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RAS ubiquitylation modulates effector interactions
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ABSTRACT
RAS proteins function as molecular switches that regulate cellular growth by cycling between active
GTP- and inactive GDP bound states. While RAS activity is modulated by factors (guanine nucleotide
exchange and GTPase activating proteins) that control levels of active Ras-GTP, RAS proteins also
undergo a number of post-translational modifications that regulate their function. One such
modification is ubiquitylation. Monoubiquitylation of KRAS at lysine 147 (mUbRAS) enhances Ras
activation and promotes signaling through the RAF and Phosphoinositide 3-Kinase (PI3K) signaling
pathways. We have previously shown that mUbRAS leads to activation of RAS through a defect in
GTPase activating protein (GAP) mediated downregulation, similar to the action of most oncogenic
mutations. Consistent with these findings, we now show that mUbRASimpairsRAS binding to the p120
GAP catalytic domain. Mutations in activated G12V RAS that prevent ubiquitylaton at 147 show a
decrease in tumorigenesis, suggesting that in addition to activating KRAS, monoubiquitylation at this
site may promote downstream signaling and transformation. To investigate whether mUbRAS alters
RAS effector interactions, we chemically ubiquitylated KRAS at residue 147 and characterized binding
of mUbRAS to RAS binding domains (RBDs) from three distinct downstream effectors that play key
roles in RAS-mediated transformation. Results from these studies show a decrease in binding of
mUbRAS (7-10-fold) relative to the CRAF RAS Binding Domain (RBD), the catalytic subunit of
Phosphoinositide 3-Kinase catalytic gamma (PI3Kcg) and RALGDS RBD. Intriguingly, we find that
mUbRAS shows greatly enhanced (> 40-fold) binding to the CRAF RBD when bound to GDP. These
findings, taken together, suggest that mUbRASmay promoteactivation of RAS through a GAP defect,
and facilitate RAF association and MAPK signaling in a nucleotide independent manner.
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Introduction

RAS is one of the most frequently mutated proteins in
human cancer, with activating mutants identified in
»30% of tumors.1 Mutations in RAS identified in cancer
and RASopathies, promote deregulated RAS signaling by
populating the active GTP-bound state. Given the key
role of RAS in cellular growth control, the nucleotide
bound state of RAS is highly regulated. Once bound to
GTP, RAS proteins can engage a number of downstream
effectors and promote signaling through pathways that
regulate cellular growth, differentiation and apoptosis.2

Binding of GTP, causes a conformational change in two
regions of the protein, termed switch I (amino acids 30–
37) and switch II (amino acids 60–75). The change in
switch conformation facilitates higher affinity binding to
GTPase activating proteins (GAPs) and downstream
effectors. RAS is capable of hydrolyzing GTP at a slow
rate to return to the inactive, GDP bound state. However,
nucleotide hydrolysis is greatly accelerated through the
action of GAPs.3 Consequently, GAPs are important

regulatory proteins that help to limit the amount of acti-
vated (GTP–bound) RAS.3,4 Additionally, RAS proteins
bind GDP and GTP with high affinity and their intrinsic
rate of nucleotide dissociation is quite slow.5 Guanine
nucleotide exchange (GEF) factors constitute a distinct
class of RAS regulatory proteins, as they greatly stimulate
the rate of GDP exchange for GTP to promote RAS acti-
vation.6 RAS proteins can also undergo a number of
post-translational modifications (PTM) that regulate its
function. While posttranslational modifications in the
hypervariable domain promote membrane association
critical for proper spatial/temporal control of RAS
signaling, PTMs within the core guanine nucleotide-
binding domain have also been shown to regulate RAS
activity, but are less well understood.

Some of the PTMs reported for RAS occur at lysine
residues, and include ubiquitylation and acetylation.7

While acetylation at lysine 104 is reported to downregu-
late RAS activity, monoubiquitylation of KRAS at lysine
147 (mUbRAS) upregulates RAS activity, signaling and
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tumorigenesis.8-10 Ubiquitylation is a highly regulated
post-translational modification that can be reversed by
deubiquitinating enzymes.11 The major site of KRAS
monoubiquitylation (mUb) occurs at lysine 147.11 Sasaki
et al. reported that mUb of KRAS increases GTP loading
and activation of the RAF and Phosphoinositide
3-Kinase (PI3K) signaling.11 We followed up on these
observations and showed that recombinant mUbRAS,
generated using a disulfide ligation strategy, is GAP
impaired.12 These findings indicate that mUbRAS can
upregulate RAS activity through a GAP defect, similar to
the action of most RAS oncogenic mutations. Interest-
ingly, ligation of a PDZ domain to KRAS at position 147,
in lieu of ubiquitin, retained the GAP defect12,13, whereas
ligation of a small peptide or change in linker length
(> 2 amino acids) between RAS and ubiquitin retained
GAP sensitivity.13 These results indicate that the GAP
defect associated with mUbRAS has precise require-
ments on the linker length and protein size, and is not
due to specific interactions between RAS and ubiquitin.
We also observed differences in switch dynamics upon
Ras ubiquitylation, leading to the intriguing possibility
that ligation of ubiquitin allosterically regulates switch
dynamics and consequently GAP recognition.12 Given
that a GAP-defective hyper-activated KRAS G12V muta-
tion containing a K147L mutation that lacks the ubiqui-
tylation site, showed decreased tumor formation in a
xenograft model, RAS ubiquitylation may contribute to
RAS-mediated tumorigenesis.11 Although mUbRAS
shows higher association with specific RAS effectors,
RAF and PI3K in HEK293T cells, and upregulates signal-
ing through these kinase cascades, it is currently unclear
whether KRAS ubiquitylation directly modulates effector
binding.

To evaluate whether mUb of KRAS at position 147
alters binding interactions with regulatory and effector
proteins, we conducted a series of fluorescence-based
binding assays. We find that mUbRAS impairs GTP-
dependent binding interactions with the p120 GAP cata-
lytic domain (GAPcat), PI3Kcg and both CRAF- and
RALGDS RBDs, but displays significantly enhanced
binding to the CRAF RBD in its GDP bound state. These
observations lead to the intriguing possibility that
mUbRAS upregulates RAF signaling in a nucleotide
independent manner.

Methods

Protein expression, purification and ubiquitin
ligation

Human KRAS C118S (1–169), KRAS C118S/K147C
(residues 1–169), Ubiquitin 76C (1–76), CRAF RBD

(residues 54–131), and the catalytic domain of p120-
RASGAP (GAPcat, residues 715–1047) were subcloned
into a pQlinkH vector (Addgene) containing a histidine
tag and expressed in Escherichia coli BL21 (DE3) RIPL
cells (Novagen).14 Human RALGDS (residues 741–833)
construct was generously provided by Mitsuhiko Ikura.
RALGDS protein was expressed using a pQlinkH vector
(Addgene) with an N-terminal glutathione S-transferase
(GST) tag. Cells were grown at 37�C in a shaking culture
of lysogeny broth (LB) supplemented with ampicillin
and chloramphenicol. Protein expression was induced
using 0.1mmol/L Isopropyl b-D-1-thiogalactopyranoside
(IPTG). At an OD600 of 0.6, the temperature was reduced
to 18�C, the cells incubated for additional 12–15 hours,
harvested by centrifugation with pellets stored at ¡20�C.

Cells were lysed by sonication in 50 mL volumes of
50 mM Hepes, 150 mM NaCl, 20 mM imidazole, 5 mM
MgCl2, 2 mM b-mercaptoethanol, and 50 mM GDP pH
7.75 (Buffer A). All RAS C118S/K147C and Ub76C puri-
fication buffers contained 2 mM tris(2-carboxyethyl)
phosphine (TCEP). KRAS C118S/K147C, KRAS C118S,
CRAF RBD, GAPcat proteins were purified using nickel
(Ni) Sepharose columns at room temperature. The
centrifuged cell lysate was mixed with the Ni sepharose
beads and the Ni column washed in Buffer A. The
column was subsequently washed with Buffer B contain-
ing higher salt (500 mM NaCl and 40 mM imidazole).
Finally, the column was washed using Buffer A contain-
ing increasing amounts of imidazole (35 mM, 40 mM
and 45 mM) before eluting the protein using Buffer C
containing 20 mM Hepes, 150 mM NaCl and 250 mM
Imidazole, pH 7.75. The histidine tag was cleaved over-
night using the His-tagged tobacco etch virus (TEV) pro-
tease while dialyzing in Buffer A. The eluted protein was
then passed over a nickel-agarose column to remove
uncleaved RAS and His-tagged TEV. Further purifica-
tion of protein from contaminants was achieved using
size-exclusion chromatography (Superdex 75 10/300 GL;
GE Life Sciences) at 4�C. Purity exceeding 95% was
confirmed by SDS-PAGE analysis. RALGDS was purified
by mixing the centrifuged lysate with glutathione beads
for 1 hour (Amersham Pharmacia Biotech). The column
was washed using 300 mL of 30 mM Tris, 10 mM NaCl,
10% glycerol and 1 mM dithiothreitol at pH 7.5. The
protein was eluted by the addition of 10 mM reduced
glutathione to the wash buffer. The GST-tag was cleaved
overnight using thrombin protease while dialyzing in
wash buffer. The cleaved RALGDS was then purified
using size exclusion chromatography (Superdex 75 10/
300 GL; GE Life Sciences). The purified human
Phosphoinositide 3-Kinase catalytic subunit, gamma
(PI3Kcg, residues 144–1102) was generously provided
by Genentech.
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Chemical ubiquitylation of RAS

Monoubiquitylation of KRAS was accomplished using
previously published methods.12,15 In brief, a ten-fold
excess of purified ubiquitin 76C was mixed with KRAS
C118S/K147C and dialyzed against 4L of 30 mM Tris,
100 mM NaCl, 5 mM MgCl2, 50 mM GDP, pH 8.5 at
4�C overnight. The efficiency of chemical ubiquitylation
was determined using a non-reducing SDS-PAGE. The
reaction was considered complete by the absence of non-
modified RAS.

RAS nucleotide loading

The non-hydrolysable fluorescent GTP analog, mant-
GppCp (mGppCp), was used in lieu of GTP, to prevent
GTP hydrolysis during the binding assays. RAS protein
was buffer exchanged into 20 mM Hepes, 50 mM NaCl,
1mM MgCl2 at pH 7.4. The concentration of RAS was
adjusted to 100 mM and 500 mM mGppCp was added.
The sample was incubated with alkaline phosphatase
conjugated to sepharose beads at 10% (vol/vol) in the
presence of 1 mM EDTA. The sample was incubated at
4�C for 16 hours and then was dialyzed into BINDING
Buffer (20 mM Hepes, 50 mM NaCl, 5mM MgCl2 at pH
7.4). The nucleotide loading efficiency was determined
using HPLC.16

Nucleotide loading of mant-GDP (mGDP) required
RAS buffer exchange in Buffer B containing 20 mM
ammonium sulfate at pH 7.4. Mant-GDP was added at
5:1 (mol mGDP:mol RAS), EDTA (1mol EDTA: 1 mol
RAS), incubated at 37�C for 30 minutes and then
exchanged into binding Buffer C.

Mant-fluorescence binding assay

The mant-fluorescence binding assay was adapted from a
previous protocol.17,18 In brief, KRAS loaded with
mGppCp (1.5 mM) was incubated with increasing con-
centrations of CRAF RBD, RalGDS and PI3Kcg in assay
Buffer D (20 mM Hepes, 50 mM NaCl and 5 mM
MgCl2, pH 7.4). Nucleotide dissociation was initiated by
addition of 1000-fold excess of unlabeled nucleotide at
25�C. The rate-of-dissociation was monitored by the
change in fluorescence using an excitation wavelength of
355 nm and emission at 448 nm. The fluorescence meas-
urements were made using a Spectramax M5 plate reader

using a 384 Greiner plate. The nucleotide dissociation
curve was fit using a one-phase exponential decay to
determine Kobs. The dissociation rate was fit against the
ligand concentration using previously published meth-
ods.17 A minimum of three independent binding experi-
ments were used to determine the binding affinity and
standard error of RAS to each effector.

Results

GAPcat shows a significant loss of binding
to mUbRAS

We previously found that mUbRAS is defective in GAP-
mediated GTP hydrolysis.12,13 This defect could result
from either impairment in binding, catalytic activity or
both. To ascertain whether mUbRAS alters GAP bind-
ing, we employed a fluorescence-based binding assay.
This assay measures the affinity of RAS with the catalytic
domain of p120 GAP (GAPcat, residues 714–1047) by
monitoring the rate of fluorescent nucleotide dissocia-
tion (mGppCp) with increasing concentration of GAP-
cat.19 RAS was monoubiquitylated at 147 by chemical
ligation of Ub76C with KRAS K147C. Using the dissoci-
ation assay, we then determined the affinity of mUbRAS
(mGppCp) to GAPcat in comparison to non-modified
KRAS. Consistent with previous observations, we find
that KRAS (wt) loaded with mGppCp binds to GAPcat
with a Kd of 1.9 § 0.2 mM.20,21 However, mUbRAS
shows decreased (10-fold) affinity for GAPcat. The
loss-of-binding (Table 1) is consistent with the GAP
insensitivity reported by Baker et al.12

Monoubiquitylation of KRAS impairs GTP-dependent
RAS-effector interactions

Given that mUbRAS shows decreased binding to the cat-
alytic domain of p120 GAP (GAPcat) coupled with our
previous findings that mUbRAS alters RAS switch
dynamics, we postulated that monoubiquitylation of
KRAS at position 147 alters nucleotide dependent switch
conformations resulting in altered GAP and effector
interactions. To determine whether mUbRAS alters
interactions with a subset of RAS effectors, we loaded
mUbRAS with mGppCp and evaluated binding to a sub-
set of RAS effectors that demonstrate important roles in
RAS mediated tumorigenesis. It has previously been the

Table 1. Comparative binding affinity of wt KRAS and mUbRas with GAP and effector proteins.

CRAF RalGDS PI3Kcg GAPcat CRAF (GDP)

wt KRAS 61.0 § 0.53 nM 1.01§ 0.08 mM 1.86 § 0.29 mM 1.9 § 0.20 mM 55.2 § 6.1 mM
mUbRAS 391 § 21.20 nM 7.14§ 0.51 mM 18.9 § 2.02 mM 19.4 § 1.4 mM 1.2 § 0.2 mM
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CRAF RBD domain binds with high binding affinity to
KRAS complexed to GTP.22,23 Consistent with previous
observations, we obtained a dissociation constant (Kd)
of 61.0 § 0.53 nM. In contrast, mUbRAS (mGppCp) has
a 7-fold reduced affinity for CRAF RBD (Kd D 391 §
21.2 nM).

We extended these analyses to determine the binding
affinity of mUbRAS with effector proteins RALGDS
RBD and PI3Kcg. Each of these effector proteins exhibit
weaker binding to KRAS complexed to GTP relative to
the CRAF RBD.22,24,25 While effectors RALGDS and
PI3Kcg bind to KRAS(mGppCp) with low micromolar
dissociation constants of 1.01 § 0.08 mM and 1.86 §
0.29 mM, respectively (Fig. 1c), consistent with previous
results,25 we find that both RALGDS and PI3Kcg show
reduced binding to mUbRAS. In particular, RALGDS
binds with significantly reduced (»7-fold) affinity (Kd D
7.14 § 0.51 mM) to mUbRAS (mGppCp). The binding
interaction of RAS with PI3Kcg is unique among effec-
tors as the binding pocket of RAS includes contacts with
both switch I and switch II.25 While the affinity of KRAS
(wt) with PI3Kcg was measured to be moderately weak
(Kd D 1.86 § 0.29 mM), the binding affinity of mUbRAS
(mGppCp) with PI3Kcg reflected previous trends
observed for GAPcat, CRAF and RalGDS, resulting

in a significant decrease (»7-fold) in binding affinity
(Fig. 1c) (Kd D 18.9 § 2.02 mM) of mUbRAS (mGppCp)
with PI3Kcg relative to KRAS (wt).

Monoubiquitylation of KRAS(GDP) shows greatly
enhanced binding to the CRAF RBD

RAS effectors associate with higher affinity to the GTP-
bound form of wt RAS relative to the GDP-bound
state.26 To determine whether mUbRAS alters binding to
RAS effectors in a nucleotide dependent manner, we
conducted binding assays on wt RAS and mUbRAS
complexed to GDP (mGDP). We were unable to quanti-
tatively measure binding of PI3Kcg and RALGDS with
RAS(mGDP), as these lower affinity interactions
(Kd »100 mM) were outside of the sensitivity range of
the fluorescence-based assay. However, we were able to
measure the affinity of KRAS (wt, mGDP-bound) to
CRAF RBD, with a Kd D 55.2 § 6.1 mM, in agreement
with previously published data.26-28 The affinity of the
CRAF RBD for KRAS(GDP) is » 900-fold weaker than
for KRAS (GTP). Intriguingly, the interaction of
mUbRAS(GDP) with CRAF RBD is 45-fold tighter
(Kd D 1.2 § 0.2 mM) compared to wt KRAS (GDP).
Given the greatly enhanced affinity (45-fold) for

Figure 1. Panel A: Fluorescence binding curve of KRAS (mGppCp) with GAPcat (Kd D 1.9 § 0.2 mM) compared with Panel B: Fluores-
cence binding assay of mUbRAS (mGppCp) with GAPcat (Kd D 19.4§ 1.4 mM). Panel C: Relative binding affinity of KRAS (mGppCp, black
bars) and mUbRAS (mGppCp, blue bars) with effectors CRAF RBD, RALGDS, and PI3Kcg . Monoubiquitylated KRAS (mGppCp) shows a 7 to
9-decrease in affinity to the CRAF RBD, RalGDS RBD, and PI3Kcg . Statistical error was determined from 3–5 independent experiments.
Panel D: In contrast, mUbRAS (GDP shows 45-fold higher affinity relative to wt KRAS (GDP). Statistical error was determined from 3–5
independent experiments.
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mUbRAS(GDP) and the lower binding to mUbRAS
(GTP), the difference in GTP versus GDP specificity of
mUbRAS for CRAF differs by only 3-fold relative to
900-fold for wt KRAS, rendering the interaction less
nucleotide dependent.

Discussion

Monoubiquitylation has been shown to alter RAS activ-
ity, downstream signaling and tumorigenesis.11,12 To bet-
ter understand how ubiquitylation upregulates RAS
activity by conferring a defect in GAP mediated downre-
gulation, we measured the binding affinity between
mUbRAS and the p120 RASGAP catalytic domain, and
found greatly impaired (10-fold) binding to GAPcat. The
significantly decreased binding is consistent with our
previous findings that mUbRAS shows a 10-fold
impairment in GAP-mediated GTP hydrolysis relative to
wt KRAS.12 As mUbRAS also promotes downstream sig-
naling and tumorigenesis, we investigated whether mUb
of KRAS at 147 alters effector binding. We find that
mUbRAS results in a decrease in binding affinity (7 to 9-
fold) for CRAF RBD, RALGDS RBD and PI3Kcg. While
this may be seemingly contradictory to the enhanced
RAF and PI3K signaling observed for mUbRAS, the
decrease in RAS(GTP) binding to effectors may be com-
pensated by an increase in RAS(GDP) binding. In fact,
we observe a large (45-fold) increase in binding affinity
of mUbRAS (GDP) to CRAF RBD. These findings indi-
cate that mUbRAS may bind and activate RAF in a
nucleotide independent manner. We were unable to
quantify binding of mUbRAS (GDP with effectors
RALGDS or PI3Kcg) given the lower affinity of these
interactions relative to CRAF RBD.

How does mUbRAS alter regulatory and effector
interactions? Two potential mechanisms may explain
these findings. First, ubiquitylation of lysine 147 may
alter RAS switch dynamics, allowing for GTP-like bind-
ing in the GDP-bound state. In support of this postulate,
NMR data obtained on mUbRAS(GDP) indicate that the
switch I, p-loop and part of switch II regions show
altered backbone dynamics, more similar to slower
dynamic motions observed for KRAS(GTP).12 We also
find that substitution of a PDZ domain in lieu of ubiqui-
tin retains the GAP defect, and that the length of the
linker connecting to KRAS is important for the GAP-
insensitivity of mUbRAS.13 The close proximity of the
ligated protein to the dynamic switch regions may allow
ubiquitin to modify the switch dynamics through an
occlusion affect. As the RAS switch regions are in fast
exchange on the NMR time scale when RAS is bound to
GDP, ubiquitylation at 147 may slow exchange and favor
‘closed’ GTP-like conformations. We have also observed

that mUbRAS bound to GTP shows altered switch
dynamics by NMR (unpublished). Given the (7–10 fold)
decrease in mUbRAS(GTP) binding with regulatory pro-
teins and effectors, we postulate that ubiquitin ligation at
147, alters switch dynamics to lower the population of
the ‘active’ conformation(s). As a second potential mech-
anism, monoubiquitylation of RAS at position 147 may
show enhanced binding to RAS (GDP) through addi-
tional contacts between RAS, ubiquitin and effector pro-
teins. Ubiquitin contains multiple binding sites that
contribute to protein binding interactions,29,30 with dis-
sociation constants in the low-micromolar range.29

Additional NMR structural and dynamic studies in addi-
tion to ligation of non-ubiquitin proteins to lysine 147,
should provide insight into the mechanism by which
mUbRAS alter effector binding and consequently down-
stream signaling. Moreover, cellular studies that probe
nucleotide independent mUbRAS engagement and acti-
vation of RAF will aid in determining whether mUbRAS
bound to GDP may facilitate MAPK signaling.
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