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Costello syndrome is a mental retardation syndrome characterized by high birth weight, postnatal growth retardation,
coarse face, loose skin, cardiovascular problems, and tumor predisposition. De novo heterozygous missense mutations
in HRAS codon 12 and 13 disturbing the intrinsic GTP hydrolysis cause Costello syndrome. We report a patient with
typical Costello syndrome and a novel heterozygous missense mutation in codon 117 (c.350A >G, p.Lys117Arg) of
the HRAS gene, resulting in constitutive activation of the RAS/MAPK pathway similar to the typical p.Gly12Ser and
p.Glyl12Ala mutations. Recombinant HRAS p.Lys117Arg demonstrates normal intrinsic GTP hydrolysis and
responsiveness to GTPase-activating proteins, but the nucleotide dissociation rate is increased 80-fold. Consistent
with the biochemical data, the crystal structure of the p.Lys117Arg mutant indicates an altered interaction pattern of
the side chain that is associated with unfavorable nucleotide binding properties. Together, these data show that a RAS
mutation that only perturbs guanine nucleotide binding has similar functional consequences as mutations that impair

GTP hydrolysis and causes human disease. Hum Mutat 29(2), 232-239, 2008.
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INTRODUCTION

Costello syndrome (MIM# 218040) was described by Costello in
1971 and 1977 [Costello, 1971, 1977]. It is characterized by high
birth weight, neonatal feeding problems, failure to thrive,
redundant skin of the neck, palms, and soles, coarse facial
features, short stature, relative macrocephaly, cardiac abnormal-
ities, and tumor predisposition. The most frequent tumors
observed in Costello syndrome are rhabdomyosarcoma, followed
by neuroblastoma and bladder carcinoma [Gripp, 2005]. Most
patients are mildly to moderately mentally retarded with IQs
ranging from 25 to 85 [Hennekam, 2003].

Costello syndrome has overlapping phenotypic features with
Noonan syndrome (MIM# 163950) and cardio-facio-cutaneous
(CFC) syndrome (MIM# 115150). In 50% of Noonan individuals
missense mutations in the PTPNII1 gene, which encodes the
tyrosine phosphatase SHP-2 are found [Tartaglia et al., 2001].
These are gain-of-function mutations, which result in enhanced
phosphatase activity and activation of the RAS/MAPK pathway
[Niihori et al., 2005].

Ras proteins (HRAS, KRAS, NRAS, and ERAS) are encoded
by protooncogenes that are mutated in ~30% of human tumors.
Activated RAS recruits RAF kinase resulting in RAF activation.
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Activated RAF kinase phosphorylates and activates MEK, which
in turn activates ERK/MAPK and other effectors [Kolch, 2005].
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Using a candidate gene approach Aoki et al. [2005] found de
novo heterozygous missense mutations in codon 12 and 13 of the
HRAS gene (MIM#190020) in 12 individuals with Costello
syndrome. Later reports confirmed the presence of HRAS
mutations in approximately 85% of individuals with a clinical
diagnosis of Costello syndrome [Estep et al., 2006; Gripp et al.,
20006; Kerr et al., 2006; Zampino et al., 2007]. HRAS amino acids
12 and 13 are the most frequently mutated HRAS codons in
human cancer. Mutations at these sites impair the intrinsic RAS
GTPase activity and reduce responsiveness to GTPase-activating
proteins (GAPs). As a consequence, these mutant RAS proteins
accumulate in the active, GTP-bound conformation, which results
in constitutive activation of downstream effectors [Bos, 1989;
Oliva et al., 2004].

Recently, missense mutations in KRAS, BRAF, and its down-
stream effectors MEKI and MEK2 have been described in CFC
syndrome [Niihori et al., 2006; Rodriguez-Viciana et al., 2006;
Schubbert et al., 2006]. Moreover, about 2% of PTPN11-negative
Noonan syndrome patients have a KRAS mutation [Carta et al.,
2006; Schubbert et al., 2006] and 10% show mutations in the
GnEF SOSI [Roberts et al., 2007; Tartaglia et al., 2007].

We sequenced the HRAS gene in 11 individuals with a clinical
diagnosis of Costello syndrome and found heterozygous missense
mutations in eight. In one individual, we found a heterozygous
missense mutation in codon 117 (c.350A>G, p.Lysl17Arg).
Here, we show that the p.Lys117Arg substitution does not alter
either intrinsic Ras GTPase activity or responsiveness to GAPs,
but results in constitutive activation of HRAS and downstream
effectors by markedly increasing the rate of nucleotide dissocia-
tion. To gain further insight into the underlying mechanism, we
solved the crystal structure of Lys117Arg HRAS, which infers that
the substitution of Lys117 by Arg results in additional polar
interactions with residues within the nucleotide-binding pocket
that lead to unfavorable nucleotide binding.

MATERIALS AND METHODS
Case Report

The patient was born at a gestational age of 38 weeks.
Pregnancy was complicated by polyhydramnios. Her birth weight
was 3,250¢ (75th centile), length 51 cm (between the 75th and
90th centile), and head circumference 35 cm (between the 75th
and 90th centile). There was no hypoglycemia at birth. Poor
feeding and swallowing resulted in failure to thrive necessitating
nasogastric tube feeding for several months and followed by a
gastrostomy from the age of 6 months. Dysmorphic features
included deep-set eyes, short eyelids, a long columella, and deep
creases of the palms. Echocardiography revealed hypertrophic
cardiomyopathy. At the age of 3 months a tracheostomy was
performed because of severe laryngotracheomalacia and upper
airway infections. She was hypotonic, moderately mentally
retarded with a friendly personality, and no autistic or other
behavior abnormalities were present. She could sit at the age of 2
years and walk alone at the age of 5 years. At the age of 6 years, no
papillomas or other tumors were present, length (96.5cm) and
weight (15.3kg) third centile and head
circumference (51.5cm) was at the 50th centile.

were below the

Mutation Analysis

Genomic DNA was extracted from blood lymphocytes using
standard techniques. HRAS exon 1 and 2 were amplified using the
primer pair 5GTGGGTTTGCCCTTCAGAT3’ and 5’ACATGC
GCAGAGAGGACAG3'. For exon 3 and IDX we used the

HUMAN MUTATION 29(2), 232-239, 2008 233

following primers: Y CTGTCCTCTCTGCGCATGT3' and 5CTG
TGTCGGCCCAGGACT3'. Exon 4 was amplified with primers
5’AGGCTTGATCCCACAGCA3' and 5YCCTCCATGTCCTGA
GCTTGT3'. PCR products were purified using the QIAquick PCR
purification kit (Qiagen Benelux, Venlo, The Netherlands) and
sequenced using the Cycle Sequencing Big Dye Terminator v.3.1
kit (Applied Biosystems, Foster City, CA) and an ABI PRISM
3100 Genetic Analyzer (Applied Biosystems). DNA mutation
numbering was based on the cDNA sequence with +1
corresponding to the A of the ATG translation initiation codon
in the reference sequence (GenBank accession code:
NM_005343.2). For protein numbering the initiation codon is
codon 1.

HRAS Expression Constructs

Wild-type HRAS c¢DNA was amplified using the primer
pair Y TGGAGATCTGAGGAGCGATGACGGAATATAA3 and
5"TGGGAATTCTCAGGAGAGCACACACTTGC3' and cloned
in a pGEMTeasy vector (Promega, Madison, WI). After plasmid
DNA extraction and sequencing, this construct was used as a
template in PCR reactions to generate the Glyl2Ser, Glyl12Ala,
and Lys117Arg mutants using the primers Y TGGAGATCTGAG
GAGCGATGACGGAATATAAGCTGGTGGTGGTGGGCGCC
GCCGGTGTY, 5TGGAGATCTGAGGAGCGATGACGGAAT
ATAAGCTGGTGGTGGTGGGCGCCAGCGGTGT3, 5'GCCA
GGTCACACCTGTTCCCCACCAGCACC3, and 5'GGTGCTG
GTGGGGAACAGGTGTGACCTGGC3'. These PCR-products
were digested with the EcoRI and BgllI restriction enzymes and
cloned into the pMSCV puro vector (Clontech Laboratories,
Mountain View, CA). Plasmid DNA was extracted with the
Qiagen Plasmid midi kit (Qiagen) and sequence-verified.

HRAS Expression Studies

Human embryonal kidney (HEK) 293 T cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Invitrogen,
Carlsbad, CA) with 10% fetal calf serum (FCS). They were
transiently transfected using FUGENE 6 transfection reagent
(Roche Diagnostics, Basel, Switzerland) with the pMSCV vectors
encoding wild-type HRAS ¢DNA and the Glyl2Ala, Glyl2Ser,
and Lysl117Arg constructs. After 24 hr cells were either lysed
in 1% Triton X buffer containing 1mM Na,EDTA, 1 mM
ethylene glycol-bis- (beta-aminoethylether)-N,N,N’,N’-tetraacetic
acid (EGTA), 50mM NaF 5mM Na3VOy,, 20 um phenylarsine
oxide (PAQ), and protease inhibitor cocktail tablets (Complete;
Roche), or starved overnight in serum free medium and then
stimulated with acidic fibroblast growth factor (aFGF) (10 pg/ml)
for 0 and 10 minutes, respectively, and then lysed. Proteins were
separated by NuPAGE NOVEX Bis-Tris gel 4-12% (Invitrogen)
electrophoresis and transferred to a Hybond-P (GE Healthcare
Bio-Sciences, Uppsala, Sweden) membrane polyvinylidene di-
fluoride (PVDEF). After blocking with 5% nonfat milk, membranes
were incubated overnight with monoclonal rabbit phosphorylated
ERK (P-ERK) or phosphorylated MEK (P-MEK), incubated with
horseradish peroxidase-conjugated anti-rabbit antibodies for 1 hr,
and visualized with enhanced chemiluminescence. After stripping,
membranes were also incubated with polyclonal rabbit HRAS
antibody and B-actin. All antibodies were obtained from Santa
Cruz Biotechnologies (Santa Cruz, CA), except for B-actin
(Sigma-Aldrich, St. Louis, MO).

RAS-GTP was measured using the RAS Activation Assay
kit (Upstate Biotechnology, Lake Placid, NY) according to
the manufacturer’s instructions. Briefly, cells were lysed in
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magnesium-containing lysis buffer (MLB) and proteins were
incubated with RAS binding domain of RAF1 (RAF1-RBD)
agarose for 2 hr. After three washes, Western blotting was performed
as described above using anti-pan-RAS antibody (Upstate).

Retrovirus Production and Transduction
of Ba/F3 Cells

Retroviral stocks were generated by transient cotransfection of
293 T cells with pMSCV puro vectors containing HRAS wild-type,
Gly12Ala, Gly12Ser, and Lys117Arg constructs with a packaging
construct (p.IK6.IMCV.ecopac.UTd; Cell Genesys, San Francisco,
CA), providing sequences necessary for retrovirus production. At
48 hr after transfection, virus-containing supernatant was col-
lected, filtered (0.45-um filter), and stored at —70°C. Ba/F3 cells
were transduced with 1 ml of retroviral supernatant containing
MSCVpuro constructs and grown in RPMI 1640 (Gibco,
Invitrogen) containing 10% FCS, 1pg/ml interleukin-3 (IL-3),
and 8 pg/ml polybrene (Sigma). After 24 hr, selection with 2.5 pg/
ml puromycine was started. After 6 days of selection, cells were
washed twice with D-PBS and counted with a Vi-cell counter
(Beckman Coulter, Fullerton, CA). Cells were resuspended in
10 ml RPMI +10% FCS to a final concentration of 100,000 cells/ml.
For each construct and for noninfected Ba/F3 cells, two separate
culture conditions were initiated, one with and one without IL-3.
From then on, cell counts were analyzed for 3 consecutive days.
This experiment was repeated thrice.

Recombinant Protein Expression and Purification

The Lys117Arg mutation was introduced into ptac-Hrasc’ [John
et al., 1989] encoding C-terminally truncated HRAS(1-166) by
quick change mutagenesis using primers 5CTGGTGGGGAAC
CGTTGTGACCTGG3' and 5 CCAGGTCACAACGGTTCCC
CACCAG?3'. Truncated RAS was used since it can be crystallized
more conveniently and it preserves the basic biochemical proper-
ties of the full-length protein. The mutation was sequence-verified
and the plasmid was transformed to E. coli expression host
CK600K. Protein was purified following previously published
procedures except for the addition of 10% glycerol to all buffers to
prevent protein precipitation [Tucker et al., 1986]. In addition,
protein was concentrated using Amicon Centrifugal Filter Units
MWCO 10 kDa (Millipore, Billerica, MA) instead of ammonium
sulfate precipitation, allowing more rapid purification. Q sepharose
fast flow resin (GE Healthcare Bio-Sciences) was used for anion
exchange and a superdex75 (GE Healthcare Bio-Sciences) for size-
exclusion chromatography, resulting in >95% pure protein.
Protein concentration was estimated by measuring the absorbance
at 280 nm, employing the calculated molar extinction coefficient
of 13,535 M1 cm™! (calculated with the ExPaSy proteomics server;
www.expasy.ch). The guanosine diphosphate (GDP) load of the
pure protein was confirmed using an HPLC C18 reverse column as
described previously [Smith and Rittinger, 2002].

Intrinsic and GAP-Stimulated GTP Hydrolysis

These assays have been described elsewhere [Bollag and
McCormick, 1991, 1995]. Briefly, recombinant GAP-related
domain (GRD) proteins from p120 GAP and neurofibromin were
produced in E. coli. Incubation of 200nM of each recombinant
HRAS protein preloaded with (y->*P)GTP without (intrinsic
GTPase activity assay) or with GRD proteins (GAP assays) took
place at room temperature. The reactions were terminated by
quenching with 5mM sodium silicotungstate/l mM H,SOj.
Isobutanol/toluene and 5% ammonium molybdate/2M H,SO4
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were used for extraction of the free phosphate from the aqueous
layer, which was quantified in a scintillation counter. Intrinsic GTP
hydrolysis was measured over a time course from 10 to 80 minutes
whereas GAP activity was assessed at 8 minutes. All assays were
performed in duplicate.

GTP ExchangeAssay

Recombinant HRAS proteins (500nM) were labeled with
(0->*P)GTP in 5mM EDTA at room temperature. Aliquots were
removed from the loading reaction and placed into 20 mM HEPES
pH 7.3, 50 mM NaCl,, 2mM MgCl,, 2 mM dithiothreitol (DTT),
0.2 mg/ml bovine serum albumin (BSA), and 0.2mM (excess)
unlabeled GTP to allow guanine nucleotide exchange for the
designated time points. The amount of labeled guanine nucleotide
bound to HRAS was determined by vacuum filtration through
nitrocellulose filters (0.22 um pore size) and liquid scintillation
counting.

Kinetics of Nucleotide Dissociation

A total of 5nmol HRAS Lys117Arg was incubated in a solution
containing 64 mM TrisHCI (pH 7.6), ImM DTT, 10% glycerol,
2mM EDTA, and 50 uM N-methylanthraniloyl (mant)-nucleotide
(Jena Biosciences, Jena, Germany) at room temperature to allow
exchange of GDP to mant-GDP according to Ahmadian et al.
[2002]. Nucleotide exchange was stopped after 1 hr by adjusting
the MgCl, concentration to 10mM and incubating the reaction
for 5 minutes on ice. The mixture was purified from EDTA and
excess nucleotide using a Nap-5 column (GE Healthcare Bio-
Sciences). Protein was eluted with 1 ml 64 mM TrisHCI pH 7.6,
10mM MgCl,, 1mM DTT, 10% glycerol, 10 mM MgCl, buffer,
and fractions containing protein were identified using the Bradford
assay. Fractions containing HRAS protein were pooled and protein
concentration was estimated. For dissociation assays, 2 uM protein
was mixed in a quartz cuvette in a total volume of 150 pl with a
500-fold molar excess of unlabelled GTR All reactions were
conducted at 20°C and fluorescence was monitored with
an excitation wavelength of 355nm and an emission wavelength
of 445nm (4-nm slit widths on an Aminco-Bowman spectro-
fluorimeter [SLM Aminco, Urbana, IL]). Dissociation was
measured for 30 minutes with 10-second intervals.

Crystallization and Structure Determination

Crystals were grown at room temperature (~20°C) by the vapor
diffusion technique in hanging or sitting drops by mixing 1 pl of
protein (15 mg/ml in 64 mM TrisHCI pH 7.6, 10 mM MgCl,, 1 mM
DTT, 10% glycerol, pH 7.6) and 1pl from a total reservoir
(36-38% polyethylene glycol (PEG)3350, 50 mM TrisHCI pH 7.6)
of 100 ul. The rhombohedral crystals were transferred to reservoir
solution and flash-frozen in liquid nitrogen. A data set to 1.49 A
resolution was collected on beamline ID29 at the European
Synchrotron Radiation Facility (ESRE Grenoble, France). The
structure was solved by molecular replacement with the program
PHASER [McCoy et al., 2005] using the coordinates of the GDP-
loaded wild-type protein (Protein Data Bank accession code 4Q21;
www.rcsb.org/pdb/home/home.do) as search model. Data proces-
sing and scaling were carried out with XDS (version: May 2005)
[Kabsch, 1993]. Several rounds of alternating refinement and
manual rebuilding using the programs REFMAC5 [Murshudov
et al., 1997] and COOT [Emsley and Cowtan, 2004], respectively,
were performed. Data collection and refinement statistics are
summarized in Supplementary Table SITBL S1 (available online at
http://www.interscience.wiley.com/jpages/1059-7794/suppmat).



Structural alignments and visualization were created using the
program PyMOL, version 0.99 (PyMOL; http://pymol.sourcefor-
ge.net) [DeLano, 2002].

RESULTS
Mutation Analysis

A ¢.350A >G transition resulting in the p.Lys117Arg mutation
was found in the patient DNA (Fig. 1A) but not in DNA from
both parents.

HRAS Expression Studies

To explore the functional consequences of the Lysl17Arg
mutant, we assayed ERK and MEK phosphorylation in transfected
293 T by Western blotting. Levels of phosphorylated MEK, ERK,
and Ras-GTP are elevated in cells transfected with the HRAS
Lys117Arg construct compared to cells expressing wild-type
HRAS, and are similar to those observed in 293 T cells transfected
with known activating mutations (HRAS Glyl2Ser and HRAS
Gly12Ala) (Fig. 2A).

After overnight starvation, 293 T cells expressing wild-type
HRAS demonstrate lower levels of phosphorylated ERK (pERK)
than cells transfected with Lys117Arg, Glyl2Ala or Glyl2Ser
mutant proteins (Fig. 2B). FGF stimulation induced robust ERK

A
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phosphorylation in transfected 293 T cells after 10 minutes that
was equivalent in cells expressing wild-type and mutant HRAS
proteins.

Proliferation of Ba/F3 Cells

To determine the effect of HRAS Lys117Arg on proliferation
of growth factor-dependent hematopoietic cells, we transduced
IL-3—dependent Ba/F3 cells with HRAS constructs. Ba/F3 cells
expressing  HRAS Lys117Arg, HRAS Glyl2Ser, or HRAS
Glyl2Ala continued to proliferate after IL-3 withdrawal whereas
cells expressing wild-type HRAS did not proliferate in the absence
of IL-3 (Fig. 3A). As expected, there were no differences in
proliferation rate between parental Ba/F3 cells and Ba/F3 cells
expressing HRAS wild-type, Glyl2Ala, Glyl12Ser, or Lys117Arg
constructs in the presence of IL-3 (Fig. 3B).

Biochemical Analysis of HRAS Lys117 Arg

To establish the biochemical consequences of the Lys117Arg
mutation, we investigated the ability of C-terminally truncated
recombinant HRAS Lysl117Arg to release nucleotide in two
ways. First, we measured nucleotide displacement by incubating
GDP-loaded HRAS wild-type and HRAS Lys117Arg with an
excess of fluorescence-labeled GDP As shown in Figure 4A,
HRAS Lys117Arg has a considerably higher off-rate for GDP

GAACAAGTGT

116
Asn

117
Lys/Arg

118
Cys

FIGURE 1. A: Sequencing data: HRAS codons 116,117,118 from the reported patient showing the c.350A >G transition resulting in the
p-Lys117 Arg mutation. DNA mutation numbering was based on cDNA sequence with +1 corresponding to the A of the ATG transla-
tion initiation codon in the reference sequence (GenBank accession number: NM_005343.2). For protein numbering the initiation
codon is codon 1. B: Photographs of the patient. [Color figure can be viewed in the online issue, which is available at www.interscien-

ce.wiley.com.]
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FIGURE 2. Functional characterization of HRAS Lys117Arg. A: P-ERK, P-MEK, and Ras-GTP in 293 T cells transfected with HRAS
wild-type, HRAS Gly12Ala (G12A), Glyl2Ser (G12S), and Lys117 Arg (K117R) constructs. HRAS protein levels are similar in 293 T
cells expressing each protein and are used as a loading control. Untransfected 293 T cells, used as a negative control, show no
endogenous HRAS expression. B: P-ERK in 293 T cells transfected with HRAS wild-type, HRAS Glyl2Ala, Glyl2Ser, and Lys117Arg
constructs after starvation (lanes 2-5) and 10 minutes after stimulation with aFGF (10 ng/ml) (lanes 8-11). B-actin is shown as a

loading control.
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FIGURE 3. Growth-factor independent proliferation of Ba/F3
cells. A: Ba/F3 cells expressing HRAS Lysl117Arg (K117R),
HRAS Glyl2Ala (G12A), or HRAS Glyl2Ser (G12S) continue to
proliferate after IL-3 removal, whereas cells expressing wild-type
(WT) HRAS stop proliferating in the absence of IL-3. B: In the
presence of IL-3 there is no difference in proliferation rate
between noninfected Ba/F3 cells and Ba/F3cells expressing
HRAS wild-type, Glyl2Ala, Glyl2Ser, or Lys117 Arg constructs.
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compared to the wild-type protein. Filter binding assays to measure
guanine nucleotide dissociation of (y->’P)GTP over time from
HRAS wild-type and HRAS Lysl117Arg were also performed.
These studies confirmed a markedly elevated rate of guanine
nucleotide dissociation from the mutant protein (data not shown).
HRAS wild-type and HRAS Lys117Arg were also loaded with
(0->*P)GTP to assess intrinsic GTP hydrolysis and responsiveness
to GTPase activating proteins. HRAS Lys117Arg demonstrated
normal intrinsic GTPase activity (Fig. 4B) and also responded
normally to the GAP-related domains of neurofibromin and p120
GAP (Fig. 4C and D).

Structural Analysis of HRAS Lys117 Arg

To investigate the properties of the HRAS Lys117Arg mutant at
a structural level, the crystal structure of GDP-bound HRAS
Lys117Arg was determined (Supplementary table S1) and was
found to be simi!}ar to that of HRAS wild-type (root mean square
deviation of 0.5 A when comparing 166 corresponding Co-atoms).
The aliphatic portion of Argl17 partly aligns with that of Lys117 of
the wild-type protein. Its guanidinium group is stabilized by
interactions with the P-loop (Glyl3, main-chain CO) and
additionally with Asn85 located at the N-terminal end of one of
the core helices (a3) of the G-domain (Fig. 5). Taken together, this
appears to induce a conformation of the nucleotide binding pocket
that is less favorable for nucleotide binding, which is consistent
with the biochemical data.

DISCUSSION

HRAS mutations in amino acids 12 and 13 are found in 85 to
90% of Costello syndrome patients. Whereas Gly'? and Gly'? are
common targets of cancer-associated RAS mutations, a Lys!!’
mutation (K117E) has only been described in a myeloma cell line
[Crowder et al., 2003]. The only other Costello syndrome patient
with a p.Lys117Arg mutation was described to be unusual because
of microretrognathism and less pronounced palmar and plantar
creases. That patient also exhibited autistic behavior with verbal
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FIGURE 4. Intrinsic GDP dissociation and hydrolysis rates of wild-type and mutant HRAS proteins. A: Nucleotide dissociation rates
were measured by following the decrease in fluorescence of the nucleotide analog mant-GDP [Ahmadian et al., 2002]. Data are
representative of three independent experiments and were fitted to a single decaying exponential using the Origin 7.5 software. GDP
dissociation is 80-fold faster for Lys117 Arg (K117 R) compared to wild-type (WT) protein. B: Intrinsic GTP hydrolysis measured as the
number of counts per minute (cpm) released over time. C,D: Phosphate release by wild-type and mutant HRAS proteins (measured as
cpm) in response to 5-80 nM of neurofibromin (NF1) (C) and 2.5-40 nM of p120 (D) GRDs. No significant effect of the Lys117Arg
mutation was observed on intrinsic and GAP-stimulated GTP hydrolysis. Mutant Glyl2Asp (G12D) KRAS (B) or Glyl2Asp HRAS
(C,D) were included as a positive control for impaired GTP hydrolysis [Schubbert et al., 2006].

FIGURE 5. Structure of the HRAS Lys117 Arg variant. Close-up view of the nucleotide-binding region of Lys117 Arg. The guanidinium
group of Argll7 (R117) undergoes an additional interaction with Asn85 (N85) when compared with the Lys117 from the wild-type
protein (superimposed in semitransparent). The conserved GTP/GDP binding motifs G4, G5 (orange), and the P-loop (blue) are in-
dicated. Swl [residues 32-38)] and SwiI [residues 59-67] denote the switch regions, which undergo large conformational changes
upon transition between active GTP- and inactive GDP-bound conformations. Polar interactions are indicated as dashed lines. The inter-
action pattern apparently stabilizes the conformation of Arg117 but is unfavorable for nucleotide binding (see Structural Analysis of HRAS

Lys117 Arg).
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stereotypes and hand biting [Kerr et al.,, 2006]. By contrast the
phenotype of the patient reported here was similar to the features
seen in the patients with mutations in codon 12 or 13 of HRAS,
although the craniofacial features are rather mild.

The ¢.350A>G transition results in a lysine-to-arginine
substitution at position 117, which is part of the N=Asn, K=Lys,
X=any amino acid, D=Asp (=nucleotide binding consensus
sequence=residues 116119 (NKXD)-fingerpoint motif, important
for base binding of the nucleotide [Pai et al., 1990]. This mutant
HRAS protein was found to activate the RAF/MEK/ERK cascade in
293T cells and confer a phenotype of growth factor (IL-3)
independent proliferation in Ba/F3 cells. Thus, although lysine
and arginine belong to the same amino acid class, the mutation
results in constitutive activation of HRAS. In the structure of
HRAS, Lys117 stabilizes nucleotide binding by its aliphatic portion
interacting with the base, and its amino group interacting with
ribose oxygen O4 and with a main chain segment (Gly13, CO) from
the phosphate binding loop (P-loop). We have studied the effect on
the protein structure by crystallographic analysis of GDP-bound
HRAS Lys117Arg. While loss of critical interactions with the
nucleotide is unlikely to explain the reduced binding affinities,
subtle steric rearrangements as a consequence of the larger side
chain with an additional polar interaction most likely introduce
secondary features destabilizing nucleotide binding. Lys117 to Arg
and other substitutions within the NKXD region have been shown
to result in 2,000-fold reduced GTP binding affinity for Lys117Arg.
Moreover HRAS Lys117Arg demonstrated similar transforming
activity in fibroblasts as GTPase impaired mutants [Der et al.,
1988]. Despite a high rate of guanine nucleotide dissociation, we
found that the intrinsic GTPase activity of HRAS Lys117Arg and
the responsiveness of this mutant protein to the GAP domains of
neurofibromin and p120 GAP were normal. Considering that the
intracellular concentration of GTP is higher than that of GDP
(GTP:GDP ratio of 25:1) [Proud, 1986] mutant RAS proteins with
high rates of guanine nucleotide dissociation and reassociation are
predicted to accumulate in the active GTP-bound conformation in
vivo [Walter et al., 1986]. Consistent with this idea, another Ras
mutant in which the guanine base stabilizing Phe28 has been
replaced by leucine demonstrates a dramatic increase in the rate of
nucleotide dissociation and induces neurite differentiation in PC12
cells, while responding normally to RasGAP [Reinstein et al., 1991].

In summary, we report the first comprehensive analysis
of a novel germ line RAS mutation identified in a human
developmental disorder that includes solving the crystal
structure of the mutant protein bound to guanine nucleotide.
Whereas previous studies of RAS mutations found in cancer
and developmental disorders have focused on how these
alterations perturb the GTPase switch, Carta et al. [2006] have
speculated that disease-associated amino acid substitutions
at codons 152 and 153 might activate KRAS by increasing
the rate of nucleotide exchange. Our analysis of HRAS
Lys117Arg provides the first direct evidence that amino acid
substitutions that have no effect on enzymatic activity are
sufficient to cause disease.

Data deposition: The atomic coordinates and structure factors
of the GDP-bound H-RasK117R protein have been deposited in
the Protein Data Bank (www.rcsb.org) with accession code 2QUZ.
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