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HRAS, NRAS, and KRAS4A/KRAS4B comprise the RAS family of
small GTPases that regulate signaling pathways controlling cell
proliferation, differentiation, and survival. RAS pathway abnormali-
ties cause developmental disorders and cancers. We found that
KRAS4B colocalizes on the cell membrane with other RAS isoforms
and a subset of prenylated small GTPase family members using a live-
cell quantitative split luciferase complementation assay. RAS pro-
tein coclustering is mainly mediated by membrane association-
facilitated interactions (MAFIs). Using the RAS-RBD (CRAF RAS
binding domain) interaction as a model system, we showed that
MAFI alone is not sufficient to induce RBD-mediated RAS inhibition. Sur-
prisingly, we discovered that high-affinity membrane-targeted RAS bind-
ing proteins inhibit RAS activity and deplete RAS proteins through an
autophagosome-lysosome-mediated degradation pathway. Our results
provide a mechanism for regulating RAS activity and protein levels, a
more detailed understanding of which should lead to therapeutic strat-
egies for inhibiting and depleting oncogenic RAS proteins.

KRAS | NRAS | HRAS | protein—protein interaction | split-luciferase
complementation

Cellular signal transduction pathways are executed through a
variety of transient and dynamic protein—protein interactions
(PPIs). The PPI binding affinities (or dissociation constants) are
usually in the micromolar to millimolar range (1). The PPIs in
the RAS-MAPK pathway, one of the most mutated oncogenic
pathways in human cancer, illustrate the importance of transient
and weak protein interactions for network regulation. The small
GTPase RAS family consists of four isoforms, KRAS4A/
KRAS4B (splice variants), HRAS, and NRAS, which share 90%
similarity in the N-terminal catalytic G domain (2). RAS proteins
can form homodimer or nanoclusters on the inner surface of the
plasma membrane (3, 4). Computational and biophysical studies
suggest that the dimerization affinity of KRAS ranges from
millimolar to micromolar (5, 6). However, the cellular concen-
tration of RAS proteins is estimated to be 0.033 to ~0.5 pM (7).
This is significantly less than the RAS protein concentration
required to spontaneously dimerize. Hence, cells must have a
mechanism to bring RAS proteins into proximity to increase
their local concentrations and restrict random protein tumbling
(8) to enable RAS dimer/nanocluster formation.

One potential mechanism to promote protein proximity and
increase the effective molarity of low-abundance proteins in-
volves targeting to, and localization in, the two-dimensional
plane of a membrane (9). Importantly, protein prenylation on
the RAS C-terminal hypervariable-CAAX motif (HVR-CAAX)
is both necessary and sufficient to promote RAS membrane at-
tachment and effector interaction to activate downstream signal
transduction (10, 11). More recently, the RAS HVR-CAAX
motif was shown to mediate membrane attachment and enable
dimerization of an appended fluorescent protein (4). However, it
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remains to be determined whether the weak intrinsic affinity be-
tween independent RAS protomers is sufficient to promote and
sustain RAS dimer formation (12). Furthermore, although a di-
merization domain (DD) fused to KRAS can boost downstream
signaling in the presence of a chemical dimerizer (4), whether RAS
functions are regulated by weak interactions between RAS proteins
in dimers/nanoclusters in the cell membrane remains a significant
gap in our understanding of this critical oncogenic pathway.

RAS proteins also interact transiently and reversibly with a
variety of downstream effector proteins that bind with micro-
molar to nanomolar affinities (13). Among them, the interaction
between activated RAS-GTP and the RAS binding domain
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(RBD) of RAF proteins plays a central role in regulating the
ERK-MAPK signaling pathway (14). The crucial amino acids
that provide bonding energy to stabilize the interaction in the
RAS-RBD complex have been well-defined, and mutations that
reduce dimerization affinity and destabilize the RAS-RBD
complex have been described (15, 16). Here, we improved a split
luciferase-based system to enable detection of the weak and
transient protein interactions in the RAS-MAPK pathway when
the proteins are expressed at physiologic levels and the interac-
tions evaluated in living cells in real time. We also determine
whether the intrinsic dimerization affinity measured by in vitro
computational and biophysical methodologies can contribute to
RAS dimer/nanocluster formation in vivo. This approach also
enabled us to ascertain the extent to which cell membrane lo-
calization is required for RAS protein dimerization/clustering in
living cells. Finally, we took advantage of the well-studied RAS-RBD
interaction as a model system to investigate whether weak intrinsic
affinities between RAS-RAS complexes on the cell membrane im-
pact RAS downstream signaling. Our results disclose a previously
unanticipated autophagosome-lysosome-mediated mechanism
by which cells can eliminate nonproductive complexes formed
by interaction of RAS and tight binding RBD or engineered
RAS binding proteins. These studies have implications for the
generation of a class of pan-RAS antagonists.

Results

Quantitative ReBilL2.0 Assay. Protein-fragment complementation
assays such as split luciferase (1/2luc) complementation (or bi-
molecular luciferase complementation [BiLC]) (17-20) enable
analysis of PPIs in diverse biological processes. However, con-
cerns have been raised about whether the residual binding en-
ergy between 1/2luc fragments could cause or contribute to the
reconstitution of the 1/2luc fragments without requirement for
the fused interacting proteins whose interaction is intended to be
analyzed. Given that the 1/2luc fusion construct quantitatively
recovers the dissociation constant (Ky) for known protein
interactors, the free energy (AG) is very low (17). Based upon
error analysis of the assay, we can put a lower limit on the
binding affinity for the 1/2luc pair 2 600 mM (SI Appendix,
Supplemental Note). Since the binding affinities of most cellular
PPIs typically range from micromolar and nanomolar (1), the
extremely low affinity of the 1/2luc fragments is not likely to
contribute significantly to self-assembly. We verified this exper-
imentally in control studies using 1/2luc fragments alone as
negative controls (see below). Thus, reconstituted luminescent
signals must be driven by the fused candidate proteins or other
cellular events such as colocalization of candidate proteins where
their effective molarity can be increased (9).

The luminescent signal output in BiLC assays depends not
only on the binding affinity of candidate PPI pairs fused to 1/2luc
fragments, but also on the levels at which they are expressed.
Hence, accurate comparison of BiLC signals between different
PPI pairs can be affected by the different levels at which the
1/2luc fusion proteins are expressed (Fig. 14). We overcame this
potential pitfall by normalizing the luminescent signal to the
amount of expressed 1/2luc fusion proteins that generate the
luminescent signal (Fig.1 B and C). We refer to this improve-
ment in the original ReBiL (recombinase-enhanced BiLC) ap-
proach (20) as ReBiL.2.0 (Fig. 1D; see Materials and Methods for
detailed explanation of ReBiL.2.0).

We employed the ReBil2.0 assay to study interactions be-
tween RAS and related proteins in living cells. Since RAS is a
membrane-bound protein, the cell membrane cannot be omitted
when studying its interactions with other cellular proteins. Un-
like most in vitro biochemical and biophysical studies, the cell-
based ReBil.2.0 assay enables quantitative studies of protein
interactions between RAS and other cellular proteins in a
physiological environment where the RAS activity can also be
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measured. Importantly, ReBiL2.0 offers a platform for studying
such complex interactions in real time, in living cells.

Membrane Association Facilitates Colocalization of KRAS with NRAS,
HRAS, and Other Prenylated Proteins. KRAS4B can form homo-
dimer or nanoclusters on cell membranes (3, 4). We first vali-
dated the ReBiL.2.0 approach for the RAS system by assessing its
ability to capture KRAS4B dimers resulting from interaction of
N-terminal split luciferase (nl) and C-terminal split luciferase (cl)
appended to the N terminus of KRAS4B (designated nl-KRAS4B
and c]-KRAS4B, respectively; Fig. 2 4 and B). This fusion config-
uration preserves the intact C-terminal HVR-CAAX motif re-
quired for RAS prenylation and retains KRAS4B activity as
determined by NIH/3T3 mouse fibroblast growth transformation
assays (SI Appendix, Fig. S14). When expressed at physiologically
relevant levels (SI Appendix, Fig. S1B), nl-KRAS4B and
cl-KRAS4B generated robust 1/2luc complementation signals
(Fig. 2C and SI Appendix, Fig. S24). Since functional reconstitution
of 1/2luc fragments requires a minimum 1:1 ratio of n-KRAS4B
and cI-KRAS4B (Fig. 1C), we interpret these results to indicate
that KRAS4B minimally forms homodimers, consistent with
prior observations made using an orthogonal approach (4).
However, formation of higher-order KRAS coclusters cannot
be excluded (3).

Previous studies showed that a single Cys-to-Ser mutation
(KRAS4B_C185S) in the CAAX farnesylation motif abolishes
RAS protein membrane association and inactivates cellular
transformation activity (21, 22). Consistent with this, a single
cysteine mutation in n-KRAS4B CAAX motif (nHKRAS4B_C185S)
prevented 1/2luc complementation (Fig. 2C and SI Appendix, Fig. S2B).
Western blotting analysis showed that the absence of luminescent sig-
nal was not due to lack of n-KRAS4B C185S protein expression (S7
Appendix, Fig. S2I). This result confirms the importance of membrane
association for KRAS4B dimer;/cocluster formation on cell membranes
in living cells. We infer that the weak intrinsic affinity of KRAS4B
proteins measured by in vitro assays (5, 6) is insufficient for 1/2luc
complementation and, by extension, dimer/cocluster formation. Im-
portantly, the 1/2luc fragments (nl and cl) alone failed to generate a
luminescent signal above background, confirming their extremely weak
intrinsic affinity (~600 mM) (Fig. 2C and SI Appendix, Fig. S2F and
Supplemental Note). However, appending each 1/2luc fragment to the
last 20 amino acids from KRAS that determine KRAS4B
membrane tethering (designated as nl-CVIM and cl-CVIM),
generated robust luminescent signals (Fig. 2C and SI Appendix,
Fig. S2G). Similar results were observed by photoactivated lo-
calization microscopy analysis of fluorescent protein mCherry
fused with the HVR and CAAX domains of KRAS4B (4).
Together, these results demonstrate that the very weak intrinsic
affinity between KRAS4B monomers measured by in vitro
biochemical and biophysical assays is insufficient to promote
RAS dimer/cocluster formation in vivo. Rather, we interpret
our studies to indicate that, under physiologic conditions, KRAS4B
protomers form closely colocalized protein complexes driven by
membrane association. We suggest that this two-dimensional pro-
tein concentration facilitated by membrane localization provides
sufficient energy to enable detectable reconstitution of enzymatic
luciferase reaction. We thus define such proximity-dependent and
intrinsic affinity-independent protein interactions as membrane
association-facilitated interactions (or MAFTs).

RAS isoforms (KRAS4A/KRAS4B, HRAS, and NRAS) share
90% sequence identity in their N-terminal G domains, but the
C-terminal membrane targeting hypervariable regions (HVRs)
are highly divergent (8% sequence identity) (2). We asked
whether these different HVRs can direct RAS isoforms to the
proximal membrane domains where MAFI-dependent 1/2luc
complementation can occur (refer to SI Appendix, Fig. S2 for
analysis details and raw data). Surprisingly, all three cl-KRAS4A,
cl-HRAS, and cl-NRAS proteins efficiently reconstituted 1/2luc
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Fig. 1.

Development of ReBiL2.0 assay. (A) The raw luminescent signal reported by the original ReBiL assay does not necessarily reflect the affinity of a pair of

PPIs since ReBiL signals depend on both the binding affinity of the interacting proteins and the levels at which they are expressed. That is, signals generated
by low-affinity, high-abundance protein interaction (represented by light green dot pairs) may generate luminescent signals similar to those resulting from
high-affinity and low-abundance protein interactions (represented by dark green dot pairs). (B) ReBiL2.0 corrects this potential pitfall by normalizing the raw
luminescent signal to the expressed level of each 1/2luc fusion protein. The amount of each 1/2luc fusion protein and loading control (actin) were quantified
by probing Western blots with anti-HA and anti-actin antibodies simultaneously using the LI-COR Odyssey two-channel system (Left). (C) Although controlled
by the same TRE (tetracycline response element) bidirectional promoter, 1/2luc fusion proteins are not always expressed in a 1:1 stoichiometric ratio. Thus, the
maximal luminescent output generated by reconstituted split-luciferase is determined by the least abundant 1/2luc fusion [1/2luc least] when the 1/2luc
fusions are not expressed in 1:1 stoichiometry. Since each 1/2luc fusion protein contains a single copy of an HA-epitope tag in the linker region (Fig. 2A),
quantitative Western blotting with an anti-HA antibody enables accurate determination of their relative expression levels as shown in B. (D) ReBiL 2.0
formula. The raw ReBiL signal [Raw ReBiL Luminescence] is measured by a luminometer. Then, the relative viable cell number in each sample is measured
using CellTiter Glo [CellTiter Glo Luminescence (Cell #)] upon termination of the ReBiL2.0 assay. The [1/2lucleast] and [loading ctrl] were determined by the

corresponding band intensities in Western blots using the LI-COR Odyssey system (S/ Appendix, Fig. S2/ and Table S3).

activity when paired with nl-KRAS4B (Fig. 2C and SI Appendix,
Fig. S2 C-E). Additionally, we fused the C-terminal HVR-CAAX
motif from each RAS isoform to nl-TagBFP fusion protein to de-
termine whether the HVR-CAAX alone is sufficient to facilitate
their interaction. Indeed, each pair tested generated robust 1/2luc
complementation (SI Appendix, Fig. S3A4). The slightly lower 1/2luc
complementation signals from nl-TagBFP-HVR-CAAX may re-
sult from a less favorable protein configuration of the nl-TagBFP
interaction partner for 1/2luc complementation. Alternatively, the
higher 1/2luc complementation signals from the full-length RAS
isoforms may reflect a contribution of the weak binding affinity
between RAS G domains once they are tethered and concentrated
in the plasma membrane. These results indicate that different RAS
isoforms localize sufficiently closely on membrane domains in cells
to enable MAFI to occur. It is important to note that the induced
expression levels of the RAS proteins in the ReBiL system were
adjusted to be as close to endogenous as possible (e.g., ST Appendix,

Li et al.

Fig. S1B). Although our results measured under physiologically
relevant conditions in living cells might appear inconsistent with
earlier reports that RAS isoforms reside on distinct membrane
microdomains (3, 23, 24), a more recent analysis showed that
KRAS and HRAS can cocluster through lipid-mediated spatial
cross talk (25). Thus, another interpretation is that the different
RAS proteins can occupy both distinct and common membrane
localization domains in vivo, and that their proximity offers op-
portunities for MAFI.

A significant subset of small GTPases of the RAS and RHO
(RAS homologous) families terminate with CAAX farnesylation
or geranylgeranylation signal motifs that are essential for pro-
moting membrane association and subcellular localization (26).
Based on the results presented above, we determined whether
KRAS4B might interact with other prenylated proteins via
MAFI. ReBil2.0 readily detected interactions between KRAS4B
and the farnesylated and plasma membrane-associated DIRAS3, a
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Fig. 2. Validation of ReBiL2.0 for analyzing protein interactions with RAS isoforms. (A) The diagram depicts the configuration and nomenclature of a subset
of the split-luciferase (1/2luc) KRAS4B fusion proteins analyzed. The N-terminal 1/2luc (nl) or C-terminal 1/2luc (cl) followed by a linker and HA-epitope tag
were fused to the N terminus of KRAS to preserve the integrity and function of the C-terminal HVR-CAAX domain. (B) Membrane association facilitates
interaction of the nl-KRAS4B and cI-KRAS4B that reconstitutes functional luciferase to generate luminescent signals. (C) ReBiL2.0 assay shows the quanti-
tative homo/heteromer formations between KRAS4B and all four isoforms of RAS family members (KRAS4B, KRAS4A, HRAS, and NRAS). The bar chart reports
quantitative ReBiL2.0 scores normalized to the KRAS4B + KRAS4B interaction (set to 100%). The 1/2luc alone lacking fusion partners (nl + cl) served as the
negative control showing the background reading for the ReBiL2.0 assay applied to RAS. CVIM represents the last 20 amino acids from KRAS

(KMSKDGKKKKKKSKTKCVIM). Data show mean + SEM (n = 4).

genetically defined KRAS suppressor (27) (SI Appendix, Fig. S3B),
as well as two plasma membrane-associated RHO family small
GTPases, geranylgeranyl-modified RAC1, and RAC2 (SI Ap-
pendix, Fig. S3C). All interactions required prenylation since a
cysteine-to-serine mutation in the CAAX motif abolished 1/2luc
complementation (SI Appendix, Fig. S3). This is consistent with
these interactions occurring via MAFI-dependent protein com-
plexes. Interestingly, the hot-spot cancer-associated driver point
mutations KRAS4B_G12D and RAC1_P29S (28) showed higher
1/2luc complementation scores with RAC1 and KRAS4B, re-
spectively, suggesting they might cocluster with higher probability,
although the underlying mechanisms remain unclear (SI Appendix,
Fig. S3C). Of significance, KRAS4B did not exhibit efficient in-
teraction with the RAS family small GTPase RHEB (SI Appendix,
Fig. S3B), a farnesylated protein that localizes to endomembranes
(29). Furthermore, KRAS4B did not colocalize significantly with
the farnesylated RHO small GTPase RND3 (SI Appendix, Fig.
S3B), which also localizes to the plasma membrane (29). We
infer that either KRAS4B and RND3 reside in nonoverlapping
membrane compartments, or that the strength of their lipid
interactions with membranes is not sufficient for MAFIL
Taken together, our results demonstrate that KRAS4B resides
in close proximity to itself, KRAS4A, HRAS, NRAS, and a
subset of prenylated proteins on the plasma membrane where
they are sufficiently close to allow MAFI-dependent 1/2luc
complementation.

Using RAS-RBD Interactions to Model PPl and MAFI. Our observations
raise a critical question: does MAFI-dependent colocalization of a
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protein complex such as RAS-RAS contribute to RAS regulation
or biological functions in vivo, or is their ability to interact
just a reflection of the sensitivity of the ReBiL2.0 assay? To
address this important question, we took advantage of the
well-defined RAS-RBD (RAS binding domain of CRAF)
interaction (16) as a model system to investigate whether con-
ventional PPI and MAFI-driven protein complexes can affect
RAS pathway regulation, downstream signaling, and phenotypic
outcome.

We used the wild-type RAS-RBD interaction to model the
effects of a conventional domain-based PPI (Fig. 3 4, Left). The
wild-type RBD (amino acids 51 to 131 of CRAF) binds tightly
(Kg, 0.13 pM in physiological ionic strength) to RAS-GTP (16),
whereas the arginine-89-to-leucine mutation (RBD_R89L) de-
creases the binding affinity to RAS-GTP to the micromolar
range (15, 16), which is similar to the affinity range of the
RAS-RAS interaction (5, 6). If MAFI can contribute signifi-
cantly to RAS-RBD interactions, we predict that the HVR-CAAX
domain from KRAS appended to the C terminus of cl-RBD_R89L.
(designated cl-RBD_R89L-CVIM) should interact with RAS—
GTP (Fig. 3 A, Right). We first confirmed the PPI between
KRAS4B and RBD using a ReBil.2.0 reporter cell line. Consis-
tent with the literature, we observed robust 1/2luc complemen-
tation of nl-KRAS4B_G12D (representing RAS-GTP) and
cl-RBD (cl fused to the amino acids 51 to 220 of CRAF) (30)
(Fig. 3B). The negative control cl-RBD_RS89L showed significantly
reduced 1/2luc complementation when paired with nHKRAS4B_G12D
(Fig. 3B), confirming the loss of intrinsic dimerization ability. By
contrast, the cI-RBD_R89L-CVIM efficiently restored 1/2luc
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Fig. 3. Model PPl and MAFI by RAS-RBD interaction. (A) Diagrams depict the experimental design. The interaction of nl-KRAS4B_G12D and wild-type cI-RBD
represents the conventional PPl. cI-RBD_R89L mutant serves as a negative control. The weak intrinsic affinity between nl-KRAS4B_G12D and membrane-
associated cI-RBD_R89L-CVIM should mimic membrane association-facilitated interaction (MAFI). (B) ReBiL2.0 assay shows that KRAS4B_G12D interacts with
RBD, but not RBD_R89L. The bar chart reports quantitative ReBiL2.0 scores normalized to the KRAS4B_G12D + RBD interaction (set to 100%). The 1/2luc alone
lacking fusion partners (nl + cl) served as the negative control. Data show mean + SEM (n = 4). (C) ReBiL2.0 assay shows that RBD_R89L-CVIM restores in-
teraction with KRAS4B_G12D. The bar chart reports quantitative ReBiL2.0 scores normalized to the KRAS4B_G12D + RBD interaction (set to 100%). The 1/2luc
alone lacking fusion partners (nl + cl) served as the negative control. Data show mean + SEM (n = 4).

complementation with nl-KRAS4B_G12D (Fig. 3C). Thus,
the interaction between KRAS4B_G12D and cI-RBD_RS89L-
CVIM fulfills the prediction that they would interact via MAFI.
We suggest that the higher luminescent signal generated by this
pair is due to decreased rigidity of the RAS-RBD complex in
which lower intrinsic affinity due to the R89L mutation enables
more freedom to better accommodate 1/2luc fragments in
this pair.

RAS Inhibition Requires Conventional RAS-RBD Interaction. We next
asked whether the weak affinity between MAFI-mediated
RBD_R89L-CVIM and the RAS complex is sufficient to re-
duce RAS function. We used ERK phosphorylation (pERK) as a
phenotypic readout for RAS inhibition since overexpressed RBD
can act as a dominant-negative mutant to inhibit RAS-RAF-
mediated ERK phosphorylation (30, 31). To test whether the
RBD_RS89L-CVIM inhibits RAS, we engineered doxycycline-
inducible U20S cell lines that stably encode the wild-type
RBD and RBD_RS89L transgenes. As the RBD is a small pro-
tein (~19.3 kDa), we appended an EGFP (~27 kDa) on its N
terminus to increase its size to enable it to be distinguished from
endogenous RAS proteins (~21 kDa) using Western blotting.
We generated a cysteine-to-serine mutation (RBD-SVIM) to
prevent protein prenylation and membrane localization to en-
able assessment of the effects of nonmembrane-associated RBD.
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Thus, RBD-SVIM and RBD_R89L-CVIM differ by only two
amino acids (R89L and C185S) that both prevent domain-based
interaction and MAFI-enabled proximity localization (Fig. 44).
We used RMCE (recombinase-mediated cassette exchange) (20,
32) to integrate a single-copy RBD transgene to the preselected
chromosomal locus where transgene expression is tightly con-
trolled by a doxycycline-inducible promoter. This allows tran-
scription of the RBD transgene to be minimized during cell line
engineering and expansion, which is important since RBD ex-
pression inhibits pERK formation and impedes cell growth.
Consistent with the literature, the positive control, EGFP-RBD-
CVIM and EGFP-RBD-SVIM caused a doxycycline dose-
dependent reduction of endogenous pERK (Fig. 4B), indi-
cating the endogenous RAS activity was inhibited by both
RBD-CVIM and RBD-SVIM. Importantly, RBD_R89L-CVIM
did not inhibit RAS activity (Fig. 4 B, Right) despite its robust
1/2luc complementation with KRAS_G12D (Fig. 3C). These
results clearly demonstrate that the MAFI-mediated low-
affinity interaction between RBD_R89L and RAS is not suf-
ficient to inhibit RAS activity. Rather, high-affinity classic
PPI between RAS and RBD is required to inhibit ERK phos-
phorylation. However, as shown below, combining classic PPI
and MAFI engenders an unpredicted mode of RAS protein
regulation.
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Fig. 4. Conventional PPI causes RAS inhibition, while conventional PPI combined with membrane association engenders both RAS inhibition and depletion.

(A) Diagram depicts the experimental design. The interaction between wild-

type RBD and endogenous RAS-GTP represents an interaction mediated by

conventional PPI. By contrast, RBD_R89L-CVIM forms a MAFI-driven complex with endogenous RAS proteins. (B) Western blot analyses show that expression

of EGFP-RBD-CVIM inhibits ERK phosphorylation and depletes RAS isoforms
CDC42 that does not bind RBD has no effect on protein level. EGFP-RBD-SVIM

including KRAS, HRAS, and NRAS in a doxycycline dose-dependent manner.
interacts with RAS via conventional PPI, and inhibits ERK phosphorylation, but

has no effect on pan-RAS protein levels. EGFP-RBD_R89L-CVIM does not interact with RAS via conventional PPl and, while it does localize to the plasma

membrane, does not inhibit RAS activity measured ERK phosphorylation.

A Mechanism for RAS Protein Depletion Mediated by Membrane-Targeted
High-Affinity RAS Binders via a Lysosome-Mediated Process. Although
RBD_R89L-CVIM failed to inhibit RAS activity, the membrane-
targeted RBD-CVIM (a combination of conventional PPI and
MAFI; Fig. 44) exhibited stronger inhibitory effects in both ERK
phosphorylation (Fig. 4B) and cell growth than RBD-SVIM (S
Appendix, Fig. S4). A similar phenotype was reported previously using
a membrane-associated intrabody (iDab#6-memb) that was shown to
exhibit superior RAS inhibition activity (33). Therefore, we explored
the difference between RBD-CVIM and RBD-SVIM in greater
detail. We were surprised to find that expression of RBD-CVIM not
only inhibited RAS activity but also substantially reduced the abun-
dance of endogenous HRAS, KRAS, and NRAS proteins (Fig. 4B).
The membrane-associated RHO-family small GTPases (34) such as
CDCA42 (Figs. 4B and 5 4 and B), RHOA, and RACI (Fig. 54) were
not decreased since they do not bind to RBD, indicating that the
effect does not generally affect other membrane-associated proteins.
Additionally, doxycycline-induced expression of EGFP-RBD-CVIM
in Chinese hamster ovary (CHO) cells also caused similar depletion
of RAS proteins (Fig. 5B), indicating that this is a general phenom-
enon that can occur in both human and rodent cells.

The ability of RBD-CVIM, but not RBD_R89L-CVIM, to
cause RAS depletion suggests that high-affinity RAS binding
proteins (e.g., RBD-CVIM) might be required to trigger RAS
protein depletion in the plasma membrane, whereas weaker
binders (e.g., RBD_R89L-CVIM) lack such potential. If this
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hypothesis is correct, then other high-affinity RAS binding pro-
teins such as R11.1.6, an engineered RAS binding protein (35)
based on the small protein Sso7D (~7 kDa, 63 amino acids)
scaffold (36) (in vitro KRAS K4 = 2.2 ~50.3 nM) (35) should also
inhibit and deplete RAS proteins. We used the RMCE strategy
to stably integrate either EGFP-R11.1.6-CVIM or EGFP-R11.
1.6-SVIM transgenes into the U20S genome. Consistent with
the results presented above, doxycycline-induced expression of
either transgene inhibited RAS activity as demonstrated by de-
creased ERK phosphorylation (Fig. 54). Notably, only the
membrane-associated EGFP-R11.1.6—-CVIM depleted K, N, and
H-RAS proteins (Fig. 54). Our hypothesis also predicts that a
weak RAS binder should neither inhibit nor deplete RAS pro-
teins. As expected, the RAS association domain (37) (RA)
(amino acids 202-361) from RASSFS, a weaker RAS binder (Kg,
0.2 ~0.4 pM) (13) neither inhibited RAS activity nor decreased
RAS protein levels (SI Appendix, Fig. SS5). Taken together, these
results support our notion that high-affinity RAS binding pro-
teins can significantly impact RAS activity and protein homeo-
stasis when targeted to the proximity of RAS in the cell
membrane in living cells. We attribute the RAS inhibition by
RBD and R11.1.6 to a dominant-negative mechanism that
competes with the binding of RAS with downstream effector
RAF proteins.

The above observations led us to investigate the mechanism(s)
responsible for RAS protein depletion by membrane-targeted
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Fig. 5. Membrane-targeted tight RAS binders deplete pan-RAS proteins. (A)
Western blot shows that expression of EGFP-R11.1.6-CVIM in U20S cells
inhibits ERK phosphorylation and depletes KRAS, HRAS, and NRAS proteins.
Expression of EGFP-R11.1.6-SVIM inhibits ERK phosphorylation but has no
effect on RAS protein level. The RHO-family small GTPase CDC42, RHOA, and
RAC1 serve as the negative control. a-Tubulin and GAPDH serve as the
loading control. (B) Western blot shows that expression of EGFP-RBD-CVIM
in CHO cells inhibits ERK phosphorylation and depletes KRAS, HRAS, and
NRAS proteins. Expression of EGFP-RBD-SVIM does not do so.

high-affinity RAS binding proteins. Analyses of RAS mRNA
levels by quantitative RT-PCR showed that the mRNAs from the
three RAS isoforms were not changed when EGFP-RBD-
CVIM and EGFP-RBD-SVIM were induced by doxycycline (S
Appendix, Fig. S6 A and B), indicating that decreased RAS
protein levels were not due to changes in RAS mRNA expres-
sion. We then focused on mechanisms of cellular protein ho-
meostasis such as proteasomal or lysosomal protein degradation.
Attempts to block RAS protein depletion using proteasome in-
hibitors (e.g., MG132) were unsuccessful because such treatment
induced cell death before RAS protein depletion occurred in
U20S reporter cell lines. Inhibition of the NEDDS8-activating
enzyme with the antagonist MLN4924 failed to prevent RAS
protein depletion by membrane-targeted RBD-CVIM (SI Ap-
pendix, Fig. S7). We next explored whether disruption of an
autophagosome-lysosome-mediated protein degradation pathway
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can prevent RBD-CVIM-induced RAS protein depletion. We used
three inhibitors to either block the V-ATPase proton pump or the
PIKFYVE enzymatic function to test this idea (Fig. 64). The
V-ATPase proton pump inhibitors such as bafilomycin Al and
concanamycin A can prevent autophagosome and lysosome fusion
and disrupt lysosomal degradation (38). Treating cells with both
bafilomycin Al and concanamycin A blocked RBD-CVIM-induced
RAS protein depletion (Fig. 6B and SI Appendix, Fig. S8). Unlike
the V-ATPase proton pump inhibitor, the newly identified small-
molecule inhibitor WX8 impairs lysosome function by preventing
fusion between autophagosomes and lysosomes by inhibiting PIK-
FYVE enzymatic function (39). WX8 treatment also blocked
RBD-CVIM-induced RAS protein depletion (Fig. 6C). These re-
sults clearly implicate an autophagosome-lysosome-mediated deg-
radation pathway in RBD-CVIM-mediated RAS protein depletion.

Discussion

We used a live-cell, real-time strategy and found that KRAS4B
residence in the cell membrane occurs in close proximity to other
RAS isoforms. This enables RAS isoforms to interact, and
KRAS4B to interact with a subset of other membrane proteins
via MAFIs. Our results are consistent with previous image-based
studies showing that KRAS forms dimers or nanoclusters on the
cell membrane (3, 4). However, the inability of KRAS4B_C185S
(Fig. 2C and SI Appendix, Fig. S2B) to form dimers reveals that
the weak intrinsic affinity between RAS proteins is not sufficient
for dimer formation in the absence of membrane tethering. This
is reminiscent of a recent biophysical study showing that
KRAS4B lacks intrinsic dimerization capability and remains
monomeric even on supported lipid bilayers (12). We thus define
such weak protein interactions between protomers in close as-
sociation in a membrane as MAFI. Importantly, the ReBiL.2.0
assay is able to detect both conventional PPIs (17, 20) and
MAFI-mediated protein complexes, and can distinguish between
them by comparing isogenic cell lines encoding appropriate
mutations in classic protein interaction domains, or in the
membrane targeting domain. Without using such genetic ap-
proaches, and expression at physiologic levels, it is difficult to
distinguish MAFI from conventional dimerization domain-
mediated interactions. This limitation is likely shared by similar
proximity-based assays such as proximity ligation (40) and fluo-
rescence resonance energy transfer (41).

Using the RAS-RBD interaction as a model system, we
showed that MAFTI efficiently enables colocalization of RAS and
RBD_RS89L-CVIM. However, no inhibitory effect was observed
(Fig. 4B) due to the apparent negligible intrinsic dimerization
ability of these two proteins. Similarly, RAF protein dimerization
is required to activate the downstream kinase cascade. However,
dimer interface mutations such as arginine 481 (FRAF1_DROME
equivalent to arginine 509 in BRAF_HUMAN) and arginine 401
(CRAF_HUMAN) failed to efficiently activate downstream
kinase when they were artificially forced to form “dimers” with
wild-type RAF protein (42, 43). These results provide evidence
to support our notion that colocalization of proteins without
intrinsic interaction affinity does not necessarily lead to a func-
tional outcome. It is worth noting that our results do not exclude
the possibility that RAS protein clusters on membranes could
attract RAF proteins to localize at sufficient concentrations and
also restrict random tumbling of RAF proteins (8) through
RAS-RBD interactions to promote RAF dimerization (44).
Several genetic studies were interpreted as evidence that wild-
type RAS can function as a tumor suppressor to inhibit onco-
genic RAS mutants (45-47). One model to explain the inhibitory
effect of wild-type RAS is that it forms a nonproductive dimer
with mutant RAS through direct interactions. However, the
binding affinities of both RAS-RAS and RAS-RBD_RS89L are
in the millimolar range. As we found that RBD_R89L-CVIM
does not detectably inhibit RAS activity, we infer that such weak
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treatment (38).

intrinsic affinity between wild-type RAS and mutant RAS might
be inadequate to sustain an inhibitory effect. If direct interaction
alone were sufficient, then one would expect to observe in-
hibitory effects between the different RAS isoforms since our
data imply that KRAS4B interacts with HRAS and NRAS in the
ReBiL assay (Fig. 2C). However, the inhibitory effects of wild-
type RAS are only seen in the context of mutation of the cognate
RAS isoform (48). Taken together, the data indicate that wild-
type RAS inhibition of mutant RAS through direct dimerization
likely represents an oversimplification of what is occurring in the
context of the required membrane association needed for RAS
function. Although many possible models have been proposed
and discussed (49), precisely whether and how wild-type RAS
functions as a tumor suppressor have not been definitively
established.
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It is puzzling that the RAS binding small protein R11.1.6,
which has nanomolar affinity, failed to inhibit RAS activity in a
panel of human cancer cell lines harboring wild-type KRAS and
mutant KRAS including G12D, G12C, and G12V oncogenic
mutations (50). We reason that this could be partly due to
technical issues related to how these cell lines were generated or
because the R11.1.6 protein was introduced by lentiviral in-
fection. Establishing cell lines to stably express RBD or other
inhibitory RAS binding proteins is impractical due to their
strong negative effect on the RAS/MAPK pathway activity
needed for growth of many commonly used cell lines. Applying
strong drug selection to these cells often enriches for cells
escaping expression of transgene-encoded inhibitory proteins.
We overcame this limitation by inserting the inhibitory transgene
into a single preselected chromosomal locus by RMCE and then
preventing transcription to enable cell expansion. Importantly, the
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doxycycline-inducible system employed encodes both the tran-
scriptional repressor TetR-KRAB and the activator rtTA25-M2.
This enables suppression of transcription in the absence of
doxycycline, thereby reducing transcriptional leakage to un-
detectable levels. The combination of TetR-KRAB and
tTA25-M2 achieved 6,000- to ~70,000-fold increases in lucif-
erase activity (32). The extremely low background in this dual
system enables very high fold inducibility and signal-to-noise ra-
tios. This is much higher than most commercially available
doxycycline-inducible cell lines, likely due to the high leakage
background in systems only encoding the transactivator rtTA.
We infer that the extremely low background expression in our
system greatly facilitated the establishment of cell lines
encoding growth-inhibitory transgenes. The robustness of this
system enabled us to analyze in depth the functional consequences
of expressing growth-inhibitory proteins in a physiologically relevant
cellular environment.

We were surprised to find that membrane-targeted strong
RAS binding proteins deplete K, N, and H-RAS proteins. We
envision that such strong binders act as decoys that mimic strong
RAF binding without activation of downstream signaling path-
ways due to their lack of a kinase domain. We discovered that
cells thus eliminate such nonproductive protein complexes
through an autophagosome-lysosome pathway (Fig. 6). These
results may have clinical relevance if KRAS_G12C cancer cells
handle the adduct of KRAS_G12C and its covalent inhibitors
(51-53) through a similar autophagosome-lysosome-dependent
pathway for eliminating such nonproductive adducts. Further
investigation is needed to uncover the underlying molecular
mechanism(s) of this type of quality control system able to dis-
tinguish between active versus nonproductive RAS-RBD protein
complexes and subsequently activate an autophagosome-lysosome
degradation pathway. Understanding these mechanisms may help
to identify therapeutic avenues to promote targeted depletion of
RAS proteins. Such improvements could greatly benefit the large
number of patients with pancreatic and other cancers that depend
on oncogenic activation of RAS proteins.

Materials and Methods

Construction of ReBiL and RMCE Targeting Plasmids and Cell Lines. The
methods for constructing ReBiL and RMCE plasmids and cell lines have been
previously described (20, 32). ReBiL cell lines were maintained in DMEM
(Corning; 10-013-CV) with 10% (vol/vol) FBS, 10 pg/mL ciprofloxacin (Corn-
ing; 61-277-RG), 200 to ~400 pg/mL G418 (Corning; 61-234-RG), 1 ng/mL
doxycycline (Sigma; D9891), and 4 pg/mL blasticidin (Thermo Fisher; R21001).
All ReBiL and RMCE targeting plasmids and cell lines used in this report are
listed in SI Appendix, Tables S1 and S2.

Antibodies. Antibodies used here are anti-RAS (Pan, mouse monoclonal;
Millipore 05-516; lot #3072322), anti-KRAS4B (mouse monoclonal; Sigma;
WHO0003845M1), anti-HRAS (rabbit polyclonal; Proteintech; 18295-1-AP; lot
#00022367), anti-NRAS (mouse monoclonal; Santa Cruz; sc-31; lot #L1115),
anti-CDC42 (rabbit monoclonal; Cell Signaling; #2466), anti-RHOA (rabbit
monoclonal, Cell Signaling; #2117), anti-RAC1 (mouse monoclonal; Millipore;
05-389; lot #2727207), anti-p-tubulin (rabbit polyclonal; LI-COR; P/N 926-
42211), anti-HA-tag (rabbit monoclonal; Cell Signaling; #3724), anti-B-actin
(mouse monoclonal; LI-COR; P/N 926-42212), anti-phospho-ERK1/2 (rabbit
monoclonal; Cell Signaling; #4370), anti-ERK1/2 (mouse monoclonal; Cell
Signaling; #4696), anti-a-tubulin (mouse monoclonal; Sigma), anti-GAPDH
(rabbit monoclonal; Cell Signaling; #5174; or mouse monoclonal; Pro-
teintech; 60004-1), anti-LC3B (rabbit polyclonal; Cell Signaling; #2775), anti-
p21 (mouse monoclonal; BD; 610233), goat anti-rabbit secondary antibody
(Alexa Fluor 680; Thermo Fisher; A-21109), and goat anti-mouse secondary
antibody (IRDye 800CW; LI-COR; P/N 926-32210; and DyLight 800 4x PEG;
Thermo Fisher; SA5-35521).

ReBiL2.0 Assay. This assay consists of 1) real-time BiLC assay that has been
described previously (S/ Appendix, Fig. S2) (20) and 2) quantitative West-
ern blotting to determine the amount of each 1/2luc fusion protein (S/
Appendix, Fig. S2/ and Table S3). The assay medium (I) consists of DMEM/
F12 (Thermo Fisher; phenol-red free), 10% (vol/vol) FBS, and 10 pg/mL
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ciprofloxacin. The assay medium (ll) is based on medium (l) with freshly
added 40 ng/mL doxycycline, and 400 to 600 uM b-luciferin (Biosynth; L-
8200 or L-8220). The 384-well (Corning; 3570; white, flat-bottom, tissue-
culture treated) and 6-well plates were first loaded with 20 pL and 1.6 mL
of medium (Il) for each well, respectively. ReBilL cells were trypsinized, and
cell numbers were determined by Cellometer Auto T4. The required
number of cells were collected, centrifuged (200 rcf, 5 min at room tem-
perature) to remove supernatant, and resuspended to 250 cells per pL with
medium (). Then, either 20 pL or 1.6 mL of ReBil cells were seeded into
each well of a 384-well plate (5,000 cells per well) or each well of a 6-well
plate (400,000 cells per well), respectively. The final concentration of each
component was 1x medium DMEM/F12 (phenol-red free), 10% (vol/vol)
FBS, 10 pug/mL ciprofloxacin, 20 ng/mL doxycycline, and 200 to 300 M
p-luciferin. The 384-well plate was sealed with MicroAmp Optical Adhesive
Film (Thermo Fisher), and luminescence was read in a Tecan M200 micro-
plate reader (integration time, 2's; 15 min per cycle for a total of 24 h at
37 °Q). The six-well plate was incubated at 37 °C incubator with 7% CO,.
Every ReBilL experiment contains a negative control (nl + cl). Upon termi-
nation of the ReBiL assay (24 h), the Optical Adhesive Film was removed,
and viable cell number was assessed using CellTiter-Glo (Promega; 1:5 di-
luted with PBS, 35 puL per 384-well) (S/ Appendix, Fig. S2H). To quantify the
1/2luc fusion proteins, ReBiL cells from six-well plates were harvested with
RIPA lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM Nacl, 0.25% [wt/vol]
deoxycholic acid, 1% [vol/vol] IGEPAL CA-630, 1 mM EDTA, 2 mM Na3VO,,
20 mM NaF, and 1x cOmplete Protease Inhibitor mixture; Roche) after 24 h.
The clear lysate was mixed with LDS sample buffer (Thermo Fisher) with 10%
(volivol) p-mercaptoethanol and denatured at 70 °C for 5 min. The denatured
lysates were separated by 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore; no. IPFL0O0010) as described previously (20). The
PVDF membrane was then probed with the anti-HA and anti-Actin anti-
bodies in 0.5x Odyssey PBS Blocking Buffer (LI-COR; part no. 927-40000; 1:1
diluted with PBS or 0.5x Odyssey TBS blocking buffer; LI-COR; part no. 927-
50000; 1:1 diluted with TBS) with 0.05% Tween 20 at 4 °C overnight. After
incubation with secondary antibodies that are conjugated with Alexa Flour
680 (Thermo Fisher) and IRDye 800 (LI-COR), the membrane was scanned in
the LI-COR Odyssey Imaging System (Odyssey Application Software 3.0) us-
ing the following parameters: resolution, 84 um; quality, high; focus
offset, 0.0 mm; intensity, 700 5.0 and 800 5.0. The relative band intensities
of [1/2luc Least], and the actin loading control [loading ctrl] were de-
termined (S/ Appendix, Fig. S2/) and exported to Microsoft Excel using
ImageStudio Software (version 2.1.10; LI-COR) and the [1/2luc Least]/[Ac-
tin] was then calculated (S/ Appendix, Table S3). The raw luminescent data
collected by the Tecan luminometer were imported to Prism 8 (GraphPad).
More cells generated higher luminescent signals. This cell number effect was
first corrected by calculating the percentage of [Raw ReBiL Luminescence]/
[CellTiter Glo Luminescence]. The [Raw ReBiL Luminescence] was the lumi-
nescent reading at the 24-h time point (S/ Appendix, Fig. S2 A-G) and the
[Cell # by CellTiter Glo] was the luminescent reading from CellTiter-Glo cell
viability assay performed at the end of ReBiL kinetic assay (S/ Appendix, Fig.
S2H). Then the ReBiL2.0 score was calculated by dividing the value of ([Raw
ReBiL Luminescence]/[CellTiter Glo Luminescence]) by the corresponding ([1/
2luc Least]/[Actin]) (Fig. 1D). The results are reported as bar charts with the x
axis representing the percent of the positive control (set to 100%) in-
teraction (SI Appendix, Fig. S2J).

Syto60 Cell Growth Assay. Syto60 is a cell-permeant red-fluorescence dye that
stains nucleic acid. The intensity of Syto60 fluorescence stain is thus pro-
portional to the cell numbers. U20S cells carrying TRE-EGFP-RBD-CVIM and
TRE-EGFP-RBD-SVIM were seeded in a 96-well plate (1,000 cells and 200 pL
of medium [DMEM, 10% FBS, 10 pg/mL ciprofloxacin, 200 pg/mL G418] per
well) with indicated concentration of doxycycline at day 0. At the times in-
dicated, cells were fixed with 100 pL of 10% buffered formalin (protocol 67-
56-1) for 10 min at room temperature, washed twice with PBS, and once
with TBS (20 mM Tris, 150 mM NaCl, pH 7.4). Cells were then stained with
1 pM Syto60 dye (Thermo Fisher; S11342 prepared in TBS) for 10 min in the
dark. Cells were washed three times with TBS. The mean intensity of Syto60
fluorescence was quantified with the LI-COR Odyssey system and plotted by
Prism 8 (GraphPad).

RT-qPCR Analysis. RNA was isolated using RNeasy Micro Plus and Mini kits
(Qiagen; 74034) and converted to cDNA using iScript RT Supermix (Bio-Rad;
1708840). Quantitative real-time PCR was performed using a QuantStudio
5 Real-Time PCR System (Thermo Fisher) by mixing cDNAs, SYBR Green PCR
Master Mix (Thermo Fisher; 4309155), and gene-specific primers. Primer
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sequences are available in S/ Appendix, Table S4. All RT-gPCR data were
normalized to GAPDH.

Inhibitor Treatment. Cells in six-well plates (DMEM, 10% FBS, 10 pg/mL
ciprofloxacin, 200 pg/mL G418) were treated with or without doxycycline
(400 ng/mL) for 24 h, followed by adding the inhibitor or vehicle (DMSO or
acetonitrile) to the cell culture medium for another 24 h. Cells were washed with
ice-cold PBS twice and harvested by RIPA lysis buffer. Inhibitors used in this study
were MLN4924 (Selleckchem; $S7109; Batch No. 02; resuspended in DMSO),
bafilomycin A1 (BioViotica; catalog #BVT-0252; resuspended in DMSO),
concanamycin A (Cayman; item 11050; batch 0564072-5; 100 pg in 1 mL of
acetonitrile), and WX8 (resuspended in DMSO; a generous gift from the
laboratory of M. DePamphilis, NIH, Bethesda, MD).
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