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Mammalian proteins encoded by the ras gene are thought to
function as regulators of various signal transduction processes
involved in cell growth and differentiation.! The chemical basis
for the regulation is cycling of the protein between the inactive
guanosine diphosphate (GDP)-bound state and the active gua-
nosine triphosphate (GTP)-bound state. Point mutations that
result in a modest decrease in the intrinsic guanosine triphos-
phatase (GTPase) activity of ras or GAP (GTPase activating
protein)2-stimulated GTPase activity are associated with ap-
proximately 30% of human cancers. Loop 1 of ras contains the
GXXXXGK(S/T) motif (residues 10-17), which is found in all
ras-related proteins, G proteins, and other nucleotide-binding
proteins.? Structural* and biochemical® studies have suggested
that Lys 16 of loop 1 is critical for substrate binding and catalysis.
The e-amino group is involved in ion pair interactions with the
8- and y-phosphates of GTP and forms hydrogen bonds with the
main-chain oxygens of Gly 10 and Ala 11.4 In order to better
understand the role of this key residue in ras function, we have
replaced Lys 16 with a number of unnatural amino acid analogues,
including (aminoethyl)cysteine, (hydroxyethyl)cysteine, (ami-
noethyl)homocysteine, and ornithine (Figure 1).

Incorporation of unnatural amino acids into ras was accom-
plished by invitro suppression of a Lys 16—~TAG amber mutant$
using a chemically aminoacylated suppressor tRNA.” (Ami-
noethyl)cysteine, (hydroxyethyl)cysteine, and (aminoethyl)-
homocysteine were incorporated into ras as previously described;’
ornithine was inserted with the e-amino group protected with an
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Figure 1. Unnatural amino acids substituted for Lys 16 in ras protein.!6

Table I.  Suppression Efficiencies, Intrinsic and GAP-Mediated
GTPase Activities, and GTP Dissociation Rate Constants

intrinsic GTP
suppression GTPase dissociation
efficiencies activities GAP rate constants

mutants (%) (kwe)®  activation® (k) X 102 min-1)¢

wild-typed 1.00 100 1.8
Gly 12/Gly 35 1.00 100 1.8
Gly 12/Val¢ 0.15 e e

Lys 16/Aec 30 0.20 95 1.1
Lys 16/Achc 35 0.10 20 1.0
Lys 16/0rn 25 0.50 60 09
Lys 16/Hec 50 S

@ The kcy; of wild-type ras proteinis 2.3 X 10~4s-! (ref 17). & Comparison
of the rates of conversion of ras(GTP) to ras(GDP) in the presence of
recombinant GAP (ref 18). ¢ The dissociation rate constants of the
ras‘GTP complex, k., were calculated from the slope of the line obtained
by plotting In(Ct/Co) vs t, where Ct and Co denote the concentration
of ras[a-32P)GTP complex at times ¢ and 0, respectively (refs 18 and 19).
4 Protein synthesized in vivo; all other proteins were synthesized by
suppression of the corresponding nonsense mutations. ¢ Not detected.
/Not determined.

o-nitrobenzyl carbamate group (due to the instability of the
aminoacylated tRNA). Photolysis of this caged mutant ras led
to functional protein. Invitro expression of the wild-type (WT)
ras gene under control of the T7 promoter (plasmid pRGT7)?
afforded approximately 100 ug/mL of active protein.® Sup-
pression efficiencies for the mutant proteins varied between 25
and 50% (Table I). WT and mutant proteins were purified to
homogeneity from in vitro synthesis reactions in approximately
15% overall yield by sequential chromatography on Sephadex-
G75anda CM-Sepharose and DEAE-Sephacel tandem column.10
The intrinsic GTPase activity, GAP-activated GTPase activity,
and GTP dissociation rates for wild-type and the mutant proteins
are reported in Table 1.10.11

The Lys 16— (aminoethyl)cysteine mutant, which has slightly
different side-chain bond angles, bond lengths, and pK, (the pKa

(8) A 576bp Ndel/Xhol fragment of the ras gene!® was subcloned into
pSW1,2 placing the 7as gene under the transcription control of T7 promoter
in the resulting vector, pRGT7.

(9) The yield of ras was determined by polyacrylamide gel electrophoresis,
immunoprecipitation of [*5S]-methionine-labeled protein, and GTPaseactivity

assay.
0 9(10) Chung, H. H.; Benson, D. R.; Schultz, P. G. Science 1993, 259, 806—
809.
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is reduced by 1 unit)!2 relative to lysine, has a reduced level (20%
of WT) of intrinsic GTPase activity. This level is similar to that
of the transforming Gly 12—Val mutant (15%of WT). Similarly,
the one methylene homologue, (aminoethylyhomocysteine, has
diminished intrinsic GTPase activity (10% of WT), while the
shorter homologue of lysine, ornithine, has 50% the intrinsic
GTPase activity of WT ras. However, in contrast to other ras
mutants with low intrinsic GTPase activity, including the
dominant negative Gly 12—Val mutant, the GTPase activity of
all three Lys 16 mutants was enhanced in the presence of GAP
(GAP increases the rate of GTP hydrolysis in WT ras by a factor
of morethan 104).13 Infact, the GAP-dependent GTPaseactivity
of the (aminoethyl)cysteine mutant is 95% that of WT. Moreover,
the dissociation rate constants of GTP for all three mutants are
comparable to that of WT ras.

Previously, it has been shown that mutation of Lys 16 to Asn
leadstoa mutant protein with decreased intrinsic GTPase activity
and reduced affinity for GTP.5 In addition, point mutations of
the equivalent lysine residue, Lys 13, in adenylate kinase (an
ATP binding protein which has a similar structural arrangement
of Lys)!4 have large effects on the kinetics and structure of the
enzyme.'S Based on these studies it has been argued that Lys 16
of ras plays a key role in stabilizing the transition state for GTP
hydrolysis. We were therefore surprised to find that the
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“unnatural” mutant ras proteins retained high levels of GAP-
stimulated GTPase activity and GTP dissociation rates compa-
rable to that of WT ras. These results may indicate that, in the
GAP-activated form, Lys 16 is not involved in transition-state
stabilization or GTP binding. However, replacement of Lys 16
with the isosteric uncharged Lys analogue, (hydroxyethyl)-
cysteine, led to a complete loss of GAP-stimulated GTPase
activity, demonstrating the importance of the charged ammonium
side chain. The high GAP-dependent activities of the mutants
more likely reflect some conformational flexibility in loop 1,
consistent with earlier mutagenesis studies of Gly 12 and Gly 13
in ras!® and Lys 13 in adenylate kinase.!5 The ability of loop 1
of ras to undergo conformational change could provide a
mechanism for regulating the rate of GTP hydrolysis or GTP/
GDP exchange. The absence of conformational changes in loop
1 would require that the salt bridge between the ammonium ion
oftheside chain and the transitionstate/ground state be relatively
insensitive to changes in distance. In order to distinguish the
latter two alternatives, we are attempting to structurally char-
acterize one or more of the Lys 16 mutants. In either case, these
rather conservative lysine mutations, which are only possible
through an expanded genetic code, are surprisingly well tolerated
in the ras:GTP complex.
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