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Probing the Structure and Mechanism of Ras
Protein with an Expanded Genetic Code

Hyun-Ho Chung, David R. Benson, Peter G. Schultz*

Mutations in Ras protein at positions Gly'2 and Gly'3 (phosphate-binding loop L1) and at
positions Ala%®, Gly®°, and GIn®' (loop L4) are commonly associated with oncogenic
activation. The structural and catalytic roles of these residues were probed with a series
of unnatural amino acids that have unusual main chain conformations, hydrogen bonding
abilities, and steric features. The properties of wild-type and transforming Ras proteins
previously thought to be uniquely associated with the structure of a single amino acid at
these positions were retained by mutants that contained a variety of unnatural amino acids.
This expanded set of functional mutants provides new insight into the role of loop L4
residues in switch function and suggests that loop L1 may participate in the activation of

Ras protein by effector molecules.

The proteins encoded by the mammalian
ras proto-oncogene act as a molecular
switch, passing extracellular signals for cell
growth and differentiation to one or more
intracellular effector molecules (1-4). The
chemical basis for switch function in-
volves the cycling of the protein between
the inactive guanosine diphosphate
(GDP)-bound state and the active guano-
sine triphosphate (GTP)-bound state.
Point mutations that result in a decrease
in the intrinsic guanosine triphosphatase
(GTPase) activity of Ras or the GTPase
activity stimulated by GTPase-activating
protein (GAP) (5-8) are associated with
approximately 30% of human tumors. To
gain greater insight into the molecular
mechanisms of switch inactivation (and
oncogenic activation), we systematically
substituted residues in loop L1 (the phos-
phate-binding loop) and loop L4 (the
switch II region) with a series of unnatural
amino acids (Figs. 1 and 2). The ability to
precisely vary the steric or electronic prop-
erties of a given residue (9-14) has al-
lowed us to test mechanistic and structural
issues not addressable by conventional
mutagenesis studies.

Incorporation of unnatural amino acids
into Ras protein was accomplished by in
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vitro suppression of TAG nonsense muta-
tions with a chemically aminoacylated sup-
pressor tRNA (15-17). As a control, wild-
type protein and a Gly'? - Pro mutant
were generated in vivo and in vitro by
suppression of the Gly'? - TAG mutant
with Gly and Pro, respectively (Fig. 3).
The resulting proteins were purified to ho-
mogeneity from in vitro transcription-trans-
lation reactions (1 ml) in approximately
20% vyield by sequential chromatography
on DEAE-sephacel and an immunoaffinity
column. The purified proteins had the
same chromatographic properties, intrin-

Fig. 1. Model of Ras protein with bound GTP
(25).
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sic GTPase activity, and GAP-stimulated
GTPase activity as the corresponding Ras
protein synthesized in vivo (Table 1). In
vitro protein synthesis reactions with wild-
type plasmid (pRG) yielded active protein
(40 to 50 pg/ml); suppression efficiencies
are listed in Table 1. In vitro synthesis
reactions that contained the nonsense mu-
tants in the absence of suppressor tRNA or
in the presence of full-length unacylated
suppressor tRNA . vielded less than
0.5% of Ras protein. The amount of Ras
synthesized was determined by polyacryl-
amide gel electrophoresis, immunoprecip-
itation of [**S]methionine-labeled pro-
tein, and GTPase activity assays (Fig. 3).

Mutations at GIn®' are among the most
common that lead to impaired intrinsic
GTPase activity and, in many cases, onco-
genic activation (18). On the basis of bio-
chemical studies (19) and the three-dimen-
sional x-ray crystal structures of the GTP-,
Gpp(CH,)p-, and Gpp(NH)p-bound forms
of Ras (20-27), it has been proposed that
GIn®! is critical for y-phosphate binding
and catalysis. Specifically, it has been pro-
posed that the <y-carboxamide of GIn®
either polarizes water 175 for attack on the
v-phosphate (24) or stabilizes the incipient
pentacoordinate transition state (25). In
order to test these mechanistic hypotheses,
we substituted GIn®! with the Gln homolog
homoglutamine (HGIn) or with the iso-
electronic, isosteric nitro analog (NGln)
(Table 1 and Fig. 2). Whereas 17 natural
mutants at position 61 have reduced
GTPase activity and are not activated by
GAP, the NGIn®! mutant had GTPase ac-
tivity similar to that of the wild-type protein
and was activated by GAP. The fact that
this mutant retained activity even though
the nitro group is a much poorer base than a
carboxamide group [the protonated form of
the nitro group has a pK, (negative loga-

o C") o lo)
H,N. ©
2 MLOH GO’N\/\|/"\OH |)|\OH
o NH, NH,  OH

HGIn NGin Glyc
e o o
HOUOH HO~s~yon MO~ \/\l)LOH
NH, H, NH,
aThr HEC HEHC
o o Me O H?\
1
M°\|)’\0H O)LOH C\/LOH OH
OH NH NH e
Lac Pip MePro MeGly

Fig. 2. Structures of amino acids (47). The
a-amino group of all the amino acids was
protected as the NVOC derivative, whereas the
a-hydroxyl group of the hydroxy acids was
protected as the o-nitrobenzyl derivative. The
free acids were activated for acylation to pd-
CpA as cyanomethyl esters (75). Me, methyl
group.



rithm of the equilibrium constant for asso-
ciation) some 10 log units lower than the
carboxamide group] (27) suggests that
GIn®! is not acting as a general base to

activate H,0. Moreover, the activity of the
mutant did not increase with increasing
pH, which indicates that the deprotonated
form of NGIn is not catalytically active.

Fig. 3. (A) Autoradiograms of in A M12345678910111213141516171819
vitro suppression reactions (30
wl) labeled with (-[3>S]methionine
and containing the following plas-
mids and tRNAs: lane 1, pRG
(wild type, in vivo); lanes 2 -
through 6, pRG12am (G12am re- -
fers to an amber mutation at po- . e
sition 12 in the wild-type gene) i
and pRG13am, pRG59am, |
pRG60am, and pRG61am, re-

spectively, with 5 ug of full-length, unacylated tRNA_ .; lane 7, pRG12am
and 5 ug of lactyl-tRNA.,,,; lane 8, pRG12am and 5 pg of pipecolyl-
tRNAG o. lane 9, pRG12am and 5 pug of 3-trans-methylprolyl-tRNA_ .
lane 10, pRG12am with 5 pg of N-methylglycyl-tRNA. . lane 11,
pRG12am with 5 pg of glycylHtRNA_ . lane 12, pRG12am with 5 pg of
prolyl-tRNA .; lane 13, pRG13am and 5 pg of allo-threonyl-tRNA A:
lane 14, pRG59am with 5 pg of allo-threonyl-tRNA_ ,»; lane 15, pRG59am
with 5 ug of hydroxyethylcysteinyl-tRNA_ . lane 16, pRG59am and 5 pg
of hydroxyethylhomocysteine-tRNA_,.; lane 17, pRG60am with 5 ug of glycolyltRNA_ ,.; lane 18,
pRG61am with 5 pg of nitroglutaminyl 3-tRNA,,; and lane 19, pRG61am with homoglutaminyl-
tRNA. .. Cleared supernatants from terminated in vitro reactions were incubated with ribonuclease
A and analyzed by SDS-PAGE (15% gel). Mutants were constructed in a M13mp19 phage
(containing the 578-bp Cla I-Sal | insert) and reintroduced into the expression vector pRG in which
p21 ras is under the control of the trp promoter (48). In vitro suppression experiments were
performed as described (16) with the exception that the in vitro-transcribed tRNA_ ,, was purified
by phenol extraction and ethanol precipitation. The band at 30 kD is g-lactamase. (B) Silver-stained
SDS-PAGE (15% gel) showing purification of wild-type Ras synthesized in vitro with plasmid pRG.
Lane 1, crude in vitro reaction; lane 2, Ras purified by sequential chromatography on DEAE-
sephacel and immunoaffinity chromatography (with immobilized antibody 1F6); lane 3, wild-type
Ras purified from Escherichia coli with pRG. Lane M, molecular size markers in kilodaltons.

Table 1. Suppression efficiencies, intrinsic and GAP-activated GTPase activities, and autophos-
phorylation activities of mutant Ras proteins (46, 46-50). The GAP activation is a comparison of the
percentage conversion of Ras (GTP) to Ras (GDP) in the presence of 40 nM recombinant GAP after
2 min; — indicates no increase in activity over the wild-type protein. The autophosphorylation rate
constant for Thr® (57) is 6.5 x 10~ s~'. ND, not determined; NA, not applicable.

Intrinsic

Suppression GAP Auto-
Mutant efficiency S;i,?? activation phospho-
(%) Y (%) rylation
(krel)
Wild-typet - 1.0 100 NA
Gly2 > Gly 35 1.0 100 NA
Gly'2 - Prot - 1.10 - NA
Gly'? — Pro 30 1.10 - NA
Gly'2 - Valt - 0.15 - NA
Gly'? - Lac 50 0.95 - NA
Gly'2 - Pip 40 0.84 - NA
Gly'2 - MePro 35 0.19 - NA
Gly'2 — MeGly 40 1.0 - NA
Gly'® — Thr - 26 - NA
Gly'® — aThr 25 2.8 - NA
Gly'® — Sert - 2.8 - NA
Ala%® — Thrt - 0.10 ND 1.0
Ala%® — Sert - 0.10 ND 1.0
Ala%® — Valt - 0.10 ND -
Ala%® — aThr 30 0.07 ND 0.18
Ala%® — HEC 35 0.50 ND 10.6
Ala%® — HEHC 45 0.60 ND 3.0
GIn®' - HGIn 25 1.37 95 NA
GIn®' — NGIn 30 1.0 86 NA
Gly®® — Glyc 15 0.10 - NA
GIn®" — Glu, Glu®® — Gint - 0.2 - NA

*The catalytic rate constant (k_,,) of wild-type Ras is 2.3 x 10-4 s~'.  {Protein synthesized in vivo; all other
proteins were synthesized by the suppression of the corresponding nonsense mutations.
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The nitro group is also less efficient at
stabilizing the trigonal bipyramidal transi-
tion state than glutamine (25) because the
nitro group cannot act as a hydrogen bond
donor and is a much weaker hydrogen bond
acceptor than the carboxamide group. Al-
though the carboxylate group of Glu is
structurally similar to the nitro group, its
pK, is roughly 6 log units lower and it exists
predominantly in the anionic form (28).
Consequently, the diminished GTPase ac-
tivity of the GIn®! — Glu, Glu®® - GIn
double mutant (Table 1) may result from
repulsive electrostatic interactions between
the y-phosphate and the anionic carboxyl-
ate group that displace loop L4 toward the
GDP-bound, inactive conformation (19).

Substitution of GIn®! with HGIn, which
extends the <y-carboxamide group by one
methylene unit, resulted in a 30% increase
in intrinsic GTPase activity as well as a
high degree of GAP-activated activity (Ta-
ble 1 and Fig. 3). The modeling of HGIn
into the structure of the GTP-Ras complex
suggests that the 8-carboxamide of HGIn
cannot adopt the same geometry as that of
GIn®! relative to water 175, the vy-phos-
phate, and Glu®?. X-ray diffraction studies
may further clarify the catalytic role of this
residue. However, the observation that mu-
tants in which GIn®! is replaced with HGIn
and NGiIn retain intrinsic and GAP-stimu-
lated GTPase activity (in contrast to natu-
ral amino acid mutants) indicates that the
~y-carboxamide of GIn®! is not unique in its
function. Possible roles for these polar side
chains may involve distortion of GTP to-
ward the trigonal bipyramidal transition
state or stabilization of a catalytically com-
petent conformation of loop L4 not seen in
the crystal structures (29).

The Asp®”’-X-X-Gly®® sequence motif
(where X is any amino acid) in the GTP
binding pocket of Ras is conserved in all
GTPase proteins (I-4). It has been pro-
posed that the backbone NH group of Gly®°
forms a hydrogen bond to the trigonal
bipyramidal transition state (25). To test
this notion, we converted Gly®° to glycolic
acid (Glyc) (Table 1 and Fig. 2). Substitu-
tion of the N-H bond by a lone pair [ester
bonds, like amide bonds, are strongly biased
toward the planar trans configuration (30)]
resulted in a loss of intrinsic GTPase activ-
ity. This result supports the notion that the
hydrogen bond between the backbone NH
group and the phosphoryl oxygens is impor-
tant for GTPase activity. The Glyc®® mu-
tant was hydrolyzed completely at the ester
bond under the conditions of polyacrylam-
ide gel electrophoresis (PAGE), which con-
firms that this mutant is not contaminated
with any natural amino acids at position 60.

Oncogenic Ras proteins encoded by ret-
roviral Ras genes have Ala®®> — Thr and

ly!'? - Arg mutations and can be auto-
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phosphorylated at Thr®® (31, 32). The
structure of the Gpp(CH,)p- Ras complex
and modeling studies show that the Thr
hydroxyl group is close to the y-phosphate
and probably directly attacks the phospho-
ryl group (26). The Ala®® — Ser mutant
autophosphorylates to a similar extent as
the Thr*® mutant, but simple inversion of
the geometry of the secondary alcohol from
the R (Thr) to the S configuration [allo-
threonine (aThr)] resulted in diminished
autophosphorylation activity (Table 1 and
Fig. 2). This activity therefore appears to be
a function of the spatial disposition of the
secondary hydroxyl group rather than steric
bulk at the B-carbon, behavior unlike that
of the corresponding nonenzymatic reac-
tions. Mutation of Ala® to hydroxyethyl-
cysteine (HEC) or hydroxyethylhomocys-
teine (HEHC), in which the hydroxyl
group is extended an additional three or
four bond lengths (4 to 6 A), resulted in
autophosphorylation activities ten and
three times, respectively, more than that of
the Thr®® mutant (Table 1 and Fig. 2). The
x-ray crystal structure of wild-type Ras pro-
tein (20, 21) suggests that the transition
state for phosphoryl transfer to HEC or
HEHC cannot be accommodated without a
conformational change in loop L4. This
result is consistent with crystallographic and
fluorescence studies (22, 25, 28) and sug-
gests that loop L4 is conformationally flexi-
ble in solution and that changes in loop L4
conformation can affect GTPase activity.

Mutation of Gly!? to any natural amino
acid other than Pro results in diminished
intrinsic GTPase activity and is commonly
associated with oncogenic activation (33).
Gly'? occurs in a highly conserved type 11
B-turn [Gly!'!-X-X-X-Gly-Lys-(Ser or Thr)],
a phosphate-binding loop found in many
nucleotide-binding proteins (34, 35). Kren-
gel et al. (26) have shown that loop L1
conformation in the GTP-Ras(Gly'? — Val)
complex is pushed slightly away from the
y-phosphate but propose that the main effect
of the Val'? mutation is to push Gly*® and
GIn®' (L4) away from the vy-phosphate.
Privé et al. have argued that side chains at
position 12 interfere with the formation of
the trigonal bipyramidal transition state
(25). Neither proposal adequately ‘accounts
for the wild-type intrinsic GTPase activity of
Pro!? Ras versus the diminished activity of
the Ala'? mutant (33).

To more fully understand the role of
Gly'? mutants in switch function, we in-
serted a number of unnatural amino acids at
this site, including lactic acid (Lac), pipe-
colic acid (Pip), trans-3-methylproline
(MePro), and N-methylglycine (MeGly).
The pipecolic acid mutant, which was ex-
pected to have a much more negative ¢
value than Gly'? (within peptides, the car-
boxyl group of pipecolic acid occupies the
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axial position in the chair conformation)
(36), retained GTPase activity similar to
that of wild-type Ras (Table 1 and Fig. 2).
The MeGly mutant also had wild-type
GTPase activity (N, methyl substitution
also decreases ¢ values) (37). Whereas the
Ala'? mutant had reduced GTPase activity,
the isosteric Lac'? mutant, in which the
backbone amide linkage is replaced by an
ester linkage, had normal GTPase activity
(and is hydrolyzed completely under basic
conditions) (Fig. 3). Although the ester
bond is biased toward the planar trans con-
formation, the rotational barrier around the
C-O bond is reduced some 5 to 7 kcal/mol
relative to amides (30), which allows some
main chain flexibility. The fact that only the
Pro'?, Pip'?, Lac!?, and MeGly!'? mutants,
all of which can adopt unusual backbone
conformations, were active suggests that a
conformational change in loop L1 may re-
lieve unfavorable side chain—transition state
interactions at position 12. One might ex-
pect that this conformational change could
be neutralized by the introduction of suffi-
cient steric bulk at the B position of Pro or
pipecolate. In fact, the MePro'? mutant had
GTPase activity similar to that of the Val!2
mutant (Table 1).

Even though the Pro'?, Lac!'?, Pip'?,
and MeGly'? mutants had intrinsic GTPase
activity similar to that of wild-type Ras,
they were not activated by GAP. More-
over, the Gly!* — Thr, Gly"® — aThr, and
Gly!* — Ser mutants, which have intrinsic
GTPase activity two to three times that of
wild-type Ras (attributable to the B hy-
droxyl group), were not activated by GAP
and were transforming in a germinal vesicle
breakdown assay with Xenopus laevis
oocytes (38). These Gly'? mutants, like the
Gly!? mutants, might also be expected to
have altered loop L1 conformations relative
to wild-type Ras because of B branching
effects. One interpretation of these results is
that loop L1 can adopt two or more confor-
mations in solution and that its positioning
by one or more effector proteins modulates
GTPase activity and oncogenic activation.
The unusual backbone structures of the
Gly'? and Gly"”® mutants may prevent
switch function. Nuclear magnetic reso-
nance studies should provide additional in-
formation concerning the conformational

lability of loop L1 (39).
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Reduction in Size of the Myotonic Dystrophy
Trinucleotide Repeat Mutation During Transmission
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Myotonic dystrophy (DM) is an autosomal-dominant disorder that affects 1 in 8000 indi-
viduals. Amplification of an unstable trinucleotide CTG repeat, located within the 3’ un-
translated region of a gene, correlates with a more severe DM phenotype. In three cases,
the number of CTG repeats was reduced during the transmission of the DM allele; in one
of these cases, the number was reduced to within the normal range and correlated at least
with a delay in the onset of clinical signs of DM. Haplotype data of six polymorphic markers
in the DM gene region indicate that, in this latter case, two stretches of the affected
chromosome had been exchanged with that region of the wild-type chromosome.

The most prevalent inherited neuromuscu-
lar disease in adults, myotonic dystrophy
(DM), is a multisystem disorder that is char-
acterized by progressive muscle weakness and
myotonia (I). This disease is variable both
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in severity and age of onset; those most
severely affected express the disease congen-
itally. The genetic defect in DM is thought
to be an amplified trinucleotide CTG repeat
located in the 3’ untranslated region of a
gene, which putatively encodes a serine-
threonine protein kinase (2—4). The number
of CTG repeats in normal individuals, al-
though quite polymorphic, is both mitoti-
cally and meiotically stable within a lineage.
From 5 to 30 repeat copies are observed in
normal alleles (2, 4). In contrast, the num-
ber of CTG repeats on DM chromosomes
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can be unstable and become extremely
large. Mildly affected patients have 50 to 80
CTG repeats, whereas severely affected in-
dividuals have 2000 or more copies (4).
Amplification of the CTG repeat has been
proposed to be the molecular basis in this
disease for genetic anticipation, a phenom-
enon in which the severity of an inherited
disease increases in successive generations
of an affected family (5).

In our Canadian DM kindreds, positive
correlation was observed between increased
numbers of CTG repeats and earlier age of
disease onset (6, 7). One of these kindreds
(Fig. 1) was haplotyped for a total of 18
restriction fragment length polymorphisms
(RFLPs) at 12 loci, located between the gene
encoding apolipoprotein C2 (APOC2) and
the marker p134C, although only four mark-
ers are shown (8). This kindred possesses the
most common DM haplotype of our affected
population, one that occurs in approximately
30% of DM kindreds tested, and is quite rare
among normal chromosomes: the calculated
frequency is less than 0.000015 (9). We have
not observed this haplotype on more than
2000 normal chromosomes analyzed to date.

Genetic data indicated that the affected
chromosome of individual II-8 (Fig. 1) rep-
resented the most common DM haplotype.
The DNA of individual II-8 was analyzed
by genomic Southern (DNA) blot and
polymerase chain reaction (PCR) with
primers flanking the CTG repeat region
(2). The extent of his expanded DM chro-
mosome was in the range of 1.5 to 3.0 kb
(Fig. 2A), and the heterogeneity is typical
of DM individuals assayed by PCR (Fig.
2B). This was consistent with both the
genetic and clinical data. Clinical symp-
toms of hand weakness and myotonia were
originally noted in II-8 from the mid-to-late
teens, and a myopathic facies, bitemporal
narrowing, and early pattern baldness were
apparent from photographs from that age.

The daughter of II-8 (III-10, Fig. 1)
inherited her father’'s DM chromosome.
However, no CTG trinucleotide repeat am-
plification was detected on Southern blot
analysis (Fig. 2, A and B). Repeat blood
samples were obtained and the initial find-
ings were confirmed. Unlike her father,
I1I-10 showed no evidence of CTG hetero-
geneity (Fig. 2B). Genomic DNA was am-
plified with the use of primers immediately
flanking the CTG repeat (Fig. 2C). Two
alleles, one with 13 and one with 22 CTG
repeats, were detected in III-10. The 22-
repeat allele was maternally derived. A
reduction in the number of CTG repeats
down to the normal number and an in-
crease in their stability had occurred on her
DM chromosome. The number of CTG
copies in the unaffected (non-DM) allele of
I1-8 is the same as that observed for the
paternally derived DM allele in III-10.
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