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Background: FGF2 translocation across plasma membranes depends on phosphoinositide-dependent oligomerization and
membrane pore formation.
Results: Two unique surface cysteines are critical for efficient FGF2 oligomerization, membrane pore formation, and FGF2
secretion from cells.
Conclusion: Formation of intermolecular disulfide bridges drives phosphoinositide-dependent FGF2 oligomerization at
plasma membranes.
Significance: A new cis element critical for unconventional secretion of FGF2 was identified and validated.

Fibroblast growth factor 2 (FGF2) is a key signaling molecule in
tumor-induced angiogenesis. FGF2 is secreted by an unconven-
tional secretory mechanism that involves phosphatidylinositol 4,5-
bisphosphate-dependent insertion of FGF2 oligomers into the
plasma membrane. This process is regulated by Tec kinase-me-
diated tyrosine phosphorylation of FGF2. Molecular interac-
tions driving FGF2 monomers into membrane-inserted FGF2
oligomers are unknown. Here we identify two surface cysteines
that are critical for efficient unconventional secretion of FGF2.
They represent unique features of FGF2 as they are absent from
all signal-peptide-containing members of the FGF protein fam-
ily. We show that phosphatidylinositol 4,5-bisphosphate-de-
pendent FGF2 oligomerization concomitant with the genera-
tion of membrane pores depends on FGF2 surface cysteines as
either chemical alkylation or substitution with alanines impairs
these processes. We further demonstrate that the FGF2 variant
forms lacking the two surface cysteines are not secreted from
cells. These findings were corroborated by experiments redi-
recting a signal-peptide-containing FGF family member from
the endoplasmic reticulum/Golgi-dependent secretory pathway
into the unconventional secretory pathway of FGF2. Cis ele-
ments known to be required for unconventional secretion of
FGF2, including the two surface cysteines, were transplanted
into a variant form of FGF4 without signal peptide. The result-
ing FGF4/2 hybrid protein was secreted by unconventional
means. We propose that the formation of disulfide bridges
drives membrane insertion of FGF2 oligomers as intermediates
in unconventional secretion of FGF2.

Fibroblast Growth Factor 2 (FGF2) is a signaling molecule
with fundamental roles in both tumor-induced angiogenesis (1)
and as a survival factor of tumor cells (2). The latter process is
based upon the ability of FGF2 to inhibit tumor cell apoptosis
by an autocrine secretion-signaling loop. To exert these defined
extracellular functions, FGF2 is secreted by an ER2/Golgi-inde-
pendent mechanism (3– 6). Various kinds of unconventional
secretory pathways from eukaryotic cells have been described
(7, 8) with FGF2 being the classical example for the type I path-
way of unconventional secretion (7). This secretory mechanism
is based upon direct translocation of cargo across the plasma
membrane mediated by PI(4,5)P2-dependent membrane inser-
tion of FGF2 oligomers (3, 9, 10). Membrane-inserted forms of
FGF2 have been interpreted as intermediates of membrane
translocation (3, 10, 11). Directionality of this process is medi-
ated by cell surface membrane-proximal heparan sulfate pro-
teoglycans that are required to complete membrane transloca-
tion into the extracellular space resulting in the exposure of
FGF2 on cell surfaces (12, 13).

Based on previous work, a lipidic membrane pore was pro-
posed to be induced by PI(4,5)P2-dependent FGF2 oligomeri-
zation (10). In this model, the PI(4,5)P2 binding pockets of indi-
vidual FGF2 subunits were suggested to be in the periphery of
such oligomers to allow for interactions with the headgroups of
PI(4,5)P2 membrane lipids (7, 11). A role of membrane-inserted
oligomers as intermediates in FGF2 secretion (10) is also con-
sistent with the fact that only folded forms of FGF2 qualify for
membrane translocation (14, 15). Furthermore, Tec kinase-
mediated tyrosine phosphorylation of FGF2 was shown to stim-
ulate both membrane insertion of FGF2 oligomers (10) and
efficient secretion of FGF2 from cells (16). Because both
recruitment and activation of Tec kinase at the inner leaflet of
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the plasma membrane are regulated by the phosphoinositide
PI(3,4,5)P3 (17), the role of Tec kinase in FGF2 secretion may in
part explain the observation that phosphatidylinositol 3-ki-
nases, the enzymes that synthesize phosphatidylinositol-3,4,5-
trisphosphate, are up-regulated in many cancers (18).

The current study provides the first insights into molecular
determinants that govern the formation of membrane-inserted
FGF2 oligomers as membrane translocation intermediates in
unconventional secretion. Based on a systematic sequence
comparison of all members of the FGF family, we identified two
surface cysteines in FGF2 that are absent from all FGF family
members with signal peptides for ER/Golgi-dependent secre-
tion. We provide direct evidence for the formation of intermo-
lecular disulfide bridges during FGF2 oligomerization and
demonstrate a direct role for the two surface cysteines in
PI(4,5)P2-dependent membrane pore formation. Consistently,
substitution of surface cysteines by alanines inhibits unconven-
tional secretion of FGF2 from cells. With the results from the
current study, three cis elements have been identified in FGF2
that are required for unconventional secretion. These are the
basic residues that form the binding pocket for PI(4,5)P2 (4, 9,
19), the tyrosine residue that is targeted by Tec kinase (3, 7, 16),
and the two surface cysteines involved in disulfide formation
(this study). The critical relevance of these cis elements in FGF2
secretion was further corroborated by experiments testing
whether they are transplantable. This was achieved by generat-
ing a variant form of FGF4, a FGF family member with a signal
peptide that is secreted along the ER/Golgi-dependent route.
After transplantation of all three cis elements from FGF2 into
the appropriate positions in FGF4 and removal of the FGF4
signal peptide, a FGF4/2 hybrid protein was generated that was
found secreted by unconventional means. These findings estab-
lish the three cis elements in FGF2 including the two surface
cysteines described in the current study to represent critical
molecular determinants of unconventional secretion.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Proteins—The
recombinant proteins FGF2-Y81pCMF and FGF2-Y81pCMF-
C77A/C95A were expressed in Escherichia coli W3110Z1 cells
using the expression vector pQE30 (Qiagen). To generate FGF2
variant forms in which tyrosine 81 was substituted with p-car-
boxylmethylphenylalanine (pCMF), codon 82 (encoding tyro-
sine 81) was replaced by an amber stop codon followed by
transformation of W3110Z1 cells carrying the plasmid pEVOL-
pCMF (20). Protein expression was performed in 2�YT medium
containing 1 mM pCMF (custom synthesis by ENAMINE Ltd.) for
16 h at 25 °C as described (20). All proteins were His-tagged at the
N terminus and affinity-purified using standard procedures (10).
For scanning fluorescence cross-correlation experiments (see
below), FGF2 constructs (FGF2-Y81pCMF and FGF2-Y81pCMF-
C77A/C95A) were generated carrying a C-terminal Staphylococ-
cus aureus SortaseA recognition site (LPSTG-XX; X stands
for any amino acid). Using a pQE30 expression vector (Qia-
gen), the corresponding His-tagged proteins were expressed
and purified according to standard procedures (10).

Fluorescent Labeling of FGF2 Variants Forms Using
Sortagging—To label recombinant variant forms of FGF2 we
used C-terminal sortagging (21). S. aureus �59 SortaseA was
expressed and purified using an N-terminal His6 tag as
described above. His6-FGF2-LPSTG-XX variants (FGF2-
Y81pCMF and FGF2-Y81pCMF-C77A/C95A; 10 �M each)
were enzymatically modified in Sortase buffer (50 mM Tris, pH
7.5, 150 mM NaCl, 10 mM CaCl2, 10% (w/v) glycerol) using 10
�M S. aureus �59 SortaseA and a 10-fold excess of either G5C-
Atto488 or G5C-Atto655 (100 �M). Samples were incubated
for 14 h at 37 °C. After centrifugation (20.000 � g; 10 min;
25 °C), removal of excess G5C-Atto488/G5C-Atto650 pep-
tides was performed using Econo-Pac 10DG desalting col-
umns (Bio-Rad).

Preparation of Liposomes—All lipids were purchased from
Avanti Polar Lipids and stored under argon. Phosphatidylcho-
line, phosphatidylinositol, and phosphatidylethanolamine were
from bovine liver, phosphatidylserine and PI(4,5)P2 were
derived from porcine brain, cholesterol was from ovine wool,
and sphingomyelin was from poultry eggs. Lissamine rhoda-
mine B-labeled phosphatidylethanolamine (16:0) was a syn-
thetic product. Chloroform-dissolved lipid mixtures were first
dried under a gentle nitrogen stream and further dried under a
vacuum for 1.5 h to yield a homogeneous lipid film. Lipids were
resuspended in buffer (150 mM KCl, 25 mM HEPES, pH 7.4, 10%
(w/v) sucrose) at 45 °C to form liposomes with a final lipid con-
centration of 4 mM (biochemical interaction experiments) or 8
mM (fluorescence dequenching experiments). Liposomes were
subjected to 10 freeze/thaw cycles and 21 size extrusion steps
(400-nm pore size; Avanti Polar Lipids mini-extruder). Lipo-
some preparations were analyzed by dynamic light scattering,
indicating a range of 200 – 400 nm in diameter.

Scanning Fluorescence Cross-correlation Spectroscopy to
Study Oligomerization of FGF2 on PI(4,5)P2-containing Giant
Unilamellar Vesicles—Giant unilamellar vesicles (GUVs) with
a plasma-membrane-like lipid composition containing 2 mol %
of PI(4,5)P2 were formed at 45 °C in sucrose (305 mosmol/kg)
using electro-swelling on platinum electrodes (10 Hz, 1.5 V for
40 min, 2 Hz, 1.5 V for 20 min (10)). Three variants of sortagged
FGF2 were used, FGF2-Y81pCMF with wild-type surface cys-
teines, FGF2-Y81pCMF with alkylated surface cysteines, and
FGF2-Y81pCMF-C77A/C95A. In each case, two versions of
sortagged proteins were generated carrying either LPSTG-
Atto488 or LPSTG-Atto655 at the C terminus (see above). For
alkylation, His6-FGF2-Y81pCMF-LPSTG-Atto488 and His6-
FGF2-Y81pCMF-LPSTG-Atto655 (420 nM each) were preincu-
bated with 1.68 �M NEM (giving a 2-fold molar excess of NEM
over FGF2 surface cysteines) in 25 mM HEPES, pH 7.4, 150 mM

NaCl at 25 °C for 30 min. LPSTG-Atto488- and LPSTG-
Atto655-tagged versions of each FGF2 variant form were incu-
bated with GUVs at a final concentration of 36 nM. After 60 min
of incubation at 22 °C, two-focus scanning FCCS measure-
ments were conducted at 22 °C on a LSM710 confocal fluores-
cence microscope using a C-Apochromat 40 � 1.2 water
immersion objective (Zeiss, Jena, Germany). Argon ion (488
nm) and HeNe (633 nm) lasers were used for sample excitation.
Photon detection was done with avalanche photodiodes of the
ConFocor 3 module, and photon arrival times were recorded in
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the photon mode of the hardware correlator Flex 02-01D/C.
Measurements and data analysis were done as described previ-
ously (10, 22). Because labeling efficiencies obtained by sortag-
ging (see above) were relatively low, scanning fluorescence
cross-correlation data are shown as % cross-correlation and as
diffusion constants (Fig. 2). Note that cross-correlation data
comparing different protein preparations with distinct labeling
efficiencies are not directly comparable. By contrast, the deter-
mination of diffusion constants is independent of labeling
efficiencies.

Analysis of Membrane-bound FGF2 Oligomers Employing
Native Acidic PAGE and SDS-PAGE—FGF2 (20 �M) and lipo-
somes (4 mM total lipid) with a plasma membrane-like lipid
composition containing 2 mol % of PI(4,5)P2 (9, 23) were incu-
bated at 25 °C in a final volume of 100 �l of buffer (150 mM KCl,
25 mM HEPES, pH 7.4). After the incubation times indicated,
N-ethyl maleimide (100 �M final concentration) was used to
alkylate free remaining thiols of cysteine residues. Sedimented
liposomes washed with 100 �l of buffer (150 mM KCl, 25 mM

HEPES, pH 7.4) were dissolved in 24 �l of the detergent C12E8
(octaethylenglycol-monododecyl ether; 5%). Samples were
incubated for 30 min at 37 °C (including 40 mM DTT where
indicated). A native acidic gel electrophoresis method devel-
oped to separate basic proteins (24) was adapted to the Bio-Rad
Mini-PROTEAN electrophoresis system. 12 �l of the sample
were mixed with 4 �l of sample buffer and loaded onto acidic
gels (3% stacking, 12% separation gel; acrylamide-bisacrylam-
ide ratio 29:1). Of the remaining 12-�l sample, 6 �l were mixed
with 6 �l of SDS sample buffer with �-mercaptoethanol (350
mM; reducing) or without �-mercaptoethanol (non-reducing),
heated for 5 min at 95 °C, and analyzed on 4 –20% gradient
SDS-PAGE. In addition to samples incubated in the presence of
PI(4,5)P2-containing membranes, control samples incubated in
the absence of membranes were otherwise treated identically,
and 40% of each sample were analyzed as well. All gels were
stained with Coomassie (InstantBlue, Expedeon).

Analysis of Membrane Pore Formation—Membrane pore for-
mation by different variant forms of FGF2 was analyzed as
described previously (10). Briefly, liposomes with a plasma
membrane-like lipid composition containing 2 mol % of
PI(4,5)P2 were prepared in a buffer (100 mM KCl, 25 mM

HEPES, pH 7.4, 10% (w/v) sucrose) and supplemented with 100
�M concentrations of the membrane-impermeant fluorophore
5(6)-carboxyfluorescein (Sigma). To remove extraluminal 5(6)-
carboxyfluorescein, liposomes were diluted in buffer (150 mM

KCl, 25 mM HEPES, pH 7.4) and collected by centrifugation at
15,000 � g for 10 min at 20 °C followed by size exclusion chro-
matography using a PD10 column (GE Healthcare). Impor-
tantly, this column was operated in buffer (150 mM KCl, 25 mM

HEPES, pH 7.4, 10% (w/v) sucrose, 2% (w/v) glucose) that was
titrated with glucose to reach iso-osmolality (840 mosmol/kg).
After incubation with various forms of FGF2 (2 �M) as indi-
cated, fluorescence dequenching was measured using a Spec-
traMax M5 fluorescence plate reader (Molecular Devices). At
the end of each experiment, Triton X-100 (0.2% (w/v) final con-
centration) was added to measure maximal dequenching used
to normalize data.

Quantification of FGF2 Secretion from Cells Using Cell Sur-
face Biotinylation—Stable CHO cell lines expressing either
FGF2-GFP, FGF2-GFP-C77A/C95A, a PI(4,5)P2 binding
mutant of FGF2-GFP (FGF2-GFP-K127Q/R128Q/K133Q), or
GFP were cultivated in the presence of doxycycline (to induce
protein expression) for 16 h at 37 °C (resulting in a confluency
of �70%). After removal of the growth medium, cells were
washed twice with PBS and incubated with 0.75 mg/ml mem-
brane-impermeable biotinylation reagent (EZ-Link Sulfo-
NHS-SS-Biotin, Pierce; dissolved in 10 mM triethanolamine,
pH 9.0, 150 mM NaCl, 2 mM CaCl2) for 30 min at 4 °C. After
quenching of excess biotin with 100 mM glycine (dissolved in
PBS) and 2 PBS washing steps, cells were lysed with 1% Nonidet
P-40 (in 50 mM Tris/HCl, pH 7.7, 62.5 mM EDTA, 0.4% deoxy-
cholate, protease inhibitor mixture (Roche Applied Science)),
and insoluble material was removed by centrifugation (10 min,
20,000 � g, 4 °C). Biotinylated and non-biotinylated fractions
were separated on streptavidin beads (UltraLink immobilized
streptavidin; Pierce). Bound material was eluted with SDS sam-
ple buffer and analyzed by Western blotting using affinity-pu-
rified anti-GFP antibodies (25) and monoclonal anti-GAPDH
antibodies (Lifetech-Ambion). Antigen signals were quantified
using an infrared imaging system (LI-COR Biosciences).

Secretion Analysis of Various FGF Fusion Proteins Using Cell
Surface Biotinylation Assays and Heparin Affinity Purification
from Cellular Supernatants—To test whether cis elements
identified to be required for FGF2 secretion are transplantable
into a secretory protein traveling along the ER/Golgi-depen-
dent pathway, we chose FGF4 as a model protein as it shares
overall structural similarity with FGF2 (Fig. 1). In addition to
FGF2-GFP, we generated constructs encoding a signal-peptide-
containing FGF4-GFP fusion protein (SP-FGF4-GFP), a corre-
sponding fusion protein without signal peptide (FGF4-GFP),
and various kinds of FGF4/2 hybrid proteins without signal
peptide but containing cis elements derived from FGF2. Those
included two surface cysteines transplanted from FGF2 into the
corresponding positions in FGF4 (A132C and F150C) and the
FGF2 tyrosine residue targeted by Tec kinase (F136Y) as well as
three residues from the FGF2 binding pocket required for bind-
ing to PI(4,5)P2 (S182K, K183R, and N184T). These positions
refer to full-length human FGF4 including signal peptide and,
therefore, differ from the positions of the alignments shown in
Figs. 1D where the signal peptide was omitted. Stable CHO cell
lines expressing these fusion proteins in a doxycycline-depen-
dent manner were generated by retroviral transduction (25).
The subcellular localization of all fusion proteins was charac-
terized by confocal microscopy (Fig. 7). Briefly, protein expres-
sion was induced with doxycycline for 24 h. Cells were fixed
with paraformaldehyde and stained with wheat germ agglutinin
(5 �g/ml, Alexa Fluor 594 conjugate; Life Technologies). Alter-
natively, cells were first permeabilized for 5 min with 0.1% Tri-
ton X-100 followed by incubation with anti-GM130 antibodies
used as a Golgi marker (BD Biosciences; catalogue #610822)
along with secondary antibodies labeled with Alexa Fluor 546
(Life Technologies). All samples were further stained with
Hoechst 33342 (1 �g/ml) to label nuclei. Three-color images
were recorded using a Nikon A1R confocal microscope (Fig. 7).
Cell surface biotinylation was conducted as described above. In
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addition, cellular supernatants were probed for the FGF-GFP
fusion proteins indicated because, as opposed to FGF2 (13),
FGF4 was known to be secreted into cellular supernatants (5).
After clearance at 200 � g for 10 min at 4 °C, supernatants were
incubated with heparin-Sepharose beads (GE Healthcare #17-
0998-01) for 2 h at 4 °C. After extensive washing with PBS,
bound protein was eluted with SDS sample buffer and analyzed
by SDS-PAGE and quantitative Western blotting using the LI-
COR imaging platform. For the analyses shown in Fig. 8, 10% of
total cells (input) and 33% for both cell surfaces and cellular
supernatants were analyzed per experimental condition.

RESULTS

To identify unique cis elements in FGF2, we conducted a
systematic multiple sequence alignment based upon ClustalW
2.1 (Fig. 1). This analysis revealed two surface cysteines in
FGF2, Cys-77 and Cys-95, that are absent from all other FGF
family members with signal peptides for ER/Golgi-dependent
secretion (Fig. 1D). By contrast, two internal cysteine residues,
Cys-33 and Cys-100, were found ubiquitously present across all
FGF family members, suggesting that they are of general impor-
tance for the conformation and stability of FGF proteins. To
test whether the presence of Cys-77 and Cys-95 in FGF2 relates
to its ability to reach the extracellular space, we analyzed
whether these residues are critical for (i) PI(4,5)P2-dependent
oligomerization of FGF2 on membrane surfaces, (ii) membrane
insertion of FGF2 oligomers as intermediates in translocation,
and (iii) FGF2 secretion from cells.

FGF2 Variant Forms Lacking Functional Surface Cysteines
Are Impaired in PI(4,5)P2-dependent Oligomerization—In a
first set of experiments we aimed at analyzing oligomerization
of FGF2 on membrane surfaces under native conditions
employing scanning fluorescence cross correlation spectros-
copy (22, 26) (Fig. 2). A phosphomimetic form of FGF2 was
used that mimics the product of Tec kinase-mediated tyrosine
phosphorylation of FGF2, FGF2-Y81pCMF (10). Three variant
forms of FGF2-Y81pCMF were analyzed characterized by (i)
the presence of surface cysteines, (ii) alkylated surface cys-
teines, or (iii) alanines substituting surface cysteines. All forms
of FGF2-Y81pCMF were labeled by C-terminal sortagging (27)
using both green and red dyes to generate two populations of
each FGF2 variant form for cross-correlation experiments.
After incubation with GUVs containing PI(4,5)P2, oligomeriza-
tion was monitored by quantifying the percentage of cross-cor-
relation under the experimental conditions indicated (Fig. 2A).
In addition, diffusion constants characterizing the lateral
mobility of all three variant forms of FGF2-Y81-pCMF were
determined in GUVs (Fig. 2B). As compared with the wild-type
form of FGF2-Y81pCMF, both FGF2-Y81pCMF with alkylated
surface cysteines and FGF2-Y81pCMF-C77A/C95A were
impaired in PI(4,5)P2-dependent oligomerization on mem-
brane surfaces (Fig. 2A). Consistently, compared with FGF2-
Y81pCMF, both FGF2-Y81pCMF treated with NEM and
FGF2-Y81pCMF-C77A/C95A were characterized by higher
diffusion constants indicating an impaired ability to oligomer-
ize. These findings suggest a direct role for disulfide bridges
promoting oligomerization of FGF2 on membrane surfaces.

As an alternative read-out to analyze FGF2 oligomerization
in the presence of PI(4,5)P2-containing membranes, we used
native gel electrophoresis as well as non-reducing and reducing
SDS gel electrophoresis (Fig. 3). FGF2-Y81pCMF was incu-
bated either in the absence of membranes (panels A, C, E, and
G) or with PI(4,5)P2-containing liposomes (panels B, D, F, and
H) for the times indicated. After extraction with detergent,
samples were divided and analyzed on native gels (panels A and
B), on non-reducing SDS gels (panels C and D), or on reducing
SDS gels (panels E and F). In addition, FGF2-Y81pCMF was
pretreated with 10 mM DTT before incubation in the absence
(Fig. 3, panel G) or presence of liposomes (Fig. 3H). In the pres-
ence of PI(4,5)P2-containing liposomes, FGF2-Y81pCMF olig-
omers were observed to form in a time-dependent manner with
dimers and trimers abundantly present after 30 min of incuba-
tion (Fig. 3B). Tetramers and higher oligomers were observed at
later time points starting at 1 h of incubation (Fig. 3B). By con-
trast, in the absence of membranes, the formation of FGF2-
Y81pCMF oligomers was undetectable (Fig. 3, A, C, E, and G).
To test the presence of intermolecular disulfide bridges in
FGF2-Y81pCMF oligomers, the same samples shown in Fig. 3B
were further analyzed on non-reducing (Fig. 3D) and reducing
(Fig. 3F) SDS gels. Moreover, an experimental condition was
added where FGF2-Y81pCMF was pretreated with 10 mM DTT
before adding PI(4,5)P2-containing liposomes (Fig. 3H). Com-
pared with the analysis on native gels (Fig. 3B) a very similar
pattern of oligomeric forms of FGF2-Y81pCMF was observed
on non-reducing SDS gels (Fig. 3D). By contrast, the abundance
of oligomeric forms was decreased on reducing SDS gels (Fig.
3F) and largely disappeared when FGF2-Y81pCMF was pre-
treated with DTT before adding membranes (Fig. 3H).

In a complementary set of experiments, three different vari-
ant forms of FGF2, FGF2-Y81pCMF with wild-type cysteines,
FGF2-Y81pCMF with alkylated cysteines, and FGF2-
Y81pCMF-C77A/C95A, were incubated with PI(4,5)P2-con-
taining membranes for 6 h. After detergent extraction, each
variant form was incubated in the presence of the reducing
agent DTT or was mock-treated followed by an analysis on
native gels (Fig. 4). These experiments revealed that oligomers
of FGF2-Y81pCMF higher than dimers largely disappeared
under reducing conditions (Fig. 4A, lane 2 versus lane 3). Fur-
thermore, FGF2-Y81pCMF with alkylated cysteines as well
as FGF2-Y81pCMF-C77A/C95A were virtually incapable of
forming oligomers higher than dimers under these conditions
(Fig. 4A, lanes 5 and 8). These effects were also visible when
analyzing the consumption of FGF2 monomers during oligo-
merization. For wild-type FGF2-Y81pCMF, a strong loss of
monomer was observed (Fig. 4A, lane 2) that reappeared upon
DTT treatment (Fig. 4A, lane 3). By contrast, monomer con-
sumption could not be observed for FGF2-Y81pCMF with alky-
lated cysteines (Fig. 4A, lane 5) or FGF2-Y81pCMF-C77A/
C95A (Fig. 4A, lane 8). In addition to the representative
example shown in Fig. 4A, we quantified the results from three
independent experiments comparing the quantitative changes
of monomers, dimers, trimers, and tetramers under mock and
reducing conditions (Fig. 4, B, C, and D). For the wild-type form
of FGF2-Y81pCMF, this analysis revealed an increase of mono-
mers and a decrease of oligomeric forms upon treatment with
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FIGURE 1. Structural comparison of FGF2 with FGF4, a signal-peptide-containing FGF family member that is secreted through the classical, ER/Golgi-
dependent pathway. In panels A and B, a combination of space-filling and secondary structure-based models of FGF2 (PDB: 1BFF) and FGF4 (PDB: 1IJT) are
shown from a similar perspective emphasizing the overall structural similarity between FGF2 and FGF4. In panel A, two surface cysteines in positions 77 and 95
of FGF2 are highlighted in yellow that are absent from FGF4 (panel B). The corresponding positions in FGF4 are shown in gray. In addition, in panel A, important
cis elements in FGF2 are highlighted in red (tyrosine 81) and blue (basic residues of the PI(4,5)P2 binding pocket). In FGF4 (panel B), a phenylalanine residue is
present in position 81 (shown in gray). The region in FGF2 forming the PI(4,5)P2 binding pocket is highlighted in blue (panel A). The corresponding region in
FGF4 also contains basic residues that are shown in blue as well (panel B). In panel C, a sequence alignment between FGF2 and FGF4 is shown with the two
surface cysteines in positions 77 and 95, tyrosine 81 and the PI(4,5)P2 binding pocket of FGF2 being highlighted in the colors used in panels A and B. Note that
amino acid numbering was adjusted to the FGF2 sequence starting with the residue A, which represents the first amino acid of FGF2 after removal of the
N-terminal methionine. The N-terminal signal peptide of FGF4 has been omitted from the sequence analysis shown in panel C. In panel D, a multiple sequence
alignment (Clustal Omega) spanning residues 32–105 (numbering based on the 18 kDa form of FGF2) of the human FGF family illustrates that the two surface
cysteines of FGF2 are not present in any other member of the FGF family secreted by the ER/Golgi-dependent pathway.
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DTT (Fig. 4B). By contrast, the amounts of monomers and
dimers observed for FGF2-Y81pCMF with alkylated cysteines
(Fig. 4C) or FGF2-Y81pCMF-C77A/C95A (Fig. 4D) remained
unaffected after DTT treatment. This analysis also revealed the
low abundance of higher oligomeric forms such as trimers and
tetramers of FGF2-Y81pCMF with alkylated cysteines (Fig. 4C)
or FGF2-Y81pCMF-C77A/C95A (Fig. 4D). Of note, however,
under all experimental conditions, dimers of FGF2-Y81pCMF
were observed that could not be converted into monomers
using reducing reagents. Consistently, FGF2-Y81pCMF with
alkylated cysteines and FGF2-Y81pCMF-C77A/C95A were
also found to form dimers in the presence of PI(4,5)P2-contain-
ing membranes, suggesting that these dimers can form in a
disulfide-independent manner under native conditions. By
contrast, formation of oligomers higher than dimers largely
depended on disulfide bridge formation involving the two sur-
face cysteines in position 77 and 95 of FGF2-Y81pCMF. The
combined findings shown in Figs. 2– 4 demonstrate that, in
the presence of PI(4,5)P2-containing membranes, FGF2 is
recruited and undergoes controlled oligomerization in a time-
dependent manner. It appears that formation of intermolecular
disulfide bridges drives oligomerization, resulting in mem-
brane-inserted forms that over time become partially resistant
to reducing agents.

Functional Surface Cysteines of Phosphomimetic FGF2 Are
Required for Efficient Membrane Pore Formation—Because
oligomerization of FGF2 has been shown to be critical for
PI(4,5)P2-dependent membrane pore formation (10), we tested
whether the two surface cysteines are required for membrane

permeabilization mediated by FGF2 oligomers (Fig. 5). Similar
to the scanning fluorescence cross-correlation (Fig. 2) and
native gel experiments (Fig. 4) described above, three experi-
mental conditions were used comparing FGF2-Y81pCMF with
wild-type surface cysteines to FGF2-Y81pCMF with alkylated
surface cysteines and FGF2-Y81pCMF-C77A/C95A. To test
for membrane pore formation mediated by FGF2 oligomers, we
used an established assay measuring membrane passage of a
small fluorophore (10). As shown in Fig. 5A, substitution of the
two surface cysteines by alanines (FGF2-Y81pCMF) caused a
dramatically decreased ability of FGF2-Y81pCMF to form
membrane pores in a PI(4,5)P2-dependent manner. Similarly,
treatment of FGF2-Y81pCMF with NEM to alkylate surface
cysteines caused a concentration-dependent decrease of mem-
brane permeabilization (Fig. 5B). At 4 �M NEM (molar ratio of
FGF2 surface cysteines to NEM � 1), inhibition was almost
complete, resulting in a very low activity similar to what was
observed for FGF2-Y81pCMF-C77A/C95A. These findings
demonstrate that functional surface cysteines are required for
membrane pore formation by FGF2-Y81pCMF oligomers, sug-
gesting that the formation of disulfide bridges drives oligomer-
ization and membrane insertion of phosphomimetic FGF2.

FGF2 Variant Forms Lacking Surface Cysteines Are Not
Secreted from Cells—The combined results from the reconsti-
tution experiments described above establish a role for the two
surface cysteines in position 77 and 95 in the formation of di-
sulfides required for PI(4,5)P2-dependent oligomerization and
membrane permeabilization of phosphomimetic FGF2. To test
the significance of these findings in a cellular context, we con-
ducted cell-based secretion experiments comparing the wild-
type form of FGF2 with a variant in which both cysteines were
replaced by alanines (Fig. 6). As a technical control, a secretion-
defective variant form of FGF2 that is impaired in binding to
both PI(4,5)P2 and heparan sulfates (FGF2-K127Q/R128Q/
K133Q) was used (9). All FGF2 variants were expressed as GFP
fusion proteins in a doxycycline-dependent manner in stably
transduced CHO cells. To quantify FGF2 secretion, a well
established assay based on cell surface biotinylation followed by
streptavidin affinity purification was used (13). This assay takes
advantage of the fact that, after secretion, FGF2 is retained on
cell surfaces bound to heparan sulfate proteoglycans. Employ-
ing a SDS-PAGE/Western analysis, both intracellular (non-bi-
otinylated) and cell surface FGF2 (biotinylated) was quantified.
Further controls included the detection of cytosolic proteins
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
an endogenous factor as well as exogenously expressed GFP.
These experiments revealed that, relative to the wild-type form
of FGF2, secretion to cell surfaces of FGF2 is severely impaired
when the two surface cysteines are replaced by alanines (Fig.
6A, lane 2 versus lane 4). This phenotype was in fact even stron-
ger than the one observed with a FGF2 mutant impaired in
PI(4,5)P2 binding (Fig. 6A, lane 6). Although FGF2-C77A/
C95A was hardly detectable on cell surfaces, �25% of FGF2-
K127Q/R128Q/K133Q was found secreted compared with the
wild-type form of FGF2 (Fig. 6B). The significance of these find-
ings was further corroborated by the fact that neither GAPDH
nor GFP was detectable in the fraction of biotinylated proteins.
These results suggest that the dependence on surface cysteines

FIGURE 2. Oligomerization of FGF2 variant forms on the surface of giant
unilamellar vesicles analyzed by scanning cross-correlation fluores-
cence spectroscopy. GUVs were prepared with a plasma-membrane-like
lipid composition including 2 mol % PI(4,5)P2. Three variant forms of FGF2,
FGF2-Y81pCMF with wild-type cysteines, FGF2-Y81pCMF with alkylated cys-
teines (treatment with N-ethylmaleimide), and FGF2-Y81pCMF-C77A/C95A,
were C-terminally labeled with Atto488 and Atto655 dyes employing sortag-
ging (see “Experimental Procedures” for details). All three variants of FGF2
were incubated with GUVs as mixtures of two different FGF2 populations
based upon the two different dyes. Cross-correlation curves were derived
from a two-color analysis and used to compare the relative abundance of
FGF2 oligomers under the conditions indicated (panel A). In addition, the data
were used to calculate diffusion constants of FGF2 oligomers formed under
the experimental conditions indicated (panel B). To test whether observed
differences between experimental conditions were statistically significant, an
unpaired two-tailed t test was performed (ns � not significant; * � p value �
0.05; *** � p value � 0.001). For further details see “Experimental
Procedures.”
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for PI(4,5)P2-dependent oligomerization and membrane inser-
tion of FGF2 observed in in vitro reconstitution experiments is
directly relevant for FGF2 secretion from cells.

Rerouting of a Signal-peptide-containing FGF Family Mem-
ber into the Unconventional Secretory Pathway of FGF2—To
challenge the conclusions from both reconstitution and cell-
based experiments shown in Figs. 2– 6, we asked whether
molecular determinants required for FGF2 secretion are trans-
plantable. Based on a similar overall fold compared with FGF2
(Fig. 1, A and B), we selected FGF4 for these experiments, a

signal-peptide-containing FGF family member that is secreted
via the ER/Golgi-dependent pathway. For comparison with
FGF2, five constructs based on FGF4 were generated as GFP
fusion proteins (Fig. 7). This included a version containing the
authentic amino acid sequence of FGF4 (SP-FGF4-GFP; Fig. 7,
A–D) and a corresponding variant form without signal peptide
(FGF4-GFP; Fig. 7, E–H). Furthermore, a construct represent-
ing a hybrid between FGF4 and FGF2 was generated containing
all known molecular determinants required for FGF2 secretion
in the context of the amino acid sequence of FGF4 (FGF4/2-

FIGURE 3. Analysis of membrane-associated FGF2 oligomers by native gel electrophoresis as well as non-reducing and reducing SDS-PAGE. FGF2-
Y81pCMF was incubated either in the absence of liposomes (panels A, C, E, and F) or with liposomes containing a plasma-membrane (PM)-like lipid composition
including 2 mol % PI(4,5)P2 (panels B, D, F, and H) for the times indicated. After detergent extraction, membrane-bound material was analyzed either on a native
gel system developed for the separation of basic proteins (panels A and B; see “Experimental Procedures” for details), on non-reducing SDS gels (panels C and
D), or on reducing SDS gels (panels E and F). In addition, FGF2 samples pretreated with 10 mM DTT before incubation under the conditions indicated were
analyzed on reducing SDS gels (panels G and H). The molecular weight markers (MWM) used on SDS gels correspond to 15, 25, 30, 40, 50, 70 (dark blue), 80, 115,
and 140 kDa, respectively. In all experiments, before membrane extraction with detergent, samples were treated with NEM to block free thiols, preventing
disulfide formation during sample processing. All gels were stained with Coomassie InstantBlue (Expedeon).
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GFP; Fig. 7, I–L). This included tyrosine 81 (16), a basic stretch
of amino acids required for PI(4,5)P2 binding (including lysine
127 and arginine 128 as well as lysine 133) (9) and the two
surface cysteines in position 77 and 95. To test a potential spe-
cific role of the two surface cysteines, two additional constructs
were generated where the surface cysteines were either
included into the background of FGF4-GFP (FGF4-(�Cys)-
GFP; Fig. 7, M–P) or removed from the FGF4/2 hybrid protein
(FGF4/2-(�Cys)-GFP; Fig. 7, Q–T). Stable CHO cell lines were
generated by retroviral transduction expressing these con-
structs in a doxycycline-dependent manner. For comparison, a
CHO cell line expressing FGF2-GFP in a doxycycline-depen-
dent manner (25) was used (FGF2-GFP; Fig. 7, U–X). After
induction of protein expression by doxycycline, all constructs
were first analyzed for intracellular distribution. As expected,
SP-FGF4-GFP was detected in a perinuclear region colocalizing
with a Golgi marker (Fig. 7, A–D). By contrast, FGF4-GFP (Fig.

7, E–H), FGF4/2-GFP (Fig. 7, I–L), FGF4-(�Cys)-GFP (Fig. 7,
M–P), FGF4/2-(-Cys)-GFP (Fig. 7, Q–T), and FGF2-GFP (Fig.
7, U–X) were mainly found in the cytoplasm and the nucleus.
Interestingly, all constructs representing different kinds of
hybrids between FGF2 and FGF4 were strongly detectable at
the plasma membrane, a phenomenon that was only occasion-
ally observed for FGF2-GFP and FGF4-GFP. We next analyzed
the efficiency of secretion of each of these fusion proteins (Fig.
8). In addition to surface biotinylation experiments as shown in
Fig. 6, the cellular supernatants were analyzed as well (Fig. 8A)
and the extracellular amounts of each fusion protein were
quantified relative to the extracellular population of FGF2-GFP
(Fig. 8B). As expected, ER/Golgi-dependent secretion of
SP-FGF4-GFP was highly efficient with the majority of the
fusion protein secreted into the cellular supernatant (Fig. 8B).
By contrast, consistent with earlier findings (12, 13), the extra-
cellular population of FGF2-GFP was retained on cell surfaces.

FIGURE 4. Chemical alkylation and substitution of surface cysteines by alanines impairs formation of FGF2 oligomers higher than dimers. Native gel
electrophoresis was employed to analyze FGF2 oligomer formation under the conditions indicated. Three variant forms of FGF2, FGF2-Y81pCMF, FGF2-
Y81pCMF with alkylated surface cysteines, and FGF2-Y81pCMF-C77A/C95A, were incubated with liposomes containing a plasma-membrane-like lipid com-
position including 2 mol % PI(4,5)P2. After 6 h of incubation, samples were subjected to protein extraction with detergent. Where indicated, samples were
treated with DTT to break disulfide bonds before native gel electrophoresis. All gels were stained with Coomassie InstantBlue (Expedeon). Panel A provides a
representative example for the analysis on native gels of FGF2-Y81pCMF, FGF2-Y81pCMF with alkylated surface cysteines, and FGF2-Y81pCMF-C77A/C95A
under the conditions indicated. Panels B, C, and D provide quantification of monomers, dimers, trimers, and tetramers under all experimental conditions using
the LI-COR imaging platform. The statistical analysis is based on three independent experiments. Standard deviations are shown.
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The variant of FGF4-GFP without signal peptide was only
found in very small amounts on cell surfaces and was absent
from cellular supernatants. Importantly, this lack of secretion
in the absence of a signal peptide was reversed in FGF4/2-GFP
that was found secreted with even better efficiency than FGF2-
GFP (Fig. 8B). Most intriguingly, the whole population of

secreted FGF4/2-GFP was found associated with cell surfaces, a
hallmark of unconventional secretion of FGF2. To test a spe-
cific role for the surface cysteines the cell surface population of
FGF4/2-(�Cys)-GFP and FGF4-(�Cys)-GFP was analyzed. As
opposed to the strong secretion defect observed upon removal
of surface cysteines from authentic FGF2 (Fig. 6), the efficiency
of secretion of FGF4/2-GFP and FGF4/2-(�Cys)-GFP was
found to be similar (Fig. 8B). This might be due to the high
overall efficiency of secretion of the FGF4/2 hybrid protein (Fig.
8) and its strong association with the plasma membrane, a phe-
nomenon that is less pronounced for authentic FGF2 (Fig. 7).
However, inserting the two surface cysteines into FGF4-GFP
(FGF4-(�Cys)-GFP) caused a strong increase in unconven-
tional secretion (Fig. 8, A and B), demonstrating a specific role
of the two surface cysteines of FGF2 in this process. In conclu-
sion, transplanting key cis elements for unconventional secre-
tion of FGF2 into a variant form of FGF4 without signal peptide

FIGURE 5. Membrane pore formation mediated by FGF2-Y81pCMF
depends on functional surface cysteines. Carboxyfluorescein (CF) was
sequestered in liposomes containing a plasma-membrane-like lipid compo-
sition containing 2 mol % PI(4,5)P2. Liposomes were incubated with either
FGF2-Y81pCMF (panels A and B), FGF2-Y81pCMF-C77A/C95A (panels A and B),
or FGF2-Y81pCMF with alkylated surface cysteines (NEM treatment; panel B)
as indicated. At the highest concentration of 4 �M NEM, the ratio of the two
surface cysteines at 2 �M FGF2 to NEM equals 1. Membrane pore formation
was analyzed by measuring the release of luminal carboxyfluorescein
quantified by fluorescence dequenching as described under “Experimen-
tal Procedures.” The results shown are representative of five independent
experiments.

FIGURE 6. FGF2 secretion from cells depends on functional surface cys-
teines. CHO cells stably expressing either FGF2-GFP, FGF2-C77A/C95A-GFP,
FGF2-K127Q/R128Q/K133Q-GFP, or GFP in a doxycycline-dependent manner
were induced for protein expression for 16 h at 37 °C. Cells were incubated
with a membrane-impermeable biotinylation reagent targeting primary
amines of cell surface proteins. After quenching and detergent-mediated cell
lysis, biotinylated material was purified using streptavidin beads. Aliquots
from the non-biotinylated fractions (10%; corresponding to intracellular pop-
ulation) and the biotinylated fractions (50%); corresponding to the secreted
population) were subjected to SDS-PAGE and Western blotting using anti-
GFP primary antibodies. In addition, all fractions were analyzed for an endog-
enous marker, GAPDH (panel A). Antigens were detected and quantified
using an Odyssey infrared imaging system (LI-COR Biosciences). Signals
derived from biotinylated FGF2 variant forms corresponding to the secreted
cell surface population were normalized based on FGF2 wild type that was set
to 100% (panel B).
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results in unconventional secretion along with retention on cell
surfaces.

DISCUSSION

The molecular mechanism by which FGF2 translocates
across plasma membranes to reach the extracellular space by an
ER/Golgi-independent pathway is beginning to emerge. Previ-
ous studies established that recruitment to the inner leaflet
mediated by the phosphoinositide PI(4,5)P2 triggers oligomer-
ization of FGF2 concomitant with the formation of a lipidic
membrane pore (7, 10). Membrane-inserted FGF2 oligomers
have been interpreted as translocation intermediates that are
resolved by cell surface heparan sulfate proteoglycans (11). Cell

surface heparan sulfate proteoglycans act as a trap to ensure
directional transport of FGF2 into the extracellular space (12,
13). However, the structure-function relationship of mem-
brane-inserted FGF2 oligomers and molecular determinants of
their formation are unknown. The current study now provides
the first insights into how FGF2 subunits assemble to insert into
the plasma membrane. Despite a high degree of structural sim-
ilarities between members of the FGF family, two surface cys-
teines in position 77 and 95 are highly conserved in all mam-
malian forms of FGF2 but are absent from all FGF family
members containing N-terminal signal peptides for ER/Golgi-
dependent secretion. By contrast, two other cysteines in FGF2
in positions 33 and 100 are highly conserved among all FGF

FIGURE 7. Localization of various FGF-GFP fusion proteins as analyzed by confocal microscopy. Constructs encoding various kinds of FGF-GFP fusion
proteins were used to generate stable CHO cell lines by retroviral transduction (25). Upon protein expression in the presence of doxycycline subcellular
localization of the FGF fusion proteins indicated was analyzed by confocal microscopy (panels A, E, I, M, Q, and U). For colocalization experiments, either the
Golgi marker GM-130 (panel B) or wheat germ agglutinin (panels F, J, N, R, and V) as a plasma membrane marker was used. In addition, nuclei were stained with
DAPI (panels C, G, K, O, S, and W), and merged images were generated (panels D, H, L, P, T, and X). The following constructs were analyzed: SP-FGF4-GFP
(authentic FGF4 with a signal peptide; panels A–D), FGF4-GFP without signal peptide (panels E–H), a FGF4/2-GFP hybrid protein (panels I–L), FGF4-(�Cys)-GFP
(panels M-P), FGF4/2-(�Cys)-GFP (panels Q–T), and FGF2-GFP (panels U-X). Scale bars � 100 nm.

FIGURE 8. Cis elements required for FGF2 membrane translocation are transplantable and redirect a signal peptide-lacking variant form of FGF4 to the
unconventional secretory pathway of FGF2. The efficiency of secretion of the various fusion proteins indicated was compared by a combination of cell surface
biotinylation (as introduced in Fig. 6) and heparin affinity purification from cellular supernatants. Stable CHO cell lines were cultivated for 24 h in the presence of 1
�g/ml doxycycline to induce the expression of the fusion proteins indicated. Heparin affinity chromatography was used to collect FGF fusion proteins present in
cellular supernatants. Cells were surface-biotinylated as described under “Experimental Procedures” followed by affinity purification using streptavidin beads. For
each cell line, the amounts of the FGF fusion proteins indicated present in cells (10% loaded), on cell surfaces (33% loaded), and in cellular supernatants (33% loaded)
were analyzed by SDS-PAGE and quantitative Western blotting using the LI-COR imaging platform. Panel A shows the results from a representative experiment with
GAPDH as an intracellular control protein not present on cell surfaces or in cellular supernatants. Panel B provides a statistical analysis with standard deviations
calculated from three independent experiments with the amount of FGF2-GFP on cell surfaces set as a reference point (�100%).
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family members, suggesting that they are of general importance
for the overall structure of FGF proteins. Therefore, the unique
presence of two surface cysteines in FGF2 suggested a specific
role in unconventional secretion. In the current study we
demonstrated that cysteine 77 and cysteine 95 are engaged in
the formation of disulfide bridges whose formation drives
PI(4,5)P2-dependent oligomerization of FGF2. This is shown
by alkylation of surface cysteines using NEM or by their substi-
tution with alanines. Intriguingly, under these experimental
conditions, membrane pore formation of FGF2 was largely
impaired as well. The relevance of these reconstitution experi-
ments was shown in cells with a FGF2 variant form lacking the
two surface cysteines in positions 77 and 95 not being secreted.
Therefore, combined with earlier studies, three cis elements
important for FGF2 secretion have been identified with (i) a
stretch of basic residues that form the binding pocket for
PI(4,5)P2 (9), (ii) a tyrosine residue phosphorylated by Tec
kinase(16), and (iii) two surface cysteines involved in FGF2 olig-
omerization and membrane pore formation (this study). To
challenge these findings, we sought to test whether these cis
elements are transplantable to redirect a secretory protein from
the ER/Golgi-dependent secretory pathway into the unconven-
tional secretory pathway of FGF2. The experiments shown in
Figs. 7 and 8 demonstrate that after removal of its signal pep-
tide, FGF4 was secreted unconventionally when the three ele-
ments described above were transplanted into the equivalent
positions known from FGF2. Strikingly, this process resulted in
the presence of the FGF4/2 hybrid protein on cell surfaces, a
hallmark of FGF2 secretion. By contrast, signal-peptide-depen-
dent FGF4 secretion via the ER/Golgi-mediated pathway
mainly resulted in secretion into cellular supernatants.

Based on previous findings and the results from the current
study, we propose that FGF2 remains reduced as a monomer as
long as it is present in the reducing redox environment of the
cytoplasm (28, 29). However, upon PI(4,5)P2-dependent re-
cruitment at the inner leaflet of the plasma membrane, we pro-
pose that FGF2 encounters a different microenvironment that
allows for the formation of intermolecular disulfide bridges. In
particular, during insertion into the membrane, FGF2 may get
shielded from the reducing power of the cytoplasm. Therefore,
the combination of PI(4,5)P2-dependent recruitment and disul-
fide-dependent membrane pore formation is likely to represent
the molecular basis for the specific targeting of FGF2 to the
plasma membrane, a process that leads to oligomerization and
membrane insertion concomitant with the translocation of
FGF2 to cell surfaces.
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