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Ras-specific GTPase-activating proteins (RasGAPs) down-regulate the biological activity of
Ras proteins byaccelerating their intrinsic rate ofGTPhydrolysis, basically bya transition state
stabilizing mechanism. Oncogenic Ras is commonly not sensitive to RasGAPs caused by
interference of mutants with the electronic or steric requirements of the transition state,
resulting in up-regulation of activated Ras in respective cells. RasGAPs are modular proteins
containing a helical catalytic RasGAP module surrounded by smaller domains that are fre-
quently involved in the subcellular localization or contributing to regulatory features of their
host proteins. In this review, we summarize current knowledge about RasGAP structure,
mechanism, regulation, and dual-substrate specificity and discuss in some detail neurofibro-
min, one of the most important negative Ras regulators in cellular growth control and neu-
ronal function.

GTPase-activating proteins (GAPs) are com-
monly thought to act as negative regulators

of guanine nucleotide-binding proteins (GNBPs)
(Bourne et al. 1990, 1991; Vetter and Wit-
tinghofer 2001). They function by accelerating
GNBP-mediated GTP hydrolysis thereby down-
regulating the biological activity of their targets
(Scheffzek and Ahmadian 2005; Mishra and
Lambright 2016). Although they appear to be
family specific in the sense that eachGNBP fam-
ily has its cognate GAP module, substrate pro-
miscuous variants are known (Krapivinsky et al.
2004; Kupzig et al. 2006). Currently there are
14 Ras-specific GTPase-activating protein
(RasGAP) homologous sequences known, the
majority of which result in RasGAP active
proteins (Bernards 2003). The discovery of
p120GAP/RASA1 by Trahey and McCormick

(1987; Trahey et al. 1988; Vogel et al. 1988)
not only marked the first and Ras-directed
GTPase-activating protein (RasGAP), but most
importantly opened up a new concept of how G
proteins are regulated in the cell (Boguski and
McCormick 1993). Today we know that virtual-
ly every G protein has a cognate GAP as well as a
cognate guanine nucleotide exchange factor
(GEF) (Bos et al. 2007; Cherfils and Zeghouf
2013). In this review, we look back over 30 years
of RasGAP research, here focusing on structural
and biochemical aspects. For functional and
physiological aspects, the reader is referred to
respective excellent review articles published
over the last decade (Donovan et al. 2002; Yar-
wood et al. 2006; Iwashita and Song 2008; Grewal
et al. 2011; Ligeti et al. 2012; King et al. 2013;
Maertens and Cichowski 2014).
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RasGAPs typically display a modular archi-
tecture of variable size, typically ranging from
100 to 300 kDa. They share a catalytic RasGAP
module (35 kDa) (see Figs. 1 and 2) commonly
flanked by C2 (Cho and Stahelin 2006), pleck-
strin homology (PH) (Lemmon 2004; Scheffzek
and Welti 2012), calponin homology (CH)
(Banuelos et al. 1998), or Sec14-like domains
(Bankaitis et al. 2010; Ghosh and Bankaitis
2011) with variable positioning in the coding
sequence (Bernards 2003). Some canonical
RasGAPs show at least dual-target specificity
inactivating Ras and Rap family members
(Krapivinsky et al. 2004; Kupzig et al. 2006).
Members of the IQGAP group show no detect-
able RasGAP activity but bind to Rho family
members (Kurella et al. 2009; LeCour et al.
2016). Generally, accessory domains have been
implicated in protein localization as well as in
regulatory features (Pamonsinlapatham et al.
2009).

From a systematic viewpoint, six groups of
mammalian RasGAP homologous sequences
are commonly distinguished (see Fig. 2):

1. P120GAP/RASA1 (120 kDa) contains a
carboxy-terminal RasGAP module (Marshall

et al. 1989) preceded by a PH and C2 domain
and an SH2/SH3/SH2 motif (Pamonsin-
lapatham et al. 2009). It is ubiquitously ex-
pressed and is essential for embryonic devel-
opment (Henkemeyer et al. 1995). Germline
mutations in the RASA1 gene are associated
with the genetic disorder capillary vascular
malformation-arteriovenous malformation
(CVM-AM) with most of the lesions imply-
ing loss of function of the protein (Boon et
al. 2005).

2. Neurofibromin (320 kDa), the protein prod-
uct of the neurofibromatosis type 1 (NF1) tu-
mor suppressor gene NF1, contains a central
GAP-related domain (GRD) (Ballester et al.
1990; Martin et al. 1990; Xu et al. 1990b) fol-
lowed by a bipartite glycerophospholipid-
binding Sec14-PH-like module (D’Angelo
et al. 2006; Welti et al. 2007). Neurofibromin
is ubiquitously expressed with highest levels
in neuronal cells in the adult. It is essential for
embryonic development and mice lacking a
functionalNF1 gene die early from cardiovas-
cular defects (Henkemeyer et al. 1995). NF1
patients have germline alterations in the NF1
gene causative for the disease (Riccardi 1992;

Figure 1. Sculpture of the canonical Ras-specific GTPase-activating protein (RasGAP) module showing the
catalyitic portion central domain (GAPc) in red and the extra domain (GAPex) in green. (Artwork, by
G. Haeusser, was created using foam rubber strips and acrylic on hard board [original size: 4800 × 35.400].)
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Cichowski and Jacks 2001; Zhu and Parada
2001) contributing to a rather complex clin-
ical picture that include growth regulatory as
well as brain function defects. TheNF1 gene is
also genetically altered in several sporadic hu-
man malignancies, unrelated to NF1 (Philpott
et al. 2017). See separate section below for a
more detailed description of neurofibromin.

3. GAP1 subfamily members (ca. 95 kDa)
contain a canonical RasGAP module pre-
ceded by two C2 domains followed by a
PH domain. The group comprises GAP1m/
RASA2, GAPIP4BP/RASA3, CAPRI/RASA4
and RASAL1. Dual-target specificity inacti-
vating Ras and Rap family members has
been shown for GAPIP4BP, CAPRI, and
RASAL1 (Kupzig et al. 2006), Ca2+-depen-
dent membrane translocation has been seen
in CAPRI and RASAL representatives (Yar-
wood et al. 2006).

4. SynGAP family members (ca. 140 kDa) con-
tain a canonical RasGAPmodule preceded by
a C2 and PH domain, comprising the
representatives SynGAP, DAB2ip, RASAL2,
and RASAL3. SynGAP is present only

in neuronal tissues (Chen et al. 1998; Kim
et al. 1998; Jeyabalan andClement 2016).Dif-
ferent from p120GAP/RASA1, the PH-C2-
RasGAP triple modules are located at the
amino-terminus of the protein. Germline
mutations in SynGAP encoding genes have
been associated with intellectual disabilities
and autism (Jeyabalan and Clement 2016).

5. Plexins are transmembrane receptors (70 kDa)
for semaphorins, small proteins triggering
neuronal axon guidance and other processes,
after receptor binding (Hota and Buck 2012).
In these proteins, a transmembrane span
separates an extracellular receptor from an
intracellular RasGAP-like domain regulating
the nucleotide-binding state of Rap proteins,
mechanistically potentially similar to dual-
target specificity RasGAPs (Wang et al.
2012; Pascoe et al. 2015).

6. IQGAPs (108–190 kDa) are cytoskeletal
scaffolding proteins that share a carboxy-ter-
minal structural RasGAP module accompa-
nied by amino-terminal CH, a WW domain,
and calmodulin-binding IQ motifs (Brown
and Sacks 2006). Although IQGAPs are

p120GAP/
RASA1

SynGAP family
SynGAP, DAB2ip,
RASAL2, RASAL3

GAP1 family
GAP1m/RASA2,

GAPIP4BP/RASA3,
CAPRI/RASA4,

RASAL1

CCH SH2 SH3 SH2 PH C2 GAP

GAP Sec14 PH

GAP PHC2C2

GAP

GAP

GAPIQIQIQIQCH WW

JM domainTM domainEC domain

C2PH

N

NF1

Plexin
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Figure 2. Domain architecture of Ras-specific GTPase-activating proteins (RasGAPs). Representative RasGAPs
are schematically shown with emphasis on their domain structure. Red boxes indicate GAP-(related) domains
(GRDs). Sec14 represented in orange, src homology (SH, bronze), pleckstrin homology (PH, blue). Other
domains like Ca2+-dependent phospholipid-binding/conserved region 2 (C2), isoleucine-glutamine repeat re-
gion (IQ),WW (conserved tryptophan), calponin homology (CH), juxtamembrane (JM), transmembrane (TM),
and extracellular (EC) domains are also shown.

Ras-Specific GTPase-Activating Proteins

Cite this article as Cold Spring Harb Perspect Med 2019;9:a031500 3

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



devoid of RasGAP activity (Kurella et al.
2009), they bind Rho family GNBPs (LeCour
et al. 2016), presumably to coordinate pro-
cesses involving cytoskeletal architecture and
signaling (Hedman et al. 2015; Smith et al.
2015).

RasGAP STRUCTURE AND MECHANISM
OF GTPase ACTIVATION

The structure of the canonical RasGAP module
as originally identified in p120GAP (Marshall
et al. 1989) shows a largely helical protein that
is composed of two subdomains: a central do-
main (GAPc) that carries the catalytic amino
acid equipment required for RasGAP function
and an extra domain (GAPex) (see Fig. 3)
(Scheffzek et al. 1996, 1998a; Pena et al. 2008)
that is dispensable for GAP activity (Ahmadian
et al. 1996). It is conserved in canonical RasGAP
structures (Scheffzek et al. 1996, 1998a; Scheff-
zek and Ahmadian 2005; Pena et al. 2008) and
also in the GAP inactive IQGAP (Kurella et al.
2009) but its function has been largely unclear
(see below).

A seminal contribution to the elucidation of
the RasGAP mechanism was the discovery that
GDP-bound Ras forms a stable complex with
RasGAP in the presence of aluminum fluoride
(Mittal et al. 1996), a compound that when
bound toGDP can be viewed as a transition state
mimic of the phosphoryl transfer reaction (Wit-
tinghofer 1997). Its binding to GDP-bound Ras
in the presence of RasGAP suggested a transi-
tion state-stabilizing mechanism of the GAP-
catalyzed GTP hydrolysis reaction (Mittal et al.
1996). Such a complex was not formed with
representative oncogenic Ras mutants in which
GTPase activity is impaired or in the presence
of Ras effectors (Mittal et al. 1996; Gremer et al.
2008). In the Ras–RasGAP complex derived
from the catalytic domain of p120GAP/RASA1
(Scheffzek et al. 1996) bound to the putative
transition state mimic GDP-aluminum fluoride
(GDP-AlF3), Ras binds to a shallow grove in
the GAPc module that is lined by conserved
residues that interact with conserved regions in
Ras, primarily the switch and P-loop regions
(Scheffzek et al. 1997b). A major feature of the

nucleotide-binding site situation is the presence
of a conserved arginine (Arg789 in p120GAP/
RASA1, Arg1276 in neurofibromin), termed ar-
ginine finger, contributed from RasGAP that
contacts the β/γ phosphate region and is be-
lieved to stabilize the transition state of the phos-
phoryl transfer reaction (see Fig. 3) (Mittal et al.
1996; Ahmadian et al. 1997c; Sermon et al.
1998). The arginine-containing finger loop is
stabilized by residues derived from the FLRV
(Phe-Leu-Arg-Val) motif of RasGAPs (Hettich
and Marshall 1994; Miao et al. 1996). Its site-
directed mutagenesis confirms the impact of
the catalytic arginine, as even conservative sub-
stitution to lysine reduces GAP activity by three
orders of magnitude (Ahmadian et al. 1997c;
Sermon et al. 1998). Additional features include
the stabilization of the switch regions that are
found frequently flexible in isolated Ras struc-
tures (Pai et al. 1989; Milburn et al. 1990; Wit-
tinghofer and Vetter 2011). Along this line,
particularly, the critical Gln61 is oriented to
stabilize awatermolecule for nucleophilic attack
(see Fig. 3) (Scheffzek et al. 1997a). A so-called
variable loop has been implicated in mediating
substrate specificity (Scheffzek et al. 1997a; Ah-
madian et al. 2003).

The structure of the Ras–RasGAP complex
provided an explanation why transforming
Gly12/Gln61-substitutions in Ras (Seeburg et al.
1984; Der et al. 1986) render Ras insensitive
to RasGAPs; they would interfere with the
geometric or electronic requirements of the
transition state as represented by the complex
bound to GDP-AlF3 (Scheffzek et al. 1997b).
The Gly12Pro substitution is nontransforming,
has a slightly increased rate of GTP hydrolysis
with respect to cellular Ras, and is yet insensitive
to RasGAP (Franken et al. 1993), suggesting
that potentially a slight increase in the GTPase
rate with respect to oncogenic Ras might be
sufficient to overcome the Ras-activating effects
believed to be prevalent in oncogenic Ras
(Wittinghofer and Waldmann 2000).

The RasGAP mechanism has been investi-
gated in detail using Fourier transform infrared
(FTIR) spectroscopic methods and computer
simulation approaches (Martin-Garcia et al.
2012; Gerwert et al. 2017). In these studies, the

K. Scheffzek and G. Shivalingaiah

4 Cite this article as Cold Spring Harb Perspect Med 2019;9:a031500

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



authors define three rate constants in the cata-
lytic complex. In a first step, the protein adopts
the GTP-bound ON-state; in the second step,
the catalytic arginine side chain moves into the
active site to complete the active site for GTP

hydrolysis occurring simultaneously and form-
ing a protein-bound Pi intermediate; the last
step is characterized by release of Pi into the
solvent, switch regions returning to the OFF-
state conformation, and the catalytic arginine

GAPex

C D

A B

Sw I
Sw II

Sw I

G
P
P

P

Sw II

GAPc

C2

GAPc

Ras/Rap
Rap Sw I
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Ras GDP-Mg2+

p120GAP R789
PlexinC1 R711

Ras Sw I

Rap Sw II

Rap T61
Rap Q63
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Ras Q61

AIF3

AIF3
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Arg/Lys
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Figure 3.Ras-specificGTPase-activating protein (RasGAP) structure andmechanism. (A) Ribbon representation
of the Ras–RasGAP complex as derived from the structure of the catalytic domain of p120GAP/RASA1 (red and
green) bound to Ras (yellow) and GDP-aluminum fluoride (AlF3) (blue) (Scheffzek et al. 1997a), switch regions
are shown in cyan, and arginine finger motif in violet. (B) Ribbon representation of different RasGAPs super-
imposed and modeled onto Ras shown in transparent yellow. View is rotated approximately 90° about a
horizontal axis as compared to RasGAP in panel A representing a top view on the modeled complex. C2 domain
fragment of SynGAP (blue) appears in proximity of the Ras-binding region in SynGAP. (C) Cartoon represen-
tation of the Ras–RasGAP complex including dual-specificity functionalities. Ras/Rap is shown in yellow and
GAP in red. Upon binding of Ras/Rap to GAP, the GTPase activity is strongly enhanced by the complementation
of the active site, delivering the catalytic arginine, 789 (p120GAP), or 711(PlexinC1). This is further stabilized by
interaction with a secondary Arg/Lys in the GAP domain. Glutamine 61 of Ras or Glutamine 63 of Rap
contributes to the catalysis reaction by positioning phosphate accepting water molecule for nucleophilic attack.
Additional residues and motifs in GAP stabilize the switch I and switch II regions of Ras/Rap, supporting a
conformation that is favorable for efficient GTP hydrolysis. (D) Close-up view of the Ras/Rap active site bound to
GAP showing conformational concordance or variations in the switch regions on Ras-p120GAP and Rap-
PlexinC1GAP. Components of the nucleotide-binding site are shown for Ras (beige) and Rap (pink). The
catalytic arginines in PlexinC1GAP and p120GAP are included. (Structural visualizations in panels A, B, and
D were done with The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.)
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finger leaving the nucleotide-binding pocket
(Kotting et al. 2008; Rudack et al. 2012; reviewed
in Gerwert et al. 2017).

The GAP mechanism outlined above ap-
pears to be essentially valid also for Rho/
RhoGAP systems (Rittinger et al. 1997; Nassar
et al. 1998) that also share similar structural
folds (Bax 1998; Gamblin and Smerdon 1998;
Scheffzek et al. 1998b), although individual ef-
fects of mutations on the formation of AlF3/4
complexes and thus catalysis may be variable
(Gremer et al. 2008). It is interesting to note
that the arginine finger mechanism appears to
be shared also by bacterial toxins that unfold
their toxic activity by acting as Rho family–
specific GAPs but seem to have a minimal
and entirely different three-dimensional struc-
ture (Stebbins and Galan 2000; Wurtele et al.
2001; Evdokimov et al. 2002). Different from
initial considerations, the arginine finger mech-
anism does not seem to be generally valid for
GAPs targeting other small GNBPs (Scheffzek
et al. 1998b; Scheffzek and Ahmadian 2005;
Mishra and Lambright 2016), although the con-
cept of transition state stabilization is supported
in most of the structures.

The Ras-related Rap protein is generally reg-
ulated by its cognate Rap1GAP (Rubinfeld et al.
1991; Bos et al. 2007). Structural and biochem-
ical investigations have revealed that these Rap-
specific GAPs do not use a catalytic arginine
“finger,” like in RasGAPs. Instead, they provide
an asparagine “thumb” as catalytic residue, pre-
sumably to replace the GNBP conserved Gln 61
that structurally corresponds to a noncatalytic
threonine (Thr 61) in Rap proteins (Daumke
et al. 2004; Scrima et al. 2008). Dual Ras/Rap-
specific RasGAPs (sharing the canonical
RasGAP fold as shown in Figs. 1 and 3) seem
to follow a mechanism employing a catalytic
arginine (see Fig. 3) (Pena et al. 2008; Kupzig
et al. 2009) associated with a glutamine residue
(Gln 63) of the switch II region (Sot et al. 2010)
(see below). A dual in transmechanism employ-
ing catalytic arginine and glutamine fingers
contributed by the GAP component seems to
be implemented in the RabGAP Gyp1p and
potentially in other RabGAPs (Pan et al. 2006;
Gavriljuk et al. 2012).

MECHANISMS OF MEMBRANE
TRANSLOCATION

The subcellular localization of RasGAPs is
certainly influenced and modulated by their
requirement to meet Ras at cellular membranes.
Post-translational regulation of Ras signaling
commonly requires translocation of respective
protein components to membrane compart-
ments where they can interact with membrane-
associated Ras species to regulate their biological
activity (i.e., the level of their output signals).
Translocation to the membrane environment
is thought to increase the local two-dimensional
concentration to be equivalent to an increase in
binding constants of five orders of magnitude
compared with the cytosolic concentration (Si-
manshu et al. 2017). The modular architecture
of RasGAPs containing lipid-binding domains
suggests that such domains may be involved in
localization and targeting of their respective
protein hosts, as has been observed for the PH
domains of GAP1 family members GAP1m and
GAPIP4BP that mediate constitutive or stimulus-
dependent membrane association (Cozier et al.
2000; Yarwood et al. 2006). Anothermechanism
of GAP localization may be via adaptor proteins
such as Annexins (Gerke and Moss 2002). An-
nexinA6 has been shown to promotemembrane
binding of p120GAP/RASA1 in vitro and mem-
brane localization in living cells (Grewal et al.
2005; Grewal and Enrich 2006). The C2 do-
mains of CAPRI/RASA4 and RASAL1 mediate
membrane association after increase of intracel-
lular calcium concentration (Liu et al. 2005).
In the case of CAPRI/RASA4 this association
is stable. RASAL1 senses calcium oscillations
shuttling between membrane and cytoplasm.
In the case of CAPRI/RASA4 and RASAL1, de-
tection of RasGAP activity requires calcium-de-
pendent interaction of the C2 domain with
membrane structures and glycerophospholipids
(Sot et al. 2013). Translocation to the sites
of GAP regulation may also be mediated by pro-
tein–protein interaction of GAP and receptor
tyrosine kinase components (Kaplan et al.
1990; Fantl et al. 1992; Kashishian et al. 1992;
Cooper and Kashishian 1993), and in the case
of p120GAP/RASA1 may involve SH2/SH3
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domains (Rojas et al. 2007; Pamonsinlapatham
et al. 2009).

Interestingly, membrane translocation of
neurofibromin is mediated by binding of the
membrane targeting Sprouty-related protein
(Bundschu et al. 2007) Spred1 (Stowe et al.
2012) to the GAP-related domain (Dunzendor-
fer-Matt et al. 2016; Hirata et al. 2016) (see
separate section below). Sec14- and PH-like do-
mains have been detected in a variety of signal
regulatory proteins that harbor GEF or GAP
domains (Lemmon 2004; Bankaitis et al. 2009;
Ghosh and Bankaitis 2011; Scheffzek and Welti
2012). They have been found to control cellular
localization of their host proteins, presumably
by protein–protein interaction mechanisms
(Fig 4) (Kostenko et al. 2004; Sirokmany et al.
2005). With neurofibromin, such localization
has not been reported but cannot be excluded
at the moment.

REGULATION OF GAP ACTIVITY

Regulatory mechanisms other than protein
translocation have been investigated with GAPs
in general, including protein–protein interaction,
phosphorylation, proteasomal degradation, and
regulation by small molecules such as lipids, as
reviewed earlier (Bernards and Settleman 2004).

The fact that RasGAPs apparently have to
interact with membrane-associated GNBP/Ras
targets (Simanshu et al. 2017) raises the question
whether membrane lipids may affect GAP activ-
ity via competitive or noncompetitive mecha-
nisms. Early studies reported modulation of
p120GAP/RASA1 or neurofibromin GAP activ-
ity by lipid compounds, including arachidonic
acid, eicosanoids, fatty acids, and phospholipids
with conflicting results (Tsai et al. 1989; Bollag
and McCormick 1991; Han et al. 1991; Serth et
al. 1991; Sermon et al. 1996) potentially reflect-
ing challenges in defining the experimental con-
ditions under which measurements were per-
formed. The structural Ras–RasGAP interface
does not offer a particularly hydrophobic amino
acid distribution (Ahmadian et al. 2003) to sug-
gest lipid binding in the Ras-binding region.

A GAP regulatory mechanism proposed for
neurofibromin has been proteasomal degrada-

tion (followed by resynthesis) upon growth fac-
tor stimulation (Cichowski et al. 2003)mediated
by the Cullin 3–associated complex (Hollstein
and Cichowski 2013) or in a developmental
context by the SAG/RBX2/ROC2 protein, an
essential RING component of SCF E3 ubiquitin
ligase (Dai et al. 2011). Little is known about the
mechanistic details of the underlying protein
interactions and in some cell types or conditions
growth factor–dependent degradation (and re-
synthesis) may be inhibited (McClatchey and Ci-
chowski 2012). Another study showed ETEA/
UBXD8-mediated ubiquitination of the GRD of
neurofibromin in vitro, correlatingwith increased
levels of activated Ras after silencing of ETEA
expression (Phan et al. 2010).

Protein phosphorylation is an important
regulatory post-translational modification and
has been reported to regulate GAP activity with
some GNBP systems (Bernards and Settleman
2004). Protein kinase A (PKA) has been shown
to phosphorylate the carboxy-terminal region
of neurofibromin. Phosphorylation promoted
its association with a 14-3-3 protein followed
by down-regulation of neurofibromin-mediated
GAP activity (Feng et al. 2004). Phosphorylation
of SynGAPbyCa2+/calmodulin-dependent pro-
tein kinase II (CamKII) was reported to increase
RasGAP activity by ∼90% potentially by an al-
losteric mechanism because phosphorylated res-
idues are located outside the GAP domain (Oh
et al. 2004). Another phosphorylation process
involving cyclin-dependent kinase 5 (CDK5)
and CamKII appears to control the ratio of
Ras- and RapGAP activities of SynGAP (Walkup
et al. 2015) (see below). Allosteric positive regu-
lation of neurofibromin GAP activity after pro-
tein kinase C (PKC)-mediated phosphorylation
of the cysteine serine-rich domain (CSRD) was
proposed to act like a molecular switch in epi-
dermal growth factor (EGF) receptor signaling
(Mangoura et al. 2006).

Protein–protein interaction may represent
another strategy/mechanism of RasGAP regula-
tion (Bernards and Settleman 2004, 2005). Along
this line, the isolated PH domain of p120GAP/
RASA1 has been reported to interact specifically
with its GAP domain and to inhibit interaction
between activated Ras and p120GAP/RASA1
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(Drugan et al. 2000). The physiological relevance
of this finding remained unclear as such an
interaction would have to be shown also in the
full-length context of p120GAP/RASA1.

Neurofibromin has been shown to directly
interact with Gβ/γ subunits linking opioid recep-
tors to Ras signaling in the brain. Gβ/γ interacts
with the Sec14-like domain and reduces GAP
activity of neurofibromin in a construct com-
posed of GRD and the Sec14-PH modules (Xie
et al. 2016). To fully evaluate this observation the
measurement would have to be performed also
with full-length neurofibromin.

DUAL-TARGET SPECIFICITY AND
MECHANISM VARIATION

TheGAPmechanism implemented in the canon-
ical RasGAPmodule is foundmodified in systems
showing dual Ras/Rap specificity as in members
of the GAP1 (GAPIP4BP, RASAL1, CAPRI) and
SynGAP families. Although the isolated RasGAP
module commonly mediates RasGAP activity,
surrounding domains are required for RapGAP
activity (Krapivinsky et al. 2004; Kupzig et al.
2006). The specificity switch may be achieved
by different yet complementary mechanisms.

In the case of CAPRI/RASA4, Ca2+-depen-
dentmonomer/dimer formation has been shown
to switch the protein between RasGAP and
RapGAP activities (Dai et al. 2011), although a

detailed mechanism or structures were not pre-
sented in the respective paper. SynGAP requires
the RasGAPmodule precedingC2 domain to un-
fold RapGAP activity (Pena et al. 2008) and has
otherwise very poor RasGAP activity (Krapivin-
skyet al. 2004; Pena et al. 2008). In the structure of
aC2-GAP construct of SynGAP theC2domain is
partly disordered with only a few β-strands recog-
nizable. Their positions are in the vicinity of the
putative Ras/Rap-binding sites but did not allow
mechanistic conclusions regarding RapGAP ac-
tivity (see Fig. 3) (Pena et al. 2008). It has been
reported that CamKII increases SynGAP activity
(Oh et al. 2004) and along with CDK5-mediated
phosphorylation of SynGAP modulates the ratio
of its GAP activities toward Ras and Rap targets
(see above) (Walkup et al. 2015).

The semaphorin receptor plexin transduces
signals regulating axon guidance in neurons and
other systems (Pascoe et al. 2015). It contains an
extracellular receptor domain binding the pro-
tein semaphorin and an intracellular RasGAP-
like module that acts on Rap proteins upon
dimerization (Wang et al. 2012) has been re-
ported to exhibit GAP activity toward R- and
M-Ras in cellular systems (Oinuma et al. 2004;
Saito et al. 2009), and in pure preparations only
as a RapGAP (Wang et al. 2012). Upon sema-
phorin binding, the intracellular GAP module
dimerizes thereby inducing a GAP active con-
formation that interacts with activated Rap pro-

Figure 4. Structural components of neurofibromin. (A) Ribbon representation of a putative Ras–GRD complex,
modeled on the basis of the GAP-related domain (GRD) structure (Scheffzek et al. 1998a) and the Ras-p120GAP
complex (Scheffzek et al. 1997a). Blue dots indicate the location of missense mutations found in neurofibroma-
tosis type 1 (NF1) patients. The EVH1 domain of Spred1 shown to interact with extra domain (GAPex) is
depicted in cyan. Below is the domain scheme of GRD of neurofibromin with amino-terminal and carboxy-
terminal extra domains with nontruncating patient-derivedmutations included (see text). (B) Ribbon diagram of
the Sec14-PH module bound to lipid with approximately 90° rotation about a horizontal axis. Orange ribbon
represents Sec14-like domain bound to lipid (phosphatidyl ethanolamine) (in violet). Pleckstrin homology
(PH)-like domain is shown in blue. Helix represented in green is a part of Sec14 that forms lid helix. Red dots
indicate the location of missense mutations found in NF1 patients. A tandem duplication and ΔK1750 are also
shown. Below is the domain scheme of Sec14-PH of neurofibromin with nontruncating mutations identified in
NF1 patients (see text). (C) Cartoon of the Sec14-PH module, illustrating the proposed structural changes
associated with the exchange of glycerophospholipid ligands. Starting from the observed structure (1), lid helix
(in green), and β-protrusion helix can move either stepwise (1 > 2 > 3) or in a concerted fashion (1 > 3) into an
open conformation, which allows the exchange of lipidmolecules between Sec14-PH andmembrane (4). Binding
of modulator to the lid helix or the β-protrusion appears to prevent the lipid exchange reaction (5). (Structural
visualizations in panels A and B were done with The PyMOL Molecular Graphics System, Version 1.8
Schrödinger, LLC.)
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teins to accelerateGTPhydrolysis via an arginine
finger-dependent mechanism in which the role
of Gln61 of Ras is taken byGln63 of Rap (see Fig.
3). A similar mechanism has been proposed by
Sot et al. (2010) for GAPIP4BP using biophysical
approaches that did not include a three-dimen-
sional structure of a respective Rap-RasGAP
complex. It appears that the RapGAP mecha-
nisms implemented in canonical RasGAP mod-
ules require an arginine finger for catalysis (Pena
et al. 2008; Kupzig et al. 2009). Interestingly, the
Rab family–specific RabGAP Gyp1p employs a
dual-finger mechanism comprising a catalytic
arginine along with a catalytic glutamine to pro-
mote catalysis. Importantly, the RasGln61 anal-
ogous glutamine does not stabilize the transition
state (Pan et al. 2006; Gavriljuk et al. 2012).
Recently, the topology of RASAL1 has been pre-
sented using negative stain electron microscopy.
The authors show the relative organization of
the individual domains but higher resolution
will be required to obtain detailed information
about the mechanism of dual-target specificity
(Cuellar et al. 2017).

RasGAPS IN HUMAN DISEASES

Given the importance of Ras signaling pathways
in numerous cellular functions and their associ-
ation with various diseases, most importantly
with malignant cell transformation and cancer,
it is not surprising that molecular damages do
occur not only in Ras itself but also in Ras-reg-
ulating protein components. The most promi-
nent example in this context is neurofibromin
and will be described in more detail below. Its
encoding gene is altered in the germline of NF1
patients (Upadhyaya and Cooper 2012) and also
in a large number of sporadic malignancies un-
related to NF1 (Philpott et al. 2017). Up-regula-
tion of Ras is believed to represent at least one
mechanism of pathogenicity in respective cases.
Genetic alterations in the p120GAP/RASA1 en-
coding gene have been reported to be responsi-
ble for capillary malformation-arteriovenous
malformation (CVM-AM), a genetic disorder
characterized by vascular development defects
(Boon et al. 2005; Revencu et al. 2008, 2013).
Most alterations would likely be incompatible

with a folded protein suggesting loss of RasGAP
activity as at least one mechanism of pathoge-
nicity. Tumor-suppressive functions have been
shown for DAB2ip (McLaughlin et al. 2013;
Bellazzo et al. 2017) and for members of the
GAP1 family, suggestingmechanisms potential-
ly involving transcriptional deregulation (Jin
et al. 2007) including DNA hypermethylation.
Germline mutations in SynGAP encoding genes
have been associated with intellectual disabili-
ties and autism (Jeyabalan and Clement 2016).
Semaphorin signaling via neuropilin and plexin
receptors has been implicated in tumor progres-
sion, including metastasis and tumor angiogen-
esis (Neufeld and Kessler 2008).

NEUROFIBROMIN—A MAJOR RasGAP
IN GROWTH CONTROL AND NEURONAL
FUNCTION

NF1 (von Recklinghausen 1882; Riccardi 1992)
was the first RASopathy identified (Rauen 2013;
Ratner and Miller 2015). NF1 patients have
an increased risk to develop the disease-typical
neurofibroma, benign and malignant tumors of
the nervous system. Additional features include
pigment anomalies of the skin, bone deforma-
tions, and learning disabilities inmore than 10%
of adolescent patients. Further medical compli-
cations contribute to a clinical picture that is far
from being well understood. Although the dis-
ease was described in 1882 (von Recklinghausen
1882; Riccardi 1992; Upadhyaya and Cooper
2012), the gene responsible was identified about
100 years later (Cawthon et al. 1990; Viskochil
et al. 1990; Wallace et al. 1990). Alterations in
the tumor suppressor gene NF1 are responsible
for the pathology of NF1 (Riccardi 1992;
Cichowski and Jacks 2001; Zhu and Parada
2001) and are found also in a large number of
aggressive sporadic malignancies unrelated to
NF1 (Cancer Genome Atlas Research Network
2008, 2014; Sangha et al. 2008; Patch et al. 2015;
Philpott et al. 2017). The NF1 gene shows se-
quence similarity to the previously discovered
p120GAP/RASA1 and the related IRA1/IRA2
proteins in yeast and encodes a large cytoplas-
mic protein, termed neurofibromin (320 kDa)
(DeClue et al. 1991; Gutmann et al. 1991). Neu-
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rofibromin is highly conserved in vertebrates
with sequence identity of >90% in the evolution-
arily old Fugu and Zebrafish proteins (Kehrer-
Sawatzki et al. 1998; Padmanabhan et al. 2009)
and thus seems to be an essential vertebrate pro-
tein. Homologous sequences have been found in
fly (The et al. 1997) and can be detected in honey
bee (Honeybee Genome Sequencing 2006), hy-
dra (Chapman et al. 2010), and slime mold (Ei-
chinger et al. 2005). In yeast strains lacking
IRA1/2 neurofibromin can complement a miss-
ing IRA function (Xu et al. 1990a).

A central region, GRD, shows sequence
similarity to the carboxy-terminal catalytic do-
main of p120GAP/RASA1 (Marshall et al.
1989) and displayed RasGAP activity (Ballester
et al. 1990; Martin et al. 1990; Xu et al. 1990b),
defining neurofibromin as a RasGAP. The cel-
lular impact of neurofibromin on Ras regulation
is evident from studies in which loss of neuro-
fibromin is associated with increased intracellu-
lar levels of activated Ras (Basu et al. 1992; De-
Clue et al. 1992; Bollag et al. 1996). Conversely,
expression of the GRD in otherwise NF1−/−

cells can restore the cellular phenotypes (Hiatt
et al. 2001; Thomas et al. 2006). Neuronal stud-
ies suggest that neurofibromin contributes to
more than 90% of Ras inactivation in dendritic
spines (Oliveira and Yasuda 2014). Nontruncat-
ing gene alterations (currently >400 identified)
cover the whole coding sequence suggesting im-
portant functions represented in regions out-
side the GRD (Kaufmann 2008). The GRD is
preceded by a 90-residue peptide segment that
has been reported to be important for the in-
teraction with the cytoskeletal protein tubulin
(Bollag et al. 1993). Mutations in the GRD re-
gion abolish tubulin binding (Xu and Gutmann
1997). At its carboxy-terminal end, it is follow-
ed by a bipartite glycerophospholipid-binding
module that is composed of an amino-terminal
Sec14- and a carboxy-terminal PH-like domain
(see below) (D’Angelo et al. 2006; Welti et al.
2007). The so-called cysteine serine-rich do-
main (CSRD) (Izawa et al. 1996) appears to
cluster a number of mutations found in NF1
patients (see Fig. 5) (Fahsold et al. 2000; Mat-
tocks et al. 2004), but has not been structurally
validated so far.

Structure of Neurofibromin

Bioinformatics sequence analysis indicates a
highly helical protein with few flexible segments
in the carboxy-terminal regions. From a struc-
tural perspective, the domain composition/
architecture is poorly defined and include only
the GRD (Scheffzek et al. 1998a) and the neigh-
boring Sec14-PH module (D’Angelo et al. 2006;
Welti et al. 2007). These account for approxi-
mately 25% of the total molecular weight.
In the following sections, we describe the struc-
tures of the respective modules and try to
address potential functional implications also
considering mutational studies.

The GAP-Related Domain (GRD)

The classic GRD corresponding to the catalytic
domain of p120GAP comprises a segment
ranging from residues 1198 to 1530, which for
crystallographic structure determination has
been proteolytically treated to facilitate crystal-
lization. The structure of the GRD module (see
Fig. 4A) (Scheffzek et al. 1998a) confirms the ca-
nonical helical RasGAP foldwith fewdifferences
to the respective module of p120GAP/RASA1
(Scheffzek et al. 1996). They can be located es-
sentially in loop regions connecting helices.

The differentially spliced and GAP activity
modulating exon 23a (Andersen et al. 1993)
would insert a 21-residue peptide segment in a
helix that is in a structural neighborhood near
the active site region (Scheffzek et al. 1998a). A
structure derived from this type II transcript has
not been reported so far. GAP-accelerated GTP
hydrolysis has been characterized in detail using
kinetic approaches (Ahmadian et al. 1997a,b,
2003; Sermon et al. 1998). Nontruncating mu-
tations found in NF1 patients have different ef-
fects on the catalytic properties of the GRD (see
Fig. 4). A most striking alteration has been
found earlier in a patient with severe tumor bur-
den where Arg1276 (the arginine finger of neu-
rofibromin) was replaced by a proline residue.
Structural modeling of this mutation indicates
loss of a catalytic residue for which there is no
functionally alternative residue in the vicinity of
the site of GTP hydrolysis, confirmed by bio-
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chemical investigation of the associated enzyme
kinetics yielding an 8000-fold decrease in cata-
lytic efficiency for the mutated protein (Klose
et al. 1998). Numerous mutations have been
identified in the GRD. Several are indicated in
Figure 4A.

Those and other mutations include ΔM1215,
G1219R/E, L1221R, L1243P, R1250P, L1256R,
W1258R, R1276G/Q/P, L1301R, T1324N,
R1325G, L1339R, E1356K/G, L1390F/P, R1391G/
S, ΔF1392, V1398D, K1419Q/E/R, K1423E/R/N,
L1425P, Q1426E, N1430D, V1432L, K1436Q,
ΔQ1438, S1463F, S1468G, and G1498E (see
Fig. 4A) (Li et al. 1992; Upadhyaya et al.
1997b; Fahsold et al. 2000; Han et al. 2001;
Ars et al. 2003; De Luca et al. 2003; Mattocks
et al. 2004; Lee et al. 2006; Kaufmann 2008;
Thomas et al. 2012; Bianchessi et al. 2015). The
HGMD (Institute of Medical Genetics, Cardiff,
Wales, UK, www.hgmd.cf.ac.uk/ac/index.php)
and LOVD (Leiden Open Variation Database,
www.LOVD.nl/NF1) (Fokkema et al. 2011; van
Minkelen et al. 2014) databases were interrogated
to summarize patient-derived mutations.

The Sec14-PH Module

Using structural biology approaches we have
discovered earlier a bipartite structural module
composed of an amino-terminal Sec14- and a
carboxy-terminal PH-like domain (D’Angelo
et al. 2006), the former binding glycerophos-
pholipids (Welti et al. 2007). The structure of
the Sec14-PH module in neurofibromin allows
definition of glycerophospholipid binding in a
hydrophobic cage of the Sec14-like portion that
appears to be modulated/regulated by a hairpin-
like protrusion derived from the PH-like portion
(see Fig. 4B). This protrusion appears to keep
the lid structure closed in the respective crystal
structure thereby preventing access of lipid
ligands to the interior of the Sec14 portion. In
a hypothetical mechanistic model, two ligands
would be involved in Sec14-PH function/regu-
lation. Ligand 1 would induce conformational
changes in the hairpin region thereby releasing
structural constraints of the lid helix to allow
binding of ligand 2 (a glycerophospholipid) to
the lipid-binding cage (see Fig. 4B and C). Giv-

en the abundance of phosphatidyl ethanolamine
(PE) in eukaryotic cells, it appears likely that
PE represents at least one physiological ligand
of the Sec14-like portion in neurofibromin
(Welti et al. 2007). Binding of immobilized
PIPs in overlay assays has been shown for the
Sec14-PH module and is modulated by muta-
tions of conserved residues in the vicinity of
the hairpin protrusion (D’Angelo et al. 2006;
Welti et al. 2007). The isolated Sec14-PH mod-
ule does not seem to localize to specific cellular
structures/compartments (SWelti and K Scheff-
zek, unpubl.). Structural consequences of prom-
inent alterations have been investigated, sug-
gesting structural rearrangements in at least
one of the three cases investigated (Welti et al.
2011). We speculate that they affect interactions
between neurofibromin and/or small molecules
or proteins.

A particularly interesting alteration has been
identified at the carboxy-terminal end of the
PH-like domain. Arg1809was found substituted
by cysteine in a set of sixNF1 patients in a cohort
of patients presenting with a mild NF1 pheno-
type but without neurofibroma (Ekvall et al.
2014; Rojnueangnit et al. 2015; Santoro et al.
2015). The genetic analysis of the mutation
along with the common symptoms in patients
gives one of the rare examples for a genotype–
phenotype relationship of which only two have
been reported previously (Cnossen et al. 1997;
Upadhyaya et al. 2007). In the Sec14-PH struc-
ture representing the cellular protein sequence
Arg1809 interacts with Ser1738 in the amino-
terminal region of the PH β-sheet (D’Angelo
et al. 2006). Mutation of Arg1809 to cysteine
(or other amino acids observed) is likely to
abolish the interaction between the two struc-
tural elements of the PH-like portion. The struc-
tural impact of this interaction is difficult to as-
sess because in contrast to Arg1809, Ser1738
shows little conservation in NF1-related se-
quences (D’Angelo et al. 2006). To evaluate
the cellular consequences of the observed alter-
ation, its investigation in the full-length context
of neurofibromin within relevant cell lines is
required, potentially comparing protein mass
spectrometry-guided interaction profiles with
those of the wild-type protein. In any case, one
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would expect that alterations in the respective
sequence position would converge on a com-
mon biochemical/cellular feature of neurofibro-
min function.

Other nontruncating mutations in the
Sec14-PH module include S1578P, I1584V,
R1590W, V1621R, T1627P, ΔΔIY1658-9,
N1662K, ΔF1687-P1691, ΔK1750, ΔΔLG1752-
3, Δ1760Y, A1764S, T1787M, R1809C/L, and
L1812P (Tassabehji et al. 1993; Upadhyaya
et al. 1997a; Wu et al. 1999; Fahsold et al.
2000; Jeong et al. 2006; Welti et al. 2011; Bian-
chessi et al. 2015). The HGMD (Institute of
Medical Genetics, Cardiff, Wales, UK, www
.hgmd.cf.ac.uk/ac/index.php) and LOVD (Lei-
den Open Variation Database, www.LOVD.nl/
NF1) (Fokkema et al. 2011; van Minkelen et al.
2014) databases were interrogated to summarize
patient mutations.

What is the function of the Sec14-PH mod-
ule? The module has been discovered in search
for novel soluble domains of neurofibromin
(D’Angelo et al. 2006; Bonneau et al. 2009).
While the Sec14-like portion has been anticipat-
ed based on bioinformatics analyses (Aravind
et al. 1999), the PH-like portion was entirely
unexpected in the structure of neurofibromin
as was the seemingly mechanistic interaction
between the two domains (D’Angelo et al.
2006). PH-like domains commonly share a
sandwich-like fold with halves formed by two
β-sheets closed by a carboxy-terminal α-helix
(Scheffzek and Welti 2012). Depending on
the detailed amino acid equipment, they may
bind various ligand including phospholipids,
phosphotyrosine peptides, or proteins including
Rho family GNBPs (Lemmon 2004; Scheffzek
and Welti 2012). Sec14- and PH-like domains
occur as stand-alone modules or as parts of
signal regulatory proteins, such as RhoGEFs,
RhoGAPs, or phosphotyrosine phosphatases
(PTPs) (Saito et al. 2007; Bankaitis et al. 2010).
Their function in these proteins is not entirely
understood. Some studies nevertheless suggest
targeting functions in p50RhoGAP and the
RhoGEF Dbs (Kostenko et al. 2004; Sirokmany
et al. 2005). It is so far unclear whether this
function is associated with lipid-binding prop-
erties of the proteins.

Full-Length Neurofibromin

The structure of the entire neurofibromin is not
known so far. The classic method for structure
determination of biomolecular species is X-ray
crystallography. However, this method requires
the availability of high-quality protein crystals to
yield detailed information of the crystalline pro-
tein. To obtain such crystals the protein has to be
available in pure and homogeneous quality (Shi
2014). Obtaining high-quality neurofibromin
for structural investigation has long been a
rate-limiting step in neurofibromin structural
biology. With the routine availability of gene
synthesis, including sequence optimization for
protein expression (Bonneau et al. 2009), neuro-
fibromin overexpression in insect cells became a
powerful method to obtain pure and at least
partially homogeneous neurofibromin from
such preparations (Dunzendorfer-Matt et al.
2016). Recombinant neurofibromin has been
used in protein transduction experiments dem-
onstrating down-regulation of the Ras/MAPK
pathway in NF1-depleted cells, as shown by
monitoring phospho-ERK decrease (Mellert
et al. 2018). To our knowledge, crystalline neu-
rofibromin has so far not been obtained. An
alternative method with increasingly high po-
tential is cryoelectron microscopy (cryoEM)
(Carroni and Saibil 2016). With this method,
the molecular species is preserved in a native-
like vitrified state that does not require crystal-
linity for structural analysis (Earl et al. 2017).
Many large macromolecular and signaling spe-
cies have been analyzed by cryoEM over the past
years (Merk et al. 2016). Initial and preliminary
analyses of such specimens show neurofibromin
at low resolution (>20 Å), forming compact di-
meric particles of unclear molecular oligomeri-
zation state (J Briggs, H Stark, and K Scheffzek,
unpubl.). Further efforts will be necessary to
improve sample and data quality of cryoEM ap-
proaches to obtain a high-resolution view of full-
length neurofibromin.

Nontruncating mutations can be found
along the entire coding sequence of neurofibro-
min (Figs. 4 and 5), suggesting the whole se-
quence to be essential for protein function.
Their assessment in terms of impact on protein
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function may be difficult depending on struc-
tural and biochemical details. From a structural
perspective, nonconservative substitutions are
likely to have a more severe effect on the struc-
ture or function of the protein than conserva-
tive exchanges. Such substitutions are likely to
change the local environment in a manner that
may not be compatible with the native neuro-
fibromin structure. In general, the availability of
3D structural information contributes signifi-
cantly to the assessment of nontruncating mu-
tations found in patients.

Interaction Partners of Neurofibromin

Meanwhile, a large number of interaction part-
ners beyond activated Ras have been reported
(see Fig. 5) (Ratner and Miller 2015). They in-
clude kinesin-1 (Hakimi et al. 2002), DDAH
(Tokuo et al. 2001), PKA (Feng et al. 2004),
tubulin (Bollag et al. 1993), LRPPRC (Arun
et al. 2013), amyloid precursor protein (APP)
(De Schepper et al. 2006), Spred1 (Stowe et al.
2012; Dunzendorfer-Matt et al. 2016; Hirata et
al. 2016), syndecans (Hsueh et al. 2001), phos-
pholipids (D’Angelo et al. 2006; Welti et al.
2007), G proteins or components thereof
(Tong et al. 2002; Xie et al. 2016), p97/vcp
(Wang et al. 2011), LIMK2 (Vallee et al. 2012),
serotonin receptor (Deraredj Nadim et al. 2016),
caveolin-1 (Boyanapalli et al. 2006), CRMP2/4
(Lin and Hsueh 2008; Patrakitkomjorn et al.
2008), 14-3-3 (Feng et al. 2004), focal adhesion
kinase (FAK) (Kweh et al. 2009), SCF (Tan et al.
2011), Cullin-3 (Hollstein and Cichowski 2013),

and CASK (Volta et al. 2010). Technically, they
were identified in a variety of approaches includ-
ing yeast two-hybrid screening, coimmunopre-
cipitation or pull-down-like experiments. The
biological significance of the underlying pro-
tein–protein interactions has not been clearly
established in most of the reported interactions.
We describe here in more detail selected exam-
ples where direct interaction and/or a functional
link appear explored or established.

Spred1

Amost insightful observation came from exper-
iments uncovering the interaction between neu-
rofibromin and Sprouty-related proteins with an
EVH1 domain 1 (Spred1) (Stowe et al. 2012).

SPRED domain proteins (Bundschu et al.
2007) have been reported to act as negative reg-
ulators of the Ras/MAPK pathway. Although
interaction with Ras has been reported, the
mechanism of Ras inhibition remains unclear
(Wakioka et al. 2001). Genetic alterations in
the Spred1 gene are associated with Legius syn-
drome (LS), a rare genetic disorder that shares
mild symptoms with NF1 (Brems et al. 2007) in
the absence of severe clinical phenotypes. Stowe
et al. (2012) have found that Spred1 down-reg-
ulates the Ras/MAPK pathway by interaction
with neurofibromin. In a respective model,
Spred1 uses its amino-terminal EVH1 domain
to bind neurofibromin and is recruited to the
cellular membrane by the carboxy-terminal
SPY-domain of Spred1. Membrane recruitment
enables neurofibromin to interact with Ras, and

Figure 5. Interaction partners of neurofibromin. Domain scheme of neurofibromin with reported interaction
partners and structurally validated domains colored. Red dots at the bottom part of the scheme indicate non-
truncatingmutations found in patients and blue and yellow dots on the top part of the scheme represent potential
phosphorylation sites for protein kinase A (PKA) and protein kinase C (PKC), respectively. Two ubiquitination
sites are indicated as green boxes. Several potential caveolin-binding domains (CBDs) are also indicated. The
GAP-related domain (GRD) part indicated in dark red is theminimal GAP domain required for the GAP activity
and binds to Ras. Amino-terminal and carboxy-terminal extensions, indicated in light green are overlapping with
the tubulin-binding region and the Sec14-PH domain, respectively, and interact with the Sprouty-related protein
with an EVH1domain 1 (Spred1). DDAH1, dimethylarginine dimethylaminohydrolase 1; LRPPRC, leucine-rich
pentatricopeptide repeat-containing protein; APP, amyloid precursor protein; FAF2, Fas-associated factor 2;
ETEA, expressed in T cells and eosinophils in atopic dermatitis; VCP, valosin-containing protein; LIMK2, LIM
domain kinase 2; DPYSL2, dihydropyrimidinase-related protein 2; CRMP2/4, collapsin response mediator
protein 2/4; SCF, Skp-Cullin-F box-containing complex; FAK, focal adhesion kinase; CASK, calcium/calmod-
ulin-dependent serine protein kinase (see text).
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by its RasGAP activity, down-regulate the bio-
logical activity of Ras at the cellular membrane.
These observations provide a molecular link be-
tween NF1 and LS both being associated with
deregulation of the Ras/MAPK signaling path-
way (McClatchey and Cichowski 2012; Stowe
et al. 2012). In a collaborative follow-up study
with the laboratory of F. McCormick, we were
able to map the EVH1-binding site to the GRD
of neurofibromin (Dunzendorfer-Matt et al.
2016). EVH1 binding to the GRD was compat-
ible with binding of activated Ras and did not
influence RasGAP activity. Refinedmapping ex-
periments finally allowed us to identify the extra
domain of the GRD (GAPex) as the EVH1-
binding site on the GRD (Dunzendorfer-Matt
et al. 2016). Importantly, EVH1 binding to the
GRD did not interfere with binding of activated
Ras or with GAP activity or with the formation
of a transition state–like complex (Dunzendor-
fer-Matt et al. 2016). Pathogenic mutations
found in LS patients impaired the EVH1–GRD
binding as has also been found by the group of
A. Yoshimura who mapped the EVH1-binding
site based on yeast two-hybrid experiments
(Hirata et al. 2016). In addition, a pathogenic
single residue deletion of the GAPex retained
RasGAP activity but failed to translocate to the
membrane for interaction with Ras (Dunzen-
dorfer-Matt et al. 2016). Although it is tempting
to speculate that GAPex provides a general
docking platform for proteins targeting Ras-
GAPs to membrane compartments, it has to
be noted that at least p120GAP/RASA1 is not
membrane targeted by Spred proteins (Stowe
et al. 2012).

P97/VCP

P97/VCP is a cytoplasmic abundant AAA (pro-
nounced “triple A”) ATPase that is associated
with various cellular activities including pro-
teasome-mediated protein degradation. Based
on immunoprecipitation studies, Wang et al.
(2011) identified the protein as a neurofibro-
min-binding protein and mapped the binding
region to a portion comprising Sec14-PH and
amino- and carboxy-terminal extensions there-
of. Employing pull-down experiments from

mouse brain lysates using glutathione-S-trans-
ferase (GST)-fused Sec14-PH as bait we identi-
fied p97/VCP as an interaction partner of the
protein (M Schwarz, F Bonneau, and K Scheff-
zek, unpubl.) indicating that the Sec14-PH
module is sufficient to mediate the underlying
protein–protein interaction. The physiological
relevance of the p97/VCP neurofibromin inter-
action was proposed and experimentally sup-
ported to negatively regulate dendritic spine
density.Mutations found inNF1patients indeed
interfered with spine density (Wang et al. 2011).
Further studies are necessary to investigate the
mechanistic aspects of this protein–protein in-
teraction.

LIM Kinase2

Using yeast two-hybrid approaches to screen for
interaction partners of the Sec14-PH module,
Vallee et al. (2012) identified LIMK2 to interact
with Sec14-PH. Sec14-PH binds to LIMK2 but
not to the closely related LIMK1 and inhibits its
kinase activity with respect to cofilin phosphor-
ylation by preventing ROCK activation. Little
information has been presented about the spe-
cific mechanism that causes ROCK activation to
be inhibited (Vallee et al. 2012).

Cross Talk with GPCR Signaling

Potential cross talk with G protein-coupled re-
ceptor signaling (GPCR) has been identified
with neurofibromin (Tong et al. 2002). The se-
rotonin 5-hydroxytryptamin 6 (5-HT6) receptor
constitutively activates the Gs/adenylyl cyclase
pathway in several cell types including neu-
rons. Silencing the expression of neurofibro-
min strongly reduces the constitutive activity
of the receptor (Deraredj Nadim et al. 2016).
This process apparently requires the interaction
with the PH-like domain of neurofibromin. In-
terestingly, disease-associated mutations found
in NF1 patients blocked the interaction with the
receptor.

AnotherGPCRcross talk has been described
recently when Xie et al. (2016) described a
mechanism linking opioid receptors to Ras sig-
naling in the brain. Most importantly, Gβ/γ sub-
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units of the µ-opioid receptor interact directly
with neurofibromin. The authors mapped a
Gβ/γ-binding site to the Sec14-PH portion of
neurofibromin and using a GST-fused GRD-
Sec14-PH construct showed that Gβ/γ inhibits
neurofibromin-mediated GAP activity (Xie et al.
2016). It will be important to perform GAP as-
says in the context of full-length neurofibromin.

CONCLUDING REMARKS

Thirty years after the discovery of the first Ras-
GAP, the concept of G protein regulation by
GEFs, and GTPase-activating proteins is well
established and a plethora of research papers
investigating the details of RasGAP-mediated
signal regulation has accumulated in the scien-
tific literature and beyond. Given that Ras and its
major regulator neurofibromin play major roles
in cellular growth control and cancer develop-
ment, understanding the GAP mechanism and
the roles of individual RasGAPs including neu-
rofibromin in more detail, and also for each
functionally relevant mutant, will be among
the important challenges in the future.
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