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ABSTRACT: The KRAS gene encodes two isoforms, KRas4a and
KRas4b. Differences in the signaling functions of the two KRas proteins
are poorly understood. Here we report the comparative and nucleotide-
dependent interactomes of KRas4a and KRas4b. Many previously
unknown interacting proteins were identified, with some interacting
with both isoforms while others prefer only one. For example, v-ATPase
a2 and eIF2Bδ interact with only KRas4b. Consistent with the v-ATPase
interaction, KRas4b has a significant lysosomal localization. Comparing
WT and constitutively active G12D mutant KRas, we examined
differences in the effector proteins of the KRas4a and KRas4b.
Interestingly, KRas4a binds RAF1 stronger than KRas4b. Correspond-
ingly, KRas4a can better promote ERK phosphorylation and anchorage-
independent growth than KRas4b. The interactome data represent a
useful resource to understand the differences between KRas4a and KRas4b and to discover new function or regulation for them.
A similar proteomic approach would be useful for studying numerous other small GTPases.

■ INTRODUCTION

The Ras superfamily of small GTPases consists of more than
150 members and plays important roles in numerous biological
processes such as signal transduction, membrane trafficking,
nuclear export/import, and cytoskeletal dynamics.1 Among all
these members, four Ras proteins (HRas, NRas, KRas4a, and
KRas4b) encoded by three RAS genes (HRAS, NRAS, and
KRAS) attract broad interest because their deregulation is
frequently found in various human cancers.2 It is well
established that mutant Ras proteins are cancer drivers.3 Ras
proteins are active in their GTP-bound state and inactive in
their GDP-bound state. Guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs) regulate the
GTP and GDP exchange on Ras proteins.4 GEFs facilitate the
formation of GTP-bound Ras, while GAPs activate Ras intrinsic
GTP hydrolysis and promote the formation of GDP-bound
Ras. GTP loading on Ras proteins induces a conformational
change in their switch I region, which allows the recruitment of
effector proteins, turning on Ras signaling.5 The four Ras
proteins share a high sequence identity in their conserved
domain (residues 1−165), which includes nucleotide and
effector protein binding regions. The Ras proteins diverge in
their C-terminal hypervariable region (HVR, residues 166−188
or −189), which plays important roles in membrane targeting,
protein−protein interaction, and signal transduction.6 Different
Ras proteins share many effector proteins, such as RAF1,
RalGDS, PI3K, and PLCε,5 and were originally thought to have
similar biological functions. However, accumulating evidence
has shown that different Ras proteins exhibit different signaling

and biological functions. For example, HRas, NRas, and KRas
exhibit different leukemogenic potentials in mice.7 KRas but
not HRas can translocate from the plasma membrane (PM) to
Golgi complex and early/recycling endosomes in a Ca2+/
calmodulin dependent manner.8 The different functions of Ras
proteins suggest that they may recruit different proteins that
determine the signaling outputs, or bind to the same effector
protein with different affinities which could also lead to
different signaling outputs. Even KRas4a and KRas4b, two
alternatively spliced products from KRAS gene, were shown to
have different subcellular localizations and biological func-
tions.9,10 However, the molecular basis for the different
signaling functions of various Ras proteins, especially the two
KRas isoforms, is poorly understood.
The interactome of a protein of interest can provide

important functional clues for that protein, thereby facilitating
the discoveries of new functions for the protein. This is
especially important for proteins whose functions mainly rely
on recruiting other proteins, such as the Ras proteins.
Currently, the most well-established protein interactome
database is BioPlex 2.0, which includes interactome data for
almost half of the human proteome.11 However, for each single
protein, only the most abundant and high-confident interacting
proteins are present in the database. For example, we searched
KRas interacting proteins in BioPlex 2.0 and only found RIN1
and BRAF (http://bioplex.hms.harvard.edu), two known Ras
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interacting proteins.12,13 This is far fewer than the number of
known KRas interacting proteins. Moreover, many protein−
protein interactions are protein state dependent. For example,
Ras−effector interactions are GTP-dependent. Knowing the
nucleotide-dependent interactome is thus important for
understanding protein functions. However, such nucleotide-
dependent protein−protein interaction information is not
available in the reported interactome database. In this study,
we report the nucleotide-dependent interaction map of the two
KRas isoforms, KRas4a and KRas4b, acquired using stable
isotope labeling with amino acids in cell culture (SILAC) and

affinity-purification mass spectrometry (AP-MS). The use of

SILAC makes the interactome analysis more reliable and

quantitative, which enables us to identify finer differences

between the interactomes of KRas4a and KRas4b. These

interactions not only can explain some of the functional

differences between KRas4a and KRas4b but also can facilitate

the discovery of new signaling functions of the two KRas

isoforms.

Figure 1. Identifying KRas4a and KRas4b interacting proteins in HEK293T cells by SILAC and AP-MS. (a) Scheme showing identification of
KRas4a/b interacting proteins in HEK293T cells by SILAC and AP-MS. (b) Plotting KRas4a/b interacting proteins (with ≥2 unique peptides)
against their heavy/light ratios. (c) Nonspecific versus confident interacting proteins of KRas4a/b identified in HEK293T cells. (d) Heat map
showing the heavy/light ratios of KRas4a/b interacting proteins in HEK293T cells. (e) iBAQ values (from HEK293T cells) showing the abundance
distribution of KRas4a/b interacting proteins. (f) Heavy/light ratio and peptide number (within parentheses) of known KRas4a/b interacting
proteins. (g) Venn diagrams showing the numbers of shared and unique interacting proteins of KRas4a/b in HEK293T cells. (h) Biological process
analysis of KRas4a/b interacting proteins. Categories were assigned based on DAVID analysis UP_KEYWORDS.
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■ RESULTS AND DISCUSSION

Identifying KRas4a and KRas4b Interacting Proteins
in HEK293T Cells by SILAC and AP-MS. We utilized SILAC
and AP-MS to construct the interactome network of wild-type
(WT) and constitutively active Gly12Asp mutant (G12D) of
KRas4a and KRas4b. It has been shown that most WT KRas is
in the GDP-bound state in cells (∼93%).14 In contrast,
mutation of KRas Gly12 to any other amino acids except
proline blocks GAP arginine finger assisted GTP hydrolysis,
leading to most of the G12D mutant KRas bound to GTP.15

We chose the G12D mutant for interactome study because
KRas G12D is the most abundant mutation in many cancers,
such as pancreatic ductal adenocarcinoma (PDAC) and colon
and rectal carcinoma (CRC).2 Comparing the interactome of
KRas4a/b WT and G12D mutant may reveal KRas4a/b
nucleotide-dependent interacting proteins.
We used SILAC to rule out nonspecific proteins and false

positives, which are common problems for AP-MS based
interactome studies. The experimental design is shown in
Figure 1a. Taking the identification of KRas4a WT interacting
proteins as an example, we transiently transfected tag-free

KRas4a WT into “light” HEK293T cells and FLAG-tagged
KRas4a WT into “heavy” HEK293T cells at similar expression
levels (Figure S1). Then we carried out FLAG immunopreci-
pitation (IP) and combined the FLAG resin from light and
heavy samples. After elution and trypsin digestion, the proteins
were identified and quantified by MS. In the SILAC results, we
picked proteins with a heavy/light (H/L) ratio >1.5 and with at
least two unique peptides as potential KRas4a WT interacting
proteins. To enhance data reliability and reduce false positive
hits, we also performed reverse SILAC experiments in parallel,
in which the “heavy” and “light” samples were swapped. In the
reverse SILAC, proteins with H/L ratio <0.67 and with at least
two unique peptides would be potential interacting proteins.
We plotted KRas4a interacting proteins (with ≥2 unique
peptides identified) against their heavy/light ratios in both
forward and reverse SILAC for easy visualization of the result
(Figure 1b). Over 85% of proteins from the original SILAC
results were ruled out, leaving a list of high-confident
interacting proteins (Table S1).
Similar SILAC experiments and analysis were done for

KRas4a G12D, KRas4b WT, and KRas4b G12D. Comparable

Figure 2. KRas4b interacts with v-ATPase a2 through its C-terminal HVR. (a) Heavy/light ratio of v-ATPase a2 in KRas4a/b SILAC and the
primary mass spectra of one v-ATPase a2 peptide (residues 638−650) in forward and reverse KRas4b SILAC. (b) Immunoprecipitation of FLAG-
tagged KRas4b, but not KRas4a, pulled out endogenous v-ATPase a2 in HEK293T cells. (c) Immunoprecipitation of FLAG-tagged HRas(1−164)-
KRas4b (165−188) (labeled as FLAG-HRas+K4b), but not FLAG-tagged HRas(1−164)-KRas4a (165−189) (labeled FLAG-HRas+K4a), pulled
out endogenous v-ATPase a2 as FLAG-tagged KRas4b did. (d) Immunoprecipitation of both FLAG-tagged KRas4b G12D and S17N pulled out
similar levels of endogenous v-ATPase a2. RAF1 was used as a positive control, which only interacted with KRas4b G12D but not S17N. (e)
Confocal images showing the colocalization of GFP-KRas4a WT or GFP-KRas4b WT with LAMP1 in HEK293T cells. Quantification of
colocalization was shown on the left using Pearson’s coefficient (n = 10 for each sample). Statistical evaluation was done using a two-way ANOVA.
Scale bar: 5 μm.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.7b00440
ACS Cent. Sci. 2018, 4, 71−80

73

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00440/suppl_file/oc7b00440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00440/suppl_file/oc7b00440_si_002.xlsx
http://dx.doi.org/10.1021/acscentsci.7b00440


numbers of interacting proteins were identified for each KRas
protein (KRas4a WT, 103 proteins; KRas4a G12D, 96 proteins;
KRas4b WT, 94 proteins; KRas4b G12D, 110 proteins. Figure
1c,d). The KRas4a/b interacting proteins spanned a broad
range in abundance across the HEK293T proteome16 (Figure
1e). Many known KRas interacting proteins were identified
(Figure 1f), suggesting that the interactome data set was
reliable.
For each KRas isoform, more than half of the interacting

proteins were shared between WT and G12D (Figure 1g),
suggesting that GTP/GDP binding on KRas affected some but
not the majority of interacting proteins. One example of the
shared interacting proteins is FNTB (protein farnesyltransfer-
ase subunit beta, Figure 1f), which is involved in posttransla-
tional modification of Ras proteins. Among the interacting
proteins that were not shared between WT and G12D, we
found many known KRas4a/b effector proteins that only
interacted with G12D, such as ARAF and BRAF (Figure 1f).
This suggested that comparing the WT and G12D interactome
could help identify new KRas4a/b effector proteins.

Comparison of different KRas isoforms (KRas4a versus
KRas4b, or KRas4a G12D versus KRas4b G12D) suggested
that more than half of interacting proteins were isoform specific
(Figure 1g). For each KRas isoform, we combined the WT and
G12D interactome and analyzed the biological processes that
the interacting proteins are involved in. We found many shared
biological processes such as nucleotide-binding and alternative
splicing (Figure 1h). Some biological processes showed KRas
isoform specificity. For example, KRas4a-specific interacting
proteins are involved in mitosis, DNA damage, and ion
transport, while KRas4b-specific interacting proteins are
involved in neurodegeneration, mRNA transport, lipid
metabolism, and protein biosynthesis (Figure 1h).

Biochemical Validation of K-Ras Isoform Specific
Interacting Proteins. Among the proteins that only
interacted with one of the KRas isoforms, we chose two
proteins for validation, v-ATPase a2 and the δ subunit of
eukaryotic initiation factor 2B (eIF2Bδ), which only interacted
with KRas4b but not KRas4a based on the interactome data
(Figure 2a and 3a). When we transfected FLAG-tagged KRas4a

Figure 3. KRas4b interacts with eIF2Bδ through its C-terminal HVR. (a) Heavy/light ratio of eIF2Bδ in KRas4a/b SILAC and the primary mass
spectra of one eIF2Bδ peptide (residues 210−225) in forward and reverse KRas4b SILAC. (b) Immunoprecipitation of FLAG-tagged KRas4b, but
not KRas4a, pulled out endogenous eIF2Bδ in HEK293T cells. (c) Immunoprecipitation of FLAG-tagged HRas(1−164)-KRas4b (165−188), but
not HRas(1−164)-KRas4a (165−189), pulled out endogenous eIF2Bδ as FLAG-tagged KRas4b did. (d) Immunoprecipitation of FLAG-tagged
KRas4b WT, G12D and S17N pulled out similar levels of endogenous eIF2Bδ. (e) Heavy/light ratios of eIF2Bα, eIF2Bβ, eIF2Bγ, and eIF2Bε in
KRas4a/b SILAC.
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Figure 4. KRas4a has more RAF1 interaction than KRas4b in cells. (a) Detection of interactions between endogenous RAF1 and FLAG-tagged WT
and G12D mutants of HRas, NRas, KRas4a, and KRas4b in HEK293T cells. (b) FLAG-tagged KRas4a/b G12D and endogenous Ras expression
levels in NIH 3T3 cells. FLAG-tagged KRas4a/b had higher molecular weight than endogenous Ras and ran higher on the gel. (c)
Immunoprecipitation of FLAG-tagged KRas4a G12D pulled out more endogenous RAF1, but not ARAF and BRAF, than FLAG-tagged HRas G12D
and KRas4b G12D did in NIH 3T3 cells. (d) Immunoprecipitation of FLAG-tagged HRas(1−164)-KRas4a(165−189) pulled out more endogenous
RAF1 than FLAG-tagged HRas(1−164)-KRas4b(165−188) did in HEK293T cells. (e) p-ERK (Thr202, Tyr204) and ERK levels in NIH 3T3 cells
expressing pCDH vector, FLAG-tagged HRas G12D, KRas4a G12D, or KRas4b G12D. (f) FLAG-tagged HRas G12D, KRas4a G12D, and KRas4b
G12D increased the phosphorylation levels of several key proteins (p-Akt Thr308, p-Akt Ser473, p-S6K Thr389, and p-4E-BP1 Thr37,46) in the
PI3K-Akt-mTOR pathway to similar extents in NIH 3T3 cells. (g) Normal 2D cell proliferation of NIH 3T3 cells expressing pCDH vector, FLAG-
tagged HRas G12D, KRas4a G12D, or KRas4b G12D. Statistical evaluation was examined using an unpaired two-tailed Student t test. Error bars
represent SD in three biological replicates. (h) Anchorage-independent soft agar assay showing that KRas4a G12D expressing NIH 3T3 cells had
higher colony number than HRas G12D or KRas4b G12D expressing NIH 3T3 cells. Statistical evaluation was examined using an unpaired two-
tailed Student t test. Error bars represent SD in three biological replicates. ***P < 0.001. (i) Knocking down RAF1 by two different shRNAs
dramatically decreased KRas4a G12D and KRas4b G12D induced colony formation in soft agar assay. Top figure shows the Western blot of
endogenous RAF1 in empty vector, KRas4a G12D, or KRas4b G12D expressing NIH 3T3 cells and the quantification of bands on the Western blot
membrane. Statistical evaluation was examined using an unpaired two-tailed Student t test. Error bars represent SD in three biological replicates.
***P < 0.001. (j) Scheme showing that in NIH 3T3 cells, increased KRas4a-RAF1 interaction may contribute to increased anchorage-independent
cell growth.
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and KRas4b into HEK293T cells, immunoprecipitation of
FLAG-tagged KRas4b, but not KRas4a, pulled out endogenous
v-ATPase a2 (Figure 2b), confirming the interactome data.
Since KRas4a and KRas4b are only different at the C-

terminal HVR, we hypothesized that for any proteins that show
KRas4a or KRas4b specificity, the C-terminal HVR should
contribute to the specificity. We also found that FLAG-tagged
HRas did not interact with endogenous v-ATPase a2 (Figure
2c). Therefore, to confirm whether the KRas4b C-terminal
HVR contributed to the interaction with v-ATPase a2, we made
FLAG-tagged HRas-KRas4a/b chimeric constructs by adding
the KRas4a/b C-terminal HVR (residues 165−189 on KRas4a
and residues 165−188 on KRas4b) to the HRas conserved
domain (residues 1−164) (Figure 2c). In HEK293T cells,
immunoprecipitation of FLAG-tagged HRas(1−164)-KRas4b
(165−188), but not FLAG-tagged HRas(1−164)-KRas4a
(165−189), pulled out endogenous v-ATPase a2 to similar
levels as FLAG-tagged KRas4b did (Figure 2c), suggesting that
the KRas4b C-terminal HVR accounted for the specific binding
to v-ATPase a2.
Both the WT and G12D mutant of KRas4b interacted with v-

ATPase a2 based on the interactome data, suggesting that v-
ATPase a2 is unlikely a KRas4b effector protein. We further
confirmed this by examining the interactions between v-ATPase
a2 and KRas4a G12D (constitutively active, always binds to
effector protein) or S17N (dominant negative, cannot bind to
effector protein).17 KRas4b G12D and S17N showed
comparable v-ATPase a2 interactions (Figure 2d), suggesting
that v-ATPase a2 is not a KRas4b effector protein.
v-ATPase is known to localize on the lysosome.18,19 The

specific interaction between KRas4b and v-ATPase a2 suggests
that KRas4b may have more lysosome localization than
KRas4a. Using confocal microscopy, we performed colocaliza-
tion analysis of KRas4a and KRas4b with the lysosome marker
LAMP1. The result suggested that KRas4b had significantly
higher colocalization with LAMP1 than KRas4a (Figure 2e).
Thus, the higher v-ATPase a2 interaction of KRas4b is
consistent with the higher lysosomal localization.
Similarly, we confirmed biochemically that eIF2Bδ only

interacted with KRas4b but not KRas4a in a nucleotide-
independent and the C-terminal HVR-dependent fashion
(Figure 3b−d). eIF2B is a heterotrimeric G protein that
consists of five subunits (eIF2Bα, eIF2Bβ, eIF2Bγ, eIF2Bδ, and
eIF2Bε).20 All the other four eIF2B subunits were identified as
KRas4b specific interacting proteins (Figure 3e), suggesting
that KRas4b may use its C-terminal HVR to form a complex
with eIF2B.
KRas4a Has More RAF1 Interaction than KRas4b in

Cells. We next asked whether we could utilize the interactome
data to identify the KRas4a/b interacting proteins that could
contribute to the different biological functions of KRas4a and
-4b. We found that RAF1, a well characterized Ras effector
protein, had a higher peptide number and a higher protein
score in the KRas4a WT interactome than in the KRas4b WT
interactome (Figure 1f, peptide number, 13 vs 5; protein score,
42.7 vs 16.6), suggesting that KRas4a had more RAF1
interaction than KRas4b. Moreover, in the reverse SILAC,
RAF1 was identified as an interacting protein for KRas4a WT
but not for KRas4b WT, which was likely due to a lower
binding affinity between RAF1 and KRas4b WT. Although both
KRas4a G12D and KRas4b G12D pulled out similar levels of
RAF1 (Figure 1f), we reasoned that the high percentage of

GTP-loading on overexpressed KRas4a/b G12D may saturate
RAF1 binding and obscure the difference in binding.
We first validated KRas4a/b and RAF1 interaction in

HEK293T cells. Immunoprecipitation of FLAG-tagged
KRas4a WT pulled out more endogenous RAF1 than FLAG-
tagged KRas4b WT did (Figure 4a). We also included FLAG-
tagged HRas and NRas in our co-IP experiment and found that
KRas4a had the highest RAF1 interaction among the four Ras
proteins (Figure 4a). FLAG-tagged KRas4a G12D and KRas4b
G12D had comparable RAF1 interactions (Figure 4a), which is
consistent with the SILAC result. To reduce the effect of
saturated RAF1 binding on KRas4a/b G12D, we lowered
KRas4a/b G12D expression levels by stably expressing them in
NIH 3T3 cells. NIH 3T3 cells were also a better and widely
used cell model for studying Ras related cancer biology than
HEK293T cells.21 We selected cells that expressed FLAG-
tagged Ras proteins at levels similar to that of the
corresponding endogenous Ras (Figure 4b) to reduce the
artifact caused by too much protein overexpression. Immuno-
precipitation of KRas4a G12D pulled out more RAF1 than
KRas4b G12D and HRas G12D did (Figure 4c). The other two
members of the RAF family, ARAF and BRAF, showed
comparable interactions with KRas4a G12D and KRas4b G12D
(Figure 4c), suggesting that the higher binding affinity to
KRas4a was specific to RAF1.
To test whether the difference in RAF1 binding affinity was

due to the C-terminal HVRs, we transfected FLAG-tagged
HRas(1−164)-KRas4a(165−189) and HRas(1−164)-
KRas4b(165−188) into HEK293T cells. Immunoprecipitation
of HRas(1−164)-KRas4a(165−189) pulled out more endoge-
nous RAF1 than HRas(1−164)-KRas4b(165−188) did (Figure
4d). In contrast, ARAF showed similar bindings to these
chimeric proteins (Figure 4d). This result suggested that,
besides the switch I region of Ras protein, KRas4a C-terminal
HVR also contributed to RAF1 binding.
We next tested whether the stronger interaction with RAF1

has any functional significance. We measured the phosphor-
ylation level of ERK, a well-established RAF kinase downstream
protein.22 At similar expression levels, KRas4a G12D expressing
cells had higher ERK phosphorylation than KRas4b G12D and
HRas G12D expressing cells (Figure 4e), suggesting that the
increased KRas4a-RAF1 interaction led to increased RAF-
MEK-ERK signaling as expected.
The PI3K-Akt-mTOR pathway is another well-known Ras

effector pathway.23 To make sure that the differential effect of
KRas4a G12D and KRas4b G12D was not due to a minor
difference in expression levels, we also examined the activation
of the PI3K-Akt-mTOR pathway by KRas4a G12D and KRas4b
G12D. All three Ras proteins increased p-Akt (Thr308), p-Akt
(Ser473), p-S6K (Thr389), and p-4EBP1 (Thr37,46) to similar
extents (Figure 4f), suggesting that the differential effect of
KRas4a and KRas4b on RAF-MEK-ERK is unique and
attributable to the differential RAF1 binding affinity.
As the most common oncogene in human cancer, KRAS

plays crucial roles in tumorigenesis and tumor growth.24

However, which KRas isoform plays more important roles
remains a matter of debate.9 The difference in RAF1 binding
affinity thus prompted us to examine whether KRas4a and
KRas4b would exhibit different transforming abilities. We
employed two classical and widely used assays, the anchorage-
independent soft agar assay and the normal 2D cell
proliferation assay, to evaluate KRas4a and KRas4b transformed
NIH 3T3 cells. Both assays reflect integrated phenotypes that
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are contributed by different molecular signaling events, but
anchorage-independent cell growth is generally thought to be
mainly regulated by RAF-MEK-ERK,25−27 and the PI3K-Akt-
mTOR pathway more contributes to the normal 2D cell
proliferation.28 Based on the above observation that KRas4a
G12D and KRas4b G12D affect the RAF-MEK-ERK pathway
differentially, but the PI3K-Akt-mTOR pathway similarly, we
predicted that KRas4a G12D transformed cells and KRas4b
G12D transformed cells should have similar normal 2D cell
proliferation but different anchorage-independent growth.
These predictions were indeed supported by the experimental
observations: KRas4a G12D transformed and KRas4b G12D
transformed NIH 3T3 cells showed similar proliferation rates
under normal 2D cell culture (Figure 4g), but the KRas4a
G12D transformed NIH 3T3 cells had significantly higher
colony numbers than KRas4b G12D or HRas G12D trans-
formed cells on soft agar anchorage-independent growth assay
(Figure 4h).
To further confirm that RAF1-MEK-ERK signaling cascade

plays a key role in KRas4a/b G12D induced anchorage-
independent cell growth, we knocked down RAF1 by 68% and
59% with two different shRNAs, respectively, in KRas4a G12D
and KRas4b G12D transformed NIH 3T3 cells (Figure 4i) and
performed soft agar assay. As shown in Figure 4i, knocking
down RAF1 dramatically blocked colony formation in both
KRas4a G12D and KRas4b G12D transformed 3T3 cells. The
colony numbers decreased 93% and 84% respectively with two
different shRNAs in KRas4a G12D transformed cells, and 97%
and 86% respectively in KRas4b G12D transformed cells. This
result suggests that RAF1 plays an essential role in KRas4a/b
G12D induced anchorage-independent cell growth. Consider-
ing that KRas4a has higher RAF1 interaction than KRas4b does
(Figure 4a and 4c), the higher KRas4a transforming ability can
be attributed to the increased RAF1−KRas4a interaction
(Figure 4j).
Using a quantitative proteomic approach, here we examined

the nucleotide-dependent interactomes of two splice variants of
KRas, KRas4a and KRas4b. In addition to identifying known
interacting proteins, we identified many previously unknown
KRas4a and KRas4b interacting proteins. Some proteins
interact with only one KRas isoform, such as v-ATPase a2
(Figure 2, interacts with KRas4b) and eIF2B (Figure 3,
interacts with KRas4b). v-ATPase is known to localize on the
surface of the lysosome membrane.18,19 Correspondingly,
KRas4b has more lysosome localization than KRas4a (Figure
2e), suggesting that KRas4a and -4b have different intracellular
localizations, which may contribute to different signaling
functions of KRas4a and -4b. Although KRas4b is reported to
mainly localize on the plasma membrane, our study suggests
that KRas4b can localize on the lysosome via its interaction
with v-ATPase. Another KRas4b interacting protein, eIF2B, is
the GEF of eIF2α and plays pivotal roles in canonical
translation initiation.29 Our data suggests that KRas4b may
regulate protein translation initiation by interacting with eIF2B.
Although the functional significance of these newly discovered
interactions awaits further investigation, these previously
unknown interacting proteins that show isoform specificity
may uncover new functions or new regulatory mechanisms of
KRas4a and KRas4b.
The quantitative information that is available in our

experimental approach also allows us to identify proteins that
preferentially bind to the active GTP-bound form of KRas4a
and KRas4b. Such proteins are more likely to be effector

proteins of KRas. Some of these proteins interact with both
KRas isoforms, but at different levels. RAF1 has more KRas4a
interaction than KRas4b, which is due to the contribution of
KRas4a C-terminal HVR to the interaction (Figure 4d).
Interestingly, KRas4a and KRas4b have similar interactions
with ARAF or BRAF (Figure 4c). The stronger interaction
between KRas4a and RAF1 led to stronger RAF-MEK-ERK
pathway activation, while the PI3K-Akt-mTOR pathway
activation is similar for KRas4a and KRas4b. Consistent with
these signaling properties, we found that KRas4a and KRas4b
increased normal 2D cell proliferation similarly, but KRas4a
increased anchorage-independent cell growth better than
KRas4b did. Our interactome data suggest that the increased
anchorage-independent colony formation in KRas4a trans-
formed NIH 3T3 cells is likely attributed to increased KRas4a−
RAF1 interaction and RAF1-MEK-ERK signaling cascade.
RAS is the most frequently mutated oncogene in human

cancer.2 Constitutively active mutants of RAS are found in 60−
90% of pancreatic cancer, 36% of colorectal cancer, and 19% of
lung cancer.30,31 Among all RAS-driven cancers, KRAS is the
most frequently mutated RAS (86%) (COSMIC database).
Most early studies have focused on KRas4b in KRas-driven
cancers since KRas4b was found to be more abundant.32

However, accumulating evidence suggests that the KRas4a
isoform is widely expressed in different human cancers and also
plays important roles in tumorigenesis.9,33−35 Therefore, an
important question is whether there is any difference in the
transforming ability of KRas4a and KRas4b and what the
underlying molecular mechanism is. Our interactome study
described here thus has provided important insights into this
question.
The Ras superfamily of small GTPases consists of more than

150 members. They work similarly to KRas, activating different
pathways by recruiting different effector proteins when bound
to GTP. Therefore, the comparative nucleotide-dependent
interactome study described here for KRas could be similarly
used to study the specificities of other small GTPases and
discover previously unknown functions for them. We thus
believe that this is a powerful approach that can be used to gain
useful biological insights for numerous cell signaling pathways.

■ METHODS
Reagents. ERK (#4696), p-ERK Thr202, Tyr204 (#4370),

Akt (#4691), p-Akt Thr308 (#13038), p-Akr Ser473 (#4060),
S6K (#9202), p-S6K Thr389 (#9234), 4E-BP1 (#9644), and p-
4E-BP1 Thr37,46 (#2855) antibodies were purchased from
Cell Signaling Technology. ARAF (sc-408), BRAF (sc-166),
RAF1 (sc-227), and β-actin (sc-4777) antibodies were
purchased Santa Cruz Biotechnology. eIF2Bδ (11332-1-AP)
antibody was purchased from Proteintech. v-ATPase a2
(GTX111275) antibody was purchased from GeneTex. Anti-
FLAG affinity gels (#A2220) and FLAG antibody (#A8592)
were purchased from Sigma. Mouse RAF1 shRNAs (#1,
TRCN0000012628, TRCN #2, TRCN0000312820) were
purchased from Sigma. Protease inhibitor cocktail, puromycin,
crystal violet, [13C6,

15N2]-L-lysine, [13C6,
15N4]-L-arginine, L-

lysine, and L-arginine were purchased from Sigma. FuGENE
6 transfection reagent and sequencing grade modified trypsin
were purchased from Promega. MEM nonessential amino acids
and ECL plus Western blotting detection reagent were
purchased from ThermoFisher. Sep-Pak C18 cartridge was
purchased from Waters. LAMP1-RFP (Addgene plasmid
#1817) was obtained from Walther Mothes.36
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Cell Culture. Human embryonic kidney (HEK) 293T cells
were cultured in Dulbecco’s modified Eagle medium (DMEM)
medium (ThermoFisher) with 10% heat inactivated FBS
(ThermoFisher). Mouse embryonic fibroblast NIH 3T3 cells
were cultured in DMEM medium with 15% heat inactivated
FBS and MEM nonessential amino acids. All the cell lines had
been tested for mycoplasma contamination and showed no
mycoplasma contamination.
Cloning, Transfection, and Transduction. Human

HRAS, NRAS, KRAS4A, and KRAS4B were inserted into
pCMV5 and pCDH-CMV-MCS-EF1-Puro vectors with N-
terminal FLAG tag. Human KRAS4A and KRas4B were
inserted into pEGFP C1 vector with N-terminal GFP tag. All
mutants were generated by QuikChange site-directed muta-
genesis. All transient transfections were performed using
FuGENE 6 transfection reagent according to the manufac-
turer’s protocol. HRas G12D, KRas4a G12D, KRas4b G12D,
and RAF1 shRNA lentiviruses were generated by cotransfection
of HRas/KRas4a/KRas4b G12D in pCDH vector or RAF1
shRNA in pLKO.1 vector, pCMV-dR8.2, and pMD2.G into
HEK293T cells. To obtain the HRas/KRas4a/KRas4b G12D
stably overexpressed NIH 3T3 cells, cells were treated with 2
mg/mL of puromycin 48 h after lentivirus infection.
Co-Immunoprecipitation. Cells were collected and lysed

in 1% NP40 lysis buffer (1% NP40, 25 mM Tris-HCl pH 7.4,
150 mM NaCl, and 10% glycerol) with protease inhibitor
cocktail (1:100 dilution) on ice for 30 min. After centrifuging at
15000g for 10 min, the supernatant (total lysates) was collected
for FLAG immunoprecipitation following the manufacturer’s
protocol. The affinity gel was washed three times with NP40
washing buffer (0.2% NP40, 25 mM Tris-HCl pH 7.4, and 150
mM NaCl). To detect the interacting proteins, the affinity gel
was heated at 95 °C for 10 min in 2× protein loading buffer,
followed by Western blot analysis.
Western Blot. Western blot analysis was performed

following previously published methods.37 The proteins of
interest were detected and visualized using a Typhoon FLA
7000 scanner (GE Healthcare).
SILAC and Nano LC−MS/MS Analysis. “Heavy”

HEK293T cells were cultured in DMEM with [13C6,
15N2]-L-

lysine, [13C6,
15N4]-L-arginine, and 10% dialyzed FBS for 5

generations. “Light” HEK293T cells were cultured in DMEM
with normal L-lysine, L-arginine, and 10% dialyzed FBS for 5
generations. After transient transfection of desired plasmids,
“heavy” and “light” cells were lysed in 1% NP40 lysis buffer
separately, according to the protocol described above. Protein
input of 8 mg for each “heavy” and “light” total lysate was
subjected for FLAG immunoprecipitation separately. After
washing the affinity gel three times with NP40 washing buffer,
“heavy” and “light” samples were mixed and washed two more
times with NP40 washing buffer. To elute FLAG-tagged
protein with its interacting proteins, the affinity gel was heated
at 95 °C for 10 min in 1% SDS elution buffer (1% SDS, 25 mM
Tris-HCl pH 7.4, and 150 mM NaCl), followed by methanol/
chloroform protein precipitation. The protein pellets were
denatured in 6 M urea, 10 mM DTT, and 50 mM Tris-HCl pH
8.0 at room temperature for 1 h. The proteins were alkylated by
incubating with 40 mM iodoacetamide at room temperature for
1 h. DTT was then added to stop alkylation at room
temperature for 1 h. After diluting the protein sample 7 times
with 50 mM Tris-HCl pH 8.0 and 1 mM CaCl2, 1 μg of trypsin
was added and incubated with the protein at 37 °C for 18 h.
Trifluoroacetic acid (0.1% in water) was added to quench the

trypsin digestion, followed by desalting using a Sep-Pak C18
cartridge. The lyophilized peptide powders were collected for
LC−MS/MS analysis (LTQ-Orbitrap Elite mass spectrometer
coupled with nanoLC). The lyophilized peptide powders were
dissolved in 2% acetonitrile (ACN) with 0.5% formic acid
(FA). The reconstituted peptides were injected into an Acclaim
PepMap nano Viper C18 trap column (5 μm, 100 μm × 2 cm,
Thermo Dionex) and separated in a C18 RP nano column (5
μm, 75 μm × 50 cm, Magic C18, Bruker). The flow rate was set
as 0.3 μL/min. The gradient was set as follows: 5−38% ACN
with 0.1% FA (0−120 min), 38−95% ACN with 0.1% FA
(120−127 min), 95% ACN with 0.1% FA (127−135 min).
Positive ion mode was used in an LTQ-Orbitrap Elite mass
spectrometer (spray voltage 1.6 kV, source temperature 275
°C). The precursor ions scan from m/z 375 to 1800 at
resolution 120,000 using an FT mass analyzer. Collision-
induced dissociation (CID) was used for the MS/MS scan at
resolution 15,000 on the 10 most intensive peaks, isolation
width was set as 2.0 m/z, and normalized collision energy was
set as 35%. Xcalibur 2.2 operation software was used for
collecting the data. The MS data was further processed using
Sequest HT in Proteome Discoverer 1.4.1.14 (PD 1.4, Thermo
Scientific).

Confocal Imaging. Cells were seeded in 35 mm glass
bottom dishes (MatTek) and cotransfected with GFP-KRas4a/
b and LAMP1-RFP. After 24 h, cells were rinsed with PBS
twice and fixed with 4% paraformaldehyde (in PBS) for 15 min.
The fixed cells were washed twice with PBS and imaged with
Zeiss LSM880 inverted confocal microscopy.

Quantitative Analyses of Colocalization. KRas4a/b-
LAMP1 colocalization was quantitatively analyzed using Fiji
software. Image background was first subtracted, and then the
cell was selected and quantified for both GFP and RFP
channels. Pearson’s correlation coefficient was calculated using
the Fiji plug-in Coloc2 program.38

Normal 2D Cell Proliferation Assay. NIH 3T3 cells
stably expressing pCDH-HRas G12D, KRas4a G12D, or
KRas4b G12D were seeded into a 12-well plate (200 cells/
well). The medium was changed every 48 h. After 9 days of
culture, the cells were washed with PBS and fixed with ice-cold
methanol for 10 min. After removing the methanol, the cells
were stained with crystal violet staining solution (0.2% in 2%
ethanol) for 5 min. Then the cells were rinsed with water to
remove extra crystal violet. The absorption of crystal violet was
measured at 550 nm after the stained cells were solubilized with
0.5% SDS in 50% ethanol.

Anchorage-Independent Soft Agar Assay. 1.5 mL of
0.6% base low melting point agarose was added into a 6-well
plate. After the agarose was solidified, 5.0 × 103 of NIH 3T3
cells stably expressing pCDH, HRas G12D, KRas4a G12D, or
KRas4b G12D were mixed with 0.3% low melting point agarose
and plated on top of the 0.6% base agarose layer. 150 μL of
normal culture medium was added on top of the 0.3% low
melting point agarose. The medium was changed every 48 h.
After 14 days of culture, colonies were stained with crystal
violet staining solution (0.1% in 25% methanol) for 30 min.
Then the cells were rinsed with 50% methanol to remove extra
crystal violet. To observe the effect of RAF1 knockdown on
KRas4a G12D and KRas4b G12D induced anchorage-
independent cell growth, NIH 3T3 cells stably expressing
KRas4a G12D or KRas4b G12D were treated with lentiviruses
carrying luciferase shRNA (shCtrl), RAF1 shRNA#1, or RAF1
shRNA#2 for 48 h before seeding into the 6-well plate. The soft
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agar assay was perfomed with the same method described
above.
Statistical Analysis. Quantitative data were expressed as

mean ± SD (standard deviation, represented by error bar).
Differences were examined by two-tailed Student’s t test (for
cell proliferation assay and soft agar assay) or two-way ANOVA
(for confocal imaging).
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