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A fundamental aspect of proteomics is the analysis of post-
translational modifications, of which phosphorylation is an
important class. Numerous nonradioactivity-based methods
have been described for high-sensitivity phosphorylation site
mapping. The ABRF Proteomics Research Group has con-
ducted a study to help determine how many laboratories are
equipped to take on such projects, which methods they
choose to apply, and how successful the laboratories are in
implementing particular methodologies. The ABRF-PRGO03
sample was distributed as a tryptic digest of a mixture of two
proteins with two synthetic phosphopeptides added. Each
sample contained 5 pmol of unphosphorylated protein
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digest, | pmol of each phosphopeptide from the same pro-
tein,and 200 fmol of a minor protein component. Study par-
ticipants were challenged to identify the two proteins and
the two phosphorylated peptides, and determine the site of
phosphorylation in each peptide.Almost all respondents suc-
cessfully identified the major protein component, whereas
only 10% identified the minor protein component. Phospho-
rylation site analysis proved surprisingly difficult, with only 3
of the 54 laboratories correctly determining both sites of
phosphorylation. Various strategies and instruments were
applied to this task with mixed success; chromatographic
separation of the peptides was clearly helpful, whereas
enrichment by metal affinity chromatography met with sur-
prisingly little success. We conclude that locating sites of
phosphorylation remains a significant challenge at this level
of sample abundance.

KEey WORDS: proteomics, phosphorylation, mass spectrome-
try, IMAC, post-translational modification.

eversible phosphorylation of proteins on ser-
Rine, threonine, and tyrosine residues is among

the most important of the post-translational
modifications, playing a critical role in regulating
numerous cellular processes. Determining sites of
phosphorylation is a formidable analytical challenge,
not least because of low stoichiometries of phospho-
rylation; i.e., phosphorylated amino acids are gener-
ally less abundant than the corresponding nonphos-
phorylated residues. The dynamic and often transient
nature of phosphorylation in vivo and the potential
loss of phosphorylation due to phosphatase activity
further complicate the analysis. Finally, phosphoryla-
tion can change the physical or chemical properties of
peptides in ways that make them less amenable to
biochemical analysis.

Some of the oldest and most successful strategies
for phosphorylation site determination employ 32P-
enriched inorganic phosphate to label phosphopro-
teins,! but radioisotopic labeling is not always practi-
cal or desirable. An array of alternative methods has
therefore been developed to map phosphorylation
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sites. Most such approaches involve two stages of
analysis: proteolytic peptides are surveyed to detect
phosphorylated peptides, followed by sequencing of
the phosphopeptides to determine the specific mod-
ified site(s). The latter step is generally performed by
Edman degradation or tandem mass spectrometry
(MS/MS), whereas a variety of techniques can be used
in the initial phosphopeptide screening. These tech-
niques include enrichment by metal affinity chro-
matography?; the observation of characteristic mass
shifts3; selective chemical modification® 7; or selective
detection using the MS/MS techniques of neutral loss,®
precursor ion scanning,® or mass mapping,19 to name
a few.

The investigator who undertakes a phosphoryla-
tion site mapping project must choose which of an
assortment of experimental techniques to apply to
this challenging task, usually constrained by a limited
supply of sample. A study carried out in 1997 pro-
vided participating laboratories with 500 pmol each of
two phosphopeptides in an equimolar mixture with a
nonphosphorylated protein.!! The success rates for
determining the sites of phosphorylation were 75%
and 35% for the two phosphopeptides, respectively.
The last 5 years have seen substantial improvements
in mass spectrometric instrumentation and an increase
in the number of phosphorylation sites reported in the
literature. It is not known, however, what techniques
are most commonly or most successfully applied to
phosphorylation site mapping, or what sample quan-
tities and stoichiometries of phosphorylation represent
practical limits for success.

The Proteomics Research Group (PRG) of the
Association for Biomolecular Resource Facilities
(ABRF) has undertaken a study to help answer these
questions. A test sample was prepared consisting of
tryptic digests of two proteins at the 5-pmol and 200-
fmol level, respectively. Two synthetic phosphopep-
tides corresponding to amino acid sequences found
in the more abundant protein were added at the 1-
pmol level. The sample was distributed to participat-
ing laboratories, which were asked to identify the
constituent proteins, detect the phosphorylated pep-
tides, assign the sites of phosphorylation, and return
a survey describing the experimental approaches
taken. Specific objectives of this study included pro-
viding a mechanism for participating laboratories to
evaluate their capabilities, providing an introduction
to phosphorylation site mapping for laboratories new
to this type of analysis, comparing strategies for phos-
phopeptide detection, and helping to establish real-
istic expectations for phosphorylation site mapping
projects.

MATERIALS AND METHODS
Sample Preparation

Phosphopeptides P1 (SVpSDYEGK, monoisotopic
mass = 963.37 Da) and P2 (THILLFLPKpSVSDYEGK,
monoisotopic mass = 2026.03 Da) were synthesized
and quantified by amino acid analysis. Bovine protein
disulfide isomerase (PDI) and bovine serum albumin
(BSA) were obtained from Sigma-Aldrich (Milwaukee,
WD. Nanomole amounts of PDI and BSA were quan-
tified by amino acid analysis and resolved by prepar-
ative SDS-PAGE with Coomassie blue staining. Pro-
tein-containing bands were excised and reduced with
tris-carboxyethyl phosphine (TCEP), alkylated with
iodoacetamide, and digested in situ with trypsin
(modified sequencing grade, Promega (Madison, W)
as described previously!? The digest mixtures were
combined with the synthetic phosphopeptides and
divided into aliquots containing 5 pmol of PDI, 1
pmol of each phosphopeptide, and 200 fmol of BSA.
The aliquots were dried by vacuum centrifugation
and shipped dry at ambient temperature to requesting
laboratories.

Survey of Participants

Study participants were provided with a survey to
report their results and experimental methods. Ques-
tions pertained to instruments used; the operator’s
experience; and sample preparation methods includ-
ing enrichment, separation, or clean-up. The survey
was divided into sections detailing the methods and
results for protein identification, phosphopeptide
detection, and phosphorylation site determination.
Participants were invited to distinguish between pos-
itive and tentative protein identifications. Supporting
data were requested for the phosphorylation site
determinations to discourage guessing, since only a
few potential sites exist in each phosphopeptide.
Results were collected by a third party and identified
only by participant-chosen codes to preserve
anonymity.

Characterization of the Test Sample

The mixture of PDI, BSA, and the two phosphopep-
tides was analyzed by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) (Figure 1A). The many prominent
peaks correspond to PDI; BSA is represented by only
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Mass spectrometric characterization of the test sample. A: MALDI-TOF analysis of 10% of the unfractionated
mixture. Peaks corresponding to PDI (¥) and BSA (x) are labeled. Regions containing the phosphopeptides are
shown in the insets. B: lon trap MS/MS of phosphopeptide P, products of [M+2H]2* = 482.7.The sequence
and predicted b and y series fragments are listed; underlined masses were observed in the spectrum. C: MS/MS
of phosphopeptide P2,[M+2H]2+ = 1013.9, labeled as in B.
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low abundance ions. Of the phosphopeptides, the
longer (P2) can be observed as a small, but well-
resolved peak at m/z 2027. A peak with the correct
m/z of 964 for phosphopeptide P1 is present, but
poorly resolved from the isotopic clusters of PDI tryp-
tic peptides at m/z 962 and 967.

Collision-induced dissociation of the two phos-
phopeptides was performed by liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS) using an
ion trap mass spectrometer; the resulting spectra are
illustrated in Figure 1, panels B (P1) and C (P2). The
sequence and phosphorylation site of P1 are readily
assigned from the fragmentation pattern. The y ion
series is complete, except for the y, ion (the C-termi-
nal lysine is indicated by the presence of b-). Three of
the possible b series ions are also observed. Phos-
phorylation at the second serine is supported by the
presence of the y, and y- ions, shifted higher by 80
Da from their predicted unphosphorylated masses.
Likewise the b, ion appears at m/z 187, rather than
267, which would be expected if the N-terminal ser-
ine were phosphorylated.

The CID spectrum of phosphopeptide P2 is more
complex but also contains extended b and y ion
series. There are four potential sites of phosphoryla-

tion in this peptide: the N-terminal threonine, two
serines at residues 10 and 12, and a tyrosine at residue
14. The presence of b, through b, and y, argues
against phosphorylation of the threonine or tyrosine.
Phosphorylation at the serine at residue 10 is sup-
ported by the observation of the unphosphorylated y,
ion and a peak at m/z 1231 corresponding to the
neutral loss of phosphoric acid from the phosphory-
lated by;.

RESULTS
Study Overview

One hundred six laboratories requested a test sample
for analysis. These included ABRF member laborato-
ries as well as nonmembers, who were invited to par-
ticipate so that a larger data set could be obtained.
Fifty-four data sets (51%) were returned, which is a
higher than average response compared with previ-
ous ABRF Research Group studies. Of these, 12 labo-
ratories reported distinct results from more than one
experimental approach, yielding a total of 67 analyses
tabulated by the PRG.

W Total ZPDI correct B BSA correct B Incorrect

15

10

Number of Analyses

FIGURE 2
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5088
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Success rates for mass spectrometric approaches to protein identification. Five MALDI-TOF as well as all LC-

MS and static nanospray analyses used MS/MS.
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Protein Identification

Ninety-six percent of the analyses identified PDI
(Table 1 and Figure 2), which was the same percent-
age as last years’ study.!2 However, only 10% identi-
fied BSA, whereas 49% participants identified it last
year when it was present at the same amount but at
a higher ratio relative to other proteins. There were
also 5 positive wrong and 17 tentative wrong identi-
fications returned for the minor component. While a
variety of techniques were used to identify the PDI, 6
out of 7 of those who found the BSA used LC-MS.

Phosphopeptide Identification

One laboratory identified the two intact phospho-
peptides P1 and P2 correctly (Table 2) using MALDI-
quadrupole (Q@)-TOF-MS after off-line fractionation
of the mixture by high-performance liquid chro-
matography (HPLC). Four laboratories used MALDI-
MS to identify only one of the phosphopeptides: three
the long phosphopeptide (P2) and one the short
phosphopeptide (P1). Two laboratories using LC-MS
found two phosphopeptides, P1 and a truncated form
of P2, both of which had the same sequence but dif-
fered in the site of phosphorylation (see below). Of
the other laboratories using LC-MS, four found only
the short phosphopeptide, and four found only the
long phosphopeptide. None of the laboratories that
used static nanospray was able to find either phos-
phopeptide. Thirteen analyses (20%) returned incor-
rect assignments of the phosphopeptides.

Phosphopeptide Enrichment

Of the types of enrichment used, immobilized metal
affinity chromatography (IMAC) was the most com-
mon (Table 3). Of the 13 laboratories that used the
IMAC enrichment method, only 1 succeeded in iden-
tifying any (one) phosphopeptide. This particular lab-
oratory used methyl esterification of acidic and C-ter-
minal residues followed by IMAC. The one laboratory
that used off-line HPLC to fractionate the mixture was
successful in identifying both phosphopeptides (see
above). Another laboratory used elution modified dis-
placement chromatography but was unsuccessful in
phosphopeptide identification.

Phosphorylation Site Determination

A total of ten participating laboratories identified
one or both phosphorylation sites (Table 4). One of

these laboratories used MALDI-Qq-TOF-MS, while
the others used LC-MS. Four labs identified only site
S266 from the long phosphopeptide, THILLFLP-
KpSVSDYEGK, while three others identified only
site S268 from the short phosphopeptide, SVpS-
DYEGK. Only one laboratory mapped both sites
after identifying the two phosphopeptides as they
were designed, while two others identified residue
S268 of the short and residue S266 of a truncated
version of the long phosphopeptide, pSVSDYEGK.
Of the five remaining laboratories that identified
one of the two phosphopeptides, four were unable
to determine the site, and one laboratory did not
attempt to do so.

Sample Handling and Instrumentation

The solvents used to dissolve the sample and the per-
centage of sample used in the analyses varied (Tables
1 and 2). By far, the most common solvent used was
formic acid (75% of all samples), ranging in concen-
tration from 0.1 to 10% (v/v). In five samples, dilute
formic acid was used in combination with either ace-
tonitrile or other acids. One laboratory that found
only the short peptide used water as the solvent, but
site determination was not attempted (see Table 2).
The percentage of sample used ranged from 2% to
100%, for those determining at least one peptide, and
for those finding the actual site of phosphorylation,
2% to 70% of the sample was used.

Data on type of instrument, instrument age, and
experience of the operators were also collected.
There does not seem to be any clear-cut correlation of
these parameters with the overall success of the analy-
ses. The oldest instrument was 10 years old, but in the
select list of those determining the phosphopeptide
successfully, the oldest instrument was only 4 years
old. The maximum experience of the operators over-
all, as well as in the group that met with success, was
17 years, but the majority had less than 5 years expe-
rience. It is probably more notable that the experience
varied as did the instrument age and that no single
instrument manufacturer was overly represented.
Instead, the type of instrument most often used cor-
related with some type of LC-MS/MS. Of those partic-
ipants successful in locating the actual site of phos-
phorylation, all but one used LC-MS/MS, and this lab
performed off-line HPLC prior to MS/MS. This could
be indicative simply of LC-MS/MS perhaps being more
appropriate for this type of sample; instrument age
and operator experience does not appear to add a
great deal to the equation for success.
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DISCUSSION

The protein identification aspect of this study extends
the PRG 2002 study on the identification of proteins in
mixtures, and the findings are generally consistent. Vir-
tually all participating laboratories in both studies iden-
tified PDI at the 5-pmol level, whereas BSA at the 200-
fmol level was more problematic. In fact, a higher
percentage of participants in the ABRF-PRGO2 study
successfully identified BSA than in the current study.
This apparent discrepancy could be explained by the
emphasis on phosphorylation site analysis in ABRF-
PRGO3, but more likely by the greater difference in
abundance between the most abundant proteins and
BSA in the mixtures (5 pmol PDI and 200 fmol BSA this
year, vs. 2 pmol other proteins and 200 fmol BSA pre-
viously). The number of wrong identifications of the
minor protein component was significant. This may to
some extent result from the instructions provided that
indicated the presence of two proteins, resulting in a
natural impulse to find two proteins, even in the
absence of compelling data. All but one of the labora-
tories that did identify BSA employed LC-MS/MS, sug-
gesting, not surprisingly, that the sensitivity and
sequence-specificity possible with MS/MS is more suit-
able than MALDI-MS for identifying components of
widely differing abundance in protein mixtures.

Phosphopeptide detection, which necessarily pre-
cedes phosphorylation site assignment, turned out to
be the crux of the study. The test sample was
intended to be challenging, reflecting “real world”
features such as substoichiometric degrees of phos-
phorylation, incomplete proteolysis of a modified
peptide, and the presence of a low-level contaminat-
ing protein. The low rate of success in identifying the
two phosphopeptides was nevertheless surprising,
particularly in light of the proliferation of phosphory-
lation site mapping articles in the scientific literature.
Some of this difficulty could be due to the short phos-
phopeptide, SVpSDYEGK, being very close in mass to
other unphosphorylated peptides in an unfraction-
ated mixture. Indeed, the only analysis that identified
this phosphopeptide by MALDI-TOF-MS of the
unfractionated sample did so on the basis of the erro-
neous assignment of an observed mass to the doubly
phosphorylated version of this peptide, which was
not present in the sample (data not shown).

The longer phosphopeptide, THILLFLPKpSVS-
DYEGK, posed a different and unexpected problem.
Peptide P2 was designed to represent a phospho-
peptide resulting from incomplete cleavage at K265
and was based on the reasonable expectation that a
phosphorylated residue adjacent to Lys would inhibit
tryptic cleavage at that site. While analysis of the sam-
ple mixture distributed to one lab showed P2 intact

ABRF-PRGO3: PHOSPHOPEPTIDE ANALYSIS

(Figure 1C), the returned data showed that some
cleavage did occur at that site during processing
and/or participant handling in at least two of the sam-
ples, resulting in the truncated form, pSVSDYEGK.
The samples were shipped dry at ambient tempera-
ture and should have been stable. However, depend-
ing on what solvent the participating laboratory used
to reconstitute the samples and the conditions under
which the sample was stored, it is possible that resid-
ual trypsin may have been reactivated sufficiently to
cause the observed cleavage at K265. This would
compromise the yield of the longer peptide and con-
fuse the identification of the phosphorylated site in
the smaller peptide. The labeled cleavage product
would share the same mass and sequence but have a
different phosphorylation site, S266 instead of S268.
Regardless of how this may have occurred, it was still
indicative of a “real world” sample, perhaps even
more so than anticipated.

Another factor in finding the phosphopeptides
was the use of enrichment techniques. The data
returned was quite surprising in view of the many arti-
cles published on the various forms of this technique.
For the IMAC enrichment, a variety of metal ions were
used. Only one laboratory using this technique (lab
#72972) had any success, and even here it was some-
what unclear with the data returned if it was the IMAC
procedure that allowed the identification of the short
peptide or the methyl ester derivatization, or a com-
bination of both (see Table 3). Overall, enrichment
did not seem to enhance the ability to find the phos-
phopeptides. In the 1997 phosphorylation site map-
ping study,!! enrichment was not a critical issue, as
the phosphorylated peptides were present at the same
levels as the nonphosphorylated peptides. This met
with a much higher success rate, clearly emphasizing
the increased difficulty experienced when phospho-
rylation is substoichiometric.

Although there are many literature examples of
the application of IMAC to the isolation of phospho-
peptides, it is widely accepted that this technique is
not universally successful. It is possible that the two
phosphopeptides in this study (for reasons not appar-
ent) were unsuited for IMAC enrichment using man-
ufacturers’ (or similar) protocols. Esterification of car-
boxyls seemed to aid enrichment in one case, but
more analyses of this type would be needed to ascer-
tain if this approach is the preferred method gener-
ally. Differences in expertise in phosphorylation site
analysis might also account for some of the diver-
gence in results. As previously discussed, it is difficult
to assess the influence of expertise, but it is clear that
many of the participants were experienced mass spec-
trometrists who nevertheless failed to pick out the
phosphopeptides.
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TABLE 2

Phosphopeptide Identification

Mass Spectrometer Operalor
Salvent Used Experience Positive Negative Parent
Lab Number to Dissolve % Analyzed _Manufacturer, Model Age (yrs) (yrs) lon Mode lon Mode Linear Reflectron lon
MALDI-MS
65212 1% Formic 10 ABI-QSTAR 4 2 + + +
09660 1% Formic 3 BRU-Autoflex 15 5 + +
51385 1.33% Formic 50 ABl-Voyager-DE-STR 4 3 + + * + +
40686° 2% Formic 20 MIC-TofSpec-2E 3 3
A5436° 2% Formic 10 MIC 1 1 + + +
01236 10% Formic 10 BRU-Reflex-ll 15 15
03020° NA 5 ABI 4700 TOF-TOF 05 5+ + + * +
10232 10% Formic 5 AB|-VoyagerDE-STR-Elte 4 12
13713 50% ACN, 0.1% TFA 10 ABI 4700 TOF-TOF <1 7
17851 25mM acetic acid 30 KRA-foama-CFR 1 05 + +
19351 2% Formic 5 BRU-Biflex ) L5
22222 50% ACN, 0.5% TFA 40 ABI 4700 TOF-TOF 1 4 + +
24680° 2% Formic 5 ABl-Veoyager-DE-STR 8 8 + + * +
31389 10% ACN, 0.1M Acetic 10 MIC-TofSpec-2E [ 2 + +
3817 2% Formic 100 ABl-Voyager-DE 3 3
51565° 0.1% TFA 10 BRU-Ultraflex 1 2
55555 0.1% TFA 20 ABl-Voyager-DE-STR 2 1
65123° 1% Formic 5 KRA-foama-CFR 2 8 + + +
70091 1% Formic 10730 ABl-Voyager-DE-PRO 3 101 + +
101283 2% Formic 10 ABl-Vayager-DE-PRO 4 25 + +
36181 Water 98 ABl-Veoyager-DE-STR 1 1 + +
14057 0.1% TFA 10 ABl-Voyager-DE-STR 25 25 + + +
16111976 2% Formic 5 ABl-Voyager-DE-PRO 4 1 + +
31930 0.1% TFA 6 BRU-Biflex-11l 4 1 + +
AT053 0.1% TFA 100 ABl-Voyager-DE 2 2 + +
HPLC
Flow rate
LCMS Manufacturer, Model ulimin) _Column Size (1D, x le
22091 1% Formic 50 MIC-QTOF-2 2 4 MTC-UltraPlus 1l 15 02 NOB-Proteoprep 75 um x 10 em
55120 5% ACN, 1.7% Formic 4 FIN-LCQ-CLASSIC 4 17 AGI-1100 2 4 SLF-Alltech Macrosphere 300 um x 15 em
72972 10% Formic 20 MIC-ULTIMA-API 1 05 WAT-caplC 1 0.z MCH-Magic 18 75 um x 20 cm
11748 25 M ammonium bicarbonate, pH 8 B FIN-LCQ-DECA-XP 1 <1 DIO-Unimate 1 0.28 SLF-PHE-C18 10um
78965 1% Formic 2 FIN-LCQ-DECA 3 3 JAS-mod DIO 3 0.2 NOB-Protecprep TSumx 10 ecm
98166 0.05 % Formic 70 FIN-LCQ-CLASSIC 3 5 DIO-Ultimate 3 0.15 SLF-ESitip 75 umx 5em
75381 5% Formic 15 ABI-QSTAR 1.5 2 DIO-Uttimate =1 01 DIo-C18 T5umx15cm
73480 0.1% Formic 25 MIC-ULTIMA 1 5 WAT-caplC 0.3 DIo-C18 75 um
24680° 2% Formic 20 FIN-LCQ-DECA 1 1 FIN-Surveyor 1 0.15 SLF-Magic C18 75umx9cm
35838 Water 100 MIC-ULTIMA-API <1 4 I1SC-custom 0.2 SLF-C18 T5um x 1m
03020* MNiA 5 FIN-LCQ-DECA 05 2 AGI 05 SLF-Jupiter C18 10em
10232° 10% Formic 50 ABI-TRIPLEQUAD-365 3 10 home-made 2 02 SLF-C18 0.1 x &0 mm
10502 3% ACN, 0.1% Formic 10 FIN-LCQ-CLASSIC 5 12 MCH-Magic 2002 1 0.15 NOB-C18 75um x 10 cm
19351* 2% Formic 10 MIC-QTOF-2 25 WAT-caplC 15 1 DIo-C18
20018 3% ACK. 0.1% TFA, 0.1% Formic 30 FIN-LCQ-DECA-XP 05 2 DIO-Ultimate 2 0.25 Dio-c18 T5umx 15em
25262 1% Formic 10 FIN-LCQ-DECA 2 1 FIN-Surveyor 2 07 NOB-C18 75um x15cm
31778 2% Formic 10 FIN-LCQ-DECA 2 1 ABI 1400 5 02 SLF-C18 50 um
40685° 2% Formic 50 FIN-LCQ-DECA-XP 1 1 FLU-Rheos-2000 1 0.3 SPE 100 um
41001 2% Formic 5 FIN-LCQ-CLASSIC 10 2 MCH 10 08 MCH-C18 0.1 x 50 mm
48435 2% Formic S0 MIC-QTOF 1 05 WAT-caplC 1 0.3 NOB-C18 75 um
48583 2% Formic 50 FIN-LCQ-DECA 2 1 FIN-Surveyor 2 02 NOB-Biobasic 75 um x 10 cm
49408 5% ACN, 0.1% Formic 125 FIN-LCQ-DECA 3 3 ABI 1400 5 4 VYD-C18 300 um x 10 cm
51565 0.1% TFA 10 FIN-LCQ-DECA-XP 4 5 DIO-Uktimate 1 0.15 Dio-c18 75 um
51843* 1% Formic 60 MIC-QTOF 5 WAT-caplC 1 02 DIO-PepMap 75um x 15cm
B0020 0.2% Formic 20 MIC-ULTIMA-GLOBAL 05 o0s WAT-caplC 05 025 Dio-c18 75um x15cm
80213 2% ACN, 0.1% Formic 50 FIN-LCQ-DECA-XP 1 1 DIO-Uttimate 1 1 HIG-C18 0.15 x 100 mm
65123° 1% Formic 85 FIN-LCQ-DECA 3 3 DIO-Ultimate 05 Dio-c18 100 um
70091* 2% Formic 30 FIN-LCQ-DECA 3 10 AGI-1100 ] 3 Dio-c18 300 um
2% Formic 80 FIN-LCQ-DECA 2 05 FIN-Surveyor 2 2 MCH-PLRP-S 180 um x 10 cm
COH-PRGO3 Water 33 FIN-LCQ-CLASSIC 7 7 DIO-Uitimate =1
XHWMCZ02 1% Formic 40 FIN-LCQ-DECA-XP 05 4 DIO-Ultimate 3 0220  SLF-C18 Magic T5umx 15cm
45096 0.1% TFA 30 FIN-LCQ-DECA-XP <1 <1 FIN-Voyager <1 03 SLF-C18, NOE tip 75 um x 15 cm
00715 1% Formic 40 ABI-QSTAR 3 10 MCH-Magic 2002 3 2 MCH-C18 0.2 mm x 50 mm
14285 0.1% Formic 100 MIC-QTOF-2 2 3 WAT-caplC 3 02 Polaris/\arian C18 15cm
STN Needle
19351" 2% Formic 10 MIC-QTOF-2 3 Micromass
51115 2% Formic 20 MIC-QTOF-2 2 0.5 Nanaflow probe tips
51943° 1% Formic MIC-QTOF-1 5
62631 1% Formic 25 ABI-API-3000 3 1 Protana
88489 10% Formic 10 MIC-QTOF-2 2 2
13136 2% Formic 66 ABI-OSTAR 3 2 Protana
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Enrichment Peptide Found
Search 5 =successful  x = unsuccessful #of
with Incorrect
Other Search Program Modification IMAC Other SOYEGK THELLFI SOVEGK Peptides
MALDI-QqTof MSIMS PFD, SON + Off-line HPLC + +
PFD, GPM + +
PFD, MSF - +
GLS, MAS, GPM - +
PFD + + 3
PSD MAS
Tof-Tof MSMS PPR ®
MAS
Tof-Tol MSMS MAS
PSD MAS, PFD, PPR - x
PRO, MAS
Tal-Tol MSMS
x
X-Lift MS/MS (TOF-TOF) MAS
PPR - ®
EFM + 3 2
® 2
X 1
MSD, NPH + 1
GPM + 1
MSF + 4
Neutral Precursor lon
MSMS Loss Mass
+ MAS * ® +
+ + MAS + +
+ (503.73) MAS + 5 Metiyl ification of acidic and C-te I residues +
+ + *
+ + +
+ MAS + +
+ MAS * +
+ + (218) MAS + +
* + (49) SEQ . %
+ in-house + 1
+* SEQ * ®
hs Peptide seq tag
+* SEQ *
+ MAS
+ + SEQ iz
+
+
+ * SEQ. MAS *
+
+ MAS +
+ +* SEQ * ®
+ SEQ
+ SEQ
+ MAS
+
+ + MAS + %
+ MAS + x
+ + SEQ
+ SEQ +
+ SEQ
+ SEQ *
+ Elution modified displacement chromatography 2
2
¥ GLS, SEQ * 2
Meutral Precursor lon
MSMS Loss (Mass)
+ MAS
+
+ MAS
+ (78) x
+ +* MAS 3
+ MAS 1
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TABLE 3

Phosphopeptide Enrichment

IMAC Enrichment # of Wrong
Post-Enrichment Correct Peptide Peptides
Lab Number  |Metal lon Manufacturer / Description Other Enricl Analysis Method by Enrict by Enrict

65212 Off-line HPLC MALDI Both

72972 Ga+3 Pierce Phosphopeptide Isolation Kit Methyl ester derivatization LCM-MSMS SVpSDYEGK

24680 Fe+3 Millipore ZipTip LCM none

22091 Cu+2 Millipore ZipTip LCM-MSMS none

62631 Fe+3 Millipore ZipTip STN none

60213 Cu+2 Millipore ZipTip LCM-MSMS none

48583 Ga+3 Millipore ZipTip LCM-MSMS none

65123 Fe+3 Millipore ZipTip MALDI none

03020 Ga+3 Qiagen-NTA LCM none

31389 Fe+3 BD Biosciences-Talon-NTA MALDI none

36181 Fe+3 Sigma iron-coated 96-well plate MALDI none

17851 unreported MALDI none

101283 Fe+3,Ga+3 Millipore ZipTip MALDI none 1
14057 Fe+3 Millipore ZipTip MALDI none 1
45096 Elution modified displacement LCM-MSMS none 2

chromatography

STN= static nanospray

TABLE 4

Identification of Phosphorylation Sites

Identification of Phosphopeptides Identification of Phosphorylation Site
Correct Site in
Lab Number Method Used Instrument Used Phosphopeptide Identified Method Used Instrument Used PDI Identified
65212 MALDI-MSMS ABI-Qstar SVpSDYEGK MALDI-MSMS ABI-Qstar 5268
THILLFLPKpSVSDYEGK 5266
78965 LCM-MSMS FIN-LCQ Deca SVpSDYEGK (pSVSDYEGK) LCM-MSMS FIN-LCQ Deca 5266, 5268
11748 LCM-MSMS FIN-LCQ Deca SVpSDYEGK (pSVSDYEGK) LCM-MSMS FIN-LCQ Deca S$266, 5268
72972 LCM-MSMS MIC-Ultima SVpSDYEGK LCM-MSMS MIC-Ultima 5268
98166 LCM-MSMS FIN-LCQ Classic SVpSDYEGK LCM-MSMS FIN-LCQ Classic 5268
24680* LCM-MSMS FIN-LCQ Deca SVpSDYEGK LCM-MSMS FIN-LCQ Deca 5268
75391 LCM-MSMS ABI-AP| Qstar THILLFLPKpSVSDYEGK LCM-MSMS ABI-AP| Qstar 5266
73490 LCM-MSMS MIC-Ultima THILLFLPKpSVSDYEGK LCM-MSMS MIC-Ultima 5266
55120 LCM-MSMS FIN-LCQ Classic THILLFLPKpSVSDYEGK LCM-MSMS FIN-LCQ Classic S266
22091 LCM-MSMS MIC-Qtof Il THILLFLPKpSVSDYEGK LCM-MSMS MIC-Qtof I 5266
46436* MALDI MIC SVpSDYEGK LCM-MSMS MIC-Qtof none
40686* MALDI MIC-TofSpec 2ZE THILLFLPKpSVSDYEGK LCM-MSMS FIN-LCQ Deca XP none
09660 MALDI BRU-Autoflex THILLFLPKpSVSDYEGHK MALDI-PSD BRU-Autoflex none
51385 MALDI PER-Voyager DE-STR THILLFLPKpSVSDYEGK MALDI-PSD ABl-Voyager DE-STR none
36838 LCM-MSMS MIC-Ultima SVpSDYEGK not done

The results of this study clearly suggest that phos-
phorylation site identification remains a difficult
undertaking. It must be remembered that the literature
is largely composed of reports of successful experi-
ments, while negative results tend to go unpublished.
Furthermore, since the actual number of phosphory-
lation sites on any given protein is not generally
known in advance, it is possible that many published
studies overestimate their success. Phosphorylation
events rarely are 100% complete at any one site. This
makes it difficult to accurately quantify the number of
labeled sites, and analysts are faced with not knowing
how many sites they are expected to find. It is impor-
tant that researchers appreciate this limitation. The
use of radioactivity plays a vital role in addressing this
problem, but that approach is not always feasible.

Whatever the case, the physiological importance of
protein phosphorylation guarantees that instrumenta-
tion and techniques for phosphorylation site map-
ping will continue to be areas of intense develop-
ment, especially for nonradioactive samples.

CONCLUSIONS

The majority of participants (96%) in both ABRF-
PRGO2 and ABRF-PRGO3 identified the major protein,
PDI, with fewer identifying the minor protein, BSA, in
this year’s study. However, a large number of partici-
pants in this study were unable to identify and char-
acterize the phosphopeptides. Specific characteristics
of the sample may have posed additional difficulties
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in this challenging study; for example, the occlusion
of the shorter peptide by nonphosphorylated pep-
tides in the mass spectra of the unfractionated mixture
or the decomposition of the longer peptide during
sample handling.

Perhaps the most compelling conclusion is that
phosphorylation site mapping is still an extremely
challenging task. In addition to bringing home the
challenges of phosphopeptide detection, this study
has raised several important issues. The relative lack
of success using IMAC enrichment suggests that opti-
mized and well-characterized procedures for this
approach still are lacking or not sufficiently dissemi-
nated among the scientific community. False positive
assignments of the component proteins and phos-
phopeptides suggest that explicit criteria for reliable
identifications still are needed. A solution to the prob-
lem of dynamic range, that is, the analysis of minor
components in mixtures, is needed as a matter of
urgency as proteomics of blood plasma and other
complex samples grows in importance. Such devel-
opments need to be instrument-independent to have
the widest application. To this end, advances in the
chemistry of selective enrichment on the femtomole
scale is likely to be the most cost-effective way of
achieving this goal.
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