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Abstract 

The KRAS gene is the most common locus for somatic gain-of-function mutations in human 

cancer. Germline KRAS mutations were shown recently to be associated with developmental 

disorders, including Noonan syndrome (NS), cardio-facio-cutaneous syndrome (CFCS), and 

Costello syndrome (CS). The molecular basis of this broad phenotypic variability has 

remained elusive, so far. Here, we comprehensively analyzed the biochemical and structural 

features of ten germline KRAS mutations using physical and cellular biochemistry. According 

to their distinct biochemical and structural alterations, the mutants can be grouped into five 

distinct classes that markedly differ from RAS oncoproteins. Investigated functional 

alterations comprise the enhancement of intrinsic and guanine nucleotide exchange factor 

(GEF) catalyzed nucleotide exchange, which is alternatively accompanied by an impaired 

GTPase-activating protein (GAP) stimulated GTP hydrolysis, an overall loss of functional 

properties, and a deficiency in effector interaction. In conclusion, our data underscore the 

important role of RAS in the pathogenesis of the group of related disorders including NS 

(OMIM 163950), CFCS (OMIM 115150), and CS (OMIM 218040) and provide clues to the 

high phenotypic variability of patients with germline KRAS mutations. 

 

Key words: Noonan syndrome, gain-of-function, GAP resistance, KRAS, Ras isoforms, Ras 

mutations 
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Introduction 

RAS proteins (HRAS, KRAS 4A, KRAS 4B, and NRAS) are central signal transduction 

molecules, which act as molecular switches through cycling between an active, GTP-bound 

and an inactive, GDP-bound state (Vetter & Wittinghofer, 2001). The intrinsic functions of 

RAS proteins, their GDP/GTP exchange and GTP-hydrolysis, are extremely slow. Guanine 

nucleotide exchange factors (GEFs) accelerate the exchange of bound GDP for the cellular 

abundant GTP (Guo et al., 2005), whereas GTPase activating proteins (GAPs) terminate RAS 

signaling by stimulation of the GTP-hydrolysis reaction (Scheffzek & Ahmadian, 2005). In its 

GTP-bound form, RAS interacts with and regulates a spectrum of functionally diverse 

downstream effectors including RAF kinases, phosphatidylinositol 3-kinase (PI3K), and 

RALGDS (Herrmann, 2003). In the past years, considerable progress has been achieved in 

understanding the functions and underlying mechanisms of RAS proteins. Comprehensive 

structural studies resulted in determination of more than 50 structures (Supp. Tables S1 and 

S2), and provided a deep insight into the three-dimensional fold, the consequences of 

nucleotide binding and hydrolysis, the principles of regulation by GEFs and GAPs, and the 

specificity of effector binding (Fiegen et al., 2006). These three classes of interacting proteins 

predominantly bind to two highly mobile regions, designated as switch I (residues 30-37) and 

switch II (residues 60-74) (Fig. 1) (Vetter & Wittinghofer, 2001; Sprang, 1997). 

Since their discovery as proto-oncogenes 35 years ago, somatic RAS mutations have been 

found to be highly prevalent in a variety of human cancers (Der, 1989; Bos, 1989; Barbacid, 

1990; Kranenburg, 2005). The majority of gain-of-function mutations affect amino acid 

residues G12, G13 and Q61 (Seeburg et al., 1984; Der et al., 1986; Malumbres & Barbacid, 

2003) (www.sanger.ac.uk/genetics/CGP/cosmic/) triggering RAS accumulation in the active, 

GTP-bound state by impairing intrinsic GTPase activity and conferring resistance to GAPs 

(Ahmadian et al., 1999; Bos et al., 2007; Ahmadian, 2002). 
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Recently, germline mutations in HRAS, NRAS and KRAS genes have been identified in 

patients with various developmental disorders including Noonan syndrome (NS), Costello 

syndrome (CS) and cardio-facio-cutaneous syndrome (CFC) that share several phenotypic 

abnormalities, such as craniofacial dysmorphism, hair and skin
 
abnormalities, cardiac defects, 

cognitive impairment, and postnatal growth deficiency (Schubbert et al., 2007a). Moreover, 

these disorders have reportedly been associated with cancer (e.g., juvenile myelomonocytic 

leukemia in patients with NS and rhabdomyosarcoma in patients with CS).  

HRAS point mutations affecting amino acids at positions 12, 13 and 117 or duplication at 

position 37 have been associated with CS (Estep et al., 2006; Denayer et al., 2008; Gripp et 

al., 2006; Sol-Church et al., 2006; Gremer et al., 2010). NRAS mutations at positions 50 and 

60 have been recently shown to enhance stimulus-dependent MAPK activation and account 

for rare cases of NS (Cirstea et al., 2010). In contrast, the phenotypic spectrum caused by 

germline KRAS mutations at amino acid positions K5, V14, Q22, P34, I36, T58, G60, V152, 

D153, and F156 is remarkably broad and comprises NS, CFC and, more rarely, a phenotype 

consistent with CS (Niihori et al., 2006; Schubbert et al., 2006; Lo, et al., 2009; Kratz et al., 

2007; Zenker et al., 2007; Nava et al., 2007; Carta et al., 2006).  

The pathophysiological mechanism underlying these clinically related syndromes is most 

likely a dysregulated signal flow through the RAS/MAPK pathway (Gelb & Tartaglia, 2006; 

Kratz et al., 2007; Tidyman & Rauen, 2009). To gain insight into the underlying mechanisms, 

we set out to investigate ten different germline KRAS mutants (K5N, V14I, Q22E, Q22R, 

P34L, P34R, T58I, G60R, D153V, F156L). Results from our global biochemical and 

functional characterization described in this study provide strong evidence for the existence of 

distinct structural, mechanistic and functional changes that can result in an overall 

enhancement of RAS signaling. 
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Materials and Methods 

Plasmids 

KRAS cDNA was cloned in pEYFP-c1 vector via Xho1 and BamH1. pEYFP-KRAS and 

ptacHRAS (Tucker et al., 1986) were used as template, respectively, to generate the KRAS 

mutations using a polymerase chain reaction (PCR)-based site-directed mutagenesis protocol 

as described (Ahmadian et al., 1997). Neurofibromin 1 catalytic domain NF1-333 (amino 

acids 1198-1531) was cloned in pGEX-4T-1 via EcoRI and Not1. Gene segments encoding 

RAF1-RBD, RALGDS-RBD and SOS1 catalytic domain CDC25 were cloned in the pGEX 

vectors as described (Herrmann et al., 1995; Vetter et al., 1999; Lenzen et al., 1998). 

 

Proteins and fluorescent nucleotides 

Wild-type and mutant HRAS proteins were prepared from E. coli using the ptac-expression 

system as described (Tucker et al., 1986). The nucleotide-free form of RAS was prepared as 

described (Ahmadian et al., 2002) and the fluorescent derivatives of GDP, GTP and GppNHp 

(mantGDP, mantGTP and mantGppNHp) were synthesized according to Ahmadian et al. 

(Ahmadian et al., 2002). RAS·mantGDP, RAS·mantGTP and RAS·mantGppNHp were 

prepared as described (Gremer et al., 2008). RAF1-RBD, RALGDS-RBD, the catalytic 

domains of SOS1 (CDC25) and of neurofibromin (NF1-333) were produced as glutathione S-

transferase (GST) fusion proteins in E. coli. All proteins were purified as described previously 

(Ahmadian et al., 2002; Hemsath & Ahmadian, 2005). 

 

Biochemical methods 

Various intrinsic and extrinsic biochemical properties of the RAS proteins were measured as 

described before ( Ahmadian et al., 2002; Hemsath & Ahmadian, 2005). The association of 

mantGDP and mantGppNHp (0.2 µM, respectively) to the nucleotide-free RAS proteins (0.3 

µM) was measured in 30 mM Tris pH 7.5, 5 mM MgCl2 and 3 mM DTE at 25 °C using an 

Page 5 of 53

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 6 

Applied-Photophysics stopped flow apparatus. Dissociation of mantGDP from the RAS 

proteins (0.3 µM) in the presence of 40 µM GDP was measured in 30 mM Tris pH 7.5, 10 

mM KPi, 5 mM MgCl2 and 3 mM dithioerythritol (DTE) at 25°C using a Fluoromax 4 

(Horiba Jobin Yvon) fluorimeter at 366 nm (excitation wavelength) and 450 nm (emission 

wavelength). Observed rate constants (kobs) of association and dissociation were obtained by 

single exponential fitting of the data. 

GTP hydrolysis of the RAS proteins (1 µM RAS·GTP containing 6 nM [γ]
32

GTP) was 

analyzed in a 30 mM Tris/HCl pH 7.5, 10 mM MgCl2, 3 mM DTE, pH 7.5 buffer at 25 °C by 

determining the release of radioactive (
32
γ)Pi in a charcoal assay. The time courses monitoring 

the release of radioactive Pi were fitted using single exponential equations. Observed rate 

constants (kobs) were obtained by single exponential fitting of the data. 

GEF-catalyzed mantGDP dissociation from RAS proteins (0.3 µM) was measured in 30 mM 

Tris/HCl pH 7.5, 10 mM KPi, 5 mM MgCl2 and 3 mM DTE at 25°C in the presence of 

CDC25 (2 µM), the catalytic domain of SOS1 and 40 µM GDP using an Applied-

Photophysics stopped flow apparatus. Observed rate constants (kobs) were obtained by 

single exponential fitting of the data.  

For determination of NF1-333 GAP activity, GDP-bound to RAS mutants was exchanged 

with excess mantGTP in presence of EDTA to result in a load of higher than 95%. Free 

unbound nucleotides were removed by gel filtration, and the RAS·mantGTP was immediately 

snap frozen in liquid nitrogen to avoid unmonitored hydrolysis (Gremer et al., 2008). GAP-

stimulated GTPase reaction of RAS proteins (0.2 µM) was measured in 30 mM Tris pH 7.5, 

10 mM MgCl2 and 3 mM DTE at 25 °C using a Hightech stopped-flow apparatus. The 

monitored reactions show an increase of fluorescence due to association of NF1-333 (2 µM), 

the catalytic domain of neurofibromin 1, with RAS·mantGTP, and a subsequent hydrolysis of 

mantGTP, described by a decrease of fluorescence. This decrease, we fitted by a single 

exponential. 
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Effector binding assay was performed in 30 mM Tris/HCl pH 7.5, 100 mM NaCl, 5 mM 

MgCl2 and 3 mM DTE at 25 °C using a Fluoromax 4 fluorimeter in polarization mode. 

Increasing amounts of GST-tagged RAS binding domains (RBD) of RAS effectors were 

titrated to 0.3 µM mantGppNHp-bound RAS proteins resulting in an increase of polarization. 

The concentration dependent binding curve was fitted using a quadratic ligand binding 

equation. 

 

Cell-based assays 

Monkey kidney epithelial COS-7 cells were grown in DMEM supplemented with 10 % fetal 

calf serum (FCS) and transiently transfected using DEAE-dextran as described (Herbrand & 

Ahmadian, 2006).  

GST pull down and MEK1/2, ERK1/2, and AKT activation assays were performed as 

described (Cirstea et al., 2010). Briefly, the levels of GTP-bound RAS were determined using 

GST-fused RAF1-RBD protein to pull down active GTP-bound RAS by glutathione beads 

from extracts of COS-7 cells transfected with the respective KRAS mutants. The beads were 

washed four times and subjected to SDS-PAGE (15 % polyacrylamide). Bound RAS proteins 

were detected by Western blotting using monoclonal antibodies against RAS (anti-RAS 

antibody, BD Transduction Laboratories), anti-RAS (clone RAS10, Upstate-Millipore). 

MEK1/2, ERK1/2, AKT, phospho-MEK1/2, phospho-ERK1/2 and phospho-AKT, 

respectively, were determined by Western blotting analysis of the same COS-7 cell lysates 

used for the RAS pull down assay and were detected using antibodies against MEK1/2 (Cell 

Signaling), ERK1/2 (Cell Signaling), AKT (Cell Signaling), phospho-MEK1/2 (Ser 

217/221, Cell Signaling), phosphor-ERK1/2 (Thr202/Tyr204, Cell Signaling), phospho-AKT 

(Ser473, Cell Signaling).  

 

Structural analysis 
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Because no KRAS
wt

 structure is available to date, the structures of HRAS were used in our 

study. The G-domains of HRAS and KRAS share 97% identity and are generally accepted to 

be very similar in structure and function (Ahmadian et al., 1997). The differences between the 

active and inactive state of RAS were analyzed by comparison of the GDP-bound (Milburn et 

al., 1990) [Protein Data Bank (PDB) code 4Q21] and GTP-bound (Pai et al., 1990) [1CTQ] 

HRAS structure, respectively. These structures were selected because they represent wild-

type RAS (RAS
wt

) protein and have high resolutions among GDP- or GTP-bound structures. 

The interactions of RAS with its binding partners were analyzed on the basis of HRAS 

structure in complexes with p120
RASGAP

 (Scheffzek et al., 1997) [1WQ1], the GEF SOS1 

(Margarit et al., 2003) [1NVV], and the downstream effectors, RAF1-RBD (Nassar et al., 

1995) [1C1Y], PI3Kγ (Pacold et al., 2000) [1HE8], BYR2-RBD (Scheffzek et al., 2001) 

[1K8R], RALGDS (Huang et al., 1998) [1LFD] and PLCε (Bunney et al., 2006) [2C5L]. 

 

 

Results 

Since HRAS and KRAS proteins share 97 % amino acid sequence identity in their G-domain 

and are 100% identical in regions responsible for interactions, their structural and biochemical 

properties can be considered to be very similar (e.g. D153 in KRAS is E153 in HRAS) if not 

identical (Ahmadian et al., 1997). Furthermore, for a comprehensive structure-function 

analysis, no wild-type KRAS structure is available to date. Thus, respective KRAS mutations 

were analyzed using HRAS structures (Supp. Tables S1 to S3), and for practical reasons we 

generated these KRAS mutations (K5N, V14I, Q22R/Q22E, P34R/P34L, T58I, G60R, E153V, 

and F156L; Fig. 1A) in the context of both the HRAS gene in the Escherichia coli expression 

system and the KRAS gene in the eukaryotic expression system. Purified mutant RAS 

proteins were comprehensively characterized using advanced physical and cellular 

biochemistry. As controls, we used wild type RAS (RAS
wt

), a GTPase deficient mutant 
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(RAS
G12V

)
 
and a self-activating ("fast-cycling") mutant (RAS

F28L
) (Reinstein et al., 1991). All 

data are summarized in Tables 1 and Supp. Table S4. 

 

Germline RAS mutations are located at permissible structural sites 

Overall location and spatial orientation of the mutated amino acids according to the 

nucleotide-bound forms were deduced from the structures of HRAS in the inactive, GDP-

bound state (Fig. 1B) and in the active, GTP-bound state (Fig. 1C), respectively. We inspected 

solvent accessible areas of considered residues (Supp. Table S3) and found that only T58 and 

G60 undergo significant conformational rearrangements between the active and inactive state. 

These differences are not unexpected as these residues are nearby or part of the switch II 

region (Fig. 1). An interesting exception is P34, which is almost equally solvent exposed in 

both states although it is part of switch I (Figs. 1B and 1C; Supp. Table S3). The absolute 

solvent accessible area of P34 is relatively large in contrast to T58 and G60 (Figs. 1B and 1C; 

Supp. Table S3). 

To assess if the mutations directly interfere with intermolecular interactions, we analyzed 

structures of RAS in complexes with regulators and effectors (Supp. Table S2). Remarkably, 

only P34 is clearly located within the interacting interface contacting GAPs, GEFs and 

effectors (Supp. Fig. S1, yellow areas; Supp. Table S3). Other investigated residues are either 

on its edge or buried within the protein and are thus not directly participating in the 

interaction with RAS binding partners (Supp. Fig. S1; Supp. Table S3). Interacting interfaces 

(Supp. Fig. S1, yellow areas) are rather distinct between the complexes with SOS1 as 

compared with GAP and effectors. Among the RAS mutants, three residues, P34, T58 and 

G60, contact the CDC25 domain of SOS1 (Supp. Table S3). As mentioned above, G60 is 

solvent exposed in the GDP-bound state (Fig. 1B; Supp. Table S3), which should be also true 

for an arginine side chain in the case of RAS
G60R 

(Supp. Fig. S1A). In this scenario a large, 

positively charged side chain would interfere sterically with the CDC25 binding. 
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Alternatively, it is also possible that an arginine within the highly conserved DxxG
60

QE motif 

(part of the switch II, Fig. 1A), may interfere with the nucleotide dissociation itself. This 

motif has been recently implicated to play a critical role in GEF-mediated nucleotide 

exchange reactions (Gasper et al., 2008).  

Finally, we calculated the vicinity of investigated amino acid residues to the nucleotides 

(Supp. Table S3) to explore a possible direct impact of the various mutations on GDP/GTP 

binding and GTP hydrolysis, respectively. Only two residues, V14 and G60, are involved in 

direct interaction with the nucleotide. Since V14 contacts the nucleotide with backbone 

atoms, only the substitution of G60 can directly affect nucleotide binding and hydrolysis as its 

Cα atoms faces the γ-phosphate in the GTP state.  

 

Germline RAS mutants accumulate in the GTP-bound state 

To gain insights into the regulatory cycle of the RAS mutants in cells we transiently 

transfected COS-7 cells with plasmids expressing KRAS
wt

 and KRAS mutant proteins. We 

determined the amount of active, GTP-bound RAS in the presence of serum using GST-fusion 

proteins of the RAS-binding domain (RBD) of RAF1 (GST-RAF1-RBD) immobilized on 

glutathione sepharose (GST pull down assay described in Materials and Methods section). 

Figure 2A shows that the majority of the RAS mutants exhibit a tremendously high level of 

activation as compared to RAS
wt

. We next repeated these experiments under serum starved 

conditions in order to exclude RAS activation by serum-containing stimuli. The majority of 

the RAS mutants remarkably remained in a hyperactive state except for K5N, Q22R and 

D153V (Fig. 2B, upper panel). Two major reasons for the high level of GTP-bound active 

RAS mutants have to be considered: an increased GDP/GTP exchange (“fast cycling”) or a 

reduction of intrinsic or/and GAP-stimulated GTP hydrolysis.  

It is important to note that point mutations may lead to changes in RAS (epitope) recognition 

by the antibody. Therefore, we repeated these experiments using two different anti-RAS 
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antibodies (Fig. 2 and Supp. Fig. S2), and found that the P34L and P34R mutants are not 

recognized by anti-RAS antibody clone RAS10 from Upstate-Millipore, but can be detected 

with the antibody anti-RAS obtained from BD Transduction Laboratories, and that the 

mutant D153V is much better recognized by the BD Transduction Laboratories anti-RAS 

(Figs. 2 and Supp. Fig. S2). These observations indicate that the affinity of antibodies towards 

tested protein can be impaired by point mutation. 

 

Increase in nucleotide exchange of RAS
V14I

, RAS
Q22E

 and RAS
F156L

 

To examine the GDP/GTP exchange of the mutants, we measured both intrinsic and GEF-

catalyzed nucleotide dissociation (Fig. 3). The most significant effect was an increase in 

dissociation of the fluorescently labeled GDP (mantGDP) from RAS mutants by almost 

30-fold in the case of V14I and Q22E, and more than 60-fold in F156L (Fig. 3B). The fact 

that these mutants release mantGDP even faster than the already established “fast cycling” 

F28L mutant (Reinstein et al., 1991) leads, most likely, to a GEF-independent activation of 

these mutants in cells (Fig. 2). For completeness, we also measured the intrinsic functions of 

the RAS mutants concerning nucleotide association (Supp. Fig. S3). Interestingly and in 

contrast to the oncogenic G12V mutant and the “fast cycling” F28L mutant, the association 

rates of mantGDP or a non-hydrolyzable fluorescently labeled GTP analog (mantGppNHp) 

with all other RAS mutants are slower then that of wild type reaching a maximum 20-fold 

difference in the case of K5N (Supp. Fig. S3). However, as with RAS
wt

, no preference for a 

particular nucleotide was observed, and thus, the difference in association kinetics would 

probably have no major functional consequence due to the high affinity of guanine 

nucleotides to RAS and due to their high concentration in the cell.  

The dissociation of mantGDP from RAS
wt 

catalyzed by the catalytic domain of SOS1 

(CDC25) (Pechlivanis et al., 2007) is three orders of magnitude faster than in the absence of 

this GEF (Fig. 3) under the conditions used. The effect of the germline RAS mutations on the 
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CDC25-mediated dissociation was measured under the same conditions. Interestingly, 

differences in GEF-catalyzed nucleotide exchange reactions (Figs. 3C and D) correlate with 

the intrinsic dissociations of mantGDP from RAS proteins (Figs. 3A and B). This suggests 

that the observed differences in the acceleration of nucleotide exchange between wild type 

and mutant RAS are caused primarily by structural changes of RAS itself, and not by altered 

RAS-GEF interactions. An exception is RAS
G60R 

that was virtually unresponsive towards 

CDC25 under our experimental condition, which is most likely due to the lack of a RAS-

CDC25 interaction. Besides G60, the residues P34 and T58 also contact the CDC25 domain 

of SOS1 (Supp. Table S3), but obviously only the substitution of G60 to arginine abolishes 

the formation of the Ras-CDC25 complex, as no acceleration of nucleotide exchange by 

SOS1 was observed for the G60R mutant (Figs. 3C and D). 

 

Profound GAP insensitivity of the RAS
P34

 and RAS
G60

 mutants 

Mutants that do not exhibit a fast nucleotide exchange but accumulate in an active, GTP-

bound form are strongly suggestive of having an impaired GTP hydrolysis activity. Therefore, 

we investigated the GAP sensitivity of the RAS mutants in cells. For this purpose,  the 

catalytic domain of neurofibromin (NF1-333) (Ahmadian et al., 1997) was added to the cell 

lysates before performing the GST pull down assay. The middle panel of Figure 2B shows 

that RAS
P34L

, RAS
P34R

 and RAS
G60R

 are GAP resistant and locked in the active state in a 

fashion similar to oncogenic RAS
G12V

. Conversely, these results indicate that GAP-sensitive 

mutants RAS
V14I

, RAS
Q22E

, RAS
T58I

 and RAS
F156L

 most likely have an increased GDP/GTP 

exchange explaining their accumulation in the active state (Fig. 2B, upper panel). 

Next we examined the capabilities of RAS mutants to hydrolyze GTP in the absence and in 

the presence of a RAS-GAP in vitro. Intrinsic GTP hydrolysis was drastically reduced by the 

substitution of G60 by arginine, even more than the decrease caused by the oncogenic 

mutation G12V (Figs. 4A and B). All other RAS mutations altered the intrinsic GTP 
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hydrolysis only marginally. A different situation was obtained for the GAP-stimulated 

GTPase activity after adding the catalytic domain of neurofibromin 1 (NF1-333). Six of ten 

RAS mutants, Q22E, Q22R, P34L, P34R, G60R, and F156L revealed considerable reduction 

in GAP-stimulated GTPase rates (Fig. 4D) compared to Ras
wt

. Among them, Q22E and 

F156L also showed faster intrinsic and GEF-catalyzed nucleotide dissociation as described 

above (Figs. 3B and D). The most severe impairment of the GAP-stimulated GTP hydrolysis 

is caused by the mutations P34L, P34R and G60R which is comparable to that of the 

oncogenic mutation G12V. Earlier mutational studies of RAS also showed that substitution of 

P34 by arginine abolished the GAP-stimulated GTP hydrolysis reaction (Stone et al., 1993; 

Chung et al., 1993). The other RAS mutants, K5N, V14I, T58I and E153V exhibited similar 

kobs values of stimulated GTP hydrolysis as obtained for RAS
wt 

(Fig. 4D). However, a recent 

report discussed that RAS
V14I

 exhibits a much lower GTP-hydrolysis in the presence of RAS-

specific GAPs (Schubbert et al., 2006). This discrepancy is possibly due to the different 

method used for the investigation of the GAP sensitivity. In contrast to our study, the former 

report used GST-fusion proteins of the respective RAS mutants and GAP proteins. In 

addition, unlike the nitrocellulose filter binding assay used by Schubbert et al. (Schubbert et 

al., 2006), our studies are based on time-resolved fluorescence measurements using single 

turnover stopped-flow techniques in solution.  

 

Moderate gain of signal transduction through the germline RAS mutants 

Accumulation of the KRAS mutants in their active state as a consequence of increased 

nucleotide exchange and impaired interaction with GAPs would predict a sustained activation 

of effectors and cellular signal transduction. To examine whether the elevated GTP-bound 

state of these proteins is correlated with an increased downstream signaling, we measured 

levels of phosphorylated MEK1/2, ERK 1/2 and AKT in COS-7 cells transiently transfected 

with the KRAS mutants. To avoid any upstream propagation by extracellular stimuli seen in 
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experiments performed in the presence of serum (Fig. S4), we analyzed the potential of the 

germline KRAS mutants themselves to activate signaling pathways under serum-free culture 

conditions (Fig. 5). Given the abnormal biochemical properties that resulted in massive 

accumulation in the GTP-bound, active forms as shown above (Fig. 2B, upper panel), a 

strongly increased downstream signaling was expected. Surprisingly, most germline KRAS 

mutants induced only moderately increased phosphorylation levels of downstream signaling 

proteins. KRAS
V14I

, KRAS
Q22E

 and particularly KRAS
F156L

 but also perceivably KRAS
P34R

 

and KRAS
G60R

 showed increased levels of phosphorylated MEK1/2 (pMEK1/2), ERK1/2 

(pERK1/2) and AKT (pAKT) as compared to RAS
wt

 but less than RAS
G12V

 (Fig. 5). These 

results emphasize the ability of the majority of the germline KRAS mutants to activate 

downstream effectors under serum-free conditions to moderate degree. Expression of the 

KRAS mutants in presence of serum (Supp. Fig. S4) leads to overall enhanced MEK1/2 

phosphorylation (e.g. K5N, V14I, Q22E, T58I, D153V, F156L) and enhanced ERK1/2 

phosphorylation (e.g. V14I, Q22E, Q22R, F156L). These findings suggest that increased 

downstream signaling is a consistent feature of germline KRAS mutations, but this effect 

remains stimulus-dependent in some mutants, while it is constitutive in others. 

 

Significant loss of effector binding affinity 

Our data show that most KRAS mutants accumulate in the active, GTP-bound form to an 

extent that can be similar to oncogenic RAS
G12V

, but are disabled to equally activate 

downstream pathways, suggesting that an interaction with the downstream effectors might be 

impaired. Therefore, we set out to explore the impact of the investigated patient mutations on 

the interactions with the RAS-binding domains of two well-studied effectors RAF1 kinase 

and RALGDS. For this purpose, we established a fluorescence polarization-based assay (see 

Materials and Methods section), which enabled us to determine the equilibrium dissociation 

constants (Kd) of RAS·effector complexes (Fig. 6 and Supp. Fig. S5).  
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Downstream effectors bind with a much higher affinity to the GTP-bound form of RAS than 

to its GDP-bound form (Herrmann et al., 1995). We quantified binding constants by 

fluorescence polarization for the interaction of RAS with the RAS-binding domain (RBD) of 

RAF1 (RAF1-RBD) (Fig. 6B) or with the RBD of RALGDS (RALGDS-RBD) (Supp. Fig. 

S5). Since RAS effectors, including RAF1, RALGDS and PI3K share an overlapping 

interactive region on GTP-bound RAS with GAPs (Supp. Figs. S1B, S1C and S1D) (Vetter & 

Wittinghofer, 2001), it is not surprising that most RAS mutations, which interfered with the 

GAP activity (Fig. 4D), also interfered with RAF1 and RALGDS binding (Fig. 6 and Supp. 

Fig. S5). The strongest reduction in binding affinity is observed with RAS mutations at 

position P34, G60 and F156. Taken together, our studies show that the remarkable increase in 

RAS activation (Fig. 2B, upper panel) due to GAP resistance or reduction of GAP interaction 

(Figs. 4D and 2B, middle panel), which is most prominent in the case of P34 and G60 

mutations, is at least in part compensated by another functional impairment, namely the 

significant loss of interaction with downstream effectors of up to 125-fold (Kd value of 27.6 

µM for KRAS
P34L

 divided by 0.22 µM for KRAS
wt

) (Fig. 6B). 

 

 

Discussion 

For over three decades the biochemical effects exhibited by cancer-associated RAS mutations 

have been studied in great detail. In contrast, only limited information is available on the 

newly discovered germline mutations of RAS. The data presented herein represent the most 

comprehensive biochemical and structural analysis of these novel RAS mutants to date.  

The key phenomenon in RAS biology is its nucleotide-dependent interaction with different 

proteins of the signal transduction machinery, which is controlled by the GDP/GTP exchange 

and the GTP hydrolysis reactions. Any change of these functions or an impairment of the 

interaction of RAS with its binding partners can affect the fine-tuned balance of RAS 
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regulation and its activity in cells. It is now clear that aberrant RAS function in the developing 

embryo leads to an abnormal progression of developmental programs. Understanding the 

mechanisms by which aberrant RAS disturbs normal development represents an important 

scientific goal. The results of this study confirm the notion that germline KRAS mutations 

generally confer a milder gain-of-function phenotype than cancer-associated mutations at 

positions G12, G13 or Q61. Moreover, we show that germline KRAS mutations caused 

multifaceted effects which cannot simply be explained to result from one of the underlying 

mechanisms fine-tuning RAS functions. To gain insights into the structural alterations caused 

by the germline KRAS mutations, we inspected the environment of the respective residue and 

compared them with RAS
wt

 to explain their functional properties (Supp. Fig. S7, and 

"Assessement of possible structural consequences of RAS mutants" in electronic supporting 

information). As summarized below and in Table 1 and Supp. Table S4, our data strongly 

suggest the existence of five partially interrelated mechanistic classes of KRAS mutants with 

altered signal transduction: 

Class A groups the mutants KRAS
K5N

, KRAS
T58I

 and KRAS
D153V

, which do not show major 

biochemical alterations compared to wild-type KRAS in vitro. All three mutants, especially 

T58I, are in a higher activated state and show a higher downstream signaling as compared to 

RAS
wt

 indicating that mutation at these positions do impact RAS function but could not be 

monitored by the current tools of RAS biochemistry. KRAS
D153V

 expressing cells showed a 

slightly higher GTP-bound level and an increase in MEK phosphorylation as compared to 

KRAS
wt

 but no difference regarding pERK and pAKT levels. The reason for this observation 

is not fully understood yet. 

On the other hand, we have recently shown in a similar situation with NRAS
T50I

 identified in 

NS patients, that the residue T50 does not play a functional role, neither in nucleotide binding 

and hydrolysis nor in contacting protein partners of NRAS but rather in the interaction with 

membrane lipids (Cirstea et al., 2010). By inspecting such a RAS/membrane model (Abankwa 
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et al., 2008), it is rather tempting to speculate that the E153 (in HRAS)/D153 (in KRAS) side 

chain may directly influence RAS interaction with the membrane. Moreover, we superposed 

HRAS with a recently published KRAS mutant structure (Supp. Table S1), which clearly 

showed that there is no significant difference between the E153 and D153 positions (Supp. 

Fig. S6). 

Class B represented by KRAS
V14I

, showed a dramatic increase, both in intrinsic and GEF-

catalyzed nucleotide exchange as the probable major cause for its accumulation in the GTP-

bound state and increased downstream signaling. In contrast to a previous study, where 

KRAS
V14I

 exhibited a significantly lower GTP-hydrolysis in the presence of RAS-specific 

GAPs in vitro (Schubbert et al., 2006), we did not observe any changes in the intrinsic and 

GAP-stimulated GTP-hydrolysis reactions (Fig. 4) and an only mild decrease in effector 

binding affinity. 

Class C is represented by KRAS
Q22R

, and characterized by an impaired GAP-stimulated GTP 

hydrolysis while its intrinsic functions including the intrinsic GTP hydrolysis reaction (Fig. 4) 

remained unaffected and its interaction with effectors is virtually functional (Fig 6). 

Consistent with our results, a KRAS
Q22K 

mutant, which is  physiologically homologous to 

Q22R, has been shown to transform NIH-3T3 fibroblasts (Tsukuda et al., 2000), an effect that 

is presumably caused by accumulation of RAS in its GTP-bound, active state. The underlying 

pathogenetic mechanism is most likely due to a surface exposed guanidinium group of the 

arginine which prevents GAP binding (Supp. Fig. S7C) but does not interfere with effector 

binding (Fig. 6). 

Class D comprises the mutants KRAS
Q22E

 and KRAS
F156L

. The members of this class are 

characterized by an increase in intrinsic and catalyzed nucleotide exchange in combination 

with the resistance to GAPs, but still with a functional interaction with effectors. These effects 

which cause a profound activation of the MAPK and PI3K/AKT pathways are not directly 

affecting nucleotide binding and hydrolysis (Figs. 3 and 4) since Q22 and F156 are not 
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directly involved in the coordination of the active center. F156 substitution by leucine creates 

a cavity within the hydrophobic core causing loss of contact with surrounding residues (Supp. 

Fig. S7E), which lead to an overall reduction of the nucleotide binding affinity (Xu et al., 

1998), an increase in the cellular level of GTP-bound RAS and subsequent activation of the 

transforming potential of RAS (Quilliam et al., 1995).  

All mutations that cause faster dissociation (KRAS
V14I

, KRAS
Q22E

, KRAS
F156L

) in comparison 

to RAS
wt

 affect amino acids that are either barely (V14, Q22) or not at all (F156) exposed on 

the RAS protein (Figs. 1B and C; Supp. Table S3). It implicates that disturbed integrity of 

RAS structure is responsible for the alteration of this intrinsic property as the substitutions of 

buried amino-acids by smaller side-chains very likely affect the internal dynamics of the 

proteins. 

Class E is represented by the mutants KRAS
P34L

, KRAS
P34R

 and KRAS
G60R

 and is 

characterized by a defective GAP sensitivity and a strongly reduced interaction with effectors. 

Although these mutants are locked in a hyperactivated state, which is rather comparable to the 

oncogenic RAS
G12V

, their ineffectiveness for downstream signaling in turn causes only a mild 

gain-of-function phenotype. Accordingly, class E mutants are able to activate downstream 

pathways as shown by ERK and AKT phosphorylation (Fig. 5). A similar case has been 

recently reported in a germline HRAS mutant associated with CS (Gremer et al., 2010). 

Hereby, E37 duplication in the switch I region of HRAS impairs both binding of GAP and 

effector proteins. Therefore, this mutant can also be assigned as a class E member. Although 

KRAS
P34L

 and KRAS
P34R

 do not respond to GAP they are in principle able to hydrolyze GTP 

intrinsically (Fig. 4). This strongly suggests that the respective amino acid substitutions either 

interfere with GAP binding or with the positioning of the catalytic arginine of GAP in the 

active site. P34 is invariant in RAS and RHO proteins (Eberth et al., 2005) and any 

substitution of P34 has been suggested to affect interaction with the binding partner of RAS 

(Chung et al., 1993; Stone et al., 1993).  
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The mutation of KRAS G60 to arginine has most severe consequences, namely an overall 

impairment of almost all biochemical and functional properties.  Its substitution by a large and 

charged amino acid like arginine in KRAS or glutamate in NRAS (Cirstea et al., 2010) seems 

to corrupt the switch regions including the critical catalytic Q61, affect nucleotide binding, 

GTP hydrolysis and impairs intermolecular interaction with regulators and effectors. Previous 

studies have shown that a conservative mutation of G60 to alanine impairs the normal GTPase 

function of RAS and Gα (Sung et al., 1996; Ford et al., 2005). G60A mutation of HRAS 

dramatically affects intrinsic and GAP-stimulated GTP hydrolysis without major changes on 

its interaction with effector proteins (Hwang et al., 1996). Structural analysis of HRAS
G60A

 

showed that its switch I region adopts an open conformation (Ford et al., 2005). However, 

G60 substitution by arginine (KRAS) or glutamate (NRAS) may affect both switch regions, 

which in turn may be the reason for loss of intrinsic and extrinsic functions.  

Interestingly, certain RAS mutations such as P34L, P34R or G60R are compromised in their 

interaction with effectors as evidenced by the inability to bind efficiently RAF-RBD or 

RALGDS-RBD (Fig. 6 and Supp. Fig. S5). This is surprising considering that enhanced 

downstream signaling is the primary cause of the developmental diseases. At the same time, 

these mutations have the most severe effect on the GAP-mediated GTPase reaction, in a range 

that is quite similar to the oncogenic mutation prototype G12V. It is likely that the impairment 

of effector interactions damps the consequences of GAP resistance of these mutants on 

downstream signal flow. This is in contrast to RAS proteins with oncogenic mutations at the 

positions G12 or Q61, which show a comparably tight interaction with effectors as RAS
wt

 

(Gremer et al., 2008). Our results therefore provide an explanation for the lower levels of 

activated KRAS signaling exerted by germline mutations compared to the classical oncogenic 

mutations. The fact that the majority of investigated amino acids of RAS are neither involved 

in contacts with interacting partners nor with the nucleotide also suggests that the effects of 

changes at these sites are milder compared to oncogenic mutations and may at least in part 
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explain why these alterations are tolerated in the germline and are generally not associated 

with tumor development in affected individuals. 

The diversity of functional consequences of germline KRAS mutations is paralleled by a 

remarkably wide phenotypic spectrum associated with mutations in this gene and its tempting 

to assume a causal relation between certain genotypes and phenotypic expressions. There is 

indeed a tendency towards an association of more severe phenotypes (CFC/CS) with 

mutations that proved to have stronger effects on ERK phosphorylation in our experiments 

(Q22E, Q22R, P34R, G60R, F156L) (Fig. 5). In contrast, patients harboring the mutations 

V14I, P34L, D153V tend to have less severe physical and mental handicaps and are more 

commonly classified as having NS, the less severe form among this group of developmental 

disorders (Aoki et al., 2008). However, the number of known patients with a proven KRAS 

mutation is still too small to delineate clear genotype - phenotype correlations. 

 

In conclusion, we describe and classify in detail the functional properties of a spectrum of 

germline mutations of KRAS that have been previously identified as a cause of developmental 

syndromes. Our studies reveal several new mechanisms by which germline KRAS mutations 

contribute to human disease and lead to disturbed embryonic development. 
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Figure Legends 

Figure 1  Relative positions of amino acids in KRAS altered in patients with NS, CFCS, 

and CS. A. Secondary structure elements and conserved motifs of RAS. The α-helices and β-

strands are illustrated as cylinders and arrows, respectively. The G-domain of RAS also 

consists of five conserved motifs (G1-G5; gray boxes) that are responsible for specific and 

tight nucleotide binding and hydrolysis. Bold lines indicate the position of specific RAS 

signatures including the hypervariable region (HVR), which is polybasic in KRAS 4B. Amino 

acids investigated in this study are indicated by arrows. The isoprenylation site of the protein 

is at the cysteine of the C-terminal CaaX motif. B, C. Solvent accessible surfaces of H-RAS 

molecules are shown in the inactive GDP-bound state (B) and the active GTP-bound state (C). 

For clarity, structures are illustrated in three different views. Therefore, central panels are 

rotated 90° around the vertical axes to the right (left panel) and to the left (right panel). Amino 

acids altered in patients with NS, CFCS, or CS are color-coded. Dashed arrows depict critical 

residues buried within the hydrophobic core of the protein. 

 

Figure 2  Cellular levels of the active, GTP-bound forms of germline KRAS mutants. 

Pull down experiments of GTP-bound KRAS proteins (RASGTP) were performed in COS-7 

cells transiently expressing either KRAS
wt

 or germline KRAS mutants in the presence (A) and 

in the absence of serum (B). Irrespective of culture conditions almost all KRAS mutants 

showed an increased GTP-bound level. Purified RAS-GAP, which was added to the cleared 

cell lysates proved the GAP sensitivity of the mutants (B, lower panel). GAP resistant 

mutants, RAS
P34L

, RAS
P34R

 and RAS
G60R

, resided in the active state comparable to oncogenic 

RAS
G12V

. Total amounts of recombinant RAS are shown for equal expression and loading. 

Anti-RAS antibodies used in these experiments were anti-RAS (RAS10 clone, Upstate-

Millipore, mutants G60R, D153V, F156L) and anti-RAS (BD Transduction Laboratories, 
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wt and all other mutants), since some mutations modified the RAS epitope recognized by the 

respective antibodies. Additional information is given in Supp. Fig. S2. 

 

Figure 3  Modified nucleotide exchange properties of the RAS mutants. Intrinsic (A, B) 

and GEF-catalysed (C, D) mantGDP dissociation from the RAS proteins (0.2 µM) in the 

presence of 40 µM GDP (A) or of 40 µM GDP and 2 µM CDC25 (C). On the panels A and C 

the respective time-dependent reactions of RAS
wt

 and a representative RAS mutant (Q22E) 

are shown. On the panels B and D the observed rate constant of all RAS proteins are 

illustrated. RAS
wt

, RAS
G12V

 and RAS
F28L

 were included as controls. The insets (in A and C) 

show the complete time course of the mantGDP dissociation from RAS
wt

. Standard errors of 

five to seven independent measurements are shown. 

 

Figure 4  GAP insensitivity of the RAS mutants. (A, B) Intrinsic γ
32

P-GTP hydrolysis 

reaction rates were measured for individual RAS proteins (1µM). (C, D) GAP-stimulated 

GTPase reaction of the RAS proteins (0.2 µM) was measured in the presence of 2 µM NF1-

333. On the panels A and C the respective time-dependent reactions of RAS
wt

 and a 

representative RAS mutant (G60R in A, Q22E in C) are shown. RAS
wt

, RAS
G12V

 and RAS
F28L 

were included as controls. The inset in panel C shows the complete and more detailed time 

course of GAP activity on RAS
wt

. Standard errors of five to seven independent measurements 

are shown. 

 

Figure 5  Increased downstream signaling activity of the germline RAS mutants under 

serum-free conditions. KRAS mutants, transiently transfected in COS-7 cells were analyzed 

for the phosphorylation level of MEK (pMEK1/2), ERK (pERK1/2) and AKT (pAKT) under 

serum-free culture conditions. The amounts of total RAS, MEK, ERK and AKT in the cleared 
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cell lysates as well as RAS
wt

, RAS
G12V

 and RAS
F28L

 were included as controls. Results of 

experiments in the presence of serum are shown in Supp. Fig. S4.  

 

Figure 6  Significant loss of RAF1 binding affinity for RAS mutants. Binding of RAF1-

RBD (increasing concentrations as indicated) to mantGppNHp-bound RAS (0.2 µM) was 

measured using fluorescence polarization. On the panel A, the respective concentration-

dependent measurements of RAS
wt

 and a representative RAS mutant (G60R) are shown. On 

panel B, the dissociation constants (Kd) of all RAS proteins are illustrated. RAS
wt

, RAS
G12V

 

and RAS
F28L 

were included as controls. Data obtained with another RAS effector, RALGDS 

are shown in Supp. Fig. S5.  
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Table S1 Overview of RAS structures 

GTPase Nucleotidea Resolution (Å) PDB code References 
HRASwt Gpp(NH)p 1,35 5p21 Pai et al. 1990 
HRASwt Gpp(CH2)p 1.54 121p Krengel, 1991 
HRASwt Gpp(CH2)p 1.95 6q21 Milburn et al. 1990 
HRASwt Gpp(NH)p, GTP 1.35, 1.60 1ctq, 1qra Scheidig et al. 1999 
HRASwt caged-GTP 1.85, 2.50 1gnr, 1gnq Scheidig et al. 1995 
HRASwt mantGpp(NH)p 2.70 1gnp Scheidig et al. 1995 
HRASwt Gpp(NH)p 2.0, 2.0, 2.30, 2.45 1p2t, 1p2u, 1p2v, 1p2s Buhrman et al. 2003 
HRASwt Gpp(NH)p 1.40 2rge Buhrman et al. 2007 
HRASG12D Gpp(NH)p 2.30 1agp Franken et al. 1993 
HRASG12P Gpp(NH)p 1.50 821p Franken et al. 1993 
HRASG12P Gpp(CH2)p 1.80 1jai Schweins et al. 1997 
HRASG12P GTP 2.80 1plk Scheidig et al. 1994 
HRASG12R Gpp(NH)p 2.20 421p Krengel et al. 1990 
HRASG12P caged-GTP 2.80 1plj Scheidig et al. 1994 
HRASG12V GTP 2.60 521p Krengel et al. 1990 
HRASG12V DABP-Gpp(NH)p 1.90; 1.70 1rvd; 1clu Ahmadian et al. 1999 
HRASG12V,A122G Gpp(CH2)p 1.80 1jah Schweins et al. 1997 
HRASY32C,C118S caged-GTP 1.05, 1.24 2evw, 2cl6 Klink et al. 2006 
HRASY32C,C118S GTP 1.25, 1.30 2cl7, 2clc Klink et al. 2006 
HRASY32C,C118S Gpp(NH)p 1.80 2cl0 Klink et al. 2006 
HRAST35S Gpp(NH)p 2.90 1iaq Spoerner et al. 2001 
HRASD38E Gpp(NH)p 2.30 221p Krengel et al. 1990 
HRAST50I Gpp(NH)p 1.36 3i3s Cirstea et al.2010 
HRASA59G GTP 1.70 1lf0 Hall et al. 2002 
HRASG60A Gpp(NH)p 1.84 1xcm Ford et al. 2005 
HRASQ61G GTP 1.50 1zw6 Ford et al. 2006 
HRASQ61H Gpp(NH)p 2.40 621p Krengel et al. 1990 
HRASQ61I Gpp(NH)p 1.90, 1.45 2rga, 2rgg Buhrman et al. 2007 
HRASQ61K Gpp(NH)p 1.35 2rgb Buhrman et al. 2007 
HRASQ61L Gpp(NH)p 2.00 721p Krengel et al. 1990 
HRASQ61L Gpp(NH)p 2.00 2rgd Buhrman et al. 2007 
HRASQ61V Gpp(NH)p 1.60 2rgc Buhrman et al. 2007 
HRASwt GDP 2.00 4q21 Milburn et al. 1990 
HRASwt GDP 2.00 1ioz Kigawa et al. 2001 
HRASwt GDP 2.20 1q21 Tong et al. 1991 
HRASwt GDP NMR 1crp, 1crq, 1crr Kraulis et al. 1994 
HRASwt GDP NMR 1aa9 Ito et al. 1997 
HRASG12V GDP 2.20 2q21 Tong et al. 1991 
HRASG12P GDP 2.80 1pll Scheidig et al. 1994 
HRASY32C,C118S GDP 1.00 2ce2 Klink et al. 2006 
HRASA59G GDP 1.70 1lf5 Hall et al. 2002 
HRASG60A GDP 1.70 1xj0 Ford et al. 2005 
HRASQ61G GDP 2.00 1zvq Ford et al. 2006 
HRASK117R GDP 1.49 2quz Denayer et al. 2008 
HRASC118S GDP 1.22 2cld Klink et al. 2006 
HRASI163F GDP 1.70 2x1v Anand et al. 2010 b 
KRASQ61H, R151G Gpp(NH)p 2.27 3gft Tong et al. 2009 b 

NRASwt GDP 1.65 3con 
Nedyalkova et al. 
2008 b 

a Non-hydrolysable GTP analogs: caged-GTP, P3-1-(2-nitro) phenylethyl guanosine 5′-O-
triphosphate; Gpp(CH2)p, guanosine 5´-β,γ-methylene-diphosphonate; Gpp(NH)p, guanosine 
imidotriphosphate; DAPB-Gpp(NH)p, diaminobenzophenone-Gpp(NH)p; mantGpp(NH)p, fluorescent 
N-methylanthraniloyl-Gpp(NH)p. b unpublished data 
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Table S2 Overview of RAS structures in the complex with regulators and effectors 

GTPase Nucleotidea Resolution (Å) PDB code partner References 

RAPwt Gpp(NH)p 1,90 1C1Y RAF1 Nassar et al. 1995 
HRASwt Gpp(NH)p 3.00 1k8r BYR2 Scheffzek et al. 2001 
HRASG12V Gpp(NH)p 3.00 1he8 PI3Kγ Pacold et al. 2000 
HRASG12V GTP 1.90 2c5l PLCε Bunney et al. 2006 
HRASE31K Gpp(NH)p 2.10 1lfd RALGDS Huang et al. 1998 
HRASD30E, E31K Gpp(NH)p 1.80 3ddc NORE1A Stieglitz et al. 2008 
HRASwt GDP·AlF3 2.50 1wq1 p120RASGAP Scheffzek et al. 1997 
HRASwt no 2.80 1bkd SOS1 Boriack-Sjodin et al. 1998 
HRASA59G GTP 3.20 1nvx SOS1 Margarit et al. 2003 
HRASwt Gpp(NH)p 2.70 1nvw SOS1 Margarit et al. 2003 
HRASA59G Gpp(NH)p 2.20 1nvu SOS1 Margarit et al. 2003 
HRASY64A Gpp(NH)p 2.18 1nvv SOS1 Margarit et al. 2003 
HRASY64A GDP 2.70 1xd2 SOS1 Sondermann et al. 2004 
HRASG12V GTP 2.00 2uzi Anti-Ras FV Tanaka et al. 2007 
HRASG12V GTP 2.70 2vh5 Anti-Ras FV Tanaka et al. 2007 
a Gpp(NH)p (non-hydrolysable GTP analogs), guanosine imidotriphosphate; GDP·AlF3, guanosine 
diphosphate-aluminium fluoride mimics the transition state of the GTP hydrolysis reaction; “no” 
stands for nucleotide-free. 

 
 
 
Table S3  Calculated structural parameters of amino acid residues altered in NS, CFC and CS patients 

 

Solvent 
accessible 

surfacea (Å2) 

Nucleotide 
vicinityb 

(Å)  
Protein partner contactc 

(Å) 

Residue GDP GTP DEV     AVR GAP SOS1 SOS2 PI3Kγ BYR2 RalGDS PCLε 

K5 58.2 64.3 6.2     17.02 8.09 6.81 8.05 8.20 4.79 10.43 8.03 

V14 0.0 5.5 5.5       3.36 6.26 7.12 11.52 13.78 14.55 13.60 13.84 

Q22 11.9 17.5 5.6       7.99 8.96 5.44 4.28 7.69 10.55 9.55 9.04 

P34 82.1 78.3 3.8       3.83 3.42 3.22 2.69 6.00 6.04 3.44 4.85 

T58 25.0 4.5 20.5       4.25 7.86 3.92 8.27 8.85 9.37 8.70 8.79 

G60 52.8 25.6 27.3       3.34 4.76 2.88 6.56 11.45 11.37 10.41 10.69 

E153 56.7 59.8 3.1     11.22 16.98 14.67 2.59 15.77 15.91 14.78 14.38 

F156 0.0 0.0 0.0     10.80 12.94 9.43 9.46 12.00 11.76 11.31 11.69 
a Solvent accessible surface area was calculated using the structures of the inactive, GDP-bound (PDB 
code 4Q21) and the active, GTP-bound (1CTQ) forms of HRAS. Boldface indicates residues with 
lowest accessible surface area. 
b Nucleotide vicinity highlights the minimal distance of amino acid side chain to the nucleotide (GDP or 
GTP). Boldface indicates residues that are in direct contact with the nucleotide. 
c Protein partner contact highlights the minimal distance of amino acid side chain to the interacting 
partners (GAP, GEF, Effector). Boldface indicates residues that are in direct contact with the interacting 
partners. Following structures were analyzed: GAP (1WQ1), SOS (1NVV), PI3K (1HE8), BYR2 (1K8R), 
RalGDS (1LFD) and Phospholipase C epsilon (2C5L). Two RAS molecules from the structure of RAS-
SOS1 complex were considered: SOS1 is nucleotide-free RAS in the complex with the CDC25 domain 
and SOS2 is RAS·GTP in complex with the REM domain. 
DEV (deviation) describes differences between the two states. Average (AVR) values are calculated 
from nine nucleotide-bound HRAS structures. 
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Table S4 Summary of biochemical properties of the RAS proteins 

Groups RAS 
mutant 

mant- 
GppNHP 

association 

Intrinsic 
mantGDP 

dissociation 

GEF-catalyzed 
mantGDP 

dissociation 

Intrinsic 
GTPase 

GAP-
stimulated 
GTPase 

RAF-
RBD 

binding 

controls wt 1 1 1 1 1 1 

 G12V 7.89 0.67 0.56 0.16 0.00 0.190 

 F28L 19.21 5.00 9.78 0.57 0.10 0.030 

A K5N 0.2 1.33 1.22 1.01 1.11 1.375 

 T58I 3.68 4.33 1.67 0.58 0.88 0.158 

 E153V 0.34 1.67 2.22 0.47 0.87 0.373 

B V14I 0.74 29.67 19.67 1.08 1.16 0.162 

C Q22R 0.55 1.33 2.22 0.69 0.04 0.431 

D Q22E 0.37 26.00 23.33 1.11 0.03 0.156 

 F156L 0.66 63.33 33.11 0.85 0.03 0.044 

E P34L 1.84 2.67 1.56 0.99 0.00 0.008 

 P34R 2.37 2.00 0.67 0.96 0.00 0.009 

 G60R 0.63 1.33 0.00 0.08 0.00 0.019 
Biochemical data of the RAS mutants are calculated in relation to RASwt. All relative rates are given in 
kobs (mut) devided by kobs (wt), which corresponds to a reversed binding affinity of RAF-RBD. Green color 
outlines effects that favor increased signaling, red those impaired signaling, such as lower affinity of 
effectors. Based on our biochemical data, RAS mutants are grouped into different functional classes: (A) 
no major changes; (B) increase in intrinsic and catalyzed nucleotide exchange; (C) decrease in GAP-
stimulated GTPase; (D) increase in intrinsic and catalyzed nucleotide exchange and decreased in GAP-
stimulated GTPase; (E) defective interaction with GAPs and effectors and also with GEFs in the case of 
RASG60R. 
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Figure S1 Almost all mutational sites are located outside the interacting interface. 
Relative positions of amino acids in KRAS altered in patients with NS, CFCS, and CS are 
highlighted with respect to its interaction with CDC25 (A), GAP-334 (B), RAF-RBD (C) and 
RALGDS-RBD (D). For clarity, structures are illustrated in three different views. Therefore, 
central panels are rotated 90° around the vertical axes to the right (left panel) and to the left 
(right panel). The contact region of the binding partners of RAS (GEFs, GAPs and effectors) 
are highlighted in pale yellow. Amino acids altered in patients with NS, CFCS, or CS are 
color-coded. Dashed arrows depict critical residues buried within the hydrophobic core of the 
protein. 
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Figure S2 Germline RAS mutants mostly reside in the GTP-bound state. These 
experiments have been performed under the same conditions as in Figure 2 except for the 
anti-RAS antibodies. Two different antibodies were employed in order to investigate the 
impact of the RAS point mutation on antibody recognition since mutated residues can 
potentially alter epitopes. In (A) anti-RAS from Upstate-Millipore (clone RAS10) was 
applied, in panel B anti-RAS from BD Transduction Laboratories (No. 61002) was used. 
The detection of KRASP34L and KRASP34R by the Upstate-Millipore antibody (A) was 
impaired, whereas the detection of the KRASD153V, but only in the active GTP state (B) was 
impaired by the BD Transduction Laboratories antibody, which is most likely due to epitope 
changes derived by the respective mutations. Total amounts of recombinant RAS are applied 
for equal expression and loading. 
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Figure S3 Reduced nucleotide association by germline RAS mutants. (A) time-
dependent association reactions of fluorescent nucleotide (0.2 µM) with nucleotide-free RAS 
proteins (0.3 µM; RASwt and a representative RAS mutant, G60R) are shown. (B) Observed 
rate constants (kobs) of all RAS mutants, as measured in (A) are illustrated. RASwt, RASG12V 
and RASF28L were included as controls. All data shown are an average of five to seven 
different experiments. Interestingly and in contrast to oncogenic mutation G12V, the 
association rates of fluorescently labeled GDP (mantGDP) or a non-hydrolyzable 
fluorescently labeled GTP analog (mantGppNHp) with all other RAS mutants are comparable 
or slower then that of wild type reaching a maximum 20-fold difference in the case of K5N. All 
mutants show, as RASwt, no preference for a particular nucleotide. However, the difference in 
association kinetics of the RAS mutants would not lead to functional consequences due to 
the high affinity of guanine nucleotides towards RAS and their high concentration in the cell. 
All data are averages of five to seven independent measurements with a standard deviation 
of less than 5 %. 
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Figure S4 Serum-dependent downstream signaling activity of the germline RAS 
mutants. MEK, ERK and AKT phosphorylation levels (pMEK1/2, pERK1/2 and pAKT) were 
determined in transiently transfected COS-7 cells under the same condition as in Figure 5 
but cultured in the presence of serum. Total amounts of MEK, ERK and AKT in cell lysates 
are shown for equal protein expression and loading. 
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Figure S5 Reduced binding affinity for the RALGDS-RBD interaction with the 
mantGppNHp-bound RAS mutants. These experiments were performed under the same 
conditions as for the RAF-RBD (Fig. 6). Only mutants are shown, which revealed significant 
difference in the RAF-RBD interaction assay (shown in Fig. 6) compared to RASwt. 
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Figure S6 Structural identity of KRAS and HRAS. Left panel, showing superimposed 
structures of GppNHp-bound HRASwt (yellow) (Pai et al., 1990) and KRASQ61H, R151G (orange) 
(Tong et al., 2009; Table S1), demonstrates that both structures are very similar with average 
RMS deviations between Cα atoms being 0.68 Å. Right panel highlights location of D153 in 
KRAS, which corresponds to a glutamate in HRAS (see also the box at the left panel). All 
other KRAS residues that are mutated in patients with NS and related diseases show a 
similar orientation and conformation. This legitimates our in vitro data of KRAS mutations 
using HRAS proteins and their discussion using HRAS structures. 
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Figure S7  Schematic representation of the structural environment of amino acids 
altered in patients with NS, CFCS, and CS. Wild-type (left panels) and altered (right 
panels) residues (in green) are shown on the basis of HRAS structures (Pai et al., 1990; 
Milburn et al., 1990). Mutant structures were modelled using the CHARMM program (Brooks 
et al., 1983). (A) K5 is an integral part of a network in GDP- but not in GTP-bound state. Its 
substitution by an asparagine may indirectly affect nucleotide binding. (B) T58 is surrounded 
by several critical residues of the switch II. An isoleucine instead of T58 may result in an 
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increase of flexibility of the switch regions and thus may explain a decrease in nucleotide 
dissociation. (C) Q22 and E153 (D153 in KRAS4B), located at the edge of the interacting 
interface of RAS, are involved in a network of intramolecular interactions. Changes at these 
positions destabilize F28, K147, and R149 and may contribute to faster nucleotide 
dissociation. In contrast to glutamate at position Q22, which makes new interactions and 
induces local structural changes, the guanidinium group of an arginine is completely solvent 
exposed that may counteract GAP binding. (D) V14 substitution by isoleucine generates a 
steric clash (highlighted as van der Waals spheres), which may change the proper position of 
the critical G12 residue in the P-loop and consequently, the reaction of GTP hydrolysis. (E) 
F156 is located in a hydrophobic pocket of RAS formed by surrounding residues. Its 
substitution by leucine may generate a cavity within the hydrophobic core of the protein 
leading to conformational changes that may result in overall changes of the intrinsic functions 
of RAS. (F) P34 does not change its solvent exposed area upon nucleotide exchange and 
occupies a central position at the contacting surface of the GTP-bound state of RAS. Its 
substitution to leucine or arginine may result in a direct clash with RAS binding to GAP (red) 
and effector (light blue). (G) G60 is exposed at the surface in the inactive, GDP-bound state 
(see arginine at this position). Upon GDP/GTP exchange it turns and shifts by 4.8 Å (see 
arrow) and is completely buried in the GTP-bound state as illustrated. Substitution of G60 to 
arginine leads very likely to the collision with catalytical G12 in the GTP-bound (highlighted 
as van der Waals spheres of G12 and R60 side chain) disturbing the functionality of KRAS.  
 

 

 

Assessment of possible structural consequences of RAS mutants 

Class A mutants (KRASK5N, KRAST58I, KRASD153V): These mutants exhibit only minor 

alterations in their in vitro biochemical behaviour compared to KRASwt. 

K5 is located at the very N-terminus of RAS and creates a hydrophobic contact with Y71 and 

an ionic contact with N74 in the GDP-bound state (Supp. Fig. S7A). Thus, its substitution by 

asparagine probably destabilizes the G-domain in the GDP-inactive state, which may explain 

the decrease in nucleotide association. In contrast, K5 points to the solvent exterior in the 

GTP-state and is not located within the interacting interface contacting GAPs and effectors 

(Supp. Fig. S1). Therefore, it is unlikely that a K5N mutation will affect the GAP or effector 

interaction, which is in good agreement with the in vitro biochemical data (Table 1). 

T58 is almost completely buried in the GTP-bound state (Supp. Table S3), and is surrounded 

by several critical residues, including Q61, G60, D57 and Y71 (Supp. Fig. S7B). The hydroxyl 

group of T58 forms an intramolecular hydrogen bond with the oxygen of V8. Insertion of a 

methyl group by the mutation to isoleucine may shift the overall structural integrity. The 

residue E153 (replaced by the homologous residue D153 in KRAS; Supp. Fig. S6) is an 

integral element of the intermolecular interaction network involving N26, R149, Y157 and the 

nucleotide contacting residues F28 and K147 (Supp. Fig. S7C). One might think of that an 

alteration of E153 to valine, may lead to disruption of this interacting network and 

consequently result in increased RAS activation, a scenario which has recently been 

suggested for the KRASD153V (Carta et al., 2006; Schubbert et al., 2007). In our 

comprehensive study, however, there is no indication that a substitution of E153 by valine 
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changes biochemical functions of RAS that could be interrogated by the panel of in vitro 

functional assays used. Similarly, Fig. 5 and Supp. Fig. S4 showed that KRASD153V 

expressing cells did not exhibit any difference regarding pERK and pAKT levels as compared 

to KRASwt. But unlike the other mutants, we observed an increase in MEK phosphorylation 

only in the case of D153V mutant. Whether this is due to a slightly higher GTP-bound level of 

this mutant remains to be investigated. 

Class B mutants (KRASV14I): the only one member of that group so far, KRASV14I is 

characterised by an strong increase of both, intrinsic and GEF-catalysed nucleotide 

exchange, leading to an increased level of the activated state (Fig. 2).V14 is completely 

buried in both, the GDP- and GTP-bound states of RAS (Supp. Table S3; Supp. Fig. S7D) 

and its alteration most likely influences the overall structural integrity of such a globular 

protein. Substitution of V14 by the larger isoleucine in the G1 motif (P-loop) likely generates 

a sterical clash with the surrounding residues (Supp. Fig. S7D), thereby changing the overall 

structure of the phosphate binding loop. 

Class C mutants (KRASQ22R): the characteristics of class C mutants represented by 

KRASQ22R is an impaired GAP-stimulated GTP hydrolysis, with unaffected intrinsic functions 

and a virtually functional effector interaction (Fig 6). Q22 is positioned at the edge of the 

interaction surface of RAS and in interaction with the sidechains of F28 and K147 (see 

below, in Class D), as well as R149. Replacement of Q22 by an arginine most likely lead to a 

surface exposed guanidium group of the arginine that interferes with the GAP binding (Supp. 

Fig. S7C) but does not interfere with effector binding (Fig. 6).  

Class D mutants (KRASQ22E, KRASF156L): Class D members exhibit an increase in intrinsic 

and GEF catalyzed nucleotide exchange, in combination with an impaired GAP-stimulated 

GTP hydrolysis, but functional in interaction with effectors. Q22 and F156 are not directly 

involved in coordination of the active center. Q22 contacts two amino acids, F28 and K147, 

which are critical for nucleotide binding (Supp. Fig. S7C). The former one, when mutated to 

leucine, was shown to transform PC12 cells and cause a dramatic increase in nucleotide 

dissociation, generating the so-called ‘fast cycling’ RAS mutant protein (Reinstein. et al., 

1991). F156 is completely buried in both, the GDP- and GTP-bound states of RAS (Supp. 

Fig. S7E) and its alteration most likely influences the overall structural integrity. 

Mutation of the completely buried F156 to the smaller leucine appears to create a relatively 

large cavity that obviously might have two significant consequences, changes in the 

dynamics of protein interior that impairs the nucleotide exchange and alterations on the 

protein surface that affects the interaction with GAP and effectors. Substitutions of Q22 seem 

to obey different scenario. While the larger side chain of arginine in KRASQ22R can just point 

to the solvent without affecting the integrity of structure, the glutamate carboxyl of KRASQ22E 
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may disturb the networks of intramolecular interactions and alters thus the dynamics of RAS 

similarly to the KRASV14I and KRASF156L mutants. 

Class E mutants (KRASP34L, KRASP34R, KRASG60R): these mutants are characterized by a 

defective GAP sensitivity and a strongly reduced interaction with effectors. P34 is located at 

the center of the interacting interface. Interestingly, although being an integral part of the 

switch I region it does not change its solvent exposure between the GDP- and GTP- bound 

states. Therefore, its substitution to leucine or arginine directly impairs the interaction of RAS 

with these two classes of binding partners through electrostatic or steric clashes (Supp. Fig. 

S7F). Whether P34 mutations also lead to alterations in the switch I conformation remains to 

be clarified. The mutation of KRAS G60 to arginine leads to an overall impairment of almost 

all biochemical and functional properties. G60 has a high degree of conformational flexibility 

within the RAS structure. G60 is solvent exposed in the GDP-bound state and shifts by 4.8 Å 

to form a hydrogen bond with the γ-phosphate of GTP upon RAS activation (Supp. Fig. S7G).  
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Table 1 Summary of biochemical properties of the RAS proteins grouped into five classes 

Classes RAS 
mutant 

mant-
GppNHp 

association 

Intrinsic 
mantGDP 

dissociation 

GEF-catalyzed 
mantGDP 

dissociation 

Intrinsic 
GTPase 

GAP-
stimulated 
GTPase 

RAF-
RBD 

binding 

controls wt 1.3
a
 0.00003

a
 0.09

a
 0.0093

a
 9.3

a
 0.22

b
 

 G12V ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ���� ���� ���� 

 F28L ���� ���� ���� ≈≈≈≈ ���� ���� 

A K5N ���� ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ 

 T58I ≈≈≈≈ ���� ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ���� 

 E153V ���� ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ���� 

B V14I ���� ���� ���� ≈≈≈≈ ≈≈≈≈ ���� 

C Q22R ���� ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ���� ≈≈≈≈ 

D Q22E ���� ���� ���� ≈≈≈≈ ���� ���� 

 F156L ���� ���� ���� ≈≈≈≈ ���� ���� 

E P34L ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ���� ���� 

 P34R ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ≈≈≈≈ ���� ���� 

 G60R ���� ≈≈≈≈ ���� ���� ���� ���� 

Based on our biochemical data, RAS mutants are grouped into different functional classes: (A) no major 
changes; (B) increase in intrinsic and catalyzed nucleotide exchange; (C) decrease in GAP-stimulated 
GTPase; (D) increase in intrinsic and catalyzed nucleotide exchange and decreased in GAP-stimulated 
GTPase; (E) defective interaction with GAPs and effectors and also with GEFs in the case of RAS

G60R
. 

RAS
wt

, RAS
G12V

 and RAS
F28L

 were included as controls. Black arrows outlines effects that favor increased 

signaling, grey arrows those impaired signaling, such as lower affinity of effectors. ≈ ≤ 2-fold, � or � = 3-
15-fold, � or � = 15-40-fold, � or � >40-fold relative to RAS

wt
 values. Relative values are shown in 

Table S4. 
a
 observed rate constants (kobs) in sec

-1
; 

b
 dissociations constants (Kd) in µM. 
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