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ABSTRACT OF THE DISSERTATION 

 

The Control of Rat Sarcoma/Mitogen Activated Protein Kinase Signaling in Drosophila by 

Small Ubiquitin-related Modifier 

 

By 

 

Joseph Huu-Chuong Cao 

 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles 2015 

Professor Albert J. Courey, Chair 

 

 A previous study employed affinity purification and tandem mass spectroscopy to 

identify 142 SUMO-conjugation targets in the early Drosophila embryo. Multiple components of 

the Ras/MAPK signaling pathway are among these targets, and in accord with this discovery, 

SUMO was found to be required for activation of the Ras/MAPK pathway in Drosophila S2 

cells. However, the question of what is SUMO’s role in the Ras/MAPK still remains.  In this 

dissertation, I present experiments showing that SUMO is also required for Ras/MAPK signaling 

in the developing embryo. In addition, I explore the mechanism by which SUMO regulates 

Ras/MAPK signaling.  

To determine if SUMO is required for Ras/MAPK signaling in developing embryos as it 

is in S2 cells, I investigated the role of SUMO in signaling through the Torso receptor tyrosine 
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kinase, which signals through the Ras/MAPK pathway to specify the embryonic termini. I 

generated females containing SUMO mutant germline clones and performed immunoblotting and 

immunofluorescence on the resulting embryos to assess MAPK phosphorylation levels. In 

addition, I performed reverse transcriptase-qPCR to assess the expression of tailless, a target of 

the Torso pathway. The results show that reduction of the maternal SUMO contribution 

decreases both MAPK activation and tailless expression, consistent with a positive role for 

SUMO in Ras/MAPK signaling during embryogenesis.  

Localization of Ras to the plasma membrane, which is required for Ras/MAPK signaling, 

depends on C-terminal prenylation as well as lysine residues in the Ras C-terminal hypervariable 

region. A published bacterial SUMOylation assay demonstrated that SUMO can be conjugated to 

the hypervariable region lysine residues suggesting a role for SUMO in membrane localization 

of Ras. However, my S2 cell SUMO knockdown studies revealed roles for SUMO in neither the 

lipid modification of Ras nor Ras trafficking. I saw no evidence for Ras SUMOylation in 

Drosophila cells, although I did detect a non-covalent complex that includes Ras and one or 

more SUMOylated proteins. 

Included among the 142 SUMO-conjugated proteins detected in early embryos were 

protein phosphatase 2A (PP2A) and 14-3-3 family proteins, both of which modulate Ras/MAPK 

signaling through their interactions with Raf. These findings suggested that SUMO might 

modulate Ras/MAPK signaling via Raf, and I therefore determined how SUMO affects Raf 

phosphorylation and subcellular localization. An epitope-tagged form of Raf was expressed in 

wild-type and SUMO knockdown S2 cells followed by immunopurification and tandem mass 

spectroscopy to characterize the Raf phosphorylation state. Activation of the Ras/MAPK 

pathway promotes Raf dephosphorylation at S346, which is the counterpart of a residue in 
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human C-Raf that needs to be dephosphorylated for efficient Ras/MAPK signaling. However, 

dephosphorylation of S346 did not occur upon activation of the Ras/MAPK pathway in SUMO 

knockdown cells. Furthermore, subcellular fractionation revealed that SUMO knockdown 

prevents Raf from localizing to the plasma membrane in insulin activated cells. By expressing a 

form of Raf that is constitutively targeted to the plasma membrane and that lacks S346, we were 

able to restore Ras/MAPK signaling in SUMO knockdown cells. These findings suggest that a 

primary role for SUMO in the Ras/MAPK pathway is to promote Raf dephosphorylation and 

targeting of Raf to the plasma membrane. 

My studies have revealed a novel mechanism by which SUMO regulates Raf activity and 

therefore the Ras/MAPK pathway. Since mutations in the Ras/MAPK pathway are found in 30% 

of all cancers in humans, my findings may eventually lead to the development of novel therapies 

for cancer treatment that target the function of SUMO in Ras/MAPK signaling. 
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Chapter 1 

 

Introduction: Crosstalk between the Ras/MAPK and SUMO pathways in Drosophila 
development 
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INTRODUCTION 

Multiple signaling pathways allow cell-to-cell communication as required for 

development, cell differentiation, and cell motility. One such pathway is the Ras/MAPK 

pathway, which is one of the most ubiquitous signal transduction pathways in the eukaryotic 

domain. The lynchpin of this pathway is the small GTPase Ras, which was initially discovered as 

the product of viral oncogenes [1-3]. Activating mutations in the cellular counterparts of these 

viral oncogenes are found in a large fraction of human cancers [4, 5].  

Ras/MAPK signaling is initiated by activation of any of a number of transmembrane 

receptor tyrosine kinases (RTKs) [6, 7]. Binding of a ligand to the RTK activates an intracellular 

signaling cascade that employs the following main components: Downstream of receptor kinase 

(Drk), Son of sevenless (Sos), Ras, Raf, MAPK/ERK kinase (MEK), and mitogen activated 

protein kinase (MAPK) (Figure 1-1). These factors act linearly in the order listed, and all are 

essential for signaling. 

Extensive biochemical and genetic studies of the Ras/MAPK pathway in mammalian, 

yeast, and Drosophila systems have revealed the following general scheme [5, 6] (Figure 1-1). 

Once a ligand binds to the RTK, the RTK dimerizes and autophosphorylates certain tyrosine 

residues. This allows for the recruitment of an adapter protein Drk to the plasma membrane, 

which, in turn, recruits Sos, for the activation of Ras. Ras recruits the serine/threonine kinase Raf 

to the plasma membrane, which leads to the sequential phosphorylation and activation of the two 

serine/threonine kinases MEK and MAPK. Activated MAPK phosphorylates numerous 

transcription factors to change the transcriptional program of the cell. Below, I will give a brief 

introduction to each of these pathway components emphasizing the historical aspects of their 

discovery as well as what is known about how they function during Drosophila development.   
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HISTORICAL PERSPECTIVE ON THE DROSOPHILA RAS/MAPK PATHWAY 

 

Receptor Tyrosine Kinases 

Multiple RTKs, including Torso (Tor), the EGF receptor (Egfr), two FGF receptor 

homologues (Breathless [Btl] and Heartless [Htl]), Sevenless (Sev), and Drosophila Insulin 

Receptor (DInR) regulate Drosophila development [8]. Tor specifies cell fates at the anterior and 

posterior termini of the early embryo. Egfr specifies the dorsoventral fate in the follicle cell 

epithelium of the ovary and has additional roles in embryonic and imaginal development. Btl and 

Htl are required for the development of the tracheal and circulatory systems, respectively. Sev 

signaling specifies R7 photoreceptors during development of the Drosophila eye imaginal disc. 

Finally, DInR regulates cell growth, proliferation, and female fertility.  

In general, these RTKs are each activated by a distinct ligand or set of ligands, but they 

all signal through the common Ras/MAPK pathway (an exception to this being DInR, which 

signals through both the Ras/MAPK and the Atk pathways). How then does each RTK direct a 

different developmental program? The answer to this question is not fully understood, but the 

diversity of developmental outcomes is due, in part, to the availability of different downstream 

transcription factors in different spatial and temporal domains to respond to these factors [6]. In 

addition, the outcome of Ras/MAPK signaling may be modulated by cell-specific factors that 

control the activity of the main pathway components (e.g., see the section below on Raf). Finally, 

developmental fate is likely determined by combinatorial interactions of the Ras/MAPK 

signaling pathway with other tissue specific signaling cascades [6, 8].  
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Drk and Sos 

 The genes encoding Drk and Sos were discovered in screens for mutations that could 

enhance or suppress the loss of R7 photoreceptor cell phenotype due to hypomorphic sev 

mutations [9-12]. Sequence analysis showed that Sos is homologous to yeast Cdc25, a guanine 

nucleotide exchange factor, consistent with the idea that Sos activates Ras by catalyzing the 

exchange of GDP for GTP. Drk is closely related to human GRB2, and like GRB2, it contains a 

phosphotyrosine binding Src Homology 2 (SH2) and two Src Homology 3 (SH3) domains. The 

SH2 domain binds to the tyrosine phosphorylated RTK, while SH3 domains bind to Sos [9, 13-

16].  

 Epistasis analysis was performed to determine when Drk acts relative to Ras in the 

Ras/MAPK pathway. In accord with the role of the Sev pathway in the development of R7 

photoreceptors, Drk mutant eye disc clones failed to develop R7 photoreceptors, but the 

expression of constitutively active RasV12 in the Drk mutant clones rescued R7 development. 

This indicates that Ras acts downstream of Drk [9].  

Biochemical experiments further illuminated the position of Drk and Sos in the signaling 

pathway. Co-immunoprecipitation experiments on extracts of mammalian cells expressing 

Drosophila Sos revealed binding of this protein to the activated insulin receptor [14]. In addition, 

in vitro binding assays showed that Drk binds to both the activated Sev receptor and Sos, 

consistent with the idea that it is an adaptor between Drk and Sos [9].  

 

Ras 

 The name Ras stands for rat sarcoma as the first examples of this oncogene were found 

in the genomes of two oncogenic retroviruses isolated from rats, Harvey sarcoma virus and 
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Kirsten sarcoma virus, giving rise to the names H-Ras and K-Ras, respectively [1, 3]. An 

additional mammalian Ras was isolated from neuroblastoma cells, and was thus named N-Ras 

[17]. Even though these proteins are part of the Ras family, they are not functionally redundant, 

and are expressed in largely non-overlapping patterns during development [18]. The Drosophila 

genome encodes two Ras family proteins (Ras85D and Ras64B). However, only Ras85D is able 

to transduce the RTK signal [19]. Therefore, throughout this dissertation, I will refer to Ras85D 

as Drosophila Ras or simply as Ras. While Ras was identified in a Drosophila genomic Southern 

blot in which H-Ras was used as a probe [20] , its role in RTK signaling became clear through 

genetic analysis of the Sev pathway [10, 19]. These experiments showed that expression of Ras 

using an R7 specific promoter in sev mutant eye discs was sufficient to rescue R7 development 

[19]. 

The Ras proteins are conserved from yeast to humans. The N-terminal portion of the Ras 

protein contains a highly conserved GTPase domain [21] (Figure 1-2).  In contrast, the C-

terminal region is not conserved and is thus called the hypervariable region. However, there is a 

conserved cysteine that is four residues from the C-terminus in the sequence CAAX (A stands 

for any aliphatic amino acid, while X stands for any amino acid) [22]. This cysteine is modified 

by prenylation, and prenylation is then followed by proteolytic removal of the AAX. Prenylation 

is required for targeting Ras to the plasma membrane, and inhibition of Ras prenylation in insect 

cells blocks Ras/MAPK signaling [23].   

Analysis of X-ray crystal structures along with protein and nucleotide binding studies 

have revealed the mechanism by which Sos activates Ras [24]. Sos binds much more tightly to 

Ras when it is bound to neither GTP nor GDP, than to nucleotide bound Ras. An α-helix in Sos 

subsequently interacts with Ras to promote the binding of either GTP or GDP to Ras, which then 



  6 

causes Sos to dissociate from Ras. Even though Sos does not discriminate between GTP and 

GDP, GTP is more likely to bind to Ras because the cellular concentration of GTP is ten-fold 

higher than that of GDP [24]. GTP-bound Ras is then active for signaling (see below).  

 

Raf 

 Once Ras is bound to GTP, it binds to Raf, which stands for rapidly accelerated 

fibrosarcoma [25]. The mechanism by which Raf function is consequently activated is the most 

complex of any protein in the pathway [26, 27]. Raf was first identified through viral oncogenes 

found in murine retroviruses (v-raf) [28] and avian retrovirus (v-mil) [29]. Subsequently, three 

forms of Raf termed A-Raf, B-Raf, and C-Raf, were found in humans [26]. The gene encoding 

Drosophila Raf was initially characterized as a gene on the X-chromosome required for Tor 

signaling, and the original name of this gene, pole hole, reflects it role in patterning of the 

embryonic termini (or poles) through the Tor pathway [30]. Drosophila Raf is more closely 

related to C-Raf than to the other two human Raf family proteins [26]. 

 Raf contains three functional domains, the Ras binding domain (RBD), the cysteine rich 

domain (CRD), and the kinase domain (Figure 1-3A). The RBD only binds to GTP bound Ras, 

while the CRD can bind to Ras independently of GTP [31]. However binding of Raf to Ras is not 

sufficient for Raf activation. Additional criteria must be met, and this has been intensively 

studied in the case of C-Raf [26]. In particular, C-Raf is phosphorylated at multiple sites and its 

phosphorylation state affects its kinase activity [32].   

Two important phosphoacceptor residues in C-Raf are serines 43 and 259 (S43 and 

S259). Phosphorylation of these two residues by Protein Kinase A (PKA) inhibits Raf activity 

[33, 34]. It appears that phosphorylation of S43 prevents Ras from binding to Raf, while 
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phosphorylated S259 forms part of a binding site for 14-3-3 family proteins [26, 35-37], which 

function as Raf inhibitors. In agreement with this idea, mutation of S259 to alanine abolished 

binding of 14-3-3 to Raf. Expression of the constitutively active Ras, RasV12, displaced 14-3-3 

from Raf suggesting that Ras and 14-3-3 compete for overlapping binding sites on Raf. 

Consistent with the idea that binding of Raf to Ras directs Raf to the membrane, immunostaining 

experiments showed that RafS259A localized to the plasma membrane more efficiently than wild-

type Raf. A protein alignment shows that S346 in Drosophila Raf is equivalent to S259 in C-Raf 

[38] (Figure 1-3B). 

Protein phosphatase 2A (PP2A) also controls Raf activity by dephosphorylating Raf at 

S259 and therefore helping to activate Raf. In the presence of PP2A inhibitors, 14-3-3 binds to 

Raf and negatively regulates signaling [39]. Genetic studies in Drosophila have also 

demonstrated the requirement of PP2A for Raf activity [40]. 

 While phosphorylation of S43 and S259 negatively regulates C-Raf, phosphorylation of 

other residues activates Raf. The conserved serine 338 (S338) in C-Raf is phosphorylated by p-

21 activated protein kinase (PAK) [41], while tyrosine 341 (Y341) is phosphorylated by Src 

family proteins [31]. Both of these sites are in the kinase domain, and their phosphorylation 

blocks the inhibition of Raf kinase activity by regions N-terminal to the kinase domain.  

While the phosphorylation status of Raf directly affects Ras/MAPK signaling, as far as 

we know, the kinases (e.g., PKA, PAK, Src) and phosphatases (e.g., PP2A) that catalyze Raf 

phosphorylation and dephosphorylation are not directly regulated by RTK signaling. Rather, it 

appears that, by controlling the phosphorylation status of Raf, these kinases and phosphatases 

control the competence of a cell or tissue to respond to RTK activation. They presumably do so 

in a cell-type specific and temporally-regulated manner. 
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MEK and MAPK 

 MEK was first identified in Drosophila through a screen for dominant suppressors of a 

lethal hypomorphic Raf allele [42]. One of these suppressor mutations was found to reside in a 

gene called downstream of Raf-1 [Dsor1], which encodes the Drosophila homolog of vertebrate 

and yeast MEK family proteins. Studies in multiple organisms have shown that MEK acts 

downstream of Raf to phosphorylate and activate MAPK[5, 6]. In Drosophila, genetic analysis 

shows that MEK is required for Tor signaling; for example, a loss-of-function Dsor1 mutation 

was found to interfere with activation of the tailless (tll) promoter in response to the Tor signal 

[42]. 

 Drosophila MAPK was discovered through its homology to previously characterized rat 

and yeast MAPK family proteins [43]. It was subsequently shown to be encoded by the rolled 

(rl) locus and mutations in this locus were able to suppress the rough eye phenotype due to a 

constitutively active form of Raf, thus placing MAPK downstream of Raf in the Sev pathway 

[44]. Although there are multiple MAPK family proteins in Drosophila, in this dissertation, the 

term MAPK will be used to refer exclusively to the rl gene product.  

 Activation of MAPK through phosphorylation by MEK leads to phosphorylation of 

multiple transcription factors altering the transcriptional program of the cell. In Drosophila, 

MAPK phosphorylates the AP-1 family protein c-Jun and the Ets family transcription factors 

Yan and Pointed [45]. Genetic and biochemical experiments reveal that MAPK phosphorylation 

of Pointed and c-Jun promotes the activation of phyllopod for R7 development, while 

phosphorylation of Yan blocks its ability to repress transcription. 

 The repressor Capicua (Cic) and the corepressor Groucho (Gro) are also regulated by 

activated MAPK. Both Cic and Gro repress the expression of genes required for patterning of the 
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embryonic termini and wing development [46, 47]. During early embryogenesis, MAPK is 

activated at the embryonic termini in response to Tor signaling. Activated MAPK then 

phosphorylates and inactivates both Gro and Cic thus allowing expression of the terminal-

specific genes tailless (tll) and huckebein (hkb). In addition, phosphorylation of Cic and Gro by 

MAPK allows for Argos (Aos) expression in the wing disc [48, 49].   

 

SUMO – another protein modification regulating Ras/MAPK signaling 

A combined proteomic/cell biological/genetic analysis has suggested a role for small 

ubiquitin-related modifier (SUMO) in the regulation of Ras/MAPK signaling [50], and the 

exploration of this connection is the subject of Chapters 2-4 of this dissertation. Thus the 

remainder of this chapter will provide a brief introduction to SUMO and its roles in Ras/MAPK 

signaling during Drosophila development. 

SUMO is one of many ubiquitin-like proteins (UbLs) with diverse functions in cell 

biology and development. SUMO has a structure similar to that of ubiquitin, and the mechanism 

for conjugation of SUMO to target proteins (SUMOylation) is homologous to that used by 

ubiquitin [51]. Like ubiquitylation, SUMOylation modulates protein function in diverse ways. 

However, unlike ubiquitylation, SUMOylation is not thought to have a primary role in protein 

degradation [52, 53].  
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THE SUMO PATHWAY 

The Drosophila genome encodes a single SUMO family protein (the product of the smt3 

gene), while the human genome encodes four family members, SUMO1, SUMO2, SUMO3, and 

SUMO4 [52, 54, 55]. Drosophila SUMO is more closely related to human SUMO2 and SUMO3 

than to the other human SUMO family members [52]. 

SUMO is first expressed in an immature form containing a C-terminal extension, and 

cleavage near the C-terminus by one of two ubiquitin-like proteases encoded in the Drosophila 

genome (Ulp1 and Ulp2) exposes the C-terminal Gly-Gly motif found in mature SUMO [55] 

(Figure 1-4). In a reaction that is coupled to the hydrolysis of ATP to AMP and pyrophosphate, 

SUMO is then attached to the E1 complex, also termed the SUMO activating enzyme, which 

consists of SAE1 and SAE2, via a thioester linkage between an active site cysteine in the E1 

complex and the C-terminal carboxyl group of SUMO. SUMO is then transferred to a cysteine 

side chain in the E2 enzyme Ubc9, also termed the SUMO conjugating enzyme [56]. While most 

or all eukaryotic organisms contain multiple ubiquitin conjugating enzymes, Ubc9 appears to be 

the sole SUMO conjugating enzyme. Ubc9 hands off SUMO to a lysine side chain in a target 

protein, forming an amide linkage. SUMO acceptor lysine residues are often found within a 

sequence that matches a ΨKxE consensus (Ψ is any hydrophobic amino acid and x is any amino 

acid) [57].  

Unlike ubiquitin conjugation, SUMO conjugation does not always require an E3 ligase to 

catalyze the final transfer from the conjugating enzyme to the target [52]. However, E3 ligases 

do sometimes help Ubc9 select its targets. A number of proteins have been found to have SUMO 

ligase activity including the PIAS family proteins, RanBP2, and Pc2 [58-60]. SUMO 
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modification is readily reversible through the deconjugating activities of the ubiquitin-like 

proteases Ulp1 and Ulp2, the same proteases that act in the SUMO maturation step [55].  

SUMO-modified proteins are able to interact non-covalently with other proteins through 

SUMO interaction motifs (SIMs). This motif possesses a hydrophobic core with the consensus 

sequence V/I-V/I-X-V/I (X is any amino acid) [61, 62]. The SIM forms a β strand that interacts 

with the β2 strand of SUMO in either a parallel or anti-parallel orientation [63, 64]. Serine and 

threonine residues adjacent to the SIM hydrophobic core can be phosphorylated, and the 

phosphate group forms a salt bridge to a conserved lysine residue within SUMO [62].  
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CONCLUDING REMARKS: BRINGING TOGETHER SUMO AND RAS/MAPK 

SIGNALING 

 SUMO is required for multiple aspects of Drosophila embryogenesis. For example, 

phenotypic analysis of embryos deficient for the SUMO conjugating enzyme, Ubc9, revealed an 

anterior patterning defect (missing thoracic and anterior abdominal segments) [65], while SUMO 

depletion leads to additional patterning defects including terminal and dorsoventral patterning 

defects [50]. These findings are consistent with the observation that many transcription factors 

with fundamental roles in patterning, including Bicoid, Hunchback, Dorsal, and Caudal are 

SUMO conjugation targets [50]. In addition, as will be discussed in Chapter 2, I have obtained 

evidence that SUMO specifically interferes with terminal patterning through its effect on Tor 

signaling, a process that is essential for specification of the embryonic termini. 

 SUMO is also required for patterning of the eggshell, a finding that provides an 

additional link to Ras/MAPK signaling. Egfr signaling specifies the identity of the dorsal follicle 

cells in each egg chamber of the ovary [66]. The dorsal follicle cells then secrete the dorsal 

structures of the eggshell including the dorsal appendages. Epistasis studies suggest that SUMO 

acts downstream of Egfr in the Ras/MAPK pathway to specify the dorsal eggshell fate. As a 

result, embryos that are transheterozygous for SUMO and Ras mutant alleles exhibit fused or 

missing dorsal appendages [67].  

 Further investigation of the role of SUMO in the Ras/MAPK pathway revealed that 

SUMO is necessary for MAPK activation [50], as RNAi knockdown of SUMO in S2 cells 

resulted in reduced pMAPK levels in cells stimulated with either Spitz (an Egfr ligand) or insulin 

(an DInR ligand). This is consistent with the observation that a number of factors that modulate 

Ras/MAPK signaling via their influence on Raf function, including 14-3-3 family proteins and 



  13 

PP2A, are targets of SUMO conjugation in the early embryo [50]. In Chapter 2, I will show that 

SUMO is also required for Tor-dependent MAPK activation in embryos and in Chapter 4, I will 

present studies suggesting that SUMO modulates Ras/MAPK signaling at the level of Raf 

membrane localization. 
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Figure 1-1 
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Figure 1-1. Simplified model of the Ras/MAPK pathway. RTKs dimerize and become active 

upon ligand binding. The phosphorylated RTK recruits DRK, Sos, and Ras. Sos stimulates the 

exchange of GDP bound to Ras for GTP. Raf is recruited to the plasma membrane for the 

phosphorylation of MEK, which will then phosphorylate MAPK 
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Figure 1-2 
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Figure 1-2.  Ras Protein Structure. The N-terminal portion of Ras contains a GTPase domain. 

The hypervariable region is not conserved but it modulates Ras localization to the plasma 

membrane. The cysteine residue in the last four amino acids is conserved among different 

species, and serves as a prenylation site.    
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Figure 1-3 
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Figure 1-3. Schematic of human c-Raf and Drosophila Raf.  (A) The Raf proteins have three 

conserved domains: a Ras binding domain (RBD), a cysteine-rich domain (CRD), and a kinase 

domain. Both the RBD and CRD interact with Ras. The Raf proteins contain a conserved 

phosphoacceptor serine at positions 346 and 259 in Drosophila and humans respectively. (B) 

The box highlights the conserved 14-3-3 protein binding motifs in Drosophila Raf and human C-

Raf, with the arrow indicating the phosphoacceptor serine within the motif. 
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Figure 1-4 
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Figure 1-4. Schematic of the SUMO pathway. SUMO is first expressed as an immature form 

containing a C-terminal extension. The extension is then cleaved by Ulp, exposing a di-glycine 

motif. SUMO is then attached to the SAE1/SAE2 complex by a thioester bond. SUMO is 

transferred to the conjugase Ubc9. With the help of an E3 ligase, SUMO modifies the target 

protein at a lysine in the SUMO consensus site. SUMO can be deconjugated from the target 

protein by a Ulp, the same protease used in SUMO maturation.   
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Chapter 2 

 

SUMO is a Positive Effector of Ras/MAPK Signaling in the Early Drosophila Embryo 
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INTRODUCTION 

Cells respond to environmental cues for the regulation of growth and differentiation. 

Receptor tyrosine kinases (RTKs) mediate many such responses by transducing external signals 

into the nucleus by the Ras/MAPK signaling pathway [1, 2]. This pathway includes Son of 

sevenless (Sos), a guanine nucleotide exchange factor recruited to the plasma membrane by 

Downstream of receptor kinase (Drk). Drk binds to a phosphorylated tyrosine on the RTK via its 

SH2 domain. Sos activates Ras by exchanging the GDP bound to Ras for GTP. In its GTP-bound 

form, Ras activates Raf, which subsequently phosphorylates mitogen/extracellular signal-

regulated kinase (MEK). Phospho-MEK (pMEK) then phosphorylates mitogen-activated protein 

kinase (MAPK); and phospho-MAPK (pMAPK), in turn, phosphorylates transcription factors 

thereby altering the transcriptional program of the cell.   

Drosophila contains numerous well-characterized RTKs, including EGF Receptor (Egfr), 

Sevenless (Sev), Torso (Tor), and Drosophila insulin receptor (DInR) [3, 4]. Egfr, which is 

activated by multiple ligands including the TGF-α family protein Spitz, is used throughout 

Drosophila development for cell differentiation, migration, and proliferation [5]. Sev, on the 

other hand, is expressed only in the developing compound eye for specification of the R7 

photoreceptor, where it is activated by Bride of Sevenless. Tor is maternally deposited in the 

oocyte and is uniformly distributed throughout the plasma membrane of the early syncytial 

embryo [6], although it is only activated at the embryonic termini due to the spatially restricted 

production of a Tor ligand in the extraembryonic space – most likely the processed product of 

the trunk gene [7]. Finally, DInR regulates cell growth and proliferation in response to insulin-

like peptides, and unlike the Egfr, Sev, and Tor, which signal exclusively through the 

Ras/MAPK pathway, DInR signals through both the Akt and Ras/MAPK pathways. 
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Terminal-specific activation of Tor and consequently of the Ras/MAPK pathway alters 

the transcriptional program at the termini and is required in this way for proper specification of 

the embryonic termini (Figure 2-1). Tor directs terminal specific expression via a relief of 

repression mechanism. In particular, activated MAPK phosphorylates the repressor Capicua 

(Cic) and the corepressor Groucho (Gro) to inactivate these factors, thus allowing the expression 

of tailless (tll) and huckebein (hkb) [8, 9]. Tll is an orphan nuclear receptor that represses the 

expression of Kruppel and knirps to allow the development of the terminal structures [10]. Hkb 

is also a transcription factor, but it represses snail (sna) at the posterior and targets of Sna and 

Twist (Twi) at the anterior as required for the development of the endoderm [11]. 

A previous study showed that SUMO is necessary for Ras/MAPK signaling in S2 cells 

treated with the Egfr agonist, Spitz, or with the DInR agonist, insulin [12].  In this chapter, I will 

present experiments showing that SUMO also modulates Ras/MAPK signaling through the Tor 

pathway in the developing embryo. In particular, I will show that SUMO is required for MAPK 

activation by Tor in SUMO germline clone embryos (SUMO GLC) and that it is required for 

Tor-mediated relief of tll repression. 
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RESULTS 

 
SUMO is required for Tor signaling 

Previous studies [12] showed that: (1) A number of Ras/MAPK pathway proteins, 

particularly including the Raf interactors 14-3-3 and PP2A, are SUMOylated in the early 

embryo; and (2) SUMO knockdown compromises Ras/MAPK signaling in S2 cells. To 

determine if SUMO is also required for Tor/Ras/MAPK signaling in the early embryo, I 

generated and characterized SUMO mutant maternal germline clone (GLC) embryos. For these 

purposes I used a previously characterized lethal hypomorphic SUMO allele containing a P-

element insertion in the 5’ flanking region that reduces expression by ~5-10-fold [12]. This 

hypomorphic allele was preferred to a null allele since SUMO is required for oogenesis, and thus 

maternal germline clones of a SUMO null allele yield no embryos [12].  

Germline clones were generated using the FLP Dominant Female Sterile (DFS) technique 

[13]. I generated flies carrying the FRT-linked SUMO hypomorphic allele over an FRT-linked 

transgenic copy of a dominant female sterile allele of OvoD, and on another chromosome, a 

transgenic copy of the flippase gene under control of a heatshock promoter. Larvae of this 

genotype were heatshocked at 37˚ C and the resulting adult females were allowed to mate and 

lay eggs. Any embryos resulting from these females must derive from homozygous SUMO 

mutant germline clones generated by flippase-catalyzed mitotic recombination in the larval 

ovaries. As expected, the production of embryos was completely dependent upon the induction 

of flippase in the mother during larval development.  

The embryos generated as described above were analyzed by immunofluorescence and 

immunoblotting. Immunoblots of wild-type and SUMO GLC embryos were stained with 
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antibodies against SUMO, pMAPK, and total MAPK. We observed the expected reduction in 

SUMO levels as a result of the hypomorphic mutation (Figure 2-2A, B). 

 Total MAPK levels remained relatively constant while pMAPK levels exhibited a 

significant reduction compared to WT embryos (Figure 2-2A). After normalizing the pMAPK 

signal to the total MAPK signal, we determined that the pMAPK level in the SUMO GLC 

embryos was five-fold less than that in WT embryos (Figure 2-2B).  

 Wild-type and SUMO GLC embryos were also compared by immunofluorescence using 

the pMAPK antibody. We observed terminal-specific pMAPK staining in 100% of wild-type 

embryos. However, only 30% of the SUMO GLC embryos exhibited terminal specific staining 

with the remaining 70% of the embryos showed no staining (Figure 2-3A, B). Thus, both 

immunoblotting and immunofluorescence provide support for the conclusion that SUMO is 

necessary for Tor-dependent activation of the Ras/MAPK pathway in early embryos. 

 

SUMO is required for transcription of tailless 

As a result of Tor signaling, activated MAPK phosphorylates Cic and Gro at the 

embryonic termini, which relieves transcriptional repression of tll [8, 9]. Thus, since SUMO is 

required for MAPK activation, we expect reduced SUMO activity to result in reduced tll 

expression. To test this hypothesis total RNA was recovered from SUMO GLC embryos and tll 

mRNA levels were determined by reverse transcriptase quantitative PCR (RT-qPCR). After 

normalization to actin5c mRNA, I determined that the SUMO GLC embryos exhibit a 32-fold 

reduction in tll mRNA levels relative to wild-type (Figure 2-4).  
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DISCUSSION 

Activation of the Tor RTK by its ligand (likely to be a processed form of the Trunk 

protein) sequentially activates Ras, Raf, MEK, and MAPK [3, 14, 15]. pMAPK then 

phosphorylates Gro and Cic to relieve repression of tll and hkb [8, 9, 14]. Immunoblotting and 

immunofluorescent staining of SUMO GLC embryos reveal reduced pMAPK levels. As 

expected, repression of tll is therefore not efficiently relieved in SUMO GLC embryos and thus 

we observe a significant reduction in tll mRNA levels. Thus, SUMO is required for terminal 

patterning in the Drosophila embryo, which is consistent with cuticle analysis showing terminal 

patterning defects in a fraction of SUMO GLC embryos (Nie et al., 2009). 

By what mechanism does SUMO control Ras/MAPK signaling? A clue to the answer to 

this question is provided by a screen for SUMO conjugation targets in the early embryo, which 

showed that the Ras/MAPK pathway proteins PP2A, 14-3-3ε and Leonardo (14-3-3ζ) are 

SUMOylated proteins [12]. Both PP2A and 14-3-3 family proteins are known to regulate Raf 

activity. Chapter 4 will therefore explore the possibility that SUMO stimulates Ras/MAPK 

signaling via activation of Raf.   
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MATERIALS AND METHODS 

 

Generating SUMO GLC  

Females carrying the SUMO P-element hypomorphic allele, SUMO04493, linked to FRT 

(40A) were crossed to hs-flp; FRT (40A), OvoD males. Two to three day old larvae from this 

cross were heat shocked at 37°C for two hours on each of three successive days. Females with 

the correct genotype, hsflp/+; FRT OvoD/FRT smt304493, were allowed to mate and lay eggs on 

apple juice agar plates supplemented with yeast for 3 hours. For SDS PAGE and 

immunoblotting, 0 to 3 hour embryos were collected and lysed with a plastic pestle in 2x SDS-

PAGE loading buffer. 

 

Immunoblotting and immunofluorescence  

Antibodies used for immunoblotting were rabbit anti-MAPK (Sigma), mouse anti-

pMAPK (Sigma), and rabbit anti-SUMO [16]. The signal was developed with secondary 

antibody conjugated to horseradish peroxidase (HRP) and SuperSignal West Pico or SuperSignal 

West Femto (Pierce). 

For immunofluorescence, SUMO GLC embryos were dechorionated with 50% bleach for 

2 minutes and rinsed with water. Embryos were then fixed with 4% formaldehyde for 20 minutes 

and preserved in methanol. The primary antibody for immunofluorescence was mouse pMAPK 

(Sigma). The secondary antibody used was goat anti-mouse conjugated to Alexa Fluor 488 (Life 

Technologies).  Embryos were counterstained with 1μg/ml of the DNA binding dye 4’, 6-

diamindino-2-phenylindole (DAPI). Confocal images were taken with a Leica TCS SPE. 
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RNA Isolation and RT-PCR 

SUMO GLC embryos were lysed with Trizol (Life Technologies) and extracted with 

Phenol/chloroform. RNA was digested with 1 unit of DNase I (Promega) for 1 hour. RNA was 

isolated with Trizol as per the manufacturer’s instructions. RNA (1 μg) was reverse transcribed 

with Random Hexamers (Life Technologies). Q-PCR was performed with the BioRad CFX 

Connect Real-Time System. 
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Figure 2-1 
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Figure 2-1. Tor utilizes the Ras/MAPK pathway to transduce extracellular signals into the 

nuclei. Tor sequentially activates Ras, Raf, MEK, and MAPK.  MAPK phosphorylates Cic and 

Gro, rendering both proteins inactive at the embryonic termini. 
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Figure 2-2 
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Figure 2-2. SUMO upregulates Ras/MAPK signaling in the early embryo. SUMO GLC were 

generated using the FLP DFS technique. Larvae carrying the SUMO hypomorph allele and 

OvoD, were heat shocked at 37° C for 2 hours on three successive days and were allowed to 

develop into adult flies. For SDS-PAGE and immunoblotting, 0 to 3 hour embryos were 

collected and lysed with 2x SDS loading buffer. A) Embryos lysates were ran on SDS-PAGE 

and transferred onto PVDF membrane. Samples were immunoblotted for pMAPK, MAPK, and 

SUMO.  In SUMO GLC embryos, there was a reduction in the amount of pMAPK when SUMO 

levels are decreased.  MAPK protein levels remain constant. B) Quantification of the 

immunoblot revealed that pMAPK was reduced by 5 fold when SUMO levels were reduced by 

10 fold in the SUMO embryo.   
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Figure 2-3 
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Figure 2-3. SUMO is required Tor signaling. SUMO GLC embryos were generated as 

mentioned above. Embryos were dechorionated with 50% bleach and fixed with 4% 

formaldehyde. Embryos then were stained with pMAPK antibody. A) Alexa Fluor 488 was used 

to detect pMAPK at anterior and posterior ends of WT embryos by confocal microscopy.  

PMAPK was not detected at both termini of SUMO GLC embryos. B) Quantification of the 

number of embryos stained for pMAPK sample size revealed, there was a three fold reduction in 

the number of SUMO GLC embryos stained for pMAPK (p < 0.01).  

  



  43 

Figure 2-4 
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Figure 2-4. SUMO is required for tll expression. Total RNA was isolated from SUMO GLC 

embryos by Trizol extraction.  RNA was reversed transcribed by using random hexamers. Q-

PCR was performed to observe the expression of tll and actin5c. Expression of tll was reduced 

by 32 fold in SUMO GLC embryos (p = 0.013).    



  45 

REFERENCES  

1. Lowy, D.R. and B.M. Willumsen, Function and regulation of ras. Annu Rev Biochem, 

1993. 62: p. 851-91. 

2. Seshacharyulu, P., et al., Phosphatase: PP2A structural importance, regulation and its 

aberrant expression in cancer. Cancer Lett, 2013. 335(1): p. 9-18. 

3. Li, W.X., Functions and Mechanisms of Receptor Tyrosine Kinase Torso Signaling: 

Lessons From Drosophila Embryonic Terminal Development. Developmental dynamics : 

an official publication of the American Association of Anatomists, 2005. 232(3): p. 656-

672. 

4. Gonzalez-Reyes, A., H. Elliott, and D. St Johnston, Polarization of both major body axes 

in Drosophila by gurken-torpedo signalling. Nature, 1995. 375(6533): p. 654-8. 

5. Shilo, B.Z., Signaling by the Drosophila epidermal growth factor receptor pathway 

during development. Exp Cell Res, 2003. 284(1): p. 140-9. 

6. Casanova, J. and G. Struhl, Localized surface activity of torso, a receptor tyrosine kinase, 

specifies terminal body pattern in Drosophila. Genes Dev, 1989. 3(12B): p. 2025-38. 

7. Stevens, L.M., et al., Localized requirement for torso-like expression in follicle cells for 

development of terminal anlagen of the Drosophila embryo. Nature, 1990. 346(6285): p. 

660-3. 

8. Cinnamon, E., et al., Multiple RTK pathways downregulate Groucho-mediated repression 

in Drosophila embryogenesis. Development, 2008. 135(5): p. 829-37. 

9. Jimenez, G., et al., Relief of gene repression by torso RTK signaling: role of capicua in 

Drosophila terminal and dorsoventral patterning. Genes Dev, 2000. 14(2): p. 224-31. 



  46 

10. Gui, H., M.L. Li, and C.C. Tsai, A Tale of Tailless. Developmental Neuroscience, 2011. 

33(1): p. 1-13. 

11. Reuter, R. and M. Leptin, Interacting functions of snail, twist and huckebein during the 

early development of germ layers in Drosophila. Development, 1994. 120(5): p. 1137-50. 

12. Nie, M., et al., Genetic and proteomic evidence for roles of Drosophila SUMO in cell 

cycle control, Ras signaling, and early pattern formation. PLoS One, 2009. 4(6): p. 

e5905. 

13. Perrimon, N., Creating mosaics in Drosophila. Int J Dev Biol, 1998. 42(3): p. 243-7. 

14. Casali, A. and J. Casanova, The spatial control of Torso RTK activation: a C-terminal 

fragment of the Trunk protein acts as a signal for Torso receptor in the Drosophila 

embryo. Development, 2001. 128(9): p. 1709-15. 

15. Duffy JB, P.N., The torso pathway in Drosophila: lessons on receptor tyrosine kinase 

signaling and pattern formation. Dev Biol., 1994. 166(2): p. 380-395. 

16. Smith, M., et al., Drosophila Ulp1, a nuclear pore-associated SUMO protease, prevents 

accumulation of cytoplasmic SUMO conjugates. J Biol Chem, 2004. 279(42): p. 43805-

14. 



  47 

Chapter 3 

 

The Interaction Between Ras and SUMO 
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INTRODUCTION 

Small ubiquitin-like modifier (SUMO) is one of many ubiquitin-like proteins with 

diverse functions in cell biology and development [1]. SUMO is conjugated to its target proteins 

via a pathway that is homologous to the ubiquitin-conjugation pathway. An immature form of 

SUMO undergoes proteolytic processing to reveal a C-terminal diglycine motif. The diglycine 

motif is then recognized by an E1 activating complex. Then, in a reaction that is coupled to 

hydrolysis of ATP to AMP and pyrophosphate, the C-terminal carboxyl group of SUMO forms a 

thioester linkage to an active site cysteine residue in the E1. SUMO is then transferred to Ubc9, 

an E2 family conjugating enzyme. Finally, SUMO is transferred to a target protein through the 

formation of an amide linkage to a lysine that often resides in a sequence matching the consensus 

motif, ψKxE (ψ is a hydrophobic amino acid, x is any amino acid). Once attached to a target 

protein, SUMO regulates protein stability, localization, and activity. 

A previous study reported the affinity purification and identification by tandem mass 

spectroscopy of both SUMOylated and SUMO interacting proteins in the early Drosophila 

embryo [2]. One of the proteins identified in the screen was Drosophila Ras. This protein was 

only detected when the affinity purification was carried out under native conditions suggesting 

that Ras may only bind to SUMO or a SUMOylated protein non-covalently. However, a bacterial 

SUMOylation assay showed that SUMO could become covalently attached to Ras. Further 

experiments revealed that SUMO upregulates Ras/MAPK signaling, since SUMO knockdown in 

S2 cells reduced Ras/MAPK signaling.   

Ras, which is conserved from yeast to humans, transduces signals downstream of 

transmembrane receptor tyrosine kinases (RTKs), which are involved in cell differentiation and 

growth [3]. Human cells contain three forms of Ras (H-Ras, K-Ras, N-Ras), while Drosophila 
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has just one [4]. The N-terminal portion of the Ras protein is highly conserved among different 

species and contains an essential GTPase domain (Figure 1-2) [4]. On the other hand, the C-

terminal region, also known as the hypervariable region, is not highly conserved among different 

species, but does contain a conserved cysteine residue near the C-terminus required for correct 

subcellular localization of Ras [4-6]. 

Ras localization to the plasma membrane is necessary for RTK signaling [4, 7]. Following 

translation, a prenyltransferase modifies Ras by adding a prenyl group to the conserved cysteine 

residue, which is embedded in a C-terminal CAAX motif (C is cysteine, A is an amino acid with 

an aliphatic side chain, X is any amino acid). For human Ras family proteins, the relevant prenyl 

group is the farnesyl group, while for Drosophila Ras, it is the geranylgeranyl group. Prenylation 

is followed by proteolytic processing to remove the AAX, leaving the prenylated cysteine 

residue at the C-terminus [4, 8, 9]. The addition of the prenyl group causes the protein to become 

insoluble and thus to translocate to the plasma membrane. In addition, some Ras family proteins, 

including human K-Ras and Drosophila Ras, contain multiple lysine residues in the 

hypervariable region that assist in the targeting of Ras to the membrane since prenylation alone 

is not sufficient for membrane targeting [6].   

As a bacterial SUMOylation assay indicated that the lysine residues in the Drosophila Ras 

hypervariable region could serve as SUMO acceptors, it is possible that SUMO modulates Ras 

membrane targeting directly. Although the mechanism for targeting prenylated proteins to the 

plasma membrane is not well understood, studies of H-Ras and N-Ras suggest a role for 

membrane vesicles in the trafficking of these proteins to the membrane and it is possible that Ras 

SUMOylation plays a role in this vesicular trafficking [10]. Alternatively, or in addition, it is 

possible that SUMO directly regulates Ras prenylation. 
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This chapter will address the possible roles of SUMO in the trafficking of Ras to the plasma 

membrane. I will show that Ras is not covalently conjugated to SUMO in Drosophila cells, but 

rather appears to exist in a protein complex containing one or more SUMOylated proteins. In 

addition, I will show that SUMO does not regulate SUMO prenylation or membrane localization. 
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RESULTS 

To determine if SUMO affected geranylgeranylation of Drosophila Ras, S2 cells were 

treated with either GGTI-298, a known gernanylgeranyl transferase I (GGTase I) inhibitor [11], 

or SUMO dsRNA for five days. Immunoblots for Ras were performed to examine the Ras 

prenylation state.   

Immunoblots of Ras from SUMO dsRNA treated (SUMO KD) and wild-type (WT) cells 

showed only a single Ras band (Figure 3-1). However, Ras immunoblots of GGTI-298 treated 

cells revealed two bands, one band having the same mobility as that observed for Ras in 

untreated cells and another band directly above it, representing the ungeranylgeranylated Ras. 

This confirms that the GGTI-298 is able to inhibit GGTase I and demonstrates that SUMO is not 

required for geranylgeranylation of Ras. 

Since SUMO does not play a role in Ras geranylgeranylation, I set out to determine whether 

Ras is mislocalized in SUMO KD cells. To determine whether SUMO affects Ras localization to 

the plasma membrane, ultracentrifugation experiments were performed. S2 cells transfected with 

either control YFP dsRNA or SUMO dsRNA for five days were treated with insulin to stimulate 

the Ras/MAPK pathway. Cells were lysed by dounce homogenization in hypotonic buffer. 

Lysates were subjected to ultracentrifugation at 100,000x g to separate the plasma membrane and 

associated proteins (pellet, P100 fraction) from the cytosol (supernatant, S100 fraction). The 

pelleted membrane fractions were resuspended and subjected to immunoblot with the anti-Ras 

and anti-SUMO antibodies. 

Immunoblots of both control and insulin treated SUMO knockdown S2 cells revealed 

efficient knockdown of SUMO proteins compared to the control cells (Figure 3-2). Ras 

expression is unaffected in both WT and SUMO KD cells. Importantly, knocking down SUMO 
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did not alter Ras subcellular localization. In both YFP dsRNA and SUMO dsRNA treated S2 

cells, Ras was similarly enriched in the membrane (P100) fractions.   

The experiment above looked at Ras association with total membrane. They do not rule out 

the possibility that SUMO regulates the distribution of Ras between the plasma membrane and 

other membrane-bound organelles. Differential centrifugation was therefore performed to 

separate the plasma membrane from other membrane-bound vesicles. Wild-type S2 cells and S2 

cells treated with SUMO dsRNA for 5 days were again lysed using hypotonic solution. Lysates 

were subjected to ultracentrifugation at 100,000x g to pellet the total membrane and associated 

proteins. The pellets were resuspended in 2M sucrose and overlaid with layers containing 1.22M 

and 0.1M sucrose. The samples were subjected to ultracentrifugation at 128,000x g for 20 hours. 

After centrifugation, 300 μl of fractions were taken from the top, and immunoblots against Ras, 

Kinesin, and Na+,K+ Pump were performed on the fractions. Kinesin was used as a marker for 

vesicles, and the Na+,K+ Pump was used as a plasma membrane marker.   

The immunoblots revealed partial separation of the vesicular and plasma membrane fractions 

(Figure 3-3), with plasma membrane coming out in earlier fractions, and the Kinesin coming out 

in later fractions. However, Ras was detected in both the plasma membrane and vesicular 

fractions and there was no evidence of a change in distribution between these two fractions upon 

SUMO knockdown. Thus, SUMO does not affect the trafficking between membrane-bound 

vesicles and the plasma membrane. 

The proteomic screen identified Ras as a SUMO interacting protein only when SUMO was 

affinity purified under native, but not under denaturing conditions. This suggests that Ras is not 

covalently conjugated to SUMO, but binds to SUMOylated proteins non-covalently. On the other 
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hand, the bacterial SUMOylation assay Ras can be directly conjugated to SUMO on multiple 

lysine residues in the C-terminal hypervariable domain [2].  

To determine if Ras interacts with SUMO covalently or non-covalently in Drosophila cells, I 

performed an immunoprecipitation experiment in which I transfected Mcherry-RasWT, Mcherry-

Ras7KR (a Ras allele with the seven lysine residues in the hypervariable region mutated to 

arginine, which shows significantly reduced SUMOylation in the bacterial SUMOylation 

system), and Mcherry into 529SU cells, a cell line that overexpresses FLAG-SUMO and HA-

Ubc9 [12]. The cells were induced to express all three proteins for four days. Cells were then 

lysed in the presence N-ethylmaleimide (NEM), which serves as an inhibitor of SUMO 

deconjugating enzymes. Anti-FLAG beads were used pull down FLAG-SUMO and any 

interacting proteins. Input proteins and proteins from the FLAG pulldown were subjected to anti-

Mcherry immunoblot.  

Immunoblot for Mcherry showed that SUMO co-immunoprecipitates Mcherry-RasWT and 

Mcherry-Ras7KR, but not Mcherry (Figure 3-4). I detected only one band for both Mcherry-RasWT 

and Mcherry-Ras7KR. There was no detectable SUMOylated form of Mcherry-Ras. Thus, Ras 

does not appear to be directly SUMOylated in S2 cells, but to interact non-covalently with a 

SUMO-modified protein or to be a component of a complex containing a SUMOylated protein. 
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DISCUSSION 

Previous experiments showed that lysine residues in the hypervariable region modulate Ras 

localization to the plasma membrane [6]. Since a bacterial SUMOylation assay revealed that 

lysines in the Drosophila Ras hypervariable region can be SUMOylated [2], I considered the 

possibility that Ras SUMOylation promoted Ras targeting to the plasma membrane. This would 

be consistent with numerous experiments indicating that one of the major roles of SUMO is to 

regulate the subcellular localization of proteins [1]. However, the subcellular fractionation 

experiments failed to demonstrate any defects in Ras trafficking in SUMO knockdown cells, nor 

did SUMO knockdown alter Ras prenylation efficiency. I conclude that SUMO does not have a 

role in Ras localization  

While a previous study showed an interaction between Ras and SUMO, the nature of this 

interaction was not determined [2]. In this chapter, I have shown that, Ras is not conjugated to 

SUMO in Drosophila cells. Co-immunoprecipitation experiments indicate that Ras either 

interacts directly with a SUMOylated protein or indirectly as a part of a complex containing a 

SUMOylated protein. The mechanism by which SUMO regulates Ras/MAPK signaling will be 

further explored it in Chapter 4.  
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MATERIALS AND METHODS 

 

Cloning, Transfection and Co-immunoprecipitation 

The Mcherry-RasWT and Mcherry-Ras7KR constructs were generated by Minghua Nie and 

were expressed in S2 cells using the PMT vector (Life Technologies). The constructs were 

transfected into 529SU cells with Effectene transfection reagent from Qiagen and expression was 

induced by treating with 500 μM of Cu2SO4 for 4 days. Cells were lysed with FLAG lysis buffer 

(50mM Tris HCl, pH 7.4, 150mM NaCl, 1mM EDTA, and 1% Triton X-100) and immuno-

precipitated with Anti-FLAG M2 Affinity Gel (A2220 from Sigma). Proteins were eluted with 

2X SDS Loading Buffer. 

SUMO knockdown experiments were performed by incubating 3x106 S2 cells in 1.5ml of 

serum free Schneider media with 5 μg of SUMO dsRNA for 45 minutes. After 45 minutes, 1.5 

ml of 20% Fetal Bovine Serum in Schneider media was added to the culture. Cells were 

incubated with the dsRNA at 23° C for 5 days. 

 

Immunoblots 

Proteins samples were resolved in either 10% or 12% SDS gels. Ras antibody (a gift from 

Dr. Marc Therrien) was diluted 1:10.  Na+,K+ pump antibody (diluted 1:1000) was from the 

Developmental Studies Hybridoma Bank at the University of Iowa. Kinesin antibody (diluted 

1:1000) was acquired from Cytoskeleton, Inc. Mcherry antibody (diluted 1:1000) was from 

BioVision. Immunoblots were developed using IR dye-conjugated goat anti-mouse and goat anti-

rabbit secondary antibodies from Li-Cor Biosciences. 
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Subcellular fractionation experiments 

To enrich for total membrane and cytosolic fractions, cells were resuspended in 

fractionation buffer (10 mM HEPES [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol 

[DTT]) and dounce homogenized using 50 passes with a B pestle. Lysates were ultracentrifuged 

at 100,000 × g for 1hour [5]. Differential centrifugation experiments were performed as 

described in Stegman and Robbins [13]. 
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Figure 3-1 
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Figure 3-1.  SUMO does not affect Ras geranylgeranylation. S2 cells were treated either with 

the GGTase I inhibitor, GGTI-298, or SUMO dsRNA for five days. The experiment was 

performed in duplicates. Cell lysates were subject to immunoblot with antibodies against Ras and 

SUMO. 
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Figure 3-2 
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Figure 3-2. SUMO does not affect Ras localization to the membranes. S2 cells were 

transfected with either YFP or SUMO dsRNAs. The cells were then treated with insulin or left 

untreated. Cells were then lysed and lysates were subjected to ultracentrifugation to separate 

membrane (P100 fractions) from cytosol (S100 fractions). Input, S100, and P100 fractions were 

subjected to immunoblot with anti-Ras and anti-SUMO antibody. The three input lanes for each 

sample represent three independent transfections, which were pooled together for the 

ultracentrifugation step.  
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Figure 3-3 
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Figure 3-3.  SUMO does not affect vesicle trafficking of Ras. S2 cells were treated with 

SUMO dsRNA. Cells were homogenized through douncing and subjected to ultracentrifugation 

to separate the cytosolic and membrane fractions. After pelleting the membrane fraction, the 

pellet was resuspended in 2M sucrose. Then different concentrations of sucrose were overlaid on 

top of another, 1.22M then 0.1M. Further separation of the vesicles from the plasma membrane 

was achieved through another around of ultracentrifugation. Aliquots of 300μl of fractions were 

taken and immunoblots for Ras, Kinesin, and Na+, K+ pump were performed. 
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Figure 3-4 
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Figure 3-4. Ras interacts with SUMO noncovalently. Mcherry-RasWT, Mcherry-Ras7KR, and 

Mcherry were expressed in 529SU cells along with FLAG-SUMO. After anti-FLAG 

immunoprecipitation, the immunoprecipitated and input proteins were subjected anti-Mcherry 

immunoblot.   
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Chapter 4 

 

Regulation of Raf phosphorylation and localization by SUMO 
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INTRODUCTION 

As discussed in Chapters 1 and 2, receptor tyrosine kinases (RTKs) mediate responses to 

extracellular signals by transducing these signals into the nucleus via the Ras/MAPK signaling 

pathway [1, 2]. In addition to the RTKs, this pathway includes Sos, a guanosine nucleotide 

exchange factor, which converts the Ras GTPase into its GTP bound and therefore activating it. 

Ras bound to GTP then serves to trigger a phosphorylation cascade involving three serine 

threonine kinases. In this pathway, Raf phosphorylates MEK, which in turn phosphorylates 

MAPK. Phospho-MAPK than targets transcription factors altering the gene expression profile 

and therefore the state of the cell.   

A previous study demonstrated that knock-down of SUMO in Drosophila S2 cells 

reduced Ras/MAPK signaling [3]. Furthermore, I have found that Ras/MAPK signaling in the 

early embryo is compromised in SUMO loss-of-function embryos (Chapter 2). A proteomic 

screen for SUMOylated and SUMO-interacting proteins in the early embryo revealed a number 

of factors that regulate Ras/MAPK signaling as direct targets of SUMO conjugation. These 

include two subunits of the protein phosphatase 2A (PP2A) complex and the two Drosophila 14-

3-3 family proteins, SUMOylation of which was verified in a bacterial SUMOylation assay [3].  

Both PP2A and 14-3-3 family proteins are known to modulate Ras/MAPK signaling through 

interactions with Raf [4].  

The Raf family of serine/threonine kinases is conserved from yeast to humans. It was 

initially characterized as the product of murine and avian retroviral oncogenes, and three Raf 

homologues, termed A-Raf, B-Raf, and C-Raf, were subsequently found in humans [4-6]. Raf 

family proteins contain three conserved domains. The N-terminal half of the protein contains a 
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Ras Binding Domain (RBD) and Cysteine Rich Domain (CRD), while the C-terminal half, 

contains the kinase domain (Figure 1-3A) [7].   

The Raf family protein activity is regulated both positively and negatively [4]. For 

example, activation of the Ras/MAPK pathway requires the recruitment of Raf to the plasma 

membrane through the interaction with Ras [8], while phosphorylation of serine 259 (S259) in 

human C-Raf by cyclic AMP-Dependent Kinase (PKA) inhibits C-Raf function [9, 10]. This 

inhibitory effect is mediated by 14-3-3 family proteins, which recognize a consensus 14-3-3 

binding site in C-Raf (RSXpSXP) in which S259 is the phosphoserine (pS) residue (Figure 1-3B) 

[11-13]. Previous studies have demonstrated that the 14-3-3 family proteins interact with Raf 

when S259 is phosphorylated, rendering the protein inactive in the cytosol by antagonizing its 

interaction with Ras [8, 12-14]. Consistent with a role for the phosphorylation of S259 in 

regulating Ras/MAPK signaling, mutation of this residue to alanine produces a hyperactive form 

of Raf that fails to bind 14-3-3 family proteins [12, 14].  

Induction of the Ras/MAPK pathway requires Raf activation through the 

dephosphorylation of S259 by PP2A, thus displacing 14-3-3 proteins from Raf [15]. While the 

recruitment of the PP2A Regulatory Subunit B (Twins) is necessary for this dephosphorylation 

event [2], the mechanism of Twins recruitment in response to Ras/MAPK pathway activation 

remains elusive.   

In this chapter, I will present experiments addressing the mechanism by which SUMO 

modulates signaling through the Ras/MAPK pathway. In particular, I will show that SUMO is 

required for the RTK signal-dependent dephosphorylation of Drosophila Raf at residue S346, a 

residue that is homologous to S259 in human C-Raf (Figure 1-3B). Furthermore, I will show that 

SUMO-knockdown (SUMO KD) interferes with membrane localization of Raf. Finally, 
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consistent with the notion that SUMO stimulates Ras/MAPK signaling by helping to target Raf 

to the membrane, I will show that a membrane tethered form of Raf restores Ras/MAPK 

signaling in SUMO knockdown cells. 
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RESULTS 

 
SUMO is required for the dephosphorylation of Drosophila Raf on Serine 346 

A previous study showed that both PP2A and 14-3-3 family proteins were targets of 

SUMO-conjugation in the early Drosophila embryo [3]. In humans, these proteins regulate C-

Raf activity through the S259 phosphoacceptor residue, and we thus sought to determine if 

SUMO knockdown affected phosphorylation of Drosophila Raf. 

S2 cells expressing Raf tagged with the Pyo epitope (Pyo-Raf) were treated with SUMO 

dsRNA for 5 days, which reduces SUMO protein levels by 5-fold (Figure 4-1A). Cells were then 

exposed to insulin for seven minutes to activate Ras/MAPK signaling. Cell lysates were 

subjected to immunoprecipitation with the antibody against the Pyo epitope. An anti-Pyo 

immunoblot shows that roughly equal levels of Raf were immunoprecipitated from each sample 

(Figure 4-1A). Immunoprecipitated material was fractionated by SDS-PAGE and several gel 

slices in the region expected to contain Drosophila Raf were excised based on the migration of 

Pyo-Raf in the Western blot and subjected to in-gel tryptic digestion followed by tandem mass 

spectrometry.  

The mass spectrometry provided evidence for two phosphorylated amino acids, S346 and 

S402 (Table 4-I), the first of which is homologous to S259 in human C-Raf [16]. Relative 

phosphorylation levels were quantified by normalizing the peak areas of the phosphopeptides to 

the peak areas of two separate unphosphorylated peptides (Table 4-I). There were no significant 

changes in the levels of phosphorylated S402 upon treatment with insulin or SUMO dsRNA + 

insulin (Figure 4-1C). However, levels of phosphorylated S346 decreased two-fold upon insulin 

stimulation of wild-type cells, but not in cells treated with SUMO dsRNA in addition to insulin 
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(Figure 4-1D). Thus, SUMO is required for the dephosphorylation of Raf at S346 in response to 

activation of the Ras/MAPK pathway. 

 

SUMO stimulates localization of Raf to the plasma membrane in activated cells 

The mass spectroscopic analysis revealed that SUMO is required for Raf 

dephosphorylation at S346, a residue that is equivalent to S259 in human C-Raf [16], in response 

to Ras/MAPK pathway activation. Since, phosphorylation of C-Raf at S259 prevents localization 

of Raf to the plasma membrane [9, 12, 13, 17], I carried out subcellular fractionation to 

determine if SUMO is required for the plasma membrane localization of Raf in S2 cells.   

Pyo-Raf expressing S2 cells were transfected with SUMO dsRNA for five days and 

treated with insulin to stimulate the Ras/MAPK pathway. Cells were lysed by dounce 

homogenization in hypotonic buffer. Lysates were subjected to ultracentrifugation at 100,000x g 

to separate the plasma membrane (P100 fraction) from the cytosol (S100 fraction) (Figure 4-2A). 

The membrane fractions were resuspended and subjected to immunoblot with the anti-Pyo 

antibody as well as an antibody against the Na+, K+-ATPase α-subunit (Na+, K+ pump). 

In insulin-stimulated cells, we observe reduced localization of Raf to the plasma 

membrane upon SUMO knockdown (Figure 4-2B). Normalization of Raf to the Na+, K+ pump 

reveals that the decrease is approximately three-fold (Figure 4-2C). Since SUMO is required for 

Raf dephosphorylation, this finding is consistent with the conclusion that, in activated cells, 

dephosphorylation of Raf is required for plasma membrane localization. However, we were 

surprised to discover that Raf also localizes to the plasma membrane in unstimulated cells 

(Figure 4-2B, C). Thus, while previous studies have shown that localization of Raf to the 
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membrane is needed for Raf activity, these finding suggest that it is not always sufficient (see 

Discussion). 

 

Membrane-tethered Raf bypasses the SUMO requirement 

The above experiments demonstrate that SUMO knockdown in S2 cells prevents Raf 

from localizing to the plasma membrane. Since Raf membrane localization is required for 

signaling, this decreases the levels of MAPK and MEK phosphorylation. To further demonstrate 

that SUMO stimulates Ras/MAPK signaling by helping to target Raf to the plasma membrane, a 

form of Raf artificially tethered to the membrane was tested for its ability to activate the 

Ras/MAPK pathway in SUMO knock down S2 cells. 

For these experiments, I used chimeric proteins containing the Raf kinase domain (but 

lacking sequences N-terminal to the kinase domain including the S346 phosphoacceptor site) 

fused to the extracellular and transmembrane domains of Torso [17-20]. To ensure 

reproducibility, I tested three different forms of Torso-Raf in both WT and SUMO knockdown 

S2 cells. Consistent with the idea that the sole role of SUMO in Ras/MAPK signaling is to direct 

Raf to the membrane, the membrane tethered forms of Raf all directed MEK phosphorylation in 

an insulin independent manner in both SUMO-wild-type and SUMO-knockdown S2 cells 

(Figure 4-3). Quantification of the data by normalization of the pMEK immunoblot band 

intensity to the intensity of the band in the total MEK blot reveals a two to four-fold increase in 

MEK phosphorylation upon expression of Torso Raf in both the wild-type and SUMO 

knockdown cells (Figure 4-3).   
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DISCUSSION 

This work supports the idea that S346 is homologous to S259 in human C-Raf. S259 is 

phosphorylated and mutagenesis of this residue to alanine leads to increased kinase activity [9]. 

In addition, dephosphorylation of S259 by PP2A is necessary for Raf function [15]. Work on 

Drosophila Raf also demonstrates that a S346A mutation has increased Raf activity [16]. 

Therefore dephosphorylation S346 is linked to increased Raf activity.    

A screen for SUMOylated proteins in the early Drosophila embryo revealed two 

components of the PP2A complex, PP2A subunit A and PP2A catalytic subunit (Microtubule 

star), as well as both Drosophila 14-3-3 family proteins, 14-3-3ε and 14-3-3ζ (Leonardo), as 

SUMO conjugation targets [3]. Activation of PP2A requires the recruitment of a third subunit 

termed subunit B (Twins). Sequence analysis of Twins reveals the presence of a potential SUMO 

Interaction Motif (SIM) (Table 4-II) [21]. Therefore, we propose that SUMOylation of either 

subunit A or Microtubule star could lead to the recruitment of Twins and subsequent activation 

of PP2A for the dephosphorylation of Raf S346 (Figure 4-4). In addition, it is possible that 

SUMOylation of the 14-3-3 proteins further potentiates signaling by relieving 14-3-3-mediated 

inhibition of Raf (Figure 4-4).  

In accord with previous studies on mammalian Raf [14], we find that SUMO increases 

the amount of Raf localized to the plasma membrane in insulin stimulated S2 cells. Contrary to 

previous work in mammalian cells, however, we observe that Raf is localized to the S2 cell 

plasma membrane prior to Ras/MAPK pathway activation. We therefore propose that SUMO-

modification of an unknown protein targets Raf to the plasma membrane to await signal 

transduction and consistent with this idea, sequence analysis shows the presence of a potential 

SIM in Raf (Table 4-II). It is possible that even though Raf is targeted to the plasma membrane 
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before signal transduction, phosphorylation of S346 inhibits Raf through the binding of 14-3-3 

proteins until activation of the Ras/MAPK pathway. Our findings suggest that there are subtle 

differences in Ras/MAPK signaling between Drosophila and human cells. This is not without 

precedent, as a previous study reported that cytosolic Ras is necessary for MAPK activation in 

Drosophila, but not in humans [22].  

The role of 14-3-3 family proteins play in regulating Raf has been very controversial. In 

addition to evidence for a role of 14-3-3 proteins in inhibiting Raf function, work in both 

mammalian and Drosophila also suggests that 14-3-3 proteins may activate Raf [11]. For 

example, previous studies show that 14-3-3 proteins are necessary for Torso signaling [11, 23] as 

a 14-3-3ζ mutation reduced expression of the Torso target tll. Continued studies of the role of 

SUMO in Raf regulation may help to resolve these controversies about the role of 14-3-3 

proteins in Raf regulation. 

Finally, I conclude by remarking on the possible functional benefit to the organism of 

using SUMO to control Ras/MAPK signaling. While I can only speculate, one possibility is that 

the SUMO requirement might help to couple Ras/MAPK signaling to the stress response. SUMO 

conjugation increases dramatically when cells are subject to stress and so it is possible that 

coupling the Ras/MAPK pathway to SUMO conjugation is a way of regulating the cell state in 

response to stress [24]. Alternatively, it is possible that the use of SUMO in the Ras/MAPK 

signaling pathway is a way of providing specificity to the RTK response [1]. Although all RTKs 

employ the same Ras/MAPK signaling cassette, different RTKs can nonetheless lead to different 

signaling outcomes. Perhaps these different outcomes result, in part, from changes in the 

availability of components of the SUMO conjugation and/or deconjugation machinery. 
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MATERIALS AND METHODS 

 

SUMO knockdown and Ras/MAPK pathway stimulation 

 SUMO knockdown experiments were performed by incubating 3x106 S2 cells in 1.5 ml 

of serum free Schneider media with 5 μg of SUMO dsRNA for 45 minutes, after which, 1.5 ml 

of Schneider media containing 20% fetal bovine serum was added to the culture. Cells were 

incubated at 23˚ C for 5 days for maximum knockdown. 

 

Ras/MAPK signaling pathway stimulation by insulin 

S2 cells were incubated at 4x106 cells/ml in serum free Schneider media for one hour. 

Insulin was added to a final concentration of 10 μg/ml for 7mins. Cells were centrifuged at 

5000xg for 5 minutes and lysed with 2x sample loading buffer. 

 

Raf purification and Mass Spectroscopy   

S2 cells were stably transfected with pMET-Pyo-Raf, which was obtained from Marc 

Therrien [25]. Pyo-Raf was expressed for 48 hours. Cells were lysed with RIPA buffer 

supplemented with NaF and sodium orthovanadate. Lysates were incubated with antibody 

against the Pyo epitope from Millipore (AB3788). Antibody/antigen complexes were pulled 

down with Protein A Dynabeads (Life Technologies). Proteins were eluted with 2X SDS-

Loading buffer.  Samples were resolved on by 10% SDS-PAGE and gel slices from 75kD to 

100kD were excised and phosphorylation analysis was performed by tandem mass spectroscopy. 

To identify the phosphorylation site, proteins were digested directly in the excised gel 

slice using trypsin. Peptide digests were desalted and fractionated online using a 75 µM inner 
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diameter fritted fused silica capillary column with a 5 µM pulled electrospray tip and packed in-

house with 15 cm of Luna C18 3µM reversed phase particles. The gradient was delivered by an 

easy-nLC 1000 ultra high-pressure chromatography (UHPLC) system (Thermo Scientific). 

MS/MS spectra were collected on a Q-Exactive mass spectrometer (Thermo Scientific). Data 

analysis was performed using the ProLuCID, DTASelect2, and Ascore algorithms as 

implemented in the Integrated Proteomics Pipeline - IP2 (Integrated Proteomics Applications, 

Inc., San Diego, CA). Phosphopeptides were identified using a differential modification search 

that considered a mass shift of +79.9663 on serines, threonines and tyrosines. Protein and peptide 

identifications were filtered using DTASelect and required at least two unique peptides per 

protein and a peptide-level false positive rate of less than 5% as estimated by a decoy database 

strategy. Label-free quantitation of the peptides was performed using the Skyline software 

package. Peak evaluation was carried out through manual interrogation of the data. For all the 

peptides corresponding to RAF, peak areas were added for three isotopic peaks (M, M+1, M+2) 

to serve as the peptide's quantitative measure. Relative peptide abundance for modified and 

unmodified peptides were calculated from respective peak areas exported from Skyline from 

WT, insulin treated, and SUMO KD + insulin cells. 

 

Constructs and rescue experiments 

 Plasmid pMET-pyoTor4021Rafc was from Dr. Marc Therrien [18].  pMET-

pyoTor4021Rafc was used as template for the amplification of pyo-Tor4021Rafc and 

Tor4021Rafc-Flag fragments, which were cloned into the PMT vector (Life Technologies) using 

the EcoR1 restriction site. Constructs were transfected by calcium phosphate according to a 
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protocol provided by Life Technologies (Drosophila Expression System). Expression was 

induced with 500 μM CuSO4 for 48 hours. Cells were lysed with 2x SDS-PAGE loading buffer. 

 

Subcellular fractionation 

 To fractionate membrane and cytosolic fractions, cells were resuspended in fractionation 

buffer (10 mM HEPES [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol) and dounce 

homogenized by 50 strokes with the tight-fitting pestle. Lysates were centrifuged at 100,000 × g 

for 1hour [22].  
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Table 4-I.  Phosphopeptide analysis 
 

Fragment Sequence Control Insulin 

Insulin + 

SUMO KD* 

    Raw counts 

control Frag 1 -  33-41 ENIDALNAK 1.07E+10 2.72E+09 1.27E+09 

control Frag 2 -  153-162 TSVEVISGVR 1.79E+10 7.06E+09 2.28E+09 

Ser 402 (complete) -  402-413 pSADESNKNLLLR 9.05E+08 3.50E+08 1.50E+08 

Ser 402 (partial) -  400-413 ARpSADESNKNLLLR 2.14E+09 7.57E+08 3.74E+08 

Ser 346 (complete) -  344-356 SNpSAPNVCINNIR 4.67E+08 7.93E+07 5.42E+07 

Ser 346 (partial) -  338-356  ISQDDRSNpSAPNVCINNIR 5.43E+08 9.79E+07 1.06E+08 

    Normalized phosphorylation levels** 

Ser 402   1  1.19 ± 0.05 1.38 ± 0.04 

Ser 346   1  0.565 ± 0.02 1.26 ± 0.32 

*SUMO KD = SUMO knockdown 

**Raw counts for the phosphorylated fragments were divided by control Frag 1 and Frag 2 raw 

counts to normalize the phosphorylation levels to total Raf.  Then the Insulin and Insulin + 

SUMO KD samples were divided by the control sample to normalize the phosphorylation levels 

for each treatment. Hence, the control values are 1 by definition and the Insulin and Insulin + 

SUMO KD values are relative to the control for each phosphoacceptor residue. 
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Table 4-II.  Proteins with their predicted SIM sequences and positions. 
 

Protein Position Peptide sequence 

SIM Consensus Sequence  V/I-V/I-X-V/I 

Raf 155-169 VEVIS 

Twins 267-271 IVDI 
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Figure 4-1 
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Figure 4-1. SUMO is required for dephosphorylation of Raf at S346.  (A) SUMO dsRNA 

treatment results in efficient SUMO knockdown. S2 cells were left untreated or were treated for 

five days with SUMO dsRNA followed by immunoblotting with antibodies against SUMO and 

Tubulin. The bar graph shows the relative levels of SUMO in each lane after normalization for 

the Tubulin loading control. (B) SUMO-WT or SUMO knockdown S2 cells expressing Pyo-

tagged Raf were treated with insulin for 7 minutes or left untreated as indicated at the bottom. 

Lysates were subjected to immunoprecipitation with an anti-Pyo antibody. The crude lysates 

(input), the proteins that failed to bind the antibody (flow through: FT), and the proteins that 

bound the antibody (Eluate) were subjected to SDS-PAGE and anti-Pyo immunoblot. The Pyo 

antibody detected only non-specifically cross-reacting proteins in the input and flow through 

lanes, but specifically detected Pyo-Raf in the eluate fractions of all three samples at similar 

yields. Thus, proteins in the crude extract that cross-react with the anti-Pyo antibody in 

immunoblots are not brought down in the immunoprecipitation, which greatly enriches for Pyo-

Raf. The intense band in the eluate lanes at ~50 kD represents the antibody heavy chain. (C and 

D) A preparative scale SDS-PAGE gel similar to the one shown in panel B was run and several 

gel slices in the 75-100 kDa range were excised from each eluate lane and subjected to in-gel 

tryptic digestion. Tryptic peptides were identified as described in Materials and Methods 

providing evidence for two phosphorylated residues in Raf (S402 and S346). See Table 4-I. (C)  

SUMO KD cells treated with insulin had comparable S402 phosphorylation as S2 cells treated 

only with insulin.  (D) S346 phosphorylation levels. S2 cells treated with insulin only showed an 

almost two-fold reduction in S346 phosphorylation levels when compared to WT cells or to 

SUMO knockdown cells treated with insulin.  
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Figure 4-2 
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Figure 4-2.  SUMO KD prevents Raf localizing to the plasma membrane.  (A) S2 cells 

expressing Pyo-Raf were subjected to subcellular fractionation. Immunoblotting with antibodies 

against a cytosolic marker (GAPDH) and a plasma membrane marker (Na+, K+ pump) reveals 

clean separation of the two compartments.  (B) Untreated Pyo-Raf expressing S2 cells, SUMO 

knockdown Pyo-Raf expressing S2 cells, or SUMO knockdown Pyo-Raf expressing S2 cells 

stimulated with insulin were fractionated as in A. Membrane fractions were subjected to SDS-

PAGE and immunoblot with antibodies against Pyo and the Na+, K+ pump. (C) Quantification of 

Raf in the membrane fraction (after normalization to Na+, K+ pump levels) reveals an 

approximately 3-fold reduction in Raf at the plasma membrane in SUMO KD cells treated with 

insulin when compared to WT cells that were treated with insulin (p = 0.037).  
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Figure 4-3 
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Figure 4-3.  Expression of constitutively active Raf restores Ras/MAPK signaling in SUMO 

KD cells.  Wild-type or SUMO dsRNA-treated S2 cells that had not been treated with insulin 

were transfected with vectors encoding three differently tagged forms of the Raf catalytic 

domain fused to the Torso extracellular and transmembrane domains as indicated at the bottom 

of the figure. Cells were lysed and subjected to SDS-PAGE followed by immunoblotting with 

antibodies against pMEK, SUMO, MEK, and Tubulin (the latter two serve as loading controls). 

The anti-SUMO immunoblot shows effective SUMO knockdown. In the absence of Torso-Raf, 

we observe basal levels of pMEK, while introduction of Torso-Raf results in increased pMEK 

levels regardless of the presence or absence of SUMO. The bar graph shows relative levels of 

pMEK in each lane after normalization for total MEK. 
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Figure 4-4 
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Figure 4-4.  Overview of SUMO’s involvement in the Ras/MAPK signaling pathway. 

SUMO modification of an unknown protein preloads Raf onto the plasma to await Ras 

activation.  Once the receptor is activated, SUMO modification of the PP2A complex, 14-3-3 

proteins, or both, allows for Raf activation through the interaction with Ras. SUMO modification 

may allow for recruitment of the PP2A regulatory subunit (Twins) thereby activating PP2A for 

dephosphorylation of S346 eliminating the 14-3-3 binding site on Raf.  In addition, SUMO 

modification of 14-3-3 may block its ability to inhibit Raf.  
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