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Abstract: Since its discovery as an oncogene more than
40 years ago, Ras has been and still is in the focus of many
academic and pharmaceutical labs around the world. A
huge amount of work has accumulated on its biology.
However, many questions about the role of the different
Ras isoforms in health and disease still exist and a full
understanding will require more intensive work in the
future. Here we try to survey some of the structural find-
ings in a historical perspective and how it has influenced
our understanding of structure-function and mechanistic
relationships of Ras and its interactions. The structures
show that Ras is a stable molecular machine that uses the
dynamics of its switch regions for the interaction with all
regulators and effectors. This conformational flexibility
has been used to create small molecule drug candidates
against this important oncoprotein.
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Introduction: the structure of Ras

Since the first structure of Ras was presented in 1988/89 a
lot of structural information has been accumulated. This
has led to ~250 different structural records in the Protein
Data Base (PDB), which are summarized in Table 1. They
constitute an overwhelming source of structural and
mechanistic information. Here we present a short history
of milestones along the way which is not meant to be com-
prehensive but rather tries to highlight the ups and downs
along the path to the now familiar picture of a small G
protein which functions as a molecular switch, the activ-
ity of which is regulated by GEFs and GAPs. Structural
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findings on Ras have substantially influenced the biology
of Ras but also those of other small and large G proteins.
The history of these findings is presented by the timeline
diagram in Figure 1. The complex biology of Ras has been
summarized previously in a plethora of reviews focusing
on different aspects of the Ras protein(s) (see Malumbres
and Barbacid, 2003; Cox and Der, 2010; Ahearn et al.,
2011; Shimanshu et al., 2017).

The history of the Ras structure started when Gay and
Walker, by comparing the first 37 residues of the H-Ras
protein, identified a high homology with the -subunit of
the mitochondrial and bacterial ATP synthases (Gay and
Walker, 1983). This region of the protein contains what has
been described as the Walker A motif present in various
nucleotide binding proteins and is now more commonly
called the P-loop, with the conserved sequence motif
GxxxxGKS/T (Saraste et al., 1990). As residues in ATP syn-
thase, myosin and nucleotide kinases were believed to be
involved in nucleotide binding, various authors suggested
that the Ras protein may also bind nucleotides (Walker
et al., 1982; Wirenga and Hol, 1983). Later, it has been
established that Ras proteins bind guanine nucleotides
and seem to have no affinity to ADP or ATP. Leberman
and Egner (1984) compared the sequence of various GTP-
binding proteins and identified a remarkably extensive
homology, in particular between Ras and the protein syn-
thesis elongation factor EF-Tu. Correspondingly, structural
models of Ras based on the preliminary structures of EF-Tu
were described (Jurnak, 1985; McCormick et al., 1985).

The first (correct) three-dimensional structure then
showed that the Ras protein indeed has the same fold as
one of the domains of EF-Tu (Pai et al., 1989) and is not,
as proposed earlier, different from EF-Tu (deVos et al.,
1988). Almost all these and later structural studies used a
truncated version of H-Ras (residues 1-166, or occasionally
1-171), and much later of other Ras isoforms, as it was found
that recombinant full-length protein was proteolysed at
the C-terminal end suggesting that these residues were
flexible. A nuclear magnetic resonance (NMR) study of
full-length Ras showed that residues beyond 172 could not
be assigned because they are conformationally averaged,
confirming earlier observations on the flexibility of the
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Table 1: Released structures of H-, N- and K-Ras.
Ras type Small mol. ligand Protein complex Nucleotide # Strc PDB codes
H-Ras Diff. mut. Effectors Diff. 11 6amb, 1k8r, 4k81, 3ddc,
1he8, 2c5i, 11fd, 3kud,
6axg, 4g3x, 4g0n
H-Ras Diff. mut. S0S 6 1bkd, 1nnv, 1nvw, 1nvu,
1nvx, 1xd2
H-Ras Diff. mut. Different compounds SOS 35 4uru, 4urw, 4urx, 4usl,
4us2, 4usO0, 4ury, 4urv,
4urz, 4nyi, 4nyj, 4nym,
5wfo, 5wfq, 5wfr, 5wfp,
6bvj, 6bvk, 6bvm, 6bvl,
6bvi, 6cuo, 6cup, 6cur,
6d5j, 6d5h, 6d5g, 6d5e,
6d59, 6d56, 6d5l, 6d55,
6d5v, 6d5m, 6d5w
H-Ras P120GAP (RASA1) GDP-AIF3 1wql
H-Ras YCN (Cyclen) GNP 318y
H-Ras T35S KOB (Kobe2601, GNP 2lwi
2-(2,4-dinitrophenyl)-
N-(4-fluorophenyl)
hydrazinecarbothioamide)
H-Ras T35S KBFM123 (3-oxidanyl- ~{N}- GNP 5zc6
[[(2 ~{R})-oxolan-2-ylJmethyl]
naphthalene-2-carboxamide
H-Ras Diff. mut. Soaking experiments GNP 16  3rsl, 3rso, 3rs0, 3rs2,
3rs3, 3rs4, 3rs5, 3v4f,
4dlz, 4dly, 4dlw, 4dly,
4dlu, 4dlt, 4dls, 4dlr
H-Ras M72C Covalent inhibitors GNP, GDP 3 5vbe, 5vbz, 5vbm
H-Ras wt Monobody (NS1) GDP 5e95
H-Ras Wt G12P - - GCP 4 121p, 1jah, 1jai, 6q21
H-Ras Diff. mut. - - GDP 16 laa9, 1crp, 1crq, 1crr,
lioz, 115, 1pll, 1921,
1zvq, 2cld, 2921, 2quz,
2x1v, 3lo5, 419s, 4921
H-Ras Diff. mut. - - GNP 44 1lfo, 221p, 2lcf, 2rga,
2rgb, 2rgc, 2rgd, 2rge,
2rgg, 3i3s, 3k8y, 3k9l,
3k9n, 3kkm, 3kkn, 318z,
3lbh, 3lbi, 3lbn, 3oiu,
3oiv, 30iw, 3rry, 3rrz,
3rs7, 3tgp, 421p, 4efl,
4efm, 4efn, 419w, 4rsg,
4xvq, 4xvr, 5b2z, 5b30,
5p21, 5wdo, 5wdp,
5wdq, 5x9s, 621p,
721p, 821p
H-Ras Diff. mut. - - GTP 3 1plk, 1qra, 521p
H-Ras wt - - mant-dGNP 1gnp
H-Ras wt - - Nitrophenyl- 3 1gnr, 1gnq, 1plj
Caged-GTP
H-Ras wt, G12V - - DABP-GNP 2 1clu, 1rvd
K-Ras wt Effector: A-Raf (RBD) GNP 1 2mse
K-Ras wt - PDEdelta GDP 2 Star, 5tb5
K-Ras T35S Nt-free 2 2n42, 2n46
(NMR)
K-Ras wt Darpins GDP, GSP 4 5mlb, 502s, 502t, 5mla
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Table1 (continued)

Ras type Small mol. ligand Protein complex Nucleotide # Strc PDB codes
K-Ras G12D Cyclic inhibitory peptide Krpep-2d - GDP 5xco
K-Ras G12C BOQ (ethyl SOS (487aa) Nt-free 6epp
C1185D126E 2-(aminomethyl)-5- ~{tert}-butyl-
T1275 K128R furan-3-carboxylate)
BPW (3-(4-chlorophenyl)propan-1- SOS (487aa) Nt-free 6epo
amine)
BQ2 (1-(3,4-dihydro- SOS (487aa) Nt-free 6epn
1 ~{H}-isoquinolin-2-yl)-2-oxidanyl-
ethanone)
BQ5 ((1-phenyl-5,6- SOS (487aa) Nt-free 6epm

dihydro-4 ~ {H}-cyclopentalc]
pyrazol-3-y)methanamine)

none SOS (487aa) Nt-free 6epl
K-Ras G12C 8ZG (Quinazoline) GDP 5v71
K-Ras G12C 91D (Quinazoline) GDP 5v9l
K-Ras G12C 91G (Quinazoline) GDP 5v90
K-Ras G12D 9Ll (2-(4,6-dichloro-2-methyl-1H- GCP 4dst
indol-3-yl)ethanamine)
K-Ras wt 9R5 ([(2 ~ {R})-6-chloranyl-2,3- GNP 2 50cg, 5oct

dihydro-1,4-benzodioxin-2-yl]
methanamine)
K-Ras wt 9IRK (~{N}-[[(3 ~{R})-2,3-dihydro- GNP 50c0
1,4-benzodioxin-3-ylJmethyl]furan-
2-carboxamide)
K-Ras wt Benzamidine GSP 4dso
K-Ras Q61H CVK (4-(2,3-dihydro-1,4- GNP 6f76
benzodioxin-5-yl)- ~{N}-[3-
[(dimethylamino)methyl]phenyl]-2-
methoxy-aniline)
K-Ras Q61H D2Z (2-[4-[[(3 ~ {R})-2,3-dihydro-1,4- GNP 6fal
benzodioxin-3-ylJmethylcarbamoyl]
phenoxylethyl-dimethyl-azanium)
K-Ras Q61H D2W (4-[2-(dimethylamino) GNP 6fa2
ethoxy]- ~{N}-[[(3 ~ {R})-5-(6-
methoxypyridin-2-yl)-2,3-dihydro-
1,4-benzodioxin-3-ylJmethyl]
benzamide)
K-Ras Q61H D1Z (~{N}-[[(3 ~{R})-5-[5-[[3- GNP 6fa3
[(dimethylamino)methyl]phenyl]
amino]-6-methoxy-pyridin-2-yl]-
2,3-dihydro-1,4-benzodioxin-3-yl]
methylJoxane-4-carboxamide)
K-Ras Q61H D1W (6-(2,3-dihydro-1,4- GNP 6fas
benzodioxin-5-yl)- ~ {N}-[4-
[(dimethylamino)methyl]phenyl]-2-
methoxy-pyridin-3-amine)
K-Ras Q61H F8T ([4-[[4-(3-methoxyphenyl) GNP 6gqw
phenyllamino]phenyl]methyl-
dimethyl-azanium) (CH-1))
K-Ras Q61H F8N (~{N}-(3-imidazol-1-ylpropyl)- GNP 6gqt
4-[[3-(3-methoxyphenyl)phenyl]
methylJoxane-4-carboxamide)
K-Ras Q61H F8K ([4-[[2-methoxy-4-(3- GNP 6gqgx
methoxyphenyl)phenyllamino]
phenyl]methyl-dimethyl-azanium)
(CH-2))
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Table1 (continued)
Ras type Small mol. ligand Protein complex Nucleotide #Strc  PDB codes
K-Ras Q61H F6E (6 ~{S}-1-(1 ~{H}-imidazol-4- GNP 6gom
ylcarbonyl)-6-[(4-phenylphenyl)
methyl]-4-propyl-1,4-diazepan-5-
one) (Ppin-1))
K-Ras Q61H F8Q ([4-[[3-fluoranyl-2-methoxy-4- GNP 6gqy
(3-methoxyphenyl)phenyllamino]
phenyl]methyl-dimethyl-azanium)
K-Ras C118S 0QX (2-(1H-indol-3-ylmethyl)-1H- GDP 4epv
imidazo[4,5-c]pyridine)
K-Ras C118S 0QV ((4-hydroxypiperidin-1-yl) GDP 4epw
(1H-indol-3-y)methanethione)
K-Ras C118S 0QW ((2-hydroxyphenyl)(pyrrolidin- GDP 4ept
1-y)methanethione)
K-Ras C118S OQR (N-(6-aminopyridin-2-yl)-4- GDP 4epx
G12v fluorobenzenesulfonamide)
K-Ras Diff. mut. Different compounds Nanodiscs Diff. 5  2msc, 2msd, 6cch, 6cc9,
6ccx
K-Ras Diff. mut. - - GCP 4dsn
K-Ras wt - - GCP+GDP 1 5uk9
K-Ras Diff. mut. - - GDP 16  2msc, 4dsu, 418g, 419s,
41dj, 4lpk, 4lrw, 4obe,
4ql3, 4tq9, 4tqa, 4wa?,
5uqw, 5usé4, 6asa, 6ase
K-Ras Diff. mut. - - GNP 7 3gft, 419w, 5usj, 6god,
6goe, 6gof, 6gog
K-Ras G12C Covalent inhibitors - Y9Z (SML-8- 4nmm
73-1)
K-Ras G12C C51S Covalent inhibitors GDP 12 4luc, 4lyj, 4m22, 4m21,
C80L C118S 4m1ly, 4mlw, 4m1lt,
4m1s, 4mlo, 4lyh, 4lyf,
4lvé
K-Ras G12C C51S ARS-853 GDP 5f2e
C80LC118S
K-Ras - R11.1.6 GNP 2 5ufe, 5ufq
K-Ras G12V - Miniprotein Diff. 5wha, 5whb, 5wlb
N-Ras wt - - GNP 1 5uhv
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Figure 1: Timeline of important discoveries relating to the structure of Ras.
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C-terminal end (Thapar et al., 2004). H-Ras (1-166) (‘Ras’
from now on, unless other forms were used) was crystal-
lized in the GTP-bound form using GppNHp as the slowly
hydrolyzing triphosphate analogue. It showed the typical
o, B-fold of nucleotide binding proteins with six (3-strands
and five o-helices as shown in Figure 2 (see also the video
in the online Supplementary Material). This arrangement
of secondary structure elements is now commonly called
the G domain (the Ras domain by some) and is basically
conserved in all proteins of the Ras superfamily, in protein
synthesis factors, in the o-subunit of heterotrimeric G
proteins and in many other GTP-binding proteins such as
MnmE, a protein involved in tRNA modification (Scrima
and Wittinghofer, 2006). It is modified by insertions and
additions or is part of multi-domain proteins as described
before (Vetter and Wittinghofer, 2001).

The B,y-phosphates are trapped in the P-loop such
that the main chain hydrogens and the conserved lysine
point towards the negative charges, an arrangement
which has been called ‘giant anion hole’ during the struc-
tural analysis of adenylate kinase (Dreusicke and Schulz,
1986). Negative charge is further neutralized by the Mg*
ion which forms a B,y-bidentate complex with oxygen
atoms from the - and y-phosphates. The guanine base
is contacted by the highly conserved NKxD motif and the

Gly60

Figure 2: Ribbon diagram/cartoon of the structure of Ras in the
triphosphate conformation.

Switch | is in cyan, switch Il in magenta, with details of the
anchoring residues Thr35 (switch I) and Gly60 (switch I). GppNHp
(orange) is shown in atomic detail.
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coordination explains the high specificity of the protein for
guanine nucleotides. The affinity for ADP/ATP has been
estimated to be in the order of millimolar, at least a mil-
lion-fold weaker than the affinity for GDP/GTP, while GMP
binding is equally weak (John et al., 1990). For a detailed
description of structural features see the iBiology seminar
(https://www.youtube.com/watch?v=AVKZtfQ-Nmg).
Although much of the mechanistic structural work
has been done on H-Ras, K-Ras is by far the most impor-
tant oncogene and accordingly a large number of struc-
tures have been solved in the course of drug development
efforts (see below). The four isoforms (including the two
splice variants of K-Ras) are identical in the first 86 resi-
dues comprising one side of the molecule which has been
called the effector lobe as it interacts with GAP, GEF and
effectors. The opposite half (the allosteric lobe), residues
87-166, is more diverse and shows a small number of dif-
ferences. The C-terminal ends are more divergent, as the
name hypervariable implies. Some biochemical properties
are slightly different between the isoforms, i.e. the intrin-
sic GTPase, which may potentially be significant (Johnson
et al., 2017). However, one has to consider the fact that
most likely the switch-off in cells is mediated by the inter-
action with GAP. The structure of N-Ras in the triphosphate
form has been solved (Johnson et al., 2017). The basic
fold is obviously identical and only shows differences in
the switch II region and in the remote part away from the
active site. It is reasonable to assume that the differences
in sequence influence the local conformation and the
dynamics of the proteins, as shown by molecular dynam-
ics simulations (Grant et al., 2009; Kapoor and Travesset,
2015). It is to remember however that the switch regions are
highly dynamic and that the details of their conformation
in crystal structures are influenced by the crystal packing.
Over the years of Ras history there have been conflict-
ing reports on Ras being a dimer (see review by Shimanshu
et al., 2017). Such reports were fueled by models, whereby
the dimeric Raf would need to be activated by a dimeric
Ras, or by the consistent observation that wildtype Ras is
a suppressor of oncogenic Ras. In vitro measurements of
the Ras G domain dimerization may have been deceived
by the high concentrations used in some of these experi-
ments such as NMR (Muratcioglu et al., 2015) or FTIR
(Gueldenhaupt et al., 2012). A possible dimerization of
the G domain should have been observed in the high
concentration of a crystal, but different crystals of Ras
show different crystal packings (i.e. compare PDB struc-
tures 1ctq and 318z). The most convincing report on the
issue has shown that at least in vitro the fully modified
full-length Ras is a monomer under a variety of concen-
trations in supported lipid bilayer membranes of various
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compositions (Chung et al., 2017). This does not exclude
that in vivo Ras may dimerize in the presence of other
factors, as it has been found in higher order nanoclusters
containing several molecules of the protein (reviewed by
Zhou and Hancock, 2015).

The switch motifs of Ras

The early structural findings on EF-Tu (Jurnak, 1985; la
Cour et al., 1985) and the high resolution structure of Ras
(Milburn et al., 1990; Pai et al., 1990) together with the
sequence homology of rapidly appearing new Ras-like

B cpp

«

Switch | (GppNHp)
\) Switch | (GDP)

Switch Il (GppNHp) §
Switch Il (GDP)

Figure 3: The conformational change.
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genes such as Rho (Madaule et al., 1987), Ypt/Rab1 (Gall-
witz et al., 1983) and different genes coding for Go. pro-
teins discovered earlier induced Bourne et al. to write
two seminal reviews and to define the GTPase Switch
Superfamily (Bourne et al., 1990, 1991). They defined five
sequence motifs called G1 to G5 where G1 is the Walker A
motif or P loop and G4 the NKxD motif. G2 and G3 are the
major motifs involved in the switch function, and are parts
of switch I and II (see Vetter and Wittinghofer, 2001; iBiol-
ogy: https://www.youtube.com/watch?v=AVKZtfQ-Nmg).
One of the major questions concerning the function
of Ras or any other G protein is the structural basis of the
GDP-GTP transition from an inactive to an active confor-
mation. The first structural demonstration of the switch

Surface representation of H-Ras in GppNHp-bound state (A), showing switch | in blue and switch Il in magenta with GppNHp shown in red
(pdb 5p21). (B) GDP bound state, with switch I in blue, switch Il in green and GDP in orange (pdb 4q21). (C) Worm plot of the conformational
change with colors of the switches as in A, B. The overall Ras structure is similar with low r.m.s.d., while the switch regions show

profound differences. (D) Schematic model of the switch mechanism. Ras acts as loaded spring, that releases switch | and Il in different
conformations, once the gamma-phosphate is hydrolyzed, adapted from Vetter and Wittinghofer (2001). The conformational switch is shown

as avideo in the online Supplementary Material.
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reaction of Ras, and the definition of the switch regions,
was published by Milburn et al. (1990), shortly after the
Ras-GppNHp structure had been published. They showed
that the basic fold and most of the structural elements
were identical and that only two regions of the protein
change their conformation. These regions of no more
than ten residues (size depending on crystal context) were
called switch I and switch II by the authors (Figure 3A-C)
(for a video of the conformational change, see the online
Supplementary Material). The underlying mechanism is
based on the interaction of Thr35 in switch I (called G2
by Bourne et al.) and Gly60 in switch II (G3 motif). These
residues are totally conserved in G binding proteins and
make main chain hydrogen bonds to the y-phosphate
(Figure 3D). These interactions are lost upon GTP hydroly-
sis allowing these regions to adopt a different confor-
mation. This structural change that has been called the
loaded spring mechanism (Figure 3D) (Vetter and Witting-
hofer, 2001). The dynamic behavior of the G domain fold
was demonstrated in the first NMR structure of Ras in the
triphosphate form which showed a pronounced polyster-
ism (Ito et al., 1997). This is confirmed by comparing many
different structures, which show a greater flexibility in the
GDP-bound form as compared to the GTP-bound structure
(Vetter and Wittinghofer, 2001).

A direct demonstration of the conformational change
occurring in a crystal was achieved by using a crystal that
contained caged-GTP bound to Ras (which has the cage
group on the y-phosphate and is non-hydrolysable) rather
than GTP or a slowly hydrolyzing GTP analogue. After
photolytic cleavage of the cage group the resulting GTP
was allowed to hydrolyze to GDP, allowing the compari-
son between the two states. The conformational states in
switch I could be followed by using the Laue technique of
multi-wavelength crystallography (Schlichting et al., 1990).
As crystal quality was not optimal, various regions of the
protein were not well resolved. A much more detailed and
higher resolution study of the reaction in the crystal was
later performed by Scheidig et al. (1999). One of the intrigu-
ing outcomes of these studies was the detailed analysis of
the pre-hydrolysis GTP-bound state of Ras, which showed
that the non-hydrolyzable (or rather slowly hydrolyzing)
GppNHp is a good mimic of GTP in the active site of Ras, at
least as far as the position of the phosphates is concerned.

Mutants of Ras

Ras is most likely the most heavily mutated protein in
biochemical history. In fact, in a recent mega-project of
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saturation mutagenesis every residue has been mutated
to every other possible amino acids (Bandaru et al.,
2017). This study shows that in the context of its signaling
machinery, Ras is sensitive to mutational alteration across
the sequence space. Mutational hotspots which lead to
activation are similar to those that have been observed in
the context of human diseases.

The most interesting aspect of Ras biology is it being
the most frequently mutated oncogene (see Prior et al.,
2012, for a complete list of mutations). The most commonly
mutated residues found in cancer are Gly12, Gln61 and
Gly13 (in that order of frequency) and a few others much
less frequent ones. It has in fact been shown that every
mutation of Gly12 (except Pro) (Seeburg et al., 1984) and
every mutation of GIné61 (Der et al., 1986) are transform-
ing. The most obvious defect is the greatly reduced GAP
mediated GTP hydrolysis, although the extent of reduced
activity is possibly different for each mutant and may lead
to differences in the extent by which these mutants occur
in the GTP-bound state inside the cell. A few of the onco-
genic mutations have been investigated structurally but
no significant change could be demonstrated. The P-loop,
in the presence of G nucleotides seems to be a very stable
structural motif and mutations of Gly12 have no signifi-
cant impact, while GIn61 and switch II are highly mobile
both in the wildtype and the mutant situation (Krengel
et al., 1990; Ito et al., 1997).

It is counterintuitive that the two residues that contact
the y-phosphate, Thr35 and Gly60 in Ras, are almost
totally conserved in many G domain proteins, even though
their interactions are mediated by main chain hydrogen
bonds. This finding has stimulated a number of muta-
tional studies. The most conservative change is the muta-
tion of Thr35 to Ser. This should in principle allow the
interaction of the hydroxyl side chain to interact with the
Mg?* ion and the main chain nitrogen to make a H-bond to
the y-phosphate, as in wildtype Ras. However, the proper-
ties of Ras(T35S) are remarkably different from wildtype
(Spoerner et al., 2001). The switch regions become highly
dynamic and the affinity towards effectors such as
Raf-RBD is strongly reduced. It is even more reduced when
Thr35 is replaced by Ala, which would be unable to make
an interaction with Mg*. These results suggest that the
methyl group of Thr35 significantly stabilizes the switch
I region.

The mutation of the equally well (or totally) conserved
Gly60 at the N-terminal end of switch II is also very sen-
sitive to mutation. Even the sterically most conservative
G60A mutation alters the properties of Ras (and other
G proteins) dramatically. While the nucleotide binding
ability is not compromised significantly, the GTPase is
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greatly reduced. The biological activity of oncogenic v-Ras
is severely compromised by the G60A mutation suggest-
ing that it acts as a dominant negative form of the protein
(Hwang et al., 1996). The structure of the G60A mutant
(Ford et al., 2005) shows a remarkable conformational
change in the structure of the switch regions, which
resemble the conformation of Ras in complex with the
exchange factor SOS. As SOS binds to Ras(G60A) but does
not catalyze nucleotide exchange, the authors postulate
that the two proteins form an unproductive tight complex
that prevents SOS from activating normal Ras. In any
case a methyl group on residue 60 severely destabilizes
the switch regions, even though Gly60 shows a normal
phi-psi angle in the Ramachandran plot, at least in the
GTP-bound conformation.

It has been shown by *P-NMR that Ras-GppNHp shows
(at least) two conformational states, state 1 and state 2,
where two peaks are observed for the beta and gamma-
phosphates (originally wrongly assigned to the o- and
B-phosphates) (Geyer et al., 1996; Spoerner et al., 2001).
State 2 is believed to be in the well-defined Raf effector-
bound conformation (discussed below), whereas state 1
could originally not be defined structurally. The T35S and
T35A mutant *P-NMR spectra show only state 1, and the
X-ray crystallographic structure shows a completely unde-
fined electron density for switch I, indicating a highly flex-
ible conformation (Spoerner et al., 2001). A later structure
obtained from a different space group showed Ras(T35S)
to occur in two different conformations (Shima et al.,
2010) and other mutants also crystallized in state 1, con-
firming the NMR data. In both conformations, Ser35 is no
longer coordinated to the Mg ion and Gly60 contacts the
v-phosphate in only one of them. Finally, using crystals
of Ras(T35S) as seeds, Muraoka et al. (2012) were able to
get crystals of wt Ras in state 1: The structure showed loss
of both Thr35 and Gly60 interactions, and the open con-
formations created two new pockets apparently suitable
for drug targeting the inactive state (see below). Similar
findings have also been reported for other Ras-like pro-
teins such as M-Ras (Shima et al., 2010). This underscores
the important role of the methyl group of Thr35 for stabil-
ity of the active conformation of switch I and interaction
with effector. Although conclusive structural explana-
tions for the conservation are not available, these studies
show that the dynamic properties of the switch regions
are controlled by the two main chain interactions, and are
severely perturbed by the absence (T35S) or the presence
(G60A) of a methyl group.

Apart from the somatic mutations found in cancers,
germline mutations have been found in all three Ras
isoforms. They lead to developmental diseases such as
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Noonan or Costello syndromes. They are summarized as
Rasopathies and include mutations in almost all compo-
nents of the Ras-Map kinase pathway. Mutations in H-Ras,
found in Costello syndrome, affect residues that are also
mutated in cancer (Aoki et al., 2005), whereas the muta-
tions in Noonan syndrome are found in K-Ras and target
residues differ from those found in cancer (Schubbert
et al., 2006). Noonan mutations are distributed across the
K-Ras sequence and include alterations such as V141, Q22E,
P34L, T58I, G60R, E153V and F156L, to name just a few. It
appears that oncogenic mutations in H-Ras are tolerated
during human development to a postnatal stage, but not
in K-Ras, confirming the knockout studies of the three Ras
genes in mice. Not much structural information is avail-
able for the K-Ras mutants, but the biochemical analysis
shows that they affect different aspects of Ras function
and lead to increased nucleotide release or (somewhat)
decreased GAP-mediated GTP hydrolysis, in combination
with reduced affinity to effectors (Gremer et al., 2011).

Interaction with RasGAPs

The GTPase reaction of Ras and of many other small and
large G proteins (for review on regulatory proteins see Bos
et al., 2007; Cherfils and Zeghouf, 2013; Shimanshu et al.,
2017) is very slow, in the order of 10 s™. By analyzing the
amount of GDP- vs. GTP-bound Ras, Trahey and McCormick
(1987) showed very elegantly that the GTPase in vivo should
be faster than what is measured in vitro with pure protein,
leading them to postulate a GTPase activating Protein
(GAP). Shortly thereafter such a protein, later called p120-
GAP and in arevised nomenclature RASA1, was isolated and
defined molecularly (Trahey et al., 1988; Vogel et al., 1988).
This protein does accelerate the GTPase of normal, but not
of an oncogenic version of Ras (under the conditions used).
As shown later, the acceleration is in fact 10%-fold (Gideon
et al., 1992). The causal gene for the benign tumor neurofi-
bromatosis type 1 (NFI) was shown to code for a very large
protein (2818 residues) with even today mostly unknown
functional domains. Surprisingly (at the time), it contains a
domain of 333 residues highly homologous to the catalytic
domain of similar length in p120GAP. Today more than ten
proteins with a RasGAP domain (called GRD: GAP-related
domain) have been identified, some of which are specific
for Ras, while others show very interesting dual specificity
for Ras and Rap (see e.g. Sot et al., 2010).

A large number of papers on the mechanism of GTP
hydrolysis using both experimental and theoretical
approaches have been published over the last 30 years
(Scheffzek and Ahmadian, 2005). The reaction induces
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a reversal of stereochemistry at the y-phosphate (Feuer-
stein et al., 1989). While ATP or GTP hydrolysis in water
follows a dissociative mechanism, this is much less clear
and highly disputed for the intrinsic Ras-mediated reac-
tion, where one cannot introduce other leaving groups or
use other nucleophiles without blocking the reaction (for
parts of this discussion, see Maegley et al., 1996; Florian
and Warshel, 1998; Wittinghofer, 2006). There is a water
molecule close to the y-phosphate in most structures
which could serve as the nucleophile. How it might be acti-
vated by a second water molecule or by substrate-assisted
catalysis, and how the transition state is stabilized remains
to be agreed upon (for a recent contribution, which favors
solvent-assisted catalysis, see Calixto et al., 2019). The
structure and various other evidences suggested however
that GIné1, being close to the active site could be involved
in the reaction although not as a general base as its pKa
value is very low (actually negative). In any case it appears
that the GAP-mediated reaction might be the one to scruti-
nize as the physiologically more relevant reaction.

The biochemistry of the GAP-mediated reaction
showed that the GTPase is stimulated 10°-fold by GAP
(Gideon et al., 1992) and that a rate-limiting step observed
by fluorescence using mant-GTP is stimulated by GAP.

Subdomain 2

Subdomain 1

Figure 4: The GAP interaction.
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Whether this was a conformational step preceding the
cleavage, the chemical step or something else could not
be resolved by this technique (Neal et al., 1990; Rensland
et al., 1991). Mutational analysis of conserved residues
and NF1 patient mutations suggested various residues to
be important for the reaction. Previous investigations on
phosphoryl transfer reactions had shown that arginine
residues might be important. In adenylate kinase, which
is one of the fastest P-transfer enzymes known (turnover
is around 1000 s™), the movement of two Arg residues into
the active site is the catalytic step (Miiller et al., 1996).
In Go. proteins an arginine in switch I is ADP-ribosylated
by cholera toxin, and this inactivates the GTPase reac-
tion. From the conserved arginines in the GAP domain of
p120-GAP or NF1, one was indeed found to severely affect
catalysis without much effect on binding. A step forward
in mechanistic understanding was the finding that alu-
minum fluoride (AlFx) can bind to Ras-GDP in the pres-
ence of stoichiometric amounts of the GAP domain (Mittal
etal., 1996). AlFx complexes have been found to be located
in the active site of many P-transfer enzymes including Go.
proteins, where they mimic the transition state of the reac-
tion (in the presence of ADP/GDP). Mutating the critical
Arg residue in GAP or using the oncogenic mutants of Ras
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(A) Ras (gray) surface showing switch | in cyan and switch Il in magenta as above. The GAP domain of p120GAP is shown as yellow ribbon
with the Arg-finger (green) pointing into the active site of Ras (pdb 1wq1). (B) Blow-up of the active site. (C) Model of the transition state
deduced from the structure, where the attacking water is stabilized by GIné1 of Ras (purple). The arginine finger of GAP (green) stabilizes the

position of GIn61 and neutralizes negative charges.
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blocks the formation of the Ras-GDP-AlFx-GAP complex.
All of this showed that Ras is an incomplete enzyme,
which requires the presence of GAP and that an Arg
residue of GAP, later called the arginine finger, is required
for catalysis (Ahmadian et al., 1997) (Figure 4).

The structure of the GAP domain (GAP-334) of p120-
GAP and later of NF1 (NF1-333) showed an all-helical
protein consisting of two subdomains and explained
some of the features of previous mutational studies, but
did not reveal the mechanism of GTP hydrolysis (Schef-
fzek et al., 1996, 1998). The structure of the complex of
RasGAP (using GAP334) with Ras-GDP and AlFx revealed
the mechanistic aspects of the interaction (Scheffzek et al.,
1997). It showed how Ras interacts with GAP via the switch
regions forming an extended interface, very surprisingly
considering the low affinity between GAP-334 and Ras (in
the 10-20 um range) (Figure 4A). Gln61, which was highly
flexible in the structure of Ras alone (high B-factor) was
stably fixed close to the nucleophilic water and the mimic
of the y-phosphate. Its position in turn is stabilized by
the arginine finger (Figure 4B), which also interacts with
negative charges of the phosphates. AlFx forms a trigonal
plane, which was originally interpreted as neutral AlF,,
but considering recent results on fluorometallates and the
affinity of the P-loop for negatives charges, it is more likely
an MgF, (Jin et al., 2017). The structure suggests that Arg
stabilizes the transition state by neutralizing negative
charges and thus makes an associative mechanism with
a tighter transition state more likely, although this is not
universally accepted from biochemical studies (see Nixon
et al., 1995; Du et al., 2004). It also shows that Gln61 has
a direct role in catalysis by stabilizing the position of the
nucleophilic water relative to the y-phosphate (Figure 4C).

Time-resolved Fourier transform infrared (FTIR) spec-
trocopy studies later showed that for the GAP-stimulated
reaction, the reorientation of the Arg finger determines the
rate of the cleavage reaction to produce Ras-GDP-Pi-GAP.
This state is capable for the reverse reaction to produce
GTP. Finally, the release of Pi to the Ras-GDP state is the
rate-limiting step of catalysis (Kotting et al., 2006). Bio-
chemical studies show that the arginine finger mutant
binds to the Ras-GppNHp state with wildtype affinity but
does not form the transition state mimic with AlFx (Mittal
et al., 1996; Gremer et al., 2008). These findings are sup-
ported by two structures from the Rho-RhoGAP system
which appeared simultaneously with the Ras-RasGAP
structure, where both the ground state Rho-GppNHp
complex and the transition state GDP-AIFx complexes
were solved. They showed that the catalytic Arg is ori-
ented towards the active site only in the transition state
(Rittinger et al., 1997a,b).
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The most important results of the structure of the
Ras-RasGAP complex was to show that the steric require-
ments of the active site in the transition state do not allow
a residue change from glycine to any other amino acid.
Even a Gly12-Ala mutation, the sterically smallest possible
replacement of the Gly12 position, and even more drastic
oncogenic mutants such as G12V, G12D, G12C, G12R would
interfere with the position of atoms in the active site in
the transition (but not the ground) state (Scheffzek et al.,
1997). As GIné61 directly participates in the chemistry of
the reaction, it cannot be replaced by any other residue,
and even Asné61 would not be able to position its carbox-
amide side chain properly, relative to the nucleophilic
water. This also explains the findings that the oncogenic
mutants bind to GAP with at least wildtype affinity (GIn
61 mutants bind even better) but do not allow catalysis to
happen, as the arginine residue moves into the active site
only in the transition state (Scheffzek et al., 1997; Gremer
et al., 2008).

Interaction with Ras GEFs

The sub nanomolar affinity of guanine nucleotides to
Ras (Neal et al., 1988; John et al., 1990) suggested that,
in analogy to heterotrimeric G proteins and EF-Tu, there
should be an exchange factor, which increases the dis-
sociation rate. Such factors, which were originally called
GNRPs (for guanine nucleotide releasing proteins) are now
called GEF (for guanine nucleotide exchange factors) and
have been identified for almost all small G proteins of the
Ras superfamily (for reviews see Bos et al., 2007; Cherfils
and Zeghouf, 2013). Genetic studies in yeast Saccharomy-
ces cerevisiae suggested that the gene CDC25 is upstream
of the Ras pathway and it was shown that the C-terminal
fragment indeed functions as a Ras GEF (Crechet et al.,
1990). A large number of mammalian proteins were iden-
tified, which contain what is now called the Cdc25 homol-
ogy domain that act as GEFs for the proteins of the Ras
subfamily such as Ras, Ral, R-Ras and Rap1/2.

The most well-known Ras-specific GEFs, Ras GEFs, are
Cdc25M™ (Martegani et al., 1992); more commonly called
Ras-GRF1 (Shou et al., 1992) and SOS1 — named after the
son-of-sevenless gene in the sevenless eye development
pathway of Drosophila (Chardin et al., 1993). These and
other Ras GEFs contain a number of domains, one of
which is the Cdc25 domain which was shown to be active
on Ras in vitro (e.g. Mistou et al., 1992). A detailed kinetic
study using various mant-labeled nucleotides showed
that the mechanism of exchange involves the formation of
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a transient ternary Ras-GXP-GEF complex (Lenzen et al.,
1998) and the transient but stable (in the absence of nucle-
otide) Ras-GEF complex as proposed earlier by various
authors (Figure 5A). Such a ternary complex was demon-
strated spectroscopically for the Ran-RCC1 system (Klebe
et al., 1995). For Ran and Ras, and for most other small
G proteins, the ternary complex is unstable and reduces
the affinity of nucleotide by various orders of magnitude,
just as the rate of dissociation of nucleotide is increased
by a similar order of magnitude (Klebe et al., 1995). The
data also suggested a model whereby Ras and Cdc25
form a ternary complex, which isomerizes from a tightly
bound nucleotide to a weakly bound form, from which the
nucleotide is released to form a tight binary complex. In
the reverse reaction, Ras, via association and isomeriza-
tion, returns to a state with tightly bound nucleotide. The
maximum rate of release is 10°>-fold faster with Cdc25"™,
but much slower for SOS-cat (see below). It should be
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stressed that Ras GEFs (and most other, if not all other
GEFs) are merely catalysts, which work in any direction,
and this is dictated by the relative affinities of the com-
peting nucleotides and their relative concentration (Guo
et al., 2005).

The structure and mechanism of action of SOS was
published in a series of papers from the groups of Kuriyan
and Bar-Sagi. The first structure was from a stable nucle-
otide-free complex between a ~500 residue C-terminal
fragment and H-Ras(1-166) (Boriack-Sjodin et al., 1998)
(Figure 5B). The active fragment, called SOS-cat, is an
all-helical protein, which severely distorts the phosphate
region of the nucleotide binding site. A helical hairpin is
responsible for opening the switch I region and position-
ing switch Il residues such that they distort the active site.
One of these is Ala59, which now occupies the position of
the Mg? ion and this effect alone would increase the rate
of release around 10°-fold (for a video featuring details

Figure 5: The GEF interaction.
(A) Kinetic model of the GEF mechanism, showing the minimum number of transient intermediates. The reaction involves conformational
changes between tight (T) or loose (L) binding states of either nucleotide or GEF. (B) The structure of the Ras-S0S-cat complex, Ras coloring
and orientation as above, with SOS-cat in yellow and its catalytic helix in green (pdb 1nvw).
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of the GEF reaction, see the online Supplementary Mate-
rial). The second important interaction is to move Glu62
from switch II into a position to interact with the lysine
residue of the P-loop, which thus stabilizes the nucleo-
tide free form of the complex. It turned out that Glu62 in
many other small G proteins is conserved and functions
to mediate an interaction with the P-loop lysine in their
complex with cognate GEF (Gasper et al., 2008). The
overall effect of SOS is to disrupt the interactions of the
phosphate but not the base binding region, which sug-
gests a mechanism for nucleotides being released in a
phosphate-first/base-last mechanism and its reversal in
the binding reaction. The data also show that the intrin-
sic (albeit slow) exchange reaction of Ras and other small
G proteins might also use residues of switch II such as
Ala59 and Glu62 to stabilize the nucleotide-free interme-
diate, and that GEFs just accelerate this mechanism.

A surprising finding came when Margarit et al.
investigated the interaction of a Ras mutant (A59G) with
SOS-cat (Margarit et al., 2003). It had been shown earlier
that many GEFs for the Ras subfamily contain in addition
to the Cdc25 domain a domain/region of ~200 residues
called Ras exchange motif (REM). This REM domain/motif
was shown to bind a second molecule of Ras in a site distal
to where the nucleotide free Ras is bound. This second site
contains Ras in the GTP-bound form and such a complex
can be demonstrated also for wt Ras, both in the crystal
and in solution. The second binding site behaves like an
effector binding site in that it seems to specifically require
Ras in the GTP-bound conformation. The authors show by
measuring the Kinetics of nucleotide exchange that SOS
operates by feedback activation whereby the result of the
exchange reaction, Ras-GTP, is an activator of GEF.

The N-terminal to the SOS-cat region is a DH-PH
tandem unit required for activation of a Rho protein.
Structural analysis of a DH-PH-cat structure of SOS shows
that the DH-PH unit blocks the allosteric site and would
thus not allow for high GEF activity (Sondermann et al.,
2004). Hence, full activity of SOS requires further inter-
action with the membrane for proper localization of the
lipophilic C-terminal ends of both Ras molecules. The
autoinhibitory role of the DH-PH tandem is relieved by
features of the membrane such as the concentration of
PIP2 and the density of Ras molecules (Gureasko et al.,
2008).

Ras-GRP (for guanine nucleotide releasing protein)
is, other than SOS, a tissue specific GEF for Ras, which
is important for the development of white blood cells. It
consists of an REM and CDC25 domain in addition to an
EF hand and a C1 domain. Iwig et al. (2013) report on a
structure, which shows that this protein is in a dimeric
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auto-inhibited conformation. It is suggested that it may
requite both Ca? and diacylglycerol binding for full
activation.

Interaction with effectors

After the discovery of GAP it was proposed that GAP might
also be an effector (McCormick, 1990). This was in part
caused by the longtime failure to identify a true effector. Part
of the problem was due to pulldown experiments using the
Y259 antibody, which does in fact inhibit effector binding.
The first effector to be identified by several groups in 1993
(see reviews by Malumbres and Barbacid, 2003; Cox and
Der, 2010) was the protein kinase c-Raf which had already
previously been assumed to be involved in the Ras pathway.
Deletion constructs quickly identified a region in the mole-
cule of around 80 resides as the Ras binding domain (RBD).
The first structure of this domain in complex with Rapl
(which happened to form better crystals than Ras) was
solved soon thereafter (Nassar et al., 1995) Rapl is a close
homologue of Ras and binds to the RBD. Structure guided
mutations introduced two residues, which converted Rapl
to ‘Raps’, a protein which in terms of effector binding looks
and behaves like Ras (in terms of affinity) (Nassar et al.,
1996). The structure showed that RBD forms a -sandwich
ubiquitin-like-fold (Figure 6). The complex uses a number
of mostly negatively charged residues from switch I for the
interaction with positive ones from RBD. Interaction with
a switch region would, as anticipated, explain the finding
that the binding is 1000-fold tighter for the GTP- than the
GDP-bound form of Ras (Herrmann et al., 1995). The two
proteins form a continuous -sheet in the interface by using
B1-B2 from RBD and 2-f33 from Ras.

Raf kinase contains, in addition to the kinase domain,
a conserved region, which is a cysteine-rich domain (CRD).
It has been shown that it also binds to Ras and is required
for activation of the kinase. In vitro the affinity of CRD to
Ras is very low (approximately 200 um) but is increased
ten-fold when Ras is farnesylated (Thapar et al., 2004).
The NMR structure of the CRD was solved by Mott et al.
(1996). To delineate the second binding site, full-length
Ras (a mixture of 1189 and 1-185 proteins) farnesylated on
Cys185 was investigated by NMR and titrated with RafCRD
(135-186, as GST-fusion). The interaction was followed by
'H*N HSQC chemical shift data and showed perturba-
tion on residues N-terminal to switch I, such as Asn26
and Glu30 (Thapar et al., 2004). These changes were not
observed using non-farnesylated Ras supporting the
notion that farnesylation is important for the interaction.
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Figure 6: Effector interaction.
(A) Ras in complex with RafRBD, in yellow ribbon, Ras coloring and orientation as above (pdb 4g0n). (B) Overlay of Ras binding domains

(RBD) and Ras association domains (RA) of some of the effectors which have been structurally analyzed up to now. Binding along switch I is
similar for all (pdb 1he8, 2¢5l, 3ddc).

Unfortunately, full-length C-Rafl or any other Raf isoform
could not be expressed and fragments containing RBD and
CRD could not, in case expression worked, be investigated
structurally, either in the presence or absence of Ras (see
below). This leads to the conclusion that RBD and CRD are
required for activation but the exact mechanism of the role
of Ras in the complex activation of the kinase beyond just
targeting it to the membrane is still missing. For a general
review on effector complexes and what we have learnt
from structural studies, see Mott and Owen (2015).

The structure of a complex of Ras itself with RafRBD
was published much later (Fetics et al., 2015) (Figure 6A).
It was intended to show the interaction of Ras with the
RBD plus CRD domains which were contained in the
construct. However, only the RBD domain of Raf could
be traced while the CRD was unordered, which may indi-
cate that this interaction is indeed very week and/or may
require the full Raf protein and/or farnesylation of Ras,
as suggested earlier (Thapar et al., 2004). In any case,
the structure was very similar to the structure of the Raps
complex [root mean square deviation (r.m.s.d.) 0.93 A]. As
switch II is not in direct contact with RBD (but is suppos-
edly in contact with CRD) the significant sequence differ-
ence in switch II between Ras and Rap turned out not to
influence earlier conclusions concerning the interaction.
The Mattos group also solved the structure of the complex
with the oncogenic Ras(Q61L) mutant. There are small
perturbations of switch II close to the active site, which
are presented as to have an effect on the hydrolytic activ-
ity, such as the nucleophilic water which is not seen at this
low resolution structure (3.3 A). However, in the absence
of other arguments it appears that the absence of the cata-
lytic Gln is the major obstacle for a normal intrinsic GTP
hydrolysis.

It should be pointed out that, while the basis of the
molecular switches is to interact with effectors in the GTP-
bound state, this does not mean that an interaction with
the GDP-bound form is unallowed per se. By introduc-
ing structure-guided mutations (more positive charges)
into Raf-RBD, Filchtinski et al. (2010) were able to make
a stable complex between Ras-GDP and Raf-RBD. The
three-dimensional structure showed a similar interaction
pattern as compared to the GTP-bound complex.

A large number of RBDs have been identified in
addition to RA (Ras association) domains, a subset of
potential Ras effector molecules with a similar signature
(Figure 6B). They bind to Ras with affinities ranging from
submicromolar to 10-20 um affinity, and some of these
may in fact be effectors of Rap1 or other Ras-like small G
proteins (Wohlgemuth et al., 2005). Besides Raf, the most
prominent effector proteins are the PI3 kinases. A struc-
ture was solved between PI3Ky and Ras-GppNHp (Pacold
et al., 2000). Here, Ras uses both switch 1 and 2 to bind
to the RBD and other parts of the molecule to activate the
kinase activity. Mutagenesis shows that both regions of
Ras are required for binding and/or activation. The PI3K
data are thus the showcase for the role of Ras and its inter-
action with effectors, which involves the dual role of mem-
brane recruitment and allosteric activation and might well
be applicable to Raf kinase and byr2.

PLCe is another large multi-domain protein, which is
partially regulated by Ras. It is unique (besides Afadin) in
that it contains two RA domains and the NMR structure
analysis shows that they have a regular ubiquitin fold very
similar to Raf-RBD. However only RA2 binds Ras (with
measurable affinity) and the structure of the complex (by
X-ray) shows features more similar to the PI3K interaction
in that it contacts both switch I and IT (Bunney et al., 2006).
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Ral-GDS is a GEF for the Ras-like protein Ral. It has an
RBD and the structures with a tighter binding Ras(E31K)
mutant (Huang et al., 1998) and with native Ras (Vetter
et al., 1999) were solved. They showed the ubiquitin fold
of the RBD and a similar inter-f-sheet interaction between
the two proteins. However, the details of the interaction
and the residues involved were remarkably different
from the Ras-RafRBD interaction. Similar findings were
made with the RBD of Byr2, the kinase from Schizosac-
charomyces pombe which is homologous to Raf and acts
downstream of Ras in the S. pombe Map kinase cascade
(Scheffzek et al., 2001). A novel feature of this complex is
that a C-terminal helical extension of byr2-RBD also seems
to make contact to Ras.

Other structures are available showing complexes of
Ras with RBD/RAs whose role in biological signal transduc-
tion are less clear. NORE1A (Novel Ras Effector), a splice
variant of RasSSF5 is a member of the RASSF (Ras associa-
tion) family of proteins which are believed to act as negative
regulators of growth and/or tumor formation. The structure
of the complex shows that the RBD is a much larger protein
as it has an insertion between B1 and 32 of the regular
ubiquitin fold and an N-terminal extension (Stieglitz et al.,
2008). The complex shows, in addition to the inter-B-sheet,
the typical polar interaction between Ras and NOREI1A.
Afadin/AF6, a very large multidomain protein, contains
two RA domains at the N-terminus which in acute myeloid
leukemia (AML) is fused to the MLL gene. The structure of
the first RA domain showed that it is similar to the NORE1A
RA domain it that it contains an N-terminal helix in addi-
tion to the core ubiquitin fold by which it makes contact to
switch II. This helix increases the affinity between Ras and
the core RA domain from 18 to 4 um, well in the range of
typical Ras effectors (Smith et al., 2017). Sequence align-
ment using more than 50 RA/RBDs identifies such a helix
only in the RASSF1-6 family and in AF6.

Grb14 (growth factor receptor binding) is a member of
the large family of adaptor proteins. Grb7-10-14 contain in
addition to the SH2 and PH domain an RA domain. The
structure of Grb14 with Ras shows that the RA and PH
domains form a structural tandem. Only the RA interacts
with Ras and forms the classical interaction surface, again
very similar to previous complexes (Qamra and Hubbard,
2013).

Interaction with PDEJ

By solving the structure of the delta subunit of phos-
phodiesterase 6 (PDES from now), it was shown that its
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Figure 7: The complex between PDES and fully modified K-Ras4B.
Ras coloring and orientation as above, showing PDES in yellow that
harbors the farnesylated (green) C-terminus of Ras (pdb 5tar).

structure was similar to that of RhoGDI, the chaperone/
transport factor for the prenylated Rho proteins (Han-
zal-Bayer et al.,, 2002). What this suggested was veri-
fied by showing that PDES does indeed bind prenylated
proteins like Ras or RheB, and that this was mutually
exclusive with the binding of Arl2/3-GTP, factors which
mediate the unloading of the prenylated proteins (Ismail
et al., 2011). Structural studies with C-terminal peptides
from Ras and RheB and fully modified full-length RheB
showed the binding pocket to be capable of binding the
prenylated C-termini of various peptides or proteins. The
structure with fully modified (farnesylated and methyl-
ated) K-Ras4B supported this observation and showed for
the first time the structure of Ras beyond the G-domain
(Dharmaiah et al., 2016) (Figure 7). Surprisingly, residues
166-180 have a stable secondary structure and extended
helix o5. The last four residues are inserted into the PDEJ
hydrophobic pocket. The interaction with Ras is relevant
for the spatial organization of Ras because knock-down
of PDES randomizes Ras localization to all membranes
and severely impedes Ras signaling (Chandra et al., 2012;
Schmick et al., 2014).

Efforts towards Ras drugs

Being such an important oncogene, it is obvious that
numerous attempts have been made to target Ras and
the Ras pathway leading to proliferation. This has been
summarized in many reviews (see e.g. Cox et al., 2014;
Spiegel et al., 2014; McCormick, 2015). We focus here on
approaches to target Ras directly, or its interface with
effectors or regulators (SOS), using structure-guided
approaches, rather than components of the Ras pathway,
such as Raf or MEK. The compounds are summarized in
Table 1 and illustration of some of the binding sites are
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Figure 8: Ras and small molecules.
Ras coloring as above, small molecule compounds shown in green. (A) K-Ras-9R5, Quevedo et al., 2018 (pdb 50cg). (B) H-Ras-Cyclen rotated
180° in comparison to the other orientations. Rosnizeck (pdb 318y). (C) H-Ras-Kobe2601, Shima et al., 2013 (pdb 2lwi). (D) K-Ras-SOS-BPW,
Hillig et al., 2019 (pdb 6epo). (E) H-Ras-SOS-6W2, Winter et al., 2015 (pdb 4uru). (F) K-Ras-0QX, Sun et al., 2012 (pdb 4epv). (G) K-Ras-9LlI,
Maurer et al., 2012 (pdb 4dst). (H) K-Ras-F8T, Cruz-Migoni et al., 2019 (pdb 6gqw). (I) K-Ras-20G, Ostrem et al., 2013 (pdb 4luc). (J))
K-Ras-ARS-853, Patricelli et al., 2016 (pdb 5f2e).

shown in Figure 8. The story of drugging Ras seems to
follow a wave function with periods of intense efforts and
times when Ras is considered undruggable. The first wave
focused on the development of inhibitors of Ras farnesyla-
tion. While biochemically potent nanomolar inhibitors
were developed, many problems were encountered in
clinical trials. In the end these inhibitors may be effective
against tumors with mutations in H-Ras.

Another effort focused on developing compounds
that would bind into the GTP binding pocket, in analogy
to those hitting the ATP binding site of protein kinases.
These effects proved fruitless after it was realized, some-
what late by some, that the affinity of G nucleotides is
in the subnanomolar to picomolar range. The idea of G
nucleotide analogues has been picked up lately by the
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development of GDP/GTP derivatives, which form cova-
lent adducts. Some of these have used the B-phosphate of
GDP for modification resulting in derivatives with drasti-
cally reduced affinity (Lim et al., 2014; Xiong et al., 2017).
It has been pointed out that, apart from the problem with
intracellular delivery, covalent GDP/GTP derivatives will
only work when they have similar affinity as the native
nucleotide and can be efficiently exchanged by Ras GEFs
(Muller et al., 2017). It is suggested that the 2" and 3’
ribose position of the nucleotide would be a good posi-
tion to introduce chemical warheads for covalent labeling
(Wiegandt et al., 2015).

That the Ras-effector interaction might be a difficult
target for small molecules as was indicated by the struc-
tural analysis of the Ras-RafRBD complex and confirmed
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by other such complexes which showed a rather flat
interface with no good druggable pockets (Nassar et al.,
1996; Fetics et al., 2015). Not surprisingly those early
efforts in many labs lead to compounds whose affinity
never improved much below the two-digit micromolar
number. That the interface can be inhibited was shown
much earlier by the Y-259 antibody. The idea was revi-
talized by screening for monobodies that bind with
nanomolar affinity to Ras. The three-dimensional struc-
ture showed binding to a site on H- or K-Ras which is
opposite the switch regions and not involved in effector
binding. The monobody potently inhibits Ras-mediated
signaling (Spencer-Smith et al., 2017). Whether such bio-
logicals will ever be stable and suitable for the clinic will
have to be worked out. In a related strategy an inhibi-
tory cellular antibody fragment was used as a competi-
tor in a screen for small molecules that bind to Ras. The
initial hits were optimized by structure-based design
and created compounds (called Abd =antibody derived)
that bind to Ras with some potency and inhibit effec-
tor binding (Bery et al., 2018). Further structure-guided
improvement produced a compound Abd-7, which had a
remarkably high affinity for Ras (50 nm) and overlapped
with the effector binding site. Unfortunately, the inhibi-
tory IC,, in cells was much lower (8-10 um), a feature
not unusual for small molecules (Quevedo et al., 2018)
(Figure 8A).

A different approach was taken by Rosnizeck et al.,
2010 who relied on the finding that Ras is in two confor-
mational states and only one of which binds to an effector.
By NMR screening they found a Cu*cyclen (Figure 8B),
which shifts the protein to state 1. Unfortunately, the
affinity is too low to serve as a lead compound. A similar
strategy was followed by Shima et al. (2013) who used a
new pocket on the state 1 conformation of Ras to find a
compound by an in silico screen inhibiting Ras-Raf inter-
action with micromolar affinity (Figure 8C), a remarkable
progress compared to other such efforts (see below).

The Ras interaction with the most important Ras GEF
SOS was also considered for drug development although it
is not clear if and how much oncogenic Ras requires inter-
action with and activation by SOS, and if there are differ-
ences between the various mutants (Figure 8D,E). Stapled
peptides mimicking the catalytic SOS helix were devel-
oped, which had up to nanomolar affinities but only low
cellular activity (Patgiri et al., 2011; Leshchiner et al., 2015).
A recent approach to target Ras-SOS interaction identi-
fied a small molecule, which required both Ras and SOS
for binding although its binding site was exclusively on
SOS itself (Hillig et al., 2019). This compound was further
developed by combining fragment-based compounds with
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HTS derived chemistry and ended up being an efficient
two-digit nanomolar compound which acted on SOS, and
inhibited activation of wild-type Ras. It had however a
much smaller effect on mutant Ras(G12C), which seems to
indicate that the latter does not require a GEF for activa-
tion. Erk activity could be fully suppressed by a combina-
tion of this compound with ARS-853 (see below). Another
such approach was followed by Winter et al. (2015). Con-
sidering that most malignancies have an activated Ras-
Raf-MEK-Erk pathway (even without a Ras mutation) it is
not obvious why activators of the Ras pathway would be
good lead compounds for drug development. However, a
number of potent submicromolar activators of SOS have
been developed, which increase Ras-GTP levels and have
an effect on Erk signaling believed to be induced by nega-
tive feedback (see e.g. Hodges et al., 2018).

Considering the role of PDES for the spatial organiza-
tion and signaling of Ras, it is not surprising that PDEJ,
with its large hydrophobic pocket, was considered a target
for anti-Ras drugs. By knocking out PDES all Ras isoforms
become indeed mis-localized. A number of medium to
high affinity compounds for the PDES pocket were devel-
oped, which achieved a similar effect in cells. However,
the compounds proved only effective in a small window
of concentrations such that the compounds would need
to be improved for targeting Ras in disease (Zimmermann
et al., 2013; Papke et al., 2016). The negative effect was
most likely due to PDES being a general prenyl binding
protein, PrBP (Zhang et al., 2012), with affinities in the
micro- to nanomolar range for different target molecules
(Fansa et al., 2016).

An intensive effort has been ongoing to target Ras
directly by small molecules, preferably K-Ras. The devel-
opment was done by fragment-based screening using NMR
or crystallography. The development of such compounds
involved a lot of sophisticated structural and chemical
efforts (Maurer et al., 2012; Sun et al., 2012; Matsumoto
et al., 2018; Cruz-Migoni et al., 2019). Such compounds
ended up binding in a similar pocket (Figure 8F-H),
which is formed between switch I and II. This pocket had
not been observed in the structural analysis of Ras-GDP
or Ras-GppNHp. While this seemed surprising to some, it
is necessary to remember that switch regions are highly
flexible, in particular in the GDP-bound form, and can be
assumed to adopt a number of conformation states, which
can be visualized by high-pressure NMR (Kalbitzer et al.,
2013). One of these is thus stabilized here by small mole-
cules. Not surprisingly those compounds, when tested,
would bind to all four isoforms of Ras and were more or
less unselective for wildtype and mutant Ras proteins.
Unfortunately, such compounds were only active in the
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two-digit micromolar range and were put aside as possi-
ble drug target candidates.

The most innovative and most promising approach
to target a specific oncogenic Ras mutant has been intro-
duced by the group of Kevan Shokat (Ostrem et al., 2013).
Using a structure-guided approach they developed inhibi-
tors that bind covalently to the reactive Cys of Ras(G12C)
without touching other cysteines (Figure 8I). G12C is
a frequent K-Ras mutation in certain cancers (i.e. lung
cancer) and the finding was exciting news for the com-
munity. They identified a new pocket near switch II (SII-
P), which was not visible before in Ras structures. This
original finding has stimulated an intense effort in many
academic and pharmaceutical laboratories and has led to
a series of efficient compounds of the ARS (Patricelli et al.,
2016) (Figure 8]) or SML series (Lim et al., 2014) and others
(Lito et al., 2016). These compounds bind and stabilize the
GDP-bound form of Ras and thus inhibit interaction with
effectors. Surprisingly, it was demonstrated that the G12C
mutant is not, as assumed, in a static GTP-bound state but
rather dynamically switches between the two states and
responds to Ras regulators. Compounds such as ARS853
are active in cells in a low micromolar range. They are
really hot Ras drug candidates and some of these are in
clinical trials. The Ras-drugging wave has thus reached
a new stable peak and promises to finally deliver drugs
for the undruggable Ras, albeit thus far only for a specific
oncogenic mutant.

References

Ahearn, I.M., Haigis, K., Bar-Sagi, D., and Philips, M.R. (2011). Regu-
lating the regulator: posttranslational modification of RAS. Nat.
Rev. Mol. Cell. Biol. 13, 39-51.

Ahmadian, M.R., Stege, P., Scheffzek, K., and Wittinghofer, A.
(1997). Confirmation of the arginine-finger hypothesis for the
GAP-stimulated GTP-hydrolysis reaction of Ras. Nat. Struct.
Biol. 4, 686-689.

Aoki, Y., Niihori, T., Kawame, H., Kurosawa, K., and Ohashi, H.
(2005). Germline mutations in HRAS protooncogene cause
Costello syndrome. Nat. Genet. 37, 1038-1040.

Bandaru, P., Shah, N.H., Neel, H., Bhattacharyya, M., Barton, J.P.,
Kondo, Y., Cofsky, J.C., Gee, C.L., Chakraborty, A.K., Kortemme,
T., et al. (2017). Deconstruction of the Ras switching cycle
through saturation mutagenesis. eLife 6, €27810.

Bery, N., Cruz-Migoni, A., Bataille, C.J.R., Quevedo, C.E., Tulmin, H.,
Miller, A., Russell, A., Phillips, S.E., Carr, S.B., and Rabbitts,
T.H. (2018). BRET-based RAS biosensors that show a novel
small molecule is an inhibitor of RAS-effector protein-protein
interactions. eLIFE 7, e37122.

Boriack-Sjodin, P.A., Margarit, S.M., Bar-Sagi, D., and Kuriyan, J.
(1998). The structural basis of the activation of Ras by Sos.
Nature 394, 337-343.

R. Gasper and F. Wittinghofer: Ras structure history == 159

Bos, J.L., Rehmann, H., and Wittinghofer, A. (2007). GEFs and GAPs:
critical elements in the control of small G proteins. Cell 129,
865-877.

Bourne, H.R., Sanders, D.A., and McCormick, F. (1990). The GTPase
superfamily: conserved switch for diverse cell functions. Nature
348,125-132.

Bourne, H.R., Sanders, D.A., and McCormick, F. (1991). The GTPase
superfamily: conserved structure and molecular mechanism.
Nature 349, 117-127.

Bunney, T.D., Harris, R., Gandarillas, N.L., Josephs, M.B., and Roe,
S.M. (2006). Structural and mechanistic insights into ras
association domains of phospholipase C epsilon. Mol. Cell 21,
495-507.

Calixto, A.R., Moreira, C., Pabis, A., Koetting, C., Gerwert, K.,
Rudack, T., and Kamerlin, S.C.L. (2019). GTP hydrolysis without
an active site base: a unifying mechanism for Ras and related
GTPases. J. Am. Chem. Soc. 141, 10684-10701.

Chandra, A., Grecco, H.E., Pisupati, V., Perera, D., Cassidy, L.,
Skoulidis, F., Ismail, S.A., Hedberg, C., Hanzal-Bayer, M., and
Venkitaraman, A.R. (2012). The GDI-like solubilizing factor
PDEd sustains the spatial organization and signalling of Ras
family proteins. Nat. Cell Biol. 14, 148-158.

Chardin, P., Camonis, J.H., Gale, N.W., Van Aelst, L., Schlessinger, J.,
Wigler, M.H., and Bar-Sagi, D. (1993). Human Sos1: a guanine
nucleotide exchange factor for Ras that binds to GRB2. Science
260, 1338-1343.

Cherfils, ). and Zeghouf, M. (2013). Regulation of small GTPases by
GEFs and GAPs. Physiol. Rev. 93, 269-309.

Chung, J.K., Lee, Y.K., Denson, ).-P., Gillette, W.K., Alvarez, S., Ste-
phen, A.G., and Groves, ).T. (2017). K-Ras4B remains mono-
meric on membranes over a wide range of surface densities
and lipid compositions. Biophys. ). 114, 137-145.

Cox, A. and Der, C.J. (2010). Ras, history, the saga continues. Small
GTPases 11, 1-27.

Cox, A.D., Fesik, S.W., Kimmelman, A.C., Luo, J., and Der, C.J. (2014).
Drugging the undruggable RAS: mission possible? Nat. Rev.
Drug. Discov. 13, 828-851.

Crechet, J.-B., Poulet, P., Mistou, M.-Y., Parmeggiani, A., Camonis, .,
Boy-Marcotte, E., Damak, F., and Jacquet, M. (1990). Enhance-
ment of the GDP-GTP exchange reaction by the carboxyl-termi-
nal domain of SCD25. Science 248, 866-868.

Cruz-Migoni, A., Canning, P., Quevedo, C.E., Bataille, C.J.R., Berya,
N., Miller, A., Russell, A.)., Phillips, S.E.V., Carr, S.B., and
Rabbitts, T.H. (2019). Structure-based development of new
RAS-effector inhibitors from a combination of active and inac-
tive RAS-binding compounds. Proc. Natl. Acad. Sci. USA 116,
2545-2550.

Der, C.J., Finkel, T., and Cooper, G.M. (1986). Biological and bio-
chemical properties of human rasH genes mutated at codon 61.
Cell 44,167-176.

deVos, A.M., Tong, L., Milburn, M.V., Matiass, P.M., Jancarik, M.,
Noguchi, S., Nishimura, S., Miura, K., Ohtsuka, E., and
Kim, S.-H. (1988). Three-dimensional structure of an oncogenic
protein: catalytic domain of human c-H-ras-p21. Science 239,
888-893.

Dharmaiah, S., Bindu, L., Tran, T.H., Gillette, W.K., Frank, P.H.,
Ghirlando, R., Nissley, D.V., Esposito, D., McCormick, F.,
Stephen, A.G., et al. (2016). Structural basis of recognition of
farnesylated and methylated KRAS4b by PDE delta. Proc. Natl.
Acad. Sci. USA 113, 6766—-6775.



160 —— R. Gasper and F. Wittinghofer: Ras structure history

Dreusicke, D. and Schulz, G.E. (1986). The glycine-rich loop of ade-
nylate kinase is a giant anion hole. FEBS Lett. 208, 301-304.

Du, X., Black, G.E., Lecchi, P., Abramson, F.P., and Sprang, S.R.
(2004). Kinetic isotope effects in Ras-catalyzed GTP hydrolysis:
evidence for a loose transition state. Proc. Natl. Acad. Sci. USA
101, 8858-8863.

Fansa, E.K., Koesling, S.K., Zent, E., Wittinghofer, A., and Ismail, S.
(2016). PDE6d-mediated sorting of INPP5E into the cilium is
determined by cargo-carrier affinity. Nat. Commun. 11, 11366.

Fetics, S.K., Guterres, H., Bradley, M., Kearney, B.M., Buhrman, G.,
Ma, B., Nussinov, R., and Mattos, C. (2015). Allosteric effects
of the oncogenic, RasQ61L mutant on Raf-RBD. Structure 23,
505-516.

Feuerstein, J., Good, R.S., and Webb, M.R. (1989). The mechanism of
guanosine nucleotide hydrolysis by p21 c-Ha-ras. . Biol. Chem.
264, 6188-6190.

Filchtinski, D., Sharabi, O., Riippel, A., Vetter, I.R., and Herrmann,

C. (2010). What makes Ras an efficient molecular switch: a
computational, biophysical, and structural study of Ras-GDP
interactions with mutants of Raf. ). Mol. Biol. 399, 422-435.

Florian, J. and Warshel, A. (1998). Phosphate ester hydrolysis in
aqueous solution — associative versus dissociative mecha-
nisms. ). Phys. Chem. B 102, 719-734.

Ford, B., Skowronek, K., Boykewisch, S., Bar-Sagi, D., and Nassar, N.
(2005). Structure of the G60A mutant of Ras. J. Biol. Chem. 280,
25697-25705.

Gallwitz, D., Donath, C., and Sander, C. (1983). A yeast gene encod-
ing a protein homologous to the human c-has/bas proto-onco-
gene product. Nature 306, 704-707.

Gasper, R., Thomas, C., Ahmadian, M.R., and Wittinghofer, A.
(2008). The role of the conserved switch Il glutamate in gua-
nine nucleotide exchange factor-mediated nucleotide exchange
of GTP-binding proteins. ). Mol. Biol. 379, 51-63.

Gay, N.J. and Walker, J.E. (1983). Homology between human bladder
carcinoma oncogene product and mitochondrial ATP-synthase.
Nature 301, 262-264.

Geyer, M., Schweins, T., Herrmann, C., Prisner, T., Wittinghofer, A.,
and Kalbitzer, H.R. (1996). Conformational transitions in p21ras
and in its complexes with the effector protein Raf-RBD and the
GTPase activating protein GAP. Biochemistry 35, 10308-10320.

Gideon, P, John, J., Frech, M., Lautwein, A., Clark, R., Scheffler, J.E.,
and Wittinghofer, A. (1992). Mutational and kinetic analysis
of the GTPase-activating protein (GAP)-p21 interaction: the
C-terminal domain of GAP is not sufficient for full activity. Mol.
Cell. Biol. 12, 2050-2056.

Grant, B.J., Gorfe, A.A., and McCammon, J.A. (2009). Ras conforma-
tional switching: simulating nucleotide-dependent conforma-
tional transitions with accelerated molecular dynamics. PLoS
Comput. Biol. 5, €1000325.

Gremer, L., Gilsbach, B., Ahmadian, M.R., and Alfred
Wittinghofer, A. (2008). Fluoride complexes of oncogenic Ras
mutants to study the Ras-RasGAP interaction. Biol. Chem. 389,
1163-1171.

Gremer, L., Merbitz-Zahradnik, T., Dvorsky, R., Cirstea, I.C., Kratz,
C.P, Zenker, M., Wittinghofer, A., and Ahmadian, M.R. (2011).
Germline KRAS mutations cause aberrant biochemical and
physical properties leading to developmental disorder. Hum.
Mutat. 32, 33-43.

Gueldenhaupt, J., Rudack, T., Bachler, P., Mann, D., Triola, G., Wald-
mann, H., Koetting, C., and Gerwert, K. (2012). N-Ras forms
dimers at POPC membranes. Biophys. J. 103, 1585-1593.

DE GRUYTER

Guo, Z., Ahmadian, M.R., and Goody, R.S. (2005). Guanine nucleo-
tide exchange factors operate by a simple allosteric competi-
tive mechanism. Biochemistry 44, 15423-15429.

Gureasko, J., Galush, W.}., Boykevisch, S., Sondermann, H.,
Bar-Sagi, D., Groves, J.T., and Kuriyan, ). (2008). Membrane-
dependent signal integration by the Ras activator Son of seven-
less. Nat. Struct. Mol. Biol. 15, 452-461.

Hanzal-Bayer, M., Renault, L., Roversi, P., Wittinghofer, A., and
Hillig, R.C. (2002). The complex of Arl2-GTP and PDE delta: from
structure to function. EMBO J. 21, 2095-2106.

Herrmann, C., Martin, G.A., and Wittinghofer, A. (1995). Quantitative
analysis of the complex between p21ras and the Ras-binding
domain of the human Raf-1 protein kinase. J. Biol. Chem. 270,
2901-2905.

Hillig, R.C., Sautier, B., Schroeder, )., Moosmayer, D., Hilpmann,

A., Stegmann, C.M., Werbeck, N-.D., Briema, H., Boemer, U.,
Weisk, J., et al. (2019). Discovery of potent SOS1 inhibitors that
block RAS activation via disruption of the RAS-SOS1 interac-
tion. Proc. Natl. Acad. Sci. USA 116, 2551-2550.

Hodges, T.R., Abbott, J.R., Little, A.J., Sarkar, D., Salovich, J.M.,
Howes, J.E., Akan, D.T., Sai, )., Arnold, A.L., Browning, C.,
et al. (2018). Discovery and structure-based optimization of
benzimidazole derived activators of SOS1-mediated nucleotide
exchange on RAS. ACS Med. Chem. 61, 8875-8894.

Huang, L., Hofer, F., Martin, G.S., and Kim, S.H. (1998). Structural
basis for the interaction of Ras with RalGDS. Nat. Struct. Biol.
5, 422-426.

Hwang, M.C., Sung, Y.J., and Hwang, Y.W. (1996). The differential
effects of the Gly-60 to Ala mutation on the interaction of H-Ras
p21 with different downstream targets. ). Biol. Chem. 271,
8196-8202.

Ismail, S.A., Chen, Y.X., Rusinova, A., Chandra, A., Bierbaum, M.,
Gremer, L., Triola, G., Waldmann, H., Bastiaens, P.I., and Wit-
tinghofer, A. (2011). Arl2-GTP and Arl3-GTP regulate a GDI-like
transport system for farnesylated cargo. Nat. Chem. Biol. 7,
942-949.

Ito, Y., Yamasaki, K., Iwahara, )., Terada, T., Kamiya, A., Shirouzu,
M., Muto, Y., Kawai, G., Yokoyama, S., Laue, E.D., et al. (1997).
Regional polysterism in the GTP-bound form of the human c-Ha-
Ras protein. Biochemistry 36, 9109-9119.

lwig, J.S., Vercoulen, Y., Das, R., Barros, T., Limnander, A., and Che,
Y. (2013). Structural analysis of autoinhibition in the Ras-spe-
cific exchange factor RasGRP1. eLife 2, e00813.

Jin, Y., Richards, N.G., Waltho, J.P., and Blackburn, G.M. (2017).
Metal fluorides as analogues for studies on phosphoryl trans-
fer enzymes. Angew. Chem. Int. Ed. 56, 4110-4128.

John, J., Sohman, R., Feuerstein, J., Linke, R., Wittinghofer, A., and
Goody, R.S. (1990). Kinetics of interaction of nucleotides with
nucleotide-free H-Ras p21. Biochemistry 29, 6058-6065.

Johnson, C.W., Reid, D., Parker, J.-A., Salter, S., Knihtila, R., Kuzmic,
P., and Mattos, C. (2017). The small GTPases K-Ras, N-Ras, and
H-Ras have distinct biochemical properties determined by
allosteric effects. J. Biol. Chem. 292, 12981-12993.

Jurnak, J. (1985). Structure of the GDP domain of EF-Tu and location
of the amino acids homologous to ras oncogene proteins. Sci-
ence 230, 32-36.

Kalbitzer, H.R., Rosnizeck, I.C., Munte, C.E, Narayanan, S.P., Kropf,
V., and Spoerner, M. (2013). Intrinsic allosteric inhibition of
signaling proteins by targeting rare interaction states detected
by high-pressure NMR spectroscopy. Angew. Chem. Int. Ed. 52,
14242-14246.



DE GRUYTER

Kapoor, A. and Travesset, A. (2015). Differential dynamics of RAS iso-
forms in GDP- and GTP-bound states. Proteins 83, 1091-1106.

Klebe, C., Prinz, H., Wittinghofer, A., and Goody, R.S. (1995). The
kinetic mechanism of Ran-nucleotide exchange catalyzed by
RCC1. Biochemistry 34, 12543-12552.

Kotting, C., Blessenohl, M., Suveyzdis, Y., Goody, R.S., Wittinghofer,
A., and Gerwert, K. (2006). A phosphoryl transfer intermediate
in the GTPase reaction of Ras in complex with its GTPase-acti-
vating protein. Proc. Natl. Acad. Sci. USA 103, 13911-13916.

Krengel, U., Schlichting, L., Scherer, A., Schumann, R., Frech, M.,
John, J., Kabsch, W., Pai, E.F., and Wittinghofer, A. (1990). Three
dimensional structures of H-ras p21 mutants: molecular basis
for their inability to function as signal switch molecules. Cell
62,539-548.

la Cour, T.F.M., Nyborg, J., Thirup, S., and Clark, B.F.C. (1985).
Structural details of the binding of guanosine diphosphate to
elongation factor Tu from E. coli as studied by X-ray crystallog-
raphy. EMBO ). 4, 2385-2388.

Leberman, R. and Egner, U. (1984). Homologies in the primary
structure of GTP-binding proteins: the nucleotide binding site
of EF-Tu and p21. EMBO J. 3, 339-341.

Lenzen, C., Cool, R.H., Prinz, H., Kuhlmann, J., and Wittinghofer,

A. (1998). Kinetic analysis by fluorescence of the interaction
between Ras and the catalytic domain of the guanine nucleo-
tide exchange factor Cdc25"™. Biochemistry 19, 7420-7430.

Leshchiner, E.S., Parkhitko, A., Bird, G.H., Luccarelli, J., Bellairs,
J.A., Escudero, S., Opoku-Nsiah, K., Godes, M., Perrimon, N.,
and Walensky, L.D. (2015). Direct inhibition of oncogenic KRAS
by hydrocarbon-stapled SOS1 helices. Proc. Natl. Acad. Sci.
USA 112, 1761-1766.

Lim, S.M., Westover, K.D., Ficarro, S.B., Harrison, R.A., Choi, H.G.,
Pacold, M.E., Carrasco, M., Hunter, J., Kim, N.D., Xie, T., et al.
(2014). Therapeutic targeting of oncogenic K-Ras by a cova-
lent catalytic site inhibitor. Angew. Chem. Int. Ed. Engl. 53,
199-204.

Lito, P., Solomon, M., Li, L.S., Hansen, R., and Rosen, N. (2016).
Allele-specific inhibitors inactivate mutant KRAS G12C by a
trapping mechanism. Science 351, 604-608.

Madaule, P., Axel, R., and Myers, A.M. (1987). Characterization of
two members of the rho gene family from the yeast Saccharo-
myces cerevisiae. Proc. Natl. Acad. Sci. U.S.A. 84, 779-793.

Maegley, K.A., Admiraal, S.)., and Herschlag, D. (1996). Ras-
catalyzed hydrolysis of GTP — a new perspective from model
studies. Proc. Natl. Acad. Sci. USA 93, 8160-8166.

Malumbres, M. and Barbacid, M. (2003). RAS oncogenes: the first
30 years. Nat. Rev. Cancer 3, 459-465.

Margarit, S.M., Sondermann, H., Hall, B.E., Nagar, B., Hoelz, A., and
Pirruccello, M. (2003). Structural evidence for feedback activa-
tion by Ras-GTP of the Ras-specific nucleotide exchange factor
SOS. Cell 112, 685-695.

Martegani, E., Vanoni, M., Zippel, R., Coccetti, P., Brambilla, R., Fer-
rari, C., Sturani, E., and Alberghina, L. (1992). Cloning by func-
tional complementation of a mouse cDNA-encoding a mouse
homologue of Cdc25, a saccharomyces cerevisiae Ras activator.
EMBO ). 11, 2151-2157.

Matsumoto, S., Hiraga, T., Hayashi, Y., Yoshikawa, Y., Tsuda,

C., Araki, M., Neya, M., Shima, F., and Kataoka, T. (2018).
Molecular basis for allosteric inhibition of GTP-bound H-Ras
protein by a small-molecule compound carrying a naphthalene
ring. Biochemistry 57, 5350-5358.

R. Gasper and F. Wittinghofer: Ras structure history =—— 161

Maurer, T., Garrenton, L.S., Oh, A., Pitts, K., Anderson, D.J., Skelton,
N.J., Fauber, B.P., Pan, B., Malek, S., Stokoe, D., et al. (2012).
Small molecule ligands bind to a distinct pocket in Ras and
inhibit SOS-mediated nucleotide exchange activity. Proc. Natl.
Acad. Sci. USA 109, 5299-5304.

McCormick, F. (1990). Gap as ras effector or negative regulator. Mol.
Carcinog. 3, 185-187.

McCormick, F. (2015). K-Ras as a therapeutic target. Clin. Cancer Res.
21,1797-1801.

McCormick, F., Clark, B.F.C., la Cour, F.M., Kjeldgaard, M., Norskov-
Lauritsen, L., and Nyborg, J. (1985). A model for the tertiary
structure of p21, the product of the ras oncogene. Science 230,
78-82.

Milburn, M.V,, Tong, L., deVos, A.M., Bruenger, A., Yamaizumi,

Z., Nishimura, S., and Kim, S.H. (1990). Molecular switch for
signal transduction: structural differences between active and
inactive forms of protooncogenic ras proteins. Science 247,
939-945.

Mistou, M.Y., Jacquet, E., Poullet, P., Rensland, H., Gideon, P.,
Schlichting, I., Wittinghofer, A., and Parmeggiani, A. (1992).
Mutation of Ha-ras p21 that define important regions of the
SDC25 C domain, a guanine nucleotide dissociation stimulator.
EMBO ). 11, 2391-2397.

Mittal, R., Ahmadian, M.R., Goody, R.S., and Wittinghofer, A. (1996).
Formation of a transition-state analog of the Ras GTPase reac-
tion by Ras-GDP, tetrafluoro aluminate, and GTPase-activating
proteins. Science 273, 115-117.

Mott, H.R. and Owen, D. (2015). Structures of Ras superfamily effec-
tor complexes: what have we learnt in two decades? Crit. Rev.
Biochem. Mol. Biol. 50, 85-133.

Mott, H.R., Carpenter, ).W., Zhong, S., Ghosh, S., Bell, R.M., and
Campbell, S.L. (1996). The solution structure of the Raf-1
cysteine-rich domain: a novel ras and phospholipid binding
site. Proc. Natl. Acad. Sci. USA 93, 8312-8317.

Miiller, C.W., Schlauderer, G.)., Reinstein, J., and Schulz, G.E. (1996).
Adenylate kinase motions during catalysis: an energetic coun-
terweight balancing substrate binding. Structure 15, 147-156.

Muller, M.P., Jeganathan, S., Heidrich, A., Campos, )., and Goody,
R.S. (2017). Nucleotide based covalent inhibitors of KRas can
only be efficient in vivo if they bind reversibly with GTP-like
affinity. Sci. Rep. 7, 3687.

Muraoka, S., Shima, F., Araki, M., Inoue, T., Yoshimoto, A., ljiri, Y.,
Seki, N., Tamura, A., Kumasaka, T., Yamamoto, M., et al. (2012).
Crystal structures of the state 1 conformations of the GTP-
bound H-Ras protein and its oncogenic G12V and Q61L mutants.
FEBS Lett. 586, 1715-1718.

Muratcioglu, S., Chavan, T.S., Freed, B.C., Jang, H., Khavrutskii, L.,
Freed, R.N., Dyba, M.A., Stefanisko, K., Tarasov, S.G., Gursoy,
A., et al. (2015). GTP-dependent K-Ras dimerization. Structure
23,1325-1335.

Nassar, N., Horn, G., Herrmann, C., Scherer, A., McCormick, F.,
and Wittinghofer, A. (1995). The 2.2 A crystal structure of the
Ras-binding domain of the serine/threonine kinase c-Raf1in
complex with Rap1A and a GTP analogue. Nature 375, 554-560.

Nassar, N., Horn, G., Herrmann, C., Block, C., Jahnknecht, R., and
Wittinghofer, A. (1996). Ras/Rap effector specificity determined
by charge reversal. Nat. Struct. Biol. 3, 723-729.

Neal, S.E., Eccleston, J.F., Hall, A., and Webb, M.R. (1988). Kinetic
analysis of the Hydrolysis of GTP by p21 N-Ras. ). Biol. Chem.
263,19718-19722.



162 —— R. Gasper and F. Wittinghofer: Ras structure history

Neal, S.E., Eccleston, J.F., and Webb, M.R. (1990). Hydrolysis of GTP
by p21NRAS, the NRAS protooncogene product, is accompanied
by a conformational change in the wild-type protein: use of a
single fluorescent probe at the catalytic site. Proc. Natl. Acad.
Sci. USA 87, 3562-3565.

Nixon, A.E., Brune, M., Lowe, P.N., and Webb, M.R. (1995). Kinetics
of inorganic phosphate release during the interaction of p21ras
with the GTPase-activating proteins, p120-GAP and neurofibro-
min. Biochemistry 34, 15592-15598.

Ostrem, J.M., Peters, U., Sos, M.L., Wells, J.A., and Shokat, K.M.
(2013). K-Ras(G12C) inhibitors allosterically control GTP affinity
and effector interactions. Nature 503, 548-551.

Pacold, M.E., Suire, S., Perisic, O., Lara-Gonzalez, S., Davis, C.T.,
Walker, E.H., Hawkins, P.T., Stephens, L., Eccleston, J.F., and
Williams, R.L. (2000). Crystal structure and functional analysis
of Ras binding to its effector phosphoinositide 3-kinase
gamma. Cell 103, 931-943.

Pai, E.F., Kabsch, W., Krengel, U., Holmes, K.C., John, J., and Witting-
hofer, A. (1989). Structure of the guanine-nucleotide-binding
domain of the H-ras oncogene product p21in the triphosphate
conformation. Nature 341, 209-214.

Pai, E.F., Krengel, U., Petsko, G.A., Goody, R.S., Kabsch, W., and Wit-
tinghofer, A. (1990). Refined crystal structure of the triphosphate
conformation of H-ras p21 at 1.35A. EMBO J. 9, 2351-2359.

Papke, B., Murarka, S., Vogel, H.A., Martin-Gago, P., Kovacevic, M.,
Truxius, D.C., Fansa, E.K., Ismail, S., Zimmermann, G., Heinelt,
K., et al. (2016). Identification of pyrazolopyridazinones as
PDES inhibitors. Nat. Commun. 7, 11360.

Patgiri, A., Yadav, K.K., Arora, P.S., and Bar-Sagi, D. (2011). An
orthosteric inhibitor of the Ras-Sos interaction. Nat. Chem.
Biol. 7, 585-587.

Patricelli, M.P., Janes, M.R., Li, L.S., Hansen, R., Peters, U., Kessler,
L.V.,, Chen, Y., Kucharski, J.M., Feng, J., and Ely, T. (2016). Selec-
tive inhibition of oncogenic KRAS output with small molecules
targeting the inactive state. Cancer Discov. 6, 316-329.

Prior, ILA., Lewis, P.D., and Mattos, C. (2012). A comprehensive sur-
vey of Ras mutations in cancer. Cancer Res. 72, 2457-2467.
Qamra, R. and Hubbard, S.R. (2013). Structural basis for the interac-
tion of the adaptor protein Grb14 with activated Ras. PLoS Biol.

8, e72473.

Quevedo, C.E., Cruz-Migoni, A., Bery, N., Miller, A., Tanaka, T.,
Petch, D., Bataille, C.).R., Lee, L.Y.W., Fallon, P.S., Tulmin, H.,
etal. (2018). Small molecule inhibitors of RAS-effector protein
interactions derived using an intracellular antibody fragment.
Nat. Commun. 9, 3169.

Rensland, H., Lautwein, A., Wittinghofer, A., and Goody, R.S. (1991).
Is there a rate limiting step before GTP cleavage by H-ras p21?
Biochemistry 30, 11181-11185.

Rittinger, K., Walker, P.A., Eccleston, J.F., Nurmahomed, K., Owen,
D., Laue, E., Gamblin, S.J., and Smerdon, S.). (1997a). Crystal
structure of a small G protein in complex with the GTPase-
activating protein rhoGAP. Nature 388, 693-697.

Rittinger, K., Walker, P.A., Eccleston, J.F., Smerdon, S.J., and Gam-
blin, S.J. (1997b). Structure at 1.65 angstrom of RhoA and its
GTPase-activating protein in complex with a transition-state
analogue. Nature 389, 758-762.

Rosnizeck, I.C., Graf, T., Spoerner, M., Trénkle, J., Filchtinski, D.,
Herrmann, C., Gremer, L., Vetter, |.R., Wittinghofer, A., Kdnig,
B., et al. (2010). Stabilizing a weak binding state for effectors in
the human Ras protein by cyclen complexes. Angew. Chem. Int.
Ed. 49, 3830-3833.

DE GRUYTER

Saraste, M., Sibbald, P.R., and Wittinghofer, A. (1990). The P-loop,

a common motif in GTP- and ATP-binding proteins. Trends
Biochem. Sci. 15, 130-135.

Scheffzek, K. and Ahmadian, M. (2005). GTPase activating proteins:
structural and functional insights 18 years after discovery. Cell.
Mol. Life Sci. 62, 3014-3038.

Scheffzek, K., Lautwein, A., Kabsch, W., Ahmadian, M.R., and Wit-
tinghofer, A. (1996). Crystal structure of the GTPase-activating
domain of human p120GAP and implications for the interaction
with Ras. Nature 384, 591-596.

Scheffzek, K., Ahmadian, M.R., Kabsch, W., Wiesmiiller, L., Laut-
wein, A., Schmitz, F., and Wittinghofer, A. (1997). The Ras-Ras-
GAP complex: structural basis for GTPase activation and its loss
in oncogenic Ras mutants. Science 277, 333-338.

Scheffzek, K., Ahmadian, M.R., Wiesmueller, L., Kabsch, W., Stege,
P., Schmitz, F., and Wittinghofer, A. (1998). Structural analysis
of the GAP-related domain from neurofibromin and its implica-
tions. EMBO ). 17, 4313-4327.

Scheffzek, K., Grunewald, P., Wohlgemuth, S., Kabsch, W., Tu, H.,
Wigler, M., Wittinghofer, A., and Herrmann, C. (2001). The Ras-
Byr2RBD complex: structural basis for Ras effector recognition
in yeast. Structure 9, 1043-1050.

Scheidig, A., Burmester, C., and Goody, R.S. (1999). The pre-hydrol-
ysis state of p21ras in complex with GTP: new insights into the
role of water molecules in the GTP hydrolysis reaction of ras-
like proteins. Structure 7, 1311-1324.

Schlichting, I., Almo, S., Rapp, G., Wilson, K., Petratos, K., Lentfer,
A., Wittinghofer, A., Kabsch, W., Pai, E.F., Petsko, G.A., et al.
(1990). Time resolved X-ray structural studies on H-ras p21:
identification of the conformational change induced by GTP
hydrolysis. Nature 345, 309-315.

Schmick, M., Vartak, N., Papke, B., Kovacevic, M., Truxius, D.C.,
Rossmannek, L., and Bastiaens, P.I.H. (2014). K-Ras localizes to
the plasma membrane by spatial cycles of solubilization, trap-
ping and vesicular transport. Cell 157, 459-471.

Schubbert, S., Zenker, M., Rowe, S.L., Boll, S., Klein, C., Bollag, G.,
van der Burgt, I., Musante, L., Kalscheuer, V., Wehner, L.E.,
etal. (2006). Germline K-RAS mutations cause Noonan syn-
drome. Nat. Genet. 38, 331-336.

Scrima, A. and Wittinghofer, A. (2006). Dimerisation-dependent
GTPase reaction of MnmE: how potassium acts as GTPase-
activating element. EMBO J. 25, 2940-2951.

Seeburg, P.H., Colby, W.W., Capon, D.)., Goeddel, D.V., and Levinson,
A.D. (1984). Biological properties of human c-Ha-ras1 genes
mutated at codon 12. Nature 312, 71-75.

Shima, F., ljiri, Y., Muraoka, S., Liao, J., Ye, M., Araki, M., Matsumoto,
K., Yamamoto, N., Sugimoto, T., Yoshikawa, Y., et al. (2010).
Structural basis for conformational dynamics of GTP-bound Ras
protein. ). Biol. Chem. 285, 22696-22705.

Shima, F., Yoshikawa, Y., Ye, M., Araki, M., Matsumoto, S., Liao, .,
Hu, L., Sugimoto, T., ljiri, Y., Takeda, A., et al. (2013). In silico
discovery of small-molecule Ras inhibitors that display antitu-
mor activity by blocking the Ras-effector interaction. Proc. Natl.
Acad. Sci. USA 110, 8182-8187.

Shimanshu, D.K., Nissley, D.V., and McCormick, F. (2017). Ras pro-
teins and their regulators in human disease. Cell 170, 17-33.

Shou, C., Farnsworth, C.L., Neel, B.G., and Feig, L.A. (1992). Molecu-
lar cloning of cDNAs encoding a guanine-nucleotide-releasing
factor for Ras p21. Nature 358, 351-354.

Smith, M.)., Ottoni, E., Ishiyama, N., Goudreault, M., Haman, A.,
Meyer, C., Tucholska, M., Gasmi-Seabrook, G., Menezes, S.,



DE GRUYTER

Laiste, R.C., et al. (2017). Evolution of AF6-RAS association and
its implications in mixed-lineage leukemia. Nat. Commun. 8,
1099.

Sondermann, H., Soisson, S.M., Boykevisch, S., Yang, S.S.,
Bar-Sagi, D., and Kuriyan, J. (2004). Structural analysis of
autoinhibition in the Ras activator Son of sevenless. Cell 119,
393-405.

Sot, B., Kodtting, C., Deaconescu, D., Suveyzdis, Y., Gerwert, K., and
Wittinghofer, A. (2010). Unravelling the mechanism of dual-
specificity GAPs. EMBO J. 29, 1205-1214.

Spencer-Smith, R., Koide, A., Zhou, Y., Eguchi, R.R., Sha, F., Gajwani,
P., Santana, D., Gupta, A., Jacobs, M., Herrero-Garcia, E., et al.
(2017). Inhibition of RAS function through targeting an allos-
teric regulatory site. Nat. Chem. Biol. 13, 62-68.

Spiegel, )., Cromm, P.M., Zimmermann, G., Grossmann, T., and
Waldmann, H. (2014). Small-molecule modulation of ras signal-
ing. Nat. Chem. Biol. 10, 613-620.

Spoerner, M., Herrmann, C., Vetter, I.R., Kalbitzer, H.R., and Witting-
hofer, A. (2001). Dynamic properties of the Ras switch | region
and its importance for binding to effectors. Proc. Natl. Acad.
Sci. USA 98, 4944—-4949.

Stieglitz, B., Bee, C., Schwarz, D., Yildiz, O., Moshnikova, A.,
Khokhlatchev, A., and Herrmann, C. (2008). Novel type of Ras
effector interaction established between tumour suppressor
NORE1A and Ras switch Il. EMBO J. 27, 1995-2005.

Sun, Q., Burke, J.P., Phan, J., Burns, M.C., Olejniczak, E.T., Waterson,
A.G., Lee, T., Rossanese, 0.W., and Fesik, S.W. (2012). Discov-
ery of small molecules that bind to K-Ras and inhibit Sos-medi-
ated activation. Angew. Chem. Int. Ed. 51, 6140-6143.

Thapar, R., Williams, J.G., and Campbell, S.L. (2004). NMR char-
acterization of full-length farnesylated and non-farnesylated
H-Ras and its implications for Raf activation. J. Mol. Biol. 343,
1391-1408.

Trahey, M. and McCormick, F. (1987). A cytoplasmic protein stimu-
lates normal N-ras p21 GTPase, but does not affect oncogenic
mutants. Science 238, 542-545.

Trahey, M., Wong, G., Halenbeck, R., Rubinfeld, B., Martin, G.A.,
Ladner, M., Long, C.M., Crosier, W.)., Watt, K., Koths, K., et al.
(1988). Molecular cloning of two types of GAP complementary
DNA from human placenta. Science 242, 1697-1700.

Vetter, |.R. and Wittinghofer, A. (2001). The guanine nucleotide bind-
ing switch in three dimensions. Science 294, 1299-1304.

Vetter, I.R., Linnemann, T., Wohlgemuth, S., Geyer, M., Kalbitzer,
H.R., Herrmann, C., and Wittinghofer, A. (1999). Structural and

R. Gasper and F. Wittinghofer: Ras structure history —— 163

biochemical analysis of Ras-effector signaling via RalGDS. FEBS
Lett. 451, 175-180.

Vogel, U., Dixon, R.A.F., Schaber, M.D., Diehl, R.E., Marshall, M.S., Scol-
nick, E.M., Sigal, I., and Gibbs, J.B. (1988). Cloning of bovine GAP
and its interaction with oncogenic ras p21. Nature 335, 90-93.

Walker, J.E., Saraste, M., Runswick, M.)., and Gay, N.J. (1982). Dis-
tantly related sequences in the alpha- and beta subunits of ATP
synthase, myosin, kinases and other ATP-requiring enzymes
and a common nucleotide binding fold. EMBO J. 1, 945-951.

Wiegandt, D., Vieweg, S., Hofmann, F., Koch, D., Li, F., Wu, Y.W.,
Itzen, A., Muller, M.P., and Goody, R.S. (2015). Locking GTPases
covalently in their functional states. Nat. Commun. 6, 7773.

Winter, J.J.G., Anderson, M., Blades, K., Brassington, C., Breeze,
A.L., Chresta, C., Embrey, K., Fairley, G., Faulder, P., Finlay,
M.R.V., et al. (2015). Small molecule binding sites on the
Ras:Sos complex can be exploited for inhibition of Ras activa-
tion. J. Med. Chem. 58, 2265-2274.

Wirenga, R.K. and Hol, W.G.). (1983). Predicted nucleotide-binding
properties of p21 protein and its cancer associated variant.
Nature 302, 842-844.

Wittinghofer, A. (2006). Phosphoryl transfer in Ras proteins, conclu-
sive or elusive? Trends Biochem. Sci. 31, 20-23.

Wohlgemuth, S., Kiel, C., Kramer, A., Serrano, L., Wittinghofer, F.,
and Herrmann, C. (2005). Recognizing and defining true Ras
binding domains. ). Mol. Biol. 348, 741-758.

Xiong, Y., Lu, J., Hunter, J., Li, L., Scott, D., Choi, H.G., Lim, S.M.,
Manandhar, A., Gondi, S., Sim, T., et al. (2017). Covalent
guanosine mimetic inhibitors of G12C K-RAS. ACS Med. Chem.
Lett. 8, 61-66.

Zhang, H., Constantine, R., Frederick, J.M., and Baehr, W. (2012). The
prenyl-binding protein PrBP/delta: a chaperone participating
in intracellular trafficking. Vision Res. 75, 19-25.

Zhou, Y. and Hancock, J.F. (2015). Ras nanoclusters: versatile
lipid-based signaling platforms. Biochim. Biophys. Acta 1853,
841-849.

Zimmermann, G., Papke, B., Ismail, S., Vartak, N., Chandra, A., Hoff-
mann, M., Hahn, S.A., Triola, G., Wittinghofer, A., Bastiaens,
P.l., et al. (2013). Small molecule inhibition of the K-RAS-PDES
interaction impairs oncogenic KRAS signalling. Nature 497,
638-642.

Supplementary Material: The online version of this article offers
supplementary material (https://doi.org/10.1515/hsz-2019-0330).


https://doi.org/10.1515/hsz-2019-0330

