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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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Regulation of RAS by GAPs ↗

Stable identifier: R-HSA-5658442

The intrinsic GTPase activity of RAS proteins is stimulated by the GAP proteins, of which there are at least 10 in the 
human genome (reviewed in King et al, 2013).
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RAS GAPs bind RAS:GTP ↗

Location: Regulation of RAS by GAPs

Stable identifier: R-HSA-5658435

Type: binding

Compartments: plasma membrane

The human genome encodes at least 10 proteins that bind RAS and activate its intrinsic GTPase activity, resulting in 
the formation of inactive RAS:GDP and attenuating RAS signaling (reviewed in King et al, 2013). These identified 
RAS GAP proteins are RASA1 (also known as p120 GAP), NF1, the GAP1 family (RASA2, RASA3, RASA4 and 
RASAL1) and the SYNGAP family (SYNGAP1, DAB2IP, RASAL2 and RASAL3). GAP proteins stimulate RAS 
GTPase activity by inserting a conserved arginine residue into the RAS active site, promoting a conformational 
change in the active site to allow GTP hydrolysis (Ahamdian et al, 2003; Scheffzek et al, 1997; Ahamdian et al, 
1997). In addition to the GAP domain, most RAS GAP proteins also contain membrane targeting domains that 
facilitate interaction with the plasma membrane where RAS is tethered. In some cases, such as RASA3, membrane 
localization is constitutive, whereas in others, the GAP proteins are targeted to the membrane in response to cellular 
signaling. In addition to binding RAS, a number of GAP proteins also mediate other protein-protein interactions and 
act as scaffolds to integrate signaling; some GAPs are also known to bind and activate other small GTPases such as 
RAP (reviewed in King et al, 2013). Loss-of-functions mutations in RAS GAP proteins have been identified in a 
number of cancers (reviewed in Maertens and Cichowski, 2014).

Followed by: RAS GAPs stimulate RAS GTPase activity
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RAS GAPs stimulate RAS GTPase activity ↗

Location: Regulation of RAS by GAPs

Stable identifier: R-HSA-5658231

Type: transition

Compartments: plasma membrane

The intrinsic GTPase activity of RAS proteins is stimulated by the GAP proteins, of which there are at least 10 in the 
human genome (reviewed in King et al, 2013).

Preceded by: RAS GAPs bind RAS:GTP
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SPRED dimer binds NF1 ↗

Location: Regulation of RAS by GAPs

Stable identifier: R-HSA-5658438

Type: binding

Compartments: plasma membrane

Sprouty-related proteins (SPRED) 1, 2 and 3 are negative regulators of the MAPK pathway that act at least in part by 
recruiting the RAS GAP protein neurofibromin 1 (NF1) to the plasma membrane (Kato et al, 2003; King et al, 2006; 
Stowe et al, 2012). NF1, a negative regulator of RAS is a tumor suppressor that is mutated in the familial cancer 
syndrome neurofibromatosis I as well as in sporadic cases of glioblastoma, non-small cell lung cancers, 
neuroblastoma and melanoma (Martin et al, 1990; Bollag et al, 1996; reviewed in Bollag and McCormick, 1992; 
Maertens and Cichowski, 2014). 
 
Plasma membrane-association of the SPRED proteins themselves depends on the C-terminal SPR domain. Mutations 
in this region abrogate membrane localization of the protein (King et al, 2005; Stowe et al, 2012). Membrane 
association may also be promoted by interaction of the SPRED proteins with RAS (Wakioka et al, 2001). Interaction 
with NF1 is mediated by the SPRED EVH1 domain, and mutations in this region affect both NF1 recruitment and 
the ability of SPRED and NF1 proteins to negatively regulate RAS pathway activity (Stowe et al, 2012; reviewed in 
McClatchey and Cichowski, 2012).

Followed by: KBTBD7:CUL3:RBX1 ubiquitinates NF1
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KBTBD7:CUL3:RBX1 ubiquitinates NF1 ↗

Location: Regulation of RAS by GAPs

Stable identifier: R-HSA-5658424

Type: transition

Compartments: cytosol

NF1 levels are controlled by proteasomal degradation in response to stimulation by some growth factors (Cichowski 
et al, 2003). Ubiquitination is mediated by the CUL3:RBX1 RING E3 ligase complex in conjunction with the BTB 
adaptor protein KBTBD7 (Hollstein et al, 2013). After its initial rapid degradation, NF1 protein levels are re-
established shortly after growth factor treatment, allowing appropriate termination of RAS MAPK signaling 
(Cichowski et al, 2003). Aberrant destabilization of NF1 by CUL3:KBTBD7-mediated proteasomal degradation has 
been identified in cases of glioblastoma and depends on activation of PKC alpha (Cichowski et al, 2003; 
McGillicuddy et al, 2009; Hollstein et al, 2013).

Preceded by: SPRED dimer binds NF1

Followed by: NF1 is degraded by the proteasome
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NF1 is degraded by the proteasome ↗

Location: Regulation of RAS by GAPs

Stable identifier: R-HSA-5658430

Type: omitted

Compartments: cytosol

After ubiquitination by the CUL3:KBTBD7 E3 RING ligase complex, NF1 is degraded by the proteasome 
(Cichowski et al, 2003; McGillicuddy et al, 2009; Hollstein et al, 2013).

Preceded by: KBTBD7:CUL3:RBX1 ubiquitinates NF1
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