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Abstract

An early step in signaling from activated receptor tyrosine kinases (RTKs) is the recruitment of 

cytosolic adaptor proteins to autophosphorylated tyrosines in the receptor cytoplasmic domains. 

Fibroblast growth factor receptor substrate 2α (FRS2α) associates via its phosphotyrosine-binding 

domain (PTB) to FGF receptors (FGFRs). Upon FGFR activation, FRS2α undergoes 

phosphorylation on multiple tyrosines, triggering recruitment of the adaptor Grb2 and the tyrosine 

phosphatase Shp2, resulting in stimulation of PI3K/AKT and MAPK signaling pathways. FRS2α 
also undergoes N-myristoylation, which was shown to be important for its localization to 

membranes and its ability to stimulate downstream signaling events (Kouhara et al., 1997). Here 

we show that FRS2α is also palmitoylated in cells and that cysteines 4 and 5 account for the entire 

modification. We further show that mutation of those two cysteines interferes with FRS2α 
localization to the plasma membrane (PM), and we quantify this observation using fluorescence 

fluctuation spectroscopy approaches. Importantly, prevention of myristoylation by introduction of 

a G2A mutation also abrogates palmitoylation, raising the possibility that signaling defects 

previously ascribed to the G2A mutant may actually be due to a failure of that mutant to undergo 

palmitoylation. Our results demonstrate that FRS2α undergoes coupled myristoylation and 

palmitoylation. Unlike stable cotranslational modifications, such as myristoylation and 

prenylation, palmitoylation is reversible due to the relative lability of the thioester linkage. 

Therefore, palmitoylation may provide a mechanism, in addition to phosphorylation, for dynamic 

regulation of FRS2 and its downstream signaling pathways.
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FRS2α is an essential gatekeeper for entry into MAPK and AKT signaling pathways 

triggered by activation of FGF receptors. It serves a similar, albeit more limited, function in 

signaling mediated by the neurotrophin-binding receptor tyrosine kinases (RTKs), TrkA and 

TrkB and RET.1 In addition, it is apparently important for both PDGF2 and VEGF3 

signaling in the cardiovascular system, although its mechanism of action in these cases is not 

entirely clear. FRS2α binds directly to RTKs via its phosphotyrosine-binding (PTB) domain 

(Figure 1A).

However, unlike other PTB-containing RTK adaptors, such as IRS-1, Shc, and Dok, the 

FRS2α PTB domain binds constitutively (i.e., independently of receptor tyrosine 

phosphorylation) to a juxtamembrane motif in FGFRs.4 Because PTB-RTK interactions are 

relatively weak, association of PTB-containing adaptors with their receptors requires their 

prior recruitment to the PM. For example, IRS-1 and Dok utilize pleckstrin homology (PH) 

domain-phosphoinositide interactions for PM recruitment. FRS2α does not contain a lipid-

binding module, but instead was found to undergo N-terminal myristoylation, the 

cotranslational attachment of a 14-carbon myristoyl chain.5 A nonmyristoylated mutant, 

FRS2αG2A, fails to undergo FGF-stimulated tyrosine phosphorylation and, hence, does not 

fully support FGF-mediated ERK and AKT activation.5,6 The N-terminal sequence of 

FRS2α also contains three cysteines predicted to be outstanding targets for palmitoylation, 

the post-translational attachment of a 16-carbon palmitoyl chain.7 However, this 

modification was not detected in the original study of FRS2α myristoylation,5 nor has it 

been reported in subsequent investigations of FRS2α. Because FRS2α has been identified in 

three palmitoyl-proteomes,8–10 we decided to reinvestigate this issue. Using the acyl-resin-

assisted capture (acyl-RAC) procedure (see Supporting Information), we identified both 

endogenous FRS2α and expressed FRS2α-myc-DDK as potentially palmitoylated proteins 

in cultured cells (Figure 1B). This result was confirmed by detecting 3H-palmitate 

incorporation into FRS2α-myc-DDK immunoprecipitated from labeled HeLa cells (Figure 

1C). Although these methods do not allow precise quantification of the extent of 

palmitoylation, results of acyl-RAC suggest that at least 50–70% of FRS2α is palmitoylated.

Three cysteines within the N-terminal region of FRS2α (1MGSCCSC7) are excellent 

candidates for palmitoylation. However, our mutational analysis indicates that only cysteines 

4 and 5 are acylated in cells (Figure 1D). Of particular importance, the G2A mutation, which 

prevents myristoylation,5 also prevented palmitoylation. According to bioinformatics 

programs,11,12 mutation of cysteines 4 and 5 to serine is not expected to diminish FRS2α 
myristoylation. Thus, we confirmed that FRS2α is, indeed, palmitoylated and that its 

palmitoylation requires prior myristoylation.

We next tested whether inhibition of FRS2α palmitoylation affected its association with 

cellular membranes. As previously shown,5 nearly the entire pool of FRS2αWT required 

detergent for extraction from cell homogenates, whereas FRS2αG2A behaved almost 

exclusively as a soluble protein, extractible in detergent-free buffers (Figure 2A). Likewise, 

most of the FRS2αC4,5S mutant was soluble, although a small pool remained membrane-

bound even in the presence of 1 M NaCl or 0.2 M Na2CO3. Examination of other dually 

lipidated proteins indicates that myristoylation alone promotes transient association with 

membranes, while subsequent palmitoylation allows for tighter and more prolonged 
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membrane anchoring.13 Thus, we suggest that myristoylation accounts for the slightly 

greater association of FRS2αC4,5S than FRS2αG2A with membranes.

Numerous palmitoylated proteins are concentrated in cholesterol-rich membrane 

microdomains, often referred to as lipid rafts,14 which may serve as receptor signaling 

platforms on the PM.15 Enrichment of FRS2α in rafts has been reported.16 Moreover, this 

raft distribution is physiologically significant, as the neurotrophin receptor RET is recruited 

to rafts via its interaction with FRS2α.17 We found that a pool of FRS2α is associated with 

rafts in HeLa cells and that this association is lost upon treatment with the palmitoylation 

inhibitor, 2-bromopalmitate (2-BP) (Figure 2B).

To assess the role of palmitoylation in the subcellular targeting of FRS2α, we localized WT 

and mutant forms of FRS2α-EGFP in HeLa cells using confocal microscopy (Figure 2C). 

As previously reported,5 FRS2αWT was predominantly located on the PM, whereas 

FRS2αG2A showed diffuse cytoplasmic staining, characteristic for soluble proteins. The 

proportion of FRS2αC4,5S on the PM was greatly reduced compared to FRS2αWT. However, 

unlike FRS2αG2A, FRS2αC4,5S showed diffuse cytoplasmic staining as well as association 

with intracellular organelles.

The extended perinuclear location of FRS2αC4,5S-EGFP suggested that this mutant may 

distribute to the Golgi apparatus and/or the endoplasmic reticulum (ER). Therefore, we 

tested for colocalization of WT and mutant forms of FRS2α-EGFP with the mCherry-K-

RAS tail (a PM marker18), mCherry-KDEL (an ER marker), and mCherry-P4M (which 

recognizes phosphatidylinositol 4-phosphate, a lipid that is particularly enriched in the 

Golgi19). As expected, FRS2αWT codistributed at the cell periphery with the K-RAS tail, 

particularly on cell surface projections, whereas FRS2αG2A showed minimal colocalization 

with any of the membrane markers (Figure 3A). FRS2αC4,5S colocalized most extensively 

with P4M-positive Golgi structures (Figure 3B).

We used fluorescence fluctuation spectroscopy (FFS)20 to determine quantitatively how 

lipidation influences the behavior of FRS2α in living U2OS cells. Using fluorescence 

correlation spectroscopy (FCS), we compared the diffusion times of FRS2αG2A-EGFP and 

FRS2αC4,5S-EGFP. The recovered diffusion time of FRS2αG2A-EGFP was concentration-

independent (Figure 4A) and similar to that of cytosolic proteins. In contrast, the diffusion 

times of FRS2αC4,5S-EGFP exhibited a pronounced increase with concentration and were 

far more scattered than those of FRS2αG2A (Figure 4A). These results demonstrate that 

cytoplasmic FRS2αC4,5S, unlike FRS2αG2A, interacts with low-mobility intracellular 

components in a concentration-dependent manner, perhaps reflecting transient association 

with membranes. In contrast, FCS on FRS2αWT-EGFP identified a strong PM-bound 

population with a very low mobility and a minor cytoplasmic population with a high 

mobility (Figure S1), suggesting strong association with the PM. The cytoplasmic diffusion 

times of FRS2αWT were close to the corresponding diffusion times for both mutants, 

indicating the absence of strong membrane association for FRS2αG2A and FRS2αC4,5S.

To estimate the relative affinities of WT and mutant FRS2α for the PM, we turned to z-scan 

FFS.21 An axial scan of the two-photon focus through the cytoplasm of a cell locally probes 
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the spatial distribution of a fluorescent protein along the scan path (Figure 4B). The recorded 

intensity trace from a cell expressing FRS2αWT-EGFP reveals two well-resolved peaks 

(Figure 4C), which are indicative of a significant population of protein located at the ventral 

and dorsal PM.22 We decompose the experimental intensity trace into its components by 

fitting. The fit identified the fluorescence contributions from each of the two membranes as 

well as the signal from protein residing within the cytoplasmic space (Figure 4C). A 

convenient parameter to quantify the signal contributions from the PM is the membrane 

fraction fM of the fluorescence intensity, which is defined as the ratio of the peak 

fluorescence from the membrane divided by the total fluorescence.23 The membrane 

fractions in Figure 4C are 75% and 76% for the ventral and dorsal PM, respectively. We 

performed z-scan FFS on a population of cells and measured at several locations within each 

cell to acquire a statistical sample of the PM fraction of labeled FRS2αWT. The histogram of 

the combined PM fractions reveals a significant population of PM-bound FRS2αWT (f M > 

0.5) for the z-scan measurements (Figure 4D).

In contrast, the distribution to PM fractions of FRS2αC4,5S EGFP and FRS2αG2A-EGFP 

shifted to low values (f M < 0.5) (Figure 4E and 4F, respectively), indicating that these 

mutations result in a significant loss of the PM-bound protein population. Comparison of 

Figure 4E and 4F indicates that the G2A mutation reduces PM binding more significantly 

than the C4,5S mutation. The detected PM fractions for FRS2αG2A-EGFP are mostly below 

20%. Previous characterization of z-scan FFS established that the lower limit of reliable 

identification of the PM fraction is between 10 and 20%.22 To demonstrate this limit, we 

performed control experiments with GFP. The z-scans identified a distribution of PM 

fractions (Figure 4G), which is comparable to the distribution observed for FRS2αG2A 

(Figure 4F). Therefore, we conclude that the binding affinity of FRS2αG2A for the PM has 

been reduced below our detection limit.

We found that expression levels of FRS2αC4,5S were typically lower than those of 

FRS2αG2A. To eliminate potential biases in the analysis that could arise from differences in 

the expression level, we chose a subset of data with matching cytoplasmic concentrations. 

We chose a narrow concentration range from 20 to 100 nM as the filter and calculated the 

median and its standard error (Figure 4H). The median of the PM fraction is above 90% for 

FRS2αWT and reduces to 8 ± 1% for FRS2αC4,5S. The median is further reduced to 2.6 

± 0.2% for FRS2αG2A, which is a statistically significant reduction. Similarly, a two-tailed 

Welch t test determined that the data for FRS2αC4,5S and FRS2αG2A were different (p < 

0.001). On the other hand, the median PM fraction of FRS2αG2A and the GFP control (2.2% 

± 0.5%) are within one standard deviation. This observation is corroborated by a two-tailed t 

test of these two data sets, which found no significant difference (p = 0.26). The results 

obtained from z-scan measurements are consistent with the FCS experiments of protein 

mobility (Figure 4A). The C4,5S mutation significantly reduces, but does not eliminate 

membrane binding. The G2A mutation reduces membrane binding below our detection 

limit.

Because FGF signaling regulates cell differentiation, growth, survival, and motility, it is not 

surprising that FRS2α is being actively pursued as a possible therapeutic target in cancer.
24,25 Myristoylation of FRS2α was recently proposed as a promising cancer drug target, 
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offering the possibility of circumventing the resistance observed with the use of FGFR 

kinase inhibitors.6 Our results suggest that protein acyltransferases and thioesterases that 

regulate FRS2 palmitoylation should also be considered as potential targets for therapeutic 

intervention in cancer and other growth factor-related diseases.
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ABBREVIATIONS

IRS-1 insulin receptor substrate-1

Shc Src homology and collagen

Dok downstream of tyrosine kinases

acyl-RAC acyl-resin-assisted capture

EGFP enhanced green fluorescent protein
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Figure 1. 
Palmitolylation of FRS2α. (A) Scheme of human FRS2α showing the N-terminal lipidation 

motif, RTK-binding PTB domain, and phosphotyrosines that interact with Grb2 and Shp2. 

(B) Palmitoylation of endogenous FRS2α in HEK293 cells (top) and overexpressed FRS2α-

DDK in HeLa cells (bottom) detected by acyl-RAC (see Supporting Information). Actin and 

caveolin are negative and positive controls, respectively. Total represents 10% of the sample 

used for analysis. (C) 3H-palmitate incorporation into overexpressed FRS2α-DDK 

immunoprecipitated with anti-DDK antibodies from 3H-palmitate-labeled HeLa cells. 

Abbreviations: CB, Coomassie blue-stained gel; 3H-palm, autoradiogram; IB, immunoblot 

with anti-DDK antibody. (D) Palmitoylation of DDK-tagged FRS2α (WT and mutants) 

expressed in HeLa cells as detected by acyl-RAC. Total represents 10% of the sample used 

for analysis.
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Figure 2. 
Effect of disrupting palmitoylation on the solubility and distribution of FRS2α. (A) Effect of 

mutating lipidated residues on the extractibility of FRS2α. Postnuclear supernatants from 

HeLa cells expressing FRS2αWT, FRS2αG2A, and FRS2αC4,5S were incubated under the 

conditions shown and subjected to centrifugation at 210 000g for 15 min to obtain 

solubilized (S) and particulate (P) fractions. FRS2α was detected with the anti-DDK 

antibody. (B) Effect of 2-BP on the distribution of overexpressed FRS2αWT-DDK to lipid 

rafts in HEK293 cells. Flotillin, a raft marker, is stably palmitoylated and is not susceptible 

to the 6 h 2-BP treatment used in this experiment. (C) Confocal micrographs of HeLa cells 

expressing FRS2αWT-EGFP (left), FRS2αG2A-EGFP (middle), and FRS2αC4,5S-EGFP 

(right). Bar, 10 μm.
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Figure 3. 
Accumulation of the palmitoylation-deficient FRS2αC4,5S mutant on the Golgi. (A) 

Confocal images of HeLa cells cotransfected with either WT or mutant forms of FRS2α-

EGFP as indicated and the PM marker, the mCherry-K-RAS tail. (B) Confocal images of 

HeLa cells cotransfected with FRS2αC4,5S-EGFP and mCherry-P4M (Golgi-enriched) or 

mCherry-KDEL (ER marker) Bar, 10 μm.
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Figure 4. 
FCS and z-scan characterization of cytoplasmic mobility and PM binding of FRS2α. (A) 

The cytoplasmic diffusion time of FRS2αG2A-EGFP is concentration-independent with a 

mean value of 2.2 ms. In contrast, the diffusion time of FRS2αC4,5S-EGFP increases with 

concentration, which is indicative of transient interactions with cellular factors of a low 

mobility. (B) Conceptual illustration of a z-scan of the two-phot6on focus through a 

cytoplasmic location. (C) Z-scan intensity trace of FRS2αWT-EGFP with two prominent 

peaks identifying protein bound to the ventral and dorsal PM. A fit identified the membrane 

contributions (green, dashed line) as well as the cytoplasmic component (blue, dashed line) 

to the total fluorescence signal (red, solid line). The ventral and dorsal PM fractions 

calculated from the fit are 75% and 76%, respectively. (D–G) Histograms of PM fraction of 

FRS2αWT (D), FRS2αC4,5S (E), FRS2αG2A (F), and GFP control (G). (H) Median and its 

standard error of the PM fraction at low concentrations (20 to 100 nM) for FRS2αWT, 

FRS2αC4,5S, FRS2αG2A, and GFP.
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