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Regulated exocytosis of neutrophil intracellular storage
granules is necessary for neutrophil participation in the
inflammatory response. The signal transduction pathways
that participate in neutrophil exocytosis are complex and
poorly defined. Several protein kinases, including p38
MAPK and the nonreceptor tyrosine kinases, Hck and Fgr,
participate in this response. However, the downstream
targets of these kinases that regulate exocytosis are un-
known. The present study combined a novel inhibitor of
neutrophil exocytosis with proteomic techniques to iden-
tify phosphopeptides and phosphoproteins from a popu-
lation of gelatinase and specific granules isolated from
unstimulated and fMLF-stimulated neutrophils. To pre-
vent loss of granule-associated phosphoproteins upon
exocytosis, neutrophils were pretreated with a TAT-fusion
protein containing a SNARE domain from SNAP-23 (TAT-
SNAP-23), which inhibited fMLF-stimulated CD66b-con-
taining granule exocytosis by 100 � 10%. Following TAT-
SNAP-23 pretreatment, neutrophils were stimulated with
the chemotactic peptide fMLF for 0 min, 1 min, and 2 min.
Granules were isolated by gradient centrifugation and
subjected to proteolytic digestion with trypsin or chymo-
trypsin to obtain peptides from the outer surface of the
granule. Phosphopeptides were enriched by gallium or
TiO2 affinity chromatography, and phosphopeptides and
phosphorylation sites were identified by reversed phase
high performance liquid chromatography-electrospray
ionization-tandem MS. This resulted in the identification
of 243 unique phosphopeptides corresponding to 235 pro-
teins, including known regulators of vesicle trafficking.
The analysis identified 79 phosphoproteins from resting
neutrophils, 81 following 1 min of fMLF stimulation, and
118 following 2 min of stimulation. Bioinformatic analysis
identified a potential Src tyrosine kinase motif from a
phosphopeptide corresponding to G protein coupled re-
ceptor kinase 5 (GRK5). Phosphorylation of GRK5 by Src

was confirmed by an in vitro kinase reaction and by pre-
cursor ion scanning for phospho-tyrosine specific immo-
nium ions containing Tyr251 and Tyr253. Immunoprecipi-
tation of phosphorylated GRK5 from intact cells was
reduced by a Src inhibitor. In conclusion, targets of signal
transduction pathways were identified that are candi-
dates to regulate neutrophil granule exocytosis.
Molecular & Cellular Proteomics 10: 10.1074/mcp.
M110.001552, 1–12, 2011.

Neutrophils are the primary effector cells of the innate
immune system and provide the initial cellular response
against microbial infections. Exocytosis of neutrophil stor-
age granules is required for neutrophil participation in, and
regulation of, the inflammatory response. Exocytosis pro-
vides plasma and/or phagosomal membranes with new
membrane components, receptors, signal transduction
molecules, adhesion molecules, and components of the
NADPH oxidase (1–3). Additionally, molecules necessary for
bacterial killing, processing of cytokines and chemokines,
induction of increased vascular permeability, and monocyte
recruitment are released into phagosomes or extracellularly
(3–6). The contents of these granules contribute to tissue
damage in autoimmune and inflammatory diseases such as
rheumatoid arthritis, ANCA-associated vasculitis, and acute
coronary syndromes (7–9). Four classes of neutrophil intra-
cellular storage granules have been proposed based on
their protein content, morphology, and separation by den-
sity gradient fractionation: the secretory vesicles and gela-
tinase (tertiary), specific (secondary), and azurophil (pri-
mary) granules (10).

Although many of the proteins associated with the differ-
ent neutrophil granule subsets have been identified using
proteomic approaches (11–13), the mechanisms by which
neutrophil stimulation leads to exocytosis remain poorly
defined. Use of pharmacologic inhibitors and knockout mice
has identified several signal transduction pathways that are
involved in neutrophil exocytosis. In particular, pathways
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containing p38 mitogen activated protein kinase (MAPK)1

and the nonreceptor Src tyrosine kinases participate in neu-
trophil granule exocytosis stimulated by TNF-�, LPS, formy-
lated peptides, and chemokines (2, 14–18). However, the
targets of those kinases that are involved in exocytosis are
unknown. We postulated that phosphorylation of granule-
associated proteins by one or more of those kinases regu-
lates exocytosis. The goal of the present study was to
identify granule phosphoproteins and their respective phos-
phorylation sites as an approach to elucidate the mecha-
nisms of kinase-regulated neutrophil exocytosis. To accom-
plish this goal, proteomic techniques allowing large-scale
identification of phosphopeptides were combined with a
novel reagent developed in our laboratory that inhibits gran-
ule exocytosis. Granules were enriched from neutrophils
treated with N-formyl-methionyl-leucyl-phenylalanine (fMLF) for
0, 1, or 2 min and phosphoproteins on the surface of granules
were identified by liquid chromatography-tandem MS (LC-MS/
MS) and bioinformatics. The expression and phosphorylation of
one of the identified proteins, G protein-coupled receptor kinase
5 (GRK5), was validated.

EXPERIMENTAL PROCEDURES

TAT-SNAP-23 Fusion Protein—The N-terminal 78 residues of syn-
aptosomal-associated protein 23 (SNAP-23), including those amino
acids that participate in soluble NSF attachment protein receptor
(SNARE) complex formation, were subcloned into the pTAT-HA ex-
pression vector (a gift from Dr. Steven Dowdy, UCSD, San Diego, CA).
The plasmid was transformed into Escherichia coli arabinose-induc-
ible BL21 cells (Invitrogen Corp., Carlsbad, CA) and protein expres-
sion induced with 0.2% arabinose, whereas basal T7 transcription
was inhibited with 0.1% glucose, at 37 °C for 4 h. The 6� histidine-
tagged fusion protein was purified using the ProBond Ni2�-chelating
purification system (Invitrogen) under hybrid conditions according to
the manufacturer’s instructions. The resulting eluate was dialyzed
against 10% glycerol, 0.01% triton X-100 in PBS, pH 7.4 and stored
at �80 °C until use.

Human Neutrophils—Neutrophils were isolated from healthy hu-
man donors using plasma-Percoll gradients, as previously described
(19). Trypan blue staining revealed that at least 97% of cells were
neutrophils with �95% viability. Isolated neutrophils were suspended
in LPS-free Krebs-Ringer phosphate buffer (115 mM NaCl, 4.7 mM

KCl, 2.56 mM CaCl2 , 1.2 mM KH2PO4, 1.2 mM MgSO4 � 7 H2O, 20 mM

NaHCO3 and 16 mM Hepes, pH 7.2) (Krebs�) at 4 � 107 cells/ml. The
Human Studies Committee of the University of Louisville approved
the use of human donors.

Granule Enrichment—Human neutrophils (1 � 109 cells) were
treated with 10 �M diisopropyl fluorophosphate (Sigma-Aldrich, St.
Louis, MO) for 10 min at room temperature to inhibit proteases. To

inhibit granule fusion with the plasma membrane, neutrophils were
incubated with the fusion protein comprised of the trans-activating
transcriptional activator (TAT) cell-penetrating peptide and the N-ter-
minal 78 residues of synaptosomal-associated protein-23 (SNAP-23)
(TAT-SNAP-23 fusion protein) (1.0 �g/ml for 10 min at 37 °C), then
stimulated with 300 nM fMLF for 0 min, 1 min, or 2 min. Following
stimulation, neutrophils were immediately resuspended in 20 ml ice
cold disruption buffer (10 mM PIPES, 0.1 M KCl, 3 mM NaCl, 3.5 mM

MgCl2, protease inhibitor mixture (Sigma-Aldrich)) and disrupted by
nitrogen cavitation at 450 psi at 4 °C. All subsequent enrichment
steps were performed on ice or at 4 °C to inhibit protease and
phosphatase activity. The cavitate was collected and nuclei and intact
cells were removed by centrifugation at 700 � g for 5 min. To isolate
granule subsets, the postnuclear supernatant was layered onto a
discontinuous Percoll gradient of varying densities (1.050, 1.090, and
1.120 g/ml) and centrifuged at 37,000 � g for 30 min as previously
described (20, 21). Four fractions (�, �1, �2, and �) were recovered
from the gradient, as previously described by Kjeldsen et al. (21).
Percoll was removed by ultracentrifugation at 100,000 � g for 45 min
at 4 °C, and the enriched granule subsets were resuspended in dis-
ruption buffer and stored at �20 °C. The �1 fraction, extracted from
the interface of the 1.090 and 1.120 g/ml fractions, was used for
subsequent proteomic analysis.

Preparation of Granule Membrane Phosphopeptides—The �1
granule fraction (100 �l) was resuspended in 500 �l of reaction buffer
(10 mM ammonium bicarbonate, 10 mM CaCl2) and incubated with 14
�g of trypsin or chymotrypsin at 37 °C overnight with rotation. Fol-
lowing proteolysis, samples were centrifuged at 10,000 � g to pellet
granules. The supernatant containing peptides derived from proteins
on the cytosolic surface of granules was transferred to a 3 kDa cutoff
centrifugal concentrator (Pall Corp., Port Washington, NY) and cen-
trifuged at 14,000 � g for 20 min to separate peptides from undi-
gested granules and proteins. The filtrates containing peptides were
lyophilized and subjected to methyl esterification by resuspension in
200 �l of methanolic hydrochloride for 2 h at RT. Peptides were
reconstituted in either 250 mM acetic acid in 30% acetonitrile for
phosphopeptide enrichment by immobilized metal ion affinity chro-
matography using a Ga3� chelate silica beads (IMAC) or 5% aceto-
nitrile in 0.05% formic acid (FA) (buffer A) for phosphopeptide enrich-
ment by metal oxide affinity chromatography using a prepacked TiO2

column (MOAC). Peptides intended for MOAC were desalted using a
C18 micro trap desalting cartridge (Michrom BioResources, Auburn,
CA) equilibrated with buffer A. Peptides were applied to the cartridge
and salts were removed by washing with two 100 �l aliquots of buffer
A. Peptides were then eluted with 100 �l of 95% acetonitrile and
0.1% FA. Desalted peptides were evaporated to dryness in a speed-
vac and resuspended in 10 �l of buffer A.

MOAC enrichment was performed using a Dionex Ultimate Plus
HPLC system (Dionex Corp. Germering, Germany). Desalted peptides
were reconstituted in 50 �l 0.05% FA and loaded onto an Nano Trap
Column (TiO2, 5 �m, 100 Å, 200 �m i.d � 1 cm., Dionex). The column
was washed with 100 �l 80% ACN with 0.05% FA and eluted with 100
�l of 250 mM NH4HCO3, pH 9.0. All steps were performed at a flow
rate of 10 �l/min. IMAC enrichment was performed using a Sigma
Phosphoprofile I Phosphopeptide enrichment kit per the manufactur-
er’s instructions. Following phosphopeptide enrichment by IMAC,
lyophilized peptides were desalted as described above.

Identification of Phosphopeptides—Phosphopeptides were char-
acterized using a modified version of a previously described LC-
MS/MS approach (22). Briefly, IMAC- or MOAC-enriched peptides
were loaded onto an analytical microcapillary reversed phase chro-
matography column (100 � 365 �m fused silica capillary with an
integrated, laser pulled emitter tip packed with 10 cm of Jupiter 4 �m
RP80A (Phenomenex, Torrance, CA)). Peptides were eluted from the

1 The abbreviations used are: MAPK, mitogen-activated protein
kinase; PVDF, polyvinylidene fluoride; SNAP-23, synaptosomal-asso-
ciated protein-23; SNARE, soluble NSF attachment protein receptors;
fMLF, N-formyl-methionyl-leucyl phenylalanine; GRK, G protein-cou-
pled receptor kinase; SHC, Src homology 2 domain-containing-trans-
forming protein C1; TAT, Trans-activating transcriptional activator;
TAT-SNAP-23, The fusion protein comprised of the TAT cell-pene-
trating peptide and the N-terminal 78 residues of SNAP-23; NSF,
N-ethylmaleimide sensitive factor; ARF, ADP ribosylation factor.
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reversed phase column, ionized, and sprayed into a mass spectrom-
eter using a linear reverse phase gradient from 3% to 60% of mobile
phase B (80% acetonitrile/0.05% formic acid) over 120 min at a flow
rate of 300 nl/min. Spectra were acquired with a LTQ linear ion trap
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
During LC-MS/MS analysis, the mass spectrometer performed data-
dependent acquisition with a full MS scan between 300 and 2000
mass to charge ratio followed by six MS/MS scans (35% collision
energy) on the six most intense ions from the preceding MS scan.
Data acquisition was performed using dynamic exclusion with a re-
peat count of 30 ms and a 3 min exclusion duration window.

Tandem mass spectra were extracted and charge state deconvo-
luted using the Sequest algorithm (ThermoFinnigan, San Jose, CA;
version v.27, rev. 11). Deisotoping was not performed. Sequest
searched the human FASTA formatted RefSeq database (from NCBI)
assuming either the digestion enzyme trypsin or chymotrypsin with
two missed cleavages. The data were searched using Sequest with a
fragment ion mass tolerance of 1.200 amu and a precursor ion toler-
ance of 1.200 amu. Methyl ester of aspartic or glutamic acid and
phosphorylation of serine, threonine, and tyrosine were specified in
Sequest as variable modifications.

Scaffold (version Scaffold_2_05_01, Proteome Software Inc., Port-
land, OR) was used to validate MS/MS-based peptide and protein
identifications. A human RefSeq database dated May 30, 2006 con-
taining 27,916 proteins was searched. Peptide identifications were
preliminarily accepted if they could be established at greater than
90% probability as specified by the Peptide Prophet algorithm (23).
Protein identifications were preliminarily accepted if they could be
established at greater than 90% probability and contained at least
one identified peptide. Protein probabilities were assigned by the
Protein Prophet algorithm (24). Proteins that contained similar pep-
tides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Spectra passing
these initial criteria were then manually validated to reduce false
positives and confirm peptide assignments (25). Spectra were ex-
cluded if the majority of the noise (unassigned peaks) was greater
than 25% of the relative intensity. Additionally, spectra were excluded
if unassigned peaks comprised the four most intense ions.

Kinase Motif Prediction—The Group-based Prediction System
(GPS) 2.1 software (26) was used to predict phosphorylation-specific
kinase motifs present in the proteomic data set. Phosphopeptide
identifications were submitted to GPS in FASTA format and searched
against the database under high stringency settings for Src tyrosine
kinases and p38 MAPK motifs. The output files were then manually
verified to assure accuracy for the identified phosphorylated residues.

In Vitro Kinase Assay—Phosphorylation of GRK5 was performed by
incubating 30 ng of active recombinant Src (Millipore, Billerica, MA)
with 200 ng of recombinant GRK5 (Invitrogen) in kinase buffer con-
taining 250 �M ATP, 30 mM Tris HCl, pH 7.2, 8 mM MgCl2, 1.4 mM

EDTA, 1 mM EGTA, 4.5 mM NaF, and 0.25 mM Na3VO4. Reactions
were incubated at 30 °C for various times. Reactions were terminated
by dilution in SDS sample buffer and proteins were separated by
SDS-PAGE on 4%–12% Novex Bis-Tris gels (Invitrogen). Proteins
were transferred to polyvinylidene fluoride (PVDF) and tyrosine phos-
phorylation was detected by immunoblot analysis using antiphospho-
tyrosine antibody (BD Transduction Laboratories, Lexington, KY).

Phosphotyrosine-specific Precursor Ion Scanning—Following the
kinase reaction, 100 ng of the reaction mixture was manually loaded
onto a Phenomenex Jupiter 4� Proteo 90A (50 � 1.00 mm) column
and washed with �10 bed volumes of buffer A. Peptides were eluted
from the column with an Agilent 1100 series pump using a linear
gradient from 3% to 60% of mobile phase B (80% acetonitrile/0.05%
formic acid) over 15 min at a flow rate of 50 �l/min. Spectra were
acquired with a triple stage quadrupole Quantum Discovery Max

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
equipped with electrospray ionization. The mass spectrometer per-
formed a full MS scan in Q1 between 600 and 1000 m/z in positive ion
mode. A precursor ion scan was then performed in Q3 to analyze
product ions yielding 216.043 (� 0.02) m/z following CID fragmenta-
tion in Q2. Collision gas (argon) pressure was 2.00 mTorr. Collision
energy was calculated relative to the predicted precursor ion mass
using the formula: m/z � 0.034 V � 3 V.

Measurement of Exocytosis—Exocytosis of CD66b-expressing
granules was determined by measuring plasma membrane expres-
sion of CD66b by flow cytometry as previously described (27).

Confocal Microscopy—Neutrophils (6 � 106/ml) were stimulated
with 300 nM fMLF for various times (0 min, 1 min, 2 min, and 10 min).
The cells were then fixed in 3.7% paraformaldehyde for 15 min at
room temperature. Cells were permeabilized and blocked with 5%
normal donkey serum in 0.02% saponin in Krebs� for 1 h at room
temperature, washed, and then incubated with GRK5 antibody (1:50,
R&D systems, Minneapolis, MN) in blocking buffer overnight. Cells
were then incubated with rhodamine-labeled donkey anti-goat IgG
(Invitrogen) and FITC-conjugated anti-CD66b (1 �g/ml final concen-
tration). Cells were imaged using an Olympus Fluoview confocal
microscope with a PlanApo N 60�/1.42 oil immersion lens employing
Olympus Fluoview 1000 (version 2.0) software.

Granule Protein Electrophoresis and Immunoblot Analysis—Gran-
ules enriched from neutrophils treated with or without 1.0 �g/ml
TAT-SNAP-23 and 300 nM fMLF for 2 min were suspended in SDS
sample buffer and heated to 95 °C for 5 min. Five micrograms of
granule protein was separated by SDS-PAGE on 4%–12% Novex Bis-
Tris gels. Proteins were transferred to PVDF and immunoblot analysis
was performed using anti-GRK5 (0.5 �g/ml, R&D Systems) and horse-
radish peroxidase-linked donkey anti-goat secondary antibody (1:1200,
Santa Cruz). Replicate gels were stained with Coomassie. Blots were
analyzed on a Typhoon 9400 scanner (GE Healthcare, Piscataway, NJ).

Immunoprecipitation and Immunoblot Analysis—Neutrophils (2 �
107 cells) were pretreated with or without 10 �M PP2 at 37 °C for 10
min, then incubated in the presence or absence of 0.3 �M fMLF for 2
min. Following stimulation, cells were immediately centrifuged and
resuspended in 0.6 ml ice-cold lysis buffer (2% Tx-100, 100 mM NaCl,
10 mM EGTA, 1 mM Na2VO3, 50 �M Tris, pH 7.4). Lysates were
precleared by adding 100 �l of protein G beads (Santa Cruz) and 2.0
�g of mouse IgG and allowing incubation at 4 °C for 1 h. Beads were
pelleted by centrifugation at 800 � g for 5 min at 4 °C. Anti-phos-
photyrosine antibody (PY69, BD Biosciences) conjugated to agarose
beads was added to the supernatants and incubated at 4 °C over-
night. The agarose beads with immunoprecipitated protein were col-
lected by centrifugation at 800 � g for 1 min at 4 °C, washed four
times with lysis buffer, and then resuspended in 40 �l of 2� Laemmli
buffer and boiled for 5 min. The beads were quickly spun down, and
20 �l of each sample was separated by SDS-PAGE on a 6% gel
(Invitrogen). Proteins were transferred to PVDF, blocked in 1% bovine
serum albumin/TTBS, and immunoblot analysis was performed using
anti-GRK5 (1:300 in 1% bovine serum albumin /TTBS, Santa Cruz)
and an HRP-linked rabbit anti-mouse secondary antibody.

RESULTS

Inhibition of Granule Exocytosis by TAT-SNAP-23—The
identification of phosphoproteins on the surface of mobilized
granules is complicated by the circumstances of the biology.
Upon neutrophil stimulation, granules are mobilized to, and
fuse with, the plasma membrane within 5 min (27). The loss of
mobilized granules prior to isolation procedures impairs the
ability to identify signaling proteins that mediate exocytosis on
the granule surface. To capture granules destined for mem-
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brane fusion, we generated a fusion protein containing the
TAT cell-penetrating peptide sequence and the amino-termi-
nal SNARE domain of SNAP-23 (TAT-SNAP-23). Character-
ization of that fusion protein will be reported separately (S. M.
Uriarte et al., manuscript in preparation). To determine the
extent of inhibition of exocytosis, neutrophils were pretreated
with TAT-SNAP-23 at various concentrations ranging up to
1.0 �g/ml for 10 min and then stimulated with 300 nM fMLF.
Exocytosis was measured by flow cytometric analysis of the
plasma membrane expression of a marker for specific gran-
ules, CD66b. Fig. 1A demonstrates that TAT-SNAP-23 treat-
ment produced a dose-dependent inhibition of fMLF-stimu-
lated CD66b expression, with maximal inhibition (100 � 10%)
occurring at 1.0 �g/ml. Pretreatment with TAT-SNAP-23 did
not reduce cell viability (as measured by trypan blue exclu-
sion) or induce apoptosis (measured as DNA fragmentation
using propidium iodide (18)) (data not shown).

Granule enrichment by Percoll density centrifugation re-
sulted in the separation of four granule fractions (�, �1, �2, and
�). To determine whether enrichment of granule subsets was
altered by TAT-SNAP-23 treatment, granule fractions isolated
from fMLF-stimulated human neutrophils treated with TAT-
SNAP-23 and from unstimulated, untreated neutrophils were
analyzed by SDS-PAGE followed by Coomassie staining or
immunoblot analysis for the specific and gelatinase granule
markers CD66b and MMP-9, respectively. Figs. 1B and 1C
demonstrate that both �1 and �2 fractions contained markers
of specific and gelatinase granules, as has been reported
previously (21). Fig. 1B shows that the distribution of granule
markers from untreated neutrophils did not differ following
fMLF stimulation of neutrophils pretreated with TAT-SNAP-
23. Coomassie staining showed that the relative amount and
distribution of granule proteins was similar between TAT-
SNAP-23 treated and untreated cells. Fig. 1C shows that
pretreatment of neutrophils with TAT-SNAP-23 did not alter
granule marker distribution upon granule enrichment. Kjeld-
sen et al. (21) reported that stimulation with fMLF resulted in
minimal loss of markers for specific granules, whereas about
25% of gelatinase granule markers were lost. Our data indi-
cate that pretreatment with TAT-SNAP-23 preserved the dis-
tribution of markers for gelatinase and specific granules seen
in unstimulated cells and prevented loss of granules because
of exocytosis. To confirm that increased granule protein phos-
phorylation could be detected under the described condi-
tions, granules were enriched from unstimulated and fMLF
stimulated neutrophils. Twenty micrograms of protein from
azurophil granules, specific granules, or neutrophil lysate was
subjected to SDS-PAGE and immunoblot analysis performed
for phosphotyrosine. Supplemental Fig. 1 demonstrates that
tyrosine phosphorylation of granule proteins increases upon
fMLF stimulation and that this phosphorylation remains de-
tectable following the granule enrichment procedure.

Identification of Granule Phosphopeptides—Bodenmiller et
al. (28) showed that no single method of phosphopeptide

FIG. 1. Enrichment of granules from stimulated neutrophils. A,
Human neutrophils (4 � 106/ml) were pretreated with the indicated
concentrations of TAT-SNAP-23 for 10 min at 37 °C. Neutrophils were
then stimulated with or without 300 nM fMLF for 5 min. Surface
expression of CD66b (a marker of specific granules) was measured by
flow cytometry. Mean channel fluorescence (mcf) is presented as
means � S.E. for three experiments. The results show a concentra-
tion-dependent inhibition of exocytosis that was maximal at 1 �g/ml.
B, Neutrophils from a single donor were untreated or pretreated with
1.0 �g/ml TAT-SNAP-23 for 10 min at 37 °C prior to stimulation with
0.3 �M fMLF for 2 min at 37 °C. Granule fractions were isolated by
Percoll density centrifugation and then subjected to SDS-PAGE and
immunoblot analysis for MMP-9 (gelatinase B) and CD66b. The coo-
massie-stained replicate gel demonstrates equal protein loading. The
immunoblots show that the �1 granule fraction used in the present
study contained markers for both specific and gelatinase granules.
The distribution of granule markers was similar between fractions un-
stimulated and fMLF-stimulated cells. C, Neutrophils were treated with
or without 1.0 �g/ml TAT-SNAP-23 and granule fractions were enriched
and prepared as described above. Immunoblot analysis for MMP-9 and
CD66b were performed. TAT-SNAP-23 treatment did not alter the dis-
tribution of granule markers in �1 and �2 granule fractions.
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enrichment is sufficient to identify an entire phosphopro-
teome. Thus, the present study used two different proteolytic
enzymes to generate peptide fragments of granule proteins
and two different metal-based affinity chromatography tech-
niques to enrich for phosphopeptides. Scaffold predicted a
false positive rate of 7.7% from the data set. Therefore, man-
ual validation of MS/MS spectra was performed to decrease
the assignment error rate. This resulted in the exclusion of 370
protein identifications (this number included loss of identifica-
tions because of NCBI database annotations) from the data
set. In total, 243 phosphopeptides corresponding to 235
phosphoproteins were identified from the digestion of intact
granules. To compare the phosphoprotein identifications from
the different enrichment protocols, the presence of proteins
identified at greater than 90% probability in any one sample
was determined in all other samples regardless of probability
(Supplemental Table S1). IMAC enrichment allowed identifi-
cation of 161 phosphopeptides from 157 proteins, whereas
MOAC enrichment identified 82 phosphopeptides from 81 pro-
teins. Twenty-six phosphoproteins (11%) were common to both
IMAC- and MOAC-enriched samples. The use of trypsin as a
proteolytic enzyme resulted in the identification of 151 phos-
phopeptides from 150 proteins, whereas 92 phosphopeptides
from 89 proteins were identified from chymotrypsin digests.
Thirty proteins (13%) were common to both protein digests.

Previous studies suggested that multiply phosphorylated
peptides demonstrate a higher affinity for enrichment (29, 30).
Thus, we analyzed the distribution of phosphopeptides by the
number of phosphorylation sites and the amino acid phos-
phorylated. 150 singly phosphorylated peptides were identi-
fied, whereas 70 were phosphorylated on two sites and 23
were phosphorylated on more than two sites. Of the 414
phosphorylated residues, 228 (62%) were serine, 108 (30%)
were threonine, and 30 (8%) were tyrosine.

Changes in the Phosphoprotein Profile upon Stimula-
tion—We showed previously that exocytosis of gelatinase and
specific granules was detected as early as 1 min following
fMLF stimulation, and was maximal by 5 min (27). To identify

phosphoproteins with a high probability of participation in
stimulated exocytosis, the current study examined granules
obtained following 1 and 2 min of fMLF stimulation, as well as
from unstimulated neutrophils. Of the 235 phosphoproteins
identified, 79 phosphoproteins were from granules obtained
from four separate preparations of unstimulated neutrophils,
81 phosphoproteins were from granules obtained from four
separate preparations of cells stimulated with fMLF for 1 min,
and 118 phosphoproteins were from five separate prepara-
tions of cells stimulated with fMLF for 2 min. Thirty-three
phosphoproteins (14%) were identified under different enrich-
ment conditions at multiple time points of stimulation, and 22
(9%) were identified under different enrichment conditions at
the same time point. Seven phosphoproteins were present at
all three time points; 15 phosphoproteins were present on
granules from unstimulated cells and cells stimulated for 1 or
2 min; and 11 phosphoproteins, including protein kinase C�,
integrin �M, and mTOR, were present on granules from cells
stimulated for both 1 and 2 min. Supplementary Table S1 lists
the identified proteins and their identifying peptide(s) as a
function of stimulation time and method of enrichment.

Phosphoproteins Grouped by Cellular Function—The iden-
tified phosphoproteins were grouped by cellular function
based on Gene Ontology terms derived from the UniProt
Knowledge Base (www.uniprot.org). A list of the individual
proteins classified by molecular function and the time point
of identification and cellular location is presented in
Supplemental Tables S1 and S2. Fig. 2 summarizes these
functional categorizations by stimulation time. The distribution
of phosphoproteins by cellular function was not substantially
different among the three time points. Several potential reg-
ulators of membrane trafficking and exocytosis were identi-
fied in the analysis, including N-ethylmaleimide sensitive fac-
tor (NSF); small molecular weight GTPases, GTPase
regulators, or GTPase effectors; and proteins known to reg-
ulate cytoskeleton rearrangement and stability.

Bioinformatic Prediction of Src and p38 MAPK Phosphory-
lation Motifs—Although p38 MAPK and Src kinase pathways

FIG. 2. Functional classification of
phosphoproteins grouped by time
point of fMLF stimulation. Cellular
protein functions were categorized
based on Gene Ontology terms and
grouped into broad categories as a
function of their temporal identification.
The number of identifications per cate-
gory was compared with the total num-
ber of identifications, indicated as a
percent (%) of the total. No category
demonstrated greater than a 10%
change among the three time points of
stimulation.
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have been implicated in the regulation of neutrophil exocyto-
sis (2, 16, 18, 31, 32), the substrates of these kinases that
mediate exocytosis are unknown. To identify candidate sub-
strates, bioinformatics was used to predict potential p38
MAPK and Src phosphorylation motifs for the phosphopep-
tides identified in our proteomic analysis. Of the 243 phos-
phopeptide sequences submitted to Group Prediction Sys-
tem (GPS) 2.1, 16 were predicted to contain a Src family
tyrosine kinase motif, 15 contained a p38 MAPK motif, and
one protein, barttin, contained both a Src and p38 MAPK
motif in the same peptide. The results from this analysis are
shown in Table I.

One Src tyrosine kinase motif was predicted for Tyr251 of G
protein-coupled receptor kinase 5 (GRK5). This residue com-
prised one of the two phosphorylation sites from the peptide
(GESMALNEKQILEKVNSQFVVNLApYApYETK) identified in
the proteomic analysis following 2 min of fMLF stimulation. To
confirm that GRK5 is phosphorylated by Src, active recombi-
nant Src was incubated with recombinant GRK5 in the pres-
ence of excess ATP for various times up to 30 min. Fig. 3A
shows the immunoblot for phosphotyrosine. GRK5 was phos-
phorylated within 30 s, and maximal phosphorylation oc-
curred by 10 min.

Steen et al. demonstrated the validity of precursor ion scan-
ning in positive ion mode to identify tyrosine phosphorylated
peptides (33). To confirm that Src phosphorylated Tyr251and
Tyr253 of GRK5, an in-solution trypsin/Lys-C digest of an in
vitro kinase reaction was subjected to mass spectrometry. A
precursor ion scan for product ions yielding the phosphoty-
rosine-specific immonium ion (216.04 m/z) was performed.
Fig. 3B shows the collective identified precursor ion masses
from retention times of 4.08 to 4.78 min. The identified
[M�2H]�3 ions of 642.17 m/z and 667.61 m/z correspond,
respectively, to the singly and doubly phosphorylated peptide
VNSQFVVNLAYAYETK containing Tyr251 and Tyr253. This
indicates Src kinase phosphorylated both of these residues
on GRK5.

To determine if Src phosphorylates GRK5 in intact cells,
cells were pretreated with or without the pharmacological Src
kinase family inhibitor PP2 and then treated with or without
fMLF for 2 min. As no immunoprecipitating antibody for GRK5
was available, tyrosine phosphorylated proteins were immu-
noprecipitated from cellular lysates, separated by SDS-PAGE,
and transferred proteins were subjected to immunoblot anal-
ysis for GRK5. Fig. 3C demonstrates that increased GRK5
was precipitated following fMLF stimulation, and this in-
creased precipitation was inhibited by PP2. These data sup-
port the conclusion that GRK5 is phosphorylated by Src in
fMLF-stimulated neutrophils.

To determine if GRK5 colocalizes with gelatinase and spe-
cific granules, immunoblot analysis and confocal microscopy
were performed. Granule fractions from unstimulated and
fMLF-stimulated neutrophils were subjected to immunoblot
analysis. GRK5 was identified in the �2 granule fraction from

stimulated neutrophils and in the �1 granule fraction from
both unstimulated and stimulated neutrophils, but not in � or
� granule fractions (Fig. 4A). Confocal microscopy of unstimu-
lated and fMLF-stimulated neutrophils showed that GRK5
colocalized with CD66b-containing granules under both con-
ditions (Fig. 4B). In the unstimulated state, a population of
CD66b colocalized with GRK5, whereas some CD66b immu-
nofluorescence remained separate. Following fMLF stimula-
tion for 1 and 2 min colocalization of GRK5 with CD66b was
observed in the cytosol and GRK5 alone was also present at
the plasma membrane and in membrane ruffles. Following 10
min of fMLF, punctate cytosolic staining for GRK5 was again
observed to colocalize with CD66b. These data are consistent
with the proteomic data and bioinformatic prediction indicat-
ing that GRK5 is a novel substrate of Src tyrosine kinase and
that GRK5 localizes to neutrophil granules.

DISCUSSION

Use of pharmacologic inhibitors and knockout mice has
identified several signal transduction pathways that are in-
volved in neutrophil granule exocytosis. In particular, path-
ways containing p38 MAPK and the nonreceptor Src tyrosine
kinases regulate neutrophil specific and azurophilic granule
exocytosis, and those kinases are activated by several stimuli
that induce exocytosis (14–18). However, the targets of those
kinases that mediate exocytosis are unknown. The current
study identified 243 phosphopeptides corresponding to 235
phosphoproteins from the cytoplasmic face of a subset of
neutrophil granules. Bioinformatic analysis identified potential
p38 MAPK and/or Src family tyrosine kinase motifs for 30
phosphopeptides identified in the analysis. Phosphorylation
of one of these proteins, GRK5, identified as a Src kinase
target from our analysis, was confirmed by an in vitro kinase
assay and mass spectrometry. Identification of granule pro-
teins phosphorylated upon fMLF stimulation provides several
candidates which may participate in regulation of neutrophil
granule exocytosis. To our knowledge, this is the first pro-
teomic analysis to identify phosphoproteins associated with
human neutrophil granules following cellular stimulation.

The use of cell-penetrating TAT-fusion proteins has pro-
vided a viable approach to deliver proteins and peptides into
neutrophils (34, 35), as genetic manipulation of neutrophils
results in a very low transfection efficiency (36, 37). Cell-
penetrating fusion proteins containing aptamers from NSF
have previously been used to inhibit release of intracellular
granules from vascular endothelial cells (38, 39). To prevent
activated granules from fusing with the plasma membrane
and allow for their enrichment, the present study used a fusion
protein which combined the amino-terminal SNARE domain
of SNAP-23 and the cell-penetrating TAT peptide sequence.
That fusion protein inhibited exocytosis of secretory vesicles,
gelatinase granules, and specific granules (S.M. Uriarte et al.,
manuscript in preparation). The inhibition of granule fusion by
TAT-SNAP-23 did not alter the distribution of granule subsets
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following density gradient centrifugation. Based on the ob-
served amount of material retrieved from the gradients, TAT-
SNAP-23 enhanced recovery of granules following fMLF stim-
ulation. The enriched granule fractions used for our studies
expressed markers for both gelatinase and specific granules.
This heterogeneity was reported previously to be associated
with the enrichment procedure used in this study (21), and
TAT-SNAP-23 did not alter the relative distribution of the
markers for those granule subsets. Thus, inhibition of exocy-
tosis with TAT-SNAP-23 enhanced the probability that targets
of kinases that regulate exocytosis of specific and gelatinase
granules were identified.

Bodenmiller et al. showed that optimal phosphopeptide
coverage during large-scale proteomic screens required mul-
tiple phosphopeptide enrichment techniques (28). Further-
more, identification of transmembrane and membrane-asso-
ciated proteins remains difficult because of the lack of
accessible protease cleavage sites. For those reasons, the
current study used two complementary phosphopeptide en-
richment procedures and two different proteolytic enzymes to
improve protein coverage. The overlap in phosphopeptide
identification among these enrichment techniques was low,
13% between trypsin and chymotrypsin and 11% between
IMAC and TiO2. Bodenmiller et al. reported a 35% overlap in
phosphopeptide identification between IMAC and TiO2 from
cytosolic proteins of cultured cells (28). Our data support their
conclusion that multiple approaches are required to achieve
optimal phosphoprotein recovery in proteomic studies. De-
spite the use of those multiple approaches, it is unlikely that
the complete granular phosphoproteome was identified. Ad-
ditionally, the transitory nature of exocytosis and the dynamic
interaction of kinases and phosphatases allow only a “snap-
shot” of the phosphoproteins present.

Although the total number of identifications increased
with fMLF stimulation, the relative distribution of functional
classes was not altered. Thus, broad functional classifica-
tion did not assist in identifying candidate proteins with a
high likelihood of participation in exocytosis. On the other
hand, listing proteins by functional class identified several
proteins known to regulate membrane trafficking events,
including kinases and phosphatases, GTPases, actin- and
microtubule-binding proteins, and SNARE-associated pro-
teins. Additionally, the identified proteins were also catego-
rized according to their cellular compartment, as specified
by Gene Ontology (Supplemental Table S2). The majority of
proteins were either cytoplasmic or membrane-associated.
Many of the cytoplasmic proteins, such as motor proteins
and GTPases, have been shown to associate with intracel-
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FIG. 3. Src phosphorylates GRK5. A, Active Src (30 ng) was incu-
bated with or without GRK5 (200 ng) at 30 °C for various times.
Proteins were subjected to SDS-PAGE, transferred to PVDF, and
analyzed for tyrosine phosphorylation by immunoblot analysis. The
blot demonstrates that rapid phosphorylation of GRK5 by Src oc-
curred within 30 s and maximal phosphorylation occurred by 10 min.
Parallel blots were probed with anti-GRK5 to confirm similar amounts
of GRK5 in each reaction. B, To confirm that Src phosphorylates Tyr
251 and Tyr 253 of GRK5, an in-solution trypsin/Lys-C digest of an in
vitro kinase reaction was subjected to mass spectrometry. Precursor
ion scanning for product ions yielding the phosphotyrosine-specific
immonium ion (216.04 m/z) identified precursor ion masses of 642.17
m/z and 667.61 m/z. These masses correspond to the [M�2H]3�

singly- and doubly phosphorylated GRK5 peptide VNSQFVVNLApY-
ApYETK, where pY represents phosphorylation of tyrosine. C, Neu-
trophils were pretreated with or without 10 �M PP2 at 37 °C for 10
min. Cells were then treated with or without 0.3 �M fMLF for 2 min
after which reactions were stopped by resuspension in ice-cold ly-
sis buffer. Proteins were immunoprecipitated from lysates with

anti-phosphotyrosine conjugated to agarose. Proteins were sepa-
rated by SDS-PAGE and subjected to immunoblot analysis for GRK5.
An increased amount of GRK5 was precipitated from cells stimulated
with fMLF, whereas pretreatment with the Src inhibitor PP2 returned
the amount of precipitated GRK5 to basal levels.
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lular membranes and transport vesicles. The prevalence of
nuclear-, endoplasmic reticulum-, and golgi-associated
proteins in the data set also suggests that other intracellular
organelles contaminated the granule enrichment proce-
dures. Nonetheless, phosphorylation of these proteins may
play a role in other neutrophil functional responses.

The vesicle-fusing ATPase NSF was found to be phosphor-
ylated on Ser343 and Ser356 following 2 min of stimulation.
Phosphorylation of NSF on those serine residues has not
been reported previously, nor has NSF expression been re-
ported previously in neutrophils. NSF has been implicated in
both pre-fusion exocytosis (40) and postfusion recycling of
SNAREs (41). Phosphorylation of Ser237 by protein kinase C
has been reported to impair NSF binding to SNAP-SNARE
complexes (42). Phosphorylation of Tyr83 increased NSF AT-
Pase activity and prevented binding to �-SNAP (43). Seven-
teen small molecular weight GTPases, GTPase regulators, or
GTPase effectors were identified: seven in the basal state,
three at 1 min of fMLF stimulation, and eight at 2 min of
stimulation (Supplemental Table S1). Phosphorylation of GT-
Pase effectors was reported to be a regulatory step in vesic-
ular motor protein activation (44), GTPase activation (45–47),
and GEF cellular localization (48). Rap2a (identified from un-
stimulated neutrophils, phosphorylated on Ser127) was re-
ported to be associated with specific (49) and gelatinase

granules (50) in neutrophils and translocated to the plasma
membrane during degranulation via a Src tyrosine kinase-de-
pendent mechanism. Three ADP-ribosylation factors (ARF)
were identified including ARFGAP (unstimulated, pSer862),
ARFGEF6 (1 min, pThr452), and ARF-like 10c (2 min, pThr61).
ARFGAP Git2 was reported to regulate superoxide production
in neutrophils via modulation of granule trafficking (51). Rho
GTPase nucleotide exchange factors Rho GEF (2 min,
pSer999, pSer1000, pSer1008) and Rho GEF3 (2 min, pSer94,
pThr96) were identified. Phosphorylation of Rho GEF family
members by ERK1/2 and protein kinase A modulated nucle-
otide exchange activity toward their constituent GTPases (52,
53). Rab27 has been reported to regulated exocytosis of
gelatinase, specific, and azurophil neutrophil granules (54,
55). Exophilin5/Slac2b is a Rab27 effector that was found to
be phosphorylated on two serine residues at 2 min of fMLF
stimulation. Piccolo is one component of the presynaptic
active zone that controls the release of synaptic vesicles (56).
Our study identified a peptide from piccolo that was phos-
phorylated on a threonine residue at 2 min of stimulation.

We recently reported that the actin cytoskeleton regulated
the rate and extent of neutrophil granule exocytosis (27). The
current study identified eight proteins known to regulate cy-
toskeleton rearrangement and stability. The CD2-associated
protein (unstimulated, pThr231) was reported to regulate dy-
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FIG. 4. GRK5 expression on neutro-
phil granules. A, Granule fractions were
enriched from neutrophils treated with or
without 1.0 �g/ml TAT-SNAP23 and 300
nM fMLF for 2 mins. Five micrograms of
protein from each granule fraction were
separated by SDS-PAGE and subjected
to immunoblot analysis for GRK5 ex-
pression. The results show that GRK5 is
expressed on the �2 granule fraction
from stimulated neutrophils and on the
�1 fraction from both unstimulated and
stimulated neutrophils. B, Confocal mi-
croscopy demonstrates the cellular lo-
calization of GRK5 (red), CD66b (green),
and their colocalization (yellow and inset)
in neutrophils stimulated with fMLF for 0
min, 1 min, 2 min, or 10 min. In the
unstimulated state, a population of
CD66b colocalized with GRK5. fMLF
stimulation for 1 min and 2 min revealed
colocalization of GRK5 with CD66b
whereas sharp GRK5 staining was also
seen at the plasma membrane and in
membrane ruffles. Punctate, cytosolic
staining for GRK5 and CD66b was ob-
served following 10 min of fMLF stimu-
lation (inset).
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namic actin remodeling, membrane trafficking during endo-
cytosis, and cytokinesis (57). Phosphorylation of CD2-asso-
ciated protein was shown to control its cellular localization
(57). The adaptor-related protein 3 (Arp3) (pSer819, pSer822,
2 min fMLF), in complex with Arp2, regulates fMLF-stimulated
actin nucleation in neutrophils (58, 59). The amyloid �-binding
protein was phosphorylated on Thr398 at 2 min of stimulation.
This protein was shown to bind to syntaxins in a multimeric
complex intermediate that regulates synaptic vesicle docking
and fusion (60). Hook homolog 1 was phosphorylated on
Thr726 at 2 min. Hook proteins comprise the yeast homotypic
vesicular sorting complex (HOPS complex) implicated in ve-
sicular trafficking and fusion (61).

It is also notable that only 14% of phosphoproteins were
present at more than a single time point. There are several
possible explanations for this lack of overlap. Phosphatases
activated during neutrophil stimulation mediate dephosphor-
ylation of proteins associated with neutrophil granule exocy-
tosis (62, 63). Supplemental Fig. 1, however, demonstrates
that robust granule protein phosphorylation remains detecta-
ble even following neutrophil stimulation and granule isolation
procedures. Although phosphopeptide enrichment was per-
formed, the transient nature of phosphorylation events limits
the stoichiometry of phosphorylation. In addition, ionization
efficiency of phosphorylated peptides during electrospray
ionization is significantly altered, compared with unmodified
peptides, which can hinder identifications as a result of ion
suppression (64). Furthermore, as most proteins were identi-
fied from one peptide, loss of sample because of enrichment
procedures and the sensitivity of the instrumentation may
have contributed to the lack of overlapping identifications
over multiple time points.

Formyl peptide receptor ligation results in a G protein de-
pendent activation of signal transduction pathways containing
p38 MAPK, Src tyrosine kinase, ERK1/2, Akt, protein kinase
C, and PI-3K (16, 18, 65, 66). Both p38 MAPK and Src tyrosine
kinases were shown to modulate neutrophil exocytosis (2, 15,
16). Bioinformatic analysis predicted potential p38 MAPK and
Src tyrosine kinase motifs from the data set. Identification of
these potential substrates may help to elucidate some of the
downstream effector pathways of formyl peptide receptor
signaling mediated by these kinases. Although fMLF is a
well-characterized neutrophil chemoattractant, other stimuli,
including lipopolysaccharide, tumor necrosis factor-�, phor-
bol 12-myristate 13-acetate, and interleukin-8, activate these
kinases and stimulate exocytosis (67–70). Comparison of the
granule phosphoproteome induced by those stimuli with the
results of the current study may assist in identifying targets
that regulate exocytosis.

Our previous proteomic analyses identified peptides from
GRK6 on gelatinase granules and GRK 1 and 2 on secretory
vesicles (11, 12). We also identified Src kinase family mem-
bers on gelatinase and specific granules (11). The application
of bioinformatics predicted a Src tyrosine kinase family phos-

phorylation motif for the residues surrounding Tyr251 of the
doubly phosphorylated peptide identified from GRK5. These
residues reside within a conserved kinase catalytic domain
shared by all GRK proteins. Phosphorylation of GRK2 by
c-Src results in increased catalytic activity (71, 72). Src-me-
diated phosphorylation of GRK5, however, has not been pre-
viously demonstrated. The present study confirmed Src-me-
diated phosphorylation of GRK5 by an in vitro kinase reaction
and by phosphotyrosine-specific immonium ion monitoring of
the reaction by mass spectrometry. Additionally, immunopre-
cipitation of tyrosine phosphorylated proteins from fMLF-
stimulated neutrophils in the presence and absence of PP2,
followed by immunoblot analysis for GRK5, suggests that Src
mediates tyrosine phosphorylation of GRK5 in intact neutro-
phils. The in vitro assays are consistent with the ex vivo finding
that a phosphorylated peptide from GRK5 was associated
with a neutrophil granule fraction and that GRK5 is a target of
Src kinases.

Colocalization of GRK5 with the specific granule marker
CD66b by confocal microscopy and validation of GRK5 ex-
pression on enriched granule fractions by immunoblot analy-
sis suggests a potential role for GRK5 separate from �-arres-
tin-mediated endocytosis. Specifically, GRK5 may play an
active role in the trafficking of these nonrecycled granules to
target membranes. Tyr251 resides in a potential Src homol-
ogy 2 domain-containing-transforming protein C1 (SHC)
phosphotyrosine binding domain consisting of NxxpY that
is present only in GRK5 and not other GRKs. SHC is an
adaptor protein that mediates the assembly of large signaling
complexes during tyrosine kinase signaling (73). The func-
tional role of GRK5 phosphorylation was not established in
the current study. However, the ability of fMLF stimulation to
induce phosphorylation of GRK5 within a potential SHC bind-
ing domain and the association of GRK5 with neutrophil gran-
ules indicate that the role of GRK5 in neutrophil exocytosis
deserves to be examined.
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32. Mócsai, A., Bánfi, B., Kapus, A., Farkas, G., Geiszt, M., Buday, L., Faragó,
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