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Large-scale phosphorylation analysis of mouse liver
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Protein phosphorylation is a complex network of signaling and
regulatory events that affects virtually every cellular process. Our
understanding of the nature of this network as a whole remains
limited, largely because of an array of technical challenges in the
isolation and high-throughput sequencing of phosphorylated spe-
cies. In the present work, we demonstrate that a combination of
tandem phosphopeptide enrichment methods, high performance
MS, and optimized database search/data filtering strategies is a
powerful tool for surveying the phosphoproteome. Using our
integrated analytical platform, we report the identification of
5,635 nonredundant phosphorylation sites from 2,328 proteins
from mouse liver. From this list of sites, we extracted both novel
and known motifs for specific Ser/Thr kinases including a ““dipolar”
motif. We also found that C-terminal phosphorylation was more
frequent than at any other location and that the distribution of
potential kinases for these sites was unique. Finally, we identified
double phosphorylation motifs that may be involved in ordered
phosphorylation.

mass spectrometry | proteomics

I n eukaryotes, protein phosphorylation is among the most impor-
tant regulatory events in cells, guiding primary biological pro-
cesses, such as cell division, growth, migration, differentiation, and
intercellular communication (1, 2). Numerous efforts to study
protein phosphorylation continue to provide the scientific commu-
nity with an expanding phosphorylation database resource. Se-
quence alignment studies (3) have defined which genes encode
protein kinases. In addition, in vitro reactions of kinases with
synthetic peptide libraries have been used to define kinase speci-
ficities (4, 5). Finally, protein targets for individual kinases are being
defined through elegant systematic studies (6—8). Notwithstanding,
only MS-based proteomics currently provides the capability to
identify at once and on a massive scale kinase substrates and the
specific positions of their modification (9).

A major goal of systems biology is to integrate all in vivo
phosphorylation events into the context of an organism. Phos-
phorylation analysis from primary tissue, in contrast to immor-
talized cell lines, best represents events that are occurring in the
basal physiological state of an organism even though tissues
often contain heterogeneous populations of cells. In the present
study we chose mouse liver as a model tissue for establishing a
pipeline for large-scale phosphorylation analysis. In addition,
protein phosphorylation plays a critical role in normal liver
development and function; therefore, the sites obtained here
could be further characterized into physiological context. Several
phosphorylation-related (PI3K and Akt signaling) liver pheno-
types have been reported to be related to altered lipid and
glucose metabolism via insulin control (10, 11) and liver regen-
eration (ribosomal protein S6) (12). Previously, only two studies
have examined phosphorylation sites from liver tissue with 26
(13) and 339 (14) sites.

As the field of proteomics has matured, considerable attention
has been focused on the development of strategies to facilitate
the large-scale profiling of phosphorylated species. In a typical
large-scale phosphorylation analysis, a preliminary enrichment
step of phosphopeptides is essential to reduce sample complexity
and increase their relative concentration. A wide variety of
phosphopeptide enrichment strategies have been proposed, in-

1488-1493 | PNAS | January 30,2007 | vol.104 | no.5

cluding chemical approaches using B-elimination or phosphor-
amidate chemistry (15-17), peptide immunoprecipitation with
phospho-specific motif antibodies (18), affinity purification
through metal complexation with the phosphate group [immo-
bilized metal ion affinity chromatography (IMAC)] (19), acid—
base interaction with TiO, (20), solution-charge-based enrich-
ment by strong cation exchange (SCX) chromatography (9), and
combinations of these (21, 22).

A primary limitation in conducting large-scale phosphoryla-
tion analysis concerns data processing and validation. There are
three main issues. First, studies of posttranslational modifica-
tions cannot rely on redundant peptide identifications for cor-
rectness (i.e., multiple unique peptides assigned to the same
protein). This limitation results in the net confidence of identi-
fication resting solely on single peptide identifications. Second,
during fragmentation for sequence identification, pSer- and
pThr-containing peptides can produce fragmentation patterns
that are often dominated by products derived from neutral losses
of phosphoric acid, which results in suppression of sequence-
informative ions and consequently produces lower scores than
unmodified peptides during database spectral matching. Third,
the presence of multiple Ser, Thr, and Tyr candidate residues in
a phosphopeptide can produce ambiguity when assigning the
precise site of phosphorylation.

To address these issues, we and others (9, 23-25) have previously
resorted to tedious manual validation after database searching,
which can be subjective and has become impractical because data
sets have grown in size. There is a clear risk in supplying a
phosphorylation site without also establishing an associated prob-
ability of correct site localization, in particular when attempting to
associate a function for that particular modification. We recently
addressed this final issue by creating a probability-based score for
evaluating ambiguity that provides an assessment of the likelihood
that a site is correctly localized (26).

Here we present a combination of procedures for obtaining a
large phosphorylation data set from mouse liver, with a defined
error rate in phosphopeptide identification and probability
assessment for correct site localization. Furthermore, we used
this well curated data set to study phosphorylation motifs from
singly and multiply phosphorylated peptides.

Results and Discussion

Generation of a Large Phosphorylation Repertoire by MS. The strat-
egy used for large-scale phosphorylation analysis is shown in Fig.
1. Liver tissue from a 21-day-old mouse was lysed, and 90 mg of
liver protein was digested with trypsin. To obtain a general
phosphorylation data set, 10 mg of the resulting peptides were
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Fig. 1. Strategy used for the large-scale identification and characterization
of phosphorylation sites from mouse liver. (A) Sample preparation. Tissue
homogenization and lysis was followed by trypsin digestion. Tryptic peptides
(10 mg) were subjected to a two-step phosphopeptide enrichment. SCX
chromatography provided a substantial enrichment in early eluting fractions.
Subsequent IMAC of each fraction provided additional selective capture. In
addition, 80 mg of tryptic peptides were enriched for pTyr-containing pep-
tides by immunoaffinity purification. (B) Data processing for the SCX/IMAC
experiment. MS/MS spectra from 15 analyses were searched with Sequest
against the mouse protein database (DB) containing both forward (target)
and reversed (decoy) sequences for FP calculations. Importantly, the target/
decoy database search strategy also provided a means to establish appropriate
orthogonal filtering criteria (mass deviation, enzyme specificity, solution
charge state at pH 2.65, and Sequest scoring). Only two reversed-sequence
peptides were found in the final filtered list of 8,529 phosphopeptides (0.02%
FP rate). In total, 5,250 nonredundant sites were identified. The Ascore
algorithm (26) was used to determine a probability of correct localization for
each individual site. Finally, phosphorylation motifs were extracted from the
data set with the Motif-X algorithm (34).

subjected to a two-step phosphopeptide enrichment procedure
(Fig. 14) consisting of SCX chromatography followed by IMAC.

We collected 15 fractions along an SCX gradient expanded in
the +1 charge state region, where a significant portion of
phosphopeptides are expected to elute (9). After IMAC enrich-
ment (19, 22), each fraction was analyzed by LC-MS/MS in a
hybrid linear ion trap/Fourier transform ion cyclotron resonance
mass spectrometer. High mass accuracy precursor ions were
collected as Fourier transform ion cyclotron resonance master
spectra, and >77,000 MS/MS spectra were generated by colli-
sion-activated dissociation in the linear ion trap. These MS/MS
spectra were searched against a composite database of mouse
proteins containing sequences first in the forward direction and
then in the reverse direction (Fig. 1B). This target/decoy data-
base strategy permits a false-positive (FP) rate to be estimated
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Fig. 2. Distribution of phosphopeptides and their properties across 15 SCX
fractions. (A) Phosphopeptide distribution. Shown are data for phosphopep-
tides identified per fraction. (B) Phosphorylation sites per peptide. Shown are
percentages of phosphopeptides in each fraction containing one, two, or
three phosphorylationssites. (C) Net solution charge state (pH 2.65). Shown are
percentages of phosphopeptides in each fraction with calculated solution
charge states between —1 and +6. SCX chromatography separates primarily
based on net solution charge state, and each phosphate group subtracts one
net charge from a peptide.

based on the number of reversed-sequence identifications pop-
ulating the final data set (27, 28). Orthogonal filtering criteria
(mass accuracy, tryptic state, solution charge state, and Sequest
scoring) were used (26) to establish a final data set with 8,527
phosphopeptides from 2,149 proteins identified at a FP rate of
0.02% (only two reversed-sequence matches were contained
within the final peptide list). These peptides contained 5,250
nonredundant phosphorylation sites.

As shown in Fig. 24, the entire collection averaged >400
phosphopeptide identifications per fraction, which were primar-
ily separated by solution charge state (Fig. 2C). The number of
phosphates per peptide is shown in Fig. 2B. Overall, the 2-step
purification successfully provided samples with >90% phos-
phopeptides relative to total peptide sequences (data not
shown). Supporting information (SI) Table 2 contains the list of
all identified phosphopeptides and phosphorylation sites, and all
MS/MS spectra are available via hyperlink within this table.

As an example, Table 1 displays six phosphopeptides identified
from a single protein, lipolysis stimulated receptor (LSR).
Although a total of 23 redundant phosphopeptides were de-
tected for LSR (SI Table 2), all 12 nonredundant sites were
contained within this set of six phosphopeptides. LSR is thought
to be involved in the clearance of triglyceride-rich lipoproteins
(29), and the expression of LSR is critical for liver and embryonic
development (30). LSR was highly phosphorylated and con-
tained sites primarily suggestive of basophilic kinases (Rxxs) but
also had acidiphilic (sxxE) and Pro-directed (sP) phosphoryla-
tion. In addition, two phosphorylation sites were found near the
C terminus. To our knowledge, only two of these sites have been
previously described (31).
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Table 1. Example of phosphorylation sites and phosphopeptides identified from a single protein, LSR

No. of Mass error, Charge
Phosphorylation sites Peptide sites m/z ppm state XCorr
$308, S313 (R)TSS*VGGHS*SQVPLLR 2 842.8795 41 2 2.127
$375, S379 (R)AMS*EVTS*LHEDDWR 2 926.3401 4.2 2 2.445
S407 (R)YAPALTPIRDEEWNRHS*PR 1 742.3697 15.3 3 2.351
5436, 5448, S451, 5459 (R)S*VDALDDINRPGS*TES*GRSSPPSS*GR 4 988.7249 13.4 3 2.906
5473 (R)SRS*RDDLYDPDDPR 1 893.8841 12.4 2 2.651
$588, S5911 (K)NLALS*RES*LVV- 2 680.8219 7.1 2 2.234
Y256+ (K)CCCPEALY*AAGK 1 740.2803 4.9 2 2.354
Y478* (R)SRDDLY*DPDDPRDLPHSR 1 562.9973 2.7 4 3.136

LSR is also called Lisch7 (liver-specific basic helix-loop—helix-zip transcription factor) in the database. Phosphorylation sites were localized with the Ascore
method (26). Sites with <99% certainties of correct site placement are bold. Fourteen sites on 25 redundant tryptic peptides were actually detected from this
protein (see Sl Tables 2 and 3). For space reasons, the minimal set of peptides (eight) is shown for the 14 detected sites. *, phosphorylation sites; -, C terminus
of the protein. All Met residues were detected in their oxidized form. Additional residues from the database are shown within parentheses and help to visualize

motifs (e.g., Rxxs). Mass accuracy values shown in ppm were not recalibrated. XCorr values were from the Sequest algorithm.

*Sites were taken from ref. 31.

*Sites were extracted from the Phosphosite (www.phosphosite.org) database.

Because of the relatively low abundance of Tyr phosphoryla-
tion, we used an alternative enrichment strategy (Fig. 1.4) that
consisted of a peptide immunoprecipitation experiment with
anti-pTyr antibody (18) and that used higher peptide starting
amounts (80 mg). A large data set of phosphopeptides (385 sites)
mostly containing pTyr (351 unique pTyr sites in 916 redundant
peptides from 280 proteins) was obtained and is presented in SI
Table 3. Twenty-two of these sites were also identified in the

peptide, we used the Ascore (ambiguity score) algorithm (26), a
probability-based metric that scans for site-determining ions and
computes the likelihood of their detection by chance alone,
allowing all possible site placements to be considered. Ascore
values directly represent the probability (P) of detection due to
chance as —10 X log(P), with scores >19 corresponding to sites
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counting the number of sites within each division. As shown in
Fig. 34, a substantial number of sites fell into the two last bins
(i.e., phosphorylation events located at 98—100% of the protein’s
length). In fact, a >2.5-fold increase in the number of phos-
phorylation sites was observed in this C-terminal region. One
possible explanation could be that phosphorylation is more likely
to occur in flexible and exposed regions of a protein. However,
a similar trend was not observed near the N terminus. To
account for all possible versions of N-terminal peptides, addi-
tional searches with N-terminal acetylation were performed also
permitting cleavage of the initial Met residue. Even considering
all four possibilities for each N terminus (included in Fig. 34),
the frequency of phosphorylation at the extreme N terminus of
a protein was very similar to the central regions of the protein

1490 | www.pnas.org/cgi/doi/10.1073/pnas.0609836104

n=33 n = 3007

n=120

Fig.3. Positional distribution of phosphorylation sites. (A) Frequency of site
detection with respect to protein sequence position for this study. Protein
sequences were divided into 1% bins and plotted by frequency. The dashed
line shows the median value. A strong trend for C-terminal (98-100% of the
protein length) phosphorylation was observed. (B) This same trend was ob-
served for the distribution of sites from the Phospho.ELM database, a curated
resource containing sites from the literature. (C) Classification of phosphory-
lation sites into the three most general motif classes based on their position
within the protein. All localized sites were classified into one of three general
kinase motifs or as “other” (see Methods), and their distributions at protein
ends were determined. N-terminal, within first 10 aa; C-terminal, within last
10 aa; central, within all remaining residues. C-terminal sites had different
distributions than N-terminal or central sites.
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Fig.4. Classification of localized sites (P < 0.01) into the most general kinase
recognition sequence categories: acidic, basic, Pro-directed, and ““others.” (A)
Comparison of sequence category distributions for the sites detected in this
study with the control set of all Ser and Thr residues from the same set of
proteins. (B) Diverse phosphorylation patterns were observed for proteins
belonging to different GO annotation cellular localization categories. (C)
Examples of general phosphorylation kinase classification patterns for three
functional GO categories.

Phospho.ELM database, which is similar in size to our data set
(Fig. 3B). In contrast, constant numbers of Ser, Thr, and Tyr
residues were observed along the entire protein sequence for
these same proteins (SI Fig. 7), proving that this trend is directly
associated with phosphorylation.

The Ser/Thr protein kinases fall into three major subgroups,
Pro-directed, basophilic, and acidiphilic, on the basis of the types
of substrate sequences preferred (32). To better understand the
classes of kinases involved in these positional effects, we orga-
nized all localized phosphorylation sites into these three general
sequence categories (see Methods). Whereas the pattern of
sequence category frequencies for phosphorylation sites within
the first 10 residues of a protein’s sequence was identical to
central sites, phosphorylation events within the final 10 residues
were dramatically different. Pro-directed phosphorylation was
greatly reduced at the C terminus, and acidic motifs were
increased (Fig. 3C), whereas no variation for the frequencies of
Pro, Asp, or Glu residues was observed (SI Fig. 7). An increase
in acidic motifs might be explained if the C-terminal carboxylic
acid itself was recognized by kinases preferring series of Glu and
Asp residues. Finally, a control using and classifying all Ser and
Thr from these proteins did not show a distinct sequence
category distribution for C-terminal positions (data not shown).

These results may have implications for protein-tagging ex-
periments for which specific epitope tags are incorporated into
the sequence of proteins, often at the C terminus (33). It is
possible that C-terminal phosphorylation events would not occur
or be reduced under these conditions and therefore influence
interactions with other proteins and protein function.

Correlation of General Ser/Thr Phosphorylation Motifs with Cellular
Localization and Protein Function. Fig. 44 shows the distribution of
all localized sites from 2,149 proteins within each of the three
general motif classes. As a control, the background frequencies
for all Ser and Thr residues from these proteins also are shown.
From these data, most pSer- and pThr-containing sites (85%)
were classified: Pro-directed (32%), acidic (33%), and basic
(20%).

To investigate whether different cellular compartments, pro-
tein functions, or biological processes might exhibit idiosyncratic
phosphorylation patterns, we looked for correlations between
Gene Ontology (GO) annotation categories and phosphopep-
tide sequence characteristics in our list of 2,149 phosphoproteins
from the SCX/IMAC study (SI Fig. 8). Only minor variations in
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the distribution of sites for the four sequence categories were
observed between GO classes using a background of all Ser and
Thr residues (SI Fig. 8B). In contrast, dramatic differences were
found in the distributions for observed phosphorylation sites for
both cellular location (Fig. 4B and SI Fig. 84) and cellular
function or process (Fig. 4C and SI Fig. 84). For example, acidic
phosphorylated sequences were frequently observed in extra-
cellular and mitochondrial proteins but found less often in
cytoskeletal proteins. Basic phosphorylated sequences were
found with a lower relative frequency in nuclear proteins but
were abundant in membrane, mitochondrial, and cytoskeletal
proteins. Furthermore, Pro-directed phosphorylation events oc-
curred with high frequency in proteins in the nucleus where
many Pro-directed kinases are located, such as many cyclin-
dependent kinase family members, but not in mitochondria or in
the extracellular environment (Fig. 4B and SI Fig. 8).

Surprisingly, the same frequency distribution of general kinase
categories was observed for Ser/Thr kinases and Tyr kinases
(Fig. 4C), suggesting that kinase autophosphorylation may rep-
resent only one of many components in their overall regulation
and is commonly accompanied by transphosphorylation by other
kinases. Proteins involved in protein phosphorylation, signal
transduction, and signaling cascades exhibited a distinct distri-
bution with a low frequency of acidic phosphorylated sequences
and higher numbers of basic sequences (SI Fig. 84). Transcrip-
tion factors showed a characteristic signature with a strong
preference for phosphorylation at Pro-directed sites and rela-
tively low numbers of basic sites (Fig. 4C). Conversely, low
numbers of Pro-directed events were discovered in proteins
involved in metabolism and electron transport and those with
oxidoreductase activity (SI Fig. 84).

Phosphorylation Motif Discovery. After we generally classified all
phosphopeptides in our data set into three primary sequence
categories, we sought to further refine these categories into
specific, frequency-corrected phosphorylation motifs. To do
this, peptide sequences for phosphorylation sites localized with
>99% confidence (2,795 pSer, 341 pThr, and 283 pTyr) were all
aligned, and their lengths were adjusted to *6 aa from the
central position and submitted to the Motif-X algorithm (34)
(http://motif-x.med.harvard.edu). SI Table 4 lists the motifs
generated containing a minimum of 50 pSer (=2% of the total)
and 6 pThr occurrences.

To graphically display each identified motif, logo-like repre-
sentations were created. These logos included not only the
residues strictly discovered to be part of the motif (SI Table 4),
but also the frequencies of all additional adjacent amino acids
(Fig. 5).

Certain motifs are commonly associated with specific kinases
(35) and were prevalent in our data set. Basophilic kinase motifs
such as RRxs (PKA), LxRxxs (CaM kinase family), and RxRxxs
were identified. The latter has been associated with Akt or
Akt-like kinase activity (36). We found 88 sites with this motif,
including known Akt substrates (e.g., IRS1, ACINUS,
CAHSP24). New potential substrates included SNIP1, CoREST,
NDRG1, NDRG2, and NDRG3. In addition, several acidic
casein kinase II motifs (e.g., sxDXEXE, sxxEE, sDxE, and sDxD)
and Pro-directed motifs recognized by MAP kinase (PxsP and
PxtP) were well represented in our data, with substrates includ-
ing MAPK2 and several Rsk family members. We had previously
studied many of the Rskl sites as ordered phosphorylation
events (37).

We also identified significant populations of peptides con-
taining motifs that have not as yet been associated with a
particular kinase. For example, there is no known kinase or
interaction domain that specifically targets tPP sequences. This
motif was frequently observed in our current data set (45
occurrences). It is possible that the second Pro residue could
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Fig.5. Phosphorylation-specific motifs using the Motif-X algorithm (34). The
data set included all sites with Ascore values of =19 (n = 3,439). The complete
set of motifs is shown in SI Table 4. (A-E) Sequence logos for some examples
of single-phosphorylation motifs where the phosphorylated residue (S or T) is
centered. (A) Pro-directed motifs. (B) Basic motifs representative of CaM
kinase and Akt kinase substrates, respectively. (C) Acidic motif with 56 occur-
rences in our data set of 630 in the entire mouse database. (D) Pro-directed
motif centered on Thr with a strong preference for additional Pro residues
C-terminal to the phosphate. (E) pTyr motif. (F-/) Examples of double-
phosphorylation motifs. Secondary phosphorylated sites away from the cen-
tral residue position also are phosphorylated. (F) Pro-directed with additional
pSer at +4. (G) Basic upstream and acidic downstream. (H) Acidic motifs with
two pSer residues. This category was the most highly represented for doubly
phosphorylated peptides. (/) pThr-directed motif.

modulate kinase activity of a known Pro-directed kinase. Other
examples of identified motifs were RxxsP and SPxxsP, with 126
and 51 occurrences, respectively. The latter could be a priming
site for future GSK-3 phosphorylation at the —4 position.

As expected, fewer motifs were found for pThr and pTyr (5
and 1, respectively), because the total number of phosphoryla-
tion events identified on these residues was significantly less than
that for Ser.

One noteworthy class of an undescribed motif exhibited
properties of both acidic and basic motifs. To our knowledge,
such “dipolar” motifs are previously uncharacterized and con-
tain the minimum consensus sequence Rxxsxx[DE]. In addition
to the locked positions, most residues on the N-terminal side of
the pSer are basic in nature (K or R), whereas acidic (D and E)
residues are abundant on the C-terminal half. The Phos-
pho.ELM database contains 116 (44 with D and 72 with E)
instances of such motifs, with associated kinases for 67 of them,
usually directed to basic motifs. PKA was reported responsible
for 21 sites, PKC and Akt were responsible for 6 sites, and
CaM-II was responsible for 5 sites. Those sequences associated
to acidic kinases were represented almost uniquely by nine sites
assigned to CK2. However, this motif was not extracted when the
Phospho.ELM database was run with Motif-X. Logo represen-
tations for these sequences were similar but not exact (SI Fig. 9).
Moreover, of 125 sites with the dipolar motif identified in this
study, only five (4%) had been reported in the Phospho.ELM
database. It is conceivable that some sites may have evolved to
respond to both acidiphilic and basophilic kinases.
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Multiple Phosphorylations in a Short and Defined Distance: Double-
Phosphorylation Metifs. In this study, 39% of the phosphopeptides
identified were found to be multiply phosphorylated. Although
we were able to establish a set of monophosphorylated motifs
with high significance, we sought to find motifs involving more
than one phosphorylated residue.

To find these motifs, we created an appropriate foreground for
Motif-X that preserved multiple phosphorylation information by
using all peptides with two, three, or four phosphorylations that
were centered on each of those sites and by creating new amino
acid notations for the additional phosphorylated sites that were
observed outside the central position. Two different data sets
were used as backgrounds (see Methods for details). In both
cases, we obtained a similar subset of motifs. Twenty significant
double-phosphorylation motifs at a minimum of 20 occurrences
for pSer and 2 motifs with more than 4 instances for pThr were
found (Fig. 5 F-I and SI Table 4).

In general, double phosphorylations were found more fre-
quently in the context of acidic and Pro-directed motifs than in
a basic environment. Not unexpectedly, some of the double-
phosphorylation motifs identified could be deconvoluted into
two separate motifs that were already identified in our previous
general analysis. For example, the acidic motifs, ssxEE and
sxsEXE, can be both decomposed into two sxxE motifs.

Phosphorylation is known to often proceed in a step-wise
fashion, where the first event serves as a priming event for the
second (38). Well known examples of priming phosphorylation
motifs were found. For example GSK-3 kinase, whose motif
requires a phosphorylated Ser at position +4 (sxxxs), was found
with 46 occurrences. We found several cases in which only one
of the two specific loci in a double-phosphorylation motif was
also identified as a singly phosphorylated species, which is
suggestive of either ordered phosphorylation or dephosphory-
lation. As an example from the double-phosphorylation motif,
sPxxsP (37 matches), only the single-phosphorylation motif,
SPxxsP, was observed with significance, suggesting that the
phosphorylation of the downstream Ser is a priming event for the
upstream Ser at —4. Other doubly phosphorylated motifs were
more frequent than their singly phosphorylated counterparts:
sPsP was found with 23 occurrences, whereas only 6 and 12
examples were found for SPsP and sPSP, respectively. sPsP has
been described previously as a motif for KIS kinase (39). Indeed,
a known KIS substrate, SF1, was found among the 23 phos-
phopeptides containing this motif.

Methods

Tissue Preparation and Protein Digestion. Liver tissue from 21-day-
old fed mice was homogenized and lysed by sonication in a buffer
containing 8 M urea. Reduction and carboxyamidomethylation
of Cys residues were performed on 90 mg of liver protein.
Trypsin was added at 5 ng/ul and 1:250 enzyme/substrate.
Digestion was stopped by the addition of TFA to 0.4%, and
peptides were desalted through a C18 cartridge.

SCX Chromatography, IMAC, and pTyr-lmmunoprecipitation. Prepar-
ative SCX separations were carried out on 10 mg of peptides with
a9.4- X 200-mm column packed with polysulfoethyl aspartamide
(PolyLC, Columbia, MD) material similar to ref. 26. A total of
15 fractions were collected, acetonitrile was removed by evap-
oration, and all samples were desalted in C18 cartridges. Further
details are provided in SI Methods.

Phosphopeptides were further enriched by IMAC with 10 ul
of beads (Phos-Select iron affinity gel; Sigma, St. Louis, MO) per
sample, essentially as described by the manufacturer. Details are
given in SI Methods.

Immunoprecipitation of pTyr-containing peptides was per-
formed by incubating 80 mg of desalted tryptic peptides with 40
pul of pY100 antibody beads (PhosphoScan pY100 Kit; Cell
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Signaling Technologies, Danvers, MA) as described by the
manufacturer.

MS and Database Searching. Samples were analyzed in the
LTQ-FT or the LTQ-Orbitrap, essentially as described (40).
Details are given in SI Methods.

MS/MS spectra were searched by using the Sequest algorithm
against a database containing the mouse IPI protein database
and its reversed complement. Search parameters included a
static modification of 57.02146 Da (carboxyamidomethylation)
on Cys; dynamic modifications of 79.96633 Da (phosphoryla-
tion) on Ser, Thr, and Tyr; and 15.99491 Da (oxidation) on Met.
Additional details can be found in SI Methods.

Results were first filtered to contain only fully tryptic peptides,
and then other cutoffs were established to achieve maximum
sensitivity levels at <0.1% FP results using decoy matches as a
guide. Sample-specific filters for the solution charge state and
mass accuracy were used (26, 40). A =3 SD mass tolerance
window was applied separately to each analysis. After filtering by
tryptic state, solution charge, and mass accuracy, only minimal
filtering with Sequest scoring (XCorr and dCn') values at the
level of the entire data set was then required to achieve <0.1%
FP rate. We define the dCn’ score as the dCn score to the first
nonidentical sequence for a match.

Phosphorylation Site Localization. An Ascore was automatically
calculated for every site using in-house software described
elsewhere (26). A mass window setting of 100 m/z units and a
fragment ion tolerance of =0.3 m/z units were used. Ascores of
>19 (P < 0.01) were considered to be confidently localized. For
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peptides with Ascores of <19, ambiguous sites were counted as
only one site, regardless of the number of MS/MS spectra or
potential site localizations. A conservative approach was also
applied when counting the number of phosphopeptides such that
different charge states, oxidized Met residues, misscleaved ver-
sions, and ragged ends did not add identifications to our
nonredundant numbers.

Classification into General Motif Classes or Sequence Categories.
Centered 13-mer sequences were assigned to a motif class
sequentially by following a binary decision tree as follows: P at
+1 (Pro-directed: P), 5 or more E/D at +1 to +6 (acidic: A), R/K
at —3 (basic: B), D/E at +1/+2 or +3 (A), 2 or more R/K at —6
to —1 (B), otherwise (others: O).

Motif Analysis and Notation. Phosphorylation motifs present in our
data set were extracted with the Motif-X algorithm (34). Only
sites with Ascores of >19 were used. Phosphorylated residues
were denoted by lowercase letters, and nonphosphorylated
residues were uppercase. If two residues were significant in the
same position, brackets were used, e.g., sxx[DE]. Variable po-
sitions were denoted by “x.”” Sequence logos were generated with
Weblogo (41) (available at http://weblogo.berkeley.edu). Fur-
ther details can be found in the SI Methods.
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