whese modificasionimat (i.e. the
proteins are it hedes agdd 0t t4 | state.
Bhe Ldont (11 coppovaaf g"rﬂ]g&%%?eﬁ?’gétég‘:é%ts‘fn%gl ottt RdBh . Bo BisEBREE
gener ati on of meadsténabiyy in pagdhe sdediifichticn ef epdificdtion diles dof bertivolee!

B “hovel " phasphsr TR FRERRE RV . W BloroPl s ABR fodepiidiadl ) "

accordi ng b ti a perticelehdidcasde ttage.i nventi on enabl es the generation of
phospho-specific antibodies which bind to that protein only when
phosphoryl ated at tTie ideotifidation of novél proteirt inbeisingtior sites aremleadhei ndependent

antibody is enBc'er?é’rgEon 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 6r 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



for the imunoaflinity isolation, novel sites identified will match the
specificity of the notif-antibody enpl oyed. These nodification-specific 20
anti bodi es agai nst novel sites will be highly useful reagents for the -
detection of protein nodification, as well as for diagnostic or therapeutic
uses. Once a novel nodification site is identified, nodification-specific
antibodies to that site may be generat edloy st andar d t ednhDELl5 fami | iar 25
to those of skill in the. art. The anti bodi es may be pol ycl onal or

nonocl onal . Anti-peptide anti bodies may be prepared by imunizing an
appropriate host with a synthetic phospho pepti de antigen conprising t he
novel nodification site, according to standard nethods. See,

AyTI BODI chf A ERBIORREDR2NNERHLE3 CHageMenifiald, J&rdumeChamy Sotv & BAne 30

E Cold S 51- 21 DEC
2085 Enzynol %ﬁwzdﬁp%i‘bg@gé%@%’%ﬁﬁ@ P?l e‘ﬁ@%}“%ﬁiﬁ@émﬂ?go 85. 21-
49 (1962)). Milineckazoeding tu ihhoﬂélb@omytdmbnmuedﬂé@ﬁlérmnﬁ Myéieﬁndm@wreel 1 ne
265007 (Sove): MGaMREITIG Ry ORI Ahdinfstel B Rpurgl B 51T (1R 5 on

al so, CURRENT &R m&awm@%mm&@@mmm A%Esu@él et%‘ﬂ?ds (1989).
Motif-specific, context-i n%rrpendent anti bodi es may al so g@m ced agai nst

the novel si te( P88htMpiitgpe q%tgﬁladege@%anmbmw@so ng a
el 118 oot WiobEEaTboahaRfo hB%iBlidified ffia SRS Bmdlircondied ) 17030

supra. 10 ModiTi catlon=speci ant enerat ed agal ns sites
and/ or notifs @&deng amlwalliiypfdﬁierenhslmmrlg |pl\d:temsné‘ehdd3nlmbt afaeWOnvent ion nmay
be screened fo Ol?géégé)%@g%r)d nodi fication-specificity according to standard
t echni ques. nik at ah, Methods in Enzyrml ogy, 201: 264-283

(1550 o ! e B S R A R R ey
phospho and noanmditrosptife lwﬂﬁ’edeylthéﬂﬁm}anbﬁﬁﬁﬁy Pstiicuseorthe tnvediiési ficity for
both the desir edy gtslc ene& for eplttope an %Bglpgat%orﬁgé#e%lf c%ytarr}gorrél?nvgetlo
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 [éck of reactivity with other non-target protein
phosphoepitopes. The antibodies may also be tested by Western blotting
against cell preparations cohtaining 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 protein
| mutants lacking phosphorylatable residues at positions outside the
desired epitope known to be phosphorylated, or by iﬁutating the desired
phospho-epitope and confirming lack of reactivity.

In accordance with the present invention, two novel protein
30 phosphoryiation sites were identified by the practice of the disclosed



phosphoryl ati on site/residue) and for reactivity only with the

: phosphorylated formof the antigen. Peptide conpetition assays may be 20
carriediout to confirmlack of reactivity with other non target protein
phosphoepi t opes. The antibodi es may al so be tested by Western blotting
agai nst cel| -preparations containing the parent protein,?epgc 606! | 1ines
over- expressing that protein, to confit?8reactivity with the desired "
phosphoryl ated target. Specificity against the desired phosphorylated 25
epi topes may al so be exam ned by construction of parent/target protein
mut ant s | acki ng phosphoryl atabl e resi dues at positions outside the desired
epi tope known to be phosphorylated, or by nutating the desired
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phosphoryl ated at these novel sites can now readily be prepared, according
to st andard t echni dtiessph8yapehificiantibpdies fHad birebsitide LFD1 geRINSpnpri si ng the

UFD1 or s ncludi na phospho- Ser335 or Ser588,
respecti ve %398&@%‘%2’?{@; ‘@@%ggﬁ%@gﬁ!g t?ﬁ&'f gﬁ%ﬁ%‘(@i%?%?ﬁfbn%t h well known
t echni ques, 15readﬂ}y bs @demed nedscoateg o standarddusitniagds/ Sydthgigno- cl onal
ant i bodi es. eh % FODI ES: A LABORATORY MANUAL, supra, Czernik,
NVet hods | n phdsp o%eptlde antigens comprising the UFD1 or PTNG sequence _

surrounding and including phospho-8er335 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 aiso
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, aithough some limited cross-reactivity may
25 be observed with proteins containing sites highly homologous fo the
UFD1 phospho-Sera35 site. |

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

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



Enzynol ogy, supra. The phospho- and epitope-specificity of these antibodies
may be confirmed as descri bed above. Accordingly, in a preferred enbodi nent,
the invention also 20 provides an anti body that binds ubiquitin fusion
degradation protein | (UFDl) only when phosphoryl ated at serine 335, but
does not substantially bind to UFDI--when not phosphorylatgﬂhzh this
resi due. The UFDL (pSer335) antibody of53he invention &l & % not
substantially bind to proteins other than UFD1, although sone limted
cross-reactivity may 25 be observed with proteins containing sites highly
honol ogous to the UFDl. phospho-Ser335 site. In another preferred

- enbodi ment, the invention provides an antibody that binds protein-tyrosine

phosphat ase 1 H‘e('mP”cﬁﬁWd%ﬁOt substaswishy bintdda pseteinsrdtiner i6@8PTHIB, does not

PTRG. (pSer 558) TR S oty bRgh gk BT SRS Sbdo BEe A atbBiriioes ot

substantial |y tdnigining mﬂeetme$ homodogoub do tHETRENG plosphorPerssseitd. i mit ed
cross-reactivity may be observed with proteins containing sites highly
honol ogous to the PTN6 phospho-Ser588 site. Profiling and Di agnostic

Appl i cat i ons 5Prdfiling and fiagrostihAppfication®n enabl es the rapid, efficient,
and direct isolation of nodified peptides fromconplex m xtures, such as
crude cellS5extractAs notehiahougj hal inveéniiod snablasttherapidcefficiedt, tpd costly and

time- consum ng. pre-purifi.cati n of desired peptides. or i ns. The net hod
makes possi bl eg'f%é %ﬁeﬁ ne°f§‘f‘% Pﬂfﬁsffforwpg"\% r&t’ﬁ“&'ﬁso?ucihﬂst%‘ﬂ% 10
different nodi éeiles;dmm ordsisiogial ﬂlﬂé@%ﬁdﬂi@tﬁé)né’ed%'rbbétgd@nd)ﬁmgi fferent
nmodi fi ed proteins and S|gnaI|n at hways a singl nt i body

p
Accordi ngly, tFRISHETIRGREES-BHG %mﬁﬁi@d\o@%@ewmwe@stﬁhe me@mcy usef ul

for genone-w d I - f | es, for
exarrgl e. The ?lak@s Fglsf;?fb ;;%ﬁ‘g ed?t% I]ﬁggﬂedgaﬁnﬁggﬁdl#% &qﬂgﬁs‘ﬂ%t readl |y
e

aut onat abl &0 1€Iffa@n6m aRjides. eattaspandingiio p multituseiafdifferent i s required.
Facil e i sol ati ppqfibqPeteldssthdPSghdifiGHatisyd, Vit sthgRUrbbgat F on and
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. |

Fagile 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 becoms even more -
pronounced. In a broad context, the invention is usefu! not only to assign
modification sites in well-defined in vifro 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 respo\nse to environmental changes, such as stress,
_ inflammation, disease, drug treatment, etc.



assignnment of nodification sites. in a great variety of different proteins.
These protein nodifications occur in response to significant events in the
life of a cell, and in sonme cases the nodifications provide a potential 20
target for dlagn03|ng or preventing the event. As the genone sequences of
various organi sns continue to becone known, the need t2d BE(hzf0fand assi gn
these nodifications in a given organisn1@ﬂ+| becone even nore pronounced.

In a broad context, the invention is useful not only to assign nodification
sites in well-defined in vitro conpl exes, but also to generate 25

genone-wi de or cell-w de activation/nodification profiles, that is, to
determ ne how gl obal protein nodifjication changes within a given ceII or

ti ssue in response MNEOBHARTorRaEMenionehpipieemics metheds, sthigsfocusionf | anmat i on,
di sease, drug to.con ti onal

prot eomi cs net ﬁo\gyd%m%&hg%%egég?\&n#ﬁﬁ %?g%quﬁ%cé%f ﬁ'ﬁ%’ t@e@ﬁgﬁ%e in
response to a pa@sentinventionrfeatisasrdn caliatar chargesin pmteﬁnmwifcfaﬁ@rhlses on

cel lul ar changes g gEroteln nodi f i catb resul tin a gi ven event, such
as disease or (PHAIASIAT 2ENETEFYENS SHS .aﬁl%%ﬁqssrprt@%éﬁe'a% §bhoryl ation and
dephosphor y4 at iregificatry, %@cﬁ%s%ho%ﬁcﬁ?féﬁ@rﬁ aﬁdeFhoép% ABRY

| nportant biol ogical processes, udi n ular trans or nat I on and

cancer, progr afeisgulasswitgh femnoduaiing a8y @nﬁ@miﬂ(ﬂlo'ogiﬁd precesseli sm  Thus,
one advant age ,@d‘; S a nmeans
of focusing onmE:{liI eglﬁlértﬁ%ga g@ﬁ@é\}j (?:Egﬁl{ér\/@'opgarﬁﬁéﬁ gﬁhggﬁﬁ-'o g r wthout
an acconpanyi ngycle bamtopd, amd metabalisunThiod, muemanfage gifes¢€bptien a cell, i.e.
a cellular res ere a ha elnthe nodi fication state
of a specific 8%%&‘5?}"%“’8#8@‘@‘5ﬂ%fawae%éfnws° PelRiRe PRSSE ampunt of that
prot ei n i nid hemoteeular shitcing dvﬁmsnﬂafchldathCGUSWItﬁémt@m aadohqmyRig t he
invention will be usef.ul nosis of a caondition known to be

associ ated wi t f1ange B e 95’PPBEOP? %pe - IS Bt 3 68: 16 aLefulaeiespaase i cat i on
site on a protgiap beltAfgseamy £chahge in the modification state of a specific

signaling protein, and not by a change 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 prbtein. For example, a
phosphorylation site on a certain cell signaling protein which is a known
marker of a givén disease may be isolated {from a clinical tissue or fluid

20 sample} in accordance with the invention to identify the phosphorylatidn
status (i.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) corrésponds 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



phosphoryl ation site on a certain cell signaling protein which is a known
mar ker of a given disease may be isolated (froma clinical tissue or fluid
20 sanple) in accordance with the invention to identify the phosphorylation
status (i.e. activation status) of the marker in a patient. This nmarker
‘activation information will assist in the diagnosis off Higegps and/ or
identify subjects at risk of disease. A8cordingly, in a preferred

enbodi ment. of the disclosed nethod, the nodified peptide isolated in step
(c) corresponds to 25 a known narker of disease. The nethods of the

i nvention wll be useful for profiling protein activation (i.e.

nodi fication) states in a target cell or fluid, on a genonme- w de, or

pat hway- wi de b#ssug oricglls Fopvihesams patient. diliesmativiely; itlaa meshalwii beas di sease or

drug treatnent, r : e . be 30 obtai ned from cancer
patients and a%%#@zbgﬁgéﬁlﬁ%otvgh@@ ﬁéﬁ%ﬂrgﬁgﬂﬁérk%‘g%g ip%ﬁﬁq%%%O i ssue or
cel I's from t hecarmer, et asa diaghbsity asdayvel thosé kancarshperhabs helfping tesef ul  bot h
for discoveri nrg gg@ifisféjﬂeprlptei n marggrs for specific types of cancer, and
as a di agnost i DAESY&Y PHYSRreggRe %‘,’Wﬁ'@QWaB’SO’P\%PEﬁfW@‘#O mark their
stage of progrenbdihentefiedhngbY, th ' f the
met hod, the nodified pe tide(g?lbch@?gngggﬁ?fBgéﬁé(%%rgggﬁ%dgﬁpr%{?ge(s) an
unknown nodi f i €ReP@Rriseiss apunknen smdifinalior site ofapareniprplein. Fohe met hod may

be advant ageou | | i | on particul ar
cell signali ngé%%fnﬁ%%*ﬁ%&@ﬂgﬁ% é@%ﬂné%%tw%%b@’é@a?%ﬂceéﬁ@erous tissue,
as opposed to plosphbryiatonusiteslon parcuiad eell sighaling meoteirstaat@ictulevated | be
useful to eval uatg thcg. cellular effects of a therageu_t i C drugnﬁ'i . e. changes
i n protein nodPPEUEIDINCAGSRISHESS, G5 ORROSSH 1o MAYTEHISHESRHMURF ect | or to
det er ni ne yhenmahser drametiywil beuseful tosvallate thEQeliekpERbAs of8l | s or tissue
treated with a test drg’g&i it ended tqQ reduce phosphorylation_of a particul ar

protei n known {8/EHEUHS eBhaNgaR; IR Rrofelfdneafipation] éagauer Hitds may be
moni tored to deividgringyddied orees BRYS yétairhinB vwHeH Bs bsddtdhapifiugbn and/ or
ot hers. The nethod coul d al so )

toxicity. For example, 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 (€) 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 resufting from the disease. In a second preferred

30 embodiment, the proteinaceous preparation is obtained from a tissue



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

moni toring changes. in cell-w de nodification state during the course of the
di sease. 20 Accordingly, in a preferred enbodi nent, the isolation rethod of
the invention further conprises the step of (e) conpar%aﬂthﬁ nodi fication
state of the nodified peptide characterized in step (d) i 16 200

modi fication state of a corresponding p§f-de in a reference -sanple,

thereby to conpare protein activation in the proteinaceous preparation 25
wWith protein activation in the reference sanple. In one preferred

enbodi ment, -t he protei naceous preparation corresponds to a di seased
organi sm and the reference sanple corresponds to a normal organism whereby
conpari son of epaveeal era clinigal dnidmanvilel end it cefersincesamplact i vati on changes

resulting fro ' se... l.n second preferred 30 enbodinent, the

pr ot ei naceousrep?& %ggggﬁegong#?%ﬁ%i’%@%’%’dﬁq%{eh E&%org&arﬁce@ JRheieinsg bi opsy
cell or a clinadtiabtidr protidesrimoamatish tsedulrfof €gn6sls DAY @sessy. IggPonds to a
di seased organis v¥ner by the conparison of protein activation provides
i nfor mati on ugb*rqmprq SFegieﬁ'ﬁ??gﬁp@_‘to etifeted BepsEatiancairespRNdY Whéer r ed
enbodi ment 5 t F@gaﬁiewﬁpr{ep%geﬁ%%d%m %l@@%é"fegf‘%ﬁgp%@ SR Of

preparation treated with at |east one test conpoun erence
sanpl e corr espefRIgNGE $aMple canespendsiwii ganinéeatad Euepiamati preparatier eby t he

conpari son of i | Ak tdes. | Lon_on tivation changes
resulting f ron\ﬂgrﬁe?ré%/ @gﬁ{?&@@ﬁ#o@@ﬁ[@tﬁn %@Wﬁﬁ%ﬁb%@dﬁ@l’mﬁ%%f erred

enbodi nent, t hectivetigachargesobsylfing gom tidhtmeht with itentedesempbesd.above
identifies the nodified peptide characterized in step (d) as correspondi ng

to a parent proteifinBzobtherpréfered ymbediméradthascomsarisodidfinpstein t he di sease.

The isol atjon of, nodi fi ed. i des, relevant to_a given disease as. outlined
above may e VAR %?ECF'PES%\I?PY? [fianft %ﬁ&‘? 'HPg'gﬁggePW%ﬁ‘@'ﬁthﬂzﬁ%@rr_ant

signal transdugép o) ds cRrespbAdIAg o adramiproRinAst freeislisigRepdried as
s0 modified in the disease.

The isolation of modified peptides relevant fo a given disease as

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

15  aberrant signal transduction (i.e. protein activationlmodiﬁcation) 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 fest

20  compound comprises a cancer therapeutic. In a particularly preferred
embodiment, the test compound comprises a kinase inhibitor, such as
8TI-571 (Gleevac®), an inhibitor of Abi kinase for the treatment of
lsukemia. '

| 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 unireated cell

30 orfluid from an untreated organism, whereby the profiling provides



i nvol ved or suspected of being involved. In a preferred enbodi ment of the
nmet hod, the disease is cancer. Simlarly, the nodified peptide isolation
may be enpl oyed to nonitor the effects of virtually any test conpound or
drug on protein nodification. In a preferred enbodinent, the test 20
conpound conprises a cancer therapeutic. In a particulArIE Beferred

enmbodi ment, the test compound conprises® kinase inhibitor, such as STI-571
(CJeevac(r)) an inhibitor of Abl kinase for the treatnent of |eukema. In
the profiling and di agnostic applications described here, the 25

pr ot ei naceous preparation fromwhich nodified peptides will be isolated may
correspond, for exanple, to a diseased cell or fluid, tissue biopsy cell or
clinical flui d“@ﬂ?‘?ﬁp@“ ugeful inhapges in, e meriigatinn statestesultiog fiom £ | ui d f r om

an organi sm tdl@‘@és%dor"ﬁrhg I‘Fafonﬁfér%ti grlr @ggr&;ﬂ?of Jﬂgeés { ?\Qt%ﬂ%ﬁv%@nm c may

correspond to a nor nal l sease Cor untr eat ed
cell 30 or fl ueierémmmnplennaxeemmeismnngau|ass’latevdfebeh'ﬁnt i:lgnallr@fof leJ@g provi des
-57 21 DEC 200 rrratl f ul n chan i on state,
resulting fro ‘%ﬁ asggl%? @etﬂf MReRPY BFep&FéJt?r‘?Jg% cg;regp @

Al ternatively, ndrhﬂ%l of@h@nerf@reembea aauerﬁ%ir@s@@t& fbPtie Sredbifoddds Aber r ant

signaling (i. di seased sanple) and the protei naceous preparation my
correspond to rﬁa%‘GHBF%Paﬁﬁ@a?H%ﬁP ifigy tedisaps®, a patient being tested for
the presence of a _marker of disease or susc ]Ptl bility to disease. The
i sol ation and pr of i Thengolatemaad pewiling enathedsefithe inventiopavill bar ti cul arl y

useful 1 the doh@luahy U9 ARRALHOLERELC BlrclRgh b ARbAdos! 2 o O

known or unkn pro erns on a ) as t rovide a |ink
bet ween genonistatesdngeonecst mknanmnotelrmmramgeamhaarlndedhasxsaseasit(at es. The

met hod i s fea t hus exanpl e... may, be advant ageously
errpl oyed b]39 pﬂjgb%gééjﬁn?ﬁ%%%%%ﬂ?d@@ EWdSFHP m'? Wﬁ%#t&ne?ﬁ/q ?ﬁﬁﬁd rapi dly :
i dentify mar kefisosst sfateeaPiee fethali isgeadlyi amt@ﬁatalw, ARALhUs, fapetdns@s) ons.
may be advantageously employed by pharmaceutical companies wishing
to efficiently and rapidly identify markers of disease for diagnostic or
therapeutic applications.

15 The foilowing Examples are provided only fo 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
pep’udes the method of the invention was used to 1solate phosphotyrosme
(p-Tyr)-containing peptides from a mixture of phosphorylated and
nonphosphorylated synthetic peptides. A phosphotyrosine peptide mix

30 comprising 5 phosphotyrosine-containing peptides and their 5



15 The foll ow ng Exanples are provided only to further illustrate the

I nvention, and are not intended to limt its scope, except as provided in
the clains appended hereto. The present invention enconpasses

nodi fications and variations of the nethods taught hergj Ewm%bih woul d be
obvious to one of ordinary skill in the art. 20 ExArPUe) B ol ation of
Phosphot yr osi ne- Cont ai ni ng Peptides frond&- Peptide Mxture 25 To establish
t hat phosphopepti des can specifically be purified from conplex m xtures

wi t hout contam nation from nonphosphoryl ated peptides, the nethod of the

I nvention was used to isolate phosphotyrosine (p-Tyr)-containing peptides
froma m xture of phosphoryl ated and nonphosphoryl ated synthetic peptides.
A phosphot yr osNfeplsphpadatad pagoetpritides wag mreparssidabler s note-thent ai ni ng

pepti des and tRhgi - horyl at ed partner peptides was

prepared (Tabl E&%h&rﬁ)ﬁ?é’!%p%ﬁ@dge&%%ﬁﬁgg%Eﬁfé;%e ?%I§§%?%ve t he sane

o hey cont Ayt oo mE FISt oot BT oD e e e

~ synt hesi zed by{mggglsiq@fﬁ)@%p@wty@s' -%ﬁﬁﬁf#%wsr%swﬁeﬁﬁm%gy Eg08y nphony
pepti de syni hegh&misl r st e 1€ ,9354 < the

phosphot yr osi ne nsarg?gré'ﬂggﬁenlgyie@ﬁté&ﬁgﬁg@% egtrﬁﬁg:l. g%{@&%@ The

peptide ni xt ur Bstremeaf and uping fmerr W (PRIQGBzIOK)-P dstie phesphiohgosingr ot ei n

proonated ki CRICEENSETRIR LT S ¥15099, FidbeRfsdidlem cvicri

covers a broad mass range designed to resembile a protein digest.

Table 1: Components of the Phosphotyrosine Peptide

Mix
Calculated Protonated

Sequence Peptide Mass
KIEKIGEGTY*GVVYKGRHK
{SEQ ID NO: 1) 2,242,174
KIEKIGEGTYGVVYKGRHK
(SEQ ID 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: 86) 1,629.911
RQGKDY*VGAIPYDC .
(SEQID NO: 7) 1,600.719
RQGKDYVGAIPVDC
{SEQ ID NO: 8) 1,520,752
GKDGRGY*VPATC
(SEQ ID NO: 9) 1,303.550
GKDGRGYVPATC :
(SEQ ID NQ: 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



SEQ ID NO 2)2,162.208 RLI EDNEY* TARQGAKC (SEQ ID NO 3)1,946.879 RLI E DN
EYTARQGAKC SEQ I D NO 4) 1, 866.912 LQERRKY*LKHRC SEQ I D NG 5)1, 709. 878 '
LQERRKYLKHRC (SEQ I D NO 6)1, 629. 911 RQGKDY*VGAI PVDC (SEQ I D NO 71, 600. 719
RQGKDYVGAI PVDC (SEQ I D NO 8) 1, 520. 752 GKDGRGY*VPATC SEQ I D NG 9) 1, 303. 550
GKDGRGYVPATC (SEQ I D'NO 101, 223. 583 Y*=phosphot yr osi pq,pE¥=A)psr osi ne Sequence
Peptide Mass The MALDI - TOF nass spectrurh®f the mixture before

i mmunoaffinity 10 purification is shown in Figure 2. Peaks |abeled with a
star correspond to -59 21 DEC 2005 phosphoryl ated pepti des, and peaks

| abel ed with open circles correspond to the nonphosphoryl ated partner
peptides. P-Tyr-containing peptides were specifically isolated fromthe

di verse pepti dehaspheiytaed pepiidasaand mgaks labslesswilvopen sirties pepesmhendni x (46 5

b |1 ged 1 aoane pRRRTRAEbHARL REEBERERRR. 1201 ol ony. 1 he. . product
nunber 9419) (100 Q'-i’)l‘yr-gc?tﬁaf?ﬁ]ntd g?é)pq%ie\s"\.’%vseria %gé}%eﬁ@/ is\f\élta{édtgr]oem %%) tides as a

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 mi of ice-
cold phosphate buffered saline, and once with water). To elute bound
phosphopeptides, the antibody-resin was resuspended in 400 ul 30%

15 acetic acid, left at room temperature for 10 minutes, and centrifuged. The
eluted peptide fraction was dried and resuspended in 80 wl 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 peptidé mix before (iop panel}
and after {(boftom panel) immunoaffinity purification. Note that the fraction
eluted from the antibody-resin contains all 5 phosphopeptides but none of
the nonphosphorylated peptide partners. Accordingl'y, the method of the
invention specifically isolates all desired phosphopepiides containing a

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



slurry, in a batch purification format. The slurry was left at room
tenperature for 10 mnutes and on ice for 1 hour. The unbound peptides 10-
were renmoved by centrifugation through a plastic frit,:and the retained
anti body-resin was washed extensively (twice with I m of ice-cold
phosphat e buffered saline containing 0.5% NP-40, tw ce ﬁ‘@eﬂ] m of ice-

col d phosphate buffered saline, and oncédlnith water). ‘? § Q§ bound
phosphopepti des, the anti body-resin was resuspended in 400 Al 30% 15 acetic
acid, left at roomtenperature for 10 mnutes, and centrifuged. The eluted
peptide fraction was dried and resuspended in 80 Al water (the volune of

t he phosphotyrosine peptide mx before treatment with antibody-resin), and
a | pi aliquotBuwas lgelalioaotitiosphathreening-GantainingBeptides fegma ronetry, as
descri bed above (FiRgplideMixtBreure 4 shows 20 the nass spectrum of the
phosphot yr osi ne peptide m x before (top panel) and after (bottom panel)

i munoaffinity purifeaethnd ofitee sventien wae finthartdepmonsiiatededsiig am t he

ant i body-resi ' I : ' b of _the
onphosphor yi A1eans SR ProrP R REARARBRRy A boRe Bufreah: « ne

i nvention specpdlydandlantisodyP<thralolyotesil teepurifp @ephieaeadritdiamgcont ai ning a 25
phosphot yr osi n r rdl ess_of the di fffere-nt sequences in which the
phosphot yr osi @%@E&&?"G'P%Fﬁoa’ 2 BivgHeso rﬁh&sﬁhery%fte%ﬁﬁgphoryl ated and

nonphosphor y!| aiithhBephdrdRted syrfRet? depiits 2RR0nBdu ' i
Phosphot hr eoni n@Con'thi rgi ng Igépti deF;se froma g%gtjiezéeﬂﬁéﬁf)giggﬁtgetﬁ%t hod of

t he invention REXidesr? RBES rerinatcontaiRing yeatidesantthajjeher al protein

ot on yOSuoTCsaR DRI GoR A Bl TR e,

m xt ure of lpbhoepsictum, abtainethas desonibed sbove ydfdhe phogphidthteoninequetides. The
1 Xt i f . i ntides: 2 ph t.h i ne- t ai ni
pept i des and chs err® AERE iy PRRbatRoanerBd SRR BLSHAE sRaRNE 2) "Orne

MALDI - TOF nmassin Figure 5.

Table 2: Components of the Phosphothreonine

Peptide Mix
Calculated Protonated

- Sequence Pepiide Mass
DTQIKRNT*FVGTPFC
(SEQ ID NO: 11) 1,808.825
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 résin using a hydrazide chemistry
(the same chemistry used to produce the P-Tyr-100 agarose resin used in
Example 1A above), using a comrnercially' available crosslinking kit
(BioRad Affi-Get 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 phosphdpeptides



10 spectrum obtained as described above, of the phosphot hreoni ne peptide
m x before inmnoaffinity purification according to the invention is shown
in Figure 5. Table 2: Conponents of the Phosphothreonine Peptide M x

Cal cul at ed Protonated DTQ KRNT*FVGTPFC SEQ I D NGO 11) 1, 806. 825

DTQ KRNTFVGTPFC (SEQ I D NO 12) 1, 726. 859 CKEGLGPGDTTSTEﬁéﬁg | D NO

13) 1, 491. 620 CKEG.GPGDTTSTF (SEQ | D NO-614) 1, 411. 653 T*= ot hr eoni ne,
T=t hreoni ne A P-Thr-pol yclonal antibody (Cell Signaling Technol ogy, Inc.,
product 15 nunber 9381) was |inked to agarose resin using a hydrazide
chenistry (the sane chenistry used to produce the P-Tyr-100 agarose resin
used in Exanple 1A above), using a commercially avail able crosslinking kit
(Bi oRad Af - Gelweie Speilisaly spistad framithispristive by conssting & 6060) and

foll owi ng the . S Last | h.patliliter of resin was 20
reacted v th PREPhBreie Bab oMol SRR M tsatbRBxErep il aos so
uence Pept i de Whsnd idubtihg BRCRANENABegticeReRi i aldiight ot dinf wan this
m xture by contacting the phosphothreoni ne peptide mx (20 pnol total) wth
this anti body-'Peayeied ang washedgang | inaplicee wees elyteth proggssedes at 4 C

ol tt od pr SceSLEPA s AEMNEl 8ol UGB ol e ML OBYOF RER L The.
MALDI - TOF massspectra of the unbound and bound peptide fractions. The unbound fraction
| contains all 4 peptides, including the phosphopeptides; under the
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 (/.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 ihe P-Tyr-100 antibody-resin (CST product number 9419) (10 pl). The
pepiide 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 m! PBS, and
five times with 0.5 mi water). Phosphopeptides bound to the antibody-

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



spectra of the unbound and bound peptide fractions. The unbound fraction
contains all 4 peptides, including the phosphopeptides; under the
particular conditions utilized, which were not optim zed, sone of each

i sol at ed phosphopepti de has passed t hrough the colum. The bound 10 fraction
cont ai ns both phosphopepti des. but does not contain the nonphosphoryl ated
pepti de partners. Accordingly, the nethd® of the invent izohﬂ&afﬂﬁ tively

i sol ates all desired phosphopeptides containing a phosphothreoni ne,

regardl ess of the different sequences in which the phosphothreonine occurs,
froma m xture of phosphoryl ated and 15 nonphosphoryl ated peptides. C

| sol ati on of Phosphotyrosi ne-Containing Peptiides fromLow Level Sanples
The i sol ati on B Zebditta letpeelplionseyere eambiped) andean sliquut esms(désaltedvher e t he

anount of eac = [ o t | Qr. 0.according to
the method of E‘ggijﬁ%@ﬂt@gﬁg\ﬁgﬁhﬁﬁoﬁﬁg 'gtaéﬁ%?‘?{&ﬂcg@@tﬂg M amount's of
phosphot yr osi nglygipetriteddsreisvdth MARDETOFepiaisd @nalysis. and the i mobi | i zed
phosphot yrosi ne anti body P-Tyr-100, as described above in Part IA

lF)’- Tyr - contai ni ng pflﬁgmeopelmwm ru(nasfs;b@?nm &ﬂltr;:é QJW!hetngS m-ﬁ@ﬁﬁéﬂlé}ﬁhiiﬂixg g re,

y contacting the 10-peptide mol total) with 25 the P-Tyr-

ant i body-r esi W%@@ﬁ%&ﬁ%ﬂ@?%@ﬁ%@r@ﬁﬁ nel) immynoafiipity puificaten mi xt ure

cont ai ned 100 Rty b | [ t ugh

adsor pti on. Théé&roesi n?%@éﬁg@g\%@gﬁd&@ﬁgh%@he% %)ﬁ%&éﬁ%?ﬁéfw ce wth 0.5
m PBS cont ai n¢eipspoBddmphosphonilatedieptides,sand peRRS labweleld withwirclesmes with 0.5

m water). Pho ' L.bo resih were el uted by
washi ng the r eé"?%%pﬁﬁéE‘gﬁuﬁen'g@ﬂ’%g?wqﬁ’g?ﬁé’kﬁ%r%Eﬁ&%s%ﬁ'eg 21DEC 2005 OH
2. 3. The t hr eepledsphopeptidss alttoughipnesknta tbva(piedrholeplevessweesbbte Wi th a
Zi pTi p devjce | e rp. rt n ey ZTCl 96) . sipce . ci ne
interfer esi(tvi téP%Eﬁoﬁwgﬁ%ggﬁ%ﬁ‘?ﬁ%ﬁ@%# %@Tﬁ)évg p?ﬂﬂg%@gh pect rum
for the | ow | eviX ofly-Pretd gstestcd in the@tiieid(falioR Rlohddiepf dgd (third
panel ) |m*runoaﬁ1f||n|ty purlflctl?n , .
ey 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
particularty helpful in assigning the peaks at 1,869 and 1,523 to
phosphopeptide synthesis artifacts and the peaks at 1,867 and 1,521 fo
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 a‘ntibody, to purify phosphopeptides containing the

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



according to the nethod of the invention. Peaks |abeled with a star
correspond to phosphoryl ated pepti des, and peaks | abeled wth circles
correspond to the nonphosphoryl ated partner peptides. Al 5
phosphopepti des, al though present at |ow (piconole) |levels, were bound 10
and eluted fromthe antibody-resi-n-(third panel). O the 10 peptides in the
mx, only 3 were detected in the unbound®+action (seco&&ﬂﬁﬁﬂﬁg); and they
were all nonphosphoryi ated peptides. The bound peptide fraction was
neutralized, treated with calf intestinal al kaline phosphatase, an enzyne
that can renmpove phosphate from phosphopeptides, and re-analyzed to 15
confirmthe phosphopepti de assignnents (Figure 7, bottom panel). As

expect ed, the minphphpierpleiatesynikete papiidks: Eie Akigpbteiphinaye pleyd £ 0 produce
ions with masses,80 | ower fhan.t hosphopepti des. Thi S articularly
hel pful in ass?%aﬂbo'? H‘ecedé%m‘ﬁ’f'%\wﬁ‘?%é@g%@?%ge?%dsﬁi&é}%ﬁb tide

synt hesi s arti2ac5s-358!(1997))aal®gshesis 8fdndafarl s Na Akad. Sci.

non- phosphopept ides. Accordi ngl the method of the invention selectively
i sol ates all d@§ﬁr@é%ﬂ%‘5ﬂﬁ@d§85¢ﬁe@r}d Earspriptions wegwalon (Seheid ardnt ai n a

phosphot yr osi NEiooRESE. ':f,%iof?%tﬁ?#ﬂ#{@%ﬁﬁp?ﬁ%ﬁ@@ﬁg&s@ﬁ@@%ﬁgﬁ the

phosphot yr osi ne octurs roma | ow | evel ure o ed and
nonphosphor y| aaldel ipplesphesylatzproein suisitatematdhretinineSussarinatresiBoes phopept i des

froma Peptid t ur . hod of .the invention was furth denonstrat ed
using a noti &Q%L@eﬁﬁgqe&%%&gé?&ﬂ{g%tbﬁbtgﬁtcoﬂﬁwscﬁ%”egﬁ? Fl?gi y, phospho-
(Ser/Thr) Akt RMREX{HSS, ehdretR dyargiring) X isfahydifipnb RRRERhHAYS ifd@edtas ni ng the
30 phospho- Akt substrate notif froma m xture of phosphoryl ated and -63
nonphosphor yl ahg "Qﬁmﬁ%?ri’@eﬁéﬁ?ri%s. The Akt protein kinase plays a

central role in cell gromh (Marte and Downward, Trends Bi ochem Sci. 22:
355-358 (1M897)), arRlicepRoESEATRA AXDeusiialie polftRaal Affidodyfcen Sci. USA 97:
1749- 1753\(20%9 é& a_ﬁd transcriptional regulation (Scheid and 5 Wodgett,
Curr. Biol. 10°9Ralig hephne ehcp PrR@Y "*g?r%@@ﬂﬂar@ﬁa@éeﬁp!urahw_

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—(SerfT hr) Akt

15  substrate antibody is that it binds preferentially to proieins 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 independent of the surrounding amino acid
sequence (/.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 mofif-containing phosphopeptides were selectively isolated
from a mixiure 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 ail 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. '



abl e to phosphorylate protein substrates at threonine or serine residues
when the target residue occurs within the consensus sequence notif
RXRXX(T/S), where Ris arginine, X is any amno acid, and T/S indicates the
target threonine or serine. 10 Phospho-(Ser/ Thr) Akt Sﬁgqtmggg%pol ycl onal
anti body (Cell Signaling Technol-ogy, Inc., product nunber ) recogni zes
a plurality of different phosphoryl at edédsoteins that contain the consensus
sequence notif when phosphoryl ated, but does not recogni ze the anal ogous
unphosphoryl ated notif. The specificity of the phospho-(Serl Thr) Akt 15
substrate antibody is that it binds preferentially to proteins and peptides
t hat contai n phosphot hreoni ne or phosphoseri ne preceded by |ysine or

argi nine at posit iTaite 35Campon8ntsiaféhe Phis)oAKl RIBekaTE PShlidd BEQ | D NO.

15), in a manner substantially independent of the surrounding am no acid
sequence (i.e. the context of the notif). It is_now denonstrated here that
20 this antibody can be used to purify pepti deCalpdgtegont ai n t he

phosphoryl at ed Akt consensus substrate notif. AXptangied - contai ni ng
phosphopepti des were sel ecti vBegquérmel at ed fr dPemideiMasy e of phosphoryl at ed
and nonphosphoryl at ed g8PRERAASTMDANGRSMccording to thej method of the

bhosphot hi eont ne- cont i SaclBlES: 1907 0 S Sl oBoRRY Cor i i ng pepti de,
and their 4 nonphosphorgiﬁgmmpm%%ti des (Table 3).| The phospho- Akt
substrate consensus seqUBERHDINO: pflesent in al | 1.4088988phopeptides in this

mxture, and it is knoyDLKDRRGPHKBWMERAt {hese phosphopepti des are
recogni zed by and can BigEQtip Nbeq18)30 phosrho.- AkBosighst rat p anti body. 21 DEC

2005 -64 Table 3: Conpc éhggg\%\{%q,'@psph AR Substrate Peptide M x
Sequence CSPRRRAAS NDNP%::é] FRpNo 16) 1, 9891,%?‘?.856
CRSLT*GKPKLFIIQA

UvJ

(SEQ ID NO: 20) 1,754.938
CLKDRQGTHKDAEIL

(SEQID 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 prmol 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/pl).
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 mi ice-coid PBS, and _
three times with 0.5 mi ice-cold water). Bound peptides were eluted with
three 10pl aliquots of 0.1 M glycine, pH 2.3. A 5 pi 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.



CSPRRRAASVDNNSKFA (SEQ I D NO 17) 1,909. 923 CLKDRQGT*HKDAEI L (SEQ I D NO

18) 1, 805. 872 SRPRSCT*WPLPREI (SEQ ID NO 19)1, 777.856 CRSLT* GKPKLFI | QA ( SEQ
I D NO 20)1, 754. 938 CLKDRQGTHKDAEI L (SEQ ID NGO 21)1, 725. 906 SRPRSCTWPLPREI
(SEQ ID NO 22)1,696.906 CRSLTCGKPKLFI I QA (SEQ ID NO 23)1,674.972
Phosphopeptides were isolated fromthis peptide mxture by1 greng@cti ng the
phospho- Akt “substrate peptide mx (5 pnoh5each peptide) 5 with ,

phospho- (Seri Thr) Akt substrate antibody inmobilized to agarose resin (Cell
Signaling Technol ogy, Inc., part nunber 9619) (20 pl, 2 uglp.l). The

anti body was incubated with the peptides as a slurry at 4 Cfor 2 hours.
Unbound peptides were renoved by centrifugation, and the antibody-resin was
washed ext ensi vel y figws 8 shews iia mass spesird ofdhe phdspito-RBSsubsitaés ni ng 0. 5%

co- col d wat erg P beTR G RN Heer Blifom vHrRD b elintluoi < of 0.1
M gl yci ne, pH purfiicatioh Réaksdabéled with ¢ ster ssrasdpond to pRABEEHAHepEgEoUNd and
el ut ed peptides sal t.ed and caoncentrated with a reversed-phase ZipTip
ni crocol umm be'f’%%j\%ﬁﬁﬁgia@é'f@ HPYORF PI'sreps rﬁ%’%\gg nopeBesriteEYlated as descri bed
above. Cal cyl apgslideEr ah® padieabsBl ivilth 48§$ara@Pe 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 ali 4

phosphopeptides but dees not contain the nonphosphorylated partner

10 peptides. Accordingly, the method of the invention selectively isolates all

peptides in this synthetic peptide mixture that contain the phospho-Akt

substrate motif, whether they contain phosphothreonine or phdsphoserine

residues. As desired, peptides that contain the nonphosphorytated |

consensus motif are not isolated.

15 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

20  containing the 14-3-3 binding motif from a mixture of phosphorylated and
nonphosphorylated synthetic peptides. The 1 4-3-3 proteins regulate
several biological processes through phosphorylation-dependent protein-
protein interactions (Muslin ef al., Cell 84, 889-897 (1996)). Nearly all
binding partners of 14-3-3 proteins contain at least one of two different.

25  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.



21 DEC 2005 Figure 8 shows the nmass spectra of the phospho- Akt substrate
peptide mx before (top panel) and after (bottom panel) immnoaffinity
purification. Peaks |abeled with a star correspond to phosphopepti des,
peaks | abeled with an open circle correspond to nonphos! qogﬁgﬂ” d 5
pepti des, and peaks | abeled wth a square are phosphope?t' at have
under gone net ast abl e deconposition and-fi€atral -1 oss of phosphate (discussed
in Exanple V below). The fraction of peptides that bound to and eluted from
t he i nmobi lized anti body (bottom panel) contains all 4 phosphopeptides but
does not contain the nonphosphoryl ated partner 10 peptides. Accordingly, the
met hod of the invention selectively isolates all peptides in this synthetic
peptide nixture thEhogpha-65er) fhS- @étb‘@]ﬂ'lﬂ)mﬂhf mosgdenalarélbody (4E2)whet her t hey

cont ai n phosp e 1 red epti des

that contain Rﬁé‘bg’@%ﬂggﬁéﬁ'wwwé éﬂﬁ@@ﬁ%ﬁ@ﬁh&?@ﬁ%@sa ‘SBS?E‘? 15 E.

ll_ﬁol ati ﬁndOf f Z‘aﬂlﬁﬂec&/ fRiat rBcognixbs phoéﬁhdﬂepﬁﬂé@ﬂﬂbbbﬁl@m ﬂlrﬁbr&enaﬁ)t | de M xture
e nmethod o t r exe usj ng a ._second

mot i f - speci fi @ ﬂ& Qﬂ'@p\l\@iﬁ %mawadnpwj%ﬂbaﬂy lsdHa‘W SPBABS Ho- ( Ser)

14-3-3 bingin I ning the

14- 3- 3 bi ngl ngmééa@%lmﬁ%mﬁtﬁpg@? sthigigﬂﬁgﬂélﬁglﬁéed r?gﬁp %spho?yl at ed

synt heti c peptvdsalineridhe #2positigh angl ﬂfgmllfé?g@l laslee %%&Poﬁtlm dgi.cal

(sl n ot aL (EIKRSGEPBEK BLber 2GR oatluoRicbiocho BT 0 0 tners of
14- 3- 3 pr ot ei phosghdrplatedforhed de motif add tseubdidifiialeindepéndent of the

h h t ff t 961-971
(1957)) - Cno- GORGURL0Y UG ARRSSRRRe tian e (et $ecret. Thher o i

i ndi cat es 1ar glahtibkﬁ:!meéM? lcft%s—rSa(ctS vﬁwarrsﬂogdw @@@Mc@mfﬁlﬁammgd St is
phosphoserine, and P i P ?1 DEC 2005 - 66
phosphothreon ne lnstead of phosphoserine in this motif.

To identify other proteins that bind to 14-3-3 proteins or o profile
known binding partnhers 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 demonsirate the feasibility of this, this
antibody was first employed to selectively isolate phosphopepﬁdés froma
mixture of phosphorylated and nonphosphorylated synthetic peptides
when the phosphopeptides contain mofif 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 r'eCognized 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 phosphotyr03|ne—conta|n1ng 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



Phospho- (Ser) 14- 3-3 binding notif nonocl onal antibody (4E2) (Cell Signaling
Technol ogy, Inc., product nunmber 9606) is a notif-specific antibody that
recogni zes phosphopepti des that contain this consensus 'bingé g gz@%f #1..
The 14-3-3 binding notif antibody is highly specific for 5 B f and
proteins that contain this notif (phosphoserine surrounded by praline at
the +2 position and arginine or Iysine a87the -3 position, i.e., .
(KIR)XXS*XP (SEQ I D NO 24). Recognition is specific for the phosphoryl ated
formof the notif and is substantially independent of the surrounding am no
acid sequence (i.e. the context of the notif). This 10 anti body weakly
cross-reacts with anal ogous sequences contai ning phosphothreonine instead
of phosphoserine in this notif. To identify ot Hhealcplatadei ns that bind to
14-3-3 proteins or to profile known bindi ng padfrotemtedn a genone-w de
(cell-wide) basis, inmmobilizeg@eqddncd 3 bi ndi ng:ém{d'efMgggi body may be

enpl oyed to i mmunoaffi fpEp JAA%ﬂWBN ' Opeptirdes Troma protei naceous
preparation in accordar net hod jof the | ntioph. To denonstrate
“the feasibility of thig ) i 8 to selectively

i sol ate phosphopept i dedCEBPRRRAASMPNNSKGA [phosphor yl at ed And
nonphosphoryl at ed synt HéBEQ IPelOt B85 when [t he p9092Gpept | des contain notif
sequences that match the 20 anti body's known specificity. The m xture
consisted of 13 synthetic peptides (Table 4). Four peptides in the mxture
cont ai ned sequences that match the antibody's known specificity, 3 with
phosphoserine (SEQ ID NGs: 26, 28, 29) and 1 with phosphot hreonine (SEQ I D
NO 27). It is known by ELISA that these three phosphoserine-contai ning
pepti des are 25 recogni zed by and can bind to the 14-3-3 binding notif #1
anti body. The peptide m xture contained 9 other peptides that should not
bind to 14-3- 3 binding notif antibody: 2 phosphotyrosi ne-containing
peptides, 2 phospho-Akt substrate notif peptides, and 5 nonphosphoryl ated
partner peptides. 30 Table 4: Conponents of the 14-3-3 Binding Mtif
Peptide M x 21 DEC 2005




- 67 CSPRRRAAS* NDNNSKFA ( SEQ ID NO 251, 989. 889 CSPRRRAASNMDNNSKFA ( SEQ | D NG
261, 909. 923 Sequence Cal cul ated Protonated Peptide Mass -68 21--DEC 2005
FRGRSRS* APPNLWAC (SEQ I D NGO 27)1, 797. 836 SRPRSCT*WPLPREI (SEQ I D NO

28) 1, 777. 856 TRSRHSS* YPAGTEEC (SEQ I D NO 29)1, 760. 705 CAEYLRSI S*LPVPVL ( SEQ
I D NO 30)1, 738. 896 LQERRKY*LKHRC {SEQ I D NO: 31) 1, 709. 8274? @[ﬁgCTV\PLPREI
(SEQ I D NO 32)1, 696. 906 TRSRHSSYPAGTEECS® SEQ | D NO 33) 1,8 ~r89

CAEYLRSI SLPVPVL (SEQ I D NGO 34)1, 658.929 MSGRPRTTS* FAESC SEQ | D NO

35) 1, 609. 649 RQGKDY*VGAI PVDC (SEQ I D NO 36) 1, 600. 719 '

FRGRSRS*APPNLWAC

(SEQ ID NO: 27) 1,797.836
SRPRSCT*WPLPREI -
(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 IiD NO: 31) 1,709.878
SRPRSCTWPLPREI

(SEQIDNO: 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: 38) 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 96086) was linked to agérose 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 pl, 1 pg/ul). The antibody was incubated with the peptides as a siurry
at room temperature for 1 hour and 4 °C for 1 hour. Unbound peplides
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



RQGKDYVGAI PVDC (SEQ I D NO 37) 1,520,752 A 14-3-3 binding notif #1 anti body
(Cell Signaling Technol ogy, Inc., product nunber 9606) was |linked to
agarose resin using a hydrazide chenm stry (the same chem stry used to
produce the P-Tyr-100 agarose 5 resin used in Exanple 1A above), using a
comercially available crosslinking-kit (BioRad Affi -Gel tltjs%*woaffi nity
Kit, product number 153-6060) and fol I"d#ng t he manuf act P ) _
instructions. Each mlliliter of resin was reacted with 1 nilli gr am of

anti body. Phosphopepti des were selectively isolated fromthe 14-3-3 binding
notif peptide mxture by 10 contacting the peptide mx (10. pnol each
peptide) with this antibody-resin (10 41, 1 jig/ |). The antibody was

i ncubat ed wi t Wwalee). Bepnd pebtidas wers! @luieg with one3ehud eliquet of OrleMf or 1 hour and

4 Cf 1h Unbo d trjf dth

anti body r osi rOYERSR AL R Etel B the difRPentlins hamdesalodand pS and
th | b3 SN | ut ed

\(/)\nnfﬁ \(I)Mne 301ulcdarfb|§gfl§§@[edov]gzﬁga %iévM glﬁig%%emfrﬁiﬁucr qﬁn%&%ortlyﬁz)? ?hg ©

el uted pepti del2y Wad-DhdQur F@éséﬁﬁc’fr%ﬁﬁmrﬁsﬂiﬁ@ﬂbeﬁi ghoye.r ever sed- phase Zi pTip
m crocol um before analysis by MALD - TOF nass spectronetry, as descri bed
above. 5 THe mass sHwcmeas spectieeofibppeptidernix befors dop papehandlafteand af t er

(bott om panel) | ho Peaks

| abel ed with (bbﬁgar'l'%g%{rer)e‘spo‘ﬁ’ggwg%ﬁ@ﬁﬁﬁa@g’ﬁéc@?""“ﬂ%ﬁn %‘58%3 ﬁg%l ed with
an open circl elabeledmtbmdtakoonesnﬂnﬂﬁp@osbm;mptlueﬂta alsdabsled! abel ed with
filled stars ar hosphopept i des t are . not, expected to bind 10 to the.
19353 bi nd ngHBbRT PPRR TR BERATLte TMBNDSRhe R BRSO PoRKY he

anti body' s kHQEBeléﬁﬁﬂthfﬂllédtsYars@i'e bh@sﬁ%@pﬁdﬂ@%ﬁﬂﬁ@ﬁdt@@eﬂédﬂb%Ind” xture
that contain the 14- ing notif, three were isolated by t 14-3-3

bi ndi ng nmotd f ta/jhe 66@73 béﬂfﬁ!PQ mejif amihogy ﬁ@ﬁﬁ%%ﬁeﬂéeﬁlﬁﬁﬂfﬁemﬁﬁ fltn t he
fraction of papbiafieBodfaknSMBEeditif DRhETSS fHARBhoRSHBERRkd z6d

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 immabilized

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 fonizing 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



15 anti body (Figure 9, bottom panel). One 14-3-3 binding notif :
phosphopepti de was not isolated (SEQ ID NO 29, cal cul ated protonated
peptide mass of 1,738.9), but it also could not be detected in the
untreated peptide mx, Le. it may be a poorly ionizing peptide. The
phosphot hr eoni ne- cont ai ni ng pepti de, which contains a slizﬁﬂﬁﬁzmﬁriant 20
nmoti f (phosphot hreonine in place of phedPhroserine), was al so isolated (SEQ
I D NO 27, calculated protonated peptide nass of 1,777.8); it was, in fact,
expected to cross-react weakly with the anti body. Two peptides that do not
contai n sequences that match the antibody's specificity were isolated, one
was a phosphopeptide containing the phospho-Akt substrate 25 notif (SEQ ID
NG 35, cal culf@miheribediresinpeenaratiomasd caf piabedd. 15 aveiddd bige ot her was

unphosphoryl at : rot onat ed. pept.jde mass of
1, 910. 9). Severﬁ%]&a;tg%é@? wgtwh'éP%%%ﬁ!?%%%g&g |f’8F’bﬁ‘gg&a°é{"%8H %&‘b@&?f 1, 770,
1,642, 1,526) byrprewiutingithe satibodyardsirebéforngpplang P@btﬁ@ﬁwiitﬁ?é‘st.i on of a
negative control, -anti body-resin treated with buffer 30 instead of peptide

m xtures. These ar Thisaebulafurterlsstabiisies thbQepbidity'éttRe #ethEFofBRS - 70 from
t he anti bogy-r.esi ration and can probably be avoided by nanufacturing

n prep . .

a new | ot of mnﬂeﬁyyﬁgewmgrthW%fm Rhosehepsiddeasanibedy or~ by pre-el uting
t he anti body- r&gg4 ; ' ' ki e LS |t further

ot abl | shos 1 1 aedBAliRnE) Bp RhifuSaBAR) bAfalidl, deiteschBLA HERINAS OV NG ¢ ha
desi red phosplPopépisiyidiscuseedbin cartaih aasad, anhieoh sonizypeptidesdadt | ni ty

purification, eS8 Cll rein. revi,ously.discu sgﬁ in certain
cases, as herec?']J ﬁtsao w@’%&é%?égg”ﬁ%m" forﬁg%ﬁﬂe lg%lgokééq%@[ndcg Bce notif may
not be isol at eeptidethat donbecontpierthe darget iatif ay betinadweirignfly bhe target noti f
may be inagvertentl [ artifactuall urigﬁe, for reasgns that are
uncl ear. ﬂlgvera%tﬁgﬁ&géwplfr#%d' iﬂgﬁfﬁ%ﬁt@?fbg@arﬁmc &3?'?‘{96{"@93@” e disclosed
met hod r epr esedhplatonsdsiaidespdciicitp @F fCdisOVSd mbiRidN@breinB\@sphopept i de.
purification nethods. As gerew ously described, it is anticipated that, in
cases where Substantial advance over alternative phosphopeptide purification

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 Il

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 modificafion-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 preserit Example, it



undesi red peptides lacking the target notif are co-isolated along with 15
desired peptides, the fornmer nmay be avoi ded by increasing the nunber or
stringency of the resin washes to.renove non-specifically bound pepti des.
EXAMPLE 11 A. Isolation of Phosphotyrosine-Containi ng and PhoEpB5 Akt
Substrate Peptide Subsets froma Digested Crude Cell Extract 20 Exanple |
denonstrates that several phosphorylatk&ﬂﬁspecific anti bodies can be = -
enpl oyed in the nethod of the invention to selectively separate desired
phosphopepti des from non- phosphopepti des. The anti bodies may be general
nodi fication-specific antibodies or notif- specific, context-independent

anti bodies that recognhize a short non-unique 25 notif conprising several

invariant resi 'ﬁﬁbgwnaﬂ?téffsﬁﬁa ip?‘oﬁgh‘iﬂe@;l’aﬁ? msy _WJ?@W&I'M’ isglatad B theerent

pepti des or pr@bfoasofihd vBnflodf ﬁl@corﬁﬁle% e Bon le I, the antibodies
d - phosphopept

can di stingui sh phosphopeptides fromn s even when the only
di f f erence betRiasphepeptisiestaf défcrent typem Thedselhod of thenlnweniian isblatesphosphat e

hosphopept | dete R SenoRelPe ubbét fidublinas sipeFied SRR bac T nvent i on
froma cond exantibotiys@pecifitia). i is aisoErmripaetid degltobbigiretidyadpplyinges. The

nmet hod of the jnvention isaolates . the phosphopepti de subset that would be
expected on th eggé}flggg? cRugle @ﬁzﬁ’mﬁﬁt@d’&%'}é%@m@?ﬂ%ﬁew@s phtatmed ®¥shown t hat

the results Obé;ﬁihrlﬁ@t@@ﬂﬁﬁb%ll—&&ﬁe&%ﬂﬁi&%&@?ﬁ%ﬁ]iﬂﬁl‘és.eXtraCtS closely

resenbl e the resultS obtained by app ! to well-defined _
deacribed hor el n vaa® Sermary epHEREn Mt g AR RSO PRI MR8, " Ch ¢ e
phosphot yr osi neompasegeqita algestest cautte eslicexbiact ishwhick the pbesptmtwosiept i de ni x
e e Rhaon B s Bt ARek e Bl ARATR JRIRIELLY 00\ 2oL
consti t ui ti vel The enudetcel extract ivieeematie éaive 8T3iniduseGibnoiledt q@liatedtdiadder i ved
growth factor been stably transfected to express active Akt protein kinase constituitively
and that had been treated with 50 ng/m| platelet-derived growth factor
(PDGF) for 15 minutes. The cells were washed, harvested, and lysed by
15  sonication, profeins in the lysate were denatured, and the lysate was
cleared by cenirifugation. The extract was then digested o peptides with
endoproteinase Glu-C immobilized to F7m, a polyviny! matrix bead
(MoBiTec, part number P5101), and the immobilized Glu-C was removed
by centrifugation. The digested extract was treated with phospho-(Sei/Thr)
20  Aki consensus subsirate motif antibody (Cell Signaling Technology, inc.,
product number 9611) to remove endogenous peptides recognized by this

antibody.

This depieted 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 presentat a concentration of 10 pmoi/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 8419) 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



(PDGF) for 15 mnutes. The cells were washed, harvested, and |lysed b.y 15
soni cation, proteins in the |ysate were denatured, and the |ysate was

cl eared by centrifugation. The extract was then digested to peptides with
endoprotei nase A u-C immobilized to F7fm a pol yvi nyl natriﬁﬂﬁ%%ﬂ (MoBi Tec,
part nunmber P5101), and the immobilized Gu-C was reanedz y, 05
centrifugation. The digested extract was freated with phospho-(Ser/Thr) 20
Akt consensus substrate notif antibody (Cell Signaling Technol ogy, Inc.,
product nunber 9611) to renove endogenous peptides recognized by this

anti body. This depleted digested extract was mi xed with the phosphotyrosine

peptide mx (T < Ak r i,de m x (Table 25
3), so that eag%t%lep %lyg{é}gﬁg&;&gﬁ%%ZWQ%@hg@ﬂﬁg%ﬁsfﬁgﬁﬁg%ﬁjg&w?gﬂnm‘w and
the backgr ound fofnl ertaldiasdr). Boupepides werb Bshihtbd vt tellsalit . - Thi s

pepti de-extract m xture {1 ). was treated with either imobilized P-Tyr-

100 anti body ( cliapotsiQfiPal Mhglvgiaenhid 2ol Beforeanalysis by MaHRHTQRI@ESs or

i rmobi lized ph = S ' . After 2 .hours 30
at 4 C, each a%@@%@ﬁ ?rgﬁ%é%éﬁc@fb%%%@é%&%gb@@rghp roi?%g%??t{?ﬁ' RRAMIBG >1 peC
2005 ext ensisvelhoundsmeicel(ictpeptitéswas debhltdd aid éareentbibdRBth and two times
with 1 nl ice-cold wa er%zﬁgund Ip(ég'tides were then eluted wwth two 15 pl
ali quots of 0. TEXRIGPYPNASS 1P IMYCTORRIHBY e anal ysis by MALDI - TOF nass
spectronetry, as described above, a 9 | portion of the fraction containing 5
bound and el ut ed peﬁqr(ﬁ’e Yt gribody ea 9aherat Beeisipetion-spesifia antipody,

rever sed- phase ik RaL A I R P AV ¢ | I
nodi ficati on- s;;dé%ie ?@r%% Pgéﬁ)’g t%?ﬁ%ﬂﬁ%@g}%‘cﬂﬁ}%@%ﬂ%? %gwcﬁﬁ’g“@meﬁdy
i sol ated 3 of tAeptidephobpins 9irtbe drrhosphpikiisubsbwie pbosphopeptides) whiahs pho- Akt

of the o ot pRRCRRRERERT pndcbrchrodol atEho ol b & RUPEROHNBSI S oo 1 o1ty
(Figure 10, tomspeMpecied Reatosthe antibedyesispedifitita (Bigare tOrtoppansill Reaks
phosphopept i deﬁabea}g&i \Aﬁlcﬁ%ksstal" ggr?clesep%nd to phosphopéptides, 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
iohize poorly when other péptides 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 freating a portion of the bound peptide fraction with
calf-intestinal phosphatase, which can remove phosphate from
phosphopeptides. As expected, .mdst assigned phosphopeptides were

30 dephosphorylated to produce ions with masses 80 lower than the



wi th an open circle correspond to nonphosphoryl ated peptides. , Conparison
to Figure 4 shows the 2 phosphotyrosi ne-cont ai ni ng peptides 15 that were not
identified fromthe peptide-extract m xture gave | ow signal s froma
relatively sinple m xture of synthetic peptides. These peptz BEC M8y i oni ze
poorly when ot her peptides are present bggause t hey poorly. conpete for
protons. For the phospho- Akt substrate antibody, a notif specific, context-
20 i ndependent anti body, the spectrum shows the antibody isolated 3 of the 4
phosphopepti des fromthe phospho- Akt substrate peptide m x but none of the
5 phosphotyrosi ne peptides (Figure 11, top panel). Conparison to Figure 8
shows that the t | t not identified
fromthe pepti @bg@@gg@@%@@% 5 1@] Lﬁvtb?iteﬁpééﬁéﬁsr)o}%%org@ayynt hetic
pepti de m x. T@Smd)ﬂb@mmﬁepmmsy@ammvammietedfz‘éngarcemp!leﬁ( and 11 were

car i1 ntest? nar R rdhraRe o ik Berledforde BB phat e 1rom

phosphopepti des. As expected, .nobst assi gned phosphopepti des were 30

B e e e T

desi red phoSphopept I"'tt d from a corrpl ex mixture
according to the ne ventlon | sol.a on of pti des
Cont ai ni ng the 14- 3}% %oﬂ{ﬁrﬁgg”@ ﬂ(mmgotﬁg'ra lﬁ ’@H’eér"ﬂ' ?Icgﬁxtract As
anot her exanpl exgattsicldseiorebbmble 18 tbé HtsUbtAhae it Wdll-S&nide s@ﬁ{h'encext racts .
closely resenble the results obtained with well-defined synthetic peptide

m xtures, the MEPHRRIMGFUISSe! herm@ﬁhpricﬂﬁth@a@V@mﬁﬂrb%aemlqy@mth@Iaia143 3
bi ndi ng ot f- Mbﬁummﬂoﬂmmﬂggfhbgﬁ%ﬁépﬁ%é

conprising a cell extract and a synt etlc pe ei'ss&r ei'he exenpl ary
prepar at i ord0f opom@élsmgcﬂ eall exiragbard b iseiture pEsynthetic pept;des

The exemplary preparation for the |solat|on 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 fransfected 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 pept[de was
present at a concentration of 10 pmol/mi and the background of peptides
from the digested exiract was 0.5 mg/mi.

20 " Immobiiized 14~3-3 binding mofif antibody was prepared by mixing

' 1 mg of 14-3-3 binding motif antibody and 0.1 mi 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 4mg ahtibody/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 ug/ul). After 2 hours at 4 °C, the



conposed of a digested crude cell extract to which the 14-3-3 binding notif
#1 peptide m x (Table 4) has been added. An endoprotei nase G u-C digested
crude cell extract was prepared from 3T3 nouse fibrobl ast c@lllBECIM0hst abl y
transfected to express active Akt protein kinase constitutively, as
described in Exanple II'(‘A) above. This dz ested extract was mxed wth the
14-3-3 binding notif peptide m x (Table” % so that each peptide was

present at a concentration of 10 pnol/m and the background of peptides
fromthe digested extract was 0.5 ng/m . 20 Inmobilized 14-3=3 binding notif
anti body was prepared by mixing 1 ng of 14-3-3 binding nDtif anti body and

gvérnlmght(:)f a?rzt%ﬁggﬁb%’fﬂ&ggﬁp %‘gbé\ggﬁ%mr R % nber Wﬁ 3$1%§|1ﬁ)three
times with col C{hﬁ&’@wdh'ﬁh‘ﬁl %@%IHPBB ailfatdnﬁ@%trb@mdcé-egle ggétsf NBAuRPar ose was

shown to be 25 4 anti body/m resin by neasuring th bance at 280 nm
of the anti bod;epﬁ esivetnineafabuted avith crfet 30 pl aligoiot bi 24% tnlﬂuofblaleetlc

pepti de-extract d with i b|||ze 3 bi ndi ng
motif #1 anti boacﬁrﬂ (é%dr"% Q%TV%%;PMW‘)\LESI Fofmass, H{e"%a efibes: pec 205
-74 anti body r%o@eV@S pﬁﬁbh@ﬁtcﬂ%@ﬁaﬁ%tédnftéiﬁmb'blﬁhnﬁ%d%i&@ﬂ%ﬂebﬁbéfs washed
(twice with 1 I ce-cold PBS and once with i ce-cold water). Bound

peptides were t%ﬁ@ﬂﬁ@@ﬂmwﬁc@ﬂ@t@@\f@h %ﬂavqwd pfase. Zipipt ri f | uor oaceti ¢
acid. Before ar}fﬁ YC{? MALDI - TOF mass spectronetry, as described 5 above
a 91 portion oo € frdction containing bound and el uted peptides

desal ted and concen Flgure
S ous the ep:  AEGUSd es tod RHBFARINEY G35 B o SRS Gh 4
anti body-resi n.14Pb&I@1t|lbau§a4r@m Mrddksdalsdled withre staposwledponti@ophosphopept i des,
and peaks | beI open CI cl orrespond to . nonphospharyl at ed
pept i des. °§§h°!?ﬁp%aﬁ r@”eﬁ 3?‘@"90})9%% F‘Eré ?&”ﬁ&é i sol at ed
the sane four Mh&smylétd@mml‘i@@%m%m of Figure 12 and Figure 9

shows the method isolated the same four 14-3-3 motif phosphopeptides

from the synthetic peptide mix, even when the mixture was diluted info 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 iso[ation_ 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
recebtqr (EGFR), was selected since the modification (phosphorylation) of
sites on this protein is well-studied. Activation of EGFR'fami'iy 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



fromthe synthetic peptide m x, even when the m xture was diluted into a

| arge background of potentially interfering, non-binding, peptides froma 15
di gested: cell extract. Accordingly, desired phosphopepti des nay be
selectively isolated froma conplex mixture according to tgelﬁtia d of the
I nvention. EXAMPLE 111.20 Isolation of. %osphotyrom ne- Co [ Pepti des
fromAn Extract of Cells Overexpressi ng Epi dermal Growth Factor Receptor
The sel ective isolation of nodified peptides froma conplex m xture
according to the nethod of the invention was further denonstrated using. a
25 digested whole cell extract and a general phosphotyrosine antlbody to

i solate k .

carcinom cel | T hEa) ey otifhor QRUTHo8 Shadyr 8o bl % e .

recept or (E_GFRBIOI\/@Em@ﬁﬁ:t1ldflé3845ﬂ6§(198@)Amdaﬁ etat, IEI?CF(%!'T':%SF@F‘M@W%) of
sites on this |swe - st udi ed. vation am |y nmenbers is
30 associ at ed &@hf&ﬁ Ofi$ RHPls é’ﬁ&@(ﬁﬁﬁééé@%l(ﬁg 3VW3389@5E68{9>I{&6‘PI3/I ation

h b d 148, d
521 BiC 2008 2E0TIEEH (HAUTF HEHIRIs he idlol gdsphoRitiea st 00, "

( Downwar d a# aexr:eptedalaﬁexmesﬁd irabis celidie- 546 (1985); Hsuan of al.,

Bi ochem J. 259: 519-27 (1989); Margolis at al., EMBO J. 9:4375-380 (1990);
Valton eta!., J. BiSszsll ptﬂmaﬁcﬂbwas QBMQMW$)A4MSimmHEam or

hosphoryl at ed i . e resse I A cell

Brepgr at?/on vvaglR%gp;%hgﬁgg%b@&ﬁ@w%@”@ g&ﬁ%p@lﬁ@&l T\L/Wt h 20 ng/m
EGF for 5 m nucafs\ﬁé]@Iyéwlby\aﬁrﬁlwttohnﬁr&@h%ﬁﬂﬁdysafé&:er@thétu\f@:f @andysed by

soni cati on, ?'ﬁ ins in t %(yte were denatured, and the |ysate was

cl eared by cen? RRIaMNEST ea,rﬁg @entrifugstion: Tmage&ﬁaqr@%@wajﬂegm PAGE and
Vestern blegti emstpA@lanhd mst&wlotm%wfwewé@él%@'phggﬂ?m(@eaur e 13).

Corrpared to untreated ce ure rotein

recogni zed by EGfﬁ(ﬁMeéﬁr)ué@apamd fEGnilBB’@&it@élsé@QU@ 1% lane 1) the
major. protein recognized by P-Tyr-100 antibody in EGF-tfreated 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 exiract (about 2.5 mg protein/mL) was

20  contacted with an immobilized general tyrosine modification antibody, P-

Tyr-100 antibody-resin {Cell Signaﬁng Technology, Inc., product number
9419} (20 pl). The éiurry was incubated and processed as described
above, except that the first wash was with 0.5 ml PBS containing 0.1%
Tween 20. F igure 14 (top panel) shows the mass spectrum for the bound

25 peptide fraction from this complex mixiure (digest). Peaks labeled with a
star correspond to two known phosphotyrosine sites in EGF receptor: the

- protonated tryptic peptide containing pTyr-1148 has an expecied 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 td be the



EGFR (lane 2). Proteins in the extract supernatant were digested to
peptides with trypsin imobilized to POROCS resin (Applied Biosystens, 15
part nunber 2-3127-00), and the immobilized trypsin was renoved by
centrifugation. To selectively isolate phosphotyrosine-co@¢mgﬁ pepti des
fromthe conplex mxture of peptides cgq%qined I n the protel haceous
preparation, the trypsin-digested crude extract (about 2.5 ng protein/nlL)
was 20 contacted with an inmmobilized general tyrosine nodification antibody,
P- Tyr-100 anti body-resin (Cell Signaling Technol ogy, Inc., product nunber
9419) (20 1I). The slurry was incubated and processed as descri bed above,

except that theqfsif éltﬁ'ﬁ e : I ni . % ,Tween 20.
Figure 14. (tognélgﬁléﬁ? S Wﬁﬁ%h@%@é@%?ﬁ@ﬁ? ﬁ%ﬁcﬁ’hgég%{f%&%%gegepti de
fraction from tlinesvemnpressesithe BGF fedepiost ). Peaks | abeled with a star
correspond to two known phosphotyrosine sites in EG- receptor: the

protonated tryptic [Tepsonfiemciedeoassigransnty thé iéb@e@@ﬁe.%uﬁdﬂ%gitﬂ@ mass of
2,316.0, and the peptide con alBi ng pTyr-1086 has an expected nmass of
2,479.2. Note {IREHOR M@sdr v @pqgftﬂspé%tﬁﬁeﬁl@%ym&r%s dsseelbed @bove,ndt he 21

DEC 2005 - 7§ mahetroBlRespAidioN ro%haz8% BY MSIDITOE feddtidubiraty | 4. because

the cell line over'}g;ﬁresses_ G- receptor. To confirmthese assi gnnents,
the isol ated (ideserigrslabyvep(Eigurdd4, botiam ipancihals expestast) theseiwa phosphat ase

, d ' ‘ ' he t t f t,1 - | yzed b
MALDL - Tor mmss FSSEOoRRHENES valk comelebey SRSRNGhONARY i BrodicB BRIWERS panel )
As gxpect ed, ot hﬂﬁ-erngms wmmo I eqﬂ@ts @gﬁiawlﬁgﬁpom?@éﬁﬂ@ryl ated to

roduce new ions W th nasses ower an e phosphopept| des,
Eor respondi ng t6MeKal© roé'ﬁrfa"ﬁp @te&qguq)f{ggm%héae@g ® qqog‘#iﬁ@é{cﬁ"i‘epept i de.

Accor di ngl yig t heth8d @sﬂrreomv@iﬁdnwémsrgtiwéteg Pfifidd/Saptides 088! giosgrdi T ed

peptides, e.g. those containing phosphotyrosine, froma conplex mxture
that is presentConiRiRing pheskhaiwesivasTemeerapiey mixyre el isdoresenidn el |

extract). Sim |gpteieb8hd Bfiparation (digested crude cell extract). Similar isolations
may be carried out for any desired proteinaceous preparation using a
desired, immobilized modification-specific antibody. ‘

15 o ExampLE 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 cell extract
different from the one used in Exam'p"le . Here, the exemplai'y system is
3T3 mouse fibroblast cells stably transfected to express active Src proteih
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. 1,3,'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.



may be carried out for any desired protei naceous preparation using a
desired, immobilized nodification-specific antibody. 15 EXAMPLE |V Isol ation
of Phosphot yrosi ne- Cont ai ni ng Peptides froman Extract of Cells Expressing
Activated, Src Protein Kinase To denpbnstrate that the set 0Q1qmg§mgppeptides
| sol ated by the general phosphotyrosine7a2tibody is a property of the cel
extract, the 20 nmethod of the inventi-on'Was applied to a digested whole
cell extract different fromthe one used in Exanple 111. Here, the exenplary
systemis :3T3 nouse fibroblast cells stably transfected to express active
Src protein Kkinase constituitively. The Src famly of protein kinases is

Brugge. Anny. 25 Ret P Bafextit el el favesThE AT C protern
ki nase parti ci gxpressingrSropnteti Kifsee The $els fletd ysadblh waiieagsr can af f ect
di verse bi ol ogi c cesses. Src is, known to phosphorylate its target

. pr
proteins on Tyrprgt?&i“?i lysate gvere denplyred, apddbe hsatag wes tieared base. 21 DEC
2005 A digeste r I : ' T3 cells.
expressing Sr C@eﬁ@t‘dgaﬁé% ﬁ&aggm dgaggﬁtgemsg%{g%'}éﬁ%’gq‘ggm cation, proteins
in the |ysafe \Dgﬁ@lmﬁa’tadrmany targetipeteings eecalbextactwasdnblyzed byt ri f ugat i on.

T h t hat i i i h 5.ph h | at . t t
Poterms the SHY-PARE 216 VRS Hthd G i BAGRER S S YRR b1 of 1] ue
(Figure 15). Adxtriazat\dasrsmﬁvnfﬁ)cbl@ﬂtiﬂg@xﬁac{&idﬁ@ﬁﬁaﬁﬁécﬁhqgﬁew apb®rEl Ng

extracts of untransfectfd (l.ane 1% and Src- transfected (lane 2) 3T3 cells
and probing t h&2Bpigeteg; (aner) B} 8- oglis@nd prebing de biekwith 8-TyralGthg Technol ogy,

| nc. , duct BufkSH | d | '
bhosphor vl att oo Haly (GElBlaning TEenhesy. 1RES pROCEERuRber AP Mo ot ect ed
wi th Src prhbt elevekardedenheiityiosingerhosnberiation wasamueh grraterdnesils that he
Cract vere dt _ ! “ren h
| mmobi 1§ zed ¢ r&%‘g?’%@ﬂgéa%ﬁﬁ%@%%ﬁ%@weﬁaﬁﬁ“P{Eé‘ﬁ%*ar{ Kififéb bt BhflandtEtieh "
Cels.

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 {0 be 5 mg antibody/ml resin by nieasuring 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/ml réSin) in batch format at 4 °C for 16 hours.
- Unbound peptides were removed by cenirifugation, and the antibody-resin
was extensively washed (three times with 1 ml ice~-cold PBS and twice
with 1 mi ice-cold water). Bound peptides and antibody were then eluted
30 with 100 plof 0.1% triﬂAuoroaceﬁc acid, and the eluted peptides were



15 I mmobilized P-Tyr-1 00 anti body was prepared by mxing 1 ng of P-Tyr- 100
and 0.1 m. of protein Gagarose resin (Roche, product number 1 243 233)
overni ght :at 4 C. Unbound anti body was renoved by washing the resin three
times with cold PBS. The anpunt of antibody bound to proteln JEG2iar ose was
shown to be 5-ng antibodylm resin by mg:%gri ng the 20 absorbance at_ 280 nm
‘of the antibody solution before and after = immobilization. o
Phosphot yr osi ne-cont ai ni ng peptides were isolated fromthe conplex mxture
of peptides contained in the proteinaceous preparation by contacting the
trypsi n-di gested extract (about 12 ng, 1 ng/m) with 25 phosphotyrosine

20t body/ m 1 esy pataed R4 P b o8BS fibian & icicoR et i des
wer e renoved bylOdaambraneyddillipere, pratiuchaumber Wd I rvelsich refaﬁ'slmdlﬁemgével yI .
h I ] » | Ce- nd tw ce ) ~ice-co
watery.  Bound SufRalobibr el §56"4E P00 BTG nuMaloridh | o 0. 1%
i fl ti ' I i ' - 2 < separate
From ol Ut ed ANt | Dot oy et E e e {01 38R error ane
(M | Ii por e, Spr 6@seiechansepncepireted, wilha ceversedphasedipd ipuinéssocolimhh, mol ecul ar

wei ght s -above 10, 000. Before analysis by MALD - TOF nass spectronetry, a 9
gi portion. of the YKerToagseswf therpapiides thatthionnd vaand eligsdhfromdthand

] . | pTi ' Th es of the
pept i des t hat - BooseShs B8 tefe MR B P ags ant 1 body wer e
measur ed by MAspaetfidReinpbefore (Figursore: tary paiedipard &ftdrqbbtorhtankgp panel ) and
after (bottom pangl -trea%.ti .he ptide fraction with shrinp al kaline
phosphat ase, . ieé‘ﬁ”@?? RRP W@%ﬁ%r‘}@g@t‘?&t@ @(‘%wwmﬁahatﬁﬁ@s\ﬁwgg@pm des and
produce i-0n§ wiréhoverpReSshabdgloRps frokhBRosIHeRBIRRANH IS8 les i@%gﬂtwhosphat e

roup in the eptide, to confirmthe el uted peptides are phosphoryl ated
?Fi gﬁre 16, b%ﬁpséﬁﬁ&Qd‘é\{v?tth@ﬂﬁhmpade%fcgﬁacipéb@w@éeummxinamj el ut ed

from peptide, to confirm the eluted peptides are phosphorylated (Figure 186,
bottormn panel). The masses of sight peptides bound and eluted from
phosbhotyrosine antibody-resin gave new ions with masses 80 lower than

15 the phosphopeptides after treatment with phosphatase, indicating they are
phosphopeptides.,

The pe;:iﬁdes that bound to and eluted from the phosphotyrosine
antibody were further analyzed by LC-MS/MS.. A 25 pl portion.of the
peptide fraction was desalted and concentrated with a reversed-phase

20 ZipTip microcolumn and eluted with 2 pl 0.1% frifluoroacetic acid, 40%
acefonitrile. An 0.4 pl aliquot of the eluted fraction was mixed with an
ACHA matrix solution and analyzed by MALDI-TOF mass specirometry,
and it gave a spectrum similar to the one shown in Figure 186. 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 specirometer. To reduce its acstoniirile 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 (heptafiuorobutyric




phosphot yrosi ne anti body-resin gave new ions with masses 80 | ower than 15
t he phosphopeptides after treatnent with phosphatase, indicating they are

phosphopepti des. The peptides that bound to and el uted fk%‘ﬂﬁf :
phosphot yrosi ne anti body were further analyzed by LC— %@ | portion

of the peptide fraction was desalted anc% concentrated with a reversed-phase
20 Zi pTip mcrocolum and eluted with 271 °. 1% trifl uoroacetic acid, 40%
acetonitrile. An 0.4 pl aliquot of the eluted fraction was m xed with an
ACHA matrix solution and anal yzed by MALDI - TOF mass spectronetry, and it
gave a spectrumsimlar to the one shown in Figure 16. The renainder of the

i th a Thor mo MgaRcoar bt PEbbeEpat) o e R catlaiioe: W, gan LCO.

Deca ion trap fomsik aﬂkﬁﬁsrmrpeéssuir@cémm@nutédss@msrefwaé foatied eRfBCENt rati on
to a level that uld allow peptides to bind to a reversed-phase support,

the sanpl e was CaRiany eduad. (g wm intermabdigmeirets Bmelin, duses! imoRierBp.
(hept af | uor obut ewOrideti gﬂé’@ﬂﬁmbé%? F23560- TSBlﬁeNgﬁlaFHg%gﬁBn pBBkda Jiroer

25003), 5% acetonitr tainin ormc a pressure cell,
the diluted %anMBQIC\Kb‘@AQmeﬁaphﬁ% resbypBl rapartictzisy 400 (ﬂmgsimmlpotﬁ nal

di aneter, 15 p f Ilica Picoli jectiv ar,t .nunber
FS360- 75- 15- N)nwcﬁ‘lpo'ﬂgg"srgg% B%c‘i?é'g“ P%&%Qg?@bc@ saLjiorale G“ﬁtﬁase fesin
(5 pm parti cl esd.5%écetingrid, G0QB9% SHFBA, fﬂ%héé’cﬁhlﬁﬂ@rl@éﬂl@’e@%w Rfiftéd number
9996610000) and@ﬂ%w | i brat ed with 0.5%acetic aci d, 0.005% HF. BA, 5%

acetonitrile bresolunebYeR finear aradigni thitlf?@@'fﬁrﬁc%’@nﬁ”'ﬁl near gradient of

I ncreasi ng acet Hckhirki® é’t‘%ﬂﬁ&ﬂ Phb Rardt flowrate of 250 nllmn.
10 To i nduce el ectcr ospr a?y at fn%\ f'% (ﬁ;?t% f25g§ urm 2,000 V was applied to

a liquid jupgtion uPR} heade eifecirasprgglawmé@%ﬁhseemﬁm%bd@wa@odul ate the

flowrate fromthe C punp, crib n’at al
Ther moFi nni gan a@ﬁlﬁdl’ﬂuﬁ hguﬂuum@wwﬂwaaruoﬁ% chlupmratreenoss osed b

modulate the flow rate from the HPLC pump, as described by Gatlin et al.,
supra. ThermoFinnigan Xcalibur software was uséd for instrument control
and data acquisition. As peptides eluted from the LC column, MS/MS

15 spectra were collected in a "top-three” data—dépenden’t manner: the
method performed a survey MS scan and then collected MS/MS specira
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 lon .
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 18,



and data acquisition. As.peptides eluted fromthe LC colum, M/ M5 15
spectra were collected in a "top-three" data-dependent manner: the nethod
performed a survey MS scan and then col |l ected. MSI M5 spec raD d‘@ the three
nost abundant ions, if they were above a pre-set intensitﬂ R hold and if
they were noet--recently anal yzed by MSI M5 ﬁl_ready (recogni zed by using the
dynam ¢ excl usion feature of Xcalibur so§ ware). 20 Peptides were'identified
by analyzing all the MS/MS product ion spectra with Sequest, a programthat
correlates an experinmental spectrum to a library of theoretical spectra
derived from protein sequence databases to find a best-fit nmatch. One

unanbi guousl y id%?ﬁﬁ' | ' g:m%g ' Je: NEi RNt ai ni ng
pepti de from eno asﬂesfhfgﬁg% ‘tﬁggé{ﬁé E’hg%ﬁ' tlgggﬁg{aé%t?&;%@rw&ﬁg&&]em due

i dentified as aan hehiosthaoaydlggaddy SCSby this method is known to be
phosphorylated in cells transfected wwth Src (see, e.g. Tanaka at a!. J.

789 741 (100)) - T L e e P B e heak

: )., This . pho i de corresponds to a prom nent pea
detected duri ndg'%‘éomrﬁ?th?gﬂ%ﬁ%ggfgﬁg%ﬁ%‘ﬂﬁtt‘? 5? hapeianyiated Weiero>" in Figure
16, 21 DEC %Ooiheségelﬂ@m@%@ﬂédaﬁbéﬂaﬁg@ c&B@,stHg%%g@béG’.@ﬁe ﬁ%ttﬁgt ed during

MALDI - M5 can be further analyzed | “Accor di I munoaffinity
i sol ation of noitibp@ys kapwn épecifiityt fbis reswt issdatdrmfiehibvdeeradased a site

known to be phq; ; Ly dur onditjons and, as
expected, the ﬁ@?g@%ﬁﬁg‘?gé’%ﬁ ?g'q%ﬁfgbeéﬁﬁ%gémgggéﬁﬁﬁ? ]Bésﬁr icity. This
resul t, i-fsol at iamlntraétl.tatk@mltem@cﬁm.in WTO@@@DI@E,@UEL’E, \ﬂm@rlm wisdwgsteg .
extract of nou ells, Is | nh star contrast, tQ the results reported In
Vor cus et b Sipralure fasPiete s BhPSalongotbh2ontans Bopii bomaet h
phosphot yr o nengified Aufianteriokitel (Gk §dnﬁ>é’fbﬂﬁéin%@t\9$'§éf(ﬂ>ré§sl goRcuGap! ase (the
sane protein), jt was expressly _concluded that imunoaffinity B!uerlflcatlon

of phosphopept i thaldmmaungenindly PuRficriion gt ehosphapeptidgs is almost impossi

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 mofif 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, prolifér_ation and
muscie contraction (see e.g. Nishikawa ef 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 (RIKYRKIX(SIT)(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.



15 Isol ation of Peptides Containing the Phospho-(Ser) PKC Substrate Motif
froman Extract of Jurkat Cells Treated with Tetradecanoyl Phorbol Acetate
The net hod of the invention was further denonstrated using a
motif-specific, context-independent polyclonal antibody, phospho-(Ser) PKC
substrate notif antibody, to purify phosghqpepti des containi-ng the

phospho- (Ser) PKC substrate notif from a di gested whol e 3ém56§w5ract. 20
Protein kinase C (PKC) family nmenbers are involved in a nunber of cellular
processes such as secretion, gene expression, proliferation and nuscle
contraction (see e.g. lehlkama et al. J. Biol. Chem 272: 952-960 (1997)

and Pear son and KenTPHASNOKSoBRUBLIst A0 i afoddl SBL Signdiggent  onal  PC

i sozymes phosp | at e proteln substrates at seririe or eoni ne
resi dues when t glogyi Incedirerdiict bumbes 246 1 Heaognizessopivealityiof diferpnénce not i f

Lyt ne X 1 ark CapRoEEd proteink it toheaffine, b ceauhie R RAERTcont ne
Substrate mopif i infsod AL o) nurtber
2261) recog ze’?oﬁf[ Eﬁﬁ Fé?é'febo?f?ﬁ‘gpﬁ‘é%@%’r(s%}%@ g?‘l@@éﬂmb@@ B that t hat
contain the COHEEtﬁﬁsl%ré‘éﬁé#ﬁﬁFFﬁdﬂibieﬁns"‘é}ﬁﬁ ;ﬁf&%@m ht?atlr?gh&iﬁh ﬁﬁe not

recogni ze the anal ogous unphosphoryl at ed not | f e spec of the
- phospho- (Ser) HKeC by arciniB@ of lysip atQOSllﬁans—Zlandr!ﬁcm@ hwa'ophoh)lal ly to

proteins and p p |n|ne or
| ysi ne at posi ﬁ?%fgg@_%itt and @ggﬁa%qg’ﬂéwgﬁ@ﬂb@%(ﬁéﬁggfg{&t ’ +fl posi tion,
i.e., (R K)Xs (mam)eirlﬂuh}sta(nﬂﬁﬂy lhﬂ)epb@de&%)f thbrsuarounﬁingemxﬁ@beiﬁant ially
i ndependent ., pf n ami 10_sequence. The antibody does not
recogni ze tH d) égﬁsﬁ‘g% ﬁ%@ﬁt%g}ﬁ Hﬁ? hd regpglglﬁ%ﬁﬂ%lpquplamnﬁg’ﬁg ot
phosphot hr eonl ner.thé mots cdmaitmsg ptﬁs@doﬂﬁé@qm@at istdinfonstatddfehy teathige used in
accordance with the net h% the inyentio r}_l
antibody can be used 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 PKG

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 acufe T cell leukemia, that had been freated 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 iysate were denatured, and the lysate was
* cleared by centnfugatlon

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 number of different proteins that contain
30 the phospho-(Ser) PKC substrate moiif.



purify peptides that contain this phospho-(Ser) PKC substrate notif, to

i dentify other proteins that may be phosphoryl ated by conventional PKC 15

i sozynmes on a genone-w de (cell-w de) basis. For this exanple, the node
system was Jurkat cells, a human cell |ine derived froniag1%§99 T cel

| eukem a, that had been treated for 10 _gonutes with a potent "activator of
protein kinase C, tetradecanoyl phorbol acetate (TPA). The célls 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 |evel of

PKC- speci fi ¢ prot ei rPkasPRGhY bairbverkgdsdd ¢ iyes anal yzed by
SDS- PAGE and Western blotting (Figure 13% I ndl?g%gl%ﬁ%gwfg@ PKC substrate

phosphor yl at i oreREePratRbREe Biu-§r isineljlizedsiodt7rofa pelpvinylrmeatrizdead! | ext r act

(lane 2) and u I ) AR spho-(Ser) PKC
substrate anti B@jﬁ T%‘céfjl%ugrﬁ%ﬁ%@mgc%héévmqtbﬂgeg@B%W@%{erﬁé\%gr 2261) .
Thi s showed t haty G@nriiugetomémmabilized ethobpiso-( pmws@;{at@antmgwaéf a large
nunber of di ferent%l@%rot i NS th—aé contain gg} the _Fhos ho-_&jger,) KC substrate
notif. -82 DEePaFersHescabed abeve 1ok inoplized Reba-H0bedYt o pept i des

wi th endopr ot eiExagmiddv- the ' | X bead

(MBI Tec, parte(lnunbﬁ?r P 1(f)hlé mﬁgl%ﬁg?ﬁ%gﬁgﬁz@ﬁ%tﬁqégv)(\jl/gg%ergoved by
centri fugat i on.akayasHid foded ipeaniaing ngentibedOpe: mlbfisesiat e ant.i body was 5
prepared as descri bed above for inmmobilized P-Tyr-100 anti body (Exanple
V). The i mobi | i zedPhwsphoprpiideasontziningthedpiasptedSen)RICC sabstrate and found to

phospho- ( Sery - PRERSereliElngt iy B AURRRIETE: SRR goot e
crude cel | ¥Xxt rantibody immbhiized @ protdih Glyganse bidin. ZRtk digestr(@bsito G agar ose
ir mgl | iﬂz]g ddggfrfx%bfjﬁq?@pﬁ?eziﬁ%masl O SR il a(tzn(%{t])tog)?-trgsqn ‘(ﬁot h
pl, 4 mg/mi) 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 peplides 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 phosphopepﬁdes with
phosphoserine or phosphothreonine, as expected based on the antibody’s
specificity. [n Figure 19, peaks labeled with a star correspond to



|, 4 ng/mM) in batch format at 4 C for 16 hours, and unbound peptides were
renoved by centrifugation. The antibody-resin was washed extensively (three
tinmes with 1 ml ice-cold PBS and twice with 1 ml ice 15:cold water). Bound
pepti des were then eluted with 150 gl 0.1 % trifluoroacetic acid, and the -
el uted peptides were separated from el utgg _antibody by cenpit tllyation
through a M crocon YM1 O nenbrane (M II1pore, product nuriber 42407), which
retains nol ecules with nolecular weights above 10,000. Before anal ysis by
MALDI - TOF mass 20 spectronetry, a 9 pl portion of the YM1 O flowthrough
fraction was desalted and concentrated with a reversed-phase ZipTip

m crocoi um. b Steal] ' t bound to and
eluted fromt w%sr?g% @?%J é??élﬁg S%’EE???‘%@S%%{@B%%?/E%ﬁO%gsured by

MALDI - TOF 25 nagengiisephonytaied pepitkieguand poakstlapelpdnvdin)a sflrarephat ase treat nent
and netastable Lt botto anel h d,that the antjbody-
purified pepti d%ﬁfsﬁggﬁgéﬁeégﬁ?g?e&g Lgﬁ?ggog\e %ﬁ%ﬁ%@% 2eCHBROHIREMN] des wi th
phosphoseri ne onemmfryhegmatgd as expected based on the antibody's
specificity. In Figure 19, peaks | abeled with a star correspond to -83 21
DEC 2005 phosphopeptplitsiphopetic pekeldibctbd Juriiy, IREDISIGHE hiasgOr respond to
nonphosphoryl ated pepti des, and peaks | abel ed th a square are

phosphopept i dessSRawroMaiydFigvse i §oae nepeh eranteorapardesh by icoimpaniand

mass spect roneR ey (ERae L0 R AR BB TR AR R ani on
peaks that are Witlhhadeassofd 988tmsenpéindpebh e 905 stesFhese @mpdniy peak with
a mass of 1989 has a partne eak at 1905, etc. These comnpani on peaks
correspond to n&Y %’55%’%‘%%5&5‘8%5?@6%85?‘8@&%’%0%W° HSsphopept i des,
formed by naut rghodphepestidesembd by natthRioss BEphsEpPERIGRRStHde | 0ons are
traveling-to the detector, of the nass,

phosphopeptide ions are traveling fo the detector of the mass

spectrometer. The peaks for decomposition products are broader than the

peaks for phosphopeptides because the decomposition products form
after fonization and the instrument is configured to focus ions that are

15  stable during analysis. For similar reasons, the éipected 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 anid 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 soéctrometry
indicates that some peptides containing phosphoserine or
phosphothreonine (but not phoéphotyrosine) residues undergo metastable
decomposition. For this reason, metastable decomposition is a reliable

25  indicator of peptides that contain phosphoseriné or phosphothrecnine.

The phosphorylation state of the peotide fraction was also
evaluated by treating it with shrirﬁp 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. Al phosphopeptide candidates were affected by phosphatase



spectronet.er. The peaks .for deconposition products are broader than the
peaks for phosphopepti des because the deconposition products form after

i oni zation and the instrunment. is configured to focus ions that are 15 stable
during analysis. For simlar reasons, the expected mass shift for [|oss of
phosphate is -98, but -84 mass shifts arguaobserved because, unlike a.stable
lon, the nass of a deconposition product changes during analysis.

Met ast abl e deconposition of phosphopeptides has been not @d DB6\08t her s and
can be used to recogni ze and assi gn phosphopeptides in a 20 MALDI - TOF nass
spectrum (Annan and Carr, supra.). Analysis of a large nunber of synthetic

hosph i d ! L ndi t hat: tid
phosphopept i destrétr¥ht. e F5hr mgéﬁéﬂweeﬁbéﬂfgh@@%%g sl%%gg&one pept i des

contai ni ng phosphoserine or hot'hr eoni ne [ yT 0si ne)
resi dues under ghahweesBQlover inigwsaiean theqeptides befors treatasan (Figeisatd, abl e

deconposition i 1 abl e 25 indicator of peptides that contain
phosphoseri ne oﬁoﬁlnﬁ)géﬂr]]%\?hreoni ne. The phosphoryl ation state of the peptide

fraction was also evaluated by treating it with shrinp al kaline

phosphat ase, WhiLG{MBIMB Analysie phosphat e groups from phosphopeptides to
produce ions with masses 80 | ower than phosphopepti des for each phosphate
group in the 30 peptThiepeptides tatbobap eptndelutantibsidhe phossimn-Edrppked by
phosphat ase -84 % Déc 2005 ,&Pr gat ment, and four ghosphope ti des ‘gave
dephosphor y| at e30SHAIE Metl antibedy Were fusiher aaalyzethbyh&sMEAMR. AHE ept i des

before treatne i P -(?rm,, S lsis. 5 The
pepti des that b%)ourﬁl(gﬁ tet%hgrﬁ%gﬁﬁ?@gﬁ ro%étH E%QIE%@%H%EQ%B@h Lubstrate
notif antibody mewersefitphabe ZigiipjicedolynnaBd\Butdd. wit 2@ 0/1% portion of the

eptide fraction_was desal ted d concentrated with a reversed-phase Zi pTi
Iron'(lfz)rlocol um anoF”g'I“UP@Beq% qqﬁfq%g @9?"‘%"%?1’ n Qs Waligtpiofibe Q!utepbfy@&[on PP

tonitril e : ' inced Wi th
acetonitrilg ARa®nikdd With SHRICHA n%d;ﬁxwﬁt:)_]%ﬂli&q_acﬁjzd a8y BPMEDIFoEd W an

ACHA matrix solution and anal yzed
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/IMS analysis was performed as described above (Example

15 V). 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 spscira 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 ot
phosphothrecnine 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 fon has a mass-to-charge value (m/z) of 98/1 or 98 lower than the

25 parent ion mass-io chargé 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 loc'ate candidate phosphopeptides. The



mass 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 LC

M5/ MS. LC-MSIMS anal ysis was perforned as described above @Bxmmoige 15 |V).
The chromat ogram obt ai ned by analyzing this sanple is shown in Figure 20.
The first panel of Figure 20-shows whereggurvey MS scans were collected,
and the second panel shows where MS/ NB spectra were collected. The third,
fourth, and fifth panels show where neutral |oss of 49, 32.7, and 24.5,
respectively, was detected. During the fragnmentation 20 process of M5/ M5,
pepti des contai ni ng phosphoserine or phosphothreonine often forman ion by

sinple loss of phaapRRLSIGS sh@%’%é’t%o%gﬁ@?gf;ﬁitﬁh'edagaﬁa{e%'}eﬁ ﬁi]ein?esee?r ss 98

| ower than the unfragnented parent | arent 1on has a cHarge of
+1, the neut ral in the shromaiogras, asexsected fotphagphopdptideg dus)to die 9811 or 98

| ower than the . | - a val ue. Likew se osphopepti de
parent ions Wt r@ﬂg&%g@ﬂﬁ@ﬁ%?%@&éﬁmq@HEPEQH%%§p§S§p%B§ni ons

Wi th-m z val uesmahiaf therldSAIS sBéctia, sagdestihgThis@ariplé AlighlpenAaR&nt ion. The
occurrence jntensiti ES'é)f neutral -1 oss ions are plotfied in the third,

d :
fourth, and ¥i ¥ PROFRNCEERHASS: gure 20 to hel p | ocate candidate
phosphopepti des. The 21 DEC 2005 -85 neutral |oss plots show that
phosphopept i de candiABRIESUSSEHNeUirat laseslugng IMS/MS isi the sameopracespaan as
expected for p P H SHae, IrephibLiel f hat e groups,
and t hat neutrglﬂéfagss |géo s%rveé’t@r{rnlaﬁrwaﬁgbg?_ thehk%ﬁ%c@p%% r'g‘l,g suggesti ng
this sanpl e is ¢Hpgoied, evanyctidhe phasphbpepiiestehpelg oestral ARssdusingdOsd, neut ral

| oss during MSI i I S t ast.abl e deconpqsition during
o o S WSS (s 2GS S T AR BB RR hbiasth, co
showi ng neuld al metzstablizidecampdsitidvisiuvig(MALDI-EOF0mapsissdcromdily I\Sgli@ré he same
phosphopepti des, { hat gavlsa 10 t ait,lapl e d coano?i ti cm m'lri n LD| - TOF nass
spectrometry ( F1%J?%p nel), see Figure 21. For each neutral-loss MS/MS specirum, 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). Seme 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 M8/MS product ion spectra were analyzed with Sequestin .
an-attempt to assign a phosphdryiation 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 hi'gh
degree with very little residual ﬁagmentation along the peptide backbone, |

30  which is needed to produce spectra of a quality high enough for '



19, top panel), see Figure 21. For each, neutral-loss M5/ M5 spectrum the
parent ion mass (n) can be calculated fromthe parent ion mass-to- charge
value (mz) and the charge (z) inferred fromthe neutral |oss value (+2 for
neutral loss of 49, +3 for 32.7, and +4 for 24.5). Sone individual 15

pepti des were observed to undergo neutral.l oss as +2, +3, and tgEd mos. For
exanpl e, LC MSI M spectra 533, 534, and 5 show neutral loss and
correspond to +4, +3, and +2 ions, respectively, of a candidate
phosphopeptide | abeled "2,413.3" in Figure 19. Both MALDI - TOF nmass
spectronmetry and LC-MS/ M5 give this peptide a mass of 2,413, and the 20

neutral loss o Il ‘ ' J epti de
cont ai ns one pﬁﬁ%@ﬁ%gggﬁlsggr&%gﬁésﬁﬁ%qé%ﬁ%%@?g@ﬁrh@@g%%gﬂ%% trb%pt i des
are det ect ed- bpameti¢éverasshemida) sosenebsuucing thanfbatirks hbedediyitieatify| oss MsI M5
spectra show the peptides contain one.phosphate- gro Figure 21). 25 Al

t he MBI MS prodﬂlet&fi:g\q% %PP%d\ﬁélPaeaﬁﬁowe‘fPWPﬂ “%@aﬂ&é%"q‘cﬁmt%[ﬁdattenpt to
assi gn a phosphgfhyd RIS/IS Sidl&is 1 ot tide, but this
did not result i rllrydunarrbi g‘uouygSI agg?ﬁ%ngﬁ?gma%ﬁ Egéébl\/hgigél\/#éh%gﬁl y all :
phosphopept ¥ deshesRieiiveaningeSee aig.1 BeSnere &f al.esyprai Gren wbgnee with very

little residua - at | i ch is needed
to produce speﬂ1 é%ﬁséﬁ%ﬁa@% éhﬁ%attégﬁ%ﬁgﬁﬁ%lgcﬁsé?@gé(Bgngqg%Egh2005

unanmbi guous as shosphentistior sitegearebabeteanidedrss lbnggetindratis euffivest at the sane
| evel as chem cal., nojs obscuring the features needed to identify the
peptides. As nB%%%aibgge'ngn@ﬁ'f@m%rﬂgﬂ%meﬁuqq f?ﬁ%*%ﬁf’éﬁq%@ém%aal during
MS/ M5 anal ysi s re¥fidueesttthd paosshisriaiomgitd ppophesRihe Heabthed Phosphot hreoni ne.
See e.g., ra. Even when hosphopepti des | ose phosphate

DeGiore et al,., su p : €
by neutr al 1pos§?h¥cﬁ€alﬁB@F‘}t PB&DB$SR’1‘P§“"GBWB§|&$§9WE§@B yarepinauilyrise det er ni ned
as long as thegggi's sufficient residual backbone fragnentation, because
neutral |oss | eaves an unusual residue at the phosphorylation site:

hosphoseri ne becones
PRoSP C-Mg“? Analysis

Some phosphopeptides in this sample were identified by LC-MS?,
thét is, the neutral-loss ions were subjected to an additional levei of MS to
15 give sufficient backbone fragmentation for identification. This process is
simpler to implement on ion frap mass specirometers than on other typés
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 ihtensity 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. Withrcertain modifications to the
instrument control software, MS® spectra can be collected in the same
data—dependént mannsr as MS/MS specira, and the MS® spacira can be
analyzed further with Sequest. See Tomaino and Rush ef al., supra.



10 dehydroal ani ne, and phosphot hr eoni ne becones dehydroam nobutyric acid.
LC- MS3 Anal ysis Sonme phosphopeptides in this sanple were identified by
LC-M83, that is, the neutral-loss ions were subjectedito an additi onal
level of MSto 15 give sufficient backbone fragnmentati'on for -
identification. This process is sinpler_gp_inplenent on g |pgg§ mass
spectroneters than on other types of mass spectroneters pepti des elute
fromthe LC system a survey MS scan is perfornmed, and MS/ M5 spectra are
collected for the three nobst abundant ions, if they are above a pre-set
intensity threshold and if 20 they- have not been recently anal yzed by

MBI VB al T eady. Hoveysaa-dbbendih LEAUS® 28 pRffoffed B8 e rdthaifderdriiie dSt ect ed
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Because neutral loss of 32.7 was detected during MS/MS, the mass

spectrometer automatically subjected the neuiral-loss fon o MS® to

15 produce the spectra shown in the right panels. These show several
product ions of varying intensities disfributed throughout the specira, and
as expected they resemble MS/MS spectra of non-phosphorylated

peptides.

Using Sequest a phosphorylation site and parént protein can be

20  assigned to each of the three MS? spéctra shown in Figure 22, As noted in
Figure 21, all three of these assigned phosphopeptides cdrrespond to
candidate phosphopeptides identified during MALDI-TOF mass
spectrometry. Panel 1 corresponds to PTNG_HUMAN, residues 576-595,
with phosphorylation at Ser-585 or Ser-588. Although Sequest

25 unamblguously 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 dées, not




descri bed above, and illustrate how neutral |oss can dom nate MSIMS spectra
of pepti,des containi ng phosphoseri ne or phosphot hreoni ne. Because neutral

| oss of 132.7 was detected during MS/ M5, the mass spectroneter automatical l'y
subjected the neutral-loss ion to M53 to 15 produce the spﬁﬁ @ﬁéﬁapmn in the
ri ght panels.. These-show several producggions of varying I es
dirstributed throughout the spectra, and as expected they resenble M M
spectra of non-phosphoryl ated peptides. Using Sequest a phosphoryl ation
site and parent protein can be 20 assigned to each of the three MS3 spectra
shown in Figure 22. As noted in Figure 21, all three of these assigned

phosphopept i degERGrKES paidbritred r@ﬁadésiﬁiaﬁ:rpﬂﬁe SRBORSHthegs |dentified during
MALDI - TOF nmass _sS ectrorrlatrl>|é)El Panel corresponds t'o PTN6_HUMAN, residues
N

576-595, with( at Ser 585 or Ser-588. Although Sequest 25
unanbi guousl y |dent|f|ed the peptide, in this exanple, it could not
di stingui sh the tvvoPﬂ'cb\éﬁ;fﬁmretephtvmnﬁMh(mphemselmealsoﬂdnmnas the sites can
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‘DEC 2005 (EKS* llé(%qy%él?derl i ned r Iciues nat ch t he sgem ficity notif

(RIK) XS*(hyb)( oG Pfs‘ufﬁ ﬁulf%mlas{i’wéaw% narumedl ef@l. (dl so known as
hemat opoi et i ¢ gghl caBA 2i7p: §74.089 (1 ?)C}%Qf%;%fug?@sée?%ﬁ‘fﬁgts Bggause the 5

phosphopeptides in this experi rren roma h man cell |ine
derived from aﬁyr@esimadahpsabahase ﬁmblhﬁad by mmedat%k@?em@r urel | et aL (J.

Bi ol . Chem 27 ific tyrosine
phosphat ase is m%‘z rg%ﬁ ﬁ’sl/&%@,é né%f&pﬁﬁ%@ﬁ?fyﬁaglohgﬁéggggﬁtﬁg rFon but the
speci fic phsplidenifiati éessntly, thasnetbod bbthe lmﬁantﬂamﬂsﬁd@ﬂlﬁeﬂ’mml y, the
method of the 'a@vaeﬂ&s%e 138 o PRRLIELREL L see{rfné5p§1sosphory[ation.

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 fo thé
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 reéidue is

20 unambiguous. The sequence context of Ser-335 (GQS*LR) partially ﬁfs
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 synthstic 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.,



as a possible site of PKC nedi ated serine-phosphorylation. Panels 2 and 3
correspond to two overl appi ng peptides from UFD1_HUVAN that contain the
same phosphoryl ation site. Sequest assigned residues 322-343 with
phosphoryl ation at Ser-335 to the 15 spectrumin panel 2 and resi dues
333-343 with phosphorylation at Ser- 335 50 the spectrum LA l5&d80 3. The

| onger peptide is related to the shortef peptide by inconplete proteolytic
cl eavage: G u-C did not cleave at Q u-332 conpletely. In both cases the
gquality of the Sequest assignnents is good, and the position of the
phosphoryl ated residue is 20 unanbiguous The sequence context of Ser-335
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Ser-335 as a novel phosphorylation site. 25 Confirimation of Sequence For

denonstrative prigiiigasie H@OBY using Rmeechqimistyhdieubdength peplide wams
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M5/ M5 and M53 sigsctibed atfoviehe bi ol ogi cal _pept ide, i.e., -89 2.1. EC 2005 the
peptide purified by the method of the invention from d u-C-digested Jurkat

cell's. UFD1 333- 343pr¢3$ﬂmssmws?&pmawnh@bmmlpbpm {top Paoelg) i ng
Technol ogy usin tB‘mstr%i ullﬁg %E pti de _ywas gurlfled by
HPLC and t hen aﬁ%‘éﬂﬁﬁo teiGBeRt 9(99 IRENRGIS3 2 %%Eﬁreddeﬁs%@ above. The
MB/ M5 and MB3 sRefdrsofithé Msméaé,;sac%we% Hé%ﬁtdnﬂﬂtféé eg BBR)r &t 1040d the
synthetic peptide (bottom panels) are conpared in Figure 23. Portions of

the MBS/ MB spectshawianeothes a@ﬁbeneu@al 11@96 wnfraetegieasty. Tbet o show i ons ot her
than the neg f%orﬂe8§énde?1ae Hehie ﬁérms“' ep%ﬁa%%nﬁsfrﬁ&%%gﬁ%%s%h&‘@e” the

MS3 spectra denonstrates that the ass
peptide sequence and phosphory[a’aon site are correct. Even though the
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 assighed a peplide 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 s'ame 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 Assignments

' As discussed above, neuiral loss of phosphate from phosphoserine
or phosphothreonine can make it difficul fo assign a peptide sequence to
25 an MS/MS specirum and occasionally assignments will be ambiguous. In
a global proteomic method, where phosphopeptides are isolated and
analyzed separafely 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.



peptide sequence and phosphorylation site are correct. Even though the
quality of the MSIMS spectra is conpronised by a dom nant neutral-loss ion,
there is good correspondence between the m nor peaks of the two spectra. 15
I n thisi exanple, Sequest assigned a peptide sequence and phosphorylation

site to a-spectrum and the assi gnnent confirmed by -shppengys synthetic
peptide with that sequence and phosphory ation site gives the sane
spectrum This establishes a formal |ink between a specific phosphopeptide

and its spectrum This is a sinple and convincing 20 way to further evaluate
mar gi nal Sequest assignments or to confirm assignnents that are considered

especially inp utral |oss
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are likely fo Fotikefussd foileeiate the PQ@&P@F@P’UQQS DEC 2005 Accor dingly,
mar gi nal assignments may be of higher value, and may be worth pursuing
further. Marginal aésideane ohts, dhe MEMS sestrardithe pavipletdegatibesh can be

dentified b reen the. bulk results for
:3155| glnrr{ents %/hgl'?"#]g@glfgﬂ#%r?%\j\%gégéﬁ'ﬁ%%@%&?fbﬁwgﬁg’;ﬁﬂgﬁﬁ@ ed tgui sol ate
Ej he phgsghoEeptspdelﬁcﬁyﬁandﬁnurdﬁgmmkmrﬂﬂ?mdié MSatMIt[Uﬁél\di[t@emws[c@sbeédﬁe sanpl e
escri be er e, was ther .sc or rgin ssi gnpents, usin

anti body specidPlPil gﬂ'aa Siiid %"gﬁ%‘f“%ﬂ?ﬁ@ﬁ ﬁ@gg{trge%mégre&u, dgs As
descri bed 1eb0\d$fferéﬁ3b@maéysor@ méﬁﬁédfdrtmsmdm@w krﬁ%ﬂﬁ?ﬁw phbabepn sites in

t Er eehlo diff er%gﬁt@des@fqrﬁg% th %’ﬁ(} to PTN6 atgd fit the known -
phospho- ( Ser) %/ i twa enannestotdd rapd dbthednelifDl and fit
the notif pariially. A comparison of the peptide sequences showed a variation of

the motif might be sufficient for antibody recognition: the PTNG site

containedlthe sequence S*LKRK, and the UFD1 site contained the

15 sequence S*LRKK. Based on this, all the Sequest 'oufput files were

searched, which listed the top 20 candidate peptide sequences for each

spectrum, for marginal results that fit the consensus sequence

S*L(RK)X(R/K) (SEQ ID NO: 40).

This search found a fourth candidate phosphopeptide in an MS/MS
20 specirum: 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 fo a peak chserved 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 scofing, and the eighth-ranked
peplide 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



partially. A conparison of the peptide sequences showed a variation of the
motif m ght be sufficient for antibody recognition: the PTN6 site contained
t he sequence S*LKRK, and the UFD | site contained the 15 sequence S*LRKK.
Based on this, all the Sequest output files were searched, which listed the
top 20 candi date pepti de sequences for e f( spectrum f% g@(gg{]g@al results
that fit the consensus sequence S*L(RI K? (RIK) (SEQ ID 40). This search
found a fourth candi date phosphopeptide in an M5/ M5 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 durin Dl - JTRSS ' S SSi ss 3 4 |n Fi gure
21). It is a 936%%ng5%"0\§“%§ fﬁ@eﬁfﬁ%ﬁ‘% E%PW%QP |tg| S

t he fourteent h-asa@hﬁxbﬁn@qgtdnqﬁeagggroﬂws? dpaictreal round of Sequest scoring,
and the eighth-ranked peptide after the final scoring round. Although

there-are higher-ramresh |Sﬁﬁ@‘51%§d3ﬂ4‘ﬁlﬁﬁ'eédb?orf [thaknévay Btht thdRy al | recei ved
very poor scores in the initial round, whe t hey were ranked ninety-fourth

or worse. Neve ﬁ@yl‘é"ﬁ@ reqaptey aolivafes prcstemdma'sedar(%em Rbrigfepharséathe assi gned
tid 91« 2 dit fit
\RSFI | tﬁe hi She:H@% 9}9 %gﬁaéjeg Bg%tsslbgr@n@r@gqﬁéaéea@r}?%%agﬁgbéép%%%s plect r:a. >
BRBL is the Bl shteaatyiherﬂhbradwipimeceptbr ibtm’g:h kreoBD bréa:a/klrﬁmte@btorlsr adykit ni n
t tivat ris er ert ensi on
35 6b2- 608 ( 20@TPpPHaETRE & SOTRS KB SADRARCICACIPRIAT oiroied KiSene 1

br adyki ni n recap(ﬁes@ukaﬂéa%/&smaaﬁéwmm mgasmar(zom))pmﬁm&‘rﬁfové ated at
Ser residues in response to actjvation of protein kinase C (see Bl aukat at

al. J. Bol. Pﬁeimweasm@ﬁmﬁmw@@mp}‘ recepiprs fag hepe postyleibanaki nase C
phosphor v gl ondhbrd feefiishn fif fedapfdt RaBASIAIRH, A% thetGoRFRESGapBChani sm

for receptor desensitization. herefore reasona to presune that
protei n ki nase tepsesunee fied speinkinase O sauld pbepphnrylatesB1vesaptors @saddi tion, it

I's known that to8) aXRIQRRNOR iinduWtnBRRS BRI of the BRB1 receptor is
uprégulated on T cells derived from peripheral blood of patients with
muitiple 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 phdsphorylation
tentatively assigned here is in a domain of the protein that is predicted to
be cytoplasmic. This fentative assignment may be further exp.lored by
analyzing a synthetic peptide with the assigned sequence and _

20  phosphorylation site as described above. '

The ability to filter assignmenté and exiract marginal assignmenis
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.



upregul ated on T cells derived from peripheral blood of patients with
multiple sclerosis, relevant because this phosphopeptide was purified 15
froma human cell line derived froman acute T cell |eukem a (see e.g.,

Prat at al. Neurol ogy 53:2087-2092 (1999)). The site of phosphorylation
tentatively_assigned -here is in a domain Qf the protein that is predicted to
be cytoplasmic. This tentative assignnen? may be further expl bDEW 208§

anal yzing a synthetic peptide with the assigned sequence and 20
phosphoryl ati on site as descri bed above. The ability to filter assignnents
and extract marginal assignnents that are worth investigating further is a
uni que advant age of anti body- based §§9&&j§ i on nmet hods. Wthout use of an
anti body and know edge of the antib S@cificity, t hese nmargi nal

assi gnnents woul Io K 92 E C,2005 Isol ation of
Pept ?des Cont ai n|q %?'HE 'E?E"% *@K&é tgff’ﬁ_ﬁ PMANCE| | s
Expr essing Acti vat ed*pact P #rdag pfﬁ'éfflait BretgimKinpsene Akt
substrate notif (RX [* | S* 5 T* on| n, * = hoserine) can be
sel ectively isol gt e p%?r?%“t@’@fﬁgltgﬁ%ﬁ# mygégch as a di gested
cell lysates Thﬁ’-rﬂ%é H&&b@hlﬂeksfh?ﬁgsp%séﬂyéwE@Qé!eétﬁfé\}})l i@bafe! cell

survival and insu nalin t ver vo targets have
been identi fi ecfromsammex mlxtwes#rpteﬁbdes@ Spéptas adligasied ealt lysates kat (Al essi

et ai., FEBS Le si s- of known
Akt phosphor yl a‘é. h &8'% '%”i%e%%%82‘%%3&%@9’%@8@&%‘* S@’l"%h%é’a‘ﬂg‘é’ms? (1997)),
(Bad g Pap et a: SIgnal:ngBDIﬂlven(erwmf iR78: v;vb&@r%%’cslﬁﬁ&%éégﬁ%l)mﬁednSthiaoase 9
Cardone et a Sci.ence 8-132 L cat e t Akt

phosphoryl at es Withssy 'Eu%?t'?e&’?é@ Sﬂﬁéﬁtﬁﬁ Oéc\éég‘?"??)@ %grr) ﬁ%&ﬁ‘?{g Pf" a conserved
noti f. char agt erizaezhs H99BY) & \ﬂélf}amefﬁnaﬂ/@ﬁé &f l@l@ﬁm At ﬂ@spﬁ’orylatlon ,
Phospho (Serl Thr) Akt substrate é) ant 5 Cel l

sites on GSK-3 (Franke et al. Cell 88 435-437 (19 7)), Bad (Pap et al,,

J. Biol, Chem. 273: 19929-19932 (1 998), and Caspase-9 (Cardo_ne etal.,

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;(Serfr hr) Akt substrate polyclonal antibody (Cell
Signaling Technology, Inc., product number 9611) is a motif-specific,
contexi-independent antibody that recognizes phosphopep’cidéé with the
censensus substrate motif RXRXX(T*/S*), where R is arginine, X is ahy
20 amino acid, and T*/S* indicates phosphothreonine or phosphoseriné. The
specificify 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, /e,
(KIRIX(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 fo imfnunoaﬁinity purify phosphopseptides
| from a proteinaceous preparation in accordance with the method of the
invention, as described helow.



Si gnal i ng Technol ogy, Inc., product nunber 9611) is a notif specific,

cont ext -i ndependent anti body that recognizes phosphopeptides with the
consensus: substrate notif RXRXX(T*/S*), where Ris arginine, X is any 20

am no acid, and T*1S* indicates phosphot hreoni ne or phosphoserine. The
specrfrcrty of the phospho- (Ser/Thr) Akt %ubstrate anti body 9i4sp HﬁﬂmS't bi nds
preferentially to proteins and peptides” PHat contain phosphothreonrne or
phosphoserine preceded by |ysine or arginine at positions -5 and -3, he.
(KIRX(KIR) XX(T*I'S*) (SEQ ID NO 15), in a manner substantially 25

| ndependent of the surrounding am no acid sequence. To identify potential

ubstrat e anti body SAETILEIPES] RS VAR wah ATR rouE bRl 11 om a

pr ot ei naceous nh@tnerdaﬂsenrstammeﬁ@red@nqe eﬁpfdéstdﬁﬁvérhkﬁ@%téiﬁ kinfdge i nventi on,
as descri bed bel ow, -93 . C 2005 For this exanp he npdel system was

3T3 nouse fi br@@ﬁﬁ@tﬂ't%%lylaﬁd thﬁdiadrﬁﬁ?nﬁé%ﬁfegwﬂblﬁg ﬁ@ﬁ?ﬁ@b&@%@?ﬂ‘f@dexpress
active Akt pro [ I ed with
.50 ng/m pl at?l‘? hﬁgrr Vv dDg??FOtr 1?% té%r W%&%—%%or %E‘%P’é fé'i‘jt‘l'he cells
wer e washedjs hmddys@by ﬁalwailohyemmmrsthaitymte were dendtaiads and théhe | ysate
wer e denatured, and the %/cgg %ﬁ@ébear ed by centrifugation. To show t hat
activated Akt &%?F%Wﬁsﬂeﬁé W' ﬂ%’ryl ated. many target protei ns, the
cell extract was an ster ttin gure 24)
Activation of Akt p @%E%&@a@ﬁg 'n\l/% S‘F‘EBB h&’%ﬂé

PDG-treated, thamg aﬂ%é%t@%b' th%@e'[l%@draéﬂﬁé@ar?ﬂl%/ 3 l(:rijD‘E‘f PAGE’and
r I DO

unt ransfected cel | act (lane_1) with Akt an Cell * Signaling

Technol ogy, | ndNeStﬁFrb@GH'PQr( epes 2 ﬁ%“’atﬁﬁdﬁﬁ%PN@'"(‘WﬁS@(}@s shgWen body ( Cel |
Si gnal i ng -'é? "Egﬂﬂﬁmglfﬂﬂ b of ¥ F‘-Qrtea’fleﬂﬂ?r%rnsr%%’?e?eell racPQQﬁ Spafekt (Ser4r3)

anti body ( gnal i'ng echn g?/ 71). This
showed t hat PD@ntueam naiansiected eall exfract (Ienesmmﬂhyfr«lﬁtantjhocéxt (é?i%l of Akt

protein kinase §panfSteehABBgs) InlYbrdiRkt hlfiber 9272), phospho-Akt (Thr308)
‘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 freatment altered the
phosphorylation stats of Akt protein kinase (panels 2 and 3) but not its
overall cellular expression level (panel 1). PGDF ireatment also altered
the phosphorylation state of a large number of different proteins that
contain the phospho-Akt substrate motif, shown by prohing 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 S$6, which is known to be phosphorylated
in response o 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 polyviny! matrix bead
(MoBiTec, part number P5101), and the immobilized Glu-C was removed
by centrifugaﬁon. Phosphopeptides containing the phospho-Akt substrate -

30  motif were purified from the digest with phospho—Akt' substrate antibody



overall cellular expression |level (panel 1). PCGDF treatnment also altered
t he phosphoryl ation state of a | arge nunber of different proteins that
contain the phospho- Akt substrate notif, shown by probi rig the blot with 20

phospho- Akt substrate_ ant i body (panel 4). In a separate: eif Emzn it
shown that the major protein recognized Q phospho- Akt su Pk 05 Jant i body

after PDGF treatnent (the dark band near the bottom of panel 4, lane 2) is
the ri bosonal protein 86, which is known to be phosphorylated in response
to growh factor treatnment (Ferrari and Thomas, Crit. Rev. 25 Biochem Mel.
Biol. 29: 385-413 (1994)). Proteins in the extract were digested to
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reacted wWith 2 mlligrans of antibody. The d u-C-digested crude cel
extract (abbut suBsisategntibodsrasi 0 Ldrbuglwh))!n\baﬁzlﬁonﬂa’mtwwqrﬁﬁl mmbl lized

& Tor 16 hour FOUBhAN HrBBtY B e iEme P pg B Bigatoh, T gt fon: The

ant i body-resi nanasodyafdsﬂﬂwasmﬁedekmnéﬁewr(fdwrmSwthD6rﬁl ioé-cblgie- col d  PBS
and three tinmes with i ce-col d water Bound &I‘C’ij)tldes were then

el uted with 12d8s apd ihrﬁ@@rwlwawoamlzc%coséﬂraiea BAUNd gertides WateD 10 TOF
mass spect ro”Ettlﬁjé(n ateR® 165 @h%giycﬁegk)Hpé)ét%%r@énél?ﬁs%‘ﬂﬂﬂ%l fraction

- was desalted and concentr at ed revérsed ase m cr ocol umm.
MALDI - TOF Anal yi$)Bmibise spesisaraeinf as Hesmémﬂlaﬂ:ese,tmatpl bommd dfd)haehitezi uted from

the 15 phos ph(%raAkon wléssdtesgﬁeed gr% cgr?c%%tr\é\? d wi g Sl’g\yeerget? \p/hase Elpzl';l;agz ass

. microcolumn.

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)
freating the peptide fraction with calf intestinal phdsphatase, which can
remove phosphate groups from phosphopeptides and produce ions with
masses 8C 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 nonphosphorylated peptides, and peaks
labeled with a square are phosphopeptides that have unde:_'gone
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 appareﬁtly
84 lower in mass, e.g., the peak with a mass of 2,404 has a pariner 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



spectronetry before (Figure 25, top panel ) and after (bottom panel)
treatingithe peptide fraction with calf intestinal phosphat ase, whi ch can
renove phosphate groups from phosphopeptides and produce ions with masses
80 | ower than phosphopepti des for each phosphate group in_the 20 peptide, to
confirmthe eluted peptides-are phosphoré ated. In Flgure2215|D @gbks | abel ed
with a star correspond to phosphopepti dés) "peaks | abeled with an open
circle correspond to nonphosphoryl ated peptides, and peaks |abeled with a
squar e are phosphopeptides that have undergone netastabl e deconposition and
neutral -1 oss of phosphate. 25 Four candi date phosphopepti de peaks (Figure

25, top panel) gre: C Led by ¢ ani.o s that e broader and
apparently 84 q%g%gpgﬁqc]{br@ga%f%?%decqméoﬁ@o}ﬁpr&dp&sﬁHggg)k&p 4 has a
partner peak afbrrﬁecBBQneﬂﬂﬁﬂ—lb$§<@ﬂpt@%pﬁa@%nle&h§%ﬁosﬁftﬁbe%tla@%nﬁ%\‘@ part ner
peaks at 2,250, 2,241 and 2,171, respectively hese conpani on peaks -95

2110EC 2905 corifavefiemte g d?&%%&@ﬂh@%@@@ﬁ@t@metﬂﬁ Welsstebles of

phosphopepti de S’%ﬁt‘f

phosphopept i desqeons grg@gnwgﬂ Ongilﬁhégdb%mt%ggaég ‘ﬂﬁ@r&%n&?ﬁgg&tromt er.
Met ast abl e decarspddo rémynize attoassippeimsptepetisestie aMALDETOBYMadsher s and can
be 5 used tor and _assian Jph ho g i LDl - TOF nmass
spectrum (Annanepgﬁgﬂ%g “a%ﬁﬁﬁﬂ%ﬁgﬁa’?g@‘ ”5%3%&&3@@?%’% described in
the previous exdesplifed intthbpteinerexxpssie VieHas beén 685@vediHat BetbC pepti des
cont ai ni ng phodgposerlne or phosphothreonlne but not phosphotyrosine

resi dues under giNHetia Peplides %ﬁ@ﬁ@smossbpwm@ of PhRRRmtEreopingdls ngbect rum i n
Figure 25 i nd| Ehé Qﬂhgé‘hﬁdelﬁg ;g &éj(%?npﬁfsﬂﬁﬂbﬁ'bf?com ain
Edn acco e

phosphoseri ne or reonl ne ance wt I body' s known
speci ficityl0 WMA Phé ash mﬁmmalnfﬁlgw’euaﬁmndrcstasrtbaseadandldaiecal f

eospnary1 o SERGs Al SrEaREh B PR BERERAR RN, oo
in accordance with the antlbody s known speclf" icity.
When the bound peptide fraction was treated with calf intestinal

phosphatase 3 of the 4 candidate phosphopeptldes 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
twa or one phosphate groups, respectively, and 2,334 differs from 2,254
by one phosphate group. The presence of metasiable deccmposition

20  peaks after phosphatase {reatment 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 precise[y | |

It is believed that two of the four mmunoafﬁmty—punf ed peptides
{Figure 25, top panel) correspond fo a known phpsphopeptide from the
ribosomal protéin S6 (accession number P10660), which is the major
protein in the PDGF-treated cell exiract recognized by Western blotting
30  with phospho-Akt substrate antibody (Figure 24): the phosphopeptides



(for two phosphate groups) lower in mass than the peptides before treatnent
(Figure 25, bottom panel): 2,404 and 2,324 differ fron12,?44 by two or one
phosphat e groups, respectlvely, and 2,334 differs from 2,254 by one
phosphate group. The presence of met ast abl e deconp03|21@EE2@5peaks after
phosphatase treatnment indicates these pegéldes are still phosphoryl at ed,

I .e., the phosphopeptide with a mass of 404 probably contains at |east

. three phosphate groups, and the peptide with a nass of 2,334 probably
contains at |east two phosphate groups. This is supported by the LC MSI M5
anal ysi s described bel ow, which defined the phosphate 25 content of these
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199 ted that only 2 of the 5
phosphoryl atlorpeé’?g% ¢ Hh‘%grﬂhg leﬁ‘é‘g«tgﬁggéﬁé pﬁﬁ@%d’t"?éﬂlﬂgg in ther 235 and

Ser 236, under | iqefdé @eamcemw%oﬁsqmn%@ms@wﬁteEﬁfther more these
two sites in the 10 p&pl de fit the known specificity o phospho- Akt

substrate dfti REPY Jegwn; speciisippoishe phaspireAkizailisiets ®URRKS: . LC- MBI VS

Anal ysis The p @gmda eng om t he phospho- Akt -

substrate antlgéy were furt ﬁe%an 'g?gd@bﬁkﬁg’ﬁ% M5. A 25 pl portion of
LC-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
i ZipTip microcolumn and eluted with 2 pl 0.1% triflucroacetic acid, 40%
acetonitrite. An 0.4 l 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-MSIMS analysis was performed as described above (Example
V). 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 fons with
charges of +2, +3, and +4 that have undergone neutral loss of phosphate.
" The occurrence and intensities of neutral-loss ions 'aré plotted in the third,
fourth, and fifth pansls of Figure 26 to help locate candidate



15 the peptide fraction was desalted and concentrated with a reversed-phase
ZipTip mcrocolum and eluted with 2 pl 0.1%trifluoroacetic acid, 40%
acetonitrile. An 0.4 gl aliquot of the eluted fraction vwas nixed with an
ACHA matrix solution and anal yzed by MALDI - TOF mass speffr)gggnpmy, and it
gave a spectrumsimlar-to the one sho in Figure 25. The.20 renai nder of
the eluted fraction was anal yzed by LCGNMBIMS. LC- M5/ M5 anal ysis was
performed . as descri bed above (Exanple 1V). The chromat ogram obtai ned by
anal yzing this sanple is shown in Figure 26. The first panel of Figure 26
shows where survey M5 scans were collected, and the second panel shows
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many of the phegmitesspharflest thd phbsshopeptidey sﬂcﬂﬁﬁ% Hefradod< durligl I (Fi gure
26, panels S:SWI'(A he sare osg_h(gpeptldes t ha Fg:'ave 10 netastabl e
deconposi ti on W@)ﬁﬁ=ll€£'% ®) St e pPhosiniopapidessibat ga4e panel ),
see Fi gur ej@7. nidpsdtalhie RebSRBoSHONERhIRALDNTAP | nt ai ned
nore than one Ehosphate groEo_. The I\/Sc?I\/B s,gt:dtrgﬁ?g;égjgﬁg%n;%@gﬁ%ﬁgar
i ndi cati on of ﬁetonmaﬁelr),s‘eﬁefgab@pwaﬂ\éosgmp_ eheydng nevtnaldogshdyiingt i de i on,
whi ch MALDI - TOR g RisScaighde ivrd hntHe BRREHER 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 freating the peptides with phosphatase.

The phosphopeptide from the ribosomal protein S6 was observed

with one, fwo, and three phosphates, in good agreement with the MALDI-
TOF results described above. Figu're 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) phosphetes, 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 undergeing neutral loss to give a product ion with an m/z value of |
719.86, a difference of 32.65, close fo 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 mizvalueis 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 i 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 fo 3 phosphate groups. In



15 even after treating the peptides with phosphatase. The phosphopepti de
fromthe ribosomal protein S6 was observed wth one, two, and three
phosphat es, in good agreenent with the MALDI - TOF resul t&ﬁ fﬁgl bed above.

Fi gure 28 shows a portion of the MS/ M5 spectra for the: ﬁ hopeptide
with 1 (panel. 1), 2 (panel 2), or 3 20 anel 3) phosphates, the parent ions
for all three spectra have a charge of" . Panel 1 shows the spectrumof a
parent ion with an mz value of 752.51 undergoing neutral--loss to give a
product ion with an mz value of 719.86, a difference of 32.65, close to

t he theoretical n12 difference of 32.66 for loss of 98 froman ion with a

h f +3. 25 ni | detected, that
ot aduct i on cordEopBALH 1 the teredt of Baseh duRats oy b e » of 6a7. 20)

I's not detect edddlﬁﬁhé[bhﬁsﬁ}ﬁegrddlﬁlﬂ@%ec@ﬁ mﬂ%ﬁé@.ﬁﬁé@tiljés diufrft- 5, and it
contains 1 phosphate group. Srm I ar lI-YR,ﬂCE)ane‘ duct 1ons that have

lost this nz ealieedyhgdexamedmhase a&ih@@@hgmelﬁﬂnw&mqﬂﬁosphat e

groups, and pa 33 smovﬁ respondi ng

to 3 phosphat eafgbou%s hé%i%t%g@%ggé%é %‘G‘%&ﬂ%%ﬁeag? :I{M?r%%i"ﬂﬁgéthe par ent

'on masses § ncndrades lepp86tiiety.r each additi onal phosphate group. As

expect ed, the phosphopeptides eluted earlier during reversed-phase HPLC as

the phosphate cont elﬂketht@g&ﬂmﬁfrlbommbi groteln S6phbsphesapides, l@z-oups the
peptide el ut edN&M% and .8 5 m nutes respectlvely Li ke this group

of ribosonal E?E'@é’beﬁ:se%ﬁl\%o%ﬁf%% showed there may
be a_second grEH&sp%B éﬁﬁc@se%belﬁbo?ﬁgfi’d@ﬂ* rn@%e%%%bseﬁesl stls 1n Figure

27. The observed nasses are 2, ate groups) and 2,404.6
(with three 108@1233%&(@!1@“@9@@?8]3@?@ QIQL@SWWB M(wth thoge spectra were

anal yzed wy ? ﬁﬁ %,13) éﬂ attenpt to assign a parent protein and
phosphoryl ati oh''si te t 8 peptide. This did not result in unanbi guous

assignnents becauseapine'f18/MS product ion spectra were analyzed with Sequest in

an attempt {o assign a parent protein and phosphorylation site to each
peptide. This did not result 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 MS®. The acquisition software is
being revised (per personal communication) fo recognize multiples of
neutrai loss and fo isolate and fragment the ion with the highest level of
neutral loss, even f 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/fz value of 746.33 because [t is the most’
intense neutral-loss ion; but the revised software will select the ion with an
miz value of 713.87 because it shows a higher level of neutral loss. Itis
expecied that further analysis of this sample with revised acquisition



high level of neutral loss with very little residual fragnentation along the
15 peptide backbone. At present, this type of multiply-phosphoryl ated sanple
cannot be anal yzed effectively by LC-MS3 using the currently avail able
versioniof the software. The current data-dependent ach|ing$Qw§oftmare

i sol ates and fragnents the nost abundant _peutral -1oss ion ltiply
phosphoryl ated peptides this corresponds9 0 the peptide wth one 20
phosphat e renoved by neutral |oss, |eaving one or nore phosphate groups to
undergo neutral |oss during MS3. The acquisit ion software is being revised
(per personal conmunication) te recognize nultiples of neutral | oss and to

i solate and fr n,, W t.he .hi ghest |ev utr | 0ss, even
if it is not tﬁ%%i?mﬁ?lmgepqﬂg%@gmﬁgﬁ ar\gtoq Eﬂyfaé'ﬂf‘éﬂe’feﬁﬁ £ spect rum
in panel 2 of Hifghse pibtideBéo bﬂbhémblgmﬁéw@fsélgh@w d select for M3 analysis
the ion with an niz value of 746. 33 because it is the nbst intense

neutral -l oss ion; blEvehhrﬁtHo%YUﬁﬁﬂbigﬁéﬁé"ﬁé@nléhialhoﬁ%bé@ﬂ'a &ﬁ?tqn?éhv\éﬁth an iz

val ue of 713.87 because it shows hi gher™ | evel neut'ral |o0ss
expect ed t hat faﬁsmmeré@éswwfﬂfeseme@ti@@aﬁﬂ@phﬂsphqpepta@aﬂomdwu S|t|on 21

DEC 2005 -9 ryl ation
sites of so%esort#o\é?ﬁ] %Igﬁddg\gobggth%ﬁlgm%%ﬁg@nﬁE%@% Rlcﬁvgn vm!thout
hese bepti des Lo a phospNopenty e XM ine 5 L\ BaSamL BLOLeL N $6 15

consi stent wit ﬁ@é&?'&% @Pﬁl’ ﬁ?é’gﬁ‘?wgd MAisen an LP&SﬁE'@Eﬁ%GOW@"%e maj or
phosphopr ot ei ngﬁé@%tﬂ%@ﬁsmpbﬂs 6% bho lbﬁéﬁoﬁmai Botn ofigd the observed

masses and pho ate contents ree with published reports on -

phosphor yl atloﬁ"Qﬁtmﬁﬁt‘é"ﬂbﬂm\@hrﬂa $er treatment with growth factors. 10
EXAMPLE VIl |solation of Peptides Containing the 14-3-3 Binding Motif from
an Extract of Cells Treated with a Cyclic AMP Anal og and Insulin.

10 ExanvpLE VI

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 cAMP—dependent
protein kinase (PKA) can phosphorylate this moiif to initiate‘binding of
14-3-3 proteins. '

Phospho-(Ser) 14-3-3 binding motif monoclonal antibody (4E2)
(Cell Signaling Technology, Inc., product number 8608) is a motif-specific,
25  contexi-independent anﬁbody 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



The nethod of the invention was further enployed to isolate 15
phosphopepti des containing a 14-3-3 binding notif froma conplex mxture of
peptides existing in a digested cell |ysate. The 14-3-3 proteins regul ate
several biological processes through phosphorylation- dependent
protein-protein.interactions. A phospho r|ne cont ai ni ng 2CoNRTeEHS

sequence, notif #1., (RIK)SXS*XP, is pre I n some binding partners of 20
14-3-3 proteins. Many protein kinases such as Akt and CAMP- dependent

protein kinase (PI.CA) can phosphorylate this nmotif to initiate binding of
14-3-3 proteins. Phospho-(Ser) 14-3-3 binding notif nonocl onal anti body

Spect 116, 25 cORABRISE n;bﬂ%ﬁﬂﬁé%ﬂ*ﬂ@ﬁf&&p‘%ﬁﬁ%@eﬁﬁﬁesrzo@?g%?r&wﬁ@%‘eE? | des
cont ai ni ng congestfUBhibantbouly wad ii§edb. imhiradfirilyeeiy p[soéghg degecific for

peptides and prote| ns .t hat ta| n the consensus notif S*XP where R
i s arginine, |%t°8m$ﬁ' t‘f%) TOML Pro{@NAGEQUS R eparraaoztfsq avltodgertdy

phosphoser ne. Tibsafat RaFKe WAL TR S0GRAS Bintid hathdkogeHeas 100 2.1

D. EC 2005 sequences contal ni ng phosphot hre nrne 1n phosphoserl na in
this notif3 Thretewst i body was used to i munoaffinity purify phosphopeptides
that contain notif #1 from a proteinaceous preparation, so as to identify
proteins that nmay b&opthizvexanple, ihlﬂrmudnjlsystem wes dO®-1pilsrecd! e 14-3-3 5

teins. For thi, le, .th d t - 1. cel | IR
Ger i ved T rom ¢ CAEPO AR HETRE AR ansy KaiscesBhtet RadbBeerotieastly witn-
insulin and 8- Gnﬁbxmhlaﬁﬁwmmbmbh@aylmﬁv%mmwcam?) |irﬁb$jﬂh'1ﬁhub§§'tlfées the Akt

protei n kinase, .and the nenbrane-perneabl e, netaboli cal Ily stable 10 cAWMP
Ic

anal og i nduces ﬁk{tlérqi?m'ﬂ@%%@ WPH@E@&PQW%@WPP aphetpleor yl at e many
protein sitigs, camp aEIBg lﬁdlf%:‘é@tﬁ@PKA"Mlﬁdseb?hé% _c%g] Kidadb gy sites, that is,

sone protelns w || becofme bind |ng partners O rotelns as a result
of phosphor yl atiheppisryleiremARY praten sitandanst ampng 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 protsin phosphoryiation at potentiai 14-3-3
20 binding sites, the cell exiract 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
‘anﬁbody (Cell Signaling Technology, Inc., product' number 96086) 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 exiract were digested to peptides with
endoproteinase Glu-C immobilized to F7m, a polyviny! matrix bead
(MoBiTec, part number P5101}), and the immobilized Glu-C was removed
by centrifugation. Immobilized phospho-(Ser) 14-3-3 binding motif



I nduced protein kinases. A culture of COS-1 cells was treated with I pglm
15 insulin and 1 nM 8- (4-chl orophenyl thio)-CAW (cpt-CAVP) for 10 m nutes.
The cells were washed, harvested, and |ysed by sonicatiagn, proteins in the
| ysate were denatured, and the |ysate was cl eared by cer;'\tri'fugation. To show
that treatment with insulin-and the cycljc AVP anal og had £ t8b6d¥5an

I ncreased | evel of protein phosphoryl at'i ' -at potential 14-3-3 20 binding
sites, the cell extract was anal yzed 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 notif antibody

(Cell Signalin roduct nunber 96086). owe hat this
treatnent al te?%%'eq%ﬂ’g%ﬁﬁ%qjé';}g?%} ‘F’ﬁ?\ pﬁpf{%éjﬁ? %QSQ'IGD&%H'F %QWPPGZ nunber of

di fferent prot eindsvdsfelng encaitaintdegldhtiBody Bereh 6BreaRL i f #1. Proteins in
the extract were digested to peptides wth endoprotei nase G u=C i mmobilized

to 177m a pol yvi nyPhagﬁﬁdpepﬁs@@cor{t&ﬁﬁgﬁﬁeamstbiﬁmmﬁ@ﬁf’%%lﬁur‘f%ad the
ugation. | |

i mobi | i zed G u-C was_renoved by centrif . | zed” phospho- ( Ser)
14- 3- 3 bi ndi ng figst the Glugd-digestabmude sl auinadivdtiaphasphpyBer) 14453) was

er i of r dsi BqEokEerphBEEha drod BB Brot B b oBB Rttt U er e
purified fromdidest @bwﬁiﬂ!mﬂ@dg?m pﬂﬁeiﬂff{rvbs ewhaelid With immobilized
phospho- (Ser) 14-3. 3 5 bi ndi ngi mot I f nonocl onal anti body bound protein

G agar ose resi @ntiyedy-regingéépl(4paiw) in batah foomat g 4G far 1frheues, @ndwas

cont act ed vm'th"ggglfl)d' i 7 i - i i tch format at
4 Cfor 16 hourulg, andbé@ﬁ%&ﬁ% 6%'8‘?%%%@%Pﬁ%(}eﬁ'%%ﬁtlb@ﬁpfeghgat ion. The
ant i body- r esi n wasagasheslredensitelininree! tim¢d witked i ioescld RBS Anditwoce- col d PBS
and two 10 .t.i Wit . ice-cold ter). und penptides r, n el uted
M th 150 10g" Erstoih f plvesEa ey Bo i pentleS el Biprre e it
separ at ed fromyl 6|19 effiuarddceaecidy ane e élliedaidpified Neps!Séhaatdidiopson YM 1 0
menbrane (M| |door e, product nunber 42407), which retains nolecules with

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 pl 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 specirometry (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 neuiral-loss of phosphate while traveling toward the instrument’s
detector and is indicated in MALDI-TOF specira by the presence of broad



nmol ecul ar wei ghts above 10, 000. Before analysis by MALD -TOF mass 15
spectronetry, a 9 1 portion of the YM1 O flowthrough fraction was
desalted and concentrated with a reversed-phase Zi pTip mcrocol um.
MALDI - TOF Anal ysis The nasses of ‘the peptides that bound to and eluted from
the phospho-(Ser) 14-3-3 binding notif ti body were nmeasur HBEWZ LDl - 20
TOF mass spectronetry (Figure 30). tn Fiér}r‘e 30, peaks labeled with a-star
correspond to phosphopepti des,.and peaks | abeled with a square are
phosphopepti des that have undergone netastabl e deconposition and

neutral -1 oss of phosphate. Metastabl e deconposition showed that the

anti body-puri fi ti on.contains sever candi dat e :
phosphopept i des” %‘H%'OFBB%@?}%@E g%ip\%ﬁr H@ﬁﬁmm‘n&ﬁlpﬁesi’@@ﬂ&ct ed based
on the anti bodyoss. #easdtéd i Examples aﬁéxﬁbvp eﬁﬁéﬁéﬁ&@%fiﬂ Whtﬁét'é;ﬁe‘bﬂ&@@”

phosphopeptlde I gns under go neutral-loss of phosphate while traveling
toward the i nst’F‘éﬂﬁ%’fﬁﬁ r%etaﬂ@b@cd&@prrmampa i5 ﬂape@fl@and reliatlesindivaler shect ra by

Lhe Presence, olpebiadet Raioo s APRRR R R Bh 1 B4, Hover T
experience \&itramatahmeuocfnpnﬁastabﬂesiecbmmbsnamemmmcﬁmmmden@m@mtion is a
ZﬁiELLgfhEZSnT%ﬂa@s&aﬁﬂ e urreEoBpURERS abl o decomposi T on i n this
spectrum fits the known emﬂm[vm_rth antlbody used for purification.
A conparison of the "Ii‘iPaﬁﬁB tQmMese spaesuBdaiinis sammigure 30) and

the Akt substr afFgs80) Qfxd’ﬁr%%l&t%@%ﬁéle%éﬁr@l&s geésén E 119E5(§m pk ex@}gﬁg dt here

may be sone overI ap between the two sa
because, for bot9)s awgﬂ@em%be\ﬁ@mpmedambﬁﬁwméhmosamﬁeismdﬁor bot h

ST Feat o IEEIAEIY Recalf WISGETIAROHL Rt EpRAPCR 0
moti f nmonocl ondhdinsdi arsfpr beth saaplessthe spemf[cmes of the antlbodles used for
phosphopeptide purification overlap [(R/IK)XX(S*)XP for the phospho-
(Ser) 14-3-3 binding motif monocional antibbdy 4E2 versus
V(R/K)X(RIK)XX(S*H’ *) for the phospho-(Ser/Thr) Akt substrate motif
15 po!yclonal 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 Fig'ure 27). Ser235 and Ser236,
underlined in the pepiide sequence shown above, fit the Akf 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—MSIMS‘. A20
wl portion of the peptide fraction was desalted and concentrated with a
25 reversed-phase ZipTip microcolumn and eldted with 2 1 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 spectrbmetry, and it gave a spectrum similar to the onhe shown in |



(RIK) X(RIK) XX(S*I T*) for the phospho-(Serl Thr) Akt substrate notif 15

pol ycl onai antibody]. Two peptides that the sanple sets may have in common
correspond to the A u-C peptide fromthe ribosonmal protein S6, Q AKR RRLSS
LRAST SKSE (SEQ ID NO 41) with | phosphate group "and wth iﬂ Q @Ehate
groups (see. Figure 27). Ser235 and Ser_zlig, underlined in t% E 2
sequence-shown above, fit the Akt substrat’e 20 Motif fully and the-14-3-3
binding site notif partially. LC-MSIMS Anal ysis The peptides that bound to
and eluted fromthe phospho-(Ser) 14-3-3 binding notif antibody were
further analyzed by LCMSIMS. A 20 gl portion of the peptide fracti on was

desalted and c t ase Z| ocolunn and
el uted wiih 2 oA TR r¥inalhod otk BAERG RSB aGs AbfeR PeEERR 0.4 |

al i quot of the MBAM®d fraction was mxed with an ACHA matri x sol uti on and
anal yzed by MALDI - TOF nass spectronetry, and it gave a spectrumsimlar to

the one shown in 21| DEASAA8%SNa Né@&\ﬁa§ﬁéﬁor%d d\@edcrinBl BEBTe AExdniiie €l Ut ed
fracti on was a:l\?k ed by LC anal ysi s vvas@g )%ormed as

descri bed abov f@ﬂatoa)‘amvhtalm'@we@@g;lagrimesamn@ds ownadyzi ng this
sanpl e is S@O\MFIQLRG%‘EFTHF'T?Q?%HGIT ‘?—'nédré%t’l SRR wittre SLAK AUy qug beapen® wher e

survey MS scans “were coO second panel shows / M5 spectra
were col | ect edveracdlledied tthelsdcondupanethshamslwhefe Maﬂas@pectrhmr@here neutr al

ons wi th enarleSh sl i GRS, Y afnpRe Mol ybwe el ReSpbes of

phosphate. 10 Hge3R7¢HAd 24 r@ap@ctnmtm@astdaémea &%ﬂéétéhstlcf&ﬁomsow&h ar e
plotted in the third,  fourth, and fifth panel s of gure 31 to-help locate

candi date phoSHRESSRTitRed3, Atitb+hinat have pa@ergsnepeu@ﬂ ose efrhosabalehopept i de
candi dat es jpendhp®cliHbBcSand }htéﬁbrﬁé%%f‘h'éﬁﬁaﬂbgg o%@aré@]&eée%&ﬁéﬂmir r
phosphopepti des due to the hydrophilicity [p osphat roups t hat

fourth, and fifth panels of Figure 31 to help ocate candidate

' phosphopeptides. The neutral foss plots show that phosphopeptide
candidates tend to elute early in the chromatogram, as expected for
phosphopeptides due fo 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 L.C-

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 -
V1, 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 tentatively 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, ses Figure 33. The left panels are MS/MS spectra from



15 neutral loss is observed in many of the MS/MS spectra, suggesting this
sanple is 'highly enriched wi th phosphopepti des. Many of the phosphopepti des
showi ng neutral |oss during LG MSIMS (Figure 31, panels 3-5) are the sane
phosphopepti des.that gave netastabl e deconposition during MM 200°- mass
spectrometry (Figure 20 30), see Figure ‘?tﬁ4 Li ke the Akt substrate sanple
described in Exanple VI, nost peptides showi ng neutral |oss during MS/ MS
contai ned nore than one phosphate group. The LC-MS/MS anal ysis results
support the interpretation made on the basis of the MALD - TOF nass
spectrum that there is likely to be considerable overlap between the set

bi ndi g ot 1 GRtrbadrald aitiddat SahiplS Yab bb i AN pBROR AR e T oy
phosphoryl at ed coprsspoidisg fspea:traﬁ'chmib@rakl-aas @irﬁlmg R0if antibody Bamplangdtcat i on of
overl ap between_t he two ngle sets is dual backbone

fragmentation ob¥ePPSENe PQT%?S%IQ{@C@@R{@%NR}Etgaaéffﬂ\g{lfhgé@aﬁg%gﬁfb’-i 33. The
| eft panel s ar ofBhndinged tha S8 etith WChac IRBphbRAgioNBs Al lagainB s at ©

ant i body sag‘gl e set he right panels are t I ng spectra :
fromthe 14-53- esitrabions, bah Bpeciia $haydq psedist iorswith anm{éva qi#68!% are both

assi gned tentat o the S6
pept do wi th (S SEYCHR AT-D b0 SRR Herdd or FRIEFAPABILU o 0
spectra show a @ﬁﬁc@ﬂ)c‘ﬂ'h& bﬂttwmlplanals aréboﬂadasﬁgrltéd ilﬁfﬁ} ign mﬂh@gﬂnaﬁ ¥ of he .
b0t om panel o STEBERP B AG 2 Sz SHO RIEHRIRR OAPS: B0l nat. has &
mass of 3,204 mcﬁaah&w@spmmt%wmh%%&r%ofm# spectra show a
product ion with an nmlz value of 990.7. 10 Al the MS/ M5 product ion spectra

were anal yzgd with PQaHeMSMS pr%ﬂué\ttlbﬁ@ﬁécﬁé’wé%bﬁﬁl%z'édlbﬁBBQﬁé’étf?ﬁ ion site
and parent proteln to each _ peptid cases (as also noted in

Exanpl es V and a0 §tampido agpignggrhasphentation ﬁﬁ%l@@d§r@t§§l igreasht s because
of the high | evalhigé. In many cases here (as also noted in Examples V and Vi) this

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 mulfiply-phosphorylated 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 neufral loss {(as noted in Example V1),

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
86 kinases and mitogen-activated protein kinases, which are likely fo

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 Leit. 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, '



neutral loss wth very little residual fragnmentation along the peptide 15
backbone., M5/ M5 showed that many of the nost abundant phosphopeptides are
mul ti pl y-phosphoryl ated and will be anenable to MS3 analysis after the
current data acquisition software is revised to recogni ze 2MuDEQ fi0%es of
neutral loss .and to isolate and fragrrentuf e ion with the highest |evel of
neutral loss (as noted in Exanple VI). 2 e peptide in this sanple that
was unanbi guously identified is a phosphoserine-containing peptide from
heat shock 27 kDa protein (Figure 34). ‘The residue identified as a
phosphoryl ation site by this nethod, Ser- 78, is known to be phosphoryl ated

by several protein. Kkin I ncl udi.n 6 ki nases and m.togen-activated
protein Ki nasesc?)r\gﬁ*(e&tlagtsibﬁ é}énﬁ Rr@%ﬁgg*ﬁeg}'gu%%@ﬁ F’i@‘ﬂr eliM®y the

treatments usedpeetrmanat ®uldbs assignd®a pafsht pRotsin. andasiaphBhtionkjteBl ot
Chem 267; 794-803 (1992) and, Bi rdgm)éét a!p.Sgl FEBS Lett. 3?%)' %?ﬁ?gw).

Thi s phosphopep SRAUESE Vas perdiised drom ﬂ'}?rﬁﬁﬂ’%@?ﬁﬁ%e%@!ﬂmiﬂéﬁ chargeng
Spectrum for ¢t schsREectbd, hER8ainoe contd of sel-P TRALSIRAD 1o ME (OIS on
neutral -1 os$ priaguwetspesiiicitydf IDEPh2EIT0-(3D 148643 bintmyt mudif dntibody ueéd one

phosphate grou Se Lgure ,32). .Th ectrum,t hat L d be assigned a

par ent protei-nqgﬁ? r‘%ﬁE@%ﬁB?W%ﬁ%&‘*@mﬂéﬁ'W rgﬂaﬁ%%magﬁg&hﬁﬁ?&fiﬁﬁ fromthe
same peptide asnéilf (RAMSHRPR charge of +3. As expected, the sequence
context of Ser-78 (RALS*RQ fits the known specificity of the phospho-(Ser)
14-3-3 binding notif antibody used to purify the phosphopeptide [underlined
residues match the specificity notif (RIK)XXS*XP]. 10 EXAMPLE Vil a

| sol ati on of Peptides Contai ni ng t he ERamephWHIPDKI Docking Mtif froma

Grude ol | Ext 1 9G4 BRI Chtaifink 1 ASRBAS T 9Skh hadtht

10 from a Crude Cell Extract

Peptides containing the phospho-PDK1 docking 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 fo bind to 3-phosphoinositide- -
dependent kinase 1 (PDK1). PDK1 plays a central role in the activation of

20 several growth factor-induced protein kinaseé, including protein kinase B
{PKBY), p70 S6 kinase, several PKC isotypes, and serum and
gll_.lcocorticoid-induced kinase (SGK). See, e.g. Belham et al., Curr. Biol.
11: R93-R96 (1999).

The phosphe-PDK1 docking motif 18A2 (bulky rings) monocional
25  antibody (Cell Signaling Technology, Inc., product number 9634)is a
mofif-specific, context-independent antibody that recognizes
phosphopeptides with the consensus sequence EXXF(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



(FXXF(S*IT*)(FIY) (SEQ ID NGO 42), where F is phenylalanine, X is any amno
acid, S*/T* indicates phosphoserine or phosphothreonine, and Fly 15

i ndi cat es phenyl al anine or tyrosine) may be selectively isolated froma
conpl ex m xture of peptides, such as a digested cell Iyqp ? %@Ey protein

ki nases contain this docking notif sequ , and phosphory EE of this
sequence is required for these kinases to bind to 3- phosph0|n05|t|de-
dependent kinase | (PDK1l). PDKI 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 i sot ypes, and serum and

| ucocorti coi d- Curr. Bi oI.

%1 R93- R96 (19%8@&%%55% @E&Kﬁ%&l na&ﬁgpgﬁg\]@ '(-’%%J?ky ri ngs)

nmonocl onal 25 mrmbiiad;i F(m Uo&imﬁidtlﬁ@uquq-me) aghodymay bekeaiejednunber
9634) is a notif-s @36 %‘ﬁéﬁxt-l ndeﬁandent antltbOdr% t;fhat recogni zes
phosphopept i dedo n?ﬁ Infty,RY OsphARGRHEeS ROBIEINIG ey eliiPem ghere F i s
phenyl al ani ne, oXnigledMikt@@ dTPepadsh, sath 28 ald?@ééf@d esii QE@&%F)PBP@MPQ&%U dentify

phosphot hreoni ne, and FN i ndi cat es phenyl al ani ne or rosi ne
ot her proteins aproieinanesUPDRAPaFHN myrbetamalned froota C@$ pell Be DEC 2005 - 106

b | 26d ot oRRe A e e AN PR ol PR R AP ety o0 10

i mmunoaf fi ni tymmplétﬁlmmgpbnbgmﬁh cﬂmﬁo@onframlun@tt (hemam) céllsf Ther a  conpl ex
m xture of pep For exanple, 5 a

t K sate,
pr ot ei naceous pﬁxgﬁ% ﬁ%?gﬂ?rﬁiﬁnﬁ@r‘%gﬁ’éf @%fewe%ﬁgae@@e@eahovel(ﬁee (m)nkey)

that overexpr esprseiflitedsObBhBratibh ) BIP d bie'a\&ffpmﬁ&btié%ﬁﬁf&
platel et derived growh f Sg%tgrr’a! ?]rom J%%kat Ihumam e 'I%e extract

I's prepar ed%an® 'Eﬁrd%r@ﬁe%e%enatured as descri bed above (see " Pr ot ei naceous
preparations"), then digested wth inmobilized trypsin or 10 other

prot eases. PhosphopEhPraikapepsfes rantalinibestii! dedng matibere isalated sol at ed
- from the complex mixture in the digested cell lysate with the bulky rings

mohoclonal antibedy (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 pepiides with phosphataee,
which can remove phosphate groups from the phosphopeptides and
reduce fhe phosphopeptide masses by 80 for each phosphate present in
the peplide. The mixiure 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 motlf consensus sequence described above.



fromthe complex mxture in the digested cell Iysate with the bul ky rings
nonocl onal anti body (PDKI docking notif) inmobilized to agarose resin by
hydrazi de chem stry, as described above for P-Tyr-100 nonocl onal 15 and
P-Thr polyclonal antibodies. The di gest S cont acted with the
anti body-resin'in batch format at 4 C f 71 to 16 hour sz Lﬂ?md pepti des
are then renoved by centrifugation, and the anti body-resin tensi vel y
washed before el uting bound peptides with 0.1 Mglycine, pH 2.3. The eluted
pepti des are concentrated and desalted with reversed-phase 20 ZipTip
m crocol ums. The nasses of the eluted peptides are neasured before and
after treating aliquots of the elutedg ®s with phosphatase, which can
renove phosphate groups fromthe phosp opeptldes and reduce the
phosphopepti de masses by L,n. the peptide. The
m xture of phosphopepti egpals ¢Eg§lggeé)g)§é BEEE"‘%% descri bed above,
to obtain partial peptide sequence | facilitate identifying
t he parent ot ei ns m whi ch, each tide ori |nted It is
expected that each ﬂ%ﬁ?&ﬁ’ﬁ%ﬁ@ feining @%%@@%%éegh%i}?sﬁg %CF?éY SigRcki ng not i f
consensus sequemng bd@grg i ol ation
quenag ctibsigl :s%)ma@fronw&or%isle%ﬁxgﬁ’@%f P@&@ﬂf ractﬁ%sé

of Acetyl-lysine-Containing Peptides froma Cr ept i des
cont ai ni ng acetqlg%itéﬁcﬁqayﬁﬁ%@f)@d@g ta tha yethosefithe inventiomefjiskoowal ect i vel y

i solated from d, cell

| ysat e, accor dlatnép%%'l@ﬁu é{gﬁfaﬁe@%hrgﬁ‘%%%@%ufé'ﬁﬁd gg "?@C&I&%ﬁ'{ nat
acetyl ati on r egubdifiestiorvhofdrisiones and Uamwmttamfho@ﬁ'aealatthuslgpyec; fiar ough

nodi ficati of. hi stones tran tion factors, and jhus. specific 10
ool at on o acePbRoT BESes2 R RouRTupass Bt irtorireta | on on
activation st atthe a@fw&ﬂmﬁatels@k‘ frgise didIygitANArpaREnPHIRtSHES -

Acetyl at ed-1ysi ne monocl onal antibody (Cell Signaling Technol ogy, Inc.

product nunber 968 1)Ace|bﬁ@ﬂeﬂ+!mhé bhoheeleasl AfiBody gteu SRynklidy T@@H{-%Io@een
post-transl ati olnal | YOJT%P numger 5’é’81 %Sé %‘13&51!'3{?’203@}1123’385rgge:ns tha!t ﬁerz]veam no
been post—translatlonally modified by acetylation af lysine epsilon-amino
15  groups. To identify other sites of acetylation, immobilized acetylated-
lysine antibody may be used to immunoafiinity 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 fine

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 “Profeinaceous preparations™), and
digested with immobilized {rypsin or other suitable immobiﬁzed 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 iselate acetylated peptides, the digested

30  crude extract may then be contacted with the immobilized acetylated-
lysine monoclonal antibody at 4 °C overnight. The resin mey then be



15 groups. To identify other sites of acetylation, inmmobilized acetyl ated

| ysi ne anti body may be used to imunoaffinity purify nodified (i.e

acetyl ated) peptides froma protei naceous preparation, according to the

met hod of the invention. For exanple, a digested cell |ysate containing a
conpl ex m xture of peptides may be prepa&ﬁf froma Ccos celll DEC 130520 (nonkey)
that overexpresses the H V-Nef protein, th i-s acetyl ated at "l ysine-4.
The protei naceous preparation is prepared and proteins denatured as
descri bed' above (see "Proteinaceous preparations'), and digested with

i mobi i zed trypsin or other suitable i mobilized proteases t hat can be

renmoved fromt es may then
be i sol at ed frt(;% %%SQ%%P@‘Z“%'PB%%)@@%@@?% ?ﬁﬁ%a g@ﬁ&?ﬁ%ﬂg 'speci fic
anti body (a gerEreboumatpdpticies nwythsmele‘mted@webﬂﬁglhé afttRAylr8siagar ose resin
usi ng a hydrazi dﬁHCheW@Str 6§CI’I d above for the PTyr--100
nonocl onal ant i \¥EHFN & ﬂsﬁefvpnf Q‘I’F\I“%@Q(ﬁ E‘ﬂﬁ@roéﬁ@tioo@ﬂ@/aﬂqf@eﬂgﬁll@lén

acetyl ated pept sted 30 crude extract may then-be contacted
with the i mmbltr'%g éa@g?%gfed lysine nonocl onal antibody at 4 C

over ni ght, e resi edrayi gg&i I

centri fugat;%gn and (rant en§F§€ ’vvaség%egére esc %ﬁg%ggog%’(/lg !gﬂlfﬁéoﬁound

pepti des may t km'nnmrﬁlauetgtat@pmt&mri ﬂr@ ctelﬂealaadﬂtnmq;ectaisﬁhlat atdtlated el uting
sol vent such a otrifl ug oacetl entri ation_ through a
plastic frit. iIQ—/ola ft/ pé'd?:% [P? ﬁ%ec ﬁ%&ﬁ%\é’ﬁ naeYiedein is the
most  prom nent mueéylawc@murmmmewetno@ Betﬁéah\lrentiéndThésé e Jﬁ?@las%had that
acetyl ated HIV Nee%é)eetldesvvl be specifically isolate al ong wi th other

acetyl ated peptih®ledCcetyglesmeptiges Blay FP@ freheroanadZedry Mﬁ(ﬁéﬁttﬂ tha"'ll'hese
peptides angh qidies REaENGANRG RARId 68 BRYehfy thy d% 8t @%M@%r%e Ms/ M5 to

obtain 10 partial sequences that can be used t0 I e parent
proteins. For tH& Nefprotein, for easple, a partisksasience wilbbelpiconfigetivence wi | |

T\ Nt otel IeptiBERdiAE iR fetudd B Ss RbbeRrBit HBYV Rof fiOREH T om the
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 ef al., Anal. Chem. 66: 4390-4399 (1994).

20
ExampPLE 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 celis, may be used to profile pathway



Anal ysis of other acetylated peptides purified by this nmethod may identify
new, previously unknown acetylation sites, and in these cases the partial 15
sequence analysis is necessary.to match each acetyl ated peghlde wWithits
parent protein. CGenerally, a peptide's mass and a parti al &rlllS of that
peptide is sufficient to identify the pajgnt protein for that pepti de, as
long as the parent protein's sequence is stored in a public protein
sequence database. See Mann et a!., Anal. Chem 66: 4390-4399 (1994). 20
EXAMPLE X Profiling of Activated Pathways in Tunor Tissue by Isolation of
Modi fied Peptides froma Crude Tissue Extract Activation status of inportant

bi ol ogi cal si gnadivaoB) Bt%‘éﬁn%'&eﬁéxﬁé&@%ﬁ%&b@ﬁé’%nﬁ% REREIsElEd DY

selective isolation of nodifie eptides 1 n ac e et hod of
the invention. Trnmhieh l@ﬁdtﬁed:qsptldés may belseldchivelyiigpiatedng pat hways depends,
for exanple, upon the phosphorylation of -specific proteins. Therefore,
prot ei n phosphor yl atRrofilingstfgretsin ma@hgaﬂiatlétatesargtuntWI €gl&s, may be
used to profil at 005 ctjvat.ion preparing cell
extracts from gﬁ% u ﬁﬁﬁﬁ]’]!één%‘# ?ﬁ%‘le% quésﬁé’bta“?'?%ﬁ‘ﬁ}(%‘temc%'éﬁfled pept i des

may be sel ecst i Vtﬂbpaﬂaﬁ@rh avisigh cohtafrsl 4 e@npkxmﬁt%%af@émm@aorramﬁ% states in
tunor cel |, reast tumor cell, may be carried out n| ng a

pr ot ei naceous %Ufﬂoéﬁﬁlll & poieinapaaus R!'@Pﬁfétl% W@ychmhtamedﬁma@mﬂe pept i des,
fromthe targetpg neewbggﬁrbm %Atr“%rag{ rehsﬁfdﬁurr%\ﬁ@ V\ﬁs nf@lu%? obt ai ned

froma single om a prow es sufficient
cel lular ext raaxtracbtomroﬁlelthe ehiivadiohistatts onmsittipteusigodiingupathwdyes, si gnal i ng

pat hways, i ncl, M}gj P ki nase pat hway h factor
receptor 10 pat‘ﬁ%ggg’gﬁcﬂﬁ EAAPﬁ%P I‘Naé'r‘é?ﬂorlr'sf%'i?'f"g}%ap&’éé%?etﬁm steroid
receptors, I(Buqdratha)tdjmcﬁxinggpﬂenﬁﬁi@bwﬂt faotol rédepidt] srdit RéGeDtds! pat hway.
Al of these pat ﬁ have been sp J% bF% nvol ved in breast cancer and
ar e such as’the estrogen recepior, and the Pi-3- klnase Akt pathway. All of
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 supematant fraction, containing the bulk of the
cellular proteins, is then denatured by heat freatment and digested with
immobilized frypsin or some other specific proteolytic enzyme. This
proteinaceous preparatton contains modifled phosphopeptides from

25  muitiple different proteins. The proteinaceous preparation is contacted
with an immobilized general phosphb-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 severél types of antibody-resin

30 in series may be employed; e.g., the protein fraction is contacted with an



| nportant targets for current and future drug devel opnent and patient
therapy. t5 To eval uate changes in the signaling pathways of specific breast
cancer biopsies, a proteinaceous preparation is obtained fromthe. biopsy
sanpl e and desired nodified peptides, e.g. phosphopeptides, fromthat
fraction are imunoaffinity purified aqqqﬁharacterized by M5 as descri bed
above. A protein fraction is obtained fromfrozen biopsytﬁkﬁﬂbﬂﬂy 20

soni cation, and insoluble material and cytoskeletal proteins are renoved by
centrifugation. The supernatant fraction, containing the bulk of the
cellular proteins, is then denatured by heat treatnent and digested with

| rmobi lized tr IR ; e t.] This

pr ot ei naceous g‘ﬁ@ﬁg'ﬁg?ﬁ’ ?ﬂ@%ﬁ%‘géﬁgF&F%ﬁ%ﬁ%%ﬁlléétcfaﬂ'@{ Fom 25 mul ti pl e
di f ferent pr ot @reousThdegoribed), maddoe snbowpbiradtioorfrars tieaistercis¢icen Wi th an

i mobi |i zed general ospho-speci fi,c anti body, .e.g. ., . .

phosphot yr osi nér-eéﬁ'éjc‘wi @Ré{ﬂmogﬁ@?q A?‘B%M%_é’%ﬁ%@%ﬁ’%p@ﬁi@%@ fromthe

conpl ex m xt ur @ekdhd SO bR TAE SARBLAEZER BNAbORArdihs AFEURRAEHT Ni ty

i solation. A single type of antibody-resin or sSeveral types of

ant i body- r e8i n e3tensivelydpiremona ynbeurthis. @ywmphesphorylatas) pepiddsnandaction i s
contacted with odnid 'CIBEF% 005, § LA r.0s4+ N&- i fic
anti body (e.qg. ﬂi%?}ba COP%#]LI, as&gﬁ?se{\%ggﬁg{:é}}eégésjggF}%glg'ga,){hsaén%‘ﬁ@ﬂgyﬁ%g%und
fraction from withtarselafing solvérdrsuchrasdl, €% tifladroaceticravidhi | i zed Akt substrate
notif-specific antibody in a second support, etc. The i mobilized

anti body-resins ar e Thaghetdd pheshapspliddsy/arecher ansigzeoh bp MALLSTQF

nonphosphoryl at ed) tides nd. the. bound peptide fraction is then
recovered by t?"gg»tﬁfﬁgﬁm@ﬁamfi%ed?@?@g PW%%M 'F‘ﬁg%lﬁm ?ipﬁB{I DMAEAt such as
0.1% triflugroagein sitarticttind BA AAhudtest R BERRPRERIOINAGiIt phésphBRizeanal yzed by
MALDI - TOF M5, and phosphorylation is confirnmed by neasuring the peptide
mass 10 again A€t shouldigdyige sachpeqtide messtyS0jst Aach phranhaie giouR.
8?83 Bhat ase, Y &dtigi 1B odifdtF&ptRARS o BRSH paleniBroRify, thidbb@q each phosphate
_ ' peptide fraction is analyzed by MS/MS. The partial sequence information

obtained, along with the peptide mass, is sufficient o unambiguously

15 identify the parent protein of each peptide. See Mann et al. (1994), supra.

Ideally, this procedure is perf_ormed with tumor and normal cell biopsies

from the same patient. However, if certain phosphorylation sites are

known to be diagnostic markers for a sbec‘rﬁc 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 phosphoryiation ofa
given peptide (and thus, its parent proiein), when compared to the

25 reference cell phosphorylation state, will indicate activation of the
corresponding signaling pathway. Information obtained from this-proﬁlin'g
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 cell, such as a breast tumor cell, also provides information



To assign the nodified peptides to their parent proteins, the bound peptide
fraction is analyzed by MS/Ms. The partial sequence infor matf obt ai ned,
along with the peptide nmass, is sufficient to unanbi guougly ﬂsﬂfﬁéﬂﬁilfy t he
parent protein of each peptide. See Mann et a!. (1994), supra | deal |y,
this procedure is perfornmed wth tunor _aﬂq normal cell biopsies fromthe
same patient. However, if certain phosphorylation sites are known to be

di agnosti c markers for a specific cancer, then the method can be used to
assay the presence of those markers only, wi t hout a 20 normal cell
reference. The anounts of phosphoryl ated peptides isolated fromthe target
cells fromtu r acts from
ref erence cel @ssﬁuéﬁﬁggncgé@{o?%&&& tb%s%&ét.’l g%séﬁéﬁ%%gféslﬁ "@% ion of a

gi ven peptide (weltasfonsancarsegrarento identifywich mgmimgqxrpmmlanw the 25

reference cell will cate i vat. of the

correspondi ng sﬁ%ﬂgﬂ% %'gﬂi‘{%‘aﬁivﬁ Eﬁ?ﬁ?ﬁﬁ??%ﬁ el Bas 6' '?’?ﬁ s profiling
may be used t o rdedifcations of bﬂ)télﬂﬂhét'ﬁﬁyﬂrm’rél@fant f!ﬁdi@ééé@étbtes%uc%éé as to
nonitor the specific effects of the therap rug treat ment, on the

targeted si gnalSeRECHEAYWRMarlHhe examingd by t%ﬂﬂiﬁéh@ﬁ@dla@m%ﬁﬂ Bersies in a tar get
30 diseased cell, such as a breast tunor cell, also provides information 21
DEC 2005 -111 useful in drug devel opnent, e.g. to assess the effect of a
test drug, as well as for cancer research to identify which signaling
proteins and pathways are involved in specific cancers. O her

post-transl ational nodifications of proteins that may be relevant to

di sease states, such as 5 cancer, nmay simlarly be exam ned. by the mnethods
di scl osed herein. -112 WHAT is Clainmed Is: 21 DEC 2005 1. A nethod for

i sol ating a popul ation of naturally-occurring post- translationally nodified
peptides froma conplex mxture of peptides, said



" method conprising the steps of: 5 (a) obtaining a proteinaceous preparation

froman organism wherein said protei naceous preparation conprises

natural l y-occurring post-translationally nodified peptides fromtw or nore
different proteins; (b) contacting said protei naceous preparation with at

| east one 10 immmobilized post-transl atllénal nodificat | ong $Pecizipsc anti body;
and (c) isolating at |east one popul ation of naturally-occurring post-

transl at i oVMHAT igddamedilssept i des specifically bound by said i mobilized

nmodi fi cation-specific antibody in step (b). 15 2. The nethod of claiml1,

modi 1 ed papti deuelsBL 8 e peor OB Rk REpa T B " M) . *t andem
mass spect tramsktigndllySnddijied paptides fAE3 aasvaiplet mixtdre ofipepidéd)edidof claim 2,
wherein said S _spectr omet rié \%ﬁrrpri ses 20 matri x-assisted | aser desorption
time-of -fl ir@‘ﬁ[@m@%ﬂﬁ' SRBPSQherein said tandem mass spectronetry
conprises |iquid chromatagraph LCO) - M5/ M5, and . wherein said M53 anal ysi s
conpri sgs LC I\/Bg?) 4. O?F?é”'ﬁﬁla%éte%fa(’@f)% REepargiongror @ntQRganieMmpri si ng t he
step of (e) 25 wicrdiRisBR Frofdd k @%}%eg j A the spectra
obtained for sai oT'Jrr;Do?i fiigél-J pep%?ggg%a?@n&rp? € C a?ﬁ:@épyggﬁrgﬁg of step (d)
wi th the spect r #opblrangiaionay prodifiednaptides from twoeyrabyrei different yi ng t he par ent
protein(s) of ?%tgingl)di fied peptides. 30 5. The nmethod of claim1, wherein
sai d protei nacedus preparation conprises a digested biological sanple

selected fromt r nsi.sting. of a digested crude cell extract, a
di gested ti ssueli\@a?rptegﬁtagﬁ'?%%%’aﬂ&%ﬁécﬁﬂﬁp%a@gp@w@'ﬁdﬁ%gﬁﬁl e, a digested
urine sanpl e, airdingelived peytteatistdtiohblinddifisati-specitchribdigesiced spinal fluid
sanple. 6. The nmethod of claim5, wherein said digested preparation is
obtai ned 5 usiig at idokatisig aieash bak pobylation enNaatirallgloceheimggest-cl eavage.

translationally modified peptides specifically bound by said immobilized
modification-specific antibody in step (b).

15 2. The method of claim 1, further comprising the step of (d)
characterizing said population of modified peptides isolated in step (¢) by mass
spectrometry (MS), tandem mass spectrometry (MS-MS), and/or MS® analysis.

3. The method of claim 2, wherein said mass spectrometry comprises

20  matrix-assisted laser desorption time-of-flight (MALDI-TOF) MS, wherein said
tandem mass spectrometry comprises liquid chromatography (LC)-MS/MS, and
wherein said MS? analysis comprises LC-MS®.

4, The method of claims 2 or 3, further comprising the step of (&)
25  utilizing a search program to substantially match the spectra obtained for
said modified peptides during the characterization of step (d) with the
spectra for known peptide sequences, thereby identifying the parent protein(s)
of said modified peptides.

30 5. The method of claim 1, wherein said proteinaceous preparation
-comprises a digested biological sample selected from the group
consisting of a digested crude cell extract, a digested tissue sample, a




7. The nethod of claim6, wherein said proteolytic enzyne is imobilized.
10 8. The nethod of claim®6, wherein said proteolytic enzyne is sol uble,
and wherein said digested preparation is treated with a proi)(folﬁlsi S
inhibitor prior to said contacting step (b). 9. The nethod EL 360 1,
wherein step (a) further conprises pré-''$5 purifying said protei naceous
preparation by inmmobilized netal affinity chromatography (I MAC). 10. The
met hod. of cdlgﬁsﬁeolsemmmmmsaldwesmmmnasaenplam digediedadynosiaEfui¢ b) i s

covalently gaHHggc% aa]&gggea %gf@@@éﬂ#’f' n or noncovalently 20 |inked to

protein-A 0 met hod of claim 10, wherein said
resin is contained vmthln a colum or mcropipette tip. 25 12. The net hod

of claim2, wherein said imobilized antibody of step (b) is immobilized in
chr omat ogr &ohy r "Hempfjmfﬁ]aé[n@@mﬁfﬁm§aﬁdcﬂ|9%ﬁi¢djﬁfepl§éﬁltw@ igobtinatl t o a nass

spect r Oget §fsirigO4t Iéﬁt@nﬁlb%té%/g{i Ibﬁ?yrhé’ﬁr etflerﬁfcﬁpcl%%)sapqn?’o 13. The met hod of

claim1, wheréein said nodifi conpri ses orylation. -114 14. The
nmet hod of claim 1 wherein said m)dl fied peptide(s) conprise(s) a

phosphopept, de. 005 5. met,hod of .claim 1, wherein said
post - trans}fatl on DE@ a g Pf’B# Wg‘ﬁéed” pid p&ﬂttep[yaﬁﬁnéﬂﬁﬁr‘?r ses a notif
specific, Garigdlitedndependent anti body that specifically binds a notif

conprising at | east one phosphorylated am no acid. 16. The nmethod of claim
15, wherein said notif consists of a single 10 phosphorylated am no acid.

17. Thggmetghod &r i.n id.notif consists.of .all or part of a
ki nase con?gnsu?hgah%hgg#20|% f%hprei Bg'gtpé?tﬁp BteQFWnﬁl'%ﬁ‘?iﬁ@emtif. 15 18.
The et hod anfl veHeseimshit dlgbﬁedlpm;mhﬁbd(isnmeedtwms ansoteobdistrat e

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.



notif is selected fromthe group consisting of mtogen-activated protein

ki nase (MAPK) consensus substrate notifs, cyclin-dependent kinase (CDK)
consensus substrate notifs, protein kinase A (PKA) consensus substrate
motifs, AKT consensus substrate nmotifs, protein kinase C %I?’I{IE)'.Z MPnsensus 20
substrate notifs, phosphot hreoni ne- X- arldém ne, and ATM (ataxia

t el angi ecstasi a nmutat ed) consensus substrate notifs, and wherein said
protein- protein binding is a 14-3-3 binding notif or a

3- phosphoi nosi ti de-dependent ki nase 1(PDK1) docking notif. 25 19. The

met hod of dl4ai mThe mmmndiaﬁcmhd,meremlsaidahaaiﬁ@@FbpﬂM's)fication- specific
anti body is_a m)n{) Ior?]al @ntipgﬂdy or a polyclonal antibody. 20. The net hod
of cl ai m 1,°CIPEPEI™ 2ROPRIRERIAE- nodi fi ed peptide isolated in step (c)
corresponds to a known nmarker of disease. -115 21 DEC 2005 21. The nethod of
claim4, wherein at |east one nodified peptide characterized in step (d)

conpri sés d®- unkihewnetpod of claimdl, whietrimsaidguist-translational siddificatios-ai d par ent

rotein. 5 . : |_aj r. 3, further co ising the step of
?e) corrparslgﬁgﬁgﬁgt'%}%?ncﬁsie% ;5 apg'Eﬁ%ée%fﬂcafm'?tg)été'f‘gwd%B{i?‘?tibé’g'yﬁlé?}t i de
char act er i mpdcificailydtings 4 chotificoptisiag Ao ibiabt 619 pladsphonfigteafanfing atides pondi ng

peptide in a reference sanple, thereby to conpare protein activation in
sai d protei naceous preparation with protein activation in said reference

sanple. 10133. Tihg rﬂ@ﬁwﬂ@%f@lfairﬁgﬁ', Whérei &‘é}ﬂrn%tl?cﬁﬁéigtsﬁ{f%gs@fh@ ceous
preparation corresponds to a Pseased. organi sm and sai d reference sanpl e
cor r espBndphpsphorpetedmipogmid.sm wher eby conpari son of protein activation
provi des information on activation changes resulting fromsaid 15 disease.
24. The nethod of claim 22, wherein said protei naceous preparation is

obt ai ned frgm a ThesaetBolioppisin A8 Whefeirsill infbtf dbnéibidi gt R dFphR prd said

ref erence iarrpl e corresponds to a _di seased or (%a_nl S wher eby t he
Inase 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 mitogen-activated protein kinase
(MAPK) consensus substrate motifs, cyc[in-depehdent kinase (CDK)
consensus substrate motifs, protein kinase A (PKA) consensus substrate
motifs, AKT consensus substrate motifs, protein kinase C (PKC) consensus

20  substrate motifs, phosphothreonine-X-arginine, and ATM (ataxia
telangiecstasia mutated) consensus substrate motifs, and wherein said protein-
protein binding is a 14-3-3 binding motif or a 3-phosphoinositide-dependent
kinase 1(PDK1) docking motif.

25 19, The method of claim 1, wherein said post-translational modification-
specific antibody is a monoclonal antibody or a polyclonal antibody.

20.  The method of claim 1, wherein at least one modified peptide isolated in
step (c) corresponds to a known marker of disease.



20 conparison of protein activation provides information useful for

di agnosis of said disease. 25. The nethod of claim 22, wherein said protein
preparation corresponds with an organismor preparation treated with at

| east one test 25 conpound and said reference sanple corresp pt h an
untreated organismor preparation, whéfldoy the conparison of P i n
activation provides information on activation changes resulting from
treatment Whth 7w methestof claimamderao apasTome medified pefptidéai m 23, wherein

et i de. cnisrahradh Eieb ATEbY Rl Elen bAGR o6 Phels BR0BETeRIRy (o o

par ent pr otsiterof said geremtippain, reported as so nodified in said disease. 27.
The met hod of claim 24 or 25, wherein said disease is cancer. 5 28. The
met hod of claim 25, wherein said test conpound conprises a cancer

t her apegti @2.29.ThEg | sl ki i onpound
p efRERA Giahhs Ot %W&%e&&?ﬁ%ﬁb@g?ﬁé didpSFlef

conprises a 10 kinase inhibitor. I sol'ati'ng a popul ati on of

phosphopeptieawaring dig modiiestienstatg af afrleass fonpepedifiest peptided-hasadienkzetonpr i si ng
t he steps : i Ning: i [ rati from.an organi sm

15 wher ei nq'ié?e@a%?%@m&a@@gﬁ@ag‘é’g%@é; i_%ﬁ&i%%&ﬁﬁg‘gg’eﬁﬁggb’h%ﬁ%%ﬁ”&&s fromtwo
or nore di fshempdetthgneby &b nempéte)protein activiatign fasald prateipiabas@ous preparati on

with at le i bi.lized notif-speci.fic, context-independent anti body
that bi nds Prepatagen W@Eﬁb‘%‘?'&iﬁ? vaion 'Ba‘iéf"e%ﬁﬁ%eaﬁ%%'ﬁl% sl ated anino acid; 20
(c) isgpating at |east one popul ation of phosphopeptides specifically bound
by said imobilized antibody in step (b); and (d) characterizing said

phosphopeptdddes TROMethaf eficlaired?, wWhergip ssiteroteinaceous preparation
corresponds to a diseased organism and said reference sample
corresponds to a normal organism, whereby comparisoh 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 at least one modified peptide characterized in step (d) as



spectronmetry (MS), tandem nmass spectronetry (Ms-MS), and/or MS3 anal ysis.
25 31. The nethod of claim30, further conprising the step of (e) utilizing
a search programto substantially match the nass spectra o?t%e&gior sai d
phosphopepti des during the characterization of step (d) witlt't S
spectra for a peptide of one or mor e “Khidn protein(s), thereby identifying
the parent 30 protein(s) of said phosphopeptides. 21 DEC 2005 -117 32. The
met hod of ctosiasPS0ding/ea diarern preteinennt pserdously mported asewmpnbdiéed

matri x- assiigt.gfl digssle desorption tine-of-flight (MALDI-TOF) M5, wherein
sai d tandem nass spectronetry conprises liquid chromatography (LC)-NMSI NS5,
and wherein said MS3 anal ysis conprises LC-MS3. 5 33. The nethod of claim

30, wherei tep (a urther caonpprises, digesting said proteinaceous

pr epar at i 0227:0 BF%'%]'@&‘OQ %&J%me%?%%w@r@n sajsiteaRes's cacT4. The net hod of
claim3Q, wherein said notif of step (b) conprises all or part of a kinase
consensus substrate notif or a protein-protein binding notif, or consists
of a singl &hosPreomytteided caiini2b, adieckin 35id téStecomyidued cdingrisakm 1, wherein
said nodifi c§ti on co?) .ises acetylation, 15 glycosylation, or nethylation.
36. The metROGS01EPEUHE30, wherein said i mobilized notif-specific,

cont ext -i ndependent anti body of step (b) conprises an anti body that

speci ficall binds a single phosphorylated am no acid selected fromthe

gr oup consiié(-i ngThﬁm@tFloﬁﬁgmt%ﬁﬁ wéierain spiddeptosepdund, commtisehas phot hr eoni ne.
37. The nethod of claim1, wherein said i mobilized post-transl ational

modi f i d&t i dinasedehibiter. ant i body of step (b) conprises an antibody that
specifically binds a single acetylated am no acid or a single

phosphoryl ated am no acid. 25

30. A method for isolating a population of phosphopeptides 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 Ieast one population of phosphopeptides specifically
bound by said immobilized antibody in step (b); and

(d) characterizing said phosphopeptides 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
phosphopeptides during the characterization of step (d) with the mass spectra
for a peptide of one or more known protein(s), thereby identifying the parent
30 protein(s) of said phosphopeptides. |
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32.  The method of claim 30, wherein said mass spectrometry
comprises matrix-assisted laser desorption time-of-flight (MALDI-TOF) MS,
wherein said tandem mass spectrometry comprises liquid chromatography
(LC)-MS/MS, and wherein said MS® analysis comprises LC-MS2.

33.  The method of claim 30, wherein step (a) further comprises
digesting said proteinaceous preparation to produce a complex mixture of

peptides.

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. The method of claim 1, wherein said modification comprises acetylation,

glycosylation, or methylation.

36. The method of claim 30, wherein said immobilized motif-specific,
context-independent antibody of step (b) comprises an antibody that specifically
binds a single phosphorylated amino acid selected from the group consisting of
phosphotyrosine, phosphoserine, and phosphothreonine.

37. | The method of claim 1, wherein said immobilized post-translational
modification-specific antibody of step (b) comprises an antibody that specifically

binds a single acetylaied amino acid or a single phosphorylated amino acid.





