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Abstract. Coronin-7 (Crn7) is a ubiquitous mamma-
lian WD40-repeat protein that localizes to the Golgi
complex, interacts with AP-1 adaptor complex via
binding of a tyrosine-288-based sorting signal to the
m1-subunit of AP-1, and participates in the mainte-
nance of the Golgi structure and function. Here, we
define the requirements for the recruitment of Crn7
from the cytosol to the Golgi. We establish that Src
activity is indispensable for the interaction of Crn7
with Golgi membranes. Crn7 binds Src in vivo and can

be phosphorylated by recombinant Src in vitro. We
demonstrate that tyrosine-758 is the major Src phos-
phorylation site. Further, to be targeted to membranes
Crn7 requires the presence of cargo in the Golgi
complex. Finally, downregulation of the m1-subunit of
AP-1 leads to the dispersal of Crn7 from the Golgi
membranes. We propose a mechanism whereby se-
quential events of protein interaction and posttransla-
tional modification result in the membrane targeting
of Crn7.
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Introduction

Coronins are ubiquitous, conserved proteins execut-
ing a variety of actin cytoskeleton-related functions in
many organisms ranging from yeast to mammals, and
most organisms have more than one coronin gene [1,
2]. A canonical structure of a coronin comprises a
seven-bladed b-propeller formed by a WD repeat-
containing N-terminal domain followed by a C-

terminal “extension” with a region unique to each
coronin, and a very C-terminally located coiled coil
[3]. A well-defined subfamily of coronins consists of
proteins possessing a duplicate WD domain and
lacking the C-terminal coiled coil region. Such pro-
teins have been studied in Caenorhabditis elegans and
Drosophila melanogaster, and mutant phenotypes
suggest that they play a role in vesicular trafficking,
embryonic axis formation and axonal guidance [4, 5].
We recently demonstrated that the only human dual
WD domain coronin, the Coronin-7 (Crn7), differs
from the rest of the family in that it localizes to the* Corresponding authors.
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Golgi complex and is required for the maintenance of
Golgi morphology and for protein export from the
Golgi [6, 7]. Depletion of Crn7 by RNAi leads to
Golgi breakdown and retention of VSVG in the Golgi
upon a shift to the permissive temperature. This
export block in turn correlated with accumulation of
AP-1 clathrin adaptor complexes on intracellular
membranes, most probably in connection with arrest-
ed cargo. We further showed that the tyrosine-288-
based sorting motif of Crn7 is capable of interacting
with the m1-subunit of the AP-1 complex in vitro, and
that Crn7 binds AP-1, but neither AP-2 nor AP-3 in
vivo. Based on our data, we hypothesized that Crn7 is
required for very late stages of Golgi export, e.g.
generation of membrane curvature, interaction with
co-adaptors or coat or, less likely, membrane fission.
Here, we characterize the requirements for the
membrane targeting of Crn7. Lacking a predicted
signal sequence or transmembrane domain, Crn7 is
likely to be recruited to the outer side of Golgi
membranes from the cytosol. Our data establish a
network of posttranslational modification and pro-
tein-protein interaction leading to such recruitment.

Materials and methods

Reagents. Antibodies to Coronin-7 and Coronin-1C
(Coronin-3) were reported previously [6, 8]. Src
inhibitor SU6656 and monoclonal antibodies to Src
were from Calbiochem. Antibody to mannosidase II
was from Serotec, anti GPP130 from Alexis. GFP-
Syn5 plasmid and ERGIC53 antibody were kind gifts
from Dr. Irina Majoul. GFP-Src, GFP-Src (Y527F)
and GFP-Src (K295M) constructs were from Dr.
Michael Way. Synthetic peptides, HPLC-purified:
“CON” = KVEKIGEGTYGVVYK (from Jena Bio-
science, Germany), Y288 = GKGERQLY-
CYEVVPQ, Y288A = GKGERQLYCAEVAPQ,
Y758 = GKGDTRVFLYELLPE, Y758A =
GKGDTRVFLAELAPE (from JPT, Germany). Re-
combinant Src was from Jena Bioscience and Upstate,
g32P-ATP from Amersham. Fine chemicals were from
Sigma unless indicated otherwise. Brefeldin A (BFA)
was used at 2 mg/ml, genistein at 25 mg/ml, SU6656 at
0.4– 2 mM.

Cell culture, transfection and immunofluorescence.
HeLa cells were from ATCC. 293TN cells were from
Biocat/SBI. Cells were grown and processed for
immunofluorescence as described [6]. FuGENE6
reagent (Roche) was used for transfections according
to the manufacturer�s instructions.

Immunoprecipitation and western blotting. Immuno-
blotting was performed according to standard proce-
dures. Immunoprecipitation using protein A-Sephar-
ose (Amersham) was performed essentially as descri-
bed [9]. Briefly, cells were lysed in 1 % NP-40 buffer
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 % NP-40)
and lysates were precleared with protein A-Sepharose
beads for 1 h and incubated with 10 mg of antibody
overnight. Sepharose beads were added for 3 h,
pelleted, washed five times with 1% NP-40 buffer
and boiled with protein sample buffer. All incubations
were performed at 4oC in the presence of protease
inhibitors (from 100x stock solution containing 50 mg/
ml PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/
ml pepstatin in ethanol) and phosphatase inhibitors
(Calbiochem). In the experiment shown in Figure 5E,
chemical crosslinker DSS (Pierce) was used according
to the manufacturer�s instructions.

Cell fractionation experiments. For salt extraction
experiments, HeLa cells were grown in 15-cm Petri
dishes, scraped into ice-cold PBS, washed with PBS
and homogenized by passing through a 21G 11

4 needle
12 times in ice-cold HB buffer (250 mM sucrose,
10 mM Tris-HCl, pH 7.4, 1 mM EDTA, protease and
phosphatase inhibitors). The lysate was precleared at
1000 g for 15 min and centrifuged at 100 000 g for
60 min. Pellets were collected, resuspended either in
PBS or in PBS with 1 M KCl, incubated on ice for
30 min and re-centrifuged as above. Alternatively,
membrane pellets of 293TN cells resuspended in HB
buffer were treated with 100 mM Na2CO3, pH11.5.
For proteinase K protection assays, 293TN cells grown
to confluency in six 15-cm Petri dishes were scraped
into ice-cold PBS, washed with PBS, homogenized by
five strokes with a loosely fitting Dounce homoge-
nizer in ice-cold PBS without protease inhibitors
supplemented with 2 mM EDTA, and precleared at
1000 g for 15 minutes. The resulting supernatant was
divided into three equal fractions, one of which was
kept untreated, one adjusted to 100 mg/ml Proteina-
se K, and one to 100 mg/ml Proteinase K and 1 %
Triton X-100. After 1 hr incubation at 48C 5 mM
PMSF and 2 mM EGTA were added and the samples
were centrifuged at 100 000 g for 45 min at 48C. The
resulting pellets were washed with PBS, solubilized in
SDS sample buffer, and analyzed by SDS-PAGE.

In vitro kinase assays using Crn7 peptides. Reactions
were carried out in 100 ml volume containing: 50 ml 2x
kinase buffer (100 mM HEPES, pH 8.0, 4 mM DTT,
20 mM MnCl2), 10 ml 6 mM substrate peptide, 1 mg
GST-Src (>65U/mg), water to 95 ml, started by addi-
tion of 5 ml ATP mix (6 ml 2 mM ATP, 2.4 ml g32P-ATP,
10 mCi/ml, >6000 Ci/mM, water to 60 ml). The reac-
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tions were performed at 30oC and stopped by adding
20 ml 60 mM EDTA, pH 8.0. Ten and 2.5 ml of the
resulting solution were spotted onto Protran nitro-
cellulose membrane, air-dried for 45 min, washed 12
times with 75 mM phosphoric acid and analyzed using
a PhosphorImager 445SI system. In parallel, samples
were separated from unbound ATP by binding to
Chromabond HR-P columns (Macherey-Nagel), and
analyzed by scintillation counting using routine meth-
ods after repeated washing and elution.

In vitro kinase assays of endogenous Crn7. Crn7 was
immunoprecipitated from HeLa cell lysate using anti-
Crn7 antibody and Protein A-Sepharose. Aliquots of
Sepharose beads were mixed with kinase reaction mix
and ATP mix as above and incubated in the presence
or absence of 25 mM Src inhibitor SU6656 at 30oC for
the indicated periods of time. Reactions were stopped
by adding EDTA, boiled with SDS-PAGE sample
buffer and resolved by SDS-PAGE. Gels were Coo-
massie-stained, dried and exposed to Kodak MAX X-
Ray film for 72 hours.

In vitro kinase assays of recombinant Crn7. A cDNA
coding for both N-terminally GST- and C-terminally
His6-tagged human full-length Crn7 was inserted into
the backbone of baculoviral expression vector
pVL1393, expressed in Sf9 insect cells, and purified
according to the manufacturer�s manuals (insect cell
systems of Pharmingen and Invitrogen). Crn7 was
eluted by elution buffer (20 mM glutathione, 200 mM
Tris-HCl, pH 8.0, 2 mM EGTA, 0.1% Triton X-100)
and verified by SDS-PAGE, Coomassie staining,
western blotting and peptide mass fingerprinting.
Kinase reactions were carried out in 100 ml volume
as described above for the indicated time periods.
Each reaction contained 12 mg recombinant GST-
Crn7-His6 and 1.2 mg GST-Src. Reactions were stop-
ped by adding 20 ml 60 mM EDTA, boiled with 30 ml
5x SDS-PAGE sample buffer, and 30 ml of each
experiment were resolved by SDS-PAGE. Gels were
Coomassie-stained, dried and exposed to Kodak
MAX X-Ray film for 72 hours. Controls were without
Crn7, ATP, Src, or in the presence of 92.5 mM Src
inhibitor SU6656; all experiments contained an ap-
propriate concentration of the solvent DMSO. For
quantification, respective densitometry values were
normalized to the amount of loaded Crn7 and Src
proteins (Coomassie blue stained gel) and corrected
for background values using the AlphaEaseFC soft-
ware (Alpha Innotech).

Site-directed mutagenesis. To express the double
tyrosine mutant Y288A/Y758A, the Crn7 plasmid
GST-hCrn7-His6-VL1393 (see above) was modified

by two sequential steps of in vitro mutagenesis
according to the manufacturer�s protocol (Quik-
Change Site-Directed Mutagenesis; Stratagene).
Primer pairs hCrn7Y288AFmut 5’-CGAGAGGC-ACHTUNGTRENNUNGAGCTGTACTGTGCCGAGGTGGTACCGCAGC-ACHTUNGTRENNUNGAGCCGGC-3’ and hCrn7Y288ARevmut 5’-GCC-ACHTUNGTRENNUNGGGCTGCTGCGGTACCACCTCGGCACAGTAC-ACHTUNGTRENNUNGAGCTGCCTCTCG-3’ as well as hCrn7Y758AFmut
5’-GCGACACCCGTGTATTCCTGGCCGAGCTC-ACHTUNGTRENNUNGCTCCCCGAGTCCCCTTTCTTC-3’ and hCrn7-ACHTUNGTRENNUNGY758ARevmut 5’-GAAGAAAGGGGACTCGGG-ACHTUNGTRENNUNGGAGGAGCTCGGCCAGGAATACACGGGTGT-ACHTUNGTRENNUNGCGC-3’ were used to introduce the respective muta-
tions. The resulting plasmid GST-hCrn7-ACHTUNGTRENNUNGY288AY758A-His6-VL1393 was verified by restric-
tion enzyme analysis and sequencing.

HRP assays. HeLa cells were transiently transfected
with a plasmid encoding ssHRP [10, 11] using
FuGENE6 reagent (Roche) and plated onto 6-well
plates at approx. 60 % confluency. Twelve hours after
plating, SU6656 was added to plates at 0.4– 2 mM.
After 1 hr, medium was replaced with 2 ml fresh,
serum-free, SU6656-containing medium. 100 ml ali-
quots were taken at the indicated periods of
time. 600 ml of complete ECL reagent (Amersham)
were added to the medium, and three 200 ml aliquots
of each reaction were pipetted into white plastic 384-
well plates. Chemiluminescence was measured using a
microtiter plate reader (Tecan). Cells were trypsinized
and counted using a haematocytometer, and lumines-
cence values were normalized using cell count data.

siRNA experiments. The following siRNA were used:
targeting human m1-adaptin – validated siRNA
cat. # SI00299187 (Qiagen; no sequence information
provided by vendor); targeting human Crn7 –
siRNA(8)2454 [7]; control: siCONTROL Non-Target-
ing siRNA Pool cat. # D-001206-13 (Dharmacon; no
sequence information provided by vendor). After
three siRNA transfections and a total of nine days of
gene interference, cells were processed for immuno-
fluorescence as described above.

Results

Crn7 is a peripheral membrane protein. At least five
lines of evidence suggest that Crn7 is a peripheral
membrane protein attached to Golgi membranes at
the outer (cytosolic) side rather than a transmem-
brane or luminal protein. i) Crn7 lacks a predicted
signal sequence and transmembrane domains [6].
None of the known coronins is either luminal or
transmembrane [1]. ii) The protein is present in both
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membrane fraction and cytosol in mammalian cells; in
fact, the bulk of the protein is cytosolic rather than
membrane-bound as demonstrated by quantitative
differential centrifugation at 200 000 g [see Fig. 7 in
Ref. 6]. iii) In 100 000 g membrane pellets treated
with 1 M KCl in order to dissociate peripheral
membrane proteins and re-centrifuged, significant
amounts of Crn7 redistribute to the soluble fraction
(Fig. 1A). Treatment with 100 mM sodium carbonate,
known to have a similar effect [12], also resulted in
partial redistribution of Crn7 from the membrane
pellet into the supernatant (Fig. 1B). iv) Membrane-
bound Crn7 can be digested by treatment with
proteinase K in the absence of detergents, which
suggests that the protein is not protected from
proteolytic cleavage by a compartment membrane
(Fig. 1C, upper panel). While membrane-associated
proteins localized at the cytosolic side of compartment
membranes are cleaved both in the presence and
absence of detergent (bCOP, middle panel), luminal
proteins such as GPP130 are protected from proteo-
lytic cleavage by compartment membranes and only
cleaved in the presence of detergent (lower panel). v)
Treatment with brefeldin A (BFA), an agent causing
the fusion of Golgi membranes with ER, results in the
redistribution of luminal and transmembrane Golgi
proteins into the ER [13, 14]. In BFA-treated HeLa
cells, Crn7 gradually disperses from Golgi mem-
branes, as do several other peripheral Golgi proteins
such as bCOP [Figs. 2 and 3, see also Ref. 6]. Luminal
and transmembrane proteins exemplified by the
integral membrane protein mannosidase II [15, 16]
remain associated with the resulting Golgi-ER com-
partment (Fig. 2). While not all Golgi/ER-localized
proteins demonstrate the characteristic nuclear enve-
lope pattern upon BFA treatment (Fig. 2, compare
KDEL-R and mannosidase II patterns), transmem-
brane proteins co-localize with subdomains of the ER/
Golgi chimaeric organelle (Fig. 2D, note the colocal-
ization between KDEL receptor and mannosidase II
in subdomains of the ER). Crn7, however, does not
show a re-distribution to the nuclear envelope and,
unlike KDEL receptor, looses co-localization with
mannosidase II (Fig. 2C). Crn7 does not co-localize
with the intermediate compartment marker
ERGIC53 either. While Crn7- and ERGIC53-positive
compartments are closely juxtaposed in control cells,
staining patterns of the two proteins are markedly
different in BFA-treated cells. In agreement with
published data [17], ERGIC53 redistributed into
enlarged circular membrane compartments upon
BFA treatment, but these compartments were not
positive for Crn7 (Fig. 3).

Figure 1. Crn7 is a peripheral membrane protein. (A) Crn7 (100
kD) is part of a salt-sensitive membrane pellet. Postnuclear
supernatants of HeLa cells were processed as described in
Materials and methods and probed with Crn7 antibody. Treatment
of 100 000 g pellets with 1M KCl resulted in a partial release of
Crn7 into the supernatant. (B) Treatment of 100 000 g pellets with
0.1 M sodium carbonate, pH 11.5, resulted in a partial release of
Crn7 into the supernatant. (C) Crn7 is not protected from protease
activity by compartment membranes. Treatment of membrane
fractions (input – CON, first lanes) with proteinase K (PK, second
lanes) resulted in a loss of Crn7 and bCOP signal but not GPP130
signal. Treatment of membrane fractions with proteinase K in the
presence of detergent resulted in a loss of all three signals (PKT,
third lanes). GPP130 is a type II single-span transmembrane
protein. Its cytoplasmic portion consists of only 12 amino acids,
while 684 amino acids belong to the transmembrane and luminal
domains [56]. The antibody recognizes a part of the luminal domain
of GPP130.
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Crn7 is a target of Src and depends on Src in its
membrane targeting. Our initial experiments, such as
2D-gel electrophoresis and western blotting using
anti-phosphotyrosine antibodies, demonstrated that
Crn7 is phosphorylated on tyrosine residues in the
membrane fraction, but not in the cytosol [6]. Because
treatment with the broad-range tyrosine kinase in-
hibitor genistein significantly decreased the amount of
Crn7 in the membrane pellet of HeLa cells, the
tyrosine phosphorylation is required for the targeting
of Crn7 to membranes (Fig. 4A). More specifically,
the application of SU6656, a Src inhibitor [18],
markedly redistributed Crn7 to the cytosol upon
short-term application (2 h) (Fig. 4B, C). Thus, Src
controls the Golgi targeting of Crn7 in either a direct
or indirect fashion. To confirm this conclusion, we
studied the distribution of Crn7 in HeLa cells over-
expressing a GFP-tagged Src mutant unable to bind
ATP (Src K295M, Fig. 4D, E). In Src-K295M cells
Crn7 was predominantly cytosolic, implying that
overproduction of inactive kinase has a dominant-
negative effect with regard to Crn7 localization. We
did not register any changes in Crn7 distribution in
cells overexpressing wild-type or constitutively active
Y527F Src (data not shown).
The Crn7 sequence contains two putative Src phos-
phorylation sites. Tyrosines-288 and 758 located in the

C-terminal parts of the two coronin WD domains
showed the highest probability values (data not
shown), and were analyzed for Src phosphorylation
in vitro. We used synthetic 15-mer peptides encom-
passing Y288 (referred to as “peptide Y288”) and
Y758 (“peptide Y758”) and mutated control peptides
(“peptides Y288A and Y758A”; see Materials and
methods). A known Src substrate peptide NH2-
KVEKIGEGTYGVVYK-COOH corresponding to
amino acids 6 –20 of human cyclin dependent kinases
2 and 3 served as a positive control [19, 20]. Analysis of
the incorporation of g32P-ATP into the peptides by
recombinant GST-fused Src demonstrated that Y758
is a preferred Src target, whereas Y288 is phosphory-
lated at a significantly lower rate (Fig. 5A). The initial
rate of phosphorylation of the Y758-containing pep-
tide was comparable with that of a control substrate
peptide, while the rate of phosphorylation of the Y288
peptide was approx. 80 % lower (Fig. 5B). Important-
ly, the peptide Y288 harbours an additional tyrosine in
position 286. This residue is not phosphorylated by Src
because the g32P-ATP signal from the Y288A control
peptide possessing Y286 (but not Y288) is at all time
points exactly the same as that of the Y758A peptide
not containing any tyrosine residues at all.
Incubation of purified GST-tagged full-length Crn7
protein expressed in Sf9 cells (see Materials and

Figure 2. Crn7 redistributes to the cytosol in BFA-treated (2 mg/ml, 1 h) HeLa cells. (A) in DMSO-treated control cells, Crn7, the resident
Golgi enzyme mannosidase II (ManII) and the KDEL receptor (KDEL-R) partially localize to Golgi membranes. (B) Upon BFA
treatment, Crn7 redistributes to the cytosol, while mannosidase II and KDEL receptor remain associated with the ER. Note the
characteristic nuclear envelope pattern for mannosidase II. Bars, 25 mm. (C) Higher magnification of a region of a BFA-treated cell
demonstrates the absence of Crn7 from the nuclear envelope and absence of co-localization between Crn7 (red) and mannosidase II
(green); (D) Higher magnification of a region of a BFA-treated cell showing the complete co-localization of KDEL receptor-containing
structures (red) with mannosidase II-positive ER membranes (green).
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methods) with recombinant GST-tagged full-length
Src (Jena Bioscience) resulted in phosphorylation
of Crn7 (Fig. 5C), suggesting that our data on
phosphorylation of Crn7-derived peptides by Src
are relevant to full-length Crn7. The corresponding
Coomassie blue stained gel is shown in the lower
panel. Mutations in the two predicted Src phos-
phorylation sites (Y288A/Y758A) resulted in a
strong decrease in Crn7 phosphorylation signal.
The quantification of this series of experiments
indicated that the Y288A/Y758A mutant exhibited
a level of phosphorylation indistinguishable from
the SU6656 control, while wild type protein was
strongly phosphorylated (Fig 5D). While we can not
exclude the presence of additional Src target
tyrosines in Crn7, our data suggest that tyrosine

residues 288 and 758 are major sites of Src-mediated
phosphorylation of the full-length protein.
Next, we tested whether the in vitro phosphorylation
of Crn7 and of peptides harbouring the predicted Src
phosphorylation sites has any relevance in vivo.
Firstly, we performed co-immunoprecipitation experi-
ments in order to reveal the possibility of a physical
interaction between Crn7 and Src in vivo. Fig. 5E
demonstrates that Crn7 can indeed be co-immuno-
precipitated with both total Src and activated Src
phosphorylated on tyrosine-418 from HeLa cell
lysate. Secondly, in vitro phosphorylation experiments
were further performed with immunoprecipitated
endogenous full-length Crn7. Aliquots of immuno-
precipitated Crn7 protein on Protein A-Sepharose
beads were mixed with the kinase reaction mix (see
Materials and methods) and full-length recombinant
Src. In this experiment, non-tagged kinase (Upstate)
was used instead of the GST-tagged enzyme used in
Fig. 5C,D. Although this preparation demonstrated
significantly lower activity in both autophosphoryla-
tion and phosphorylation of Crn7, it helped achieve
better separation of signals from Crn7 and Src. Fig. 5F

Figure 3. Crn7 redistributes to the cytosol in BFA treated (2 mg/ml,
1 h) HeLa cells. Indirect immunofluorescence experiment demon-
strating ERGIC53 (left panel) and Crn7 (middle panel) staining
and the false color merged image (right panel; ERGIC53 shown in
green, Crn7 in red). The dynamics of Crn7 localization upon BFA
treatment suggest that the dissociation of the protein from Golgi
membranes occurs later than 10 min, but earlier than 30 min after
the addition of the compound. Crn7-positive Golgi membranes are
localized in the vicinity of the ERGIC53 compartment in control
cells (upper panel), but this close juxtaposition is lost as soon as
5 min after the application of BFA. Note that at the latest time
point, there is no colocalization between dispersed Crn7 staining
and ERGIC53 structures. Bar, 10 mm.

Figure 4. Functional Src is required for the targeting of Crn7 to
Golgi membranes. (A) Inhibition of tyrosine phosphorylation leads
to the redistribution of Crn7 from membranes. HeLa cells were
treated with either DMSO or genistein (25 mg/ml), fractionated and
analysed by western blotting using the Crn7 antibody. Note the
complete redistribution of Crn7 into the cytosol. (B), (C) Inhibition
of Src results in the dissociation of Crn7 (red) from the Golgi. (B)
Control HeLa cells; (C) Cells treated with 0.4 mM SU6656 for 2 h.
Images were taken at same settings of microscope and software.
Asterisks: residual staining in the Golgi zone. (D), (E) Expression
of kinase-dead Src K295M (green) affects the Golgi localization of
Crn7 (red). Note that the bulk of Crn7 signal is in the perinuclear
Golgi region in GFP-negative cells, while in GFP-SrcK295M cells
the protein demonstrates predominantly cytosolic localization (E).
Bars, 20 mm.
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demonstrates that immunoprecipitated full-length
Crn7 was phosphorylated by recombinant Src in
vitro in a time-dependent manner. Baseline phosphor-
ylation level was observed in the presence of SU6656.
Autophosphorylated Src was present as a band more
prominent than that of Crn7, and was utilized as
loading control in parallel with control western
blotting with Crn7 antibody.
Experiments shown in Figure 4 strongly implied the
requirement for Src activity for the targeting of Crn7
to the Golgi. Previously, we reported that Crn7
knockdown leads to the accumulation of cargo in the
Golgi complex due to the block of the formation of
export intermediates [7]. If we imply that the regu-
lation of Crn7 by Src is important for the function of
Crn7 in the biosynthetic pathway, then interfering
with Src activity should lead to defects in transport

comparable to those of Crn7 knock down cells. To test
this hypothesis, we expressed horseradish peroxidase
fused to a signal sequence [ssHRP, see 10, 21] in HeLa
cells and assayed ssHRP secretion after SU6656
treatment. To this end, ssHRP-expressing cells were
pre-treated with SU6656 at 0.4– 2 mM for 1 h, then the
cell culture medium was replaced and cells were
allowed to secrete ssHRP for 2 h. Chemiluminescence
of aliquots of cell culture supernatant was measured
after mixing with standard ECL reagent as described
in Materials and methods. We observed a concentra-
tion-dependent (Fig. 6A) and time-dependent (data
not shown) decrease in the HRP signal in the medium
derived from SU6656-treated cells as compared to
cells treated with DMSO alone. Treatment with
SU6656 in concentrations of 0.4 mM, 2 mM (Fig. 6) or
up to 50 mM (not shown) did not result in major

Figure 5. Phosphorylation of Crn7 by protein kinase Src in vivo and in vitro. (A) In vitro phosphorylation of Crn7-derived synthetic
peptides by recombinant Src. Time course of g32P-ATP incorporation into a control peptide (CON), peptides enclosing Y288 and Y758, and
corresponding mutant peptides (Y288A, Y758A). X-axis, time, minutes; Y-axis, radioisotope signal as measured by the intensity of
emitting spots using the PhosphorImager. AU, arbitrary units. See text for details. (B) Normalized graph showing the time course of g32P-
ATP incorporation into the peptides enclosing Y288 and Y758 after the subtraction of mutated peptide values. Axes as in A. (C) In vitro
phosphorylation of full-length recombinant Crn7 protein in the presence of recombinant Src. Upper panel, autoradiogram of time-
dependent phosphorylation of Crn7 and autophosphorylation of Src. Lower panel, the corresponding Coomassie brilliant blue stained gel.
First three lanes represent control experiments where Crn7 (first lane), ATP (second lane) or Src (third lane) were omitted. Lanes 4–7
represent a time course experiment demonstrating time-dependent phosphorylation of Crn7 by Src after 1–30 minutes of the in vitro
reaction. The last lane represents the specificity control experiment where Crn7 was incubated with Src for 30 min in the presence of the Src
inhibitor SU6656. Right, corresponding 32P-Crn7 densitometry values were normalized to the amount of Crn7 and Src proteins loaded
(Coomassie stained gel) and corrected for background values. (D) In vitro phosphorylation of full-length recombinant Y288A/Y758ACrn7
mutant. Upper panel, autoradiogram of phosphorylation of Crn7 and autophosphorylation of Src after 30 min of kinase reaction. Lower
panel, the corresponding Coomassie brilliant blue stained gel. First three lanes represent control experiments (as in panel C). Lanes 4–6
represent an experiment demonstrating the lack of phosphorylation of the double mutant. Right, corresponding densitometry values
calculated as in C. Note that the phosphorylation level of the double mutant after 30 min (lane 4) is comparable with that in the presence of
Src inhibitor (lane 6) and is significantly lower than the phosphorylation level of wild type protein (lane 5). (E) Physical interaction of
endogenous Src and Crn7. Src was immunoprecipitated from HeLa cells as described in Materials and methods using antibodies
recognizing either total or activated (phosphorylated on tyrosine-418, star) Src. Crn7 was detected in the precipitate by western blotting
using Crn7 antibody. (F) In vitro phosphorylation of full-length endogenous immunoprecipitated Crn7 protein by recombinant Src. Upper
panel, phosphorylation of immunoprecipitated Crn7; middle panel, autophosphorylation of Src in the same reaction. Lower panel: loading
control; the western blot was probed with Crn7 antibody (100 kDa). Right, corresponding 32P-Crn7 densitometry values were normalized
to the amount of Crn7 protein loaded (Western blot) and corrected for background values.
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changes in Golgi morphology similar to those seen in
Crn7 siRNA cells [see Ref. 7].

Crn7 targeting to the Golgi requires the integrity of
the AP-1 adaptor complex and presence of cargo. We
previously demonstrated that Crn7 interacts with the
cargo adaptor protein complex AP-1 in vivo and in
vitro [7]. To find out whether Crn7 localization on
Golgi membranes requires AP-1, we used pre-tested
commercial siRNA (Dharmacon) targeting m1-adap-
tin, the subunit of AP-1 demonstrated to bind Crn7. In
control siRNA-treated cells, Crn7 co-localized with g-
adaptin, another component of the AP-1 complex, on
Golgi membranes but not in any other area [Fig. 7A,
see also Ref. 7]. Downregulation of the m1 subunit
(AP1M1 RNAi) resulted in gradual dispersal of both
g-adaptin and Crn7 from the Golgi (Fig. 7A). The
amount of Crn7 on membranes was directly propor-
tional to that of AP-1. Western blot data indicated that
overall levels of Crn7 and g-adaptin were not affected
by m1 subunit RNAi (not shown). Together with our
previous findings these data suggest that the presence
of AP-1 on the Golgi is required for targeting of Crn7
to membranes, but not vice versa. That AP-1 complex
does not bind to membranes in m1-adaptin deficient
cells has been demonstrated previously by the Schu
laboratory [22]. In fact, g-adaptin staining of cells
derived from m1 knockout mice [see Fig. 3 in Ref. 22]
is exactly similar to our g-adaptin staining of m1 siRNA
cells (Fig. 7A). Importantly, knockdown of m1-adaptin
using RNAi results in a marked fragmentation of
Golgi membranes (Fig. 7B). These data are in line
with our earlier observation that downregulation of

Crn7 by siRNA fragments the Golgi [7]. Removal of
m1-adaptin and the resulting disruption of the AP-1
complex lead to dispersal of membrane-attached Crn7
and thus mimic the effect of Crn7 knockdown. One
implication hereof is that the depletion of the mem-
brane-attached pool of Crn7 is sufficient for the Golgi
fragmentation even in the presence of unchanged
cellular levels of Crn7 protein.
The docking of AP-1 on the Golgi correlates with the
interaction of its m1 subunit with characteristic tyro-
sine-based motifs exposed on cytosolic tails of trans-
membrane cargo and cargo receptors [reviewed in 23].
We tried to find out whether the depletion of cargo

Figure 6. (A) Effect of SU6656 on secretion of signal sequence-
tagged HRP from HeLa cells. Chemiluminescence of secreted
ssHRP in medium was measured and plotted vs. control (non-
transfected cells) after normalization by cell count as described in
Materials and Methods. Y-axis, chemiluminescence, arbitrary units
(AU). NTC – non-transfected cells; DMSO – vehicle control; 0.4, 2
– concentrations of SU6656 in mM. (B) Effect of SU6656 on Golgi
structure in HeLa cells expressing GFP-tagged mannosidase II.
Top panel, DMSO-treated control cells; lower panel – cells treated
with 0.4 mM SU6656 for 2 h. Although the Golgi structure appears
slightly compacted, there is no evidence of Golgi fragmentation or
dispersal. Bars, 10 mm.

Figure 7. Depletion of m1-adaptin by siRNA leads to the dispersal
of Crn7 from the Golgi. (A) HeLa cells were transfected with
validated siRNA targeting m1-adaptin (AP1M1) or with control
siRNA (CON) for either six (two rounds of siRNA transfection) or
nine (three rounds of transfection) days as indicated. Cellular level
and distribution of g-adaptin (AP1G1) and Crn7 were studied by
immunofluorescence. Note the gradual dispersal of Crn7 from the
Golgi complex correlating with the disappearance of g-adaptin
from Golgi membranes. Bars, 20 mm. (B) Cells expressing man-
nosidase II-GFP were double-transfected with m1-adaptin (AP1M1
RNAi) or control siRNA (CON) for a total of nine days, and the
Golgi morphology (ManII) and localization of g-adaptin (AP1G1)
were examined by fluorescence microscopy. Note the marked
Golgi fragmentation in AP1M1, but not in control cells (left).
AP1M1 knockdown was verified as in Figure 7A by the dispersal of
g-adaptin (AP1G1) from the Golgi (right). Bars, 10 mm.

2426 V. Rybakin et al. Crn7 binding to Golgi membranes



would result in dissociation of Crn7 from the Golgi
and used two alternative methods to test the possible
functional link between the presence of cargo in the
biosynthetic pathway and localization of Crn7 on
Golgi membranes.
A syntaxin 5 containing cis-Golgi t-SNARE complex
participates in late stages of ER-to-Golgi transport
[24]. Syntaxin 5 (Syn5) specifies docking sites for both
COPI and COPII vesicles in the Golgi complex [25
and references therein]. Overexpression of Syn5
inhibits the import of cargo exemplified by VSVG-
tsO45 into the Golgi complex, leading to accumula-
tion of cargo in pre-Golgi intermediates [26]. We
overexpressed GFP-Syn5 in HeLa cells and examined
Crn7 localization by immunofluorescence analysis.
Cells expressing GFP-Syn5 exhibited a significant
reduction of Crn7 on the Golgi membranes as
compared to untransfected cells (Fig. 8A).
Further, we used a 20oC block to accumulate cargo in
the TGN [27]. We incubated cells at 40oC overnight to
accumulate VSVG in the ER, and then transferred
them for 6 h to 20oC to synchronously release the
cargo from the ER and arrest it in the TGN. We
observed a marked increase of Crn7 staining on TGN
membranes, where it co-localized with VSVG
(Fig. 8B), and a decrease of cytosolic Crn7 staining.
Because we did not block protein synthesis, the VSVG
signal is present in both Golgi and ER in Figure 8B.
These two sets of experiments infer that an accumu-
lation of cargo in the trans-Golgi network is sufficient
to target the bulk of Crn7 from the cytosol to Golgi
membranes, while cargo depletion by overexpression
of Syn5 leads to Crn7 dispersal.

Discussion

Our previous data implied that Crn7 is indispensable
to Golgi architecture and function, because Crn7
RNAi resulted in Golgi fragmentation and blocked
protein export from the TGN. We also showed that
Crn7 knockdown does not impair the recruitment of
AP-1 complex to TGN membranes [7], suggesting
that Crn7 functions downstream of the AP-1 inter-
action with Golgi cargo or cargo receptors. Here, we
demonstrate that the direct and specific phosphoryla-
tion of Crn7 by Src is required for the targeting of Crn7
from the cytosol to the Golgi. Crn7 further requires a
functional AP-1 complex and cargo for its targeting to
the Golgi.
Our data allow us to propose the following model for
Crn7 recruitment to the Golgi. Cargo proteins or
cargo receptors interact with AP-1, and this complex
recruits Crn7 phosphorylated by Src on tyrosine-758
to Golgi membranes. Binding of Crn7 to the Golgi is at
least partially mediated by the interaction of a
tyrosine-288-based sorting motif of Crn7 with m1-
adaptin [7]. In the absence of cargo, Crn7 remains
cytosolic (see Fig. 8A). If the integrity of the AP-1
complex is compromised, Crn7 remains cytosolic as
well (Fig. 7A), and the Golgi morphology becomes
very similar to that in Crn7 siRNA cells. Redistrib-
ution of Crn7 from the Golgi into cytosol can be
experimentally achieved by interfering with Src
activity (Fig. 4). Importantly, the dispersal of Crn7
due to Src inhibition correlates with a defect in
secretion (Fig. 6A), implying that not merely the
presence of a physiological amount of Crn7 protein
but its localization to Golgi membranes is required for

Figure 8. The presence of cargo in the Golgi complex is required for the targeting of Crn7. (A) Overexpression of GFP-Syn5 (green) leads
to the redistribution of Crn7 (red) from the Golgi. HeLa cells were transiently transfected with GFP-Syn5 and analyzed for Crn7
distribution. Note the strong reduction of Crn7 signal in the perinuclear region in the cell overexpressing Syn5 as compared to an
untransfected cell (asterisk). (B) Redistribution of Crn7 to Golgi membranes in HeLa cells upon the accumulation of cargo in the TGN.
Note the strong Golgi Crn7 staining and downregulation of cytosolic Crn7 in VSVG-transfected cell as compared to non-transfected cells
(asterisks). Bars, 20 mm.
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its function in the secretory pathway. Previously, we
demonstrated that Crn7 knockdown by siRNA results
in a block of cargo progression as well [7]. We
conclude that the effect of Crn7 siRNA reflects the
inability of the Golgi complex to maintain its integrity
and function as a result of the depletion of the
membrane-bound pool of Crn7. Data presented in this
manuscript strongly suggests that the cytosolic pool is
not relevant to Golgi structure and function. It might
merely represent a depot of membrane-unbound
protein, as is the case with other membrane traffic
regulators like ARNO [28]. Otherwise, cytosolic Crn7
may play some role in Golgi-unrelated cellular
process(es), e.g. regulation of the cytoskeleton, a
core function of coronin proteins, or other specific
functions of Crn7 in the cytosol.
The molecular mechanisms of Crn7 action at the site
of formation and detachment of a secretory vesicle for
export remain to be elucidated. Current efforts are
aimed at the identification of further Crn7 interaction
partners and at the analysis of a possible interplay
between Crn7 and the Gbg-PKCh-PKD machinery
participating in the membrane fission at the TGN [29 –
34]. Our previous data suggested that Crn7 here may
be functioning directly upstream of the PKD activa-
tion [7].
Src is a tyrosine kinase involved in a wide variety of
cellular functions [reviewed in 35, 36]. It has been
demonstrated to play an important role in secretion in
a wide variety of cell types [37 –45]. Best known is its
role upstream of hormone- and growth factor-induced
secretion, where chemical inhibition of Src negatively
affects the secretory response [39, 41 – 43, 45]. Addi-
tionally, Src has been shown to mediate lipopolysac-
charide-induced secretion of TNFa in macrophages
[40] and secretion of gastric mucin regulated by b-
adrenergic receptor [44].
While most studies on the molecular mechanism of Src
function in the regulation of secretion have been
aimed at the characterization of classical secondary
messenger cascades downstream of Src [39], this
kinase was also suspected to play a more direct
trafficking-related role in the Golgi [46, 47]. Src is
required for the translocation of activated H-Ras to
the Golgi complex where it could activate Erk and Akt
signalling [48], although it is not yet clear whether H-
Ras is directly phosphorylated by Src. Ectopic ex-
pression of Src in SYF cells lacking Src, Yes and Fyn
kinases resulted in the relocation of KDEL receptor
from the Golgi to the ER and reduction of the rate of
retrograde trafficking of Pseudomonas toxin [49]. The
authors explained these findings by implying that Src
decreased the accessibility of the receptor to the toxin
because upon Src activation the receptor was recruit-
ed back to the ER more rapidly. We demonstrate here

a significant effect of Src inhibition on general protein
secretion.
What is the mechanism of activation of Src leading to
the regulation of Crn7 targeting? An intriguing
hypothesis is that the pathway leading to such
activation involves growth factor receptor signalling.
It has been known for more than a decade that Src is a
downstream target of growth factor receptors [50 –
55]. It is plausible that growth factor-regulated
secretion relies on direct or indirect activation of Src
by growth factor receptors and subsequent Src-
dependent translocation of a major pool of Crn7 to
Golgi membranes where it is required for the for-
mation of transport intermediates. Together with
growth factor-mediated induction of expression of
secretory molecules, such regulation would provide an
effective basis for upregulation of both general and
specific secretion.

Acknowledgements. This work was supported by grants from the
Imhoff Foundation and the Maria Pesch Foundation (to VR) and
the Deutsche Forschungsgemeinschaft and the Fonds der Chem-
ischen Industrie (to AN and CC). VR was supported by a
fellowship from the Graduate School in Genetics and Functional
Genomics, University of Cologne. We thank Dr. Stefan M�ller for
help with in vitro phosphorylation experiments.

1 Rybakin, V. and Clemen, C. S. (2005). Coronin proteins as
multifunctional regulators of the cytoskeleton and membrane
trafficking. Bioessays 27, 625–632.

2 Uetrecht, A. C. and Bear, J. E. (2006). Coronins: the return of
the crown. Trends Cell Biol 16, 421–426.

3 Appleton, B. A., Wu, P. and Wiesmann, C. (2006). The crystal
structure of murine coronin-1: a regulator of actin cytoskeletal
dynamics in lymphocytes. Structure 14, 87–96.

4 Rappleye, C. A., Paredez, A. R., Smith, C. W., McDonald,
K. L. and Aroian, R. V. (1999). The coronin-like protein POD-
1 is required for anterior-posterior axis formation and cellular
architecture in the nematode caenorhabditis elegans. Genes
Dev 13, 2838–2851.

5 Rothenberg, M. E., Rogers, S. L., Vale, R. D., Jan, L. Y. and
Jan, Y. N. (2003). Drosophila pod-1 crosslinks both actin and
microtubules and controls the targeting of axons. Neuron 39,
779–791.

6 Rybakin, V., Stumpf, M., Schulze, A., Majoul, I. V., Noegel,
A. A. and Hasse, A. (2004). Coronin 7, the mammalian POD-1
homologue, localizes to the Golgi apparatus. FEBS Lett 573,
161–167.

7 Rybakin, V., Gounko, N. V., Spate, K., Honing, S., Majoul,
I. V., Duden, R. and Noegel, A. A. (2006). Crn7 interacts with
AP-1 and is required for the maintenance of Golgi morphology
and protein export from the Golgi. J Biol Chem 281, 31070–
31078.

8 Spoerl, Z., Stumpf, M., Noegel, A. A. and Hasse, A. (2002).
Oligomerization, F-actin interaction, and membrane associa-
tion of the ubiquitous mammalian coronin 3 are mediated by its
carboxyl terminus. J Biol Chem 277, 48858–48867.

9 Neubrand, V. E., Will, R. D., Mobius, W., Poustka, A.,
Wiemann, S., Schu, P., Dotti, C. G., Pepperkok, R. and
Simpson, J. C. (2005). Gamma-BAR, a novel AP-1-interacting
protein involved in post-Golgi trafficking. Embo J 24, 1122–
1133.

10 Bard, F., Casano, L., Mallabiabarrena, A., Wallace, E., Saito,
K., Kitayama, H., Guizzunti, G., Hu, Y., Wendler, F.,
Dasgupta, R., Perrimon, N. and Malhotra, V. (2006). Func-

2428 V. Rybakin et al. Crn7 binding to Golgi membranes



tional genomics reveals genes involved in protein secretion and
Golgi organization. Nature 439, 604–607.

11 Bossard, C., Bresson, D., Polishchuk, R. S. and Malhotra, V.
(2007). Dimeric PKD regulates membrane fission to form
transport carriers at the TGN. J Cell Biol 179, 1123–1131.

12 Tagawa, Y., Yamamoto, A., Yoshimori, T., Masaki, R., Omori,
K., Himeno, M., Inoue, K. and Tashiro, Y. (1999). A 60 kDa
plasma membrane protein changes its localization to autopha-
gosome and autolysosome membranes during induction of
autophagy in rat hepatoma cell line, H-4-II-E cells. Cell Struct
Funct 24, 59–70.

13 Fujiwara, T., Oda, K., Yokota, S., Takatsuki, A. and Ikehara, Y.
(1988). Brefeldin A causes disassembly of the Golgi complex
and accumulation of secretory proteins in the endoplasmic
reticulum. J Biol Chem 263, 18545–18552.

14 Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S. and
Klausner, R. D. (1989). Rapid redistribution of Golgi proteins
into the ER in cells treated with brefeldin A: evidence for
membrane cycling from Golgi to ER. Cell 56, 801–813.

15 Moremen, K. W. and Touster, O. (1985). Biosynthesis and
modification of Golgi mannosidase II in HeLa and 3T3 cells. J
Biol Chem 260, 6654–6662.

16 Moremen, K. W. and Touster, O. (1986). Topology of manno-
sidase II in rat liver Golgi membranes and release of the
catalytic domain by selective proteolysis. J Biol Chem 261,
10945–10951.

17 Fullekrug, J., Sonnichsen, B., Schafer, U., Nguyen Van, P.,
Soling, H. D. and Mieskes, G. (1997). Characterization of
brefeldin A induced vesicular structures containing cycling
proteins of the intermediate compartment/cis-Golgi network.
FEBS Lett 404, 75–81.

18 Blake, R. A., Broome, M. A., Liu, X., Wu, J., Gishizky, M.,
Sun, L. and Courtneidge, S. A. (2000). SU6656, a selective src
family kinase inhibitor, used to probe growth factor signaling.
Mol Cell Biol 20, 9018–9027.

19 Cheng, H. C., Litwin, C. M., Hwang, D. M. and Wang, J. H.
(1991). Structural basis of specific and efficient phosphoryla-
tion of peptides derived from p34cdc2 by a pp60src-related
protein tyrosine kinase. J Biol Chem 266, 17919–17925.

20 Cheng, H. C., Nishio, H., Hatase, O., Ralph, S. and Wang, J. H.
(1992). A synthetic peptide derived from p34cdc2 is a specific
and efficient substrate of src-family tyrosine kinases. J Biol
Chem 267, 9248–9256.

21 Connolly, C. N., Futter, C. E., Gibson, A., Hopkins, C. R. and
Cutler, D. F. (1994). Transport into and out of the Golgi
complex studied by transfecting cells with cDNAs encoding
horseradish peroxidase. J Cell Biol 127, 641–652.

22 Medigeshi, G. R., Krikunova, M., Radhakrishnan, K., Wenzel,
D., Klingauf, J. and Schu, P. (2008). AP-1 Membrane-Cyto-
plasm Recycling Regulated by mu1A-Adaptin. Traffic 9, 121–
132.

23 Robinson, M. S. (2004). Adaptable adaptors for coated vesi-
cles. Trends Cell Biol 14, 167–174.

24 Zhang, T. and Hong, W. (2001). Ykt6 forms a SNARE complex
with syntaxin 5, GS28, and Bet1 and participates in a late stage
in endoplasmic reticulum-Golgi transport. J Biol Chem 276,
27480–27487.

25 Hui, N., Nakamura, N., Sonnichsen, B., Shima, D. T., Nilsson,
T. and Warren, G. (1997). An isoform of the Golgi t-SNARE,
syntaxin 5, with an endoplasmic reticulum retrieval signal. Mol
Biol Cell 8, 1777–1787.

26 Dascher, C., Matteson, J. and Balch, W. E. (1994). Syntaxin 5
regulates endoplasmic reticulum to Golgi transport. J Biol
Chem 269, 29363–29366.

27 Griffiths, G., Pfeiffer, S., Simons, K. and Matlin, K. (1985). Exit
of newly synthesized membrane proteins from the trans
cisterna of the Golgi complex to the plasma membrane. J
Cell Biol 101, 949–964.

28 Monier, S., Chardin, P., Robineau, S. and Goud, B. (1998).
Overexpression of the ARF1 exchange factor ARNO inhibits
the early secretory pathway and causes the disassembly of the
Golgi complex. J Cell Sci 111 ( Pt 22), 3427–3436.

29 Yeaman, C., Ayala, M. I., Wright, J. R., Bard, F., Bossard, C.,
Ang, A., Maeda, Y., Seufferlein, T., Mellman, I., Nelson, W. J.
and Malhotra, V. (2004). Protein kinase D regulates basolateral
membrane protein exit from trans-Golgi network. Nat Cell
Biol 6, 106–112.

30 Maeda, Y., Beznoussenko, G. V., Van Lint, J., Mironov, A. A.
and Malhotra, V. (2001). Recruitment of protein kinase D to
the trans-Golgi network via the first cysteine-rich domain.
Embo J 20, 5982–5990.

31 Liljedahl, M., Maeda, Y., Colanzi, A., Ayala, I., Van Lint, J.
and Malhotra, V. (2001). Protein kinase D regulates the fission
of cell surface destined transport carriers from the trans-Golgi
network. Cell 104, 409–420.

32 Jamora, C., Yamanouye, N., Van Lint, J., Laudenslager, J.,
Vandenheede, J. R., Faulkner, D. J. and Malhotra, V. (1999).
Gbetagamma-mediated regulation of Golgi organization is
through the direct activation of protein kinase D. Cell 98, 59 –
68.

33 Jamora, C., Takizawa, P. A., Zaarour, R. F., Denesvre, C.,
Faulkner, D. J. and Malhotra, V. (1997). Regulation of Golgi
structure through heterotrimeric G proteins. Cell 91, 617–626.

34 Baron, C. L. and Malhotra, V. (2002). Role of diacylglycerol in
PKD recruitment to the TGN and protein transport to the
plasma membrane. Science 295, 325–328.

35 Alper, O. and Bowden, E. T. (2005). Novel insights into c-Src.
Curr Pharm Des 11, 1119–1130.

36 Roskoski, R., Jr. (2004). Src protein-tyrosine kinase structure
and regulation. Biochem Biophys Res Commun 324, 1155–
1164.

37 Das, R., Mahabeleshwar, G. H. and Kundu, G. C. (2004).
Osteopontin induces AP-1-mediated secretion of urokinase-
type plasminogen activator through c-Src-dependent epider-
mal growth factor receptor transactivation in breast cancer
cells. J Biol Chem 279, 11051–11064.

38 Furuyama, N. and Fujisawa, Y. (2000). Regulation of collage-
nolytic protease secretion through c-Src in osteoclasts. Bio-
chem Biophys Res Commun 272, 116–124.

39 Kim, H. S., Yumkham, S., Choi, J. H., Son, G. H., Kim, K.,
Ryu, S. H. and Suh, P. G. (2006). Serotonin stimulates GnRH
secretion through the c-Src-PLC gamma1 pathway in GT1-7
hypothalamic cells. J Endocrinol 190, 581–591.

40 Leu, T. H., Charoenfuprasert, S., Yen, C. K., Fan, C. W. and
Maa, M. C. (2006). Lipopolysaccharide-induced c-Src expres-
sion plays a role in nitric oxide and TNFalpha secretion in
macrophages. Mol Immunol 43, 308–316.

41 Park, C. M., Park, M. J., Kwak, H. J., Lee, H. C., Kim, M. S.,
Lee, S. H., Park, I. C., Rhee, C. H. and Hong, S. I. (2006).
Ionizing Radiation Enhances Matrix Metalloproteinase-2
Secretion and Invasion of Glioma Cells through Src/Epidermal
Growth Factor Receptor-Mediated p38/Akt and Phosphatidy-
linositol 3-Kinase/Akt Signaling Pathways. Cancer Res 66,
8511–8519.

42 Shin, E. Y., Ma, E. K., Kim, C. K., Kwak, S. J. and Kim, E. G.
(2002). Src/ERK but not phospholipase D is involved in
keratinocyte growth factor-stimulated secretion of matrix
metalloprotease-9 and urokinase-type plasminogen activator
in SNU-16 human stomach cancer cell. J Cancer Res Clin
Oncol 128, 596–602.

43 Slomiany, B. L. and Slomiany, A. (2004). Salivary phospholipid
secretion in response to beta-adrenergic stimulation is medi-
ated by Src kinase-dependent epidermal growth factor recep-
tor transactivation. Biochem Biophys Res Commun 318, 247–
252.

44 Slomiany, B. L. and Slomiany, A. (2005). Gastric mucin
secretion in response to beta-adrenergic G protein-coupled
receptor activation is mediated by SRC kinase-dependent
epidermal growth factor receptor transactivation. J Physiol
Pharmacol 56, 247–258.

45 Zhang, F., Zhang, Q., Tengholm, A. and Sjoholm, A. (2006).
Involvement of JAK2 and Src kinase tyrosine phosphorylation
in human growth hormone-stimulated increases in cytosolic

Cell. Mol. Life Sci. Vol. 65, 2008 Research Article 2429



free Ca2+ and insulin secretion. Am J Physiol Cell Physiol 291,
C466–C475.

46 Bard, F., Patel, U., Levy, J. B., Jurdic, P., Horne, W. C. and
Baron, R. (2002). Molecular complexes that contain both c-Cbl
and c-Src associate with Golgi membranes. Eur J Cell Biol 81,
26–35.

47 David-Pfeuty, T. and Nouvian-Dooghe, Y. (1990). Immunoloc-
alization of the cellular src protein in interphase and mitotic
NIH c-src overexpresser cells. J Cell Biol 111, 3097–3116.

48 Chiu, V. K., Bivona, T., Hach, A., Sajous, J. B., Silletti, J.,
Wiener, H., Johnson, R. L., Cox, A. D. and Philips, M. R.
(2002). Ras signalling on the endoplasmic reticulum and the
Golgi. Nat Cell Biol 4, 343–350.

49 Bard, F., Mazelin, L., Pechoux-Longin, C., Malhotra, V. and
Jurdic, P. (2003). Src regulates Golgi structure and KDEL
receptor-dependent retrograde transport to the endoplasmic
reticulum. J Biol Chem 278, 46601–46606.

50 Goi, T., Shipitsin, M., Lu, Z., Foster, D. A., Klinz, S. G. and
Feig, L. A. (2000). An EGF receptor/Ral-GTPase signaling
cascade regulates c-Src activity and substrate specificity. Embo
J 19, 623–630.

51 Olayioye, M. A., Beuvink, I., Horsch, K., Daly, J. M. and
Hynes, N. E. (1999). ErbB receptor-induced activation of stat

transcription factors is mediated by Src tyrosine kinases. J Biol
Chem 274, 17209–17218.

52 Broome, M. A. and Hunter, T. (1996). Requirement for c-Src
catalytic activity and the SH3 domain in platelet-derived
growth factor BB and epidermal growth factor mitogenic
signaling. J Biol Chem 271, 16798–16806.

53 Roche, S., Koegl, M., Barone, M. V., Roussel, M. F. and
Courtneidge, S. A. (1995). DNA synthesis induced by some but
not all growth factors requires Src family protein tyrosine
kinases. Mol Cell Biol 15, 1102–1109.

54 Twamley-Stein, G. M., Pepperkok, R., Ansorge, W. and
Courtneidge, S. A. (1993). The Src family tyrosine kinases are
required for platelet-derived growth factor-mediated signal
transduction in NIH 3T3 cells. Proc Natl Acad Sci U S A 90,
7696–7700.

55 Kypta, R. M., Goldberg, Y., Ulug, E. T. and Courtneidge, S. A.
(1990). Association between the PDGF receptor and members
of the src family of tyrosine kinases. Cell 62, 481–492.

56 Linstedt, A. D., Mehta, A., Suhan, J., Reggio, H. and Hauri,
H. P. (1997). Sequence and overexpression of GPP130/GIMPc:
evidence for saturable pH-sensitive targeting of a type II early
Golgi membrane protein. Mol Biol Cell 8, 1073–1087.

To access this journal online:
http://www.birkhauser.ch/CMLS

2430 V. Rybakin et al. Crn7 binding to Golgi membranes

http://www.birkhauser.ch/CMLS

