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Abstract

The global identification of post-translationally modified proteins is a difficult challenge that is currently being addressed by many researchers
in the field of mass spectrometry (MS)-based proteomics. The ability to identify thousands of proteins by shotgun-based strategies has made
the mere idea of a global analysis of a particular protein modification seem reasonable. There has been much progress in the development of
methods that make use of shotgun-based protein identification in the analysis of a wide variety of protein modifications, some of which will
be discussed here.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction proteins, subcellular localization, targeted degradation, etc.
Due to the wide spectrum of effects, identifying and asso-
Post-translational modifications (PTMs) are of extreme Ciating PTMs with particular functional consequences of a
biological importance. Although the mere presence or ab- Protein, cell, or organism is a task carried out and pursued
sence of a particular protein often determines if its desig- PY researchers in all areas of the biological sciences. Prior to
nated function is carried out, this is not always the case. In Studying proteins via mass spectrometry (MS), the analysis
fact, an enormous number of proteins have been shown to bePf modifications occurring on individual proteins was usu-
post-translationally regulated by a variety of different modi- 2lly & slow and laborious process. Since the advent of mass
fications. Many of the documented effects of PTMs include a SPectrometry-based protein identification, identifying certain
change in enzymatic activity, the ability to interact with other Modifications on proteins of interest has become quite rou-
tine due to the reduced amount of time and effort required;
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nanograms to microgram amounts), thus limiting the scope  Both 2D gel-based and shotgun proteomic methodologies
and throughput of a typical analysis. The next stage in massare capable of identifying many different PTMs. This is done
spectrometry and biological research is the development ofby simply altering the search parameters of either type of al-
methods to detect PTMs of interest at a global level (e.g. gorithm used to include the unmodified and modified masses
for an entire organism or cell type). To be successful, such ofaparticular amino acid. The two biggest limitations iniden-
methods need to reduce the amount of sample, time, and efiifying PTMs in typical analyses are: (1) whether a particular
fort required compared to what is needed in standard massPTM is stable during mass spectrometry and thus identifi-
spectrometry-based analyses of PTMs. This review will dis- able; and (2) whether there is sufficient sequence coverage
cuss recent advances in this very active area of research. of a protein that will allow a certain modified region to be
The recent explosion in genomic data has resulted in anaccessible to mass spectrometry (discussed below). Another
increased ability to study hundreds to thousands of pro- critical pointin PTM analyses is whether or not the exact site
teins simultaneously via mass spectrometry (termed massof the modification is identified. MS—MS-based experiments
spectrometry-based proteomics) in a variety of organisms. allows for the site of modification to be localized to a specific
Generally, two different mass spectrometry-based proteomicamino acid, whereas PTM identification by peptide mass fin-
strategies are used for the identification of proteins in com- gerprinting can only localize a modification to a particular
plex mixtures: (1) two-dimensional (2D) gel-based proce- peptide. Altogether, mass spectrometry-based proteomics is
dures; and (2) shotgun-based approaches. 2D gel-based exparticularly well suited to study many biologically interesting
periments separate intact proteins into individual spots, basedPTMs at a global levdBb].
on size in one-dimension and isoelectric point in the sec-  Early proteomic analyses of PTMs generally utilized 2D-
ond dimension. The identification of the proteins correspond- gels, mostly focusing on phosphorylation and glycosylation.
ing to each gel spot is usually carried out by excising a These include profiling experiments involving labeling phos-
stained protein spot from a gel, and subjecting the resid- phoproteins via the use fP-labeled ATF[6], use of en-
ing protein to an in-gel sequence specific proteolytic diges- zymatic cleavage of a specific modification and subsequent
tion (e.g. using trypsin) resulting in characteristic peptides detection of affected proteins or peptidé$, or, more re-
that are subsequently analyzed by mass spectrometry. Eithecently, the use of modification specific dygs8] or anti-
matrix-assisted laser desorption ionization (MALDI) time- bodies[9]. Identified spots of interest are excised from the
of-flight (TOF) is used to identify the protein by its peptide original or duplicate gel and subjected to MS-based analy-
mass fingerprint or nano-electrospray ionization (hanoESI) sis (either MALDI peptide mass fingerprinting, ESI-MS, or
tandem mass spectrometry (MS—-MS) is carried out, where MS—MS peptide sequencing) for identification of the mod-
collision-induced dissociation (CID) is used to generate se- ified protein. Although these 2D gel-based methodologies
quence information for multiple peptides from the digest, have proven to be successful in identifying modified pro-
leading to protein identification. Both approaches depend onteins, the critical drawbacks include the following: (1) the
computer-based algorithms that can associate mass spectra tiimits of detection of standard protein staining techniques
a particular protein in a database. Spectra from MALDI-TOF [10], though improvements are being made by the introduc-
are matched to in silico digests (peptide mass fingerprinting); tion of fluorescently-based protein staining dj/EH|; (2) ex-
whereas tandem mass spectra produced from CID are generelusion of certain classes of proteins with particular biochem-
ally associated with a peptide from a particular protein using a ical properties (e.g. integral membrane proteins due to high
program (e.g. SEQUEST) that correlates experimentally col- hydrophobicity); (3) difficulties in localizing the site of mod-
lected spectra with theoretical spectra from a protein databaséfication due to incomplete sequence coverage because of low
[1]. protein amount in the gel spot; and (4) the time required to
The alternative to standard 2D gel proteomic analysis carry out the entire analysis at a proteomic level.
is shotgun proteomics. Shotgun proteomic methods allow  As an alternative to the 2D gel approach, there have been a
for the identification of hundreds to thousands of proteins number of recent developments that have incorporated the use
within complex protein mixtures without the need for frac- of shotgun-based mass spectrometry into a variety of PTM
tionation into individual proteins prior to analysis by mass profiling strategies. Shotgun-based approaches can overcome
spectrometry. One such method developed in this labora-some of the limitations of 2D gel-based analysis. These in-
tory is multidimensional protein identification technology clude reduced biochemical bifg, faster analysis time, and
(MudPIT). Starting with a complex protein mixture, Mud- lower detection limit§12]. However, in some instances, se-
PIT consists of digesting the mixture and performing online quence coverage may be higher in 2D gel approaches for
two-dimensional chromatography coupled to a tandem masssome identified proteins. In PTM profiling experiments us-
spectrometer (LC-LC-MS-M$2,3]. This type of analysis  ing a shotgun proteomic approach, the obtained sequence
allows tandem mass spectra to be collected on up to thou-coverage for all of the identified proteins becomes critically
sands of peptides from a 12—24 h run using an ion trap massimportant. As the complexity of a protein mixture increases,
spectrometer; for an in depth review on ion traps see the fol- the sequence coverage obtained from a shotgun proteomic
lowing review[4]. Peptides are then identified by using a analysis will usually decrease due to: (1) incomplete separa-
database searching algorithm such as SEQUEST. tion of all peptides during chromatography and/or; (2) sup-



G.T. Cantin, J.R. Yates Ill / J. Chromatogr. A 1053 (2004) 7-14 9

pression of ionization of low abundant or difficult-to-ionize frequently used to increase the sensitivity of detecting these
peptides leading to a decreased ability to identify certain pSer/Thr-containing phosphopeptid&4]. Though success-
peptides by MS—MS analysis. Thus, as the complexity of fulin smaller scale studies, most of these strategies have lim-
a protein mixture is increased, the ability to identify all mod- ited sensitivity and are not robust enough for use in global
ifications within each protein will generally decrease. This analyses of phosphorylation, and thus will not be covered
problem is confounded even more in the analysis of some here.

PTMs, phosphorylation for example, where modifications

are often substoichiometric and occurring on low abundant

proteins. Thus, shotgun-based proteomic methods that are3. Global affinity-based enrichments of

designed to profile PTMs must address and overcome theseyost-translational modifications

obstacles in order to be proven successful. The remainder of

this review will focus on recent progress made in this area of  |f 3 PTM profiling experiment of a more complex sample
research. (e.g. a whole cell lysate) is desired, some form of enrich-

ment or selective pull down strategy (illustratedHrig. 1)

will most likely be required in order to identify specific
2. Standard strategies for post-translational peptides and sites that are modified. Many different tech-
modification identification niques are being utilized, and a summary of some modifi-

cations that are being targeted and the types of strategies

MudPIT has been SUCCGSSfU”y usedto identify PTMsfrom used are listed ifable 1 One such strategy has been suc-

purified and moderately complex protein samjple. In this cessfully carried out by Peng et {16] in a global analysis
study by MacCoss et a]13], methylation, acetylation, ox-  of ubiquitination in yeast, a modification mainly involved
idation, and phosphorylation were probed for. Both known in regulated protein degradation in eukaryotic cells. An 6
and previously undescribed PTMs were identified incommer- histidine-tagged version of ubiquitin was used to replace the
cially available purified proteins, in an immunoprecipitated endogenous gene iB. cerevisciaeThis tag was used to
protein complex fronSacromyces cerevisciagnd a moder-  pull down ubiquitin-conjugated proteins from a whole cell
ately complex fraction of proteins from human cataract lens |ysate via the use of Ni-NTA resin. This fraction was then

tissue. In this analysis, high sequence coverage was achievedigested and subjected to offline ion-exchange chromatog-

by the separate use of multiple proteases, producing multiple

peptide profiles for each protein; thus, increasing the proba-

bility of identifying PTMs. Ultimately, this study shows that e /O\/ Py

when adequate amounts of a protein or protein complex can 77

be isolated, a multi-protease analysis via MudPIT is a robust %f\

strategy for PTM identification. TN f

The chemical stabilitites of different PTMs vary from N 1 N

extremely labile (e.g. phosphorylated histidine, occurring &

mostly in prokaryotes) to very stable (e.g. methylated ly-

sine) under conditions typically used in liquid chromatogra- \6‘

phy and mass spectrometry. Thus, not all PTMs are amenable L

to analysis by mass spectrometry. For instance, phosphoty-

rosine (pTyr) is quite stable, whereas phosphoserine (pSer) @

and phosphothreonine (pThr) are more labile during stan- 7’0 Q\“r

dard analysis by mass spectrometry. It has been shown that

pSer and pThr lose phosphoric acid (a process cdled !

elimination) quite readily in the process of MS—MS analysis,

whereas pTyr generally does rji@t]. B-Elimination during % f

MS-MS analysis results in an MS—MS spectra that is compli- g/

cated by the reduction in intensity of expected fragment ions

(those generated by peptide bond cleavage) and an introduc- v

tion of fragment ions that are derived from fBelimination LC-MS/MS

of the parent and expected fragment ifitfs. This makes the

identification of pSer and pThr-containing peptides difficult Fig. 1. General scheme for enrichment and identification of PTMs in a

to identify by standard database searching algorithms. How- complex mixture of proteins. A protein sample (untreated or chemically

ever, the unique fragmentation behavior of pSer and pThr derivatized at specific moc_iif_ication sites) is dig_estf_ed with one or multiple
. . . proteases. Peptides containing the PTM or derivatized-PTM of interest are

Conf[al_nlng pe_ptlde_s_ du_rlng MS-MS h_as aCtua”_y been used immobilized on a matrix covalently or noncovalently, and unmodified pep-

to aid in their identification. Precursor ion scanning and nNeu- tiges are washed away. Modified peptides are released from the matrix and

tral loss scanning strategies that focusperlimination are subsequently analyzed by LC-MS-MS.
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Enrichment techniques used in global PTM profiling methods

Targeted PTM

Non-covalent methods

Comments

Chemical derivatization
methods

Comments

Phosphorylation

Glycosylation

(1) IMAC

(2) Phosphotyrosine-specific
antibodies

Lectin affinity

(1) Targets pSer/Thr/Tyr

Has been used with specific
glycosidase for identification
of N-linked glycoproteins

@-Elimination/Michael
addition of affinity tag that is
or can later be immobilized
(2) Carbodiimide
condensation, with
subsequent immobilization
Solid-phase hydrazide
chemistry

(1) Targets only pSer/Thr

(2) Targets pSer/Thr/Tyr

Has been used with specific
glycosidase for identification
of N-linked glycoproteins

Ubiquitination Immunoprecipitation via

epitope tagged ubiquitin

Genetically engineered

organism/cell line may be

required
Nitrosothiols modified
w/biotin, subsequently
immobilized

Nitrosylation

raphy followed by reversed phase LC-MS—-MS analysis. as reagents to enrich for pTyr-containing proteins in solu-
From this analysis, 1075 proteins were identified as candidatetion [18,19] Enrichment is achievable due to the affinity and
ubiquitin conjugates. Even though the strategy has been de-specificity of these antibodies for the pTyr epitope in phys-
signed to selectively pull down ubiquitinated proteins, the iological conditions, allowing for immunoprecipitations to
possibility of nonspecific proteins cofractionating does ex- be carried out in complicated cell lysates. In one study of
ist and thus these proteins cannot be unequivocally assignedwo mammalian signal transduction cascades, these antibod-
as being ubiquitinated unless the site of ubiquitination is ies were used to immunoprecipitate pTyr-containing proteins
identified, a difficult process since the modification is\&n from a protein lysatgl8]. Immunoprecipitated proteins were
8000 Da protein. To addressthisissue, Peng Etéllshowed run on a one-dimensional gel to determine differences be-
that modified sites could be determined based on the identi-tween stimulated and untreated protein samples. From ex-
fication of peptides containing a dipeptide remnant of ubig- cised protein bands, nine proteins were identified, and thus
uitin attached at a lysine (the amino acid target of ubiquitina- determined to undergo tyrosine-phosphorylation in response
tion) after proteolysis with trypsin. Peptides with this unique to a particular stimulugl8]. Though this study is not neces-
dipeptide attached are identified and the site of modification sarily high throughput, the use of these antibodies show great
localized from MS—MS spectra using SEQUEST. Using this promise for application to other signal transduction cascades
unique modification byproduct of proteolysis, 110 sites from and also for their use in more streamlined proteomic meth-
72 proteins were localized by MS—-MS of the original 1075 ods such as an approach used by Salomon Et3lthat will
identified ubiquitin-conjugate candidates. The large discrep- be discussed later. Antibodies directed against pSer and pThr
ancy between the number of proteins with sites localized and have not been as successfully produced as those against pTyr.
the number of candidates is probably due to insufficient se- There has been atleast one reportthat has attempted to charac-
guence coverage of the pulled down target proteins. Localiza-terize and utilize antibodies generated to be specific for pSer
tion of the modification for the remaining candidates fromthis and pThr-containing protein@0]. However, in this study,
study and of all candidates in future studies is desirable for not only an antibody that recognizes R-X-pSer/Thr (common in
only the confirmation that the pulled down protein is in fact protein kinase A-phosphorylated proteins) was shown to be
modified, but also for the biologically relevant information useful for immunoprecipitation from a cell lysate. In an im-
that could be extracted from the data for use in future studies munoprecipitation experiment, using this antibody, followed
(see Section 5). by one-dimensional gel electrophoresis, only seven proteins
A few monoclonal antibodies have been produced that se-were identified as candidate pSer/Thr-containing proteins.
lectively target a small number of PTMs irrespective of the Due tothe nature of the modification, generation of antibodies
protein that is modified. The only well-characterized anti- that universally recognize pSer/Thr-containing proteins may
bodies that have been used in proteomic experiments targehot be achievable. Thus, generation of antibodies that recog-
phosphorylated tyrosine and nitrosylated tyrosine. Antibod- nize pSer/Thr in particular contexts of adjacent amino acids
ies against nitrosylated tyrosine have mostly been used in(as described above for protein kinase A substrates) may be
Western blotting experiments of 2D gels, where correspond- the only recourse. If this is true, a significant amount of work
ing protein spots are excised and identified from duplicate will need to be invested in the generation and characterization
gels[17]. Antibodies directed against pTyr have also been of antibodies specific to pSer and pThr in particularly known
utilized in 2D gel/western blotting-based proteomic studies motifs or contexts in order for antibodies to be successfully
[9]; but more interestingly, these antibodies have been usedused in enrichment strategies. This may not be an attractive
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venture, and thus time may be more wisely spent in the fur- glycosylated proteins. Taking advantage of this, a number
ther development of other strategies designed for the analysisof researchers have utilized immobilized lectins as a means
of serine and threonine phosphorylation events such as thoseo profile protein glycosylation in complex protein mixtures
discussed below. [24—-26] One recently published method, termed IGOT, in-
Another type of modification-specific enrichment strat- corporates a lectin-pull down scheme in the analysis of N-
egy is the use of immobilized metal affinity chromatogra- linked glycosylation inCaenorhabditis elegan®4]. In this
phy (IMAC). It has been determined that phosphoproteins report by Kaji et al., immobilized lectin is used to pull down
and phosphopeptides can selectively bind and be eluted fromglycosylated proteins, followed by digestion and a second
chelated metals such as Fe and Ga quite reg@ily22] A lectin pull down, this time of glycosylated peptides. Bound
number of different strategies utilizing IMAC in both on-line  N-linked glycosylated peptides are then released by the use of
and off-line methods have been develofiti22] One very an N-linked specific glycosidase (PNGaseF), and the peptide
successful method was reported by Ficarro §0d], where mixture is then analyzed by LC-LC—-MS—-MS. This specific
phosphorylation inS. cerevisiaavas analyzed at a global deglycosylation event results in the conversion of the gly-
level. In this strategy, yeast whole cell lysate was digested cosylated asparagine residues into aspartic acid. This results
and phophopeptides were selectively purified by the use ofin a shift in 1 mass unit, which can easily be detected by
IMAC. IMAC-bound phosphopeptides were eluted onto a some mass spectrometers. Additionally, it was shown that
reverse phase capillary column that was then hooked up on-this shift could be enhanced by 2 mass units by carrying out
line for LC-MS-MS analysis. From the analysis of solu- the deglycosylation iR®O water, allowing for more reliable
ble yeast extract, more than 1000 candidate phosphopeptidegentifications of N-linked glycosylation sites. Ultimately,
were identified by the aid of a search algorithm that uses neu-this method was used to identify 250 N-linked glycoproteins
tral loss in the identification process. However, only 216 of containing 400 sites of glycosylation within soluble protein
these were manually validated, localizing the site of phos- lysate fromC. elegansAdditionally, with the ability to carry
phorylation. Nevertheless, this is the most extensive list pro- out the deglycosylation 80 or 160 water, this method
duced thus far on identified sites of phosphorylation in any appears to be adaptable for use in a quantitative proteomic
organism. This procedure is ideal for localizing the phospho- analysis.
rylation site, because the IMAC enrichment step is performed
on digested protein. Thus, only phosphopeptides should be
enriched, effectively eliminating the sequence coverage prob-4. Chemical derivatization strategies
lem confronted with when enriching for a particular modifi-
cation on intact proteins. An apparent advance that was also A number of PTM-specific proteomic strategies have been
introduced in this report was the incorporation of a methyl recently developed that incorporate reaction steps that allow
esterification step on the protein digest prior to IMAC. This a specific PTM to be chemically modified. The goal of these
derivatization step blocks acidic groups, thereby reducing the chemical derivatizations is usually to enhance the ability to
amount of acidic peptides retained during IMAC separations, detect the site of modification by mass spectrometry, incor-
a well-documented problefi22], thus increasing the selec- porate a molecular tag that can then be subsequently targeted
tivity for phosphopeptides. in some form of enrichment step, or both. By far, the majority
Itis also possible to utilize multiple enrichment strategies of published methods that fall into this category are designed
in order to enhance the detection of specific phosphorylation for profiling phosphorylation. A few of these phosphopro-
events. In one such instance, IMAC was combined with the teomic methods will be discussed, as well as methods that
use of pTyr specific antibodies to identify pTyr modification target glycosylation and nitrosylation.
events in mammalian cel[&9]. In this report, Salomon et al. In an effort to study the labile modification of proteins con-
first enriched for pTyr-containing proteins by immunoprecip- taining nitrosylated-cysteinéstnitrosylated) at a proteomic
itation, then carried out IMAC on digested protein from the level, Jaffrey et all27] developed a method that incorporates
immunoprecipitation, followed by LC-MS—MS. Analyzing a derivatization step designed to both stabilize and enrich
two different signaling events, activation of T-cells and BCR- for these modified proteins. In this method, labile nitrosyl-
ABL-dependent phosphorylation in leukemia cells, Salomon cysteine is modified with a biotin moiety that is then used as a
et al. were able to identify 64 unique sites of tyrosine phos- tag in a subsequent enrichment step using avidin-conjugated
phorylation occurring on 32 different proteins. Identifying beads, after which eluted proteins are digested and subjected
both known and unknown tyrosine phosphorylations events,to MALDI-TOF-MS. From a study of mammalian brain
this fusion of methods appears to be robust and thus well lysates, Jaffrey et al. used this method to successfully identify
suited for the analysis of tyrosine phosphorylation occurring S-nitrosylated proteins. Even though no sites were localized
in other signal transduction pathways. in this report and only a few numbers of proteins were iden-
Similar to phosphorylation, glycosylation has also been tified, the potential of this derivatization/enrichment strategy
targeted by researches by the use of chromatography selecis quite enormous. As discussed below, this general strategy
tive for the modification. A number of carbohydrate-binding is increasingly being used to identify many different PTM
proteins (termed lectins) have been shown to selectively bindevents at the global level.
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Published at the same time as Kaji et @4], Zhang just recently been exploited as a means of enriching for
et al. [28] reported on an alternative proteomic method pSer/Thr-containing phosphoproteins in the development of
to identify N-linked glycosylation that utilized a chemical phosphoproteomic methof33—-36] In these method$-
derivatization procedure. In this method, carbohydrates areelimination of pSer/Thr is carried out followed by Michael
chemically modified and immobilized to aresin. Resin-bound addition of various sulfhydral molecules which have been
glycoproteins are digested, unbound peptides washed awayused as a tag to allow for enrichment, as a stable replacement
and N-linked glycopeptides are then specifically released by of the phosphate moiety for MS—MS analysis, and as a means
the use of the glycosidase PNGaseF. Similar to the methodof quantitation.
of Kaji et al., Zhang et al. identify and localize the site of Oda et al[34] and Goshe et gJ35] both published similar
glycosylation of the enzymatically eluted peptides by search- methods that derivatize pSer/Thr to a biontinylated-molecular
ing for a 1 mass unit shift occurring at asparagine residues.tag that allows for enrichment via the use of immobilized
Zhang et al. used this method to analyze serum proteins foravidin. Both groups clearly achieved an enrichment of deriva-
the presence of N-linked glycosylations. From this analysis, tized phosphopeptides that are amenable to MS-MS identi-
57 glycoproteins were identified. Additionally, a conclusive fication. However, the biotin tag used by Oda et al. was ap-
enrichment of glycoproteins and consequent de-enrichmentparently more labile than that used by Goshe et al., and gives
of at least one highly abundant non-glycosylated protein was poorer quality MS—MS fragmentation due to internal frag-
demonstrated. In a second application, 64 N-linked glycopro- mentation of the biotin-moiety. Though these strategies were
teins were found in a crude membrane fraction from a cul- not shown to profile complex protein mixtures, the reports
tured mammalian cell line, where each identifying peptide were a promising first step in that direction. In a follow up
was found to contain the consensus N-linked glycosylation of the Oda et al. paper, by McLachlin and CH&i, and in
motif (N-X-S/T). Finally, Zhang et al. also included a sec- a follow up of the Goshe et al. report, by Qian et[&8],
ond derivatization step into the method where peptides areboth groups report on slightly altered derivatization and en-
N-terminally labeled with one of two isotopic moieties. This richment strategies. Generally, both groups find alternatives
will allow for protein quantification to be incorporated with  to the use of biotin as a means to derivatize and enrich for
this method for use in future comparative studies of protein phosphopeptides. These reports cite benefits over previous
glycosylation. biotin-based methods due to the replacement of labile biotin

As previously mentioned, protein phosphorylation is an with amore stable derivative, producing better quality tandem
important modification in cell signaling and is intensely stud- mass spectrgp], and the replacement of biotin—avidin-based
ied in many different areas biology. Due to the high degree enrichment with more efficient purification schenjés33].
of interest, phosphorylation has been the target of numerousTwo potential drawbacks of these procedures include: (1)
proteomic strategies that have been developed within the lasthe fact that O-linked glycoproteins underfjeelimination
few yearq14,18] Amongst these strategies, of which some as well, and one may need to eliminate these proteins by
have already been discussed, include a group of methods thaaffinity chromatography, or remove glycosylations by use of
incorporate a chemical derivatization of phosphate that al- a glycosidasg36]; and (2) cysteines must be protected by
lows for an enhancement in the identification of this PTM.  oxidation in order to prevent their reactivity during tBe

The majority of derivatization strategies directed towards elimination proces$37]; which also results in a heteroge-
phosphorylation involve thg-elimination of phosphate from  neous population of oxidized tryptophan residues, compli-
pSer and pThr-containing proteins. Early work led to the cating detection of certain peptidgt].
finding that high pH treatment of phosphoproteins causes Related to the previous strategies, two methods for
B-elimination of phosphate from pSer and pThr, resulting in pSer/Thr site detection have recently been reorted by Knight
dehydroalanine anfi-methyldehydroalanaine, respectively et al.[36] and Rusnak et a[38]. In the method used by
[29], similar to theB-elimination reaction occurringinthegas  Knight et al.,3-elimination of pSer/Thr-containing proteins
phase during CI14]. By mass spectrometr@-eliminated is followed by the covalent addition of cysteamine at the sites
peptides can be identified direc{i$0] or with the Michael of B-elimination. This derivatization results in the conversion
addition of thiol-containing compounds at sites of e of pSer/Thrto a pseudo-lysine which is recognized by lysine-
elimination [31]. Additionally, O-linked (attached through directed proteases. After derivatization and proteolysis, this
serine or threonine) glycoproteins undergo base-ind@geed method allows for the identification of C-terminally labeled
elimination, and similar methods have been used to ana-peptides by MALDI-MS and ESI-MS—MS. This method has
lyze these glycosylation82]. Regarding phosphopeptides, a unique feature over the other methods, and that is the abil-
the apparent benefit of this approach is in the enhancemenity to induce protein cleavage at a formerly phosphorylated
in quality of MS—MS spectra due to an intentional fre-  site. This can be beneficial when the generation of particu-
elimination of phosphate from pSer and pThr-containing pep- lar phosphopeptides is not readily achievable by commonly
tides rather than being incomplete and unintentional in a used proteases. Also, this procedure has the potential to iden-
typical analysis; however, this method by itself is not ade- tify multiple sites of phosphorylation that are clustered in a
quate for a global analysis of phophorylation. Though this small stretch of amino acids. This is possible because the
chemistry has been utilized for a number of years, it has derivatized phosphopeptides form stereoisomers where only
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one of the two can be digested, thus allowing for a ladder necessary for these methods is to not only have the ability to
of peptide fragments spanning a region containing multiple identify PTMs but also quantify and detect statistically sig-
sites of phosphorylation to be created. Additionally, Knightet nificant differences between samples. Though most methods
al. demonstrated that cysteamine could be coupled to a soliddiscussed here either included a means of quantification or
support through the amine group. In an alternative method, at least mentioned the possibility in the original reports, the
they demonstrated th@ateliminated phosphopeptides can be sensitivity and robustness of each remains to be determined
captured from a peptide mixture, enriched for by washing when further reports come out, especially those from other
away unphosphorylated peptides, and subsequently releasethboratories attempting to reproduce and apply these meth-
as cysteamine modified peptides. Though not tested, thisods to their own research. It will be interesting to see which
method could possibly be used to enrich for phosphopep- strategies prevail as a method of choice for future researchers.
tides within complex mixtures, as is accomplished in other
methods described above.
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